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Abstract

It is common to have large trees in mature hardwood-dominated stands. This is especially true
for European beech (Fagus sylvatica L.), which can also have a complex architecture. Such
trees have predominantly been harvested using motor-manual operations. However, in an
effort to increase occupational safety and allow for a more continuous wood flow to processing
facilities, fully-mechanized systems are also being employed more frequently. This study was
established to determine the effect of season (Fall or Winter) and harvester type (wheeled or
tracked) on the performance of semi- and fully- mechanized harvesting systems deployed in
beech-dominated stands. Time-and-motion analysis was conducted on a total of 927 trees lo-
cated in two forest sites in Germany. The study indicated that new silvicultural prescriptions
make it impossible to harvest all trees exclusively with mechanized systems, even in the case
of the tracked harvester with its 14.5 m boom. Motor-manual intervention was needed with
trees that were too large, malformed or out of reach. Motor-manual intervention was signifi-
cantly more frequent for the wheeled (30%) than for the tracked harvester (18%). Once again,
tree size had the strongest effect on time consumption in a linear model, which varied from 0.5
to over 6 min per tree. Season and machine effect were also significant but could only account
for a small fraction of the total variability. For the same tree size, time consumption was
higher with the wheeled harvester and during the fall. The model also indicated a significant
relationship between tree form and time consumption, even though the explanatory contribu-
tion of this independent variable was relatively small, too. Good stem form resulted in a lower
time consumption. The larger tracked harvester was generally more efficient, but also more
expensive to own and operate: its higher costs must be weighed against the higher revenues.
New silvicultural trends make it difficult to achieve full mechanization, but the results of this
study may guide managers towards technical solutions that minimize motor-manual interven-
tion to the advantage of higher productivity and better occupational safety.

Keywords: hardwood, productivity, CTL, tracked harvester, wheeled harvester, time study,
efficiency

1. Introduction

In coniferous stands, fully-mechanized timber
harvesting has been established as a standard work-
ing method for decades. In this field, the market offers
adapted machine technology for almost all tree spe-
cies and sizes, thus enabling an economic and safe
work process. However, a significant increase in the

proportion of hardwoods is required to improve the
resilience of European forests to the effects of climate
change (Pretzsch et al. 2020). In addition, the effective
use of hardwood stands is now seen as a way of re-
sponding to the high price fluctuations in the soft-
wood sector. Hardwood accounted for 27% of the
wood harvested in Germany in 2013 (BMEL 2014).
Moreover, beech (Fagus sylvatica L. is the most
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important deciduous tree species in Germany, with a
share of almost 17% of the total national forest stock
(BMEL 2012). Unfortunately, the mechanized process-
ing of hardwoods is more difficult compared to soft-
woods. With a few exceptions (e.g., alder (Alnus spp)),
hardwoods have a sympodial growth: a distinct bole
section is usually formed only in the lower portion and
does not extend in a straight form to the top of the tree,
but often forms a multitude of bends and thick branch-
es (Millet 2016). As a consequence, quality differentia-
tion is more pronounced in hardwoods than in soft-
woods. Conversely, when grading hardwood
assortments, almost no mass assortments are encoun-
tered. These factors combine in making mechanical
processing very difficult. As a matter of fact, most
harvesting heads available on the market are designed
for processing softwood trees and quickly reach their
limits when used in hardwoods (Labelle et al. 2018,
Bennemann et al. 2023). Several studies have demon-
strated that complex stem form (e. g. sweeps or forks)
and heavy branching result in a sharp drop of har-
vester productivity (Suchomel et al. 2012, Labelle et al.
2016). Moreover, quality grading of hardwoods re-
mains a challenge, which is much more complicated
than for softwoods. This is evident from the specifica-
tions of the grading rules for logs in Germany (DFWR
and DHWR 2015). Some of the assessment character-
istics simply cannot be assessed from the operator’s
viewpoint inside the harvester cabin.

Hardwood felling is therefore mostly done with
motor-manual methods. However, occupational safe-
ty requires at least a partial shift towards fully-mech-
anized harvesting. That is made the more urgent by
nature conservation prescriptions that require retain-
ing an even larger number of habitat trees and stand-
ing deadwood. Their presence greatly increases the
risk of accidents caused by falling branches during
motor-manual felling. Furthermore, extreme weather
conditions and the effects of climate change have in-
creased the presence of dead crowns or branches,
which pose a significant threat to manual loggers.
Winch-assisted motor-manual felling and remote-
controlled felling devices can improve work safety
during motor-manual timber harvesting, but they can-
not entirely remove all risk.

