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Abstract: Forest policies aiming for a greener future and decarbonization require scientific support to
help in decision making on resource economy and sustainability of forest operations. Timber skidding
is one of the most prevalent options in wood extraction around the world. While its operational and
environmental performance is affected by several factors, of which the extraction distance, removal
intensity, and machine capabilities are of first importance, there are few studies on the subject in
low-access and low-intensity removals. Based on a time study which accounted for production and
fuel consumption, this work modeled and quantified productivity and fuel consumption for such
operational conditions. Dependence of fuel and time consumption on relevant operational factors
was modeled by least square stepwise ordinary regression techniques. Then, the developed models
and summary statistics were used to simulate productivity and fuel consumption for a wide range
of extraction distances. The main results indicate that, for removal intensities in the range of 7 to
15 m3/ha, productivity of skidding operations in mature broadleaved forests depended heavily on
the extraction distance. Taking as a reference an extraction distance of 200 m, productivity halved at
800 m, and decreased to one fourth at 2000 m. For the same conditions, fuel consumption increased
linearly, being doubled at 800 m and four times higher at 2000 m. Although the unit fuel consumption
increased linearly as a function of extraction distance, its magnitude of increment was much lower.
The results of this study indicate that shortening the extraction distances may be the best option
in increasing the operational and environmental performance of skidding operations. This may
be achieved by developing further the forest road network, which, in addition to the benefits for
harvesting operations, could support a more sustainable forest management.

Keywords: selective extractions; mature forests; operational performance; environmental performance;
factors; dependence

1. Introduction

Sustainability of human activities has gained a lot of momentum in the post-industrial
era, and its concepts have become of first importance in forestry, including forest operations,
where they were used to characterize and describe potentials for improvement [1,2]. Con-
cerns on environmental degradation, resource depletion, resilience, and competitiveness of
economy are shaping the current view in many industrial sectors, including forestry [3,4],
which employs and provides goods and services for many around the world [5,6]. De-
pendence of human society on wood consumption is undeniable [7,8] and substantial
improvements are expected in all the supply chain so as to ensure its sustainability [9–11].
In this context, providing updated information to support planning and decision making is
of crucial importance for the forestry economic sector.
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Timber harvesting is a critical cell of the wood supply chain, mainly because its
performance is affected by a wide range in the operational environment-, technology-,
labor-, and institutional-related factors. There is a wide variety in the options used for
timber extraction, e.g., [12], and their choice is often contextual [13]. Based on the latest
literature on the topic [14–16], skidding is one of the most important timber extraction
options used in the international practice. As a rule, its performance is dependent on
factors such as the silvicultural strategy reflected by the type of intervention [13], tree size,
and removal intensity [17], as well as on the operating environment conditions such as
the extraction distances [18–20]. In addition, the harvesting method used is a factor that
may affect the operational and environmental performance in skidding operations; that is,
productivity and unit fuel consumption may depend on the length of extracted logs [21]
and payload per turn.

Although there is an important body of knowledge on the performance of skidding
operations by dedicated machines [13,17–29], from the current perspective, most of the
studies supporting it were conducted on obsolete equipment, which may be a limitation
in their applicability, since significant improvements were developed in relation to the
capabilities of the latest generation machines. For instance, developments in engines,
transmission systems, and ergonomics have contributed significantly to the improvement
of operational and environmental performance [30]. Secondly, due to the silvicultural and
other contextual practices, it is believed that there is, in general, a limited transferability
of operational performance assessment results between various regions of the world [12].
Third, the existing studies on skidding operations cover only a limited range of operational
conditions, particularly in terms of extraction distance, which, although acknowledged
as one of the most influential factors of time consumption and productivity [17–29], was
commonly less than 500 m [31]. In addition, detailed studies relating the fuel consumption
to operational conditions are scarce in skidding operations, although they may prove
very useful to characterize more accurately the variation in fuel consumption based on
operational steps, enabling this way a more rigorous basis for developing dependency
models and simulation [32].

Operational and environmental performance assessment in forest operations relies
heavily on time studies, whose scope, resolution, and extent depends largely on the
available resources [33]. One of their intended goals is to understand the behavior of
systems used in forest operations [34], which may be achieved by modeling. However,
the applicability of the developed dependence models is thought to be constrained to
the range of data from which they were developed; as such, developing a reliable set
of models and statistics is of first importance for the reliability of models, which should
include the range of existing operational conditions or at least to extend it. Based on
models and statistics, simulation may be used to help understand the behavior of a system
under changing operational conditions. From this point of view, a model is commonly
defined as an approximation of the real-world standing for a representation of a system,
while simulation is a method that describes the behavior of a system, which is helpful in
developing understanding on how a system operates and how its operation may change [35]
when certain changes occur within its boundaries of operation.

