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Preface to “Technologies, Applications and

Assessments for Proper Sustainable Forest

Operations (SFO)”

This Special Issue focused on the ”Technologies, Applications, and Assessments for Proper

Sustainable Forest Operations (SFOs)”. One of the main topics was to promote knowledge for future

relations between forest logging, environmental protection, and management of forests in order to

provide timber at reasonable costs and other ecosystem services, such as recreation, conservation, and

biodiversity. Only efficient planning and management of forest operations and the implementation

of sustainable supply chains will offer high social and environmental benefits and provide various

ecosystem services in the long term. These aspects can be guaranteed only through sustainable forest

management in synergy with SFO, tools essential for proper environmental protection, and they are

mandatory in order to maintain forests and their multiple functions. In particular, forest operations

are interesting but delicate issues to be analyzed and evaluated in order to achieve real sustainability.

Authors were invited to contribute to this Special Issue with original papers including experimental

studies, monitoring approaches, and models on silviculture, logging activities, and forest operations

engineering, in order to promote knowledge and future strategies for effective and efficient SFOs.

This Special Issue contains 12 original papers, some of them reporting the outcomes of long-time

experiences, reviewed by international experts in forestry and forest operations engineering fields.

This Special Issue aims to increase the knowledge concerning the SFOs, with practical implications

at scientific and technical levels.

We are pleased to share these works with the scientific community, forest engineers, private

owners, and public managing authorities, in the hopes that this edition will provide a cognitive base

to improve SFOs and reduce arguments between different interests and opinions.
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the staff of Sustainability and MPDI, for their kindness and professional support; to the reviewers, for

improving original texts and clearing little slips; and to the authors, for providing their papers with

ethical and scientific rigor.
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Abstract: Minimizing the impact of timber harvesting on forest stands and soils is one of the main
goals of sustainable forest operation (SFO). Thus, it is necessary to make an accurate assessment of
forest operations on soil that is based on the SFO perspective. The present study was conducted
according to SFO principles to investigate the time required for the natural recovery of soil after
disturbance by skidding operations in some Iranian forests. The physical, chemical, and biological
properties of soil found in abandoned skid trails from different time periods were compared with
undisturbed forest soils. The soil bulk density, the penetration resistance, and the microporosity of a
25-year-old skid trail were 8.4–27.4% and 50.4% greater, and the total porosity, macroporosity, and
soil moisture were 1.9–17.1% and 4.6% lower than the undisturbed area. In a 25-year-old skid trail,
the values of pH, Electrical conductivity (EC), C, N, available P, K, Ca, and Mg, earthworm density,
and biomass were lower than in the undisturbed area, and the C/N ratio value was higher than in the
undisturbed area. High traffic intensity and slope classes of 20–30% in a three-year-old skid trail had
the greatest impact on soil properties. In order to have sustainable timber production, SFO should be
developed and soil recovery time should be reduced through post-harvest management operation.

Keywords: skidding operation; soil properties; sustainable forest operation; traffic intensity; soil
recovery

1. Introduction

One of the main goals of sustainable forest operation (SFO) is to comply with the forest operations
ecology [1–3]. Environmental issues and concerns have been increasing as quickly as the development
of the mechanization of forest operations across most of the world over the last 50 years [4]. From an
SFO perspective, forest operational planning must consider all possible factors affecting environmental
impacts, as well as their interactions. Soil plays a vital role in forest ecosystems by providing nutrients,
water, and energy flow, which leads to forest productivity and biodiversity conservation [5–7]. Due
to their specific characteristics, forest soils are highly susceptible to disturbances caused by skidding

Sustainability 2020, 12, 2874; doi:10.3390/su12072874 www.mdpi.com/journal/sustainability
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operations, the effects of which may persist for years after skidding [8–10]. Log skidding in forest
stands impacts the soil that, at the same time, is used as a growth substrate. However, due to soil
disturbance, skidding operations lead to soil compaction, soil layer displacement, and the deformation
of soil structure and texture [11–13]. Skidding operations generally require a wide and dense network
of skid trails for proper access at the forest stand level. Also, finding the optimum space between the
forest road to minimize the total cost of timber extraction and road construction plays a key role in
planning sustainable forest operations [14]. In this case, a large area of forest soil is affected by the
machinery traffic, with possible related changes or disturbances. In general, it may be possible to
note an increasing trend in soil bulk density (BD) values [10,15–18], as well as shear and penetration
resistance (PR) values [7,8,11,19,20]. At the same time, it may be possible to note a decreasing trend for
the presence of macropores [21], hydraulic conductivity of water, air permeability, air–water and gas
exchange [22], organic matter [5,20,23], the presence and quality of soil microorganisms [24,25], and
carbon sequestration capacity [26]. The lack of recovery of soil properties, especially bulk density and
penetration resistance, can also impact the regeneration and decrease of growth seedlings, as reported
by Picchio et al. [9] and Sohrabi et al. [27].

Machinery traffic could also lead to variations in some soil features, but without a clear trend,
including soil pH [20,28]; microbial biomass, due to inadequate respiration [29–31]; and nutrient
availability, due to changes in mineralization process [20,29]. Variations in these soil features, depending
on their degree and intensity, can influence plant growth [23,32–34].

The influence of important factors on soil property changes after skidding operation are traffic
intensity (the number of passes), slope gradients, and skidding direction. Numerous studies have
shown that high traffic intensity (more than 15 passes) and high slope gradient (more than 20%) in
mountainous areas cause soil disturbance to a greater extent and with greater intensity [35–37].

The recovery of physical, chemical, and biological soil properties is a topic that has been
extensively discussed but has not always been clearly stated due to the difficulties in assessing multiple
complex variables. The processes of soil swelling and shrinkage, freezing and thawing, wetness and
drought [38,39], root–soil interaction [40,41], fauna activities [39,41,42], precipitation, and the height
of the stands are the main factors that can accelerate the recovery process of disturbed soils [43,44].
In addition, soil properties (structure, texture, thickness, and depth), soil moisture and litter layer,
terrain slope, soil initial compaction, harvesting systems, and the type of machinery used in skidding
operations also affect the soil recovery rate [8,45–48].

The recovery of the physical, chemical, and biological properties of compacted soils can take
years and even decades without the use of improvement treatments [12,17,49–51]. Ezzati et al. [50]
and Jaafari et al. [36] have shown that soil properties did not recover during a long-term period
(20 years) after skidding operation. Von Wilpert and Schäffer [52] reached a similar conclusion; whereas
Mohieddinne et al. [48] found that sandy neutral soils recovered in less than 20 years due to soil
biological activities. According to some studies, the time required to recover the biological properties
of soil is less than that of the physical and chemical properties [5,11]. For example, Mariani et al. [53]
showed that soil biomass recovered on the forest floor between three and seven years after harvesting
in Canada. Furthermore, Macedo et al. [54] reported that soil C and N were significantly recovered
13 years after harvesting. Picchio et al. [8] and Venanzi et al. [20] have shown that soil recovery after
reduced impact logging activities can occur within 6–10 years, and this can be considered fairly fast.
Accordingly, Hope [55] has shown that many of the changes that were visible in the first year after the
harvesting operation disappeared in the 10 years following the operation, and the effects of machinery
traffic on the chemical properties of the soil were significantly recovered, while the shortest time to
recover physical properties such as bulk density was reported to be five years.

Three especially prominent approaches in the sustainability of forest operations are: environmentally
sound forest harvesting, reduced-impact logging, and forest operations ecology [3]. Forest operations
ecology applies the principles of industrial ecology to forest operations systems. It aims to develop and
deploy environmentally sound forest operations technologies, to use resources efficiently, to minimize the
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overall production of waste and emissions, and to minimize the impacts on the structures and functions
of environmental spheres (atmosphere, biosphere, hydrosphere, and lithosphere) [1]. Characterizing the
effects of skidding operations on the physical, chemical, and biological properties of soil is one important
step in protecting the forest ecosystem and forest soil fertility [56]. The aeration status and soil porosity,
the quality and quantity of organic matter, the microbial biomass, and the soil nutrients are considered
criteria for the evaluation of soil health and biological and chemical activity. Therefore, there is a need to
investigate the changes in the physical, chemical, and biological properties of soil. Awareness of the time
required for the recovery of disturbed soils is essential to sustainable forest management. We hypothesize
that soil properties could not be recovered after skidding operations over a long-term period (20 years)
under natural conditions. The main aim of this study is (1) to evaluate the time required for the recovery
of the physical, chemical, and biological properties of soil; and (2) to assess the long-term effect of the
slope of the skid trail, machine traffic, and soil depth on the recovery process of the soil environment
after ground-based skidding operations in the Hyrcanian forests of Iran.

2. Materials and Methods

2.1. Site Description

This study was conducted in seven different forest compartments located in the Namkhaneh and
Gorazbon districts of the Kheyrud forest, part of the Hyrcanian forest in northern Iran. The research
area lies between 51◦36′50” E and 51◦38′21” E longitude and 36◦34′21” N and 36◦33′34 5” N latitude, at
altitude of 1000–1232 m above sea level. The study area has no dry season and has a humid climate with
an average annual rainfall of 1146 mm and an average annual temperature of 8.55 ◦C. The soil texture
of the study site ranges from silt loam to loamy (Table 1). The soils are mainly brown forest (Alfisols)
with good drainage and, in terms of geology, belong to the Jurassic period. This area is predominantly
covered by deciduous trees such as oriental beech (Fagus orientalis Lipsky), hornbeam (Carpinus betulus
L.), velvet maple (Acer velutinum Boiss.), Cappadocian maple (Acer cappadocicum Gled), large-leaved lime
tree (Tilia platyphyllos Scop.), chestnut-leaved oak (Quercus castaneifolia C.A.M.), mountain elm (Ulmus
glabra Huds.), and Caucasian alder (Alnus subcordata C.A. Mey). The silvicultural treatment applied in
the study area was a combination of single-tree selection and group selection, resulting in uneven-aged
stands. More general information of the experiments is given in Table 1. Motor-manual felling and
processing (i.e., using chainsaws) were carried out at the felling site. The skidding machinery (Timberjack
450 C) was equipped with winch cables and was used to extract logs with a length of 5–15 m from the
forest area to the landings. The Timberjack skidder is an articulated four-wheel drive vehicle with a
weight of 10.3 tons (total weight with equipment) and an engine power of 177 hp. The front and rear
axles in this machine are equipped with 775 × 813 mm tires with an average ground pressure of 220 kPa
and a ground clearance of approximately 0.6 m, with an overall width of 3.1 m.

Table 1. Location and specifications of the study area.

Age of Skid
Trail (years)

Replication
District (No. of
Compartments)

Skid Trail
Length

(m)

Skid Trail
Density
(m ha−1)

Elevation
(m)

Soil Texture

3

1st Gorazbon (C. 315) 850 78.6 1186 Clay

2nd Gorazbon (C. 316) 1000 71.3 1214 Clay

3rd Gorazbon (C. 316) 900 71.3 1191 Silty clay loam

10

1st Gorazbon (C. 318) 930 65.8 1186 Clay loam

2nd Gorazbon (C. 317) 1050 84.8 1200 Silty clay loam

3rd Gorazbon (C. 317) 860 84.8 1090 Clay loam

20

1st Namkhaneh (C. 221) 1000 53.8 1120 Silt loam

2nd Namkhaneh (C. 220) 985 51.3 1010 Clay loam

3rd Namkhaneh (C. 220) 800 51.3 1117 Clay

3
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Table 1. Cont.

Age of Skid
Trail (years)

Replication
District (No. of
Compartments)

Skid Trail
Length

(m)

Skid Trail
Density
(m ha−1)

Elevation
(m)

Soil Texture

25

1st Namkhaneh (C. 218) 1040 74.5 1050 Clay

2nd Namkhaneh (C. 218) 980 74.5 1140 Silty clay loam

3rd Namkhaneh (C. 221) 950 53.8 1020 Clay

2.2. Experimental Design

In this study, the long-term natural recovery of soil physical parameters (dry bulk density, total
porosity, macroporosity, microporosity, penetration resistance, and soil moisture), chemical parameters
(soil pH and Electrical conductivity (EC), C (%), N (%), C/N ratio, available P, K, Ca, and Mg), and
biological parameters (earthworm density and biomass) on the surface soil layer of the skid trail was
quantified at different levels of slope, traffic intensity, and soil depth and compared to the undisturbed
area. Four abandoned skid trails with a downslope skidding direction that encompassed a wide
range of longitudinal slope gradients (regardless of the lateral slope, area height, and soil texture and
structure) in three replications at the forest level were selected for the study. The trails ranged from three
years, through 10 years and 20 years, to 25 years since forest harvesting (Figure 1). A three-year-old
skid trail instead of one-year-old skid trail was chosen because the study was conducted after the
introduction of a prohibition of forest harvesting in the Hyrcanian forest, and the last trail on which
the skidding operation was conducted was three years old. The average load volume and number of
logs for each skidding cycle by the Timberjack skidder were 3.8 m3 and 2, respectively. The motivation
behind this research was to gain a retrospective view of the research conducted by Ezzati et al. [50] and
Sohrabi et al. [27] in the Hyrcanian forest, who claimed that the recovery of soil physical properties
can be lengthy. However, this research did not investigate the recovery of the chemical and biological
properties of the soil in responses to soil compaction over the time, which is one of the most interesting
ideas developed in the current research. On all the studied skid trails, the skidder only traveled on
the skid trails at the time of skidding, and these skid trails were not used for timber extraction in
later years. The entrances of skid trails were blocked by embankments after the timber extraction
was completed. Felled trees were thick and high (dbh > 60 cm; height > 20 m), and were scattered
around the skid trails (selection cutting silviculture), the logs from the bole of each felled tree formed
a complete machine load (the logs of each felled tree were individually extracted in one skidding
cycle). Due to the above conditions, the farther away from the landings the traffic intensity decreases
(Figure 2A). The average length of skid trails in the study area was about 150 m, with the first 50 m
(0–50 m) from the forest road considered as high traffic intensity (HST), the second 50 m (50–100 m) as
medium traffic intensity (MST), and the third of 50 m (100–150 m) or subsidiary of the skid trail as low
traffic intensity (LST) [35,36,50]. In the skid trails, three slope classes (0–10%, 10–20%, and 20–30%)
were considered with regard to variations and maximum slope. Therefore, the research plots included
three traffic-intensity classes and three slope-gradient classes, thus forming nine combinations of traffic
frequency and trail gradients; each treatment combination was replicated three times at the forest level,
totaling 27 treatment plots (N = 27 in each recovery period). On the skid trails, in each treatment
(e.g., a combination of slope and traffic), sampling plots with the dimensions of 40 m2 were designed.
In each sampling plot, five sampling lines were designed at a distance of 2 m from each other and
perpendicular to the skid trail, of which three lines were randomly selected for sampling. Soil samples
were taken from a depth interval of 0–10 and 10–20 cm at three locations in each plot: (LW) the left
wheel track, (BW) between the tracks, and (RW) the right wheel track (Figure 2B). To compare the soil
properties between the skid trail and the undisturbed area, soil samples were taken inside the forest at
least 20–30 m (the size of the average height of the dominant trees in the area) away from the skid
trail, where the effects of the skidding operations on the soil completely disappeared (n = 81 in each
recovery period). Ruts were measured on the skid trails at the site of the compaction measurement
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line, and ruts with a depth of 5 cm and a length of at least 2 m were considered to be caused by soil
disturbance [57]. In each rut, at 25 mm horizontal intervals, depth was measured, and the mean was
considered to be caused by soil disturbance. Obviously, the distance between the compaction and the
rut sampling lines was not less than 2 m [58].

Figure 1. The study area in the Namkhaneh and Gorazbon districts in the Hyrcanian forests and the
skid trails in different years after skidding operation (3, 10, 20, and 25 years).

2.3. Measurements and Laboratory Analysis

A steel ring (5 cm in diameter and 10 cm in height; 196.25 cm3) was used to collect soil samples
from depths of 0–10 and 10–20 cm. The soil samples were stored and coded in plastic bags. On the
same sampling day, the wet weight of all samples was measured before transfer to the laboratory.
In the laboratory, the soil samples were dried at 105 ◦C for 24 h to calculate the soil moisture content,
dry bulk density, and porosity.

The bulk density and total porosity were calculated using Equations (1) and (2).

BD =
WD
VC

(1)

where BD is the dry bulk density (g cm−3), WD is the weight of the dry soil (g), and VC is the volume
of the cylinder (cm3).

TP = 1−
( BD

2.65

)
× 100 (2)

where TP is the apparent total porosity (%), BD is the bulk density (g cm−3), and 2.65 g cm−3 is the soil
particle density [59].

Macroporosity and microporosity were calculated using Equations (3) and (4).

MIP = θm × BD (3)
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where MIP is the microporosity (%), BD is the dry bulk density (g cm−3), and θm is the water content
on a mass basis (%).

MP = TP−MIP (4)

where MP is the macroporosity (%), TP is the total porosity (%), and MIP is the microporosity (%).

Figure 2. A sketch of the sampling design in the skid trails and the undisturbed area. (A): Each skid trail
was divided into three traffic intensities (high, medium, and low traffic intensity), and in each traffic class
three slope classes were considered (0–10%, 10–20%, and 20–30%). The sampling plots were designed
with dimensions of 40 m2 in each of the skid trail treatments, along with the sampling plots in the
undisturbed area and the soil sampling point at depth intervals of 0–10 and 10–20 cm at the three locations
in each plot (B): the left wheel track (LW), between the tracks (BW), and the right wheel track (RW).

The hydrometric method was used to determine the soil texture, whereas the determination
of soil penetration resistance was made with a hand-held soil penetrometer (Eijkelkamp 06.01.SA
penetrometer with a 60◦ cone and a 1 m maximum measuring depth) that was inserted vertically
into the soil with equal pressure at the location of each sample. Since soil moisture influences the
measurement of penetration resistance, all measurements were performed under similar conditions.

In order to measure the soil chemical properties, samples were taken from the mineral soil layer.
Therefore, soil samples were air-dried and soil particles <2 mm were used for the experiments. The
Orion Ionalyzer (Model 901, Cambridge, MA, USA) pH meter was used to measure soil pH in a
soil/water ratio of 1:2.5. Electrical conductivity (EC) was determined using an Orion Ionalyzer EC
meter in a 1:2.5 soil/water solution. The Walkley–Black procedure [60] was used to determine the
organic carbon (OC) content in percentage, and the Kjeldahl method was used to measure total N [61].
The Olsen method was used by utilizing a spectrophotometer to determine the available phosphorus
(P) of the soil, and an atomic absorption spectrophotometer (by ammonium acetate extraction at pH 9)
was used to determine available potassium (K), calcium (Ca), and magnesium (Mg) of the soil [62].
To determine the earthworm density and biomass, sample plots of 25 × 25 cm were designed on the
sampling lines and the number of earthworms were counted at soil depths of 0–10 and 10–20 cm.
After collection, the earthworms were washed and weighed, and then to determine the dry weight,
earthworms were dried for 24 h at 60 ◦C [62].

2.4. Statistical Analyses

Statistical analyses were performed using SPSS version 17 (Chicago, IL, USA) software. As a first
step, data distribution was plotted and checked for normality (Kolmogorov–Smirnov) and homogeneity
of variance (Levene test). One-way and two-way ANOVAs were used to assess the significance of the
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observed mean differences in the physical, chemical, and biological properties of the soil under different
skidder traffic levels, trail gradients, wheel track locations, soil depths, and their interactions. The
comparison between the physical, chemical, and biological properties of the soil was made by using
one-way ANOVA (p-level α ≤ 0.05) and Duncan’s multiple range tests. The relationships between soil
properties were determined using Pearson correlation. Significant relationships between variables and
principal components were determined by using principal component analysis (PCA) via the PC-ORD
(Version 4, WILD BLUEBERRY MEDIA LLC, Corvallis, OR, USA) software.

3. Results

3.1. Physical Properties of the Soil

The age of a skid trail and the sampling depth treatments had a significant effect on all the physical
properties of the soil. Different traffic intensities had a significant effect on BD, PR, and total porosity
(TP), while having no significant effect on the other properties. Different slopes had no significant
effect on the physical properties (except PR and TP), nor did wheel track location (except PR) or the
interaction of treatments (Table 2).

Table 2. Analysis of variance (p-values) of the effect of abandoned skid trails, traffic intensity, slope,
wheel track location, soil sampling depth, and their interactions on the physical properties of the soil.

Source of
Variance

Age of Skid
Trail

Traffic
Intensity

Slope Wheel Track Depth Interaction

d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value

BD (g cm−3) 3 0.000 ** 2 0.000 ** 2 0.418 ns 2 0.254 ns 1 0.000 ** 24 0.63 ns

PR (MPa) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.000 ** 1 0.000 ** 24 0.998 ns

TP (%) 3 0.000 ** 2 0.000 ** 2 0.041 * 2 0.224 ns 1 0.005 ** 24 0.993 ns

MP (%) 3 0.000 ** 2 0.546 ns 2 0.305 ns 2 0.350 ns 1 0.000 ** 24 0.998 ns

MIP (%) 3 0.000 ** 2 0.549 ns 2 0.481 ns 2 0.783 ns 1 0.000 ** 24 0.999 ns

SM (%) 3 0.000 ** 2 0.549 ns 2 0.481 ns 2 0.783 ns 1 0.000 ** 24 0.999 ns

Note: * p < 0.05; ** p < 0.01; ns not significant; BD, bulk density, PR, penetration resistance; TP, total porosity; MP,
macroporosity; MIP, microporosity; SM, soil moisture; df, degrees of freedom.

Changes in the physical properties of the soil showed that soil properties recover within different
years of skidding activities (Table 3). From the three-year-old skid trail to the 25-year-old skid trail,
the BD, PR, and MIP decreased. In contrast, the TP, MP, and SM increased and differed significantly
from the undisturbed area. Three years after the skidding operation, the BD, PR, and MIP were
12.6%, 107%, and 69.51% higher than the undisturbed area, respectively. Meanwhile, 25 years after the
skidding operations, they were 8.4%, 27.4%, and 50.44% higher than the undisturbed area, respectively.
Furthermore, three years after the skidding operation, the TP, MP, and SM were 2.47%, 23.3%, and
10.23% lower than the undisturbed area, respectively. Meanwhile, 25 years after the logging operations,
they were 1.96%, 17.1%, and 4.58% lower than the undisturbed area, respectively (Table 3).

The investigation of the rut depth under different traffic intensities showed an increasing trend
with the increase of traffic intensity in the skid trails (Figure 3). The rut depth in all the skid trails
(except the 25-year-old skid trail) was significantly different for all three traffic intensities. The rut
depth improved over the years following the skidding operation, so that by 25 years after the skidding
operation, low and medium traffic intensity was fully recovered. The highest rut depth was observed
in the three-year-old skid trail under high traffic intensity, with the amount of 20.1 cm, while the
lowest was observed in the 25-year-old skid trail under high traffic intensity, with the amount of 5.3 cm
(Figure 3). The results of this study show that the rut depth recovered in less time than other physical
properties of the soil.
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Table 3. Changes in the physical properties of the soil (mean ± standard error) in different years after
the skidding operation.

Different Years After the Skidding Operation (Years)

Soil Physical Properties 3 10 20 25 Un

BD (g cm−3) 1.07 ± 0.01 a 1.12 ± 0.01 b 1.05 ± 0.01 a 1.03 ± 0.01 a 0.95 ± 0.03 c

PR (MPa) 3.25 ± 0.06 a 3.04 ± 0.04 b 2.90 ± 0.04 b 2.0 ± 0.04 c 1.57 ± 0.12 d

TP (%) 84.03 ± 0.23 b 83.0 ± 0.15 c 84.04 ± 0.15 b 84.47 ± 0.15 ab 86.16 ± 0.48 a

MP (%) 51.23 ± 0.57 c 52.66 ± 0.38 c 53.14 ± 0.38 b 55.36 ± 0.38 b 66.78 ± 0.19 a

MIP (%) 32.8 ± 0.63 a 30.34 ± 0.42 a 30.9 ± 0.42 b 29.11 ± 0.42 b 19.38 ± 1.3 c

SM (%) 40.2 ± 1.24 c 41.2 ± 0.82 b 41.76 ± 0.82 b 42.73 ± 0.82 b 44.78 ± 2.58 a

Note: Different letters in a row indicate significant differences among the intensities of the physical properties of the
soil (p < 0.05), based on the Duncan’s multiple range tests. The values 3, 10, 20, and 25 denote the age of the skid
trails; Un, undisturbed area; BD, bulk density; PR, penetration resistance; TP, total porosity; MP, macroporosity; MIP,
microporosity; SM, soil moisture.

Figure 3. Average rut depth under different traffic intensities in different skid trail age classes, and
results of the Duncan’s multiple range tests.

3.2. The Chemical and Biological Properties of the Soil

The effect of the age of the skid trail and traffic intensity on all chemical properties was significant,
while it was not significant on biological properties (Table 4). The slope of the skid trail had a significant
effect on chemical properties (except C), while it had no significant effect on biological properties. The
wheel track location had a significant effect on the pH and EC of the chemical properties. It also had a
significant effect on biological properties at the 0.01% level. Furthermore, the soil depth has a significant
effect on the chemical (except C) and biological properties. However, the interaction effects of treatments
on the chemical (except EC and C/N ratio) and biological properties were not significant (Table 4).

Over the years following the skidding operation, the chemical and biological soil properties
improved from the three-year-old skid trail to the 25-year-old skid trail (Table 5). Twenty-five years
after the skidding operation, the values of pH, EC, C%, N%, available P, K, Ca, and Mg, earthworm
density, and biomass soil were 6.4%, 20%, 22.77%, 38.8%, 11.2%, 14.2%, 10.3%, 15.1%, 28.3%, and 30.5%
lower than the control area, respectively, and value of the C/N ratio was 26.2% higher than the control
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area (Table 5). The chemical and biological properties of the soil were significantly different from the
control area 25 years after the skidding operation (Table 5).

Table 4. Analysis of variance (p-values) of the effect of abandoned skid trail, traffic intensity, slope,
wheel track location, soil sampling depth, and their interaction on the chemical and biological properties
of the soil.

Source of Variance
Age of Skid

Trail
Traffic

Intensity
Slope Wheel Track Depth Interaction

d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value d.f. p-Value

pH (1:2.5 H2O) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.000 ** 1 0.000 ** 24 0.690 ns

EC (ds/m) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.000 ** 1 0.000 ** 24 0.000 **
C (%) 3 0.000 ** 2 0.000 ** 2 0.107 ns 2 0.999 ns 1 0.722 ns 24 1.000 ns

N (%) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.361 ns 1 0.000 ** 24 1.000 ns

C/N ratio 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.302 ns 1 0.000 ** 24 0.035 *
Available P (mg kg−1) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.513 ns 1 0.006 ** 24 1.000 ns

Available K (mg kg−1) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.694 ns 1 0.020 * 24 1.000 ns

Available Ca (mg kg−1) 3 0.000 ** 2 0.000 ** 2 0.000 ** 2 0.256 ns 1 0.000 ** 24 1.000 ns

Available Mg (mg kg−1) 3 0.000 ** 2 0.000 ** 2 0.001 ** 2 0.813 ns 1 0.050 * 24 1.000 ns

Earthworm density (n m−2) 3 0.199 ns 2 0.422 ns 2 0.090 ns 2 0.001 ** 1 0.019 * 24 0.652 ns

Earthworm biomass (mg m−2) 3 0.215 ns 2 0.429 ns 2 0.115 ns 2 0.002 ** 1 0.030 * 24 0.687 ns

Note: * p < 0.05; ** p < 0.01; ns not significant.

Table 5. Changes in the chemical and biological properties of the soil (mean ± standard error) in
different years after the skidding operation.

Different Years after the Skidding Operation (Years)

Soil Chemical and Biological
Properties

3 10 20 25 Un

pH (1:2.5 H2O) 5.96 ± 0.04 c 6.07 ± 0.04 c 6.32 ± 0.04 b 6.59 ± 0.04 b 7.04 ± 0.07 a

EC (ds/m) 0.26 ± 0.19 c 0.26 ± 0.19 c 0.29 ± 0.19 b 0.32 ± 0.19 b 0.4 ± 0.35 a

C (%) 2.31 ± 0.05 d 2.78 ± 0.05 c 2.9 ± 0.05 c 3.12 ± 0.05 b 4.04 ± 0.09 a

N (%) 0.2 ± 0.05 d 0.27 ± 0.05 c 0.36 ± 0.05 b 0.41 ± 0.05 b 0.67 ± 0.01 a

C/N ratio 11.55 ± 0.07 a 10.29 ± 0.07 b 8.05 ± 0.07 c 7.61 ± 0.07 d 6.03 ± 0.13 d

Available P (mg kg−1) 9.59 ± 0.05 d 12.01 ± 0.05 c 14.49 ± 0.05 bc 17.11 ± 0.05 b 19.28 ± 0.09 a

Available K (mg kg−1) 138.1 ± 1.08 d 187.8 ± 1.08 cd 238.4 ± 1.08 c 275.7 ± 1.08 b 321.49 ± 2.03 a

Available Ca (mg kg−1) 105.7 ± 0.39 d 137.1 ± 0.39 c 176.6 ± 0.39 c 214.3 ± 0.39 b 239.05 ± 0.75 a

Available Mg (mg kg−1) 28.85 ± 0.23 d 37.23 ± 0.23 c 44.27 ± 0.23 bc 51.94 ± 0.23 b 61.18 ± 0.43 a

Earthworm density (n m−2) 0.22 ± 0.07 d 0.33 ± 0.07 c 0.41 ± 0.07 b 0.48 ± 0.07 b 0.67 ± 0.14 a

Earthworm biomass (mg m−2) 0.94 ± 0.31 d 1.41 ± 0.31 c 1.71 ± 0.31 bc 2.05 ± 0.31 b 2.95 ± 0.59 a

Note: Different letters in a row indicate significant differences among the intensities of the physical properties of the
soil (p < 0.05), based on Duncan’s multiple range tests. The values 3, 10, 20, and 25, denote the age of the skid trails;
Un, undisturbed area.

Changes in the earthworm number and biomass under different traffic intensities and soil depths
were lower at depths of 10–20 cm than depths of 0–10 cm, and lower under high rather than medium
and low traffic intensities (Figure 4). The lowest earthworm number and biomass were obtained under
high traffic intensity at soil depths of 10–20 cm. The earthworm number and biomass under different
traffic intensities in both depths of soil were lower than the undisturbed area and were significantly
different (Figure 4).

3.3. Principal Component Analysis (PCA)

The different traffic intensities (high, medium, and low) and different slopes (0–10%, 10–20%, and
20–30%) in the skid trails and the physical, chemical, and biological properties of the PCA analysis are
presented in Figures 5 and 6. The PCA results show the relation between traffic intensity in the skid
trails and the soil properties and reveal that the first and second axes explain 76.98% and 14.63% of
the total variance, respectively (Figure 5). The PCA analysis results for the relationship between the
different slopes in the skid trails and the soil properties show that the first and second axes explain
74.34% and 13.91% of the total variance, respectively (Figure 6). The analysis of the traffic intensity
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and the slope of the skid trails three and 25 years after the skidding operation show that as these two
treatments increase, the effect on the soil increases. The results also show that high traffic intensity (H3)
and slope classes of 20–30% (C3) in three-year-old skid trails had the greatest impact on soil properties
(according to maximum distance from the coordinate center and proximity to axis 1) (Figures 5 and 6).
The PCA analysis shows that 25-year-old skid trails under different traffic intensities and slopes had
the least impact on soil properties (according to proximity to the coordinate center and away from the
axis 1). The TP, MP, MIP, SM, and pH were close to the center axis, indicating that the effect of traffic
and slope treatments was lower on these properties. However, the effects of these treatments on other
physical, chemical, and biological properties were greater due to the distance from the coordinate
center. The location of treatments affecting soil variables indicates that the undisturbed area is on the
left side of the graph (Figures 5 and 6). The undisturbed area is slightly different, with older trails in
low traffic and slope classes, whereas younger trails have high traffic and slope classes.

 

Figure 4. Changes in earthworm density (left) and biomass (right) under different traffic intensities in
the two soil depths.

 

Figure 5. Principal component analysis (PCA) ordination of the traffic intensity in skid trails (3, 10, 20,
and 25, age of the skid trails; H, M, L, and Un, high, medium, and low traffic intensity and undisturbed
area, respectively), and soil physical (BD, bulk density; TP, total porosity; MP, macroporosity; MIP,
microporosity; PR, penetration resistance; SM, soil moisture), chemical (pH; EC, electrical conductivity;
C, organic C; N, nitrogen content; C/N, C/N ratio; P, available phosphorous; K, available potassium;
Ca, available calcium; Mg, available magnesium), and biological (Ew D, earthworm density; Ew B,
earthworm biomass) properties.
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Figure 6. PCA ordination of the slope classes in the skid trails (3, 10, 20, and 25, age of the skid trails; A,
B, C, and Un, 0–10%, 10–20%, and 20–30% slope classes and undisturbed area, respectively), and soil
physical (BD, bulk density; TP, total porosity; MP, macroporosity; MIP, microporosity; PR, penetration
resistance; SM, soil moisture), chemical (pH; EC, electrical conductivity; C, organic C; N, nitrogen
content; C/N, C/N ratio; P, available phosphorous; K, available potassium; Ca, available calcium; Mg,
available magnesium), and biological (Ew D, earthworm density; Ew B, earthworm biomass) properties.

The traffic intensity of three-year-old skid trails (H3) was positively correlated with BD (r = 0.92),
PR (r = 0.95), and C/N ratio (r = 0.84), while it was negatively correlated with the other soil properties
(Table 6). Also, the slope classes of three-year-old skid trails was positively correlated with BD (r = 0.83),
PR (r = 0.93), and C/N ratio (r = 0.67), while it was negatively correlated with the other soil properties
(Table 6).

Table 6. Pearson correlation coefficients between the soil properties and the effective treatments on soil
(traffic intensity and slope classes of three-year-old skid trails).

Variable
Traffic Intensity Slope Classes

Pearson Correlation (R) p-Value Pearson Correlation (R) p-Value

Soil physical
properties

BD 0.92 ** 0.000 0.83 ** 0.000

PR 0.95 ** 0.000 0.93 ** 0.000

TP –0.76 ** 0.000 –0.91 ** 0.000

MP –0.52 * 0.021 –0.99 ** 0.000

MIP –0.51 * 0.015 –0.58 * 0.020

SM –0.52 * 0.015 –0.58 * 0.020

Soil chemical
properties

pH –0.98 ** 0.000 –0.98 ** 0.000

EC –0.94 ** 0.000 –0.95 ** 0.000

C –0.97 ** 0.000 –0.98 ** 0.000

N –0.98 ** 0.000 –0.98 ** 0.000

C/N 0.84 ** 0.000 0.67 ** 0.000
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Table 6. Cont.

Variable
Traffic Intensity Slope Classes

Pearson Correlation (R) p-Value Pearson Correlation (R) p-Value

Soil chemical
properties

Available P –0.98 ** 0.000 –0.98 ** 0.000

Available K –0.98 ** 0.000 –0.98 ** 0.000

Available Ca –0.98 ** 0.000 –0.97 ** 0.000

Available Mg –0.99 ** 0.000 –0.98 ** 0.000

Soil biological
properties

Ew D –0.96 ** 0.000 –0.88 ** 0.000

Ew B –0.96 ** 0.000 –0.90 ** 0.000

** A significant difference at the 0.01% level. * A significant difference at the 0.05% level. BD, bulk density; TP,
total porosity; MP, macroporosity; MIP, microporosity; PR, penetration resistance; SM, soil moisture; EC, electrical
conductivity; C, organic C; N, nitrogen content; C/N, C/N ratio; P, available phosphorous; K, available potassium;
Ca, available calcium; Mg, available magnesium; Ew D, earthworm density; Ew B, earthworm biomass.

4. Discussion

A comprehensive review of the natural recovery of the physical, chemical, and biological properties
of the soil after skidding operations can complement the previous research chain and can be a guide to
reducing the detrimental effects of skidding operations on forest soil and acquiring new knowledge on
the sustainability of forest operations. In the past, there have been many studies conducted on the
effects of skidding operations on soil of skid trails in controlled conditions. It is important to specify
that the present research is retrospective, and the statistics and information obtained from the skidding
operation were descriptive. Further experiments and sampling were performed on the desired trails
and compared with the control area to evaluate the soil recovery process after skidding operations
and to validate the descriptive data. Our study confirms that the effects of the age of the skid trail,
traffic intensity, and sampling depth are more than those of other treatments. In this study, the slope of
the skid trail changed the physical properties of the soil but had no significant effect due to the slope
being divided into classes with less variation range (0–10%, 10–20%, and 20–30%). There appears to
be a threshold to the slope gradient that has to be surpassed, however, before slope effects become
visible [36]. Similarly, Najafi et al. [35] observed that the disturbance in soil physical properties was
not significant in the slope classes of 0–10% and 10–20%, whereas for slopes of more than 20%, soil
disturbance was significantly increased.

The change in the physical properties of the soil under the influence of skidding has been confirmed
by other researchers, including Tavankar et al. [63], Ezzati et al. [50], Jourgholami at al. [32], Picchio
et al. [9], and Sohrabi et al. [27]. The highest soil changes were obtained for high traffic intensity
and slope, three years after the skidding operation. Further soil changes under high traffic intensity
may be due to the high soil moisture during the skidding operation, the output timber volume of the
area, and the number of passes. Skidding operations on steep terrain cause severe wheel slips of the
machine, resulting in more puddling and dragging of the soil [44,64]. In addition, the slower speed
of a machine on steeper terrain, especially upward skidding, causes more vibration of the surface
soil and is disturbed more severely than compared to flat terrain [65]. With an increasing number
of passes on steep terrain, the proportion of microporosity to macroporosity increases, and previous
studies have confirmed this result [44,66]. During the skidding operation, the pores in the soil surface
layer are compressed, which increases the soil strength, thereby reducing and changing the soil pores.
The Soil moisture content decreases with the increasing traffic intensity and slope of the skid trail, so
that the lowest moisture content is obtained under high traffic intensity and for a slope of 20–30%.
The decrease in soil moisture is mainly due to a decrease in total porosity and macroporosity and an
increase in the bulk density at the surface and in the soil profile [10,35,50].

Over the years after the skidding operation, the soil physical properties improve from the
three-year-old trail to the 25-year-old trail, although there are significant differences with the control
area. The results show that 25 years after the skidding operations, the BD, PR, and MIP were 8.4%,
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27.4%, and 50.44% greater, respectively, and the TP, MP, and SM, which were 1.96%, 17.1%, and 4.58%
lower than the undisturbed area, respectively. The results of this study are consistent with the results of
the study by Ezzati et al. [50], which reported that, 20 years after skidding operations, under high traffic
intensity and gentle slope class (<20%), the bulk density was 35–42% higher and the total porosity
and macroporosity were 18–24% and 19–28% lower than the undisturbed area, respectively. After
25 years of skidding, the BD was lower than the threshold value of 1.40–1.55 g/cm−3 [38], indicating a
recovery process for this feature. According to the findings of Ampoorter et al. [67], increasing the PR
to more than 2 MPa limits the infiltration and growth of root trees in soil types. In this study, 25 years
after skidding, the PR was less than 2 MPa, which indicates its recovery over time. One important
effect of soil compaction is a decrease in total porosity by a decrease in macroporosity and an increase
in microporosity [50]. The increase in the proportion of TP and MP over 25 years after the skidding
operation is not unexpected. The MP in this study exceeded the threshold value of 10% [22], which is a
prerequisite for airflow, microbial activity, and rooting. The soil moisture content increased in different
years after skidding operation from the three-year-old trail to 25-year-old trail, which may be due to
the reduced soil compaction and increased litter layer of the soil surface for water infiltration, as well
as the reduced surface runoff through more pores in the soil [67].

The creation of soil ruts contributed to the increase in traffic intensity in this study, which was
also reported by Botta [68], Eliasson [69], and Ezzati et al. [50]. When the soil moisture is saturated and
soil cavities are filled with water, the skidding operation removes the surface layers of the soil and thus
creates deep ruts in the soil. Soil ruts are more specified in the immediate years after skidding and
high traffic intensity, leading to the disruption of natural drainage structures and reduced stability and
soil aggregation. The tire size and average pressure on the soil are other effective factors in creating
a rut in the soil during the skidding operation [50]. The rut depth improves in different years after
the skidding operation, so that 25 years after the skidding operation, under low and medium traffic
intensity, the soil is fully recovered. Consistent with the current study, Hatchel et al. [70] stated that rut
recovery created after skidding operations requires a period of 18–19 years. The results of this study
show that rut depth recovery requires less time than other physical properties of the soil.

Our study indicates that the effects of the treatments on the chemical properties were more intense
than on the physical properties, which may be due to the mixing of the surface soil with the lower
layers, the removal of soil, and soil sampling from the deep layers when compared to the undisturbed
area [36]. On the other hand, the puddling and dragging of the soil of the skid trail after the skidding
operation causes erosion and the loss of soil nutrients, which ultimately results in prolonged recovery
for soil chemical properties. Changes in soil chemical properties under the influence of skidding
operations have also been confirmed in previous studies [17,36,71].

In this study, the changes (decrease) in organic matter content and in different slopes and under
different traffic intensities of the skidding trails compared to the control area are due to low levels
of litter layer at the soil surface. Cutting down trees along the skidding trails for easier logging
operation results in reduced tree density and, consequently, in reduced the litter layer of the forest
floor [10,28,35,70]. C and N in soil have a close relationship with each other, in which, in this study, the
trend changes were similar. A decrease in C and N levels after the skidding operations can be due to
the displacement and mixing of organic and mineral soils, as well as the appearance of deep soil layers
following the skidding operations [36]. The skidding operations reduce soil acidity on different slopes
and under different traffic intensities of the skid trails compared to the undisturbed area. Consistent
with the results of the current study, Hosseini et al. [71] reported that soil acidity on skid trails was
lower than in undisturbed areas in the Hyrcanian forest. Soil compaction, disturbance, surface runoff,
and soil erosion caused by skidder traffic are the main reasons for these changes [51]. Therefore, based
on this hypothesis, the soil C, N, P, K, and pH concentrations in skid trails are significantly lower than
in control areas [17,36]. The decrease in soil organic matter content and available P, K, Ca, and Mg, in
soil after the skidding operations was reported in this study and in other studies [17,36,72,73].
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The results show that soil chemical properties are not fully recovered after 25 years following
skidding operations; thus, the difference compared to the undisturbed area is significant. The chemical
soil properties improved over the years following the skidding operations. Accordingly, Hosseini
et al. [69] reported that seven years after skidding operations in the Hyrcanian forest, the chemical
properties of the soil were recovered and had no significant difference compared to the undisturbed
area. The improvement of soil chemical properties can be due to climatic conditions, a decrease in bulk
density over time, the litter layer thickness, the type and quality of the litter layer, and the activity of
soil organisms. Since there is a direct relationship between the chemical properties of the soil and the
vegetation type and density and the amount of litter, changes in the forest floor cover and the soil organic
layer have direct effects on the chemical properties. In line with the current results, Jourgholami et al. [74]
reported that, by adding a litter layer to the soil surface, the chemical properties can be partially recovered.

The results show that the earthworm number and biomass under different traffic intensities of the
skid trails was lower than in the undisturbed area; thus, these changes were higher under a high traffic
intensity. The soil habitat had a lower quality in terms of coarse porosity, temperature and moisture,
organic matter content, and vegetation under different traffic intensities compared to the undisturbed
area. In addition, the earthworm number and biomass at a soil depth of 10–20 cm was lower than at a
depth of 0–10 cm. Earthworm immobilization plays an important role in the reduction of earthworm
number and biomass due to the increase in penetration resistance and the reduction of coarse pores
at a depth of 10–20 cm. The soil habitat quality and earthworm mobility are two effective factors
in the recovery of earthworm communities after skidding operations [24]. Twenty-five years after a
skidding operation, soil biological properties in skid trails will be improved, and will be significantly
different from the undisturbed area. The earthworm density (0.48 n m−2) and biomass (2.05 mg m−2)
were higher in the 25-year-old skid trail than the 20- > 10- > 3-year-old skid trails. Furthermore,
Jourgholami et al. [74] reported that by adding a litter layer of different trees (beech + hornbeam
+ velvet maple) to the skid trail soil, 5 years after skidding operations, an increase in earthworm
density (1.02 n m−2) and biomass (13.26 mg m−2) can be observed, but this differs significantly from
the undisturbed area. The lack of full recovery of earthworm number and biomass after 25 years
may be due to unfavorable soil properties and a low litter layer. The litter layer increases the organic
matter content and the decomposition rate of organic matter at the soil surface, which increases soil
respiration by positively impacting the microbial communities of the soil [51,74–76]. Previous studies
have shown that increasing organic matter decomposition rate, decreasing C/N ratio in organic layers,
and fine soil texture all have a significant relationship with earthworm biomass [17,77,78].

5. Conclusions

From a sustainable forest operation perspective, forest operational planning must consider all
possible factors affecting environmental impacts, as well as their interactions. The evaluation of the
time required for soil recovery is essential for managing forests on the basis of SFO, particularly in
ground-based logging systems. This study was designed to determine the effects of different levels of
traffic intensity, slope gradient, soil depth, and wheel track on the physical, chemical, and biological
properties of the soil on the soil recovery assessment after timber harvesting. We found increased
BD, PR and MIP and decreased TP, MP, SM, in the chemical and biological properties of the soil
following ground-based skidding compared to the undisturbed areas, particularly on steep slopes with
high traffic intensity and a sampling depth greater than 0.1 m. Twenty-five years after the skidding
operations, the physical, chemical, and biological properties of the soil were somewhat recovered
in the skid trails, but remained significantly different to the undisturbed area. The outcomes of this
study indicate that the recovery time of the chemical properties of the soil is longer than that of the
biological and physical properties, and that the complete recovery of these properties takes more than
25 years. Accordingly, forest managers need to consider the potential impacts of skidding operations
on soil disturbance. Therefore, due to the long recovery process of compacted soils, reducing the area
covered by skidding trails, avoiding or limiting skidding trails on steep slopes, using appropriate
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machinery, designing exact and specified skidding trails, and cutting down trees in the correct direction
are all essential to avoiding unnecessary traffic. On the other hand, the use of improvement treatments
(different foliage mulch and tree planting(, and comparing their performance in terms of the recovery
of the soil properties of skid trails, are essential in order to accelerate biological activities and natural
regeneration, prevent soil water erosion, and regulate the water cycle. A careful use of machines
and tools, a mindful choice of operating season and meteorological conditions, well thought out
logging planning and practices, and the training and skill development of forest operators can mitigate
the negative environmental impacts of forest operations. The “reevaluation of logging practices”
and “logging development programs” should be developed as the main aims of SFO to reduce soil
compaction during timber skidding and extraction.
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Abstract: Poplar forests are cultivated worldwide on extended areas, contributing to the provision
of wood for industries. Their management is intensive, especially in planting operations which are
done, in many parts of the world, by the use of manual labor. This situation raises the question on
their sustainability from an ergonomics point of view. Particularly, the postural risk is in question,
as uncomfortable work postures may cause musculo-skeletal disorders. Two types of planting
operations (large cutting—CP and bare-root seedling—SP) were selected as representatives for
the evaluation of postural risks which was carried out for 14 subjects. Based on the analysis of
approximately 14,500 images (approximately 67 h of field study), the postural risk indexes were
estimated at 259 and 250 for the CP and SP, respectively. No significant differences were found
between the operations, but the high share of effective planting tasks and their associated postural
risk indexes generated these concerning results. The main conclusion is that these kinds of planting
operations need postural improvement and ways for doing so should be researched in the future.

Keywords: agro-forestry operations; poplar planting; manual labor; postural risk; OWAS method;
sustainability; reengineering; improvement

1. Introduction

The cultivated poplar forests stand for a valuable source of wood for industrial and individual
house-hold use, and they hold an important potential to contribute to the satisfaction of the increasing
demand of lignocellulosic raw materials. They are cultivated on extended areas [1,2] using fast-growing
trees by operations which could be regarded as being more labor intensive compared to those specific
to the traditional close-to-nature management of forests; that’s because the typical sequence includes
soil preparation, planting, fertilization, irrigation, and weed control operations [3], which are followed
by regular harvesting operations such as thinning and clear-cutting [4]. Among these, planting is
crucial in the operational management because on its quality and timely implementation depends the
success of new forests [5].

Depending on the local forest management, terrain morphology, and the available technology,
to name just few factors, planting of forests may be implemented either by mechanized [6,7],
partly mechanized [8,9], or manual operations solely [5]. In Romania, as well as in other Eastern
European countries, partly mechanized systems are still dominating the scene of forest operations [10].
This applies also to the planting operations of fast-growing poplar forests where the use of manual
labor is still intensive. As such, at least problems in the sphere of ergonomics may arise, especially
in the context in which many operations are still carried out manually around the world, and they
have been proven to be physically demanding [11]. Therefore, scientific information is still required to
engineer the operations to an extent which will ensure their sustainability. This approach is congruent
with recent research that describes the main pillars of sustainability in forest operations [12,13], with the
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ergonomics and risk awareness being among them [12]. In particular, exposure to risks of developing
musculo-skeletal disorders may be one of the most critical currently-faced problems of manual work,
especially in forest operations, which are developed outdoors and are generally recognized to be
among the most difficult ones [14].

A particular area of research in ergonomics is that referring to postural analysis which has
provided important means and ways for research and improvement, enabling attempts to ensure
the sustainability of various industrial sectors. As such, several methods were developed, validated,
and used in time to evaluate the postural status-quo of different operations and to take corrective
measures [15]. Such approaches are of invaluable importance since the musculoskeletal disorders
(MSDs) are seen nowadays to be the most common cause of severe pain and physical disability, which in
turn have important negative economic effects [16]; therefore, targeted studies have been conducted
in many sectors, showing a strong relation between work factors and tasks and the development of
MSDs. From these points of view, it seems that manual planting operations have received less attention
by scientific research in the area of postural assessment. However, it is likely for manual planters
to face awkward working postures given the tasks they are required to undertake. Such postures
may refer to frequent situations in which the workers may hold their back bent and twisted, as well
as to tasks requiring working with the knees bent. For instance, the Romanian standards describe
working tasks that have an increased potential to generate deviant working postures in seedling
planting operations [17]. In addition, the Romanian technique of poplar planting which uses large
poplar cuttings, may generate unsustainable situations from a postural point of view given the size of
planting material and the ways used to handle and plant it into the pits. Both techniques have been
proven to be very intensive from the point of view of cardiovascular workload [9], and this outcome
has provided some hints on the potential postural difficulties, given the fact that body posture changes
are causing an increased cardiovascular activity [18–20]. However, the postures themselves adopted
during the work may not be the sole drivers of an increased cardiovascular workload while they could
inflict other problems related to the health of workers. In our knowledge, postural assessments have
not been carried out for the typical case of manual poplar planting operations.

Based on the above, the main goal of this study was to characterize, from a postural assessment
point of view, the manual planting operations of poplar forests to be able to set the stage for their
improvement. Two types of planting operations were selected for this study (large cutting planting
and bare-root seedling planting) and the objectives were set to: (i) describing and characterizing the
distribution of tasks per subjects and type of operations, (ii) describing and characterizing postural
risks on subjects, tasks, and type of operations, and (iii) comparing at task and operation type level the
postural risks as specific to the two planting options taken into study.

2. Materials and Methods

2.1. Study Location and Planting Material

The Romanian cultivated poplar forests are dominantly established in flatlands, and they are
harvested at the age of 25 years. It is typical that planting operations for them are undertaken by a
two-pass system [17]. As such, in a first pass, regular farming tractors equipped with drilling devices are
used to configure the planting pits at the dimensions required to plant either large cuttings or bare-root
seedlings. From this point of view, the option used depends on the poplar species to be planted [5].
Specific to the studied conditions was that the first option required pits having approximately 2 m in
depth and 0.2 m in diameter; the second option required pits of 0.6 m in depth and 0.6 m in diameter.
Then, in a second pass, the effective planting operations were carried out exclusively by manual
labor. As the scope of this study was the manual planting operations, field observations were carried
out during November and December of 2018 in eight planting sites (hereafter L1 to L8) which were
chosen based on representativity criteria of the operations taken into study (Table 1). By doing so,
the aim was to cover the variability given by the planting schemes and the planting material used.
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Two poplar species have been used in operations, namely Populus × canadensis, which is a hybrid poplar,
(hereafter PLEA), and Populus alba (hereafter PLA), respectively. These two species are commonly used
in the study area (Dolj county) and in Romania to establish fast-growing poplar forests [21].

Table 1. Description of planting sites, species used, planting scheme, and planting material. PLEA:
Populus × canadensis. PLA: Populus alba.

Study
Location

Forest
District

Geographical
Coordinates

Forest Compartment
and Its Area (ha)

Species
Used

Planting
Scheme (m)

Planting
Material

L1 Sadova 43◦45′05.47” N
23◦54′56.23” E

106A%
(0.47) PLEA 6 × 4 cuttings

L2 Sadova 43◦45′33.59” N
23◦52′39.86” E

88B%
(0.89) PLEA 6 × 4 cuttings

L3 Calafat 43◦57′58.03” N
22◦52′55.42” E

91B
(0.96) PLEA 4 × 4 cuttings

L4 Poiana Mare 43◦50′51.35” N
23◦36′06.75” E

22C
(2.91) PLA 3 × 2 seedlings

L5 Poiana Mare 43◦50′12.70” N
23◦11′10.63” E

43A
(1.45) PLA 3 × 2 seedlings

L6 Dăbuleni 43◦45′01.60” N
23◦57′33.55” E

7A,2D
(1.81) PLEA 5 × 4 seedlings

L7 Poiana Mare 43◦50′49.75” N
23◦10′19.30” E

31F,31N
(1.61) PLA 3 × 2 seedlings

L8 Dăbuleni 43◦44′49.21” N
23◦59′33.56” E

9D,10A
(4.16) PLEA 5 × 4 seedlings

In the planting sites L1–L3, the used planting material consisted of large poplar cuttings (PLEA,
average length, diameter at the thick end, and weight estimated at approximately 6 m, 70 mm, and 5 kg,
respectively); in the rest of planting sites, bare-root seedlings of both PLEA (2.5 m in height and 15 mm
in diameter) and PLA (1.5 m in height and 8 mm in diameter) species were used for planting. Cuttings
and seedlings used as planting material were procured from the plant reproduction facilities located in
Zăval (Dolj county) and were transported to the planting sites on distances ranging from 10 to 110 km.

At the field study dates, all the planting sites were prepared in the sense that pits were already
configured. In most of the planting sites, the existing stumps were previously removed and the soil
was mechanically mobilized before the configuration of the pits. The soils of the planting sites were
specific to the area, which is located near the Danube river, being either of alluvial origin or having a
high content of sand.

2.2. Selection of Subjects and Organization of Work

Selection of the subjects for field monitoring was based on several criteria that covered, mainly,
the availability and technical limitations of the monitoring devices, the informed consent of the subjects
to participate in the study, and a specific distribution and inclusion of the work elements that were
designed to emulate all the tasks specific to manual planting. As the existing Romanian planting rates
for poplar seedlings indicate that the teams may be composed of 2 to 5 workers [17], and given the
technical limitations of the devices used in this study, a number of two subjects were randomly selected
for field monitoring in each study location. Following the selection, one subject was observed in three
study locations; the final sample of subjects covered 14 male individuals (Table 2). Before observation,
each subject was interviewed to collect data on his basic anthropometric features (Table 2) and to
explain to him in detail the scope of the study and the intended use of the data. Based on this data,
the body mass index (BMI) of each subject was computed in the office phase of the study. The sample
of subjects selected for observation was characterized by an age of 43.3 ± 11.0 years, a body weight
of 78.1 ± 9.5 kg, a body height of 1.73 ± 0.06 m, and a body mass index of 26.8 ± 2.7. The selected
subjects were experienced in planting operations and they were instructed to carry on their jobs as
usual. All the subjects participating in the study expressed their wish to remain anonymous.

21



Sustainability 2020, 12, 5531

Table 2. Basic anthropometric characteristics of the study group and locations of observation.

