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Abstract: European short-rotation poplar plantations are harvested at 5-8 year rotations and produce
relatively small stems (0.05-0.10 m®), which represent a major challenge when designing a cost-effective
harvesting chain. Until now, the challenge has been met through whole-tree chipping, which allows
mass-handling all through the harvesting chain. However, the production of higher value logs for
the panel industry requires devising different solutions. This study presents a fully mechanized
low-investment system using an excavator-based feller-buncher shear, a grapple skidder obtained
from the conversion of a common farm tractor and an excavator-mounted grapple saw adapted to
work as a makeshift slasher. The system was tested in Northwestern Italy, achieving high productivity
(between 14 and 20 t fresh weight per scheduled machine hour) and low harvesting cost (between 9 and
14 € t~! fresh weight). However, crosscutting quality needs further improvement, because almost 50%
of the logs did not meet factory specifications. Solutions to solve this issue are proposed. The tested
system is suitable for local small-scale operators because it can be acquired with a reasonable capital
investment (400,000 €) and it is versatile enough for use in a number of alternative jobs, when the
coppice harvesting season is over.
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1. Introduction

Short-rotation wood crops established with fast-growing tree species have gained growing favor
with forest industries because they can offer the benefits of rationalized management, vicinity to
the conversion plants and pre-defined product targets [1]. As the demand for engineered fiber
products grows, so does the area of plantation forestry. This may soon double [2], and it eventually
may account for 75% of the global wood supply by 2050 [3]. That is especially the case of tropical
plantations, which are established with genetically selected propagation material under favorable soil
and climate conditions, and achieve exceptional growth rates [4]. However, tree farms are enjoying
recent popularity in Europe, where they are appreciated for their capacity to match the strategic needs
of modern wood industries [5]. Modern wood industries often concentrate production in very large
plants, with extreme raw material demands. These plants face a serious challenge when they try to
obtain a steady fiber supply in very large volumes, especially now that the wood market is undergoing
profound structural changes [6]. Therefore, wood industries need a strategic raw material reserve they
can control, in order to balance any eventual fluctuations in supply volume and price [7].

In Europe, most new plantations are located East, in such countries as Poland, Romania or
Slovakia, where one finds an ideal combination of good soil conditions, reasonable land price and a
fast-growing economy [8,9]. Until now, the wide availability and low cost of hard-working rural labor
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have motivated resorting to manual or semi-mechanized work techniques for plantation establishment
and harvesting; however, fast economic growth makes it doubtful that abundant, cheap labor will be
available for much longer. Therefore, plantation managers are urgently looking for new mechanized
solutions that may offset future labor shortages, while offering clear benefits in terms of simplified
logistics and improved worker safety [10].

Most of the Eastern European industrial tree farms are established with poplars (populus spp.)
and are harvested at 5-8 years intervals, making them more appealing to farmers than conventional
forest plantations, especially when targeting marginal ex-arable land. Slightly longer rotations may
actually offer better yields and revenues, but they would face a significant legal hurdle as they would
configure as forestry rather than agriculture, and meet with stricter use limitations.

Small tree size represents a major challenge when harvesting young plantations. The productivity
of forest equipment declines very rapidly when tree size is smaller than optimum [11,12], and
even thinning machines are designed for trees with an optimum size around 0.2 m®. When the
average tree size is much smaller than that—as in the case of 5-8 year old poplars—then it is best
to opt for mass handling, harvesting more trees in one single cycle to offset small individual tree
volume [13]. Several multi-tree harvesting machines have been developed for early thinning operations
and are commercially available on the European market, under the categories of “feller-buncher”
and “multi-stem harvester”—respectively designed for whole tree (WT) and cut-to-length (CTL)
harvesting [14]. Between the two, feller-bunchers are simpler and cheaper, and represent the initial
step of a harvesting system whereby trees are felled and bunched, and then extracted whole to a
landing for processing into commercial assortments [15]. This harvesting method has the advantage
of simplified in-forest handling [16] while remaining flexible enough to produce either whole-tree
chips or a combination of logs and chips [17]. What is most important, this method guarantees mass
handling all along the chain, as trees are bunched at the same time as they are felled and they are
never separated again—all trees in the same bunch being crosscut together in a single pass when
they reach the landing. A further advantage of this method is that it can be implemented through
simple and inexpensive machinery, which makes it especially attractive to small operators with limited
capital availability. Fully mechanized WT harvesting can be deployed using adapted general-purpose
machinery and still achieve a very high productivity.