The aim of this study was to simulate productivity and fuel consumption in skidding
operations carried out in low-access and low-removal-intensity conditions by cable skidders
of the current generation. The study was based on work-cycle-based field measurements
on fuel and time consumption, coupled with estimations of production. The objectives of
the study were to (i) develop time and fuel consumption models by considering a wide
range of extraction distances, (ii) develop the necessary descriptive statistics for simulation
of productivity and fuel consumption, and (iii) to run simulations on productivity and
fuel consumption by considering the extraction distance as a main factor affecting these
performance metrics.
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2. Materials and Methods
2.1. Study Locations

Data collection was implemented in three forest compartments (Table 1), which were
generally characterized by a sloped terrain, presence of mixed old-grown forests, and the
implementation of low-removal-intensity, selective silvicultural systems. Data supporting
this study were collected in the late spring (April and May) of 2020 by taking into con-
sideration six days of operation. The forest compartments taken into study shared a low
accessibility condition, being located at more than 500 from the forest roads. The access to
the felling areas was provided by skidding roads developed on the slopes. Figure 1 shows
the location of the three felling areas, access roads, and landing areas.

Table 1. Description of the compartments taken into study.

Feature
Forest Compartment

29A 39H 39A

Area (ha) 23.45 10.10 8.65
Slope (◦) 28 25 28

Altitudinal range (m) 690–1100 800–1050 780–1000
Soil type Districambosol Districambosol Districambosol

Composition
50% Norway spruce

30% Silver fir
20% Beech

60% Beech
40% Silver fir

50% Beech
50% Silver fir

Mean DBH (cm) 42 54 53
Mean height (m) 29 30 30

Average tree size (m3/tree) 2.13 5.50 4.16
Volume for extraction (m3) 158 81 129

Silvicultural system Irregular shelterwood Conservation Irregular shelterwood
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developed in QGis based on field-collected GPS locations and freely available topography layers
available for download in QGis.

In forest compartments 29A and 39A, the applied silvicultural system was that of
irregular shelterwood cuttings. This silvicultural system is characterized by very long
regeneration periods (typically 50 to 60 years in the case of beech, fir, and spruce), scattered
extractions which are deployed in gaps with sizes of up to one tree height and which may
be coupled with other tending operations; typically, it produces uneven aged forests [36]. In
forest compartment 39H, special conservation cuttings were applied; this type of removal



Forests 2023, 14, 265 4 of 16

is aimed at improving the health, coverage, and protective functionality of the aged forests
exempted from production, which are either located on sloped, rocky or unstable terrains,
swamps or moving sands, or they are fulfilling other functions, such as those of mitigating
the effects of pollution [36].

2.2. Machine Description

Cable skidders stand for the dominant wood extraction option in Romania [16], which
is due to the presence of domestic producers, such as IRUM. IRUM has improved its
machines by a new concept (TAF 2012) which was released to the market in 2012 and which
has undergone several improvements since then (www.irum.ro, accessed on 10 January
2023). The machine taken into study was a TAF 2012 winch skidder (Figure 2) equipped
with a 110 kW Perkins engine, having a weight of 8.4 tons. It was equipped with a
hydraulically powered Uniforest bi-drum winch, having a nominal traction power of
8.5 tons, supporting a line of 13 mm and a length of 70 m on each drum. More advanced
technical details of the machine can be found at: https://www.irum.ro/en/vehicle-listings/
skidder-2012/ (accessed on 10 January 2023).
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Figure 2. Description of the machine: (a) general overview on the TAF 2012 skidder; (b) TAF
2012 skidder during a loaded turn.

The average speed of the winch is of 0.62 m/s at 1400 rpm in the second gear and of
1.12 m/s at 1400 rpm in the third gear. The machine taken into study is articulated, which
enables a steering of ±40◦ and an internal steering radius of 2.9 m. It featured an automatic
transmission and a hydraulically powered adjustable back shield (Figure 2).

2.3. Work Organization, Data Collection, and Data Processing

The wood was dominantly extracted in the form of long logs, although some of them
required further bucking at the felling area due to their very large size. As observed in the
field, a skidding work cycle included the typical work elements as documented by other
studies [18,20]; these included the empty turn, positioning maneuvers, cable releasing, log
attachment to the cable, mechanical traction and log detachment from the cable, payload
attachment, loaded turn, and landing operations, which included payload detachment,
maneuvering with the logs, and piling at the road side. For simplicity reasons and due to
the limited resources allocated to the study, landing operations were not further divided
into work elements. The rest of the work elements were observed and described as they
occurred in the field. Description and breakpoints used to delimitate these work elements
were similar to other studies [18,20] and are not given herein.

