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Esperanza Mateos, José Miguel Edeso and Leyre Ormaetxea

Soil Erosion and Forests Biomass as Energy Resource in the Basin of the Oka River in Biscay,
Northern Spain
Reprinted from: Forests 2017, 8, 258, doi: 10.3390/f8070258 . . . . . . . . . . . . . . . . . . . . . . 11

Eunjai Lee and Han-Sup Han

Air Curtain Burners: A Tool for Disposal of Forest Residues
Reprinted from: Forests 2017, 8, 296, doi: 10.3390/f8080296 . . . . . . . . . . . . . . . . . . . . . . 31

Ferréol Berendt, Mathieu Fortin, Dirk Jaeger and Janine Schweier

How Climate Change Will Affect Forest Composition and Forest Operations in
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Kalle Kärhä, Ville Koivusalo, Teijo Palander and Matti Ronkanen

Treatment of Picea abies and Pinus sylvestris Stumps with Urea and Phlebiopsis gigantea for
Control of Heterobasidion
Reprinted from: Forests 2018, 9, 139, doi: 10.3390/f9030139 . . . . . . . . . . . . . . . . . . . . . . 320
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Preface to ”Forest Operations, Engineering 
and Management”

Forest operations represent the active element of productive forest management, where costs

are incurred and revenues accrued. Of course, there is much scope for minimizing the former and

maximizing the latter, and a very strong interest in doing so. As one of the many instances of human

activity, forest operations shape the environment and affect the lives of people, for better or for

worse. Efficiently managed forest operations offer the highest benefit and the lowest cost in all fields:

financial, social and environmental.

Increasing the efficiency of forest operations is the main goal of forest engineering,

which represents a special sector of interest within the field of forestry, while maintaining a

cross-disciplinary character, which is necessary for covering the many facets of forest work. Indeed,

forest engineering draws from a number of different disciplines, which obviously include forestry

and engineering, but also economics, medicine, geography and biology, to just mention a few.

Forest engineering generally deals with practical issues that have a strong economic impact,

concentrated within a relatively short time span. For this reason, the industry has always had a

strong interest in forest engineering, which explains the close connection between scientists and

economic operators. Supported by the industry, forest engineering research has always been very

active, advancing technological progress in forestry.

This book collects a representative sample of the most recent papers on the subject, which come

from many different countries and cover a large variety of subjects, confirming the wide scope

covered by forest engineering. The book contains some of the classic productivity studies that

are at the foundation of forest engineering, as well as a number of site impact studies—by now a

confirmed pillar of forest engineering research. Other important papers included in this collection

cover ergonomics, worker health and safety and business issues. Additional works address the

harvesting, processing and storage of wood biomass, indicating the strategic place occupied by wood

energy research in modern forest engineering.

Raffaele Spinelli

Special Issue Editor
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Abstract: Dead wood remaining after wildfires represents a biological legacy for forest regeneration,
and its decay is both cause and consequence of a large set of ecological processes. However, the rate
of wood decomposition after fires is still poorly understood, particularly for Mediterranean-type
ecosystems. In this study, we analyzed deadwood decomposition following a wildfire in a
Mediterranean pine plantation in the Sierra Nevada Natural and National Park (southeast Spain).
Three plots were established over an elevational/species gradient spanning from 1477 to 2053 m
above sea level, in which burnt logs of three species of pines were experimentally laid out and
wood densities were estimated five times over ten years. The logs lost an overall 23% of their
density, although this value ranged from an average 11% at the highest-elevation plot (dominated
by Pinus sylvestris) to 32% at an intermediate elevation (with P. nigra). Contrary to studies in other
climates, large-diameter logs decomposed faster than small-diameter logs. Our results provide one of
the longest time series for wood decomposition in Mediterranean ecosystems and suggest that this
process provides spatial variability in the post-fire ecosystem at the scale of stands due to variable
speeds of decay. Common management practices such as salvage logging diminish burnt wood and
influence the rich ecological processes related to its decay.

Keywords: deadwood management; decay rate; decomposition; density loss; Mediterranean

1. Introduction

Deadwood decomposition is a key process for ecosystem functioning and structure. Throughout
the time of decomposition, decaying wood provides shelter and habitat for a large number of
organisms [1–4], guarantees nutrient availability and turnover [5–7], defines carbon residence time and
sequestration [8,9], enhances soil moisture [10], and determines the vertical and horizontal physical
structure of the habitat as snags or fallen logs [11–14]. All these processes, both singly and in synergic
combination, deeply influence other ecosystem processes, ranging from the performance of individual
plants to landscape-scale biodiversity and even biogeochemical cycles [15–20]. Knowledge of the
factors that determine the rate of wood decomposition is therefore relevant for understanding the
residence time of logs, with broad implications for numerous ecosystem functions and services [20–22].

The rate of wood decomposition is also of paramount importance for forest management and
planning, particularly after severe disturbances that create large amounts of dead wood, such as fires,
pest outbreaks, or windstorms [1,23]. Particularly in the case of burnt forests, the rapid loss of economic
value of the wood due to decomposition and the difficulties that it imposes for transit and management
are often-claimed arguments for the quick implementation of post-fire management [24–27]. In this

Forests 2017, 8, 158; doi:10.3390/f8050158 www.mdpi.com/journal/forests1
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sense, extensive post-fire salvage logging—i.e., the removal of the logs, usually accompanied with the
in situ elimination of the rest of coarse woody debris—is a widely implemented post-fire management
action that seeks to recover part of the capital of the forest as well as to prepare the terrain for
post-fire restoration [25,26]. However, post-fire salvage logging may impact ecosystem functioning
and the capacity for natural regeneration through a variety of processes, such as reducing nutrient
and moisture availability, decreasing the necessary substrate for saproxylic organisms, diminishing
advance regeneration, or increasing soil erosion, among others [25,28–32]. Understanding the rate of
wood decomposition after a fire is thus of great relevance to properly balance the economic benefit
of quick salvage operations against the potential benefits for conservation and natural regeneration
of nonintervention approaches. However, studies on wood decomposition are scarce and mostly
concentrated in certain types of ecosystems such as boreal forests [33,34]. In particular, studies
in Mediterranean-type ecosystems are very scarce [34], except for some that have focused on the
decomposition of standing snags [35,36].

Wood decomposition is affected by abiotic and biotic factors, as well as the interactions
and feedbacks between them. The speed of decomposition depends on moisture and
temperature [1,22,37,38], and hence it can be expected to vary across environmental gradients where
these factors gradually change, such as elevational or latitudinal gradients [1,21,39]. Decomposition
rates may also be affected by species identity and log diameter, as these factors determine the
proportion between heartwood and sapwood [9], and heartwood resists decay for longer than
sapwood [40].Trunk diameter can also determine the identity of detritivorous species that colonize
the log, and these may, in turn, affect the species assemblages of decomposers [5,41,42]. In short,
decomposition is a complex process whose understanding requires proper control of the starting
conditions and stand characteristics.

In this study, we seek to determine the rate of wood decomposition in a burnt pine reforestation
under Mediterranean conditions. Three experimental plots were distributed across an elevational
gradient spanning some 800 m, and logs with a standardized length but variable diameter were marked,
spread on the ground, and sampled over 10 years. Given the marked differences in climatic conditions
and the change in species across the elevational gradient, we hypothesized that decomposition rate
would vary across elevations (hypothesis 1). Furthermore, the proportion of hartwood to sapwood
tends to increase with log diameter [43], so we hypothesized that decomposition would be faster in
logs with smaller diameters (hypothesis 2). Given the large amount of conditions that may affect
decomposition rates and their variability across time, we expected potential interactions between
elevation and diameter to affect decomposition rates (hypothesis 3). Overall, we expect this study
to contribute to the understanding of the speed of wood decomposition in Mediterranean-type
ecosystems, which should ultimately provide input to make informed post-fire decision-making.

2. Methods

2.1. Study Site

The study was conducted in the Sierra Nevada Natural and National Park (southeast Spain), in
an area that burned in September 2005 (the Lanjarón fire). The fire burned around 1300 ha of 35 to
45 year-old reforested pine stands on a southwest-oriented mountainside. It was a high-intensity
crown fire that consumed all the leaves, twigs, and litter and charred the bark of the trunks [30]. After
the fire, the Forest Service established three plots across an elevational gradient within the context
of a long-term research program devoted to study the effect of salvage logging with respect to other
post-fire burnt wood management alternatives on ecosystem restoration and regeneration ([17,26,44];
Table 1). The three plots were similar in terms of pre-fire tree density (1000–1500 trees ha−1), fire
intensity (high), bedrock (micaschist), aspect (southwest), soil type (haplic phaeozems), and other soil
characteristics ([30,45]; Table 1). However, the plots differed in climatic conditions, as expected from
the increasing elevational gradient: mean rainfall increased and temperature decreased with elevation.
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This influenced the species of pine that had been planted at each site (Table 1). For this study, we made
use of areas in which 90% of the burnt trees were felled, the trunks were separated from their main
branches and cut in pieces of ca. 2 m, and all the wood was left on the ground [46]. The climate is
Mediterranean, with rainfall concentrated in spring and autumn, alternating with hot, dry summers.
Snow is common during the winter, persisting up to 2 months at the highest elevation.

Table 1. Location and characteristics of the study plots.

Plot

1 2 3

Coordinates 1 36◦57′12.1′ ′ N
03◦29′36.3′ ′ W

36◦58′11.9′ ′ N
03◦30′1.7′ ′ W

36◦58′6.5′ ′ N
03◦28′49.1′ ′ W

Elevation (m above sea level 1 1477 1698 2053
Mean daily minimum temp. (◦C) 2 6.8 ± 0.2 5.6 ± 0.2 3.4 ± 0.2
Mean daily maximum temp. (◦C) 2 17.1 ± 0.2 16.2 ± 0.2 13.4 ± 0.2

Mean ann. precip. (mm) 2 536 ± 41 550 ± 40 630 ± 42
Dominant species Pinus pinaster P. nigra P. sylvestris

Mean log diameter (cm) 3 12.6 ± 0.4 12.8 ± 0.3 10.0 ± 0.2
1 Measured at the centroid of each plot. 2 Data obtained from interpolated maps of Sierra Nevada (1981–2010)
generated at the Centro Andaluz de Medio Ambiente (CEAMA). 3 Estimated from the logs that were used in this
study, mean ± 1 SE.

2.2. Sampling Design

Six months after the fire (March to April 2006), 50 sampling points were randomly established
within an area of 2 ha at each elevation to monitor wood decomposition. The sampling points were
sufficiently away from standing trees so as to avoid their collapse over the point. At each of the
sampling points, five logs were cut with a chainsaw to a standardized length of 75 cm (experimental
logs, hereafter) and spread over an area of ca. 1 × 1 m, resulting in 250 experimental logs per elevation
(Figure 1). All the logs had the bark charred to a similar extent as a result of the even-aged and
even-spaced nature of the stands, and they were only superficially affected by the fire (Figure 1). The
experimental logs belonged to Pinus pinaster in plot 1 (lower elevation), P. nigra in plot 2 (intermediate
elevation), and P. sylvestris in plot 3 (higher elevation), which were the main pine species at each
elevation according to their climatic requirements. This variation in species is a normal situation in
reforested (and natural) pine stands across marked elevational gradients. Although such sampling
design does not allow the effect of pine species and elevation on decay rates to be separated, it does
provide the opportunity to measure wood decomposition under three realistic forest scenarios. Each
experimental log came from a different tree and was cut from a random height along the tree trunk.
Therefore, the logs constitute a representative sample of trunk characteristics in the study site in terms
of diameter and sectional origin along the trunks. At the same time, we cut one wood disc of 6–8 cm
height from each of 50 logs that were randomly selected at each elevation (initial discs, hereafter).
These discs were brought to the laboratory, and their volume was estimated after measuring two
perpendicular diameters from both sides and four heights. The discs were then oven-dried at 40 ◦C to
constant weight. The initial density of the wood was estimated from the known volume and weight of
these discs, which did not present any sign of decay.
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Figure 1. Wood samples used in the study. Left: standardized 75 cm length experimental logs that
were spread through the three elevations (plots) since the beginning of the experiment (March–April
2006); a metal tag can be observed in one of the logs. Center: Wood disc from an experimental log after
some years (two in this case) of decomposition. Right: a highly decomposed wood disc after 10 years;
when discs showed a high degree of fragmentation, as in this case, we used the two longest available
arcs of the circle to find the perpendicular bisectors and the center of the disk at their intersection, from
which the diameter was measured.

2.3. Wood Decomposition

Wood decomposition was estimated by cutting one random subsample of each of 20 randomly-
chosen experimental logs per elevation in June 2008, 2010, 2014, and 2016, thus at 2, 4, 8, and 10 years
after the experimental setup. The experimental logs were brought to the laboratory, and afterwards
a disc of 6–8 cm length was obtained from the central part of each log by using a manual saw. Log
dimensions and dry mass were measured as indicated above for the initial discs. As decay progresses,
dead wood pieces become more elliptical. This is why we used the conic-parabolic formula proposed
by Fraver and colleagues [47] to estimate the volume of the logs. Wood density (g cm−3) was then
calculated by dividing wood dry weight by its volume for each disc sample.

2.4. Statistical Analyses

We analyzed wood density with mixed models in R version 3.3.1 [48], with the “nlme”
package [49]. We initially fitted a model with Plot (a categorical factor with three levels), Year, and Log
Diameter, as well as all the possible interactions between these factors, as fixed effects, and we included
plot as a random effect to account for pseudoreplication [50]. The response variable was wood density.
Model simplification was carried out by sequentially eliminating interaction terms from the model
and performing likelihood ratio tests (LRTs) to assess their significance [50]. Heteroscedasticity was
assessed with the varIdent function, with the use of LRTs [51]. Assumption checking through plotting
of residuals and random effects was carried out as suggested by Pinheiro and Bates [51].

As our response variable was wood density measured at a specific point in time but we were
interested in assessing the factors that changed the speed at which density was reduced, in the Results
we mainly focus on the factors that changed the effect of Year on wood density (i.e., we interpreted an
interaction between Year and another factor as an effect of that factor on the speed of decomposition).

3. Results

Wood density showed an initial decline from an average of 0.482 ± 0.004 g cm−3 (mean ± 1
standard error (SE)) in 2006 to 0.420 ± 0.007 g cm−3 in 2008. Density then increased slightly
until 0.445 ± 0.007 g cm−3 in 2010, and then dropped again to 0.415 ± 0.008 g cm−3 in 2014 and
0.370 ± 0.013 g cm−3 in 2016 (all plots pooled). Our results show that wood density was affected by
three interactions between the studied factors. First, there was an effect of plot on wood decomposition
rates (i.e., Plot × Year interaction affecting wood density; Table 2): the wood decomposed slower at the
highest-elevation plot than at the other plots (Figure 2). Second, the temporal change in wood density
was also modified by the size of the log (i.e., significant Year × Diameter interaction; Table 2): larger
logs decomposed faster than smaller logs (Figure 3). Third, there was a Diameter × Plot interaction,
indicating different effects of log diameter on wood density across plots when years are pooled (Table 2).
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The Year × Diameter × Plot interaction was not significant, indicating that diameter and plot affected
the speed of decomposition independently. Note that the Plot factor includes differences in elevation
and species.

Table 2. Results from linear mixed effects models on the effect of year, log diameter, and plot (defined
by the elevation/species gradient) on wood density.

Term Removed from Model Likelihood Ratio p-Value

Year × Diameter × Plot 1 1.63 0.44
Year × Diameter 2 8.26 <0.01

Year × Plot 2 6.48 <0.05
Diameter × Plot 2 10.78 <0.01

1 Tested by removal from the model containing all possible interactions among factors. 2 Tested by removal from
the model containing all two-way interactions between the factors.

Figure 2. Temporal changes in wood density across the three study elevations (plots). Plot 1 was
located at an elevation of 1477 m, Plot 2 at 1698 m, and Plot 3 at 2053 m (note that tree species varied
across elevations too; Table 1). Plot did not significantly affect wood density in 2016 according to
ANCOVA (F2,66 = 0.74, p = 0.48), but log diameter did (see Figure 3). Error bars indicate ± 1 SE of
the mean.

Figure 3. Effect of log diameter on wood decomposition. The density of wood was independent of
diameter in 2006 (ANCOVA; F1,70 = 0.28, p = 0.6). In 2016, the average density was lower than in
2006 for all the ranges of diameters considered in the study and negatively affected by log diameter
(ANCOVA; F1,70 = 18.4, p < 0.001), indicating that larger-diameter logs decomposed faster than smaller
logs. The figure shows the measured values of each log and simple linear regression lines for each year.
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4. Discussion

We found that the burnt wood lost nearly one-fourth of its mass after 10 years of decomposition.
The rate of decomposition was lowest at the greatest elevation and for small-diameter logs. The
differences across elevations might be related to several interacting factors that we cannot rule out,
such as differences in climatic conditions and species, or even to an indirect effect of log diameters,
which were lowest at the highest elevation (Table 1). This is, in any case, a normal situation under
natural conditions, where variability in forest conditions across elevational gradients exists even within
even-aged stands. Overall, our study provides novel results concerning burnt wood decomposition
in Mediterranean mountains, and it represents one of the longest wood decomposition time-series
available for a Mediterranean-type ecosystem.

Despite the overall decline in wood density, the rate of this process changed over time—and
even reversed from the second to the fourth year. This has also been observed in previous studies of
wood decomposition (e.g., [52]), and it might be related to the often-reported peak in colonization and
nutrient immobilization by detritivorous organisms and decomposers in substrates with high carbon to
nutrient ratios at the initial stages of decomposition [4,53]. On the other hand, our final values of wood
density loss are clearly lower than those reported for other ecosystem types with higher rainfall. For
example, Olajuyigbe and colleagues [23] found 50% of decomposition for Picea sitchensis after 12 years
in Ireland, Mackensen and Bauhus [54] found a 71% decomposition for Pinus radiata after 10 years in
southeastern Australia, Brown and colleagues [55] reported 25% of decomposition for Pinus pinaster
after 5 years in places of Western Australia with average rainfall around 1000 L m−2 year−1, and
Yang and colleagues [56] found density losses greater than 50% after 9 years for three species in
an old-growth tropical forest. The lower decomposition rate in our study might be explained by
the uncoupling between moisture and temperature during the characteristic summer drought in
Mediterranean-type ecosystems [57]. Still, the wood lost up to 26% and 32% of its mass in plots 1 and
2 (lowest and intermediate elevations, respectively) after 10 years, which supports that decomposition,
despite being slower than in other temperate ecosystems, remains fast enough to ensure nutrient
turnover, increase soil fertility, and reduce the fuel potential of the burnt logs [24,30,31]. Although
the logs laid out for this study likely decomposed faster than the remaining wood due to their direct
contact with the soil, the decomposition of the standing snags was likely not much slower, as all of
them had collapsed and were mostly touching the ground 5.5 years after the fire [46].

The results also show an effect of log diameter on the speed of decomposition. The effect reported
for the diameter in the literature is variable. For instance, several studies found no relationship
between diameter and decay rate [52,58,59], and other studies found that decomposition rate declined
with increasing log diameter because of reduced surface-to-volume ratios [59–61]. Interestingly, our
results show the opposite trend. Although we did not study the mechanism behind this diameter
effect, we consider that it was likely mediated by an effect of diameter on the deadwood-inhabiting
organisms involved in the decay process. In particular, we observed larger holes produced by
the larvae of xylophagous insects in the thicker logs (Figure 1). In fact, it is well known that the
larvae of larger species tend to inhabit logs of greater diameter [42]. The galleries they create
increase bole fragmentation and respiration and can be used by other detritivorous organisms and
decomposers that further accelerate decay [4,62]. Logs with a larger diameter also retain more humidity,
which is especially beneficial for the colonization of microbial fungi during drought periods [4,63]
and thus accelerates decomposition [64]. Another explanation lies in the phenomenon known as
“case-hardening”, which refers to solar radiation heating and hardening the outer wood layers [65,66],
so that a larger surface-to-volume ratio would induce a greater loss of moisture rather than enhanced
decomposer colonization [64]. Under Mediterranean climate, characterized by a long, hot, and dry
summer, the retention of moisture inside large logs may represent an important factor speeding up
wood decomposition. Our results thus support that log size may accelerate decay under Mediterranean
climate, and they highlight the need to carefully control log diameter to correctly interpret the speed of
decay across environmental gradients.
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Salvage logging is a common silvicultural practice after fires in Mediterranean pine reforestations,
as well as other parts of the world [25,26,29]. The most obvious consequence of this approach is
the subsequent large-scale absence of decomposing wood. While ecosystems and the species that
constitute them are resilient to historical disturbance regimes, this resilience hinges on the existence
of material legacies of the previous ecosystem that set the scene for regeneration; changes in the
post-disturbance environmental conditions compared to those under which the ecosystem historically
regenerated can seriously undermine resilience [67]. The present study documents relatively fast and
heterogeneous decay rates in burned pine plantations under Mediterranean-type conditions, a process
that involves myriads of species ranging from fungi to mammals and that virtually disappears after
post-fire logging. The final decision concerning burnt wood should ultimately depend on the balance
between the economic value of the wood, the cost of wood removal, the risks posed by the presence
of decaying logs, and the ecological processes that dominate post-fire ecosystems under different
management scenarios.

5. Conclusions

Our study shows that burnt wood decay in Mediterranean mountains is slower than in other
temperate ecosystems, but still fast enough to be considered a process that may support nutrient cycling
and ecosystem regeneration. Wood decay changed across an altitudinal gradient, a fact that is likely
linked to changes in both abiotic (climatic conditions) and biotic (wood characteristics, decomposer
and detritivorous communities) factors. Overall, we conclude that burnt wood is a biological legacy
that should be partially or totally kept in situ after fires.
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Abstract: The aim of this work has been the development of a methodology for the evaluation of
residual forest biomass in Biscay, a province in northern Spain. The study area is located in the Oka
river basin, an area of great ecological value qualified by UNESCO (United Nations Educational
Scientific and Cultural Organization) in 1984 as a Biosphere Reserve. The project tries to determine
the potential, available and usable as energy resource, residual forests biomass, after the treatments
of forest species in the area. Soil erosion was modeled using the USLE (Universal Soil Loss Equation)
and MUSLE (Modified USLE) methods by estimating rainfall erosivity factor (R), the soil erodibility
factor (K), the topographic factors (L and S), cropping factor (C), and the conservation practice factor
(P). By means of these models, it will be possible to determine the current soil erosion rate and its
potential evolution due to different forest treatments. Soil erodibility, slope of the terrain and the loss
of SOC (Soil Organic Carbon) were the restrictive indicators for the bioenergy use of forest biomass,
taking into account principles of sustainability. The amount of residual forestry biomass useable for
energy purposes has been estimated at 4858.23 Mg year−1.

Keywords: soil erosion; GIS (Geographic Information System); forest residues; energy valuation;
harvesting management

1. Introduction

Forest biomass plays an important role in the overall carbon cycle. This is due, among other
reasons, to the contribution it makes to fixing atmospheric carbon and, as a consequence, bringing
about a reduction in the greenhouse effect. The Kyoto protocol officially recognised the role of
forests as carbon sinks in the mitigation of global climate change factors, basically by reducing the
atmospheric concentrations of CO2 [1,2]. Forestry activities generate significant quantities of wastes
and by-products that are suitable for diverse energy purposes. The most viable alternatives for energy
use from forest biomass residues in the area of study are the production of solid bio-fuel and electricity
generation, especially in cogeneration plants. The use of forest biomass as an energy source helps to
reach the compromises acquired by the European Union in the Kyoto protocol by 2020, 20% of all
energy consumption must come from renewable sources. In Spain, the 2011–2020 Renewable Energy
Plan set the target of 20% of total primary energy needs to be met by renewable sources and about
10% of these by bioenergy [3]. The use of such residual biomass has become crucial for several reasons.

Forests 2017, 8, 258; doi:10.3390/f8070258 www.mdpi.com/journal/forests11
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Firstly, the combustion of biomass plays a virtually neutral role in the carbon cycle and produces
minimum emissions of SO2, particles and NOx. Moreover, due to the absence of chlorine compounds,
the formation of dioxins is avoided. Secondly, its removal is the most effective way to prevent forest
fires and plagues of insects, and, finally, it favours employment and profitability of forestry activities.
These advantages make biomass a potential source of employment for the future, converting it into an
element of great importance for regional stability, especially in rural areas [4]. Nevertheless, in order for
biomass to be considered a true renewable resource, the speed with which it is used must not be greater
than the speed with which it is regenerated as a resource [5]. Sustainable forestry management seeks to
strike a balance between present and future needs, involving environmental, social and socio-economic
factors [6]. The study of the influence of forestry biomass on soil quality is fundamental in order to
predict the evolution of forests and to develop adequate management strategies.

The bibliography contains a number of different investigations into the effect of intensive forestry
practices on the productivity of forestry species. Managed forests generally contain much less biomass
compared to unmanaged natural forests [7,8]. Other researchers analyze the influence of forestry
management practices on soil quality and carbon retention in pine plantations. Management practices
differ considerably with respect to impacts on carbon sequestration in forests [9,10].

In recent decades and with the aim of satisfying industrial needs, the forestry sector of the study
area (Figure 1b) has increased the surface area of plantations of rapid-growth species, basically P. radiata
D. Don and Eucalyptus globulus Labill. The latter plays a fundamental role in supplying the cellulose
and paper industry.

(a) (b)

Figure 1. The landscape of Urdaibai. (a) Spain; (b) Urdaibai: Basque Country.

It is therefore necessary to develop a methodology to evaluate the potential and useable residual
forestry biomass for energy production in order to be able to set up installations to use this fuel for
energy purposes in the most suitable locations. Until now, the lack of a specific methodology to
evaluate the precise amount of residual forestry waste produced by forestry activities has avoided an
adequate use of these products for energy purposes. However, a number studies in different parts of
Europe and the United States have determined the potential of the existing residual biomass for energy
valuation [11,12]. However, few surveys assess the amount of useable forestry biomass taking soil loss
into account. Soil quality is considered a key element os sustainable land management. Soil erosion
is a major environmental problem in worldwide. Rainfall intensity, vegetation, soil, topography and
geology and human beings are usually the main causes of soil erosion [13].

One of the main hindrances to biomass energy management is the difficulty involved in ensuring
a steady supply for heat/electricity generating plants. As a result, the amount of biomass and the
potential influence on soil loss from its use are essential factors required to quantify if sustainable
biomass energy and other products are to be developed. The objectives of this study were as follows:
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1. Validate the soil map of the Oka River Basin obtained in the Third National Forestry
Inventory [14].

2. Predict the spatial distribution of soil erosion in order to prepare maps of soil erodibility factor
(K) and soil losses of the Oka River Basin in order to draw up a soil loss map.

3. Determine the potential forestry biomass in the Oka River Basin using a GIS (Geographic
Information System).

4. Determine the available biomass while taking environmental factors (erodibility and organic
matter in soil) and economic factors (slope of land) into consideration. The terrain slope has been
used as an influencing factor for the operations cost due to the difficulties of machinery to take
all the material lying on the forest floor [12].

By estimating the amounts of available biomass that could be generated by forestry activity,
it would be possible to plan the use of biomass, taking into consideration both economic and
environmental aspects in order to determine the optimum location for the installation of an energy
production centre using a GIS.

2. Methodology

2.1. Description of the Study Area

This study was carried out in the province of Biscay, located in the north of Spain (Figure 1a). The
study covers the Oka River Basin and includes the Urdaibai estuary, a site of great ecological value.
In 1984, it was declared a “Biosphere Reserve” by UNESCO (United Nations Educational Scientific
and Cultural Organization). The river basin is located in the northern/central sector of the Province
of Bizkaia (43′12′′ N, 2′33′′ W) (Figure 1b). With a temperate, very wet climate, its mean annual
temperature is 12–14 ◦C, with precipitations that range between 1200–1800 mm year−1. This river
basin covers an area of approximately 178.1 km2, the main basin being 27 km long and with a perimeter
of 68 km.

According to data from the Third National Forest Inventory (NFI3) [14], forestry land covers
a surface area of 14,709 ha, representing 66.86% of the Urdaibai Biosphere Reserve (UBR). 80% of the
forestry mass consists of plantations of P. radiata and E. globulus, thus giving rise to the dominant
vegetation type [15]. Morphologically, the river basin is oval in shape and has a general N-S orientation.
The area is Mesozoic in origin and basically cretaceous, in which two, clearly contrasting sectors can
be differentiated:

1. A southern section, head of the river Oka, with deep-v-shaped valleys, the sides of which are
dominated by steep slopes.

2. A northern section organised round the Urdaibai estuary, with an average length of 10 km and
a width of between 1 and 2 km, generating a broad, flat valley lying just over sea level, forming
a typical landscape of marshes, sandbanks and cultivated areas.
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(a)

 
(b)

Figure 2. Maps of the Oka River Basin. (a) slopes map; (b) soils map.

The vegetation map of Urdaibai (Figure 3) shows that about 70% of the surface area is covered
with trees, the dominant species being Pinus radiata D. Don (8764 ha), coinciding with the ecological
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niche of the oak forest [16], followed by Quercus ilex (1555 ha) and Eucalyptus globulus Labill (1321 ha).
The rapid growth and the high productivity of P. radiata have led it to be, in practice, the dominant
forestry species in the Urdaibai Reserve. Forestry activities are performed mainly on private land,
as publicly-owned land accounts for less than 500 ha of the Oka River Basin as a whole. Despite their
widespread distribution, based on the high market value of by-products from pruning operations,
the areas of Quercus have not been considered as a potential source of residual biomass based on the
high value added reached by by-products coming from forest operations. Scrub surfaces have not
been considered in this study; since the surface they occupy in the territory is rather average (8.6%),
it presents low productivity, and it is a very scattered resource. The study concentrates on the pine and
eucalyptus forests made up of P. radiata and E. globulus.

Figure 3. Urdaibai forestry map [16].

2.2. Validating the Soil Map

The aim of the first stage of the project was to validate the soil map of the Oka River Basin obtained
in the Third National Forest Inventory (NFI3). For this reason, work had focused on gathering
and reviewing bibliographical sources and base material (geology, vegetation, orthophotos, etc.).
The 1:10,000 forestry map of the Basque Autonomous Community (2004–2005), based on the
cartographical standards of the NFI3 in the UTM (Universal Transverse Mercator) reference system
(time zone 30) European Datum (1950), was used.

A detailed soil map was drawn up based on information supplied by the 1:25,000 cartography of
the Basque Government. Once imported, these were rasterised using a 2 m pixel size. The coverage
was validated based on a laboratory analysis of 345 samples obtained in 115 plots (3 samples per plot)
of the study area. The vegetation coverage was also validated with the help of orthophotos and aerial
photography. A study was made of the composition of the soil in the area by means of sampling and
subsequent laboratory analysis.

The Universal Soil Loss Equation (USLE) was used to estimate the rate of soil erosion in the
study area. The USLE was adjusted based on the results obtained in exhaustive field work carried
out between 1992 and 1996. During this period, a control was made of the erosion rate, and, for this
purpose, 168 experimental plots were installed [17]. The slope map (Figure 2a) and the soils map of the
study area (Figure 2b) were drawn up prior to initiating the study. Geologically, the basin comprises
eighteen types of soils, cambisols being those that have the greatest extension (60%), followed by
luvisols (8.9%), acrisols (7.1%) and fluvisols (5.8%).
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In order to evaluate the erosion rate of the Oka River Basin, several simulations with GIS tools
have been used to analyze the possible soil loss that might be caused by different types of forestry
management used in P. radiata plantations. The results obtained by Edeso et al. [18] suggest that,
in order to maintain the sustainability of the ecosystem of the area, the intensive soil preparation must
be reduced in accordance with the sustainable forestry management proposal. The simplified form of
the USLE equation is summarised in the following expression [19]:

A = R·K·S·L·C·P (1)

where A is the predicted annual rate of soil loss (Mg ha−1); R is the rainfall erosivity factor (MJ mm
ha−1 h−1), K is the soil erodibility factor (Mg ha h ha−1 MJ−1 mm−1), S is the slope steepness/slope
gradient factor, L is the slope length factor, C is the crop or cover management factor and conservation
or support practice factor (P) is the ratio of the soil loss from land having specified conservation
practices to that from land ploughed in a direction parallel to the slope, if all other conditions remain
unchanged [17,18,20].

2.3. Assessment of Annual Rate of Soil Erosion

Soil loss prediction is necessary for policy makers in land management and ecosystem
protection [21]. We set out to simulate the soil loss produced in the Oka River Basin under a number of
different conditions. For this purpose, we used the information obtained by direct experimentation and
that deriving from the cartographical analysis, as well as from photo-interpretation and the analysis of
images obtained through the use of remote sensors.

The erosion rate under the current edaphic and vegetation conditions in the Oka River Basin was
simulated, determining the soil loss produced under these circumstances, as well as locating those
areas of greatest risk of the production of sediments. To do this, the following documents supplied
by the Basque Government were used: Digital Elevation Model (DEM) (1:10,000), soil map (1:25,000);
vegetation map (1:25,000); slopes map obtained from the DEM; and map showing the location of
meteorological stations and several additional maps/thematic layers. The rain factor (R) has been
determined from the data supplied by 5 observatories situated in the study area, shown in Table 1.

Table 1. Annual rainfall erosivity factor (R) for the five study rain gauge stations.

Station Altitude X * Y * R

Muxika 20 525,325 4,793,010 210
Ereño 502 532,950 4,799,975 223

Mundaka 93 524,145 4,806,115 181
Bermeo 15 522,434 4,808,060 191

Amorebieta 65 521,787 4,785,950 209

* X and Y are UTM (Universal Transverse Mercator) coordinates.

Accurate values of R were obtained in the five stations in which meteorological data are available.
These data were implemented through the digitisation of the mean values obtained in other soils with
identical characteristics. These values have been extended in a continuous manner over the study area
applying geostatistical techniques [17,18].

The K factor was evaluated based on a random sample made based on the different soils existing
in the Oka River Basin (see Section 2.4). This factor is calculated based on a regression equation in
accordance with the representative variables of the physical properties of the soil (percentages of
organic matter and clay, and the structure and permeability indices).

In some cases, we used the mean values obtained in prior studies of other soils with identical
characteristics [17,18]. Once the land losses had been obtained in each one of the cells, we re-classified
the results by establishing different land categories, shown in Table 2.
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Table 2. Priority scales for soil erosion.

Soil Erosion Class Soil Loss (Mg ha−1 year−1)

Slight (0–5]
Moderate high (5–25]

Very high (25–50]
Very severe (50–100]

We did not include more groups as the maximum soil loss estimated in previous studies, even
when these were subjected to intensive treatments, never exceeded a value of 77 Mg ha−1 year−1 [18].

With the data obtained, we set up a database, which, in turn, has been implemented in a GIS.
All of the available information was coded in raster format, geo-referencing with a UTM coordinates
system and with a space resolution of 2 × 2 m in order to determine the erosion rate of the Oka
River Basin.

2.4. Soil Sampling and Analysis

We selected 115 plots with a minimum surface area of 0.5 ha and length of 60–80 m. These plots
were selected so that they covered the main types of soils and the range of slopes of the study area.
Soil sampling was carried out from December 2010 to March 2012. At each plot, 9 points were selected
at random, in which a surface mineral horizon was taken of the soil (0–10 cm) through the use of
an unaltered soil sampler. With the 9 samples, three samples of equal mass were gathered to build
up three composite samples. These were air-dried and sieved at 2 mm in order to characterise these.
At the same time, using a 40 mm long × 55 mm-internal diameter steel cylinder, 3 samples were
taken to determine the bulk density. These were dried at 105 ◦C to a constant weight. In the air-dried
soil samples, the following physiochemical parameters were determined: soil texture (percentage of
sand, silt and clay), level of stone content (fractions: <2 mm, 2–50 mm and >50 mm), bulk density,
pH, soil organic carbon (SOC), N and S, assimilable phosphorous, iron and aluminum, basic cations
as well as Ca, Mg, Na and K and the capacity of the effective cationic exchange (ECEC). The soil
texture was determined by means of the Robinson pipette method, according to the international
method. The bulk density of each horizon was determined in each test pit following the cylinder
methodology [22]. The pH was determined in KCl 0.1 N with a glass electrode, using a soil: dissolution
ratio of 1:2.5 [22]. The concentrations of total C, N and S were determined by means of combustion in
a LECO (Corporation St. Joseph, Michigan, MI, USA) automated analyzer.

2.5. Determining the Potential Residual Forestry Biomass

The forestry biomass capable of being used for the generation of electrical and/or heat energy is
the residual biomass or forestry residue that remains on site following forestry treatments. Residual
forestry biomass is considered as that part of the tree not used by the sawmill (branches and leaves or
needles). Forest residues are those materials removed in timber-yielding exploitation which are not
usually extracted due to the fact that they cannot be converted into by-products. These residues come
from the remains left in the forest after forestry, pruning, clearing, and final cutting remains in forest
production (cleaning, pruning, tree felling). They can be utilized for energy uses due to their excellent
features as fuels.

In general, stand improvements (thinning and clearing) applied to pine forests involve the
extraction of a third of the existing trees. With regard to the frequency of the clearing operations, the
minimum intensity to be applied to P. radiata involves only three clearings, applied at approximately
10-year intervals until logging, which is done at 30 years [23]. Regarding eucalyptus forests, the
conventional treatments applied to these plantations are reduced to logging, which is done at
10 years [23,24]. Table 3 shows the forestry treatments of the main tree species in the Oka River Basin.
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Table 3. Forest biomass generating silvicultural operations.

P. radiata

Stand improvements (thinning and clearing)
Two thinnings: 1st at 10 years, 2nd at 20 years

Action is taken on 1/3 of current trees
Logging

Logging in 30 years

E. globulus Logging
Logging at 10 years

A good approach to estimating the stock of biomass is to use the concept of stratum, as defined in
the Third National Forestry Inventory (NFI3). A stratum is formed by grouping the forest surfaces of
similar features according to the species present, their states in terms of mass and the fraction of tree
cover per area [12,25,26]. Specific information concerning such strata is available at the Autonomous
Community of the Basque Country (ACBC) Forest Map [27]. Once strata in which P. radiata and
E. globulus are the dominant species are selected, the most adequate forest treatments that can be
carried out in a ten-year-old horizontal stratum are identified, thus the amounts of residual forest
biomass that might be obtained in each stratum considering such treatments are estimated [2].

The methodological process followed for estimating the potential biomass is shown schematically
in Figure 4.

 

Figure 4. Schematic diagram of the method followed to determine the available residual biomass.
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The methodology used to determine the annual quantity of forest biomass in the area of study
consists primarily of determining two factors:

1. The forest residue per unit of surface and time derived from a forest mass (Re, Mg ha−1 year−1)
according to the species and forest treatment to which each mass has been subjected to.

2. The surface (A, ha) occupied by the forest mass that is going to generate such residue.

The residue estimator Re was calculated using an indirect methodology based on mathematical
models that relate the aerial arboreal residual biomass (branches and leaves) with biophysical variables
that are easy to measure in forestry inventories such as the normal diameter and sometimes the
height [26,28–30].

The most common procedure para la estimación is establishing biomass functions via regression
analysis between the biomass of a tree and easily measurable variables such as stem diameter and
height. These relations can be expressed mathematically as allometric power models [31,32]. In this
project, the methodology followed is based on the biomass fractions introduced by Montero et al. [28].
Such a method develops a logarithmic model, which relates the normal diameter of the tree to the net
dry biomass and has the following analytical form:

ln W = a + b ln D (2)

where W represents the biomass for each tree (expressed in kg dry mass), D is the diameter at breast
height (DBH) or trunk diameter at 1.30 m, a and b are two specific regression parameters.

This logarithmic equation introduces a bias in the calculations and therefore it is necessary to
introduce a correction factor (CF) calculated on the basis of the standard error of the estimation
(SEE) [2,28]:

CF = e
SEE2

2 (3)

W = CF·ea·Db. (4)

The species-specific allometric equations of [33] for P. radiata and [34] for E. globulus were used to
calculate the residual biomass Table 4. These equations are applied to trees of the diameter at breast
height (DBH) of over 7.5 cm.

Table 4. Allometric equations to estimate the potential residual forestry biomass.

Species Equations R2 References

P. radiata ln W * = −2.47 + 1.95ln D 0.81 (p < 0.001) [33]

E. globulus W∗= 0.1785×D17564

2.110 0.81 (p < 0.01) [34]

* W = Kg forestry residual dry matter; D = Normal diameter (cm).

Once the estimator of forest residue has been estimated (Re, Mg ha−1 year−1) generated by the
main forest species in Bizkaia in the strata in which those species are predominant, the following
step consists of determining to what surface from the NIF3 can be applied each estimator of residue
obtained. As the data used are sampling data, the value of the estimator in a point different from the
sampling plot is unknown. To overcome this, Thiesen’s polygons from the sampling points are used
in order to assign the value of the residue estimator to an influential area of the tree stratum. Using
Thiessen polygon analaysis from a layer of points, each Thiessen polygon defines an area of influence
around its sample point, so that any location inside the polygon is closer to that point than any of
the other sample points. The final result is a division of space in polygons whose name is Voronoi
telesation, and in which the limits between polygons are equidistant with respect to their neighbor
points. This way of assigning values to the residue estimator to the rest of the non-sampled surface is
the most adequate according to several authors [24,35].
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The quantity of annual RFB (residual forestry biomass) susceptible to being useful RFB
(Mg year−1), using the surface of the resultant polygons and the tree residue estimators, is estimated as:

RFB = ∑
n

AnReni (5)

Figure 5a,b show the methodological diagram for obtaining the residue estimator Re of the two
forestry species analyzed.

The corresponding density of each sampled tree (d, kg ha−1) is obtained in the calculation of the
tree residue estimator. The RFB of tree species are established as the result of the forestry treatments of
the forest species, taking into consideration that the rotation period of P. radiata is 30 years and every
10 years it is subjected to a thinning processs of 1/3 of its mass, while the rotation period of E. globulus
was considered to be 10 years without prior thinning (Table 5). In this study, the Ciemat methodology
was followed [36].

Table 5. Total RFB (Mg year−1).

Species Forestry Management RFB

P. radiata
Final felling RFB = RFBT/30

Thinning and clearing RFB = RFBT
3×10

E. globulus Final felling RFB = RFBT/10

* RFBT = Total residual forestry biomass obtained throughout the tree rotation period.
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2.6. Determining the Available Residual Forestry Biomass

The available residual biomass is found after applying a number of specific restrictions that
impede the extraction of biomass (Figure 2a). The restrictions considered in this paper have been
determined by the slope of the terrain, the content of organic matter in the upper layer of soil and the
erosion, the last of these being measured by the K factor (susceptibility of the soil to be eroded) of the
USLE/MUSLE model. Soil loss and soil erosion patterns may differ with slope gradient, slope aspect,
and elevation. In general, increases in slope gradient can produce higher overland flow velocities, and,
correspondingly, higher erosion. The slope gradient factor (S) is the ratio of the soil loss from given
gradient of the slope to that from land having a 9% slope [37].

Nevertheless, in previous studies made in other river basins near the study area, soils with erosion
in steep slopes were found [17]. For this reason, this study considers both parameters (slope and soil
erodibility factor (K)) separately.

Slope has a direct effect, restricting the type of machinery used to collect and extract biomass.
With an increase in slope, the biomass extraction process becomes increasingly expensive and also
reduces biomass harvesting productivity [18,38].

With regard to soil loss, the erosion map Figure 6b shows that the soils of the Oka River Basin are,
in general, free of erosion, of acceptable quality and with mean annual averages of soil loss of under 5
Mg ha−1 year−1.

As shown in the slopes map, 32.69% of the surface area of the study area has steep slopes of over
50% and only 16.55% of the land is flat and corresponds largely to marshes and sand banks. In this
study, three slope ranges have been marked out:

1. <35%, corresponds to the most adequate topographical area for supplying biomass with a lower
risk of erosion.

2. [35, 60)%, presents moderate suitability with some risk of erosion.
3. ≥60%, would correspond to less adequate areas for the extraction of biomass due to their high

erosion risk.

Carbon is one of the principal components of soil organic matter (SOM), a key component of soil
that plays an important role in many biological, chemical, and physical properties [39,40] Regarding
the organic matter of the soil, fertile soils are those that have organic carbon content (dry base) of over
2%, an average of 1–2% of SOC, and soils very poor in organic matter are those that have a organic
carbon content of less than 1%. In previous research, an inversely proportional ratio has been obtained
in the SOC and K factors.

Taking into consideration previous studies carried out in the sampling plots [17,41,42], we have
considered soil erodibility factor intervals: for values of K ≤ 0.015, 0.015 < K ≤ 0.030, 0.030 < K < 0.045
and K ≥ 0.045 considering respectively low, medium and high erosionability soils. In this way,
restricting values have been established for each parameter in order to define the availability of the
forestry biomass (Table 6).
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(a)

(b)

Figure 6. Maps of the Oka River Basin. (a) soil erodibility map; (b) soil loss map.
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Table 6. Biomass available (%) in different conditions of slope (%), soil erodibility factor (K, Mg ha h
ha−1 MJ−1 mm−1) and soil organic carbon SOC (%).

Slope ≤35 35–60 ≥60

K
0–0.15 100 80 60

0.15–0.30 90 70 50
0.30–0.45 0 0 0

SOC
>2 100 80 60
1–2 80 50 0
0–1 0 0 0

2.7. Adjusting Predictive Models for Estimating Available Forestry Waste Biomass

A model is fitted in which the residual forestry biomass (RFB) is estimated as a variable dependent
upon predictive variables: slope and erosionability of each plot. In order to study these relationships,
linear regression models were used in Equation (6):

yj = β0 + ∑ βixij + εj (6)

where yj is the dependent random variable (in our case, the RFB); β0 is the linear regression
independent coefficient; βi are the predictive variable coefficients, which represent known values of
the predictive variables, where εj is the random disturbance (error term). The models were fitted
by means of regression, using the ordinary minimum squared method [43]. The fits were evaluated
statistically by means of the determination coefficient corrected by the number of parameters (R2aj). In
order to verify the significance of each one of the fit parameters, an individual contrast was applied
with the Student’s t-test. For the choice of equations, the cases of variance normality and homogeneity
were checked [11].

2.8. Implementing the Method in a GIS

Geographic Information Systems are useful tools for understanding the geographic context of a
wide range of issues pertinent to bioenergy, especially energy demand and biomass supplies. Idrisi
Selva and Quantum GIS using the different algorithms of the programme (Interpol and TIN for the
interpolations) were used in the present study.

3. Results

3.1. Modelling the (RFB) in Accordance with the Slope Erodibility and Soil Organic Carbon

Parameter estimates, standard errors of the fitted models according to Equation (7):

RFB = β0 + β1 × K + β2 × S + β3 × SOC. (7)

The parameter estimates and goodness of fit statistics of the best linear model obtained for the
main stand and canopy variables using the stepwise variables selection method and the NFI3 data as
regressors are summarized in Table 7. The behaviour of the model we obtained is good, explaining
more than 86% of the variability observed. The results obtained in the statistical analysis showed that
there was a negative correlation between the variables K and SOC (r = 0, 71, p < 0.01).
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Table 7. Estimated parameters, standard errors of the fitted models.

Tested
Model

Dependent
Variable

Independent
Variable

R2aj
Estimated
Parameter

Standard
Error

t-Value p > |t|

Equation (7) RFB
Intercept

0.86
0.033531 0.133103 108.998 0.046

K 3.397875 0.012501 402.276 <0.001
S 0.014747 2.004521 364.702 <0.01

The fitted equation Equation (7) shows good fit statistics. All the parameters were significant at a
confidence level of 95%. In the evaluation of the cases of variance normality and homogeneity of the
fitted model, no evidence was found that suggested any non-compliance of the cases. The statistical
analysis indicates that there is a relationship between K and S. The greater the erosion, the lower the
amount of SOC.

3.2. Physical-Chemical Characterisation of Soils

Tables 8 and 9 show the mean values obtained in the physical-chemical characterisation in 2 of
the 115 plots analyzed: A (forest floor soil samples) and B (soil samples subjected to site following
felling performed 6 months earlier.) The physical-chemical analysis made of the 115 plots revealed
very different erodibility values (K) of the soil before and after felling, e.g., Table 8.

Table 8. Mean values of the physical characteristics of soils.

Forestry
Management

Depth
(cm)

Erodibility K
Soil Class

FAO Material
D.a. ‡

(g cm−3)
Depth

(%)

Sand % Silt%
Clay (%) Texture

Gr Fin Gr Fin

A § 0–10 <0.02 Alisols
Haplico ALh Argilitas 1.16 18 4.3 12.2 14.4 35.8 33.2 fpl †

B $ 0–10 (0.15,0.30) Anthrosols
Arico

Sandstones
and Clays 1.4 30 12.6 30.9 13.2 18.6 24.8 f *

* loamy texture; † silty clay loam; ‡ bulk density; § P. radiata forest sawtimber stage; $ forestry management after
felling (without subsoiling).

The data obtained exhibited higher apparent density values in soils in which the tree biomass has
been taken away after felling and the soil has been prepared for the following rotation compared to
soils under plantations. Bulk density increased following site preparation practices. Such is the case
of B soils where bulk density was 21% higher compared to A soils under mature plantation (Table 8).
The results are in agreement with prior studies made in northern Spain, in which increase in apparent
density of up to 1.5 g·cm3 were found on land from which tree biomass had been removed and in
which heavy machinery had been introduced [18,33].

Table 9. Mean values of the chemical parameters of the soils.

Forestry
Management

Depth
(cm)

pH
SOC * N Ca Mg Na K Al ECEC †

Al. Sat. ‡%
% cmolc kg−1 %

A 0–10 4.56 7.72 0.26 4.99 1.44 0.44 0.31 4.45 11.63 38.26
B 0–10 3.96 3.10 0.12 0.27 0.21 0.15 0.12 6.28 7.03 89.33

* soil organic carbon; † effective exchange capacity; ‡ aluminum saturation.

The results obtained from the analysis of the physical-chemical parameters show that the soils of
this basin of the Oka River are in general highly acidic (average pH between 4.1–4.8). Irrespective of
the type of soil and the initial geological material, the content of SOC of the surface soil horizons with
mature forests is always high, with average carbon contents of between 6.2–7.9%. The results of SOC
obtained in all the plots analyzed show high SOC contents, much higher than the 2% shown within the
restrictions (Table 6). In this study, these SOC values were taken as environmental restriction following
the recommendations of previous research carried out in the Mediterranean region [12]. In spite of the
fact that the Oka River Basin is within the Atlantic zone, in view of the steep slopes, we decided to
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carry out the study with the recommended SOC values, in view of the orography and the steep slopes
of the river basin. However, the results show that the SOC of the soils of the basin exhibit very high
values and therefore the SOC would not mean in any case a restriction in the extraction of residual
forestry biomass for energy use.

Irrespective of the type of soil and the initial geological material, the content of SOC of the surface
soil horizons with mature forests is always high, with average carbon contents of between 6.2–7.9%.
This data indicates that these are erosion-free soils, for which very low erosionability factor values
have been obtained (K < 0.02) and that the slope of the land does not have a significant effect on
the SOC. However, those soils that have been subjected to work done in order to prepare the terrain
after the logging suffer a significant drop in the content of SOC (average contents of 3.05–5.45%)
and significant increases in bulk density. This effect increases considerably when highly-mechanised
forestry management systems are used and terrain is prepared using deep ploughing.

For this reason, felling and land preparation work make have a serious effect on the soil. It has
been found that, for K < 0.15, the soil has an adequate texture, with SOC in excess of 5–5.4%,
good permeability and high hydraulic conductivity, indicating that its conditions are adequate for
withdrawing RFB for use. As the value of K increases, the content in SOC decreases. K values above
0.3 point to unstructured soils (lithosols, anthrosols, etc.) or decapitated soils (lacking surface horizon),
and therefore may exhibit low percentages of SOC (between 1–2%) and different types of textures.
In practical terms, there are no soils in the Oka River Basin with such a high level of erosion. The K
values obtained in the river basin are in all cases lower than 0.3 except in a few unrepresentative cases.

Our study indicates that, in general, the soils of the Oka River Basin show low erosion levels.
In addition, 63.45% of the soil analyzed exhibits erosion rates of under 10 Mg ha−1 year−1, 25.67%
show erosion rates of 10–20 Mg ha−1 year−1, 8.61% show erosion rates of 20–30 Mg ha−1 year−1 and
only 2.27% of the soil is heavily eroded with soil losses of over 50 Mg ha−1 year−1. The last case
corresponds to soils subjected to intensive land preparations after felling.

These results confirm the observations made by several members of this research team in soil
erosion studies with regard to the drop in SOC associated with the intensity of the soil management
following logging. Wet Biomass refers to the humidity of the RFB when this is collected, which is
generally estimated at 30%, as it remains in piles for a time in the countryside after felling. As in the
case of prior research, in our case, soil samples have been taken some 6 months following felling.

3.3. Estimating the Potential and Useable Residual Forestry Biomass in the Oka River Basin

The estimators of the residue obtained for P. radiata fluctuate between 0.286 and 0.885 Mg ha−1

year−1 of dry matter. With respect to E. globulus, the residue estimators obtained values from 0.346 to
2.156 Mg ha−1 year−1 dry matter. Similar studies carried out in other areas of Spain, e.g., [5] estimated
1.3 Mg ha−1 year−1 of wet matter residual biomass in P. radiata in Navarra (Spain), and [24] found
values of estimated residual biomass of between 0.68 and 1.41 Mg ha−1 year−1 (dry mater) or 0.97 and
2.020 Mg ha−1 year−1 (wet matter) or in E. globulus plantations in Huelva (Spain). A humidity of 30%
has been considered, as this is the humidity accepted by a number of different researchers when the
residual biomass is gathered for energy valuation [24].

The amount of residual forestry biomass estimated in the Oka River Basin was 7775.32 Mg year−1

(dry mass), of which 6334.12 Mg year−1 (dry mass) correspond to the remains of P. radiata and
1441.20 Mg year−1 (dry mass) to those of E. globulus (Figure 7a).

The amount of residual forestry biomass useable for energy purposes taking into consideration
technical and environmental constraints—erodibility (K), slope of the terrain and soil organic carbon
(SOC), has been estimated at 4858.23 Mg year−1 (dry mass), which corresponds to 6940.33 Mg year−1

(Figure 7b). The results of the study show that the useable residual biomass represents 62.5% of the
available potential residual biomass. The remaining unused forestry waste could offset the soil losses
in the most highly eroded horizons in view of the fact that a large part of the nutrients assimilated by
the tree are accumulated in the latter’s waste or non-timber fraction [33].
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(a)

(b)

Figure 7. Residual biomass. (a) usable; (b) available.
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4. Conclusions

The results show that the plots with less biomass correspond to those that have been subjected
recently to intensive treatments of the land for the next rotation after felling. These areas are the ones
that show higher soil loss values. Similar conclusions were obtained in soil studies made in the Arroyo
de la Vega River Basin (Madrid) [44].

The forest residues considered in the present study could replace, at least in part, some of the fuels
that are currently in use. We believe that, in the Basque Country, the most promising applications are
cogeneration in medium-sized power stations and combustion in small and medium-sized plants for
heat and steam generation. The specific features of the economy of scale restrict the design of energy
plants to those with a minimum production capacity of at least 1 MW. This corresponds to a need for
4700 Mg year−1 of raw material (dry mass). This value is similar to the annual amount of useable
residual biomass estimated in this paper (4858.23 Mg year−1). The use of forestry waste for energy
purposes could provide employment and business opportunities in rural communities. An increase
in the use of residual forest biomass as a source of energy instead of conventional fossil fuels will
represent important environmental advantages and will help member states to meet the targets of EU
policies in terms of energy rationalisation.