Recently, increased hazard is being caused by an
expanding hardwood felling season. Triggered by a
growing demand for hardwood logs, operators are no
longer tackling hardwoods in winter only, but they
start the harvest in the autumn or even in the late sum-
mer (GoBwein et al. 2019). When trees are still in leaf,
the view into the crowns is obstructed by foliage, and
hazards are more difficult to detect.
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Therefore, it is urgent to evaluate the potential for
expanding mechanized harvesting to hardwood op-
erations. That is the best way to assure a steady raw
material supply to the wood industries without put-
ting the scarce workforce in harm’s way. In Germany,
one major limit to full mechanization is the require-
ment by some authorities or certification schemes
that the distance between machine operating trails
may not be shorter than at least 30 or, more often, 40
meters, which makes it very difficult to reach all
trees with a standard boom — the more so when trees
are especially large and heavy. For that reason, some
manufacturers offer larger tracked-based harvest-
ers, equipped with especially long and powerful
booms.

The present experiment is the first comprehen-
sive field-test of the main mechanized harvesting
alternatives (conventional wheeled harvester vs.
heavy tracked harvester) for beech dominated
stands under leaves-on and leaves-off conditions.
Specifically, the experiment was designed to address
the following research objectives:

= determine what is the proportion of motor-
manual assistance in the selection cut of a
mixed hardwood (beech) forest in Germany,
and examine whether that proportion changes
with season of harvesting and/or harvester
type

= assess if trees needing motor-manual assistance
present specific characteristics that make them
different from trees that can be cut entirely me-
chanically

= develop a model for predicting the probability
that a given tree cannot be managed entirely
mechanically and will need motor-manual as-
sistance; and

= quantify the effect of season and machine type
on the performance of harvesters when trees
are felled and processed entirely mechanically.

2. Materials and Methods

2.1 Experimental Design and Site Description

A factorial split-plot design was chosen to assess
the effect of harvesting season (leaves-on or leaves-
off) and harvester type (conventional wheeled or
heavy tracked) on harvesting productivity and prod-
uct recovery. Two test sites were selected in the Ham-
melburg and Kelheim forest districts of the Bavarian
State Forest Enterprise, Germany. Each test site was
divided into two plots thus permitting to harvest
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approx. half of the volume with the leaves on and
half with the leaves off (conventionally named as
»Fall« and »Winter«, respectively). The Hammelburg
site was harvested with a conventional wheeled har-
vester and the Kelheim site with a heavy tracked
harvester. Loggers were deployed at both sites to as-
sist with the felling and processing of the trees that
could not be treated entirely mechanically for vari-
ous reasons (out of reach, too large, too malformed,
etc.).

2.1.1 Hammelburg Forest District

The Hammelburg forest district is located in the
Main-Spessart administrative district. The test stand
is at an altitude of 370-450 m above sea level; mean
annual precipitation is 640 mm and mean annual
temperature is 9.5 °C. Upper red sandstone forms the
geological bedrock. The soil is a clayey sand. The en-
tire test site is located on a slope of about 17-23%, on
the southeast and northeast faces for the fall and
winter treatment plots, respectively. Fall and winter
operations were carried out in September 2018 and
March 2019, respectively. According to the data from
the nearest weather station, the air temperature dur-
ing the operation averaged 10.8 °C in the fall and
74 °Cin the winter. The sum of precipitation during
the operation in the fall was 1.1 mm and 2 mm in the
winter. The harvest site had a total area of 32 ha, with
14 ha being harvesting in the fall and the remainder
in the winter. The position (entrance point) of each
machine operating trail was recorded using a Juniper
Allegro 2 GNSS device and identified by painting a
letter on a tree adjacent to the trail. Spacing between
adjacent machine operating trails varied within a
broad range. Sometimes trails ran towards each oth-
er and joined at the forest road; in other places, dis-
tances of up to 110 m were measured. The average
distances were estimated at 38 m in the fall treatment
and 34 m in the winter treatment.

2.1.2 Kelheim Forest District

The Kelheim stand is located at an altitude of
400-470 m above sea level, with a mean annual pre-
cipitation of 640 mm, and a mean annual tempera-
ture of 8.8 °C. The bedrock is white Jurassic in the
form of marl, limestone, and dolomite. The soil is a
calcareous weathered clay. In some areas, the soil is
aloam derived from aeolian silt deposit. The experi-
mental site is situated in a large flat location. Fall
felling was carried out in October 2019 and winter
felling in February 2020. The mean temperature dur-
ing the operation was 12.5 °Cin the fall and 3.3 °Cin
the winter. The sum of precipitation during the op-
eration in the fall was 5.7 mm and 10.7 mm in the
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winter. This test site also had a size of 32 ha, of which
15 ha were worked in the fall and 17 ha in the winter.
The distance between machine operating trails re-
mained variable with an average distance of 35 m in
the fall treatment and 34 m in the winter treatment.