The goal of this research was to design and evaluate a whole-tree harvesting system for tackling the
small poplar trees grown in short-rotation forest plantations. This system had to allow mass handling
throughout the whole chain and be based on general-purpose, low-investment machinery within the
reach of small local contractors. The system also had to be capable of manufacturing the largest possible
quantity of 4-m logs (small end diameter > 7 cm), which are used for the production of high-quality
boards and represent the most valuable assortment potentially obtained from short-rotation plantations.
The research included a thorough first testing of the new system, in order to assess work productivity,
production cost and work quality.

2. Materials

As a start, the harvesting system was designed and organized as follows:

e  Step 1—trees were felled and bunched with a Liebherr 317 medium-size (17 t) tracked excavator
titted with a Westtech Woodcracker 350 feller-buncher shear (Figure 1—top);

e  Step 2—whole-tree bunches were skidded to the field’s edge using a Case 100 CX 85-kW farm
tractor equipped with a Proforst SC3 log grapple (Figure 1—middle);

e  Step 3—4-m logs were detached from the bottom end of the bunches using a Hitachi Zaxis
130 medium-sized (14 t) tracked excavator fitted with a Hultdins Supersaw 350 grapple-saw
(Figure 1—bottom).
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Figure 1. Felling and bunching trees with the excavator-based feller-buncher (Top); skidding bunches
with the forestry-fitted farm tractor (Middle); crosscutting stems into 4-m logs with the excavator-based
grapple saw (Bottom).

The grapple-saw crosscut the whole bunch in a single pass, without separating individual trees or
performing any delimbing; the tree bases carried only a few small limbs, and most of them would be
broken during felling, skidding and subsequent handling. The minimum small end diameter was 7 cm,
and it was visually assessed by the grapple-saw operator. This machine would also stack tops and logs
in separate piles. Ideally, the crosscutting of whole bunches should be done with a slasher, which is a
purpose-built machine consisting of a cradle to accommodate the bunch, a butt-plate to index the trees
and a hydraulic saw (chain or disc saw, depending on the model) to perform the cut [18]. This machine
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is common in Northamerica, but virtually unknown in Europe. As a result, no slasher could be found
in the surroundings and importing one for a short-term trial was not cost-effective, hence the use of a
grapple-saw as a local, low-cost replacement.

All machine operators were competent professionals with significant experience of their respective
equipment. All operators were informed about the goal of the experiment and the study methods, and
they all cooperated to the best of their capacities. Due compensation was offered to the company for
the disturbance caused by the study, and the company was indeed interested in learning new work
techniques from the test, which was an additional incentive to fruitful cooperation.

The system was eventually tested in Candelo near Biella, in Northwestern Italy, from 19 November
to 21 November 2018. The test was conducted on a 7-year-old poplar plantation established with
clone AFS8 by Pellerei Ago Srl - Cossato (BI), Italy, a local farming company and bioenergy producer.
The company is a main owner of short-rotation poplar plantations in Northern Italy, which they
establish and manage in order to keep a strategic reserve of raw material for their fuel-hungry, 3-MW,
power station. The plantations managed by Pellerei Ago Srl resemble those established over much
larger surfaces in Eastern Europe, and the Italian location was chosen for this first trial due to the
convenience of having a grower, a user and a suitably equipped harvesting contractor all gathered into
the same company.

The test plantation had been established at a 3.2 x 2.4 m spacing (1302 trees ha~!) and survival
rate was estimated at 95% (actual density = 1237 trees ha™!). Stocking at the time of harvest was
128 green t ha~!. The mean tree diameter at breast height (DBH) was 15.1 cm and the mean tree height
was 16.5 m. Mean tree mass was 103 kg fresh weight (water mass fraction = 54%). The total surface
area of the plantation amounted to 1.1 ha.