Information on the amount of available forestry biomass waste, taking sustainability principles
into consideration, represents a valuable tool for forestry management, due to its association with
soil conservation, spread of pests and fires. Through the harvesting of forestry biomass, a large
reduction in forest fires is expected. At this time, forest fires are a source of concern in the study
area (of great ecological value and a UNESCO Biosphere Reserve), in view of the enormous potential
environmental impact.
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Abstract: Open pile burning (OPB) forest residues have been limited due to several concerns,
including atmospheric pollution, risk of fire spread, and weather conditions restrictions. Air Curtain
Burner (ACB) systems could be an alternative to OPB and can avoid some of the negative effects that
may result from OPB. The main objective was to compare the burning consumption rates and costs
of two types of ACB machines, the S-220 and BurnBoss. In addition, we tested a hand-pile burning
(HPB) consumption rate for a comparison with BurnBoss unit. The S-220’s burning consumption
rates ranged between 5.7 and 6.8 green metric ton (GmT)/scheduled machine hour (SMH) at a cost
between US $12.8 and US $10.8/GmT, respectively. Costs were 70% higher when using the BurnBoss
unit. Burning residue consumption rates and cost of disposal were considerably different: they were
highly dependent on machine size, species, and fuel age of forest residues. Particularly, BurnBoss test
burned over 40% more than HPB method and produced clean burn by airflow. The results from this
study suggest that ACBs can be a useful tool to dispose of forest residues piled in many forests areas
with less concerns of air quality and fire escape risks.

Keywords: open pile burning; burning consumption rates; costs; hand-pile burning; clean burn

1. Introduction

Forest residues include tree tops, limbs, and other tree parts generated from forest operations
and can provide opportunities for production of bioenergy and bioproducts such as briquettes or
biochar [1–3]. However, a low level of market demand for wood-based energy in the Northwestern
U.S. have caused forest residues to be piled and left in the forests and sawmills [4]. It is also often
financially unviable to use forest residues due to high costs of collection and transportation, and low
market price [5,6]. In addition, leaving large piles of forest residues near houses or within public parks
have been a concern due to high risk of fire hazard and other forest management issues (i.e., growing
and rehabilitation). For this reason, open pile burning (OPB) has been widely used in the Western
U.S. to dispose of forest residues, to reduce wildfire hazard, and improve forest and productivity [7,8].
This forest residues disposal method has been extensively used as it provides a cost-effective option
for disposal of forest residues [9,10].

However, OPB could be potentially damaging to forests by increasing the wildfire hazard and
obstructing regeneration [11,12]. This method has not only been shown to generate greenhouse gas
(i.e., carbon monoxide (CO) and carbon dioxide (CO2)) emissions and release particulate matter (PM)
to the health hazard levels, but it also emits nuisance of smoke and objectionable odor to an ambient
air [10,13]. For this reason, intentional burning of slash piles was often strictly controlled in public
and residential areas [13]. OPB also requires the prevention of embers from escaping as well as
monitoring weather conditions hourly: burning is allowed only if extremely narrow conditions are
met [14,15]. For example, when planning a pile burn, ambient temperatures have to be less than 32 ◦C,
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the maximum wind speed should not exceed 8 km/h and relative humidity ought to be below 35%.
These requirements would prohibit OPB from 1 June to 14 November in most areas in the Western
U.S. Another drawback of OPB is the severe, undesirable effects on forest soil properties compared
to wildfires or broadcast burning [12,16]. The extreme flaming temperatures (400 ◦C) with 60 h can
be intense and penetrate at 0–20 cm soil depth which can destroy the chemical and biological soil
properties [17]. Overall, the OPB method can result in poor air quality, smoke production, fire escape,
and soil damage [7,18].

An alternative technology to dispose of forest residues is to use an Air Curtain Burner (ACB),
which is designed by Air Burners Inc., Palm City, FL, USA (also called as Air Curtain Destructor or
Incinerator; Figure 1). ACBs are divided into two main types, stationary (positioned at the centralized
landing area) and mobile applications (half-ton pick-up truck mounted system). These machines were
developed in compliance with US Environmental Protection Agency’s 40 Code of Federal Regulation
Part 60 regulation that determines allowable emissions from biomass burning [19,20].

 

 
(a) (b) (c) 

Figure 1. The Air Curtain Burners used to test burning of forest residues in (a) S-220 in Jacksonville,
Florida; (b) BurnBoss in Groveland, California; and (c) BurnBoss installed with ember screen in Volcano,
California. The loader is used to load the forest residues in S-220 operation while BurnBoss operation
is loaded by hand.

ACBs have been primarily used to dispose of woody residues, such as stumps and root wads [21],
waste wood and landscape wastes [22], debris generated by hurricanes [23] and floating (water-borne)
woody debris from natural disasters (e.g., tsunami and heavy rainfall) [19]. Details on how the ACBs
FireBox efficiently burn woody materials is shown in Figure 2. These machines operate by blocking
various air pollutant emissions including greenhouse gases and PM by using a high velocity (1600–2000
revolution per minute; RPM) of airflow from the air blower part which is referred to as “air curtain”.
In addition, air pollutant emissions is returned by circulation of air flow. Past studies showed that
ACBs can reduce CO and PM emissions by 80% compared to OPB and reduce smoke opacity [23,24].
In addition, it also minimizes escaping embers, soil damage, and burn scars by creating an air curtain
across the box [23,25,26]. Air Burners Inc. stated that adding air into the FireBox effectively improved
burning consumption rate since by adding more oxygen to the forest residue pile in the FireBox during
the burning [19]. As a result, ACB’s forest residues treatment method is considered as a clean and air
pollution control burning method to dispose of forest residues, but burning consumption rates and
cost of disposal of forest residues for different ACB systems are largely unknown.
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Figure 2. Principle of an Air Curtain Burner: the air curtain blocking emission and circulating the air
inside FireBox is created when turning on the air blower.

Therefore, in this study, we examined an alternative method of disposing of forest residues using
an ACB (Figure 3). The overall objective was to determine the performance of ACBs and evaluate the
economic feasibility of burning slash piles using the S-220 and BurnBoss, which are ACB models that
are commonly used for forest residue disposal. Specifically, this study sought to: (1) determine the
forest residues burning consumption rate (green metric ton (GmT)/scheduled machine hour (SMH))
and cost of disposing forest residues ($/GmT) through field-based experiments, and (2) establish the
logistics to an ACB burning operation. This study focused on disposal of forest residues resulting from
fuels reduction treatments in green waste yards near residential areas and public parks. In order to
assess the potential of BurnBoss units, we observed hand-built-pile burn’s consumption rate next to
the BurnBoss test at the same time.

Figure 3. Integrated Air Curtain Burner burning system flow chat.

2. Materials and Methods

2.1. An ACB Burning System Set-Up and Description

During the study, we noticed that ACB operations followed five steps: putting the machine in
place, first loading and kindling, air blower startup, loading (i.e., second loading), and burning it down
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to ash. For an initial set up of an ACB operation, these machines need to be placed on open, clear, flat
ground (slope < 10%) with dry surface conditions [27]. The area should be located at least 30 m away
from the outer edge of burning materials and any fire fuel [28].

Following the set-up, the operator needed to fill up a space in the ground and the inside of the
FireBox with dirt to prevent the escape of smoke and embers since the FireBox is bottomless. The first
loading, which is piled about 1/3 of the FireBox height consists of smaller materials (less than 10 cm in
diameter) for kindling, and is then ignited with diesel fuel and a propane gas torch. At this time in the
burning, greenhouse gases and smoke can temporarily be generated as the diesel fuel ignites, as there
is some wait time for the materials to ignite. If the operator uses clean materials with lower moisture
content (<20%) at this stage, there will be reduced emissions of CO and PM with the smoke [27,29,30].
For this reason, the materials used were not contaminated with dirt. Thus, prior to the start of air
blower, a number of preparation activities should be done, including site selection, set-up, and kindle
a fire. Further, first loading and kindling work can vary depending on operator and machines.

The next process for the burning is to turn on the air blower and load additional residues into the
FireBox as needed to maintain combustion until the materials are burned down to ash. It should be
noted that the second and following loadings should not be higher than the height of the box to retain
the emissions, ember, and smoke reduction by the air curtain [19]. These processes are dependent on
the type of ACB; S-type (i.e., S-220) and BurnBoss. S-220 burning operation, in which a large amount
of residues were fed to a 0.5-m height below the top at a time with 25-GmT amount of residues, had
a burn down time of approximately 14 h before the next experiment [31]. Thus, the S-220 or other
S-types of ACB are designed to run for one day (24 h). On the other hand, when loading fuels with the
BurnBoss, they should be added to 1/3 the depth of the FireBox and additional fuels added when there
is enough space [27,32]. These processes were repeated until the last materials were loaded. Once the
last materials were loaded, the last stage should take one or two hours to burn it down to ash. Thus,
BurnBoss unit can be operated for eight hours a day.

2.2. Description of ACBs Used in the Experiments

The S-220 was a mid-sized model equipped with a 45-kW diesel engine to blow air into the FireBox.
The dimensions of the FireBox used in the S-220 are 6.0-m × 1.9-m × 2.2-m (length × width × height)
with 0.7-m thick steel walls filled with thermo-ceramic materials. This machine type can efficiently
dispose of larger diameter (>20 cm) forest residues [26]. A potential average through-put of burning
ranges from 5 to 7 GmT/h at an average fuel consumption rate of 9.5 L/h [19].

The BurnBoss was a portable prototype machine that can be moved around with a half-ton
pick-up truck and a FireBox that is raised and lowered by a hydraulic lift system. This unit
is only applied to off-road vehicles that do not exceed 60 km/h. The FireBox dimensions are
3.7-m (L) × 1.2-m (W) × 1.2-m (H) with 0.1-m thick thermos-ceramic material walls. It had a small
(9-kW) diesel engine with a fuel consumption rate estimated at 1.1 L/h [19]. Generally, the burning
consumption rate of this technology is approximately 1/2 to 1 GmT/h. The BurnBoss unit was typically
loaded by hand with small (<20 cm) forest residues such as hand-pile residues and windrow along the
road during the burning process.

2.3. Description of Material Types Used in the Experiments

Burning tests were conducted using two ACB machines, S-220 and BurnBoss, in three different
locations. The first test was conducted over three days (4–6 August 2015) on a S-220 unit in a green
waste yard located in Jacksonville, Florida. The S-220 unit was positioned at a designated location
such as large green waste disposal yard or a large open area for an extended time (>6 months or
year) and was used in conjunction with a rubber-tired front-end loader using a standard log grapple.
The species burned for this study were loblolly pine (Pinus taeda), laurel oak (Quercus laurifolia), sand
live oak (Quercus geminate), and myrtle oak (Quercus myrtifolia) trees. These materials were mainly
chunk woods ranging 20 to 40 cm in diameter and 1 to 3 m in length, collected from in-forest, mill
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processing, and urban wood residues (Table 1). For the purpose of our study, we separated the wood
fuels into three different types (softwood, hardwood, and mixed species) at an amount of 25 GmT for
each burning trial test. There was no significant difference in the size and moisture content of fuel
types (p > 0.05).

Table 1. Description of material types and weather conditions for Air Curtain Burner tests in three
different locations.

Locations
Air Temperature

(◦C)
Relative Humidity

(%)
Wind Speed

(km/h)
Average Material Size

in Diameter (cm)

Jacksonville, Florida (S-220)
softwood 30 95

N/A a
27

hardwood 31 87 29
mix 30 85 28

Groveland, California (BurnBoss)
small size (<10 cm) 24 38 1.8 5

large size (10 to 20 cm) 20 60 1.5 20
Volcano, California (BurnBoss installed with ember screen)

fresh residues
small size (<10 cm) 24 29 0.8 6

large size (10 to 20 cm) 20 38 0.5 16
12-months-old residues

large size (10 to 20 cm) 30 36 0.3 16
a Data not avaliable; Note: the wind speed did not affect during ACB burning system.

A second burning test was carried out over two days (26–27 March 2016) with a BurnBoss unit
in a community green waste yard area in Groveland, California (CA). Forest residues used for this
test were from urban and residential fire hazard reduction and landscaping treatments, and consisted
of Ponderosa pine (Pinus ponderosa, 80%) mixed with manzanita shrubs (Arctostaphylos glauca, 20%)
that were less than 6-months in age. A backhoe sorted and piled approximately 10 GmT of two
different fuel sizes; small-diameter fuels (<10 cm) and large-diameter fuels (10–20 cm). Larger than
10 cm fuels in diameter ranged from 1 to 2 m in length, while less than 10 cm materials were in
a variety of lengths and forms. The third burning experiment was conducted in a California State
Park camp ground located in Volcano, CA, USA over three days (13–15 June 2016). The BurnBoss
used for this test was equipped with a cage placed on the top of the FireBox to prevent any embers
from flying from the FireBox (Figure 2). An ember screen is optional to buy and helps avoid the
spread of ember during the loading and burning process [19]. At this site, three different types of
fresh (less than one-month-old or immediately after felling and bucking fuels) and 12-months-old
Ponderosa pine (Pinus ponderosa) residues from commercial thinning operations were burned (Table 1).
The 12-months-old residues burned were only large-diameter (10–20 cm). Fresh residues, which were
from drought or insect damage, were burned immediately after felling and bucking and included small
(<10 cm) and large-diameter (10–20 cm). Large fuels were generally around 1 m in length, but small
materials were in a variety of lengths and forms including leaves. There was a significant difference in
the moisture content of fuel depending on age (p < 0.05).

In both BurnBoss tests, we compared burning consumption rates with hand-pile burning (HPB)
option when burning forest residues on a site. For the purpose of comparison of consumption rates,
the HPB was set next to the ACB unit observed at each day of burning (Figure 4). The HPB was
3.7-m wide × 1.2-m long × 1.2-m high.
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(a) (b)

Figure 4. Comparison of the smoke occur from BurnBoss and hand-pile burning for the same types of
forest residues; (a) Groveland and (b) Volcano, California. BurnBoss burnings shows little smoke and
air pollutants, compared to hand-pile burnings.

2.4. Field Data Collection and Analysis

Prior to burning, the fuel material types were characterized by material species and diameter
for each experiment. To measure burning consumption rates, fuel weights were measured with a
PT300TM RFX portable wheel-load scale (Intercomp, Medina, MN, USA) installed on site. The weight
of testing material used for this study was pre-measured and prepared by the research collaborator,
following the researchers’ requests. Before each burning test, moisture content was measured with
a BD-2100 moisture meter (Delmhorst Instrument CO., Towaco, NJ, USA) by sampling 2 cm thick
cookies of fuel samples for the greater than 10 cm slash piles. For materials less than 10 cm in diameter,
we sampled portions of branches and needles to measure moisture contents. All samples were dried at
105 ◦C for 48 h since it was doubtful to measure a moisture content of fuels. Water content was not
statistically different between BD-2100 and sampling methods (p > 0.05). When performing each test
we also collected weather condition data such as air temperature, humidity, and wind speed using a
Kestrel 3000 (Nielsen-Kellerman Co., Boothwyn, PA, USA) (Table 1).

ACBs’ burning consumption rates (GmT/SMH) for each equipment and material were calculated
using a time and motion study method. The burning times were recorded to the hundredths of a
minute using a stopwatch. We recorded for second loading and burning time only, excluding the
time prior to starting the air blower and burndown stage. This is because the preparation process
was totally independent from operator control in the studied work phase. In addition, although
S-220 and BurnBoss use the same principal of ACB for its burning mechanism, loading and the last
stage, burndown, were different. For this reason, pure burning cycle times were recorded from air
blower startup to second loading (from turned on air blower to when last fuels were loaded) during
the ACB burning. The following describes how the S-220, BurnBoss, and HPB burning cycle times
were measured:

• S-220 burning cycle time: For the S-220 burning test, we started recording the burning time when
the air blower was turned on and stopped right after the last materials were loaded. Further,
to determine the pure burning cycle time, second loading and waiting times sum up to gross-cycle
times and determine to SMH.

• BurnBoss burning cycle time: For the BurnBoss burning test, we started recording the burning
time when the air blower was turned on and stopped right after the last materials were
loaded, producing comparable burning consumption rates (S-220 vs. BurnBoss). In addition,
we continuously recorded until the materials were burned down completely to ash, because we
also focused on feasibility to compare the burning consumption rates of BurnBoss with HPB.
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• HPB burning cycle time: We started recording the burning time when a second loading started
and completed our time measurement when the materials were burned down completely to ash.
Thus, to determine the pure burning cycle time of HPB, second loading and perfectly combustion
times sum up to gross-cycle times and determine to SMH. Additionally, when there were partially
burned larger materials (>10 cm) in the pile, we picked them up and weighed them for evaluating
the burning consumption rate of HPB.

Every test started with a “cold start” method, which means that each burn started on the bare
ground (i.e., no ash from a previous fire) and required the ignition of kindling, followed by the addition
of larger fuels until the fire continued on its own.

The machine rate calculation methods were used to evaluate hourly machine costs for the
ACBs [33]. Fuel consumption rate, machine utilization rate, and wage were collected from the
contractors (Table 2). Overhead or indirect, profit allowance cost, move-in, and transportation of
residues costs were not obtained. Thus, total system costs included only the operational costs associated
with supporting equipment (loader and personnel pick-up truck).

Table 2. Summary of input values and assumptions used to estimate hourly machine cost of S-220 and
BurnBoss systems test in this study. The S-220 system include a loader while the BurnBoss oeprations
were loaded by hand.

Cost Factors S-220 Loader BurnBoss a Pickup Truck

Purchase price(US $) 106,000 135,000 48,900 40,000
Fuel consumption (L/h) 9.5 11.4 0.5 2.9

Utilization rate (%) 75.0 40.0 75.0 7.5
Wage (US $/h) 24.0 24.0 15.0 0.00

Hourly cost (US $/SMH) 53.9 b 19.2 b 28.5 b 0.7
a Excluding ember screen price for the machine used in Groveland and $1000 added to install ember screen for the
machine used in Volcano. b Wage including benefits for one-man crew.

In addition, during the BurnBoss and HPB tests, we measured the flaming temperature (◦C) using
a Therma CAM SC640 IR camera (FLIR Systems, North Billerica, MA, USA) and Amprobe IR-750
thermometer (Amprove, Everett, WA, USA) in 10-min intervals until flame-out for each experiment.
We recorded above the top of the FireBox and piles.

3. Results

The inventory data in Table 3 describe an ACB’s burning consumption rates and cost. The S-220
unit was capable of burning rates of 5.7 to 6.8 GmT/SMH at a cost of US $12.8 and $10.8/GmT,
respectively (Table 3). These burning operations (softwood, hardwood, and mixed species) indicated
that combustion of softwood residues was 15% more efficient than both materials. During these trial
tests, burning consumption rates strongly depended on the species. However, there was no significant
difference in the moisture content of fuel sizes (p > 0.05).

In the BurnBoss tests in Groveland and Volcano, the machine’s combustion rate of disposal
ranged between 0.6 to 1.7 GmT/SMH at a cost between US $17.9 and $47.7/GmT, respectively (Table 3).
The results indicated that there was no considerable difference in burning consumption rate between
fuel size (diameter) less than 10 cm and 10–20 cm under less than 6-months age or fresh conditions.
However, noticeable differences were detected by fuel age (fresh vs. 12-months-old) in Volcano. When
burning 12-months-old residues after the fuel reduction operations, burning consumption rates were
70% greater compared to fresher fuels with a higher moisture content (27% and 36%). In addition,
costs were high (US $47.7/GmT) when disposing of the fresh material.

Burning consumption rates were considerably different between burning options
(BurnBoss vs. HPB), even though the burning experimental material properties were statistically
similar (p > 0.05). The BurnBoss’s burning consumption rate was 40–80% faster than HPB in this case
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study (Table 3). However, the average combustion temperature was not significantly different between
the two burning options (p > 0.05). The smoke as indicated by pictures, is low for BurnBoss burning,
which produced plumes with very low opacity only during the air blower start (Figure 4). For this
reason, the ACB burning system was more an efficient and environmentally sound option to dispose
of forest residues.

Table 3. Burning consumption rate, cost, maximum flame temperature of disposing forest residues
using Air Curtain Burners (ACB) and hand-pile burn.

Locations
Burning Consumption

Rate (GmT/SMH) a
Cost of Disposal

(US $/GmT)
Moisture

Content (%)
Ave. Flame

Temperature b (◦C)

Jacksonville, Florida (S-220)
softwood 6.8 10.8 37

N/A chardwood 5.7 12.8 36
mix 6.0 12.2 33

Groveland, California
(BurnBoss)

small size (<10 cm) 0.7
(0.5 vs. HPB d: 0.3) e 40.9 26 955 (HPB d: 926)

large size (10 to 20 cm) 0.6
(0.5 vs. HPB d: 0.2) e 47.5 27 953 (HPB d: 945)

Volcano, California (BurnBoss installed with ember screen )

fresh residues

small size (<10 cm) 0.7
(0.3 vs. HPB d: 0.2) e 40.9 19 953 (HPB d: 916)

large size (10 to 20 cm) 0.6
(0.3 vs. HPB d: 0.1) e 47.7 36 957 (HPB d: 938)

12-months-old residues

large size (10 to 20 cm) 1.7
(1.3 vs. HPB d: 0.1) e 17.9 17 955 (HPB d: 934)

a Green metric tons per scheduled machine hour; b Average temperature of combustion zone; c Data not avaliable;
d Hand-pile burning method; e Burning cycle time was from air blower turned on to burn it down to ash.

4. Discussion and Conclusions

Utilizing forest residues for production of bioenergy and bioproducts effectively reduce the fire
hazard and emissions from OPB, but collection and transportation of forest residues to power plants is
often cost-prohibitive [4]. For this reason, one of the options used to reduce a huge amount of woody
residues is to incinerate fuels. However, OPB has restrictions and challenges including fire hazards
and emissions. The main contribution of this study was to introduce the environmental friendly forest
residue disposal option of using an ACB and evaluate the economic feasibility. Therefore, this study
was designed to evaluate two types of ACBs (S-220 and BurnBoss) and compare one with pile burning
using a variety of forest residue types. We focused on a burning consumption rate based on the time to
consume the materials loaded until the last materials are loaded. The ACB’s burning consumption
rates ranged between 0.6 and 6.8 GmT of forest residues/SMH at a cost US $47.5 and US $10.8/GmT,
respectively. The S-220 offers a higher (85%) burning consumption rate and incurs a lower cost than
the BurnBoss. The BurnBoss’s burning consumption rate was 40–80% greater than HPB in this case
study. In addition, BurnBoss burning produced much less smoke than the HPB.

We noticed that the S-220 unit was a good fit with a centralized operation with forest residues
delivered for burning, while the BurnBoss could be frequently moved to the place where forest residues
are located. For this reason, we do not suggest that one of the machines might be more effective than the
other. However, it would be helpful to see the burning consumption rates and disposal costs of ACBs to
select an optimal unit that meets operational needs. The burning consumption rate of the BurnBoss unit
was smaller in quantity of fuels than the S-220 operation during our burning tests. A BurnBoss machine
can be cost-effectively used to access the location where a small volume of fuels (e.g., hand-piled slash,
small forest residues volumes along a roadside, and a few scattered drought/insect damaged trees
in public parks) are piled and left for disposal. However, these options are often not carried out on
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harvesting sites due to the inaccessibility of forest roads such as steep, narrow, and winding conditions
and tended to produce higher transportation cost of forest residues [34,35]. Particularly, in the Western
U.S., a typical chip-van had limited access to harvest units due to forest roads that were constructed for
a stinger-steered logging truck [35]. BurnBoss machines are easily transported with half-ton pick-up
trucks [19]. For this reason, this unit was effectively used to remove forest residues that were not
accessible with size reduction machines. In addition, it is effective for disposal of small volume of
fuels such as hand-pile slash, paper trays or small forest residues volumes along a roadside, and a few
scattered drought/insect damaged trees in public parks, which improves financial viability. On the
other hand, the S-220 offers other applications and has the potential to succeed where there are large
amounts of fuels on landing areas and high wildfire risk areas without local bioenergy facilities.

The burning rate or flammability was affected by species [36], moisture content or fuel ages [37,38],
and airflow rate [39]. The calorific heating values (CV), which is defined as the amount of
generating heat energy while a fuel is completely burned, were dependent on the species composition
including differences in lignin content, hemicellulose, and density [40–42]. A softwood had a 10%
greater CV because of the higher lignin content and lower hemicellulose and density than most
hardwood [36,42,43]. Therefore, with S-220 burning activities, softwood burning rate was much higher
than hardwood and mixed fuel tests, which explains in part the increase in CV for softwood burning
relative to hardwood and mixed residues burning activities.

Moisture in fuels is one of the most important parameters in its combustion process and fresh
fuels will not burn easily [44]. Dimitrakopoulos et al. [45] found that slash piles wetted could lead to
a reduction in the combustion efficiency and obstruct ignition. During the BurnBoss tests, burning
consumption rates were 2–3 times greater when disposing of 12-months-old material (17% moisture
content) because the dry fuels require a shorter residence time to burn down to completion compared
to fresh materials. Even though several studies indicated that material properties including size and
volume were the primary factor driving burning rate [46], tree size did not have any effect in this case
study. Thus, we noticed that dried forest residues led to shorter times for the materials to burn down
completely to ash.

Previous studies have been carried out to observe the influence of airflow rate on burning
rates [47,48]. If the amount of air supplied is increased, the combustion rate is greater than a critical
flow rate [47–49]. Particularly, the high velocity airflow creating the air circulation supplied an
oxygen-enriched environment in the FireBox that accelerated the burning process on ACBs burning
system [23,26]. In addition, the high airflow tends to be attributable to a greater burning rates causing
a larger high heat transfer from the flame [24,39], even though the flame temperature were not
significantly different between the BurnBoss and HPB burning tests in this case study. On the other
hand, OPB of fuels was limited by the supply of sufficient oxygen in natural (open-air) condition [50].
As a result, this high-speed air blower boosted and burned fuels more quickly and improved the
burning consumption rates since the airflow rate was better than natural conditions.

ACB machine application can block the fugitive air pollutant emissions into the atmosphere
since high velocity air created an air curtain on top of the FireBox [22,23,26]. Four previous studies,
Fountainhead Engineering, Inc. [22], Zahn [24], Schapiro [26], and Miller and Lemieux (2007) found
that ACB burning methods produced fewer greenhouse gases (i.e., CO), smoke (i.e., PM), and 90%
less opacity than OPB when the air blower velocity was 1600 or 2000 RPM. Therefore, ACB operations
were typically more efficient (e.g., reduction air pollutant emissions and smoke) within an incinerator
compared with an OPB [19,23]. Further, it is expected that burning disposal methods will be adopted in
forests to reduce potential environmental and fire hazards especially at the wildland-urban interfaces.

In conclusions, this was the first study to evaluate the burning consumption rates and costs of an
ACB to better understand a centralized biomass disposal operation concept (S-220) and movable and
mounted on a pick-up truck prototype (BurnBoss) machines. This study’s findings have shown that
S-220 and BurnBoss burning had considerably different burning consumption rates and disposing costs.
Therefore, forest managers should consider the potential benefits and limitations of each machine to
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justify optimization efforts. For example, the BurnBoss is accessible to remote areas by a pick-up truck
and suited for disposing of small size and volume forest residues. The ACB burning option seems to be
commonly adopted in many forests to control emissions, smoke, and embers and to improve oxygen
and heat supply by high velocity of airflow during the burn. Thus, this technology would be much
more efficient and reduces the negative environmental and societal impact of burning forest residues.
Further study is need to compare the weather condition, fuel age, amount of fuel load (i.e., second
loading volume) to find the burning rates.
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Abstract: In order to accommodate foreseen climate change in European forests, the following
are recommended: (i) to increase the number of tree species and the structural diversity; (ii) to
replace unsuitable species by native broadleaved tree species, and (iii) to apply close-to-nature
silviculture. The state forest department of Baden-Württemberg (BW) currently follows the concept
of Forest Development Types (FDTs). However, future climatic conditions will have an impact on
these types of forest as well as timber harvesting operations. This Geographic Information System
(GIS)-based analysis identified appropriate locations for main FDTs and timber harvesting and
extraction methods through the use of species suitability maps, topography, and soil sensitivity
data. Based on our findings, the most common FDT in the state forest of BW is expected to be
coniferous-beech mixed forests with 29.0% of the total forest area, followed by beech-coniferous
(20.5%) and beech-broadleaved (15.4%) mixed forests. Where access for fully mechanized systems is
not possible, the main harvesting and extraction methods would be motor manual felling and cable
yarding (29.1%). High proportions of large dimensioned trees will require timber extraction using
forestry tractors, and these will need to be operated from tractor roads on sensitive soils (23.0%),
and from skid trails on insensitive soils (18.4%).

Keywords: forest operations; timber harvesting; timber extraction; forest development types;
species suitability map

1. Introduction

Since the beginning of the 20th century, anthropogenic greenhouse gas (GHG) emissions [1] have
caused a steady rise in the mean annual temperature around the world. In Germany, the reported
increase from 1881 to 2014 was 1.3 ◦C [2]. Besides the temperature increase, climatic simulations for
Central Europe show changes in precipitation regime. While the annual precipitation may remain
constant, both higher rainfall intensity [3] and more frequent droughts [4] are expected. Given the
current climate change projections, diverse impacts are to be anticipated for forests, such as a northward
shift of several hundred kilometers for single tree habitats [5], an altitudinal shift of 300 to 400 m [6],
extended vegetation periods [7], and changes in biomass increments [8].

To improve resistance and resilience of forests to climate change, it is generally agreed that both
the number of species and the structural diversity of forests should be increased [9]. Resistance and
stability refers to the capacity of a system to absorb disturbances and to forestall impacts [10–12],
whereas resilience is the capacity to recover and to return to the equilibrium or pre-condition state after
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a disturbance/perturbation [11,13,14]. Nevertheless, a major issue in forest management planning is
the prediction of future forest conditions, and identification of species suitable to these future conditions.
This is why projections of species distributions under both climatic and global environmental change
are of great scientific and societal relevance [15]. Different approaches have been developed to identify
the most suitable tree species and management strategies. These include bioclimate envelopes [16],
spatio-temporal site-index predictions [7] or species distribution models [17,18]. As they are mainly
focused on the suitability of individual tree species to expected future environments, they can model
one species at a time in order to map its future spatial range [19]. Bolte et al. (2009) [20] mention the
possibility of integrating these analyses into silvicultural concepts of forest dynamics, e.g., the Forest
Development Type (FDT) approach.

The concept of FDTs was developed decades ago as a strategic approach for: (i) illustrating
long-term goals for forest development in a given locality and; (ii) describing the transition of existing
forest stand types into types that are well adapted to moderate climate change [21,22].

The importance of the concepts of close-to-nature or continuous-cover forestry is widely accepted [23].
Management strategies are increasingly focused on the diversification of vertical and horizontal forest
structures, including a greater diversity of tree species [4]. The implementation of FDTs in Germany [24–26]
follows this principle of favoring site-adapted broadleaved species. Results of the third national forest
inventory showed a 7% increase in the area of broadleaved trees from 2002 to 2012, with the area increasing
from 4,317,236 ha to 4,632,637 ha [27]. Increases in the area covered by broadleaved trees are also reported
in Baden-Württemberg (BW). BW is a Federal state in southern Germany with forests typical for Central
European conditions due to a large variation in altitudes, sites conditions, silvicultural management
approaches, and stands with mixtures of broadleaved and softwood species [28]. At the moment, the most
predominant tree species in BW is Norway spruce (Picea abies H. Karst), which covers 33.5% of the total
forested land base. European beech (Fagus sylvatica L.) is the most common broadleaved species, covering
21.5% of the forested area [29], and it is the naturally dominant tree species [18]. Because climate change
is expected to progress faster than forests can adapt [30], forest management has a particular focus on
these two main tree species. The state forestry department of BW (Forst BW) intended to increase the ratio
of broadleaved trees, particularly by replacing unsuitable Norway spruces with native European beeches,
oaks (Quercus robur L. and Quercus petraea Liebl.), silver firs (Abies alba Mill.) and additional broadleaved
tree species [31].

As a consequence of the tree species shift, an increase of mixed stands with high structural varieties
and changing precipitation regime, changes in the degree of mechanization of felling operations will
likely occur. Given the preference for motor-manual systems (chainsaws) in beech stands, this kind of
operation may likely gain in popularity at the expense of single grip harvesters—which are typical in
coniferous stands—in fully mechanized systems. Moreover, a greater diversity of structures in forests
may favor management regimes based on natural regeneration, single-tree harvest, habitat-adapted
tree species and provenances [4,32].

In addition to the altered tree species composition, future climatic conditions in BW will create
additional constraints on timber harvesting operations. On frozen ground, skidders work more
efficiently and cause less damage due to increased bearing capacity [33]. Because the mean annual
temperature is rising, the number of days with frozen ground during the traditional logging period
in winter is expected to decrease [34,35]. Moreover, the expected 35% increase in precipitation in the
winter season in BW [36] will likely result in higher soil moisture content and wetter soil conditions.
It is highly probable that soil moisture and the water balance will remain high during winter [37],
which is not favorable to any ground-based forest operation [38]. Increased rutting, higher soil bulk
densities, and lateral soil displacement are to be expected with winter operations.

In spite of all these additional constraints, it can be assumed that harvesting will still be carried
out mostly during the winter season because of the increasing proportion of broadleaved trees,
nature conservation aspects and work safety. Therefore, innovative timber harvesting and extraction
operations that minimize soil damage caused by modern technical equipment (e.g., weight, number
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of axles and wheels), as well as appropriate harvesting and extraction methods (e.g., cable, horse,
tethering winches) [5], need to be applied.

The key question addressed in this study is how climate change will affect future timber harvesting
operations. More specifically, the research objectives were to identify, quantify and interpret expected
qualitative changes in forests in BW due to climatic change (“How will future forests look?”); to describe
those forest types that will potentially be the most relevant FDTs in BW; and to identify forest harvesting
operations that are most adapted to expected future conditions in these FDTs.

2. Material and Methods

2.1. Concept, Tools and Data

The study partly relied on a Geographic Information System (GIS) (2015 ESRI® ArcGIS 10.3.1).
Using a GIS to represent the most relevant FDTs and terrain data relevant for forest operations
seemed to be the most adequate approach because (i) most site-relevant data were available in digital
format, and (ii) restrictions and/or site-specific characteristics could be incorporated. This approach,
which consists of combining different GIS layers with specific information, has previously been applied:
to determine suitable areas for short rotation coppices [39,40]; to assess biomass potentials [41–45];
and to select appropriate timber harvesting systems [46,47]. Information about soil type, terrain slope,
and stand composition as well as species suitability maps, which already include climate and site quality
data, were provided by the BW Forest Research Institute (FVA BW) [48]. Additionally, data regarding
soil sensitivity to traffic were also available for map units called regional site units [49] in a Microsoft
Access file (2013 Microsoft ® Access ® 15.0.4857.1000) [48]. These data on the regional site units were
imported into GIS. All input data were collected by forestry departments in 2010 [49], and were compiled
by regional authorities and FVA BW to ensure that all data collected in BW were reported in the same
format and at the same level of detail.

2.2. Species Suitability Data

The collection of data on the suitability of tree species in BW started in the 1970s [50], but the
resulting “maps were originally based on expert knowledge of the site classification” [18]. The current
species suitability predictions, provided by the FVA BW [48], were based on a statistical model which
predicted the presence or absence of a tree species under given climatic conditions. The statistical
approach is described by Hanewinkel et al. [18]. The original “presence/absence information per
species [was] derived from the ‘Data on Crown Condition of the systematic grid (16 × 16 km)’
(Level I) from the ‘International Co-operative Programme on Assessment and Monitoring of Air
Pollution on Forests’” [18]. The presence/absence data were coupled with site-specific tree physiology
values (mostly based on temperature and precipitation) before being statistically analyzed to identify
correlations [51]. Thirty-arc-second tiles were used as spatial resolution for climate data [18]. In order
to predict the species suitability to future climatic conditions, the values of explanatory variables were
changed to match expected climates for the year 2050. The mean annual temperature was increased
by about 2 ◦C, whereas the mean annual precipitation was decreased by 25 mm, mainly during the
vegetation period [31]. The model generated maps of predicted probabilities of observed species.
In a further step, detailed site classification information was analyzed by experts in order to provide
information about the following attributes of the species [50,51]:

1. Competition strength
2. Soil protection
3. Growth performance
4. Stability
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With these four attributes, the FVA BW generated a database that contained the potential
of different tree species to grow under climatic conditions predicted for 2050 in each of the 5023
regional-site units. The tree suitability map had a resolution of 1:50,000 [51].

Each attribute was assigned a value on the scale from best to poorest, representing the suitability of
tree species. ‘Competition strength’ took into account both the regeneration and the competitiveness of
mature trees. ‘Soil protection’ considered the impact of the species on both humus and soil (e.g., the root
depth). ‘Stability’ included biotic and abiotic dangers, and finally, ‘growth performance’ reflected the
volume growth or market value [48].

Based on the ranking of the four attributes, an overall assessment of tree species suitability for each
regional-zonal site unit was expressed using a six-category classification, with classes ranging from
biologically important to inappropriate. In this study we focused on the site units that were ranked
as ‘biologically important’, ‘very suitable’, ‘suitable’, and ‘possible growth’, since they represented
the tree species suitable to future climatic conditions. On specific sites, some tree species were
considered biologically important for humus formation, soil protection or for protective forests [48],
and were therefore assessed manually. The decision matrix for assessing tree species suitability
showed 135 possible combinations between the different values of the four above-mentioned attributes
(Table 1). The matrix with all possible combinations for the tree species suitability classes ‘very suitable’,
‘suitable’, and ‘possible growth’ is shown in Table 1. For the sake of simplicity, we did not show the
combinations that would lead to determining unsuitable tree species [52].

Table 1. Matrix for the assessment of tree species suitability for the classes ‘very suitable’, ‘suitable’,
and ‘possible growth’. The attributes ‘competition strength’, ‘soil protection’, and ‘performance’ are
assigned values from best (1) to poorest (3), and the attribute ‘stability’ from best (1) to poorest (5)
[52]. As an example of how the matrix works, we enclose one possible combination in red. It shows
that a tree species is considered as suitable on a regional-zonal unit when the competition strength
is assigned a value of 2, soil protection a value of 3, and stability and performance with values of
1 respectively.

Very
suitable

Competition strength 1 2 3 1 2 1 1
Soil protection 1 1 1 2 2 1 1
Stability 1 1 1 1 1 1 2
Performance 1 1 1 1 1 2 1

Suitable

Competition strength 3 1 2 2 1 1 2 3 1 2 1 1 1
Soil protection 2 3 3 1 2 1 1 1 2 2 3 1 1
Stability 1 1 1 1 1 1 2 2 2 2 2 2 3
Performance 1 1 1 2 2 3 1 1 1 1 1 2 1

Possible
growth

Competition strength 3 3 2 1 1 1 3 2 2 1 1 2 3 1 1 1 1 1 1
Soil protection 3 1 2 3 2 3 2 3 1 2 3 1 1 2 3 1 1 2 2
Stability 1 1 1 1 1 1 2 2 2 2 2 3 3 3 3 3 4 4 2
Performance 1 2 2 2 3 3 1 1 2 2 2 1 1 1 1 2 1 1 3

2.3. Derivation of FDTs from Species Suitability Data

The concept of FDTs is currently in use in several federal states of Germany and Denmark [22,25,26,53].
It is applied in the state forests of BW, and supported by guidelines which describe 17 FDTs [24].
For a given set of climatic and stand conditions, the FDT description includes information about
species distribution, rotation length, regeneration dynamics, forest management activities (tending,
thinning and final cutting [28]) and timber assortments [54]. This study focused on six particular FDTs,
which are described in Section 2.4. The FDTs were selected according to their current and predicted
tree species: Norway spruce, beech, silver fir and oak. Altogether, these six FDTs covered 82% of
the analyzed 379,215 ha forests managed by Forst BW. These public forests represented 27.6% of the
forest area in BW. The area of the dataset is 424,160 ha, from which 44,945 ha were unsuitable for this
study, as information was missing. The spatial extent and location of the study area is shown together
with the total forest area of BW in Figure 1 [55], because for the interpretation the relevance of FDT in
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different areas, the remaining forest area is important. The main tree species in the state forest of BW
are spruce (32.6%), beech (24.6%), silver fir (8.3%) and oaks (6.5%) [56]. This differs slightly from the
overall composition of all forests in BW.

Figure 1. Spatial extent and location of the analyzed area (in grey) in comparison to whole
Baden-Württemberg (BW) forest (in green) with the natural regions of third level (black lines), adapted
from [55].

We followed the same assumptions as those outlined in Witt et al., Forst BW and Saar Forst [21,24,57]
about the shares of species. Very suitable sites were assumed to allow the growth of a dominant tree
species, meaning that the dominant tree species on these sites accounted for more than 50% of the area.
The class ‘possible growth’ indicated that a tree species could reach proportions of between 20% and
50% of the area composition, and therefore represented an important associated species.

In addition to the species suitability, we favored conifers over broadleaved tree species on sites
where both were ranked suitable. Conifers represent more than 66% of the total harvest in BW [58]
and annual incomes from coniferous forests are around 100 €/ha higher than those from broadleaved
forests [59]. Given the economic importance of coniferous species, it seemed reasonable to assume that
forest managers would have a preference for these species whenever they are suitable. The resulting
derivation of future FDTs on the tree species suitability data is represented in Figure 2.

2.4. Forest Development Types

Coniferous-beech-mixed forests (FDT1)

FDT 1 contains silver fir covering up to 60% of the total forest area. However, spruce and
Douglas fir (Pseudotsuga menziesii Franco) may also make up high proportions on specific and
suitable sites. Overall, the proportion (by area) of the dominant coniferous tree species is 50–80%,
while the proportion of beech ranges between 10 and 50% [21]. Other suitable broadleaved tree
species are sycamore maple (Acer pseudoplatanus L.), European hornbeam (Carpinus betulus L.), and ash
(Fraxinus excelsior L.). Between 30–50% of the whole merchantable biomass comes from diameters of
large dimension, with a diameter at breast height (DBH) greater than 50 cm [24].
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Figure 2. Flowchart of the Geographic Information System (GIS) analysis to determine Forest Development
Types (FDTs) from species suitability data and timber harvesting and extraction operations from site
information and trafficability data.

Beech-coniferous-mixed forests (FDT 2)

Beech-coniferous-mixed forests are dominated by beech trees (40–80% of the total area) and mixed
with coniferous trees—mostly spruce or pine (Pinus sylvestris L.)—covering up to 40% of the total
area [24,57]. In this FDT, beech is always the dominant tree species and the production goal is high
quality beech timber of large dimension (DBH of 60 cm). Lower quality trees and conifers are harvested
at DBH of 50 cm [24].
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Reduced risk spruce forests (FDT 3)

In this FDT, the rotation lengths would be reduced to 40–60 years, during which DBHs of 40 cm
can be reached [60]. The reduction of rotation length may help to limit damage by some of today’s most
prominent forest issues, e.g., windthrow, cambium-feeding insects, and root rot [61]. Under this new
management strategy, this type of forest is expected to produce high quantities of wood for material
usage, mostly lumber, because the proportion (by area) of coniferous tree species (mostly spruces),
at 60–80%, is very high [24].

Silver fir forests (FDT 4)

This FDT targets high proportions of coniferous species with mainly silver fir and spruce.
Commonly, wood production is oriented towards large diameters (DBH 50–80 cm) [24]. Mixture with
beech is common, but beech is not dominant. Particularly when single tree selection systems—also
known as Plenterwald [62]—are applied, the proportion (by area) of beech never exceeds 20% [24,57].

Oak-mixed forests (FDT 5)

Common oak and sessile oak forest types are grouped into this oak-mixed forest type. The proportion
of oak species is high (at 60–90% of the total area in mixed forests) [24].

Beech-broadleaved-mixed forests (FDT 6)

This FDT has beech proportions (40–80% of the total area) similar to those of the beech-coniferous-mixed
forests (FDT2). In addition to beech, sycamore maple, cherry (Prunus avium L.), oak and ash are the most
predominant species on the sites. Coniferous tree species can be found as an admixture, representing up to
20% of the total area [24,57].

By combining the different layers of species suitability, topography and site sensitivity, it was also
possible to prescribe optimal logging operations to the FDTs (Figure 2). Moreover, it was possible to
assign a FDT to each site unit under the climatic conditions predicted for 2050.

2.5. Timber Harvesting and Extraction Systems

2.5.1. Soil Sensitivity

Technical terrain classification is based on three criteria: terrain slope, ground condition (bearing
capacity), and ground roughness (microtopography). In our study, we focused on assessing terrain
slope and soil sensitivity based on ground conditions, since microtopography data were not available
for the whole study area.

Soil compaction and displacement are important aspects in forest operations [63–65]. Soil sensitivity
represents the risk of irreversible soil disturbance due to machine traffic. Irreversible soil disturbances
should be avoided in order to secure all the natural processes that occur in the soil, which ensure
a preservation of forest ecosystems and maintain optimal productive functions in forests [66]. Our analysis
was based on the soil texture for each regional site unit in the Microsoft Access file grouped into classes
(Table 2) which were integrated as GIS-layers. The varying vulnerability of different soils to traffic
was already classified by Wiebel [49], who grouped different soil textures into the classes (i) sensitive;
(ii) insensitive, and (iii) partly sensitive [48] (Table 2).
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Table 2. Risk of soil disturbance from machine traffic according to soil texture, adapted from Wiebel [49],
where “−“ indicates that soils are insensitive to traffic; “+” indicates that soils are sensitive to traffic;
and “+/−“indicates that soils are partly sensitive to traffic.

Soil Texture Sensitivity

Clayey +
Loamy-clayey +/−

Silty-loamy + clayey +
Silty-loamy +

Loamy +
Loamy; sandy +/−

Gravelly −
Rocks −

Varied; diverse +/−
Organic +/−
No data n.a.

2.5.2. Topography

Regarding the topography, the slopes of each regional-zonal site unit were already classified by
the FVA BW [48] in a GIS-layer into (a) lowlands and easy slopes (<30%); (b) medium slopes (30–45%);
(c) steep slopes (>45%) and (d) others (e.g., gorges) [48,67]. The mapper overruled this classification
in cases where specific site aspects may cause difficulties for logging operations on easy to medium
slopes [48]. For example, both low infiltration and low bearing capacity are an indication for sites
which could be overruled by the mapper.

Soil sensitivity was combined with slope classes. These two properties determine the risk of
soil compaction and displacement, which are the main soil disturbances caused by vehicle traffic on
forest floors [68,69]. This occurs mainly during extraction operations [70]. In addition to contributing
to technical difficulties, terrain steepness also causes slippage [38] as well as erosion through runoff
and soil loss [67,71] meaning that the highest soil deterioration level was experienced on slopes with
inclinations above 20% [72].

Therefore, three in-stand transportation modes were identified with regard to both soil sensitivity
and terrain (Figure 3): (1) Skid trails (ground-based forest operations on skid trails); (2) Tractor roads
(ground-based forest operations on tractor roads) and (3) Road-based operations or cable yarding
(no off-road traffic).
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Figure 3. In-stand transportation modes with regard to soil sensitivity class and topography, focusing
on timber extraction mode; where (1) indicates that traffic is possible (ground-based forest operations
on skid trails); (2) indicates that low traffic is possible (ground-based forest operations on tractor roads);
and (3) indicates that traffic is not possible (road-based operation/cable yarding).
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2.5.3. Wood Dimensions

The DBH is a limiting factor for mechanized timber harvesting operations, depending on the type
of harvester head [46]. Although harvester heads designed for diameters as large as 102 cm exist, 60% of
the harvester heads on the European market have a smaller maximum felling diameter [73]. This large
range in maximum felling diameters made it impossible to define a DBH limit for mechanized fellings.
Kühmaier and Stampfer (2010) [46] reported a 50 cm DBH limit for mechanized fellings in softwood
stands. Nevertheless, no harvester head specifically built for temperate European broadleaved tree
species is on the market at this stage, and development focus is on diameters up to 35 cm [74].
Therefore, we assumed that felling would be carried out motor-manually whenever the DBH exceeded
50 cm for coniferous, and 35 cm for broadleaved tree species (Table 3).

When it comes to extraction, the choice of machine is restricted not only by terrain but also by
the technical extraction mode and the volume or DBH of the trees (Table 4). For example, horses and
small forestry crawlers can skid down slopes up to 45–50% [75–77], and drag volumes up to 0.6 m3

and 1.2 m3, respectively [78,79].

Table 3. Applied harvesting systems with regard to terrain slope and DBH.

Felling Mode Slope Tree Species DBH (cm)

Chainsaw Any Any any DBH
Wheeled harvester Easy Conifers <50
Wheeled harvester Easy Broadleaves <35

Tracked/tracked wheel
harvester Medium Conifers <50

Tracked/tracked wheel
harvester Medium Broadleaves <35

Table 4. Applied extraction systems with regard to terrain slope, log length and diameter at breast height (DBH).

Hauling Mode Slope Harvesting System DBH or Volume

Skidder Easy to medium Tree-length/whole tree Any
Forwarder Easy to medium Cut-to-length Any

Small forestry crawler Easy to medium Tree-length/cut-to-length <1.2 m3

Horse Easy to medium Tree-length/cut-to-length <0.6 m3

Cable yarder Any Tree-length/whole tree Any
Ground carriage Easy to medium Tree-length/cut-to-length Any

To avoid stand damage and damage to natural regeneration, tree-length and cut-to-length operations
were preferred.

2.5.4. Others Constraints

In BW, clearcuts exceeding an area of 1 ha need approval from the state forest authority [80].
Consequently, they play a minor role and were not considered in this study. Considering this, selective
cuttings were assumed to be standard logging operations for final cuttings.

The cutting cycles of FDT 1, FDT 2, FDT 4 and FDT 6 were assumed to occur twice every 10 years with
harvesting volumes corresponding to the volume increment [24]. FDT 3 (Reduced risk spruce forests) was
assumed to be under selective logging—also known as Femelschlag—treatment, with thinning operations
carried out every five years between 25 and 55 years of age, and final felling at 60, 65 and 70 years of
age [60]. According to Forest Stewardship Council (FSC) standards for the region [81], the maximum
cleared area during timber harvesting was set to 0.3 ha for all species, except oak and pine forests.
For oak-mixed forests (FDT 5), the cleared area can be extended to 1 ha [81] (small-scale clear-cut) while
still ensuring natural regeneration since oak is a species with intermediate shade tolerance.
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3. Results

3.1. Forest Development Types

Conducting the GIS analysis made it possible to predict the location of the FDTs in 2050 in
light of the expected climate change (Figure 4), namely a temperature increase of around 2 ◦C and
a precipitation decrease of around 25 mm.

Coniferous-beech-mixed forests (FDT 1)

Under the above defined selection of the FDT layers, the main future forest type in BW state
forests is expected to be coniferous-beech-mixed forest (FDT1) (Figure 4), with an area of 109,885 ha
(29.0% of the study area). Results pertaining to the main coniferous tree species for this FDT indicated
that 83,702 ha would be more favorable to silver fir (22%) than to spruce (7%).

Beech-coniferous-mixed forests (FDT 2)

At 77,736 ha (20.5%), beech coniferous-mixed forest types (Figure 4) are likely to be appropriate
silvicultural options for responding to climate change.

Reduced risk spruce (FDT 3) and silver fir forests (FDT 4)

The results showed that risk-lessened spruce (Figure 4) and silver fir forests (Figure 4) will cover
21,053 ha (5.6%) and 8112 ha (2.1%) respectively. In contrast to reduced risk spruce FDT, silver fir
forests (FDT4) are likely to occur mostly on sites where beech and spruce are not suitable but where
silver fir is biologically important.

Figure 4. Location of the Forest Development Types (FDTs) in 2050 in BW state forests. In green:
Coniferous-beech-mixed forests (FDT 1); in red: Beech-coniferous-mixed forests (FDT 2); in yellow:
Reduced risk spruce forests (FDT3); in brown: Silver fir forests (FDT 4); in blue: Oak-mixed forests (FDT5);
in pink: Beech-broadleaved forests (FDT6); in grey: Whole BW forest.
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Oak-mixed forests (FDT 5)

The oak-mixed forest type includes common oak and sessile oak forest types (Figure 4) with high
proportions of oak. The total area covered by this FDT will amount to 38,782 ha (10.2%).

Beech-broadleaved-mixed forests (FDT 6)

The beech-broadleaved-mixed forests (Figure 4) contain a similar proportion of beech (40–80%)
to that of beech-coniferous-mixed forests. This FDT will represent an area of 58,571 ha (15.4% of the
study area).

Remaining forest area

The aforementioned FDTs (1–6) are expected to cover 82.8% of the state forest of BW. The remaining
17.2% of the state forest of BW will be covered by other forest types. The main coniferous tree species
may be European larch (Larix decidua), scots pine and Douglas fir or maple, ash, basswood and cherry
as examples of broadleaved species.

3.2. Slope and Soil Sensitivity

The forest area analyzed with respect to slope classes as described in Section 2.5 is shown in Figure 5.
The majority of the forest areas (55%) were located on lowlands and easy slopes. The proportion of soils
sensitive to traffic was 33.5% with a majority of these located on lowlands and easy slopes (25.5%) with
limited off-road traffic (Figure 5). Areas with greater terrain slope had lower proportions of soils sensitive
to machine traffic.

This was supported by a GIS analysis showing that lowland sites suitable for broadleaved tree species
were often more sensitive to traffic than hilly sites suitable for conifers, as shown in Table 5 for FDT 3, FDT 5,
and FDT 6 (Reduced risk spruce, Oak-mixed and Beech-broadleaved-mixed FDTs, respectively).
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Figure 5. Distribution of the analyzed forest area with regard to topography and soil sensitivity to
traffic (light grey: insensitive, dark grey: partly sensitive and black: sensitive), as a percentage of total
forest area.
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Table 5. Distribution of slope and soil sensitivity classes for three Forest Development Types: Risk
reduced spruce forests (FDT 3), oak-mixed forests (FDT 5), and beech-broadleaved-mixed forests
(FDT 6), in ha and %. The percentages are related to the area of each FDT respectively.

Slope Class Soil Sensitivity FDT 3 (Spruce), in ha FDT 5 (Oak), in ha FDT 6 (Beech), in ha

Lowlands and
Easy slopes

Insensitive 6965 (33%) 3898 (10%) 2302 (4%)
Partly Sensitive 2124 (10%) 2478 (6%) 11,670 (20%)

Sensitive 1654 (8%) 18,012 (46%) 15,246 (26.0%)

Medium Slopes
Insensitive 3404 (16%) 5012 (13%) 2643 (4%)

Partly Sensitive 1336 (6%) 2543 (7%) 5845 (10%)
Sensitive 927 (4%) 2193 (6%) 5225 (9%)

Steep slopes
and Others

Insensitive 2813 (14%) 3208 (8%) 9343 (16%)
Partly Sensitive 1516 (7%) 1079 (3%) 2992 (5%)

Sensitive Sum (ha) 314 (2%) 21,053 359 (1%) 38,782 3305 (6%) 58,571

3.3. Harvesting and Extraction Operations

Timber harvesting operations depend on varying factors such as forest type including species,
tree dimension and quality, terrain slope and soil sensitivity. For the six selected FDTs, main harvesting
and extraction methods (L) were determined (Figure 6 and Table 6), resulting in six different harvesting
systems. Three different systems were applicable in each FDT. Overall results showed that a cable
yarding system (L1) would be used on 29.1% (314,139 ha) of the total forest area. In the steep terrains,
this figure would be 22.8%, and in terrain with medium slope, 6.3% (Table 6). It is very likely that the
higher proportion of broadleaved trees in future forests will lead to an increased use of forestry tractors,
because of both mandatory manual felling with optional cable support, and the limited trafficability
of these sites. Operations will be conducted from tractor roads (23.0%) on sensitive soils and on
medium slopes, whereas on insensitive soils, tractors will be operated on skid trails (18.4%) (Table 6).
The combination harvester-forwarder could still be used in forests (i) with high proportions of conifer
trees; (ii) with skid trail distances of 40 m when supported by chainsaw-felling (15.0%), or (iii) with
skid trail distances of 20 m (4.0%) as a fully mechanized system (Table 6). On more sensitive soils,
a combination of harvester and ground carriage or cable yarder is recommended (10.5%) (Table 6).