www.irum.ro
https://www.irum.ro/en/vehicle-listings/skidder-2012/
https://www.irum.ro/en/vehicle-listings/skidder-2012/
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Since the extraction distances were excessively long, the use of traditional methods
in collecting time and fuel consumption data were not feasible. As such, the machine was
equipped with a Global Positioning System unit (Garmin GPSMap 62 stc, www.garmin.com,
accessed on 10 January 2023), which was placed on the machine’s cab and set to collect data
at a rate of one second. A video camera was placed on the rear of the machine’s cab and
set to continuously collect video files. GPS and video data were used to evaluate the time
consumption and extraction distances in the office phase of the study. For instance, GPS
tracks were processed in the Garmin® BaseCamp (www.garmin.com/en-US/software/
basecamp/, accessed on 10 January 2023) software to extract the distances travelled by the
machine on the skidding trails in a way which was similar to studies of [30,37], and the
distances were extracted to the nearest 10 m. Video data were used for a detailed analysis
to extract the elemental and cycle time consumption; time consumption was extracted to
the nearest second. As guiding literature for the time study, the work of [33,38] was used.

Winching distances were measured for each winching repetition by the use of a Nikon
Forestry Pro (www.nikon.com, accessed on 10 January 2023) laser rangefinder. A tape
was used when the distance was less than 20 m, and the measurements were taken to
the nearest meter. A number was given to each of the winched logs, and biometric data
were collected to support volume estimations in the office phase of the study. Volume
estimations were based on log lengths taken to the nearest meter and diameters taken to the
nearest centimeter and were performed to the nearest cubic centimeter. Fuel consumption
was measured by the method of refilling to full [39] in a way which was similar to the study
of [30], and it included measurements conducted at the work cycle resolution. Each time a
measurement was performed, the machine was driven to a pre-established flat location;
then, a Geko G01025 (https://b2b.geko.pl/, accessed on 10 January 2023) electrically
powered pump was used to refill the tank. The instrument holds a precision of ±2% and it
can transfer up to 60 L of fuel/min; the measurements were taken to the nearest centiliter.

Once at the office, the data were processed and organized at the skidding work cycle
level, which included the time consumption of winching, skidding, and landing operations.
To support this kind of data organization, the following variables were computed:

- Delay-free winching time (DFWT, h), as the sum of elemental time consumption in
winching operations;

- Delay-free skidding time (DFST, h), as the sum of empty turn, payload attachment,
and loaded turn elemental time consumption;

- Delay-free landing operations time (DFLOT, h), as the time spent at landing;
- Delay-free skidding cycle time (DFSCT, h), as the sum of DFWT, DFST and DFLOT;
- Delay time (DT, h), as the sum of all technical, operational, and personal delays. Delays

caused by the study were excluded from the analysis;
- Number of logs per cycle (NL), as the number of logs forming a payload;
- Payload volume (PV, m3), as the sum of volumes of logs forming a payload;
- Average winching distance (AWD, m), as the mean value of winching distances

measured for all the logs forming a payload;
- Average extraction distance (AED, m), as the mean value of the empty (ETD, m) and

loaded turn distances (LTD, m);
- Cycle-wise fuel consumption (FC, l), as measured in the field.

Productive performance was estimated for the average conditions characterizing the
study in the form of gross and net efficiencies (GE, NE h/m3) and productivities (GP,
NP m3/h). Gross figures were estimated based on the volume of production (P, m3, which
was the sum of the volumes from all the payloads) and the total observed time (TOT, h,
which was the sum of DFSCT and DT). Net figures were estimated based on the volume of
production and DFSCT. Conceptually, the efficiency is the time needed to process one unit
of production, while the productivity is the amount of production processed in a unit of
time [38]. Data processing steps were carried out in Microsoft Excel® (www.microsoft.com,
accessed on 10 January 2023).

www.garmin.com
www.garmin.com/en-US/software/basecamp/
www.garmin.com/en-US/software/basecamp/
www.nikon.com
https://b2b.geko.pl/
www.microsoft.com
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2.4. Statistical Analysis and Model Development

Statistical analysis was implemented in Microsoft Excel® (www.microsoft.com, ac-
cessed on 10 January 2023) software, which was extended in terms of statistical analysis
functionalities by installing a copy of the Real Statistics® freeware add-in [40]. The workflow
of statistical analysis included the estimation of the main descriptive statistics, checking for
normality of data in estimates, running a correlation analysis to detect multicollinearity
in independent variables, and modeling the dependence between time consumption, fuel
consumption, and independent variables.