3. Methods

For the purpose of the study, the 1.1 ha field was divided into 13 rectangular blocks with a surface
of ca. 800 m? each, so that every single block would contain approximately 100 trees. Block width
was 16 m or 5 rows, which was considered as the best work frontage for the feller-buncher. Therefore,
the block length was ca. 50 m. The blocks were contiguous and distributed to cover all the field’s length,
to a maximum of 300 m from the field’s edge, which represented the maximum extraction distance.

Block yield was determined by separately piling the logs and tops obtained from each block and
then moving all individual piles to the certified weighbridge available at the power station. A 200-g
wood disc was collected from each log pile, weighed fresh in the field with a portable precision scale
and then taken to the laboratory for drying in a ventilated oven set at 103 °C and weighing again 48-h
later once dry. The result was matched against the moisture content determined at the power station at
the time of delivery (chips only) and the figures offered a good match (54% for the lab and 52% for the
power station).

Tree size was determined by dividing block mass by block tree count. Mean DBH per block
was obtained by taking the DBH of each tree with a caliper. Tree height was estimated by regressing
the DBH and height of 40 sample trees selected across the range of DBH values, so as to obtain a
DBH-to-height function. Sample trees were also used to determine the theoretical log yield. This was
obtained by measuring the length and diameter at mid length of all 4-m logs potentially obtained from
the tree, down to the 7-cm minimum diameter.

The time to fell, skid and process each block was determined separately for each block and work
step, using stopwatches and hand-held field computers. Delay time was separated from productive
work time, regardless of the duration of delay events [19]. The delay time is typically erratic and
a short-term study bout conducted on small blocks may fail to represent the actual incidence of
delay time in the long term. Therefore, delay time was added to work time using the delay factors
obtained from long-term studies. A 20% delay factor was adopted, meant to reflect the favorable work
conditions presented by rational tree farms established on firm flat terrain, near all maintenance and
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repair facilities [20]. The number of cycles was also recorded, in order to determine the average cycle
duration, average n° of trees per cycle and average mass per cycle.

Log length accuracy was checked by measuring the lengths of 50 logs. Besides, the small end
diameter of 500 logs was also taken, in order to determine the percent of logs within the 7-cm
minimum specification.

Machine cost was estimated using the European harmonized forest machine costing method
recently published within the scope of COST Action FP0902 [21]. Costing assumptions were obtained
from Pellerei Ago Srl. Therefore, calculated costs reflected actual machine rates and were 69 € h™!
for the excavator-based feller-buncher, 45 € h~! for the skidder and 58 € h~! for the grapple saw unit
(Table 1). Figure 2 demonstrates that all tested technology was indeed low capital, since capital cost
represented between 25% and 30% of the total cost (Figure 2).

Table 1. Machine costing.

Machine Type Feller-Buncher Skidder Grapple-Saw
Purchase price € 155,000 70,000 105,000
Salvage value € 31,000 14,000 21,000

Service life Years 8 8 8
Annual use SMH 1200 1200 1200
Operator wage €SMH! 16 16 16
Interest % 8% 8% 8%
Depreciation € year‘1 15,500 7000 10,500
Interest € year! 8060 3640 5460
Insurance € year~! 2500 2500 2500
Maintenance € year‘1 7750 3500 5250
Fuel & Lubricant € year‘1 15,576 9346 15,576
Personnel € year‘1 19,200 19,200 19,200
Overhead & Profit %o 20 20 20
Overhead & Profit € year‘1 13,717 9037 11,697
Total cost € year‘1 82,303 54,223 70,183
Total cost €SMH™! 68.6 45.2 58.5

Notes: SMH = Scheduled machine hour, including delays.

100%
90% . . . M Overhead
80% Personnel
70% M Variable cost
60% M Capital
50%
40%
30%
20%
10%

0% T T )
Feller-buncher Skidder Grapple-Saw

Figure 2. Cost breakdown for the main equipment on test.

The statistical analysis of data was conducted with SAS Statview [22]. Descriptive statistics were
used to assess centrality and error. Regression analysis allowed estimating the relationship between
skidding distance, skidder productivity and total harvesting cost. For all tests, statistical significance
was accepted for @ < 0.05.
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4. Results

Mean productivity was 14 t per scheduled machine hour (SMH™) for the feller-buncher,
20 t SMH™! for the skidder and 19 t SMH™ for the grapple saw (Table 2).