Table 6. Proportion of different felling and hauling systems (in %) applied in six selected Forest
Development Types (FTDs) in Baden-Württemberg (BW). TR: tractor road, ST: skid trail.

Timber Harvesting and Extraction System Used Abbreviation Forest Area (%)

Chainsaw & Cable Yarder
 

29.1

Chainsaw & Forestry tractor + Forwarder (TR)
 

23.0

Chainsaw & Forestry tractor + Forwarder (ST)
 

18.4

Chainsaw + Harvester & Forwarder (ST)
 

15.0

Chainsaw + Harvester & Ground carriage/cable yarder
 

10.5

Harvester & Forwarder (ST)
 

4.0
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Insensitive Partly sensitive Sensitive

in %
Easy 7.0 3.1 7.2

Medium 4.9 2.3 0.5
Steep & other 6.1 3.0 0.9

in %
Easy 2.4 3.4 7.1

Medium 3.4 2.3 2.3
Steep & other 1.8 1.6 0.5

in %
Easy 2.2 0.7 0.5

Medium 1.1 0.4 0.3
Steep & other 0.9 0.5 0.1

in %
Easy 0.0 0.3 0.3

Medium 0.0 0.1 0.9
Steep & other 0.1 0.1 0.9

in %
Easy 1.2 0.8 5.7

Medium 1.6 0.8 0.7
Steep & other 1.0 0.3 0.1

in %
Easy 0.7 3.7 4.9

Medium 0.8 1.9 1.7
Steep & other 3.0 1.0 1.1

Sl
op

e

Soil Sensitivity

FDT 1 (Coniferous-beech-mixed forests)

FDT 2 (Beech-coniferous-mixed forests)

FDT 5 (Oak-mixed forests)

FDT 6 (Beech-broadleaved-mixed forests)

FDT 3 (Reduced risk spruce-forests)

FDT 4 (Silver fir forests)

Figure 6. Proportion (in %, relative to the total area) of the application area of different logging
operations (L) regarding the Forest Development Types (FDTs), where any insensitive soil class indicates
that traffic is possible (ground-based forest operations on skid trails); a partly sensitive soil class
indicates that low traffic is possible (ground-based forest operations on tractor roads); and a sensitive
class indicates that traffic is not possible (roadways/cable yarder forest operations) (c.f. Figure 3). L1 to
L6 as described in Table 6.

4. Discussion

4.1. Advantages of Applied Methods

The use of GIS to identify Forest Development Types that will be relevant in the future turned out
to be a powerful planning tool. GIS has great potential, given that data are increasingly available in
digital format, and that data queries can be conducted quickly and large areas can be easily included in
analyses. To the best of our knowledge, no study has addressed the future location of FDTs. Most of the
assessments found in literature do not consider the actual location of future forests when estimating
biomass potentials, interpreting qualitative changes in forests, or developing suitable harvesting
operation strategies. By including the location, it was possible for the first time to derive harvesting
systems that consider local constraints, such as soil trafficability and topography, for these forest types.
We managed to quantify the expected changes in forest operations, to show trends in timber harvesting
operations and to make recommendations for stakeholders.
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4.2. Tree Species Composition

Climate envelope models conducted for BW show the lability of spruce forests to future climatic
conditions in the lowlands [7,17]. This is one of the reasons why the proportion of spruce trees has
been continuously reduced over the last 30 years as a management objective: the proportion declined
from 43.5% in 1987 to 34.0% in 2012 for all forest land in BW [56]. One main policy objective of
Baden-Württemberg is to achieve equal proportions of coniferous and broadleaved tree species at
least in state forests [4]. Therefore, this study considers that in future forests spruce, silver fir, oaks,
and beech will together represent more than 80% of the state forests of BW. Our results showed that
coniferous species (spruce and silver fir) would be the dominant species in 37% of future forests
whereas broadleaved species (beech and oak) would be dominant in 46%. This is clearly in line with
results from Reif [4], who estimated that spruce and silver fir would grow on 39%, beech on 31% and
oak on 8% of the future forest land base. Other authors have used climate envelope models to predict
the future range and shifts of single tree species (mostly spruce and beech) in Europe, in Germany and
in BW [6,7,17,82]. Our results showed that there would be a continuation of the trend of decreasing
shares of conifers, as the proportion of forest types dominated by spruce or silver fir in state forest
in BW is predicted to decline from 47.7% [83] to 37% by 2050. This situation will likely be a major
issue for the wood processing industry, which mostly depends on softwood [84]. Softwood timber
is of particular importance to the European construction sector [85]. The use of timber for structural
products shows the greatest potential for global climate change mitigation compared to any other
use of wood [86], which is mainly due to the substitution of carbon-intensive materials [30] and the
long-term carbon storage of construction wood products [84].

Our results showed that the area covered by broadleaved trees will likely increase in the future.
Several studies have shown the benefits of admixture of broadleaved species in conifer stands as they
play a key role in forest stability and adaptation of forests to pathogens, storms and climate change.
It is generally agreed that mixed stands are more resistant to biotic and abiotic disturbances [30,87]
because “with an increasing number of functionally different species, the probability increases that
some of these species can resist external disturbances or changing environmental conditions” [88].
Native European deciduous trees tend to be less affected by climate change than conifers [6].
In particular, the susceptibility of Norway spruce to natural hazards is much greater than that of
beech, the most common tree species in BW. Moreover, a significant reduction of the financial risk can
be achieved by mixing large blocks of broadleaved species with conifer stands [87]. In line with the
current management strategy, beech and oaks are increasingly admixed in spruce and pine forests [30].

Non-native tree species are likely to become more important economically. Douglas fir, red
oak (Quercus rubra L.) and Japanese larch (Larix kaempferi Carr.) have good adaption potential as
climate conditions in their native growing regions are similar to those predicted for parts of Germany
(Hickler et al., 2012). Douglas fir is often seen as a promising silvicultural option. This is supported by
the German Federation of Forest Research Institutes (DVFFA) [89], whereas the German Federal Agency
for Nature Protection (BfN) classified Douglas fir as an invasive species resulting in recommendations
for limiting its growing area [90].

4.3. Adaption of Species Composition

The study focuses on a temperature increase of around 2 ◦C by 2050. Simulations and climate
projections for the end of the 21st century showed that global warming will probably lie between 1.7
and 4.4 ◦C [91]. The higher the temperature increase, the more uncertain the predictions of tree species,
FDTs and adapted forest operations are. If the temperature increase exceeds 2 ◦C, the adaption of
existing forests will become limited [16,92]. Research on phenotypical plasticity at the single tree level,
as well as on evolutionary adaption at a population level is needed.

The objective of changing forest structure and composition in order to increase the resistance and
resilience of forests, is a challenge considering the long rotations under current management practices.
The development towards more mixed woodland is a long-term process, and many stands first need to
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grow to an age where the forest can be converted [25]. The transition from current forests to the FDTs
should be a fluent transition with adaptive management. The aim is to enable the FDTs to respond
to change. The response option facilitates the transition to new conditions [12]. This study focused
on the timber harvesting and extraction systems from future FDTs, and the transition state were not
considered. The adaptive transition management has to be defined on a local scale, depending on
current species composition and future FDTs. For some specific cases, Forst BW published silvicultural
guidelines [24].

For private forests, the related costs and efforts could hinder the owners to apply adaptive
management. Moreover, as the current income from conifer forests is much higher than those from
broadleaved forests, private owners may be reluctant to adopt new management practices. Since 36%
of BW forest land belongs to private owners [56], it is essential to support private owners for the
success of climate change adaptation policies. The shift in the species composition within the time
frame 2050–2100 will not be achieved on all forest areas, but it should be seen as a goal to initiate
adaptive management no later than 2050.

4.4. Topography

Our findings showed that 55% of the forest area is located within the lowlands and easy slopes
class. Previously, the third national forest inventory from 2012 (BWI3) found that 73% of the whole
forest area in BW has a terrain slope below 30% [29]. This difference may result from the mapping
methodology. The guideline [48] defines that lowlands and easy slopes have a maximum inclination
of 30%; however, the mapper can overrule the classification and move the topographic class “lowlands
and easy slope” into the class “medium slope”. Differences also occurred regarding steep slopes.
According to the BWI3, 18% of BW forest land area has a slope above 41%. In comparison, the data
of our study assessed that approximately 24% of the area was on steep slope. It is obvious that
the mapper over-evaluated the slopes in order to include site specificities that hamper harvesting
operations. This is considered advantageous, since the resulting trafficability becomes more realistic.

4.5. Soil Sensitivity

The use of heavy machinery in forest management has significantly increased. It enhances
productivity, reduces occupational health and safety risks, and lessens stand damage, but may
seriously damage forest soils [64,93]. Soil compaction is a major cause of human-induced forest
soil degradation [68] and “has been considered a principal form of damage associated with logging,
restricting root growth and reducing productivity” [94]. Soil protection is becoming increasingly
important [95], and even more soil protection will be needed in order to ensure a sustainable
long-term wood supply with aggravating weather conditions [34] such as shorter frozen ground
periods and higher precipitation are expected in winter, and this will have an impact on low risk traffic
possibilities [96]. Conducting timber harvesting and extraction operations in late summer/early fall
could offer low risk traffic opportunities [96].

Small-scaled mapping of soil types and sensitivity assists in the choice of adapted harvesting and
extraction methods. Our results concerning soil sensitivity showed that around 30% of forest soils in
BW could be considered sensitive to traffic, which is in line with further literature: Berleth et al. [97]
even figured a proportion of 41%.

Soil water balance was indirectly included in the analysis as an input parameter for the species
suitability map. However, water balance might be a useful additional layer to more precisely determine
soil sensitivity as ”the severity of compaction caused by forest machinery is greatly influenced by soil
water content” [98].

4.6. Changes in Timber Harvesting and Extraction Systems

There is quite a variety of timber harvesting and extractions systems applied in BW. Nevertheless,
the BWI3 quantified the forest area according to forest operation conditions. According to the BWI3,

57



Forests 2017, 8, 298

on 73.6% of the state forest area, any timber harvesting and extraction system can be used [29].
Furthermore, on 8.7% of the forest state area, only machines dedicated for steep terrain can operate
and on 15.1%, no off-road traffic is possible [29]. These values do not consider tree species or tree DBH.
To assess actual timber harvesting and extraction systems we had to make the following assumptions
on terrain where off-road traffic was possible: (i) broadleaved trees are felled motor-manually
and extracted by skidders and (ii) conifers are felled by harvesters and extracted by forwarders.
Considering these tree species-based assumption, we were able to give a rough overview of current
forest operations. Motor-manual systems with ground-based timber extraction would be used on 45%,
harvester-forwarder systems on 40%, and motor-manual systems with cable yarder extraction on 15%
of the state forest area.

Following these assumptions, the area harvested using harvesters will decrease from 40 to 30%
and extraction based on forwarders even more from 40 to 19% in future. Compared to our results, the
importance by area of cable yarding systems will nearly double from 15 to 29%, whereas the area with
motor-manual felling and skidder extraction will remain quite constant.

4.7. Machinery

The changes in tree species composition and the growing awareness of forest soil protection may
induce major technical changes for harvesting and extraction machines. The increasing number of
heavy machinery, especially harvesters and forwarders, could easily lead to an over-capacity [99].
On the other hand, new technologies such as the lowland-cable-yarder, six- and eight-wheeled forestry
tractors, tire width and inflation pressure, as well as cable-assist systems, help to reduce negative
impacts on soil [38,100,101]. Nevertheless, such technologies (especially the lowland-cable-yarder and
cable-assist systems) still need to demonstrate economic feasibility. Cable-assist systems are becoming
increasingly common, but only a few studies have been published, and “the actual implementation and
understanding of its limitations, is in its infancy” [102]. Therefore, and because “no European country
has yet implemented specific cable-assist rules” [102], we were not able to incorporate cable-assist
systems for steep slopes and sensitive soils in our study. The use of cable-assist systems could replace
cable yarding operations on some sites. Therefore our estimate of cable yarding proportions could
be overestimated.

The higher proportions of broadleaved trees may also change the usage of machinery on site.
For safety reasons, it is useful to use a winch to support the felling process by pulling down the trees.
This allows a controlled felling of the tree in the planned felling direction. Winches, small forestry
crawlers, or forestry tractors equipped with winches can be used, and might become more popular
for logging operations. Therefore, we recommend the use of special forestry tractors with winches.
Finally, the use of harvesters for the felling and processing of both conifers and broadleaved trees may
improve felling productivity, as well as work safety [103].

For future harvesting and extraction methods, it may be possible that autonomous or semi-autonomous
systems will become popular. Autonomous forwarders are believed to have considerable commercial
potential as they are more profitable [104,105]. However, some technical challenges are still associated
with automating machines [106]. Potential is therefore seen for autonomous direct-loading systems,
where a conventional harvester places processed trees directly into the bank of an autonomous
forwarder [106] which could be a ground carriage system such as, for example, the ground carriage
Pully developed by Konrad (Konrad Forsttechnik GmbH, Preitenegg, Austria) [107].

5. Conclusions and Outlook

In order to discuss the impact of climate change on forest structures and future harvesting
operations and to map the location of the FDTs, a regional case study was performed using GIS. It was
possible to prescribe distinct operations for different areas and types of forests in the state forests of
the BW region. The analysis showed that, within the time horizon 2050–2100, coniferous-beech-mixed
forests will probably be the main forest type in the state forest of BW, covering 29% of the total forest
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area. Moreover, continuous tree cover (the German “Dauerwald” concept [62]) will be applied to at
least 67% of the forest area, which will certainly lead to changes in forest operations. Using trafficability
classes, which are dependent on terrain slope and forest soil sensitivity to traffic, it was possible to
provide recommendations regarding harvesting and extraction systems for each FDT. Data availability
of current forest composition coupled with current forest management practices would be a nice asset
for comparing our results to present forest operations.

Among the analyzed FDTs, 50% of the area with slopes lower than 30% has soils that are
extremely sensitive to traffic. Additionally, 23% will be in terrain with slopes higher than 45% where
traffic faces technical limitations. Thus, there is a strong requirement for technical developments
in forest operations, especially in extraction methods such as the lowland-cable-yarders, improved
forestry tractors, and forwarders to reduce ground pressure and slippage, and cable-assist systems as
well as light autonomous systems. Increasing the ratio of broadleaved forests with continuous tree
cover will probably increase the number of motor-manual felling operations, which in turn leads to
an increased demand for manpower in the forestry sector. Also given the fact that new machines
require highly specialized machine operators, it might become a challenge to acquire enough qualified
forestry workers.

Future harvesting and extraction operations in more structured forests will become multifaceted
through a combination of machines and manpower. These complex work systems increase the risk
of accident for forestry workers when compared with fully mechanized systems which are actually
linked with the lowest number of reported accidents. Enhanced and intensified work safety training
and instruction guides should be developed for future timber harvesting and extraction systems.

For future research, tree-level growth models should be developed in order to improve resolution
and degree of detail. This study could be used as a basis for the application of different scenarios.
Through the simulation of different management strategies for each FDT and trafficability class,
the prospective harvest assortments could be described with greater accuracy. Thus, in forest operations
with varying harvesting intensities, assortments and machinery need to be evaluated with regard to
GHG emissions.
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Abstract: Storage conditions play a vital role in maintaining biomass quality as a suitable bioenergy
feedstock. Research has shown that biomass undergoes significant changes under different storage
conditions and that these may influence its suitability for various biorefining and bioenergy
opportunities. This study explores the effects of different tarp covers on the properties of
stored-comminuted forest harvest residue from the Great Lakes St. Lawrence Forest. Characteristics
of the biomass were evaluated upon harvesting and after one year in storage. The physical state of
the different tarps used for pile coverage was monitored onsite. Results indicated that tarp material
considerably affects micro-climatic conditions inside piles, yielding variation in the characteristics
of stored biomass over the storage period. While plastic based tarps were easier to work with and
lasted longer than paper-based tarps, the paper-based tarps were more breathable and resulted in less
degradation of biomass. However, the paper-based tarps did not maintain their structural integrity
for the full duration of the storage period. Moisture content of original biomass (48.99%) increased
to a maximum of 65.25% under plastic cover after 1 year of storage. This negatively influenced the
net heating value of the biomass, causing it to decrease from 8.58 MJ/kg to 4.06 MJ/kg. Overall,
the use of covers was not considered successful in preserving the original quality of biomass but may
enhance its quality for other biorefinery opportunities.

Keywords: biomass; storage; feedstock; forest; harvest residues; comminuted biomass; tarps;
covering; biorefinery

1. Introduction

Forest biomass has gained attention as an alternative energy source to address unsustainable
supplies of fossil based fuels [1]. A renewable resource, forest harvest biomass offers potential to
enhance the sustainability of energy production as well as to greatly reduce greenhouse gas emissions
from reliance on fossil fuels [2]. Bioenergy applications can further enhance the economic value of
forest harvest operations, diversifying the forestry industry and creating new jobs in rural communities
within the forestry and energy sectors [3].

Offsetting the shutdown of many Canadian pulp mills since 2005, the Canadian Forest Products
Association, in cooperation with multiple partners, has introduced a “bio-pathways” program,
intended to transform the Canadian forest products industry from its traditional applications to
a global producer of bioenergy and bio-chemicals [4]. The market for diverse bioproducts presents
opportunities to collaborate with other industries, which can further help maximize efficient use of

Forests 2017, 8, 305; doi:10.3390/f8090305 www.mdpi.com/journal/forests65



Forests 2017, 8, 305

forest resources and create new job opportunities [5]. In order to leverage these opportunities, a strong
supply chain must be established to ensure the quality of the biomass used for various applications.

Establishing a strong supply chain begins with a thorough understanding of the resource. Forest
harvest residue biomass is typically produced as a by-product of industrial operations and is commonly
comprised of tops, branches, bark pieces and foliage. It is generated as residue either during the
harvest and extraction of merchantable logs from forest sites or when extracted logs are being processed.
Traditionally, residues are either left on the forest floor as material for nutrient cycling and/or erosion
control, or they may be piled at roadsides and burned. With rising interest in their application as
bioenergy feedstocks however, they have become valued commodities in their own right. As such,
there are government sponsored innovation initiatives underway to quantify, classify and characterize
feedstocks with the aim of connecting them with compatible technologies and establishing supply
chains to benefit Canadian operations [6].

Properties of forest-based residues are complex due to variation in species and component
composition. This complexity may be further developed during supply chain operations such as
storage. Converting forest harvest residue biomass into energy or bioproducts usually requires a period
of storage, which may be considered a step in the material processing. Storage is a dynamic process
in which many interconnected factors affect the state of the biomass. Extended storage may cause
degradation, organic matter loss and changes in energy value and fibre quality, which can reduce the
overall quality of the biomass and render it ill-suited to certain applications [7]. There are multiple
factors involved in storage practices that may influence the changes that biomass undergoes. These
include climatic conditions, pile geometry and structure, pile size, storage time, species composition,
moisture content, season of harvest, and state of the biomass [7]. However, the effects of storage are
not well understood and there are many contradictory findings to date. Since much of the reliable
data on suitability for biorefining applications refers to the properties of newly harvested biomass, it is
important to better understand the changes that biomass undergoes in storage in order to maximize its
potential as industrial feedstock.

Major processes that effect change to stored forest harvest biomass include moisture evaporation,
living cell respiration, biological degradation and thermo-chemical oxidative reactions [7]. Resulting
changes in the characteristics of the biomass may include moisture content, energy value, ash content
and dry matter content [8], which affect its value as fuel feedstock. Moisture content is particularly
important for energy production since some of the energy generated during combustion must be used
for the evaporation of the water, which leaves less usable energy from feedstock. This decreases the
economic value of the biomass. Another consequence of higher moisture content in stored biomass is
increased biological activity due to favourable environmental conditions for bacteria and fungi growth,
the presence of which can present a health and safety risk [9]. Biodegradation can, in turn, contribute
to increasing the internal temperature of biomass piles, which is another major concern during storage.
Elevated temperatures promote exothermic chemical reactions that can cause the piles to self-ignite
which results in organic matter losses, particulate and greenhouse gas (GHG) emissions and economic
peril [7].

Covering storage piles with tarps is suggested to be an inexpensive air drying technique that has
been shown to be feasible and enhance biomass quality in certain operations. Covering piles ensures
their protection against rain and snow, thereby preventing the introduction of extra moisture into
biomass stored outdoors. Investigating the characteristics of feedstocks from silvicultural cleanings
and thinnings, Nurmi and Hillebrand [10] observed that roadside drying of covered wood harvested
in January resulted in lower moisture content than uncovered wood. Roser et al. [11] found similar
benefits of tarping bundles of stems in different climate regions of Europe. However, applying covers
to biomass has the potential to trap heat and accumulate moisture inside, which may increase the risk
of degradation within biomass piles. Studies on the response of wood particles to climatic variation
provide evidence that ventilation in stored biomass may result in reduced dry matter losses [12].
To address this, Afzal et al. [8] demonstrated promising results in moisture reduction of comminuted
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biomass using a breathable tarp cover in Eastern Canadian climatic conditions. Thus, covering storage
piles with tarps, particularly those that allow for some degree of air permeability—may provide
a means to lower the material’s overall moisture content without significantly increasing the risk
of degradation.

This paper examines the impact of two different tarp covers—moisture permeable versus moisture
impermeable—on stored comminuted forest harvest residue properties in Eastern Canadian climatic
conditions. Properties of interest include physical characteristics such as moisture content, bulk density
and particle size, as well as thermo-chemical characteristics such as energy value, volatile matter, fixed
carbon and ash content as well as elemental analysis. This study has three key objectives. Firstly,
it aims to evaluate the overall biomass quality with respect to coverage during extended storage.
Secondly, it aims to evaluate and compare the performance of different tarp covers by their effects on
the various physical and chemical characteristics of biomass material. Finally, it aims to evaluate tarp
performance by their durability and relative handling ease during tarping operations. Conclusions
drawn from this study can be used to inform optimal storage strategies that maximize the desirable
properties of biomass as a raw material for the purpose of direct combustion or thermal/biochemical
conversion to novel forms of bio-energy and bio-materials.

2. Material and Methods

2.1. Operational Trial

JD Irving Ltd. (JDI) provided the storage site and FPInnovations (FPI) the experimental set-up for
this study including pile formation and tarping operations. Samples of stored biomass were supplied
to the Faculty of Forestry at the University of Toronto for characterization. Samples of biomass were
obtained from piles covered with two different types of tarps as well as control piles (no tarp) at the
beginning of the study and after twelve months of storage.

In September 2009, fifteen piles of comminuted forest harvest residue biomass weighing on
average 200 oven dry tonnes (odt), were built in the bush at roadside near Sussex, New Brunswick.
The piles were built following harvesting and flail chipping operations (bark, branches and leaves
removed from stems). The piles were comprised of roughly 81% softwood species (Balsam Fir and
Black Spruce) and 19% hardwood species (Poplar, Birch and Maple). Average pile dimensions were
approximately 22 m × 15 m × 5 m (L × W × H). A typical pile is depicted in Figure 1 below. The flail
chipping operation employs a unique silvicultural system where the harvested tree is skidded to road
side and delimbed and debarked by a flail chipper. The tree enters the flail chipper and proceeds
through a series of chains that remove limbs and bark from the stem. The residue material is deposited
into piles at the roadside, eventually to be used as hog fuel by the mill. The merchantable stem
proceeds through a chipper and is blown directly into a transport van destined for the pulp mill.

Out of fifteen piles of biomass assembled for the trial, six piles were covered with plastic-based
Interwrap [13] tarps, six were covered with paper-based Walki [14] tarps and three were left uncovered
to serve as control piles, providing three treatments. The Interwrap tarps are made of plastic and
are 100% recyclable. The tarps used in this study are commonly used for wrapping lumber products
for storage outside. The weight of the tarp used in this study is 38 kg with an average density of
70 g/m2. Multiple tarps were sewn together for the purpose of the trial. Each modified tarp covered
an area of 540 m2. The Walki tarp are composed of 2 layers of wet strength kraft paper overlaid with
a polypropylene net material to resist tearing. The Walki tarp comes in rolls 4 m wide, by 250 m long
and weighs 296 kg. The average density of the tarp is 246 g/m2. The manufacturer cautions that this
tarp should not be used to cover material for more than a year, after which time it may start to degrade.
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Figure 1. Pile of comminuted forest harvest residue at initial pile construction.

2.2. Sampling

Sampling occurred at two intervals during the course of this study. Initial sampling occurred
when the piles were established in September 2009. An excavator with grapple was used to collect
the samples. Five samples were taken from one pile of each treatment (control, plastic-based tarp and
paper-based tarp) in September 2009. Samples were sealed in polyethylene bags and frozen at the FPI
lab in Montreal and then sent to the Faculty of Forestry at the University of Toronto. Samples were
returned to the freezer on arrival. These samples will be referred to as ‘original’ throughout the paper.

In February 2010 (after six months), an on-site evaluation was conducted to assess the integrity of
the tarps. Three piles (1-control, 1-plastic-based and 1-paper-based) were designated for long-term
follow-up and left untouched for one year before sampling.

For the post-storage follow-up, the remaining three piles (uncovered, plastic tarp, paper tarp) were
sampled in August 2010. Four samples were taken from each pile treatment at depths of approximately
1 m, 2 m, 3–3.5 m, and 4–4.5 m. Samples were frozen and sent to the Faculty of Forestry at the University
of Toronto for characterization. Testing results from original samples were used for comparison with
their counterparts from the one year stored material. The average monthly temperatures duration of
the trial is shown in Figure 2. The total precipitation (snow and rain) is shown in Figure 3.

 

Figure 2. Fredericton, New Brunswick region average monthly temperature over one year.
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Figure 3. Fredericton, New Brunswick region total precipitation over one year.

Dataloggers were used to monitor temperature within the piles throughout the study.
One datalogger was inserted into each pile. Attached to each datalogger were 4 thermocouples
which were positioned at different locations within the pile. The dataloggers received a reading every
5 s for intervals of 2 h. After each 2-h interval, the dataloggers recorded the average, maximum and
minimum temperature values.

2.3. Characterization

Biomass characterization included evaluation of moisture content, particle size distribution,
bulk density, energy value, ash content, volatile matter percentage, fixed carbon percentage and
elemental analysis. Procedures were based on standard test methods such as American Society for
Testing and Materials (ASTM) and European Committee for Standardization (CEN/TS) as well as
on peer-reviewed literature. Moisture content was determined on an as-received (unfrozen) basis
as specified in ASTM E871-82 [15]. Three samples of 20 g each were taken from each sample bag
(of approximately 5 kg) for moisture content determination. Size distribution of the biomass samples
was determined first by hand sieving to separate wood chips that were too large for mechanical sieving.
Air dried biomass was placed on a screen which was then shaken horizontally until the chips had
been separated by size. Chips that passed through a hand sieve with screen openings smaller than
4.75 mm were then mechanically sieved using a vibrating screen. Circular openings in the screen had
a width of 12.5 mm squared. Chips that passed through the screen were designated as small fractions
while those that did not were designated as large fractions. The material separated into each category
was weighed and calculated as a percentage of the total oven dry mass. Bulk density was determined
based on air-dried volume and oven dry mass, as specified in CEN/TS 15103 [16], by pouring the
biomass into a vessel of known volume and determining the mass of the biomass which filled the
vessel. It must be noted that this is not a measure of the actual compressed bulk density in the pile,
but rather an uncompressed bulk density giving a relative measure of the particle spacing and a proxy
for particle size measurement ie.the lower the bulk density, the larger the particle size.

The Higher Heating Value (expressed in MJ/kg), which is the maximum amount of energy that
can potentially be recovered on complete combustion of biomass samples, was determined by a Parr
1108 adiabatic oxygen combustion bomb calorimeter, using instrument operating instructions [17] and
ASTM D2015-77 [18]. Ash content of biomass samples was assessed using a muffle furnace as per ASTM
D1102-84 [19] and CEN/TS 14775 [20]. Percentages of volatiles and fixed carbon were determined by
Thermo Gravimetric Analysis (TGA). Elemental analysis was conducted by the University of Toronto
Department of Chemistry’s Analytical Laboratory for Environmental Science Research and Training.
A CHN analyzer was employed to determine carbon, hydrogen and nitrogen content. Oxygen content
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was then determined by subtraction from 100%. Content of each element was calculated reported on
an oven dried mass basis. The detection limit of this method is 0.3%.

3. Results

3.1. Tarping Operation and Tarp Durability Evaluation

Plastic-based tarps were lighter (70 g/m2 vs. 246 g/m2), more flexible and cover a greater area per
sheet than the paper-based tarps. Additionally, the plastic-based tarps could be folded into an easily
transportable bundle (38 kgs) relative to the paper wrap, which comes in rolls of 296 kgs. Due to
their weight, the paper rolls require a roll dispenser to lift them and two workers to pull a layer
of tarp over the pile. The paper-based tarps also require many layers to adequately cover a pile.
On average, seven layers each 4 m wide were required, making it a physically demanding job for
the workers. Using paper-based tarps also requires an excavator to follow the workers with the roll
dispenser. From an operational perspective, the paper tarping operation took twice as long as the
plastic tarping operation. Specific to covering large forest harvest residue piles, the tarping operation
was less labour intensive and simpler when employing the plastic-based tarps as compared to the
paper-based tarps, Figure 4.

(a) (b) 

Figure 4. Tarping operation using, (a) plastic-based tarp and (b) paper-based tarp.

After six months in use, a field evaluation of the two types of tarps revealed superior performance
of the plastic tarp to the paper tarp. After six months of exposure to sun, rain, wind and snow,
the plastic-based tarps retained their waterproof properties and remained intact all around the piles,
as shown in Figure 5. The paper-based tarp showed signs of severe degradation and in some locations
had completely lost their protective value, as shown in Figure 6. The degradation of the paper-based
tarp on the top of the pile might be explained by Buggelen’s wet lens theory [21]. According to
Buggelen, a pile of biomass will expel hot/moist air through its top like a chimney as it draws in
fresh air from its sides. As noted in this trial, the paper-based tarp on the sides of the piles, where the
temperature is not expected to dramatically increase, and there is less snow and rain accumulation,
remained in good condition through the six month period, while the tarp at the top of the pile was
thoroughly degraded.

 

Figure 5. Plastic-based tarps after six months.
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Figure 6. Paper-based tarp after six months.

3.2. Biomass Characterization

A comparison of the characteristics from biomass samples taken at the time of pile formation with
those taken after long-term (1-year) storage was performed, as shown in Table 1. The moisture content
and bulk density for the original material is an average of four samples from each of three random
piles with three replicates per sample (n = 36). The post-storage moisture contents are calculated from
one pile at five different depths and three replicates (n = 15). Post-storage values were averaged from
the different strata samples within a treatment. To assess the differences across time and between tarp
treatment, a two-way analysis of variance followed by Tukey’s Honestly Significant Difference (HSD)
test using R statistical computing software [22] was used. The results are summarized in Table 1.

Table 1. Properties of comminuted biomass including original material and samples after 1 year storage
with no tarp, plastic-based tarp and paper-based tarp.

Parameter
Original
Material

Post-Storage
Control

Post-Storage
Plastic Tarp

Post-Storage
Paper Tarp

Pile Moisture Content (ar)% 48.99 a (2.35) b a 61.77 (9.39) b 65.25 (5.06) b 52.40 (13.87) a
36 c 15 15 15

Bulk Density (od-kg/m3)
112.78 (26.94) bc 89.78 (9.10) ab 124.49 (17.53) c 73.25 (6.72) a

36 9 9 9

Large Particle Fraction (% od mass) 60.65 (8.81) a 56.58 (8.26) a 42.94 (7.88) b 57.42 (7.32) a
3 9 9 9

Small Particle Fraction (% od mass)
39.35 (8.81) a 43.42 (8.26) a 57.06 (7.88) b 42.58 (7.32) a

3 9 9 9

Proximate Analysis

Volatiles % 71.1 (4.85) b 73.03 (2.40) b 59.54 (4.98) a 76.38 (3.04) b

Oven Dried 12 6 4 4

Fixed carbon % 16.47 (2.13) a 21.78 (2.64) b 21.92 (0.56) b 20.14 (3.57) ab
Oven Dried 12 6 4 4

Ash % 8.94 (5.08) a 5.18 (1.08) a 18.54 (5.52) b 3.48 (0.53) a
Oven Dried 12 6 4 4

Higher Heating Value
(MJ/kg-od)

19.51 (1.08) ab 20.35 (0.39) b 18.37 (1.05) a 20.43 (0.21) b
12 6 6 6

Net Heating Value (MJ/kg) 8.58 (0.75) c 4.31 (0.54) a 4.06 (0.53) a 5.81 (0.45) b
12 6 6 6

Energy Density (MJ/m3) 967.6 386.9 505.4 425.6

Carbon (%)
49.92 (2.23) a 51.6 (0.6) a 48.6 (0.9) b 51.3 (0.7) a

9 3 3 3

Hydrogen (%) 5.70 (0.26) a 5.6 (0.1) ab 4.86 (0.1) c 5.46 (0.06) b
9 3 3 3

Oxygen (%) 43.74 (2.25) a 42.2 (0.6) a 46.0 (0.6) b 43.3 (0.8) a
9 3 3 3

Nitrogen (%) 0.64 (0.09) a 0.6 (0.04) a 0.61 (0.03) a 0.57 (0.06) a
9 3 3 3

a Numbers in table are mean values; b Values in parentheses are the standard deviations; c Values below means and
standard deviations denote sample size; Different letters across rows denote a significant difference according to
Tukey’s HSD at the 95% confidence interval.
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3.3. Physical Characteristics

3.3.1. Moisture Content

After one year of storage, both the untarped control pile and the plastic-based tarp pile experienced
a significant increase in moisture content (p < 0.01) as compared to the original material. While the
paper-based samples also underwent an increase in moisture content, this change was not significant,
as shown in Table 1 and Figure 7. Tarping of piles ensures protection against rain and snow ingress
to the pile, which should reduce the moisture content over the storage period. However, reduced air
circulation and moisture evaporation brought about by an impermeable tarp actually traps moist warm
air in the pile environment, increasing biological degradation and moisture content [23]. In general,
it is a well established fact that moisture permeable tarps or sheets help to lower the pile moisture
content. On the other hand, impermeable covers resulted in higher moisture content in the pile because
surface evaporation of moisture is difficult and the majority of moisture is trapped under the covering.

The effectiveness of the paper tarp cannot be properly surmised from the trial because of its
degradation and loss of function in a six-month period. This may have contributed to the high
variability in moisture contents in this pile because some areas remained covered and other areas were
completely exposed to the environment. The paper-based tarps were thoroughly degraded on the
top-middle section of the pile where heat would have concentrated, however they were relatively
intact after six months around the edges of the pile. This may have helped stave off excess moisture
later in the storage period. The pile’s configuration may have also opened up a vent for the moisture
to leave. A study by Jirjis [24] cited a ventilation tunnel as the reason for a woodchip pile losing
both substantial heat and moisture content while in storage. Potentially, using the paper-based cover
with an exposed area at the top centre of the pile to permit moisture and heat transfer away from the
biomass to the atmosphere may be worth exploring.

One of the primary quality aspects of biomass when used as feedstock to industrial boilers is the
consistency of the moisture content. It can be seen in this trial that the original material has a much
lower variability (sd = 2.35) as compared to the material stored in piles for 1 year, as shown in Figure 7.
It has been noted in previous works that moisture will migrate in a pile and produce areas of relatively
drier and wetter biomass; in other words, there was found to be a significant interaction effect of
storage time and location within a pile on biomass moisture [25]. Our finding suggests that prolonged
storage of biomass, under any of the three storage regimes, reduces the quality of the biomass as
a feedstock for industrial boilers because of the increase in variability of the moisture in the fuel.
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Figure 7. Change in moisture content of comminuted biomass after a storage period of one year.
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3.3.2. Particle Size Distribution

The average particle size distribution of the biomass did not change after the 1-year storage, with
the exception of the material in the plastic tarped pile, as shown in Figure 8. In this pile, there was
a small reduction in the proportion of larger particles as compared to the small particles (p < 0.05).
At the end of the storage period, plastic-based samples had a significantly lower percentage of large
fractions and significantly higher percentage of small fractions than the original material and the
uncovered control samples (p < 0.05) as well as the paper-based samples (p < 0.01). These results
provide evidence that the impermeable plastic-based tarp facilitated a greater degradation of the
biomass material. These findings are supported by the higher bulk density of the material in the
plastic-tarp pile. The bulk density of this material is significantly higher than material in either the
control pile or the paper-tarped pile (Table 1). Higher bulk density suggests a reduced internal airflow
which will result in higher internal temperature [25], increasing degradation (both microbial and
chemical), increasing moisture generation and ultimately greater decomposition and material loss.
Relating observations from our analysis, the plastic-tarped pile had higher moisture content, higher
bulk density and the highest proportion of small particles as compared to the other storage regimes,
thus suggesting that the plastic-based tarp is not ideal for maintaining the original biomass quality.
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Figure 8. Change in particle size distribution (% o.d. mass ratio) of comminuted biomass after a storage
period of one year.

3.4. Thermochemical Characteristics

3.4.1. Heating Values

The higher heating value of biomass stored for 1 year under the various tarp regimes, were not
significantly different to the original biomass material (Table 1). However, the net heating values of the
1-year old stored biomass were significantly lower than the original material. This can be explained by
the higher moisture in all of the post storage samples as compared to the original material. Moisture is
generated within the stored biomass from the biological breakdown of the lignocellulosic material.
Aerobic and anaerobic metabolic processes generate carbon dioxide, water and energy on consumption
of organic matter. Previous research has shown a link between increased moisture content in stored
woodchip piles and decreased net heating value [25,26], which aligns with our findings.
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From an energy density (MJ/m3) perspective, the original material is at least twice as high as
any of the post storage materials, as shown in Table 1. The higher energy density of the fresh material
signifies that one load of fresh material will be equivalent to at least two loads of any of the post
storage materials. This finding suggests that the cost of transportation to the energy generating facility,
per unit of energy of the post storage material, will be double that of the original material.

Proximate analysis shows that the post-storage material under the plastic-tarp was significantly
different to the original biomass. It possessed a lower volatile content, a higher fixed carbon content
and a much greater inorganic (ash) content. These changes support the hypothesis that the plastic tarp
storage regime caused degradation of the material over the extended storage period. This is contrary
to findings reported by Feist et al. 1971, that plastic covers could deter decomposition by limiting
the availability of [27] oxygen to the aerobic micro-organisms. The plastic tarp piles bore the greatest
temperature change, increasing a maximum of 11 ◦C compared to a 4 ◦C increase in the uncovered
control piles. Internal pile temperature readings of the plastic tarped piles were in excess of 60 ◦C,
with the highest at 76 ◦C. Ernston et al. [28] note that degradation happens in successive stages in
which low molecular weight sugars and other easily degradable compounds are first metabolized
followed by cellulose and finally lignin, if more specialized fungal species are present. The mould fungi
typically found in forest residue chips may consume cellulose and hemicellulose whereas white-rot
fungi, which consume lignin, are rare in forest residue chips [29]. The higher fixed carbon proportion in
the proximate analysis of the stored woods is a good indicator of the selective loss of the carbohydrate
versus lignin through microbial activity.

The ash content of all of the biomass tested in this study was higher than has generally been
reported for other forest residue biomass. Acquah et al. [26] found ash contents of less than 5%
for biomass collected from an industrial biomass harvesting site. The biomass in that study was
comprised of a substantial amount of white wood from undersized and undesirable species in addition
to tops/branches and bark. The material collected in this study is far “dirtier” in that it consists entirely
of bark, branches and foliage. It is apparent from our results that the bark is contaminated with soil and
grit from the skidding and handling operations, creating the unusually high ash content. Examination
of ash content of forest harvest residues by other researchers has found that ash percentage increased
over storage time due to degradation and loss of organic fraction [26].

The material in the plastic-tarped pile had a very high proportion of ash as compared to any of
the other biomass materials. In fact, 18% is abnormally high and suggests that the samples were likely
highly contaminated with inorganics such as soil and grit. The standard deviation for this sample is
also relatively high, suggesting that the grit and soil were more predominate in certain parts of the
pile than others. Our findings show that the plastic-tarp covered material is the only material that
had significantly higher ash than the original material, indicating an apparent loss of organic matter.
The fixed carbon content of the plastic-tarped material was higher as compared to the original material,
suggesting that it may be a preferred feedstock for torrefied pellets, where pyrolyzed organic matter
(char) is the desired outcome.

3.4.2. Ultimate Analysis

The carbon–hydrogen–oxygen content of the biomass materials is quite consistent across all
samples. The plastic-tarp biomass is the only material that deviates significantly from the original
biomass. The molecular formula (derived from the percent composition) for the original biomass is
C4.2H5.7O2.7 or (C4.2H0.3(H2O)2.7), while the molecular formula of the plastic-tarp is C4.1H4.9O2.9 or
(C4.1O0.45(H2O)2.45 ), clearly showing that the stored material has become more oxygenated and has
a lower water of constitution. So, while the plastic tarped biomass has been degraded from its original
composition, it may lend itself better to biorefining options such as pyrolysis or torrefaction. The lower
water of constitution and higher fixed carbon content offer an interesting alternative to the original
biomass for this application.
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4. Conclusions

The quality characteristics of “fresh” forest biomass are commonly accepted as the standard
measure of biomass when biomass is being considered for industrial applications. This study illustrates
that long-term storage of forest biomass can significantly alter its chemical, physical and thermal
properties and lead to higher costs over the entire bioenergy supply chain. Although the loss of
dry matter was not accounted for in this study, increased costs to deliver stored biomass can be
a consequence of degradation, resulting in lower net energy density and ensuing higher transport
costs and GHG emissions. In addition, the tarping operation added extra cost and GHG emissions to
the supply chain through materials, labour and extra machinery time.

The results of this study did not support the efficiency of using covers to preserve the quality
of comminuted biomass piles stored at the roadside. Biomass covered with plastic-based tarps
experienced accelerated degradation and increased moisture content over uncovered control piles due
to an apparent lack of ventilation. Biomass covered with paper-based tarps was not much better off
than uncovered biomass after six months in storage, at which point the tarps had lost their protective
properties. The paper-based tarp did not retain its structural integrity past six months. As this
rapid degradation made a proper comparison between tarps impossible, it would be worthwhile to
investigate the efficiency of this tarp over a shorter storage period or to conduct a similar study using
a different type of ventilated cover that may better withstand harsh weather conditions.

This study underscores the importance of continuing to evaluate residues in order to help handling
practices reduce decomposition and preserve quality. Although they did not prove effective tools for
the purpose of this study, in the greater context of the supply chain, covers have great potential to
promote desirable biomass qualities. For instance, if a supplier wishes to change pile characteristics
before end-use, a cover could be employed as an incubator for pre-treatment. If the end-use requires
a biochar or torrefied pellet, then higher degradation may be the favourable condition. In addition,
accelerating degradation can result in a material that is more amenable to enzymatic treatment as it
is already partially broken down. At present, the supply chain is largely uncontrolled; it is based on
the availability of residues rather than the demand for their specific applications. This highlights the
need to develop standards that will help optimize biomass supply based on specific user-demand to
ultimately improve bioenergy applications in Canada.
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Abstract: Forestry best management practices (BMPs) were developed to minimize water pollution
from forestry operations by primarily addressing sediment and sediment transport, which is the
leading source of pollution from silviculture. Implementation of water quality BMPs may also benefit
riparian and aquatic wildlife, although wildlife benefits were not driving forces for BMP development.
Therefore, we reviewed literature regarding potential contributions of sediment-reducing BMPs to
conservation of riparian and aquatic wildlife, while realizing that BMPs also minimize thermal,
nutrient, and chemical pollution. We reached five important conclusions: (1) a significant body of
research confirms that forestry BMPs contribute to the protection of water quality and riparian forest
structure; (2) data-specific relationships between forestry BMPs and reviewed species are limited;
(3) forestry BMPs for forest road construction and maintenance, skid trails, stream crossings, and
streamside management zones (SMZs) are important particularly for protection of water quality and
aquatic species; (4) stream crossings should be carefully selected and installed to minimize sediment
inputs and stream channel alterations; and (5) SMZs promote retention of older-age riparian habitat
with benefits extending from water bodies to surrounding uplands. Overall, BMPs developed for
protection of water quality should benefit a variety of riparian and aquatic species that are sensitive
to changes in water quality or forest structure.

Keywords: best management practices; forest operations; riparian species; silviculture; wildlife

1. Introduction

Forestry best management practices (BMPs) were developed and implemented to protect physical
and chemical aspects of water quality relative to the Clean Water Act of 1972 [1–6]. Prior to development
and implementation of forestry BMPs, adverse impacts from forest operations to aquatic environments
included increases in water temperature, deposition of fine sediment and increases in concentrations
of nutrients and other chemicals, altered loading of coarse and fine organic matter in streams as well as
disruption in stream channel form [7,8]. BMP guidelines were developed in the 1970s and refined over
time as new information and practices were developed [1,5]. Today forestry BMPs are widely adopted,
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implemented, and studied [9]. Furthermore, reviews of forestry BMP research conclude that properly
applied forestry BMPs protect water quality and critical habitat [1,2,10,11]. Specifically, forestry BMPs
address potential impacts of sedimentation, temperature change, and changes in chemical regimes by
significantly reducing or eliminating sediment, nutrient, and other pollution inputs [1–3,6,8,10–12].
Following widespread BMP implementation in the United States, water quality impacts from forestry
operations have been reduced by over 90% from operations in the pre-BMP era [2].

The water quality protections that forestry BMPs afford are believed to have positive effects on
riparian and aquatic species, yet information about the specific effects that forestry BMPs have on
wildlife, biodiversity, and other ecological functions have not been fully examined or synthesized.
Over the past two decades, forest management research projects have incorporated surveys of
species abundance, biological diversity, and measures of nutrient cycling/food chain interactions
into monitoring protocols to more fully assess BMP effectiveness [13–15]. Overall, such projects have
concluded that forestry BMPs conserve portions of affected forested ecosystems and provide protection
for a variety of species. For example, Lockaby et al. [13] examined forest harvesting in Southern
bottomland hardwoods and concluded that there would be few lasting effects on ecosystem processes
“as long as best management practices are followed.” The overall goal of our review is to document
how forestry BMP implementation affects aquatic and riparian species.

2. Materials and Methods

Because the numbers of species that might be affected by sediment reductions due to BMP
implementation are too numerous to summarize concisely, we focused our literature search on
322 faunal species included in a recent multi-species status assessment conducted by the U.S. Fish and
Wildlife Service [16]. This list included all categories of vertebrate (fish, amphibians, reptiles,
mammals, and birds) in the region as well as a broad cross-section of invertebrates (Table 1) that
are potentially affected by sediment. These riparian and aquatic species were being considered for
potential classification as threatened/endangered status in the southeastern United States. Throughout
this manuscript, we elected to use the phrase “riparian and aquatic species,” as some of these species
migrate between the riparian and aquatic environments during different periods of the life cycle, with
different activities, or as the riparian zones experience overbank flooding. Our initial search revealed
that specific information relating the impact of BMPs on targeted individual species was limited due to
the lack of natural history information and species-specific knowledge of habitat associations. Thus, we
developed this review of BMP effect literature on information from species in the same genus or with
similar ecologies, rather than restricting our search to individual species. In effect, this expanded the
scope of the search to an evaluation of potential sediment effects on aquatic and riparian species in the
region, not just those originally considered by the U.S. Fish and Wildlife Service. We examined research
data regarding assessments of BMP effectiveness for protecting riparian and aquatic fauna during
forest operations and supplemented this information with information regarding habitat relations, life
histories, and home ranges. We used Google Scholar to access information and used combinations of
keywords including species names, species groupings, species life histories, forestry best management
practices, riparian forests, forest operations, water quality, and silviculture. We generally restricted the
geographical setting to the southeastern U.S. However, we often expanded the locations of the search
to fill gaps. Articles produced after the introduction of BMPs were targeted. The search provided over
300 peer-reviewed journal articles, theses/dissertations, and government publications, although we
are reporting on only the most relevant and non-duplicative for the sake of brevity.

Peer-reviewed articles were given precedence, but other sources of information (theses, dissertations,
government/technical publications) were used to help fill information gaps. We focused on
studies performed in the southeastern United States and published after the passage of the Federal
Water Pollution Control Act of 1972. We summarized information on the effects of BMPs by
geographic location on faunal species (or genera) with the specific intent of developing overarching,
comprehensive conclusions.
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Table 1. Taxonomic groups and the number of species listed in the recent status assessment and the
focus of the literature review.

Taxonomic Group Number of Species

Crayfish 83
Fish 48

Mussels 48
Snails 44
Beetles 18

Amphibians 15
Dragonflies 14

Reptiles 13
Caddisflies 9
Stoneflies 8

Amphipods 6
Mammals 4
Butterflies 4

Birds 3
Isopods 2

Fairy shrimp 1
Moths 1

Springfly 1

3. Results and Discussion

3.1. BMP Implementation and Benefits to Riparian Ecosystems

The overwhelming consensus of the literature was that forestry BMP acceptance and implementation
levels have increased dramatically since the 1970’s, reaching over 90% in 2015, and that forestry BMPs
are effective for reduction of nonpoint source pollution. Numerous reviews from regions across the
U.S. have been conducted on forestry BMP effectiveness, and all have concluded that forestry BMPs
are effective, e.g., [1–4,6,10,11,17]. Recently, Cristan et al. [9] conducted a survey of forestry BMP
implementation across the United States and found that overall BMP implementation levels in the
Southeast were slightly over 92%, which was an increase of approximately 8% since a previous study by
the Southern Group of State Foresters in 2012. The combination of BMP effectiveness with widespread
BMP acceptance and implementation levels provides compelling evidence that BMP programs protect
water quality.

3.2. Sediment

Sediment is the most commonly identified nonpoint source pollutant associated with most
designations of stream impairment in the United States [11,18]. Although forest operations are
relatively minor contributors of sediment, accounting for about 7% of stream sediment impairment [18],
sedimentation is the primary water quality concern associated with forest operations [1,4,5,19,20].
Unfortunately, studies of the specific relationships between the ameliorating effects of forest BMPs for
sediment reduction on aquatic/riparian species are very limited. However, there is a significant body
of work demonstrating the deleterious impacts of excess sediment on aquatic species.

Species that depend on aquatic respiration may experience lethal or sub-lethal respiratory
impairment from the precipitation of suspended sediment on gills [21–24]. Sub-lethal effects of
elevated sediment potentially include reduced immunity to disease, depressed growth rates, and impaired
feeding and reproduction [22,23,25–33].

Sedimentation also has the potential to transform benthic substrate by homogenizing benthic
environments, reducing habitat complexity and structural diversity and eliminating important
microhabitats [21,30,32–36]. Dissolved oxygen levels also can be reduced by sediment loading [32,35–38].
Ultimately, high fine sediment loads can alter community composition and disrupt trophic level
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interactions [21,24,27,33,39–43]. Much of this information was developed from studies of sediment
derived from land uses other than forestry or from sites without BMPs. These worst-case examples
nonetheless emphasize the negative effects of sediment and suggest that any reduction in the rate or
amount of sediment delivered to water bodies, as is the purpose of forestry BMPs, should be beneficial
to aquatic species [1,2,13,15,44–47].

3.3. BMP Effectiveness

The literature also indicates that BMPs developed for forest roads, skid trails, stream crossings,
and streamside management zones (SMZs) have greater potential to reduce sedimentation and also
benefit riparian and aquatic species. Of all silvicultural activities, roads and skid trails have the
largest potential to contribute excess sediment [48,49]; poorly designed and maintained roads and
skid trails have been shown to increase soil erosion, regardless of harvest intensity [44,45,47]. Forestry
BMPs for road and skid trails have consistently been shown to be effective for limiting sediment
inputs [49–58]. Effective sediment control from forest roads involves appropriate design and template
selection, minimization of road grade (particularly at stream crossing approaches), use of water control
and retention structures, and achieving adequate cover or surfacing for travel surfaces [48].

Road and skid trail stream crossing approaches surfaced with grass, slash, or gravel are examples
of highly effective BMPs that can slow or prevent sediment inputs to aquatic environments [59–63].
Changes in macroinvertebrate functional feeding groups and assemblages in streams associated with
harvest treatments and forest road construction and maintenance activities implemented with BMPs
are often indistinguishable from natural variations [64].

Forestry BMPs also include a number of water control and diversion methods to prevent sedimentation,
particularly on roads and skid trails. Water turnouts and water bars can reduce stream water
sedimentation by diverting water flow away from streams and into riparian filter strips, thereby
reducing runoff velocity and allowing sediment to be deposited on land [11,58,61]. While stream
crossings with a greater area will have greater erosion potential, water turnout and wing ditch BMPs
will decrease the stream crossing approach length, thereby reducing the amount of potential sediment
inputs [62]. In the Virginia Piedmont, Brown et al. [61] found that appropriate spacing of water control
structures can reduce sediment loss. A continuous berm along the edge of a forest road in the Coastal
Plain of North Carolina reduced sediment loss by an average of 99% [65]. Maximizing water bar
surface roughness and increasing water bar frequency are also effective measures in reducing sediment
delivery to streams [66]. Lang et al. [58] found that ditch BMPs can be used to effectively reduce
sediment contributions from road ditches.

Streamside management zones and riparian buffers have consistently been shown to reduce
sedimentation in aquatic environments [53,54,67]. On the Appalachian Plateau region of eastern
Kentucky, Arthur et al. [68] found that in watersheds where BMPs (including riparian buffers) were
applied, water yield, sediment flux, and nutrient inputs were similar to non-harvested watershed
sites. Lakel et al. [53] found that SMZs trapped approximately 89–97% of watershed erosion before
reaching streams. In the Georgia Piedmont, Ward and Jackson [69] found that SMZs were effective
for trapping sediment from overland flow, averaging 81% efficiency [11]. Although SMZs applied
to harvest units in the highly erodible bluff hills of the Gulf Coastal Plain in Mississippi were not
effective in reducing overland flow, they reduced total suspended solid (TSS) concentrations due to
the preservation of riparian characteristics [70]. Variability in results among studies may be attributed
to differences in topography, geology/soils, and hydrology, but the results of this particular study
were attributed to the formation of gullies that breached the SMZ [70]. BMP efficacy is dependent on
site-specific characteristics (i.e., site history, disturbance or logging history, topography, slope, climate,
etc.); studies consistently have shown the capacity for forestry BMPs to effectively prevent excessive
sedimentation of aquatic environments [1–4,10,11,17].
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3.4. Stream Crossings

In the absence of BMPs, both permanent [71] and temporary stream crossings have the potential
to cause long-lasting effects on aquatic and riparian environments and organisms if not properly
designed or maintained [72–75]. However, application of BMP technology at stream crossings can help
substrate heterogeneity and stream flow regimes, and retain streambank integrity [72,76–78], all of
which are important environmental characteristics for maintaining and conserving healthy aquatic
and terrestrial riparian wildlife [71,79].