2.2 Tree Inventory

All deciduous trees selected and marked for re-
moval by the district forest manager were invento-
ried: researchers noted the species, diameter at breast
height (DBH), height and form of each tree. DBH was
obtained with a caliper by averaging two perpen-
dicular diameter measurements at a height of 1.3 m
above ground (cm accuracy), whereas total tree
heights were recorded with a Haglof Vertex device
(meter accuracy). Tree form was visually assessed as
good or poor, separately for each of three vertical
segments constituting the estimated merchantable
height of a tree: bottom third, middle third, top third
(Labelle et al. 2017). Any form characteristics (large
branch, fork, elbow, severe sweep) deemed to poten-
tially increase processing time meant that a segment
was coded as poor. A numeric code composed of
three numbers (one number per segment) was thus
given to each inventoried tree with 0 for good and 1
as poor. As an example, a tree exhibiting a good form
in the first »bottom« segment and poor form in the
second and third segments on the vertical axis would
be recorded as 011. Once all information was col-
lected, a unique alpha-numeric code (letter referring
to machine operating trail and number for tree iden-
tification) was painted at a height of 2 to 3 m on each
removal tree, e. g. the first tree measured at trial »A«
was identified as »Al«. The codes were oriented at
about a 45-degree angle to the machine operating
trail to facilitate visibility by the operator and the
researcher performing the time-and-motion study.

2.3 Machines and Operating Procedure

Both test sites were subjected to semi-mechanized
harvesting by applying a combination of harvester
and motor-manual work. In Hammelburg, the har-
vester was a 6-wheeled Rottne H20 harvester
equipped with a Rottne EGS 700 harvesting head.
The Rottne had a modified 14 m telescopic boom and
weighed 23 tons. In Kelheim, the harvester was a
tracked Atlas Kern T50, weighing 48 tons. The ma-
chine was equipped with 700 mm wide rigid steel
tracks and a 14.5 m telescopic boom (Table 1). A
Ponsse H8 harvesting head was mounted on the
boom tip, which also carried a tree holding clamp
designed to keep cut trees upright for improved han-
dling.
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Table 1 Harvester specifications

Specifications festsite

Hammelburg Kelheim
Base machine Rottne H20 Atlas Kern T50
Engine John Deere, 187 kW Deutz, 180 kW
Boom Rottne RK 200, modified Atlas Kern
Lifting force 10.7kNat10.0m* 30kNat14.5m
Boom reach 14 m, 2 x telescope 14.5 m, 2x telescope
Harvesting head Rottne EGS 700 Ponsse H8
g’l':r’:g“t:;“ felling 750 mm 720 mm
Delimbing diameter 50-700 mm 50-740 mm
Feed force, feed rate 27 kN, 4 m/s 36 kN, 5 m/s
Weight 231t 48t

* Refers to the lifting force of Rottne H20 conventional boom at its 10
m maximum reach. Unfortunately, there is no information about the
lifting force at maximum boom extension

2.4 Data Collection and Analysis
2.4.1 Productivity and Time Studies

To assess all harvesting activities, a detailed time-
and-motion study was conducted. Time data was
recorded with a hand-held computer running FPIn-
novations’ TS1000 time study software. A harvesting
cycle was divided into the work elements presented
in Table 2. Tree volume was calculated as solid cubic
meters without bark from DBH and tree height on a
tree-by-tree basis using the Bdat V1.1 program
(Kublin 2002). In addition, the produced logs includ-
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ing pulpwood were measured on the ground with a
caliper and measuring tape. The volume of the logs
was aggregated to a total log volume for the whole
tree. In some cases, not all logs could be identified
and the affected trees were excluded from the evalu-
ations in terms of wood volume.