Subject
Abbreviation in

This Study
Age (years)

Body
Weight (kg)

Body
Height (m)

Body Mass
Index

Location of Field
Observation

Subject 1 S1 53 81 1.75 26.45 L1
Subject 2 S2 38 78 1.65 28.65 L1
Subject 3 S3 27 74 1.73 24.73 1 L2
Subject 4 S4 50 95 1.82 28.68 L2, L4, L5
Subject 5 S5 45 87 1.85 25.42 L3
Subject 6 S6 20 69 1.74 22.79 1 L3
Subject 7 S7 49 78 1.70 26.99 L4
Subject 8 S8 48 80 1.70 27.68 L5
Subject 9 S9 51 83 1.75 27.10 L6
Subject 10 S10 40 85 1.69 29.76 L6
Subject 11 S11 54 75 1.70 25.95 L7
Subject 12 S12 52 55 1.65 31.93 L7
Subject 13 S13 28 70 1.80 21.60 1 L8
Subject 14 S14 51 83 1.75 27.10 L8

1 Denotes a normal weight according to Body Mass Index.

Typical organization of the work was deduced in the office phase of the study based on the field
collected data. In this regard, there were some differences as specific to the two types of planting
material used. Cutting planting operations (hereafter CP) consisted of several work tasks such as the
cutting sharpening, which is typically done to enhance the survival rate and for a better placement
into the pit by pushing (Figure 1d), cutting handling and distribution within the planting site, cutting
placement into the pit, which involved some pushing of the planting material (Figure 1c), pit filling
with soil, gradual soil compaction by a handled tool and the subjects’ movement between the pits;
these were complemented by technical, personal, meal, and study-caused delays. In the case of seedling
planting operations (hereafter SP), the differences consisted of the way used to place the seedlings into
the pits as well as the way used to compact the soil. In both cases, the soil was gradually placed and
compacted into the pits, but in the case of SP, soil compaction was done using the feet (Figure 1a).

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1. Examples of typical planting operations and planting material used: (a) Manual planting
of PLA seedlings; (b) manual planting of PLEA seedlings; (c) manual planting of PLEA cuttings;
(d) sharpened PLEA cuttings.

Other events consisted of moving by foot between nearby planting sites and unloading the
planting material from the transportation means. These accounted for low shares and were not typical
for all the subjects taken into the study. All the tasks described above and which supposed planting
were done manually and, procedurally, the study was designed to cover at least 100 min of operation
per day of observation, subject, and study site. This was considered to be sufficient to cover different
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time-windows of the day, several repetitions of all the tasks, and the observation of all the body postures
assumed by subjects during their work. In addition, the sites to be planted by the described operations
are typically small in area. Once the workers have finished the work on one site, they move to the next
one. Nevertheless, to produce more reliable data, and since the operations allowed it, in some sites field
data collection was extended to more than 200 min. Given the limited availability of planting sites for
the studied operations, it was not possible to implement a balanced approach to get the same number of
sites for each condition (planting material and planting scheme used). To accommodate this situation,
the approach used in data processing and analysis enabled comparisons for unbalanced designs.

2.3. Data Collection

The primary field data was collected by video monitoring of operations. A small-sized
(10 × 6 × 2 cm) Schwartz B1080 video camera was mounted on a tripod and set to continuously
collect video files of 20 min in length each; this media file length is the maximum one enabled by the
camera and, when reaching it, the camera saves it and automatically starts the next recording session
of 20 min. This automatic procedure of recording and saving media files was applied until the work of
the subjects had been finished in each planting site taken into the study. Due to a small setting error,
in one site the length of consecutively collected video files was set accidentally to 3 min, but this did
not affect the approach of the study, since in some sites the last of the collected video files taken into
analysis were shorter than 20 min, anyway, because the planting work was finished before reaching
the full length of the media file. The camera collected full HD video data (1920 × 1080 pixels) using a
field of view of 90◦ oriented towards the two subjects monitored on each site. It was equipped with an
internal accumulator of 4000 mAh that enables a video recording duration of up to 8 h, and the data
was stored on a memory card of 32 GB. The camera was successively moved within each planting
site as the operations progressed and it was placed each time at up to ca. 15 m from the observed
subjects, enabling a clear vision on the subjects’ postures. However, in most of the cases, the distance
between the camera and the subjects was much less, close to ca. 5 m. As such, the approach provided
the extraction of high-quality pictures, which were similar to those shown in Figure 1. On each site,
after the completion of daily data collection, video files were transferred on a computer and saved in
folders named by the date and site of data collection.

2.4. Data Processing and Statistical Analysis

A first step of data processing consisted of a sampling procedure that aimed to extract representative
images for postural analysis. Given the previous experience with sampling and handling such data [22],
and under the assumption that some of the data extracted from the video files will not be suitable
for analysis, the targeted sample was designed to cover a number of exactly 100 randomly extracted
images per 20 min of video recording (approximately 8% of the video sampled data). For this reason,
pseudo-random numbers [23] were generated in Microsoft Excel (Microsoft Excel 2013, Microsoft,
Redmond, WA, USA) in an interval that covered the length of each video file measured in seconds.
Irrespective of the planting site, for those video files that had 20 min in length, 100 random numbers
were generated, while for shorter files the numbers were generated proportionally with their length.
This procedure was applied to all the video files collected in each plot as shown in Table 3. The extracted
numbers were saved as lists for each video file taken into analysis, then each video file was broken
into frames extracted at a rate of 1 Hz. In a following step, based on the list of random numbers,
the corresponding frames were selected and organized in folders by considering the video file, subject,
and study site to which they belonged. Postural analysis was implemented by using the Ovako Working
posture Analysis System (OWAS) postural analysis method as described in [24], and it aimed also to
document the tasks to which the analyzed frames belonged. The concept used in the implementation
of the postural analysis method was based on the typical characteristics of a frequency study carried at
random intervals as defined in [25]. To do so, and where the case allowed, each frame taken into study
was analyzed in conjunction with the video file to which it belonged, to be able to accurately describe
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the work task it depicted. This supposed a detailed analysis of the video file some seconds before and
after the occurrence of a given frame in it, by playing the video file and seeing the events depicted
by them. For instance, if a subject was identified in the video file in a still state following a previous
work task that supposed body movement, it was assumed that the frame in question belonged to a rest
pause. Similarly, if a worker has been seen in a media file to handle either a cutting or a seedling by
putting it into a pit, then it was assumed that the frame occurring in that part of the movie belonged to
the effective planting. This approach was used due to the specific limitations of the OWAS method,
as described, for instance, in [26].

Table 3. Description of the field sampled and office processed data.

Subject
and

Location

Type of
Planting

Operation

Number
of Video

Files

Length of
Video Files (s)

Number of
Analyzed

Frames

Number of Valid
and Reorganized

Frames

Share of Valid and
Reorganized Frames in
the Collected Data (%)

S1 × L1 CP 6 7200 600 419 (417 3) 5.82 (5.79 4)
S2 × L1 CP 6 7200 600 410 (406 3) 5.69 (5.64 4)
S3 × L2 CP 12 14,400 1200 787 (781 3) 5.47 (5.42 4)
S4 × L2 CP 12 14,400 1200 833 (832 3) 5.78 (5.78 4)
S5 × L3 CP 9 10,800 900 659 (653 3) 6.10 (6.05 4)
S6 × L3 CP 9 10,800 900 707 (707 3) 6.55 (6.55 4)
S7 × L4 SP 20 23,400 1 1772 1522 (1510 3) 6.50 (6.45 4)
S4 × L4 SP 20 23,400 1 1772 1358 (1349 3) 5.80 (5.76 4)
S8 × L5 SP 81 14,580 2 1215 864 (818 3) 5.93 (5.61 4)
S4 × L5 SP 81 14,580 2 1215 820 (679 3) 5.62 (4.66 4)
S9 × L6 SP 12 13,700 1 1140 732 (722 3) 5.34 (5.27 4)
S10 × L6 SP 12 13,700 1 1140 738 (729 3) 5.39 (5.32 4)
S11 × L7 SP 14 16,800 1400 967 (967 3) 5.76 (5.76 4)
S12 × L7 SP 14 16,800 1400 898 (880 3) 5.35 (5.24 4)
S13 × L8 SP 17 19,860 1 1650 1373 (1197 3) 6.91 (6.03 4)
S14 × L8 SP 17 19,860 1 1650 1377 (1211 3) 6.93 (6.10 4)

1 One video file was shorter than 20 min. 2 Video files were collected at 3 min in length each. 3 Number of frames
used in the final analysis after the reorganization of work tasks. 4 Share of frames used in the final analysis in the
total number of frames extracted at 1 Hz rate from the video files.

The data was analyzed by four researchers who had an extensive experience in handling the
method and in the procedures used in data processing and analysis. Frames that were not suitable
for analysis were disregarded. The exclusion process considered those frames that, for some reason,
failed to clearly show all the body components taken into analysis due to the position of the worker
in the field of view, those in which other persons obstructed the view on the worker under study by
crossing the camera’s field of view, as well as those frames which failed to capture useful data due to
the need to move forward the tripod and the camera. The rest were kept as valid and were used in the
postural analysis. The analyzed data, consisting of the code attributed to each body part according
to the OWAS method, as well as a descriptive code to indicate the tasks observed, was included into
Microsoft Excel sheets for each location and subject taken into study. Table 3 shows the basic statistics
of the data used in this study. A total number of 5400 (CP) and 14,354 (SP) frames were extracted,
covering and describing an observation time of approximately 18 and 49 h for CP and SP, respectively.
Of these, 3815 (71%) were kept as valid for CP, and 10,649 (74%) were kept as valid for SP.

While all the work tasks and delays were monitored and separated based on the video data,
some conceptual readjustments were necessary to target only the tasks specific and common to the
two types of planting operations (CP and SP, respectively), as well as to enable the comparability
between them in terms of postures assumed during the work. For that reason, the concept used in
data analysis covered only those tasks that referred strictly to the studied operations. As such, frames
that described meal, study-caused, and technical delays were excluded, and only those describing
personal delays (hereafter Rest) were retained for analysis because these corresponded to resting
pauses taken by the subjects in the planting sites. On the other hand, delays caused by meal taking
were specific only to a part of subjects and study sites, therefore keeping them in the analysis would
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have affected the comparability of data. An additional step, which was undertaken to enhance the
comparability, consisted of task regrouping and recoding to describe only four categories of tasks that
were observed to be common to both types of operations: Moving (hereafter Move), which grouped all
the reorganized frames (Table 3) in which the subjects were identified as moving between planting pits,
moving within the planting site to bring planting material and so on, distributing (hereafter Distribute),
which grouped the reorganized frames depicting actions of movement and placement of planting
material near the pits, planting (hereafter Plant), that supposed the grouping of all the reorganized
frames describing actions such as cutting sharpening, placement of cuttings or seedlings into the pits,
filling the pits with soil, and compacting the soil, etc., and Rest, as described before.

Data analysis consisted of implementing the common procedures to see if the studied operations
are sustainable from the point of view of postural condition. To do so, data was aggregated and analyzed
at three levels: Tasks, subjects, and operation type. The distributions of the reorganized frames per tasks
was analyzed by considering the last two levels, by the means of a relative frequency study which was
implemented first at subject (site) level, then at the operation type (CP, SP) level. This approach allowed
for a raw comparison in terms of task shares between the subjects (sites) and types of operations,
respectively. Postural analysis aimed to estimate the postural risk index (hereafter PRI), as described
by Zanuttini et al. [27] and used in this kind of research in forest operations [22,28–31], at task, subject,
and operation type level. To do so, the input data was aggregated into datasets describing these three
levels. From this point of view, the codes attributed when using the OWAS method consist of four
digits [16,26] that can be further documented by a description of the task [16] to which a given instance
(i.e., a frame extracted from a video file, a field observation by visual means) belongs to. The codes
describing given instances by the posture of the back (4 postures), arms (3 postures), legs (7 postures),
and force exertion (3 categories) are leading to a number of 252 possible combinations [26,32]. Of these,
72 are considered to be non-deviant from the regular posture of the body and are included in action
category 1 (hereafter AC1) that does not require intervention for improvement, 53 are included in action
category 2 (hereafter AC2), which assumes some redesign in the near future, 55 are included in action
category 3 (hereafter AC3), which assumes the necessity of intervention as soon as possible, and the
remaining 72 are included in action category 4 (hereafter AC4), which supposes immediate intervention
for improvement. The postural risk index is calculated based on the relative frequency of observations
falling into the four action categories, and it may take values in the range of 100–400 [27]. Based on
the above, the postural risk index (PRI) stands for a good metric to check if the data sampled from a
population (i.e., a subject working in a given site or an operation type) describes either a sustainable
state from an postural point of view or it indicates the need for improvement. As such, values close to
100 characterize a good state from postural point of view, while values close to 400 reflect an urgent
need for improvement [27]. While PRIs were calculated at task, subject, and operation level, and they
gave the opportunity to visually compare the data, a third step consisted of a statistical comparison
between the two operation types (CP and SP) at task and global level, respectively. The comparison
was made by the means of Pearson’s χ2 statistic test due to the type of the data used and its distribution,
which provided an unbalanced design. The input data used in comparison was the relative frequency
of the reorganized frames per action categories, and the assumed confidence threshold was set at
α = 0.05. Based on the obtained results, the last step consisted of comparing the data generated by this
study with the data coming from similar studies. Acknowledging the fact that the method could have
been implemented in many industries, for this last step, however, only studies coming from forest and
wood processing operations were selected for comparison. As such, the comparison was made based
on the postural risk index as a common metric used to describe the need for intervention, and the
comparisons were included in the discussion section.
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3. Results

3.1. Task Share per Subjects and Types of Operations

Following data reorganization, the share of the remaining frames used to characterize the planting
tasks (Move, Distribute, Plant, and Rest) was close to 100% in most of the cases compared to the set of
valid frames.

The exception was that of S13 × L8 and S14 × L8, where the shares of the remaining frames were
of approximately 87%. This situation was the effect of meal pauses as well as of a more pronounced
presence of delays caused by the study in the last two cases. Even so, the share of the remaining frames,
compared to the original set extracted at a rate of 1 Hz, was the greatest, accounting for more than 6%
(Table 3). Figure 2 shows the distribution of frames per tasks at subject and operation type level. As it
can be observed, there was a variation among the subjects and operation types, but planting (Plant)
accounted for the greatest share in the analyzed samples. It represented approximately 60% in the case of
CP (ranging from 53 to 70%, Figure 2a) and approximately 67% in the case of SP (ranging from 55 to 89%,
Figure 2b). Differences among the subjects were obvious in both cases (CP and SP) and they were the
effect of different degrees of involvement in specific tasks and in particular to those events characterizing
the resting pauses (Rest). Distribution tasks (Distribute) accounted for a greater share in the case of CP,
and this could be related to the size of the planting material, which required more movements to deliver it
to the planting pits. Apparently, there were no correlations between the planting scheme and the share of
the movement and distribution tasks. Nevertheless, Move and Distribute accounted for relatively similar
shares for most of the subjects working in the same SP site (Figure 2).
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Figure 2. Share of the reorganized frames on tasks at the subject and operation type level: (a) Cutting
planting operations (CP), (b) Seedling planting operations (SP).
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3.2. Postural Assessment

3.2.1. Cutting Planting

In the case of CP, postural analysis by the means of OWAS method revealed a high inter-task and
inter-subject variability of data categorized on action categories, as shown in Figure 3.
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Figure 3. Data distribution on action categories (AC) and the estimated postural risk indexes (PRIs) at
task, subject, and operation level for CP operations.

The frames characterizing the Move task were categorized, predominantly in AC1 and AC2.
As such, the PRI of this task was evaluated to range, at the subject level, between 109 and 201, averaging
167 at the operation type level. Next in line were the Rest events, whose PRIs ranged from 110 to 262,
averaging 179 at the operation level. Distribute task was characterized by values of PRI in between 164
and 247, averaging 221 at the operation level, while the most problematic task was that of planting
(Plant), which accounted for PRI values in between 255 and 350, averaging 307 at the operation level.
At the subject level, postural risk indexes varied between 212 and 295, while the overall PRI for CP was
estimated at 259.

3.2.2. Seedling Planting

The situation on postural analysis as specific to SP operations is given in Figure 4. In this case,
Rest events were less problematic as the PRIs were estimated at values in range of 107–189, averaging a
value of 148 at the SP operation level.
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Figure 4. Data distribution on action categories (AC) and the estimated postural risk indexes (PRIs) at
task, subject, and operation level for SP operations.

Next in line were the Move, Distribute, and Plant tasks, which were characterized by PRIs in
range of 105–188, 100–222, and 238–355, respectively. At the subject level, PRIs varied in between 181
and 286. The overall PRI, calculated for the SP operation, was of 250, but it also varied at task level
between 148 (Rest) and 293 (Plant). Therefore, similar to the CP operation, the most problematic task
in the case of SP operations was the Plant task.

The results shown in Figures 3 and 4 were related, to some extent, with the distribution of the
analyzed frames per tasks (Figure 2). For instance, S13 and S14, which were observed in L8 in the
case of SP, were found to have the greatest share of Rest events (40 and 35%, respectively) in the task
breakdown. For these two subjects, the PRIs were found to be the lowest (181 and 191, respectively).
At the opposite side were the subjects S4 and S8, which were observed in L5 and for which were
identified the lowest shares of Rest events in the task breakdown (Figure 2). Accordingly, for these two
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subjects, the PRIs were the greatest in the case of SP (286). As such, the way in which the work tasks
are approached may affect the outcomes in terms of postural risks.

3.3. Comparison between Operations

Given the inter-subject variability, a comparison at this level on tasks was not feasible due to the
high amount of data to be processed, analyzed, and reported. In turn, an analysis at the global level as
well as an analysis at the task level, by considering all the data specific to an operation type, seemed to
be more approachable and applicable since the aim of the study was to see if there are differences
between the two types of operations and to compare the data with that coming from other studies.
As such, the approach was to integrate the variability coming from inter-subject variation. Table 4
shows the results of the comparison tests carried out at the task and operation type level.

Table 4. Results of comparison tests between CP and SP at the task and operation type level.

Task Name and Tests
Results

Operation
Type

Action Category [%] Postural
Risk IndexAC1 AC2 AC3 AC4

Move
χ2 = 0.582, p = 0.901

CP 34.56 64.52 0.00 0.92 167.28
SP 30.01 68.99 0.11 0.89 171.87

Distribute
χ2 = 12.260, p = 0.007 1

CP 27.03 47.13 4.07 21.77 220.57
SP 20.12 67.65 5.13 7.10 199.21

Plant
χ2 = 5.226, p = 0.156

CP 9.57 25.66 13.46 51.31 306.51
SP 5.60 40.16 10.33 43.90 292.55

Rest
χ2 = 6.641, p = 0.084

CP 48.53 33.33 8.61 9.52 179.12
SP 64.32 26.29 6.26 3.13 148.20

Overall
χ2 = 1.039, p = 0.792

CP 20.68 34.69 9.80 34.83 258.77
SP 19.71 41.49 8.38 30.42 249.51

1 Denotes significant differences between the relative frequencies per action categories among the two tested types
of operations assuming a confidence threshold of α = 0.05.

Before comparing the data, it is worth mentioning that the PRIs shown in Table 4 were calculated
based on the frequencies (number) of the analyzed frames falling in a given action category per task
and operation types. By the way of calculation, this metric does not support mean or median values,
since it is based on a formula applied to the frequencies of frames. For instance, the PRI of 167.28 as
specific to the Move task in CP was calculated based on the number of frames per action categories
coming from all the subjects surveyed in CP operations.

As shown in Table 4, excepting the Distribute task, for which the test identified significant
statistical differences, all the tasks were similar from the point of view of relative frame frequencies per
action categories, as specific to the two types of operations. For the Rest events, the specific distribution
on action categories failed closely (p = 0.08, α = 0.05, p > α) to indicate significant differences between
the two operation types. Compared to the Distribute task, where the PRIs were close as values, in the
case of Rest events, the PRIs were rather different, indicating that the outcome for SP has no serious
problems, while the outcome for CP may have problems related to work postures assumed by the
workers. While the postures assumed by the subjects in these events (Rest) are not constrained by
the specific job tasks, the results indicate that further research is needed to be able to compare and
differentiate more clearly between the inputs and outcomes of specific data sets analyzed by using the
OWAS method.

In general, the PRIs calculated for the Move events were close to the value of 200, a value which
can be interpreted in the way that some improvement may be required in the near future. The same
may be applied to the Rest events, but here the improvements may rest in the free will of the subject to
implement them, and they may be less related to the organization and technology of work. Similar
figures (PRI close to 200) were found for the Distribute tasks, but the greatest problem lies in the results
found for Plant tasks which were close to 300, and which indicate that immediate actions need to be
undertaken for improvement. In addition, the Plant tasks were dominant in the analyzed data sets,
being also, in general, dominant in planting operations. The PRIs found at the operation type level
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indicate that measures for improvement are needed rather urgently. Even if the differences between the
two types of operations were not statistically significant, it is worth mentioning that CP tasks received,
in most of the cases, higher PRIs compared to SP. This was more evident in the case of Plant tasks
(difference of approximately 6 points), indicating also a similar problem related to data comparability,
which should be researched in the future.

4. Discussion

The postural risk associated with the studied manual planting operations was found to be high,
irrespective of the analyzed option (CP and SP, respectively). At the task level, the effective planting
(Plant) was found to generate the worst postural situation because the PRIs were estimated to be close
to 300. Unfortunately, by keeping the current situation, there is little room for improvement, as the
effective planting stands for the main task specific to the studied planting operations and it accounts
for the greatest share in the analyzed data. Even if not presented in the results section, the dominant
body postures specific to AC4, that generated the current situation, were 4141 and 4151, respectively
(where the first digit—4 stands for the back bent and twisted or bent forward and sideways, 1—both
arms below the shoulder level, 4 and 5—standing or squatting with both or one knee bent, respectively,
while the last digit stands for force exertion less than 10 kg). These were specific to the Plant task and
they accounted for 1147 and 2949 observations for CP and SP, respectively, representing 30% and 28%
of the analyzed data sets. Therefore, the main problems were related rather to the back (code 4) and
leg (codes 4 and 5) postures, indicating that the back was either bent and twisted or bent forward
and sideways. Accordingly, the legs were found to be with one (code 4) or both (code 5) knees bent
in a standing or squatting posture. These postures of the back and legs are among the most deviant
according to the OWAS method, and they were imposed by the actions and motions needed to place
the cuttings and seedlings into the pits as well as those needed to fill the pits and to compact the soil in
them. Elucidating for these tasks are also the examples given in Figure 1.

Worth mentioning that in the task breakdown, the Rest events were found to present shares
of 5–24 and 4–40% for CP and SP, respectively. While these events were kept into analysis because
they were related to the on-site work, and were intercalated in the typical work sequence, it is highly
questionable if they could be eliminated or reduced in the general operational conditions. If so,
then based on the results and task distribution presented by this study, the postural risk situation
would become even worse, while the productivity will not be significantly enhanced. For instance,
the total operated area (results not presented herein) in CP sites was of 0.55 ha, while in the case of SP
it was of 1.46 ha. Nevertheless, these areas were operated by cohorts containing many more workers
than those taken into study. Taking into consideration that the observation time was of 18 and 49 h,
respectively, the global productivity could be estimated at approximately 0.03 ha per hour for both CP
and SP, which was very low for the observed conditions, and it would become even lower if higher
rest pauses will be taken. This situation indicates the limitations of manual work as being one of the
current problems in forest operations.

Another approach which is seen as a potential ergonomic improvement is that of job rotation in
the sense that work stations or tasks could be more wisely distributed between workers with the aim
to reduce the postural risk. Spinelli et al. [31] have proposed such an approach for wood debarking
jobs as a measure to balance the effect of difficult work postures. Nevertheless, in the case of manual
planting this approach is less useful due to the task sequence and share in the typical work, in which
the effective planting will dominate irrespective of how the tasks will be redistributed among workers.
In addition, the job itself is different compared to assembly lines or jobs in similar industries in which,
anyway, recent work has revealed that job rotation could be less effective [33].

Probably, one of the important factors that could have affected the results from an anthropometric
point of view was the subjects’ body height, which varied between 165 and 185 cm. For comparison,
these two body heights were found in the case of CP for S2× L1 and S5× L3, respectively, cases in which
the Rest events also accounted for low shares (approximately 5 and 8%, respectively). As such, the PRIs

30



Sustainability 2020, 12, 5531

for the Plant tasks were found to be of 348 (165 cm) and 255 (185 cm), respectively, indicating that
lower body heights could be associated with higher postural risks. However, one may just speculate
that part of these outcomes may be the results of the places at which some of the subjects have chosen
to grip the cuttings with their arms when they worked to introduce them into the pits, as the arms
postures coded by 2 (one arm above the shoulder level) and 3 (both arms above the shoulder level)
accounted for less than 200 events in the case of CP.

A comparison with other studies helps in understanding and categorizing these kinds of operations
by considering the postural risk. Studies by Marogel et al. [22] and Cheţa et al. [29] have addressed the
problem in cultivated forests located in the same region for manual cultivation and motor-manual
tree felling and processing operations, respectively. The study by Marogel et al. [22] estimated a
global PRI at 178 based on a cohort containing 14 subjects but, at the subject level, the PRI varied
between 151 and 212. The operations surveyed by them were done manually by hoes, and the share of
observations falling in AC4 was much lower (approximately 5%) compared to that from this study
(30–35%). The study of Cheţa et al. [29], on the other hand, estimated the PRI of motor-manual
tree felling and processing at 275, which was close to other similar forest operations as described
by Calvo [32]. Therefore, it seems that operations that involve more leg movement such as those
described by Marogel et al. [22], Borz et al. [28], as well as those that show a wider and more diverse
succession of tasks [27] present lower postural risks, which are characterized by PRIs of up to 200.
In comparison, wood processing operations were characterized by different classes of PRIs which
range from non-threatening situations such as those specific to wood debarking [31], for which PRIs
were found to be of up to 150, to those requiring postural improvement, such as in the case of firewood
processing [30] and sawmilling [34], for which the PRIs were identified to be up to or even higher
than 200. From this analysis, it seems that manual planting operations surveyed in this study hold
an intermediary position, as they indicated PRIs of 250–259. Nevertheless, this situation requires
immediate intervention for improvement, which is also supported by the statistics developed for
the effective planting tasks (Plant) and by the assumption that, in other cases, the Rest events could
have a lower share in the operations. Additionally, it is worth mentioning that, even if it seems to be
unreasonable to find PRIs higher than 100 for Rest events, as shown by this study, and also found by
other studies [27], this situation is real in operations. In addition, comparison of jobs by considering
the estimates of PRI has its own limitations because is quite difficult to infer the typical postures
of body parts from which the PRIs are obtained. A better task or job comparison would have been
enhanced under the assumption that all the reported studies indicate the shares per action categories,
which would enable the comparison by nonparametric tests. Nevertheless, this approach doesn’t say
much about the type and frequency of body part postures, which makes the analysis basis, and could
be important in the work redesign effort.

Given the situation identified by this study, a good approach for improvement will be that of
completely mechanizing the operations. This approach could be feasible, since some studies have
shown that performance of mechanized planting reaches acceptable limits, and seedling planting
machines could handle plants of different sizes [6]. Nevertheless, for the time being, the complete
mechanization of poplar planting operations could be difficult since, at least for the cutting planting,
special machines need to be developed. However, machines able to handle both soil preparation and
planting using the described planting material and its size need to be developed in a short time given
the limited availability of work force, low productivity, poor postural conditions of manual planting
operations, and the spatial characteristics of such operations (i.e., sites having areas of up to 3 hectares,
widely dispersed in the territory).

In regards to the method used in this study, one could appreciate the fact that even though it
is resource-intensive in data processing and analysis, a fact that has been found by the authors of
this study by their experience with other studies [22,29], it still provides the option of carrying on
the studies by using affordable technology. While there are many other observational methods [15],
the use of OWAS has gained attention, in particular in forest operations [see the reference list], due to
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its ability to evaluate the whole body and the possibility to provide comparable results. However,
the method produces categorical data as outputs, which is difficult to address by the estimation of
some advanced postural variability and diversity metrics that could work well for data measured on
continuous scales [35]. Such approaches may be used to characterize given jobs and to better connect
their postural condition to the development of MSD. They worth exploring further to see the extent to
which they could be used to account for categorical data variability. Last, but not least, there is an
increasing body of studies that bring evidence on less association between biomechanical postures and
the development of MSDs [36]. While the topic is still debated, further exploration is required to see if
the postures adopted during the work are the sole factor causing MSDs. This is important especially
in forest operations where the workers are exposed, in addition to job-related risks, to other harmful
environmental and technology-related factors [14,37].

5. Conclusions

The main conclusion of this study is that the manual poplar planting operations need interventions
to correct the postures assumed during the work. As the results of this study have shown that the
effective planting accounts for the greatest share in the observed operations, the intervention should be
oriented towards finding feasible ways to improve the working postures in this kind of task because it
also returned the most unfavorable situation from a postural point of view. While this study does not
explicitly address the mechanization or training issues, it is likely that by following these two paths,
improvements will be brought in the ergonomics of poplar planting operations.
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Abstract: With the increasing use of forest biomass, concerns about negative impacts have been raised
in the debate. The aim of this study was to find out the attitude of university students towards the
energy use of forest-based biomass and how different areas of sustainable forest operations were
addressed. The survey was conducted over two years (2018–2019) with both full-time students at
university and distance learning students who study alongside their work. Background information
such as gender, nationality and field of study was collected from students. Most of the students
currently considered the energy use of forest biomass to be sustainable. Many replies stressed that
the situation could change if the use of forests is increased from the present circumstances. The main
factors mentioned that led to forest-based bioenergy being sustainable were positive felling balance,
compliance with forest certification, use of waste fractions and implementation of the Renewable
Energy Directive (RED II) directive, while the loss of biodiversity, over-exploitation of forests, C debt
and the cascading principle were factors that led to forest-based bioenergy being unsustainable.
Student background variables had no effect on responses except for the field of study.

Keywords: sustainability; forestry; forest residues; climate change; education

1. Introduction

1.1. Sustainability in Forest Management

This study seeks to find out the opinions of university students on the sustainability of forest-based
energy biomass. They will be future decision makers in the industry, so their views will have an impact
on future choices. With the increasing use of forest biomass, concerns about negative impacts have
been raised in the debate. In order to assess possible negative impacts, we need to understand the
concept of sustainability. Sustainability is defined by the Brundtland report as development that meets
the needs of the present without compromising the ability of future generations to meet their own
needs [1]. The continuous growth of forests needs to be ensured through sufficient investments in
forests. Sustainable forest management addresses a great challenge in matching the increasing demands
of a growing human population while maintaining ecological functions of healthy forest ecosystems [2].
The climate change perspective calls for a change in perspective for forest operations ecology from
the local and regional scales to the global scale [3]. The effective implementation of sustainable forest
management practice depends on carrying out forest operations in a sustainable manner. In fact, the
silvicultural practices of forest operations may also have a strong effect on environmental, economic
and social performances, and hence sustainability. Therefore, the focus of sustainable forest operations
(SFO) should be widened from forest and environmental ecology. A recently renewed concept of SFO
is based on a broader focus and different scales of sustainable development, consisting of economy,
environment, society, ergonomics and quality optimisation. Its purpose is to balance the performance
of forest operations across economic, environmental and social sustainability objectives [4]. It includes
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five performance areas: environment, ergonomics, economics, quality optimisation, people and society,
all of which contain more specific key indicators.

Sustainability indicators include forest area, growth/loss ratio or maximum logging volume,
which can be maintained without compromising future felling opportunities. During the last ten years,
about 0.1% of the forest area, or almost 19,000 hectares per year, has been taken up for other land
use, but on the other hand, growth is clearly higher than drain [5]. Other indicators to be monitored
include forest biodiversity, health and vitality [6]. Today, common storm damage and diseases affecting
forests also alter the condition of forests. The forthcoming EU Biodiversity Strategy of the European
Commission proposes a number of measures to enhance biodiversity. One of the most important means
of biodiversity management of commercial forests is to preserve valuable habitats and to exclude some
trees from felling. The Forest Act defines particularly important habitats, the characteristics of which
must be preserved in forest management [7].

In addition to the sustainability of wood supply, ecological, cultural and social sustainability has
been required for forest use. Natural Resource Institute of Finland (LUKE) has developed an online tool
called Metsämittari, which allows users to view the impact of forest usage scenarios uploaded to the
service in a multidimensional way [8]. In its calculations, LUKE also takes dimensions of sustainability
into account, which give an estimate of the maximum maintained harvest, which gives a somewhat
lower felling estimate than the previous mentioned sustainable harvest level.

1.2. Use of Forest Chips in Finland

In its climate and energy policy, the European Union is committed to the objectives of reducing
greenhouse gas emissions. Bioenergy will play a key role in achieving the targets and its use will
increase significantly in the next few years [9]. Therefore, ensuring the sustainability of forest-based
bioenergy is essential for the acceptability of its use. In 2017, bioenergy was the largest source of
renewable energy in the EU, accounting for 57% of renewable energy [10]. In Finland, bioenergy
accounted for 78% of renewable energy and consisted mainly of wood-based energy [10]. In recent
years, wood fuels have produced over a quarter of total energy consumption in Finland. Indeed,
wood fuels are now the single most important source of energy in Finland since they have been more
important than oil, coal or natural gas since 2012 [11]. The energy wood produced in Finland is
largely based on the by-products of the wood processing industry and forestry. Typically, wood energy
resources are used in highly efficient district heating (DH) systems and combined heat and power
(CHP) plants [12].

Over the last seven years, the use of forest chips in thermal and power plants has varied between
7.2 and 8.0 million cubic metres and has averaged 7.5 million cubic metres per year (approximately
15 TWh) (Figure 1). In recent years, more than half of the forest chips have been chipped from
small sized-trees, i.e., small-diameter energy wood, and are harvested especially in connection with
silvicultural activities on young forests. The next most used are logging residues. The rest consist of
stumps and rotten log wood, whose uses have remained low. The use of forest chips in Finland is
thus based in particular on wood parts that are not suitable for pulpwood or dimensional lumber
in mechanical forest industry. Forest silvicultural activities ensure the supply of marketable wood.
In addition, sensitive and valuable natural sites are typically protected and are not included in felling.
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Figure 1. Forest chips use by raw material (2005–2019) [11].

1.3. The Aim of the Study

The aim of this study is to find out the attitudes of university students towards the energy use
of forest-based biomass and how different areas of sustainable forest operations were addressed.
Students are asked to justify their attitudes. The questionnaire is used to assess the impact of students’
background variables on their opinions. The research is topical because there are many different views
on the sustainability of energy use of forest biomass. The EU has defined a set of sustainability criteria
to ensure the sustainability. Rigorous requirements are set in the Renewable Energy Directive (RED II)
on the minimum level of GHG savings, appropriate land use, as well as monitoring requirements for
any potentially adverse effects. There criteria will cover all biomass use in transport and in large-scale
heat and power to ensure the sustainability. However, especially the carbon neutrality of biomass use
has received a lot of attention in the debate. Depending on their characteristics and local circumstances,
forests can play different roles in the carbon cycle, from net emitters to net sinks of carbon. Wood
energy can be considered carbon-neutral if the source forest is sustainably managed and sequesters
at least the same amount of CO2 released during the production process of energy from the wood.
This sink effect is determined in the LULUCF (Land Use, Land Use Change and Forest) sector [13].
Therefore, changes in carbon sinks must be considered in national and international climate policies
more extensively than before, since the goals of the Paris Agreement cannot be achieved without
strengthening global carbon sinks [14]. Moreover, it is necessary to find out the attitudes of students
from time to time in order to see how attitudes change in relation to previous research.

Similar studies on the sustainability of forest energy have been conducted for Chinese university
students [15] and school students in Finland [16] and some other countries [17]. Chinese students
showed a positive attitude towards renewable energy in general, but slightly less positive towards
forest-based bioenergy. They expected to receive more information and knowledge about renewable
energy and forest-based bioenergy [15]. The school students in Finland appeared to be very critical
toward bioenergy production from forest biomass, particularly with the issues related to its sustainability,
environmental friendliness, and the future role of wood energy in overall bioenergy production.
This study showed statistically significant gender and residential (urban–rural) differences among
the students related to their perceptions of forest-based bioenergy production [16]. The international
study among young students toward bioenergy in Finland, Slovakia, Taiwan, and Turkey found
statistically significant differences in students’ bioenergy knowledge with respect to the countries.
Most knowledgeable students appeared to be very critical of bioenergy and especially of the issues
related to bioenergy production from forests [17]. Various surveys on attitudes towards bioenergy [18],
forest bioenergy [19] or certain fractions [20] have also been conducted in the past or, more specifically, to
implement sustainability criteria for bioenergy [21–23]. An interesting observation in the study, “Young
people’s acceptance of bioenergy and the influence of attitude strength on information provision” was
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that the school lecture weakly contributed to building attitude strength, rendering opinion changes
less likely in the future [17].

2. Materials and Methods

2.1. Implementing the Survey on Moodle

The survey was conducted over two years (2018–2019) for both full-time students at
Lappeenranta-Lahti University of Technology (LUT) University and distance learning students
who study alongside their work. LUT University (Lappeenranta-Lahti University of Technology (LUT))
is a science university in Finland, bringing together the fields of science and business. The questionnaire
was targeted at both full-time and distance learning students in the Bioenergy course, who were
given the opportunity to answer questions electronically at the end of the course. Responses were not
given anonymously, and respondents were aware of this. Full-time students have regular face-to-face
lectures, while distance learners self-study through the digital platform Moodle. Both groups had the
same lecture material available; only the teaching method was different. Distance learning students
also had the opportunity to ask questions of the teacher through a digital platform. The survey was
conducted in a digital learning environment. MoodleTM, “Modular Object-Oriented Dynamic Learning
Environment”, is a free, open-source object-based learning platform, i.e., virtual learning environment
(VLE). Moodle can be used to build courses that allow you to publish material (e.g., in a timed fashion)
and conduct experimental tests. Moodle provides tools for interaction, content production and material
sharing, among other things. The Bioenergy course was conducted in this environment for both
student groups. One of the topics of the course was the sustainability of bioenergy supply and use.
All dimensions of sustainability, such as environmental, social and economical, were included in the
definition of sustainability. In a digital learning environment, each group of students was able to
answer the question option in their own time and justify their answer. Answers were not graded and
there was no length limit to the justification of the answers. The choice question offered three options,
“yes”, “no” and “don’t know”, from which the respondent chose one.

The questions were:

• How do you see the current woody biomass use for energy in Finland? Is it sustainable?
• Can you justify your previous choice of sustainability?

There was no attempt to guide the students in their answers, because there could be reasons to
be either positive, negative or not know opinion. In practice, the course material and the way it was
delivered may affect responses compared to a hypothetical reference group that would not have seen
the teaching material. Therefore, the group of students taking the course are not representative of a
broader population of students that didn’t just learn about sustainability and bioenergy. However,
students were encouraged to think critically and source criticism. The course does not tell whether
the use of forest-based bioenergy is sustainable or not but highlights various methodological choices
which may influence to the outcome. Those are, e.g., definition of reference (no bioenergy) scenario,
time frame of evaluation period, spatial scale, scope (like one product life cycle or system level
assessment) and metric choice. The survey gave an idea of how these different groups view the use of
forest-based bioenergy and how different options were justified.

The number of distance learning students was larger than the number of full-time students each
year, and the number of students increased in 2019 (Table 1). The response rate for full-time students
was 70% and 100% for distance learners who completed the query as part of the course. A total of
273 students participated in the study. For full-time students, answering was voluntary, resulting in a
lower response rate.

38



Sustainability 2020, 12, 5667

Table 1. Student population.

Group 2018 2019 Total

Full-time students 43 59 102
Distance learners 77 94 171

Total 120 153 273

Background information such as gender, nationality and field of study was collected from students
(Figures 2 and 3). Nationality was classified into groups of Finnish and foreigners because the group of
foreigners was divided into so many nationalities. The background information was obtained directly
from the system and did not need to be requested separately. Full-time students could also be graded
according to the progress of their studies, either bachelor’s (BSc) or master’s (MSc). All distance
learning students were master’s students. The group of distance learning students clearly differed
from the group of full-time students. It was more male dominated, the majority were Finns, and the
study fields were more concentrated. The group of distance learning students were working people
who had a bachelor’s degree and were generally older and more experienced than full-time students.
However, age was not collected separately, but there was a difference in age between groups.

 

Figure 2. Background variables for full-time students (2018–2019). Sex: male (M), female (F);
nationality: Finnish (FIN), foreigners (FOR), master’s students (MSc), bachelor’s students (BSc);
studies: energy (ENE), environmental (ENV), chemical (CHE), business (BUS), other (OTH).

 

Figure 3. Background variables for distance learning students (2018–2019). Sex: male (M), female
(F); nationality: Finnish (FIN), foreigners (FOR); studies: energy (ENE), environmental (ENV),
chemical (CHE), business (BUS), other (OTH).
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2.2. Testing the Background Variables

Responses were cross tabulated for background variables. This was to determine whether the
background variable had an effect on the response. In cross tabulation, observations were presented in
number distributions and a hypothetical tabulation with no dependence on background variables was
constructed. The numbers in the hypothetical table are called expected frequencies. In order to make
the frequencies high enough (>5), the answers “no” and “don’t know” were combined, as were the
individual observations in the field of studies, under the group “other”. Testing the difference between
the observed table and the hypothetical table is not reliable if the numbers of the hypothetical table,
i.e., the expected frequencies, are too small as in the groups “don’t know” and “no”. “Don’t know” is
not a same as “no” answer, but they were expected to be more sceptical than those who answered
“yes”. However, the justification for all response options was further analysed. The justification was
categorised under certain keywords which describe the answers in the best possible way, but students
were not encouraged to use any keywords.

The difference between the observed and the hypothetical table was measured by the Chi-square
test variable (X2). The Chi-square test variable is known to follow a roughly Chi-square probability
distribution, whose exact shape depends on the degree of freedom (df). The degrees of freedom are
calculated from the table (number of rows−1) × (number of columns−1). The value of the Chi-square
test variable is higher the more the observed frequencies deviate from the expected frequencies.

3. Results

3.1. Student Response to the Query

Most full-time students considered the use of forest biomass in energy production sustainable
(82%) (Figure 4). There was no significant difference between the years. There was also no significant
difference in the other background variables except for the field of studies (Table 2). Environmental
engineering (ENV) students were more sceptical about sustainability.

 

Figure 4. Full-time students’ views on the sustainability of forest biomass use in energy production in
2018 and 2019.

Table 2. The significance of background variables for full-time students.

df X2-Value p-Value

sex 1 0.001 0.973
nationality 1 0.047 0.829

BSc/MSc 1 0.614 0.433
studies 4 14.268 0.006
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The use of forest biomass in energy production was also considered sustainable by most distance
learning students (87%) (Figure 5). Equally, for them, of all the background variables, only the study
fields influenced attitudes towards sustainability (Table 3). Chemical engineering (CHE) students were
more sceptical about sustainability. Within each group, the majority were energy technology students,
and they found forest biomass use sustainable. Moreover, there was no significant difference in the
attitudes towards sustainability between full-time and distance learning student groups.

 

Figure 5. Distance learning students’ views on the sustainability of forest biomass use in energy
production in 2018 and 2019.

Table 3. The significance of background variables for distance learning students.

df X2-Value p-Value

sex 1 6.182 0.013
nationality 1 0.080 0.777

studies 3 19.94 0.0002

3.2. Students’ Justification

The open answers were categorised into the four most mentioned topic themes, which were given
keywords that best describe the theme. Synonyms can be found for keywords that mean the same
thing. However, no other themes with more mentions were found. In practice, several themes could
appear in a single response. The lengths of the responses also varied considerably. Students were not
given keywords as answer options as they could influence student choices. The four most mentioned
themes described by keywords in the “yes” answers were: felling balance, certification, waste fraction,
directive (REDII). Whereas the four most mentioned themes described by keywords in the “no” answers
were: biodiversity, overcapacity, C debt, cascading. The content of each theme is opened in more detail
in the following chapters. Table 4 summarises the named keywords, which describes both positive
and negative responses to sustainability among students. Keywords are ranked according to how
many answers could be placed under them. However, no detailed analysis of their mutual significance
was made.

Table 4. Summary table of justifications.

Sustainable Not Sustainable

Felling balance Biodiversity
Certification Overcapacity

Waste fraction C debt
Directive (RED II) Cascading
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3.3. Students’ Justification of Choices: Yes, Sustainable

Initially, the fact that forests grow more than they are felled, or forest felling fell below the
sustainable felling level, were the most frequently cited reasons for a sustainable alternative. It was also
mentioned that forests continue to function as a significant carbon sink. Several justifications stressed
that this is the case at present, but the increasing use of wood may make the situation unsustainable.

Second, different policy instruments, such as forest certificates (PEFC, FSC) and laws mean that
woody biomass use in Finland is largely sustainable. Forest laws require, among other things, that forests
must be replanted after felling. Finland also has a long history of wood use and forestry, whereby
knowledge and know-how of the long-term balance of forest management is known. For example,
the Finnish Forest Centre produces forestry guides that have the aim of maintaining biodiversity and
reducing the impact of forestry on the environment.

Third, it was mentioned that the sustainability of forest bioenergy production is always context-
and feedstock-dependent. In Finland, bioenergy is mainly produced from process by-flows, residues
and small diameter stems from forest operations as a result of integrated systems that deliver bioenergy
and other forest products. Forests are not grown for bioenergy but are a by-product of cultivation
and processing.

Fourth, the new Renewable Energy Directive (RED II) has sustainable criteria for all biomass used
for energy use or biofuels [24]. Respondents saw this as a guarantee of sustainability. The Renewable
Energy Directive (RED II) was published in December 2018. The directive contains binding EU-wide
sustainability criteria for biomass used for energy production. The sustainability criteria aim to ensure
that the increasing use of bioenergy in the EU produces significant reductions in greenhouse gas
emissions compared to fossil fuels. In addition, sustainability criteria include requirements for growing
biomass in forests, fields and grasslands. The new RED II Directive will extend the criteria to include
solid energy biomass for electricity and heat production from July 2021. In addition to environmental
and ecological sustainability, social and economic sustainability were also mentioned as measures of
sustainability. Many studies emphasise social sustainability and the employment opportunities offered
by forest biomass for energy use [25–27].

3.4. Students Justification of Choices: No, Not Sustainable

First, loss of biodiversity, flora and fauna was mentioned in several justifications as a factor
negatively affecting the sustainability of forest biomass. Forest management practices favour
monoculture, and the proportion of unmanaged forests is decreasing. The preservation of native
species of wood, the amount of decayed wood, valuable habitats and the structure of forests are linked
to the maintenance of biodiversity.

Second, the increasing use of forests was seen as a threat to sustainability. There are many projects
in Finland that aim at increasing the use of wood in the forest and energy industries. The use of wood
can only be increased to a limited extent and there is a great deal of regional variation in supply and
demand in Finland. Increasing the use of energy in biomass also means extending harvesting to sites
with a lower biomass balance than before, which may imply a deterioration of the nutrient balance.
Increasing the use of wood can also lead to an increase in wood imports, whose sustainability might be
a challenge.

Third, biogenic carbon dioxide emissions were also mentioned, which raises atmospheric CO2

and accelerates the rise in temperatures. The CO2-balance of bioenergy is neutral from a long-term
perspective, but the warming impacts of forest bioenergy needs consideration. C debt is a measure for
the global warming potential (GWP) of biogenic CO2 as it has a longer atmospheric residence time.
This is affected by the type of biome (boreal, temperate, tropic) and type of forest product (residues,
thinning, low- or high-quality stem wood). Logging residues are better in this regard compared to
stumps or stem wood.

Lastly, other responses that questioned sustainability included the cascade principle and poor
biomass efficiency in energy use. The cascade principle means prioritising the use of raw materials
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for resource efficiency. For example, wood is first made into higher-value products that are reused
or recycled and lastly converted into energy. In particular, electricity can be generated from other
renewable sources (solar, wind) and biomass can be used to replace fossil-based chemicals and products.
Renewable electricity can be used in conjunction with Power to X-technologies where atmospheric
CO2 and hydrogen from water are converted into synthetic fuels (methane, methanol, dimethyl ether).
The poor efficiency of biomass use was mentioned in the context of electricity generation in condensing
plants and long biomass supply chains. Potential GHG emission reductions will decrease as transport
distances increase, but this is dependent on the logistics system.

3.5. Students Justification of Choices: Don’t Know

The reason for not being able to respond to either option was the conflicting views of the different
parties. The lack of consensus within the science community regarding the essentiality of carbon
sinks raised questions about forestry and sustainability. Different methodological approaches exist,
and the perspective has shifted from narrow to system-level thinking, which has led to different
conclusions. Biomass supply is characterised by numerous alternative value chains from forest to end
product, which means that the impact of forest biomass on net GHG emission savings is context- and
feedstock-specific, due to the fact that many factors vary across regions and time.

4. Discussion

4.1. Student Responses and Justification

Most of the students considered the current energy use of forest biomass to be sustainable.
Many replies stressed that the situation could change if the use of forests is increased from the
present. Student background variables had no effect on the response to the first question, except for
the field of studies, where environmental technology and chemical engineering students were more
sceptical about the energy use of forest biomass. The effect of background variables on the second
question, the justification, was not assessed. Attitudes about the sustainability of forest-based bioenergy
were more positive than in a study of Chinese students who were more sceptical [15]. Moreover,
the schoolchildren appeared to be very critical of bioenergy and especially of the issues related to
bioenergy production from forests [16,17]. In those studies of schoolchildren, gender and residential
(urban–rural) distribution played a role in attitudes, whereas in this study, gender had no effect.
For university students, gender seems to have less of an impact than for schoolchildren. A university
of technology may have more like-minded students than the general population. These earlier studies
emphasised also the need to increase knowledge among students and it would seem that increasing
knowledge is changing attitudes in a more positive direction based on this survey.

The balance of forest use was highlighted in the responses of positive attitude. LUKE’s calculations
on forest growth and use were considered to be reliable sources [28–30]. In many responses, students
used external sources of information to justify their answer. The justification ranged from single
sentences to multi-paragraph responses. Forest laws, certifications and various recommendations and
guidelines were considered to ensure the sustainability of forest use. The preservation of forests as a
sink is a prerequisite for their sustainability [30]. Part of the forest must be outside economic use.

The current use of forests was considered to reduce biodiversity, when most of the forests are
commercially exploited. This is linked to the current level of forest use, which some respondents felt
was too high and therefore unsustainable. Even though the biomass going into energy would come
from side fractions, it does increase the carbon dioxide in the atmosphere after combustion, causing
global warming potential (GWP). The phenomenon called C-debt was mentioned, which is a measure
of the amount of C released from the soil and plant C stocks following the conversion of an area for
bioenergy production. The cascading principle was pointed as a relevant argument for side fractions
for which alternative end uses can be found instead of energy use, such as in the chemical industry.
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4.2. Emphasis of Student Responses to the SFO Concept

Of the five performance areas of SFO-concept, the environment area was most emphasised in the
student’s responses, being either a positive or negative attitude towards sustainability. The keywords
(cf. Table 4) felling balance, overcapacity, C-debt and biodiversity collected and named from the
students’ responses fall into this environment area. These terms can be seen key responses relative
to the SFO concept indicators. The second most emphasised areas were economics and quality
optimisation, where the keywords certification, waste fraction cascading and directive (RED II) can
be included in this area. The people and society area, which includes a wide range of ecological,
political, economic, social and cultural systems and processes that are necessary for people and society,
was very poorly addressed. It may not have been perceived as important in forestry in industrialised
countries compared to developing countries, where the well-being of local communities should be
prioritised. Moreover, the ergonomics area, which focuses on individual aspects of the work conditions
of forest workers, was not addressed by respondents. On the other hand, this topic was not covered
in the bioenergy course, as it relates in detail to forest harvesting operations. This may also be more
relevant to forestry in developing countries, where the mechanisation of logging is at a lower level and
a shortage of training is more obvious. It seems that the more traditional environmental, economic and
social designations of sustainability, will be better suited to the definition of sustainability discussed in
the course with an emphasising on the first two areas.

4.3. Validity and Reliability of the Study

Validity expresses how well the measurement method used in the study measures the characteristic
of the phenomenon being investigated, which is what it is intended to measure. This study was
conducted in the form of multiple-choice questions and justification for the answers was required.
The concept of sustainability in relation to the research question is not necessarily unambiguous
and involves different interpretations that emerged in the justification of the answers. Measuring
sustainability requires previous research data and related studies and calculations. The need to rely on
previous models and calculations is typical when measuring sustainability concepts.

The answers were not graded, and the query was obligatory for distance learners and voluntary
for full time students. Thus, the grading had no effect on the results, which is important for validity.
As a result, the study provided information on the factors on which the sustainability of forest biomass
was chosen. This was in fact a more important result from the study than the proportions of the
alternatives. This study was valid for this university student group at this time and the results cannot
be generalised more widely. This is because the results of these type of studies are time and place
dependent. Extending the survey to a wider population, for example among university students,
would improve validity.

Reliability refers to how reliably and reproducibly a metric is used to measure a desired
phenomenon. If the reliability of measurement is poor, it also results in poor validity. The opposite
may not be true. Query surveys can have many random errors that need to be eliminated beforehand.
In this survey, the respondents were not anonymous, but the answers could be associated with the
respondent and this was known to the participants. In this study, anonymity would not have added
value to the responses, since it would not have changed the answers. Thus, it has no effect on reliability.
It was stressed to the students that all the options are “equally correct” if the answer is justified.
Now the study was conducted twice in the same way in 2018 and 2019, and there was no significant
difference in the results between the different years. This repetition improves reliability.

One possible factor that influences a respondent’s answers is the time it takes to respond, such as a
quick interview or a written response within a certain time. The students had several weeks to answer
the question and justify their answer, so the time had no effect on the answer, and the students could
study the matter in their own time. Questions must relate to the respondent’s field of experience or
motivation in order for the respondent to be able to answer. In this case, “no opinion” responses will
decrease. The students were also well placed to answer the questions because they had studied the
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subject in the course. This makes the group more homogeneous with respect to the lecture material
on the topic. Some students had more experience-based knowledge because they were working and
engaged in distance learning compared to full-time students at university. No significant difference
was found between these groups in the responses. Possibly applying for the same type of technical
education means that the group of students is more homogeneous regardless of the way the study
takes place. Distance students are, on average, older, so age does not change attitudes. The research
question was related to the situation and circumstances in Finland, so one would assume that students
with a foreign background may have different attitudes towards sustainability, but no difference was
found in the answers to this background variable either. The study of similar course material may have
been the reason for this. The respondent must have the motivation to answer the questions, which was
not a problem in this study. The questionnaire was part of the course, so all the distance learners and
most of the full-time students answered the questionnaire.

4.4. Possible Recommendations and Future Research

If it is to be assumed that some of the respondents are not in a position to form an opinion of the
argument, the response options on the Likert scale could be: ‘totally agree, somewhat agree, somewhat
disagree, disagree, no opinion’. This kind of questioning could have added value for a study where
there is justifiable disagreement. It is assumed that responses to the different categories would have
been more evenly distributed than in the current survey, because there are also answers between yes-no
opinions. The field of study influenced the opinion, but the reason remained open. There are more
female students in environmental and chemical engineering, but based on the crosstabulation, gender
had no effect. Further clarifications could be made as to what factors influenced opinion in these fields
of study. Since this group of students already enrolled in this class it shows a level of interest and
possibly bias on the topic relative to the general population.

Finally, examining sustainability in connection with the use of bioenergy will become more
important in the future as the use of bioenergy increases. The targets set for Finland’s use of bioenergy
are a good example of this, as the additional use of renewable energy in traditional energy production
(heat/electricity) and transport will rely heavily on bioenergy over the next decade.
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Abstract: Traditional coppice management system is one of the most debated topics in the
Mediterranean area, as it is a forest management system that accounts for over 23 million hectares.
Coppicing is considered the oldest form of sustainable forest management. Its past and current
widespread popularity is mainly due to its capacity to positively contribute to the rural economy and
ecosystem services. This research aimed at assessing the effect of coppicing on soil characteristics,
understanding a possible treatment return time, and evaluating the implementation of proper
sustainable forest operations (SFOs) in order to have a better understanding of the disturbance caused
by silvicultural treatment and forest operations with two different harvesting techniques. The results
demonstrated that physical, chemical, and biological soil features were partially disturbed by the
coppicing. Both silvicultural treatment and forest operations influenced soil disturbance. The least
impactful technique was extraction by winch, while forwarding resulted in heavier alterations of soil
characteristics. It took about five years for the soil to recover its original pre-harvest conditions when
the disturbance was caused by the silvicultural treatment alone (non-trafficked areas) and about eight
to nine years when the disturbance was the cumulated effect of silvicultural treatment and logging
activity (trafficked areas).

Keywords: forest operation; skidding-winch; forwarding; soil resilience; Mediterranean area

1. Introduction

The coppice management system is one of the most debated topics in the Mediterranean area,
as it is a forest management system that accounts for over 23 million hectares [1]. Coppicing is
considered the oldest form of sustainable forest management and for this reason it is considered as a
natural forest management system [2]. Its past and current popularity is mainly due to its capacity
to positively contribute to the rural economy and ecosystem services [3]. Even if this management
system presents environmental shortcomings, coppicing represents a valid and flexible management
system that requires low inputs and guarantees maintenance of many aesthetic, environmental, social,
and economic functions [1,4,5].