Stream crossing location and design are important aspects of forestry BMPs. Improper selection
of stream crossings can cause changes in hydrology and sediment inputs, which in turn may
influence population dynamics and in-stream and terrestrial habitat [72]. Maintaining stream
channel morphology helps maintain ecological communities and populations of riparian species [72].
To safeguard aerial, terrestrial, and aquatic riparian wildlife, stream crossing designs need to consider
river morphology, depth, velocity, stream flow, and scouring potential [80–83]. These considerations
are vital to maintaining healthy wildlife populations; poorly designed stream crossings increase
sedimentation, cause issues with aquatic organism passage, influence population dynamics, and
contribute to loss of suitable habitat [72,76]. Legacy stream crossings installed prior to the era of BMPs
may require replacement or remediation [57]. Although bridges, which usually can be installed to
preserve natural channel shape, are a preferred stream crossing type, particularly over larger streams,
other factors such as traffic requirements, structural loading capabilities, site features, and economic
feasibility often favor use of other stream crossing types [48,83,84].

Culverts typically are the structure of choice for crossings in smaller streams. Culverts that
are improperly sized for the watershed can have reduced capacity to pass water and sediment or
accommodate fish passage [83]. Water velocity at the exit from culverts that are undersized for the
watershed can exceed the capacity of the channel and cause greater downstream scour [85]. Increased
velocity and potential culvert suspension could result in habitat and population fragmentation of
aquatic species by creating a barrier to aquatic organism movement upstream [73,76,83,86]. Proper
culvert size selection is a very basic BMP application [48]. By considering the benefits and potential
impacts of stream crossing selection options at a particular site, land managers can select an appropriate
stream crossing that will minimize potential ecological and environmental impacts [76,84].

Potentially negative effects of culverts are also contingent on other design parameters. With careful
planning and knowledge of local options, selection of stream crossing types that allow adequate
organism passage can be both cost-effective and ecologically compatible. Some designs, such
as open-bottom culverts, can mimic natural channel shape and substrate and preserve natural
hydrological attributes [76–78,83]. Although research on the effects of stream crossings on riparian and
aquatic wildlife other than fish [86,87] are relatively limited [71,77,78], culvert BMPs and culvert design
have been shown to influence mussels [88], crayfish [77,78], snails [89–92], and aquatic insects [93–96].
The complexity of culvert material, design, and placement and potential effects on a variety of
aquatic organisms warrants further investigation. Current BMP effectiveness research suggests that
minimizing the numbers of crossings, placement of stream crossings at sites that minimize channel
disturbances, use of appropriately sized and installed culverts, and disconnecting sources of erosion
from stream crossing approaches will benefit sediment-sensitive aquatic organisms [48,72,83].

3.5. Streamside Management Zones

SMZs, also known as riparian buffers, forest buffers, and filter strips, are a particularly important
type of BMP because they provide a zone for water quality protection between managed lands and the
stream [97–99]. For example, SMZs promote sediment and nutrient trapping by slowing and often
preventing entry into aquatic systems [53,100]. Appropriately managed and designed SMZs moderate
light infiltration, dampen or minimize aquatic and terrestrial temperature gradients, slow nutrient
flow, maintain hypoheic and hydrologic function, and preserve riparian vegetative composition and
structure [2,15,101–106].
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However, SMZs also provide forest habitat for a variety of species and maintain structures
important to faunal communities in the presence of forestry operations [27,40,47,107,108]. SMZs
provide coarse woody debris and detritus inputs that serve as food and habitat structure for aquatic
species [109–112] and critical microhabitat for riparian organisms for nesting, roosting, feeding,
or breeding. Implementation requirements and subsequent success of an SMZ depends on the aquatic
species of concern, and to what extent managers need to protect riparian and aquatic ecosystems from
disturbance [47].

As different species of wildlife have different sensitivities to environmental changes, they also
have differing requirements for optimal environments, including canopy composition, width of the
riparian buffer, and patch length along the stream [34]. SMZs can be designed to address these habitat
requirements. Alterations to aquatic and terrestrial temperature gradients could impact aquatic biota,
restricting movement, limiting biological functions, and altering habitat suitability [20,47,113,114].
SMZs provide shade and relatively stable canopy composition and streambank stability; therefore,
these riparian buffers help preserve terrestrial and aquatic temperature regimes in riparian areas,
safeguarding and maintaining wildlife populations [2,15,102,114–118].

Canopy cover influences light and temperature regimes, which are important to many vertebrate
species but also to other sensitive fauna such as dragonflies (Odonata) and moths and butterflies
(Lepidoptera) [116,119–121]. Species preferences for light infiltration, solar radiation, and temperature
regimes differ [47,122]. Although some species are sensitive to changes in these parameters, others
may benefit from the manipulation and alteration of riparian vegetation [123]. Riparian zones can be
managed to favor the life history for a particular species, but specific information for many threatened
and endangered species is lacking and some species have conflicting life history needs. Thus, additional
research is needed to ascertain how forestry riparian zones can be managed to best address various
species’ habitat requirements.

SMZs also provide a source for coarse woody debris, snags, tree cavities, and rotting logs [39,112].
These structures create diverse habitat and microtopography, benefiting a variety of riparian
species [112,124] and species within the surrounding landscapes where these structures may be
less abundant. The benefits of coarse woody debris in aquatic ecosystems depend on the amount
and size of such debris [2,39,112]. Because coarse woody debris can increase habitat diversity, it is an
essential component of eastern stream ecosystems, and is required by fish populations [39] and some
turtles [124].

Woody debris is typically generated during harvesting operations, and riparian buffers can be
managed to provide woody debris input into aquatic ecosystems [39,110–112,125,126]. Although
additional nutrient inputs sometimes can enhance fish habitat in headwater streams, in some cases,
these inputs could stimulate downstream eutrophication [2]. Fresh slash and debris inputs may
elevate water temperatures and decrease dissolved oxygen in still or very slow-flowing water [2],
although predictions are challenging due to complexity in natural ecosystems [2,127]. However,
natural input of woody debris provided by SMZs should benefit aquatic and riparian wildlife by
providing microhabitat and providing allochthonous organic matter to aquatic ecosystems [39,112].

States developed recommendations for SMZ widths primarily to address the goal of water quality
protection, and most studies have found that these widths were adequate for protection against thermal,
sediment, and nutrient pollution [53]. However, recommendations for SMZ widths typically were not
designed specifically to meet objectives related to terrestrial wildlife species associated with riparian
ecosystems. Appropriate riparian buffer characteristics for meeting objectives related to these species
likely vary depending on site-specific vegetative, hydrologic, and geographic characteristics, adjacent
forest structural conditions, and harvesting practices used in adjacent stands [128,129]. However,
the literature generally indicates that habitat conditions for many riparian and aquatic species are
positively affected by implementation of SMZs.
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3.6. Macroinvertebrate Community Response to BMPs

Because BMPs protect water quality and in-stream structure, and provide heterogeneity of
vegetation structure in riparian zones, implementation of BMPs has been shown to benefit aquatic
biota and their habitat [130]. For example, from 2006 to 2010, DaSilva et al. [131] studied stream
metabolic rates upstream and downstream from a loblolly pine (Pinus taeda) stand that was harvested
with Louisiana’s current BMPs. They quantified rates of net ecosystem productivity (NEP), gross
primary productivity (GPP), community respiration (CR), and the GPP/CR ratio. No calculated
metabolic rate was significantly changed by the timber harvest. Thus, the authors concluded that
“timber harvests of similar intensity with Louisiana’s current BMPs may not significantly impact
stream biological conditions”.

Bioassessment is a common technique for assessing biological integrity of streams [132]
and has been used to characterize macroinvertebrates’ response to timber harvests with forestry
BMPs. Harvesting practices without properly implemented BMPs can negatively influence stream
macroinvertebrate populations [133]; however, multiple studies in the Southeast have reported little
to no change in aquatic macroinvertebrate community diversity following timber harvesting with
BMPs [100,134–140]. Changes in invertebrate communities, when they do occur, generally reflect a shift
from allochthonous to autochthonous food resources in streams draining harvested watersheds that is
relatively short-lived (<5 years) due to rapid vegetation regrowth [7]. We briefly summarize results
from several studies in the Southeast that have used bioassessment methods to study macroinvertebrate
responses to BMPs.

Adams et al. [134] studied whether forestry BMPs effectively reduced harvesting impacts on
stream habitat and macroinvertebrates in five physiographic regions in South Carolina. They found
that most sites with BMPs scored high on rapid bioassessment protocols III (RBPs) established by the
Environmental Protection Agency to assess stream health. Thus, the authors concluded that BMPs
were effective in protecting macroinvertebrate assemblages.

Kedzierski and Smock [135] examined macroinvertebrate production and macrophyte growth
in harvested and non-harvested sections of a low-gradient, sand-bottomed blackwater stream in the
Virginia Coastal Plain. A section of the catchment had been clearcut three years prior to sampling
and no additional harvesting occurred in the upstream area of the catchment. Macroinvertebrate
production was higher in the stream reach of the harvested tract (103 g m−2) than in the reach of the
non-harvested tract stream (41 g m−2). Production in the stream of the harvested tract was dominated
by collector-filterers living on macrophytes as well as collector-gatherers. Other macroinvertebrate
functional feeding groups showed little response to harvesting.

Vowell [136] evaluated Florida’s BMPs for protecting aquatic ecosystems during intensive
forestry operations that included clearcutting, mechanical site preparation, and machine planting.
Sample streams were selected across Florida’s major ecoregions. Stream condition index (SCI)
bioassessments were conducted at points along each stream, above and below the treatment area.
No significant difference in the SCI was observed between the reference and treatment stream segments.
Vowell concluded that the proper implementation of forestry BMPs provides effective protection of
aquatic resources.

Williams et al. [137] used stream survey data to evaluate timber harvesting influences on physical
stream features and macroinvertebrate assemblages in three drainage basins in the Ouachita Mountains
of Arkansas. Variability in macroinvertebrate assemblages was largely explained by drainage
basin differences and year of sampling. The interaction between timber harvesting and drainage
basins suggested that differences in physical stream features were important for determining the
effects of logging within individual basins. Furthermore, harvesting did not influence diversity of
macroinvertebrates in these small headwater streams. The authors suggest that natural variability in
hydrology and in-stream physical features were the primary drivers of assemblage differences and not
the effects of harvesting.
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Carroll et al. [100] evaluated effectiveness of SMZs to protect water quality, aquatic habitat, and
macroinvertebrate communities in low-order streams in north central Mississippi. Three replications of
three SMZ treatments (clearcutting with no SMZ, clearcutting with an SMZ, and unharvested reference)
were evaluated using response variables that included water quality, mineral soil exposure, and net
soil deposition or erosion. One year following harvest, no differences in response variables between
harvested sites with stream SMZs and reference streams were observed. Streams in harvested sites
without SMZs had significantly higher stream temperatures and declining habitat stability ratings, but
increased macroinvertebrate density compared to reference streams.

Vowell and Frydenborg [138] evaluated effectiveness of Florida’s forestry BMPs for herbicide
applications using methods similar to those used by Vowell [136]. Following a pretreatment assessment,
study streams were re-sampled one and two years following herbicide applications to forests adjacent
to streams. No significant differences in the Stream Condition Index were observed between reference
and test portions of the streams that could be attributed to practices that included chemical applications.

Grippo and McCord [141] used bioassessment of benthic macroinvertebrates to evaluate
effectiveness of Arkansas’ silvicultural BMPs in protecting the water quality and biological integrity of
streams adjacent to harvest areas. They found few significant differences in water quality or biological
variables that could be associated with silviculture. Differences between upstream and downstream
sites, when noted, were present before as well as after timber harvest. Differences in relative abundance
variables (e.g., percent EPT) were typically location-specific and unrelated to silviculture activities.

Griswold et al. [139] conducted pre- and post-harvest sampling of benthic macroinvertebrates
from four first-order streams draining the Dry Creek watershed in southwestern Georgia. They found
differences in community structure between pre- and post-harvest periods, but responses of
macroinvertebrates to harvest treatment and SMZ thinning were subtle. Relative abundance and
total taxa all increased in the control and treatment sites after harvest, suggesting communities may
have responded to increased streamflow due to increased rainfall during the study period. Overall,
the macroinvertebrate communities appear to have been more strongly influenced by environmental
factors (e.g., stream flow, water chemistry, and canopy cover) than by SMZ thinning and harvesting of
adjacent stands.

McCord et al. [140] examined macroinvertebrate assemblages in six Arkansas low-order streams
following harvesting with implementation of BMPs. Stream samples were collected above and
below harvested tracts. BMP implementation rates on the harvested tracts ranged between 89% and
100%. Deficiencies in BMPs were generally limited to poorly designed erosion controls; however,
no evidence of sedimentation was observed in any of the study stream reaches. Harvesting did not
reduce taxonomic richness but did significantly influence several relative abundance metrics. Overall,
Arkansas’ forestry BMPs were effective in protecting water quality and biological integrity in five of
the six study stream reaches examined.

Simpson et al. [142] used a Before-After-Control-Impact study design to assess effectiveness of
Texas forestry BMPs for protecting water quality and biological integrity of four streams on intensively
managed silvicultural sites in east Texas. Biological and physiochemical monitoring (both grab samples
and stormwater samples) was conducted above and below treatment areas. The physiochemical data
showed no statistically significant difference as a result of treatment. Following treatment, the biological
data showed a shift in habitat quality at two sites and for fish at another site compared to the reference.
Although change was detected, the treatment sites generally showed improved conditions for Aquatic
Life Use Index (fish) and the Habitat Quality Index. Treatment had no negative effect on water quality
and biology.

In addition to protecting water quality and biological integrity of aquatic ecosystems, BMPs
also benefit riparian ecosystems. For example, SMZs in the southeastern U.S. provide habitat for
species associated with mature deciduous forests and may provide travel corridors for some species,
e.g., [123,143–146]. In intensively managed forest landscapes, SMZs promote spatial heterogeneity and
enhance landscape conservation value, e.g., [147,148].
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4. Conclusions

This literature review indicates that forestry operations in the pre-BMP era had the potential
to negatively affect water quality and aquatic and riparian species, and that current forestry BMPs
can help protect water quality and habitat conditions for a variety of riparian and aquatic wildlife
during forestry operations. Although there are relatively few direct evaluations of the specific effects
of forestry BMPs on individual aquatic or riparian species, the effects of forestry BMPs are likely
beneficial for the following reasons.

Riparian and aquatic species in general benefit from reduction of anthropogenic pollutants.
Forestry BMPs, which were specifically designed to limit sediment, nutrient, and other pollutant
entry into streams, help protect habitat for many riparian and aquatic species. State forestry agencies
report that forestry BMP implementation levels across the United States are above 90%, and within the
Southeastern region overall implementation rates are about 92% [11]. Forestry BMPs specifically target
roads, skid trails, and stream crossings, as these forest operations have greater potential to cause water
quality problems if BMPs are not applied. Forestry BMPs have been shown in numerous research
investigations and comprehensive reviews to protect water quality from sediment, nutrient, and
chemical pollution. Thus, a wide variety of species that are negatively influenced by such pollutants
should benefit from BMPs that protect water quality. The BMPs recommended by several of the
southeastern states have been shown to protect water quality, and multiple studies have reported little
to no change in aquatic macroinvertebrate community diversity following timber harvesting with
BMPs. Therefore, BMPs should benefit individual aquatic and riparian species that are negatively
influenced by sediment and other pollutants.

Stream crossings receive particular attention in forestry BMP guidelines in the southeastern
United States for several reasons. Research indicates that stream crossings with inadequate or no
BMPs are likely to provide direct connectivity of sediment generated from road systems to hydrologic
networks. As a result, BMPs for stream crossings were developed to minimize effects on stream
water quality and stream dependent organisms. Therefore, appropriate stream crossings, adherence to
installation recommendations, and other properly implemented water quality BMPs will help protect
aquatic and riparian species.

SMZs are an especially important type of BMP because managed riparian buffers provide habitat
and water quality benefits for both riparian and aquatic organisms. Riparian buffers protect the
stream from thermal pollution, which can negatively affect a host of species. Riparian buffers also
provide leaf litter and woody debris, both of which are critically important to aquatic food chains,
stream habitat, and stream structure and morphology. Riparian forests are zones where sediment,
nutrients, and chemicals can be trapped and transformed by physical, soil and plant processes. Finally,
SMZs provide habitats for species associated with riparian forests and potentially provide refugia for
species affected by adjacent forest management activities. Current state SMZ recommendations or
requirements maintain water quality and greatly reduce potential risks to aquatic and riparian species
during forest management.

Although implementation of BMPs has been shown to benefit aquatic macroinvertebrate
communities, information about the direct effects of forestry BMPs for forest operations on many
individual aquatic and riparian faunal species is limited. Therefore, additional research investigating
the responses of aquatic and riparian species and communities to modern forestry practices that
include implementation of BMPs, is warranted.
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Abstract: Logging continues to rank among the most lethal occupations in the United States. Though
the hazards associated with fatalities are well-documented and safe distances from hazards is
a common theme in safety education, positional relationships between workers and hazards have not
been quantified previously. Using GNSS-RF (Global Navigation Satellite System-Radio Frequency)
transponders that allow real-time monitoring of personnel, we collected positioning data for rigging
crew workers and three common cable logging hazards: a log loader, skyline carriage, and snag.
We summarized distances between all ground workers and each hazard on three active operations
and estimated the proportion of time crew occupied higher-risk areas, as represented by geofences.
We then assessed the extent to which positioning error associated with different stand conditions
affected perceived worker safety status by applying error sampled in a separate, controlled field
experiment to the operational data. Root mean squared error was estimated at 11.08 m in mature
stands and 3.37 m in clearcuts. Simulated error expected for mature stands altered safety status
in six of nine treatment combinations, whereas error expected for clearcuts affected only one. Our
results show that canopy-associated GNSS error affects real-time geofence safety applications when
using single-constellation American Global Positioning System transponders.

Keywords: GNSS-RF; GPS; GNSS positioning error; logging safety; geofences

1. Introduction

Ground workers on cable logging operations work in close proximity to multiple, moving hazards,
including highly active heavy equipment, raw materials, and other objects that are swung, dragged,
dropped, and dislodged on steep slopes. Proximity to these hazards creates potentially injurious
situations for cable logging workers [1–4]. Unlike mechanized, ground-based operations in which
employees are generally working within enclosed machine cabs, cable operations rely on ground crew
who work unprotected alongside equipment and other hazards in a dynamic environment. Hand
fallers and members of the rigging crew face increased risk of injury from hazards such as falling limbs
or falling live (green) and dead trees, as well as rolling logs and rocks on steep slopes [1,4,5]. Although
United States Occupational Safety and Health Administration (OSHA) and state-level regulations
require felling of standing dead trees (snags) within active logging areas [6] (1910.266(h)(1)(vi)), snags
may still be present on the periphery of units and during initial work periods prior to felling.

The dangerous nature of logging work is reflected in the industry’s high fatality injury rates,
as published annually by the Bureau of Labor Statistics (BLS). The BLS’ 2015 Census of Fatal
Occupational Injuries reported 132.7 logger deaths for every 100,000 full-time employees, which
was the highest rate of any profession in the United States in 2015 [7]. The rate increased 20% from
2014, when logging also ranked as the most fatal occupation [8]. Lefort et al., who characterized
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logger injuries in the late 1980s and early 1990s, noted that mechanization of the logging industry had
reduced the total number of workplace accidents, but had triggered an increase in injury severity [3].
They tattributed this trend to the changing nature of exposure; ground crew are now working closer
to the landing where they face impacts from moving logs and machinery. In 2015, the BLS identified
trees, logs, or limbs as the primary source of fatal injury in 41 of 80 total occupational deaths in the
logging industry, while 14 deaths were attributed to machinery [9]. Consistent with reports by the
Bureau of Labor Statistics, an analysis of Worker’s Compensation claims in West Virginia indicated
objects, primarily trees, snags, or logs, striking crew members accounted for 47% of injuries, more than
any other cause [1]. Similarly, according to claims records from eight southern states in 1997, falling
trees or limbs and moving logs caused the most accidents (28% of injuries), followed by equipment,
including skidders, feller-bunchers, dozers, and loaders (23%) [4].

GNSS-RF (Global Navigation Satellite System-Radio Frequency) transponders have the potential
to reduce the incidence of injuries and fatalities on logging operations by improving situational
awareness. GNSS-RF units determine their coordinates from one or more navigation satellite systems,
including the United States’ Global Positioning System (GPS), Russia’s Global Navigation Satellite
System (GLONASS), China’s BeiDou, or Europe’s Galileo. They then transmit those coordinates to
other units locally by data transfer using radio frequency transmission. Used in conjunction with
mobile devices such as phones or handheld tablets, or onboard computers, GNSS-RF technology can
provide a real-time, systemic visualization of all the interacting components of logging operations,
supplementing voice communications used conventionally on two-way radios and signal horns such
as Talkie-Tooters (Rothenbuhler Engineering, Sedro Woolley, WA, USA). With knowledge of ground
crew positions in relation to potential hazards, machine operators could make more informed decisions
based on the known locations of workers displayed on maps on mobile devices and, in some cases,
supplement the use of conventional audible communication with visual or audible alerts indicating
worker presence in work zones delineated by geofences [10–12].

GNSS has been utilized widely in forestry for decades. GNSS is integrated into Geographic
Information Systems (GIS) to map ownerships and delineate stand boundaries, forest road locations,
and other features on timber sales [13]. Mobile positioning devices have been installed on harvesting
machines to track movement over the course of harvest operations and assess soil impacts and
performance [14,15]. GNSS is increasingly being used in place of traditional, observational methods to
characterize productive cycle-times of forest machines [16–18]. Harvesters have been fitted with GNSS
devices to collect tree positioning data [19,20]. Development of GNSS paired with RF for real-time
positioning is emerging quickly in forestry and has a variety of potential uses including operational
and wildland fire logistics, real-time optimization, and safety [10–12,16].

Situational awareness can be augmented further by combining GNSS-RF positioning with virtual
boundaries known as geofences, which delineate hazardous areas, silvicultural treatments, or work
zones on timber sales [10,11]. Geofences provide a means by which to monitor the current locations of
people, equipment, or other resources relative to spatial boundaries and can be programmed to alert
users of crossing events [21]. They have been successfully integrated into various industries to help
resolve positional monitoring and restriction needs [21–26] and have potential applications in logging
to alert machine operators about ground-worker proximity [10–12].

To improve logging safety, geofence boundaries need to account for dynamic positional
relationships between workers and hazards. As ground workers move throughout cable corridors,
spatial proximity of people to one more pieces of equipment, snags, skyline rigging, and harvested
resources are in constant flux. OSHA, which establishes guidelines and regulations for safe practices
on logging operations in the United States, does not provide explicit safe distance recommendations
for most logging equipment. Rather, it relies upon workers to interpret safe proximity in situational
context. OSHA regulation 1910.266(f)(2)(vii) states that a “machine shall be operated at such a distance
from employees and other machines such that operation will not create a hazard for an employee” [6].
Oregon OSHA Division 7 (2009), as well as common industrial safety awareness campaigns, advise
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workers to stay “in the clear”, which generally is translated as a distance equivalent to the length of
a tree or log being transported to the landing [27]. However, if loggers frequently occupy areas less
than one tree length from a hazard, the geofence associated with that hazard may need to be smaller
than the recommended safety distance in order for operators to discern between normal activity and
higher risk situations, or early warning signals may need to be deployed. Knowledge of positional
relationships will also help define GNSS accuracy needs. If ground crew generally work within 5–10 m
of a hazard, positioning errors greater than 5 m may be detrimental to safety; whereas lower accuracies
may still be useful in improving general awareness if workers already avoid proximity to hazardous
areas. The use of mobile geofences, which can move with hazards, introduces additional considerations,
such as geofence alert accuracies associated with the geometry of multiple moving components [12].

Although the sources of occupational injuries and fatalities are well-documented for logging and
use of geofences for logging safety applications has been studied in designed experiments, spatial
analysis of the actual positional relationships between workers and some common hazards on active
operations has not been quantified or summarized previously. In fact, despite the widespread attention
to spatial proximity in safety training as well as state and federal regulations in forestry, there has been
virtually no prior analysis of actual positional movements among ground workers of the sort that is now
possible using GNSS-RF technology. In this paper, we characterized the real-time positions of ground
crew workers and three common situational hazards during active cable operations using coordinates
collected by Raveon Atlas PT GNSS-RF devices (Raveon Technologies Corp, San Diego, CA, USA),
which feature a VHF data modem combined with a 12-channel GNSS receiver that receives position
information from a single constellation, the American NAVSTAR GPS system. It is important to note
that the devices do not receive positional information from GLONASS, BeiDou, or Galileo, as some
other current GNSS-RF devices do. We summarized safe worker–hazard distances by calculating the
amount of time, in one second increments, that workers occupied zones outside (“safe”) and inside
(“unsafe”) circular geofence boundaries assigned to each hazard. Because forest overstory is known to
impact GNSS accuracy [28–30], we also conducted a designed experiment on the University of Idaho
Experimental Forest to quantify canopy impacts on receiver accuracy in both mature and recently
clearcut stands. These conditions correspond to the early stages of harvesting operations (canopy
intact), transitioning to later stages (canopy removed) that result during typical clearcut operations in
the northwestern United States. We then used simulation to re-analyze our operational data, in order to
evaluate the extent to which canopy-induced error, as determined in the earlier designed experiment,
affected the GNSS-characterized safety status of ground workers over the course of active operations.

Our specific objectives were to determine whether the proportion of unsafe time, defined as
time spent inside one or more hazard geofences, differed by (1) hazard type (loader, carriage, snag);
(2) timber sale; or (3) GNSS environment (observed, mature, clearcut).

2. Materials and Methods

2.1. Controlled Experiment

2.1.1. Data Collection

To estimate the impact of GNSS error on operational positioning data collected at logging
operations, we first calculated Atlas PT error in a controlled experiment on the University of Idaho
Experimental Forest (UIEF) in Princeton, Idaho (USA). The UIEF encompasses canopy features and
slopes representative of north Idaho mixed-conifer forests, ranging in age from recent clearcuts to
mature stands approximately 90 years old. Eight stands were selected for sampling in the Flat Creek
and East Hatter units of the UIEF, all located at mid-elevation (approximately 915 m) on the north slope
of Moscow Mountain in the Palouse Range, in the vicinity of 46.8413◦ latitude, −116.7734◦ longitude.
Four stands were clearcut harvested within 5 years prior to the experiment, which took place in October
and November of 2016. The other four stands were over-mature, with most trees approximately
80–90 years old, having regenerated after railroad logging in the early 20th century. Based upon
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plot inventories completed in each stand following sampling, tree heights ranged from 3.2 to 40.3 m
in mature sites (mean of 18.2 m), and diameters at breast height (DBH) ranged from 13 to 89 cm
(mean of 31 cm). Stands were comprised of ponderosa pine (Pinus ponderosa), grand fir (Abies grandis),
western larch (Larix occidentalis), western white pine (Pinus monticola), Douglas-fir (Pseudotsuga menziesii),
and western red cedar (Thuja plicata). Table 1 shows stand characteristics measured at time of sampling
(azimuth, slope) and during inventory (height, DBH), as well as sampling conditions, including satellite
availability and constellation. The number of in-view satellites was recorded every second by each of
four Atlas PT transponders during sampling and then averaged across all devices. A Differential
GPS (DGPS) GNSS receiver, the Arrow 100 made by EOS Positioning Systems (Terrebonne, QC,
Canada), collected position dilution of precision (PDOP) values at each Atlas PT location. Low
PDOP values (less than 4) indicate lower GNSS positioning error and are a function of satellite
constellation orientation.

Table 1. Controlled experiment: University of Idaho Experimental Forest stand characteristics and
sampling conditions.

Stand Cover
Mean Height

(m)
Mean DBH

(cm)
Azimith

(◦)
Slope

(%)
Date

Mean
Satellites

Mean
PDOP

260 Mature 23.52 33 95 37 10/12/16 7 1.6
58 Clearcut NA NA 352 18 10/17/16 8 1.3
531 Clearcut NA NA 165 35 10/19/16 8 1.4
290 Mature 14.6 25 35 5 10/19/16 7 1.5
345 Clearcut NA NA 130 8 10/24/16 10 1.3
139 Mature 16.7 31 347 43 10/24/16 6 1.6
524 Mature 17.3 31 27 14 11/10/16 6 1.7
262 Clearcut NA NA 205 2 11/17/16 8 1.2

At each stand, we collected GNSS positioning data using four Atlas PT transponder
units. We sampled for thirty minutes at a transmission frequency of one second, allowing for
a potential of 1800 total observations per unit per site (actual signal transmission efficiency ranged
from 0.739 to 0.997). Each unit was fastened to a wooden post using plastic zip ties, such that the base
of the radio antenna was positioned at a height of one meter above the ground. The Atlas PTs were
arranged in a triangular plot as shown in Figure 1, with a centrally located unit (“A”) positioned 25 m
in slope-distance from unit “B”, 50 m from “C”, and 75 m from “D”. The orientation (azimuth) of unit
B from A was selected randomly prior to sampling, and orientations for C and D were measured using
a Suunto azimuth compass at 120◦ (±0.5◦) from unit B’s orientation.

Figure 1. Design of the controlled experiment.

During sampling, each Atlas PT transmitted its location coordinates to each other unit once per second
via radio frequency. Units B, C, and D were connected to Dell Venue Pro 8 5855 (Dell Inc., Round Rock, TX,
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USA) tablets equipped with Raveon RavTrack PC real-time tracking software (Version 6.5, 2015, Raveon
Technologies Corp, San Diego, CA, USA) and Microsoft Access™ (Version 16.0, 2016, Microsoft, Redmond,
WA, USA). Tablets automatically logged transmissions to an MS Access database for subsequent analysis.
The same Atlas PT and tablet were used for each position (A, B, C, D) at every stand.

2.1.2. Estimation of Error

To determine the positioning error associated with Atlas PTs, we compared the recorded (observed)
coordinates to reference coordinates determined in real-time using the Arrow 100. The Atlas PTs receive
single frequency (L1) signals from the United States GPS system and are capable of static horizontal
accuracies of less than 2.5 m 50% of the time and less than 5 m 90% of the time. The Arrow 100 (also
single frequency) is a multi-constellation receiver utilizing GLONASS and BeiDou in addition to GPS.
Differential correction with a Satellite Based Augmentation System (SBAS), which is the Wide Area
Augmentation System (WAAS) in the United States, enables it to achieve accuracies less than 60 cm. After
the four Atlas PTs were situated in the arrangement described above, the Arrow 100 was placed at each
Atlas PT position where it recorded coordinates and position dilution of precision (PDOP) values (see
Table 1). After sampling, we projected all data to the Universal Transverse Mercator (UTM) projection,
which has units in meters, using ArcGIS 10.3 software (Version 10.3.1, 2015, Esri, Redlands, CA, USA).
We then calculated the horizontal error for each observation (each 1 second-interval transmission) as the
hypotenuse distance between the two sets of UTM easting (denoted UTMe) and UTM northing (denoted
UTMn) points (actual—observed), as shown in Equation (1). Observed coordinates were retrieved from
unit B’s transmission log of all four Atlas PT positions over the sample period.

Error = e =
√
(act.UTMe − obs.UTMe)

2 + (act.UTMn − obs.UTMn)
2 (1)

We determined if this error varied by stand, cover, or individual transponder unit using
an Analysis of Variance (ANOVA), and then we identified significant sources of variation among
stands and transponders using a Bonferroni multiple comparison test.

Error was summarized for each unit and each stand as the root mean square error (RMSE),
which is a measure of the difference between predicted (based on the Arrow 100) and observed (based
on the Atlas PT) values.

RMSE =

√
∑ e2

n
(2)

where e represents error as calculated in Equation (1), and n represents the sample size (number of
1-second transmissions). All calculations and statistical analyses for the study were completed using R
open source statistical computing software (Version 3.3.1, 2016, The R Foundation, Vienna, Austria)
and are presented in the Results section [31].

2.2. Operational Sampling

2.2.1. Data Collection

GNSS positioning data were collected using Atlas PT units at three active cable logging operations
in north Idaho (see Figure 2) on slopes ranging from 40–65%. All logging activities were conducted
by professional, certified logging contractors on regular, operational timber sales at three ownerships:
Idaho Department of Lands state endowment land (John Lewis Pole, or JLP), Potlatch Corp (Wash Trap
South, or WTS) and the University of Idaho Experimental Forest (Upper Hatter, or UH). All operations
were rigged for uphill yarding using motorized carriages. The state and industrial operations had
swing yarders (Linkbelt 90 and Skagit GT-4, respectively) and the contractor working on the UIEF
had a custom excaliner constructed on a John Deere carrier. Ground crew were responsible for setting
chokers (the hooker, in regional terminology) and unhooking chokers when logs reached the landing
(the chaser). The WTS and UH timber sales were clearcut operations, while the state JLP timber sale

97



Forests 2017, 8, 357

was a cedar pole harvest. Under Idaho law, cedar poles are required to be removed prior to other
harvesting on cable operations when more than 10 poles per acre are present.

Figure 2. Idaho state map, with logging operation sites shown in red.

Excluding road (corridor) repositioning and equipment repairs, at least ten hours of positioning
data were collected during regular operations at each harvest over the course of three days per site,
with sampling occurring between mid-August and December 2016. Worker Atlas PT units were placed
in radio pouches for protection and then distributed to ground crew, who wore the radio pouches on
their belts. Machine-mounted units were attached to the external, metal grating covering cab windows,
where the unit antennas (GPS and radio) were unobstructed. Skyline carriage units were secured to
the carriage top using zip ties, such that antennas were exposed to the sky. At each site, an Atlas
PT placed uphill on the yarder cab was connected to a Dell tablet for data collection and real-time
visualization of unit positions with Raveon RavTrack software using the methods as in the controlled
field experiment. In addition to collecting fluid GNSS coordinates of mobile hazards with the Atlas
PT units, we also identified a snag or danger tree within the harvest unit and recorded its location
with a Garmin 64 handheld GPS (Garmin Ltd., Olathe, KS, USA). Thus, our raw data comprised of
GNSS positioning for two to three ground workers and three types of operational hazards: machinery
(the loader), equipment (the carriage), and a stationary, environmental hazard (the snag) (see Figure 3).
After sampling, coordinates from the Atlas PTs and Garmin were converted to UTM for all analyses.

Figure 3. Typical cable logging operation with (A) chaser; (B) yarder; (C) loader; (D) carriage; (E) snag;
and (F) hooker (note: images are not drawn to scale). Yellow ellipses highlight areas with increased
risk of injury associated with the three types of hazards shown. Of the three hazards, snag GNSS
coordinates were fixed (static), while loader and carriage locations were dynamic.
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2.2.2. Summarizing Worker Proximity to Hazards

We defined worker safety in terms of worker position relative to circular geofences surrounding
each of the three hazards. Conceptually, the area inside each geofence was assumed to represent a work
area with higher risk of fatal or non-fatal traumatic injury due to the potential for being struck by the
hazard. While work inside these areas is necessary on partially mechanized operations, the presence
of ground workers within geofenced areas require increased situational awareness and caution on
the part of both ground workers and operators to avoid accidents. Areas beyond geofence borders
encompass safe work areas, where the risk of injury from striking hazards is generally lower. Thus,
at any given time, a worker was positioned either inside or outside the hazard geofences of 0–3 hazards
and was classified as either safe or unsafe relative to each. Similarly, at any time, a given hazard such
as the skyline carriage might have as many as three rigging crew workers in close proximity.

Using the statistical programming environment, R, we created geofences centered at each hazard’s
coordinates, as recorded by the associated Atlas PT (or Garmin, in the case of the snag). The carriage
geofence was assigned a radius of 30 m, approximating one tree length, to encompass the risk of
being struck by both the carriage itself, swinging choker cables, or logs being yarded by the carriage.
The loader geofence also had a radius of 30 m (one tree length). The snag’s geofence radius of 60 m
represented two tree lengths, which is the standard recommended safe working distance from danger
trees published by OSHA [6] (1910.266(h)(1)(vi)).

For each one second time stamp in the operational data, we calculated the distance of all ground
crew from each of the three hazards. For the purposes of spatial analysis, and in order to summarize
6–7 entities moving dynamically in time and space, we grouped proximities in 5 m increments from
0–350 m. We then summed the frequency at which workers occupied each proximity zone at each
of the three timber sales, as well as the proportion of time spent in safe and unsafe zones, internal
and external to the geofence associated with each hazard. To simplify analysis, ground workers were
analyzed as a group rather than individually. Rigging crew workers in the region regularly alternate
roles, switching among, for example, hooking and chasing, and thus summarizing across all work tasks
allowed workers to retain the same Atlas PT units without stopping to switch. Also, for the purposes
of analysis, the locations of the workers and hazards reported by Atlas PT GNSS positioning were
considered observed coordinates with an expected degree of error comparable to the error evaluated
previously in the controlled experiment.

We used the Marascuillo Procedure for comparing multiple proportions to test the null hypotheses
that the proportion of observed worker presence in unsafe areas did not differ by (1) timber sale or (2)
hazard type. The Marascuillo Procedure compares the test statistic (see Equation (3)) to a critical value
(Equation (4)) calculated for each pair of proportions in a way that accounts for degrees of freedom
when comparing multiple proportions simultaneously.

value =
∣∣pi − pj

∣∣ (3)

critical range = rij =
√

X2
1−α, k−1

√
pi(1 − pi)

ni
+

pj
(
1 − pj

)
nj

, (4)

where X2
1−α,k−1 is the chi-square distribution with a confidence interval of 1 – α (α is the significance

level) and degrees of freedom equal to 1 − k, (k equals the number of populations). pi represents the
proportion for sample i, pj represents the proportion for sample j, and n represents the sample size.
If the value from Equation (3) is greater than the critical range, then the two compared proportions are
significantly different.

2.2.3. Simulation of GNSS Error

A simulation script was written in the R language in order to assess the effect of horizontal
positioning error on the safety status of individuals. For each one second time stamp in the operational
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data, a one second observation was selected at random from one of the four mature or clearcut plots in
the controlled experiment described previously. We applied an error adjustment to the operational
data based upon the UTM easting and UTM northing differences, as well as azimuth (in degrees) from
the actual (Arrow 100) and observed (Atlas PT) coordinates. Thus, we assumed for the purposes of
analysis that each worker location in the operational data was uncorrected, and then shifted each
coordinate individually by a distance and direction corresponding to either mature canopy or clearcut
error accuracy from the controlled experiment. To simplify analysis, we assumed that hazard locations
were true coordinates; thus, they were not adjusted during simulation. 500 iterations of the simulation
script were processed. After resampling and application of error adjustments to worker positions,
inter-point distances from each of the three jobsite hazards were again summarized in zones of
5 m increments, and the proportions of safe and unsafe status were determined. Since adjustments
to the operational data were sampled from individual GNSS errors recorded on multiple different
sites and dates, simulated data do not represent the true location of each worker at a given time.
Rather, we utilized simulation to provide an indication of the degree of impact to be expected from
positioning error in relation to a fixed point (the geofence) in each GNSS environment (observed,
mature, or clearcut).

We determined whether GNSS positioning error would impact definitions of workers as safe
or unsafe based on proportions of time spent inside geofenced hazard zones. Using the Marascuillo
Procedure, we tested the null hypothesis that unsafe proportions were equal for observed, mature,
and clearcut data for each hazard at each site, where observed data represented worker positions as
recorded by the Atlas PTs, mature data represented simulated worker positions accounting for GNSS
error associated with canopy, and clearcut data represented simulated worker positions accounting
for GNSS error under un-obstructed conditions. The Marascuillo Procedure was performed for each
iteration, and the mean value was compared to the mean critical range to determine if proportions
differed significantly.

3. Results

3.1. Controlled Experiment: Estimating Atlas PT Positioning Error

Plot-level Root Mean Squared Error (RMSE) calculated for all four Atlas PT units within each
stand (Equation (2)) ranged from 2.64 m to 4.09 m in clearcuts, with the best accuracy achieved in
Stand 531. By contrast, RMSE ranged from 8.56 m to 14.34 m in mature stands, with the lowest accuracy
occurring in Stand 524 (see Table 2 for RMSE by stand and unit). The RMSE of all mature stands
combined was 11.08 m, while the overall RMSE of clearcuts was 3.37 m. With the exception of one unit
(B in Stand 58), RMSE values in clearcut conditions are under the 5 m accuracy expected for Atlas PTs
90% of the time. However, none of the devices in mature stands achieved this level of accuracy.

Table 2. Root mean square error (RMSE) of Atlas PT GNSS horizontal positioning error, in meters, at
each unit position (A, B, C, and D) and across all units (last column).

Cover Stand
Unit RMSE (m)

A B C D All Units

MATURE

260 13.07 8.29 12.52 4.79 10.34
290 11.68 6.91 7.48 7.28 8.56
139 11.23 7.68 12.78 7.90 10.14
524 18.17 11.16 11.59 15.30 14.34

CLEARCUT

58 4.33 5.36 2.98 1.46 3.81
531 2.42 1.67 3.16 3.01 2.64
345 1.38 1.49 3.09 3.66 2.67
262 3.96 3.69 4.52 4.07 4.09
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Actual error calculated for each second of sampling (Equation (1)) varied significantly by stand
(F-statistic = 4735, p-value < 2 × 10−16), cover (F-statistic = 25,390, p-value < 2 × 10−16), and individual
transponder unit (F-statistic = 337.3, p-value < 2 × 10−16). The Bonferroni multiple comparison test
comparing all stands indicated that only two stands did not differ significantly from one another
(clearcut units 345 and 531, with p = 1.00). Multiple comparison indicated that all transponder units
differed significantly from one other (p-values less than 2 × 10−16) except for units B and D (p = 0.089).
Figure 4 illustrates actual error variation across stands of different cover types.

Figure 4. Boxplot comparing Atlas PT actual GNSS error in the controlled experiment across eight
stands: four mature (green) and four clearcut (tan).

Figure 5 illustrates the distribution of Atlas PT GNSS positions collected over each 30-min
sampling period compared to the single coordinates recorded by the EOS Arrow 100 at each Atlas
PT location. The largest actual error observed for an Atlas PT in a mature stand was 81.5 m, and the
largest error observed in a clearcut stand was 12.6 m.

Figure 5. Visual comparison of Atlas PT coordinates (purple dots) and Arrow 100 coordinates (yellow
stars) in clearcut versus mature stands of the controlled experiment. Scale is 1:1500.
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3.2. Operational Sampling: Summarizing Worker Positional Relationships to Hazards

Figure 6 illustrates the distribution of worker–hazard distances for each of the three hazards at
each harvesting operation. Bars show frequency of ground worker presence within distance zones in
increments of 5 m, ranging from 0 to 350 m from the specified hazard. John Lewis Pole plots represent
three ground workers (the chaser, bucker, and hooker), while Wash Trap South and Upper Hatter
encompass positioning data of two workers (the chaser and hooker). Each of three days is overlaid for
a given site and hazard, except for the John Lewis Pole Carriage, which included two days of sampling,
and Upper Hatter Loader, which included one day. Distances are based on GNSS coordinates collected
every one second (s); thus, a frequency of 6000 corresponds to 6000 s (100 min) spent inside a given
proximity interval. The proportion of time in which ground crew occupied zones defined as unsafe
due to increased risk of injury or fatality is summarized in Table 3. Unsafe zones were defined as
distances between 0–30 m for the loader and carriage and 0–60 m for the snag. Observed (Obs.) values
are based upon GNSS positions collected by Atlas PTs during sampling and subsequent calculations
of distances from hazards in R. Mature (Mat.) and clearcut (Clear.) values represent mean values
for the GNSS environment simulated with and without mature forest overstory across 500 iterations
applied to observed data based on sampled horizontal positioning error as measured in the controlled
experiment. Proportions cover three sampling days at each of three sites: John Lewis Pole (JLP), Wash
Trap South (WTS), and Upper Hatter (UH). Sample sizes are indicated in parentheses below each
set of proportions. Differences in sample sizes reflect missing GNSS coordinates for a hazard, either
due to positioning or transmission error, or because the equipment designated as a hazard was not
in operation for a portion of the sampling period. Proportions shown in Table 3 were used in the
Marascuillo Procedure analysis.

Across all days and all sites, ground workers spent a combined 18.5 hours (h) within 30 m of the
loader geofence (34.6% of their time), 21.4 h within 30 m of the carriage (38.7% of time), and 32.3 h
within 60 m of the snag (46.7%). It is important to note that our results represent collective ground
worker positioning data, pooling the chaser and hooker (as well as a bucker for John Lewis Pole).
Chasers generally work close to the landing while hookers work varying distances along the cable
corridor, so proximity to landing hazards such as the loader would be expected to differ for the
two workers.

Figure 6. Distribution of ground worker distances from each of three hazards (loader, carriage,
and snag) across three logging operations (John Lewis Pole, Wash Trap South, and Upper Hatter).
Vertical bars are in 5 m increments. Red bars indicate location inside of the hazard’s geofence (Safe);
blue bars indicate location outside of the geofence (Unsafe). Shades of color represent different
sampling dates.
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Table 3. Proportion of instances (1-second intervals) when ground workers occupied unsafe zones
associated with each hazard based on observed, mature, and clearcut data, with sample size, n, shown
in parentheses.

Loader Carriage Snag

Site Obs. Mat. Clear. Obs. Mat. Clear. Obs. Mat. Clear.

JLP
0.404 0.382 0.406 0.252 0.238 0.257 0.503 0.497 0.512

(n = 100,886) (n = 72,251) (n = 110,495)

WTS
0.226 0.220 0.225 0.477 0.449 0.477 0.363 0.361 0.362

(n = 66,872) (n = 70,430) (n = 76,926)

UH
0.492 0.487 0.491 0.449 0.423 0.449 0.528 0.498 0.523

(n = 21,742) (n = 56,490) (n = 61,826)

Results from the Marascuillo Procedure comparing proportions among hazards and sites are
shown in Table 4. For each pair of comparisons, the table shows the value (Equation (3)) representing
the Marascuillo test statistic and the critical range (Equation (4)). If the value exceeds the critical range
(“yes”), the difference in the two compared proportions is significant. The Marascuillo Procedure
compared 36 total proportions but only the 18 tests of interest in our study are shown. They include
comparing (1) each hazard across all three sites: Loader (Tests 3, 4, and 12), Carriage (6, 7, and 14),
and Snag (8, 9, and 15) and (2) each site for all three hazard types: John Lewis Pole (1, 2, and 5), Wash
Trap South (10, 11, and 13), and Upper Hatter (16, 17, and 18). All 18 hazard and site comparisons of
interest were significant, indicating that the proportion of worker presence inside geofence boundaries
varied by hazard type and site.

Table 4. Results of the Marascuillo Procedure, comparing unsafe proportions across hazards and sites
(alpha = 0.05).

Test Compared Proportions Value (Test Statistic) Critical Range Value > Critical Range?

1 JLPL-JLPC 0.152 0.009 yes
2 JLPL-JLPS 0.099 0.008 yes
3 JLPL-WTSL 0.178 0.009 yes
4 JLPL-UHL 0.088 0.015 yes
5 JLPC-JLPS 0.251 0.009 yes
6 JLPC-WTSC 0.225 0.01 yes
7 JLPC-UHC 0.197 0.01 yes
8 JLPS-WTSS 0.14 0.009 yes
9 JLPS-UHS 0.025 0.01 yes

10 WTSL-WTSC 0.251 0.01 yes
11 WTSL-WTSS 0.137 0.009 yes
12 WTSL-UHL 0.266 0.015 yes
13 WTSC-WTSS 0.114 0.01 yes
14 WTSC-UHC 0.028 0.011 yes
15 WTSS-UHS 0.165 0.01 yes
16 UHL-UHC 0.043 0.016 yes
17 UHL-UHS 0.036 0.016 yes
18 UHC-UHS 0.079 0.011 yes

Results of the Marascuillo Procedure comparing unsafe proportions between observed,
operational data with and without simulated canopy and clearcut error effects are shown in Table 5.
The table summarizes the results for nine separate tests, each with three comparisons in which observed
(Obs.), mature (Mat.), and clearcut (Clear.) proportions (see Table 3) were compared for a single hazard
at each timber harvest. Observed proportions differed significantly from mature proportions for six
of nine hazards: JLP Loader, JLP Carriage, JLP Snag, WTS Carriage, UH Carriage, and UH Snag,
but differed significantly for only one clearcut proportion (JLP Snag). Mature and clearcut proportions
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differed significantly from each other for six of nine hazards: JLP Loader, JLP Carriage, JLP Snag, WTS
Carriage, UH Carriage, and UH Snag.

Table 5. Results of the Marascuillo Procedure, comparing unsafe proportions of observed, mature,
and clearcut data (alpha = 0.05).

Test Compared Proportions Mean Value (Test Statistic) Mean Critical Range Value > Critical Range?

JLP Loader
Obs.-Mat. 0.022 0.005 yes

Obs.-Clear. 0.002 0.005 no
Mat.-Clear. 0.024 0.005 yes

JLP Carriage
Obs.-Mat. 0.014 0.006 yes

Obs.-Clear. 0.005 0.006 no
Mat.-Clear. 0.019 0.006 yes

JLP Snag
Obs.-Mat. 0.007 0.005 yes

Obs.-Clear. 0.009 0.005 yes
Mat.-Clear. 0.016 0.005 yes

WTS Loader
Obs.-Mat. 0.006 0.006 no

Obs.-Clear. 0.001 0.006 no
Mat.-Clear. 0.005 0.006 no

WTS Carriage
Obs.-Mat. 0.027 0.007 yes

Obs.-Clear. 0.000 0.007 no
Mat.-Clear. 0.027 0.007 yes

WTS Snag
Obs.-Mat. 0.002 0.006 no

Obs.-Clear. 0.000 0.006 no
Mat.-Clear. 0.002 0.006 no

UH Loader
Obs.-Mat. 0.005 0.012 no

Obs.-Clear. 0.001 0.012 no
Mat.-Clear. 0.004 0.012 no

UH Carriage
Obs.-Mat. 0.026 0.007 yes

Obs.-Clear. 0.001 0.007 no
Mat.-Clear. 0.027 0.007 yes

UH Snag
Obs.-Mat. 0.030 0.007 yes

Obs.-Clear. 0.005 0.007 no
Mat.-Clear. 0.024 0.007 yes

4. Discussion

Our results showed clearly that the nature of positional relationships was complex and varied both
between sites and between hazard types in each treatment comparison tested. Distinct, multi-modal
patterns of worker proximity to hazards were evident, and the locations of peak distances where
workers tended to spend more time varied by day. Although we did not formally test differences among
the three days sampled at each site, it was evident graphically when overlaying the distributions of
proximity (Figure 6) that distinct patterns of spatial proximity exist and change over time. These trends
likely correspond to, for example, hookers gradually working further from the loader as they set
chokers and yard materials to the landing from further down the hill, or gradually working either
closer to or further away from snag hazards identified adjacent to the harvest units.

A more nuanced analysis of individual worker positions relative to multiple hazards, such as
studying hooker or chaser movements separately, could help to better quantify the spatial and temporal
nature of positional relationships during normal work. However, we felt that our analysis reflected the
reality of cable logging, in which multiple hazards are present simultaneously for any given worker,
often in different directions. For example, a member of the rigging crew setting chokers near the top of
the hill may be at risk of impact from rolling logs inadvertently bumped by the loader at the log deck.
At the same time, he or she may also be at risk of being hit by a rotating log attached to a choker as
the carriage begins to laterally yard logs toward the skyline if not sufficiently ‘in the clear’ at a safe
distance horizontally across the hillslope from the carriage (and log). Simultaneously, a snag on the
perimeter of the corridor could fall if dislodged by the log being yarded or a cable under tension.
Although we focused on three possible hazards, the reality of cable logging is that multiple, other
concerns are also present, including the processor swinging logs, pinch points caused as swing yarders,
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loaders, and processors rotate adjacent to the cut slope of the logging road, possible chain shot from
the processor, and loose boulders in the corridor that may become dislodged.

Results of our controlled experiment on the UI Experimental Forest showed that the positioning
accuracy of the GNSS-RF transponders used in our study was greatly affected by canopy. RMSE for the
Atlas PT GNSS receivers in clearcuts was 3.37 m; whereas in mature, 90-year old mixed conifer stands,
the RMSE was 11.08 m. The error observed in our study represents a function of variables affecting
positioning accuracy, including Atlas PT receiver quality, the satellite geometry for the specific times
and dates of sampling (see Table 1 for PDOP values), and multipath effects unique to the individual
environments of each site. Improved GNSS receivers may demonstrate higher accuracies, even in
mature stands. GNSS error associated with forest canopy has been well-documented though [28–30],
so the observed variation in positioning accuracy by cover type is consistent with past studies.

When simulation was used to evaluate the relative importance of variable GNSS accuracy on
worker safety status during active logging, results clearly showed that canopy-induced error did
significantly affect the safety status, as defined using geofences. It is important to note that simulated
canopy and clearcut error impacts on worker safety status were based on resampling from positioning
data obtained at different locations, dates, and times than the operational sampling, so our results serve
as an approximate estimation of canopy effects; actual error observed at active logging operations
may differ due to topography or other factors. Further, error estimates based on static positioning
in the controlled experiment were likely more conservative than error associated with dynamic
positioning during active logging operations [32,33]. A further caveat we wish to highlight is that the
statistical method used in our analysis to evaluate differences among sites and hazards, the Marascuillo
Procedure, does not formally account for potential correlation that exists between adjacent location
sample points in time and space. To the extent possible, we addressed this issue through the use of
an analytical script that involved randomized resampling from our experimental data. For subsequent
analysis, development of an analytical method that incorporates hierarchical modeling, including both
fixed and random effects, into the procedure may help address impacts of possible correlated data
structures associated with real-time GNSS.

Applications of real-time positioning for logging safety need to account for the reality that both
mature and clearcut conditions, and associated impacts on GNSS accuracy, occur over the course
of most conventional harvesting operations in the northwestern U.S. When a harvest unit has been
felled in its entirety and the rigging crew is working in the open, more accurate positioning is possible.
However, higher errors should be expected for GNSS-RF applications related to manual fallers or
feller-bunchers, or in partial harvesting operations, such as the John Lewis Pole cedar pole harvest.
Lower accuracies attributed to canopy cover may also be compounded by terrain effects, which can
reduce satellite fix rates in forested areas, particularly in valleys [28,29,34]. For example, GNSS
accuracies of devices associated with the rigging crew could vary between hookers working downhill
and chasers working closer to ridgelines.

If sub-meter accuracy is desired under canopies, similar to precision forestry applications that
require accurate marking of skid trails or individual trees [35], ground based augmentation systems
(GBAS) may be necessary. GBAS determine the degree of error and transmit corrections to rover units
which can then re-calculate their positions accordingly [19]. Haughlin et al. recently achieved 0.94-m
accuracy on a harvester using RTK (real-time kinematic) correction, compared to 7 m with GNSS
alone [20]. It is also important to note that the Atlas PT transponders used in this study relied on
only the United States’ NAVSTAR GPS constellation for position determination. Many current GNSS
devices, including even consumer-grade handheld units for recreational use, are multi-constellation
devices that determine position using not only GPS, but also the Russian Global Navigation Satellite
System (GLONASS). Emerging devices will soon also utilize European (Galileo) and Chinese (BeiDou)
navigational satellite systems as well. It is likely that newer GNSS-RF transponders capable of
multi-constellation positioning will have higher accuracy in forested, mountainous locations where the
number of trackable satellites may be diminished. However, use of multi-constellation sensors will not
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eliminate the multipath error endemic to highly reflective environments such as forests [32]. Similarly,
although GBAS can greatly reduce GNSS positioning errors under canopies, differential correction
cannot account for multipath effects. Even DGPS receivers will demonstrate higher errors in mature
stands than in clearcuts.