2.5 Statistical Analyses

First, the frequency of motor-manual and mecha-
nized felling was considered. Differences between
treatments were tested for significance using the chi-
square test. Then, tree characteristics in these groups
were compared. The Shapiro-Wilk test was used to
test whether a normal distribution was present. If
this was not the case, significant differences were
tested using the Mann-Whitney-U-test. Logistic re-
gression was used to test which parameters had an
influence on whether a tree was felled entirely me-
chanically or needed motor-manual intervention.
Before analyzing harvester performance, we tested
again whether there were significant differences in
tree characteristics between treatments using the
Mann-Whitney-U-test. The effect of various factors
on time consumption were explored with the
General Linear Model (GLM) technique. The obser-
vation unit (replication) was the single tree. Signifi-
cance level was set at @<0.05. Time consumptions
were logarithmically transformed to meet homosce-
dasticity and normality requirements (Hildt et al.
2020). Cases in which the studentized residuals ex-
ceeded three times the standard deviation were ex-
cluded as outliers. An antilogarithmic transforma-
tion was applied to the estimations of the models.
The model logarithmic bias was corrected by
1+RMSE?/2 (Zeng and Tang 2011).

Table 2 Description of work cycle elements used during time-and-motion study

Work Element Start

End

Maoving Wheels or tracks are moving

Wheels or tracks are stopped, or other elements dominate

Harvesting head is used to clean the base of a removal tree from

Brush . Head is positioned at base of tree and saw is ready to be activated
vegetation

Felling Head is in vertical position and saw is activated Tree crown touches the ground or feed rollers are activated

Processing Feed rollers are activated with stem in harvesting head Tree top is released

Manipulation Other boom tasks (e.g., manipulating processed logs, building a Other work elements dominate
brush mat, etc.)

Operational Any delay linked to organizational issues lasting more than a few Other work elements dominate

delays seconds

delays lasting more than a few seconds

Nonoperational | Any delay linked to personal, mechanical, or study design issues

Other work elements dominate
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Fig. 1 Proportion of trees felled mechanically vs. motor-manually
and a mix of both techniques

3. Results

3.1 Motor-Manual Intervention in Felling -
Frequency

The database contained data for the felling and
processing of 927 trees. These were evenly distributed
amongst the four treatments (min=24%, max=26%). Be-
tween 68% and 84% of the total tree number could be
felled entirely by machine, without any motor-manu-
alintervention (Fig. 1). Chi-square testing showed that
motor-manual intervention was significantly more
frequent for the wheeled harvester than for the tracked
one. Motor-manual intervention was also more fre-
quent in the fall than in the winter for both harvester
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Fig. 2 Proportion of well-formed and poorly formed stem sections
in trees felled by harvester and trees felled by chainsaw operators

types, but the seasonal difference (p=0.077) was slight-
ly above the selected significance level. Therefore, any
inferences in that regard must be considered sugges-
tive, not conclusive. Motor-manual intervention was
also more frequent when the trees had a poor form in
the upper stem section (p=0.017).

3.2 Motor-Manual Intervention in Felling -
Determining Factors

As an average, trees felled entirely mechanically
were significantly smaller than trees requiring motor-
manual intervention during felling (Table 3). Their girth
was 9% narrower, their height was 1% shorter and their

Table 3 Comparison of tree characteristics for trees felled with harvester and trees felled by chainsaw operators

Motor-manual Mechanized Shapiro-Wilk Mann-Whitney U (Two-sided)
Parameter Mean Median Mean Median p-Value p-Value
DBH, cm 48.0 51 435 45 <0.0001 <0.0001
Height (m 353 36 343 35 <(0.0001 0.0477
Tree volume*, m? 3.1 3.1 25 24 <0.0001 <0.0001
Merchantable volume*, m? 2.6 2.6 2.1 2.1 <0.0001 <0.0001
Log yield 0.87 0.86 0.90 0.86 <0.0001 0.1337

*Tree volume: tables standing tree volume above ground with =7 cm diameter without bark, without size allowances and cutting losses
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total volume was 20% smaller. Furthermore, trees felled
motor-manually had a significantly larger proportion
of malformed tops (upper 1/3 of total height) (Fig. 2).

3.3 Motor-Manual Intervention in Felling —
Prediction Models

Having found that there are potential correlations
between different tree characteristics and the odds that
they are felled by the harvester alone, a logistic regres-
sion analysis was conducted to determine whether the
correlations were still significant when the interaction
of the parameters was considered. Several models were
tested, which included independent variables such as:
DBH, harvester type, season, and tree form in different
stem sections. The probability of mechanized felling
decreased with increasing DBH and increased if the
tracked harvester was chosen instead of the wheeled
harvester. The parameter »season« was only just out-
side the required significance level. There was also no
significant correlation to tree form. The odds ratio can
be computed by raising e to the power of the logistic
coefficient of machine type: ¢**'**=0.54. Thus, the odds
of a tree being felled by the wheeled harvester were
about half as large as the odds of being felled by the
tracked one. According to good practice, verification
was conducted by using the model for estimating the
probability of mechanized felling separately for the
trees that were actually felled by the harvester and for
those that were felled motor-manually (Allison 2014).
The mean estimated probability of mechanized felling
was 77% for the trees that were actually felled by the
harvester and 72% for the trees being felled motor-
manually. This small difference (5%) indicated that the
model did work but was relatively weak — likely be-
cause the variable »distance from the machine operat-
ing trail« was not measured and could thus not be in-
cluded in the model.