For modeling purposes, the automatic functionalities of multiple linear stepwise
regression were used from the Real Statistics tool. This functionality allows robust models
to be developed that use the best candidates from a set of independent variables. More
information on how it works can be found in [40]. Models were developed at the main,
operational level, expressing the dependence relations between the delay-free winching,
delay-free skidding, and delay-free skidding cycle time by considering their relevant
predictors. A similar approach was used to develop fuel consumption models. The
maximal set of variables used to predict the delay-free winching time included the number
of logs and the average winching distance, while the maximal set used to predict the delay-
free skidding time included the number of logs, payload volume, and average extraction
distance; delay-free skidding cycle time was predicted based on a maximal set, which
included the number of logs, payload volume, average winching distance, and average
extraction distance, while fuel consumption model was fitted by considering the number
of logs, payload volume, and average extraction distance as the maximal set of predictors.
The reason for not including the average winching distance in this model was related
to the unavailability of such data, since the field researchers were concerned with fuel
measurements at landing.

The analysis was complemented by checking for the significance of the predictors
in a given model, as well as of the overall model, which was performed at a confidence
level of 95% (α = 0.05). Moreover, the models were characterized by the variance inflation
factors (VIF) and Akaike’s information criterion (AIC), which are metrics used to describe
the correlation of a candidate predictor to the rest of the predictors in a given model and
the quality brought by the retained predictors in a model, respectively. To check for the
validity of the models, further tests were implemented to characterize the distributions
of residuals and homogeneity of variance in the form of normality (Shapiro–Wilk and
d’Agostino–Pearson) and homoscedasticity (Breusch–Pagan and White) tests.

2.5. Fuel Consumption and Productivity Simulation

Models developed for time consumption were based on a number of 25 finely detailed
work cycles and average extraction distances ranging from 230 to 2600 m, while fuel
consumption models were based on a number of 39 work cycles and average extraction
distances ranging from 230 to 2640 m.

Following the statistical steps, productivity was simulated in a range of average
extraction distances from 200 to 2600 m, based on the average number of logs within a
payload and the mean payload volume. Skidding cycle time consumption was recalculated
by using the developed time consumption model, which took as inputs the mean number of
logs per turn and average extraction distances, which were incremented from 200 to 2600 m
by a step of 10 m. This was because the relevant predictors of the skidding cycle time
were found to be the number of logs and the average extraction distance. To simulate
the productivity behavior as a function of the average extraction distance, procedurally,
the volume of production was divided by the number of observed logs to compute the
mean volume per log. Then, the mean number of logs per payload was multiplied by the
mean volume per log to find the volume of a payload. Uncertainty in payload volume
estimates was based on the standard deviation in number of logs per turn, which was
used to complement the simulation. For each incremental step in the extraction distance,
the productivity (as net figure) was estimated as described in Section 2.3, and it was

www.microsoft.com


Forests 2023, 14, 265 7 of 16

complemented by simulated estimates of net efficiency. Simulations were implemented
manually with the support of Microsoft Excel® software.

Fuel consumption was estimated in a similar way based on the descriptive statistics
of mean payload volume and its standard deviation as a measure of standardized uncer-
tainty. This was because the cycle-wise fuel consumption was found to be explained by
the payload volume and average extraction distance. Simulation of fuel consumption in-
cluded the representation of cycle-wise fuel consumption in the average extraction distance
domain, which was complemented by figures on unit fuel consumption and fuel con-
sumption per ton-kilometer. The last figure assumed an average density of fresh wood of
0.9 ton/m3. All the simulations, as well as the artwork used in the results, were developed
in Microsoft Excel®.

3. Results
3.1. Descriptive Statistics of Operational Variables and Time Consumption

Field study covered 19.33 h of observation, of which approximately 18 h (93.2%) were
recorded as productive time. Roughly 34 km were covered by the skidder’s movement,
at an average movement speed of 3.14 km/h; empty and loaded turn speeds were similar
in values, accounting for 3.04 and 3.25 km/h, respectively. Only part of the operational
and time consumption variables passed the normality check, as shown in Tables 2–5. The
operational conditions were characterized by a mean number of logs per turn of 4.6, a mean
payload volume of 7.61 m3, a mean winching distance of 22.7 m, and a mean extraction
distance of 687.2 m (Table 2).

Table 2. Statistics of operational variables.

Descriptive
Statistic

Number of
Logs

per Turn 1

Payload
Volume

(m3)

Average Winching
Distance 1

(m)

Average Extraction
Distance

(m)

Minimum value 2 4.56 5.2 230
Maximum value 11 13.39 48.0 2600

Mean value 4.6 7.608 22.70 687.2
Standard deviation 2.42 2.053 9.21 584.34

Sum 115 190.2 - -
1 Variable which passed the normality test.

Table 3. Statistics of elemental time consumption within a delay-free winching work cycle.