Recent findings in ecological and forestry research have highlighted that coppice forests contribute
to soil protection and biodiversity conservation [6,7], showing good resilience and significant
adaptability to climate change [1,8].

In the past, Mediterranean oak coppice stands were an important source of timber, firewood, and
charcoal [9], as well as litter and pasture [10]. Today, they are mostly invested in the production of

Sustainability 2020, 12, 4074; doi:10.3390/su12104074 www.mdpi.com/journal/sustainability
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wood biomass for energy use due to their capacity to yield sustained amount of raw material at short
intervals (on average one cutting cycle is every 12–18 years) [2].

These short cutting cycles could negatively affect soil quality and regeneration vigor [11,12].
Special concern is aroused by the risk for soil degradation connected with frequent machine traffic,
which may cause compaction, topsoil removal, and general disturbance [13–16]. Nevertheless, not
all logging techniques have the same impact potential and the specific characteristics of any given
operation depend on site characteristics, silvicultural management, technological level, and product
strategy [17,18]. Furthermore, technological innovations in forest logging and mechanization [19,20]
could positively contribute to the improvement of work conditions, compared with traditional logging
systems [21,22].

Assessing ground disturbance and minimizing possible damage due to silvicultural treatments
and forest operations remain the main focus of sustainable forest management (SFM) [23–25]. In
order to reach this aim, numerous suggestions have come from recent research, namely: to minimize
the area of soil disturbance and compaction by appropriate operation planning [18,26,27]; to make
careful execution of logging operations [28,29]; and to use suitable mechanization [12,30–34]. All this
is in consideration of the fact that adequately managed forest ecosystems are highly resilient in the
long-term [25,35].

Focusing the attention on coppice systems, there is a need to acquire more information about the
impacts due to silvicultural treatment, i.e., actual logging and their interactions. These topics are very
often the subject of heated arguments and detailed scientific results are needed to better understand
the issue and provide best practice suggestions [2]. For these reasons, the concept of sustainability is
frequently overlooked and is not considered as a clear instrument to assess the impact of global change
and development.

SFM is based on continuous improvements of silvicultural practice and logging methods. In
particular, better knowledge is needed on the recovery time of managed forest ecosystems after the
inevitable disturbance cause by forest operations, however well they are managed. This is one of the
key factors for sustainable use and an important issue both for high forests and coppices [1].

Recent studies [4,5,36] on coppicing in the Mediterranean area have highlighted that within a
short time after harvesting (0–3 years), soil and regeneration characteristics show clear signs of recovery.
These findings demonstrated that physical, chemical, and biological soil features were only marginally
affected by the silvicultural treatment applied, but strongly impacted by harvesting operations.

Coppicing maintains a cyclical pattern of extreme changes in ground-level light
penetration [1,37,38], producing heterogeneous mosaics of forest in various stages of succession
that harbor a rich variety of animals and vascular plants [39–43].

Only efficient planning and management of forest operations and accurate knowledge of the
environmental dynamics of the forest will offer high social and environmental benefits and provide
various ecosystem services in the long term [44]. These aspects can be guaranteed only through
SFM in synergy with sustainable forest operations (SFO) [45]. These tools are essential for proper
environmental protection and they are mandatory in order to maintain forests and their multiple
functions [45]. In particular, forest operations and coppice management are interesting but delicate
issues to be analyzed and evaluated in order to achieve real sustainability.

Starting from this background to increase scientific knowledge on the effects of coppicing,
the present experiment was designed with four specific goals:

• to investigate the impact of the silvicultural treatment on soil condition;
• to find out how both silvicultural treatment and forest operations influence soil characteristics;
• to compare the impact of two different harvesting techniques on soil condition;
• to assess the recovery capacity of soil after harvesting in order to project a possible treatment

return time; and evaluating the existence of a proper SFO.
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To this end, soil conditions in a Turkey oak coppice located in central Italy were monitored every
year for five years after harvesting.

2. Materials and Methods

2.1. Study Sites

The study stand was Turkey oak (Quercus cerris L.) forest managed as coppice with standards.
The stand was located in Central Italy, Lazio Region, Tarquinia municipality (42◦34′37.07′′ N,
11◦76′40.00′′ E). The whole forest covered about 100 ha, with homogeneous elevation, slope gradient,
and roughness: 100 m a.s.l., 25% slope gradient and ca 5% of the surface presenting obstacles to
machine traffic, respectively. The accessibility of the forest was therefore fairly good (12 m/ha of main
forest roads) but the road network in the area included few permanent skid trails.

The soil was an Abruptic Luvisol (EpiArenic Cutanic) (WRB, 2014) alluvial, with good depth
(ranging from 0.6 to 0.9 m) non-hydromorph and with a neutral reaction. Soil texture was defined as
Silty-Loam (SL), due to the high silt content (52%), moderate sand content (38%) and low clay content
(10%). Soil field capacity (CC) was 24%, determined using the soil water method [46].

2.2. Silviculture and Harvesting Technique

The study coppice was clear-cut at the age of 35 years, releasing 140 standards per hectare.
Standards belonged to three age classes: 35-years-old (60%), 45-years-old (30%), and 60-years-old or
older (10%). The harvesting operation was completed within approximately 150 days for the about
100 ha studied.

Only one harvesting system was applied, the tree length system (TLS) [47]. One control study
area was selected of about 20 ha of coppice unharvested and not impacted for more than 20 years.
Felling was performed motor-manually by three teams of two operators equipped with Husqvarna
550 XP chainsaws.

About one half of the wood (about 50 ha) was skidded to roadside landing using a forestry fitted
farm tractor equipped with a winch. This was a four-wheel drive LANDINI tractor with a rated power
of 80 kW and a total weight of 4200 kg, including the forestry winch. The tractor stationed on the main
forest road reached the trees with its winch and pulled them to the road. Once it had assembled a full
load, the tractor drove on the forest road all the way to the landing. The average tractor load was 0.9 t.

The remaining half of the wood (about 50 ha) was carried to the roadside landing using a John
Deere 1410D eco III eight-wheeled purpose-built forwarder. This machine had a rated power of 136 kW,
an empty weight of 16,600 kg and payload capacity of 14,000 kg. The forwarder left the forest road
and entered the stand, travelling on the forest floor and picking the delimbed stems with its 7.5 m
hydraulic loader. Once a full load had been assembled, the forwarder drove back to the forest road
and then to the landing. The average single load size was 11.7 t.

Pre-harvest stand characteristics (Table 1) were obtained using standard forest mensuration
techniques on thirty randomly selected circular plots with a 20 m radius, each therefore covering an
area of 1256 m2. These measurements confirmed the substantial uniformity of the three study areas:
control, winch, and forwarder.

The stand data collected on the three-study area before harvesting showed the same average
values with similar growth trends (Table 1). The post-harvest measurements of soil characteristics
were taken every year for five years.
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Table 1. Pre-harvest stand characteristics for winching area (W), forwarding area (F), and control (C).

Area

Shoots Standards Shoots Standards Shoots Standards
Density *
(Trees/ha)

Basal
Area

(m2/ha)

Above-
Ground
Biomass

Stock

Above-
Ground
Biomass

Harvested

Age
(Years)

DBH *
(cm)

Height *
(m)

(m3/ha) (m3/ha)

W 36 52 14.6 ± 2.1 26.0 ± 1.4 10.5 ± 3.2 13.8 ± 1.2 1168 ± 75 24.1 132.9 109.5

F 34 54 14.1 ± 5.2 28.1 ± 4.1 10.9 ± 1.2 14.2 ± 2.3 1178 ± 47 24.6 136.4 112.8

C 20 45 12.8 ± 1.5 22.3 ± 7.2 10.1 ± 2.7 13.1 ± 5.2 1188 ± 66 23.7 121.9 -

* (average ± SD); W =Winch; F = Forwarder; C = Control.

2.3. Analytical Methods

Soil analyses were conducted on 30 randomly selected sample plots (SP) on each study area
(W, F, and C). Each SP consisted of a circular area of 113 m2. The analyses were done in order to assess
the presence/absence of soil impacts due to the silvicultural treatment and to the forest operations
and followed the research protocols proposed by Picchio et al. [21,31,48] and Venanzi et al. [2]. In
particular, for the SPs in the harvested areas (W and F), two different strata were selected based on
a visual assessment of impact (e.g., the presence or absence of bent understory, crushed litter, ruts,
or soil mixing) to represent trafficked and untrafficked soil conditions, respectively. In the case of
the winch treatment, these signs derived from the sliding of the tree bunches on the forest floor, as
they were pulled to the road by the winch. In the case of the forwarders, these signs were derived
from the passage of the wheels. On each stratum, the soil was analyzed for texture, bulk density
(BD), penetration resistance (PR), shear resistance (or strength) (SR), organic matter content (OM), pH,
and QBS-ar (soil biological quality index referred to micro arthropod community). For particle size
distribution, three soil samples in each SP were randomly collected from the top 30 cm of soil [4].

Rock fragments (particles with >2 mm diameter) were removed from the air-dried samples by
sieving. Silt, clay, and sand were determined using the Andreasen pipette method [48]. These fractions
were used to find the soil classes using the textural USDA triangle [49].

BD, PR, and SR were determined through the methods proposed by Marchi et al. [4] and expressed
in Mg m-3, MPa, and t m-2, respectively. The pH value was measured using potentiometric analysis
in soil/saline solution suspensions (soil-KCl 1 mol) in a 1:2.5 proportion. OM measurement was
performed by incineration in a mitten at 400 ◦C for 4 h following the thorough elimination of water
and pre-treatment at 160 ◦C for 6 h.

As described in Marchi et al. [4] and Spinelli et al. [50], linear transect were laid down according
to a systematic pattern. Each transect was rectangular in shape (1 m x 50 m) and was established using
a compass and tape measure. These linear transect were used to assess the relative proportions of the
two strata (i.e., trafficked and untrafficked).

The QBS-ar index was used as a biological indicator for the soil analysis, being extremely sensitive
to environmental variations caused by disturbance. This index is mainly qualitative and evaluates
the presence and complexity of the soil microarthropod community. The methodology applied was
reported in Venanzi et al. [5] and Marchi et al. [4].

2.4. Statistical Analyses

Statistical analyses were carried out with StatisticaTM version 7.1 (TIBCO Software Inc.). Data
distribution was plotted and checked for normality and homogeneity of variance using the Lilliefors
and Levene tests, respectively. To check differences between treatments t-test and ANOVA, were
applied, followed by Tukey’s post-hoc test when necessary. The elected significance level was α < 0.05.
Data that violated the normality and/or the homoscedasticity assumptions were analyzed using the
nonparametric Kruskal–Wallis test. Non-linear regression analysis was done for all the soil variables
in relation to the time (in years) post-harvesting. This analysis was applied to assess the possible
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existence of a recovery trend for the main soil characteristics. The polynomial approach was applied
because these natural dynamics can be better described by a non-linear function [51]. Non-metric
multidimensional scaling (NMDS) was used to show the differences in the average soil parameters for
the different treatments over the five observed periods.

3. Results

3.1. Analysis of the Impacted Surface

The proportion of the total surface affected by machine traffic was significantly different for the
two harvesting systems (Table 2).

Table 2. Soil area impacted by bunching and extraction activities (t-test results; average ± SD). W:
winching; F: forwarding.

Area p-Value Trafficked Soil Untrafficked Soil

W
<0.05

21.2 ± 4.1% a 78.8%

F 31.7 ± 2.9% b 68.3%

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

3.2. Physical and Chemical Analyses of Soil

Soil data was collected every year for five years, always in the same month, in particular during
the last fortnight of September, in order to operate always under the same weather conditions. These
analyses showed no statistically significant differences regarding soil moisture in the harvested forests
between sampling periods (average moisture ± standard deviation: 34 ± 2%; 32 ± 5%; 35 ± 7%; 32 ± 6%;
36 ± 4% for 1, 2, 3, 4, and 5 years after coppicing, respectively). In the control areas, soil moisture
showed the same trend, but with slightly higher values (difference range of about +6% to +9%).

3.2.1. Soil Bulk Density

The soil bulk density (BD) data showed statistically significant differences between the two strata
(trafficked and untrafficked), the two harvesting techniques and the five periods (in Table 3 were
reported only the values of two periods, i.e., 1 and 5 years after coppicing). In particular, BD was
higher in the trafficked areas than the untrafficked ones, in the first four periods, and within these areas
BD was higher for the F than for the W treatment. Data collected in the fifth year showed a recovery of
soil BD for all treatments.

A clear BD recovery was shown for the trafficked soil typologies (Figure 1) that started three
years after harvesting, while for the untrafficked soil typology it started two years after coppicing. BD
was affected by the uncovering effect due to coppicing and during the first two years after coppicing
it was higher in the harvested but untrafficked areas than in the control ones (Table 3 and Figure 1).
The regression models built (Table 4 and Figure 1) are all statistically significant but with a relatively
weak explanatory value (r2

adj ∼ 0.4) for the control and the untrafficked treatments, and somewhat
stronger (r2

adj ∼ 0.6) for the two trafficked treatments. During the fourth and fifth year post-harvesting
the untrafficked treatment and the trafficked winch treatment showed a complete recovery of soil BD
(Figure 1). Conversely, soil BD trafficked by the forwarder did not show a complete recovery five years
after harvesting (Figure 1), but the improving trend indicated that full recovery could be achieved in
the sixth or seventh year.
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Table 3. Results of the ANOVA and Tukey test for Bulk Density (average ± SD), difference tested
between trafficked, untrafficked, and control soil for the two mechanization levels (data showed in
columns). Results of the t-test for BD, difference tested between two time periods (data showed in
rows). W: winching; F: forwarding; C: control.

Area Soil Condition
Bulk Density (g/cm3) p-Value

1 Year 5 Years

W
Untrafficked 1.07 ± 0.07 a 0.97 ± 0.14 a <0.05

Trafficked 1.15 ± 0.12 b 0.95 ± 0.11 a <0.05

F
Untrafficked 0.89 ± 0.15 c 0.79 ± 0.09 b <0.05

Trafficked 1.19 ± 0.29 d 0.98 ± 0.03 a <0.05

C Control 1.00 ± 0.17 a,c 1.00 ± 0.17 a >0.05

p-value <0.05 <0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

 

Figure 1. Graphical interpretation of the non-linear regression analysis for BD in relation to the time
(in years) post-harvesting. The polynomial curves are showed with an area describing the ± regression
standard estimate error. C/Untrafficked r2

adj = 0.438, F (3,176) = 39.685, p < 0.001. W/Trafficked r2
adj =

0.615, F (3,176) = 40.408, p < 0.001. F/Trafficked r2
adj = 0.623, F (3,176) = 41.686, p < 0.001. W: winching;

F: forwarding; C: control.

3.2.2. Soil Penetration Resistance

The results for soil penetration resistance (PR) matched those for BD and showed statistically
significant differences between the two mechanization levels, traffic strata (trafficked and untrafficked),
and five years (in Table 5 were reported only the values of years 1 and 5). In particular, PR was clearly
higher in the trafficked areas than in the untrafficked ones in the first four periods and within those
groups higher PR was recorded in F than in W. Analysis of the last period (five years after logging)
showed a recovery of soil PR for the W area, while for the F area there were again higher values in the
trafficked areas.
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Table 4. Results of the non-linear regression analysis for bulk density (BD) (dependent variable, g cm3)
in relation to the time (in years) post-harvesting. W: winching; F: forwarding; C: control.

Area/Soil
Condition

Regression Beta Beta Std. Err. B B Std. Err. t p-Level

C/Untrafficked

Intercept − − 0.976 0.012 83.162 <0.001
Years 4.395 0.488 0.219 0.024 9.007 <0.001
Years2 −9.756 1.265 −0.095 0.012 −7.714 <0.001
Years3 5.320 0.838 0.010 0.002 6.347 <0.001

W/Trafficked

Intercept − − 0.970 0.022 44.779 <0.001
Years 5.251 0.573 0.411 0.045 9.164 <0.001
Years2 −11.895 1.485 −0.182 0.023 −8.010 <0.001
Years3 6.586 0.984 0.020 0.003 6.691 <0.001

F/Trafficked

Intercept − − 0.994 0.025 39.096 <0.001
Years 4.955 0.567 0.460 0.053 8.735 <0.001
Years2 −10.193 1.471 −0.185 0.027 −6.932 <0.001
Years3 5.213 0.975 0.019 0.004 5.349 <0.001

Table 5. Results of the ANOVA (average ± SD) and Tukey test for penetration resistance (PR) data.
Difference tested between trafficked, untrafficked, and control soil for the two mechanization levels
(data showed in columns). Results of the t-test for PR, difference tested among two time periods
(data showed in rows). W: winching; F: forwarding; C: control.

Area Soil Condition
Penetration Resistance (MPa) p-Value
1 Year 5 Years

W
Untrafficked 0.59 ± 0.07 a 0.45 ± 0.05 a <0.05

Trafficked 1.01 ± 0.12 b 0.44 ± 0.10 a <0.05

F
Untrafficked 0.64 ± 0.03 a,c 0.46 ± 0.08 a <0.05

Trafficked 1.18 ± 0.07 d 0.59 ± 0.02 b <0.05

C Control 0.49 ± 0.09 a 0.49 ± 0.09 a >0.05

p-value <0.05 <0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

A clear PR recovery trend was visible for the untrafficked and trafficked soil typologies (Figure 2),
starting two years after logging. PR was affected by the uncovering effect due to coppicing during the
first two years after harvesting and was higher in the harvested but untrafficked area than in the control
ones (Table 5 and Figure 2). The regression models built (Table 6 and Figure 2) are all statistically
significant with a reasonably good explanatory value (r2

adj ∼ 0.5) for the C and untrafficked treatments,
a better explanatory value (r2

adj ∼ 0.6) for the W/trafficked typology, and a high explanatory value
(r2

adj ∼ 0.7) for F/trafficked typology. During the third year post-harvest, untrafficked soil showed a
complete recovery of soil PR (Figure 2). The same occurred for the soil trafficked in the winch treatment,
but only one year later. Finally, the PR of soil trafficked by the forwarder showed a complete recovery
five years after harvesting (Figure 2).

3.2.3. Soil Shear Resistance

The soil shear resistance (SR) data showed statistically significant differences between the two
mechanization levels, soil strata (trafficked and untrafficked), and five periods (in Table 7 were reported
only the values of two periods, 1 and 5 years after coppicing). In particular, SR was clearly higher in
the trafficked treatments than in the untrafficked ones in all the five periods observed, with higher
impacts in the F treatment than in the W treatment. Data from the last period (5 years after logging)
showed full recovery of soil SR for the W treatment, but not for the F treatment in the trafficked areas.
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Figure 2. Graphical interpretation of the non-linear regression analysis for PR in relation to the time
(in years) post-harvesting. The polynomial curves showed with a halo composed by ± regression
standard estimate error. C/Untrafficked r2

adj = 0.502, F(3,176) = 30.917, p < 0.001. W/Trafficked r2
adj =

0.589, F(3,176) = 43.425, p < 0.001. F/Trafficked r2
adj = 0.695, F(3,176) = 68.571, p < 0.001. W: winching;

F: forwarding; C: control.

Table 6. Results of the non-linear regression analysis for penetration resistance (PR) (dependent
variable, MPa) in relation to the time (in years) post-harvesting. W: winching; F: forwarding; C: control.

Area/Soil
Condition

Regression Beta Beta Std. Err. B B Std. Err. T p-Level

C/Untrafficked

Intercept − − 0.486 0.018 26.880 <0.001
Years 2.978 0.596 0.176 0.035 5.001 <0.001
Years2 −6.731 1.542 −0.076 0.018 −4.366 <0.001
Years3 3.335 1.021 0.008 0.002 3.266 <0.01

W/Trafficked

Intercept − − 0.504 0.043 11.610 <0.001
Years 4.433 0.542 0.690 0.084 8.187 <0.001
Years2 −9.599 1.402 −0.287 0.042 −6.849 <0.001
Years3 4.961 0.928 0.029 0.006 5.344 <0.001

F/Trafficked

Intercept − − 0.487 0.057 8.628 <0.001
Years 4.827 0.466 1.136 0.110 10.354 <0.001
Years2 −9.864 1.207 −0.446 0.055 −8.173 <0.001
Years3 4.886 0.799 0.044 0.007 6.112 <0.001

Table 7. Results of the ANOVA (average ± SD) and Tukey test for shear resistance (SR) data. Difference
tested between trafficked, untrafficked, and control soil for the two mechanization levels (data showed
in columns). Results of the t-test for SR, difference tested among two time periods (data showed in
rows). W: winching; F: forwarding; C: control.

Area Soil Condition
Shear Resistance (t/m2) p-Value

1 Year 5 Years

W
Untrafficked 4.53 ± 0.38 a 5.16 ± 1.36 a <0.05

Trafficked 11.42 ± 1.20 b 6.91 ± 2.57 b <0.05

F
Untrafficked 4.29 ± 0.91 c 4.51 ± 2.94 a,c <0.05

Trafficked 12.67 ± 2.57 d 11.00 ± 3.76 d <0.05

C Control 7.04 ± 2.68 e 7.04 ± 2.68 b >0.05

p-value <0.05 <0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

A clear SR recovery trend was visible for the trafficked strata (Figure 3), starting two years after
logging. SR was not affected by the uncovering effect due to coppicing and was higher in the control
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area than in the harvested ones (Table 7 and Figure 3). The estimated regression models (Table 8
and Figure 3) are statistically significant only for trafficked soils, with a medium explanatory value
(r2

adj ∼ 0.5) for the W/Trafficked treatment and a low one (r2
adj ∼ 0.4) for the F/Trafficked treatment.

During the fourth year post-harvesting the soil trafficked by winching showed a complete recovery of
SR (Figure 3). On the contrary, the SR of the soil trafficked by forwarding did not show a complete
recovery five years after harvesting (Figure 3). However, the trends indicated that full recovery should
be achieved between the eighth and ninth year.

 

Figure 3. Graphical interpretation of the non-linear regression analysis for SR in relation to the time
(in years) post-harvesting. The polynomial curves showed with a halo composed by ± regression
standard estimate error. W/Trafficked r2

adj = 0.508, F(3,176) = 31.638, p < 0.001. F/Trafficked r2
adj =

0.437, F(3,176) = 23.995, p < 0.001. W: winching; F: forwarding.

Table 8. Results of the non-linear regression analysis for shear resistance (SR) (dependent variable,
t/m2) in relation to the time (in years) post-harvesting. W: winching; F: forwarding; C: control.

Area/Soil
Condition

Regression Beta Beta Std. Err. B B Std. Err. t p-Level

C/Untrafficked

Intercept − − 8.305 1.094 6.180 <0.001
Years 1.195 0.845 3.005 2.126 1.414 >0.05
Years2 −2.445 2.189 −1.180 1.056 −1.117 >0.05
Years3 1.296 1.450 0.124 0.139 0.894 >0.05

W/Trafficked

Intercept − − 8.305 0.811 9.239 <0.001
Years 4.425 0.592 11.779 1.576 7.474 <0.001
Years2 −9.655 1.533 −4.934 0.783 −6.300 <0.001
Years3 5.102 1.015 0.517 0.103 5.027 <0.001

F/Trafficked

Intercept − − 8.305 0.660 12.588 <0.001
Years 4.497 0.634 9.096 1.282 7.098 <0.001
Years2 −9.016 1.640 −3.501 0.637 −5.498 <0.001
Years3 4.684 1.086 0.361 0.084 4.313 <0.001

3.2.4. Soil Organic Matter Content

The soil organic matter content (OM) showed statistically significant differences between the two
mechanization levels, soil strata (trafficked and untrafficked) and five periods (data partially shown in
Table 9 for one and five years after coppicing). OM content was clearly lower in the trafficked stratum
than in the untrafficked one in the five observed periods, with higher impact in the F treatment than in
the W treatment. The data indicates that even five years after logging, OM content was not back to the
original values in the trafficked stratum of both the W and the F treatments, while it was achieved in
the untrafficked strata.
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Table 9. Results of the ANOVA and Tukey test for organic matter content (OM) (average ± SD).
Difference tested between trafficked, untrafficked, and control soil for the two mechanization levels
(data showed in columns). Results of the t-test for OM, difference tested among two time periods
(data showed in rows). W: winching; F: forwarding; C: control.

Area Soil Condition
Organic Matter (%) p-Value

1 Year 5 Years

W
Untrafficked 15.6 ± 0.019 a 18.4 ± 0.001 a <0.05

Trafficked 12.4 ± 0.054 b 13.9 ± 0.005 b <0.05

F
Untrafficked 9.5 ± 0.004 c 16.7 ± 0.002 c <0.05

Trafficked 7.7 ± 0.002 d 13.3 ± 0.004 b <0.05

C Control 14.2 ± 0.029 e 14.2 ± 0.029 a,c >0.05

p-value <0.05 <0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

However, the trends are for a slow but clear recovery, which became visible two years after
harvesting in the winch/trafficked treatment, and one year later in the forwarder/trafficked treatment
(Figure 4). OM content was affected by the uncovering effect due to coppicing (i.e., mineralization due
to the access of light) in the four years after harvesting and it was lower in the harvested but untrafficked
areas than in the control ones (Table 9 and Figure 4). The regression models built (Table 10 and Figure 4)
are all statistically significant with a medium to high explanatory value (r2

adj ∼ 0.5 for C/Untrafficked,
and r2

adj ∼ 0.7) for W/Trafficked and F/Trafficked). During the fourth year post-harvesting untrafficked
soil showed a complete recovery of soil OM content (Figure 4), while the OM content of soil trafficked
by winching and forwarding was not back to the original values even five years after harvest: trends
indicated that full recovery could be expected between the seventh and the eighth year.

Figure 4. Graphical interpretation of the non-linear regression analysis for OM in relation to the time
(in years) post-harvesting. The polynomial curves showed with a halo composed by ± regression
standard estimate error. C/Untrafficked r2

adj = 0.538, F(3,176) = 35.558, p < 0.001. W/Trafficked r2
adj =

0.695, F(3,176) = 68.479, p < 0.001. F/Trafficked r2
adj = 0.719, F(3,176) = 76.958, p < 0.001. W: winching;

F: forwarding; C: control.
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Table 10. Results of the non-linear regression analysis for Organic Matter content (dependent variable,
%) in relation to the time (in years) post-harvesting. W: winching; F: forwarding; C: control.

Area/Soil
Condition

Regression Beta Beta Std. Err. B B Std. Err. t p-Level

C/Untrafficked

Intercept − v 0.179 0.005 36.612 <0.001
Years −3.628 0.574 −0.060 0.010 −6.324 <0.001
Years2 5.915 1.485 0.019 0.005 3.983 <0.001
Years3 −2.238 0.983 −0.001 0.001 −2.276 <0.05

W/Trafficked

Intercept − − 0.178 0.006 28.953 <0.001
Years −4.840 0.466 −0.124 0.012 −10.377 <0.001
Years2 8.495 1.208 0.042 0.006 7.036 <0.001
Years3 −3.881 0.800 −0.004 0.001 −4.853 <0.001

F/Trafficked

Intercept − − 0.164 0.007 22.798 <0.001
Years −2.912 0.447 −0.091 0.014 −6.510 <0.001
Years2 2.660 1.158 0.016 0.007 2.297 <0.05
Years3 0.223 0.767 0.001 0.001 0.291 >0.05

3.2.5. Soil pH

Soil pH is an important soil characteristic, because its variations affect a number of pedological
parameters and processes [52] (Picchio et al., 2019). In this study (Table 11, Table 12 and Figure 5), soil
pH did not seem affected by either silvicultural treatment or logging technique.

Table 11. Results of the ANOVA and Tukey test for pH (average ± SD). Difference tested between
trafficked, untrafficked, and control soil for the two mechanization levels (data showed in columns).
Results of the t-test for pH, difference tested between two time periods (data showed in rows). W:
winching; F: forwarding; C: control.

Area Soil Condition
pH p-Value

1 Year 5 Years

W
Untrafficked 6.8 ± 0.02 a 6.7 ± 0.05 >0.05

Trafficked 6.7 ± 0.12 a,b 6.8 ± 0.105 >0.05

F
Untrafficked 6.5 ± 0.45 b 6.8 ± 0.05 >0.05

Trafficked 7.0 ± 0.26 a 6.8 ± 0.01 >0.05

C Control 6.7 ± 0.43 a,b 6.7 ± 0.43 >0.05

p-value <0.05 >0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

Table 12. Results of the factorial ANOVA for pH. Difference tested between trafficked and untrafficked
soil for the two mechanization levels in the five periods observed. W: winching; F: forwarding.

Variables
Sum of
Square

Degree of
Freedom

Mean of
Square

F p-Value

Year 4.73 5 0.95 37.8 <0.001

Untrafficked/W and F:
Trafficked soil 0.4 2 0.2 8 <0.001

Year X Untrafficked/Wand
F: Trafficked soil 5.25 10 0.52 20.9 <0.001

Error 6.31 252 0.03
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Figure 5. Graphical interpretation of the factorial ANOVA for pH (point: average value; bar: ±standard
deviation). Difference tested between trafficked and untrafficked soil for the two mechanization levels
in the five periods observed. W: winching; F: forwarding; C: control.

3.3. Soil Biodiversity Aalysis

The QBS-ar index (QBS-ar) showed statistically significant differences between the two
mechanization levels, soil strata (trafficked and untrafficked), and five periods (data partially shown in
Table 13, for the first and fifth year after coppicing). QBS-ar content was clearly lower in the trafficked
areas than in the untrafficked ones in all the five observed periods, with the highest impact one year
after coppicing. The effect was stronger for the F treatment than for the W treatment, but this trend
reversed in the fifth year when the residual impact was stronger for the W treatment compared with
the F treatment. Complete recovery was not achieved within five years for any of the two treatments,
neither in the trafficked nor the untrafficked strata.

Table 13. Results of the Kruskall–Wallis and Duncan test for QBS-ar index. Difference tested between
trafficked, untrafficked, and control soil for the two mechanization levels (data showed in columns).
Results of the Kolmogorov–Smirnov test for QBS-ar. Difference tested among two time periods
(data showed in rows). W: winching; F: forwarding; C: control.

Area Soil Condition
QBS-ar p-Value

1 Year 5 Years

W
Untrafficked 201 a 197 a >0.05

Trafficked 106 b 110 b >0.05

F
Untrafficked 136 c 181 a,c <0.05

Trafficked 81 d 173 c <0.05

C Control 254 e 254 d >0.05

p-value <0.05 <0.05

Note: Different letters after means within each treatment indicate significant differences by Tukey test (p < 0.05).

However, trend analysis showed that QBS-ar recovery started already in the second year after
harvest for all treatments (Figure 6). The QBS-ar index was affected by the uncovering effect due to
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coppicing and during the five years after harvesting it was lower in the harvested areas than in the
control ones, even in the absence of visible disturbance (Table 13 and Figure 6). The regression models
(Table 14 and Figure 6) are all statistically significant and have a very high explanatory value (r2adj ∼
0.9). During the 5 years post-harvesting neither the untrafficked nor the trafficked strata showed a
complete recovery of the QBS-ar index (Figure 6). However, the trends indicate that full recovery could
be achieved between the sixth and the seventh year for untrafficked areas and between the eighth
(forwarding) and the ninth year (winching) for trafficked areas.

 

Figure 6. Graphical interpretation of the non-linear regression analysis for QBS-ar index percentage of
impact (referred to the untrafficked soil) in relation to the time (in years) post-harvesting. The polynomial
curves showed with a halo composed by ± regression standard estimate error. C/Untrafficked r2

adj =

0.882, F(3,176) = 225.15, p < 0.001. W/Trafficked r2
adj = 0.947, F(3,176) = 533.85, p < 0.001. W: winching;

F: forwarding.

Table 14. Results of the non-linear regression analysis for QBS-ar index (dependent variable, expressed as
the percentage of impact referred to the untrafficked soil) in relation to the time (in years) post-harvesting.
W: winching; F: forwarding.

Area/Soil
Condition

Regression Beta Beta Std. Err. B B Std. Err. T p-Level

W/Trafficked

Intercept 4.451 0.386 0.434 0.038 11.534 <0.001
Years −6.465 0.946 −0.149 0.022 −6.836 <0.001
Years2 2.816 0.596 0.014 0.003 4.725 <0.001
Years3 4.451 0.386 0.434 0.038 11.534 <0.001

F/Trafficked

Intercept 5.842 0.259 0.670 0.030 22.530 <0.001
Years −9.423 0.635 −0.256 0.017 −14.829 <0.001
Years2 4.304 0.401 0.026 0.002 10.747 <0.001
Years3 5.842 0.259 0.670 0.030 22.530 <0.001

4. Discussion

First of all, it is important to state upfront the possible limitations of this study so that any
conclusions are interpreted with due caution, especially when it comes to generalization. Even if the
analyses were done with statistical normalization and standardized methodologies, some residual
limitations are still present. The main possible limitation is the reference to one specific stand and
machine system. This is a common limitation of most studies of this type and while the stand was
representative of a wider typology, it is clear that different results could have been obtained on
different stands or on the same stand type growing on a different soil substrate. The same goes with
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machine selection, since both winching and forwarding can be applied with a wide range of different
machines with different competence and with different levels of attention to minimizing undesirable
environmental effects. Nevertheless, this study offers an interesting example of how different extraction
techniques can impact the physical and biological characteristics of forest soils, and it is still suitable as
an approximate general reference until more data will be available for other forest and machine types.

Comparison with previous studies supports cautions generalization. The proportion of the
trafficked surface is only slightly higher than reported by Marchi et al. [4] and very close to that
reported by Venanzi et al. [5], Picchio et al. [53], and Jourgholami et al. [54]. In fact, the highest value
reported in the study for forwarding—31%—matches almost perfectly the 33% benchmark offered by
Spinelli et al. [55] for the harvesting of coppice stands with traditional ground-based technology in
Central Italy. In that regard, one must be aware that the proportion of total surface disturbed by forest
operations is widely variable and is strongly dependent on the type of intervention, with the lightest
harvesting operations—such as the selective removal of individual trees—impacting as little as 5% of
the total surface [56] and the heaviest ones—the salvage of large windthrown areas—affecting over
50% of the total surface [57], and that independently of the harvesting technique. As a matter of fact,
this study also highlights the role of silviculture, indicating that significant soil impacts occur even in
the absence of machine traffic, by merely removing the forest canopy, which can be easily construed as
the most traumatic event for the forest ecosystem.

Corroboration for the results of this study is also offered by previous studies of soil compaction
consequent to harvesting. The 14% to 19% soil bulk density increase recorded here matches quite well
the 12% increase recorded in Mediterranean pine forests by Kleibl et al. [58]. This value is twice as
large as recorded by Magagnotti et al. [59] for dedicated forest skidders (increase in soil BD ca. 6%),
but one must account for the different technology and for the very good floatation capacity of the
dedicated forest equipment used in the quoted study. In any case, the post-impact soil BD values
recorded in these studies and those obtained from the current experiment are almost the same, and
range between 1.1 and 1.3 g cm−3. This is very important because several studies indicate that root
growth is impaired only when soil BD reaches higher values than here, and in the range of 1.7 to
1.8 g cm−3 [60,61]. Therefore, it is unlikely that the level of compaction recorded in this study may stunt
stand growth, which is also confirmed by the fact that the soil started recovering relatively quickly,
and in most cases the original soil properties were fully restored within five years. Incidentally, this
result is even better than reported by Kleibl et al. [58] for Mediterranean pine stands also located in
Central Italy, where full recovery was not achieved within the sixth year.

The study also showed that winching caused lighter soil disturbance compared with forwarding,
and generally allowed for faster recovery, except in the case of QBS-ar. However, this is a contentious
subject because the studies that have compared the soil impacts caused by tree-length and cut-to-length
harvesting offer contrasting results: some support the findings of this research and indicate that TL
causes lighter impacts [2], while others support the exact contrary [62,63]. The issue is likely one of
machine selection and operational planning. In particular, one may argue that the forwarder used in
this study may have been too big for the work at hand, and that the higher level of disturbance it caused
could have been avoided if one had selected a lighter machine, like one of the many mini-forwarder
available on the market and used in Italy, too [64]. In any case, the problem is that winching is a
labor-intensive work technique with a much lower technical and financial performance compared with
forwarding [65]. What is more, winching is a very tiresome job and none of the solution adopted to
relieve operator’s fatigue has been fully successful [66,67]. As a matter of fact, this work technique
has almost disappeared from the coppice operations conducted in more industrialized countries
like France [31,68]. Italian loggers are now looking with increasing interest to modern forwarder
technology [69]. Finally, a decisive step towards mechanization is the best way to reduce fatalities in
forest operations, which should be a strategic objective and a strong ethical obligation [70].

In decreasing order of disturbance, soil SR, QBS-ar index, OM content, and BD were influenced
by coppicing.
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Full recovery was observed between the fourth and fifth year for OM content and BD. Instead, soil
PR and pH were not influenced at all by coppicing. This was shown by the comparison of untrafficked
soil surfaces in the coppiced areas with the control areas (left unmanaged for the last two decades).
These findings are marginally similar to what was found by Venanzi et al. [2–5] and Marchi et al. [4]).
These soil parameters could be affected by weather events, but due to the quick canopy regeneration in
coppice management these impacts were limited to a period of few years after harvesting (3–5 years).

As found also by many authors [2,4,5,28,29,32,48,71,72], in the short-term, the soil disturbance
caused by forest operations showed significant differences between trafficked and untrafficked soil
samples. In this case the highest impact being found for forwarding rather than winching, especially
in the first year after harvest. However, a recovery trend clear emerged within the second or third year,
depending on specific soil property and treatment.

Five years after logging, the two harvesting techniques showed different recovery trends. For the
areas extracted by winching, BD and PR showed a complete recovery, while SR, OM, and QBS-ar index
showed an important but incomplete recovery with percentages of residual impact varying between
24% and 44%. Conversely, in the areas extracted by forwarding, BD, PR, SR, OM, and QBS-ar index
showed an important but incomplete recovery with residual impact varying between 4% and 144%.
Consequently, as also suggested by Venanzi et al. [2], there is a need to discuss a possible limit on
forest soil surface directly affected by the moving of machinery and logs, even if recovery could be
considered relatively fast. The better results shown by winching was related to the limited movements
of the tractor directly on the forest floor, since the tractor stationed on the road.

Differently from what was found by Venanzi et al. [2], soil organic matter content was not clearly
influenced by coppicing and complete recovery was possible four years after logging. In general,
the chemical and physical parameters observed were similar to those found in other studies [2,4,5]
but in this forest typology the recovery of the soil disturbance specifically caused by coppicing
(canopy removal) was recovered 3–4 years after harvesting.

As found also by Venanzi et al. [2], logging activities showed significant modification of OM
content for both harvesting techniques. Recovery started 2–3 years after logging and it was expected to
be complete after 7–8 years. The negative variation in OM content during the first years after coppicing
may be linked to canopy removal, which means a lack of leaves contributing to litter formation and an
increase in the respiratory activity of soil microorganisms. Quick recovery shown was linked to fast
canopy regeneration and to the release of the twigs on the ground, both typical of coppice management.

Soil pH did not show any clear statistical relation with treatments or time. As found in
other studies [2,4,5,12,71], soil pH generally shows low variation and is not clearly connected with
soil disturbance.

As also showed in other research [2,4,5] QBS-ar index was negatively influenced by coppicing,
and recovery was slower here than showed in other studies (expected 6–7 years after logging). That
was consistent with the physical and chemical properties of the observed soil. This was shown by a
comparison of the untrafficked soil surfaces in the coppiced areas with the control areas.

The QBS-ar index is often linked to physical and chemical soil parameters, therefore it is logical
that significant differences in the QBS-ar index would be found between trafficked and untrafficked
soil samples. The greatest impact was for winching areas (48%) and the lowest for forwarding areas
(40%). Similar values were found in other similar studies [2,4,5,28,29,48]. Soil recovery was evident
three years after coppicing and it showed different rates for the two harvesting techniques. Five years
after harvesting, the forwarding areas showed an important recovery with only 4% residual impact,
while the winching areas showed a modest recovery with still 40% residual impact. This result, in
contrast to the other soil parameters, is closely linked to the different working capacities of the two
machines used, which has resulted in the forwarder completing the harvesting in a much shorter time.
Therefore, the disturbance inflicted on soil micro-arthropods lasted a much shorter time compared
with the disturbance inflicted by the tractor with winch.
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Although these findings underline the vulnerability of forest soil due to natural and/or human
disturbance [73], in the case of coppice management the forest soil showed a significant recovery in
a short period, highlighting that this silvicultural practice is sustainable and that coppice stands are
quite resilient in the face of external disturbance.

Within such context, precision forestry could be an interesting approach to reduce impacts, through
rationalized planning of logging operations [74]. The design and application of low impact logging
methods [18–27] and sustainable forest operations (SFO) criteria, together with operator training is the
mainstay of reduced impact logging, rather than the mechanization level.

Principal non-metric multidimensional scaling (NMDS) tests produced a two-dimensional ranking
(Figure 7) that provided a significantly greater reduction in statistical stress than expected by chance
(α = 0.05). When considering BD, PR, SR, OM, pH, and QBS-ar index, the two axes explained 96.2% of
the overall variance. These six variables showed the maximum correlation with the ordination axes.
The variables BD, PR, SR, and pH illustrated the soil scenario on the weighted scale of axis 1 (Figure 7).
The impact arrangement along axis 2 was dominated mainly by QBS-ar index and in part by OM
content (Figure 7).

Figure 7. Non-metric multidimensional scaling (NMDS) analysis of the main indexes and indicators
of the logging impact on soil (BD bulk density; PR: penetration resistance; SR: shear resistance; OM:
organic matter content; QBS-ar: QBS-ar index). Difference tested between the three areas and the
five time periods observed (UN: untrafficked soil; W: trafficked soil by winching; F: trafficked soil by
forwarding; 1-5: years after coppicing).

The nMDS for the ten disturbed and five undisturbed scenarios showed a negative relationship
between the time after harvesting and the impact levels. Therefore, five years after harvesting disturbed
areas showed similar conditions to undisturbed areas. The two technology type scenarios (Figure 7)
showed an initial differentiation with lower impact for the winching scenario but starting from the
fourth year after coppicing they reached similar impact degrees.

Comparing the results of this work with those shown by Venanzi et al. [2], there are some
differences to be attributed mainly to the different soil types and climatic conditions. These differences
are reflected in terms of the need for longer recovery times in Mediterranean areas with greater aridity.
The phytoclimatic zone reported in Venanzi et al. [2] is warm Castanetum, while in this study the
zone is an intermediate Lauretum (according to Pavari phytoclimatic classification [75]). Thus, there
seems to be a positive relationship between recovery time and actual or perceived aridity of the forest
ecosystem. In Venanzi et al. [2] the recovery of soil impacts caused by coppicing as a management
practice (i.e., canopy gap) was almost complete three years after harvesting, while from in this study
the same level of recovery took almost five (6–7 years for complete recovery of the QBS-ar index). The
recovery from logging disturbance showed a clear positive trend, but in Venanzi et al. [2] 4–5 years
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post-harvesting it was possible to confirm, statistically, a complete recovery while from this study the
soil recovery was expected 8–9 years after coppicing.

5. Conclusions

Part of this applied research has the potential to translate into “forest harvesting best practices” in
order to increase the knowledge for a sustainable management of coppice forests in the Mediterranean
area, supporting the decision making of forest managers.

As found in other studies, the physical, chemical, and biological soil features were partially
disturbed by the act of coppicing for itself, due to the sudden and drastic interruption of canopy cover.
Machine traffic compounded such disturbance, through its mechanical action on the soil structure,
resulting in a substantial alteration of the physical-mechanical soil components.

Between the two extraction techniques on test, winching caused the least disturbance while forwarding
had stronger impacts. That was likely related to the small size of the trees being extracted (which minimized
the impact of winching) and to the choice of a heavy forwarder model instead of a lighter one.

However, soil recovery was almost complete five years after harvesting without substantial
differences between logging techniques.

Soil recovery after logging showed a statistical positive trend with similar results in the fifth year
for both harvesting techniques, although five years after harvesting it was not possible to confirm that
recovery was yet complete. However, full recovery is likely to be achieved approximately eight or nine
years after harvest, regardless of the logging technique tested.

Similar studies are important for their potential contribution to updating the guidelines, criteria,
and indicators for sustainable forest management, as proposed by Forest Europe and Reduced Impact
Logging (RIL) in a perspective of SFOs application.
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Abstract: The existing research on forestry infrastructure has focused on suggestions from other
areas of forestry research: that forestry infrastructure should be completed and improved. However,
research on forestry infrastructure is relatively rare. In the real world, there are various problems
with creating forestry infrastructure, such as complex approval procedures for facility construction,
irrational facility layout, insufficient funding for facility construction, and conflicts between the nature
of land used for facility construction and the nature of forest land. This paper uses game theory to
analyze the behavior of forest infrastructure goods suppliers. Relevant parameters related to forest
area infrastructure were designed, including communication, environmental certainty, information
feedback, and reward and punishment mechanisms, and experimental economics methods were
used to simulate accurate behavior regarding the supply of goods. Then, the key factors that affect
the provision of quasi-public goods for forestry infrastructure were studied. At the end of the paper,
some targeted suggestions that distinguish rural infrastructure from general infrastructure are given.

Keywords: forestry infrastructure; supply mechanism; game theory; experimental economics

1. Introduction

Forestry infrastructure refers to engineering facilities for forestry public services that provide
economic, social, and ecological benefits, such as paths for cycling, tool storerooms, and transfer
facilities. Forestry infrastructure helps with the sustainable development of the forestry industry.
Research on the private and voluntary supply of goods for forestry infrastructure is important to
ensure long-term supplies. Sound forestry infrastructure can promote the sustainable development of
forestry production.

Up to now, the research on forestry infrastructure supplies has mainly focused on analyses of,
e.g., insufficient supplies, low quality, and a shortage of funds [1–8]. Some scholars have also studied
forest roads. Road location and design is a complex engineering problem involving economic and
environmental requirements [9]. For instance, Enache et al. [10] carried out research on how the
extraction distance and correction factors can be computed and used for assessing forest road options in
a more efficient and effective manner, utilizing process automation in geographic information systems.
Hayati et al. [11] have considered skidding costs, road construction, maintenance costs, and harvesting
volume to confirm the optimum forest road network density and evaluate the quantity and quality of
existing forest road networks. Laschi et al. [12] have developed a decision support system to assist
managers in the process of forest road network planning, exploiting multicriteria analyses, an analytic
hierarchy process, and geographic information systems. Parsakhoo and Mostafa [13] have summarized
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the results of a road network analysis (RNA) and have evaluated the shortest path (to save travel
time) in the city of Gorgan’s public road network in Iran. Picchio et al. [14] have tested accuracy in
estimating areas accessible for winching along skid trails: they used three geographic information
systems, namely the correct distance method (CDM), the real distance buffer method 12 (RDBM12), and
the real distance buffer method 10 (RDBM10). However, research on forestry infrastructure supplies
has not been sufficient.

Forestry infrastructure is getting more and more attention. Many studies have mentioned
the importance of forestry infrastructure. In terms of forestry production activities, many scholars
believe that a sound forestry infrastructure can promote the development of a forestry economy and
enhance the forest tenure reform system (the forest tenure reform system distinguishes between forest
ownership, forest use rights, and forest land use rights; its purpose is to analyze property rights
clearly) and forest operations [5,15–18]. Gumus and Turk [19] have analyzed timber extraction by farm
tractors, developing a new skid trail pattern design using linear programming (LP) and geographic
information systems.

The development of an under-forest economy (an under-forest economy is based on the ecological
environment of forest land, using forest land resources, and carrying out multiple forest and agricultural
operations, animal husbandry, and other projects within a forest) and disaster prevention in forest
areas are inexorably linked to a sound forestry infrastructure [20–25]. Sound forestry infrastructure
is not only conducive to accelerating the circulation of forest products, but also can improve the
efficiency of the use of forestry industry information resources [26,27]. In terms of environmental
protection, one study has shown that the more extreme climatic changes are, the more infrastructure
support is required [28]. As for environmental planning, some scholars believe that a sound forestry
infrastructure is integral to ecological restoration after a disaster [29,30]. Therefore, many scholars
have suggested that infrastructure construction and investment should be strengthened to improve
forestry foundation facilities [5,31,32].

Forestry infrastructure is a part of “general goods”, which can be divided into private goods,
club goods, crowded goods, or pure public goods according to a four-point method. Of these, club
goods and crowded goods can also be called quasi-public goods. In reality, the supply of quasi-public
goods comes from diverse sources, and problems with adequate supply are common. Therefore,
an ample supply of quasi-public goods can greatly improve economic outcomes. There have been
many studies on the supply of quasi-public goods. In terms of research on the effective supply of
quasi-public goods, most scholars have written that the private supply of quasi-public goods is more
efficient than a government supply alone [33–36]. In terms of methods for supplying quasi-public
goods, scholars have written that except for the government’s supply, individuals, enterprises, and
organizations should also be involved [37,38]. This paper studies supply mechanisms for goods for
forestry infrastructure from the perspective of quasi-public goods.

In terms of research on the supply of quasi-public goods, most scholars have used game
theory [39–43]. They have shown that it is feasible to analyze the supply mechanism of quasi-public
goods utilizing game theory. This paper draws on existing research and uses game theory to analyze
the supply mechanisms of quasi-public goods for forestry infrastructure. Most papers on the supply
of quasi-public goods, on the contrary, have been limited to a theoretical level and have lacked
empirical research.

One of the main focuses of experimental economics methods is the study of public goods [44].
With regard to experiments on the supply of quasi-public goods, some scholars have found that
environmental uncertainty will affect the level of cooperation [45]. Jane and Rick [46] have studied the
impact of information feedback on cooperation, indicating that information feedback can promote the
supply of public goods. However, Weimann [47] and Croson [48] did not find a role for information
feedback in their experiment. Some scholars have studied the impact of information feedback methods
on the supply of public goods [49–52]. In addition, other scholars have applied punishment mechanisms
to the study of the impact of information feedback on the supply of public goods [53,54]. Traditional
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methods of data collection have generally included literature surveys and questionnaires, which can
lead to static data and may only represent a single moment in time. Experimental economic methods
are solutions to these problems. Therefore, this paper uses experimental economics methods to verify
the results of a game theory analysis. We selected four control variables for the experiments. Using
the above-mentioned research, we combined the characteristics of the supply of goods for forestry
infrastructure: communication, information feedback, environment determination, and reward and
punishment mechanisms.

To sum up, this paper uses game theory to study the supply mechanisms of quasi-public goods
for forestry infrastructure and then uses experimental economics to verify the theoretical results. Using
game theory analysis, we include noncooperative games and cooperative games, and determine a game
payment matrix according to the current situation of forestry production. In the empirical research
section, we use experimental economics, selecting four control variables: whether to communicate,
whether the environment is determined, whether the information is feedback information, and whether
there is a reward and punishment mechanism. The research object is quasi-public goods for forestry
infrastructure, where we simulate the supply process of quasi-public goods for forestry infrastructure.
Finally, we verify the main factors that affect cooperative games.

2. Materials and Methods

2.1. Game Theory Analysis

Game theory is a mathematical theory and method for studying the phenomena of struggle or
competition. The basic concepts include people, actions, information, strategies, benefits, equilibrium,
and results. These can be divided into different categories according to different classification methods.
Among them, there are noncooperative games and cooperative games (depending on the relationship
between individual interests and collective interests) [55,56]. Using this game classification, we
first studied the noncooperative game equilibrium results, and then studied the cooperative game
equilibrium results. In conclusion, the cooperative game equilibrium results were better than the
results from the noncooperative games. A detailed analysis follows.

2.1.1. Noncooperative Games

Noncooperative game theory can be defined as game theory with complete rules. Thus, it can be
described with three features. First, the rules are complete. Second, the ultimate decision units are
the individual players. Third, commitments are not available, unless allowed for by the rules of the
game [56].

• Forestry Infrastructure Is Not Provided When Income Is the Same

Suppose there are two rational people in a forest area, subject A and subject B, with the same
income. Due to the difference in the quantity of forest land resources owned by forest farmers and
the different requirements for forestry infrastructure, different forest farmers also receive different
benefits from quasi-public goods for forestry infrastructure. When these two people cooperate to
provide goods, the cost of each person’s burden varies according to the degree of demand. Those with
a high demand have a higher cost, and those with low demand have lower costs. Suppose subject A
has a large quantity of forest land resources and a high demand for quasi-public goods for forestry
infrastructure. The benefit of providing forestry infrastructure is R1, and the cost of the burden is C1.
Subject B has a small quantity of forest land resources and has a low demand for public-goods-based
forestry infrastructure. The benefit of providing forestry infrastructure is R2, and the cost of the burden
is C2. The cost of forestry infrastructure construction is 2C, of which C1 + C2 = 2C. If both of them
refuse to provide goods, the return is 0 [57]. The payment matrix is shown in Table 1.

71



Sustainability 2020, 12, 2808

Table 1. Payment matrix when income is the same.

Subject A

Subject B
Offers Does Not Offer

Offers R1−C1, R2−C2 R1−2C, R2
Does not offer R1, R2−2C 0, 0

The prisoner’s dilemma game is a standard example of a game that is analyzed in game theory
that shows why two completely rational individuals might not cooperate, even if it appears that it is
in their best interests to do so. Two members of a criminal gang are arrested and imprisoned. Each
prisoner is in solitary confinement with no means of communicating with the other. The prosecutors
lack sufficient evidence to convict the pair on the principal charge, but they have enough to convict
both on a lesser charge. Simultaneously, the prosecutors offer each prisoner a bargain. Each prisoner is
given the opportunity either to betray the other by testifying that the other committed the crime, or to
cooperate with the other by remaining silent. Here, when 2C > R1 > 0 and 2C > R2 > 0, the game is a
prisoner’s dilemma game, and the Nash equilibrium is (not provide, not provide). The reason is that
the construction costs of some quasi-public goods for forestry infrastructure are relatively high, but an
individual’s income from forestry infrastructure is very low. If individuals provide money alone, the
fund can run a deficit. At that time, rational participants will choose not to provide. (Not provide, not
provide) is the Nash equilibrium, because not providing is the optimal strategy for everyone. No one
has the motivation to change his/her strategy. A private, voluntary supply of forestry infrastructure
will thus not exist [57].

The chicken game, also known as the hawk–dove game or the snowdrift game, is a game theory
model of conflict for two players. The principle of the game is that while the outcome is ideal for
one player to yield (to avoid the worst outcome if neither yields), individuals try to avoid this out of
pride, not wanting to look like a “chicken”. Thus, each player taunts the other to increase the shame in
yielding. However, when one player yields, the conflict is avoided, and the game is for the most part
over. Here, when R1 > 2C > 0 and R2 > 2C > 0, the game is a chicken game, and the Nash equilibrium
is (provide, not provide) and (not provide, provide). In this scenario, according to a rational person’s
assumptions, each forest farmer wants to benefit from the actions of the others (hitchhiking). As both
enjoy the same income, neither has the incentive to choose or provide first. At this time, the game is
also deadlocked, and the private, voluntary supply of forestry infrastructure will not exist [57].

In summary, when two rational people in a forest area share the same income, if they do not
choose to cooperate, they will not voluntarily provide goods for forest infrastructure.

• An Insufficient Supply of Forestry Infrastructure with Different Incomes

Suppose there is forest farmer A and forest farmer B in the same forest area. They have different
incomes. Forest farmer A has a high income and forest farmer B has a low income. Each of them has
two strategies for providing forestry infrastructure: providing or not providing.

Because high-income people usually provide forestry infrastructure in pursuit of some social
benefit, such as reputation or fame, and low-income people only hope to meet their production needs,
high-income earners benefit more from forestry infrastructure construction. In addition, high-income
earners have enough money to provide goods for forestry infrastructure, but low-income earners do
not. From the perspective of opportunity costs, the opportunity cost of providing forestry infrastructure
is far lower for high-income earners.