Table 2. Main results of the productivity study.

Subject Parameter Unit Mean Median SD IOR
Stand DBH cm 15.1 14.7 12 1.9
Tree mass kg 105.6 100.3 222 21.7
Stocking tha™! 130.6 124.1 27.5 322
Trees cycle™! n° 23 2.3 0.4 0.6
Felling Cycle time s 51 49 12 13
Productivity trees SMH ! 141 139 43 69
Productivity tSMH™! 14.2 14.4 2.9 4.6
Cost €t 5.1 4.7 12 17
Breakage % n° 1.8 1.3 1.6 3.2
Skidding Distance m 112 80 85 152
(1 tractor) Load size t 1.0 0.9 0.2 0.4
Cycle time s 223 209 112 151
Productivity tSMH! 20.7 18.0 11.9 18.9
Cost €t! 29 25 1.6 27
Processing Log yield % mass 82.7 83.8 43 53
Productivity trees SMH ™! 188 176 45 72
Productivity t SMH! 19.2 18.2 3.4 3.4
Cost €t! 3.1 3.2 0.4 0.6
Breakage % n° 1.2 - 1.4 2.0
Overall Total breakage % n° 29 24 3.0 3.8
Total cost €t 111 111 2.0 2.6

Notes: n = 13; SD = standard deviation; IQR = interquartile range; DBH = diameter at. breast height;
SMH = Scheduled machine hours, including delays; t = tons fresh weight.

Being less productive than the others, the feller-buncher needed to get a head-start of half a day
and to work a bit later in the day in order to avoid starvation downstream (i.e., the lack of felled trees
for the teams that skidded and processed them). In contrast, the skidder and the grapple-saw were
well balanced and could move along nicely—at least as far as the extraction distance remained around
100 m and no major delays affected any of the two components.

However, skidding productivity proved extremely sensitive to skidding distance, as cycle time
would rapidly grow as distance increased (Table 3—Equation (5)). That is why two tractors were made
available on site, with the second tractor ready to step in when needed; that way, the grapple-saw could
be kept fed even when harvesting the most distant blocks, placed 300 m away. Regression analysis
showed that skidder productivity decreased with the natural logarithm of skidding distance —hence,
very quickly (Table 3—Equation (6)). This is clearly shown in Figure 3.

Table 3. Main results of the regression analysis.

Equation Step Adj. R? F-Value p-Value Regression
0 Felling 0.470 11.651 0.0058 Tree cycle™! = 3.779 — 0.014 kg tree™!
2 Felling 0.014 1.174 0.3018 Cycle time = 71.149 — 8.737 kg tree ™
3) Felling 0.602 19.167 0.0011 Tree SMH™! = 303.109 — 1.535 kg tree™!
4) Felling 0.026 1.319 0.2751 t SMH™! = 18.842 — 0.044 kg tree™!
5) Skidding 0.932 164.949 <0.0001 Cycle time = 82.8 + 1.253 Dist
(6) Skidding 0.810 52.3 <0.0001 t SMH™! = 78.651 — 13.093 LN Dist
(7) Total cost 0.512 13.570 0.0036 €t1=9.172 + 0.017 Dist

Notes: n = 13; Adj. R? = Adjusted R?; Cycle time in s; kg = kg fresh weight; SMH = Scheduled machine. hour,
including delays; Dist = skidding distance in m.
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Figure 3. Skidder productivity as a function of skidding distance.

Regression analysis also showed that as tree size decreased, the feller-buncher would cut more
trees per cycle (Table 3—Equation (1)), but that would not result in a meaningful increase of cycle
time (Table 3—Equation (2)); therefore, as tree size decreased more trees would be produced per
hour (Table 3—Equation (3)) and productivity remained virtually unaltered (Table 3—Equation (4)).
There may be no better demonstration of the benefits accrued through mass handling.