Descriptive
Statistic

Positioning
(h)

Cable
Release 1

(h)

Log
Attachment 1

(h)

Mechanical
Winching 1

(h)

Log
Detachment 1

(h)

Delay-Free
Winching Time 1

(h)

Minimum value 0.006 0.016 0.006 0.020 0.000 0.059
Maximum value 0.068 0.097 0.037 0.185 0.020 0.391

Mean value 0.025 0.046 0.018 0.084 0.008 0.181
Standard deviation 0.016 0.022 0.008 0.046 0.006 0.080

Sum 0.620 1.143 0.443 2.112 0.205 4.523
Share 13.70 25.27 9.80 46.69 4.54 100.00

1 Variable which passed the normality test.

In a delay-free winching work cycle (Table 3), dominant were the work elements of
mechanical winching (46.69%) and cable releasing (25.27%), which are the work elements
depending the most on the winching distance. Skidder’s positioning, log attachment, and
log detachment accounted together for less than 30% of the winching work cycle time
(Table 3).
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Table 4. Statistics of elemental time consumption within a delay-free skidding work cycle.

Descriptive
Statistic

Empty
Turn
(h)

Load
Attachment 1

(h)

Loaded
Turn
(h)

Delay-Free
Skidding Time

(h)

Minimum value 0.043 0.000 0.076 0.145
Maximum value 1.250 0.182 0.650 1.934

Mean value 0.226 0.059 0.211 0.497
Standard deviation 0.265 0.051 0.152 0.420

Sum 5.654 1.483 5.287 12.423
Share 45.51 11.93 42.56 100.00

1 Variable which passed the normality test.

Table 5. Summary statistics of the main operational steps.

Descriptive
Statistic

Delay-Free
Winching Time 1

(h)

Delay-Free
Skidding Time

(h)

Landing
Operations 1

(h)

Delay-Free Skidding
Cycle Time

(h)

Minimum value 0.059 0.145 0.000 0.283
Maximum value 0.391 1.934 0.117 2.134

Mean value 0.181 0.497 0.043 0.721
Standard deviation 0.080 0.420 0.033 0.440

Sum 4.523 12.423 1.087 18.034
Share 25.08 68.89 6.03 100.00

1 Variable which passed the normality test.

Empty and loaded turns accounted for similar shares in the delay-free skidding time,
and their proportions of more than 40% were related to the high extraction distances
(Table 4). Empty turn was carried out in a downhill direction, and these work elements
shared similar amounts of time due to relatively close values of empty and loaded turn
distances. The differences between them could be the results of different speeds of the
skidder during the two work elements. Work elements, such as log detachment (Table 3)
and load attachment (Table 4), were specific only to a part of the observed work cycles. In
some cases, for instance, winching logs by the two cables was sufficient to make a load for
loaded turn in one pass; therefore, it was not necessary to detach the logs and to attach a
load. A similar explanation may be given to the minimum value of zero for the landing
operation time consumption (Table 5), as there was a case in which no such operations
were observed.

The summary statistics for the main operational steps are enclosed in Table 5. In the
productive time, winching, skidding, and landing operations accounted for 25, 69, and 6%,
respectively, figures which relate with the high extraction distance (Table 2).

Judging by the data range, the highest variation was in the skidding time, accounting
for more than 1.7 h, followed by winching (0.3 h) and landing operations (0.1 h). On
average, a delay-free skidding cycle time took 0.72 h, but it varied between 0.28 and more
than 2 h (Table 5).

3.2. Summary of Efficiency, Productivity, and Fuel Consumption

Based on the observed data, the gross and net figures of productivity and efficiency
for the observed operational steps are given in Table 6. Delays affected the figures only to a
minor extent for on-trail skidding, as their dominance was found in the case of winching
and landing operations.
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Table 6. Productivity and efficiency of operations in the observed conditions.

Operation Gross Productivity
(m3/h)

Net Productivity
(m3/h)

Gross Efficiency
(h/m3)

Net Efficiency
(h/m3)

Winching 32.992 42.042 0.030 0.024
Skidding 14.012 14.077 0.071 0.071

Skidding operations 9.835 10.547 0.095 0.102

Fuel consumption was estimated based on 39 work cycles, a production of 305.54 m3,
and a measured fuel consumption of 297.4 L. It accounted for an average value of 7.626 L
and varied between 2.99 and 23.28 L/work cycle. These values were returned for average
conditions characterized by 4.51 logs per work cycle (range = 2 to 9), a payload volume
of 7.834 m3 (range = 3.92 to 13.39 m3), and an extraction distance of 765.64 m (range = 230
to 2640 m). Excepting the payload volume, none of these variables passed the normality
assumption.

3.3. Dependence Models

The developed dependence models expressing the mathematical relationships between
time and fuel consumption, on the one hand, and the significant operational variables, on
the other hand, are shown in Table 7. Time consumption in winching operations (DFWT)
depended only on the number of logs (NL) winched to form a payload. The dependence
relation was characterized by an R2 value of 0.59, which indicates that there were other
important factors explaining this time consumption category, which were not accounted
for. On-trail skidding time (DFST) depended on the average extraction distance (AED) to a
significant extent (R2 = 0.83) and skidding operation time consumption (DFSCT) depended
to a great extent (R2 = 0.79) on the average extraction distance and number of logs winched
per turn.