Suppose the cost of building forestry infrastructure is 2C. In this scenario, both forest farmers
choose to provide, the income of high-income earners is R1, and the cost is C1. The income of
low-income earners is R2, and the cost is C2. At this point, R1 and R2 represent economic benefits, or
basic production needs. When the high-income individual chooses to provide and the low-income
individual chooses not to provide, the high-income individual earns R11, the cost is 2C, and the

72



Sustainability 2020, 12, 2808

low-income individual earns R2. At this time, R11 is the sum of the economic benefits and social
benefits of the high-income individual who provides forestry infrastructure, so R11 > R1. When the
high-income individual chooses not to provide, and the low-income individual chooses to provide,
the income of the high-income individual is R1, and the income of the low-income individual is R2.
Because the opportunity cost of providing forestry infrastructure is higher for low-income individuals,
the total cost is (2C + C0). When neither the high-income individual nor the low-income individual
provide, their benefits are zero, and R1 > R2, R2 < (2C + C0), R11 > R1 > 2C. This situation is a typical
rational pigs’ scenario [57]. With rational pigs, there are two pigs in a pigsty, a big pig and a small pig.
The pigsty has a pedal on one side. When a pig steps on the pedal, a small amount of food will fall into
the feeding tray on the other side of the pigsty, away from the pedal. When one pig steps on the pedal,
the other pig has a chance to eat the food first. When a small pig steps on the pedal, the big pig will eat
all the food before the small pig steps on the pedal and then runs to the feeding tray. When a big pig
steps on the pedal, the small pig cannot eat all the food before the big pig steps on the pedal and then
runs to the feeding tray. The specific payment matrix is shown in Table 2.

Table 2. Rational pigs.

Subject A

Subject B
Offers Does Not Offer

Offers R1−C1, R2−C2 R11−2C, R2
Does not offer R1, R2−(2C + C0) 0, 0

In Table 2, subject A represents a high-income earner and subject B represents a low-income earner.
The Nash equilibrium of this game is (provide, not provide), i.e., the high-income earner pays for the
forestry infrastructure, and the low-income earner hitchhikes. This happens because the high-income
earner does not mind letting the low-income earner hitchhike, and forestry infrastructure is provided.
The high-income earner does not mind paying more, even if he/she bears the full cost.

2.1.2. Cooperative Games

Since rules are only broadly defined, the individual decision problems of players cannot be
directly analyzed. Cooperative game theory avoids these difficulties by emphasizing coalitions of
players. The study of coalitions implicitly assumes that such coalitions contain a presumption that
players commit themselves, either by explicitly signing enforceable contracts or by transferring their
decision-making powers. Hence, cooperative game theory is characterized by three features. First,
rules are kept implicit. Second, the emphasis is on coalitions. Third, commitments are available [56].

• A Feasibility Analysis of Cooperative Games

When forest farmers cooperate to supply forestry infrastructure, the costs borne by individual
forest farmers must be reduced, regardless of whether forest farmers have the same demand for forestry
infrastructure. At this point, for a single forest farmer, consumer surplus will increase. The supply of
forestry infrastructure increases for the entire forest area, achieving Pareto optimality. Assuming that
forest farmers have the same demand for forestry infrastructure, a supply–demand model can be used
to study the feasibility of a cooperative supply of goods for forestry infrastructure [57]. The specific
analysis is shown in Figure 1.
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Figure 1. Economic analysis of the private joint provision of forestry infrastructure.

In Figure 1, D1 and D2 represent the demand curve for forestry infrastructure for forest farmer
A and forest farmer B, respectively. Because the demand for forestry infrastructure is the same,
the two-day demand curves overlap. MC1 indicates the cost when forest farmers provide forestry
infrastructure separately. MC2 indicates the supply cost borne by individual forest farmers when they
cooperate with each other. Cooperation reduces the supply cost of individual forest farmers, so MC2 <

MC1. It can be seen from Figure 1 that after cooperation, the supply of goods for forestry infrastructure
increases from Q0 to Q1, and consumer surplus increases from S�MNP0 to S�MBP1. Through cooperation,
the consumer surplus of individual forest farmers increases, and the supply of goods for forestry
infrastructure is closer to the collective optimal quantity, achieving Pareto optimality.

• Conditions for Realizing a Cooperative Game of Private, Voluntary Supply

The “club” size of community: The “club” size of community must meet two conditions. One
is that the “club” will exist steadily for a period of time to ensure that members of the community
can repeat the game, and the other is that reward and punishment mechanisms can be implemented
within the “club” to restrict free rides by community members. Medium-sized rural villages meet the
above-mentioned “club” conditions [57].

When the game is repeated, members of medium-sized rural areas are relatively stable, and
they are more familiar with each other and can monitor each other. Because this is a repeated game,
participants in the community not only consider the benefits that can be obtained at the current stage,
but also comprehensively consider the benefits that can be obtained in the next game, as well as the
costs they are going to face. Therefore, the strategic choice over repeated games and the strategic choice
during one game are different. At the same time, under the constraints of reward and punishment
mechanisms, members of the community are more likely to choose cooperation strategies [57].

In the collection of quasi-public goods for forestry infrastructure in medium-sized rural areas, the
members are relatively stable and can repeat the game [57]. Therefore, quasi-public goods for forestry
infrastructure can be provided cooperatively in medium-sized rural areas.

2.2. Experimental Design

In order to study the main factors that affect cooperative games, this paper uses experimental
economics methods. On the basis of the literature and real-life situations, four control variables were
selected: whether there was communication, whether the environment was determined [58], whether
the information was feedback information [58], and whether there was a reward and punishment
mechanism [59]. A total of 12 experiments were designed, including 6 experiments in the nonexchange
group and 6 experiments in the exchange group. The specific experimental design is shown in Table 3.
The realization of the experimental design relied on Z-Tree software. This paper only shows a part of
the experimental process and experimental procedures. For related information, see Appendix A.
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Table 3. Specific design of private cooperative supply experiments.

Group Members Could Not Communicate Group Members Could Communicate

Experiment 1 (NC): NF × U (10 rounds) Experiment 1 (C): NF × U (10 rounds)
Experiment 2 (NC): NF × NU (10 rounds) Experiment 2 (C): NF × NU (10 rounds)

Experiment 3 (NC): F × U × NP (10 rounds) Experiment 3 (C): F × U × NP (10 rounds)
Experiment 4 (NC): F × U × P (10 rounds) Experiment 4 (C): F × U × P (10 rounds)

Experiment 5 (NC): F × NU × NP (10 rounds) Experiment 5 (C): F × NU × NP (10 rounds)
Experiment 6 (NC): F × NU × P (10 rounds) Experiment 6 (C): F × NU × P (10 rounds)

Note: NC indicates that players could not communicate with each other, and C indicates that they could communicate
with each other; F indicates that there was information feedback, and NF indicates that there was no information
feedback; U indicates that the environment was determined, and NU indicates that the environment was uncertain;
P indicates that there were reward and punishment measures, and NP indicates that there were no reward and
punishment measures.

2.2.1. Experimental Design Ideas

A voluntary donation mechanism was used to design the experiments. A total of n subjects were
divided into m groups, and each group of (n/m) individuals played 10 rounds of games. Before the
start of each round, everyone had an initial fund of e. They could choose to keep the funds in their
own private accounts or to invest the funds in a public project. The funds could not be carried into
the next round. If a member’s fund in the private account in round t was xit (0 ≤ xit ≤ e), and the
investment amount in the public project was git (0 ≤ git ≤ e; xit + git = e), then the public project’s total
investment was Gt =

∑
git in round t. Assume that the return on investment in a public project is βt (0 ≤

βt <1). When there is no environmental uncertainty, β1 = β2 = . . . . . . = βT = β. When “environmental
uncertainty” exists, βt will be an independent and identically distributed random variable. If the
distribution is set to a uniform distribution, that is, βt ∈ [β, β], and the expected βt (Eβt) is β, that is,
Eβt = β, then the gain i in round t is as follows: п= xit + βtGt = e − git + βt

∑
git [58].

Four variables were selected: whether the group members could communicate, whether the
information was feedback information, whether the environment was determined, and whether there
was a reward and punishment mechanism. A total of 12 experiments were conducted. The specific
experimental arrangement is shown in Table 3 below.

In each experiment, the group members were partners, that is, during the 10 rounds of experiments,
the members of each group were fixed.

In the experiments in which members could communicate with each other, at the beginning of
each experiment, the group members could discuss how to invest and decide how much to donate.

In the experiments with information feedback, after the end of each period, each group member
was given the investment amount and investment income of others, in addition to his/her own
investment amount, investment income, and β-value from that round. In the experiment without
information feedback, after the end of each round of experiments, each group member only knew
his/her own investment amount and investment income for the round.

In the experiments with a certain environment, at the beginning of each experiment, the group
members knew the return rate β of the public account, which was relatively stable in reality. With
environmental uncertainty, the investors did not know the return rate β before the start of each round
of experiments, when they needed to estimate the return rate β and then decide how much to invest
based on the estimated value of β. After the end of each round of experiments, they re-estimated
the return rate β according to their own returns from the previous round and the influence of the
social environment.

Rewards and punishments only existed in the experiments with information feedback. In the
experiments with rewards and punishments, after each round of experiments, each group member
in the group could decide to reward or punish the other members in accordance with the feedback
information. After the information feedback was over and before the next round of experiments began,
everyone in the group received 10 additional chips and had the opportunity to reward or punish others
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(note: they could not punish or reward themselves). When a person was rewarded or punished with
one chip, the person’s gain increased or decreased by three chips. The maximum number of chips that
each person could use for each target member was 5, which meant that each member could increase or
decrease the profit of a target member by 15 at most [59].

2.2.2. Choice of Experimental Subjects

Experimental economics uses real people in society as experimental objects. In order to ensure
the scientific nature of experimental economics, the selected subjects only have small differences or
have differences that have nothing to do with or have little influence on the purpose of the experiment.
Undergraduates and graduate students were chosen as candidates because of their relatively simple
living environments, their relatively few differences, and their relatively strong ability to learn and
understand. Moreover, using undergraduate and graduate students in economic experiments that
require little or no practical experience can lead to better and more realistic effects. The recruitment of
subjects was voluntary. Recruitment information that included the purpose and requirements of the
experiment and the possible benefits and costs of participating in the experiment were also released to
the public [60].

2.2.3. Statistical Analyses

The statistical analyses of the personal characteristics of the experimental subjects are shown in Table 4.
Variables such as gender, age, income, and trustworthiness of the experimental subjects were counted.

Table 4. Statistical analyses of experimental objects.

Variables Mean Standard Deviation Min Median Max

Gender 0.100 0.300 0.000 0.000 1.000
Ethnic group 0.950 0.218 0.000 1.000 1.000

Communist or not 0.050 0.218 0.000 0.000 1.000
Has taken out a loan or not 0.200 0.400 0.000 0.000 1.000

Part-time or not 0.500 0.500 0.000 0.500 1.000
Participated in the experiment or not 0.150 0.357 0.000 0.000 1.000
Average household income per month 3.250 0.829 1.000 3.000 4.000

Evaluation of self-reliability 3.800 0.600 2.000 4.000 5.000
Evaluation of stranger’s credibility 2.700 0.781 1.000 3.000 4.000

Note: gender (0 = female; 1 = male); ethnic group (0 = ethnic minority; 1 = ethnic Han); communist or not (0 =
no; 1 = yes); Has taken out a loan or not (0 = no; 1 = yes); part-time or not (0 = no; 1 = yes); participated in the
experiment or not (0 = no; 1 = yes); average household income per month (1 = 0–3000 RMB; 2 = 3001–6000 RMB; 3 =
6001–9000 RMB; 4 = 9000 RMB or more); evaluation of self-reliability(5 = very trustworthy; 4 = trustworthy; 3 = fair;
2 = untrustworthy; 1 = quite untrustworthy); evaluation of stranger’s credibility (5 = very trusting; 4 = trusting; 3 =
fair; 2 = untrusting; 1 = quite untrusting).

2.3. Methods

2.3.1. Mann–Whitney U Test

The Mann–Whitney U test, also called the “Mann–Whitney rank sum test”, was proposed by Mann
and Whitney in 1947. The purpose was to test whether the means of two samples were significantly
different. We used this method to analyze whether the experimental results of these two groups of
experiments were different when a certain experimental variable changed. When the P value was less
than 0.05, this indicated that the means of the two independent samples were significantly different.

2.3.2. Wilcoxon Signed-Rank Test

The Wilcoxon signed-rank test, or Wilcoxon symbol test, was proposed by Wilcoxon (F. Wilcoxon)
in 1945. We used this method to test whether the differences between two types of data in the same
group were significant. For example, a Wilcoxon signed-rank test was used to test whether the
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difference between “average donations after consultation” and “the average of actual donations” was
significant (in experiment 1, with communication). When the P value was less than 0.05, this indicated
that the means of the two independent samples were significantly different.

2.3.3. Multiple Regression Analysis

We used multiple regression to analyze the main factors that affect donations under different
experimental conditions.

When P was less than 0.05, H0 could be rejected (there was no relationship between the two
variables). Therefore, the P-value of the variable was less than 0.05, which indicated the explanatory
variable had a significant effect on the dependent variable. Here, * means significant at the 0.05
probability level, and ** means significant at the 0.01 probability level.

3. Results

3.1. Statistical Analyses of Donation Amounts and Income under Different Experimental Conditions

In this paper, the donation amounts from the 12 groups of experiments were calculated using
the mean, standard deviation, minimum value, median value, and maximum value. Basic statistical
information on donation amounts from the different experiments is shown in Table 5.

Table 5. Statistics of donation amounts under different experimental conditions.

Experiments Variable Mean Standard Deviation Min Median Max

Experiment 1 (NC) (10 rounds) C1 2.520 2.106 0.000 2.000 7.200
Experiment 2 (NC) (10 rounds) C2 6.275 4.483 0.000 6.000 20.000
Experiment 3 (NC) (10 rounds) C3 3.800 1.646 0.000 4.000 6.000
Experiment 4 (NC) (10 rounds) C4 14.925 3.085 5.000 15.000 20.000
Experiment 5 (NC) (10 rounds) C5 4.790 1.934 1.000 5.000 10.000
Experiment 6 (NC) (10 rounds) C6 13.125 3.116 5.000 13.500 20.000
Experiment 1 (C) (10 rounds) C11 7.300 6.604 0.000 4.800 20.000
Experiment 2 (C) (10 rounds) C22 5.975 6.207 0.000 5.000 20.000
Experiment 3 (C) (10 rounds) C33 7.975 6.191 0.000 10.000 20.000
Experiment 4 (C) (10 rounds) C44 14.675 2.611 9.000 15.000 20.000
Experiment 5 (C) (10 rounds) C55 5.160 1.960 1.000 5.000 10.000
Experiment 6 (C) (10 rounds) C66 10.075 4.424 5.000 8.500 20.000

Note: NC indicates that players could not communicate with each other, and C indicates that they could communicate
with each other; F indicates that there was information feedback, and NF indicates that there was no information
feedback; U indicates that the environment was determined, and NU indicates that the environment was uncertain;
P indicates that there were reward and punishment measures, and NP that there were no reward and punishment
measures. C1, C2, C3, C4, C5, C6, C11, C22, C33, C44, C55, and C66 represent the number of experimental coins
donated under different experimental conditions. Before each round of experiments began, each member had 50
initial coins.

It is shown in Table 4 that the averages of Experiments 4 and 6 were the highest, and the average
value of the communication group was higher than that of the noncommunication group, which shows
that communication as well as reward and punishment mechanisms could improve the donation level
as a whole.

Figure 2 shows the key factors affecting the supply of goods for forestry infrastructure, summarizing
the results of five variables out of the six groups of experiments for comparative analyses: the “mean
value of donations without communication”, “mean value of donations with communication”, “mean
value of planned donations after communication”, “mean value of earnings without communication”,
and “mean value of earnings with communication”. In Figure 2, C11, C21, C31, C41, C51, and C61
represent the “mean values of donations without communication”; C12, C22, C32, C42, C52, and C62
represent the “mean values of donations with communication”; C13, C23, C33, C43, C53, and C6
represent the “mean values of planned investment after communication”; R11, R21, R31, R41, R51, and
R61 represent the “ mean values of earnings without communication”; and R12, R22, R32, R42, R52,
R62 represent the “mean values of earnings with communication”.
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Figure 2. The average donation amount for each period in the experiments with and without
communication: (a) the statistics for average donations and average returns in Experiment 1 (C & NC);
(b) statistics for average donations and average returns in Experiment 2 (C & NC); (c) statistics for
average donations and average returns in Experiment 3 (C & NC); (d) statistics for average donations
and average returns in Experiment 4 (C & NC); (e) statistics for average donations and average returns
in Experiment 5 (C & NC); (f) statistics for average donations and average returns in Experiment
6 (C & NC). “Mean values of donations without communication”, “mean values of donations with
communication”, “mean values of planned investment after communication”, “mean values of earnings
without communication”, and “mean values of earnings with communication” represent the number
of experimental coins under different experimental conditions. Before each round of experiments
began, each member had 50 initial coins. “Time” is the number of rounds in the experiment, and 1–10
represents rounds 1–10. Each experiment had 10 rounds.
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The analysis of Figure 2 is as follows. Donations in Experiment 2 (C & NC) were slightly higher
than in Experiment 1 (C & NC), which indicated that an uncertain environment could increase the
donation level when there was no information feedback. However, the fluctuation in Experiment
2 (C & NC) was relatively large because of the uncertain environment. Experiment 3 (C & NC) had
higher values, while Experiment 5 (C & NC) had greater fluctuations due to the uncertainty of the
environment, indicating that when there was information feedback, a certain environment could
improve the donation amounts. As for Experiment 4 and Experiment 6 (C & NC), Experiment 4 (C &
NC) had slightly higher values than did Experiment 6 (C & NC), but the overall donation levels of
Experiment 4 (C & NC) and Experiment 6 (C & NC) were higher than in the other experimental groups.
In addition, Experiment 6 (C & NC) had large fluctuations due to the uncertain environment, which
shows that a reward and punishment mechanism could improve the level of donations.

3.2. Impact of Communication on Donations

3.2.1. An Analysis of Hitchhiking Using Different Experimental Mechanisms

In order to study the free-riding situation due to different experimental mechanisms, a Wilcoxon
signed-rank test was performed for “donations determined after consultation” and “actual donations”
for the six groups of experiments.

Table 6 indicates the results of a Wilcoxon signed-rank test that was used to check whether
there was a difference between “donations determined after consultation” and “actual donations”
in the six groups of experiments. The “median of the average of donations after consultation” and
the “median of the average of actual donations” were calculated. “Median difference” refers to the
median difference between “donations determined after consultation” and “actual donations”, and the
“P-value” represents the significance level of the difference. When the P-value was less than 0.05, the
difference was significant.

Table 6. Wilcoxon signed-rank test results of the mean values of donations determined after consultation
and actual donations in the experimental groups that were allowed to communicate.

Groups
Median of the Average of

Donations after Consultation
Median of the Average of

Actual Donations
Median

Difference
P-Values

Experiment 1 (C) 4.600 5.050 −0.133 0.674
Experiment 2 (C) 8.375 4.083 2.875 0.012
Experiment 3 (C) 15.375 7.750 5.667 0.007
Experiment 4 (C) 15.4375 14.5833 0.7500 0.021
Experiment 5 (C) 5.500 5.308 0.125 0.192
Experiment 6 (C) 8.750 8.750 −0.200 0.207

Table 6 shows the results when there was a reward and punishment mechanism (Experiment 4 (C)
and Experiment 6 (C)). The actual and negotiated results of Experiment 4 (C) were significantly different,
but those of Experiment 6 (C) were not significant. This shows that with a reward and punishment
mechanism and a certain environment, the actual result was lower than the negotiated result. When
the environment was uncertain, the actual and negotiated results were basically the same. The reason
is that when the environment was determined, members could reasonably estimate their costs and
benefits, and the actual donation amount was slightly lower than the negotiated result (but matched
their needs). The P-value of Experiment 2 (C) was less than 0.05, which indicates that the difference in
Experiment 2 (C) between the average value of the actual donation amount and the average value of the
donation amount determined after consultation was significant. However, the P-value of Experiment 1
(C) was not significant. This shows that members were more likely to choose free-riding when there
was no information feedback and the environment was uncertain. The difference between the average
value of the actual donation amount and the average value of the donation amount determined after
consultation was significant in Experiment 3 (C), while in Experiment 5 (C), it was not. This shows that
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if information feedback was provided, it was easier for members to choose to be a free-rider when the
environment was determined.

3.2.2. Mann–Whitney U Test for the Effect of Communication

A Mann–Whitney U test was used to analyze whether communication could increase group
members’ supply of goods for forestry infrastructure. The test results are shown in Table 7.

Table 7. Mann–Whitney U test for the influence of communication on the supply of goods for
forestry infrastructure.

Contrast Groups P-Values Contrast Groups P-Values

Experiment 1 (NC) and Experiment 1 (C) 0.001 Experiment 4 (NC) and Experiment 4 (C) 0.363
Experiment 2 (NC) and Experiment 2 (C) 0.161 Experiment 5 (NC) and Experiment 5 (C) 0.406
Experiment 3 (NC) and Experiment 3 (C) 0.021 Experiment 6 (NC) and Experiment 6 (C) 0.028

An analysis of Table 7 is given below. It could be concluded that the difference between Experiment
1 (NC) and Experiment 1 (C) was significant, while the difference between Experiment 2 (NC) and
Experiment 2 (C) was not significant. This shows that when there was no information feedback and
the environment was determined, communication could increase donations. The difference between
Experiment 3 (NC) and Experiment 3 (C) was significant, while the difference between Experiment
5 (NC) and Experiment 5 (C) was not. This shows that when there was information feedback, but
no reward and punishment mechanism, communication could increase donations in a determined
environment. It could be concluded that the difference between Experiment 6 (NC) and Experiment
6 (C) was significant, but the difference between Experiment 4 (NC) and Experiment 4 (C) was not,
indicating that when there was a reward and punishment mechanism and an uncertain environment,
communication could increase donations.

When there is no reward or punishment, everyone may choose to hitchhike. If the environment
is uncertain during communication, members will still choose to donate less or even to not donate
because they cannot accurately estimate the specific benefits. When the environment is determined,
members know the specific benefits. In this situation, through communication, everyone can make
the best choice according to their needs, which shows that communication works. When there are
rewards and punishments, members want to donate more because they are afraid of being punished
or because they want further reward. If, in addition, the environment is determined, members will
make rational decisions based on their needs, that is, they will choose the minimum amount required.
At this point, communication does not work. However, if the environment is uncertain, everyone in
the communication process will know how much reward or punishment they will get. At this time,
members will choose to invest more (within their ability to give), and communication plays a role.

3.3. Impact of Environmental Certainty on Donations

3.3.1. Statistical Analyses of Environmental Certainty

In this paper, environmental certainty mainly refers to whether the return on investment in
forestry infrastructure is known before investment. The returns of Experiment 2 (C & NC), Experiment
5 (C & NC), and Experiment 6 (C & NC) were uncertain. In order to analyze the members’ estimations
of the rate of return in an uncertain environment, we used Wilcoxon signed-rank tests in Experiment 2
(C & NC), Experiment 5 (C & NC), and Experiment 6 (C & NC). The results of the test are shown in
Table 8. At the same time, we compared the true value and estimated value of the return rate β in the
three groups of experiments. The results are shown in Figure 2.
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Table 8. Wilcoxon signed-rank test results of the true value and estimated value of the return rate β.

Groups
Median of Mean of True

Values of β
Median of Mean of

Estimated Values of β
Median

Difference
P-Values

Experiment 2 (NC) 0.420 0.407 0.010 0.439
Experiment 5 (NC) 0.430 0.468 −0.040 0.021
Experiment 6 (NC) 0.420 0.426 −0.020 0.058
Experiment 2 (C) 0.420 0.410 −0.015 0.306
Experiment 5 (C) 0.430 0.430 0.013 0.959
Experiment 6 (C) 0.430 0.408 0.030 0.105

Table 8 includes a Wilcoxon signed-rank test that was used to check whether there was a difference
between “the true value of the return rate β” and “the estimated value of the return rate β”. The “mean
of true values of β”, the “mean of estimated values of β”, the “median of the mean of true values of β”,
and the “median of the mean of estimated values of β” were each calculated. “Median difference”
refers to the median of the difference between “the true value of the return rate β” and “the estimated
value of the return rate β”. “P-value” represents the level of significance. When the “P-value” was less
than 0.05, the difference was significant.

As can be seen from Table 8, when there was communication, there was no significant difference
between the estimated value and the actual value of the return rate β. The reason is that after
consultation, the disadvantage of information asymmetry was obviated and the accuracy of the
estimation of the return rate β improved, which made the estimated value too close to the true
value. This indirectly proved the power of cooperation. Without communication, only the P-values of
Experiment 5 (NC)—given by the Wilcoxon signed-rank test—were significant. Combining this with
the information in Figure 3, it could be concluded that the estimated return rate β was higher than the
true value, indicating that when there was no communication, the return rate β was overestimated.

In analyzing Figure 3, it could be concluded that with communication, information feedback as
well as reward and punishment mechanisms had little effect on the estimated value of the return rate
β, which fluctuated around the true value and was close to the true value. This was consistent with the
results of the Wilcoxon signed-rank test. In the absence of communication, when there was information
feedback as well as a reward and punishment mechanism (Experiment 6 (NC) and Experiment 6 (C)),
the actual value of the return rate β was not significantly different from the estimated value. The reason
is that on the one hand, information feedback allowed for members to have a clear understanding of
the previous period’s return rate, which helped in their estimation of the rate for the next period; on
the other hand, the existence of a reward and punishment mechanism allowed members to make an
objective estimation by comprehensively considering the economic benefits and social benefits. When
there was no information feedback (Experiment 2 (NC) and Experiment 2 (C)), the estimated rate of
return β was lower than the actual value, because members would avoid risks when making decisions
without knowing the return rate β of the previous year or without being able to communicate. In
Experiment 5 (NC) and Experiment 5 (C), the estimated value of the return rate β was higher than
the actual value, which indicates that information feedback as well as reward and punishment led
to overestimation.
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Figure 3. The average estimated and actual value of the rate of return β in each period: (a) under
the conditions of Experiment 2 (NC), when the group members could not communicate (statistics
on the estimated and true value of the rate of return β); (b) under the conditions of Experiment 2
(C), when the group members could communicate (statistics on the estimated and true value of the
rate of return β); (c) under the conditions of Experiment 5 (NC), when the group members could not
communicate (statistics on the estimated and true value of the rate of return β); (d) under the conditions
of Experiment 5 (C), when the group members could communicate (statistics on the estimated and true
value of the rate of return β); (e) under the conditions of Experiment 6 (NC), when the group members
could not communicate (statistics on the estimated and true value of the rate of return β); (f) under
the conditions of Experiment 6 (C), when the group members could communicate (statistics on the
estimated and true value of the rate of return β). “Actual value” and “estimated value” represent
the number of experimental coins under different experimental conditions. Before each round of
experiments began, each member had 50 initial coins. “Time” is the number of rounds in the experiment,
and 1–10 represents rounds 1–10. Each experiment contains 10 rounds.
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3.3.2. Mann–Whitney U Test on the Effect of Environmental Certainty

We used a Mann–Whitney U test to analyze whether a determined environment—compared to
environmental uncertainty—could improve the supply of goods given by members of a group for
forestry infrastructure. The test results are shown in Table 9.

Table 9. Mann–Whitney U test of the impact of environmental certainty on the supply level of good for
forestry infrastructure.

Contrast Groups P-Values Contrast Groups P-Values

Experiment 1 (NC) and Experiment 2 (NC) 0.000 Experiment 1 (C) and Experiment 2 (C) 0.384
Experiment 3 (NC) and Experiment 5 (NC) 0.054 Experiment 3 (C) and Experiment 5 (C) 0.089
Experiment 4 (NC) and Experiment 6 (NC) 0.088 Experiment 4 (C) and Experiment 6 (C) 0.000

In the experimental groups in which there was no communication, the P-value of Experiment
1 (NC) and Experiment 2 (NC), given by the Mann–Whitney U test, were significant. Through a
comparison of the donation amounts (with no communication) in Experiment 1 (NC) and Experiment
2 (NC) (i.e., C11 and C21 in Figure 2), it could be found that C21 was higher than C11, indicating that
when there was no reward and punishment mechanism and no information feedback, the uncertainty
of the environment increased the supply levels of goods for forestry infrastructure. The reasons were
as follows. Without communication between members, a single member had limited information, and
environmental certainty was important in making decisions. When the environment was uncertain, a
single member tended to overestimate the return rate and invest more.

In the experimental groups in which there was communication, the P-value of Experiment 4 (C)
and Experiment 6 (C), given by the Mann–Whitney U test, were significant. Through a comparison
of the donation amounts (with no communication) in Experiment 4 (C) and Experiment 6 (C) (i.e.,
C41 and C61 in Figure 2), it was found that C41 was higher than C61. This shows that when there
was information feedback and reward and punishment mechanisms, a determined environment
could increase the donation amount. The results of Experiment 1 (C) and Experiment 2 (C) were not
significant, indicating that without information feedback, but with communication, environmental
certainty did not work. The reasons are shown below. When there was no communication, information
was relatively occluded, and a determined environment was an important basis for decision-making
among members. When there was communication, members could obtain comprehensive information
about the forestry infrastructure being built. When members made decisions, environmental certainty
was important. However, it was not the only important consideration. In this way, the role of
environmental certainty weakened. The test results of Experiment 3 (C) and Experiment 5 (C) were not
significant, indicating that environmental certainty did not work when there was information feedback
and no reward and punishment mechanism.

3.4. Impact of Information Feedback on Donations

A Mann–Whitney U test was used to compare the donations in Experiment 1 (C & NC) and
Experiment 3 (C & NC), and Experiment 2 (C & NC) and Experiment 5 (C & NC), to study the impact of
information feedback on the supply levels of goods for forestry infrastructure The specific results are
shown in Table 10.

Table 10. Mann–Whitney U test on the impact of information feedback on the supply levels of goods
for forestry infrastructure.

Contrast Groups P-Values Contrast Groups P-Values

Experiment 1 (NC) and Experiment 3 (NC) 0.009 Experiment 1 (C) and Experiment 3 (C) 0.496
Experiment 2 (NC) and Experiment 5 (NC) 0.028 Experiments 2(C) and Experiment 5 (C) 0.256
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According to Table 10, when there was communication, information feedback had no significant
impact on the supply levels of goods for forestry infrastructure. When there was no communication,
the Mann–Whitney U-test results for Experiment 1 (NC) and Experiment 3 (NC) and Experiment 2
(NC) and Experiment 5 (NC) were significant. Combining this with Figure 2, it can be concluded that
donations in Experiment 3 (NC) were higher than in Experiment 1 (NC) (C31 was higher than C11) and
that donations in Experiment 2 (NC) were higher than in Experiment 5 (NC) (C21 was higher than C51),
indicating that when the environment was determined, information feedback increased donations.
When the environment was uncertain, a lack of information feedback increased donations.

3.5. Impact of Reward and Punishment on Donations

3.5.1. Statistical Analyses of Reward and Punishment

In order to indicate the impact of reward and punishment in different experimental scenarios, Figure 4
summarizes the four variables from Experiments 4 (C & NC) and 6 (C & NC): “average donation amounts
for rewards”, “average donation amount for punishment”, “average reward received”, and “average
penalty received”. In Figure 4, “A1, A2, A3, and A4” mean “average donation amounts for rewards”; “P1,
P2, P3, and P4” mean “average donation amounts for punishment”; “A11, A21, A31, and A41” mean
“average reward received”; and “P11, P21, P31, and P41” mean “average penalty received”.

In analyzing Figure 4, it can be seen that if there was no communication, the donations used for
rewards declined, regardless of whether the environment was determined or not. Donations used for
punishment fluctuated at around 1 in Experiment 4 (C & NC), while Experiment 6 (C & NC) showed an
upward trend. In Experiment 4 (C & NC), rewards received had a downward trend, while in Experiment
6 (C & NC), they fluctuated steadily at around 1. In Experiment 4 (C & NC), penalties obtained fluctuated
smoothly around 1, while in Experiment 6 (C & NC), they had an upward trend. In general, because
there was no communication before making decisions, the intensity of reward and punishment after
decision-making was relatively low, and the fluctuations in trends were relatively stable.

If there was communication, donations used for rewards increased in Experiment 4 (C & NC), while
in Experiment 6 (C & NC), they decreased. Donations used for punishment were at 0 in Experiment
4 (C & NC), while in Experiment 6 (C & NC) they had an upward trend. In Experiment 4 (C & NC),
rewards received had an upward trend, while in Experiment 6 (C & NC), they declined steadily. In
Experiment 4 (C & NC), penalties obtained were at 0, while in Experiment 6 (C & NC), they had an
upward trend. In general, with communication, the amount of money donated for reward and the
amount of money donated for punishment were higher than the amounts given when there was no
communication, and donations for reward or punishment fluctuated greatly.

 
(a) 

 
(b) 

Figure 4. Cont.
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(c) (d) 

Figure 4. Summary of reward and punishment in the groups with reward and punishment: (a) under
the conditions of Experiment 4 (C & NC), when the group members could not communicate (statistics
on rewards and punishments meted out to other people or statistics on rewards and punishments
received by members); (b) under the conditions of Experiment 4 (C & NC), when the group members
could communicate (statistics on rewards and punishments meted out to other people or statistics
on rewards and punishments received by members); (c) under the conditions of Experiment 6 (C &
NC), when the group members could not communicate (statistics on rewards and punishments meted
out to other people or statistics on rewards and punishments received by members); and (d) under
the conditions of Experiment 6 (C & NC), when the group members could communicate (statistics on
rewards and punishments meted out to other people or statistics on rewards and punishments received
by members). “Average donation amount for rewards”, “average donation amount for punishment”,
“average reward received”, and “average penalty received” represent the number of experimental coins
under different experimental conditions. Before each round of experiments began, each member had
50 initial coins. “Time” is the number of rounds in the experiment, and 1–10 represents rounds 1–10.
Each experiment had 10 rounds.

3.5.2. Mann–Whitney U Test of Reward and Punishment Mechanisms

In order to analyze whether a reward and punishment mechanism significantly affected the supply
level of goods for forestry infrastructure, a Mann–Whitney U test was used to compare the “mean
value of donations without communication” to the “mean value of donations with communication” in
Experiment 3 (C & NC) and Experiment 4 (C & NC) and in Experiment 5 (C & NC) and Experiment 6 (C
& NC). The test results are shown in Table 11.

Table 11. Mann–Whitney U test on the influence of reward and punishment on the supply level of
goods for forestry infrastructure.

Contrast Groups P-Values Contrast Groups P-Values

Experiment 3 (NC) and Experiment 4 (NC) 0.000 Experiment 3 (C) and Experiment 4 (C) 0.003
Experiment 5 (NC) and Experiment 6 (NC) 0.000 Experiment 5 (C) and Experiment 6 (C) 0.001

In analyzing Table 11, it can be concluded that a reward and punishment mechanism could
significantly affect the supply level of goods for forestry infrastructure. In Figure 2, it can be seen that
the average donation amount in Experiment 6 (NC) was significantly higher than that in Experiment 5
(NC) and that the average donation amount in Experiment 6 (C) was significantly higher than that
in Experiment 5 (C), which indicates that setting up a reward and punishment mechanism could
significantly increase the supply level of goods for forestry infrastructure. The reason is that, after a
reward and punishment mechanism was set up, members would consider not only their own economic
interests but also other social benefits such as reputation and fame while making decisions. Therefore,
members would choose to increase their donations to obtain more benefits. Moreover, in the long
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term, the members of the community were fixed and could not avoid being punished due to the
punishment mechanism. Therefore, members would choose to increase their donations in order to
avoid punishment by other members.

3.6. Research on the Influencing Factors on Donation Amounts in Different Experimental Situations

In order to study the influencing factors—the direction and degree of influence over the actual
donation amounts due to different experimental mechanisms—a regression analysis on the data from
the six groups of experiments were conducted.

3.6.1. Experiment 1 (C & NC)

Taking “actual donation amount without communication (ADNC)” and “actual donation amount
with communication (ADC)” as dependent variables, and taking “planned donation (PD)”, “return
from the previous round (R)”, and “degree of trust in strangers (S)” as independent variables, a
regression was implemented. The results are shown in Table 12.

Table 12. Regression analysis results for Experiment 1 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.3806 ** (0.0779)
R −2.0149 ** (0.2975) 0.0670 (0.1720)
S −0.2046 (0.7246) −0.1938 (0.9113)

Constant 110.5538 ** (15.8225) −0.4205 (9.7951)
F 23.11 ** 8.13 **

R2 0.5834 0.4326

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

Table 12 shows that at a 99% confidence level, the last round of earnings had a significant impact
on the actual donation amount when there was no communication. For every unit increase in income
in the previous round, the actual donation amount decreased by 2.0149 units when there was no
communication. In this case, the increase in income in the previous round was due to reduced
investment compared to other members and the extra income received through free-riding. Therefore,
when income increased, less was invested. At a 99% confidence level, the planned donation amount
had a significant impact on the actual donation amount when there was communication. For every
unit increase in the planned donation amount, the actual donation amount increased by 0.3806 units
when there was communication. The F-statistics were all significant.

3.6.2. Experiment 2 (C & NC)

The regression results for the dependent variables “actual donation amount without
communication (ADNC)” and “actual donation amount with communication (ADC)”, as well as
the independent variables “planned donation (PD)”, “estimated value of β (EV)”, “return from the
previous round (R)”, the “actual value of β in the previous round (AV)”, and “degree of trust in
strangers (S)” are shown in Table 13.

Table 13 shows that at a 95% confidence level, the estimated value of β had a significant impact on
the actual donation amount when there was no communication. For each unit increase in the estimated
value of β, the actual donation amount increased by 21.7732 units when there was no communication.
That is, the higher the estimated rate of return β was, the more confidence there was in investment
prospects, and the more money was donated. At a 99% confidence level, the planned donation amount
had a significant impact on the actual donation amount when there was communication. For every
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unit increase in the planned donation amount, the actual donation amount increased by 0.5395 units
when there was communication. The F-statistics were all significant.

Table 13. Regression analysis results for Experiment 2 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.5395 ** (0.1226)
EV 21.7732 * (8.4576) 5.9781 (10.3440)
R 0.1414 (0.1747) 0.0170 (0.1591)

AV −2.7987 (25.2626) −2.5214 (25.4660)
S 0.5917 (1.5337) −0.5469 (1.5920)

Constant −11.3111 (13.5503) −0.1530 (15.7398)
F 2.84 * 4.64 **

R2 0.2681 0.4363

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

3.6.3. Experiment 3 (C & NC)

Taking “actual donation amount without communication (ADNC)” and “actual donation amount
with communication (ADC)” as the dependent variables and “planned donation amount (PD)”, “return
from last round (R)”, and “degree of trust in strangers (S)” as the independent variables, a regression
was implemented, and the results are shown in Table 14.

Table 14. Regression analysis results for Experiment 3 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.3806 ** (0.0779)
R 0.8662 ** (0.0449) 0.0670 (0.1720)
S −0.3889 ** (0.0743) −0.1938 (0.9113)

Constant −41.4704 ** (2.3666) −0.4205 (9.7951)
F 199.73 ** 8.13 **

R2 0.9237 0.4326

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

Table 14 shows that at a confidence level of 99%, the benefits received in the previous round and the
degree of trust in strangers had a significant impact on the actual donation amount when there was no
communication. For each additional unit of income received in the previous round, the actual donation
amount increased by 0.8662 units when there was no communication. The increase in income could be
attributed to an increase in the amount in the public account, which was caused by the overinvestment
of group members. Therefore, there was a positive correlation between the benefits received in
the previous period and the actual donation amount when there was no communication. For each
additional unit in the “degree of trust in strangers (S)” variable, the actual donation amount when there
was no communication decreased by 0.3889 units. At a 99% confidence level, the planned donation
amount had a significant impact on the actual donation amount when there was communication: for
every unit increase in the planned donation amount, the actual donation amount increased by 0.3806
units. The F-statistics were significant.

3.6.4. Experiment 4 (C & NC)

Taking the “actual donation amount without communication (ADNC)” and the “actual donation
amount with communication (ADC)” as the dependent variables and the “planned donation amount
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(PD)”, “return from the previous round (R)”, “reward received from the previous round (RP)”,
“penalty received from the previous round (PP)”, ”revenue after the previous round of reward and
punishment (RRP)” and “degree of trust in strangers (S)” as the independent variables, a regression
was implemented, the results of which are shown in Table 15.

Table 15. Regression analysis results for Experiment 4 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.9277 ** (0.1710)
R −0.0372 (0.3619) 0.0014 (0.1615)

RP −1.1947 (0.9250) −0.3030 (0.5093)
PP 1.7193 (1.0083) -

RRP 0.5720 * (0.2781) 0.0875 (0.0825)
S 0.8822 (0.5812) 0.0614 (0.3912)

Constant −23.5713 (15.4177) −6.2810 (12.5589)
F 1.93 6.60 **

R2 0.2434 0.5238

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

Table 15 shows that at a 95% confidence level, earnings after the previous round of reward and
punishment had a significant impact on the actual donation amount when there was no communication.
For each additional unit of earnings after the previous round of reward and punishment, the actual
donation amount increased by 0.5720 units when there was no communication. At a 99% confidence
level, the planned donation amount had a significant impact on the actual donation amount when there
was communication. For every unit increase in the planned donation amount, the actual donation
amount increased by 0.9277 units when there was communication.

3.6.5. Experiment 5 (C & NC)

Taking “the actual donation amount without communication (ADNC)” and “the actual donation
amount with communication (ADC)” as the dependent variables and the “planned donation amount
(PD)”, “estimated value of β (EV)”, “return from the previous round (R)”, “actual value of β in the
previous round (AV)”, and “degree of trust in strangers (S)” as the independent variables, a regression
was implemented. The results are shown in Table 16.

Table 16. Regression analysis results for Experiment 5 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.1941 (0.1338)
EV 1.7577 (3.1826) 9.4234 * (4.5536)
R −0.6062 ** (0.1638) −0.1654 (0.1859)

AV 5.7869 (7.3403) 2.8021 (9.3125)
S −0.3296 (0.3630) −0.4663 (0.4228)

Constant 34.7118 ** (7.7161) 8.6229 (8.8104)
F 5.34 ** 3.49 *

R2 0.4081 0.3678

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

Table 16 shows that at a 99% confidence level, the earnings from the previous round had a
significant impact on the actual amount of donations when there was no communication. For each unit
increase in the previous round’s income, the actual amount of money donated decreased by 0.6062
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units when there was no communication. If there was communication, the estimated value of β had a
significant effect on the actual donation amount at a 95% confidence level. For each additional unit
of the estimated value of β, the actual donation amount increased by 9.4234 units when there was
communication. The F-statistics were significant.

3.6.6. Experiment 6 (C & NC)

Taking the “actual donation amount without communication (ADNC)” and the “actual donation
amount with communication (ADC)” as the dependent variables and the “planned donation amount
(PD)”, “return from the previous round (R)”, “reward received from the previous round (RP)”, “penalty
received from the previous round (PP)”, “returns after one round of reward and punishment (RRP)”,
“estimated value of β (EV)”, “actual value of β in the previous round (AV)”, and “degree of trust in
strangers (S)” as the independent variables, a regression was implemented, the results of which are
shown in Table 17.

Table 17. Regression analysis results for Experiment 6 (C & NC).

Independent Variables
Dependent Variables

ADNC ADC

PD - 0.8344 ** (0.0670)
R −0.02810 (0.3152) −0.0039 (0.1300)

RP −0.03906 (1.2356) 0.2757 (0.6025)
PP 0.3405 (0.6826) −0.4356 (0.3273)

RRP 0.1126 (0.1970) −0.0865 (0.0952)
EV 15.9091 * (6.9543) 6.3467 (9.8157)
AV 65.7716 * (27.6774) 2.8950 (13.3299)
S 0.5950 (1.0832) 0.1638 (0.5813)

Constant −12.5920 (11.7948) 3.9333 (7.2328)
F 2.43 * 28.50 **

R2 0.3780 0.8941

Note: * significant at the 0.05 probability level; ** significant at the 0.01 probability level. ADNC: “actual donation
amount without communication”; ADC: “actual donation amount with communication”.

Table 17 shows that at a 95% confidence level, the estimated value ofβ had a significant effect on the
actual donation amount when there was no communication. For each additional unit in the estimated
β value, the actual donation amount increased by 15.9091 units when there was no communication. At
a 95% confidence level, the actual value of β in the previous round had a significant impact on the
actual donation amount when there was no communication. For each increase in the actual value of
β in the previous round, the actual donation amount increased by 65.7716 units when there was no
communication. At a 99% confidence level, the planned donation amount had a significant impact on
the actual donation amount when there was communication. For every unit increase in the planned
donation amount, the actual donation increased by 0.8344 units when there was communication. The
F-statistics were significant.

4. Discussion and Conclusions

Two main issues were studied in this paper: (1) Which is better, cooperation or noncooperation?
(2) What are the key factors affecting the private, voluntary supply of goods for forestry infrastructure?
The following was found: (1) With private cooperation, the supply was higher than with private
noncooperation. (2) Communication, environmental determination, information feedback, and reward
and punishment mechanisms affected the quantity of private, voluntary supplies. (3) Communication
could increase supply. (4) Reward and punishment mechanisms could also increase supply. (5) The
impact of environmental certainty on supply depended on reward and punishment mechanisms.
When there was no reward and punishment mechanism, environmental uncertainty increased the
supply of goods for forestry infrastructure. When incentives and penalties were in place, a defined
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environment increased the supply of goods for forestry infrastructure. (6) The impact of information
feedback on supply depended on environmental certainty. When the environment was determined,
information feedback increased donations. When the environment was uncertain, no information
feedback increased donations.

Choi and Ahn have written that rewards and punishments can increase supply [59]. This is
consistent with our findings. Zhou and other scholars have indicated that environmental uncertainty
could increase donations [58]. Zhou’s experimental design considered leaders and did not consider
reward and punishment mechanisms, which is not exactly what our experimental design did. Zhang
found that information feedback could affect free-riding behavior [61]. Our research did not consider
the method of information feedback, which is a disadvantage of our experimental design.

The conclusions of our experiments are instructive for the private, voluntary provision of
quasi-public goods for forestry infrastructure. On the one hand, low-cost quasi-public goods can be
provided by private, voluntary foresters in a forest. Meanwhile, cooperation between forest farmers
should be promoted as far as possible. On the other hand, reward and punishment mechanisms ought
to be more public, and members should communicate more.
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Appendix A. Software for Experimental Design Implementation: Z-Tree

1. Z-tree user interface
1.1. Interface when entering Z-tree

 

1.2. Interface when the Z-leaf is connected to the Z-tree
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1.3. Design of experimental procedures
1.3.1. Program display of Experiment 1
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1.3.2. Experimental operation interface of Experiment 1

 

 

1.3.3. Description of Experiment 1

• Explanation of the experiment

You are welcome to participate in this experiment and we thank you for your cooperation.
The four of you belong to the same forest area. Now, the forest area needs to build forestry

infrastructure to improve forestry production efficiency. Such facilities are quasi-public goods, and all
four of you will use them. Now you need to know how much each of you four is willing to pay to
build this forestry infrastructure.

Your forest area only has one public account, which is where the funds you are willing to use to
build forestry infrastructure will be stored. After the start of each round of experiments, each person
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will have 50 chips. You can choose to invest 0 to 20 chips in the public account. After everyone has
decided on the amount of his/her investment, everyone will get a return (0.4 × the total amount in
the public account) from the public account (whether or not the investment is made), where 0.4 is the
response rate. That is, if you choose to invest X chips, and the total investment amount chosen by
the other three individuals is Y, then 0.4 (X + Y) is the investment return you will get from the public
account. In addition, each of the four of you has a private account, which is where your remaining
funds will be deposited, namely (50 - X). After the end of each round of experiments, the system will
display your investment amount and your return for this round, but will not display the investment
information of the other three team members.

After the end of this round of experiments, the next round of experiments will be carried out. In
each round of experiments, you will get 50 chips from the experimenter. We will carry out 10 rounds
of experiments. After the 10 rounds of experiments are over, we will pay you cash for participating in
this experiment. Your cash income = 0.1 × (appearance fee + experiment income). The entrance fee for
the 10 rounds of experiments is fixed at 30, and it is paid only once. The experiment income = (50 − X)
+ 0.4(X + Y).

During the experiment, it is strictly prohibited to communicate with the other participants, and
your mobile phone must be turned on vibrate. If you have any questions, please raise your hand and
we will answer your questions individually. Your compliance with the rules is very important, as
otherwise we must exclude you from the experiment without giving you any compensation.

• Test questions

Before you start the experiment, you need to complete three test questions to make sure you fully
understand the experimental rules. You can then make optimal decisions that maximize your revenue.

(1) If three other people—A, B, and C—each invest 10, 10, and 10 chips in the public account, and
you also invest 10 chips in the public account, the return on investment of the public account is 0.4.
Therefore, the remaining funds in the private accounts of each of you are (), (), (), and (); the gains from
the public accounts are (), (), (), and (); and the experimental benefits are (), (), (), and ().

(2) If three other people —A, B, and C—each invest 10, 10, and 10 chips in the public account,
and you invest 0 chips in the public account, the return on investment of the public account is 0.4.
Therefore, the remaining funds in the private accounts of each of you are (), (), (), and (); the gains from
the public accounts are (), (), (), and (); and the experimental benefits are (), (), (), and ().

(3) You invest 0 chips in the public account, and the other three persons (A, B, and C) each invest 5,
5, and 20 chips in the public account. The return on investment of the public account is 0.4. Therefore,
the remaining funds in the private accounts of each of you are (), (), (), and (); the gains from the public
accounts are (), (), (), and (); and the experimental benefits are (), (), (), and ().
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Abstract: In 2019, the machine manufacturer HSM presented a forwarder prototype for timber
hauling in cut-to-length processes fitted with a new 10-wheel triple-bogie (TB) setup approach
aimed at promoting sustainable forest management by reducing the ecological impact of forest
operations, especially under soft-soil working conditions. The purpose of our study was to assess
the resulting soil-protection effect emerging from additional wheel-contact surface area. For this,
the rut development under known cumulative weight, related to the soil conditions of shear strength
and moisture content, was recorded for later comparison. Additional terrestrial laser scanning (TLS)
was used to generate a multi-temporal digital terrain model (DTM) in order to enhance the data
sample, assess data quality, and facilitate visualization of the impact of local disturbance factors.
In all TB configurations, a rut depth of 10 cm (5.8–7.2 cm) was not exceeded after the hauling of a
reference amount of 90 m3 of timber (average soil shear strength reference of 67 kPa, volumetric water
content (VMC) 43%). Compared to a reference dataset, all observed configurations ranked in the
lowest-impact machine categories on related soil stability classes, and the configuration without bogie
tracks revealed the highest machine weight to weight distribution trade-off potential.

Keywords: forest operation; forwarder; cut-to-length; soft soil; soil protection; rut depth; TLS data

1. Introduction

Since the introduction of larger machines in forestry, their effect on the environment has been
a continuously debated topic. Soil protection is a particular point of concern [1]. With increased
awareness and defined restrictions, the surrounding conditions for forest work have become more
important, as global warming forces forestry contractors to work under suboptimal conditions outside
the frost period [2]. This has also started to affect regions that historically could rely on frozen soils
in certain time periods during the year [3,4]. Normally, workers would interrupt harvesting during
unsuitable weather conditions but with the increasing absence of good working conditions, amplified
by high machine costs, they must continue their work for economic reasons [5]. In order to continue
supplying timber with a tolerable ecological impact in the context of sustainable forest management
(SFM), different machine designs, that are further described below, are gaining interest, in addition to
such operational solutions as the intense use of brush mats to reduce soil impact [6].

When machine configurations without bogie tracks are discussed, the enlargement of the soil
contact area is generally divided into three main machine configuration-related solutions with different
soil protection effects: the number of tires on the machine (effect 55%), the air pressure in the tires (35%),
and the tire width (10%) [7]. The use of a low tire-pressure machine setup, along with the number of
tires, is a particularly suitable approach [8–10]. However, the resulting change in machine weight must
always be kept in mind as a trade-off parameter [2].

Sustainability 2020, 12, 6412; doi:10.3390/su12166412 www.mdpi.com/journal/sustainability
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Other basic trends to achieve a high soil-protection effect are the use of bogie tracks [11] or a
switch to a tracked undercarriage of the machine. A possible extension of the bogie axle length should
also be noted here [12,13]. Specially designed machines for soft soil conditions such as the Elliator [14]
or the Ponsse “OnTrack” prototype [15] are existing examples of tracked forwarder setups.

With the now common switch from 6- to 8-wheeled machines, the addition of another pair
of wheels seems a logical development. Hence, also 10-wheeled forwarder setups are not a new
development per se [2], and several variants have already been tested with proven positive effects.

One such market-available solution is provided by Ponsse with its “10w setup”. Based on the
Wisent, Elk, and Buffalo forwarder model types, the larger carriage designed models have the option to
vertically adjust a third pair of wheels at the rear axle of the machine, whereas the wheel of the lighter
model remains in a fixed position [16]. One three-axle bogie, or triple-bogie (TB), solution considers
the trade-off between the energy efficiency of the machine and the friction, in terms of machine-soil
interaction, resulting in the invention of a new rocker design of the bogie axle that only uses the
maximum contact surface of the additional pair of wheels at higher torque requirements and thus only
when needed [17,18].

Another solution has recently been developed by “Hohenloher Spezial Maschinenbau GmbH”
(HSM) with its TB system. This 10-wheeled forwarder setup is based on a HSM 208F 10 t machine [19]
and provides the option to be used either with specially designed bogie tracks for extremely soft soil
conditions or with low pressurized “BigFoot” tires with three actively driven wheels.

To compare the resulting soil protection effect of different machinery, an assessment method is
needed. There are various approaches to evaluating the impact of a forest machine on sensitive soils [20].
The first methodological option consists of calculation-based estimations, e.g., by determining the
nominal ground pressure (NGP) of a forest machine [21]. Furthermore, more accurate calculations
such as the mean maximum pressure (MMP) [22] of a certain machine can be included in order to
derive the soil impact from calculated machine characteristics. Dynamic local tire-soil effects make this
approach not only very difficult to implement, but also potentially inaccurate under certain conditions
(ibid.), with the necessary input data sometimes hard to acquire [20].

Another possibility is to measure the impact of the machine in describing the soil characteristics,
e.g., with the bulk-density change over time during the harvest operation [22–25]. The machine
impact can thereby be distinguished between shearing effects caused by traction loss and direct
compaction [26], both of which lead to ruts in the driving lanes. As the bulk density cannot be visually
observed in the field and does not explain technical accessibility, guidelines for practical use focus on
the visually detectable rut depth and its shape, related to previously described soil parameters [27].

Related research uses various methods of describing and measuring this rut expression. For fast or
larger area observations, it can be separated by classes, where the rut depths or the moved soil volumes
have been determined visually [28,29], with photogrammetric methods (such as an unmanned aerial
vehicle (UAV)-based evaluation method [30]), or have been measured with a traditional terrestrial or
newer portable laser scanners [26,31,32]. To achieve a higher resolution for the comparison of different
machine types, other studies have manually recorded the rutting development [33] and checked its
correlation to the cumulative weight consisting of machine weight, load weight, equipment weight,
and the number of transits [2,34–36]. Because manual measurements are very labor-intensive [31],
combined approaches have been developed using close-range photogrammetry and multi-temporal
digital terrain models (DTM) to measure the rut developments with higher resolution [8,37,38].
This method has already been successfully used with additional consideration of the number of
machines passes with known impact weight, thus offering additional possibilities of data recording
and evaluation [8,38,39].

In such evaluations, it is important to record the related soil parameters as influencing factors [20,40].
Soil parameters that can be used to rank soil stability are shear strength (τ) [2,38,40], penetration
resistance, or E-module [41]. Shear-strength classification may have higher replicability and objectivity
compared to the cone penetrometer test for determining penetration resistance [42].
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A remaining problem with soil characterization using the cone penetrometer is the occurrence of
skeletal content, which can influence the reliability of the data [35]. A similar effect may arise during
manual measurements with a lower number of sample points caused by the root system of the trees [36].
Nevertheless, both measuring setups are regarded as common and reliable techniques to characterize
physical soil parameters [40] and are also used in combination [23]. The related (volumetric) soil
moisture content and the Unified Soil Classification System (USCS) or similar soil type description is
valuable additional information as they both directly influence the soil characteristics [20].

Based on the previously mentioned methodological elements, applications for comparing the rut
depth development of multiple different machines do exist [36,42], which can be used to rate our own
results. In one mentioned application [36], the rutting development of different forwarder bogie-track
setups were manually recorded on flat terrain during the hauling process under predominantly soft
soil conditions. For this, a Valmet 860.4 base machine was equipped with different bogie-track types.
To illustrate the overall impact on the skid trails, the cumulative weights (consisting of machine
weight, load weight, and the weight of the bogie tracks) of each variant were recorded. Furthermore,
the respective soil conditions were documented in order to classify soil conditions by shear strength in
three classes [36] (Table 1).

Table 1. “Sachsenforst” reference soil stability classes for the Leipzig region (Wermsdorfer Wald) for
mean soil characteristic values [36].