Regression analysis could not detect any significant correlations between log yield (% of log
volume over total tree volume) or % stem breakage and such stand characteristics as tree size or field
stocking. In that regard, it is worth noting that stem breakage was relatively small and accounted for
less than 3% of the total number of trees being harvested. Stem breakage occurred more often during
felling than during processing, which may be related to the specific design of the feller-buncher model
used for the trial, but also to the general mechanics of shear-type felling heads, which cut the tree after
firmly grabbing it and therefore may place excessive tension on the stem during cut.

Concerning log yield, the actual measured figure averaged 83% and exceeded the theoretical figure
predicted at the inventory, included between 55% and 65% (interquartile range—Table 4). While one
may attribute part of the difference to the error of estimate that goes along with any inventory based
on a limited number of sample trees, the gap is too wide to be spanned by error alone. This result must
be read in the light of a rather poor work quality, which was the only point where the system on test
did not prove satisfactory: 55% of all logs produced exceeded the 400 + 15-cm length tolerance, and 6%
of them fell below the 7-cm small end diameter specification. Therefore, it is reasonable to infer that
the very high log yield was partly due to the inclusion of substandard elements in the log piles.

Harvesting cost most commonly ranged between 8.5 and 13.7 € t~! (interquartile range), with the
average at 11.1 € t™! (Table 2). The effect of increasing extraction distance reverberated through the
whole chain and determined a significant increase of overall harvesting cost (Table 3—Equation (7),
Figure 4). However, the cost increase was lower than the theoretical value calculated simply by adding
a mean felling and processing cost to the steeply growing skidding cost curve: that pointed at a certain
capacity for the system to readjust and absorb part of the eventual inefficiency caused by an extension
of skidding distance (Figure 4). No significant relationship was found between harvesting cost, tree size
and field stocking, which is evidence for the capacity of mass handling to offset variations of tree size
and field stocking—at least within the limits explored in this study.
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Table 4. Theoretical and actual log yield.

Plot Inventory Actual Actual Inventory Actual
# Log Mass (t) Log Mass (t) Total Mass (t) Log Yield (%) Log Yield (%)
1 7.2 9.2 11.8 61 78
2 7.1 10.1 11.6 61 87
3 5.6 9.5 11.3 50 84
4 5.4 9.3 10.7 50 87
5 6.7 7.8 9.3 72 84
6 6.5 11.6 13.6 48 86
7 7.8 11.4 13.3 59 86
8 7.8 7.1 8.5 92 84
9 55 72 8.5 64 84

10 59 7.9 10.1 58 79
11 5.4 6.3 8.8 62 72
12 4.6 6.7 8.2 56 81
13 6.5 7.5 8.9 73 85
Mean 62 83

Median 61 84

SD 12 4

IQR 9 5

Notes: Log yield = Proportion of logs mass over total tree mass (%); Inventory = Value obtained from the
pre-harvest inventory; Actual = Value obtained from actual scaled weight, after harvesting; SD = standard deviation;
IOR = interquartile range; t = tons fresh weight.
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Figure 4. Harvesting cost as a function of skidding distance.

5. Discussion and Conclusions

Interestingly enough, in 2011 CNR conducted a study in the same area and with the same company
(i-e., Pellerei Ago Srl) on a similar plantation, but with the main goal of producing whole tree chips—not
a mix of logs and chips [23]. Comparison between the results of the two studies shows that whole-tree
chipping incurred a higher harvesting cost, estimated between 16 and 23 € t™!, than found here for the
combined production of logs and tops (i.e., 9 to 14 € t~1). However, whole-tree chipping included the
cost of chipping, which was not considered in this study. Most importantly, the company evolved in
their equipment selection and changed the purpose-built machines used in 2011 (a harvester and a
forwarder) for cheaper excavator- and tractor-based machines. The owners declared that the superior
mobility of purpose-built forestry machines is wasted on plantations established on ex-arable land,
where slope gradient and terrain roughness do not represent a limitation.
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The operation tested in this study can be acquired with a relatively small capital investment,
around 400,000 €. That is about half of what is needed in order to acquire purpose-built equipment for
doing the same job [24]. Even if a purpose-built operation proved equally cost-effective—and that has
yet to be proved—the higher investment cost of purpose-built machinery would make it more difficult
for small-scale logging contractors to equip, given the generally low-investment capacity of rural
entrepreneurs [25]. Furthermore, general-purpose machines are more versatile and can be deployed
on a large number of alternative jobs outside forestry. Farm tractors can be quickly reconverted to
agriculture and excavators to construction and earthmoving jobs. Such versatility is especially valuable
when equipping for plantations that are generally managed as coppice and can only be harvested
during the winter season [26]. In that case, equipment depreciation becomes a major challenge, which
is effectively met by decreasing capital commitment and increasing equipment versatility.