According to our distance-based definitions of safe and hazardous work areas, the rigging crews
we evaluated spent, on average, over one-third of their work day in unsafe conditions associated with
the loader and carriage and nearly half of the day near snags. The simulated proportions of time spent
in unsafe zones based on expected mature stand error varied significantly from observed proportions
for six of nine tests; thus, using the technology evaluated in our study, accuracy errors associated with
GNSS-RF devices under the canopy do impact perceptions of safety on logging operations, even when
using basic, dichotomous definitions based on presence inside or outside a geofence. Devices with
greater accuracy capabilities, at least through multi-constellation GNSS processing, and preferably
RTK or other improved localization, are recommended for fine-resolution applications such as worker
positioning around the landing. Proportions of safe and unsafe time differed significantly between
observed and clearcut data in only one test, indicating that the higher accuracies achievable in clearcut
conditions enable greater reliability in geofence alerts.

Use of GNSS-RF technology for safety applications on logging operations should be proportional
to accuracy limitations. Given the large GNSS error observed under mature forest canopy in our
designed experiment, single-constellation GNSS-RF radios such as the Raveon Atlas PT should only be
deployed for very coarse monitoring of worker locations to improve general situational awareness and
communication in forested environments; no operator decisions should be made based on observed,
transmitted locations indicating the proximity of workers to jobsite hazards. That said, our operational
sampling results offer a glimpse into the novel sorts of analyses that are becoming possible with
real-time, networked positioning solutions in operational forestry. There is tremendous potential for
improving both the safety and efficiency of logging through analysis of the high resolution spatial
and temporal data that results from deployment of GNSS-RF and similar location-based services in
production forestry.

Future research on GNSS-RF use for logging safety may wish to consider both vertical and
horizontal positioning to better account for overhead hazards, such as the carriage, and to better specify
inter-element distances on steep slopes. Future studies may also address how current positioning
devices and systems can be adapted specifically for forestry applications, such as improvements to the
user interface that allow loggers to utilize the technology easily and effectively with little distraction
to normal work flow. This could entail display and sound settings or possible integration with other
forms of data acquisition. For instance, Light Detecting and Ranging (LiDAR) information collected
on snag locations could be synchronized with GNSS data to note worker proximity to snags or other
environmental hazards [36]. Safety applications could also incorporate a more fluid warning system,
such as through a series of proximity alerts that indicate increasing levels of danger associated with
proximity to one or more hazards.

5. Conclusions

Atlas PT GNSS-RF positioning accuracy using only the NAVSTAR GPS system was more than
three times greater in clearcut harvest units than under mature forest canopies. Error associated with
mature overstory significantly affected the perception of worker safe or unsafe proximity to situational
hazards. Ground workers spend approximately one-third of their time within areas of increased risk
adjacent to mobile hazards such as the loader and carriage. Multi-constellation GNSS processing
technology or other methods to improve localization accuracy are needed to provide the level of
positioning detail necessary to avoid accidents with these fast-moving, dynamic hazards. In clearcut
conditions, where errors are generally under 4 m, differential correction or other improved localization
may be less critical but still recommended, especially for positioning at the landing and along the
chute below the yarder.
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Abstract: In forest operations, the interface between forest companies and harvesting contractors is
of special importance, considering that it is the first link in the forest industry’s supply chains.
Supply operations account for a significant share of the final costs of wood products (up to
50%). This study investigates the effect of customer–contractor alignment on contractors’ profit
margins and on the risk for business relationship breakdown. Alignment is empirically measured
for a Swedish forest company and 74 of its harvesting contractors, who were monitored during
a four-year period. Two measures of alignment are employed: (1) the customer-perceived value
of the contractors’ services; and (2) the contractors’ perceived alignment with the forest company
expectations. Results indicate that the two measures of alignment are largely independent from
each other, and that customer-perceived value affects both contractor profitability and the risk of
relationship breakdown. Conflict between the two parties and lack of trust for the customer were
found to be common complaints among contractors who ceased working for the studied forest
company. Consequently, customer–contractor alignment should be considered a key objective by
contractors who strive for business success, and also by forest companies who wish to improve their
supply chain performance.

Keywords: forest harvesting contractor; supply chain alignment; customer-perceived value;
contractor profitability; business relationship; supply risk

1. Introduction

1.1. Background

Forests are major sources of renewable products, annually contributing some 3.5 billion cubic
meters of wood to the world economy and thus making the forest industry a potentially important
part of the bioeconomy of the future [1] (p. 329). However, this potential development depends on the
forest industry managing to stay competitive against, for instance, the concrete, plastic, and petroleum
industries. Although it benefits from its status as a renewable product, wood must compensate
for inherent disadvantages such as its geographical dispersion of production, acute sensitivity to
weather and climate, and public scrutiny of its forest management. Competition in today’s markets
often stands between supply chains of interlinked companies rather than between individual firms.
To stay competitive in such an environment requires purposeful actions in regard to production
technology and operations management. In literature discussing management of supply chains,
alignment of a company with its suppliers and distribution channels is often identified as a key success
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factor (e.g., [2,3]). The notion of alignment may be considered from several different perspectives.
In this study, alignment between two firms in a supply chain is considered as a consequence of two
factors: (a) the supplying firm’s performance in relation to its customer’s requirements; and (b) the
degree to which the configuration of the relationship corresponds to the supplying firm’s preferences.
Ensuring that all parties in a supply chain align towards a common goal is no simple task, and
limited information and guidelines seem to be available to production managers. In the forest
industry, the outsourcing of forest operations has become common practice all over the world
(e.g., [4]). Consequently, many forest companies rely on the services of small or medium-sized
harvesting contractors (e.g., [5,6]). Despite the long tradition in the forest industry of working with
contracted harvesting resources, large variations in contractor performance have been found regarding,
for instance, contractor profitability (e.g., [7–10]), technical efficiency [11–13], and various aspects of
the service delivered to the customer [14,15].

For forest companies who rely on the services of a number of contractors, such variation in
performance means that some contractors are more in alignment with the companies’ service needs
than others [14], which ultimately may lead to difficulties for the forest companies in fulfilling their
own downstream requirements. Eriksson et al. [14] addressed this issue by analyzing harvesting
contractor performance from a customer’s point of view. They suggested four generic approaches
to contractor alignment: incentives, supplier development, use of power advantage, and active
sourcing. Further, they developed a process that can be used to choose a strategy for aligning the
performance of a company’s contractor fleet with the company’s needs. The process is designed to
provide contractor-specific blends of the four generic approaches to help forest companies to maximize
the effect of their efforts to improve contractor performance. The sole purpose of this process is
contractor performance alignment from the customer’s perspective, which of course overlooks the
contractors’ perspectives on the relationship. This may be a limitation of the process, since the risk for
poor contractor performance is not the only risk associated with outsourced harvesting operations.
The most obvious risk for a company may be that one or several of its suppliers decide to take their
business elsewhere or terminate their enterprise, both of which could cause serious supply shortages
if the company is unable to regain its suppliers or find replacements. To avoid such a situation,
it may benefit companies better to align with their contractors in order to ensure that the contractors
commit to their customer. To achieve such commitment, the alignment of performance may need to
be supplemented by alignment of other dimensions such as strategy, culture, leadership style [16],
pricing, reliability, responsiveness, and quality management [17].

In the Nordic countries, harvesting contractors perform fully mechanized cut-to-length thinning
and final felling operations, by use of harvesters and forwarders. In a series of articles in
the magazine of the Swedish Forest Machine Owners Association (e.g., [18–21]), the business
environment for harvesting contractors provided by large forest companies is highlighted in numerous
statements as a major threat to the contractors’ prosperity and ultimately to the whole forest industry.
Such statements, paired with reports of the low profitability of many contractors (e.g., [7–9]), stalling
or declining productivity [22,23], and rising costs ([24] and [1] (p. 249)), give the impression of
serious structural problems in the forest sector. Researchers interested in contractor performance
have reported large variations (e.g., [9,11,15,25]), even among contractors working within the same
business context [14,26]. For the most part, researchers have focused on contractor-specific factors as
explanatory variables. Such factors include, for instance, leadership and processes [27], knowledge,
performance measurement [25], and the number of customers [11,28,29]. However, the suggestion from
practitioners (such as the Swedish Forest Machine Owners Association) that the business environment
is a key determinant of contractor performance has largely been overlooked by researchers, despite
indications that good relations with a single customer is often common among high-performing
contractors [11,28,29]. Further, few, if any, studies have taken a longitudinal perspective to the
identification of the factors that lead to sustained benefits. All in all, little is known about what
harvesting contractors can do to maximize their performance, or how customers of harvesting
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services can reduce their risk of contractor-related problems. Below, the two perspectives on the
customer–contractor relationship are described and the concepts of alignment, contractor performance,
and supply risk are outlined.

1.2. Two Perspectives on the Customer–Contractor Relationship

The relationship between harvesting contractors and their customers, like any relationship
between two independent sides, may be looked upon from two perspectives where each side has their
own unique expectations and perceptions. From the customer’s perspective, low cost has historically
been the most frequently used measure in evaluating contractor performance [6]. Nowadays, customers
of harvesting services also consider other more qualitative measures, with high contractor performance
across a range of service aspects being necessary to fulfill customer requirements [14,30]. The switch
from a cost-only focus in forest harvest contracting to a situation where many aspects of the service
are valued is similar to the broader understanding of customer value that now prevails in a more
general business context. For instance, Grönroos [31] suggests that a customer’s perception of the
value of a service—apart from its monetary cost—depends on the perceived value of the core solution
(i.e., the physical result of the service), the perceived value of various additional services associated
with the core solution, and the perceived cost of upholding the business relationship (e.g., the cost
of supervision).

From the contractors’ perspective, the ability to operate efficiently is to some extent determined by
the working environment [11]. The working environment may differ between customers of harvesting
services depending on, for instance, the customers’ different needs of flexibility [15,32]. Further,
preferences on how the harvesting service should be performed may differ considerably between
service buyers [26]. This suggests that contractors may utilize variations in potential customers’
preferences and operating environments to gain benefits by securing contracts with the customer
whose needs the contractor can meet at the lowest cost.

1.3. Alignment

The notion of alignment has been used to address a variety of issues related to a company’s internal
operation, such as the relationship between a company’s functional strategies to its holistic business
strategy [33,34]. In supply chains involving multiple organizations, misalignments between supply
chain partners may harm the overall effectiveness [2], and may be measured in several dimensions such
as, for instance, cost reduction efforts, pricing, reliability, responsiveness, and quality management [17].
Eriksson et al. [14] assumed the customer’s perceived value of a harvesting contractor’s services as
a measure of alignment, and suggested a process that forest products companies can use to actively
manage the performance of their contractor fleets. However, taking only one perspective into account
(as did Eriksson et al. [14]) is bound to give a somewhat incomplete description of the involved parties’
alignment. Accordingly, it may be necessary to measure, in addition to the customer’s perceived
value of a service, the degree to which the contractors perceive alignment with their customer in order
to achieve a complete picture of the alignment of studied relationships. Such a contractor-centered
perspective is taken by Mäkinen [28], who in addition to considering the financial success of contractors
also measured their capacity utilization and satisfaction with their customer. He found that the
financially most successful contractor group also was the most satisfied with their customer. They also
had the highest capacity utilization. This led him to conclude that the key success factor appeared
to be working for a customer who provided a beneficial operating environment. This may be the
clearest example from the literature that describes a situation where the customer’s alignment with the
contractor gives mutual benefits for both parties. In Mäkinen’s study [28], the benefit for the contractor
was financial success, and for the customer in the form of high contractor capacity utilization (and
supposedly a competitive price).

To get a more complete picture of customer–contractor alignment, this study will address
the notion from the previously described two perspectives: the customer’s and the contractor’s.
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Customer-perceived value [31] is used to reflect the customer’s perspective on relationship alignment,
whereas the contractor perspective is represented by contractor perceptions on the business and
operating environments offered by their customer.

1.4. Contractor Performance

The term ‘firm performance’ comprises a range of evaluative factors and assessments, but all
measurements of a firm’s performance need to somehow support the firm’s strategic objectives [35].
Among harvesting contractors, a variety of reasons have been identified behind the foundation
or takeover of harvesting firms, and their strategic objectives also differ markedly [36], thus
making a comprehensive and yet homogenous definition of contractor performance a challenge.
However, profitable operations allow contractors to stay in business and to acquire resources that
can be used to reach other objectives—personal or professional; it is this which prompts the use of
profitability as the primary measure of contractor performance. Focusing on this criterion has the
advantage that it simplifies the measure of contractor performance and enables direct comparisons
of performance between contractors; this essential simplicity explains its popularity in studies of
harvesting contractors (e.g., [9,25]). Profitability may be measured with a range of key ratios, usually
based on a firm’s earnings put in relation to either the firm’s turnover, or some proportion of the firm’s
assets. Net profit margin (i.e., the share of the turnover that harvesting contractors have left after all
expenses and taxes have been deducted) may be the most commonly used key ratio in analyses of
firm profitability. For Finnish and Swedish conditions, published surveys of contractors’ finances have
indicated an average net profit margin for harvesting contractors of around 4–7% with some annual
fluctuations, and with a considerable share of the contractors reporting losses [7,9]. The profit margin
key ratio gives an indication of the contractor firm’s ability to price its services and control its costs,
and ultimately illustrates how effective the firm is in creating excess resources.

1.5. Supply Risk

Outsourcing in itself introduces some risk to a firm’s supply, since by definition it involves
the firm giving up some of its control in exchange for some potential benefits [37]. In the worst
case scenario, this loss of control may lead to higher procurement costs, interrupted downstream
operations, or an inability to meet demand, if suppliers fail to perform as expected. To mitigate such
risks, a frequently used method is to use several sources for a certain product or service, so that
unexpected disruptions at a single supplier will have a limited effect on the total supply [38]. In the
forest industry, a common setting is one where large forest companies employ several small harvesting
contractors (e.g., [39]). Consequently, any disruptions in a contractor’s service need to be of significant
magnitude to cause much of a problem for the average customer of harvesting services. On the other
hand, a current trend in Sweden is to minimize roundwood stocks, so if one or more contractors in
a certain area completely stop production, even large forest companies may face serious difficulties
in meeting mill demand, or in fulfilling harvesting agreements with private landowners. Thus, such
disruptions may cause costly problems and possibly lost business opportunities. In this context, it is
a benefit for forest companies to have stable, or at least predictable, relationships with their contractors.
To address these issues, this study evaluates supply risk by considering the risk for breakdown of the
customer–contractor relationship, more specifically by following the relationship status over several
years to see whether a breakup has occurred or not.

1.6. Study Objectives

As shown above, poor contractor performance within the forest industry is likely to cause supply
disturbances, harvesting operations out of alignment with downstream requirements, and poor
contractor profitability. Hypothetically, the degree of such problems can be related to the degree of
alignment between harvesting contractors and their customers. However, these issues have previously
not been experimentally demonstrated. Therefore, the overall aim of this study was to improve our
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knowledge of the effect of the customer-contractor relationship on contractor performance and the
supply risk for the customer of harvesting services. The specific objectives of this study were to

(1) define and apply criteria for measurement of alignment from both the customers’ and the
contractors’ perspectives

(2) analyze the relationship between customer–contractor alignment and contractor profitability
(3) analyze the effect of both customer–contractor alignment and contractor profitability on the risk

for relationship breakdown over time.

This study analyzes customer–contractor alignment from two perspectives:

(1) Customer perceptions of the received value from contractor services.
(2) Contractor perceptions of how well customers’ business and operational environments align

with the contractors’ preferences.

The main hypothesis of the study is that customer–contractor alignment can foster both a lasting
relationship and performance levels that meet customer expectations on high quality services as well
as contractor expectations on high profits.

2. Materials and Methods

This study builds on previous research by Eriksson and Lindroos [26] and Eriksson et al. [14], with
the parts used here being summarized in Section 3.1. In that previous work, alignment was studied
from the customer perspective in a case of a large Swedish forest industry company and 74 of its
harvesting contractors employed on a long-term basis during the period 2006–2009. The current study
supplements the previously collected data with the contractors’ perspectives on their alignment with
the customer, and with data on their profitability during the same time period. Further, this study also
adds a longitudinal dimension by tracking the development of the customer–contractor relationship
and the contractors’ profitability in 2011–2013 (ca. 4 years after the initial data collection) to measure
how the more recent situation relates to the historic relationship with their customer. The study can be
classified as using mixed methods, since use of qualitative methods (interviews and questionnaires)
were mixed with the use of quantitative methods (e.g., collection of production data). Full coverage of
contractors and customer representatives were aimed for in all data collections.

2.1. Measurement of Customer-Perceived Value of Harvesting Services

The customer-perceived value of a service was defined by Grönroos [31] as a composite of
four generic attributes: the core solution, additional services, price, and relationship costs. Eriksson
and Lindroos [26] adapted this framework for the study of forest harvesting services, identifying
several sub-attributes. Furthermore, they measured the customer-perceived value of the harvesting
services from each of the contractors included in this study, using survey items for sub-attributes
associated with three generic attributes: core solution; additional services; and relationship costs.
These items assessed the customer’s satisfaction with contractors’ services on 10-graded Likert scales.
Further, the long-term ability of the contractors to maintain a competitive service price was assessed
by identifying and collecting data for some key performance indicators reflecting harvesting and
forwarding efficiency. These indicators (Table 1) were used by the customer company to monitor
operations and are described more in detail in Eriksson et al. [14]. The data on the four measures
collected in the previous studies [14,26] were used as input on customer-perceived value in this study.

Prior to performing analyses, all variables were standardized (mean value = 0, standard deviation
(SD) = 1) to allow for easier interpretation of figures and comparison of regression coefficients.
In addition, a composite index of customer-perceived value of harvesting services (CPV index) was
constructed by calculating a standardized (mean value = 0, SD = 1) mean value of the standardized
scores for the attribute-specific measures for each contractor.
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Table 1. Schematic view of the measures of customer-perceived value as used in this study.

Name of Measure in
This Study

Associated Generic
Attribute [31]

Associated Sub-Attributes [26] Type of Data
Method of
Calculation

Core solution Core solution
Log quality

Thinning quality
Environmental considerations

Survey of customer
perceptions

Mean of
sub-attribute scores

Additional services Additional services

Flexibility
Delivery performance

Management
Collaboration

Survey of customer
perceptions

Mean of
sub-attribute scores

Operational efficiency Price

Harvester productivity
Harvester utilization rate
Forwarder productivity

Forwarder utilization rate

Machine follow-up
data

Equation (1)
(see below)

Relationship costs Relationship costs Daily communication
Business relationship

Survey of customer
perceptions

Mean of
sub-attribute scores

Equation (1) describes the calculation of the composite measure of operational efficiency used
in subsequent analyses. A multiplicative format was chosen to reflect the interdependence between
harvesters and forwarders in the studied harvesting system.

Operational efficiency = Relative harvester productivity × Harvester utilization rate ×
Relative forwarder productivity × Forwarder utilization rate

(1)

2.2. Measurement of Contractor-Perceived Alignment

Information on the contractors’ perceptions of their alignment with the customer was collected
through a questionnaire that all participating contractors were asked to complete. It was designed to
provide a reliable measure of how well the relationship with the customer corresponded to contractor
preferences. Five items were developed and pre-tested on two contractors who were not part of the
final sample to ensure their validity. The final questionnaire comprised five statements describing
their perceived alignment with the client in 2009, which was the end of the period covered by the
data presented in Section 3.1. Contractors were asked to indicate the extent to which they agreed.
The following items were used (translated from Swedish):

(1) The company was the preferred client of my services five years ago.
(2) My preferred way of working was compatible with the company’s way of working five years ago.
(3) My values were compatible with the company’s values five years ago.
(4) Having the company as a client helped me fulfill my business objectives five years ago.
(5) I had a good business relationship with the company five years ago.

Answers were given on a 1–10 Likert scale, where 1 meant that the contractor totally disagreed,
and 10 meant that the contractor totally agreed with the statement. Finally, all contractors were asked
to tell without any formal restrictions their reasons for working with the client and, if applicable, their
reasons for not working for the client anymore.

All information was collected by telephone in the summer of 2014. At least three attempts were
made to reach contractors that did not initially respond. Fifty-five contractors were reached in this
manner. Of the remaining 19 contractors, 18 contractors could not be reached, of which one had
passed away; seven did not respond to any contact attempts despite still being in operation; while
the remaining ten had dissolved their companies and it proved impossible to obtain valid contact
information. In addition to these 18 contractors, one contractor declined to participate in the study
despite assurances of strict anonymity. A total response rate of 76% was therefore obtained.

In addition, a composite index of contractor-perceived customer alignment (Alignment index)
was constructed by calculating the standardized (mean value = 0, SD = 1) mean value of the scores for
the above described items for each responding contractor.
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2.3. Records of Customer–Contractor Relationship Status

Four groups of contractors were formed to analyze changes in relationship status. The groups were
formed according to their relationship status with the case company at the end of 2013: the first group
comprised contractors still employed by the company; the second was of bankrupted or dissolved
contractor firms; the third was of firms who had left the case company to start business relationships
with other customers; and finally the fourth group comprised both the contractors from the second
and third groups, i.e., all contractors who were no longer employed by the company regardless of
the reasons. Further, a binary variable was constructed where 1 was assigned to contractors that
still worked for the customer on a long-term basis at the end of 2013, and 0 was given to all other
contractors. Contractor firms in which the owner had retired but transferred the firm to a family
member were considered to be the same entity.

2.4. Records of Contractor Profitability

All incorporated businesses are by law required to annually file their financial reports at the
Swedish Companies Registration Office, where the reports are publicly available for a fee. In this study,
the contractors’ net profit margin was selected as a measure of contractor profitability and collected
from the annual financial reports of the studied contractors. Yearly net profit margins were aggregated
to three-year averages for each contractor to reduce the effect of extraordinary events—such as machine
investments or sales—on contractor financial key ratios. Net profit margins were recorded for two
three-year aggregates. The first period covered the three fiscal years for each contractor that best
corresponded to Eriksson and Lindroos’s [26] study period (2006–2009), and the second aggregate
covered the latest three financial statements from each contractor that were publicly available in June
2014. It was not possible to obtain financial information for the exact same periods from each contractor
since starting dates for their fiscal years differ.

2.5. Analyses

Due to the aforementioned non-responses, data on the contractors’ perceived alignment were
missing for 24% of the contractors comprised in the initial dataset. Data imputation was used to
compensate for the consequent lack of data in the variable alignment index. This imputation was
made according to a model in which non-respondents were assigned alignment index values based on
whether they were still employed by the customer or not. The rationale behind the model was derived
from the significant differences in alignment index between contractor. The customer-perceived value
index did not differ noticeably between respondents and non-respondents, but a fairly large—albeit
statistically insignificant—difference in net profit margin of 3% was noted to the respondents’
advantage. Consequently, the applied imputation model should be sufficient to avoid problematic
effects in the subsequent analyses due to non-response errors.

A one-way ANOVA was used to test for pairwise comparisons between contractor groups, and
Pearson’s test was used to analyze correlations between variables. Ordinary least squares regression
was used to analyze factors affecting contractor profitability, and binary logistic regression was used to
analyze factors affecting the risk for relationship breakdown. The critical significance level was set to
0.05 in all analyses, but parameters with higher p-values are sometimes presented to show tendencies
in the data. In the regression analyses, all independent variables were entered in standardized format
(mean = 0, SD = 1) to allow for easy comparisons between variables, whereas the dependent variables
were kept in their original form.

3. Results

Results are presented using the layout applied in the methods section: (1) contractor-perceived
customer alignment, (2) customer-perceived value, (3) risk for relationship breakdown, and (4)
contractor profitability.
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3.1. Contractor-Perceived Customer Alignment

Most of the contractors who responded to the survey in this study indicated that their customer
was well aligned with their needs (see Table 2). In contrast to the general picture, however, a few
contractors perceived severe misalignment, as indicated by scores at the very low end of the item
scales. All items were highly correlated to each other (Pearson’s correlations between 0.43 and 0.66
significant at the p-value < 0.001 level), indicating a reliable composite measure.

Table 2. Contractors’ perceptions of their customer in 2009 (1 = completely disagree, 10 = completely
agree). n= 55 for all items. SD = standard deviation and Q = quartile.

Item Mean SD Min Q1 Median Q3 Max

1. The company was the preferred client of
my services. 7.2 2.3 1.0 6.0 8.0 8.0 10.0

2. My preferred way of working was
compatible with the company’s way
of working.

7.1 2.0 2.0 6.0 7.0 8.0 10.0

3. My values were compatible with the
company’s values. 6.8 2.1 1.0 6.0 7.0 8.0 10.0

4. To have the company as a client helped
me fulfill my business objectives. 6.4 2.5 1.0 5.0 7.0 8.0 10.0

5. had a good business relationship with
the company. 7.5 2.5 1.0 7.0 8.0 9.0 10.0

Alignment index 1 0.0 1.0 −3.2 −0.64 0.21 0.72 2.0
1 Standardized mean of standardized item values (mean value = 0, SD = 1).

3.2. Customer-Perceived Value of Harvesting Services

In the data collected by Eriksson and Lindroos [26], the customer expressed a relatively high
appreciation for the contractors’ services (Table 3), at least for the three attributes measured on a Likert
scale. Common to all customer-perceived value attributes is that they cover large ranges, indicative of
significant potential improvements in the supply chain that could be achieved by a closer alignment of
contractor performance with customer requirements.

Table 3. Statistics for customer-perceived value for the period 2007–2009. n = 74 for all attributes.

Attribute Mean SD Min Q1 Median Q3 Max

Core solution 1 7.3 1.2 4.7 6.5 7.3 8.0 10.0
Additional services 1 6.5 1.4 2.9 5.8 6.6 7.7 8.8
Relationship costs 1 7.4 1.3 1.3 6.7 7.5 8.2 10.0
Operational efficiency 2 0.75 0.19 0.40 0.63 0.73 0.83 1.33
CPV Index 3 0 1.0 −2.6 −0.51 0.038 0.71 2.0

1 Measured on a 1–10 Likert scale. 2 Index as described in Equation (1). 3 Standardized mean of standardized
attribute values (mean value = 0, SD = 1). CPV: customer-perceived value of harvesting services.

The two alignment measures were plotted against each other (Figure 1). This allowed for the
identification of two groups of contractors that stand out from the rest: group A, consisting of
four contractors that expressed a very low perceived alignment with the customer, and group B,
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consisting of five contractors for which the customer perceived a very low value from their services.
When the contractors in group A were asked why they perceived such misalignment, all but one
(who declined to give a more detailed answer) described a very low level of trust in their client,
frequently associating their customer with attributes such as having no respect or trust, unprofessional
behavior, and dishonesty. These responses are clearly indicating a relationship with a certain level of
conflict rather than alignment. For group B, the two contractors with the lowest perceived alignment
had a similar (although not quite as severe) opinion of their customer, whereas the remaining three
contractors gave no such indication of dissatisfaction. Ten of the interviewed contractors stopped
working for the customer after the first study period. The reasons for this cessation varied, but three
aspects were identified in the answers provided by the interviewees. First, seven out of the ten
contractors who stopped working for the customer described a severely deteriorating relationship
where they ultimately had lost trust in the customer’s officials. It was not possible to clearly establish
the root cause of these conflicts, but it is worth noting that many of the contractors who had quit
performed rather poorly from the customer’s perspective. In comparison, those contractors who did
not quit performed noticeably above average. Second, four contractors indicated low price as the main
reason why they decided to look elsewhere for better options. Three out of these contractors were
also included in the first group. Finally, one of the interviewed contractors had been forced to file for
bankruptcy (which also was the case for an additional three contractors in the non-responding group).

 

Figure 1. Customer–contractor alignment from two different perspectives for 55 responding contractors.
Filled (black) symbols represent contractors that still worked for the customer, whereas unfilled symbols
represent contractors that ceased to work for the customer. Group A (squares, and circled by solid line)
include low perceived alignment by contractor, and Group B (diamonds, and circled by a dotted line)
include low performing contractors from the client’s perspective.

3.3. Risk for Relationship Breakdown

The status of the relationships between the customer and its contractors was monitored from
the end of 2009 to the end of 2013 (i.e., if the contractors were still employed by the customer
or not). During this time span, about 30% of the contractors stopped working for the company
(Table 4). All contractors were divided into two groups according to the status of their relationship
at the end of 2013. Contractors who had quit working for the customer were further segregated
into two categories based on their current business status (i.e., if they were still in operation or
not). Pairwise comparisons between groups revealed that contractors who continued to work with
the customer showed a significantly higher contractor-perceived customer alignment index as well
as customer-perceived value index than contractors who had quit (Table 4). Unsurprisingly, low
profitability was a typical characteristic of contractor firms that later went bankrupt or were liquidated.
Furthermore, contractors who decided to end the relationship for other reasons (mostly to start working
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for another customer) were on average less profitable than those who decided to stay. In the second
period, no difference in profitability could be observed between contractor groups, indicating that the
contractors who abandoned the case company for other customers actually managed to find customers
whose business proposals were more in alignment with their own preferences.

Table 4. Relation between relationship status and customer–contractor alignment; customer-perceived
value of harvesting services; and contractor profitability.

Variable
Still Employed

(n = 52)

Dissolved Relationship

Total (n = 22)
Bankruptcy or

Liquidation (n = 12)
Other Reasons

(n = 10)

Alignment index 1 0.23 A −0.64 B −0.43 −0.89
CPV index 0.23 A −0.45 B −0.42 −0.49
Average net profit margin
Fiscal years 2007–2009 0.05 A −0.03 B −0.05 0.00
Fiscal years 2011–2013 0.05 A 0.05 B - 0.05

1 Deviating number of respondents: fifty-five in total; forty-four still employed, three in bankruptcy or liquidated,
and eight who quit for other reasons. Note: Within rows, different superscript letters (A and B) indicate significant
(p < 0.05) differences (one-way ANOVA) between still employed contractors and those who no longer worked
for the customer. Group differences between the still employed contractors and the two sub-groups according to
the reason for the ending of the customer–contractor relationship were not analyzed because of limited sizes of
the sub-groups.

Binary logistic regression was used to analyze what led to the observed events among the
contractors. For the full dataset, net profit margin and perceived value from additional services
(which in this case mostly corresponds to the customer’s perception of how well the contractor runs
his business) both significantly increased the chance of a sustained relationship, whereas perceived
value from the core solution rather counter-intuitively increased the risk of a dissolved relationship
(Table 5, model a). Although there was not a significant statistical relationship (p = 0.104), there was
still some limited evidence that the contractors’ perceived alignment with the customer, as measured
by the alignment index variable, had a tendency to affect the chance of a sustained relationship.
Indeed, most interviewees who had taken their business elsewhere reported that they did so because of
dissatisfaction, or even conflict, with the customer. After calculation of the probabilities for a continued
relationship and classifying probabilities over 50% as cases where a continued relationship was likely,
model a managed to predict the relationship status after the study period correctly for 80% of all
contractors. However, the hit ratio was unevenly distributed, with 90% of continuously employed
contractors and 55% of contractors who quit classified correctly according to model a. This is indicative
of the complexity of modelling relationship breakdown.

An analysis was also made for a subset of the data comprising all contractors who currently are
active, either as contractors with the case company or for some other customer (Table 5, model b).
In this analysis, the same pattern emerged as with the full dataset, but with one distinction: net profit
margin did not affect the chance of a sustained relationship for this group. Consequently, there is no
evidence that contractors who took their business elsewhere did so or were forced to do so because
of low profitability. This result may suggest that other factors are considered when a contractor
decides to change customer, or the customer decides to terminate a contract. Model b managed to
predict the relationship status correctly for 87% of all the surviving contractors. The hit ratio was
unevenly distributed, with 98% of continuously employed contractors and 30% of contractors who
quit classified correctly according to model b, which further underlines the difficulty of accurately
predicting relationship breakdown. For this group of contractors, the probability of an average
contractor quitting was only 8%.
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Table 5. Binary logistic regression models with relationship status as dependent variable (continued
relationship = 1; terminated relationship = 0, with a continued relationship as reference event).

Model Variable
Parameter
Estimate

Standard
Error

Wald p-Value
Odds
Ratio

Deviance
p-Value

a

Full model - - - - - 0.865
Intercept 1.511 0.406 3.72 <0.001 - -

Additional services 1.270 0.460 2.76 0.006 3.56 -
Net profit margin 1.086 0.443 2.45 0.014 2.96 -

Core solution −0.913 0.456 −2.00 0.045 0.40 -
Alignment index 0.597 0.367 1.63 0.104 1.82 -

b 1

Full model - - - - - 0.992
Intercept 2.445 0.609 4.01 <0.001 - -

Additional services 1.729 0.711 2.43 0.015 5.63 -
Core solution −1.494 0.685 −2.18 0.029 0.22 -

Alignment index 0.733 0.429 1.71 0.087 2.08 -
1 Model developed on a subset of the data for which n = 62 contractors who were still in business after the second
study period.

None of the contractors whom the customer perceived to deliver above-average value and who
simultaneously made profits, which represented 42% of the total sample, quit working for the customer
during the studied period (see Figure 2). However, 51% of the remaining contractors (i.e., 30% of the
total number of contractors) who either made losses, were perceived to deliver below-average value,
or both, had quit working for the customer, indicating the importance of achieving mutual benefit to
sustain a business relationship.

 

Figure 2. Net profit margin and customer-perceived value index in the first period (ca. 2006–2009).
Filled (black) symbols represent contractors that still worked for the customer, whereas unfilled symbols
represent contractors that ceased to work for the customer.

3.4. Contractor Profitability and Its Predictors

The average contractor in the study was profitable during the first study period. Profitability
ranged from −21 to +23% and more than a quarter of the contractors were losing money, indicating
a difficult situation for many of them (Table 6). Average profit increased in the second study period.
However, by the end of the second period, 12 of the contractors had been liquidated or gone bankrupt,
reducing the sample from 74 to 62 contractors. Of these 62 contractors, nine had switched to other
customers and were still active (constituting the majority of category “other reasons” in Table 4).
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Table 6. Contractors’ profitability for each studied period.

Average Net Profit Margin (%)

Period n Mean SD Min Q1 Median Q3 Max

1 (fiscal years 2007–2009) 74 3 8 −21 −1 2 7 23
2 (fiscal years 2011–2013) 62 5 5 −8 1 3 8 21

In this study, customer-perceived value and its attributes, as well as the contractor-perceived
customer alignment index, was hypothesized to relate to the contractor’s net profit margin. Many of
these variables were found to correlate to each other, but the alignment index did not correlate
significantly to other variables except for the customer-perceived value attribute of operational
efficiency (Table 7). The customer-perceived value index, however, showed a significant positive
correlation to net profit margin in both periods, identifying customer satisfaction as a key objective for
contractors who pursue financial objectives. The attributes of customer-perceived value all correlated
significantly to the customer-perceived value index (0.43–0.66), and most of them also correlated to
each other (0.28–0.57), with the exception of operational efficiency which only correlated significantly
to additional services (0.46). Judging by the correlation of net profit margin between periods, profitable
contractors tend to stay profitable. Notably, all significant correlations in the matrix are positive.

Table 7. Pearson’s correlations between the numerical variables in the study.

Variable Alignment Index 1 Net Profit Margin, Period 1 Net Profit Margin, Period 2 2

Net profit margin, period 1 0.16 - -
Net profit margin, period 2 2 0.027 0.45 * -
CPV index 0.13 0.32 * 0.29 *

Core solution −0.13 −0.01 0.04
Additional services 0.19 0.33 * 0.26 *
Operational efficiency 0.30 * 0.34 * 0.32 *
Business relationship 0.00 0.26 * 0.19 †

† p = 0.05–0.1, * p < 0.05. Note: n = 74, except for 1 where n = 55 respondents and 2 where n = 62 surviving firms.

As could have been expected from the observed correlations (Table 7), the customer-perceived
value index had a significant effect on contractor net profit margin in the first period at the p < 0.05 level,
whereas the significance level needed to be relaxed somewhat to detect any effect of the alignment
index (p = 0.09; Table 8, model A). Replacing the customer-perceived value index with its attributes
revealed that the only attribute with a significant effect on contractor profitability was operational
efficiency (Table 8, model B). This is most likely linked to the nature of the predominant business model
in this case, in which the vast majority of the work is paid by piece rates, which intrinsically means
that more efficient contractors will have better cash flows. In this more detailed model (B), no tendency
was observed for the alignment index, indicating that the tendency observed in model A may have
been caused by the correlation between operational efficiency and the alignment index (see Table 7)
rather than by the alignment index on its own merits. The explanatory power of both models is low
(R2 of 11.6 and 12.5%, respectively), something which is possibly related to a high frequency of extreme
observations in the net profit margin variable (see Figure 2).

In the second period, the customer-perceived value index had a significant effect on net
profit margin, but when replaced by its attributes, only operational efficiency remained significant.
However, when entering the net profit margin from the first period as a variable in the regression,
all other variables lost their explanatory power—indicating past profitability as the key determinant
of present profitability (Table 8, model C), at least for cases when no information on other aspects
of present performance is available. Focusing only on contractors who continued to work for the
customer, both the magnitude of the effect and the explanatory power of past profitability increased
substantially (Table 8, model D), for which the parameter increased from 0.32 to 0.57, and R2 from 13
to 34% compared to the model (C) developed from the full dataset. This indicates that a contractor’s
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profit level is likely to be sustained as long as the contractor retains the relationship with the same
customer. Notably, the average profitability for contractors who went to work for other customers was
5% percent units higher in the second period than in the first (see Table 4), even though the difference
was not significant. This suggests that the change of customer may have worked as a reset for the
profitability for this group by giving them a fresh start in a new environment, possibly an environment
more in alignment with their requirements.

Table 8. Models explaining observed variation in contractor net profit margin.

Period Model Variable
Parameter
Estimate

Standard Error p-Value R2-adj RMSE

1

A 1

Full model - - 0.005 0.118 0.0720
Intercept 0.0256 0.008 0.003 - -

CPV index 0.0234 0.009 0.011 - -
Alignment index 0.0142 0.009 0.102 - -

B 2

Full model - - 0.003 0.125 0.0717
Intercept 0.0259 0.008 0.003 - -

Operational efficiency 0.0225 0.009 0.011 - -
Relationship costs 0.0147 0.009 0.093 - -

2

C 1
Full model - - 0.002 0.133 0.0501
Intercept 0.0328 0.008 <0.01 - -

Profit margin period 1 0.3173 0.099 0.002 - -

D 3
Full model - - 0.002 0.344 0.0444
Intercept 0.0182 0.008 0.027 - -

Profit margin period 1 0.5674 0.108 <0.001 - -
1 Full dataset. 2 Full dataset, CPV index replaced with its attributes. 3 Subset of the data comprising 52 contractors
who continued to work for the customer. R2-adj = adjusted level of explained variance; RMSE = root mean
square error.

To summarize, customer–contractor alignment was considered from both the customer’s and the
contractors’ perspectives. The two variables, customer-perceived value index and contractor-perceived
alignment index, were developed and measured to enable analysis of alignment from both perspectives
and were found to be uncorrelated to each other (Table 7). However, contractors’ operational efficiency
was found to relate positively to the contractor-perceived alignment index (Table 7), suggesting that
high operational efficiency may benefit both sides of the relationship. This is supported by the finding
that the customer-perceived value index and its attribute operational efficiency were both significantly
and positively related to current contractor profitability. To predict future profitability, past profitability
was found to be the best predictor, especially for contractors who stayed in the relationship with the
customer (Table 8). Contractors who quit working for the customer were significantly less aligned
to the customer from both the customer’s and the contractors’ perspectives (Table 4), and stood
out from other contractors by reporting, for instance, conflict and lack of trust with the customer’s
officials. High contractor net profit margin and high customer-perceived value from additional services
decreased the likelihood of relationship breakup, whereas high customer-perceived value from the
core solution increased the risk (Table 5).

4. Discussion

Customer-perceived value of contractors’ services and contractor-perceived alignment with the
customer were hypothesized to affect both contractors’ profitability and the probability of a retained
customer relationship. A positive relationship would indicate that a contractor who manages to engage
with a customer that offers a business environment in alignment with the contractors’ needs, and who
manages to meet that customer’s expectations, would be in a position of competitive advantage
compared to his or her peers. The study did indeed find partial support for this hypothesis, but neither
customer-perceived value (or its attributes) nor the alignment index managed to explain much variance
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in profitability. An interpretation of this is that the primary source of competitive advantage for many
harvesting contractors may be found in internal factors such as effective entrepreneurship or leadership
rather than in their relationship to the customer, a tentative conclusion which concurs with findings
from earlier studies (e.g., [25,27,29]). However, the differences between contractors who decided to
terminate their relationship and contractors who continued to work for the customer indicate that
a change of customer may contribute to resetting profitability for contractors who switch to a different
business or operating environment. This indicates that a change of customer may be an attractive move
for contractors in some specific situations, for instance, when a contractor’s production resources better
align with some other customer’s operating environment. In 1994, Anderson et al. [40] reported that
present customer satisfaction and past profitability both had positive effects on present profitability in
a cross-industrial study of 77 Swedish companies, corresponding well with the results of our study.
This study, in addition to considering a customer-perceived value index, also developed and analyzed
measures associated with its attributes: core solution, additional services, price, and relationship costs.
This indicated operational efficiency as the primary driver of profitability. Seemingly, operational
efficiency is the alignment ‘focal point’ of this case, since it is also specified by the customer as
a key attribute of the harvesting service [26], and was the only customer-perceived value attribute
that correlated significantly to contractor-perceived customer alignment (see Table 7). Many of the
interviewed contractors also perceived high expectations from the customer on maintaining a high
pace in production and to constantly improve efficiency; these demands seem to have alienated some,
primarily less efficient, contractors, and in extreme cases even led to open conflict. The commonly
adopted piece rate pricing policy in the forest industry suggests that operational efficiency may be
considered a general focal point for relationship alignment in forest harvesting services. Hypothetically,
however, this may vary between companies.

High perceived value from additional services safeguarded against relationship breakdown
(see Table 5). This is likely caused by the fact that one of the main points of outsourcing is to reduce the
need for first level supervision by letting the contractor take on this role in exchange for a profit. Since
many of the items used to quantify additional services were associated with how well a contractor
runs the business (see [26], for details), high performance in additional services indicates that this
transfer of managerial responsibility is working well. If a contractor is perceived to fail in managing
the crew or crews, the customer may face a situation where it needs to allocate resources to the close
supervision of the contractor to avoid receiving sub-standard services; this may lead the customer to
look for other options to free up these resources.

The results from this study showed, somewhat counter-intuitively, an increased risk of
a terminated relationship associated with high customer-perceived value from the core solution
(i.e., in this case, perceived log quality, thinning quality, and environmental considerations, see [26]).
This finding resembles the results from a previous study [41], in which trucking contractors’ service
level to the customer was found to have a negative effect on contractor profitability, indicating low
or no return on some core attributes of the service. A possible explanation is if the customer is,
for instance, interested in quality being above a certain threshold level rather than maximized service
quality [42]. Hypothetically, a contractor in such a case—one who is providing services far above the
threshold—would have the incentive to change customer if the potential new customer is also offering
a premium for quality. Relationships that end as a result of such recognition may not be entirely
negative when considering the forest industry as a whole. Indeed, it contributes to relocating contractor
resources and capabilities to supply chains where they are better appreciated, and presumably yield
better benefits.

From the forest company’s perspective, the benefit that contractors get from finding the right
customer underlines the importance of providing a business environment suited for contractors that
they wish to keep in service. In this study, the fairly high scores that the majority of contractors
gave to the items measuring their perceived alignment with the customer (see Table 2) indicate
that the customer company provides a reasonably attractive environment for most of its contractors.
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Further, the positive relationship between customer-perceived value and contractor profitability
shows that the company provides incentives for the contractors to fulfill the company’s needs.
However, on a more detailed level, most attributes of customer-perceived value did not have any
effect on contractor profitability. This indicates low incentives for contractors to focus on improvement
of important aspects of their services, such as log quality, thinning quality, and environmental
considerations, all associated with the attribute ‘core solution’. Consequently, the customer would
be likely to benefit from adjusting its incentives program so that the contractors gain appreciably
by performing well in the most important service attributes to the customer [14]. The chance for
a sustained relationship was found to relate positively to contractor profitability and high perceived
value from additional services (i.e., in this case, contractor management, collaboration, flexibility,
and delivery performance, see [26] for details) whereas high perceived value from the core solution
posed a risk for relationship breakup. Consequently, these variables could be used by the company
to monitor the level of risk for flight or defaults in its contractor fleet and to evaluate, for instance,
its pricing of harvesting services. In addition, interviews with contractors who had ceased working
for the company identified lack of trust and conflicts with company officials as important causes of
relationship breakdown. This indicates that the contractors’ perceived level of trust or conflict with the
customer may lead to contractor flight, and consequently is a driver of supply risk for the customer,
underlining the importance of good contractor relations for the customer.

This study used a limited sample to investigate customer–contractor alignment and its effects
on contractor success in the forest harvesting business. Inherently, this will, of course, make some
of the results case specific or at least somewhat biased due to the specific conditions of the sample.
For instance, when analyzing the performance of contractors operating as third party service-supplier,
Erlandsson et al. [15] have suggested adding the forest owner’s perspective to the here addressed
costumer and contractor perspectives. Häggström and Lindroos [43] suggest a wider approach for
performance in forest operations in general, as a product of complex interactions between human,
technology, organization, and environment. Hence, there is growing support for a need of a more
holistic view on performance in general, and especially for contractors. Moreover, cases of large forest
companies relying on fleets of small harvesting contractors can be found in the forest industry all over
the world. This, together with findings from the cited literature supporting the results, indicates that
some generalizations can be made from our study. However, some special caution is advised when
interpreting the results relating to specifics of the group of contractors who quit working for their
customer. The response rate for this group was comparatively low, which may have caused errors due
to possible non-response bias.

Naturally there are also limitations and possibilities for improvements in the applied methods
and studied aspects of customer–contractor alignment. As indicated above, the performance within
forest operations is dependent on numerous, entangled factors and actors. The scope could thus be
broadened to cover aspects omitted in the current study. For instance, strategies and expectations
for the innovation processes required for continuously improved performances both influence and
are influenced by the relationships between costumer and contractor [44,45]. Thus, alignment within,
for instance, those aspects could also be included in future analyses.

The use of self-reported data enables gathering of perceptual data that otherwise are difficult
to come by, but the method also has limitations [46]. To mitigate the possible methodological
shortcomings with self-reported data, a combination of various empirical and self-reported sources
were used. For instance, the perceptions reported by customers were compared with the perceptions
reported by contractors (e.g., Figure 1). Thus, the absolute values of the respective perception indexes
might have been influenced by, for instance, same-source bias, but the influence on the comparisons
of (standardized) indexes from different sources should be low. Another possible methodological
weakness of the study is that it is in part based on retrospective interviews and surveys with contractors,
making faulty recollections a potential source of error. Such response errors have been shown to
relate negatively to the saliency of the recalled event [47]. Since the relationship with the forest
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company certainly represents a salient part of the contractors’ professional life at the time of the study,
the likelihood of significant effects due to response errors should be low.

5. Conclusions

The objectives of this study were to define and operationalize alignment from both the customers’
and the contractors’ perspectives, and to empirically analyze its effect on contractor profitability and
the development of the customer–contractor relationship over time. Measures of customer-perceived
value of contractor services, and contractor-perceived alignment to the customer were developed and
applied in a study of a Swedish forest company and its employed contractors.

Findings from this study demonstrate effects of previous contractor profitability, and
the customer’s perceived value of the contractors’ services on contractor profitability.
Further, we demonstrate that contractor profitability reduces the risk of relationship breakup, whereas
attributes of the customer’s perceived value of contractor services have mixed effects. Contractors
who decided to change customer or liquidate their firm during the studied period reported conflict
and lack of trust as important reasons for ending the relationship with the customer, which indicates
an interesting area for future research.

Contractors in the forest harvesting business should seek out the customer that offers business
opportunities that are in close alignment with their capabilities and resources to optimize their chances
of success. When contractors are employed by the best possible customer, results from this study
indicate that the best strategy is to focus on internal efficiency and to be perceived as a promising
contractor by the customer. For contractors working on a piece rate basis, this primarily means
focusing on operational efficiency to maintain a high cash flow and competitively price their services.
Forest companies, on the other hand, would benefit from applying a process for management of
its contractor fleet, such as the one suggested by Eriksson et al. [14], to improve alignment of its
contractors. Further, companies may benefit from monitoring the profitability of their contractors and
use it as an indicator of their contractor-related supply risk.

Results from this study show that customer–contractor alignment does affect outcomes for both
contractors and their customers. Consequently, alignment between supply chain partners should be
a priority for both practitioners and researchers interested in improving forest operations from a supply
chain perspective. If successful, such efforts would contribute to simultaneously improve the value of
contractor services to downstream actors and provide contractors with better business opportunities.
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Abstract: New techniques have recently appeared that can extend the advantages of grapple yarding
to fast-growing plantations. The most promising technique consists of an excavator-base un-guyed
yarder equipped with new radio-controlled grapple carriages, fed by another excavator stationed
on the cut-over. This system is very productive, avoids in-stand traffic, and removes operators
from positions of high risk. This paper presents the results of a long-term study conducted on
12 different teams equipped with the new technology, operating in the fast-growing black wattle
(Acacia mangium Willd) plantations of Sarawak, Malaysia. Data were collected continuously for almost
8 months and represented 555 shifts, or over 55,000 cycles—each recorded individually. Production,
utilization, and machine availability were estimated, respectively at: 63 m3 per productive machine
hour (excluding all delays), 63% and 93%. Regression analysis of experimental data yielded a strong
productivity forecast model that was highly significant, accounted for 50% of the total variability in
the dataset and was validated with a non-significant error estimated at less than 1%. The figures
reported in this study are especially robust, because they were obtained from a long-term study that
covered multiple teams and accumulated an exceptionally large number of observations.

Keywords: productivity; logging; steep terrain; cable logging; Acacia mangium

1. Introduction

Compared with natural forests, tree plantations offer many benefits, including fast growth,
rationalized management and pre-defined product target [1]. Industrial tree plantations are
characterized by very high yields, which result from the use of selected genotypes under favorable soil
and climate conditions [2]. The fastest growing tree plantations are found in the Southern Hemisphere,
and yield up to 40 m3 of solid wood per hectare per year [3]. As a result, many forest companies in
Europe and North America have transferred their capital away from domestic forest ventures [4] and
towards highly-productive plantations in South America, South Africa, and Australasia [5].

Plantation forestry has an enormous potential for the efficient supply of fiber and renewable
fuel [6], and may already account for almost half of the global production of industrial wood [7].
In fact, experts estimate that the importance of plantations will continue to grow [8], and that by
2050 75% of the global fiber supply will be sourced from dedicated plantations established on farm
land [9]. In that regard, plantation forestry offers better environmental performances than conventional
agriculture and animal husbandry [10], and is widely acknowledged as a sustainable source of wood
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fiber [11]. Despite concerns about potential social impacts [12], plantation forestry does not seem to
imply a loss of jobs compared with traditional agriculture [13], and it may create high quality jobs in
underdeveloped regions [14].

Ultimately, tree plantations contribute to economic and social development, and help in offsetting
the increased CO2 emission [15] resulting from the rapid development of countries in the Southern
Hemisphere [16]. Of course, the environmental and social benefits of plantation forestry are only
realized if proper management techniques are adopted [17]. That is especially critical for harvesting,
which has the highest potential for impact. Safe, low-impact harvesting should be adopted in all
cases, making use of modern equipment that is specifically designed for this purpose. Today, forestry
equipment manufacturers offer new machines capable of matching the strictest specifications for
environmental performance and safe operation [18]. In particular, operator stations are always
enclosed in protected cabs, which mitigate the consequences of accidents and are designed to minimize
the risk of long-term occupational disease [19].

Complete mechanization of harvesting work is especially difficult on steep terrain, where
excessive slope gradient prevents stand access to forest vehicles [20]. Under these conditions, operators
generally resort to cable yarding or to building a dense network of skid trails [21]. Unfortunately,
neither solution can guarantee low-impact and safe operation at the same time. Cable logging
configures as a low-impact harvesting technique, but it requires that operators are on the ground,
exposed to serious hazard [22]. On the other hand, opening trail after trail certainly cannot be defined
as low-impact harvesting: in fact, the building of skid trails on steep slopes is a main contributor to
site impact, especially in tropical areas [23].

There is an urgent need to find cost-effective, low-impact and safe technologies for steep terrain
harvesting, as flat land is monopolized by farming and rural development, and plantations can only
expand to hill country [24]. For instance, experts predict that by 2020 the volume of wood harvested
in New Zealand with cable technology will be larger than the volume harvested with conventional
ground-based equipment [25]. Similarly, loggers in different places such as France [26] and the Pacific
Northwest [27] must now tackle the challenging terrain left behind in the recent past because it was
too steep for low-cost mechanized harvesting with ground-based technology.

A possible solution is offered by grapple yarders, which offer the typical environmental benefits of
cable extraction while dispensing with manual assistants placed in risk areas [28]. With these machines,
a mechanically-operated grapple clutches the load, removing the need for one or more operators to
station at the loading site and manually hitch the loads with chain or wire slings [29]. Grapple yarders
are not a new development, and their use has been documented since at least the early 1960s [30].
In fact, they were designed for logging old-growth, where loads generally consisted of one large piece.
Landing the grapple on such a big target was relatively easy, and grapple yarders have remained
popular in the Pacific Northwest for as long as big tree logging has been widely accepted [31]. However,
plantation forestry offers much smaller trees, and optimum load size is only achieved when multiple
trees are assembled into the same load, which favors choker slings over grapples [32]. Under these
conditions, grapple yarders are potentially less productive because they move smaller loads or spend
more time to accumulate a large enough load [33]. Fortunately, a new work technique seems able to
recover the handicap and release the full potential of grapple yarding: this consists of detaching a
mid-size excavator to feed the grapple with pre-bunched loads, which dramatically boosts grapple
yarder production [34]. In this configuration, the grapple yarder becomes a very effective system
for logging steep terrain plantations, and may compete successfully with most other options [35].
However, this system is so new that very little information is available on its performance, despite
the large potential and widespread interest. To-date, all available studies on the subject consist of
short-term case studies that cannot be generalized and are not capable of producing an accurate
representation of downtime, as required for long term production estimates [36].

Therefore, the goal of this study is to produce a general model for the productivity of innovative
grapple yarding techniques in plantation forestry, based on a large number of observations, and
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conducted over extended periods on multiple teams. Only in that way can one produce reliable
productivity estimates for this technique, which may integrate the inherent variability introduced
by terrain, machine type, individual team proficiency, and seasonal fluctuations. In particular, the
study aims at (1) determining reference values for net productivity and utilization, (2) categorizing
downtime, (3) discriminating between equipment options, and (4) modeling net productivity as a
function of relevant independent variables. Such knowledge will allow accurate operation planning,
which is crucial to precision management.

2. Materials and Methods

2.1. Site and Equipment

The opportunity for this study was provided by the massive introduction of the new system to
the large plantation established and managed by the Grand Perfect Sdn Bhd consortium 45 km east of
Bintulu, in Sarawak, Malaysia (Figure 1).

Figure 1. Location of the study sites.

The Sarawak State Government tasked the consortium with planting 150,000 hectares of hill
country with black wattle (Acacia mangium Willd.), in order to supply a new Kraft Pulp Mill being built
in the area [37]. When the time for harvesting approached, the search was launched for a system that
could guarantee high productivity, safe operation, and low impact. In particular, managers wanted to
avoid the use of bulldozers and other ground-based equipment, which are especially detrimental to the
red-yellow podzolic soils characterizing Sarawak forest land [38]. Furthermore, the new system had to
be simple enough for operation by relatively inexperienced labor, since the rapid industrialization of
Borneo is drawing specialized workers away from rural areas and into factories, as occurs in many
other developing countries [39].