Table 7. Time and fuel consumption dependence models.

Time Consumption Model R2 Global
Significance Predictors Predictor

Significance

Variance
Inflation

Factor

Akaike
Information

Criterion

DFWT = 0.0193 × NL + 0.0921 b 0.59 p = 0.0021 NL p = 0.0021 1.00 −134.1

DFST = 0.0007 × AED + 0.0474 b 0.83 p < 0.001 AED p < 0.001 1.00 −134.1

DFSCT = 0.00066 × AED + 0.0448
× NL + 0.06155 b 0.79 p < 0.001 AED p < 0.001 1.01 −74.92NL p = 0.0214 1.01

FC = 0.00677 × AED + 0.38803
× PV − 0.59536 ab 0.89 p < 0.001 AED p < 0.001 1.07

34.3PV p = 0.0033 1.07
a Normality of the residuals was met for this model; b homogeneity of variance was met for this model.

Fuel consumption per turn (FC) depended on the average extraction distance and the
payload volume (PV). The dependence relationship was very strong (R2 = 0.89), indicating
a high influence of the payload volume, in addition to that of the extraction distance. By
the developed model, for a distance of 500 m, a payload of 13 m3 would contribute to a
fuel consumption that would be almost two times higher as compared to a payload of 4 m3.
According to the values of the variance inflation factors, multicollinearity was absent in the
developed models. All the models have passed the homoskedasticity assumption, indicat-
ing that the variance was homogeneous in relation to the magnitude of the explanatory
variables. However, only the model developed for the fuel consumption passed the test
of normality in residuals. Most probably, these were related to a higher amount of data
available to develop the fuel consumption model as opposed to the time consumption ones.
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3.4. Simulation of Fuel Consumption, Efficiency, and Productivity

Results of simulations are presented in Figures 3 and 4. Figure 3, for instance, shows
the dependence of simulated productivity on the average extraction distance. For an
average extraction distance of ca. 700 m, which was close to that observed in the field, the
simulated productivity accounted for ca. 10.5 m3/h, which was very close to the figure
based on the time study data (Table 6).
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Figure 3. Simulated productivity and efficiency. Note: black lines stand for productivity and green
lines stand for efficiency; continuous lines stand for the estimated figures and dashed lines stand for
standardized uncertainty.
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Figure 4. Simulated fuel consumption. Note: black lines stand for fuel consumption, green lines
stand for unit fuel consumption expressed in L/m3, and brown lines stand for unit fuel consumption
expressed in L/tkm; continuous lines stand for the estimated figures and dashed lines stand for
standardized uncertainty.

Taking as a reference an extraction distance of 200 m, the simulated productivity
will be halved at 800 m. For a distance of 2000 m, the productivity loss will be four-fold.
As shown (Figure 3), there was found a large standardized uncertainty in the simulated
productivity, particularly in the lower ranges of extraction distance. As opposed to the
productivity trend, the simulated efficiency figures increased linearly with the average
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extraction distance, although the proportions were similar by taking as a reference the
value at 200 m.

The simulated fuel consumption (Figure 4) increased linearly with the average extrac-
tion distance. Taking as a reference a distance of 200 m, the fuel consumption was almost
two times higher at 800 m and almost four times higher at a distance of 2000 m. For distances
of 2600 and 2640 m, field measurements returned an average fuel consumption value of
20.5 L, which is a value very close to that simulated (20.2 L). Unit fuel consumption (L/m3)
increased linearly with the extraction distance but to a lower degree of magnitude, and it
preserved the same increment proportions as in the case of cycle-wise fuel consumption.
However, the unit fuel consumption simulated by considering the effort of moving mass
over distance (L/tkm) had a decreasing trend in the range of extraction distances from
200 to ca. 1000 m, showing a stabilizing trend afterwards (Figure 4). For a distance of 200 m,
it had a value of 2.694 L/tkm, which was almost half at 800 m and almost 2.4 times lower
at a distance of 2000 m.