Soil Stability
Class

Description
Mean Shear Strength τ

[kPa]
Mean Volumetric Soil Moisture

Content (VMC) [%]

SC1 Less sensitive soils 124 39
SC2 Sensitive soils 91 46
SC3 Very sensitive soils 67 48

The soil moisture ranges were then used to cluster the data as a further common influence
factor [20,33,41,43,44].

This following study investigates the newly developed HSM TB system configurations with
regards to their rutting effects on predominantly very sensitive soil conditions. It is therefore compared
with existing 8-wheel and bogie-track setups from direct measurements and additional reference data
available for similar soil conditions. Terrestrial laser scanning (TLS) data will be used to visualize
small-scale influences that may distort rutting effects and to directly support the selected manual
measurement setup, including data-quality assessment and additionally recorded samples.

2. Materials and Methods

The study was performed in Saxony, Germany, near the cities of Tharandt (50.94◦ N, 13.49◦ E) and
Schönheide (50.47◦ N, 12.51◦ E), in two field trials and in combination with a pre-test that was made
to test the functionality of the machine setup and to assess the applicability of the study layout [45].
In the second campaign (Schönheide), a further developed machine setup was finalized to be tested.
All measurements were taken in springtime to guarantee high soil water saturation. The selection of
the testing areas was based on an assumed soil stability classified as B3 of the Saxonian soil protection
guideline: “Trafficability is severely limited by weather conditions” [46], which makes it comparable
with the requirements of the additional reference data [36]. The measurement points (Figure 1) were
selected inside forest stands on different, existing skid trails that had initially no visible soil disturbance
from previous timber hauling or harvesting operations that had been carried out several years earlier.
To observe a rut deepening effect, soil stress was then provoked by multiple passes over the area of
interest with a loaded machine in a straight line while the changes were recorded (Table 2). For the
layout documentation, the measuring points were named according to the tested machine configuration
(1–4), the recording type when multiple methods were used (a: TLS; b: manual), the recording cycle
(A, B), and the consecutive number of measuring points per setup (e.g., 1a_A1).

99



Sustainability 2020, 12, 6412

 

Figure 1. Measuring point, consisting of max. eight sample points for the manual measurements in
horizontal (top) and vertical (bottom) schematic view (changed after [33,42,44,47]).

Table 2. Overview of the data recording sites for the rut-depth evaluation.

Tharandt (Saxony, GER) Schönheide (Saxony, GER)

Recording Date 3–6 April 2018 5–11 April 2019

Manual Measurements X X

Terrestrial Laser
Scanning (TLS)
Measurements

X -

Soil Type [48] Stagnosol Gleysol, Cambisol

Soil Compartments of
the Predominant Soil

Type [49]

Sand
[%]

Silt
[%]

Clay
[%]

Skeletal
Comp.

[%]

Sand
[%]

Silt
[%]

Clay
[%]

Skeletal
Comp.

[%]

Soil Horizon
[max. depth]

I [12 cm] 20 40 40 10.5 I [8 cm] 64.6 26.8 9.6 23.3

- - - - - II [15 cm] 57.9 32.5 9.6 31.8

II [30 cm] 8.8 48.6 42.6 17.9 III [27 cm] 55.8 33.6 10.6 23.9

- - - - - IV [51 cm] 55.0 35.0 10.0 35.6

III [60 cm] 21.7 54.6 23.7 80.0 V [75 cm] 56.3 32.4 11.4 46.1

In advance of the trials, the selected sample points were cleared of organic litter to reveal the
mineral soil. Shear strength and moisture content were then determined with six measurements in a
1 m2 area around the sample point on the assumed driving lane directly in advance of the measurements
(Figure 1), which defines the minimum, longitudinal sample point spacing. The data were collected
manually with a shear-strength meter (varying depth of mainly 15 cm) and a time-domain reflectometry
(TDR) probe to determine soil moisture as volumetric water content (VMC) with 20 cm-long probe forks.

To measure the rut depth, the vertical distance between the horizontal rope (Figure 1) was
taken after each pass of the machine for at least 10 passes. The deepest point in the middle of the
lane (inner 2.5 cm range) was measured for each sample point during the “Tharandt” measurement
campaign and at the highest point in the middle of the lane during the second measurement campaign
“Schönheide”. This change of measurement principle promised smaller disturbances for the second
measurement setup.
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To create a multi-temporal DTM that is further used to enhance the data collected by manual
measurements, a FARO Focus 3D X330 terrestrial laser scanner (TLS) was positioned outside the lane of
the skid trail at four measurement points during the “Tharandt” campaign. With this setup, a scan of
each measuring point was made after every second pass of the machine in the frequency [1,3,5,7,9,11]
for the measurements 1a and [2,4,6,8,10] for the measurements 2a (see also Table 3).

Table 3. Overview of the collected data according to different machine configuration setups.

Machine
Configuration

Number
Configuration Description

No. of Measuring
Points (TLS

Datasets)

Related Machine
Weight with

Tracks and (Load)
[t]

No. of Passes for
90 m3 (Cumulative

Weight)
Location

1 (1a TLS, 1b
manual data) Triple-bogie incl. tracks 2 (2) 21.9 + 8.8 (+13) 1a:7 (305.9),

1b:6 (262.2)
Tharandt

(Saxony, GER)

2 (2a TLS, 2b
manual data)

Triple-bogie high tire air
pressure (3 bar) (BigFoot) 2 (2) 21.9 (+13) 6 (209.4) Tharandt

(Saxony, GER)

3 Triple-bogie low tire air
pressure (BigFoot) 7 21.9 (+10.8) 7 (228.9) Schönheide

(Saxony, GER)

4
8-wheeled reference machine
(HSM 208F 710 mm-high tire

pressure (3.5 bar))
3 16.9 (+10.8) 7 (193.9) Schönheide

(Saxony, GER)

The sample point validity of the evaluated manual data series was defined by an upper limit
of a mean shear strength of 80 kPa out of six measurements, to focus on the average soil sensitivity
range of 67 kPa on the fully manually recorded measuring points [36]. For the TLS measurements,
the higher shear-strength data series of the directly related measurement points remained in the study
as the samples are drawn in a continuous manner, cannot be separated, and are thus part of the
measurement principle.

To compare the TLS data with the manual measurements, the changes in rut geometry over
time were calculated. The first scan without impact was regarded as the initial situation. For each
subsequent scan, the absolute difference from the initial situation was calculated in z-direction with
a 6-kNN algorithm for the scan points using the cloud distance functionality of “CloudCompare”
open-source software (Version 2.11 beta (Anoia)) and stored as a scalar field.

The data samples for evaluation were then taken as a longitudinally oriented segment for both
lanes on the skid trail, covering the deepest point of the lane. As the visibility and the point density
of the laser scan lose resolution with increasing distance from the scanning center, the sample length
(Figure 2) was visually estimated to be reliable on a 7.8 m length of observation. The sample width of
20 cm ensured a positioning in the main center of the lane, thus allowing lateral machine movement
without influencing the measurement point.

  
(a) (b) 

Figure 2. Schematic presentation of samples taken from the TLS datasets in (a) cross-section and
(b) bird’s eye view: measurement point length 7.8 m and width 0.2 m.

The technical equipment investigated is a TB axle designed by HSM as a modular system to be
used in exchange with a conventional bogie axle.
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The total length of the bogie axle is 4528 mm (Figure 3) and is connected to the machine at the
angle point of the center of the middle wheel and is thus mounted without suspension and not as a real
bogie functionality setup. All wheels are actively driven and thus allow the use without bogie tracks
and high traction values at the same time. The machine is designed to be equipped with “BigFoot”
tires (Firestone 54 × 37.00 − 25, 940 mm [50]), but with the option to switch to lower tire widths.

Figure 3. Schematic presentation of the Forwarder2020 base machine with the TB-BigFoot
configuration [19].

Without bogie tracks, the TB axle setup has a determined weight of 21.9 t, including other
prototype components, such as the enhanced hydraulic setup for energy recovery [51], that were
installed on the machine. The definite weight of the series machine is therefore expected to be lower
than the prototypes tested in this study and is more likely to approach the listed and communicated
manufacturer’s weight of 16 t [52].

An additional component of the machine is the specially produced bogie track for soft soil
conditions. Clark TXL 150 TerraXlite bogie tracks were used with a special design to fit BigFoot tires.
They were used in a symmetric design on the TB axle (width: 1345 mm, weight: 5740 kg) and in an
asymmetric design on the front axle (width: 1175 mm, weight: 3058 kg).

The measurements were carried out with different machine setups. The TB prototype was tested in
three different configurations: with the use of bogie tracks, with the standard tire pressure (also suitable
for the use of tracks), and with a lowered tire pressure to achieve further soil protection effects. Table 3
shows all configurations, the number of collected datasets, and the measuring location.

The low tire pressure setup tested in this study was that specified in the user’s manual as the
lowest tire pressure configuration authorized for this machine setup without specially designed rims.
One manufacturer’s concern in this setup was related to the middle tire of the axle. As load peaks
were expected when the machine passes over an obstacle without suspending the middle wheel, they
advised that the pressure should stay above 2.1 bar. The final tire pressure setup is shown in Figure 4.

Figure 4. Tire pressure setup of the low-pressure measurements.
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To compare the machine’s behavior with conventional setups, an HSM 208F 10 t 8-wheeled
forwarder, equipped with standard 710/45-26.5 tires with 3.5 bar tire pressure, was also observed.
The base weight of this machine was 16.9 t [53].

In addition to the configuration setup, the machine carried a common load, defined as “just below”
the stanchion height of the machine when equally loaded. The respective weight was measured by
weighing small bundles of logs that were choked with a sling and lifted with the forwards crane to
which a mobile crane scale was attached. The mobile crane scales that were used have an accuracy of
at least 10 kg per load under static conditions. The loads used were thus 13,010 kg (15.7 m3, 46 logs)
for the Tharandt dataset and 10,750 kg (12.9 m3, 36 logs) for the Schönheide dataset.

All datasets were evaluated with the statistic software R [54]. Due to the high number of samples
in some data series, the normality assumption was assumed as given. For lower n-cases, a visual
assessment followed by a Shapiro-Wilk test was performed. For the data series comparison of the
different measuring setups, the data series were described by the measured shear strength and soil
moisture, and a comparison of the rut depth at referenced 90 m3 hauled timber was conducted. To prove
the significance of different groups, an exact Wilcoxon Rank-Sum test without p-value correction
was made.

3. Results

3.1. Data Quality Assessment of the Manual Rutting Development Measurements with TLS
Data Enhancement

Figure 5 visualizes the TLS data for the optical recognition of small-scale influence parameters
and the homogeneity of the data points. In Section 2a (Figure 5), the shadowing effect of the sidewise
scanner setup is visible. The depth-value histogram of the 11th pass of the machine still shows a left
skewed data series, supporting the theory that there is seemingly still no influence of the data quality
on the validity of the data, and no higher value recordings are missing.

  
(a) (b) 

  
(c) (d) 

Figure 5. Visualization of the TLS measurement points after 11 passes, showing the absolute difference
in z-direction (blue: 10 cm deepening, red: 10 cm warping color thresholds): 1a ((a) 1a_A1, (b) 1a_A4),
2a ((c) 2a_B1, (d) 2a_B4).
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Within series 1a, the deepening effect changes locally in both visualizations but seems to have a
higher expression in the 1a_A4 data series. The 2a_B4 series also shows a region of higher soil stability
but is combined with extreme rut depths in the same lane and so displays a high inhomogeneity of the
measurement point.

Figure 6 illustrates the TLS and manual data quality in direct comparison for two measuring points.
Negative values are caused by local warping effects and objects that moved on the scan surface area.
As in Figure 5, the variation of the two measuring points under the same soil types with comparable
soil conditions is visible. The manual datasets and the TLS results thereby show the same tendencies
towards deepening on the related measurement points but with a higher linearity in the TLS data.

  
(a) (b) 

Figure 6. TLS results (red line, pass no: 1,2,3,5,7,9,11) of the measuring points (a) A1 (n = 12, τ = 61
kPa, sdτ = 15 kPa, VMC = 43%, sdVMC = 1.1%) and (b) A4 (n = 12, τ = 58 kPa, sdτ = 24 kPa,
VMC = 46%, sdVMC = 5.6%), showing the related rutting effect on point 1a_A1 (Δzmean pass 7 = 3.79 cm,
sdpass 7 = 4.21 cm, SEMpass 7 = 0.01 cm (0.3% ), 1a_A4 (Δzmean pass 7 = 8.01 cm, sdpass 7 = 4.56 cm,
SEMpass 7 = 0.01 cm (0.2%)) and the associated manual data (blue, dashed line, pass no: 1–11, 1b_A1
(n = 6 × 11, Δzmean pass 7 = 2.83 cm, sdpass 7 = 3.13 cm, SEMpass 7 = 1.28 cm (45%)) 1b_A4 (n = 6 × 11,
Δzmean pass 7 = 8.58 cm, sdpass 7 = 4.02 cm, SE pass 7 = 1.64 cm (19%))).

Table 4 provides an overview of all data collected. At 76 kPa, the soil strength value of the
2a machine configuration lies 20% above the next comparable data series and is characterized by a
relatively high mean shear strength value. The related dataset of manual measurements (2b) shows a
lower mean value of 53 kPa and so focuses more on softer soil conditions. All other measurement
point characterizations lie within the targeted range of soil classification.
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Table 4. Data description of the measuring point characteristics (TSL points and related soil
characteristics) characteristics in combination with machine configurations.

Machine
Configuration

Number

Measuring
Point Name or

Count of
Points

Number
of Sample

Points

Number of
Observations

TLS

Related Shear
Strength [kPa]

Incl. (n, sd)

Related Soil
Volume Moisture
Content [%] Incl.

(n, sd)

1a A1, A4 12 2.03 m 63 (68, 24) 43.2 (70, 5.8)
1b 4 (count) 16 - 58 (98, 20) 45.3 (94, 5.7)
2a B1; B4 12 0.57 m 76 (72, 27) 44.3 (71, 7.7)
2b 3 (count) 6 - 53 (36, 18) 48.8 (36, 5.4)
3 7 (count) 29 - 55 (168, 20) 38.3 (168, 8.9)
4 3 (count) 23 - 54 (138, 22) 34.2 (138, 9.0)

The results of the mean rut-depth development after each pass of the machine, and so the
configuration characteristics and the machine behavior on the different machine setups (as described
in Table 3), are visualized in Figure 7; Figure 8. Figure 7 shows the rut-depth development with the use
of bogie tracks and without bogie tracks set with 3-bar tire pressure for the Tharandt measurement
site. In Figure 8, the datasets collected in Schönheide are visualized. These series show the values of
manual measurements of the TB setup related to the lower tire pressure adopted and the results of the
8-wheeled reference machine. Concerning the data quality of these manual measurement series, no
issues are visible.

(a) (b) 

Figure 7. Rut-depth development data of TLS and manual measurements for each pass of the
triple-bogie configuration (a) with bogie tracks and (b) without bogie tracks; the mean of the series
values are visualized as a red line for the TLS data (row 1a left (n = 2.03 m), row 2a (right, n = 0.57 m))
and for all valid manual measurements as a dashed blue line (row 1b ((a), n = 16 × 11) and row 2b
((b), n = 6 × 11)).
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(a) (b) 

Figure 8. Rut-depth development data of manual measurements for each pass of the (a) triple-bogie
configuration with lowered tire air pressure and (b) the results of the reference machine; the mean of the
series values are visualized as a dashed blue line (row 3 ((a), n = 29 × 11) and row 4 ((b), n = 23 × 11)).

3.2. Comparison of Machine Setups

To enable a comparison of the different machine setups, the rutting effect is shown for all setups at
a reference point of 90 m3 of timber hauled (Figure 9). As the loads and the machine configurations
differ between the setups, the soil-stress level varies according to the reference weights listed in Table 3.
The TLS dataset reference was changed due to the scanning layout being performed every second time.
Therefore, the closest number of passes was missing and was substituted by the next higher value,
representing 91 t of load.

The normality assumption was not rejected for all tested manual datasets (Shapiro-Wilk test
p < 0.05), but the according qqPlots showed additional anomalies. The following group comparison
(Wilcoxon Rank-Sum) shows that the groups differ significantly (p < 0.05). Table 5 shows the
p-values of the pairwise comparison of all valid data series. In contrast to the Tharandt machine
configurations, where no directly significant difference of rut expression on the same testing area is
given, the Schönheide data series shows significant differences on the same testing area.
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Figure 9. Machine setup comparison incl. the visualization of the mean value (triangle) and the median
(horizontal line) of the tracked machine (TLS data: 1a (Δzmean = 5.8 cm for 7 passes)), manual data:
1b (Δzmean = 5.5 cm), 2: Triple-bogie (TB) with 3 bar tire air pressure (Δzmean = 7.2 cm), 3: Triple-bogie
with low tire pressure setup (Δzmean = 2.1 cm), 4: 8-wheeled reference machine (Δzmean = 4.3 cm),
clustered by soil types (location 1, blue: τmean = 53–63 kPa, VMCmean = 43–48%; location 2, green:
τmean = 54–55 kPa, VMCmean = 34–38%).

Table 5. p-Value table output from the exact Wilcoxon Rank-Sum test for group comparison (p = 0.05)
for the different machine setups: 1a: Triple-bogie (TB) with tracks (TLS data), 1b: Triple-bogie with
tracks (manual data), 2: Triple-bogie 3-bar tire pressure, 3: Triple-bogie adapted tire pressure, 4: 8-wheel
reference machine. The grey background clusters the different soil types for direct comparison without
measuring-site classification.

1a (TB Tracks,
TLS)

1b (TB Tracks,
Man.)

2 (TB High
Pressure)

3 (TB Low
Pressure)

1b (TB tracks, man.) 0.911 - - -
2 (TB high pressure) 0.471 0.416 - -
3 (TB low pressure) 0.000 0.010 0.021 -
4 (8-wheeled, 710) 0.275 0.520 0.205 0.024

4. Discussion

A rut-depth limit of 10 cm was introduced as a basic benchmark for rating the soil impact similar
to the fundamental soil-impact warning threshold for forest operations used in other studies [55].
Within this threshold, soil impairments (soil life, decomposing organic matter, germination capacity of
tree seeds, rooting capacity, and soil structure for drainage) start to occur, but in a reversible manner of
potential natural regeneration. This is necessary as basic guidance for a potential sustainable forest
operation. Above this value, irreversible destruction of soil functionalities can be assumed [27]. In this
regard, all examined machine setups fulfilled this requirement for a reference amount of 90 m3 timber
hauled, indicating that they are suitable for use on related soil conditions.

To enable a direct comparison of the recorded absolute values with those of the reference data [36],
our own reference machine results (Configuration 4) must be considered. A rut depth of more
than 33.7 cm is expected for the standard setup without bogie tracks [36]. However, Configuration
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4 is characterized by a low mean rut depth of only 4.3 cm. As the shear-strength values of all
recorded data series lie within the defined limits of the reference data [36] for “very sensitive soil
conditions (SC3)”, soil moisture is considered separately to estimate its influence in case of equal
shear-strength classes. With a 29% lower moisture content compared to the valid range of the reference
soil stability class, the dataset of the reference machine is particularly affected by this unexpected
ratio of shear strength to moisture content. It therefore does not fit the expected requirements of the
SC3 site classification in this case. This dataset thus seems to underestimate the results between the
different measurement sites. Even though moisture content should influence the shear-strength value
directly [41], it must be separately taken into consideration. Within the framework used in the reference
study, the “less-sensitive soils (SC1)” class was chosen for the Schönheide datasets because of its
tendency towards lower soil moisture content. The related higher shear strength of the reference soils
in the new class suggests that these classes are related to different soil types. Nevertheless, the systems
can still be compared on this basis as the TB system classification is characterized by higher technical
requirements to avoid soil disturbances than the reference classification.

In this new reference range, the low-pressure TB setup, as the only related TB configuration, is
ranked equally with the best reference machine setup, represented by the 8-wheel Clark Terra-X TXL
150 bogie track equipment with a mean rut depth of 2.2 cm after 90 m3 reference volume.

Furthermore, a significantly better result of the TB low-tire pressure setup compared to the
8-wheeled reference machine (p < 0.05) was observed at this measuring site, which underlines the
consistency of the expected results.

In contrast to the already discussed measurements, those made in Tharandt are completely
classified within the boundaries of the target range of the SC3 soil stability class. The results do not
show any significant variations amongst the different setups of the tracked and high tire pressure
machine configurations.

However, influences or disturbances of the data gathered in Tharandt become evident in the
non-linear rut development of the manually gathered dataset (Figure 6; Figure 7). The manual data
is therefore compared with the additionally collected TLS data to obtain clarity about the behavior.
The occurred effects of the manually gathered data are not visible in the TLS data and thus seem to be
either related to the manual measurement principle or are very locally expressed.

Another observation, visible in both the manual and the TLS data, is the difference in mean
rut-depth development between the comparable measuring points 1a_A1 and 1a_A4. In the additional
visual assessment of the multi-temporal DTMs (Figure 5), in the first (sample 1a_A1), second
(sample 1a_A4), and especially the fourth image (sample 2a_B4), disturbances in the soil as areas
with a higher soil stability appear at the beginning and the end of the right track. This also shows a
related deepening effect behind the disturbance point and serves as an example of how the manual
measurements can be both positively and negatively influenced by small- to medium-scale factors
that are part of the machine behavior under real working conditions. The different expression of
these structural changes at the 1a_A4 measuring point compared to the 1a_A1 point might be the
reason for the relatively higher or lower values. As these influences are not obviously visible before
starting measurements and are difficult to quantify without documentation, other studies have relied
on open-area study sites like agricultural or similar areas [2,39,56] where these effects can be avoided.
With a small number of sample points, as for the manual measurements, these expressions lead to
a high variation in the data with a respective high standard error, especially between multiple data
series. With the additional TLS data, the impact of one data point can be reduced, thus helping to raise
the quality of the data and reduce the number of measuring points necessary. In this case, the standard
error of means concerning one whole measurement point (1a/b_A1 with six sample points) was here
reduced from 45% to 0.3%. The comparison of the manual data with the TLS measurements in Figure 5,
the results in Figure 6, and also in view of the multiple frequency peaks underline the fact that, while
one TLS measuring point tends to represent one unknown influenced situation, it does so very precisely.
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With just two repetitions of scans at two sites, the TLS data on its own therefore promises more objective
results on representing a variety of different measurement point characteristics.

After discussing the potential influence parameters of the different measurements sites, a direct
comparison of the Tharandt results with the previous results of the reference study [36] can only
be made with care, as not all parameters of the reference study are known. Assuming comparable
basic conditions in terms of the frequency and intensity of disturbance factors, the results of the
tracked-bogie setup (Δzmean = 5.8 cm/5.5 cm) and the setup without bogie tracks and high tire pressure
(Δzmean = 7.2 cm) would be most closely ranked with the best results of the reference study. This is
represented by the Clark Terra-X TXL 150 bogie-track equipment on the 8-wheeled reference machines
with a mean rut development of Δzmean = 4.2 cm after 90 m3 of timber hauled. It must be mentioned
that the relatively poor results of the high-pressure TB setup are still ranked within the range of all
listed 8-wheeled bogie-track setups. The TB configuration without bogie tracks is at least an alternative
to the use of 8-wheeled bogie track configurations as the differences in results are very small, even
considering high tire pressure and in relation to track setups. This would confirm the previous
study’s conclusions that 10-wheeled configurations would benefit from less heavy configurations [2].
The lowered tire pressure setup shows a further significant improvement of the non-tracked setups
(p < 0.05). This conclusion must be taken with care, because the respective data series, as previously
discussed, are related to different soil conditions. Although the coherent soil-conservation effect of
lower tire pressure setups was observed [8,10] and was already known from different studies [8,9,57],
this configuration should receive further attention in follow-up studies in direct comparison with other
machines on similar soils and thus direct comparable testing conditions.

5. Conclusions

In this study, the rutting effect of the new HSM triple-bogie system on sensitive soil conditions
was tested. The results show that an at least equally high soil-protection effect is achieved on flat
terrain compared to standard 8-wheeled machines with bogie tracks. Even when no additional bogie
tracks are used on the TB system setup, the results are very promising. In particular, this setup shows
additional potential when optimizing/lowering tire pressure. Due to the diverging soil conditions and
the resulting higher soil stability classes, this effect should receive further attention, especially on soft
soil conditions.

The TLS data was very valuable in this study as it helped minimize the effort of manual data
collection, increased the data quality, and showed additional potential for assessing selected data
samples with the support of multi-temporal digital terrain models. Indeed, apart from measuring soil
characteristics, manual data recording could be fully replaced by the presented longitudinal sample
drawing method.
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Polskiego 71A, 60-625 Poznań, Poland; piotr.mederski@up.poznan.pl

* Correspondence: francesco.latterini@crea.gov.it; Tel.: +39-0690675205

Received: 10 June 2020; Accepted: 14 July 2020; Published: 16 July 2020

Abstract: Reducing potential soil damage due to the passing of forest machinery is a key issue in
sustainable forest management. Limiting soil compaction has a significant positive impact on forest
soil. With this in mind, the aim of this work was the application of precision forestry tools, namely
the Global Navigation Satellite System (GNSS) and Geographic Information System (GIS), to improve
forwarding operations in hilly areas, thereby reducing the soil surface impacted. Three different
forest study areas located on the slopes of Mount Amiata (Tuscany, Italy) were analyzed. Extraction
operations were carried out using a John Deere 1410D forwarder. The study was conducted in
chestnut (Castanea sativa Mill.) coppice, and two coniferous stands: black pine (Pinus nigra Arn.)
and Monterey pine (Pinus radiata D. Don). The first stage of this work consisted of field surveys
collecting data concerning new strip roads prepared by the forwarder operator to extract all the wood
material from the forest areas. These new strip roads were detected using a GNSS system: specifically,
a Trimble Juno Sb handheld data collector. The accumulated field data were recorded in GIS Software
Quantum GIS 2.18, allowing the creation of strip road shapefiles followed by a calculation of the soil
surface impacted during the extraction operation. In the second phase, various GIS tools were used to
define a preliminary strip road network, developed to minimize impact on the surface, and, therefore,
environmental disturbance. The results obtained showed the efficiency of precision forestry tools to
improve forwarding operations. This electronic component, integrated with the on-board GNSS and
GIS systems of the forwarder, could assure that the machine only followed the previously-planned
strip roads, leading to a considerable reduction of the soil compaction and topsoil disturbances.
The use of such tool can also minimize the risks of accidents in hilly areas operations, thus allowing
more sustainable forest operations under all the three pillars of sustainability (economy, environment
and society).

Keywords: GIS; GNSS; forwarder; precision forestry; sustainable forest operations

1. Introduction

To fulfil the relevant ecological, economic and social functions, sustainable forest management
(SFM) [1] should include effective [2,3] and environmentally-acceptable forest operations [4].
Considering the above mentioned functions, SFM should minimize the negative impact of harvesting
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on the environment without limiting the productivity while assuring forest workers’ safety [4–7].
Modern machines, such as harvesters and forwarders (with wide, rubber tyres), have become common
in forest utilization [8], also because they reduce the environmental impact in comparison with others
utilization systems characterized by lower mechanization level [9]. The application of precision
forest harvesting (PFH) may contribute significantly to the enhancement of efficient cut-to-length
technology, i.e., a harvesting system in which trees are delimbed and bucked into assortments prior
to subsequent transport to the landing site [10], and optimize SFM. PFH may be implemented by
using interdisciplinary concepts, integrating the use of new technologies to create innovative solutions
for efficient forest operations [11]. With particular reference to forwarding, the integration of Global
Navigation Satellite System (GNSS) technology, Geographic Information System (GIS) and the on-board
computing (OBC) hardware and software of modern forwarders, as well as advanced Information and
Communications Technology (ICT), could enhance the future development of forest utilization [12–20].

Electronic devices integrated into modern forest machines used for forest operations do not only
guarantee higher work productivity, but they could also reduce the environmental impact and enhance
the safety of the workers [21–25].

Nowadays, the integration of electronic solutions with forestry practice (which can be seen as
part of precision forestry) can contribute significantly to SFM and this creates a new best practice.
It is possible for electronic devices to be implemented in all phases of the forest value chain, from the
intervention planning to the product traceability. GIS technology could be used to analyze the
topographic, ecological and morphological characteristics of the study area. GIS can help to design
strip road network for timber harvesting and alternative extraction systems, with particular attention
to economic aspects, minimizing negative impact on environment and providing a guarantee safety for
operators [26–32]. GIS developed files can be implemented on the modern forwarders’ information and
communication technology (ICT) system; therefore, the designed strip road pattern can be displayed
on the on-board screen and, thanks to the GNSS device, the operator can follow this strip road
network, thereby limiting soil compaction [33]. Moreover, geo-data from the GNSS transformed in GIS
could be integrated with work productivity and recorded using the standard for forest machine data
and communication (StanForD) to carry out an economic evaluation of the entire study area [33,34].
In addition, a radio frequency identification (RFID) system allows for the identification of trees and
marking them individually [35]. This technology showed good performances and moreover there are
many possibilities of implementation [36].

Hence, aims of the present study were: (1) to apply GNSS and GIS technologies for the
design of strip roads for forwarding operations in central Italy, and (2) to compare the net of
the electronically-designed strip roads with those established in the forest by a forwarder operator
according to his experience. Thus, it aimed to evaluate the effectiveness of precision forestry technology
in the improvement of forwarding.

2. Materials and Methods

2.1. Study Areas

Three study areas were located on the slopes of Mount Amiata (Tuscany, Italy) in the Piancastagnaio
district, in the Province of Siena.

Average annual rainfall in the study areas is approximately 1400 mm/yr−1 with an average
annual temperature of 11.5 ◦C. The stands were dominated by Pinus radiata D. Don, Pinus nigra Arn.
and Castanea sativa Mill. in which three different forest treatments were conducted: clear-cutting (CC),
thinning (TH) and coppicing with standards (CS), respectively (Table 1). In all three study areas, felling
and processing were performed with a John Deere 1070G harvester, whilst extraction was carried out
using a John Deere 1410D forwarder.

114



Sustainability 2020, 12, 5716

Table 1. Main characteristics of three analyzed study areas.

Study Area Dominant Species Intervention
Study Area
Surface [ha]

Standing
Timber Mass

[Mg·ha−1]

Harvested Total
Timber Mass

[Mg·ha−1]

CC Pinus radiata D.Don. Clear-cutting 0.31 400 400
TH Pinus nigra Arn. Thinning 1.10 365 148

CS Castanea sativa Mill. Coppicing with
standards 1.93 220 200

2.1.1. Clear Cutting (CC)

The total study area amounted to 0.31 ha dominated by Pinus radiata D.Don. (Figure 1), with a
standing volume of 400 Mg·ha−1; all the timber was harvested as clear-cut (Table 1). The stand was
located in a hilly area, the prevalent elevation was 618 m a.s.l. with a maximum elevation of 622 m a.s.l.
and a minimum of 611 m a.s.l., with a predominately north-westerly aspect. The degree of the slope
was between 5% (I Class) and 22% (II Class) (Figure 1).

 

Figure 1. Land cover and slope map of clear cutting (CC) and thinning (TH) study areas. CRS:
WGS84-UTM32T. EPSG 32632.

2.1.2. Thinning (TH)

The total area of the forest sub-compartment equaled 2.30 ha, from which 1.10 ha was dominated
by Pinus nigra Arn. and 1.20 ha of high stands of Castanea sativa Mill., Quercus cerris L. and Fraxinus
ornus L. derived from a natural regeneration after an artificial pine stand (Figure 1). The total standing
mass was 365 Mg·ha−1, from which 148 Mg·ha−1 were harvested as thinning (Table 1). Only pine trees
were cut, while all the broadleaved individuals were left upstanding. The area was also hilly, with a
prevalent elevation of 626 m a.s.l. (maximum 653 m a.s.l. and minimum 613 m a.s.l.), mainly with a
northwest aspect. The slope degree was between 5% (I Class) and 33% (II Class) (Figure 1).

2.1.3. Coppicing with Standards (CS)

The total study area was 1.93 ha, fully covered with Castanea sativa Mill coppice with standards
(Figure 2) with a standing mass of 220 Mg·ha−1, from which coppicing of 200 Mg·ha−1 had been
conducted with the release of 50 standard trees per hectare. This area had the steepest slopes, with a
prevalent elevation of 1,019 m a.s.l. (from 999 m a.s.l. to 1077 m a.s.l.), and a predominant northeasterly
aspect. The degree of the slope ranged between 5% (I Class) and 45% (III Class) (Figure 2).
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Figure 2. Land cover and slope map of coppice with standards (CS) study area. CRS: WGS84-UTM32T.
EPSG 32632.

2.2. Field Reliefs

A preliminary survey was conducted by recording the existing road network with a GNSS device.
Then, in each of the three forest areas, six sample plots were randomly identified. Each sample plot
had a circular shape and a radius of 10 m (surface of ca. 314 m2). Within the plots, all the strip roads
open for harvesting (and forwarding) were detected using a GNSS device. Additionally, the length and
average width of the strip roads were measured by using a measuring tape. Between the two systems
used for distance measurement, there were no statistical differences. Finally, the coordinates of the
center point of each sample area were recorded using the GNSS device to make it possible to transfer
the sample area surfaces and locations on GIS. For data collection, a Trimble Juno Sb handheld was
used. The Trimble Juno Sb was powered by the Windows Mobile 6.1 operating system and a 533 MHz
Samsung S3C3443 processor. According to device’s specifications, a real-time accuracy of 2 to 5 m
was possible thanks to the integrated SBAS receiver. Subsequent post processing of the data using
Trimble Delta Phase technology made it possible to reach a positional accuracy of 1–3 m [37]. However,
for the aims of this study, post processing the data was unnecessary; therefore, the field data showed a
positional accuracy of 2–5 m.

The data characterizing the relief were collected and recorded by GIS software: in particular,
the open-source software Quantum GIS 2.18 Las Palmas, that allowed the creation of a line shape
file of the strip road pattern, within the six sample areas for the three study areas. All the GIS
files were geo-referenced in WGS84-UTM32T CRS (EPSG 32632). The data collected from the field
surveys and elaborated using GIS technology were used to calculate three crucial parameters for the
designed experiment: the surface impacted by forwarder passes, the length of the strip roads and strip
road density.

2.3. GIS Implementation

2.3.1. Preliminary GIS Steps

The GIS procedure developed for and applied in the design of a new improved network of strip
roads needed two basic elements, i.e., a line shape file of the existing forest road network and a digital
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terrain model (DTM) of the area. The line shape file of the existing forest road network was derived
from the GNSS survey. The DTM was built based on a topographic vector map of Tuscany, with a scale
of 1:5,000. More precisely, a 2 m resolution DTM was derived with a QGIS plugin, using triangulated
irregular network (TIN) interpolation. It should be noted here that the best DTM resolution freely
available for the whole of Italy is currently 10 m [38,39]. Considering the size of the three study areas,
it was decided in this case that it was inappropriate to use a 10 m DTM resolution; therefore, a DTM
with a 2 m resolution was built using local geo-data.

2.3.2. New Strip Road Pattern Development and Determination of the Forwarder Passes Needed
for Extraction

For the creation of the GIS-planned strip road network, the QGIS tool, Forest Road Designer
(FRD), [40] was used. This is a GIS plugin that relies on a DTM and on points or a line shapefile
reporting the zones. It generates another polyline meeting a series of design requirements established
by the user (longitudinal slope and curvature radius among others) [40].

One of the most important parameters to be set using the FRD was the maximum slope gradient
characterizing the new strip roads. This parameter had to be defined taking into account the
characteristics of the forest machine that is supposed to be used in the strip roads. Considering the
1410D forwarder, a maximum slope of 45% was defined for stretches perpendicular to the contour lines
and 25% for stretches parallel to them. In this way, machine-tipping risk was minimized. Moreover,
with the FRD plugin, it was also possible to indicate some areas over which the newly designed strip
roads should not pass (for example, high-value conservation areas). This was done by simply indicating
such areas with a polygon shapefile. It was necessary in this case to indicate certain areas over which
driving was forbidden as the study areas were surrounded by the properties of other owners. Another
GIS procedure was developed and implemented to define the number of forwarder’s passes needed
for the extraction of all the timber from the three study areas, according to the GIS-planned strip
road pattern. The first step was a calculation of the forwarding areas (i.e., forwarder accessible areas)
where timber was within reach of the forwarder’s boom. This was 12 m from the middle of each
strip road, taking into account the fact that the working distance of the forwarder boom was 12 m.
Once the forwarding areas were identified using the QGIS plugin fixed-distance buffer, it was possible
to divide them using another QGIS tool: the polygon divider, which differentiated an input polygon
layer (forwarding area) into a number of squarish polygons of a defined size. Knowing the forwarder
loading capacity, which was 13 tons for the 1410D, and the harvested mass for each study area, it was
possible to define the dimension of the sub-polygons or forwarding pixels (FPx), into which each
forwarding area was divided. Each FPx surface corresponded to one forwarder load. The number of
forwarder passes (NPs) corresponded to:

NPs: 2·FPx - 2 (1)

Finally, using the dedicated QGIS tool, the GIS-based strip road network was converted from an
ESRI shape file format to .kml and .gpx ones, in order for them to be compatible with the forwarder’s
computer and to be visible on the screen.

2.3.3. GIS Data Elaboration and Statistical Analysis

Having defined the GIS-based new strip road network, it was possible to calculate the soil
disturbance parameters: the impacted surface, strip road length and strip road density for the
GIS-planned study areas. These were calculated using the geo-fences of six sample plots from each
study area. Following this, the data obtained were analyzed with Statistica 7.0 software: after checking
for normality and homoscedasticity, both a one-way ANOVA and HSD Tukey test were used to find
out if there were statistically significant differences among data collected manually in the forest and
data obtained from the GIS.
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3. Results

3.1. Clear Cutting (CC)

In the clear-cutting study area, the mean strip road length in reality was 31.93 m, corresponding
to 1017 m· ha−1 of strip road density and 35% of impacted surface. With GIS planning, the mean strip
road length obtained from the sample plots was only 15.50 m, with a strip road density of 494 m·ha−1

and 17% of surface impacted.
With regard to the harvested volume in the CC study area, the surface of each FPx was 325 m2,

GIS analysis returned 9 FPx corresponding to 16 NPs. The forest road (fuchsia line, 3D model developed
using QGIS tool QGIS2threejs, Figure 3b) is located along the southeast side of the study area and
connected to a secondary truck road (light blue line) located to the northeast (Figure 3a).

 

Figure 3. (a) Actual forest road network in clear-cutting (CC) study area; (b) CC on 3D-model built
using QGIS plugin QGIS2threejsbased on digital terrain model (DTM) and orthophoto map from 2013;
(c) CC GIS (Geographic Information System)-planned strip road network; (d) CC study area divided
into small areas contributing to one load, forwarder pixel (FPx). CRS: WGS84-UTM32T. EPSG 32632.

The GIS-planned strip road network (red lines) was created in a fir-shape (Figure 3c) reaching
basically all the FPx (orange rectangles) of the CC study area (Figure 3d). The GIS-planned strip road

118



Sustainability 2020, 12, 5716

network started from the existing forest road with a central axis, from which various branches departed
to extract all the timber from the whole sub-compartment.

3.2. Thinning (TH)

In the thinning study area, the manually measured mean strip road length was 25.00 m,
which corresponded to a strip road density of 796 m·ha−1 and 28% of surface impacted. With GIS
planning (Figure 4), lower values were obtained likewise: mean strip road length was 12.50 m, strip
road density equaled 398 m·ha−1 and the surface impacted was 14%.

 

Figure 4. (a) Actual forest road network in thinning (TH) study area; (b) TH on 3D-model built using
QGIS plugin QGIS2threejs based on DTM and orthophoto map from 2013; (c) TH GIS-planned strip
road network; (d) TH study area divided into small areas contributing to one load, forwarder pixel
(FPx). CRS: WGS84-UTM32T. EPSG 32632.

Considering the harvested volume in the TH study area, the surface of each FP was 866 m2, the GIS
analysis returned 14 FPx corresponding to 26 NPs. The forest road was attached to the northwest
side of the study area (fuchsia line, Figure 4a) and it was linked to a secondary truck road (light
blue line), located to the northeast (3D model developed using QGIS tool QGIS2threejs, Figure 4b).
The GIS-planned strip road network (blue lines) also had a fir-shape (Figure 4c), which gave access to
all the FPx (blue rectangles, Figure 4d). The GIS-planned strip road network started from the existing
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forest road, but in contrast to the CC, it was not possible to only develop a single central axis because of
the presence of broadleaf groups (green shading), which had to remain upstanding. As a consequence,
the GIS-planned strip road network had a more developed dendritic pattern.

3.3. Coppice with Standards (CS)

In the coppice study area (six sample plots), the manually measured mean strip road length was
36.50 m, the strip road density was 1,162 m·ha−1 and 41% of the area was impacted by the forwarder’s
driving. It was possible to reach the CS study area from driving from two sides: from the top of the
slope and from the valley. Therefore, two GIS-planned strip road networks were designed: herringbone
(CS_Herr) and high-low (CS_HL). The CS_Herr strip roads basically ran parallel to the contour lines,
while the CS_HL ran in a perpendicular direction towards the contour lines. The GIS-planned strip
road mean length (from the sample plots) came to only 13.00 m and 10.83 m, for CS_Herr and CS_HL,
respectively. The strip road density was 414 and 345 m·ha−1 for each design, while the impacted
surface amounted to only 14.49% and 12% of the area for Herr and HL, respectively. The harvested
timber mass of 200 Mg·ha−1 required 650 m2 of FPx, which in the GIS analysis amounted to 30 FPx,
corresponding to 58 NPs for CS_Herr, and 27 FPx corresponding to 52 NPs for CS_HL. The study area
visible on the topographic map was surrounded by the existing forest road network: from the west and
east sides (Figure 5a). To the west, there was the main truck road (green line), from which a forest road
(fuchsia line) departed and ran near the western side of the sub-compartment. To the east, there was
the presence of a secondary truck road (light blue line), from which another forest road (red dotted
line) started running along the southern side of the study area. A 3D model of road locations was
developed using the QGIS tool QGIS2threejs (Figure 5b). The CS_Herr GIS-planned strip road network
(blue lines) had a perpendicular layout in comparison with the CS_HL one (red lines, Figure 5c,d).
The FPx of CS_Herr (purple rectangles) were slightly different to the CS_HL FPx (orange rectangles,
Figure 5e,f). The GIS-planned strip road network departed from the existing forest road, developing in
a parallel manner to the contour lines in CS_Herr and perpendicularly to those in CS_HL.

3.4. Statistical Analysis

There were statistically significant differences between the real and the GIS-planned strip road
networks in the CC and CS study areas, for both the CS_Herr and CS_HL models (Table 2). At the
same time, there were no statistically significant differences in the TH area (the ANOVA p-value was
0.07, close to the level of significance).

However, for all three study areas, GIS-planning brought a considerable reduction in the area of
impacted soil, with a percentage reduction between 50% and 71%. In the CS study area, there were no
significant differences between the two GIS-based strip road patterns (CS_Herr and CS_HL). Therefore,
GIS-planning considerably decreased the area of impacted soil.

120



Sustainability 2020, 12, 5716

 

Figure 5. (a) Actual forest road network in coppice with standards (CS)study area; (b) CS on 3D-model
built using QGIS plugin QGIS2threejs based on DTM and Orthophoto from 2013; (c) herringbone
(CS_Herr) GIS-planned strip road network. (d) high–low (CS_HL) GIS-planned strip road network;
(e) CS study area divided into small areas contributing to one load, forwarder pixel (FPx) according
to CS_Herr strip roads network; (f) CS study area divided into small areas contributing to one load,
forwarder pixel (FPx) according to CS_HL strip roads network CRS: WGS84-UTM32T. EPSG 32632.
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4. Discussion

As found and demonstrated in several other studies, reducing the area of impacted soil during
forest utilization is a good indication of SFM standards [41–43]. In this study, the effectiveness of the
advanced electronic systems in reducing soil impact has been demonstrated. Thanks to the application
of GNSS and GIS precision forestry tools for the planning of strip road networks, there was a reduction
of 50%–70% in the area impacted in comparison with the plots on which the strip roads were created
during the harvesting operation.

A GIS planned strip road pattern can also be beneficial from a social point of view. For instance,
it was helpful to plot strip roads on slopes with a limited gradient, improving safety and maneuverability.
Thanks to technological progress, which in the last years has led to an efficient integration of electronic
devices in modern forest machines, such as harvesters and forwarders, it is possible to take one step
further and transfer GIS files onto these machines.

Integrated GNSS technologies and modern ICT systems can visualize an optimal strip road pattern
on the machine’s display and help the operator drive in a comfortable, safe and efficient way in the
forest (Figure 6).

Figure 6. Integrated GNSS, GIS, OBC and ICT—precision forestry optimizing workflow and contributing
to good SFM standards.

Such a possibility is still available in modern harvester and forwarder models, which have OBC
with dedicated software, such as John Deere TimberMatic Maps or TimberOffice [44,45], Ponsse
Opti2 [46] or Komatsu MaxiXT [47]. These OBC systems can record the data from the harvested or
processed timber through the StanForD standard, thus also providing the operator information about
the work productivity and quality [34]. Furthermore, integrating the positioning data from GNSS
and GIS, with productivity data from the StanForD data, acquired by the harvester or forwarder OBC
system, can be helpful for the forest inventory [48] or for building decision support systems [49].
Moreover, vibration and ultrasonic sensors applied to a forwarder’s OBC can record data on vehicle
stability [50] and rut depth [51]. Although the suitability of modern technologies to improve the
sustainability of forest operations has already been highlighted by scientific research, very little has
been conducted in the Mediterranean region. This study therefore aimed to be a starting point in
central Italy, demonstrating the effectiveness of a GIS-GNSS approach in decreasing the negative
impact of forwarding.
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Considering the above, another important aspect to be underlined is the possibility of using these
technologies in small-scale forestry, though with rather lower level of accuracy. A feasible example
of this could be smartphone use for improving forest utilization [52]. Smartphones are able to act as
low-cost GNSS receivers, also under forest canopy cover, with sufficient precision, i.e., about 9 m of
accuracy, which should be sufficient for small-scale forestry use [52,53]. Many smartphone applications,
developed both for Android and for iOS systems, are able to display geo-data, geopoints, geolines and
geo-fences files in .kml or .gpx format, and locate the operator’s position. However, even if ca. 9 m
accuracy is not sufficient for a forestry-fitted farm tractor driving (following a GIS-based strip road
pattern displayed on the smartphone’s screen), there are other useful functions which may be available.
It can be very helpful for forest workers, for example, to display the geo-fence of the treatment area on
the smartphone screen, allowing them to remain within the land boundaries or to avoid restricted
areas, such as biodiversity hotspots.

A further step ahead in the integration of navigation technologies on forest machines could be
represented by the development of tele-operated or unmanned forest vehicles. To reach this goal,
which has been achieved in agriculture [54], there is the need to integrate in forest machines differential
GNSS (DGNSS) technology, such as radio-beacon differential GNSS (RBDGNSS, or real time kinematic
(RTK) [55,56], inertial measurement unit (IMU) sensors [18,57] and simultaneous localization and
mapping (SLAM) algorithms [19].

5. Conclusions

In recent years, several improvements have been observed in forestry, mainly the growing interest
in sustainability, due to the importance of forests as environmental and social value [58,59].

Consequently, one of the most important purposes of the scientific research on forest utilization
is to minimize the negative impact of forest operations, specifically on soil disturbances. Cutting
edge technology and electronic devices could be powerful instruments used to reach this goal. In fact,
using technological innovations, which are often mistakenly considered as something negative for the
environment, may turn very helpful in forest operations.

In the presented research, the study confirmed that GNSS and GIS were useful technologies for
forest operations and could improve SFM. GNSS and GIS resulted in being very helpful, both for real
strip roads (established in the forest) detection and for electronically-designed strip road network.

Additionally, the use of the GIS-planned strip roads showed that soil impact due to forwarding
may be decreased by 50%–70%. The herein presented precision forestry approach may be considered
an efficient strategy for improving forest operations and SFM. Obviously, the practical implementation
of such an approach in real forest yards in central Italy requires further steps in the training of operators,
but could be very helpful in improving the sustainability of forest operations. Therefore, the presented
findings can be used to improve forest utilization, also with the application of advanced technology,
such as GIS and GNSS, in order to reach the effective sustainability of the whole value chain.
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Abstract: Fuel reduction in forests is a high management priority in the western United States
and mechanical mastication treatments are implemented common to achieve that goal. However,
quantifying post-treatment fuel loading for use in fire behavior modeling to forecast treatment
effectiveness is difficult due to the high cost and labor requirements of field sampling methods
and high variability in resultant fuel loading within stands after treatment. We evaluated whether
pre-treatment LiDAR-derived stand forest characteristics at 20 m × 20 m resolution could be used to
predict post-treatment surface fuel loading following mastication. Plot-based destructive sampling
was performed immediately following mastication at three stands in the Nez Perce Clearwater
National Forest, Idaho, USA, to correlate post-treatment surface fuel loads and characteristics with
pre-treatment LiDAR-derived forest metrics, specifically trees per hectare (TPH) and stand density
index (SDI). Surface fuel loads measured in the stand post-treatment were consistent with those
reported in previous studies. A significant relationship was found between the pre-treatment SDI
and total resultant fuel loading (p = 0.0477), though not between TPH and fuel loading (p = 0.0527).
SDI may more accurately predict post-treatment fuel loads by accounting for both tree number per
unit area and stem size, while trees per hectare alone does not account for variations of tree size and
subsequent volume within a stand. Relatively large root-mean-square errors associated with the
random forest models for SDI (36%) and TPH (46%) suggest that increased sampling intensity and
modified methods that better account for fine spatial variability in fuels resulting from within-stand
conditions, treatment prescriptions and machine operators may be needed. Use of LiDAR to predict
fuel loading after mastication is a useful approach for managers to understand the efficacy of fuel
reduction treatments by providing information that may be helpful for determining areas where
treatments can be most beneficial.

Keywords: LiDAR; mastication; SDI; stand density index; fuels; random forest

1. Introduction

Due to the variability of species, management objectives, spatial configuration of management
areas, regulatory restrictions, landowner funding availability, fuels characteristics, and other geographic
and vegetative factors, developing a one-size-fits-all approach for wide-scale fire management is
challenging [1–4]. However, forests with high fire risk must be actively managed [5]. Over the
previous century, forest management practices such as fire exclusion have resulted in historically
uncharacteristic stand attributes in many forests in the western United States, including dense,
small-diameter stands with increased surface fuel loads [5,6]. Fuel reduction in stands that have lacked
prior density management is a high priority in many areas of the western United States, especially on
federal lands. Understanding the unique challenges and selecting strategies to best suit the needs of
each management area, typically applied through one or more treatments applied at the stand level,
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is vital to long-term management success [2]. Properly designed and implemented fuel treatments
have been found to increase fire resilience and resistance while simultaneously changing the behavior
of wildfires that impact treated areas [5,7–9].

Given the variability of management factors, including forest composition, topography,
climatic conditions, and management history, not all silvicultural and fuel reduction treatments
are feasibly implemented. In its most basic form, creating fire resilient stands generally involves
three objectives: reducing surface fuels, reducing ladder fuels, and reducing crown density [5].
The complexity of planning fuel treatments for influencing the behavior of large fires must also account
for spatial configuration and density of treatments when determining how to effectively and efficiently
treat landscapes [4]. Fuel treatment programs have been implemented across the Western United States
and include prescribed burning and mechanical treatments such as regeneration harvest, precommercial
and commercial thinning, and mastication. The risk of fire escape, smoke restrictions, and poor public
perception may limit the feasibility of large-scale prescribed burning efforts [10]. The need to meet
particular site and climatic conditions to successfully implement prescribed burning often results in
limited availability of windows in prescription, unlike mechanized treatments, that are less dependent
on these factors [2]. To mimic the changes to forest structure created by fire, mechanical treatments
are widely used to reduce crown fire risk, particularly in the Wildland Urban Interface (WUI) [10].
Mechanical treatments modify the vertical distribution of fuels and reduce overall canopy fuels to
levels that are less susceptible to crown fires and rapid fire spread, without the risks associated with
prescribed burning.

In many cases, stands that are at risk for severe fire are overstocked and may have high levels
or mortality, which reduces the merchantable stand volume component and reduces the profitability
of commercial timber harvest in the context of salvage harvesting. Alternative mechanical fuel
treatment options, including mastication and chipping, are used in these instances when revenue
from timber harvest may not be a core management objective, but fuel loads nevertheless need to be
reduced. In these operations, which occur commonly on federal lands, fuels generated are left on
site, unlike final harvest and commercial thinning treatments, where harvested materials are most
commonly removed, treated at the landing, or treated in piles within the unit. The size of mechanical
fuel treatments is dependent on the overall management objectives of the area. Mastication may target
relatively small, high fire risk areas possessing dangerous fuel loads, where harvesting is not feasible.
Alternatively, larger mastication operations may be used to reduce canopy density and ladder fuels
while simultaneously reducing competition, removing undesirable trees, and preparing the stand for
future harvest. Mastication entails the grinding, shredding, chunking, or by other means reducing the
size of both standing and downed materials via boom-mounted mulching attachments of excavators,
skid-steers, or other machines [11–13]. The risk of active crown fires is reduced by altering the vertical
distribution and continuity of forest fuels and compacting them on the forest floor as irregularly
shaped chips, though dead surface fuel loads are increased in the process [10,14]. Changes in physical
properties of woody material resulting from mastication can influence fire behavior, including the
rate of spread, flame length, and intensity [14]. According to Agee and Skinner [5], reducing surface
fuels, increasing live crown height, retaining large, fire resistant trees, and decreasing crown bulk
density are all important factors in producing fire-resistant stands. Altering the amount and condition
of ladder fuels similarly influences fire intensity and burn severity [12]. When implemented correctly,
mechanized fuel treatments address all points, excluding the reduction of surface fuel.

Despite the widespread use of mastication treatments [15] and past research, the spatial variability
of masticated fuel beds has not been previously studied [10,11]. Studies have found surface fuel
loadings in mulched treatments to range from 16 to 65 Mg ha−1, with woody fuels concentrated in
the 1-h and 10-h time-lag classes, which have average diameters < 2.54 cm [10,14,16–18]. Relative to
untreated stands, mulched fuel beds with fuels concentrated in these classes have reduced rate of
spread and flame lengths, but increased smoldering and flaming duration [10]. Quantifying masticated
fuel loads is challenging, however, given the wide variability in masticated fuel physical structures
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and site, ecosystem, and regional fuel characteristics [15]. In masticated stands, fuel loads are also
highly variable, leading to challenges when predicting and modeling loading and fire behavior.
Fuel loads rely heavily on multiple factors, including vegetation type, pretreatment stand conditions,
machinery and mastication attachment, operator and the treatment objectives, and desired conditions
post-treatment [10,14–17]. As a result, the spatial heterogeneity of fuels within and across masticated
stands remains unclear [15]. Several studies have successfully used fuel depth and/or fuel coverage
in mulched areas to estimate surface fuel loads [10,14,17,18]. These techniques provide total surface
fuel estimates more easily and accurately than planar transect sampling, but still require visiting the
site following treatments. While less labor-intensive than past methods, the widespread assessment
of surface fuel loading following mastication still requires in-person site visitation and assessment,
which can be time-intensive and is only possible post-treatment. Efficient and effective methods to
map post-treatment fuel loadings using pre-treatment conditions across stand, site, forest, and broader
extents could provide valuable information to landowners when developing fuel management programs
and evaluating their potential cost-effectiveness.

Fuel mapping is a difficult and often infeasible process across broad spatial and temporal scales
due to high fuel variability, and costs and time constraints associated with field sampling [19–22].
Given the additional variability of masticated fuel loads, prediction models will likely need to
focus on relatively small geographic extents and account for various forest characteristics. Micro-site
predictions may better address site and forest variability and result in more accurate models. To better
understand fuel loads resulting from treatments, it is important to first determine what forest conditions
existed prior to mastication. On large landscape and regional scales, it is infeasible to perform a
forest inventory to determine pre-treatment conditions due to labor and cost restrictions. Therefore,
remotely sensed data, specifically LiDAR, has been repeatedly shown to provide large-scale forest
metric predictions and enable the future extrapolation of models [23]. LiDAR has been used in part or
entirely for assessing forest fuels characteristics including canopy [24–26], surface fuel loading [27–31],
ladder fuels [32,33] and parameters including overall loading, spatial distribution, composition,
vertical and horizontal arrangement, bulk density, and hazard ratings [34–38]. The authors were
unable to find any relevant studies for LiDAR applications in masticated surface fuel loadings.
Additionally, no models have currently been developed to predict post-mastication surface fuel loads
from pre-treatment LiDAR-derived stand conditions.