Within three years, the consortium commissioned 12 complete yarding operations, each consisting
of four machines: an excavator-based grapple yarder for extracting whole-tree loads to the landing
edge, a second excavator placed near the yarder tasked with moving loads from in front of the yarder to
the stack, a third excavator stationed on the slope for feeding pre-bunched loads to the grapple carriage,
and finally a fourth excavator used as a mobile tailhold, turned on only during line change—this
last one being an old machine valuable for its weight more than for its power. The excavator-based
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yarder was equipped with a double drum hydraulic winch set, a tower extension bolted onto the boom
stick, and an innovative remote-controlled grapple carriage [40]. The yarder was set up in a semi-live
shotgun skyline configuration (Figure 2).

 

Figure 2. One of the excavator-based un-guyed grapple yarders used in the study (shotgun configuration).

The use of an excavator as the base for the grapple yarder offers significant benefits—especially
global availability, ease of operation, versatility, relatively low cost, and robustness [41]. Further, the
large mass of the excavator base and the use of the boom as an outrigger allow the guylines to be
dispensed with [42]. In turn, un-guyed yarders offer the main advantage of quick repositioning, which
allows cost-effective operation in short corridors and reduction of corridor spacing, to the benefit of
minimizing the need for time-consuming and potentially high-impact lateral yarding [43]. This is
a crucial asset when extracting timber from short steep slopes and waterlogged gullies, frequently
encountered in the Grand Perfect plantations. Furthermore, quick repositioning and capacity to swing
incoming loads to the side facilitate better use of landing space, enabling operation directly from the
forest road, as the yarder can easily move aside once the available stacking space is full [44].

Field work for this research was conducted between 4 October 2016 and 25 May 2017. In order to
integrate all possible variability, the study covered all four plantation districts, namely: Anap/Tatau,
Tubau, Kakus, and Kemena (Figure 3). For the same reason, the study included all 12 machine teams,
which represented two slightly different set-ups (Table 1).

Table 1. Main characteristics of the excavator-based un-guyed yarders on test.

Operation Type Heavy Medium

Teams # 1 to 7 8 to 12
Base machine Make Kobelco Doosan
Base machine Model SK330 DX340 LCA
Base machine kW 209 184

Winch Make Alpine Alpine
Winch Model MDWS 12 MDWS 10

Mainline pull kN 120 100
Mainline speed m s−1 9.0 7.3

Carriage Make Alpine Alpine
Carriage Model Hydraulic Hydraulic

Grapple open mm 1480 1900
Grapple area m2 1.71 3.48

130



Forests 2017, 8, 396

 

Figure 3. Position of the study compartments and of the 12 machine teams involved with the study.

The compartments were all monocultural black wattle, planted between 1997 and 2003 at a
3 m × 3 m final spacing. Treatment was a clearcut at the end of rotation, without any previous thinning.
At the time of cut, most compartments were aged between 10 and 15 years. The pre-harvest inventory
determined the following stand characteristics: mean diameter at breast height = 18.7 ± 5.2 cm; total
height = 19.5 ± 2.8 m; stocking = 225 ± 140 m3 ha−1. In fact, rotation age was longer than originally
planned, but growth stagnated after the first 7–8 years and therefore conditions can be considered
representative of normal black wattle plantations, and more in general of hardwood plantations in
tropical and sub-tropical countries.

All compartments were felled motor-manually with chainsaws. After felling, trees were
pre-bunched with a medium-size excavator, specifically modified for the purpose by mounting suitable
guarding, a log grapple, and a fixed heel.

2.2. Data Collection

A data collection sheet was designed for collection of the following data on a daily basis: machine
and operator ID, begin and end of shift (h:min), duration of any delays longer than 5 min (min:ss),
description of the delay, duration of each extraction cycle (min:ss), number of pieces in each load
(n◦), and line length (m). On the same form, a separate page was designed for introducing the total
length and the diameter at the top and the butt ends of all pieces in a sample load, which was to
be measured four times a day at regular intervals (08:30 h, 10:30 h, 13:30 h, and 17:00 h). For the
purpose of the measurements, each team supervisor was equipped with forms, a digital stopwatch,
laser range-finder, inclinometer, caliper, and measuring tape. Five research days were spent to train
yarder teams to record information accurately, and data sheets were regularly collected and checked
by the operation manager.

A vector ruggedness measure (VRM) was determined for each compartment, using a digital
elevation model (DEM) acquired from 2-m resolution LiDAR measurements. The VRM is able to
estimate the heterogeneity of terrain features independently of slope values, and is considered able to
differentiate smooth, steep hillsides from broken terrain with variable gradient and aspect [45].

Eventually, the complete dataset included 555 shifts, for a total of 1346 lines, 54,624 valid cycles
and 3517 h of worksite time (excluding 239 h of study delays, which were removed from the dataset).
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The study covered the extraction of over 125,000 m3 or over 240,000 stems, with total length between
10 and 30 m.

2.3. Data Analysis

Data were analyzed both at the shift level and at the cycle level. Descriptive statistics were used
for reporting the main results of the study. Then, individual variables were tested for compliance
with the main statistical assumptions for a parametric test. In particular, linearity and normality
were checked by observing residual plots and distribution histograms, respectively. Equality of
variance was checked with Levene’s test. Normal (or normalized) data was tested through the
analysis of covariance (ANCOVA), with the aim of determining the significance and the strength of all
relevant effects—especially machine type, team, distance, and piece size. Eventual differences were
pinned on the specific treatments using Tukey–Kramer’s test. Non-normal data were analyzed using
non-parametric techniques, and treatments were separated using Scheffe’s test, which is particularly
robust to violations of the normality assumption [46]. The significance of any differences between
distributions was checked using classic χ2 (chi-square) analysis.

Time and productivity data were also analyzed with multiple regression techniques in order
to estimate significant relationships between these variables and other relevant variables. The effect
of categorical data was introduced by generating suitable indicator variables [47]. Validation is a
prerequisite of production models derived from time study data [48], and it was conducted according
to the same procedure recently used by Adebayo et al. [49] and Spinelli et al. [50] for similar modeling
studies. The dataset was partitioned at random into two subsets: the first subset, containing 95% of the
observation number was used to calculate appropriate productivity relationships through regression
analysis; the second subset, with the remaining 5% of the observations (reserved data), was used to
validate the regressions obtained above. To this purpose, the models were used to predict the reserved
data, then a paired t-test was used to check if there were any significant differences between predicted
and observed figures.

All statistical analyses were conducted with the SAS Statview 5.01 software package (SAS Institute
Inc., Cary, NC, USA), for α < 0.05.

3. Results

Daily production averaged 226 m3 for a mean shift duration equal to 6.3 h (Table 2). Mean piece
and load size were 0.5 m3 and 2.4 m3, respectively. Teams commonly worked 2.4 lines per shift, with a
mean length of 103 m and a maximum length of 250 m. That resulted in a mean extraction density of
0.9 m3 per m of line.

Utilization averaged 63%, with small differences between teams (Table 3). Only team 7 emerged
with a significantly higher utilization rate than the others, reaching 80%. While the erratic nature of
delays made it difficult to find significant differences between the impact of different delay types,
a χ2 analysis of the frequency of delay events showed that team 7 had significantly lower occurrences
of mechanical delay and line change events, pointing at higher mechanical reliability and better
organization of the harvest area as the possible reasons for the better performance of team 7. In fact,
mechanical availability was high for all machines and never went below 89%. As for line change, it is
possible that team 7 performed line changes when the machines were idle for some other reasons,
so that line change time would be covered by some other delay event category. In all cases, the
incidence of personnel delays was relatively high, which was due to the inclusion of the main lunch
break within shift time (Figure 4).
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Table 2. Main results obtained from the shift level study of the grapple yarder teams.

Mean per Shift SD Min Max

Lines # 2.4 1.3 0 7
Cycles # 97 43 12 233
Delays events 2.8 4.4 0 36

Mechanical delays events 0.4 0.7 0 5
Personnel delays events 0.6 0.6 0 3

Operational delays events 1.8 3.1 0 19
Work time h 3.7 1.5 0.5 9.8

Line change time h 0.9 1.2 0.0 6.6
Delay time h 1.7 3.0 0.0 22.1

Mechanical delays h 0.3 1.0 0.0 6.1
Personnel delays h 0.9 0.9 0.0 3.7

Operational delays h 0.5 0.7 0.0 7.0
Production m3 226 103 22 579

Piece volume m3 0.52 0.13 0.18 1.23
Load size pieces 4.6 0.9 3.1 8.6

Load volume m3 2.4 0.6 1.1 4.5
Yarding distance m 103 40 10 251
Stacking distance m 20 12 10 60

Productivity m3 PMH−1 63 20 15 133
Productivity m3 SMH−1 39 17 8 117

Notes: m3 = cubic meters solid volume over bark; SD = Standard deviation; Stacking distance = the distance between
the wood stacks and the yarder chute, covered by the stacking unit when removing incoming loads from under the
yarder; PMH = productive machine hours, excluding delay and line change time; SMH = scheduled machine hours,
including delays and line change time.

Table 3. Machine utilization and distribution of the number of delay events by grapple yarder team.

Team Utilization Cycles Mechanical Delay Personnel Delay Operational Delay Line Changes

# % n◦ Events Events Events Events

1 58 b 4144 18 23 55 101

2 60 b 4315 24 22 132 26
3 63 b 6465 26 24 41 53
4 62 b 6028 30 43 95 57
5 68 b 5205 14 38 41 67
6 60 b 929 5 7 20 10
7 80 a 5032 3 22 37 5
8 60 b 8732 17 49 111 133
9 57 b 5706 53 44 153 90

10 63 b 3390 17 24 138 47
11 64 b 2497 13 26 96 11
12 57 b 1425 9 10 40 12

Notes: Utilization = Productive time/Worksite time; different superscript letters on the utilization figures denote a
significant difference for α < 0.05; figures in bold represent a significantly higher frequency of occurrence for the
event type indicated in the column; underlined figures represent a significantly lower frequency of occurrence for
the event type indicated the column.

Figure 4. Breakdown of worksite time by main work activities for the 12 grapple yarder teams in
the study.
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Slope gradient varied from 23% to 49%, with a mean value of 33%. VRM ranged between 1 (even
terrain) and 3 (moderately rugged terrain), with the average value at 2 (slightly rugged terrain).
Terrain characteristics did not seem to have any strong effects on yarder performance, although there
was some evidence that extraction distance increased with slope gradient and decreased with terrain
ruggedness. This might be related to the practice of moving all trees to the bottom of the slope during
pre-bunching in steep sites, and to the difficulty in getting enough deflection on long lines in rugged
terrain. Data analysis also suggested that the frequency of line changes increased with slope, but the
time required for the change decreased with it, possibly because an increase in the number of lines for
the same harvest implied that the distance between two adjacent lines was shorter, and that made line
change easier and faster. In any case, these relationships were quite weak, which made it difficult to
estimate reliable factors for the effects of slope gradient and terrain ruggedness on line length, line
change frequency, and line change duration.

The analysis of covariance showed that net work productivity in m3 per productive machine hour
(PMH) was affected by piece size, yarder type (heavy or medium), and by the interaction of piece
size with yarder type. All these effects were significant at the <0.0001 level, for η2 values of 10%, 1%,
and 1%, respectively.

The analysis of data indicated that the two yarder types (heavy and medium) were deployed on
different sites, with the heavy yarder handling larger piece sizes than the medium yarder (Table 4).
On the other hand, the latter was able to accumulate a significantly larger number of pieces per load,
resulting in a larger load volume—although that took a longer time. The capacity of medium yarders
to collect more pieces per load was the result of these machines being equipped with wider-opening
grapples than were installed on heavy yarders. Heavy yarders worked longer shifts and had higher
utilization, although the differences were small. Line change was faster for the heavy yarders, likely
because they worked on shorter distances. However, heavy yarders changed lines more often and
the incidence of line change time over total time was the same for both yarder types. Heavy yarders
experienced fewer but longer delay events, with the same outcome of no difference between yarder
types for the incidence of downtime. As expected, productivity was significantly higher for heavy
yarders, as the combined result of stronger winches, faster line speed, larger piece size, and shorter
extraction distance. The productive edge of heavy yarders was 25% and 17%, depending on whether
delays were included or not.

Table 4. Comparison between medium and heavy grapple yarder types.

Medium Yarder Heavy Yarder p-Value Test

Mean SD Mean SD

Piece volume m3 0.47 0.11 0.55 0.13 <0.0001 t-test
Load size pieces 5.6 0.9 4.2 0.5 <0.0001 MW

Load volume m3 2.61 0.59 2.28 0.59 <0.0001 t-test
Yarding distance m 123 48 93 30 <0.0001 MW
Stacking distance m 22 12 24 8 0.0005 MW

Work time h shift−1 3.42 1.41 3.87 1.57 0.0011 t-test
Total time h shift−1 6.13 2.48 6.42 2.41 0.0495 MW
Utilization % 60.1 29.1 64.1 33.0 0.0065 MW
Delay time % 27.4 21.5 23.9 17.1 0.1317 MW

Line change time % 12.4 17.0 12.0 14.7 0.2427 MW
Line change time h line−1 1.16 1.18 0.78 0.83 0.0016 MW

Delay events # shift−1 3.4 3.0 2.4 2.0 0.0005 MW
Delay events h event−1 0.67 0.65 0.91 0.75 <0.0001 MW
Productivity m3 PMH−1 56 18 66 21 <0.0001 MW
Productivity m3 SMH−1 33 15 42 17 <0.0001 MW

Notes: m3 = cubic meters solid volume over bark; SD = Standard deviation; p-Value = results of the unpaired
comparison test; t-test = unpaired comparison test is a classic student t-test because data comply with the statistical
assumptions; MW = unpaired comparison test is a non-parametric Mann–Whitney test, because data do not
comply with the statistical assumptions; PMH = productive machine hours, excluding delay and line change time;
SMH = scheduled machine hours, including delays and line change time.
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The net productivity of teams 1, 4, 6, and 8 was between 20% and 30% higher than the grand
average, and the difference was significant. While these differences could partly depend on better
working conditions, they hinted at the effect of operator skills on operation performance. Therefore,
these teams were marked as “top teams”, and the group was tested as an independent variable in
multiple regression analysis, in order to check if the effect of team choice was significant in addition to
the effects of work conditions.

The model was highly significant, and could explain half of the variability in the data pool
(Table 5). The relationships described by the model were all logical: productivity increased with
piece volume and the number of pieces in a load, and decreased with both line length and stacking
distance. Productivity was lower for the medium yarders, and the difference between the two yarder
types increased with piece size, with heavy yarders performing increasingly better with larger trees,
also because they were fitted with smaller grapples and may have encountered more difficulty when
trying to accumulate many pieces in a single load. Top teams were more productive than the average,
but their margin eroded with piece size, indicating that with a large piece size most operators can
achieve a high productivity, and that skills are truly tested with small pieces rather than with large
ones. The model was successfully validated. Reserved data were predicted with an error of 0.3%, and
the difference between actual and predicted productivity figures was not significant (p = 0.6943).

Table 5. Regression model for predicting net grapple yarder productivity as a function of significant
independent variables.

P = a + b Vol + c N◦ + d Line + e Stack + f Medium Vol + g Top Vol + h Top

Adjusted R2 = 0.501; n = 42,927; F = 6157.6; p < 0.0001

Coeff SE t-Value p-Value

a −50.515 1.163 −43.4 <0.0001
b 132.724 2.068 64.2 <0.0001
c 14.222 0.108 131.6 <0.0001
d −0.127 0.003 −42.2 <0.0001
e −0.124 0.012 −10.3 <0.0001
f −25.143 0.778 −32.3 <0.0001
g −36.148 2.662 −13.6 <0.0001
h 29.559 1.427 20.7 <0.0001

Where: P = net productivity in m3 PMH−1, excluding delays; n = number of valid observations; SE = Standard error;
Vol = average piece volume, m3 over bark; N◦ = number of pieces per load; Line = Line length in m; Stack = stacking
distance in m; Medium = indicator variable for medium yarder: if yarder is medium = 1, if heavy = 0; Top = indicator
variable for top team: if top team = 1, if not = 0.

The model was used to estimate a break-even piece size between the two yarder types.
The calculation was conducted under the following hypotheses: line length = 100 m, stacking distance
= 20 m, use of a standard team (not a top team), and a number of pieces per load that was found to
be stable at 4.1 for the heavy yarder, and varied according to the following equation for the medium
yarder: n◦ of pieces = 6.88 – 2.73 piece volume in m3. The graph suggests that heavy yarders should be
preferably deployed on those sites where mean piece volume is larger than 0.6 m3 (Figure 5). Of course,
this is true for medium yarders with a larger grapple than installed on heavy yarders, and it is likely
that the results will change if heavy yarders will also be equipped with a wide-opening grapple.
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Figure 5. Net productivity of the two excavator-based grapple yarder types as a function of piece
volume, estimated using the regression models in Table 5.

4. Discussion

Firstly, it is important to state the limitations of the study upfront, namely: (a) the observational
character of the experiment, (b) the recording of data directly by operators, and (c) the inaccuracy
inherent to some of the record types.

The observational character of the experiment is the inevitable consequence of conducting a
long-term study of commercial operations, which was necessary to reflect realistic work conditions
and to accumulate a very large number of observations. This study would have not been sustainable if
experimental conditions had to be controlled. In fact, the very large number of observations gathered
with this study is very likely to counteract the shortcomings of an unbalanced dataset, since treatment
balance is especially critical with small datasets, while large datasets are less sensitive to imbalance,
and in fact they are often imbalanced without much prejudice to the quality of results [51].

The recording of data directly by operators is likely to result in some loss of accuracy, because
operators cannot be as skillful and motivated as professional researchers [52]. Unfortunately, it would
have been too expensive to hire 12 researchers for over 6 months, and the only alternative to investing
operators with data collection would have been that of resorting to automatic data collection [53].
However, automatic data collection systems cannot collect all necessary data, and still need operator
input, although much reduced [54,55]. In order to limit the risk for gross inaccuracies, operators
were carefully trained and supervised, and the data collection routine was simplified as much as
possible [56].

The simplification of the data collection process actually brings the discussion to the third
limitation, consisting of the use of inherently inaccurate indicators. That is the case of piece volume and
line length. Adopting the mean piece volume of four loads and applying that figure to over 90 loads is
likely to result in some error, and so does the adoption of total line length as the reference distance for
all turns extracted on that given line. On the other hand, both errors are likely contained, because of
the relatively homogeneous stem size characterizing most plantation compartments, and because of
the general practice of moving stems downhill and towards the tail anchor during pre-bunching.

Without accepting these limitations, it would have been very difficult to study multiple teams
and collect a very large number of observations. While work study theory recommends that models
are built using large data pools obtained by sampling many different operators [57], the reality is that
most of the available forest engineering bibliography consists of case-studies [58], with few notable
exceptions [50,59]. This study fulfils both canonical requirements for producing a reliable model, and
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that is confirmed by the results of the statistical analysis. While data imbalance and various errors may
have weakened the accuracy of the results, the study is still able to determine the effect of the most
important variables that affect productivity, and offers a regression model that is highly significant,
accounts for 50% of the total variability in the dataset, and is validated with a non-significant error
estimated at less than 1%.

The reference figures presented in this study substantiate recent claims about the very high
productivity of the new grapple yarding system. Such encouraging results confirm the inherent
potential of the new technology, but depend at least in part on the short extraction distance and
the benefits of pre-bunching, which has been shown to increase yarder productivity by more than
30% [33,34]. On the other hand, piece size is much smaller than reported in New Zealand or US
studies, and offers a better representation of black wattle and fast-growing hardwood plantations in
general [60].

The productivity levels recorded in this study compare quite well with the figures reported
in other previous studies of similar grapple yarders, swing yarders, and excavator-based un-guyed
yarders (Table 6). The closest match is the study by Amishev and Evanson [34], reporting a productivity
of 86 m3 PMH−1. When the model developed in this study is used to calculate yarder productivity
under the same line length and piece size conditions, the result is 83 and 98 m3 PMH−1 for the medium
and the heavy yarders, respectively. This may support the general validity of our productivity model.

Table 6. Comparison of results between this study and previous grapple and swing yarder studies.

Yarder Carriage Line Length Piece Productivity Operation Country Cycles Reference

Type Type m m3 m3 PMH−1 Type n

Alpine MDWS Grapple 103 0.52 63 Clearcut Malaysia 54,624 this study
Madill 124 Grapple 100 0.81 58 Clearcut Australia 184 [33]

Thunderbird 6355 Grapple 160 0.85 86 Clearcut New Zealand 123 [34]
Thunderbird 255 Slings 233 1.52 39 Clearcut New Zealand 165 [61]

Madill 122 Slings 267 0.71 44 Clearcut USA 70 [62]
Timbco T425 Slings 80 0.55 15 Thinning USA 218 [63]

CAT 315 L Slings 80 1.43 30 Thinning USA 237 [63]
Doosan DX 210W Slings 120 0.28 11 Clearcut Norway 149 [44]

Modified JCB Slings 130 0.35 17 Clearcut Ireland 90 [42]

Notes: Piece = piece size; m3 = cubic meters solid volume over bark; PMH = productive machine hours, excluding
delay and line change time.

This model also includes the effect of operator proficiency, indicating that particularly skillful
teams can outperform average teams by 10% to 30%, depending on piece size and yarder
type. Such figures are fully compatible with those reported for Finnish harvester operators by
Ovaskainen et al. [64] and Karha et al. [65], who also indicated a bracket between 20% and 40%.
While it may be difficult to rate operators correctly [66], knowledge of possible variations is important
when assessing between-team variability for planning purposes [67].

In that regard, it is also important to remark that the team that clearly emerged above all the
others for minimum downtime was not among the teams that were rated as top teams for their high net
productivity and fast work pace. This simple fact suggests that dexterity and good time management
represent different skills, which may not be concurrent within the same team. In fact, any future
upgrades should target time management and utilization rather than net productivity, since the latter
is already in line with any of the documented figures or well above them, whereas utilization and shift
duration are still relatively small and could be improved.

The model can also discriminate between yarder types, indicating preferential conditions for
yarder type selection. Of course, the differences found with the model are only valid for the specific
machine configurations covered with the study, and may vary if specific improvements were made on
the yarders. That is specifically the case of grapple selection: the better performance of medium yarders
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with smaller trees is due at least in part to the wider opening grapple they received, and therefore one
may improve the small-tree performance of heavy yarders by fitting them with a larger grapple.

However, the model cannot account for the effect of slope gradient and ruggedness, but that
might be due to the relatively small field of variation for both factors rather than to poor model
characteristics. In fact, both slope gradient and terrain ruggedness are somewhat moderate, which is
the condition for effective pre-bunching. On steeper slopes, one may resort to winch-assist technology
for pre-bunching, as it has already been done in other cases [35]. While terrain conditions would be
suitable for the introduction of a complete winch-assist ground-based harvesting system, the need for
minimizing soil impacts suggests sticking with the current grapple yarder system. In this case, a valid
compromise could be reached by introducing a winch-assist feller-buncher to replace manual felling
and separate pre-bunching. This measure may dramatically increase productivity and worker safety.
However, winch-assist ground-based harvesting systems require highly specialized personnel, which
may represent a limiting factor in developing economies [68].

5. Conclusions

The productivity models estimated in this study are especially robust, because they were obtained
from a long-term study that covered multiple teams and accumulated an exceptionally large number
of observations, as prescribed by the classic canons of model development. The figures and the model
offered in this paper fill an urgent knowledge need, as the new grapple yarding technique is becoming
increasingly popular and attracts growing attention. While gained specifically on one yarder make
and plantation type, the information in this study can be extended to other similar machines and
plantations, because the sheer volume of data allows cautious generalization.
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Abstract: The impact of the manipulation of plantation stocking density on individual tree size
can affect final harvest costs and machine productivity. This paper investigated the impact of four
early-age thinning treatments applied to a Eucalyptus globulus Labill. pulplog plantation in south-west
Western Australia on economic profitability and harvester productivity. Eighteen sample plots were
randomly laid out in the study area. The nominal 700, 500, and 400 stems per hectare (sph) plots
were thinned to waste 3.2 years after establishment while the nominal 1000 sph (UTH) plots were
left unthinned. The economic analysis showed that all thinning treatments resulted in a lower Land
Expectation Value (LEV) and net financial loss over the full rotation at their theoretical optimal
rotation age when compared with the unthinned control treatment. Tree growth and form were
positively impacted by thinning. However, associated reductions in harvesting costs were less than
the value losses resulting from reduced per hectare yield.

Keywords: land expectation value; thinning; Eucalyptus globulus; stocking density; harvesting
productivity; Australia

1. Introduction

Over 900,000 hectares of eucalypt plantations (>50% of which is Eucalyptus globulus Labill.) have
been established in Australia, primarily since 1990 and principally as a source of export chiplogs [1].
These plantations have typically been planted at a stocking density of approximately 1000–1250 stems
per hectare (sph) with early weed control and fertiliser application and a planned rotation length of
ten years.

A key silvicultural tool used by plantation managers to achieve their objectives is the manipulation of
plantation stocking density through initial stocking or thinning. A large number of studies across both
coniferous (e.g., Pinus radiata D.Don [2], Pinus sylvestris L. [3], Picea mariana (Mill.) BSP, Picea glauca (Moench)
Voss, and Pinus resinosa Sol. ex Aiton [4]) and hardwood (e.g., Eucalyptus nitens H. Deane & Maiden [5],
Eucalyptus grandis W. Hill ex Maiden [6], Populus deltoides W. Bartram ex Marshall [7]) species have
concluded that increasing initial stocking density increases total wood volume per hectare and decreases
mean tree volume and diameter, although the effect of stocking density on tree traits tends to reduce with
increasing age [8]. Mean tree height has also been found to decrease as stocking density increases, but the
effect is only apparent at extremely high stocking densities [9]. Accordingly, higher stocking densities
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are generally favoured for pulpwood plantations, where maximum wood volume is the main objective,
and lower stocking densities are generally favoured for sawlog plantations where large individual tree sizes
are required [10]. Lower initial stocking densities also allow machine access for management activities [11].
However, for species such as eucalypts where planting stock and establishment costs are relatively high,
the additional volume production from higher stocking densities needs to be balanced against higher
initial costs [5,8]; hence, initial stocking densities of eucalypt plantations are generally between 800 and
2000 sph for both sawlog and pulpwood regimes [12].

Thinning to remove small or defective trees (thinning from below) is common practice in sawlog
plantations to improve average stem form and accelerate the growth of retained stems [13,14]. Thinning
is also used to control pests and diseases [15,16] and reduce stand water use [17,18]. Planting stands
at higher stocking densities followed by thinning suppresses the growth of lower branches—and,
hence, knot sizes—and provides more trees from which to select final crop trees [5]. However, growth
of lower branches can increase post-thinning [19], machinery used in thinning operations can damage
retained stems [11,20], and debris left on site from thinning operations can increase the risk and severity
of fires [21,22] and pest infestations [23]. Delaying the age at which thinning is performed can increase
thinning wood volumes and, hence, returns, but can expose retained stems to wind damage (as they
are more slender than if thinned early) [11], reduce the size of the final crop trees [24], and increase the
risk of drought-induced mortality [25]. Heavy early thinning to final crop stocking can result in lost
wood production due to the retained trees never fully utilising the site during the rotation [26].

Plantation stocking density impacts on individual tree sizes can affect final harvest costs and
productivity as tree size has been shown in numerous previous studies to be the main driver
of mechanised harvesting costs and productivity (e.g., [27–30]). For example, [31] found that
pre-commercial thinning in their study reduced final harvest costs by over 25% as a result of significant
improvements in harvester and forwarder productivity caused by larger post-thinning mean tree
sizes. The relationship between machine productivity or harvest cost and tree size is non-linear with a
significant decrease in productivity and increase in harvest cost per cubic metre being observed for
trees with a volume less than approximately 0.2 m3 [28,29]. Wood losses due to stem breakage can also
increase as stem size decreases when stems are being processed by harvesters [27,32] or chippers [33].
However, some of the harvesting gains from increased tree size at reduced stocking densities can be
lost through increased branch thickness reducing harvester productivity [34].

The impacts of plantation stocking density on final harvest costs need to be considered in the
context of the total costs and returns for a rotation. A simulation of the impact of pre-commercial
thinning on final harvest costs and returns from Pinus banksiana Lamb. stands found that the additional
costs associated with thinning were more than offset by the reduction in final harvest costs resulting
from larger and fewer trees [35].

A number of financial decision tools, including Net Present Value (NPV) and Internal Rate of
Return (IRR), have been used to compare the value of alternative forestry investments or to compare
potential forestry investments with non-forestry options. Deficiencies in the use of NPV and IRR in
the context of forestry investments were highlighted by [36], who advocated the use of the classical
solution: Faustmann’s Land Expectation Value (LEV) [37]. LEV is the present value of an infinite series
of rotations, assuming that future stand growth and prices are known, with the optimal rotation age
being that at which the present value is maximised. The original work by Faustmann has been extended
to allow for additional factors including stochastic factors, such as risk from fire [21] or changes in
timber prices [38], and provision of non-timber forest services or amenities such as recreation and
flood control [39].

The reported study investigated the effect of a range of stocking densities on standing tree and
harvesting traits in a Eucalyptus globulus plantation in south-west Western Australia (WA). The study
aimed to (i) quantify the effect of stocking density on standing tree attributes, including diameter at
breast height over bark (DBHOB), tree height, tree volume, and tree form attributes (branches and
forks); (ii) quantify the effect of stocking density on harvesting performance including machine hourly
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productivity and cost per cubic metre; (iii) conduct an economic analysis and determine optimal
rotation ages of a range of stocking densities assuming an Eucalyptus globulus plantation with infinite
rotations; and (iv) conduct a sensitivity analysis to identify which factors had the greatest impact
on LEV.

2. Materials and Methods

2.1. Stocking and Harvesting Trial

The study was established on a property owned by Western Australian Plantation Resources
(WAPRES) near Greenbushes, Western Australia (33◦48′002745.9′ ′ S, 116◦04′38.7′ ′ E). Mean annual
rainfall recorded at the nearest weather station was ~850 mm, predominantly falling in winter.

The study site was planted in early July 1999 with Eucalyptus globulus at 1000 sph (spaced 5.0 m
between rows and 1.9 m between trees). A stocking trial was then established on the site in September
2002 (3.2 years after establishment) by thinning stems to waste to investigate stocking density impacts
on tree growth and stand production. Chemical weed control was undertaken at four months and at
one year after planting. Prior to the trial establishment, the plantation suffered damage from parrots.
These parrots can attack the dominant tree leader which can result in poor stem form, particularly
forks [40].

Eighteen sample plots were randomly laid out across the study site. Fifteen plots were thinned to
700, 500, or 400 sph. The “1000” sph (the unthinned control, hereafter named “UTH”) and 700 sph
treatments were replicated three times, whereas the 500 and 400 sph treatments were replicated six
times (completely randomised design). The thinning-to-waste treatments (700, 500, and 400 sph)
prioritised removal of trees of poorer form (mainly resulting from parrot damage). Thinning did not
completely eliminate forking in the treated plots as some further forking (including parrot damage)
occurred post-treatment.

The harvesting trial was conducted during the final felling of the site in January 2009 (at 9.5 years
of age). Harvesting was carried out by an experienced operator using a tracked excavator-based Cat
322L harvester equipped with a 20-inch Waratah HTH620 head. The study site terrain was firm and
even, with slopes ranging from flat to a gentle side slope (average 6◦). Harvesting focused on the
production of logs with a nominal length of 5.2 m and a minimum small-end diameter of 50 mm.

Harvester work elements (Table 1) were recorded for each tree during the harvesting of the
18 plots. Each treatment plot was 35 m long × 30 m (six rows) wide. The harvester–processor worked
along strips consisting of three rows at a time. All work elements for each tree, plot, and treatment
were accurately timed and manually recorded from a safe distance during felling using a Hanhart
2656 1/100 minute digital stopwatch. Work elements included brushing or clearing, felling, moving,
processing, stacking or bunching, and travel time. The harvesting operation was also recorded using
a handheld digital video recorder, and a second camera mounted in the harvester cabin to allow
post-harvest data validation.

Table 1. Harvesting work elements recorded during the study.

Work Element Description

Felling Begins when crane starts to engage the tree and ends when processing commences

Processing Debarking, delimbing, and bucking (i.e., cross-cutting) of logs. Commences when tree is horizontal or feed
rollers commence turning

Brushing or clearing Removal or movement of slash, undergrowth, or unmerchantable trees
Moving Not associated with felling and processing, harvester moving within a pass (3 harvested rows per pass)
Travelling Movement between passes or bays
Delay Any interruption that causes the harvester to cease working during a shift

2.2. Yield and Harvest Productivity Modelling

The diameter at breast height over bark (DBHOB), tree height, and survival were measured in
each treatment plot six times during the trial (at ages 3.2, 3.4, 4.3, 5.4, 7.6, and 9.5 years). Plot and
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treatment results included: mean DBHOB, basal area, under-bark volume, mean tree height, stocking,
and survival. The DBHOB and height measurements were used to estimate the total under-bark volume
of all stems using a taper function developed by the trial site owner WAPRES for Eucalyptus globulus
plantations. Under-bark volume estimated using this taper function has previously been found
to accurately predict recovered volume in operational plantations of similar site quality and tree
size. At age 9.5, each tree was also subjectively assessed to determine the expected impact on
harvester productivity of three major form criteria (branchiness, forking, and sweep) using a 2-class
coding system where Class 1 meant no anticipated impact of form factor on harvesting/processing
productivity and Class 2 meant a possible or expected impact of form factor on harvesting/processing
productivity. The volume increment was used to develop a yield model, which was used to generate
mean annual increment (MAI) curves from ages 5 to 12 (i.e., beyond harvest age) and as an input into
the economic analysis of the four stocking treatments.

The time and motion study data was used to develop a general harvesting productivity model.
The stepwise regression subroutine implemented in the GLMSELECT procedure of the software
SAS/STAT® was used to develop this model, starting from a maximal model which included all
independent variables: thinning treatment (indicator), tree size (continuous), branchiness (binary),
and forking (binary). Variables with no statistically significant effect (p > 0.05) were then excluded
one by one from the model. Productivity and tree size were transformed to their natural logarithm
to homogenise the variance of the dependent variable to improve fit. Harvesting productivity was
predicted in cubic metre solid per productive machine hour excluding all delays (PMH). PMH is
defined as the portion of shift time that is spent producing output.

An analysis of variance (ANOVA) test, implemented in the ANOVA procedure of the software
SAS/STAT®, was run on plot-level data collected at the time of harvest to test for statistically significant
differences between each treatment for the variates DBHOB, tree height, basal area, and harvest
productivity. A Shapiro–Wilk normality test and an equal variance test were performed (significance
level 0.05), and the Holm–Sidak test [41] was used to perform pairwise multiple comparisons between
treatments. This test is a variation of the original method presented by [42] which, although it does not
compute intervals, has more power than the Bonferroni method for multiple comparisons.

2.3. Economic Analysis

The financially optimal stocking treatment was determined by calculating the Land Expectation
Value (LEV) for each treatment and selecting the treatment that maximised LEV. LEV is the present
value per unit area of the projected costs and revenues from an infinite series of identical even-age
forest rotations, starting initially from bare land [43,44]. It is the primary approach for assessing and
selecting management options for even-aged stands when the objective is to maximise the financial
return from growing timber. In its simplest formulation, the LEV calculation assumes for all rotations
that each rotation is of equal length, with the same sequence of events within each rotation, and the
same net revenue associated with each event within the rotation.

The mathematical formulation to calculate LEV (Equation (1)) is based on the Faustmann
formula [37]. The types of costs and revenues included in the calculation of LEV were (1) stand
establishment cost; (2) annual leasing cost; (3) miscellaneous costs that occur in the middle of the
rotation (thinning to waste) and end of the rotation (harvesting and transportation costs); and (4) net
revenue for the sale of the wood at the end of the rotation.

LEV =

[
−E +

R−1
∑

t−1

It
(1+r)t +

A[(1+r)R−1]
r(1+r)R + PY

(1+r)R − HY
(1+r)R

]
(1 + r)R

(1 + r)R − 1
(1)

where
LEV = Land Expectation Value per hectare,
R = rotation length (years),
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E = stand establishment cost per hectare,
A = annual land leasing cost per hectare,
It = thinning cost per hectare occurring after plantation establishment and before the final harvest,
Y = expected pulplog yield (m3) per hectare at the end of the rotation,
P = mill gate price of pulplogs per m3,
H = harvesting and transportation cost per m3, and
r = real interest rate.

Expenditure and revenue figures that approximate real values at the time of the study (all costs
expressed in Australian dollars) were used to calculate the LEV for each thinning (stocking) alternative
used. Estimated values for establishment cost (year 0), annual land leasing cost, and thinning cost
(year 3.2) were $1450 ha−1, $500 ha−1, and $400 ha−1, respectively. A constant value was used for the
thinning cost because it consisted mainly of a fixed cost component. Testing of lower thinning cost
values for the 700 sph and 500 sph treatments did not change the relative LEV order. Harvesting costs
per m3 were calculated from the results obtained with the harvester–processor productivity model
developed in the study, and an assumed hourly cost of $220 PMH−1. Transport cost was estimated
at $10 m−3. A mill gate price for the logs of $75 m−3 was used to determine revenue per unit area.
An interest rate of 7%, as is commonly used in forestry projects in Australia, was used for the analysis.

For each treatment, the theoretical rotation age that maximised LEV was calculated using the
What’sBest® (Lindo Systems Inc., Chicago, IL, USA) solver package for MS-Excel. A sensitivity
analysis was conducted on several key parameters to determine their impact on LEV and rotation age.
These parameters included establishment cost, annual leasing cost, thinning cost, yield per hectare,
harvest productivity, mill gate price, and interest rate. Supplementary tornado charts were constructed
to compare the relative importance of each parameter and to assess their impact on LEV.

3. Results

3.1. Tree and Stand Factors at Time of Harvest

Tree growth and stand production within each stocking treatment at time of harvest (age 9.5) are
summarised in Table 2. Thinning at age 3.2 clearly had a significant impact on tree growth. Average
DBHOB increased by 45% and average tree height increased by 19% when moving from the UTH
treatment to the 400 sph treatment. Despite the increased tree growth in the thinned plots, overall stand
production (tonnes per hectare) at time of harvest was less than that in the UTH plots. The average
final merchantable yield for the 400, 500, and 700 sph treatments was consistently approximately 7–8%
less than that for the UTH treatment.

Table 2. Tree and stand factors at time of harvest. Values within a row sharing a letter were not
significantly different at p = 0.05. UTH corresponds to the unthinned control treatment.

Tree and Stand Factors Target Stocking (Trees ha−1)

UTH 700 500 400
Number of treatment plots 3 3 6 6

Actual merchantable stocking, trees ha−1 978 637 489 393
Mean tree diameter (DBHOB), mm 167 a 205 b 226 b 253 c

Mean tree height, m 19.8 a 21.4 ab 22.2 ab 23.7 b
Mean standing tree volume, m3 tree−1 0.233 a 0.286 ab 0.366 b 0.464 c

Stem form (Forking), % of trees
Class 1 62 62 77 77
Class 2 38 38 23 23

Merchantable yield, tonnes ha−1 * 194.6 179.9 178.1 180.2
Differential −8% −8% −7%

* The weight to volume conversion ratio was 1:1 based on samples of logs measured and weighted to confirm standard
average ratio.

As the thinning treatment at age 3.2 targeted poor-form stems, it had a positive impact on the
overall stand form within each treatment (Table 2). In the UTH and 700 sph treatments, 38% of the
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stems had major forks compared with only 23% in the 500 and 400 sph treatments. As few Class 2
sweep and branchiness trees were observed in the study, they were excluded from the analysis.

The ANOVA test found statistically significant differences between treatments for the DBHOB,
Tree height, and Tree volume variates (Table 2). Figure 1 shows a combined histogram/box plot chart
for the variate Tree volume, which had the biggest impact on harvest productivity.

Figure 1. Combined histogram/box-plot charts for variate “Tree volume” by stocking treatment.
The vertical red line in the box plot corresponds to the mean value.

With the exception of the 700 and 500 sph treatments, multiple comparisons for the variate
DBHOB were statistically significant between the treatments. The comparison between the 400 sph
and UTH treatments for the variate Tree height was the only comparison found to be statistically
significant. The comparisons between the UTH and 700 sph treatments and between the 700 and
500 sph treatments were not significantly different for the variate Tree volume. All other comparisons
for this variate were significantly different. A greater proportion of the trees in the UTH and 700 sph
treatments were concentrated in the lower part of the tree volume range compared with those in the
500 and 400 sph treatments. Seventy-five percent of the trees had a tree volume greater than 0.11,
0.18, 0.23, and 0.32 m3, in the UTH, 700, 500, and 400 sph treatments, respectively (Figure 1).

3.2. Yield and MAI Curves

Standing volume curves for each treatment from age 5 and projected to age 12 are shown in
Figure 2. Across the age range, the volume per hectare of the unthinned treatment (UTH) was 9.7%,
10.4%, and 17.9% greater than those of the 700, 500, 400 sph treatments, respectively. The volume
per hectare of the 400 sph treatment equalled that of the 500 and 700 sph treatments at around age
11, and of the UTH treatment at around age 12. There was little difference between the volume per
hectare of the 700 and 500 sph treatments from ages 5 to 12. A similar trend occurred for the MAI
values. The MAI of the 400 sph treatment increased at a greater rate than that of the other treatments
until year 10.5 when it equalled those of the 700 and 500 sph treatments. It equalled the MAI of the
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UTH stocking at about age 12. Maximum MAI values (biological rotation age) were reached at ages
9.5, 10.0, 9.6, and 11.3, for the UTH, 700, 500, and 400 sph treatments, respectively (Figure 3).

Figure 2. Standing volume curves by stocking treatment.

Figure 3. Mean annual increment (MAI) curves by stocking treatment.

3.3. Harvest Producivity Study and Modelling

One thousand and forty-eight trees (cycles) were timed for the harvester–processor. The mean
time per tree for each work element in a full cycle is presented in Table 3. As expected, the most
time-consuming work elements were processing and felling which, on average, accounted for 78.6%
and 16.3% of the total cycle time, respectively.

Table 3. Summary of harvester–processor time study. Values within a row sharing a letter were not
significantly different at p = 0.05.

UTH 700 500 400

Work Element Mean time
per cycle, sec. % of cycle time Mean time

per cycle, sec. % of cycle time Mean time
per cycle, sec. % of cycle time Mean time

per cycle, sec. % of cycle time

Felling 16.1 17.6 14.4 16.9 14.3 14.8 15.7 15.8

Processing 71.3 a 78.1 66.5 a 78.2 77.3 b 79.9 77.8 b 78.2

Brushing
or cleaning 0.8 0.8 0.12 0.1 0.26 0.3 0.20 0.2

Moving 3.0 a 3.3 3.8 ab 4.5 4.7 bc 4.9 5.6 c 5.6
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Table 3. Cont.

UTH 700 500 400

Travelling 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Total 91.4 a 100.0 85.0 a 100.0 96.8 b 100.0 99.5 b 100.0

Results show that both harvester–processor cycle times and processing times were significantly
greater for the 500 and 400 sph treatments than for the UTH and 700 sph treatments. This was mainly
the result of increases in the proportion of forks and tree size as presented in Table 2. Moving time
was also significantly greater at lower stockings as the harvester–processor had to travel further to
reach each harvested tree. The harvester–processor’s productivity regression model (Equation (2))
includes coefficients and statistically significant variables (p < 0.05) (tree volume and forking) selected
using the stepwise procedure. The corresponding productivity equation is presented in Equation (3).
The regression model’s adjusted r2 = 0.85. The variables Tree Volume and Forking explained 78% and
7% of the variation in productivity, respectively.

ln(Productivity) = 3.848 − 0.301 ∗ Forking + 0.668 ∗ ln(TreeVolume) (2)

Productivity = exp(3.848−0.301∗Forking+0.668∗ln(TreeVolume)) (3)

Harvester–processor productivity increased with increasing tree volume, though the rate of
increase was less for trees with forks (Figure 4). Using the productivity model (Equation (3)), the yield
per ha equations (Figure 2), and the actual merchantable stocking values (Table 2), the mean predicted
harvester–processor productivity values for the UTH, 700, 500, and 400 sph treatments at the rotation
age (9.5 years) were 14.5, 18.3, 22.8, and 25.9 m3 PMH−1, respectively. The impact of forks on
harvester–processor productivity became more prominent as tree volume increased.

Figure 4. Harvesting productivity as a function of tree volume with and without forks. PMH is the
productive machine hour excluding delays.

3.4. LEV by Stocking Treatment

The LEV peaked at ages 9.6, 10.0, 9.8, and 10.8 (theoretical optimal rotation ages), for the UTH,
700, 500, and 400 sph treatments, respectively (Figure 5). For all treatments, the theoretical optimal
rotation age exceeded the trial rotation length (age 9.5). The 700 sph treatment was found to have a
substantially lower LEV due mainly to it having a lower harvesting productivity (higher harvesting
cost per cubic metre) compared with the 500 and 400 sph treatments, and a lower revenue compared
with that of the UTH treatment due to the 700 sph treatment having the second-lowest yield per hectare
and the second-highest rotation length.
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Figure 5. Land expectation values (LEVs) by stocking treatment.

At their theoretical optimal rotation ages, the yields per hectare for the UTH, 700, 500, and 400 sph
treatments were 202.2 m3 (LEV = 799.8 $ ha−1), 195.7 m3 (LEV = 58.8 $ ha−1), 190.2 m3 (LEV = 458.8 $ ha−1),
and 207.7 m3 (LEV = 542.8 $ ha−1), respectively. Therefore, in comparison with the UTH treatment, net losses
of 3.6 $ t−1, 1.54 $ t−1, and 1.3 $ t−1, were obtained for the 700, 500, and 400 sph treatments, respectively.
To match the LEV of the UTH treatment, the yield per hectare of the 700, 500, and 400 sph treatments, would
need to increase to 207.4 m3 ha−1 (6.0%), 195.4 m3 ha−1 (2.7%), and 212.9 m3 ha−1 (2.5%), respectively.

3.5. Sensitivity Analysis on LEV

Figure 6 presents a tornado chart showing the sensitivity analysis results for the 400 sph treatment for
a number of factors impacting LEV (and the corresponding lowest and highest ranges). The trend was
very similar for the other treatments. Variation in mill gate price and yield per ha had the highest impact
on LEV. Unfavourable conditions, such as higher thinning costs, establishment costs, and leasing costs, as
well as lower yields per hectare, harvesting productivities, and lower mill gate prices, negatively impacted
LEV and postponed the optimal rotation age. As expected, increasing interest rates resulted in an earlier
rotation age (11.0 and 10.6 years for interest rates of 6% and 8%, respectively).

Figure 6. Tornado chart showing the effect of various factors on LEV (400 sph treatment). The lowest
and highest range evaluated for each factor are shown in parentheses.
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4. Discussion

As would be expected based on previous studies (e.g., [2–6]), the reduction in inter-tree
competition in the thinned treatments increased tree growth (particularly DBHOB and tree volume)
relative to the tree growth in the unthinned treatment. Stocking reduction had less impact on tree
height, with the only significant difference recorded being between the UTH and 400 sph treatments.
Although the individual tree volumes in the thinned plots were larger than those in the unthinned
plots, the total merchantable volume in the thinned plots was consistently 7–8% less relative to that in
the unthinned plots. This supported the finding of [26] that heavy early thinning to final stocking may
prevent trees from fully occupying the site over the course of the rotation. However, when the volume
growth of the trial plots was projected past the rotation age, the total volume of the 400 sph treatment
plots was predicted to equal that of the unthinned plots at around age 12.

As has been found in numerous previous studies (e.g., [27–30]), the main driver of harvester
productivity was found to be tree size, with productivity increasing as tree size increased. Tree size
accounted for 78% of the variation in harvester productivity. Forking was the major stem form
defect recorded in the current trial and accounted for 7% of the variation in harvester productivity.
The proportion of forking in the current trial was much greater than that reported in recent trials
in other Australian Eucalyptus globulus plantations [45,46]. The forking was likely to have mainly
resulted from parrot damage recorded at the trial site as forking has been found to be the most common
defect resulting from parrot damage [40]. Forking reduced harvester productivity through increased
processing time as the operator had to detach and separately process each limb of the fork. In a
previous study, it has been found that the presence of large branches and forks can reduce harvester
productivity by up to 20% [47]. Branch thickness has been found to increase following thinning in
eucalypt plantations [5,19] but Class 2 branchiness was found on very few trees in the current trial and
had a negligible impact on harvester productivity. Harvester productivity for all treatments in the trial
(good stem form trees only) was less than that predicted by the general harvester productivity model
for Australian E. globulus plantations [48] using the mean tree volumes for each treatment. There are
several potential reasons for these differences. The trial harvester power (123 kW) was less than the
average power for the harvesters included in the general model (133 kW), which may explain why the
difference between the measured and predicted harvester productivity values increased as mean tree
volume increased. A link between reduced harvester productivity and time since rain was suggested
by [48], based on the finding by [49] that eucalypt debarking difficulty increased with increasing soil
dryness. In the current study, no rain had fallen for two weeks prior to the trial and only 7 mm had
fallen in the two weeks before that. Operator performance has also been shown to have a significant
impact on harvester productivity ([50]), but was not assessed in the current trial.

Harvester cycle times were significantly longer for the 400 and 500 sph treatments than for the
unthinned and 700 sph treatments, which reflected the longer processing times for the larger trees in
the 400 and 500 sph treatments and the longer moving times between trees in these treatments due to
wider inter-tree spacing.

The unthinned treatment had the highest LEV in the study, largely because it had the shortest
rotation length, the second-highest yield per hectare, and no thinning costs. For thinning to be
economically justified, the additional costs incurred by thinning must be recovered by higher returns
or by savings elsewhere in the rotation. As the wood from all treatments in the current study was sold
as pulplogs, thinning costs could only be offset by savings. The only area where savings could be made
was from decreased harvest costs resulting from the impact of increased mean tree sizes on harvester
productivity in thinned stands. This resulted in the harvest cost for the 400 sph treatment being almost
half that for the unthinned treatment, which substantially reduced the costs for the 400 sph treatment
but was offset by an increase in annual maintenance costs resulting from a longer optimal rotation
length. However, as the LEVs were found to be highly sensitive to the yield per hectare, the findings
of [18] that an Eucalyptus globulus stand thinned to 600 sph was able to produce greater total wood
volume than an unthinned stand at age 10 on a highly productive site suggested that it may be possible
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for the LEV of a thinned stand to equal or exceed that of an unthinned stand under some circumstances,
though LEV was not calculated in that trial.

The LEVs were most sensitive to the mill gate price. In a comparison of two silvicultural regimes
for Pinus radiata with the same MAI values, [51] found that the regime with the greater LEV was
that which produced the higher proportion of sawn timber. Recent research suggested that logs
from young Eucalyptus globulus trees have the potential to be used for higher value products such
as sawn timber [52] and veneer [53]. The relatively small diameter of the trees in the current study
and, more particularly, the knots resulting from the trees being unpruned would mean that most of
the sawn timber or veneer products obtained from these trees would be likely to be in the poorer,
low value grades [54]. However, given the sensitivity of the LEVs to mill gate price, the mean mill gate
price for the 400 sph treatment has to rise by only $1.35 m−3 for the 400 sph LEV to exceed that of the
unthinned treatment.

5. Conclusions

This paper has presented the results of an economic analysis of a Eucalyptus globulus stocking and
harvesting trial in south-west Western Australia. The impact of modifying plantation stocking density
through initial spacing and/or later thinning on individual tree size can affect final harvest costs and
productivity, as numerous previous studies have shown that tree size is the major driver of harvesting
costs and productivity. However, the impacts of tree size on harvest costs needs to be considered in
the context of the total costs and returns for a rotation.

The early-age thinning to waste carried out on the treated plots in the study increased mean
diameter up to 45% and mean height up to 19% when comparing the 400 sph treatment with the
standard 1000 stocking (UTH). The thinning operation prioritised the removal of poor-form trees.
The improvement in mean tree form and the increase in tree volume on the thinned plots increased
harvester productivity by up to 66% for the 400 sph treatment compared with its productivity in the
unthinned treatment. A preliminary analysis indicated that this could reduce direct harvesting costs
by up to 40%, although this was not presented in the paper.

The mean tree volume in the 400 sph treatment was double that of the UTH treatment at time of
harvest which reduced its harvest costs to approximately half of those for the UTH treatment. However,
the final stand yield per hectare of the thinned stands was approximately 7–8% lower than that of the
UTH treatment at time of harvest. The economic analysis showed that all of the thinning treatments
resulted in a lower Land Expectation Value (LEV) and net financial loss at their theoretical optimal
rotation age when compared with the control (UTH) treatment. The positive impacts on individual
tree growth and form resulting from thinning and the associated reductions in harvesting costs were
less than the overall value losses resulting from reduced per hectare yield. However, relatively small
increases in the yield per hectare or in the mean mill gate price through the sale of a portion of the
timber as higher-value products could result in the thinned treatment LEVs exceeding that of the
UTH treatment.
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Abstract: We monitored changes in light conditions at a primary forest and two managed forest
sites (one with line planting) after reduced-impact logging in Central Kalimantan, Indonesia.
We also assessed the effect of the light conditions on seedlings in the planting lines. Hemispherical
photographs were taken over a period of 31 months in three 50 × 50-m quadrats at each site and in
three 100-m transects along the planting lines. The location of each photo was categorized according
to the corresponding type of disturbance, including skid trails, logging gaps, and planting lines.
Following logging, the level of canopy openness (CO) increased at both managed forest sites and did
not differ significantly between the two. However, CO was greater in skid trails and logging gaps
than in planting lines. After 31 months, the mean level of CO at each managed site had decreased
significantly due to the establishment of new seedlings. Correlations between changes in CO and the
growth of planted seedlings suggested that growth was inhibited by the invasion of the new species.
However, the level of CO along the planting lines was greater than that at other disturbed locations.
A high level of CO promoted invasion by new species that colonized the space. Line planting may
influence forest dynamics and maintain a high level of CO.

Keywords: hemispherical photography; RIL; line planting; light condition; lowland dipterocarp forest

1. Introduction

After logging, light conditions on the forest floor are important for the growth of new seedlings.
Gaps in the canopy can lead to colonization by a variety of tree seedlings, and the species composition
influences the subsequent dynamics [1,2]. In an area disturbed by logging, Macaranga species often
invade in response to large openings in the canopy [3–5]. Rapid colonization by particular species
(e.g., Macaranga) can prevent ecologically and economically important species (e.g., dipterocarps) from
becoming established. Changes in the light conditions following logging are important for predicting
how the forest will recover. In Indonesia, reduced-impact logging (RIL) and line planting have been
introduced to create sustainable forest management. The success of RIL in minimizing the effect of
logging has been demonstrated, showing that it has less impact on the canopy than conventional
logging [6–8]. In Indonesia, the line planting system, which involves selective logging using the RIL
method, followed by the planting of Shorea species, has been tested for the establishment of sustainable
forest management [9]. Following selective logging, 3-m wide strip cutting was performed at 20–25-m
intervals, and Shorea seedlings, which belong to the family Dipterocarpaceae, were planted in the lines.