4. Discussion

This study aimed at simulating the productivity and fuel consumption of skidding
in low-access and low-removal-intensity conditions based on a sample of field-collected
data. Indeed, as described in the study, the removal intensity was low, but this applied
to exceptionally high tree sizes, which contributed to a high quantity of wood readily
available in concentrated locations throughout the felling areas, making the winching
effort less extensive and enabling the extraction of high payloads. Both productivity
and fuel consumption simulations were based on time and fuel consumption models
developed by considering the most significant predictors. Although there are several
studies reporting time consumption dependence models, only a few of them considered
low-access conditions and their background data on operational variables were different;
therefore, comparisons to existing work are rather difficult to make. For instance, the study
of [18] reported a time consumption for on-trail skidding that would be almost half of
that reported herein for an extraction distance of ca. 1 km. However, their overall net
productivity for a distance of 1.7 km was of ca. 4 m3/h, as opposed to that of almost
5.5 m3/h found by this study for the same distance. Largely, this may come from the
important differences in the number of logs winched, payload per turn, and the machine
taken into study, which was older in the mentioned study. The study of [20] provided
detailed statistics and models for older TAF machines observed in low-access and low-
extraction-intensity operations. They reported similar winching distances, slightly higher
numbers of logs per turn, and slightly lower payloads for two TAF skidders. Their study
was based on average skidding distances of ca. 1000 and 900 m, respectively, for which
their time consumption models would return values of 0.83 and 0.91 h, respectively. For the
same distances as of this study, the time consumption for skidding operations would be of
0.93 and 0.86 h, respectively, which is close to that reported by [20]. The same applies when
comparing the productivity at 1000 m, which was of 8.2 m3/h in this study, as opposed
to 7.7 m3/h in the study of [20], which was carried out on the predecessor of TAF 2012.
However, for a distance of 900 m, the simulated productivity of this study would be of ca.
8.8 m3/h, being much higher as opposed to that of an older TAF machine (5.6 m3/h, [20]),
with the difference probably coming largely from the payload size and machine capabilities.

Other studies on skidding performance were concerned with developing predictive
models, while some have described how the equipment, methods used, and the silvicultural
practice may affect the outcomes of skidding in terms of performance. For instance, study
of [17] characterized how the extraction intensity may affect the skidding performance,
study of [21] addressed the problem of payload’s effect on performance in the view of
harvesting method used, while the study of [22] has compared the performance of skidding
as an effect of operational capabilities. In addition, the size of the used skidder, as well
as the relation between the size and payloads, may bring both limits in capabilities and
contrasting figures in productivity. For instance, the study of [13] reported on productive
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and environmental performance of an Ecotrac 55V model, which was observed in thinning
and regeneration cuts. The authors have found productivities in the range of 3.20 to
4.95 m3/h for removal intensities of 33.91 to 125.47 m3/ha and extraction distances of
210 to 260 m. Their time consumption models included the payload volume and extraction
distance as significant predictors, which supports the findings of this study on the models.
However, the size of the payloads was much lower, accounting for approximately 1 m3,
which explains the figures in productivity, in relation to the skidder size.

Fuel consumption data in the form of aggregated statistics are already accessible in
the international literature [41], but studies reporting predictive fuel consumption models
are rather scarce. To our knowledge, only the study of [32] has attempted to relate fuel
consumption to operational variables in skidding operations. Although one may readily use
statistics such as hourly fuel consumption to relate it to time consumption or productivity
models or to regress fuel consumption based on operational characteristics [13], it is likely
that these approaches would be less robust as opposed to those developed based on direct
measurements taken in a wide range of operational conditions. In addition, many of
such statistics may come from observations run in rather limited ranges of extraction
distances. Measuring cycle-wise fuel consumption is one of the merits of this study because
such data allowed a robust model to be built by relating it to the extraction distance
and payload per turn. It turns out that the failure of the number of winched logs and
of winching distance to become significant predictors of cycle-wise fuel consumption is
surprising in the context of this study. This is because, in detailed analyses and modeling
approaches, winching distance was typically found to be an important predictor of time
consumption [19]. However, the winching distance of this study was averaged over
individual, piece-by-piece distances, and the payloads per turn were quite high as opposed
to most of those reported in other skidding studies [31]. Therefore, it is likely that an
increased mass per turn of the extracted wood has affected the fuel consumption more as
opposed to the time (and fuel) consumption needed to winch the logs piece by piece. This
may come from the effect of moving high masses over high distances, which also indicates
that the entrepreneurs tend to overload their machines to compensate productivity losses
in low-access conditions. To what extent operating with payloads exceeding the machine’s
design limits would be a good option for machine maintenance and service life remains to
be checked as, for instance, the allowable mass to be extracted by the machine taken into
study is of ca. 5 tons; this requirement was met only in 4 of the 39 cases of this study for a
reference density of 0.9 t/m3. Moreover, to what extent machine overloading would affect
the skid trails, soil, and the remaining trees is of concern. It is likely that repeated high
payload extractions on high distances and on the same skid trails will cause significant
erosion in time [42]. In terms of fuel consumption, however, this can be beneficial, as
the unit fuel consumption would be lower as the payloads per turn increase. From both
perspectives, however, and by considering also productivity, a better developed forest
road network would contribute to improvements by lowering the unit fuel consumption,
increasing productivity and lowering the impact on the soil. In addition, under a more
general perspective, it would be better to concentrate the transportation processes on
higher capacities because this would result in lowering overall unit fuel consumption and
emissions [43]. A similar mechanism would apply herein, where lowering the share of
offroad low-payload transportation will not only increase productivity and profitability
of operations, but will also contribute positively to saving resources and lowering carbon
emissions. This may be applicable to several countries, including Romania and part of the
Eastern European countries where road density is still very low [44].