3.4 Harvester Performance

Additional analyses were conducted on trees that
were managed entirely mechanically to detect possible

Table 4 Logistic regression coefficients for probability of a tree
being felled by harvester

Parameter Estimate Std. Error P
Intercept 2.9494 0.3406 <0.0001
DBH -0.0319 0.0069 <0.0001
Machine type -0.6218 0.1605 0.0001

Note: Machine type — Indicator variable: 0 — if Tracked, 1 — if Wheeled

Effect of Season and Machine Type on Performance of Semi- and Fully- Mechanized ... (237-249)

machine and/or seasonal effects. Since data were het-
eroscedastic, the analyses were again conducted with
non-parametric techniques. There were no significant
seasonal differences (winter vs. fall) in the character-
istics of trees managed by the tracked harvester,
whereas trees treated by the wheeled harvester were
significantly larger in winter than in fall (Table 5). Tree
size differences were also detected between machine
treatments. In any case, these differences were rela-
tively small and their effect on machine performance
could be accounted for by including tree size as a co-
variate in all further analyses.

The time consumption of harvesters differed sig-
nificantly between machine types and seasons (Fig. 3).
The mean time consumption of the wheeled harvester
was greater in winter than in fall, while the contrary
was true for the tracked harvester. That could be ex-
plained by the fact that the wheeled harvester negoti-
ated larger trees during winter than it did during the
fall. The main difference in the distribution of element
times between the two machine types was in the work
elements »felling« and »processing« (Table 6). The
tracked harvester invested a larger proportion of total
cycle time in the felling task, and the wheeled har-
vester in the processing task.

The effects of various factors on time consumption
were explored with the General Linear Model (GLM)
technique, according to model 1:

Element time, =(3,+ (3, DBH, + 3, Machine;
+ 33 Season;+ 3, Tree form;+ g (1)

Table 5 Comparison of the main characteristics of trees harvested
mechanically

Tracked | Tracked | Wheeled | Wheeled

RIEIGET Fal | Winter | Fal | Winter
Mean 433 42.7 40.1 46.1
DBH, cm
Median | 44ac 43ab 42h 47c
Mean 35.9 34.6 311 345
Height, m

Median | 35.8a | 34.7ac | 33.5b 35.3c
Mean | 2.43 2.37 2.04 2.77
Median | 2.26ac | 2.23a 1.85b 2.75¢C
Merchantable | Mean | 213 | 233 | 159 | 228
volume, m* | Megian | 2.00a | 219 | 1550 | 2.24a
Mean 89 103 82 83

Median | 87a 102b 79c 82c

Tree volume m?

% Log yield

Note: Different letters presented after medians indicate significant
differences according to pairwise Mann-Whitney U tests
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Fig. 3 Mean time consumption per tree for two machines and seasons. Only trees being felled and processed solely by harvester are con-

sidered. Cycle time is broken down between different work elements

Statistical analysis aimed at checking the effects of
tree size, tree form, season, and machine type on cycle
time consumption (Table 7). The latter was meant to
include: A) moving, removing the brush, felling and
processing, or alternatively B) removing the brush,
felling and processing. While neither »moving« nor
»removing the brush« were strictly cyclic, they were
frequent enough and were assumed capable of reflect-
ing the different visibility conditions characterizing
the two seasons under scrutiny (Eliasson and Lageson
1999, Hanell et al. 2000).

The selected independent variables accounted for
65% of the total variability in the dataset when the

time spent for moving was included into the model
(see AdjRSq in Table 7). Once the (large) variability

Table 6 Proportion of elemental time consumption over total cycle
time — excluding delays (PMH,)

Work element Wheeled Wh.eeled Tracked Tra.cked
Fall Winter Fall Winter
Moving 15% 16% 21% 15%
Brush 3% 1% 1% 1%
Felling 19% 17% 23% 28%
Processing 59% 63% 50% 54%
Manipulation 5% 3% 4% 2%
Total 100% 100% 100% 100%

associated with moving time was removed, the mod-
el became stronger and could account for 72% of the
variability in the dataset. Tree size had the effect on
time consumption, by far. Tree size could be repre-
sented in terms of DBH or tree volume (estimated at
inventory or measured after harvesting) without any
meaningful differences on model form, significance,
and power.