From a comparison between two sites with or without line planting after RIL, the light conditions
on the forest floor changed significantly, although there was no difference in mean CO between the
two managed forest sites [10]. However, strip cutting may generate differences in subsequent forest
floor light conditions. In addition, different types of disturbances associated with logging activities
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(e.g., skid trails created by bulldozers and logging gaps) may affect the subsequent light conditions
differently. Conventional selective logging can have an effect on forest light conditions even after
50 years [11]. Therefore, it is important to understand the effects of RIL and line planting on forest
light conditions, especially in the period immediately after logging. The light conditions at this time
will have an effect on the long-term dynamics of forest recovery. Additionally, light conditions in the
planting lines are important for the planted seedlings. The initial light conditions are particularly
important for Shorea seedlings. In some line planting tests, seedling mortality was very high during
this initial period [12,13]. It is also necessary to understand the effects of changes in light conditions so
that improvements can be made in line planting methods. Hemispherical photography is a practical
method for measuring canopy openness (CO) and assessing the light conditions in a forest [11,14–16].
In this study, hemispherical photography was used to monitor the changes in light conditions at the
forest floor from 2011 onward in a primary forest and at two sites with different forest management
systems, as well as the effect of light conditions on line-planted seedlings.

2. Materials and Methods

2.1. Study Site

The study area was the logging concession in Central Kalimantan, Indonesia (00◦36′–01◦10′ S;
111◦39′–112◦25′ E; Figure 1). The mean annual precipitation between 2001 and 2009 was 3240 mm,
the altitude was 400–600 m above sea level, and the vegetation was lowland dipterocarp forest.
The study sites were a primary forest (PF) and two managed forest sites. One of the latter two sites was
selectively logged (S), and the other was selectively logged and line planted (SL). Selective logging was
performed at both the S and SL sites during January 2011. During April 2011, 3-m-wide strip cutting
at 25-m intervals was performed from North to South at the SL site. All plants were cleared except
large commercially important trees. Dynamic monitoring plots were established at each site, and a tree
census was performed between September and November 2011. The basal areas of trees ≥ 10 cm at
the PF, S, and SL sites were 32, 22.9, and 18.5 m2/ha, respectively.

 

S & SL 

PF

Figure 1. Study area and the location of primary forest (PF), selectively logged (S) and selectively
logged and line planted (SL) sites where hemispherical photography was conducted.
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2.2. Plot Setting

To monitor the light conditions, three 50 × 50-m quadrats were set up for hemispherical
photography at each site (PF1–3, S1–3, and SL1–3). At the SL site, three planting lines were also
marked out (Pline1, Pline2, and Pline3). To assess the impact on light conditions of different logging
activities (logging gaps, skid trails, and strip cutting lines), logging trails were also mapped on each
quadrat (Figure 2). The size of logging gaps in the quadrates ranged from 100 to 400 m2, and the mean
size was 200 m2. With the RIL method, the logging gap did not exceed 500 m2, and pioneer species
could invade [17]. The skid trails were approximately 3–4 m wide. Additionally, to assess the response
of seedlings to changes in light conditions, a 20 × 100-m line transect was set up along a planting line,
and a tree census was performed for all trees >1 cm in diameter at breast height in 2011 and 2012.

5-m grid included in logging gap

Intact from logging activities

Skid trail

Planting line

SL1 SL2 SL3

S1 S2 S3

Figure 2. Logging trails in each quadrate at the S and SL sites.

2.3. Hemispherical Photography and Image Analysis

Hemispherical photography was performed to assess changes in the light conditions.
The photography equipment included a Coolpix 8400 digital camera (Nikon, Tokyo, Japan) with
an FC-E9 0.2× fisheye converter lens attached (Nikon, Tokyo, Japan). The camera was mounted on
a tripod and oriented so that the top of each photograph would face magnetic north. The lens was
positioned at a height of 1.2 m, and photographs were taken using the Open-sky Reference Method [18].

Hemispherical photographs were taken in October 2011, October 2012 (i.e., 12 months later),
and May 2014 (at 31 months). The photographs were taken from a total of 49 points on a 5-m-interval
grid within each 50 × 50-m quadrat. In addition, a total of 21 photo points were positioned at
5-m intervals for 100 m along each planting line transect (Figure 3).
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50 m

50 m

5m 10m

3m

100 m

5m

Photo point

Quadrate in PF, S and SL Planting line

Figure 3. Hemispherical photography setting in the quadrate at the PF, S and SL sites and the planting
line transect.

The hemispherical photograph data were analyzed using Gap Light Analyzer software (ver. 2.02;
Frazer et al., 1999), which has been used in several previous studies [19]. CO was calculated from the
hemispherical photograph taken at each point.

2.4. Monitoring Planted Seedlings in the Planting Lines

Following the first assessment of light conditions, Shorea seedlings were planted at 2.5-m intervals
at SL sites in December 2011. Seedlings of the species Shorea johorensis were planted in two of the three
lines (Plines 1 and 2), and S. leprosula seedlings were planted in the third line (Pline3). The survival
and growth of planted trees at 10 months after planting were monitored beginning when the second
photographs were taken. Growth was monitored by measuring tree diameters at ground level.

The hemispherical photo points in the planting lines were positioned at 5-m intervals.
The seedlings were planted between two photo points. The average CO between two neighboring
photo points was used to evaluate the correlation between light conditions and the growth of
the planted seedlings. Multiple regression analysis was performed to assess these correlations.
The objective variable was seedling growth, and the explanatory variables were the changes in CO
from 2011 to 2012 and from 2011 to 2014, the initial CO in 2011, and the site conditions at the planting
points recorded in 2011 (e.g., skid trails or logging gaps) as shown in equation (1). The site conditions
were a categorical variable (i.e., assigned values of 0 or 1).

Equation:

Seedling growth(cm) = Changes in CO from 2011 to 2012(%)+

Change in CO from 2011 to 2014(%) + Initial CO in 2011 (%) + Site conditions (0, 1)
(1)

2.5. Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS, Chicago, IL, USA). To compare
the impact of different types of forest management, the mean CO at each study site, the PF, S, and SL
sites, and the planting line, were compared using the Steel–Dwass test. To assess changes in the
light conditions, the correlations between the initial CO measurements in 2011 and the reductions
observed in 2012 and 2014 were analyzed using Spearman’s test. A p-value < 0.05 was considered
statistically significant.

3. Results

3.1. CO Change from 2011 to 2014 at Each Site

Logging and strip cutting in 2011 had a significant impact on light conditions (Figure 4). The mean
CO for the PF, S, and SL sites and planting lines was 1.79 ± 0.95%, 7.57 ± 6.63%, 7.88 ± 6.55%,
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and 11.17 ± 6.6%, respectively. The mean CO was significantly greater at the S and SL sites and at the
planting lines compared with the PF site. The difference between the two managed forest sites was not
significant. The greatest mean CO was observed in the planting lines (Steel–Dwass test, p < 0.05).
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Figure 4. Mean canopy openness (CO) at each site and planting line measured in 2011 (blank bars),
2012 (shaded bars), and 2014 (filled bars). Error bars indicate the standard deviation (S.D.).
Different capital and small letters indicate a statistical difference among the three sites and planting
line in 2011 and 2014 (Steel–Dwass test, p < 0.05).

After 2011, the mean CO decreased significantly until 2012 and 2014 at the two managed sites and
in the planting lines. At 31 months, the mean CO for the PF, S, and SL sites and the planting lines had
changed to 1.28 ± 0.61%, 2.2 ± 1.54%, 3.14 ± 1.69%, and 5.13 ± 3.23%, respectively. With the exception
of the PF site, the mean CO values had decreased significantly at all locations. The mean CO was still
greater at the two managed forest sites and the planting lines than at the PF site (Steel–Dwass test,
p < 0.05), and the difference between the S and SL sites was significant. The greatest mean CO was in
the planting lines. The reductions in CO at each photo point in 2012 and 2014 were correlated with the
initial CO values recorded in 2011 (Spearman’s test, p < 0.01); these correlations were stronger in 2014
than in 2012 (Figure 5).
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Figure 5. Correlation between the initial CO measured in 2011 and the CO reduction to 2012 (left) and
2014 (right). The correlations were tested using Spearman’s method.
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There was a high level of CO in 2011 associated with each type of disturbance, including skid
trails, logging gaps, and planting lines (Figure 6).
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Figure 6. Mean CO under each disturbance element measured in 2011 (blank bars), 2012 (shaded bars),
and 2014 (filled bars) at the S and SL sites. Error bars indicate the standard deviation.

The highest level of CO at the S site was in the skid trails. At the SL site, there was no difference in
CO between the skid trails and logging gaps, although the mean CO was slightly lower in the planting
lines. By May 2014, the mean CO in the skid trails and logging gaps at the S site had decreased to the
same level as those in the intact forest. However, at the SL site, CO remained high in disturbed areas.
At the SL3 plot, ferns had become predominant in the logging gaps. This abundance of ferns was not
reflected in the photographs, which were taken at a height of 1.3 m, resulting in a high CO value at this
site. When the SL3 plot was excluded from consideration, the mean CO at each type of disturbance
was slightly higher at the SL than at the S site, and the mean CO was greatest in the planting lines
(Figure 7).
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Figure 7. Mean O under each disturbance element measured at the SL site excluding plot SL3 in 2014.
Error bars indicate the standard deviation.

However, when the three sites and the planting lines were compared, the mean CO was
significantly higher at the SL than at the S site. This significant difference in mean CO between
the S and SL sites appeared after approximately three years. The data from the tree censuses at a
planting line in 2011 and 2012 demonstrated that a large number of seedlings (n = 510) appeared after
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only one year. These seedlings were abundant along the skid trails, bulldozer passes, and in logging
gaps, although were less numerous along the strip cutting line (Figure 8).

Figure 8. The positions of all trees > 1 cm diameter at breast height (DBH) in 2011 (filled dots) and
seedlings that were newly established up to 2012 (blank dots) in a 20 × 100 m line transect set along a
planting line.

3.2. Planted Seedling Growth and Correlation to Changes in Light Conditions

Between October 2012 and May 2014, the survival rates of the planted species S. johorensis (n = 82)
and S. leprosula (n = 41) were 87% and 81.8%, respectively. The mean diameter of the S. johorensis and
S. leprosula plants increased from 1.1 ± 0.27 cm and 0.86 ± 0.28 cm to 1.97 ± 0.56 cm and 1.43 ± 0.53 cm,
respectively. The mean seedling height increased from 115.7 ± 38.6 cm and 254.5 ± 87.3 cm to
101.3 ± 37 cm and 230.9 ± 89.3 cm, respectively. Some seedlings were bent or damaged and became
stunted. The multiple regression analysis identified no variables that were correlated with diameter
and height growth. However, the changes in CO between 2011 and 2012 and changes in seedling
diameters between 2012 and 2014 suggested that growth might be suppressed by a decrease in CO
(Figure 9). Growth diameter decreased from 2012–2014 in association with a reduction in CO between
2011 and 2012.
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Figure 9. Correlation between the CO reduction from 2011 to 2012 at each photo point in the planting
line (n = 63) and seedling growth from 2012 to 2014.

4. Discussion

4.1. Changes in Light Conditions after Logging Management

Our results were consistent with previous research that demonstrated a low level of CO in primary
forest environments [3,11,20], largely due to multilayer canopies [6,16]. Logging these canopy trees
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significantly alters the light conditions on the forest floor. For 31 months after logging management,
CO values decreased significantly in areas where the level of CO was high in 2011 (Figure 5). After only
31 months, the forest floor was no longer illuminated, even in the large clearings created by logging in
2011. Our tree census along a planting line demonstrated that the large gaps in the canopy generated
by logging were closed due to the appearance of new seedlings and not because of crown expansion
by neighboring trees. The higher level of CO provided opportunities for the new seedlings to take over
and close the gaps in the canopy. Even in 2012, one year after logging and planting, some seedling
heights exceeded 1.2 m. Sometimes, the majority of invading species were ferns, which prevented tree
seedlings from becoming established [4].

By May 2014, the mean CO in the S and SL sites differed significantly, regardless of whether line
planting was performed after logging. An examination of all the CO changes that occurred at each
type of disturbance (i.e., skid trails, logging gaps, and planting lines) demonstrated that the highest
mean levels of CO were in skid trails at the S site in 2011. When 8–15 trees/ha were removed, 15–40%
of the area was typically covered by bulldozer tracks [21–23], and plant growth in these skid trails was
poor [5]. Therefore, reducing the number of skid trails generated by applying RIL methods might help
promote canopy recovery.

Between 2011 and May 2014, the mean level of CO returned to levels typical of intact forest,
even in S-site skid trails. In October 2011, the mean level of CO in logging gaps and skid trails at the SL
site was greater than that in planting lines. However, by May 2014, the mean level of CO in planting
lines was greatest when a plot dominated by ferns was excluded from consideration. When strip
cutting was used, the gaps in the canopy remained open. Strip cutting may be less destructive for
the forest stand than logging gaps and skid trails. Large commercially important trees were not
cleared from the 3-m-wide lanes, and the impact of strip cutting on changes in the light levels reaching
the forest floor was probably less than that of logging gaps and skid trails. Seedlings frequently
became established in and around skid trails and logging gaps. However, the relatively low impact
of line planting on the light conditions produced a higher level of CO compared with other types of
disturbance and also a difference between S and SL sites in 2014. Although the effect of strip cutting
on forest floor light conditions was not significant, it was prolonged, and it therefore could have an
effect on the growth of planted seedlings and the dynamics of canopy recovery.

4.2. Effect of Changes in Light Conditions on Planted Seedlings

Excessive light can reduce the growth rate of planted trees by photoinhibition and can also
increase their mortality rates by altering the microclimate [24,25]. Survival and growth rates are also
reduced by low light levels [17]. However, in this study, the observed growth characteristics were
not explained by multiple regression analysis, changes in CO from 2011 onward, and the effects of
different types of disturbance (e.g., logging gaps and skid trails). Over the three-year monitoring
period, reductions in CO were particularly significant in areas where CO was initially very high.
The growth analysis suggested that decreases in CO occur because new seedlings appear under high
CO and suppress the growth of planted seedlings. Much of the decrease in CO between 2011 and 2012
was probably due to invasion by new species, whose seedlings could be competing for light with the
planted seedlings. Here, large numbers of seedlings appeared and inhibited the growth of planted
seedlings in 2012. In other planting tests, seedlings often died shortly after they were planted [12,13].
Growth suppression may well have increased the mortality rate among the planted seedlings.

Otherwise, some planted seedlings grew slowly with small CO reductions (Figure 9).
They appeared to be planted in shaded areas, which suppressed their growth.

5. Conclusions

The light conditions of planted seedlings differed widely under systematic strip cutting because
of the heterogeneity of tree distribution and logging activity traces. Shaded or opened light conditions
will lead to growth suppression and high mortality in a few years.
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To improve the line planting system, further examination of moderate light conditions for
planted seedlings is necessary. Such an evaluation will help reduce the cost of strip cutting and
planting treatment.
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Abstract: With recently announced federal funding and subsidies to redevelop vacant mills and the
communities they were in, the forest products industry in Maine is poised to gain its momentum
once again. One of the important components influencing the cost of delivered forest products
is transportation. A recent study in the region has shown that the location and availability of
markets along with lack of skilled labor force are the major challenges faced by the forest products
transportation sector in Maine. This study was focused on developing a management guideline
which included various field level options for improving trucking enterprises in Maine. For this,
a qualitative research approach utilizing a case study research tradition was employed, with in-depth
semi-structured interviews with professionals directly related to the forest products transportation
sector used for data generation. Thirteen semi-structured interviews were conducted, with each
being audio recorded and later transcribed verbatim. Interview transcriptions were analyzed using
NVivo 11. Suggestions, like increasing benefits to drivers and providing training, were proposed for
challenges related to manpower shortage, while the marketing of new forest products and adjustment
in some state-level policies were proposed for challenges related to the forest products market
condition of the state.

Keywords: case study; labor force; management guideline; secondary transportation

1. Introduction

The flow of forest products from harvesting sites to the processing facilities is a combined effort
of different stakeholders. The supply chain of the forest products generally starts with foresters laying
out harvest plans for forest landowners i.e., small woodlot owners, industrial land owners, and public
lands. Logging operators with the direction of foresters and logging contractors take responsibilities of
felling trees and piling the wood at the log landings. With guidance from a procurement manager and
trucking contractor, the products are hauled from landings to facilities (usually primary forest products
industries or bioenergy plants) (Figure 1). The trucking (also referred to as secondary transportation)
part in this process is considered important because of its essential function of moving products from
one place to another. It is also one of the expensive phases and can be crucial in fixing prices of
delivered forest products [1–3]. Despite the prevalence of railroad transportation, trucking is the most
common way to deliver wood products [4]. Its popularity can be associated with well-developed road
networks, limited access to railway lines, and embargos in using water for timber hauling in the US and
other parts of the world [5,6]. After the last log drive on the Kennebec River in 1976, the transportation
of woody commodities from northern forests in Maine has predominantly been performed by trucks
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and tractor-trailers [6]. There are separate types of trucking fleets for specific products such as tractor
trailers to haul logs, whereas chip vans to haul wood chips and comminuted biomass materials. Even
with the inherent need to haul forest products, there are various challenges in this sector that needs to
be addressed for its efficient operations. These challenges can be specific to the region and thereby
require a local level understanding of constraints and potential mitigation strategies including policy
formulation. Hence, strategic suggestions from closely related stakeholders and experts in the field
are important. The recent closing of pulp and paper mills has imparted significant impacts on the
entire forest products market in the state of Maine. The forest product market is highly scattered in the
state; the situation has been further exacerbated by the recent closing. The increased hauling distance
resulting from the closing of pulp and paper mills has increased the cost of trucking forest products
compared to the situation in the past [7].

Figure 1. A sketch showing the flow of raw forest products from timber harvesting unit to the
processing facilities like mills, powerplants, and industries. For this study, the focus, however, will be
on the transportation from landing sites to the processing facilities.

Concerns regarding higher costs associated with forest products transportation have led to several
studies in forest operations including analysis of wood products hauling costs [8–11]; increasing
efficiency in transportation [12–15]; and survey analysis of logging and transportation sectors [16–20].
Similarly, there are research studies utilizing qualitative methods, such as semi-structured interviews,
to comprehend views and opinions of experts [21,22]. To this end, such a qualitative research approach
has not been utilized to get in-depth information on forest products transportation. The purpose of this
research was to: (a) gain an in-depth understanding of stakeholders’ perceptions of the problems related
to trucking; and (b) identify possible measures to resolve them. Understanding related stakeholders’
attitudes towards the applicability of particular solutions in the state of Maine could help the industry
and policymakers implement them.

2. Materials and Methods

A qualitative research approach was selected to allow in-depth understanding of a problem within
a concrete setting [23,24] and learn the interpretation of verbal experiences from stakeholders [25].
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2.1. Philosophical Foundation

The methodology was based on the constructivist paradigm and used a single case study design
to explain related stakeholders’ perceptions and experiences. The epistemological approach of
constructivism proclaims that different individuals describe the same problem in multiple ways [26].
Constructivism is based on the fact that truth is dependent on perception. Another important
assumption is that problems are solved by the interaction between researcher and respondents,
hence, open-ended question formats like interviews and discussions were used [27]. These questions
used generally begin with how and why, rather than what and when with the intention of getting
comprehensive insights on the subject [28].

2.2. Case Study Design

A case study is a research design that allows researchers to gain an in-depth understanding of a
problem, process, situation, or even individual, and a group of people within a bounded system [23,24].
A common way to conduct case study research is to collect comprehensive information on the case by
utilizing and triangulating across different data collection techniques such as interviews, document
review, direct observations, and archival records [29,30]. The case includes bounded time, context,
region, and phenomenon or topic of study [23,24]. The state of Maine was the area of study, while
2015–2016 was the timeframe for this study. The research used an instrumental case study design [23,24]
to understand the phenomenon of challenges facing the forest trucking industry subsector, and local
level measures adopted in different parts of Maine to mitigate forest trucking related problems.
Multiple data collection methods were used, including a stakeholder questionnaire, thorough review
of the literature, and in-depth semi-structured interviews with key stakeholders in Maine. Phase
1 of the study included the identification of potential solutions via a stakeholder questionnaire,
unstructured interviews with key informants, and review of the scientific literature [2,7]. This phase
was followed by the in-depth interviewing phase to further understand the challenges and validate
the appropriateness/soundness of solutions identified in phase 1. This paper includes results from
phase 2; for detailed results for phase 1 please refer to prior citations [2,7].

2.3. Participant Selection Strategy

The stakeholders were divided into four categories based on their job profile: (a) Foresters;
(b) Truck owners/logging contractors (from here on referred to as contractors); (c) Representatives
from forestry professional societies; and (d) Procurement managers. The categories were selected for
providing appropriate and relevant responses to address the objectives from different perspectives.

The Forest Resource Association (FRA), a group of more than 500 organizations and businesses
related to the forest products industry, was consulted first for participant recruitment. A public
announcement for interested individuals to participate in the study was made at a FRA forum in
Brewer, Maine. The process did not yield sufficient (n = 2) responses; hence the combination of criterion
and snowball sampling techniques was used to select participants [31]. Professional contacts were
utilized to recruit interviewees and enhance the gaining of entry and rapport building. First, the
selection criteria were that the participants should have more than 15 years of experience in forest
products handling and transportation, should have a primary workstation within the state, and be
willing to participate in the study. Further, the snowball selection strategy allowed for participants and
key informants from phase 1 to refer other participants to include in the study [32,33] while ensuring
different regions (North, Central, South) to be included.

2.4. Ethics Statement

Approval was obtained from the Institutional Review Board (IRB), University of Maine, Orono for
conducting research on human subjects prior to the interviews on 4 January 2017. A written informed
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consent form was given to the participants prior to the interviews which ensured confidentiality and
voluntary participation.

2.5. Data Collection, Analysis, and Quality Assurance

The primary data collection method for this study phase was semi-structured face-to-face
interviews with mostly open-ended questions. This method has advantages over other qualitative
techniques like focus group discussions because interviews allow more privacy and a safer atmosphere
to talk on dedicated issues than the later; participants have more time to express their feelings and
discuss the subject matters in detail as well [34]. Interviews were helpful for the triangulation of
information gained from supplementary sources from phase 1, which ensured credibility of the study
results [24].

The interview protocol consisted of 13 major open-ended questions; each question included
four additional probing questions (on average). The interview protocol along with the consent form
were emailed to the participants three weeks prior to the interviews in order to facilitate a review
of the questions and to allow time to decide a response. Interview questions were developed based
on the results of the survey, unstructured interviews, and literature analysis, and were organized
into four themes: (a) outlook on forest trucking sector; (b) major challenges faced; (c) potential
measures; and (d) applicability of those measures in Maine. To obtain regional based information, the
respondents were further categorized based on regions of their primary workplace: Northern, Central,
and Southern regions.

Thirteen semi-structured interviews with open-ended questions were conducted from February
to May 2017. Interviews were continued until ongoing data analysis suggested data saturation had
been reached (i.e., new interviewees did not provide any additional information on the subject) [35,36].
There were no rigid rules on the number of interview participants a priori, but rather the study
followed established procedures in qualitative research on data saturation [32,37]. However, the
number of interviews in this study (13 interviews) was consistent with other studies that utilized a
similar research approach [38].

With an average of 51 min, the total duration of the interviews ranged from 33 to 71 min. Due to
the general interests on particular topics, most interviews lasted longer than the slated time frame.

The whole content of the interview was audio recorded, and the recordings were later transcribed
verbatim [39] and uploaded into NVivo 11 [40]. The transcripts were meticulously read several times
and important phrases/dialogues were subsequently highlighted using open coding [39] as the first
coding cycle. These open codes were then abstracted into concepts identified previously through
the literature review and listed in the interview protocol; this axial coding was used as the second
coding cycle. The codes were generated by an iterative process that involved reviewing data multiple
times [41]. This process also helped in determining the point of saturation for each question.

3. Results and Discussion

3.1. Participants’ Description

Among 13 interview participants, four were based in Northern regions, three in Central regions,
and three from Southern regions of the state. Based on job profiles, the majority were foresters (Table 1).
The average work experience of the participants in their respective profession was 25 years, and
respondents ranged from 36 to 74 years of age. The majority of the respondents worked for industrial
timberland companies, while some were also small timberland owners (less than 2000 ha). All of them
were Caucasian males.
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Table 1. Description of the participants interviewed for the study to comprehend the challenges faced
by forest trucking sector and probable resolutions to those challenges.

Stakeholder Categories Number of Participants (by Subregions of Maine) Experience (in Years)

Foresters (company based or consultant) 5 (Central = 3, Northern= 1, Southern = 1) 30

Truck owners/Logging contractors 2 (All subregions = 2) 1 28

Professional society representatives 2 (Southern = 1, All regions = 1) 25

Procurement managers 4 (Northern = 3, Southern = 1) 19
1 Participants having primary workstation in more than one subregion or working for forestry sector for the
whole state.

3.2. Responsibilities and Services

The services provided by the companies or organizations that respondents were affiliated with
were of diverse nature. Nearly all of them were involved in multiple forestry related tasks. One of the
participants stated:

“We have forest operations of every nature. We do harvesting, trucking, chipping, loading, slashing,
merchandising, building forest roads, developing forest management plans, managing our own
lands, and other people's lands. We have three equipment shops; one for forest harvesting machines
and two for trucks and trailers.”

One of the procurement managers described his duties as overseeing entire harvesting operations,
dealing with logging/trucking contractors, along with inspecting and regulating dispatch of trucks
and chip vans. There was also a procurement manager just to oversee transportation-related works
whose duties were, “...to look after road maintenance for the company, and transportation of all raw materials
to the mills.”

Primary duties of company foresters interviewed were managing woodlots, preparing
management plans, hiring and managing temporary workers, and dealing with contractors and
truck drivers. Independent consultant foresters generally worked for various landowners at any
provided time.

The participants were from varying company sizes, in terms of number of employees, ranging
from small (<5 employees) to large (>50 employees) companies. Basic benefits to the workers (including
truck drivers) included health insurance, paid leaves, and subsidies for buying wood products.
One procurement manager noted:

“We have health and many benefits like other businesses, but the additional one is the career (sic)
we really enjoy and passionate about. I think there are other disciplines with higher pay (sic), but
this profession provides flexibility of schedule and time. I'm not in a cubicle daily and I'm doing
something different.”

The above statement from the procurement manager could be applied to loggers and log truck
drivers as well. There are factors other than money that drive novices to the logging and trucking
industries such as the involvement of past generations of family (a family profession), the ability to
work locally, and independence in the work.

Participants who hired trucking service from contractors were unaware of the exact benefits
package offered to the employees and drivers working under trucking contractors. One
forester specified:

“...I’ve not known exact details, but there should be enough to make a person sit on that giant (log
trucks) and drive on rough terrain all day.”

3.3. Trucking in Maine

All participants regarded trucking as an essential component, as more than 90% of the wood
hauled in the state was done by road. Railway systems were also in use in northern and western parts

170



Forests 2017, 8, 434

of the state, however, trucks were still used for a certain portion of that journey. Most of the timberland
owners and management companies did not own trucks but hired trucking service. The participants
seemed aware of the role of trucking in determining the end price of the delivered forest products.
They were also concerned about the losses incurred due to inefficient trucking. One procurement
manager stated:

“...as far as the role of trucking, it’s a key to the business. When you look into harvesting and
trucking of wood to our mill, it’s probably one of the biggest costs both for distance and other factors
like payload. It’s the cost that continues to go up every year because it’s something that you cannot
increase productivity like in the harvesting operations. You can only put so much wood on the truck
and you can only drive so far, safely and efficiently.”

Several factors affected the cost of trucking, including fuel price, maintenance cost, trucking
distance, and payload. Contractors were always trying to make their operations efficient enough to
avoid extra expenditures: “...it’s everything for us. We have more trucks than truck drivers. We have to keep
an eye on every detail to make profits. All of them operates year around and are maintained timely. We are a
service provider, so no compromise at all.” The fewer truck drivers, in this case, was the strategy to reduce
expenditures on extra drivers. It also implied that all trucks were not running at the same time.

Both above statements, although addressing different discussion points, allude to the issues
faced day to day by forest trucking enterprises. As a different perspective, one participant from the
professional society stated:

“...most of the logging contractors, probably 75 percent, have a truck or two. This provides them
with more stability in their services. Owning and operating trucks makes them more flexible
and competitive.”

There were mixed responses regarding the outlook on trucking business for the region,
with participant responses articulated in terms of challenges and opportunities in the field. In general,
the participants considered trucking to be a challenging business but expected that prospects will
increase with a new horizon of market opportunities for products like biomass, hardwood pulp,
biofuels, and others (Table 2).

Table 2. Examples of the participants’ responses regarding the outlook of the forest trucking business
in Maine. The blank cells indicate the absence of positive or negative attitudes of the participants.

Stakeholder
Responsibility

Region in
Maine

Key Ideas Showing Outlook of Trucking Business in Maine 1

Positive Attitude Negative Attitude

Forester Central
“...the weight limit has been raised...”
“...drastic drop in the oil price over

recent years...”

“...having hard time finding drivers...”
“...profit margins are very tight...”

Trucks owner Entire Maine “...trucks are in demand and will be
in future.”

Professional society
representative Southern

“...more expensive than it used to be.”
“...much more difficult for owner operator to

get started.”

Procurement
manager Northern “...the forest trucking market

is growing...”
“If trucking cost doesn’t work out then
we’re not going to be able to operate.”

Forester Northern

“...trucking business for northern
climate can be profitable...”

“...room for new business to enter in
the market.”

“...moving more volume of wood, as the
payload is based on ton.”

“...primary concern is about the
aging workforce.”

1 Participants’ direct quotation.

In a different context, participants (except contractors) mentioned that for forest products
companies, it might be better to contract the trucking portion of forest operations than to own and
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operate entire trucking fleets. One procurement manager mentioned, “We had a fleet of trucks that we
managed in the past but it’s to our benefit that we hire contractors. They can run this business better than us.
There are certain things that contractors are more efficient than company managed fleet (sic).” Another forester
agreed, “This section is difficult to handle if you are dealing with many other things.”

3.4. Challenges to Trucking

All participants agreed that there were numerous challenges to efficient trucking operations.
The majority (more than 80%) regarded the lack of skilled drivers as the most prominent challenge at
present time (Table 3). Similar to the forest trucking industry’s experiences, driver shortage was also a
prominent challenge for other trucking businesses as well; a report prepared by the ATA (American
Trucking Association) pointed out that the US trucking sector was short of 35,000 truck drivers in
2015 [37]. This challenge was not only getting severe due to the aging workforce, but also the difficulty
to keep truck drivers in this profession for a longer period. Even with enough experience and physical
abilities, many drivers did not pass the mandatory drug tests for operation, which also contributed
to the cause. For international shipping, age factor was also an issue, as drivers below 21 years face
restrictions in crossing the Canadian border. Because of these legal complications, participants mainly
from the northern region (two from the central region) ranked the border crossing requirement as the
main challenge. A forester stated:

“A lot of our wood goes across border into Canada. So, there are new restrictions on border crossing,
their weight restrictions are different than ours (two tiers systems in US). Contract rates needs to be
adjusted accordingly.”

All respondents agreed that a key challenge to the forest industry in general was due to the recent
closures of five pulp mills in central and southern parts of the state within the last two years [42].
It resulted in harvesting and marketing of new forest products which were not considered valuable
before. There is a need for research on the diffusion of new forest products and services to achieve
global sustainability goals from the forestry sector [43]. The impact of mill closures was reflected
in trucking as it increased hauling distances and transportation costs of forest products in the state.
However, the effects of the closing appeared to be less severe in the northern parts compared to other
regions. One respondent from northern Maine explained, “It does have effects, but not much than (sic) the
adjoining regions. It affected us in a way that wood started moving in different direction and started infringing
on the markets that we always relied on.” For small landowners, the impacts were of another nature, a
forester working for a small landowner stated, “...it has affected some of our capability to market low-value
products like everybody else. We have very little market cloud because we're small. So, this probably affects us
more than big land owners. We don't have negotiating powers like landowners who produce 250,000 * cords
a year does (sic). Last year we cut 3200 * cords.” (* 250,000 cords ~906,000 cubic meters and 3200 cords
~11,600 cubic meters).

Despite having been affected by the closing of mills, participants were optimistic about the
future of forestry businesses in Maine. They agreed that certain products like hardwood pulps and
biomass which were not in demand previously were in high demand at present due to mill closures.
The trucking sector was directly benefited with this as trucks started delivering these new products to
new markets and increased their chances to back-haul products.

Another challenge was regarding the conditions of public and forest roads. Participants from
northern Maine were especially disgruntled by the condition of public roads in the region. Some of
them also compared the bad conditioned roads with good Canadian roads across the border.

Other challenges mentioned were related to back-hauling, payload, high equipment owning and
insurance costs, timber harvesting season, safety, and turnaround times (Table 3). Some of these were
common to all forest operations, in general. Results also showed that specific challenges can be less
important for one stakeholder group while representing major concerns for another. For example,
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all foresters were convinced that the legally allowable payload for the public highways in the state was
sufficient, while the contractors and procurement managers wanted the weight limit to be increased.

Table 3. Examples of the participants’ responses to the challenges faced by the forest trucking industry
in Maine.

Stakeholders‘
Responsibility

Main Challenges Participants’ Direct Quotes

Forester Drivers, roads,
and safety

“Finding good drivers is the main thing. We hear that all the time from
our contractors. The other thing is the worse roads. I am very much

concerned about the safety of drivers as well as public.”

Procurement
manager

Supply chain issues
and

contractors’ nature

“There is a supply chain issue. Majority of logging contractors own
everything, logging equipment and trucks, and they employ drivers and
operators. This is somehow inefficient. They want to do that because they

want their wood to reach the market first.”

Forester Contractors’ nature “Trucks are passing each other with same products and same origin and
destination, it seems there is a competition between contractors.”

Professional society
representative

Drivers and
insurance cost

“Many of these contractors could not find drivers because of the drug
tests; most of them failed the test. The insurance cost goes really high if

you don’t have good drivers.”

Truck owner/
Logging contractor

Aging workforce
and back-hauling

“There are two major challenges. The drivers hauling wood out of the
forest require a special skill, which many do not have. The ones we had
are also retiring. The other challenge is too much percentage of empty

drive miles that makes the transportation costs very high.”

Truck owner/
Logging contractor

Market condition
and state policies

“Closing of mills has affected our business tremendously. We lost
literally a third of our business over sales in about a twelve-month period
of time, which is very painful, very hard to adjust and we haven't fully
adjusted yet. The other thing is the state’s regulations; some of them are

terrible and not business friendly.”

Procurement
manager Roads

“Public roads in this region (northern Maine) are terrible. I mean it was
really bad this time of year as the frost comes out, but they don't get a lot

better anymore in the summer and fall winter. Terrible terrible!!”

Professional society
representative

Transportation
distance “...increased hauling distance is the main issue at present”

3.5. Possible Solutions and Applicability in Maine

The interview questions were designed to group potential solutions based on the problem type.
Several options emerged when participants were asked about mitigating some specific challenges such
as the shortage of skilled truck drivers and current market conditions. Participants also put forward
solutions which could turn these challenges into opportunities in the future. One respondent appeared
very optimistic, “I agree there are problems now, but we will get through this. Maine is a very resilient state; we
have dealt with a lot of issues in the past—take spruce-budworm outbreak.” The same individual responded
to the shrinking market condition, “It requires new investments and business models to start up. It will
take time, but it will eventually. New markets are opening for new products because our market is changing.”
The group representing contractors provided a suggestion for the improved market situation: “Maine
has a forest-based economy; we need to become a business-friendly state. Policies should be in favor of startup
forestry businesses. There are examples that you have to wait for two to three years only to get an agreement
from the state.” According to them, adjustment of policies at the state level can have a greater impact
on new businesses. They were also in favor of providing subsidies to new products for struggling
businesses. From the perspective of foresters, the introduction of new technologies in the business
could help revamp the shrinking market. However, they were not certain that conditions would be
similar to those of the last decade. One forester mentioned, “We have been rescued by technologies in (sic)
past. We started off cutting the trees with an average diameter of 12 inches * and soon we ran out of that tree
diameter class. Then technology comes in where we started chipping and had mills that took smaller sized logs.
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So, our technology has changed over the years and I expect it will again.” (* 12 inch = 30 cm). Like other
stakeholder groups, procurement managers also believed that the present market condition could be
better. Their suggestion was to utilize new products as much as possible: “Currently it appears that there
is extra fiber in the Maine wood market, I think this will help us be a good spot to build new facilities. A company
in Skowhegan, Maine has decided to put almost two hundred million dollars in new products. So, something is
telling those guys that this is a good place to invest.” Another procurement manager provided an opposite
view towards the market condition. He believed that the market will stabilize first before getting
better, and the businesses with efficient operations will stay while others might shut down. He added,
“The only solution I see is that companies should be more efficient and start harvesting and selling varieties of
products. For trucking, we should figure out how to manage empty miles.”

For tackling the problem of manpower shortage, most of the participants suggested good benefits
and proper training to drivers. Participants were also asked to validate solutions that had been adopted
in other parts of the world. For instance, as a motivation to stay on the job, drivers were given a certain
portion of truck shares to create the feeling of ownership [44]. The participants were not aware of this
kind of practice in Maine. Contractors disagreed with this as a proper solution to keep drivers on the
job, while all the other stakeholder groups believed it to be a novel approach. However, a large portion
(actual data unknown due to an anti-trust policy of the state) of trucking fleets in Maine are run by
owner-operators [45]. Truck owners mainly focused on better benefits for drivers: “...because we offer
good benefits, and have a good reputation, we have steady employment. Many logging and trucking companies
don't have that.”

To attract the younger generation to the sector, some participants suggested logging and trucking
companies should focus on extension activities to showcase the novelty in equipment and technologies
being used, “Trucking is becoming increasingly comfortable compared to (sic) past. Now all trucks are equipped
with climate control cabs and drivers do make fairly good money based on their education.” According to a
forester, the state government entities can be key players for promoting employment in trucking, “...the
Forest Service and Department of Transportation can promote trucking as a highly skilled profession like others,
through different publication series and extension.”

Some foresters suggested truck owners pay their drivers using an hour-based payment system
instead of the load-based system. Another forester noted the work-related pressure to drivers, pointing
out the need for providing independence to drivers in regard to time scheduling and work issues.
The problem can be related to another problem regarding supply chain issues and contractors’ nature.
In order to manage issues related to dispatching, procurement managers suggested that the trucking
and the actual harvesting process should be separated (decoupled). In their view, at present, there is a
trust issue between different contractors working in the same area. Separating harvesting and trucking
will ensure efficiency and stability in the market. This can be helpful in minimizing competition
between contractors and easing up the pressure on drivers and the supply chain.

Regarding the issues related to roads, participants from northern Maine proposed an increment
on state spending on maintenance of public roads, while participants from southern Maine were
more worried about public outcry and aesthetic issues created by large log hauling trucks. Some
companies have started using crushed rocks on the last hundred feet of the forest roads leading to
public highways to eliminate mud and clay deposition from trucks tires on the later. The problem
of ruts and depreciation of roads also seemed to be associated with the legally allowable payload.
When asked about their views on legally allowable payload on the pubic highways the opinions of the
respondents were contradictory. Mainly trucking contractors and procurement managers were positive
about increasing the payload on public highways, as it could increase trucking efficiency including
fuel consumption. One of the contractors stated, “There could be certain situations where you could have
increased weight limits for certain types of trucks on certain roads and that could help the industry. I think that's
something nice to keep on the table but could be hard to do politically.” As an opposing view, one forester
argued, “I agree the work they did to get interstate payload raise from 80,000 pounds * to 110,000 pounds *
is important. But for safety, we must remember that my wife and daughter drive on that road. Big companies
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might have different views because if they can haul more amount of woods with the same amount of fuel then it
can be profitable for them. But they also want to be safe. So, I think increasing the payload is not an option.”
(* 80,000 pounds ~36,300 kg and 110,000 pounds ~49,900 kg).

In a different context, one participant also pointed out the benefit of having an east-west highway
in the state, especially for improving the transportation of forest products and minimizing the extra
costs associated with long hauls. Route I-95 is the only interstate highway (running from north to
south) connecting Maine with other states. The east-west project has been a long debated topic in
Maine’s infrastructure development history, but the project has been rejected up to the present time
due to its expected effects on wilderness and recreation [46].

Apart from the challenges mentioned above, there were other issues related to truck-turnaround
times, back-hauling opportunities, and climatic adjustments. Most of the participants (n = 8, 62%)
agreed that waiting time is a problem at mill yards. Some suggestions were to increase coordination
between drivers, manage concentration yards, and use self-loading trucks. However, they also agreed
that the self-loading trucks could be a bad option in terms of the extra loader (dead weight) being
carried. Some of them also pointed out the $20-million investment proposed by a forest product
industry in southern Maine as a potential means in which to help minimize turnaround time at their
mill yard.

Although participants regarded back-hauling as a challenging job to perform, they still believed it
can be carried out with some adjustments. Interestingly, the increased hauling distance incurred by
the recent closing of mills seemed to be an opportunity for trucking contractors to back-haul different
products. Some of the important suggestions to increase chances of back-hauling were: building more
concentration yards; adopting proper networking strategies between mills within and outside the
state; using self-loading trucks for short hauls, and making trucks and trailers as dynamic as possible
to transport different types of products.

Similarly, participants also regarded seasonal adjustment in harvesting and trucking as an
important issue for transportation. They seemed very concerned about transportation of wood
in the muddy season as well as during the winter season. During the heavy winter season, log trucks
used chains on their tires while driving through forest roads. Except for plowing snow and clearing
public highways, no new anti-slip innovations were used in the state to mitigate this seasonal barrier.

Based on the strategies suggested and accepted by participants, a summary table was prepared,
which is expected to serve as a basic guideline (managerial perspective) for trucking companies and
related stakeholders (Table 4).

Table 4. Summary and highlights of potential mitigation measures. The measures are represented
as views and suggestions of participants. The stakeholder groups favoring those strategies are
also included.

Challenges Views and Suggestions Favoring Stakeholder Group(s)

Present
market condition

New technologies, new investments, and marketing new products All

Opportunities to negotiate with new markets which were not
accessible before All

Attracting new investors; showing the potentiality of the state in
terms of forest products All

Favorable policies for startup businesses and subsidies in
certain products

Trucking contractors and
procurement managers

Manpower shortage Good benefits, proper training, more vocational schools All

More extension activities; showing young generation the modern
technologies currently used in forest trucking All

US Forest Service and Department of Transportation as lead
organizations to attract youths Forester and professional society

Ownership sharing mechanism to drivers
(giving certain percentage of truck shares)

Forester and
procurement manager
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Table 4. Cont.

Challenges Views and Suggestions Favoring Stakeholder Group(s)

Flexible time schedule and independency to drivers Forester and professional society

Developing a well maintained and disciplined trucking fleets Forester and professional society

Change in payment methods to truck drivers from load based to
hour based Forester

Roads and payload Straight forest roads as much as possible All

More federal and state budget for maintenance of public roads Procurement managers and
foresters from north region

Avoiding public roads (not interstate highway) as much as
possible due to aesthetic issues

Forester and professional society
representative from south region

East to west interstate highway in Maine Professional society representative

Different measures to clean truck tires before entering public roads Professional society representative
and foresters from south region

Minimize repeated maintenance of private forest roads by
constructing them properly at the beginning Trucking contractors and foresters

Increasing legal allowable payload on interstate highways for
certain situations

Trucking contractors and
procurement managers

Not increasing legal allowable payload on interstate highways to
insure public safety and minimize impacts on the roads Foresters and professional society

Light trailers to increase capacity of trucks Trucking contractors

Turnaround time Adding some self-loading trucks to the fleets All

More unloading cranes at the mill
(e.g., overhead cranes used by big mills)

Trucking contractor and
procurement managers

More concentrated landing sites Trucking contractor and forester

Pavements in wood landing sites Forester

Proper coordination in dispatching between different mills in
same area Procurement manager

Backhauling of
empty trucks

Long distance hauling of the forest products; an opportunity
to back-haul All

More concentrated landing sites All

Proper networking between mills from different regions. All

Dynamic trucking configurations to accommodate
various products All

Seasonal and
topographic barriers

Using trucks for other works during muddy season when timber
harvesting stops Forester

Learning road building knowledge from other US states, mainly
for steep terrain Forester

Fuel efficiency Use of stud tires during snow season All

Learning new innovations from other countries for
winter transportation

Trucking contractors and
procurement managers

Using air deflectors in the trucks Procurement manager

Increasing payload Trucking contractors

Contractors
Separating harvesting and trucking parts

(i.e. using two different contractors for each work)
Forester and

procurement manager

Proper dispatching strategy to minimize competition
between contractors

Forester and
procurement manager

3.6. Limitation of the Study

This study has presented views and suggestions of people closely associated with transportation
of forest products in Maine. As such, since the suggestions are explicitly based on the situation of
Maine, the results of this study cannot be generalized for a broader perspective like other quantitative
studies. However, these findings can have significant effects for new studies attempting to tackle
these issues. The resolution identified can be validated for other regions by interviewing stakeholders
operating in those regions. The fact that truck drivers were not interviewed in this study is one of the
major limitations. However, the trucking contractors, who have driven their own trucks for many
years before becoming contractors, can be considered as truck drivers’ representation. Another concern
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in this study was about the representation of landowners. Some of the foresters and contractors
interviewed have their own timberlands in Maine. They have experience in managing the procurement
of forest products on their own lands.

4. Conclusions

This research has validated mitigation measures that can be adopted for sound forest trucking
operations in the context of a forest-based economy. The study is the first of its kind for the forest
products transportation sector and can serve as a basic guideline to test the technological feasibility
behind the suggested resolutions. The use of a semi-structured interview method has proved to be an
important approach to gain insights into the field level challenges and mitigation measures in forest
products transportation.

The results of this study suggested that lack of skilled manpower and forest products market
condition of the state were major challenges to this sector. However, issues like border crossing
requirements and road conditions were also considered highly important. Typically, differences in
regulations between the US and Canada for many issues (roads, tax, truck size, driver’s age) are always
a concern for businesses in northern Maine. The condition of public as well as forest roads in Maine is
not satisfactory. The high movement of log trucks in public or town roads was also another concern
for local residents.

Overall, due to recent changes in the forest products market condition regarding the state and
shortage of skilled labor force, the trucking enterprise is a challenging business to operate. In general,
the disintegration of trucking business from harvesting operations was regarded as being potentially
productive for the long run. The local field-level suggestions for the mitigation of major challenges
seemed crucial in the trucking sector. The region-specific suggestions can also help forest products
companies and trucking enterprises to focus more on the solutions. A constant collaboration among
forest products companies, contractors, and foresters is important to resolve supply chain issues
like trucks dispatching, turnaround times, and backhauling. Nonetheless, coordination with the
public and policymakers for issues related to public road conditions and safety is vital for the better
trucking business.
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Abstract: The processing of woody biomass waste piles for use as fuel instead of burning them
was investigated. At each landing of slash pile location, a 132 kW grapple excavator was used to
transfer the waste piles into a 522 kW horizontal grinder. Economies of scale could be expected
when grinding a larger pile, although the efficiency of the loading operation might be diminished.
Here, three piles were ground and the operations were time-studied: Small (20 m long × 15 m wide
× 4 m high), Medium (30 × 24 × 4 m), and Large (35 × 30 × 4 m) piles. Grinding the Medium pile
was found to be the most productive at 30.65 bone dry tons per productive machine hour without
delay (BDT/PMH0), thereby suggesting that there might be an optimum size of slash pile for a
grinding operation. Modeling of the excavator and grinder operations was also examined, and the
constructed simulation model was observed to well-replicate the actual operations. Based on the
modeling, the productivity of grinding at a landing area of 710 m2 of slash pile location was estimated
to be 31.24 BDT/PMH0, which was the most productive rate.

Keywords: fuel reduction; slash pile; grinding operation; grapple excavator; horizontal grinder;
simulation; Sierra Nevada, California; wildfire

1. Introduction

Increasingly fierce wildfires are currently one of the most severe problems in the western
United States. California is also experiencing one of the state’s worst droughts of the past century.
Under natural fire conditions, a proper amount of thinning occurs and the remaining trees are thereby
given a better chance to mature. In contrast, after a century of fire suppression, California’s forests
are denser and have fewer large trees. For example, from the 1930s to the 2000s, the number of large
trees in the Sierra Nevada mountain range in California decreased by half while the density of small
trees doubled [1]. Severe fires are increasing in frequency and size throughout the Sierra Nevada,
and regeneration is not a given for severely burned forests where seed trees have been killed across
large areas [2]. Fuel reduction operations (e.g., prescribed fire, mechanical treatment, mechanical
treatment + prescribed fire) are effective to reduce the risk of high-intensity wildfires and return forests
to a more fire-resilient landscape [3].
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Current ‘business as usual’ activities for biomass disposal in much of the Sierra Nevada include
pile and burn, mastication, and drop/scatter techniques. Notably, the utilization of biomass material
for energy production is an appealing option for biomass disposal that can contribute to density
management, forest health, and fire hazard reduction. In a previous study, the Placer County Air
Pollution Control District (PCAPCD) and the Sierra Nevada Conservancy demonstrated a significant
reduction in air emissions through the diversion of forest biomass that had been scheduled for open
pile burning [4]. In the project entitled ‘Forest Biomass Diversion in the Sierra Nevada’ as a next
step, the PCAPCD sponsored research that tracked the economic costs and air emissions generated
from the collection, processing, and transport of forest harvest residuals generated at the Blodgett
Forest Research Station, the Center for Forestry, the University of California, Berkley in 2012, with the
objective of quantifying the emissions reductions gained from using the biomass for energy production
compared to open pile burning (Figure 1).

The market value of forest biomass was not sufficient to cover 100% of the forecasted costs to
collect, process, and transport material to the Buena Vista Biomass Power (BVBP) facility, which is
the nearest biomass power generation facility located near Ione, California. The PCAPCD therefore
offset the cost differential between the forest biomass market value and the actual costs of collection,
processing, and transport. A forest biomass processing contractor, Brushbusters Inc., was retained
to process and transport six woody biomass waste piles for use as fuel in the BVBP facility. In order
to monitor the equipment operating costs and efficiencies as well as the equipment air emissions,
processing the woody biomass waste piles was investigated. At each landing of slash pile location,
a grapple excavator was used to transfer the piles into a horizontal grinder (Figure 2).

 

Figure 1. Open pile burning.

 

Figure 2. Grinding operation.
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In contrast, in Japan, following the ‘Feed-in Tariff Scheme for Renewable Energy (FIT)’ that was
put into practice in 2012, the building of power-generation plants that accept unused forest biomass
(such as thinnings and logging residues) and the initiation of the plants’ operation are progressing,
since the purchase price of electricity from unused forest biomass has been set higher than that from
other wood-based materials, e.g., mill residues and imported woods [5]. Thus, 1.17 million bone dry
tons (BDT) of wood chips derived from thinnings and logging residues were used as energy in Japan
in 2015 [6]. With respect to the FIT approval of power generation fueled by unused forest biomass,
38 plants (297 MW of total power output) were already in operation and 89 projects (436 MW) were
approved as of February 2017 [7]. Because thinnings and logging residues must be comminuted before
energy conversion at a power-generation plant or biomass-fired boiler, increasing numbers of the
following operations are expected in Japan: the creation of large slash piles by collecting thinnings and
logging residues at landings alongside forest roads or at the stockyards of power-generation plants,
and the subsequent processing of the piles by chippers or grinders.

In general terms, economies of scale can be expected when grinding a larger slash pile, although
the efficiency of a loading operation may be diminished. With respect to the impact of the slash pile
size, Seymour and Tecle [8,9] studied the impact of burning on soil physical properties and chemical
characteristics, and the impact of burning on biomass moisture change has also been tested; e.g., [10,11].
The grinding operations in the western Pacific USA were investigated and modeled; e.g., [12,13].
However, the relationship between the slash pile size and the productivity of a grinder has not been
established. In the present study, three slash piles (small, medium, and large) were ground, and the
operations were time-studied in the Results section by using a protocol that is similar to a protocol
used by the authors of this paper previously [14–17]. In the Discussion section, based on the results
of the time study, a simulation model of a grapple excavator’s loading of logging residues from the
varying slash piles and its unloading to the conveyor of a horizontal grinder is constructed. Thus, the
optimum size of slash piles that would maximize the productivity of the grinder is discussed based on
the replication of the excavator and grinder operations.

Concerning previous studies related to the modeling of forest operations by simulation,
Iwaoka et al. [18] calculated the cycle time and productivity of harvesters, and Sakurai et al. [19]
calculated those of tower-yarders, processors, and forwarders by determining theoretical formulae of
element operations and aggregating them on the basis of a transition probability matrix of element
operations. Other research groups predicted the productivity of total logging systems by determining
theoretical formulae of the cycle times of forestry machines and by using the system dynamics
method [20–22]. In the present study, the approach used by Iwaoka et al. and Sakurai et al. was
followed in order to construct a simulation model of a grapple excavator operation by analyzing the
data of element operations.

2. Materials and Methods

2.1. Study Site and Treatment

The Blodgett Forest Research Station (BFRS) is 1198 ha of Sierra Nevada forest land located east
of Georgetown, California (approx. 100 km northeast of Sacramento, Figure 3). The woody biomass
waste piles at the BFRS include tree tops, limbs, and small trees. The piles were generated from
thinning treatments in mixed conifer plantations during the summer of 2012. The treatment objectives
were to reduce the fire hazard, increase the average tree vigor, and increase the species diversity.
Operations were typical of those in the Sierra Nevada, where young and dense forests have developed
following wildfires or even-aged harvests. Plantations were thinned to an average of 272 trees per
ha from pre-treatment stocking levels of 549 trees per ha. Four plantations were thinned, covering a
total of approx. 32 ha. Because smaller trees were preferred for removal, the average stem diameter
(for residual trees) at breast height (DBH) increased from 30.2 to 33.3 cm. Sawlogs with >15.2 cm dia.
on the small end and ≥3.05 m long were transported to a sawmill for processing into lumber products.
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Unmerchantable trees (too small to process into sawlogs) plus the tops and limbs of merchantable trees
were piled at landings adjacent to the roadside for disposal by open burning; the processing residues
had been piled with the intention of burning rather than grinding them, and thus no attention was
paid to orienting the tops so that they could be readily fed into the grinder. The overall sizes of the
piles generated were typical of thinning operations in young and mature forests, with the bulk volume
averaging 1784 m3 per pile [23].

Figure 3. Location of the study site.

At each BFRS slash pile, a grapple excavator was used to transfer the waste material into a
horizontal grinder. Wood chips from the grinder were conveyed directly into chip vans operated
by Brushbusters, Inc. and transported to the Buena Vista Biomass Power (BVBP) facility, typically
a 105 km one-way trip. The equipment and engines used for the loading and grinding operations
(Table 1) were sized for the scale of operations that a medium or large landowner might consider.
Landing piles for the project contained ≥100 green tons (GT) of biomass waste (the equivalent of four
chip vans each holding 25 GT). All of the biomass received at the BVBP facility had been chipped prior
to transport since the BVBP facility does not have fuel-processing equipment on site. Brushbusters’
operations of grinder, excavator, and chip vans were carefully observed and tracked, including the
determination of the total operating hours, productive operating hours, diesel fuel use, biomass
production, and distance traveled. The data of the amount and moisture content of the transported
chips were derived by interviewing the BVBP staff on the day after the transport day.

Table 1. Equipment and engines for biomass processing.