For the used reference data, simulations on efficiency, productivity, and fuel consump-
tion returned values which were very close to the averages yielded by the field study,
indicating, therefore, the usefulness of the models shown in Figures 3 and 4. However,
from a statistical point of view, only the fuel consumption model has met the assumption
of normality in residuals. As such, the prediction intervals of the time consumption models
could be less accurate and their results should be interpreted with more caution. The
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general pattern in the mentioned figures is also consistent with similar processes described
in [32]. Excepting the average extraction distance, the most influential factor in productivity
simulation was the average payload per turn. Therefore, the value used for this factor
may change significantly the outcomes in terms of allure of curves shown in Figure 3. The
real-world experiment, on the one hand, has proved that payloads larger than the recom-
mended ones may be extracted without any breakdowns of the machine. However, the
design concepts and recommendations limit this payload to a much lower value. As such,
it is likely that the value used for simulation would finely resemble the reality, although it
could cause machine breakdowns in the long term. Productivity decreased considerably
from a reference distance of 200 m to those of 800 and 2000 m, being two and four times
lower. Acknowledging that the operational speeds reported in this study are typical for
offroad transportation [30] and they may resemble the conditions of typical ground-based
extraction operations, the shape of the time consumption models would be preserved. In
this scenario, a drop in the average payload size by 1 m3 will lead to a drop in productivity
by 13, 14, and 15% at 200, 800, and 2000 m, respectively. For an average payload size in
acceptable limits (5 m3), the productivity will be even more sensitive, dropping by 35% for
the considered extraction distances.

Fuel consumption increased linearly by the average extraction distance at a magnitude
of ca. 7 L per kilometer, which was much higher than that of the unit fuel consumption.
However, it reflects only what one can expect to use for different extraction distances,
while the unit fuel consumption (L/m3, L/tkm) is a better metric for analysis and com-
parison. The simulated results fitted well the reference values of the field-collected data,
indicating the robustness of the model used. Taking the same values of extraction distance
as a reference, for a drop in the payload size of 1 m3, the relative increment in unit fuel
consumption (L/m3) will be of 3, 9, and 12%, respectively, while for payload sizes of 5 m3,
the increments in unit fuel consumption would be of 11, 35, and 46%, respectively, proving
the high sensitivity of this metric to the variations in payload size.

The results of this study are indicative for practice and science, giving an overview on
the performance of skidding operations in low-access and low-removal-intensity conditions.
They only characterize and fit these specific conditions and further studies should clarify
how other silvicultural practices may affect the outcomes of productivity and fuel use
in low-access forests. Moreover, extending the sample of data used in modeling could
bring the benefits of generating even more robust models [33], an approach which could be
considered so as to obtain more reliable results. Until such data or studies will be released,
the results of this study may stand for a good approximation of practices and can be further
processed for similar conditions to make an idea on variation in these parameters. Such
approaches may prove to be of high importance in the current context of finding ways to
mitigate climate changes and to increase carbon neutrality and may support the practice
of planning, as well as decision making at a strategic level. While the results account
for estimations and dependence relations in resources used and their expected outcomes,
they do not characterize the environmental impact of low-access forest operations, which
should be studied further for those regions characterized by such forestry conditions. A
lot of effort has been given, for instance, to quantify the environmental impact of forest
operations [13,39,45–56], but these studies are typically based on different assumptions in
terms of operational conditions, removal intensities, tree sizes, methods, and equipment
used. As such, quantifying the environmental impact of low-access forest operations may
help understand further which type of forest management practices are better fit to climate
neutrality, while models such as those developed in this study may support the advanced
simulation and optimization of complex operational settings [57].

5. Conclusions

Skidding performance in low-access and low-removal-intensity forests depends largely
on the extraction distances and the payload size. Based on the simulations of this study
and taking as a reference an extraction distance of 200 m, productivity decreases two and
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four times at distances of 800 and 2000, while fuel consumption increases by the same
proportions, indicating significant drops in profitability of operations, as well as a higher
environmental footprint. Further studies should consider more detailed environmental
and economic assessments to clarify to what extent the low-access forest operations burden
the environment and economy. Such studies should be integrative and systemic so as
to encompass all the components of the wood supply chain and may help extending
our understanding on how different forest management practices contribute to climate
neutrality and decarbonization.
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