In this study, we evaluate whether pre-treatment LiDAR-derived forest metrics can be used
to predict surface fuel loads and associated fuel characteristics following mastication treatments.
Masticated fuels were assessed across varying pre-treatment stand conditions to determine if
relationships exist between the masticated fuel loads and LiDAR-derived forest metrics prior
to treatment. Additionally, relationships between pre-treatment metrics and additional fuel bed
characteristics including depth, size class distribution, and bulk density were assessed. Masticated fuels
were sorted and quantified based on time-lag classes to determine if pre-treatment stand characteristics
impact these distributions within sample plots. If remotely sensed forest metrics relate directly to
mastication fuel characteristics, these models could be used to predict fuel loading and fuel bed
characteristics for areas of similar forest composition, prior to mastication treatments. This information
provides valuable insight to natural resources managers when selecting potential forest and fuel
treatment options, ensuring both the economic and ecological sustainability of mechanical fuel
treatments and other concurrent forest operations. Economically and ecologically unsustainable
fuel treatments are financially and operationally infeasible, unsuccessful in achieving the desired
operational, environmental and management results, and lead to the inefficient and ineffective use
of limited financial resources. Understanding the potential impacts of mastication treatments based
on existing forest conditions will help assess areas where this treatment option can be implemented
cost-effectively when—coupled with existing fire behavior models.
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2. Materials and Methods

2.1. Study Site

The study sites were located in three stands in the Nez Perce-Clearwater National Forest,
in north central Idaho, following fuel treatments to gather data pertaining to the resultant surface fuel
loads. These treatments were part of the larger Orogrande timber sale and consisted of approximately
38 hectares (95 acres) of mechanical fuel treatment. The management units were predominantly mixed
conifer forest type with slopes averaging 35% throughout the units. Mastication was successfully
implemented in the three stands as a management alternative to timber harvest. The three stands
treated for this study were originally planned for timber harvest. Harvesting was found to be
financially infeasible due to the low value of harvested products and long-haul distances to the mill.
The prescription developed for the project was intended to release remaining trees to increase timber
value for future harvest while simultaneously decreasing stand density and increasing canopy base
height to reduce the risk of crown fire using mastication. According to forest personnel, the management
approach used in this project was its first application on the Nez Perce-Clearwater National Forest.
The machine used to perform the mechanical fuel treatment was a Takeuchi TB290 compact excavator
with a Fecon Bull Hog mastication head (Figure 1). The machine weighs 8685 kg, is 2.2 m wide and
2.9 m long at the undercarriage, has a maximum reach of 7.4 m, and creates only 37.9 kPa of ground
pressure when equipped with 450-mm-wide rubber tracks.

 

Figure 1. Mini-excavator with a horizontal shaft masticator head used in mastication treatments.

The treatment prescription for the stands included a target range for post-treatment stocking
level. For the units in this study, the operator was instructed to leave 40 to 80 trees per hectare after
treatment while removing only stems less than 18 cm (7 inches) in diameter. Further, all dead and
down material up to 30 cm (12 inches) were masticated [39]. Post-treatment surface fuel sampling
occurred in the masticated portions of three replicate stands: 117 (13 hectares), 120 (15 hectares),
and 147 (10 hectares), within the management boundary. Due to many downed trees in stand 147,
meeting the prescription specification for dead and downed material was not operationally feasible.
Therefore, the mastication intensity for downed trees was reduced after stand 147 was partially treated.
This prescription adjustment was used for treating the remainder of stand 147 and for the entirety of
stands 117 and 120 [39] (Figure 2).

2.2. LiDAR Processing and Sample Plot Selection

The Orogrande timber sale and the three stands (117, 120, 147) were within the extent of the
18,450-hectare (45,600-acre) Crooked River LiDAR acquisition flown in 2012 with a pulse density return
of ≥4 points per square meter (Figure 3). Field sampling inventory data from 91 20 × 20-m (1/10 acre)
plots were run through the USFS Forest Vegetation Simulator [40] to summarize stand composition
and structure. These forest inventory data were part of a previous sampling effort and were collected
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using field methods described in Falkowski et al. (2005) [22]. Random forest models [41,42] describing
trees per hectare, total volume (m3 ha−1), basal area (m2 ha−1), and stand density index (SDI) were
then developed using LiDAR metrics encompassing identical extents to the field sampling plots.
These methods are consistent with those described in Becker et al. [43]. All random forest development
and metric predictions were performed in the open source statistical analysis program, R, using the
randomForest package [42,44].

 

Figure 2. Visual comparison of treated stands and a representation of surface fuels in stand 147 before
(left pane) and after (right pane) adjustments to treatment intensity.

 

Figure 3. Crooked River LiDAR acquisition area and Orogrande T.S. mastication stands located in the
Nez Perce-Clearwater National Forest, ID, USA.

Random forest ensemble learning algorithms were used because they provide excellent
classification results, speed of processing, ability to reduce bias, and correlation and reduce overfitting
compared to other classification and regression trees (CART) models, making them a widely used
machine learning solution [45–48]. Random forest produces multiple decision trees using bagging and
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randomly selected subsets of training samples and variables to provide a majority vote from which
a prediction is made. The default number of trees (ntree = 500) and the default number of variables
split at each node (mtry = square root of the total number of input variables) were used when building
random forest models for each forest characteristic. 177 LiDAR metrics were available to develop each
unique random forest algorithm, but only a subset of metrics were used in the final models, based on
importance, defined using rfUtilities [49]. Random forest models were built using 2/3 of the data and
validated using the remaining 1/3 of the data.

The entire Crooked River LiDAR acquisition was processed using the USDA LiDAR processing
software FUSION version 3.60 to create an identical post-processed data structure as the initial
91 sampled plots [50]. This enabled the random forest models to be applied directly to the whole area to
develop predicted metrics in 20 × 20-m pixels. Stand metrics derived from the LiDAR analysis included
trees per hectare (TPH), total cubic foot volume (m3 ha−1), total basal area (m2 ha−1), and stand density
index. SDI has been used in even-aged monocultures, and more recently in uneven-aged, mixed species
stands to assess stand density as a function of quadratic mean diameter and stem density [51–55].
This metric was selected in addition to TPH to provide a more descriptive indication of stand density.
The trees per hectare vector map was then stratified into four classes: 0–247; 248–494; 495–740; 741+.
These classes were used to select sample plots within the study stands. Trees per hectare classes
were used to stratify the selection of a broad distribution of relative stocking in sampled areas prior
to mastication.

2.3. Field Sampling Procedures

Twelve plots were sampled within each of the three stands, with three representing each of the
four levels of pre-treatment trees per hectare derived from the LiDAR data. The 20 × 20-m pixels chosen
for sampling were randomly selected from all available pixels of the trees per hectare class within the
stand boundaries. The resulting sampled pixels amounted to 36, with nine plots representing each of
the four classes of pre-treatment trees per hectare. Trees per hectare was selected as the stand metric by
which to select sample plots, due to the mastication treatment prescription being based on a goal trees
per hectare post-treatment. All mastication treatments and sampling of fuel loading occurred during
summer 2017.

Center points within the 20 × 20-m pixels were determined via ArcMap, and the resultant
coordinates were used to locate the field plot centers. A simple method of plot center relocation
was established to address situations where plot centers occur in areas that prohibited the sampling
of fuel loading including tree stumps, roadways, rock outcroppings, and exposed mineral soil due
to machinery movement. In these instances, plot centers were moved due north 3 m. If needed,
plots were moved due west from original plot centers 3 m if the movement due north did not resolve
the issue with the obstruction. A variation on destructive plot-based sampling was used to quantify
fuel characteristics and fuel loading following mastication treatments within the three stands at each of
the 36 plots [10,14,17].

Within each of the 36 sampled plots, fuel size classes were sampled in four quadrats. Once the
plot center was located via GPS coordinates, 5-m vectors extending directly north, south, east, and west
of the plot center were marked and established as the corner points for the quadrats. For instances
in which uncharacteristic site conditions occurred within the quadrats, the frame was reflected over
the transect. If this quadrat reflection did not resolve the issue and fuel collection within the quadrat
was still not possible, the quadrat was excluded from sampling overall. Situations that would permit
quadrat reflection over the transect or exclusion included buried logs, stumps, and rock outcroppings.
In addition to the collection of fuels within the 25-cm squared quadrats, the fuel depth of masticated
fuels was measured at two locations along the 5-m vectors (2.5 m and 5 m) and at the overall plot center
(Figure 4). To measure fuel depths, a cross-section of the forest floor was cleared using a trowel, and the
depths were manually recorded. For the depths of the woody/masticated material, any branch or piece
of woody debris above the measurement point was included in the depth measurement. Where site
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conditions prevented the measuring of fuel depths, the depth was measured 0.5 m from the original
measurement point moving away from the plot center along the transect. If the depth was still not
measurable at the second location, the measurement was omitted. Each of the 36 plots contained four
separate fuel collection quadrats and nine fuel depth measurements.

 

Figure 4. Destructive plot-based sampling design used for surface fuel collection and field measurements.

Frames made of PVC pipe measuring 25 cm by 25 cm were built to establish the sampling area
extent. Within the 25 × 25-cm collection quadrats, all fuel down to bare mineral soil was gathered,
and any pieces extending outside the collection frame were trimmed using hand shears, and thus only
pieces completely within the frame were collected (Figure 5). All fuels collected were stored in paper
bags labeled by their collection point and were brought back to the lab for detailed fuel composition
analysis. Within the sampling quadrats, downed trees and logs were not sampled due to their irregular
occurrence and collection difficulty for returning to the lab.

 

Figure 5. Fuel collection quadrat used in destructive fuel sampling.
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It was assumed that when locating sample plots in the field, there may be instances where
mastication, though planned, does not occur. This was a result of inaccessibility, due to the steep or
very uneven terrain where the operator chose not to treat the area for safety reasons. In these instances,
three supplemental sample points for each classification level of trees per hectare were randomly
selected in each of the three stands. If an originally designated sample plot was found to be within
an un-masticated area, a randomly selected supplemental sample plot of the same TPH class was
selected for sampling instead. These supplemental plots were randomly generated from the remaining
available pixels not included in the initial stratification prior to field sampling, using the same method
used in the initial plot selection. Supplemental plots were used once in unit 117, four times in unit
120, and four times in unit 147. The final sampled plots across stands 117, 120, and 147 are shown in
Figure 6.

 

Figure 6. Field sampling plots within masticated stands 117, 120, and 147, selected based on stand
density (TPH) prior to treatment.

2.4. Lab Measurements and Fuel Characterization

After field sampling was conducted, fuel collection bags were brought back to the lab to be
processed by drying and sorting. A total of 133 quadrats of fuel was brought from the field for
processing. If all plots had all quadrats collected, there would have been a total of 144. However,
some quadrats were excluded from sampling because they were located on rock outcroppings, stumps,
or other obstructions. One complete plot of quadrat fuel collections from stand 117, trees per hectare
class 1, was misplaced during sampling, which constituted four of the eleven missing quadrat samples.
Due to the omitted samples, stand 117 had two plots for trees per hectare class 1, resulting in 35 total
plots rather than 36. Each collection sample was oven-dried at 105 degrees Celsius for 48 h, or until
the sample weight stabilized, and was then weighted to the nearest gram. All fuels were then sorted,
by quadrat, into five time-lag fuel classes: duff/litter and woody/masticated (1-h [<0.64 cm], 10-h
[0.64–2.54 cm], 100-h [2.54–7.62 cm] and 1000-h [>7.62 cm]) [56] (Figure 7). Sorted fuels were then
individually weighed to the nearest gram to determine the proportion of overall mass that each fuel
class represented. These proportions for each quadrat were averaged with corresponding plot quadrats
to determine the fuel composition proportions by mass for the entire plot. For each of the 35 sample
plots, the fuel bed volume was calculated by multiplying the average of the fuel depths at the nine
measured locations within each plot by the dimensions of the collection frame. We then determined
the bulk density of the fuels in each plot by dividing the average oven-dried weight of the fuel classes
in the four collection quadrats by the corresponding volume. Plot level values were calculated using
the averages of each quadrat within the plot for fuel loading (Mg ha−1) for the whole stand and by fuel
class, fuel depth (cm), and bulk density (kg m−3).
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Figure 7. Sorting of dried surface fuels based on time-lag class (1-h, 10-h, 100-h, 1000-h, litter/duff).

To assess the correlation between pre-treatment LiDAR-derived forest metrics and post-treatment
fuel conditions, all statistical analyses were performed using the R statistical programming environment.
Pearson correlation coefficients were calculated to evaluate the strength of association between
predictors. Additionally, linear mixed effects models were used to model the relationship between fuel
loading following mastication treatments and the trees per hectare, stand density index, and basal area
of plots prior to mastication, using the nlme R package [57]. The general equation for mixed effect
models is described as:

yi = Xiβ+ Ziui + εi
ui ∼ N(0, D)

εi ∼ N(0, Ri)

where β are fixed effects, u are random effects, X is the model matrix for fixed effects, Z is the
model matrix for random effects, ε is the vector of errors, R is the variance-covariance matrix of
within-individual measurements, and D is the variance-covariance matrix of random effects [58].
In linear mixed effects, models evaluating predictors, stand, and TPH class were treated as random
effects, with the TPH class nested within the stand. Random intercepts were used when fitting models.
Due to the inconsistency of the mastication treatment in stand 147, two different mixed effects models
were fit for each of the LiDAR predictors. One model contained all three stands, while the second
model contained only stand 117 and 120. This was in order to avoid potential influential data artifacts
associated with the treatment change in stand 147.

3. Results

Parameter estimates for the random forest models used in the pretreatment derivation of forest
characteristics from LiDAR metrics for 20× 20-m pixels are shown in Table 1. In this study, an acceptable
maximum root-mean-square error (RMSE) of 50% of the prediction means was used based on values
derived in previous studies [59,60]. The RMSE was within the acceptable range for the density (TPH),
basal area (m2 ha−1), and stand density index models. For the random forest model predicting stand
volume (m3 ha−1), an RMSE of 166.93 was about 54% of the predicted mean and just outside of the desired
range. Predicted volume was therefore excluded from use in subsequent analyses. Model accuracies
for forest metrics were 71.5%, 77.4%, 74.3%, and 79% for trees per hectare, basal area, volume, and stand
density index, respectively, which are comparable to those obtained by Falkowski et al. [61] and
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Hudak et al. [60]. These pretreatment maps of predicted stand characteristics provided the basis for
study plot selection and the subsequent regression modeling of post-treatment fuel loading.

Table 1. Random forest model quality assessment for pre-treatment forest metrics.

Random Forest Prediction Mean RMSE R-Squared Accuracy (%)

Stand Density (TPH) 468.00 217.36 0.55 71.5
Basal Area (m2 ha−1) 30.56 12.95 0.63 77.4

Total Volume (m3 ha−1) 307.99 165.35 0.57 76.3
Stand Density Index (SDI) 299.17 110.296 0.45 79.0

Table 2 shows the summary data of the stands for the fuel collection as averages of the sampled plots
and quadrats within each stand. Surface fuel loadings range from 9.3–83.4 Mg ha−1, 1.8–34.5 Mg ha−1,
5.4–80.5 Mg ha−1, 0–48.1 Mg ha−1, and 0–8.2 Mg ha−1 for litter/duff, to 1-h, 10-h, 100-h and 1000-h
fuel classes, respectively, across all plots and stands. Fuel depths ranged from 6.4–26.3 cm and bulk
densities ranged from 22.2 to 154.2 kg m−3. Across all plots, there was a significant (p = 0.029) moderate
positive (0.369) correlation between trees per hectare and fuel loading (Mg m−1), found by performing
a Pearson’s correlation test. Additionally, there was a positive (0.3577) and significant (p = 0.0349)
correlation between SDI and fuel loading. No significant relationship was found between pre-treatment
TPH and bulk density of resulting fuels (kg m−3); SDI and bulk density of resulting fuels; basal area
(m2 h−1) and loading or bulk density; nor between pre-treatment total volume (m3 ha−1) and fuel
loading or bulk density (Table 3). Based on the results of the correlation tests, the linear mixed effects
model was fitted to evaluate the relationship of pre-treatment TPH and the resulting fuel loads as well
as SDI and the resulting fuel loads.

Table 2. Stand-level summary data representing stand averages and standard errors for pre-treatment
trees per hectare and post-treatment destructive plot-based surface fuel characteristics for stands 117,
120, and 147.

Stand
Pre-TPH
Avg. (SE)

Fuel Loading (Mg ha−1) Avg. (SE)
Fuel Depth (cm)

Avg. (SE)

Bulk Density
(kg m−3)
Avg. (SE)

Litter/
Duff

1-h 10-h 100-h 1000-h Total

117
530 43.4 6.7 30.3 13.2 0.0 93.7 15.6 59.0
(77) (6.7) (1.2) (4.3) (3.7) (0.0) (13.1) (1.5) (5.8)

120
515 31.9 5.5 25.3 13.4 0.7 76.8 16.1 48.2
(77) (3.3) (1.0) (3.2) (2.6) (0.7) (8.8) (1.2) (4.4)

147
516 32.9 9.1 34.3 22.8 0.0 99.2 18.4 59.2
(93) (3.6) (2.5) (5.9) (3.6) (0.0) (10.4) (1.5) (10.6)

Table 3. Pearson’s correlation assessments for pre-treatment forest characteristics and surface fuel
characteristics following mastication treatments, where T is the t-test statistic and DF is the degrees
of freedom.

Correlation T DF p-Value Coefficient

Density (TPH)/Loading (Mg ha−1) 2.2812 33 0.0291 0.3691
Density (TPH)/Bulk Density (kg m−3) 1.566 33 0.1269 0.2630
Volume (m3 ha−1)/Loading (Mg ha−1) 1.8018 33 0.0807 0.2993
Volume (m3 ha−1)/Bulk Density (kg m−3) 1.1251 33 0.2687 0.1922
Basal Area (m2 h−1)/Loading (Mg ha−1) 1.9676 33 0.0576 0.3240
Basal Area (m2 h−1)/Bulk Density (kg m−3) 1.3492 33 0.1865 0.2286
Stand Density Index/Loading (Mg ha−1) 2.2004 33 0.0349 0.3577
Stand Density Index/Bulk Density (kg m−3) 1.8702 33 0.0704 0.3096

The linear mixed effects models predicting the total fuel loading of all time-lag classes from
pre-treatment TPH showed no significant relationship between the two factors (test statistic = 0.05318,
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df = 22, p-value = 0.0527) when accounting for all three stands. In the reduced model, pre-treatment
trees per hectare and fuel loading were significant (p-value = 0.0066) (Table 4). The linear mixed
effects models predicting the total fuel loading of all time-lag classes from pre-treatment SDI showed
significant relationships between the two factors for all three units (p = 0.0477) and when assessing
stand 117 and 120 alone (p = 0.0337) (Table 4). Figure 8 shows the associated relationships between
SDI and the resulting fuel load for all three units. The black line represents the regression line of the
complete data set and the individual regression line for each stand.

Table 4. Mixed effects model summary assessing pre-treatment trees per hectare (TPH) and stand
density index (SDI) impact on fuel loading (Mg ha−1) post-mastication. The influence of stand 147 on
the overall significance of the factors is shown.

Stand 117, 120, 147

Predictor Estimate Std. Error DF p-Value
TPH 0.05318 0.025974 22 0.0527
SDI 0.16736 0.079809 22 0.0477

Stand 117, 120

Predictor Estimate Std. Error DF p-Value
TPH 0.09524 0.029924 14 0.0066
SDI 0.227069 0.09647 14 0.0337

Figure 8. Surface fuel loading (Mg ha−1) of all sampled plots by pre-treatment stand density index
(SDI). The black dotted line represents the regression for all data, and the colored solid lines indicate
the regression lines for each stand individually.

Additional linear mixed effects models were developed to further assess the impact of pre-treatment
TPH and SDI on resulting fuels loads for each of the 5 time-lag fuel classes (litter/duff, 1-h, 10-h, 100-h,
1000-h). Only the litter/duff fuel class loading was found to be significantly correlated to pre-treatment
trees per hectare for all three stands (Table 5). The litter/duff fuel class is generally independent of the
mastication process, as most fuels in this class were present before treatment. However, when assessing
stands 117 and 120, litter/duff (p = 0.0242), 1-h (p = 0.0232), and 100-h (p = 0.0059) were found to be
significant. When assessing the relationship between SDI and the resulting fuel loading across all five
time-lag cases, the model containing all three units showed that both litter/duff (p = 0.0042) and 100-h
(p = 0.0293) were significant, while the model describing units 117 and 120 showed that only 100-h
(p = 0.0476) was significant. The data for the SDI model are shown in Figure 9.
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Table 5. Mixed effects model summary assessing pre-treatment trees per hectare (TPH) and stand
density index (SDI) impact on fuel loading (Mg ha−1) sorted by time-lag fuel class post-mastication.
The influence of stand 147 on the overall significance of the predictors for each of the time-lag classes
is shown.

Stand 117, 120, 147

Fuel Class Predictor Estimate Std. Error DF p-Value
Litter/Duff TPH 0.0033284 0.0010120 22 0.0034

1-h TPH 0.0000789 0.0003873 22 0.8405
10-h TPH 0.0000719 0.0009999 22 0.9433
100-h TPH 0.0015591 0.0008138 22 0.0685

1000-h TPH −0.0000106 0.0000901 22 0.9072
Litter/Duff SDI 0.096484 0.030246 22 0.0042

1-h SDI 0.001137 0.012228 22 0.9267
10-h SDI 0.004637 0.031801 22 0.8854
100-h SDI 0.0562922 0.024141 22 0.0293

1000-h SDI −0.0007695 0.002888 22 0.7924

Stand 117, 120

Fuel Class Predictor Estimate Std. Error DF p-Value
Litter/Duff TPH 0.0038925 0.0015411 14 0.0242

1-h TPH 0.0008194 0.0003215 14 0.0232
10-h TPH 0.0021593 0.0010591 14 0.0608
100-h TPH 0.0025606 0.0007890 14 0.0059

1000-h TPH −0.0000245 0.0001527 14 0.8747
Litter/Duff SDI 0.095805 0.046646 14 0.0592

1-h SDI 0.019364 0.010368 14 0.0829
10-h SDI 0.058114 0.034173 14 0.1111
100-h SDI 0.057603 0.026532 14 0.0476

1000-h SDI −0.002020 0.004787 14 0.6794

Figure 9. Surface fuel loading (Mg ha−1) distribution for all sample plots by pre-treatment stand density
index (SDI) arranged by time-lag fuel class.

Our second research objective explored whether the in-plot distribution of masticated fuels
among the five time-lag fuel classes was impacted by the stand density of the plot prior to treatment.
Mixed effects models were developed to assess these questions, with results being found in Table 6. 10-h
fuels in the sampled plots were the only fuel class found to change significantly as the pre-treatment
TPH changed (test statistic = −0.01581, p = 0.0178, df = 22). SDI was shown to have a significant
relationship with post-mastication fuel loading for both the 10-h (p = 0.0302) and 100-h (p = 0.0406)
fuel classes (Table 6).
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Table 6. Mixed effects model summary assessing pre-treatment stand density (TPH) and stand density
index (SDI) impact on the percentage of total fuel load (Mg ha−1) by time-lag fuel class.

Stand Density (TPH)

Fuel Class Estimate Std. Error DF p-Value
Litter/Duff 0.00560 0.009796 22 0.5736

1-h −0.00190 0.0021351 22 0.3825
10-h −0.01581 0.006169 22 0.0178
100-h 0.01161 0.006380 22 0.0823

1000-h −0.0001 0.000850 22 0.9072

Stand Density Index (SDI)

Fuel Class Estimate Std. Error DF p-Value
Litter/Duff 0.00766 0.03098 22 0.8069

1-h −0.007688 0.006679 22 0.2620
10-h −0.04619 0.019931 22 0.0302
100-h 0.042089 0.019346 22 0.0406

1000-h −0.0007254 0.0027224 22 0.7924

The data distribution for the five time-lag classes as a percentage across the range of stand density
indices and fuel loading are shown in Figure 10. Woody and mulched fuels (1-h, 10-h, 100-h, and 1000-h)
were found to be between 30–85% of the overall fuel loads across all plots, which shows the variability
found within the stands. 1-h, 10-h, 100-h, and 1000-h fuels contained 6–27%, 36–94%, 0–57%, and 0–13%
of the woody and mulched fuels, respectively. On average, woody fuels made up about 58.2% of the
overall surface fuel loading across all sites, with 1-h, 10-h, 100-h, and 1000-h fuel classes averaging
7.5%, 33.2%, 17.3%, and 0.2% of the loading, respectively.

Figure 10. Percentage of total surface fuel load for all sample plots by pre-treatment stand density
index (SDI) arranged by time-lag fuel class.

4. Discussion

Total surface fuel loadings varied widely across our study plots (26.4 to 158.2 Mg ha−1),
with woody/masticated surface fuels representing a similarly wide range (7.7 to 127.5 Mg ha−1).
Across all stands and plots, total surface fuel loading averaged 89.8 Mg ha−1, and woody surface fuels
averaged 53.9 Mg ha−1. These total surface fuel loads were similar to those reported by Stephens
and Moghaddas [16] in the Sierra Nevada Mountains (87.1 and 93.8 Mg ha−1), Reiner et al. [18]
in the Sierra Nevada (81.6 Mg ha−1), Kane et al. [14] at study sites in Northern California and
southwestern Oregon (83.6, 83.8 and 71.1 Mg ha−1), and Hood and Wu [17] in the Northern Rockies
(82.0–95.9 Mg ha−1), but were higher than those reported by Brewer et al. [62] in mixed conifer Idaho
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stands (58.4 Mg ha−1) and lower than those reported by Battaglia et al. [10] in mixed conifer stands in
Colorado (110.4 Mg ha−1). This finding was not surprising, as masticated fuel beds and characteristics
have a wide variability across sites and regions. The attempt to develop the surface fuel prediction
model at a 20 × 20-m resolution in this study was meant to help address this site variability.

Based on results reported by previous mastication studies, the average total fuel depth of 16.7 cm
recorded in the mixed conifer stands we studied was significantly higher than those in Battaglia et al. [10],
but only slightly higher than those shown by Stephens and Moghaddas [16]: 14.6 and 14.7 cm. All fuel
sampling in this study occurred within a month of mastication treatment, so fuels were still green at the
time of collection and had not settled to the forest floor, whereas sampling of masticated fuels for other
studies occurred 2–6 years post-mastication [10,14]. These temporal changes in masticated fuel beds
make the generalization of loadings difficult, especially across broad geographic extents. For example,
a recently masticated stand may indicate greater fuel depths than a stand masticated several years ago,
due to the decomposition and deterioration of fuel structural integrity. The additional compaction of
fuel beds over time as they settle may affect subsequent fire behavior. Therefore, the development of
the model estimating surface fuel characteristics directly after masticating would provide a consistent
expectation of fuel loads, as was done in this study.

4.1. Relationship between Pre-Treatment Stand Characteristics and Fuel Loading

Through the analysis performed across the three stands we studied—117, 120, and 147—
no significant relationship was found between overall fuel loading following mastication and the
pre-treatment tree per hectare we derived from LiDAR. However, SDI was found to be a significant
predictor variable for post-mastication fuel loading when accounting for all management units and
time-lag classes jointly. Initially, we expected to see an increase in the fuel loading as the pre-treatment
TPH increased. It was believed that, given a consistent prescription implementation, greater TPH would
result in more fuel, as a greater number of standing trees were mulched to meet treatment objectives.
The contrary findings for absolute stand density may have resulted from the inconsistency in the initial
treatment of stand 147, which was then corrected. When excluding stand 147, increasing pre-treatment
TPH resulted in greater loading, as expected. However, even when including data from stand 147,
the p-value of 0.0526 was just outside the level of significance needed to reject the null. The significance
of both mixed effects models for SDI (p = 0.0477 and p = 0.0337) indicates fuel loading may be more
accurately predicted using a metric that accounts for both tree size and number, as opposed to simply
using trees per hectare where only the number of stems is accounted for.

Stand 147 was the first stand treated and was initially treated to prescription specifications. It was
found that once treatment began, the original degree to which large downed woody debris was to be
treated was operationally infeasible due to the increased treatment time. Further, stand 147 contained
a small pocket of lodgepole pine killed by beetle, with a significant portion of downed trees which
were, under the original treatment specs, to be masticated heavily. This resulted in a larger amount of
masticated fuels in plots with relatively low stand densities.

The decision to retain stand 147 in the analysis was made to maximize the data available for
assessment and provide a realistic portrayal of the large variability of mastication treatments. As a
relatively new treatment option being deployed over large areas, it is likely that similar inconsistency
in operational treatments may occur during implementation and administration of mechanical fuel
treatments, particularly as operators familiarize themselves with prescription requirements in new
treatment areas. However, when the treatment prescription and execution was consistent for the entire
stand, as seen in stands 117 and 120, a clear relationship between pre-treatment trees per hectare and fuel
loading was seen. Given the potential for variability of mastication treatments and the heterogeneity
of stand conditions in practice, the predictive success of SDI in a “real-world” management scenario is
valuable for future modeling efforts.

Given the extent of our results, it remains unclear if a relationship exists between the fuel loading
following mastication treatments and the pre-treatment stand density based solely on TPH or stand

142



Sustainability 2020, 12, 7025

basal area, but SDI is a useful predictor. In mastication, the conservation of mass must be considered,
as materials are not removed from the stand after treatment but rearranged in different physical forms.
A larger masticated tree will understandably produce a larger amount of masticated material than a tree
of smaller size. For example, two stands may both have similar numbers of trees per unit area, but one
stand may have a larger average tree diameter than the other. If both stands are treated to the same
prescription and reduced to a defined tree per unit area, it would be expected that the stand with the
larger average stand diameter would produce heavier masticated fuel loadings. Accounting for both
stem number per unit area and tree size in a single pre-treatment stand metric, SDI addresses this issue.
Therefore, alternative approaches to modeling landscape scale fuel loading following mastication based
on pre-treatment stand conditions that incorporate both stem numbers and size may offer improved
prediction in future research and should be the focus of future study design and implementation.

When assessing the fuel loading for each time-lag class (litter/duff, 1-h, 10-h, 100-h, 1000-h),
the litter duff class showed a significant relationship for the TPH and SDI models (Table 5). This may
be a result of greater stand density, leading to higher amounts of organic material and litter on the
forest floor. In all, minimal 1000-h fuels were collected at the plots, limiting the available data for
the particular classes and making predictions difficult. This finding corroborates Kane et al.’s [11],
who found that the plot-based method of surface fuel sampling does not assess a large enough area to
effectively capture the presence of 1000-h fuels as well as planar intersect methods. This is a result of
1000-h fuels generally occurring less frequently than other fuel classes in fuel beds.

4.2. Relationship between Pre-Treatment Stand Density and Fuel Class Distribution

As shown above (Table 6), only the 10-h fuels expressed as a percentage of the overall surface fuel
loading were found to change as the TPH increased. It is unclear why the percentage of 10-h fuels
would decrease with increasing TPH, but this may be a result of changes in treatment implementation.
For example, the operator may spend less time masticating trees to maintain production in a denser
stand, resulting in an increase in the proportion of larger fuel classes. It would be expected that,
with one fuel class decreasing over increasing TPH, another fuel class would increase. This was seen
in the SDI model, where the significant decrease in 10-h fuels (coefficient = −0.04616, p = 0.0302)
was matched by a significant increase in 100-h fuels (coefficient = 0.042089, p = 0.0406). With increasing
stand density, it is possible the operator attempted to maintain the desired operational production by
decreasing the time spent masticating each tree. As a result, trees would be masticated less thoroughly,
and there would be a larger percentage of larger fuel particles. The 10-h fuel class accounted for the
highest fuel loads across all classes by a considerable amount in our study, which is consistent with
other studies [10,14]. Given the variability of the mastication as a whole, and the wide range of fuel
loadings across 1-h, 10-h, 100-h, and 1000-h fuel classes, our results show that the distribution of
surface fuels among time-lag fuel classes was not clearly modeled as a function of changes in TPH and
SDI alone, apart from the 10-h and 100-h classes, in the case of this study.

4.3. Study Limitations and Future Work

Mastication is a highly variable operation impacted by many factors, and it is understood that there
are some limitations to the scope of our research that should be addressed in future studies. One factor to
consider in future applications of this methodology is the pixel size at which the LiDAR metrics were
predicted. In the study development, it was believed that maximizing prediction resolution was
the best option. Mastication, however, is a variable process, resulting in a scattered distribution of
fuels on the forest floor. The directionality, travel distance, and particle size of comminuted materials
may be affected by the type of mastication head (disk vs. drum), equipment type (all surface vehicle
vs. excavator carrier), equipment horsepower, boom or attachment height, local topography within
the stand, or other factors. While the sampling method developed by Hood and Wu [17] attempts
to address the variability in stand and site conditions by sampling across multiple quadrats within
the same plot, what was not accounted for in our study design was the possibility of fuels from
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adjoining pixels being distributed inter-pixel. During the observation of the treatment, fuels were
clearly distributed more irregularly and further than anticipated. The 20 m × 20-m pixels used in the
plot selection may have been too small to limit the influence of surrounding pixels in the resulting fuels
found during sampling. For instance, a stand with a high stand density may have resulted in fuels
initially in the stand as standing trees being distributed to an adjacent stand of a lower stand density,
or to areas within the same stand that were not accounted for in our sampling design. During sampling,
it would then appear that the pixel with the lower stand density was responsible for creating greater
fuel loads than was possible. By decreasing the resolution and increasing the pixel size, this may
be avoided.

In the fuel collection process, future studies should incorporate a hybrid, plot-based, and planar
intersect method, as suggested by Kane et al. [14]. Doing so may help to ensure a more accurate
representation of the fuel classes, as 1-h and 10-h fuels are more accurately represented in plot-based
sampling [14], while planar intersect methods cover greater proportions of the overall masticated area,
properly representing the 100-h and 1000-h fuels that may be missed in plot-based approaches [11].
Supplemental planar intersect sampling was not performed in this study due to the small 20 m × 20-m
pixel size and the concern that sufficiently long intersect paths would extend too far to sample plot
edges and be impacted by the distribution of fuels from adjacent pixels. Increasing the pixel size
used in predicting the stand characteristics from the LiDAR, as described above, would enable an
easier implementation of supplemental planar intersect sampling. Additionally, due to the variability
of fuel distribution across the forest floor, plot-based sampling in future studies should use larger
sampling quadrats than the 25 × 25-cm ones used in this study. Alternatively, a larger number of
25 × 25-cm sampling quadrats may also provide a greater representation of overall fuel variability
within the sampling plot. The goal in using a smaller sampling quadrat in this study than those
described in previous studies [17,63] was to create an efficient and effective sampling procedure.
However, larger quadrats will provide a greater representation of overall surface fuel loadings and
should be studied.

5. Conclusions

The ability to quickly, efficiently, and effectively predict surface fuel loads resulting from mastication
treatments is a valuable tool, as increased implementation of this management technique occurs.
A variety of research and management questions regarding the longevity, fuel bed characteristics,
and fire behavior within masticated fuels exist and will increase in relevance as LiDAR data become
more widespread, along with the use of mastication to reduce fuels in stands where commercial thinning
may be infeasible or more difficult to implement administratively. Existing methods for predicting
surface fuel loads rely on intensive, time-consuming sampling following treatment. While existing
methods are effective for estimating fuel loading, methods based on remote sensing may help managers
to proactively plan and predict post-treatment fire behavior over large areas to optimize treatments in
ways that incorporate topography and stand adjacency.

The results from this study showed that pre-treatment stand density metrics that account only
for tree number per unit area, such as TPH, were not good predictors of resulting surface fuel
loads following mechanical fuel treatments with the sampling design and sample size we evaluated.
TPH prior to treatment was not directly related to the distribution of fuel time-lag classes within the
fuel bed, although the percentage of 10-h fuels could be predicted from pre-treatment conditions.
However, stand density index, which accounts for both the relative stem number and DBH of the stand,
effectively predicts post-treatment fuel loading across the whole study area. Further, SDI predicted that
as the density of a stand increases, a greater percentage of the overall fuel load consisted of 100-h fuels,
while 10-h fuels decreased in percentage, likely a result of operational adjustments. Future modeling
efforts to predict post-mastication fuel loading should account for both the stem number and stem
size, as stand density alone may not provide the necessary predictive ability. Attempting to predict
resulting fuels from the number of trees per unit area alone does not account for variable volumes
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of materials in trees of different diameters. Stand density measures, such as SDI, provide greater
insight into stand composition and overall stand biomass, which is significant when predicting fuel
load volumes resulting from the physical conversion of standing biomass to surface-based mulched
materials. Two stands with identical TPH may contain varying amounts of biomass as standing trees,
whereas it is expected that two stands with identical SDI would have the same amount of overall
biomass given similar forest types and species.

We believe that revisiting these methods, while taking into account the sampling considerations
mentioned in the discussion, is an important undertaking and could lead to the increased
implementation and effectiveness of mastication treatments. The rapid onset of LiDAR-derived models
to map individual-tree locations and stem characteristics, coupled with onboard GNSS mapping of
spatially, explicit, real-time equipment activities, offer the promise of improved high-resolution fuel
bed prediction in the immediate future. Further expanding the scope of the field sampling to multiple,
unique forest types, operators, and prescriptions would better capture the variability associated with
the masticated surface fuel loads. Future work should address these factors more closely, though the
determination of their impacts will likely require sampling at a higher intensity than that performed
in this study, or with a sampling design that directly accounts for the spatial resolution at which
comminuted material is scattered as a function of localized stand density, treatment prescription,
topography, equipment type and size, and the pattern of equipment movements.
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Abstract: Forests in Korea are mainly located in steep mountainous areas, where small-shovel-based
extraction technology is widely used, with the level of mechanization undoubtedly low due to
financial limitations. On this steep terrain, a better approach may be to use cable yarders, which can
offer high revenues through cable-based extraction. Therefore, improving the efficiency of cable
yarding activities in good-quality timber forests is necessary. The main objectives of this study
were to (1) evaluate the productivity and cost of a cable yarder operation for tree-length clearcut
treatment of a Larix kaempferi (Lamb.) Carr. stand and (2) compare the productivity efficiency of
two yarder (K301-4 and HAM300) types. The productivity rates of the K301-4 ranged from 10.2 to
12.5 m3/productive machine hours, with corresponding costs of US $12.6–15.4 /m3. The productivity
of the HAM300 was 26% lower than that of the K301-4 for a 30% lower cycle log volume while
yarding and a comparable lateral distance. This study provides insights to support production and
management decisions in the forest supply chain associated with planning cable-yarding operations.

Keywords: clearcut harvesting; tree-length logging; cable yarder; time study technique; efficiency

1. Introduction

Commercial planting of deciduous needle conifer species, primarily the Larix kaempferi (Lamb.)
Carr., also known as the Japanese larch (about 14,000 hectares (ha) in 2018, representing 30% of the
total coniferous plantation area), is important due to its sustainable economic value in South Korea
(hereafter Korea) [1]. These Japanese larch forests cover approximately 0.3 million ha, representing
18% of the total coniferous forests (1.7 million ha), with an average stand volume of 172 m3/ha in 2018.
This stand volume exceeds that of other conifer species (160 m3/ha in 2018). Previous studies including
Cáceres et al. [2], Nagamitsu et al. [3] and Marmet et al. [4] reported that the genus Larix is resistant to
climatic changes, exhibits rapid juvenile growth, and provides wood for many products (e.g., lumber,
pulp and paper). Therefore, the Japanese larch contributes high-quality timber with a high market
value in Korea.

The mechanization of timber harvesting commonly involves several challenges: the required
equipment is costly [5], and the harvesting activities considerably disturb the forest soil through
compaction, rutting and displacement [6]. These activities are even more difficult to conduct on
steep terrains due to their inaccessibility to forest vehicles [7]. An alternative is to pursue the
cable-based yarding operation. With this technology, negative environmental impacts would be reduced.
For example, this concept is more appealing than ground-based harvesting since it eliminates the costs
of constructing extensive road networks and environmental compliance [8]. In fact, cable yarding is
commonly utilized on high-value-yield stands to enhance productivity and cost effectiveness [6,9].
Thus, extending its usage to steep terrains can potentially ease operations, improve safety and
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lower cost. Further, by expanding cable-based yarding operations, environmental impacts may be
considerably reduced.

In Korea, although approximately 80% of all forested areas are on steep terrains (>40% of
the land surface), the timber harvesting methods involve a combination of motor-manual felling,
limbing, bucking and small-shovel-based extraction techniques [10]. The harvesting technology choice
depends primarily on the financial resources, forest road network, forest machinery and available
labor. Although changing from small-shovel-based techniques to cable yarding operations in steep
terrains may enhance the productivity and forest management sustainability, their technical feasibility
and economic efficiency are debatable [8,11]. In cable yarding activities, the HAM300 and K301-4
(Koller Forsttechnik GmbH Austria) yarders (Figure 1) are the most frequently used. The HAM300 is a
cable yarder powered by a 60 kW farm tractor manufactured by the National Forestry Cooperatives
Federation of Korea [12], whereas the 84 kW diesel engine two-axle truck-mounted K301-4 system is
produced by Koller Forsttechnik GmbH.

  
(a1) (b1) 

  
(a2) (b2) 

Figure 1. Exemplary cable extraction machines: (a1,a2) HAM300 yarder equipped with a HAM-C
1.0 remote controlled slack pulling carriage with a maximum load capacity of 1.0 tons, and (b1,b2)
K301-4 yarder equipped with a Koller USKA 1.5 slack pulling carriage with a maximum load capacity
of 1.5 tons.

Several studies investigating the efficiency improvement of timber production and associated
supply chain optimization using cable yarding systems exist. These studies involve understanding
the efficiency of cable-based extraction technologies [13,14], decision-making [8,15] and compiling
production models [16]. In most of these studies, however, the simulations are generally based on
empirical data. Thus, utilizing decision techniques from these studies remains challenging since the
machinery, stand features, corridor characteristics, and yarding direction comprising the cable-based
extraction activities vary widely.

In Korea, no previous study has explicitly compared the HAM300 and K301-4 to highlight their
differences and advantages. Many studies have rather focused on the productivity and operation of
the HAM300 [12,17] and K301-4 [18]. In addition, the need for cost-effective technologies for steep
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terrain harvesting is increasing as cable-based extraction methods expand and improve. Consequently,
the objectives of this study are to (1) evaluate the efficiencies of the HAM300 and K301-4 cable-based
extraction machines in a Japanese larch plantation, (2) develop a general productivity model for
the cable yarding method from many observations and (3) compare the performances of the cable
extraction machines based on different site conditions. Our study improves the understanding of the
effects of the stand and machinery on the performance of each extraction method. This knowledge
can help forest managers properly evaluate harvesting costs and make informed decisions concerning
Japanese larch stand management to maximize economic benefits.

2. Materials and Methods

The tests were conducted in six harvest units in the Gangwon region (37◦02′–38◦37′ N and
127◦05′–129◦22′ E; Figure 2) in the center of the eastern part of the Korean Peninsula from 2014 to 2016.
For all the units, a time and motion study (TMS) was employed on the cable-based, tree-length (TL)
clearcutting of the Larix kaempferi (Lamb.) Carr. harvest units. Although the TMS is generally conducted
for just a short-term period, it is a common and vital tool for understanding the time consumption
and productivity of individual harvesting machines [5]. For all stand inventories, the mean diameter
at breast height (DBH) of the trees exceeded 32 cm, while the mean basal area ranged from 4.1 to
5.1 m2/ha (Table 1).

Figure 2. Site map of the study harvest unit located in the Gangwon region, Korea.

Table 1. Stand characteristics of the study harvest unit.

K301-4 HAM300

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6

Area (ha) 1.0 1.0 3.0 1.1 3.0 3.0
Mean DBH (cm) 37 37 34 32 34 34
Mean height (m) 26 23 23 22 23 23

Basal area (m2/ha) 5.0 5.0 4.7 4.5 4.5 4.6
Trees per ha 175 179 177 187 172 175

The TL harvesting operation comprised motor-manual felling, limbing and topping at the stump
and cable yarding from the stump to the landing using two yarders (K301-4 and HAM300). The yarders
used for extraction, according to the studied stands, are presented in Table 2. The TL logs were extracted
uphill to the landing or roadside, with the yarders transporting the profitable logs to the landing,
while the toppings and residues were left on the stumps. Most of the harvested trees yielded one or
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two logs averaging 20 m in length. During the operation, the yarder operator was replaced by a chaser
at the landing. In addition, an experienced crew of three choker setters hooked an optimum load.

Table 2. Specifications of the cable-based extraction machines.

K301-4 HAM300

Manufacturer Koller National Forestry Cooperatives Federation in Korea
Skyline drum capacity (m) 400 350

Skyline diameter (mm) 18.0 16.0
Mainline drum capacity (m) 450 350

Mainline diameter (m) 9.0 9.5
Haul-back line drum capacity (m) 800 500

Haul-back line diameter (mm) 9.0 9.0
Tower height (m) 8.8 7.3

Carriage engine power (kW) 99 48 (tractor PTO)
Maximum pulling capacity (kN) 26 24
Maximum pulling speed (m/sec) 7.5 4.2

During the field tests, we recorded the total extraction cycle times for both machines using
stopwatches. Independent variables, including the yarding distance, log diameter and length and
number of logs, were also measured for each cycle. The yarding procedure was categorized into six
main tasks, including the outhaul, lateral out, hook-up, lateral in, in-haul and unhook [19], with the
installation and takeoff times excluded. In addition, for all logs of each study site, the small and large
end diameter and length were measured for calculating the individual log volume.

The hourly cost (US $/scheduled machine hours, SMH) of each machine was estimated using
standard machine rate measurement practices [20]. This cost is commonly divided into ownership and
operating costs. In cost analysis, the ownership costs, also termed fixed costs, traditionally involve the
depreciation, interest, insurance and taxes. Particularly, for comparing the operating costs, the assumed
expected economic life was 1400 SMH/year [1]. An interest rate of 10% and a tax rate of 4% were used
to evaluate the ownership costs (Table 3). Conversely, the operating costs, also known as variable costs,
comprised fuel, lubrication, repair and maintenance costs, as well as wage and benefits. The overhead,
indirect, profit allowance and shipping expenses were excluded from the hourly cost.

Table 3. Extraction equipment purchase price, annual depreciation, utilization rate and ownership cost
for total cost calculation.

Purchase Price
($)

Annual Depreciation
($/SMH a)

Utilization Rate
(%)

Ownership Cost
($/SMH a)

K301-4 300,000 27,551 70 51.25
HAM300 134,000 12,306 70 22.89

a Scheduled machine hours.

Delay-free cycle times (DCT) data were used to construct productivity simulation models for
evaluating the cable yarding activities of TL harvesting. We adopted the least squares linear regression
technique, also known as linear regression for data analysis. This method has been employed for
producing empirical models from large datasets involving independent variables [21]. The prediction
equation obtained with the least squares method is preferable, although the regression results can be
adversely affected because of outliers and multipolar data [22]. For each machine, we created two
linear regression models to estimate the DCT and then compared the predicted and observed values
using a paired t-test. During the model construction, two-thirds of the training data were randomly
selected, while the remaining (one-third) data were used for model validation. All statistical analyses
were performed using the R statistical software version 4.0.2.

After the regression analysis, we conducted a sensitivity analysis for the cable yarders to determine
the responses of the yarding operations to different variables. We also tested the effects of these variables
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on productivity. To compare the performances of the yarders, the DCT changes were converted to
productivity and cost patterns for different yarder activities. Thus, this test aided in understanding the
impacts of these independent variables on the maximum productivity and least cost.

3. Results

3.1. Productivity and Costs of Cable-Based Extraction Operations

The DCT data varied widely for both cable-based machines in each unit (Table 4). Our results
show that the K301-4 required substantially more time for a cycle than the HAM300 because it
involved a higher yarding distance and cycle log volume. In addition, the average K301-4 yarding
productivity values from harvest units 1, 2 and 3 were 12.3, 12.5, and 10.2 m3/productive machine-hours
(PMH), respectively (yarding distance ranged from 12 to 215 m; Table 4). The productivity values of
individual unit operations differed by up to 20% for similar stands. The estimated production cost,
including the sum of ownership, operation and labor costs, ranged between US $12.6 and 15.4/m3.
On average, the HAM300 machine produced 8.9 to 9.8 m3/PMH at conditions of US $12.8 and 14.1/m3,
respectively (yarding distance ranged from 9 to 137 m). The productivity and costs slightly differed
between the harvest units, ranging from 2 to 9% (Table 4), but these values were lower than those for
the K301-4 tests. Further, the operating conditions such as the cycle log volume, yarding distance and
lateral distance were statistically the same for each test (K301-4 test: unit 1 vs. 2 vs. 3; HAM300 test:
unit 4 vs. 5 vs. 6).

Table 4. Mean delay-free cycle times observed by cable extraction machines.

K301-4 HAM300

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6

Number of cycle times 86 98 162 64 72 108

Machine cycle time

Mean (sec/PMH a) 317 280 342 282 319 288
Standard deviation 68.82 66.88 118.73 78.87 63.92 71.92

Productivity (m3/PMH) 12.3 12.5 10.2 9.1 9.8 8.9
Cycle log volume (m3) 1.1 1.0 1.0 0.7 0.9 0.7
Yarding distance (m) 94 61 118 63 75 89

Cost (US$/m3) 12.8 12.6 15.4 13.8 12.8 14.1
a Productive machine-hour.

The performances of the cable yarders also differed considerably, with the average productivity
of the K301-4 operation about 26% higher than that for the HAM300. The 1.01 m3 of logs per cycle
transported on average by the K301-4 was approximately 32% higher than the 0.76 m3 of logs hauled
by the HAM300, creating a statistically significant difference between the operations (p-value = 0.0155).
The average yarding and lateral distances of 91 and 11 m, respectively, for the K301-4 operation tests,
surpassed the corresponding 75 and 9 m for the HAM300 by 20%, without any statistically significant
difference between the machines (p-value > 0.05).

3.2. Delay-Free Cycle Time Regression Models

Prior to the least squares regression analysis, we blended the DCT data from the harvest units into
a predictive equation for each yarding technology. Evidently, no statistically significant differences
were found to exist among the sites (p-value > 0.05) for individual variables and the DCT regression
equations and ranges of independent variables for each machine are presented in Table 5. Clearly,
all models were significant, with no serious violations at the 1% significance level (p-value < 0.01),
and most of the independent variables were significant (p-value < 0.05). However, the trees per cycle
was not a significant variable in the K301-4 yarding operation (p-value > 0.05), whereas, in the HAM300
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model, the cycle log volume was the only non-significant variable (p-value = 0.403). For all DCT
equations, after a paired t-test, the predicted DCT values did not have any statistically significant
difference with the observed values (p-value > 0.05).

Table 5. Delay-free cycle time regression equations for K301-4 and HAM300. Moreover, a paired t-test
was used for equation validation against observed data.

Parameter Range Variable Estimate SE t Pr Model adj. R2 Model p-Value t-Test

K301-4

Intercept 95.694 19.806 4.832 <0.01

0.5934 <0.01 0.4079
Cycle log volume (m3) 0.2–2.4 34.489 10.184 3.386 <0.01
Yarding distance (m) 12–215 1.206 0.076 15.702 <0.01
Lateral distance (m) 0–46 4.889 0.487 10.030 <0.01

No. of trees per cycle 1–2 14.901 15.110 0.986 0.325

HAM300

Intercept 128.420 18.535 6.928 <0.01

0.4813 <0.01 0.2042
Cycle log volume (m3) 0.2–2.0 11.167 13.321 0.838 0.403
Yarding distance (m) 9–137 1.041 0.111 9.353 <0.01
Lateral distance (m) 0–40 4.726 0.606 7.794 <0.01

No. of trees per cycle 1–2 28.897 13.922 2.076 <0.05

3.3. Sensitivity Analysis

We performed a sensitivity analysis to evaluate the impact of the yarding distance on the K301-4
and HAM300 models. The productivity of each machine changed with the yarding distance from 10
to 200 m in 5 m increment distance (Figure 3). The calculation was conducted under the following
conditions: lateral distance of 10 m, cycle log volume of 0.9 m3 and a trees-per-cycle value of 1.
Overall, the estimated productivity decreased, and the cost increase as the yarding distance increased
in both models.

 

Figure 3. Changes in extraction productivity (left y-axis) and production cost (right y-axis) over different
yarding distances by the K301-4 and HAM300 machines.

The sensitivity analysis enabled the evaluation of the break-even yarding distances of the two
machines. The productivity values for the K301-4 were higher for yarding distances less than 135 m,
while the costs were higher for all yarding distances compared with the HAM300 (Figure 3). This is
because the purchase price of the K301-4 was more than two times that of the HAM300 yarder.
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Further, we evaluated the impact of the cycle log volume on the performances of both machines
(Figure 4). The productivity of each machine changed with yarding distances from 10 to 200 m under
the following conditions: lateral distance of 10 m, cycle log volume between 0.9 and 1.5 m3 and one
tree per cycle. Overall, the estimated productivity increased as the cycle log volume increased for both
models. Even if the DCT was longer for yarding a large cycle log volume, the productivity increased for
both machines because of the payload per turn. In addition, the HAM300 exhibited higher productivity
values for yarding distances higher than 55 m.

Figure 4. Changes in extraction productivity as a function of cycle log volume over different yarding
distances by the K301-4 and HAM300 machines.

4. Discussion and Conclusions

An efficient solution for timber harvesting in a steep terrain should be primarily connected
to cable operations. During the last two decades, these technologies have been widely employed
in Europe and North America, while extraction in Korea has commonly involved a small-shovel
harvesting system due to financial limitations. Although cable yarders are used for harvesting
timber under variable conditions, the planning and design remain poor. Therefore, this study
involved the following: (1) evaluating the productivity and costs associated with the K301-4 and
HAM300, (2) developing productivity models using the least squares linear regression technique and
(3) comparing the performances of the cable-yarding machines based on different site conditions.
The production rates (10.2–12.5 m3/PMH) for the K301-4 was approximately 25% higher than those
for the HAM300 (8.9–9.8 m3/PMH), with the operation cost correspondingly higher. In addition,
for yarding distances less than 135 m at 0.9 m3 cycle log volume, the K301-4 model yielded more
productivity. Furthermore, the performance of the cable yarders changed in response to the cycle log
volume and K301-4 potentially performed better for yarding distances less than 55 m when the cycle
log volume was 1.5 m3.

We showed that the productivity of each cable-based extraction operation (K301-4 and HAM300)
varied by up to 20% between the three harvest units, with the performance differences linked to
many reasons. For example, Lindroos and Cavalli [16], Erber et al. [23] and Schweier et al. [24]
reported that the productivity variation in cable yarding operations was due to several reasons such
as working conditions and load sizes. In our study, however, during the individual machine tests,
the work conditions were similar for the three harvest units (units 1–3 and units 4–6). Several studies
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also indicate that the operator affects the harvesting equipment productivity more than the stand
characteristics [25,26]. This is consistent with our results from tests with separate machine operators
and chock setters during harvesting. Therefore, the performance of the yarders varied from 2% to
20%, consistent with the results in Kärhä et al. [27]. Thus, results can vary because of a cable yarding
operation crew difference.

Our results imply that the heavier payload capacity of the K301-4 yarder offers a better performance
as the yarding distance decreases compared to the HAM300, although its price is a limiting factor.
The higher productivity efficiency of the K301-4 used in this study demonstrates its higher payload and
faster line speed. According to Schweier et al. [24] and Engelbrecht et al. [28], the operation productivity
was affected by the yarder type (heavy or medium) and piece size per cycle. The performance of
the heavy yarder ranged from 20% to 30%, depending on the inclusion or exclusion of delay times,
since the performance continuously improved with the cycle speed and payload. The differences
in rates between the K301-4 and HAM300 in this study coincide with results from previous studies.
For the K301-4 yarder, the higher productivity is attributed to its ability to haul large pieces of logs in a
single cycle. Thus, the performance of the cable yarding operation is sensitive to the machine type.

We also evaluated the impact of the cycle log volume on the productivity for each yarding operation.
The log production advanced with increasing cycle log volume for both yarding operations. This finding
is consistent with previous studies such as Engelbrecht et al. [28] and Hiesl and Benjamin [29]
reporting that the extraction (including cable yarding and forwarding) productivity significantly
increases with timber size (0.2–1.2 m3). The piece-volume has been reported earlier in many studies,
such as Berendt et al. [6] and Ghaffariyan [30]. Their findings were that larger log sizes could increase
the harvesting productivity, even though the time consumed per cycle in mechanized harvesting
also increases. Consequently, the cycle log volume can considerably affect the productivity in cable
extraction activities.