Season and machine effect were generally signifi-
cant but could only account for a small fraction of the
total variability (see column »Eta« in Table 7). Time
consumption was higher for the wheeled harvester
and during the fall. The model also indicated a sig-
nificant relationship between tree form and time con-
sumption, even though the explanatory contribution
of this independent variable was relatively small, too.
Good stem form resulted in a lower time consump-
tion.

Time consumption for the model without »mov-
ing« can be calculated using eq. 2:

Time consumption = (1+0.367°/2) x Exp(-1.4984 +0.0477
x DBH +0.1174 x machine type + 0.1887 x season +0.1224
x tree form) (2)

The curves in Fig. 4 show the time consumption of
the different harvesters in both seasons according to
this model. It is clear that the differences become larg-
er with increasing diameter and that the season had a
stronger influence than the machine type.
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Table 7 ANCOVA tables of two GLM models to explain harvester time consumption (logarithmically transformed)

Effect of Season and Machine Type on Performance of Semi- and Fully- Mechanized ... (237-249)

A) Time consumption, incl. »moving« Algugcq ggggg - -
Parameter DF Param. estimate SS Eta F P

Intercept - -1.0208
DBH, cm 1 0.0405 166.9 60% 1160 <0.0001
Machine type 1 0.1431 2.2 1% 15 0.0001
Season 1 0.2102 7.1 3% 49 <0.0001
Tree form 1 0.1554 3.1 1% 22 <0.0001
Error 684 - 98.4 35% - -
Total 688 - 2716 - - -
B) Time consumption, excl. »moving« Algﬂgiq g;;;g - -
Parameter DF Param. estimate SS Eta F P
Intercept - —-1.4984 - - - -
DBH, cm 1 0.0477 225.2 68.9% 1672 <0.0001
Machine type 1 0.1174 1.5 0.5% 1 0.0009
Season 1 0.1887 5.7 1.8% 43 <0.0001
Tree form 1 0.1224 1.9 0.6% 14 0.0002
Error 685 - 92.2 28.2% - -
Total 689 - 326.6 - - -

Note: Tree form, turned into a categorical variable with two levels (Poor — 1 values in both the first and second section; Good — otherwise); Season

— Indicator variable: 0 — if Winter, 1 — if Fall; Machine type — Indicator variable: 0 — if Tracked, 1 — if Wheeled

12
—— Wheeled Fall
— — — Wheeled Winter ® .
10 Tracked Fall

— — = Tracked Winter
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(0]
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2 //
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S & $ ) 1/
K=] @ 7
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£
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DBH, cm

Fig. 4 Time consumption of different harvesters in both seasons
according to the model excluding the time element »moving« for
well-formed trees and measured values

4. Discussion

Despite its inevitable limitations, this study con-
tributed valuable new knowledge that allowed draw-
ing meaningful considerations on study methodology,
logging technology and forest management — all of
which are being discussed individually in the follow-
ing paragraphs.

4.1 Study Limitations

Flawless studies are quite rare, and they often have
the considerable merit of hiding well their small faults.
This study is no exception: its main limitations are
with site and operator selection, and with the inevi-
table measurement errors.

Concerning site and operator, the fact that the two
machines were operated by different operators and
deployed on different sites implied that any differ-
ences between machines could be obscured by differ-
ences between operators or sites. To minimize the vari-
ability introduced by site and operator, the authors
selected sites and operators that were as similar as
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possible —and the statistical analysis did confirm sim-
ilarity between sites, at least. However, »similar« is not
the same as »identical«, and it generally carries along
some unwanted variability. Furthermore, the similar-
ity between operators was supported more by the sub-
jective evaluation of experts than by objective elements
(Schwegman et al. 2021). Therefore, it was impossible
to state that machine differences were independent of
an operator effect and any inferences in that regard
must be considered suggestive, rather than conclusive.
However, this is a common limitation of many forest
engineering studies that must rely on the available
resources offered by commercial operations and are
often observational in character (Magagnotti et al.
2013).

Finally, measurement errors may have confounded
some of the main effects, especially for what concerned
total tree volume. This was estimated based on dedi-
cated volume tables, which were inevitably approxi-
mated — as shown by the occasional instances of log
yield exceeding 100% of total tree volume, which was
mathematically absurd. However, any such errors
were randomly distributed between the machine and
season treatments and would not invalidate the even-
tual comparisons.