The system tested in 2018 was not only relatively inexpensive to acquire, but also offered the
advantages of high productivity and low production cost. Its main weakness was in poor work quality,
since a large proportion of the logs did not meet the set size specifications. While one may argue that
this was an early test and that grapple-saw operators are likely to become better at their job as they
gain more experience, it is a fact that dedicated machines are normally used for that task and that the
grapple-saw used here was just a makeshift solution in the absence of a proper slasher. The test showed
that it is very difficult to perform accurate cuts without a way to indexing tree butts; therefore, some
form of mobile butt-plate would be required for the job, even if European users preferred to renounce
proper slashers and opt for loader-mounted grapple saws, due to their widespread availability and
superior versatility [27]. Eventually, a slasher could be reduced to a simple cradle with a butt plate,
and the chainsaw would then be installed on the loader grapple. If one wanted to maximize cut
length accuracy, the market offers grapples with hydraulically adjustable saws, and the more exacting
operators could also ask their saws to be equipped with simple distance sensors aimed at the butt plate
or some other fixed element of the slasher, so as to cut with absolute accuracy.

Any interventions to increase productivity should target felling first, since this is the slowest
of the three steps in the harvesting process, and the most expensive as well (46% of the total
harvesting cost—see Table 2). The purpose-built machine used in 2011 achieved a mean productivity
of 160 trees SMH™! or 19 t SMH™, even if it lacked a proper accumulating system, unlike the shears
used in 2018. That is a 15% increment in trees cut per hour, despite cutting larger trees. Obviously,
a more expensive purpose-built piece of equipment must be more efficient than the adaptation of a
general-purpose machine, but the comparison shows that there might be some margin for improvement.

Furthermore, much attention should be devoted to skidding, which is the most sensitive to
extraction distance. The study shows that skidding cost is low and system balance is achieved when
the extraction distance is around 100 m; beyond that distance, productivity drops and skidding cost
increases sharply. What is most important, the operation designed and tested in this study is a
“hot deck” system [28] where all components are closely interdependent; therefore, if the productivity of
one component decreases, so does that of the components downstream (i.e., starvation) and upstream
(i.e. constipation), which is bound to generate a multiplier effect. That is why a second tractor was
kept at hand, for deploying when extraction distance became excessively long. As a norm, a second
tractor should be deployed when the extraction distance exceeds 150 m, so that system balance can be
maintained. However, that will double skidding cost. The reason why tractor-based skidders are so
sensitive to extraction distance is in their limited payload capacity. While modified farm tractors can
achieve a field speed in excess of 15 km h~! (with recorded peaks above 20 km h™'), their payload
seldom exceeds 1 t. In fact, loading trees on a trailer would allow a marked increase of payload, but
preliminary tests showed that such operation would result in excessive stem breakage, which occurred
when lifting the stems from their mid-point and placing them on the trailer. A better solution is likely
found with a clambunk skidder, which has a much larger payload capacity than a conventional skidder
but still grabs the trees from their butt ends and does not require full lifting from the midpoint [29].
The main technical drawback of clambunk skidders is their limited maneuverability [30], which
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probably is not a great handicap when clearcutting a plantation in flat and even terrain. If capital cost
must be minimized and versatility enhanced, then one may resort to a clambunk attachment for farm
tractors, which can be built locally (Figure 5).

Figure 5. Clambunk skidder attachment for farm-tractor based skidders.

Evenso, any eventual improvements need to be considered for their impact on the whole harvesting
chain. The system designed for the experiment is characterized by a high level of interdependence
between its components, which makes it crucial to allow for some capacity margin.
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