Transportation between a stump and a landing or forest roadside in steep terrain is technically
difficult and expensive in terms of wood production. These may impact directly and indirectly change
forest ecosystems and environments, such as soil, air, water, biodiversity and regeneration capacity.
Therefore, adequate planning, including decision support technology for yarding/skidding, may be
necessary to provide precise information for identifying the preferred conditions. Application to widely
different conditions using empirical productivity models remains challenging [5,16,28]. Even though
the validity of the empirical models may be limited to the K301-4 and HAM300 yarder configurations
in this study, the results can highlight preferential conditions such as the yarding distance and cycle log
volume for the cable extraction method selection. Further studies are needed to investigate improving
the accuracy of the models based on spatial considerations. In addition, studies comparing timber
supply chains (cable-based harvesting system vs. ground-based harvesting system) are also necessary
to improve knowledge on the sustainability of the wood supply chain.

In conclusion, in this study, the performances of two yarder types (yarder mounted on a truck:
K301-4 and yarder mounted on a tractor: HAM300) deployed in different harvest units were investigated.
The K301-4 yarder operation involved a larger cycle log volume than that for the HAM300. Our results
demonstrated that machine type considerably affected cable extraction performance. In addition,
for a cycle log volume of 0.9 m3 in our harvest units, the productivity of the K301-4 is higher up to
135 m, whereas it changes into a good performance option until 55 m when the cycle log volume is
1.5 m3. Replications of the productivity models may be robust because the DCT data collected under
different conditions involved many observations and long-term studies. Therefore, the models are
potentially beneficial for evaluating the productivity of each machine and improving cable yarding
planning. Future research should tackle the financial implications of the machine operating conditions
(stand density, silvicultural prescriptions: thinning and partial harvest).
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Abstract: The complexity of highly structured forests with multiple tree species, especially when
coniferous and broadleaved tree species are mixed, as well as stands with extended machine operating
trail spacing and inclined terrain, create challenging operational conditions for mechanized timber
harvesting and extraction. Motor-manually felling trees within the midfield and bunching them at the
machine operating trails, prior to the arrival of a harvester-forwarder system, is a complex operation.
The aim of this study was to assess and compare tethered harvester productivities of a thinning
operation, for felling and processing standing trees and for processing bunched trees, through a time
study in forest stands with 40-m distances between machine operating trails. Total operational
costs of the analyzed thinning operation were 69 €/m3

o.b., including extraction using a multiple
forwarder approach. Tree species, merchantable timber volume, and whether the trees were standing
or presented as bunched logs all had a significant effect on the harvester time consumption. Moreover,
harvester positioning time was significantly shorter when trees were already bunched at the machine
operating trail. While the productivity of standing or bunched spruce trees did not differ significantly
between the cases (approximately 18 m3

o.b./productive machine hours excluding all delays (PMH0)),
the productivity of standing broadleaved tree species (8.3 m3

o.b./PMH0) was much lower than that of
bunched trees (15.5 m3

o.b./PMH0). Thus, the described timber harvesting and extraction system may
be a valuable option for forest stands with high proportion of broadleaved trees.

Keywords: forest operations; machine operating trail; midfield; single-grip harvester; soil protection;
tethering winch

1. Introduction

Through high structural and species diversity within managed forests, the resistance and resilience
of the forests towards future climatic conditions can be improved [1]. However, such management
approaches will lead to more complex forest stands, and thus the complexity and potential impacts
caused by timber harvesting operations might increase as well [2]. Tree species and diameter, terrain

Sustainability 2020, 12, 9168; doi:10.3390/su12219168 www.mdpi.com/journal/sustainability
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factors such as slope, soil strength, and soil roughness, and operational factors, such as the forest
road system, restrict in particular fully mechanized wood harvesting and extraction operations [3–5].
Timber extraction is usually conducted by using ground-based systems in flat and intermediate
terrain and cable-based systems in steep terrain. However, depending on the wood species, amount,
and assortments, the latter system might be a challenge in terms of economic viability [6,7]. At the
same time, modern systems using tethering winches are becoming increasingly common and are
recommended to be used in flat and intermediate terrain, but few studies were conducted on
productivity, cost-effectiveness, environmental or work safety impacts, in order to fully rate these
systems [7].

Forest operations are subject to technical limitations and personal constraints of the forest owners,
associated with the individual management objective, but they also have to fulfil legal regulations and,
if accredited by a forest certification scheme, the corresponding standard. Examples of international
forest certification schemes are the Programme for the Endorsement of Forest Certification (PEFC)
and the Forest Stewardship Council (FSC). The latter determines, for the German standard, that less
than 13.5% of the forest area should be used as machine operating trails or forest roads, due to soil
protection reasons [8]. The resulting 40-m machine operating trail spacing is also encouraged by many
state forest enterprises, such as ForstBW of Baden-Württemberg [9]. Inevitably, such regulations lead
to a machine operating trail system with midfields that are outside the boom reach of the harvester
and where trees need to be felled motor-manually. Subsequently, full trees are bucked at the machine
operating trail through a harvester, or—if too short—full trees or assortments are pre-winched to the
machine operating trails using, for example, mini forestry crawlers (MFC) or tractors with a winch,
and bunched for further processing [10,11].

The aim of this study is to gain knowledge on the application of timber harvesting and extraction
systems with midfields, which are used for pre-winching and bunching trees. We hypothesized that
the harvester productivity of bunched trees is higher than that of standing trees in the boom reach of
the harvester. Thus, the specific goals of this study were:

1. to analyze the time consumption of ground-based wood harvesting and extraction on inclined
terrain with midfields;

2. to compare the harvester productivity of standing and bunched trees;
3. to deduce further research goals from the study outcomes.

2. Materials and Methods

2.1. Study Approach and Site

We collected data as part of a case study in the German federal state of Baden-Württemberg
(BW), more precisely in the municipality of Kleines Wiesental in the Black Forest mountains. The
observed operation was a commercial thinning in terrain with slopes from 30% up to approximately
60% and was conducted by a private forestry contractor in October and November 2018. Forest
operations in this kind of terrain are conventionally classified for cable yarder systems in Germany [12].
However, the forest manager did not consider using a cable yarder, due to (i) technical infeasibility
and (ii) expected higher costs. Further, (iii) work safety was an important aspect because many trees
were broken by snow.

To avoid long skidding distances and the resulting considerable stand damage, a harvester-
forwarder system with a tethering winch was applied. Despite being at its upper slope limit
of operation, the engaged machines were fully stable at the site while in a stationary position,
as well as when the winch-cable was not tensioned, thus meeting requirements for safe operation of
traction-assisted equipment by international standards [13]. Nevertheless, for both soil protection and
societal acceptance reasons, the machine operating trail intervals were 40 m. Besides the harvesting
and forwarding, motor-manual felling and pre-winching to the machine operating trail in the midfield
were carried out by the forest company.
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The study site, with the coordinates 47◦47′19.2′′ N and 7◦46′58.4′′ E, was located between 1100
and 1200 m above sea level. The slope inclination of the machine operating trails ranged between 60%
and 70% and was estimated using a clinometer (PM-5, Suunto, Vantaa, Finland). The stand size was
9.9 ha and the dominant tree species was Norway spruce (Picea abies H. Karst), with a share of 65%.
In addition, the mixed stand consisted of other conifers (16% Douglas fir (Pseudotsuga menziesii Franco)
and 5% Scots pine (Pinus sylvestris L.)), as well as 14% broadleaved species (7% Sycamore maple
(Acer Pseudoplatanus L.) and 7% European beech (Fagus sylvatica L.)). The mean diameter at breast
height for these groups was measured prior to the harvesting and reached on average 27.2 ± 5.3 cm for
Norway spruce, 33.4 ± 8.4 cm for Douglas fir, and 18.5 ± 10.6 cm for broadleaved tree species. The age
of the two main tree species was on average 56 years for Norway spruce and 35 years for Douglas fir.
The scheduled harvesting volumes of merchantable timber were 60 to 70 m3 per ha. According to the
billings of the forestry company, 670 m3

o.b. were harvested and processed.

2.2. Applied System

The distance between machine operating trails was 40 m and the overall operation was conducted
as follows, with all working steps carried out one after the other: (1) Trees were felled motor-manually
in the midfield using a chainsaw. Moreover, prior to mechanized felling and processing, some trees
were felled motor-manually by a second chainsaw operator in order to facilitate the harvester’s pass
on the machine operating trail. (2) Full trees were partially bunched and pre-winched to the machine
operating trails using a remote controlled MFC (Raup-Trac from Martin Alther, Switzerland) that
was operated from the machine operating trails. This operation was carried out by a professional
two-person team: one felled the trees using the chainsaw while the second operated the MFC. (3) A
harvester (405FH4 8WD from HSM, Germany with H415 harvester head from Waratah, New Zealand
and Finland) with a tethering winch first felled and processed the standing trees within the boom reach
and then processed the bunched trees from the midfields. (4) A forwarder (208F from HSM, Germany)
with a tethering winch extracted the processed logs from the machine operating trails to the next forest
road, where a second forwarder (HSM 208F Big Foot from HSM, Germany) brought the logs to a
roadside landing. The two units were necessary, as the first forwarder was supported by a tethering
winch and thus could not leave the straight machine operating trails. Besides extracting timber to the
landing site, the second forwarder acted when needed as anchorage for the tethering winch of the first
forwarder. This was the case when no tree could be used as an anchor. The representation of the wood
harvesting and extraction system according to the German Center for Forest Work and Technology
(KWF) [14] is shown in Figure 1.

Figure 1. Representation of the wood harvesting and extraction operation.
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2.3. Data Collection

The data collection concentrated on the pre-winching and harvesting operation (steps 2 and 3).
An elemental time and motion study, applying the snapback timing approach [15], was conducted
with an accuracy of 1/100 min through a digital stop watch in order to monitor the operations of both
the MFC and harvester. All delays caused by the study were removed; delays for the lunch break
(if any) and relocation to and from site were also not included in the data sets.

The work cycles of the MFC were divided into the following work elements: positioning on the
machine operating trails, pulling, chocking, winching, unchocking, and waiting for the feller (including
communication between the MFC operator and the feller). Moreover, mechanical delays as well as rest
and personal times were recorded.

During data collection concerning the harvester, the cycles were divided into two mandatory
work elements that occurred in each cycle: (a) positioning the harvester on the machine operating trail,
moving the boom into the direction of the tree, and grabbing the tree (‘positioning’); and (b) felling,
delimbing and bucking, and stacking the crown (‘felling & processing’). These elements correspond to
the main work time and complementary work time according to the IUFRO (International Union of
Forest Research Organizations) Forest Work Study Nomenclature [15]. Moreover, rest and personal
times, as well as supportive work times, were recorded. Within the supportive work times, ancillary
work times and time needed for rigging/unrigging the tethering winch cable were recorded. Along with
time consumption, the merchantable wood volume in m3 over bark (m3

o.b.) was documented through
the harvester measurements and on-board computers’ records. The harvester operator separated
the trees into Norway spruce, Douglas fir, and broadleaved tree species, with the corresponding
assortments. Even though Scots pine was observed during the inventory prior to the harvesting
operation, Scots pine was not harvested during the thinning. Thus, Scots pine was not considered
further in the analysis.

Data concerning the other working steps (1 and 4) were not considered within the time study,
since these processes are well studied and overall time consumption and corresponding costs were
obtained from the forestry company.

2.4. Working Productivity and Costs

A regression analysis was applied in order to determine the effects of merchantable volume,
tree species, and the presentation of the logs (i.e., whether the harvester operated with standing
or bunched trees on the time consumption). The significance level (α) was set to 5%, with α ≤ 1%
considered highly significant.

Overall productivity was calculated as the total volume of merchantable timber in m3 over bark
(m3

o.b.), divided by the total time consumption, whereas the cycle productivity was calculated as the
processed timber during one cycle divided by the cycle time consumption. The relationship between
harvester productivity and wood volume was fitted through non-linear regression methods in which
broadleaved species were excluded, as n number of broadleaved tree species was too low. Moreover,
data with studentized residues greater than 3.0 were removed as outliers. These were mostly positive
residues from cycles longer than normal.

Accurate accounting, with the number of working hours and costs for the whole area (9.9 ha),
were obtained from billings of the forestry company and included both, fixed and variable costs.
Thus, both machine and operator costs of all processes could be included. The costs were compartmentalized
into chainsaw work, MFC, harvester, forwarder 1, forwarder 2, and machine transport from forestry
company office to forest area.
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3. Results

3.1. MFC and Harvester Time Consumption

The time consumption for the thinning operations was determined for each working
step individually.

Considering the MFC, 178 winching cycles were observed with a mean load volume of 0.49 m3.
The recorded scheduled machine hours (SMHs) were 362 min, thereof 286 min referred to productive
machine hours (PMH0), resulting in a machine utilization rate (ratio of PMH0 to SMH) of 79%.
The overall gross productivity, based on SMHs, was 11.3 m3/SMH, while net productivity was
14.3 m3/PMH0. Within the net cycle time, the longest working elements were winching (25.4%),
positioning (24.9%), waiting for the feller (19.7%), and pulling (10.5%). Chocking time corresponded to
9.3% and included rechocking the cable if it was not properly fixed the first time.

For the harvester, total SMHs recorded were 1217 min. Within the 821 cycles, a total of 278.3 m3
o.b.

was felled, processed, and bunched, corresponding to an overall gross productivity of 13.7 m3
o.b./SMH.

When looking at the net cycle time, 912.4 min were used as productive time (Table 1). Thus, the machine
utilization rate was 75%. The overall time consumption was divided into felling and processing,
with 0.65 min per cycle (43.7%), followed by positioning (32.2%), supportive work time (14.8%), and rest
and personal time (9.3%). Looking more specifically into the supportive work time, 49.5% was service
time (mostly maintenance), 34.5% was ancillary work time (machine operating trails), and 15.9% was
preparatory time (setting up and taking down the tethering winch). The mean time consumption for
one whole harvester cycle was 1.12 ± 0.78 min. Considering the two work elements separately, mean
time consumption was 0.47 ± 0.53 for ‘positioning’ and 0.65 ± 0.41 min for ‘felling & processing’.

Table 1. Characteristics of the harvesting operations.

Characteristic Bunched Trees Standing Trees Sum

Total productive machine hours (PMH0, min) 496.7 415.6 912.4
Work cycles 469 352 821

Total volume (m3
o.b.) 153.0 125.1 278.1

Mean volume per cycle (m3
o.b. ± SD) 0.33 ± 0.23 0.36 ± 0.21 0.34 ± 0.23

Number of spruces (pieces) 273 275 548
Number of Douglas firs (pieces) 108 50 158

Number of broadleaved trees (pieces) 88 27 115
Productivity (m3

o.b./PMH0) 18.5 18.1 18.3

3.2. Influence of Log Presentation

The merchantable volume differed between species. The average volume of bunched broadleaved
trees (0.24 ± 0.29 m3

o.b.) was larger than the average volume of standing broadleaved trees
(0.14 ± 0.09 m3

o.b.; Figure 2). On the contrary, the average volume of conifers bunched next to
the machine operating trails (0.45 ± 0.27 m3

o.b. for Douglas fir and 0.30 ± 0.18 m3
o.b. for spruce) was

smaller than the average volume of standing coniferous trees (0.54 ± 0.33 m3
o.b. and 0.34 ± 0.16 m3

o.b.

for Douglas fir and spruce, respectively). The lowest mean time consumption of one harvest cycle
was 0.95 ± 0.63 min for bunched broadleaved trees and the highest mean time consumption was
1.24 ± 0.84 min for standing spruce trees (Figure 3).

Tree volume, tree species, and whether the trees were standing or bunched significantly affected
the time consumption of a harvester cycle. Moreover, the tree species had a significant effect on
both work elements (‘positioning’ and ‘felling & processing’). When considering the work element
‘positioning’, the independent variable whether trees were standing or bunched had a highly significant
effect; whereas it did not significantly affect the time consumption of the work element ‘felling &
processing’. On the opposite, the tree species did not affect the time consumption of the work element
‘positioning’ but did significantly influence the ‘felling and processing’ time.
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Figure 2. Boxplot of the merchantable volume in m3
o.b. for bunched (green) and standing (purple) trees

of different species (spruce, Douglas fir and broadleaved tree species) during harvesting operation.

Figure 3. Boxplot of the time consumption (in min) for processing standing (purple) and bunched
(green) trees of different species (spruce, Douglas fir and broadleaved tree species).

3.3. Harvester Productivity

Considering the productive working time, the overall productivity of the harvester was
18.3 m3

o.b./PMH0 (Table 1). The overall net productivity of bunched trees (18.5 m3
o.b./PMH0) was

slightly higher than that of standing trees (18.1 m3
o.b./PMH0). However, the tree species distribution

was not similar; for example, the share of spruce was 58.2% for the bunched trees and 78.1% for the
standing trees. The tree species, as well as the volumes, had a highly significant influence on the
cycle productivity, whereas log presentation did not show any significant effect. The highest overall
productivity was reached when harvesting Douglas fir, with 27.7 m3

o.b./PMH0, followed by spruce
with 16.5 m3

o.b./PMH0, and broadleaved tree species with 13.8 m3
o.b./PMH0. When distinguishing

between standing and bunched trees, overall productivity was 46% lower for standing than for bunched
broadleaved trees but 30% higher for standing Douglas fir. The harvesting cycle productivity of spruce
was not significantly affected by whether the trees were standing or bunched at the machine operating
trails, as shown in Figure 4 for all harvesting cycles.
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Figure 4. Productivity boxplot of the harvesting cycles in m3
o.b. per PMH0 for bunched (green) and

standing (purple) trees of different tree species (spruce, Douglas fir and broadleaved tree species)
during harvesting operation.

The effect of piece volume on the harvester productivity was analyzed in more detail for
coniferous tree species. After removing broadleaved tree species, Equation (1) was fitted using
a nonlinear regression technique between productivity and merchantable volume. The expected
increase of productivity with increasing volume is shown in Figure 5. While a cycle productivity of
20 m3/PMH0 was reached for piece volumes of 0.3 m3

o.b., the productivity was expected to be doubled
(40 m3/PMH0) for piece volumes of approximately 1 m3. The coefficient of determination R2 (adjusted
by degrees of freedom) was 51.5% (Figure 5). This means that more than half of the variation in
harvester cycle productivity was explained by tree merchantable volume.

y = 42.51 × V0.637 (1)

where y is productivity in m3
o.b. per PMH0 and V is merchantable volume in m3

o.b..

Figure 5. Harvester cycle productivity (m3
o.b./PMH0) of conifers in relation to volume (m3

o.b.).

3.4. Resulting Costs

The timber harvesting and extraction operation costs totaled 46,323 € or 69 €/m3
o.b. for all four

working steps and involved operational units (Table 2). Costs for bunching the trees at the machine
operating trail were 18% of the total costs and included the motor-manual felling and winching with
the MFC.
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Table 2. Time consumption and costs of the timber harvesting and extraction operations.

Operational Units
Hours (Scheduled

Machine Hours (SMH))
Hourly Costs

(€/SMH)
Total Costs (€)

Motor-manual felling 156 38 5928
Mini forestry crawler 35 70 2450

Harvester 92 200 18,400
Forwarder 1 90 90 8550
Forwarder 2 90 93 8835

Machine transport 18 120 2160

4. Discussion

Forest managers are currently facing new challenges: (i) changes in forest composition through
both an increased number of species and a greater proportion of site-adapted broadleaved species,
along with higher structural diversity in order to improve the forest’s resistance and resilience towards
climate change [1,2]; (ii) changes in forest certification or state regulations on the machine operating
trail spacing to support intensified soil protection strategies [8,16]; and (iii) the mechanization of
forest operations in inclined terrain, in order to reduce costs and increase worker safety [7]. In this
study, we analyzed the performance of a timber harvesting and extraction system, addressing all the
above-mentioned challenges. While the additional time consumption for the use of a tethering winch
only represented 2.4% of a SMH, it should be noted that one forwarder was used for approximately
28 h as an anchor, contributing a non-negligible cost factor of 5.4% of the total costs.

Compared with a conventional fully mechanized system with 20-m spacing between machine
operating trails, the system studied in this case study may involve higher costs, as 18% of the total costs
were attributed to motor-manual felling and winching the trees from the midfields to the machine
operating trails. Increased costs due to midfield operations were also found in other studies [11,17].
It should be noticed that highly structured forest stands with admixture of broadleaved tree species
may lead to processing difficulties when fully mechanized systems are used, which will result in
lower productivity and higher costs. Nevertheless, time consumption of MFCs may be improved by
better work organization in order to reduce the waiting time (which accounted for nearly 20% of all
work time), and thereby reduce the costs. However, increased machine operating trail spacing has
positive aspects as well and is in compliance with sustainable forest operations [18]: lower traffic,
increased forest production area, and better societal acceptance. Thus, the extra cost for the provision of
ecosystem services can be valued as that due to the application of environmental protection regulations
and societal acceptance.

In the current study, we used merchantable volumes (not full tree volumes) to quantify production
performance. Thus, large differences in the volumes of the different tree species occurred. For a
56-year-old stand, spruce volumes were relatively low and of low quality, due to high rates of tree
breakages from snow. On the contrary, due to pruning and early release of future crop trees, Douglas
firs had—despite their younger age (35 years)—larger volumes and higher log qualities compared
with the Norway spruces. Higher log quality and generally larger log size meant Douglas fir had the
highest productivity values, followed by Norway spruce and broadleaved tree species. The latter are
known to often complicate and prolong the processing phase due to more complex and variable stems
and crown architectures [19].

Processing productivity by the harvester increased significantly for broadleaved tree species
when trees were bunched at the machine operating trails. In contrast, considerable positive effects of
bunching were not observed for Norway spruce or Douglas fir. Thus, such a system may be more
valuable in forest stands with a large proportion of broadleaved tree species. In conifer-dominated
stands, other timber harvesting and extraction methods could be more productive; for example,
systems using harvesters with a 15-m boom reach. Another system could involve motor-manual felling
of the trees in the midfield and winching them with an integrated winch attached to the harvesters.
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However, in that case, the harvester operator would need to pay particular attention to worker safety,
as forest workers and harvesters would work next to each other. Further, this would lead to potential
waiting times until the trees were felled, which could hamper the productivity and thus the efficient
use of the harvester. In this respect, a positive aspect of the described timber harvesting and extraction
system with midfields is that the motor-manual work, including the bunching and the mechanized
harvester-forwarder system, are decoupled in time. This allows more planning and logistical flexibility
among the machine systems and additionally increases the safety situation.

It is important to consider that the tethered equipment was at its upper limit for traction-assistance
in this study. Depending on regional regulations, work systems similar to the one described here
can also be implemented with a winch-assisted set-up. There, the working equipment is indeed fully
secured by the cable through an anchor or other machine unit, providing access to terrain the machine
would not be able to reach on its own [20]. In terms of worker safety, it is therefore essential to respect
the defined operational limits for the type of equipment applied in the designated work system.

5. Conclusions

Due to new regulations, an increased share of mixed-species forests and extended machine
operating trail spacing are becoming more and more popular in southwestern Germany. The described
timber harvesting and extraction system, with its good performance among broadleaved tree species,
has proven its suitability for these changing operational conditions. Nevertheless, further field work
and research is required to further adapt and improve upon the overall sustainability of such systems,
with special attention towards occupational safety and cost reduction. In this respect, a focus should
be placed on optimal log presentation towards the harvester’s boom reach, at reduced winching
distances and motor-manual work effort, with the aim of defining optimal operational layouts, to realize
comparable harvester performance as when bunching directly at the machine operating trail.
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Abstract: Background: Poplar tree plantations for wood production are part of a worldwide growing
trend, especially in moist soil sites. Harvesting operations in moist sites such as poplar plantations
require more study for detailed and increased knowledge on environmental and economic aspects
and issues. Methods: In this study, the effects of soil moisture content (dry vs. moist) on productivity,
cost, and emissions of greenhouse gases (GHG) caused by operations of different harvesting systems
(chainsaw-skidder and harvester-forwarder) were evaluated in three poplar plantations (two in
Italy and one in Iran). Results: The productivity (m3 h−1) of both systems in the dry sites were
significantly higher (20% to 30%) than those in the moist sites. Production costs (€ m−3) and GHG
emissions (g m−3) of both systems in the dry sites were also significantly lower than those in the
moist sites. The productivity of the harvester-forwarder system was about four times higher, and its
production cost was 25% to 30% lower than that of the chainsaw-skidder system, but the calculated
GHG emissions by harvester-forwarder system was 50–60% higher than by the chainsaw-skidder
system. Conclusions: Logging operations are to be avoided where there are conditions of high soil
moisture content (>20%). The result will be higher cost-effectiveness and a reduction in the emission
of pollutants.

Keywords: skidding productivity; logging cost analysis; harvesting site conditions; sustainable
forest operations

1. Introduction

Poplar planting has occurred around the world for a very long time. The plantations
in Iran and Italy provide an important source of wood supply. At present, in both countries
there are over 100,000 ha of these monospecific plantations (50,000 ha in Iran and 66,000 ha
in Italy) and they mainly consist of Populus deltoides and P. euramericana [1–3]. Although
poplar plantations cannot be currently considered among the main sources of wood in
both countries, their importance is rapidly increasing [4,5]. Poplar wood shows interesting
features, such as uniform mechanical properties and a high percentage of juvenile wood.
These make it possible to obtain several products from plantations, i.e., building and
veneering material, paper pulp and wood chips for bioenergy [2,6,7]. Moreover, the
poplars in both the Italian and Iranian conditions can reach a growth rate of approximately
10–30 m3 ha−1 year−1, which is substantially higher than local tree species [8–10].
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Considering the growing importance of poplar plantations as a source of wood ma-
terial, it is necessary to assess the technical and environmental characteristics of the har-
vesting operations in these plantations. Wood production from artificial stands is indeed
a simplified multistage process as compared to forestry production, but proper planning
of the logging operations is crucial when viewing the overall sustainability of the inter-
vention [11]. The concept of sustainability in the forestry sector is strictly related to the
paradigm of sustainable forest operations (SFO) [12]. SFO refers to the implementation of
logging operations which are able to meet the requirements of all three pillars of sustain-
ability (economy, environment and society) [13,14]. Machine productivity and operation
costs are the two main factors in evaluating harvesting operations regarding the economic
aspect of plantation management [15–18]. Having accurate information on the productivity
of logging machines is therefore a key issue for the economic assessment of production.
Work productivity evaluation is a complex issue, considering that the working perfor-
mance of a given harvesting system is related to several factors, for instance, machine
type, tree size, logging intensity, number of trees per hectare, terrain conditions, operator
skills and planned treatment [19–23]. However, always considering the concept of SFO,
assessing and optimizing work performance is not enough to obtain sustainable logging.
The environmental aspect is also fundamental [24–27]. Along with soil impact and stand
damage, greenhouse gases (GHG) emission related to mechanical operations is a major
aspect to be evaluated so as to assess the environmental performance of a given harvesting
system [28,29].

Considering the points listed above, it is a major challenge for forest managers to
evaluate the manifold consequences of decisions and to estimate the economic and envi-
ronmental performance of different alternatives before carrying out action.

These statements are valid for all forestry and agro-forestry interventions, but are even
more important when dealing with poplar plantations, which show particular features.
Poplar plantations are often located in plain or floodplain lands, which means that very of-
ten harvesting operations take place in soil conditions with high moisture content. Among
all the variables, the soil moisture content during logging can significantly influence the de-
gree of soil disturbance, with greater potential for higher soil compaction on wet/saturated
soils than on dry ones [30]. Several studies have focused on the effects of different levels of
soil moisture content during harvesting on soil disturbance and the physical properties of
the soil [31,32]. On the other hand, the effects of different soil moisture content at the time
of felling and skidding on the harvesting operations’ performance has not yet been studied.

Considering these peculiarities of poplar plantations and their growing importance in
both the Italian and Iranian forestry systems, the main aims of the present study were: (i) to
provide a comparative analysis of different harvesting technologies for poplar plantations;
(ii) to determine the influence of soil moisture on harvesting operations’ performance both
from an economic and an environmental point of view.

This study will make a detailed statement of what can be verified and a general
statement of what cannot. More precisely, one can state that operations in specific soil
conditions could produce the performance reported here under the specific conditions of
this study. This knowledge is worth having, although poorly suited to any generalization,
and can be used to estimate an expected forest operation’s performance that may occur
under different conditions with some level of approximation.

2. Materials and Methods

2.1. Study Areas

This study was carried out in three different geographical areas, two in Italy and one
in Iran, investigating three different harvesting operations in poplar plantations.

The Iranian poplar plantation (IR) is located in the coastal area of the Caspian Sea in
the Guilan province in northern Iran. The total area of the plantation is 60 ha, situated in
flat terrain at an altitude range from 0 m to 20 m a.s.l. The average annual rainfall is from
1260 to 1340 mm and most of the precipitation occurs between the months of September
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and December. The average annual temperature is +15 ◦C, with the minimum during the
winter at a few degrees below 0 ◦C, and the maximum at +25◦ during the summer. The soil
type is clay loam with poor drainage. This plantation was divided into two areas of 30 ha
each. The harvesting operation in 30 ha for the dry site was performed in the first half of
September 2019 before the rainfall. Harvesting operations were carried out in the second
half of September 2019 after rainfall in the 30 ha moist site. The soil moisture content was
14.4% in the dry site and 34.6% in the moist site. Trees were felled by chainsaw, and whole
trees were extracted to roadside landings by wheeled skidder Timberjack 450C. Finally,
processing operations were motor-manually performed at the landing site.

The first Italian poplar plantation (IT1) was located in the Lazio region in central Italy.
The total area of the plantation is 20 ha and it is situated in flat terrain and with an altitude
range from 90 m to 110 m a.s.l. The average annual rainfall is from 830 to 900 mm and most
of the precipitation occurs from October to December. The average annual temperature is
+14.9 ◦C with a minimum during the winter at 2.5 ◦C, and a maximum at +30.7 ◦C during
the summer. The soil type is clay loam with a low level of organic matter, nitrogen and
phosphorus and with poor drainage. This plantation was divided into two areas of 10 ha
each. The harvesting operations in 10 ha on the dry site were performed in the second
half of June 2018. Harvesting operations were carried out in the first half of April 2018
after rainfall in the 10 ha moist site. The soil moisture content was 12.1% in the dry site
and 36.8% in the moist site. As in the Iranian site, trees were motor-manually felled by
chainsaw, and whole tree extraction was carried out by a wheeled skidder Timberjack
450C. In this case too, motor-manual processing with a chainsaw was carried out at the
landing site.

The second Italian poplar plantation (IT2) was located in the Veneto region in North
Italy. The total area of the plantation is 20 ha and situated in flat terrain with an altitude
range from 10 m to 30 m a.s.l. The average annual rainfall is from 730 to 850 mm and most
of the precipitation occurs from September to November. The average annual temperature
is +13.6 ◦C with a minimum during winter of 0.1◦C, and a maximum of +29.2 ◦C during
the summer. The soil type is clay loam texture with a low level of organic matter and with
poor drainage. This plantation is divided into two areas of 10 ha each. The harvesting
operations in the 10 ha dry site were performed in the first half of July 2018. Harvesting
operations were carried out in the second half of September 2018 after rainfall in the 10 ha
moist site. The soil moisture content was 15.0% in the dry site and 35.7% in the moist site.
Trees were mechanically felled and processed by a harvester and cut to length through
an extraction system by a forwarder. Technical characteristics of the machinery used in
the various harvesting sites are given in Table 1. Average dendrometric characteristics
of the three plantations are shown in Table 2. A preliminary analysis for dendrometric
characteristics of the three different stands was done by one-way ANOVA to check for
differences among the average values of the three plantations. There were no significant
differences of dendrometric characteristics between the Italian sites (IT1 and IT2). However,
density, basal area and standing volume of trees in the Iranian site were higher than in the
Italian sites.

2.2. Data Collection and Analysis

Dendrometric data were obtained through systematic plot sampling. Grid dimension
was 150 m × 150 m, the area of each circular plot was 1256 m2 (20 m radius), and in total
20 plots in each area were established. Diameter at breast height (dbh) and height of tree
species were measured by caliper and clinometer, respectively, in each plot. The volume
of winched logs was calculated by Huber’s formula (V = Am × L), where V is log volume
(m3), Am is the middle point cross-sectional area of log (m2), and L is the length of log (m).

Soil samples were collected with a steel ring (inside diameter 5 cm, length 10 cm) and
immediately put in hermetic plastic bags and labeled. The wet weight of all samples was
measured before transfer to the laboratory (on the same sampling day). In the laboratory,
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soil samples were dried in an oven at 105 ◦C for 24 h until reaching a constant mass to
determine the soil moisture content.

Table 1. Specification of the mechanization used in the three harvesting sites.

Characteristics
Chainsaw Stihl

ms880
Harvester John
Deere 1470 D

Skidder Timberjack
450C

Forwarder John
Deere JD1110 D

Displacement (cm3) 122 9000 6800 4140
Power (kW) 6.4 179.7 120.0 121.0
Weight (kg) 10 19,700 10,270 17,500

Bar length (cm) 90 75 - -
Oil tank volume (l) 0.7 290.0 150.0 300.0

Fuel tank volume (l) 1.3 470.7 159.0 150.0
Number of cylinders 1 6 6 6

Maximum traction or load (kg) - - 11,000 8500
Maximum operative distance (m) - 8.6 75.0 10.5

Table 2. Average dendrometric stand and main wood characteristics before harvesting in the three poplar plantations. The
wood density values (±SD) showed refer to fresh matter and recorded during the harvesting operation.

Description IR IT1 IT2

Plantation area (ha) 60 20 20
Tree density (stem·ha−1) 400 278 279

Mean DBH (cm) 38.3 42.8 40.4
Mean basal area (m2·ha−1) 46.1 39.9 35.8

Mean tree height (m) 25.3 24.8 27.2
Standing volume (m3·ha−1) 876.4 702.6 749.8

Wood density (kg·m−3) 795.8 (±11.5) 702.9 (±15.6) 721.7 (±9.4)
Wood moisture (%) 98.2 (±19.2) 95.4 (±18.5) 99.1 (±21.7)

A time-motion study was carried out to evaluate working productivity. Each working
cycle was stop watched individually, separating productive time from delay time [33]. Cal-
culated delay factor represents the quotient of delay time over net cycle time. Productivity
was evaluated both on delay-free time and on actual total time, inclusive of all delays.
Inclusion of delays was not capped on the basis of a maximum event duration. Scheduled
Machine Hours (SMH) include all the time the machine is scheduled to work, whereas
Productive Machine Hours (PMH) represent the time during which the machine actually
performs work, excluding the time lost to both mechanical and non-mechanical delays.

The working group had 10 to 15 years of work experience with the machines and they
were able to service and repair them.

The working cycles are reported, for the three areas, in Tables 3 and 4. Continuous time
was recorded to the nearest second with a chronometer. The cycle times of the machines
were divided into time elements (process steps) that were considered characteristic of
this work.

Table 3. Description of felling and processing cycle elements of harvesting in the three yards.

Time Elements IR & IT1 by Chainsaw (2 Operators) IT2 by Harvester (1 Operator)

Moving
(M)

starts when the chainsaw operator moves from the last
felled tree to the next to be felled and ends when the

team cleans the tree stump before the felling

starts when the harvester wheels start moving
from one standing point and ends when they

stop at the next standing point
Felling

(F)
starts when the chainsaw operator turns on the chainsaw
and performs the cut and ends with the fall of the tree

starts when the harvester head grips the stem
and ends when the tree falls onto the ground

Processing
(P)

starts when the chainsaw operator cuts the first branch
and ends when he finishes the cross cutting of the tree

starts when the tree stem starts moving through
the harvester head and ends when the harvester

wheels start moving
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Table 4. Description of extraction cycle elements of harvesting in the three yards.

Time Elements IR & IT1 by Skidder (2 operators) IT2 by Forwarder (1 Operators)

Travel unloaded
(TUL)

begins when the skidder leaves the roadside
landing area and ends when the skidder arrives at
a suitable position (nearest distance from the logs)

on the skid trail

begins when the forwarder leaves the roadside
landing area and ends when the forwarder arrives
at the first suitable position (nearest distance from

the first logs)
Bunching—Loading

(B)
begins when the skidder driver releases the cable

and ends when the winching phase is finished
begins when the forwarder driver loads the first
log and ends when the forwarder is fully loaded

Travel loaded
(TL)

begins when the skidder starts to move and ends
when the skidder arrives on roadside landing

begins when the fully loaded forwarder starts to
move and ends when the forwarder arrives at the

roadside landing

Landing operations
(LO)

begins when the choker setter opens the load and
ends when load is piled up in final position and

the skidder is preparing for the next cycle

begins when the forwarder driver starts to unload
the logs and ends when load is piled up in final
position and the forwarder is preparing for the

next cycle

Details of the harvested trees and volume in each treatment are given in Table 5.

Table 5. Harvested trees, volume and working cycles for work productivity analysis in each treatment (data reported to FU
of 1 t of fresh mass showed in Table A1).

Parameter IR Dry IR Moist IT1 Dry IT1 Moist IT2 Dry IT2 Moist

Felled-processed trees (N) 601 625 556 528 2790 2762
Felled processed-volume (m3) 1314.600 1367.184 1405.200 1334.940 7498.000 7423.020

Extraction cycles (N) 100 100 100 100 100 100
Extracted volume (m3) 672.000 690.000 791.000 602.000 1350.000 1180.000

The system boundaries for the study area were set to those of the harvesting operations,
from the felling to the landing site. The Functional Unit (FU) for the analyses was the cubic
meter of round wood (m3); in Appendix A the data referring to another Functional Unit
(FU) are shown (1 t of fresh mass, following the data shown in Table 2). This is important
in order to compare these results more readily with other studies.

Operational costs were estimated according to the Miyata method [34] as previously
explained in Spinelli et al. [35]. Economic evaluation of the different machines was carried
out taking into consideration different periods of use. The skidder, harvester and forwarder
depreciated by 1200 SMH per year [35,36] in a depreciation period of 10 years [37]. The
chainsaw for the felling depreciated by 800 SMH per year in a depreciation period of
2 years [36]. Labor cost was set at € 15 SMH−1 inclusive of indirect salary costs [38].
Lubricant consumption was calculated as reported by Picchio et al. [39].

Costs for insurance, repair and service were obtained by literature analysis [35],
while the fuel and lubricant prices were taken by a market survey (second semester 2019)
conducted upon three company products. The calculated operational cost, as reported in
similar studies [35], was increased by 10% to account for overhead costs [40].

Focusing instead on the environmental aspects, an energy consumption analysis was
performed, applying the Gross Energy Requirement (GER) method [41]. Indirect input
(MJ kg−1) of harvesting machinery was evaluated taking into consideration the average
energy value of the raw materials. This is related to several parameters, i.e., quantitative
presence (%), total mass of the machine (kg), overall service life of the machine (h m−3) and
use of the machine during harvesting. Energy consumption related to human manpower
was evaluated according to what was reported in previous works [42–44], through the
application of a standard value equal to 0.030 MJ min−1 worker−1.

To calculate the energy balance, the energy value of poplar wood was determined
as Higher Heating Value (HHV) (CEN/TS 14918), on 30 random samples, through Parr
calorimeter, model 6200 [45].
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Regarding pollutant emissions during logging operations, emissions related to fuel
were evaluated as the sum of the emissions during combustion (Efc) and the emissions
produced within the production and logistic process (Efp). For Efc assessment of fuel energy
content, the emission factor of the engine and the thermal efficiency of the combustion
were taken into consideration, as reported in Klvac et al. [46] and Athanassiadis [47].

Dealing with Efp assessment, fuel energy content and emission factors were obtained
by [46], but HC emission factor was taken from [47].

2.3. Statistical Analysis

The first step in statistical analysis was checking for normality using the Kolmogorov-
Smirnov test and for homogeneity of variance using the Levene test. Averages of dendro-
metric characteristics, skid trail network, and average extraction cycle time elements in each
area between the two site conditions (moist and dry soil) were compared by independent
t test. A regression analysis of time study data was used to check the model’s capability
of predicting productivity as a function of statistically significant independent variables
such as distance and load size. If the data were not normally distributed, a non-parametric
Spearman’s rank coefficient was applied to analyze the correlation between the variables.

A major focus was placed on extraction operations investigating the relationships
between time elements and dendrometric characteristics of extracted timber, and between
time elements and bunching-extraction distance. This investigation was performed by non-
linear regression analysis, performed by SPSS 19.0 software (New York, NY, United States).

3. Results

Results of the t-test showed no statistically significant differences regarding both
extraction distance and mean volume per working cycle between moist and dry sites in all
the three plantations. Bunching distance was statistically lower in the IT1 dry site than in
the moist one, while in IR and IT2 no statistically significant difference was found for this
parameter (Table 6).

Table 6. Extraction trail and corridors’ average features for the three areas in the two soil moisture conditions (mean ± SD),
From the t-test for independent samples applied, statistically significant differences (p < 0.05) between the average values
are highlighted (underlined text) (data reported to FU of 1 t of fresh mass showed in Table A2).

IR IT1 IT2

Dry Moist Dry Moist Dry Moist

Mean bunching distance (m) 38.6 ± 10.1 49.8 ± 9.5 17.5 ± 5.2 56.1 ± 8.2 22.7 ± 4.2 18.4 ± 2.1
Mean extraction distance (m) 146.0 ± 20.1 144.5 ± 12.2 118.2 ± 14.3 138.1 ± 10.3 152.4 ± 12.5 158.7 ± 11.2

Mean volume per working cycle (m3) 6.72 ± 0.15 6.90 ± 0.14 7.91 ± 0.22 6.02 ± 0.18 13.5 ± 0.31 11.8 ± 0.42

Data regarding working time analysis of felling and processing operations are given
in Table 7 and Figure 1. In all three plantations felling operation time (motor-manual in
IR and IT1 and mechanized in IT2) did not show any statistically significant differences
between dry and moist sites. There were some differences found in processing and moving
time. In every study area the most time-consuming operation was processing.

The soil moisture in IT2 did not affect working productivity, with no statistically signif-
icant difference among different soil moisture conditions for every phase, and consequently
also for the overall working time. In IR1 and IT1, instead, both TET (Total Effective Time)
and TGT (Total Gross Time) were significantly higher in moist conditions than in dry ones,
with higher DT (Delay Time) also in the moist soil. However, as previously reported, such
differences are related not to the felling operations, but only to moving (both IR and IT1)
and processing (only IR).

Working time analysis data in bunching and extraction are reported in Table 8 and
Figure 2. The only phase which did not show an effect of soil moisture on productivity
was the landing operation (LO), while all the other phases were influenced by the moisture
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content of the soil. This led to a significant difference in overall working times (both TET
and TGT), related to the different site conditions, in all the three yards. In particular, higher
soil moisture negatively affected working productivity.

Table 7. Description statistics of felling-processing operations for the harvesting sites studied referring to a single tree. From
the t-test for independent samples applied, statistically significant differences (p < 0.05) between the average values are
highlighted (underlined text). Statistical comparisons are between columns.

Sites IR-Dry IR-Moist IT1-Dry IT1-Moist IT2-Dry IT2-Moist

Time Elements Average Value ± SD (minutes)

M 0.36 ± 0.05 0.48 ± 0.06 0.31 ± 0.04 0.42 ± 0.03 0.53 ± 0.05 0.55 ± 0.06
F 2.85 ± 0.22 2.75 ± 0.15 3.15 ± 0.22 3.08 ± 0.31 0.56 ± 0.04 0.59 ± 0.05
P 13.91 ± 0.38 14.85 ± 0.45 14.58 ± 0.87 15.29 ± 0.65 3.05 ± 0.25 3.15 ± 0.15

DT 0.29 ± 0.04 0.41 ± 0.11 0.38 ± 0.12 0.45 ± 0.08 0.11 ± 0.03 0.13 ± 0.03
TET 17.12 ± 0.45 18.08 ± 0.81 18.04 ± 0.88 18.79 ± 0.50 4.14 ± 0.72 4.29 ± 0.44
TGT 17.41 ± 0.52 18.49 ± 0.73 18.42 ± 0.91 19.24 ± 0.71 4.25 ± 0.65 4.42 ± 0.61

M: moving, F: felling, P: processing, DT: delay time, TET: total effective time, TGT: total gross time.

Figure 1. Working time distribution for felling-processing operations in the harvesting sites studied.

Table 8. Description statistics of bunching-extraction operations for the harvesting sites studied referring to single cycle.
From the t-test for independent samples applied, statistically significant differences (p < 0.05) between the average values
are highlighted (underlined text). Statistical comparisons are between columns.

Sites IR-Dry IR-Moist IT1-Dry IT1-Moist IT2-Dry IT2-Moist

Time Elements Average Value ± SD (minutes)

TUL 4.53 ± 0.44 6.86 ± 0.50 3.88 ± 0.64 5.48 ± 0.98 1.35 ± 0.50 1.89 ± 0.44
B 2.10 ± 0.80 3.40 ± 1.00 1.38 ± 0.21 3.52 ± 0.61 2.15 ± 0.44 2.39 ± 0.40

TL 4.30 ± 1.50 7.20 ± 0.50 4.11 ± 1.07 6.92 ± 1.16 3.02 ± 0.28 5.12 ± 0.31
LO 5.70 ± 2.10 6.50 ± 1.90 5.90 ± 0.92 5.80 ± 0.89 5.20 ± 1.10 5.39 ± 0.81
DT 1.00 ± 0.45 1.20 ± 0.50 1.24 ± 0.22 1.85 ± 0.18 1.02 ± 0.10 1.39 ± 0.13
TET 16.63 ± 1.80 23.96 ± 1.90 15.27 ± 1.78 21.72 ± 1.55 11.72 ± 0.97 14.79 ± 0.84
TGT 17.63 ± 1.80 25.16 ± 1.90 16.51 ± 1.89 23.57 ± 2.01 12.74 ± 1.16 16.18±1.01

TUL, travel unloaded; B, bunching; TL, travel loaded; LO, landing operations; DT, delay times; TET, total effective time; TGT, total
gross time.
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Figure 2. Working time distribution for bunching-extraction operations in the harvesting sites studied.

The analysis of the various factors influencing extraction time (Table 9) revealed that
the parameter with the highest impact on time consumption was bunching–extraction
distance, with R2 values ranging from 0.6 to 0.8 for both dry and moist sites in all the
three yards.

Table 9. Cycle time (Y) equations of bunching–extraction in studied sites. D: distance of bunching-extraction; and LV:
load volume.

Site (Machine) Variable Model Equation R2 Adj. p-Value

IR-Dry
(Skidder)

D Polynomial Y = −4 × 10−5(D)2 + 0.0592(D) + 8.0769 0.633 <0.001
LV Polynomial Y = 0.9524(LV)2 + 8.2375(LV) + 28.361 0.380 <0.001
D and LV Linear Y = 0.059(D) + 1.546(LV) − 1.523 0.679 <0.001

IR-Moist
(Skidder)

D Polynomial Y = −2 × 10−5(D)2 + 0.1343(D) + 6.2007 0.764 <0.001
LV Exponential Y = 3.1537e0.2875(LV) 0.363 <0.001
D and LV Linear Y = 0.116(D) + 2.089(LV) − 6.076 0.812 <0.001

IT1-Dry
(Skidder)

D Linear Y = 0.088(D) + 6.3003 0.821 <0.05
LV Polynomial Y = 0.7512(LV)2 + 4.2725(LV) + 8.030 0.231 >0.05
D and LV Linear Y = 0.085(D) + 2.156(LV) + 0.125 0.401 >0.05

IT1-Moist
(Skidder)

D Exponential Y = 9.312e0.0064(D) 0.724 <0.01
LV Polynomial Y = 0.95210(LV)2 + 2.1225 (LV) + 5.103 0.412 >0.05
D and LV Linear Y = 0.109(D) + 1.816(LV) + 0.231 0.502 > 0.05

IT2-Dry
(Forwarder)

D Polynomial Y = −0.0001(D)2 + 0.078(D) + 5.103 0.811 <0.05
LV Polynomial Y = −0.0021(LV)2 + 0.807(LV) + 2.210 0.452 >0.05
D and LV Linear Y = 0.080(D) + 2.086(LV) − 0.957 0.568 > 0.05

IT2-Moist
(Forwarder)

D Polynomial Y = 0.0003(D)2 + 0.004(D) + 7.7868 0.765 <0.01
LV Polynomial Y = −0.052(LV)2 + 1.105(LV) + 1.574 0.431 >0.05
D and LV Linear Y = 0.128(D) + 1.974(LV) − 0.358 0.631 >0.05
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Increased bunching–extraction distance obviously led to increased bunching–extraction
time; however, it is interesting to notice (Figure 3) how this effect is less evident in forward-
ing operations (IT2) than it is in winching operations (IR and IT1).

Figure 3. Graphical regression analysis referring to bunching–extraction time in relation to bunching–extraction distance in
the studied areas (IR-d: Iranian dry site; IR-m: Iranian moist site; IT1-d: skidding Italian site with dry soil; IT1-m: skidding
Italian site with moist soil; IT2-d: forwarding Italian site with dry soil; IT2-m: forwarding Italian site with moist soil).

Focusing on the overall harvesting system productivity (Figure 4), moist soil showed
negative effects in all three plantations. In detail, SMH in dry soil conditions was 5.671 m3 h−1

in IR, 6.403 m3 h−1 in IT1 and 23.761 m3 h−1 in IT2; while, respectively, were 12.53%, 18.68%
and 16.27% lower in the moist soil. Moreover, the higher moisture content of soil also resulted
in a higher percentage difference between PMH and SMH, i.e., 2.73% vs. 3.08% in IR; 3.39%
vs. 4.40% in IT1; and 4.4% vs. 5.83% in IT2. Referring to the single operations, SMH in
felling-processing was 7.541 vs. 7.101 m3 h−1 in IR; 8.238 vs. 7.887 m3 h−1 in IT1; and 37.941
vs. 36.481 m3 h−1 in IT2. Bunching-extraction productivity was also negatively affected
by higher soil moisture; specifically, SMH was 22.870 vs. 16.455 m3 h−1 in IR; 28.746 vs.
15.325 m3 h−1 in IT1 and 63.580 vs. 43.758 m3 h−1 in IT2.

Focusing on harvesting costs, the results of the economic evaluation carried out within
the present study are given in Tables 10 and 11.

The details of hourly costs reported in Table 10 show how the harvesting machinery
applied in IT2 (harvester and forwarder) presents higher hourly costs, mostly related to
the higher purchase price. However, the higher productivity of this fully mechanized
harvesting system allowed IT2 to have a lower cost per m3 of timber produced (Table 11).

Regarding the influence of soil moisture conditions on harvesting costs, it is evident
that the negative influence on working performance correlated to higher moisture also led
to higher harvesting costs. In detail, this was about 16%, 26% and 16% higher in the moist
site than in the dry one for IR, IT1 and IT2, respectively.
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Figure 4. Average yard productivity (bars) and possible increase of performance (lines) from SMH to PMH for the six
harvested sites (data reported to FU of 1 t of fresh mass showed in Figure A1).

Table 10. Summary cost assessment of mechanization used in the logging activities studied.

Description MU Chainsaw Skidder Harvester Forwarder

Investment cost € 1674.00 155,000.00 390,000.00 365,000.00
Service life Years 2 10 10 10
Annual use H 800 1000 800 800

Recovery value € 167.40 15,500.00 39,000.00 36,500.00
Interest on capital % 3 3 3 3
Fuel consumption l h−1 1.0 4.2 15.0 17.0

Fuel price € l−1 2.00 0.80 0.80 0.80
Lubricant cost % of fuel cost 20 35 35 35

Labor cost € h−1 16.40 16.90 17.50 17.50
Crew n◦ 2 2 1 1

Fixed costs

Depreciation € year−1 753.30 13,950.00 35,100.00 32,850.00
Interest € year−1 38.92 2766.75 6961.50 6515.25

Insurance and tax € year−1 64.87 4611.25 11,602.50 10,858.75
Yearly fixed costs € year−1 857.09 21,328.00 53,664.00 50,224.00
Hourly fixed costs € h−1 1.07 21.33 67.08 62.78
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Table 10. Cont.

Description MU Chainsaw Skidder Harvester Forwarder

Variable costs

Fuel € h−1 2.02 3.36 12.00 13.60
Lubricant € h−1 0.40 1.18 4.20 4.76

Repair and maintenance € h−1 0.94 13.95 43.88 41.06
Workers € h−1 32.80 33.80 17.50 17.50

Hourly variable cost € h−1 36.17 52.29 77.58 76.92
Operating cost € h−1 37.24 73.61 144.66 139.70

Profit and overhead % 10 10 11 12
Profit and overhead € h−1 3.72 7.36 15.91 16.76

Total operating cost € h−1 40.96 80.98 160.57 156.47

Table 11. Harvesting costs for one cubic meter of wood and percentage of costs at two main operations (felling–processing
and bunching–extraction to landing) in the studied sites (data reported to FU of 1 t of fresh mass showed in Table A3).

Description MU IR Dry IR Moist IT1 Dry IT1 Moist IT2 Dry IT2 Moist

Real unit cost (SMH) € m−3 8.97 10.69 7.79 10.48 6.69 7.98
Felling-Processing percentage % 60.5 54.0 63.8 49.6 63.2 55.2

Bunching-Extraction percentage % 39.5 46.0 36.2 50.4 36.8 44.8
Hypothetical unit cost (PMH) € m−3 8.68 10.33 7.47 9.94 6.39 7.54
Felling-Processing percentage % 61.5 54.6 65.1 51.0 64.6 56.7

Bunching-Extraction percentage % 38.5 45.4 34.9 49.0 35.4 43.3

Regarding environmental aspects, the results of the analysis of energy efficiency are
given in Table 12. The highest energy input was reported for IT2, due to the complete
mechanization of the overall harvesting operations. The effects of moisture on environmen-
tal performance can be observed in all of the three plantations where higher soil moisture
led to lower energy efficiency, more exactly, 97.7% vs. 97.0% in IR; 98.1% vs. 96.9% in IT1
and 97.0% vs. 96.6% in IT2.

Table 12. Total energy inputs and balance in the studied harvesting yards (data reported to FU of 1 t of fresh mass showed
in Table A4).

Description M.U.
Energetic
Output

Direct
Input

Indirect
Input

Human
Labor
Input

Total
Inputs

Output/Inputs
Ratio

System
Efficiency

IR-d
MJ m−3 11,658 257.62 4.22 0.70 262.54

44.4 97.7%GJ ha−1 10,217 225.78 3.70 0.61 230.09

IR-m
MJ m−3 11,658 338.67 5.83 0.80 345.30

33.8 97.0%GJ ha−1 10,217 296.81 5.11 0.70 302.72

IT1-d
MJ m−3 11,658 212.05 3.37 0.62 216.04

54.0 98.1%GJ ha−1 8191 148.99 2.37 0.44 151.79

IT1-m
MJ m−3 11,658 352.75 6.24 0.76 359.76

32.4 96.9%GJ ha−1 8191 247.84 4.39 0.53 252.76

IT2-d
MJ m−3 11,658 337.20 7.80 0.06 345.06

33.8 97.0%GJ ha−1 8741 252.83 5.85 0.05 258.73

IT2-m
MJ m−3 11,658 386.36 9.18 0.08 395.62

29.5 96.6%GJ ha−1 8741 289.69 6.89 0.06 296.63

In IR and IT1 a major part of the energy input is related to bunching–extraction
operations in both moist and dry soil conditions. Instead, in IT2, felling operations via
harvester were the reason for the highest portion of energy input in this yard, in both soil
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conditions (Figure 5). Interestingly, moist soil led to an increased portion of energy input
related to bunching–extraction in all three yards (77.2% vs. 81.6% in IR; 74.6% vs. 84.0% in
IT1 and 25.8% vs. 32.7% in IT2), showing how this operation was most influenced by soil
moisture when regarding environmental issues.

As shown in Table 13 and Figures 6 and 7, soil moisture also showed negative effects
regarding pollutant emissions in the three different yards, with increasing emissions for all
the investigated parameters in moist soil conditions. What is more, mechanized felling via
harvester (IT2) led to higher emissions in comparison to motor-manual felling (IR and IT1).

Figure 5. Energy inputs percentage for each harvesting operation assessed in the studied sites.

Table 13. Total emission assessed in the studied harvesting yards (data reported to FU of 1 t of fresh mass showed in
Table A5).