4.2 Technology and Operational Considerations

From the operational viewpoint, the study indi-
cates that new silvicultural prescriptions make it im-
possible to harvest all trees exclusively with mecha-
nized systems (cf. Schweier and Ludowicy 2020). A
significant proportion of the total harvest requires
motor-manual intervention. In that regard, the exper-
iment clarified three important issues. First, it indi-
cated that the proportion of trees needing motor-man-
ual intervention changes with tree size and machine
type, depending on machine (and/or operator) capa-
bility. Second, it made it clear that the need for motor-
manual intervention does not just depend on extended
machine operating trail spacing, but also on tree char-
acteristics — and especially tree size. Since distance
from the machine operating trail was not recorded, the
unknown tree position became a strong confounding
factor that would weaken the power of any analytical
technique. For that reason, the same fact that tree size
was found to be significant is a strong witness to the
role of tree characteristics as a limiting factor to mech-
anized harvesting in close-to-nature forestry. The third
important issue is the very limited share of trees that
were felled with a combination of motor-manual and
mechanized techniques meaning that trees with large
girth and/or with a wide taper at the cutting point re-
ceived motor-manual preparation in order to facilitate
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the positioning of the harvesting head. This fact high-
lights the logistical and safety concerns raised by
mixed manual-mechanical teams (Newman et al.
2018). According to good practice, work teams should
operate independently, at a safe distance from each
other, to avoid interference but enable mutual rescue
(ILO 1998).

Concerning harvester productivity, the study con-
firms the dominant effect of tree size on time consump-
tion (Holzscher and Bossy 1997, Nakagawa et al. 2007,
Nurminen et al. 2006, Visser and Spinelli 2012, Labelle
et al. 2018). This is the prevalent effect that overpowers
all others and clearly emerges from random variability.
Nevertheless, machine and season effects are still vis-
ible, and the fact that they rise above the significance
threshold confirms their important role. While it is still
necessary to consider the possible interference of an
operator effect, the findings of this study seem logical
and can be explained with relative ease. It is quite rea-
sonable to attribute the better performance of the
tracked harvester to its heavier weight, stronger boom
and a secondary grapple for holding cut trees in the
upright position, all of which give it better stability and
enable a dexterous handling of cut trees. In fact, the
tracked harvester was faster than the wheeled one es-
pecially for delimbing and crosscutting — not felling
and handling. The tracked harvester removed most of
the cut trees keeping them upright while standing on
the machine operating trail and laid them down there.
The work element »felling« ended when the tree was
released on the trail edge. Thus, moving a tree in an
upright direction to the trail right after cutting it with
the tracked harvester was assigned to the felling task,
whereas moving a tree already laying on the ground
was assigned to the work step »processing«. However,
itis always somewhat dangerous to analyze the results
in isolation when they are part of the same intercon-
nected sequence. Therefore, we did not statistically test
the relationships between process variables and sepa-
rate time elements for significance.

Statistical analysis also confirmed a significant sea-
sonal effect. A credible argument could be built about
the association between the better performance record-
ed in winter and the absence of leaves on the trees and
the understory, which did allow for a better visibility
of the work area and object (Ireland and Kerr 2008,
Niemisto et al. 2012). The absence of leaves may have
also played a role in reducing the »sail effect« of the
remarkably tall trees found at both test sites. The great-
er time required in the fall would also lead to higher
logging costs. Forest managers must balance these
higher costs with higher revenues.
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Motor-manually felled trees were more often poor-
ly shaped in the upper stem section than mechanically
felled trees. However, in the explanatory model for the
decision whether trees would be felled mechanically or
motor-manually, the relationship to tree form was not
significant. In contrast, according to the harvester time
consumption model, cycle time was significantly great-
er for trees that were poorly formed in the lower two
sections. The higher time consumption of the harvester
for malformed trees is plausible because thick branches,
forks and tight sweeps can make processing more dif-
ficult. Motor-manual felling is more likely for trees that
are poorly formed in the lower stem section. However,
poor form would have to be very severe for the har-
vester to be unable to fell the tree. Based on the visual
assessment of stem forms, beech trees in both stands
were of above average quality. Stems were mostly
straight and free of branches. It could be seen that de-
cades of silvicultural tending by forestry professionals
had created excellent quality. Therefore, it is not sur-
prising that no relationship between the tree form in
the lower stem section and the likelihood for motor-
manual felling could be detected. Why poor form in the
upper stem section should increase the likelihood of
motor-manual felling is unclear. In the logistic regres-
sion, in which the interaction of the various influencing
variables is taken into account, the stem form in the
upper section was not significant. Incidentally, one
must also consider that the attribution of a representa-
tive tree form factor is quite difficult (Labelle et al. 2016,
Puttock et al. 2005). Any systems developed so far are
just approximations that may or may not reflect the
actual effect of a given tree form on harvester perfor-
mance (Pelletier et al. 2013).