Harvesting Sites
CO2 CO HC Nox PM10

g m−3

IR-d 1650.72 26.20 0.42 25.16 3.77
IR-m 1699.04 27.31 0.46 26.60 4.08
IT1-d 1602.18 24.08 0.35 24.20 3.35
IT1-m 1627.43 25.19 0.41 25.04 3.65
IT2-d 2651.56 48.35 0.74 41.85 6.51
IT2-m 2789.36 55.08 0.78 47.91 7.73
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Figure 6. Percentage distribution of total PM10 emission in the harvesting sites studied, data shown for single operation
(data reported to FU of 1 t of fresh mass showed in Figure A2).

Figure 7. Percentage distribution of GHG emission in the harvesting sites studied, data shown for single operation and
reported in CO2 equivalent (data reported to FU of 1 t of fresh mass showed in Table A3).
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4. Discussion

4.1. Comparison of Harvesting Systems Performance

Several studies on work productivity and cost analysis in poplar plantations are
available in the literature, even if most of these deal with Short Rotation Coppice (SRC)
plants for bioenergy production [48]. Indeed, few studies have focused on productivity
analysis in poplar plantations for timber production. In a poplar plantation located in
Serbia, Danilovic et al. [49] reported a productivity for mechanized felling–processing via
harvester of 30.3 to 34.7 m3 h−1, depending on working method and stem dimension. In
the same year, Spinelli et al. [50] carried out an extensive productivity and cost analysis in
a 25 year old poplar plantation in Italy, reporting an average work productivity (SMH) for
motor-manual felling and processing via chainsaw of 6.3 m3 h−1 and a value of 21.1 m3 h−1

for the same operation performed via harvester.
The productivity values found in the present study are higher than reported in the

above cited studies, both for motor-manual and mechanized felling processing. This
difference is more pronounced in comparison to Spinelli et al. [50]. Such a gap concerning
mechanized felling–processing can be partially related to the lower average dbh of the
stems in the previous study (around 30 cm vs. 40.4 cm). However, the major difference
between the present studies and the literature, which can explain the higher productivity
found in the present analysis, is the lower percentage of delay times. In particular, delay
percentage ranges from 1.7% in IR to 2.9% in IT2, while the average delay for motor-manual
felling-processing in Spinelli et al. [50] was 29.6%, decreasing to 13.0% in mechanized
operations, while in Danilovic et al. [49] delay accounted for 28.5 of the working time.

Concerning bunching–extraction operations, no study on winching and forwarding
in poplar plantations for timber production were found in the literature. However, there
are several studies on bunching and extraction via TimberJack 450 cable skidder, which
analyzed work productivity in different forest stands. Lotfalian et al. [51] found a winching
productivity of 20.2 m3 h−1 in beech high stand thinning with an average extraction
distance of 289 m, while Mousavi [52] reported a bunching–extraction productivity of
about 11 m3 h−1 in beech selection cutting with an average skidding distance of 439 m.
Nikooy et al. [18] reported instead a lower value of 5.2 m3 h−1 productivity of Timberjack
450C in timber extraction of path cutting in a pine plantation. Such lower productivity
is probably related to the lower dimension of trees considering that skidding distance
was comparable to those in both IR and IT1 [18]. Therefore, as a general trend, bunching-
extraction productivity in the present study showed higher values than previous works
reported in the literature for the same machinery in different stands and silvicultural
interventions. This difference is related to both the type of forest intervention (clear cut)
and to the flat terrain of IR and IT1, which facilitated logging operations.

Regarding forwarding operations, also in this case it is possible to make a compari-
son regarding work productivity only between different stands, considering the lack of
studies on poplar plantations for timber production. The forwarder is the most commonly
applied machinery in CTL (Cut to Length) harvesting operations, and it has been widely
applied in artificial plantations, mostly of softwood species [53]. This machinery can reach
a very high working productivity [54,55], even if a proper planning of the intervention
is needed to reduce the impact which can occur considering the average dimension of
a forwarder [13]. Comparing the findings of the present study with other forestry inter-
ventions in artificial plantations, it is evident that the substantial average dimension of
stems, the short extraction distance and the flat terrain features in IT2 led to higher work
productivity. In detail, Puttock et al. [56] reported a SMH productivity of 11.2 m3 h−1 in a
poplar-dominated mixed-wood stand in Southern Ontario during thinning interventions;
Eriksson and Lindroos [57] showed PMH productivity for forwarding in clear cutting in
pine and spruce stands of 21.4 m3 h−1. Another study performed in Romania reported a
SMH productivity of 15.35 m3 h−1 in a clear cut of spruce stand, with an average slope of
10% and an average extraction distance of 479 m [58]. In another study recently carried out
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in Poland, Magagnotti et al. [11] reported a forwarding productivity of 24.4 m3 h−1 SMH
for a poplar plantation.

Focusing on harvesting costs, it is possible to notice how felling and processing
operations accounted for the major part of these in all the yards in both soil moisture
conditions, as reported by previous literature [38,59]. Felling and processing costs, with
values ranging from 4.22 € m−3 (IT2 dry) to 5.77 € m−3 (IR moist), were in line with the
literature findings for several Italian poplar plantations for high value timber production,
notwithstanding higher work productivity. Spinelli et al. [50] reported a unit cost of about
€ 5 m−3 for both motor-manual and mechanized felling–processing. This can be explained
by the higher purchase costs of the machinery applied in the studied plantations. Skidding
and forwarding costs are also in line with the literature, for similar harvesting systems
but in different kinds of stands. In the present study the lowest cost for extraction was
shown by IT2 dry at € 2.46 m−3, while the highest cost was related to winching in IT1 moist
(€ 5.28 m−3). Regarding winching operations through cable skidder, Jourgholami and
Majnounian [33] reported 6.15 € m−3 as the cost of Timberjack 450C in timber extraction
on a pine plantation, while the findings of Lotfalian et al. [51] showed 5.15 USD m−3.
Focusing on forwarding, extraction costs were assessed by Cabral et al. [60] at about 1.95
€ m−3, while about 7.5 € m−3 were reported by Kaleja et al. [61], and about 9.2 € m−3 by
Magagnotti et al. [11].

Concerning environmental impact, a comparison was carried out between the findings
of the present study and other similar studies, regarding both high and medium level of
mechanization. In both cases, energy inputs and energy balance in the investigated poplar
plantations were substantially higher [37,62].

System efficiency values were high in all three yards in both the soil conditions
(ranging from 96.6% to 98.1%), and thus were in line with previous literature findings in
other forest interventions [16,62,63].

GHG emissions, mostly regarding CO2, were lower than in previous literature findings,
which reported a range between 3 and 33 kg CO2eq, while the values of the present work
ranged from 1.6 to 2.8 kg CO2eq [5,16,24,46,64].

4.2. Influence of Soil Moisture on Harvesting Performance

There is a considerable amount of literature regarding working productivity evalu-
ation, but a major part of the studies focused on the influence on working performance
of parameters such as terrain features, working distance, age, species composition, labor
skills, etc. However, not much attention has been directed towards soil moisture conditions
and productivity. Studies were, however, conducted on soil impact related to logging
activities [65–68].

In all of the three yards, higher soil moisture led to lower work productivity, thus to
higher harvesting costs, in accordance to what was reported in the few studies dealing
with this topic [69,70]. High soil moisture negatively affected both motor-manual and
mechanized operations, resulting in higher working times, except for felling (both with
chainsaw and harvester) and processing (only with harvester). Longer working time
in higher soil moisture conditions for mechanized operations (bunching –extraction) is
related to the lower driving speed which the machinery was able to achieve with moist
soil. The high level of moisture of the terrain caused reduced tire grip and the operators
had to reduce the working speed for safety reasons. Interestingly, this did not happen
for felling–processing operations by harvester, which were not affected by soil moisture
regarding working time. Soil moisture also negatively affected motor-manual operations,
specifically, moving (IR and IT1) and processing (only IR). This is equally related to worker
safety issues, with operators that had to be more cautious during the logging activities,
due to the fact that high moisture in the soil made the trail slippery, and therefore prone
to accidents.

High soil moisture showed negative effects on the environmental performance of
logging activities in the studied poplar plantations. There were two reasons for these
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negative effects: the longer working time, which required more time in which motors were
running, and the higher torque needed to move the machinery in moist soil, considering
the lower grip and higher attrition. Thus, there were higher emissions of pollutants.

5. Conclusions

Although poplar plantations are important sources of timber in both Iran and Italy,
few studies have focused on work productivity evaluation under different aspects related
to sustainability in such kinds of stand. Moreover, these plantations are often located in
plain or floodplain lands, therefore harvesting operations can occur in soil conditions with
a high moisture content.

The aims of this study were: (i) to evaluate different harvesting systems in poplar plan-
tations and (ii) to evaluate the influence of soil moisture on economic and environmental
performance of logging operations.

In order to assess different harvesting systems in poplar plantations, from what was
analyzed it is possible to state that a fully mechanized harvesting system (harvesting
forwarder) is the most productive and economically sustainable with respect to semi-
mechanical harvesting/processing and skidding extraction. However, in terms of energy
balance and emissions, it is possible to state exactly the opposite, that the best harvest-
ing system was semi-mechanical harvesting/processing and skidding extraction. These
are aspects to be carefully considered during operations planning, but they must also
be analyzed in terms of greater efficiency of the mechanization used, seeking to bring
mechanical technologies that are increasingly efficient also in environmental terms to the
forestry sector.

In order to assess the influence of soil moisture on economic and environmental
performance of the logging operations, the findings revealed that high moisture content
led to lower work productivity in all of the three investigated plantations, with detrimental
effects on harvesting costs, which were found to be higher in moist soil conditions in all
three yards. Moreover, environmental features related to pollutant emissions were higher
in moist soil conditions, as a consequence of the longer time and the major torque required
for the machinery to perform the logging activities.

It can be concluded from these findings that it is advisable to avoid logging operations
in conditions of high soil moisture (>20%), to decrease the impact on the soil, to create
higher cost-effectiveness, and to reduce the emissions of pollutants.
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Appendix A

The data assessed in the Appendix A are referred to another Functional Unit (FU)
respect to how reported in the main text. The FU in this case was 1 t of fresh mass
(following the data showed in Table 2). This was important in order to give more possibility
to compare these results with other studies.

Table A1. Harvested trees, fresh mass and working cycles for work productivity analysis in each treatment.

Parameter IR Dry IR Moist IT1 Dry IT1 Moist IT2 Dry IT2 Moist

Felled-processed trees (N) 601 625 556 528 2790 2762

Felled processed-wood (t) 1046.159 1088.005 987.715 938.329 5411.307 5357.194

Extraction cycles (N) 100 100 100 100 100 100

Extracted wood (t) 534.778 549.102 555.994 423.146 974.295 851.606

Table A2. Extraction trail and corridors’ average features for the three areas in the two soil moisture conditions (mean ±
SD). From the t-test for independent samples applied, statistically significant differences (p < 0.05) between the average
values are highlighted (underlined text).

IR IT1 IT2

Dry Moist Dry Moist Dry Moist

Mean bunching distance (m) 38.6 ± 10.1 49.8 ± 9.5 17.5 ± 5.2 56.1 ± 8.2 22.7 ± 4.2 18.4 ± 2.1
Mean extraction distance (m) 146.0 ± 20.1 144.5 ± 12.2 118.2 ± 14.3 138.1 ± 10.3 152.4 ± 12.5 158.7 ± 11.2

Mean mass per working cycle (t) 5.35 ± 0.12 5.49 ± 0.11 5.56 ± 0.15 4.23 ± 0.13 9.74 ± 0.22 8.52 ± 0.30

Table A3. Harvesting costs for one wood, fresh tons and percentage of costs at two main operations (felling–processing and
bunching–extraction to landing) in the studied sites.

Description MU IR Dry IR Moist IT1 Dry IT1 Moist IT2 Dry IT2 Moist

Real unit cost (SMH) € t−1 11.27 13.43 9.79 13.17 8.41 10.03
Felling–Processing percentage % 60.5 54.0 63.8 49.6 63.2 55.2

Bunching–Extraction percentage % 39.5 46.0 36.2 50.4 36.8 44.8
Hypothetical unit cost (PMH) € t−1 10.91 12.98 9.39 12.49 8.03 9.47
Felling–Processing percentage % 61.5 54.6 65.1 51.0 64.6 56.7

Bunching–Extraction percentage % 38.5 45.4 34.9 49.0 35.4 43.3

Table A4. Total energy inputs and balance in the studied harvesting yards, referring to surface unit and to fresh mass.

Description M.U.
Energetic
Output

Direct
Input

Indirect
Input

Human Labor
Input

Total
Inputs

Output/Inputs
Ratio

System
Efficiency

IR-d
MJ t−1 14,649 323.72 5.30 0.88 329.91

44.4 97.7%GJ ha−1 10,217 225.78 3.70 0.61 230.09

IR-m
MJ t−1 14,649 425.57 7.33 1.01 433.90

33.8 97.0%GJ ha−1 10,217 296.81 5.11 0.70 302.72

IT1-d
MJ t−1 16,585 301.68 4.79 0.88 307.36

54.0 98.1%GJ ha−1 8191 148.99 2.37 0.44 151.79

IT1-m
MJ t−1 16,585 501.85 8.88 1.08 511.82

32.4 96.9%GJ ha−1 8191 247.84 4.39 0.53 252.76

IT2-d
MJ t−1 16,153 467.23 10.81 0.08 478.12

33.8 97.0%GJ ha−1 8741 252.83 5.85 0.05 258.73

IT2-m
MJ t−1 16,153 535.35 12.72 0.11 548.18

29.5 96.6%GJ ha−1 8741 289.69 6.89 0.06 296.63
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Table A5. Total emission assessed in the studied harvesting yards, referring to fresh mass.

Harvesting Sites
CO2 CO HC Nox PM10

g t−1

IR-d 2074.29 32.92 0.53 31.62 4.74
IR-m 2135.01 34.32 0.58 33.43 4.77
IT1-d 2279.39 34.26 0.50 34.43 4.77
IT1-m 2315.31 35.84 0.58 35.62 5.19
IT2-d 3674.05 66.99 1.03 57.99 9.02
IT2-m 3864.99 76.32 1.08 66.38 10.71

Figure A1. Average yard productivity (bars) and possible increase of performance (lines) from SMH
to PMH for the six harvested sites.

Figure A2. Percentage distribution of total PM10 emission in the harvesting sites studied, data shown
for single operation, referring to fresh mass.
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Figure A3. Percentage distribution of GHG emission in the harvesting sites studied, data shown for single operation and
reported in CO2 equivalent, data referring to fresh mass.
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Abstract: Translocation of dead wood is a novel method for ecological compensation and restoration
that could, potentially, provide a new important tool for biodiversity conservation. With this method,
substrates that normally have long delivery times are instantly created in a compensation area,
and ideally many of the associated dead wood dwelling organisms are translocated together with
the substrates. However, to a large extent, there is a lack of knowledge about the cost efficiency of
different methods of ecological compensation. Therefore, the costs for different parts of a translocation
process and its dependency on some influencing factors were studied. The observed cost was
465 SEK per translocated log for the actual compensation measure, with an additional 349 SEK/log
for work to enable evaluation of the translocation’s ecological results. Based on time studies, models
were developed to predict required work time and costs for different transportation distances and
load sizes. Those models indicated that short extraction and insertion distances for logs should be
prioritized over road transportation distances to minimize costs. They also highlighted a trade-off
between costs and time until a given ecological value is reached in the compensation area. The
methodology used can contribute to more cost-efficient operations and, by doing so, increase the use
of ecological compensation and the benefits from a given input.

Keywords: restoration; no-net-loss; biodiversity conservation; wood living species; mining;
forwarder; forest operations; cost-efficiency; boreal forest; Sweden

1. Introduction

Anthropogenic disturbance has altered ecosystems worldwide, resulting in habitat
loss and species extinctions over a wide range of biomes [1,2]. Forest ecosystems are no
exception, and their exploitation has led to changes in ecosystem structures and processes,
and to biodiversity loss [2,3]. Species associated with dead wood (saproxylic species) are
especially vulnerable.

To conserve biodiversity and continue economic development simultaneously is
a major challenge as human society depends on functional ecosystems in numerous
ways [4]. Economic growth and biodiversity conservation are often perceived to be in-
compatible. There is continually increasing pressure on corporations by consumers and
stakeholders to be environmentally conscious with greater focus being directed towards
alternative approaches in adapting to this [5]. One such approach is the relatively recent
concept of ecological compensation (biodiversity offsetting), which is based on the prin-
ciple that those who destroy or damage natural values are to compensate for this by the
creation or protection of natural values at a different/substitute location [6]. Thus, ecologi-
cal compensation potentially provides an approach that links biodiversity conservation
and human development associated with economic growth. Although legislation man-
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dating biodiversity offsets exist in many countries at present, biodiversity offsets are still
under development.

Biodiversity offsets are the last step in the mitigation hierarchy, with the overarching
goal to achieve no net loss of biodiversity [6]. These actions can involve protection of areas
that are otherwise at risk of exploitation, through ecological restoration or other positive
management interventions and, in some circumstances, the re-creation of habitat that has
been lost. Restoration of degraded habitat is often used for ecological compensation and,
although our knowledge of the effects of different restoration methods on biodiversity
has improved in recent years [7–10], it often suffers from the innate problem that even if
substrates or habitat for species that we want to favor are provided, those species may not
be able to migrate to the restored areas [7,9]. Furthermore, the delivery time of some types
of substrates is long, e.g., large diameter dead wood takes a very long time to develop
and reach late decompositions stages, and it could take centuries after restoration before
these kind of substrates are available for specialist species. One way to circumvent this
problem is the translocation of substrates and associated species from the impact area to
compensation areas.

Translocation means that habitats and substrates with long delivery times are instantly
created in a compensation area. In addition, in the best-case scenario, many of the or-
ganisms associated with these high-quality substrates are translocated together with the
substrates rather than having to migrate there. Thus, fulfilment of the “fields of dreams”
hypothesis would be unnecessary for successful compensation and/or restoration [11].

Due to the concept of ecological compensation being a novel one, there is little in the
way of relevant research on methods and outcomes of ecological compensation. However,
there have been assessments of the ecological functionality and methods for evaluation
of the compensation measures (e.g., [12]), and also research into the social and economic
effects on local societies (e.g., [13]). However, there has been limited focus on the costs of
carrying out the actual compensation measures. When such costs have been investigated,
it has often been in terms of the total costs for compensation projects carried out, with
little focus on comparing alternatives in order to find and develop cost-efficient practices
(e.g., [14]). Even when the ecological compensation constitutes a minor part of large-scale
projects, such as the construction of roads and establishment of mines, cost-efficiency is,
nevertheless, instrumental for increasing both the use of ecological compensation and
increasing the benefits from a given economic input.

Evaluation of cost-efficiency is a central part of research in, for example, forest opera-
tions. Based on methods for cost assessment, such research focuses on evaluations of, and
improvements to, work carried out, and on predicting the outcomes of planned operations.
The aim is to estimate the cost of the work required to produce the desired outcome of the
operation. To do so, the cost assessment focuses on two main parts: the cost per unit of time,
and the time required per produced unit. The cost per time unit is based on the labor costs,
operational costs and investment costs related to the operation [15]. The time required per
produced unit is often called time consumption, and often there is a focus on the inverse of
the time consumption—the productivity (produced units per time). The time consumption
is dependent on the conditions in which the operations are carried out and is measured
by dividing the work into distinct parts (work elements) in order to isolate influencing
factors better. By doing so, relationships between time consumption and the influencing
factors are easier to distinguish [16]. There is a wealth of research on time consumption
and productivity of conventional forest operations, with well-known general relationships.
For instance, the required time consumption per produced unit increases with transport
distance and decreases with the number of units that can be handled at a given time (e.g.,
per load) [17–20]. Cost-based evaluations of conventional operations are common [21], and
there have also been evaluations of how ecological considerations influence the costs of
operations [22]. However, cost-based evaluations of ecological compensation are scarce.

The largest copper mine in Sweden is the Aitik mine, founded in 1968 by the mining
company Boliden AB. The ore extraction process at the mine produces 50,000 tons of
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tailings daily. These are subsequently transported to a sand magazine. Recently, the
Boliden AB was granted a permit to increase the sand storage area in the Aitik mine by
376 ha. The affected forest land had high to very-high natural value and The Land and
Environmental Court of Appeal decided that offsets areas should be created to compensate
for the impact. In addition, as part of the compensation measures it was decided that
substantial amounts of dead wood and associated species of insect, wood fungi, lichens,
bryophytes and lichens living in or on the dead wood should be translocated from the
impact to a 397 ha compensation area 5 km (in a straight line) west-southwest from the
affected area.

The aim of this study was to assess the cost of translocating dead wood from
an affected area to the compensation area. More specifically, the focus was on assess-
ing the costs for different parts of the translocation process and their dependency on some
influential factors (i.e., transportation distances and load sizes). Moreover, being part of
a scientific project to evaluate the ecological outcome of the translocation, the study also
provided input on some of the costs associated with carrying out such an evaluation.

This project is unique in its usage of translocation of natural values as a primary means
of ecological compensation in boreal forests. The results presented here are thus highly
significant for future endeavors involving ecological compensation (in a boreal setting) and
may be valuable to other companies facing similar challenges.

2. Materials and Methods

The study was conducted during the creation of off-set areas required to compensate
for the impact of increasing the sand storage area in the Aitik mine. Hence, it was an
observational study (and not an experimental study), with only limited possibilities to
interfere with the work in order to collect desired data.

2.1. Work Phases

The translocation of dead wood consisted of seven phases, from the identification of
substrates (phases 1 and 2) to the translocating work (phases 3–7) (Figure 1). All phases,
except the log marking, were necessary for the actual translocation work. However, for the
area identification, felling and the insertion phases, there was extra work carried out in
order to facilitate the planned scientific evaluation of the translocation.

Figure 1. Progression of the work phases in the translocation project.

The machine operators who carried out the work in the phases Extraction, Road
transport and Insertion were given instructions to drive as normal, but to handle the logs
with additional care since they could be more fragile than newly harvested and fresh logs.

2.2. Area Description

The impact and compensation areas are located in the north boreal vegetation zone [23]
(Ahti et al. 1968). The area had previously been under silvicultural management, predomi-
nantly subjected to selective felling, but had not been managed over recent decades. The
forests were dominated by conifers (Scots pine (Pinus sylvestris) and Norway spruce (Picea
abies)), and with scattered broadleaves (mainly Downy birch (Betula pubescens)).

The affected area covered 376 hectares, of which 167 hectares consisted of forests of
high or very high conservation value as defined by Swedish Standards Institute [24]. The
area included 21 red-listed species and forest structures important for biodiversity (e.g.,
very large old trees, snags and logs of unusual dimensions).

The compensation area covered 397 hectares, of which 192 hectares was productive
forest (mean annual increment of at least 1 m3 per ha and year) with high conservation
value, 113 hectares of productive forest with low conservation value but with no forest of
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very-high conservation value. The remaining areas were non-productive forest, mires or
open water [25].

To allow for a scientific assessment of the outcome of the translocation of the dead
wood for biodiversity, the whole compensation area was systematically inventoried prior
to translocation of the dead wood. Thirty circular plots were randomly distributed in areas
with productive forest. The translocated dead wood was placed in the plots to enable
the planned scientific evaluation. The evaluation focused on assessing ecological effects
due to the quality and quantity of dead wood. Hence, each plot received either 48, 16
or zero translocated logs, with 10 replications of each log concentration, giving a total of
30 experimental plots. For each concentration there were instructions on the number of logs
of the different types to be placed in each plot. Plots were 50 m in diameter and separated
from each other by at least 150 m. Detailed information on the scientific evaluation can be
found in [26].

The inventory work and establishment of the plots were carried out by two nature
value consultants, who were also involved in work phases 2, 4 and 7.

2.3. Substrate Identification

The impact area was systematically inventoried by the nature value consultants for
standing and lying trees, and the meeting of criteria for any of the eight log assortments
identified based on tree species (Scots pine or Norway spruce), posture (standing or
downed) and decomposition stage (fresh, early or intermediate) as suitable for translocation
(Table 1, examples in Figure 2). Trees meeting the criteria were marked.

Table 1. Log assortments that were translocated, and the mean log volume in each assortment, from sampling carried out
for this study.

Species Posture of Tree Decomposition Stage
Translocated Logs Sampled Logs Log Volume (m3)

N n (%) Mean SD

Spruce Downed Early decomposition 80 16 20 0.13 0.05
Intermediate decomposition 80 27 34 0.15 0.05

Standing Kelo type (intermediate decomp.) 80 26 33 0.18 0.08
Fresh 80 17 21 0.33 0.12

Pine Downed Early decomposition 20 11 55 0.15 0.07
Intermediate decomposition 66 15 23 0.23 0.12

Standing Kelo type (intermediate decomp.) 94 23 24 0.27 0.13
Fresh 140 20 14 0.47 0.16

All pooled 640 155 24 0.24 0.15

2.4. Tree Felling and Log Marking

The translocation work began on 2 October 2017, starting with felling of standing trees,
cutting felled and lying trees to logs and marking the logs. The nature value consultants
chose which of the marked trees to create logs from, and to which dimensions. The objective
was to find logs with diameters greater than 15 cm and lengths between 3 and 5 m. Some
trees marked in the previous phase were excluded from translocation as they were too
decayed or too thin. Only dead wood substrates that were considered feasible to move
without breaking were selected for the translocation. The number of relocation logs created
per tree was not recorded, but the number of logs was just slightly higher than the number
of trees marked during the substrate identification phase (Table 4).

The felling and cross-cutting work was carried out by two chainsaw operators, each
with at least 25 years of experience in motor-manual forestry operations. Both used
Husqvarna 550XPG chainsaws with 25.72 cm (18 inch) blades.

The logs were carefully handled so as not to reduce their value to the project e.g.,
by not disturbing the attached fruiting bodies of wood fungi. The logs were inventoried
for red-listed or indicator species, tagged for dead wood assortment, photographed, and
their upper side marked with paint so that they could be placed in the same position after
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translocation. Finally, they were marked with a unique ID. A total of 671 logs were created.
Due to a limited number of lying dead pine trees, with only 20 early and 66 intermediary
decomposition logs found instead of the desired 80 in each class, they were supplemented
with logs from the pine fresh wood and pine kelo style classes, respectively (see N in
Table 1).

  

  

Figure 2. Examples of different classes of translocated logs. Downed intermediate decomposition logs of pine(A) and
spruce (B), fresh standing pine (C) and standing pine of kelo type (D). Photo: Nordlund Konsult AB.

2.5. Extraction

All 671 marked logs were extracted from the affected area to the roadside, using
a conventional forwarder (Table 2). The size of the forwarder and its impact on the
ground was not considered when the machine was being chosen, since the area was
to be converted. Logs were arranged by assortment type at two separate landings. In
order to protect the translocation logs, the bottom of the pile was made from a layer of
conventional roundwood. The extraction was carried out by a machine operator with
18 years of experience of forwarding work.

2.6. Road Transport

The extracted logs were transported using a conventional timber truck (Table 2) from
the affected area to three separate landings at the compensation area. The first load
(4 logs per assortments, 32 logs in total) was transported to the first landing, loads 2 and 3
were transported to the second landing (28 per log assortment, 224 logs in total) and loads
4, 5 and 6 were transported to the third landing (48 per log assortment, 384 logs in total).
The logs were loaded in order of decreasing durability, with fresh wood being placed at the
bottom, then kelo type trees, early lying dead wood and, finally, intermediate lying dead
wood. In total, 640 of the 671 logs were transported, with the numbers per assortments
reported in Table 1.

The road transport was carried out by two machine operators with at least 18 years of
experience with self-loading timber trucks.
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Table 2. Specifications for the machines used for the work phases Extraction, Road Transport and Insertion.

Feature Extraction Road Transport Insertion

Machine type Forwarder Self-loading timber truck Forwarder
Make and model Komatsu 865 Scania R440 Terri ATD

Manufacturing year 2013 2012 2001
Work time (hours) 10,800 - 4000

Driven distance (km) - 850,000 -
Laden mass (tonnes a) 18 19.6 3

Width (m) 3.2 2.6 1.8
Length (m) 10 22 6.5–7.1

Load capacity (m3sob) 15 50 4
Propulsion Wheels with bogie band Wheels Tracks

Crane model CRF 11c FTG V13 Mowi 2046
Crane reach (m) 12 8 4.6

a metric tonnes (1 tonne = 1000 kg).

2.7. Insertion

The insertion of logs to the compensation area was carried out using a small tracked
forwarder (Table 2) under the supervision of nature value consultants. The size of the
forwarder was chosen to minimize the impact on the ground, and so that it could navigate
between the trees in the stand. A total of 640 logs were inserted in 20 plots, with 2 logs of
each log assortment placed at each of 10 (16 logs per plot) of the 20 plots, and 6 logs of
each log assortment at each of the remaining 10 plots (26 logs per plots). Within plots, log
assortments were randomly distributed.

The insertion was carried out by two machine operators with 3 and 5 years of part-time
experience, respectively, with small forwarders.

2.8. Cost Assessment

Costs were collected in the national currency Swedish krona (SEK), which at the time
of the study had an exchange rate of ca 10.0 SEK per Euro and 8.6 SEK per USD.

The total cost for the compensation project was calculated by totaling the total costs
for each work phase. The total cost for each work phase was calculated by multiplying
the times required to carry out the work involved in the phase by the hourly cost for the
respective work.

Cost per translocated log was calculated for each work phase by dividing the total
cost for the work phase by the number of translocated logs according to:

Cx =
∑ (Ti × ci)

O
(1)

where C is the cost per translocated log for work phase x, T is the time required for work i
in the work phase, and c is the hourly cost for work i. O is the number of translocated logs
(irrespective of the number of objects handled in work phase x).

For the phases Extraction, Road Transport and Insertion, the work was assessed
in more detail by use of time studies in order to enable the creation of models for cost
estimations under various work conditions, i.e., with time requirements other than the
observed total time requirements in this study.

2.9. Time Studies

The work-time required for translocation, divided into the different work phases,
was collected from the self-reported work-time of the operators. For the three last phases
(Extraction, Road transport and Insertion) detailed time studies conducted on site were
carried out on a number of loads.

For the studied loads, total values of load size, time consumption and distance driven
were recorded. Driving speeds were derived from distance and time recordings. The
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time consumption per observed load in the phases was recorded, split over six work
elements (Table 3) to isolate influential variables. Extraction was the first work phase to be
time studied and suffered from initial technical challenges to record the driving distances.
Hence, between 9–11 of the 26 loads were properly recorded with driving distances at work
element level (see “n” under Transport distance in Table 6).

Table 3. Definition of work elements used in this study.

Work Element Definition

Loading From the first log being gripped to the last log being put in
the loadspace

Driving full From the last log being put in the loadspace to the first log being
gripped for unloading

Unloading From the first log being gripped for unloading to the last log
being put on the ground

Driving empty From the last log being put on the ground to the first log being
gripped for loading

Miscellaneous Work-related activities that fit into none of the above
work elements

Delay Non-work-related disturbances (phone calls, machine
breakdowns, etc.)

The work element Loading was observed at even higher resolution for the Road
Transport and Insertion phases, by recording loading time per log assortment. In addi-
tion to time, distances driven, load sizes (number of logs) and number of crane cycles
(loading/unloading) were also recorded.

During extraction, loading times per log assortment were not recorded, since the logs
were loaded in the order they were found in the forest, which was not organized by log
assortment. Furthermore, it was difficult to determine when the work element Loading
was complete, due to the variation in load capacity usage and the indistinct loading area
(i.e., loading both when driving from and to the landing).

All time studies were carried out by the same person. During Extraction and Road
Transport, the person was located in the machine cabins and, for the Insertion, the person
followed the forwarder on foot. The time consumption by the time studies work was
recorded in units of a second.

2.10. Calculations

Speed was calculated as the distance driven divided by the time consumption for
the work element and/or load (round trips) of interest. Productivity, here defined as the
output (in terms of logs or m3) per time unit, was calculated as the load size divided by
the time consumption for the work element and/or load (round trips) of interest of the
respective work element.

Between 14 and 55% of the logs in the eight translocated log assortments were sampled
to give volume estimations (Table 1). Individual log volumes were calculated assuming
a cylinder:

(V =
π ∗ d2

4
× l) (2)

where V is the volume, d is the log diameter over bark at half-length and l is the full length
of the log. Hence, an even tapering of the logs was assumed. The volume unit used was
solid cubic meter of wood over bark (m3).

Load sizes during Extraction, Road Transport and Insertion were calculated as the
total volume of logs in the load, by multiplying the load’s number of logs of each log
assortment with the mean log volume for each log assortment (i.e., from Table 1). Utilized
load capacity was calculated by dividing load size by the machine’s load capacity (Table 2).
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2.11. Statistical Analysis

The impact of transport distance and load size during the work phases Extraction,
Road transport and Insertion, on the time consumption of work elements Loading, Driving
Full, Unloading and Driving empty, was assessed using linear regression. Data preparation
was carried out using Microsoft Excel, whereas all the regression analyses were carried out
using Minitab 17 (Mintab Inc., State College, PA, USA) with the critical significance level
set to 5%.

3. Results

The results are here presented in three levels of detail. First, the work phase costs are
reported, based on the costs invoiced. Second, detailed analysis of the work carried out
with some work phases is reported, along with the analysis of the relationships between
work time required and work conditions. Third, those relationships are used to model
estimated costs under other conditions, in order to highlight cost-driving factors as well as
to demonstrate the possibility of using the analysis to estimate costs for future projects.

3.1. Costs

The total costs of the seven work phases involved in the compensation project was
520,800 SEK (Table 4). When distributing the total costs over the number of translocated
logs, the cost per log was 813.8 SEK. The insertion of logs to the plots in the compensation
area was the most expensive work phase, accounting for around 29% of the costs. About
two thirds of the insertion cost was associated with the physical translocation of logs, while
one third pertained to the work of the nature value consultants. The cheapest work phase
was the Road Transport, which accounted for 5% of the costs.

Table 4. Time consumption, hourly cost, total cost, number of objects (logs/trees), cost per translocated log (n = 640) and
the work phases’ proportion of the cost.

Work Phase

Work Time including

Actions Driven by
Time

Consumption

(hours)

Hourly Cost

(SEK/hour)

Total Cost

(SEK)

Number of

Objects

Cost per

Translocated

Log (SEK/log)

Proportion of

Cost (%)

Compensation Evaluation

Area identification Yes Yes 60 525 31,500 - 49.2 6
Substrate

identification
Yes No 90 525 47,250 600 73.8 9

Felling Yes Yes 240 400 96,000 671 150.0 19
Log marking No Yes 240 525 126,000 671 196.9 24

Extraction Yes No 47.5 900 42,750 671 66.8 8
Road transport Yes No 27 900 24,300 640 38.0 5
Insertion total 240 637.5 153,000 640 239.1 29
Insertion of logs Yes Yes 120 750 90,000 640 140.6 17
Natural value
consultant(s)
at insertion

No Yes 120 525 63,000 640 98.4 12

Total 884.5 520,800 640 813.8 100

The cost for work directly related to the planned scientific evaluation of the ecological
compensation project was made up of all log marking, all of the nature value consultants’
contribution at insertion, 20 h (33%) of the time consumption for area identification, 6 h
(5%) of the time for insertion of logs (i.e., 20% of the unloading time, see time required
below) and 40 h (20%) of the tree felling. When totaling those times and the related hourly
cost, the cost related to carrying out the scientific evaluation was 348.8 SEK per log and the
cost for the actual compensation work was 465.0 SEK/log. Hence, the included operational
preparations for the scientific evaluation of the project required an additional 75% of
financial resources, in addition to the resources needed for the compensation work.

3.2. Work Analysis

On average, 18 logs were put on each load during extraction, which was almost
twice as many as when inserting the logs (Table 5). However, in terms of utilization of
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the different vehicles’ payload capacities, the conditions were reversed. In fact, only one
third of the payload capacity was, on average, used during extraction, whereas more than
two thirds were used during insertion. This was due to a much smaller payload capacity
on the forwarder used for insertion (Table 2).

Table 5. Load sizes and logs per crane cycle for the work phases Extraction, Road Transport and Insertion.

Feature
Extraction Road Transport Insertion

n Mean SD n Mean SD n Mean SD

Load size (Number of logs) 26 18.4 6.1 6 106.7 48.75 17 10.4 3.8
Load size (m3) 26 5.1 2.3 6 28.6 11.6 17 2.8 0.6

Utilized load capacity (%) 26 34 15 6 57 23 17 69 16
Logs per crane cycle at loading (n) 26 0.98 0.06 6 2.14 0.43 17 1.02 0.09

Logs per crane cycle at unloading (n) 25 1.02 0.09 6 2.38 0.29 17 1.00 0.00

Logs were generally loaded and unloaded individually during the extraction and
insertion, whereas slightly more than two logs were handled at a time when loading and
unloading during road transport (Table 5).

On average, the total distance driven during Extraction was almost 1.6 km per load,
49 km during Road Transport, and 2.3 km during Insertion (Table 6). However, the distances
varied between loads. For Extraction and Road Transport, the loading work required the
highest amount of work time, whereas it was the driving with and without load, that
required most work time for Insertion. The first three loads (to landings 1 and 2) of the
Road transport loads were hauled to insertion landings 1 and 2, at about 13 km driving
distance from the extraction landing. Loads 4–6 were hauled to landing 3, about 33 km
from the extraction landing. Thus, over all loads, the distances reported had high variation
(high SD in Table 6), but the speeds were rather consistent.

Table 6. Time consumption, transport distance and speed per load for the four work phases, distributed over work elements.

Work
Phase

Work
Element

Time
Consumption per

Load (h)

Transport
Distance per

Load (km)

Speed per Load
(km/h)

n Mean SD n Mean SD n Mean SD

Extraction Driving
empty 26 0.15 0.10 11 0.32 0.19 11 2.35 0.34

Loading 26 0.38 0.20 10 0.39 0.27 10 1.20 0.35
Driving

full 26 0.12 0.10 9 0.20 0.16 9 2.15 0.44

Unloading 26 0.14 0.06 10 0.07 0.05 10 0.49 0.30
Miscellaneous 26 0.03 0.04 - - - - - -

Delay 26 0.05 0.10 - - - - - -
All

pooled 1 26 0.87 0.45 24 1.57 0.94 - - -

Road
transport

Driving
empty 6 0.63 0.32 6 25.3 13.48 6 40.0 2.78

Loading 6 0.83 0.40 6 0.71 0.83 6 0.77 0.69
Driving

full 6 0.59 0.27 6 22.9 10.88 6 38.5 1.05

Unloading 6 0.60 0.35 6 0.22 0.10 6 0.52 0.52
Miscellaneous 6 0.23 0.17 - - - - - -

Delay 6 0.28 0.26 - - - - - -
All

pooled 1 6 3.17 1.03 6 49.08 24.62 - - -

Insertion Driving
empty 17 0.21 0.09 17 0.96 0.27 17 4.82 1.44

Loading 17 0.15 0.05 17 0.06 0.06 17 0.44 0.41
Driving

full 17 0.26 0.09 17 0.93 0.21 17 3.90 1.51

Unloading 17 0.29 0.12 17 0.30 0.24 17 0.98 0.56
Miscellaneous 17 0.11 0.10 - - - - -

Delay 17 0.12 0.28 - - - - -
All

pooled 1 17 1.14 0.33 17 2.25 0.46 - - -

1 For most studied loads, total values were recorded but not always at a work element level.
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On average, the driving speed with and without a load was about 2 km/h during
Extraction, whereas it was about twice as high during Insertion (Table 6). The average
driving speed during Road Transport was almost 40 km/h. In all three work phases, the
driving speed was slightly higher when driving without payload than with payload.

In total, the mean productivities were 27.6 extracted logs per hour (SD 21.9),
50.2 road transported logs per hour (SD 19.3) and 11.5 logs inserted per hour (SD 3.3) This
corresponds to a volume-based productivity of 7.6 (SD 8.1), 9.2 (SD 3.9) and
2.8 (SD 0.6) m3 per hour.

The analysis of the observed work element relationships with external factors yielded
significant relationships between distance and the time required for driving with and
without load (Table 7). Moreover, the time required for loading as well as unloading
depended significantly on the load size (i.e., number of logs per load). For Extraction,
the distance driven during loading was found to be the strongest predictor of time con-
sumption per load (Loading, time per load (h) = 0.1041 × distance (km), n = 10, p < 0.001,
R2-adj = 89.7). However, given the features of the loading work, the loading is dependent
on the number of logs loaded, and the distance driven during loading is directly depen-
dent on the logs’ dispersion. Indeed, the loading distance driven was strongly dependent
on the load size (distance (km) = 0.0263 × load size (number of logs), n = 10, p < 0.001,
R2-adj = 83.6). Following this logic, and due to the rather small sample size, load size was
used for the models in Table 7.

Table 7. Models to predict time consumption per load as a function of transport distance or load size,
based on regression analysis of observations in Table 6. In the case where no significant models could
be found for a work element, the time consumption was predicted using the mean value from the
observations.

Work Phase Work Element
Time Consumption

per Load (a) p-Value R2-adj (%) n

Extraction Driving empty 0.4431 a * <0.001 98.8 11
Loading 0.02057 b <0.001 86.6 26

Driving full 0.4399 a <0.001 98.4 9
Unloading 0.007667 b <0.001 93.7 25

Miscellaneous 0.03 - - 26
Delay 0.05 - - 26

Road transport Driving empty 0.02462 a <0.001 99.5 6
Loading 0.007812 b <0.001 98.4 6

Driving full 0.02574 a <0.001 99.9 6
Unloading 0.005843 b <0.001 97.1 6

Miscellaneous 0.23 - - 6
Delay 0.28 - - 6

Insertion Driving empty 0.2262 a <0.001 93.6 17
Loading 0.0612 + 0.00847 b 0.004 40.38 17

Driving full 0.2770 a <0.001 92.3 17
Unloading 0.02830 b <0.001 97.7 17

Miscellaneous 0.11 - - 17
Delay 0.12 - - 17

(a) a = Transport distance in km, b = load size in number of logs. When no significant relationships with a or
b were found, the mean values from Table 6 were used. * The coefficient value for a corresponds to a speed,
which can be calculated by dividing 1 by the coefficient (e.g., the model’s speed for driving empty during
extraction = 1/0.4431 = 2.3 km/h).

For Insertion, the loading time model yielded a relatively low level of explained
variation. This was because two different work modes were used: one where several
assortments (6 loads) were loaded, and one where fewer assortments (11 loads) were
loaded. When analyzing just the load with fewer assortments (i.e., with less driving
between log piles during loading), the model explained a much higher level of the variation
(Loading time per load (h) = 0.0434 + 0.00832 × load size (number of logs), n= 11, p < 0.001,
R2-adj = 85.7). However, both models resulted in very similar time predictions.
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3.3. Modelling of Costs and Cost Sensitivity

Using the models described in Table 7, it is possible to analyze the effect of distance
and load size on the time consumption for Extraction, Road Transport and Insertion. By
combining this with the hourly cost for the work, the effect on costs can also be analyzed.

For instance, the total time required per load for the translocation related Insertion
work can be estimated by adding the six work element models thus:

Total insertion time = 0.2262a1 + 0.0612 + 0.00847b + 0.2770a2 +0.8 × 0.02830b + 0.11 + 0.12 (3)

where a1 and a2 are the distances (in km) expected to be driven when driving without
and with load, respectively, and b is the number of logs expected in the load. Since 20%
of the observed unloading time during Insertion was considered attributable to the work
related to carrying out the scientific evaluation, the model for predicting the unloading
time is multiplied by 0.8 (i.e., (100% − 20%)/100).

The cost per load is calculated by multiplying the hourly cost for insertion work
(from Table 5) with Equation (3), and the cost per log is calculated by dividing the cost
per load by b. It should be noted that this modeling assumes that a large number of logs
are translocated and thus results in a large number of loads. The fewer the number of
loads transported, the more influential the threshold effects of utilized load capacity will
be. For instance, when considering translocating only a few logs, there will be a substantial
difference in costs per log if a last trip with a single log in the load is required.

By applying this methodology and assuming that distances with, and without, a load
are the same (for simplicity), the general effects of distance can be explored (Figure 3A).
The distance-independent work per load is high for the Road transport, as indicated by the
long time required for the distance of 0 km. However, when distributing the time based
on load size, the Road Transport has the lowest time required for distance-independent
work of all three work phases (Figure 3B). Insertion starts at the highest amount of time
required per log, but extraction exceeds the time required at an expected driving distance of
1.5 km. However, since the insertion forwarder has a lower hourly cost than the extraction
forwarder, the intersection is at 0.8 km when looking at the cost per log (Figure 3C). In
this example, it costs 29.4, 16.7 and 45.2 SEK/log for the distance-independent work for
the Extraction, Road Transport and Insertion phases, respectively. On top of this, there is
an additional 44.2, 0.4 and 22.5 SEK/log in transportation costs for each kilometer.

As indicated by the models (Table 7), load size also affects the time consumption and
thus costs, since it influences the loading and unloading work elements. Based on similar
examples as those in Figure 3, it can be seen that the expected time per load increases
most for each extra log in the load for Insertion (Figure 4A). When being analyzed as time
per log, it can be seen that the load size effect is accentuated the smaller the loads are
(Figure 4B). A similar pattern is also present for the cost per log (Figure 4C), and the effect
is due to how load size-independent time/costs are distributed over fewer logs the smaller
the load is. In contrast, the load size effect flattens out at a certain number of logs in the
load, and this happens at a lower load size when the log-independent time requirements
per load (and costs) are low. For 1 log per load, the time required is expected to be 0.37,
1.73 and 0.78 h/log for the Extraction, Road Transport and Insertion, respectively, under
the assumptions shown in Figure 4. Correspondingly, the costs would be 336, 1559 and
581 SEK/log.

By applying different load sizes and hourly costs, the effects can be explored further
than here, and the costs for possible alternatives can be evaluated.
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Figure 3. Predicted time consumption (A) per load and (B) per log, and (C) predicted cost per log
for the actual translocation work as a function of expected driving distance, when assuming that
the distances driven with and without load are identical. Hence, 1 km in the figure gives a total
distance of 2 km for driving with and without load. Load sizes are assumed to 18, 105 and 10 logs
for the Extraction, Road Transport and Insertion, respectively. Correspondingly, the hourly costs are
assumed to be 900, 900 and 750 SEK, respectively.
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Figure 4. Predicted time consumption (A) per load and (B) per log, and (C) predicted cost per log as a function of expected
load size. To mirror approximately the maximal load capacity of the study’s vehicles, load sizes have been limited to 40 and
20 logs for Extraction and Insertion, respectively. Driving distances are assumed to be 0.3, 24 and 0.9 km for driving with
and without load, respectively, for the Extraction, Road Transport and Insertion, respectively. Correspondingly, the hourly
costs are assumed to be 900, 900 and 750 SEK, respectively.

4. Discussion

Translocation of dead wood and associated organisms is a novel method for ecolog-
ical compensation and restoration that could potentially provide a new important tool
for biodiversity conservation. For example, by using this method, habitats/substrates
with normally very long delivery times (e.g., large diameter dead wood in late stages of
decomposition) are instantly created in a compensation area and, in the best-case scenario,
many of the organisms are translocated together with the substrates. Hence, the time to
achieve high ecological value in the compensation area is likely to be substantially short-
ened by the translocation. However, neither the outcome for biodiversity conservation
nor the cost for translocation of dead wood have yet been properly evaluated. This study
is, to the best of our knowledge, the first attempt to assess the cost of the translocation
process. Our analyses revealed big differences in cost for different phases in the transloca-
tion process and thus identified phases where efforts should be made to reduce costs and
improve efficiency.

The observed cost was 813.8 SEK per translocated log, of which 42% was for work
related to facilitating the planned scientific evaluation of the translocation’s ecological
results. Thus, when omitting work related to the scientific evaluation and including only
the work related to the actual translocation plan, the cost was 465 SEK/log.
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Due to the different nature of translocation work compared to normal forest operations,
it is difficult to compare the observed time consumptions and costs to previous research.
However, it can be noted that the driving speeds are in line with previous research on
extraction [18,27] and road transport [28,29]. There is a lack of research about the forwarder
used for the insertion (Terri ATD), but it can be noted that it was driven at a considerably
higher speed than during extraction with conventional forwarders. Hence, the small load
volume of the insertion forwarder is, to some extent, compensated by its higher speed. In
relation to the forwarder used in the extraction, the insertion forwarder’s work becomes
more competitive the longer the distances driven (Figure 3B,C).

In relation to costs, there is a limited amount of research to compare with. However,
the cost of conventional logging can serve to put the costs in perspective. The average
costs for harvesting trees and extracting the logs to roadside in Sweden are approximately
95 SEK/m3 for final felling, with average tree volumes of 0.23 m3 under bark and with
44% of the costs being attributable to the extraction [30]. So, assuming the insertion corre-
sponds to two extraction costs, conventional harvesting, extraction and insertion would be
137 SEK per m3. Conventional Swedish road transport costs are approximately 86 SEK per
m3 in Northern Sweden [30]. So, in total, conventional felling, extraction, road transport
and insertion could be estimated to cost 223 SEK per m3. With a mean log volume of
0.24 m3 over bark as in this study, this corresponds to approximately 54 SEK/log, whereas
it was observed to be almost seven times higher (363 SEK/log) for the corresponding
work phases of actual translocation work (i.e., with the costs of the scientific evaluation
excluded). There are substantial shortcomings in the comparison, but it, nevertheless,
clearly highlights the considerably higher costs related to translocation of ecologically
valuable, and sensitive, logs compared to fresh logs for industrial uses.

In this observational study, total time consumptions and costs were based on self-
reported data from the contractors executing the translocation work. The self-reported data
was also provided to the customer for reimbursement purposes, and thereby motivating
correctness in relation to agreements and to maintain the business relationship. Thus,
the self-reported costs were the actual costs invoiced for executing the studied work.
The conducted time studies of some work phases gave input on how the invoiced costs
would change under different conditions. Additional time studies could provide similar
information for also the other work phases. To estimate the actual time requirements and
the actual hourly costs (and not invoiced) would naturally also be of interest, but would
require a larger study set-up and also data for estimating hourly costs of contractors.

Although the full cost of the project to expand the sand magazine is not known, the
compensation costs can be expected to be relatively small in comparison. Compensation
costs are, nevertheless, one of many costs in projects that often require large investments,
so cost efficiency can contribute to at least two beneficial effects. The first is by making
ecological restoration more likely to be used when costs can be kept low. The second is by
providing increased benefits for a given cost, when the most cost-efficient measures can
be chosen.

There are several possible ways to influence the costs, by choices related to the plan-
ning and execution of the operations, and by the qualitative requirements of the result of
the operation.

The results showed that there is an increased cost with increased driving distances
for all three work phases in which logs are transported (Figure 3B). The cost increase was
substantial for both extraction and insertion. Hence, the closer to roads that the logs to be
extracted can be collected, the lower the costs will be. Correspondingly, insertion costs will
be lower the closer to the road the logs can be placed in the compensation area. In contrast,
road transport contributed very little to overall cost and the cost increased very little with
distance. Thus, an increase in road transport distance will have relatively little effect on
overall cost, so translocation over larger distances is possible without substantial impact
on overall cost. In fact, a doubling of the road distance driven would only have resulted in
a 4% increase in costs per translocated log (0.40 SEK/km and log × 50 km/456 SEK/log).
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For future translocation projects, this knowledge should be beneficial in allowing the
prioritization of short extraction and insertion distances over road transportation distances
when trying to minimize costs.

Another well-known time and cost driving factor that was not studied is the effect of
log concentration. This can, briefly, be described as the more logs that are located in one
place when being loaded or unloaded, the faster and thus cheaper the work [31]. Hence,
if logs can be collected within a limited area during each round trip with the forwarder,
the cheaper it will be. Similarly, it will be more efficient if the loading and unloading of
trucks and the insertion forwarder can be carried out in concentrated areas. In fact, the
organization of logs at the roadside landings was one important area of improvement
highlighted by the operators in the study, in order to minimize the need for relocating the
vehicles when loading/unloading different log types.

The operations described in this study were carried out for the first time by the people
involved. It can be expected that repeating the operation will be quicker as these people
gain more experience, and hence, the costs will decrease. A key way of improving extraction
may be to use a different type of grapple than the conventional one used, preferably one
that is small, straight and pointed to grip one log at a time without damaging the logs
being loaded or the adjacent logs. Better planning and marking of log positions and log
types, as well as clearer extraction trails, have been suggested by the operators to reduce
the time for extraction, but it would also create extra work during extraction preparation.
Furthermore, it would be desirable to only work with as many logs as are required for the
relocation. In this study, 671 logs were produced during felling and subsequently extracted,
but only 640 were road transported and inserted. The excess could be seen as a buffer to
ensure that the desired number of logs of different qualities were available for the Road
Transport and Insertion phases but, ideally, such an excess would not be necessary.

A rough estimation for the new improved planning and execution is that it could result
in a total cost of 397 SEK/log, corresponding to a cost reduction of 15%. The estimation
is the result of removing the time estimated to be associated with the 31 excess logs,
a 30% decrease in time consumption during loading for both extraction and road transport
(corresponding to better organization of roadside landings), and a subsequent 9% decrease
in time consumption during extraction, road transport and insertion (corresponding to
a general improvement in work efficiency due to experience).

The qualitative requirements of the operation greatly affected the cost. This was
partly manifested by the high cost for the insertion, in part due to the choice of us-
ing a smaller forwarder to reduce the risk of damage to the ground in the compensa-
tion area. Thus, if ground damage had not been an issue, the use of a forwarder with
a higher payload and thereby better cost-efficiency might have reduced costs. However,
the quality of the translocated logs affected the cost even more, as indicated by the low load
capacity utilizations (Table 5). If payload capacities were fully met, as with conventional
logging, the costs would be substantially decreased. The challenge, however, is that the
more decomposed and therefore fragile the logs are, the greater ecological value they might
have as more rare- and threatened-species are associated with the late stages of decompo-
sition [32,33]. Hence, there is a trade-off between costs and the qualitative properties of
the translocated logs. Increasing payload usage by loading more logs with high ecological
values carries with it an increased risk that log structures and species living on the logs
would be severely damaged when piling them on top of each other. In fact, the most
valuable logs in the impact area were not translocated since it was not considered feasible
to move them due to their fragility [26]. Another way to utilize the payload capacity would
be to translocate less ecologically valuable logs that can survive being transported in full
loads. Yet another way would be to construct loads such that the most fragile logs were
loaded on top with the most solid logs at the bottom of a load.

The level of decomposition of the logs could also be expected to influence the loading
and unloading work. The more decomposed the logs are, the more carefully they need to
be handled. The size of the logs is also a determining factor on the loading and unloading
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times. During road transport, the observed difference in mean loading times between
the fastest log assortment (spruce logs, early decomposition) and the slowest (pine logs,
intermediate decomposition) was 13.3 s per log. The same log categories were loaded
fastest and slowest during insertion, with a mean difference of 23.4 s per log. It was not
possible to evaluate whether the observed differences were statistically significant due to
the aggregated data collection method, neither was it possible to evaluate possible reasons
(such as differences in log sizes between classes).

When considering the choices related to qualitative results of the translocation, there
is a trade-off between costs and time until a given ecological value is reached in the
compensation area. If it is acceptable to wait for the ecological values to develop, economy
of scale can be used in order to cut costs. Conversely, the time required to achieve high
ecological values in the compensation area can be reduced by accepting higher costs.

To know the acceptable timeline for ecological values to develop, there is a need
for knowledge about the speed at which such values develop under different treatments.
The work carried out in this translocation project included facilitation of such scientific
evaluation, which focused on evaluation of the effect of differences in concentration of dead
wood. Hence, this study covered some of the costs of knowledge production and found
that the operational work to carry out the scientific evaluation required an additional 75%
of financial resources in addition to the resources needed for the actual compensation work.
The operational work to lay out the experiment is only one part of an evaluation project.
Thus, the costs related the researchers’ design of the experiment, the inventories required
to follow up the results of the translocation, the data analysis and publication of results
should be totaled to give the full cost of the scientific evaluation. A modest estimation is
that those costs not accounted for in this study are of a magnitude 10–100 times higher
than the observed cost related to carrying out the scientific evaluation.

To the best of our knowledge, this study is unusual in that it added a cost-efficient
dimension to ecological compensation. The data from a single observational study should
naturally be handled with care when being used in other contexts, and there is a need
for additional studies to verify and refine the findings. However, the general results are
in line with similar studies from conventional forest operations, indicating that similar
cost-driving aspects are in action. Hence, the methodology seems applicable to operations
within the field of ecological compensation, and could be applied to enable cost-benefit
evaluations of possible alternatives. This would enable efficient use of scarce resources,
both when it comes to the strict delivery of the compensation (i.e., to spend as few resources
as possible on a decided compensation action) as well as to the ecological quality of different
actions (i.e., to choose the action that gives a desired benefit-to-cost level).
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