4.3 Forest Management Considerations

New silvicultural prescriptions that promote struc-
tural diversity of the stands and minimize in-stand
traffic are incompatible with full mechanization. Their
implementation makes it very hard to achieve the ul-
timate work safety goal expressed by the motto »no
boots on the ground, no hands on the log« (Anon.
2018). Current forest technology reflects Nordic de-
signs originating in the 1970s, adapted to the even-
aged softwood stands of this region and period. De-
spite 50 years of changes and improvements,
cut-to-length technology still conforms to the same
fundamental principles and is forced out of its opti-
mum when deployed in uneven-aged hardwood for-
ests, characterized by large and poorly formed trees
— the more so if machine operating trail spacing is
doubled or tripled compared with the original design.
This basic consideration implies the necessity of a
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compromise between environmental, financial and
safety benefits and the results of this study can assist
in reaching an efficient solution.

In particular, the study clarifies that machine selec-
tion affects the proportion of trees that can be treated
with exclusive mechanical means. Opting for a heavy
tracked harvester can cut by half the odds of a tree
requiring motor-manual felling compared with the
same operation conducted with a lighter wheeled har-
vester. In contrast, a seasonal effect could not be con-
firmed. Certainly, the risk of accidents is increased
during motor-manual felling if the leaves are on, but
the proportion of trees that have to be cut motor-man-
ually does not change with phenology, i.e. whether the
leaves are on or off. However, concentrating hard-
wood operations in winter offers additional benefits
when tops and branches are harvested for energy bio-
mass because the leaves would be left in the stand,
minimizing nutrient removal.

Finally, it is worth remarking that tree size has the
strongest effect on the proportion of trees that can be
harvested without motor-manual intervention, and on
harvester performance. While that does not deny the
important influence of machine type and season, it still
makes it clear that the impact of any silvicultural deci-
sions on operational efficiency is mediated by their
consequences on tree size (Spinelli and Magagnotti
2013). A previous study on harvester operator perfor-
mance and mental effort also came to the same conclu-
sions, which are not entirely unexpected, given the
large evidence about the primary role of tree size on
operational efficiency (Spinelli et al. 2020). Knowing
that, forest managers may consider applying modified
close-to-nature principles in a way that keeps tree size
within the optimum levels for efficient mechanization,
so as to maximize the environmental benefits while
minimizing any negative effects on work productivity
and safety. In particular, habitat trees marked for in-
definite retention would be best selected furthest away
from the designated machine operating trails, if any
multi-entry trail system were adopted, as in the
German case. For the rest, it is not efficient to extend
rotations beyond the limit when tree size exceeds har-
vester capacity, imposing motor-manual felling and
processing. In fact, in an uneven-age system, longer
rotations could be applied to the trees that are too far
away for the machine to reach and must be felled
motor-manually anyway, while trees within reach of
the machines might be cut slightly earlier in order to
reap all the financial and safety benefits of mechaniza-
tion. Certainly, if the distances between the machine
operating trails were reduced, considerably more trees
could be felled by machine, which would also reduce
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the risk of accidents. However, it is not expected that
this would be enforceable with the public forestry
companies in Germany.

5. Conclusions

Continuous-cover forestry of hardwood-dominat-
ed stands in combination with a widely spaced multi-
entry machine operating trail system do not allow all
trees to be harvested and processed mechanically. In
this study, both harvesters (wheeled and tracked) re-
quired support from motor-manual teams, but the
frequency of motor-manual interventions was signifi-
cantly higher for the lighter wheeled harvester. Based
on a logistic regression model, the odds of any given
tree being felled by the wheeled harvester were about
half as large as the odds of it being felled by the tracked
harvester. Harvesting in the fall does not require more
motor-manual felling than in winter. The results of
this study can be used as a guide for forest managers
towards finding technical solutions that will reduce
motor-manual intervention and allow more flexibility
in scheduling operations in hardwood-dominated
stands. The existing model does not include the dis-
tance of the target tree from the machine operating
trail among its variables, and that may be addressed
by future research if an even stronger predictive pow-
er is desired. Harvesting in the fall increases the time
consumption of the harvester. The resulting higher
costs must be weighed against higher revenues.
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