Equipment Grapple Excavator Horizontal Grinder

Vendor, model Link-Belt, 290 LX Bandit, Beast 3680
Engine, horsepower Isuzu CC-6BG1TC, 132 kW Caterpillar C18 Tier III, 522 kW

Length 10.41 m 11.89 m
Width 3.400 m 2.845 m
Height 3.270 m 4.115 m
Weight 29,211 kg 28,122 kg

Maximum reach 10.54 m -
Maximum feed height - 0.890 m

Infeed conveyor - 6.110 m × 1.520 m
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2.2. Description of Slash Pile and Element Operation

For the analysis of the relationship between the slash pile size and the productivity of the
grinder, the following three piles were selected from the total of six piles and studied their processing,
grinding, and transport operations: Small (20 m long × 15 m wide × 4 m high; 51.41 BDT),
Medium (30 × 24 × 4 m; 122.66 BDT), and Large (35 × 30 × 4 m; 173.78 BDT) piles. The following
element operations of the excavator were monitored:

• Loading means grabbing logging residues out of a slash pile and then pivoting with load;
• Unloading means releasing the residues at the conveyor of a horizontal grinder and then pivoting

with no load;
• Shaking means shaking waste material off in order to facilitate the feeding of grabbed residues;
• Waiting means waiting for feeding the material; the grinding operation was carried out by the

interaction of excavator and grinder, so the waiting operation was essential for the excavator;
• Pushing means pushing the material into the grinder when it could not ‘swallow’ the residues

because of their bulkiness;
• Reorienting or repositioning means reorienting or repositioning the scattered material in order

to increase the amount of residue per grab when the operation proceeded and the bulk volume of
pile became smaller;

• Loading with moving means that the loading operation shown above was done with moving;
• Unloading with moving means that unloading operation shown above was done with moving.

Provided that the shape of each landing slash pile location was rectangular, the amounts of
logging residues per m2 were calculated as 0.171 BDT/m2 (=51.41 BDT/(20 m × 15 m)), 0.170 BDT/m2

(=122.66 BDT/(30 m × 24 m)), and 0.166 BDT/m2 (=173.78 BDT/(35 m × 30 m)) for the Small, Medium,
and Large piles, respectively, and it was thus concluded that there was no significant deviation of the
amount of residues among the three piles.

3. Results of the Time Study and the Monitored Productivity of a Grinder

During the period of 20 August 2013 through 4 September 2013 on eight workdays, 601 BDT
(928 GT) of forest slash from the BFRS were collected, processed, and transported by Brushbusters
for energy use to the BVBP facility. This comprised a total of 37 separate chip van loads, with each
delivery averaging 16.3 BDT (25.1 GT). Average moisture content of the delivered chips was 55.1% on
a dry basis (standard deviation = 8.01%).

The results of the time study are shown in Table 2. The times of loading and shaking would
be shortened by improving the piling method, such as by orienting the tree tops and limbs so that
they can most readily be fed into the grinder. Modifying the infeed conveyor of the grinder, e.g., by
extending its length, would improve the times needed for waiting and pushing. With respect to
the impact of the slash pile size, the average times of all element operations except for reorienting
or repositioning were not influenced by the pile size. The reorienting/repositioning frequency was
increased and its average time was lengthened as the size of the pile bulked up. The percentage of the
time of reorienting/repositioning to the total observed time was also proportional to the pile size.

The results of the time study per BDT (Figure 4) show that grinding the Medium pile was the
most productive, at 30.65 BDT/PMH0 (=122.66 BDT/14,408 s × 3600 s/h). The productivity for the
Small pile was 21.73 BDT/PMH0 (=51.41 BDT/8519 s × 3600 s/h), and that for the Large pile was
24.49 BDT/PMH0 (=173.78 BDT/25,545 s × 3600 s/h), thereby suggesting that there might be an
optimum size of slash pile for a grinding operation. The Nordic guidelines state that the preferable
size for a slash pile is 20–30 m long and a max. of 4 m high [24]; this guideline supports this paper’s
finding about the Medium pile, of which width was 24 m.
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Table 2. Results of the time study.

Element Operation
Pile

Small Medium Large

Loading

Time (s) 3484 5312 7614
Frequency 359 550 802

Avg. (s) 9.70 9.66 9.49
Std. Dev. (s) 5.55 4.29 4.56

Unloading

Time (s) 3114 4776 6848
Frequency 383 594 863

Avg. (s) 8.13 8.04 7.94
Std. Dev. (s) 3.09 3.00 2.73

Shaking

Time (s) 92 95 201
Frequency 14 15 29

Avg. (s) 6.57 6.33 6.93
Std. Dev. (s) 3.08 2.50 2.84

Waiting

Time (s) 479 1314 1875
Frequency 29 71 88

Avg. (s) 16.52 18.51 21.31
Std. Dev. (s) 18.06 19.95 19.32

Pushing

Time (s) 1013 1190 1316
Frequency 132 168 180

Avg. (s) 7.67 7.08 7.31
Std. Dev. (s) 5.02 4.83 7.06

Reorienting or repositioning

Time (s) 52 1056 6826
Frequency 3 11 21

Avg. (s) 17.33 96.00 325.05
Std. Dev. (s) 2.31 126.17 732.85

Loading with moving

Time (s) 100 201 284
Frequency 13 29 33

Avg. (s) 7.69 6.93 8.61
Std. Dev. (s) 3.82 2.25 3.19

Unloading with moving

Time (s) 185 464 581
Frequency 18 47 56

Avg. (s) 10.28 9.87 10.38
Std. Dev. (s) 6.95 5.44 9.28

Total 8519 14,408 25,545

0 50 100 150 200

Sm
al

l
M

ed
iu

m
La

rg
e

Pi
le

Element operation time per BDT (sec/BDT)

loading

unloading

shaking

waiting

pushing

reorienting or repositioning

loading with moving

unloading with moving

Figure 4. Element operation time per BDT.
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The element operation times of reorienting/repositioning per BDT were 1.01 s/BDT (=52 s/51.41 BDT),
8.61 s/BDT (=1056 s/122.66 BDT), and 39.3 s/BDT (=6826 s/173.78 BDT) for the Small, Medium, and
Large piles, respectively, thus lengthening as the size of the pile bulked up. The calculated weights of
slashes per loading were 0.138 BDT/time (=51.41 BDT/359 + 13 times (this was the total frequency of
element operations of loading and loading with moving)), 0.212 BDT/time (=122.66 BDT/550 + 29 times),
and 0.208 BDT/time (=173.78 BDT/802 + 33 times) for the grinding of the Small, Medium, and
Large piles, respectively, which suggests that reorienting or repositioning material from the pile
could make the amount of slashes per loading increase and the productivity of the grinder rise.
However, reorienting or repositioning from too large a pile may take too much time, resulting in a
decline of the overall operational efficiency.

4. Discussion by the Simulation Model

4.1. Modeling a Grapple Excavator Operation

The respective element operations of a grapple excavator’s operation were aggregated and created
histograms. A theoretical formula of each element operation time was determined from the distribution
of the histogram of the monitored element operation time, and each operation time was estimated by
substituting random sampling numbers for the theoretical formula, such as exp(N(m, σ)) and N(m, σ) is
an operator that generates random normal numbers of which average and standard deviation are m and
σ, respectively; the theoretical formula was expected to follow a lognormal distribution according to
the study by Sakurai et al. [19]. The monitored grapple excavator operation was complicated because
there are so many branches in the workflow of element operations. A transition probability matrix was
thus constructed based on the connectivity of element operations. In the simulation model, the next
element’s operation was determined by the matrix.

The average times of all of the element operations other than reorienting/repositioning were not
influenced by the pile size, as mentioned above. Therefore, concerning these seven element operations,
i.e., (1) loading, (2) unloading, (3) shaking, (4) waiting, (5) pushing, (6) loading with moving and
(7) unloading with moving, the element operation times monitored at the three piles were put together
and the transition probabilities that would indicate the probability that the next element operation
would occur were calculated (Figure 5). The time distribution of each element operation was fit to a
lognormal distribution, and a chi-square test of goodness of fit was conducted. The goodness of fit in
none of the element operations was rejected at the significance level of 5%, so the theoretical formulae
of these element operations could be determined (Table 3).

loading unloading shaking waiting pushing
loading

with
moving

unloading
with

moving

loading 0.002 0.714 0.033 0.039 0.163 0.037 0.012

unloading 0.816 0.004 0.001 0.052 0.077 0.003 0.048

shaking 0.931 0.034 0 0 0.017 0.017 0

waiting 0.167 0.602 0 0 0.210 0 0.022

pushing 0.004 0.923 0 0.038 0.019 0.002 0.015

loading
with

moving
0.427 0.373 0 0.093 0.093 0 0.013

unloading
with

moving
0.719 0.223 0 0.008 0.017 0.033 0

Pr
es

en
t e

le
m

en
t o

pe
ra

tio
n

Subsequent element operation

Figure 5. Transition probability matrix of element operations of the grapple excavator.
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On the other hand, the frequency of reorienting/repositioning in the time study was low
and a distinct relationship with precedent and subsequent element operations was not observed.
However, reorienting/repositioning was an element operation that was definitely carried out within
the workflow of the grapple excavator operation, and thus the total operation time was estimated
based on a theoretical formula. From the results described in the text section above, i.e., 1.01 s/BDT
for the Small pile (300 m2), 8.61 s/BDT for the Medium pile (720 m2), and 39.3 s/BDT for the Large
pile (1050 m2), the relationship between the landing area of slash pile location, x (m2), and the time of
reorienting or repositioning per BDT, y (s/BDT), was approximated as follows:

y = 0.2397 exp(0.00489x) (r2 = 0.9992) (1)

and then the total time could be calculated by multiplying y by the amount of logging residues at
the landing.

Table 3. Results of chi-square tests and theoretical formulae of element operation time.

Element Operation
Chi-Square Test

Theoretical Formula 1

χ2 df p-Value

Loading 5.416 5 0.367 eN(2.140, 0.485)

Unloading 10.985 5 0.052 eN(2.023, 0.370)

Shaking 4.422 5 0.490 eN(1.825, 0.383)

Waiting 6.314 5 0.277 eN(2.625, 0.800)

Pushing 10.238 5 0.069 eN(1.819, 0.539)

Loading with moving 8.353 5 0.138 eN(1.987, 0.363)

Unloading with moving 8.009 5 0.156 eN(2.153, 0.530)

1 N(m, σ) is an operator that generates random normal numbers of which average and standard deviation are m and
σ, respectively.

In the constructed model, the mass of the landing pile is first set up, and the simulation is started
at the element operation of loading. A grapple excavator grabs logging residues out of a slash pile
when loading and loading with moving. If the mass of the pile falls below zero after the excavator grabs
the residues, the element operation of unloading comes next; then the excavator operation is finally
finished. Consequently, the total time of the excavator operation is composed of the time calculated
by the simulation model and the estimated element operation time of reorienting/repositioning.
Incidentally, the amount of residue per grab, z (BDT/time), was approximated as a function of the
landing area of slash pile location, x, from the results described in the last section, i.e., 0.138 BDT/time
for the Small pile (300 m2), 0.212 BDT/time for the Medium pile (720 m2), and 0.208 BDT/time for the
Large pile (1050 m2), as follows:

z = −2.489 × 10−7x2 + 4.292 × 10−4x + 3.184 × 10−2 (r2 = 1.000) (2)

4.2. Verification of the Replicability of the Model and an Optimum Slash Pile Size

The replicability of the constructed model was verified by comparing the monitored productivities
with the values calculated by the simulation (the program was created by using Microsoft Excel VBA).
The calculation was repeated 1000 times for the respective Small, Medium, and Large piles (Table 4).
The maximum difference between the monitored value and the average calculated value was 1.7% for
the Medium pile, and the highest ratio of the standard deviation to the average calculated productivity
was only 3.2% (=0.70/21.78 × 100) for the Small pile; it was thus concluded that the constructed
simulation model well-replicated the actual operations.
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Table 4. Comparison between the monitored and estimated productivities.

Pile

Monitored Estimated Productivity

Area of
Landing (m2)

Amount of
Slashes (BDT)

Productivity
(BDT/PMH0)

Calculation
Frequency

Avg. ± Std. Dev.
(BDT/PMH0)

Rate of Avg. Value to
Monitored (%)

Small 300 51.41 21.73 1000 21.78 ± 0.70 100.2
Medium 720 122.66 30.65 1000 31.17 ± 0.75 101.7

Large 1050 173.78 24.49 1000 24.27 ± 0.38 99.10

For the discussion of an optimum slash pile size that maximizes the productivity of a grinder,
the landing area of slash pile location was focused on next. A simulation was carried out for a landing
area between 300 m2 (for the Small pile; 20 m long × 15 m wide) and 1050 m2 (for the Large pile; 35 m
long × 30 m wide) at 10 m2 intervals. In the simulation of the respective landing areas, the calculation
was repeated 1000 times. The productivity for each landing was determined based on the averaged
total operation time. Since no significant deviation of the amount of residues among the three piles was
observed in the time study, the mass of the slash pile in an initial state of simulation was calculated by
multiplying 0.168 BDT/m2 (=(0.171 × 300 + 0.170 × 720 + 0.166 × 1050)/(300 + 720 + 1050), which was
the weighted average value of the monitored three piles) by the landing area.

Figure 6 shows the results of the simulation. The productivity of grinding at the landing
area of 710 m2 of slash pile location is 31.24 BDT/PMH0, which is the highest productivity value
obtained. However, the difference in the estimated productivities is small between the areas 690 m2

(31.21 BDT/PMH0) and 730 m2 (31.20 BDT/PMH0), and there is a range in the calculation result for
each landing. It should be noted therefore that Figure 6 simply compares the average values of the
1000-times repeated calculation. Concerning the versatility of the constructed model, however, the
following points should be discussed further so that the accuracy of the model can be improved:

• The shape of each landing, i.e., the ratio of its length to its width, was not considered in the
simulation model;

• The theoretical formulae of (1) and (2) were both approximated from only three samples;
• The optimum size of the slash pile for a grinding operation will also depend in part on aspects of

the machines used, e.g., their size, engine output, and grinding capacity.
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5. Conclusions

The simulation model that can replicate the operations of a grapple excavator and a horizontal
grinder was constructed based on a Sierra Nevada, California survey, and this paper determined the
optimum size of a slash pile for a grinding operation, which is expressed in the landing area of slash
pile location.

With respect to other results derived from the Blodgett Project, it was demonstrated that utilization
of biomass from these large debris piles can result in energy and air quality benefits [23], as follows:

• The energy (diesel fuel) expended for processing and transport was 2.5% of the biomass fuel
(energy equivalent);

• Based on measurements from a large pile burn, air emission reductions of 98–99% for PM2.5, CO,
NMOC, CH4, and BC, and 20% for NOX and CO2-equivalent greenhouse gases were observed;

• The delivered cost of $70/BDT exceeds the biomass plant gate price of $45/BDT. Under typical
conditions, the break-even haul distance would be approx. 48 km.
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Abstract: Increased logging mechanization has helped improve logging safety and health, yet
related safety risks and concerns are not well understood. A cross-sectional study was completed
among Virginia loggers. Participants (n = 122) completed a self-administered questionnaire focusing
on aspects of safety and health related to logging equipment. Respondents were at a high risk
of workplace injuries, with reported career and 12-month injury prevalences of 51% and 14%,
respectively. Further, nearly all (98%) respondents reported experiencing musculoskeletal symptoms.
Over half (57.4%) of respondents reported symptoms related to diesel exhaust exposure in their
career. Few (15.6%), however, perceived their jobs to be dangerous. Based on the opinions and
suggestions of respondents, three priority areas were identified for interventions: struck-by/against
hazards, situational awareness (SA) during logging operations, and visibility hazards. To address
these hazards, and to have a broader and more substantial positive impact on safety and health,
we discuss the need for proactive approaches such as incorporating proximity technologies in a
logging machine or personal equipment, and enhancing logging machine design to enhance safety,
ergonomics, and SA.

Keywords: workplace injuries; musculoskeletal disorders; diesel exhaust exposure; mechanized
logging; situational awareness

1. Introduction

Logging is the process of harvesting trees by which workers fell, process, and transport them
for further manufacture. It is an important component of the U.S. economy, in that forest products
account for ~4% of the total manufacturing gross domestic product [1]. Logging is considered as one of
the most dangerous occupations in the U.S., often involving heavy physical demands, nonpermanent
worksites, and challenging work environments such as inclement weather, rough terrain, and being
in remote or isolated locations [2]. An increase in mechanization and logger safety training have
played important roles in improving logging workers’ safety. These advancements have decreased
adverse work-related events and injuries associated with manual tree felling and processing using a
chainsaw [3–6]. However, logging machines themselves pose safety and health threats, and logging
workers remain at high risk of injuries and adverse health problems. In 2015, for example, the fatality
rate in the U.S. logging industry was 132.7 per 100,000 full-time equivalent (FTE) workers, the highest
in any private industry [7]. Similarly, the rate of lost workday injuries was 144.1 per 100,000 FTE
workers, compared to the private industry mean of 93.9 per 100,000 FTEs [8]. Common non-fatal injury
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mechanisms include contact with objects; slips, trips, and falls; and overexertion and bodily reaction,
and which is consistent with processes related to the use of logging machinery. Specifically, machine
operators are frequently injured while performing machine maintenance/repair [4,9,10] and from falls
while mounting/dismounting machinery [4,6,10]. Machine operators and ground logging workers also
can be exposed to contact risks with moving machinery and the risk of machine rollover [6,11]. A few
studies have reported that machine operators have a high prevalence of musculoskeletal disorders
(MSDs), for example, in the neck, shoulder, and lower back regions [12,13], which are attributed to
working postures [13] and psychological demands [14].

The use of logging machinery may have broader safety and health implications beyond
work-related injuries, in that logging workers are likely exposed to machine-related diesel exhaust.
Though little information is available on such exposures in the logging industry, diesel exhaust
is a pervasive airborne contaminant in workplaces where diesel-powered equipment is used [15].
Diesel engine exhaust is a highly complex and variable mixture of gases, vapors, and fine particles.
The amount and composition of the exhaust vary greatly, depending on factors such as fuel type,
maintenance practices, workload, and exhaust system type. Vapor constituents include hydrocarbons
and oxides of carbon, sulfur, and nitrogen, while particulate components consist of liquid droplets and
soot particles bearing organic compounds, sulfates, metals, and other trace contaminants. The organic
fraction is mainly unburned fuel and oil and can contain thousands of compounds; most notably the
polycyclic aromatic hydrocarbons, which are known to be carcinogenic and genotoxic [16].

The International Agency for Research on Cancer (IARC) classifies diesel exhaust as “carcinogenic
to humans (Group 1)” [17]. Large cohort and case-control studies have yielded evidence demonstrating
an association between exposure to unfiltered diesel exhaust and an increased incidence of lung
neoplasm [18–20]. Diesel exhaust also has been shown to be an airway irritant, triggering release
of cytokines, chemokines, immunoglobulins, and oxidants [21]. It may promote expression of the
immunologic response phenotype (Th2) associated with asthma and allergic disease. This immunologic
evidence is consistent with epidemiologic studies associating traffic-related air pollution, and diesel
exhaust, with increased prevalence of respiratory disease.

Related to mechanized logging operations, previous work provided valuable information on
common injury mechanisms as described above [4,9], workers’ perception of logging risks and safe
work practices [22], and concerns that safety regulations and recommendations may have little impact
in practice [23]. However, workplace injuries and illnesses are still an important problem in the
logging industry. We thus believe that there is a current need for more detailed characterization of the
circumstances surrounding loggers’ injury events, their experiences with adverse outcomes related to
logging equipment (e.g., MSDs and diesel exhaust exposure), and their opinions and views regarding
injury prevention approaches in practice. This will enable a better understanding of the complexities of
machine-related injuries and illnesses, and support the development and implementation of effective
interventions that embraces the hierarchy of hazard controls in occupational injury prevention [24].
To this end, a preliminary investigation aimed to assess the prevalence of injury, symptoms related
to diesel exhaust exposures, and MSD symptoms among logging workers—both overall and across
worker and work-related characteristics, and determine loggers’ concerns about and recommendations
to improve on-the-job safety and health.

2. Materials and Methods

A cross-sectional study was conducted during December 2014 to August 2015 through the
assistance of the Virginia Sustainable Harvesting And Research Professional (SHARP) Logger
program. Note that the SHARP Logger program is a market-driven program, as opposed to a legal
requirement, and requires at least one logger per crew to be trained on the principles of sustainable
forestry, environmental protection, and workplace safety (visit sharplogger.vt.edu for more details).
All participants completed an informed consent procedure approved by the Virginia Tech Institutional
Review Board.
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2.1. Participants

We recruited two participant pools via convenience sampling. The first pool was from among
regularly scheduled SHARP logger training classes, and the second from four different logging sites
in the Mountain, Piedmont, and/or Coastal Plain regions of Virginia. For the former, we distributed
a questionnaire to all attendees who indicated they worked on a logging operation during
classroom-based trainings, and they were free to complete it or refuse. Logging operations differ
substantially by physiographic region. However, the vast majority of all logging operations in Virginia
utilize mechanized skidding and loading. In the Mountain region, operations tend to rely primarily
on manual felling utilizing chainsaws while in the Piedmont and Coastal Plain, operations primarily
utilize mechanized felling [25]. Questionnaires were completed at trainings in all three physiographic
regions to allow for a cross-sectional assessment of operations across Virginia; however, the majority
was collected in the Piedmont and Coastal Plain regions, which tend to have more mechanized
operations. A total of 95 attendees completed the questionnaire. For the latter, we contacted select
logging business owners for study solicitation and site visit approval. Four different logging sites
were visited, at which the questionnaire was distributed. A total of 27 logging workers completed the
questionnaire on-site.

2.2. Questionnaire

The self-administered questionnaire was developed based on earlier studies on mechanized
logging operations [9,13], symptoms associated with diesel exhaust exposure [26,27], and existing
validated instruments such as the standardized Nordic questionnaires for musculoskeletal
symptoms [28]. Specifically, the questionnaire consisted of 23 yes/no, categorical, and open-ended
questions covering: (1) personal and job characteristics (i.e., time in the industry, primary job, daily
machine operation time); (2) perceived safety, safety training, and personal protective equipment
(PPE) usage; (3) work-related injuries (e.g., circumstance surrounding injury events, post-injury care,
reporting); (4) symptoms related to diesel exhaust exposure (e.g., eye irritation, wheezing); (5) MSD
symptoms (i.e., pain, stiffness, spasm, aching, burning, tingling, or numbness); and (6) perceived safety
concerns (machine operators and workers on the ground) and recommendations for improved safety
and health. Note that the questionnaire is provided in online Supplemental Material.

2.3. Data Analysis

The distributions of close-ended questionnaire responses were summarized using means and
standard deviations, or proportions, as relevant. Differences in participant characteristics between
physiographic regions in Virginia, USA (i.e., Coastal Plain, Piedmont, Mountains) were examined
using Kruskal-Wallis one-way analyses of variance or Pearson’s Chi-squared tests as appropriate.
Participants’ career and 12-month prevalence of self-reported health outcomes (i.e., work-related
injuries, symptoms related to diesel exhaust exposure, and MSD symptoms) were examined overall and
across employment duration, primary job, daily machine operation, physiographic region, perceived
safety of the job, and attitude toward PPE use. Using log-binomial regression, prevalence ratios and
95% confidence intervals (CIs) were calculated to explore relative differences in career and 12-month
prevalence of the study outcomes across worker and job characteristics. Open-ended question responses
were reviewed and discussed by investigators to identify naturally emerging themes, based on which
the responses were sorted into content categories and sub-categories. The frequency and proportion of
responses within each category are reported. All statistical analyses were performed using R statistical
software [29].
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3. Results

3.1. Characteristics of Questionnaire Respondents

All (n = 122) of the questionnaire respondents were male, and responses are summarized in
Table 1. Participants represented each of the physiographic regions of Virginia (Coastal Plain 48.4%,
Piedmont 34.4%, Mountains 17.2%), and no significant differences between physiographic regions
were observed in demographic and job characteristics, perception of job safety, or PPE use, though the
distribution of primary job categories did differ between regions (p = 0.008). More owners completed
the questionnaire in the Mountains region (Coastal Plain 16.7%, Piedmont 31.4%, Mountains 55.6%).
Overall, participants had an average of 17.3 years of experience in logging and 8 hours of daily machine
operation duration, and half (50.8%) had a primary job operating a machine. Machine types reported
included loader, feller-buncher, skidder, and truck. Relatively few respondents (15.6%) considered
their job to be very/extremely dangerous and 45.9% considered it to be moderately dangerous, while a
majority (68.9%) reported that using PPE is very/extremely important. All respondents received safety
training from multiple sources, with more common sources being SHARP logger classes (48.4%) and
on-the-job/safety training from co-workers, crew foremen, and/or owners (46.0%).

3.2. Prevalence of Work-Related Injury, Symptoms Related to Diesel Exhaust Exposure, and MSD Symptoms

The career prevalence of logging work-related injury among participants was 50.8%, and it
increased with increasing years of experience (Table 1). The 12-month prevalence was 13.9%. Seventeen
respondents experienced injuries in the prior year, and common injury causes were chainsaw use
(41.2%), a slip/fall from a machine (23.5%), or being struck by a tree or machine (17.6%). Commonly
affected body parts were the lower (34.5%) and upper (34.5%) extremities. A total of 10 (58.8%) injuries
in the prior year resulted in missed work (range: 0.5 days to 8 months). A total of 70.1% (n = 12)
of injuries in the prior year required medical care beyond first aid, and 41.2% (n = 7) were reported
as a WC claim. In addition, over half (57.4%) of respondents reported symptoms related to diesel
exhaust exposure in their career, and the symptom prevalence was not associated with the worker or
job characteristics we considered.

Table 1. Career prevalence, prevalence ratios (PR) and 95% confidence intervals (CI) of work-related
injury and symptoms related to diesel exhaust exposure among a sample of loggers in Virginia, USA.

n (%)
Work-Related Injury Symptoms Related to Diesel Exhaust Exposure 1

n Prev PR (95% CI) n Prev PR (95% CI)

Overall 122 (100)
Years worked in logging

<10 41 (33.6) 12 0.29 1.00 24 0.58 1.00
10 to <30 53 (43.4) 29 0.55 1.87 (1.14, 3.38) 33 0.62 1.06 (0.77, 1.51)
≥30 25 (20.5) 20 0.80 2.73 (1.69, 4.86) 12 0.48 0.82 (0.48, 1.30)
Missing 3 (2.5)

Physiographic region
Coastal Plain 59 (48.4) 32 0.54 1.00 31 0.53 1.00
Piedmont 42 (34.4) 19 0.45 0.83 (0.54, 1.24) 25 0.60 1.13 (0.79, 1.61)
Mountain 21 (17.2) 11 0.52 0.97 (0.56, 1.48) 14 0.67 1.27 (0.82, 1.84)

Primary job
Machine operator 62 (50.8) 30 0.48 1.00 38 0.61 1.00
Supervisor/foreman/owner 2 41 (33.6) 22 0.54 1.11 (0.74, 1.62) 21 0.51 0.84 (0.57, 1.18)
Deckhand 3 5 (4.1) 3 0.60 1.24 (0.40, 2.15) 4 0.80 1.31 (0.60, 1.84)
Missing 14 (11.5)

Daily machine operation duration (h)
<4 12 (9.8) 7 0.58 1.11 (0.57, 1.71) 7 0.58 1.00 (0.52, 1.51)
4 to <8 20 (16.4) 7 0.35 0.67 (0.31, 1.15) 9 0.45 0.77 (0.41, 1.20)
≥8 82 (67.2) 43 0.52 1.00 48 0.59 1.00
Missing 8 (6.6)

Perceived safety of job
Not at all/somewhat dangerous 43 (35.2) 22 0.51 1.00 25 0.58 1.00
Moderately dangerous 56 (45.9) 30 0.54 1.05 (0.72, 1.56) 28 0.50 0.86 (0.59, 1.25)
Very/extremely dangerous 19 (15.6) 10 0.53 1.03 (0.57, 1.67) 15 0.79 1.36 (0.93, 1.93)
Missing 4 (3.3)
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Table 1. Cont.

n (%)
Work-Related Injury Symptoms Related to Diesel Exhaust Exposure 1

n Prev PR (95% CI) n Prev PR (95% CI)

Attitude toward using PPE
Not at all important 11 (9.0) 6 0.55 1.15 (0.54, 1.85) 5 0.45 0.75 (0.31, 1.27)
Moderately important 26 (21.3) 16 0.62 1.29 (0.85, 1.84) 14 0.54 0.89 (0.56, 1.26)
Very/extremely important 84 (68.9) 40 0.48 1 51 0.61 1
Missing 1 (0.8)

1 Experience of eye/mouth irritation and/or unpleasant smell when operating a machine or while working near
a machine; 2 All owners reported that they normally or at least occasionally worked in the woods and operated
equipment (i.e., work alongside crew members); 3 Based on our experience and observation, the deckhand helped
with moving trailers on the deck, trimming loads (using a pole saw to cut any branches or vines sticking out of the
side of the load), and with maintenance in addition to operating a machine.

Nearly all (98%) respondents reported experiencing MSD symptoms in at least one body region
in the past 12 months, and 93% had MSD symptoms in more than one body region. The 12-month
prevalence of MSD symptoms in each of nine body regions is summarized in Table 2. The body region
most commonly affected was the lower back (49.2%), followed by the knee (37.7%). About one-fifth
(18.5%) of those with MSD symptoms indicated that they changed their work methods due to their
MSD symptoms. Further, 10 respondents (8.4%) missed work as a result of their MSD symptoms,
and the same number had considered changing jobs.

Table 2. Crude (i.e., unadjusted) 12-month prevalence of MSD symptoms by body region.

n Neck
(%)

Shoulder
(%)

Elbow
(%)

Wrist
(%)

Upper Back
(%)

Lower Back
(%)

Hip
(%)

Knee
(%)

Foot
(%)

All 122 27.9 35.3 17.2 28.7 16.4 49.2 11.5 37.7 21.3
Experience (years)

<10 41 31.7 39.0 22.0 31.7 24.4 51.2 17.1 46.3 31.7
10 to <30 53 26.4 28.3 18.9 28.3 86.8 52.8 7.6 34.0 13.2

≥30 25 28.0 48.0 8.0 24.0 12.0 44.0 12.0 36.0 20.0

Primary job
Machine operator 62 22.6 30.7 14.5 30.7 16.1 40.3 6.5 41.9 16.1

Supervisor/foreman/owner 41 36.6 41.5 19.5 24.4 22.0 58.5 22.0 34.2 24.4
Deckhand 5 20.0 40.0 40.0 40.0 0.0 40.0 20.0 20.0 40.0

Daily machine operation duration (h)
<4 12 8.3 25.0 0.0 16.7 0.0 41.7 16.7 8.3 16.7

4 to <8 20 25.0 35.0 15.0 30.0 80.0 45.0 20.0 30.0 25.0
≥8 82 32.9 37.8 20.7 31.7 81.7 51.2 9.8 46.3 23.2

3.3. Perceived Safety Concerns and Recommendations

About half (48.0%) of participants’ perceived safety risks in logging operations were related to
struck by/against hazards, often related to chainsaw operation and felling/delimbing/topping activities
(Table 3). One fourth (26%) were related to poor situational awareness due to inattention/distraction/work
speed, machine operation, and communication. When asked “when you are a machine operator, what do
you see as the biggest safety risk for workers on ground?”, participants indicated that the biggest safety
risks involve poor situational awareness (40.2%) and visibility hazards (34.5%) (Table 4). To improve safety
on their job sites or in logging operations in general, many suggested a need for improving situational
awareness, more safety training and education, and use of personal protective equipment (PPE) (Table 5).
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Table 3. Summary of responses (total = 77 responses, from 77 individuals who responded to this
open-end question) regarding the biggest safety risks perceived during logging operations. Note that n
in the table is the number of responses obtained.

Category Sub Category Response Examples Freq. (%)

Struck-by/against hazards

Chainsaw operation Cut with a chainsaw
Use of chainsaw 21 (27.3)

Felling, delimbing, or topping

Hit by tree tops
Falling/flying debris
Broken limbs
Fell/delimb trees

13 (16.9)

Moving/rolling logs Logs move around/roll 3 (3.9)

Category total = 37 (48.0)

Poor situational awareness (SA)

Inattention/distraction/work speed

Do not pay attention
Distraction
Know what others do and where they are
Complacency
Get in a hurry
Watch out for ground workers

14 (18.2)

Machine operation
Do not run over or hit deck workers
Too close to machines
Work near machines (in the decking area)

4 (5.2)

Communication Lack of communication 2 (2.6)

Category total = 20 (26.0)

Machine-related hazards

Maintenance
Climb onto the machine to repair
Work on the machine
Slip on the machine

6 (7.8)

Ingress and egress In and out of machine 3 (3.9)

Operation Rollover
Malfunction 2 (2.6)

Category total = 11 (14.3)

Slips, trips, and falls Slips, trips, and falls
Walk on the wood when it is wet 3 (3.9)

Others

Poor judgment
Learning first time
Do not wear personal protective equipment (PPE)
Weather conditions
Presence of non-workers

6 (7.8)

Table 4. Summary of responses (total = 87, responses from 86 individuals who responded to this
open-end question) regarding the biggest safety risks that machine operators perceive for workers on
the ground. Note one participant provided two responses, and that n in the table is the number of
responses obtained.

Category Sub Category Response Examples Freq. (%)

Poor situational awareness (SA)

Inattention/distraction

Do not pay attention
Do not stay focused
Do not watch out for machines
Complacency

17 (19.5)

Proximity to hazards (e.g., machine) Too close to machines
Keep safe distance from machines 15 (17.2)

Communication Do not make an operator see you 3 (3.4)

Category total = 35 (40.2)

Visibility hazards
Visible
Do not stay in the blind spot of an operator
Stay in the sight of an operator

30 (34.5)

Struck-by/against hazards

Felling, delimbing, or topping Falling/flying debris/limbs
Fell trees 14 (16.1)

Machine-related (Operation) Lose control of logs in the log grapple
Knock logs (or other objects) onto ground workers 5 (5.7)

Moving/rolling objects Rolling objects 1 (1.1)

Category total = 20 (23.0)

Others Backup alarms are too quiet
Common sense 2 (2.3)
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Table 5. Summary of suggestions (total = 92 responses, from 81 individuals who responded to
this open-end question) offered for safety improvements. Note that n in the table is the number
of responses obtained.

Category Sub Category Response Examples Freq. (%)

More safety training & education Proper training for all employees
More safety meetings and classes 22 (23.9)

Improved situational awareness (SA)

Attention & comprehension
Pay more attention
Slow down and think
Stay alert

19 (20.7)

Communication & Teamwork skills

Look after each other
Communicate at all times
Signal for warnings
Better communication

12 (13.0)

Category total = 31 (33.7)

Machine-related enhancement

Safety & comfort More comfortable/safe machine 5 (5.4)

Housekeeping Cleaner machine (e.g., no greasy surface in walk paths)
Keep windows clean 2 (2.2)

Knowledge Know the mechanics of your machine
Know how to operate a chainsaw 2 (2.2)

Category total = 9 (9.8)

Use of personal protective equipment (PPE)

Wear all PPE
Wear hard hats all the time
Use proper PPE
More comfortable PPE

13 (14.1)

Improved visibility More visible
High visibility vest/shirt 11 (12.0)

Others

Teach common sense
Put phone in truck
Should be able to tell the rescue squad how to get to the job
Fewer workers

6 (6.5)

4. Discussion

This cross-sectional study examined a sample of Virginia loggers to investigate the prevalence of
workplace injuries, MSD symptoms, and symptoms related to diesel exhaust exposure, and to help
understand their safety concerns and opinions with a particular focus on logging equipment.

4.1. Workplace Injuries and MSDs

Loggers included here were at a high risk of workplace injuries, with reported career and 12-month
prevalences of 51% and 14%, respectively. The latter is, however, lower than earlier reports for forestry
workers, including a 12-month injury prevalence of 34% for all forestry tasks/jobs (e.g., chainsaw
operators, silviculturists) in New Zealand [30] and a 12-month prevalence (including work-related
illnesses) of 30% for the farming, forestry, and fishing industry [31]. This discrepancy may be
due to a focus on more general worker populations (i.e., not limited to loggers in predominantly
mechanized logging operations) in these two earlier studies. We found that work-related injury
prevalence (Table 1), but not MSD symptom prevalence (Table 2), was associated with years of experience.
Nieuwenhuis et al. [9] found no significant association between years of experience and MSD prevalence
for forestry workers in Ireland, and Lynch et al. [13] reported that age was not significantly associated with
back pain but positively associated with neck pains for machine operations in the U.S. Southern region.

Nearly all respondents experienced MSD symptoms in at least one body region over the prior
12 months. A substantial fraction of respondents (18.5%) reported that they had changed their
work practice as a result of MSD symptoms, and ~8% further indicated that they were considering
changing jobs. Interestingly, knee MSD symptoms appeared to have a positive relationship with
daily machine operation duration (Table 2). This may suggest operating a machine also contributes
to knee MSDs, though a previous report noted that many of knee and foot injuries resulted from
being struck by/against an object [6]. Additionally, the body region most commonly affected was
the lower back (49.2%), followed by the knee (37.7%). These values are lower than earlier reports
(12-month prevalence) of 74.3% (lower back pain) for machine operators in the US Southern region [13],
and 84.6% (lower back) and 61.5% (knee) for Greek forestry workers [32]. Such a differential may have
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resulted from the use of a different questionnaire instrument for assessing symptoms in the former
study (vs. the standardized Nordic questionnaires used here), and the fact that the study population
in the latter mainly included workers who performed both manual and mechanized timber-cutting
harvesting in a steep mountain forest terrain.

4.2. Symptoms Related to Diesel Exhaust Exposure

The findings of the questionnaire coupled with those of the fine particulate sampling suggest the
need for additional research on the possible association of diesel exhaust exposure and adverse health
effects among these workers. More than half of the study respondents reported having work-related
eye/mouth irritation and/or unpleasant smells when operating a machine or when working near a
machine. These irritant effects are commonly observed following exposure to diesel exhaust [26,27].
Though not statistically significant, deckhand machine operators exhibited a higher prevalence of such
symptoms [PR = 1.31 (0.60, 1.84)]. Serving as a deckhand means working on the ground, which likely
accounts for the observation that deckhand machine operators experienced a higher prevalence/level
of diesel exhaust exposure symptoms. Working on the ground may increase the likelihood of exposure
to diesel exhaust and other air pollutants.

Earlier studies demonstrated adverse health effects of diesel exhaust, including allergic reaction,
asthma [19], chronic obstructive pulmonary disease [33], and lung cancer [20]. Considering this
evidence, and our findings, there is a need for larger, more systematic investigations to quantify
and characterize exposure to fine particulate (PM2.5) fraction of diesel exhaust as an indicator
of total exhaust exposure during logging equipment use and for different machine/job types
(e.g., feller-buncher, deckhand), and with respect to work and maintenance practices (e.g., closing
cabin windows, replacing air filters). For those working in a logging machine, vehicle cabin air filters
can effectively reduce diesel exhaust particles and the symptoms induced by diesel exhaust, albeit
depending on filter types [26]. However, additional attention is needed to address control of diesel
exhaust exposure for ground workers.

4.3. Safety Concerns and Opinions of Loggers

Based on respondents’ perceptions of the more common safety risks (Tables 4 and 5), as well
as quantitative results regarding work-related injury prevalence, a priority of interventions may be
given to address: (1) struck-by/against hazards; (2) maintaining situational awareness (SA) during
logging operations (especially since such operation often require long work shifts and are quite
repetitive); and (3) visibility hazards. Respondents’ concerns about struck-by/against hazards are
consistent with the fact that these hazards are a major source of nonfatal and fatal work-related
injuries among loggers [7,34–36]. Even on these mechanized operations, participants’ responses
suggest chainsaw operation and felling/delimbing/topping remained frequent concerns on logging
sites. Machine related struck-by events were of concern as well. Given that failures to detect and
recognize hazards can be viewed as a SA problem [37], concerns regarding SA and visibility suggest
a high demand on both machine operators and ground workers to process the information they
perceive, and thereby to identify and prioritize hazards while maintaining good SA of the machine
being operated and their surroundings (e.g., ground worker locations, physical work environments,
movement of nearby machines). In addition to these three priority areas, our results support the need
for efforts to understand and address loggers’ musculoskeletal disorders and symptoms related to
diesel exhaust exposure.

Improved SA, more training and education, and use of PPE were frequently suggested as ways to
address existing logger safety risks (Table 5). With training and experience, workers can develop an
efficient strategy to direct and distribute their attention to detect and recognize important stimuli [38].
However, a minimal level of SA can be determined by the attentional capacity of an individual [38],
and such capacity is affected by many factors such as, for example, workload, time pressure, fatigue,
and sleep deprivation [39,40]. In the case of safety training, though training can positively affect
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worker behaviors, large positive impacts on the incidence of adverse work-related outcomes are not
generally expected from training alone [41,42]. The West Virginia Loggers’ Safety Initiative (LSI)
program evaluated the effectiveness of training over a 4-year period, and found no strong evidence
of injury reduction [43], though loggers had increased safety knowledge [44]. Similar outcomes
were reported for a multi-year video-based safety training intervention program for West Virginia
loggers [45]. Interestingly, Conway et al. [22] reported that one important risk factor is human error,
due to complacency, inattention, and/or underestimation of risks, and suggested that such error
can be partially related to the repetitiveness of logging jobs and individual worker’s motivation to
work safely.

Overall, it appears that there is a need for interventions that are based not just on the behavioral
changes and cognitive performance of an individual worker (e.g., training, experience). Well-designed
alarms/warnings and displays can aid in efficiently allocating attention, potentially facilitating good
SA [38,40]. The safety of logging machines may be intrinsically enhanced by incorporating proactive
proximity warning technologies [46], and evaluating the cab design and human-machine interface of a
machine for visibility and better SA during the development phases [40,47]. Further, and given the
identified machine-related hazards and provided suggestions, logging machine design may benefit
from user-centered and/or simulation-based design methods to enhance the safety and ergonomics,
in order to achieve better operating postures [48,49], enhanced maintainability [50], and easier ingress
and egress [51,52]. Similarly, proactive technologies to mitigate visibility hazards can be used among
ground workers (e.g., a radio-frequency identification tag attached to a hard hat or vest as part
of a proximity detection system [53]), in addition to the respondents’ suggestions such as better
communications (e.g., hand signal, two-way radio) and high-visibility vest use. In addition to efforts to
address hazards unique to mechanized operations, approaches to prevent injuries related to chainsaw
operation and felling/delimbing/topping should remain.

Limitations of the current study should be acknowledged. First, the study had a small sample
size and used a convenience sampling from workers operating a variety of equipment on logging
operations in different physiographic regions of Virginia. It is unknown regarding the extent to
which our results will generalize to other states and countries. Our study, though, was not about
specific logging practices and methods used in the test regions, but instead about logger safety and
health associated with common logging operations. Second, injury and health outcome data were
self-reported, which may be influenced by recall bias. To what extent such bias may have occurred is
difficult to ascertain. In addition, and specific to the questions about diesel exhaust exposure, responses
may have been influenced by smoking status or other preexisting health conditions.

5. Conclusions

In this cross-sectional study, using a sample of Virginia loggers, work-related injuries and MSDs
were found to be quite prevalent among loggers, though many of these workers perceived their jobs
as being only moderately dangerous or less so. Based on the current results, three priority areas
were identified for interventions: struck-by/against hazards, situational awareness during logging
operations, and visibility hazards. Though on-site training/educational materials (e.g., hand signals,
high visibility vest and other PPE use) may be useful to address these hazards, we suggest a current
need for proactive approaches, such as incorporating proactive proximity technologies in a logging
machine or personal equipment, and enhancing logging machine design for better safety, ergonomics,
and SA. We believe that proactive approaches are essential to achieve a broader and more substantial
positive impact on safety and health among both machine operators and ground workers. In addition,
our results are supportive of future efforts to improve awareness of the risk of musculoskeletal and
diesel exhaust exposures and understand such exposures among logging workers.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/11/440/s1.
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Abstract: The frame structure of the trailer may influence both the traction and the tractor-trailer
stability, especially along sloped paths. The aim of this research was to analyze a trailer overturning
and the strains on the connected tractors (wheeled, or crawled) during log transportation
(loose or tied) along a hillside. Two two-axle trailers were used: tandem and turntable steering.
Three types of measurements were carried out during the field tests: (i) the detachment from the
ground of the rear upstream wheels (or crawler); (ii) the transversal and longitudinal strains occurring
when the trailer overturned (and released the hooking system of the tractor); (iii) the lateral deviation
of the rear wheels (or crawler) of the tractor. The study highlighted that the two-axle trailer with
turntable steering combined with the crawl tractor gave better results in terms of safety during
trailer overturning. In addition, independent of the type of trailer, a tied load was found to be more
dangerous than a load restrained only by steel struts, because when overturning, the load forms
a single unit with the trailer mass which increases the strains.

Keywords: frame structure; two-axle trailer; crawl tractor; wheel tractor; safety

1. Introduction

In the NACE (Nomenclature of the Economic Activities) statistics in Europe, the number of fatal
accidents in agriculture and forestry lies in third place (14.8%), after the activities of construction
(21.5%) followed by transportation and storage (16.7%) [1]. Nevertheless, many accidents are not
officially recorded [2].

Forestry and logging are among the most hazardous activities in agriculture: compared to
other agricultural activities, the percentage of fatal accidents at work in this sector is never lower
than 16% (Figure 1).

Tractors are among the highest causes of fatal accidents [1] and the most severe accidents are
caused while the machine is operating in the field [3,4].

The main cause of deaths by tractors is machine overturning [5], especially when it is operating
along sloped terrains for logging operations [6]. Machine overturning is due to the displacement of
the center of gravity of the vehicle outside the stability baseline of the machine when it is moving
forward. There are many reasons that affect the dynamic stability of the tractor [7,8]. They may depend
on driver behavior (driving style, forward speed), on the environment (slope, rough terrain, stones,
stems, potholes) or on the presence of additional weights connected to the tractor (trailers, towed
implements, ballasts).

In a study conducted in 1991 it was demonstrated that the above factors were the cause of more
than 50% of the tractor rollover accidents [9].
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Figure 1. Fatal accidents during forestry and logging activities recorded in Europe, compared to other
agricultural tasks (Source: Authors’ elaboration of Eurostat data [1]).

Concerning trailers, the higher the center of gravity and the loading capacity, the higher is the
risk of the convoy (tractor-trailer) overturning [10]. Studies on the stability of the tractor-trailer system
have been carried out by several researchers [11–14]. Pereira et al. in 2011 [15] considered the critical
conditions during the transportation of logs, while Lindroos and Wasterlund [16] analyzed the risks
caused by the gross weight of a heavy trailer connected to a tractor with a low traction capacity.
In the Italian alpine North-West regions (where sloped and rough terrains are spread) small old
tractors and equipment are used [17], particularly in order to guarantee environmental resiliency and
wood regeneration.

For many years in forestry and logging activities, trailers equipped with motor axles have been
used, in order to improve the traction of the whole convoy. Moreover, the use of a crawler tractor,
instead of a wheeled tractor, may well improve the convoy stability.

Also the frame structure of the trailer influences the traction and the stability, especially along
sloped paths.

The aim of this research was to analyze trailer overturning and the strains on the connected
tractor (one wheeled, one crawled) during log transportation (loose and tied) along a hillside, using
two two-axles trailers with different characteristics: the first tandem, the second with turntable steering.
The detachment from the ground of the rear upstream wheels and the side-slipping of the rear wheels
(or crawler) of the two tractors as well as the transversal and longitudinal strains occurring when the
trailer overturned were analyzed.

2. Material and Methods

2.1. Tractors

The technical characteristics of the two tractors used in the field tests (a 2WD and a crawler each
with a mass of about 4200 kg) are displayed in Table 1. Both the tractors satisfied the minimum safety
requirements required by the European Directive 2006/42 and they were equipped with roll over
protection systems and seat belts. These tractors are very common for carrying out logging operations
in the South of Europe. Moreover, two tractors with different characteristics were considered in
evaluating the different behavior of the trailers during overturning.
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Table 1. Technical characteristics of the tractors.

NH T5.115 (A) NH TK 4040M (B)

Power (kW) 84 65
Mass (kg) 4250 * 4250 *

Propulsion system wheels tracks
Driving wheels 4 -
Rear wheel type 540/65-34 -
Front wheel type 440/65-24 -
Overall width (m) 2.20 1.65

Note: (*) The mass of the driver (90 kg) is not included in these values.

2.2. Trailers

A two-axle trailer in tandem and a two-axle trailer with turntable steering were used to perform
the tests (Table 2).

Table 2. Technical characteristics of the used trailers.

Two-Axle in Tandem (1) Two-Axle with Turntable Steering (2)

Mass (kg) 3150 3000
Flatbed width (m) 2.20 2.20
Flatbed height (m) 1.20 1.20
Flatbed length (m) 4.50 4.50
Wheel dimension 385/65 R195 385/65 R195

Hooking height (m) 0.55 1.10

Note: (*) Calculated as the distance from the towing eye.

The height of the platform was 1200 mm, the floor was 4.5 m long and 2.2 m width. The tracks
and the wheel sizes were equal for both the trailers.

During the tests the hooking height of the two-axle trailer in tandem was 0.55 m, while it was at
1.10 m for the two-axle trailer with turntable steering (Table 2).

2.3. The Trailer’s Load

Cylinder coded logs of 1.5 m length (with a diameter ranging between 150 and 250 mm) were
piled on the trailers, transversely positioned in the forward direction. All the tests were performed
with the same coded logs, positioned in the same former places on the trailer, to guarantee the same
load distribution and to avoid different balances of the convoys. In addition, the tests were carried out
both with the logs freely movable on the load floor (held by supports of steel fixed to the front and rear
extremities of the floor) and with the logs tied (using two ropes, diagonally placed to the longitudinal
axis of the trailer).

The gross mass (trailer and logs) did never exceed fifty percent of the tractor mass (about 6300 kg),
to ensure a safe convoy movement in very sloped conditions.

2.4. The Crossed Path

A 21 m sloped country dirt road with a flat area at its base was chosen to perform the trailer
rollovers. The flat area was used to right the trailers after overturning and to collect the spread wood
on the ground after the rollover. The crossed trail was transversal to the hillside and the path was 18%
transversally and 32% longitudinally sloped.

An artificial wooden wedge (320 mm length, 110 mm height, and 220 mm width) was used as
an obstacle to cause the trailer rollover. The obstacle was positioned in a place where the tractor was
already in the flat area, to guarantee the safety of the tractor driver when the trailer overturned.

The trailer rollover, in fact, was determined by the impact of the front wheels of the trailer when
it alighted along the path.
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In Figure 2 there is a sketch of an additional safety measure to avoid possible unpredictable
accidents to the driver during the trailer rollover. For this purpose, an operator held the extremity of
a rope twisted to the base of a stump and anchored at the other extremity to the top of the tractor’s
rollover protection structure (ROP) with a node.

Figure 2. The used safety anchorage.

The rope was free to slide around the stump while the tractor moved forward. In the case of
the risk of the tractor overturning, the operator could stop the rope sliding, thereby preventing the
possible overturning of the tractor.

The average forward speed was about 3.2 km h−1. For each type of tractor, trailer, and load
configuration (untied and tied logs), three overturning repetitions were carried out, with a total of
24 field tests.

2.5. Measures

Three types of measurement were carried out during the field tests:

- the detachment from the ground of the rear upstream wheels (or crawler)
- the transversal and longitudinal strains occurring when the trailer overturned (and released the

hooking system of the tractor)
- the side-slipping (lateral deviation) of the rear wheels (or crawler) of the tractor

2.6. Instruments

A measurement tool, built ad hoc, was used to measure the height of the detachment of the wheels
(or crawler) from the ground. The tool was a graduated plastic strip (scale: 1 mm), rolled onto a reel
without a return spring. A steel support (mass: 1 kg) was used to connect the strip and was free to run
on the ground by using a small rope linked to another support fixed to the tractor frame. The strip was
maintained fully stretched before starting the test until the overturning of the trailer. When the wheels
(or crawler) started to detach from the ground, the strip began to extend and the length difference
before and after the overturning was a measure of the detachment height (Figure 3).

A mechanical tool was used to measure transversal and longitudinal strains. It was composed
of a mechanical pendulum (length: 100 mm) linked to a goniometer (diameter: 120 mm) by a center
hinge, where two metallic pointers were positioned and free to move (Figure 4). The zero point
referred to the static position before starting the test, when the pointers were aligned to the pendulum.
At the unrestrained extremity of the pendulum was fixed a mass of 20 g.
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Figure 3. Scheme of the tool used to measure the detachment height of the wheel/crawler from the
ground during the overturning of the trailer.

Figure 4. The tool used to measure the transversal and longitudinal strains.

Two mechanical tools were used, fixed by two bolts to the middle of the top of the ROP.
The first pendulum was positioned orthogonally to the tractor’s forward speed for measuring the
transversal strains. To measure the longitudinal train the second pendulum was positioned parallel to
the tractor’s forward speed.

Positive measurements were clockwise. Transversal strains were positive at the left, negative at
the right, while longitudinal measured strains were positive in the front, negative at the rear.

In the data elaboration only linear measurements were considered, because the goniometer
measured the small displacements in linear units (mm).

A graduated steel ruler (precision: 1 mm) was used to measure the side-slipping (lateral deviation)
of the wheels (or crawler) of the tractors.

2.7. Data Elaboration

The elaboration of the data was performed using both Microsoft Excel and IBM SPSS V. 24.0
Statistic package [18]. In particular, the GLM (General Linear Model) was adopted in order to highlight
differences between the considered treatments with a significance coefficient of 0.05.

3. Results

3.1. Lateral Deviation and Ground Detachment Height of the Tractor Wheels/Crawler

In all the tests the lowest lateral deviation of the tractor wheels was produced by the two-axle
trailer with turntable steering. The lateral deviations were limited to several centimeters and they were
observed always on the rear axle of the tractor (Table 3).
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Table 3. Lateral deviation and ground detachment of the rear wheels (crawler) of the tractor in the
different test configurations.

Tractor Trailer Load
Lateral Deviation (cm) Ground Detachment (cm)

Mean SD Min Max Mean SD Min Max

Wheel
Tandem

loose

3.5 0.6 2.8 3.9 3.6 0.7 2.8 4.1
Turntable
steering 2.2 0.4 1.8 2.6 0.0 0.0 0.0 0.0

Crawl
Tandem 1.7 0.2 1.6 1.9 1.7 0.2 1.6 1.9

Turntable
steering 1.1 0.2 0.9 1.2 0.0 0.0 0.0 0.0

Wheel
Tandem

tied

6.4 0.6 5.7 6.8 4.8 0.3 4.6 5.1
Turntable
steering 4.0 0.3 3.8 4.3 0.0 0.0 0.0 0.0

Crawl
Tandem 3.8 0.2 3.6 3.9 3.5 0.7 2.9 4.2

Turntable
steering 2.7 0.2 2.5 2.9 0.0 0.0 0.0 0.0

Lateral deviations ranged between 1.1 and 6.4 cm: the trailer with turntable steering highlighted
the lowest lateral deviations in the crawled tractor, whereas the two-axle in tandem trailer showed the
highest lateral deviation values when it was coupled with the wheeled tractor. The lateral deviation
data doubled in the presence of the tied load, independent of the type of trailers.

The trailer with turntable steering did not cause rear wheel (or crawlers) detachment of the tractor
from the ground, independent of the load type (tied or loose). On the contrary, the two-axle in tandem
trailer gave a value of 3.6 cm with the wheel tractor and 1.7 cm with the crawler tractor when they
were travelling with the loose load. These values increased up to two times in the presence of the tied
load in the crawler tractor (Table 3).

3.2. Longitudinal Strain

Also measuring longitudinal strains, the highest values were found using the two-axle in
tandem trailer when the load was tied. In detail, the maximum total longitudinal strain (45 mm) was
recorded when the two-axle in tandem trailer was coupled with the wheeled tractor and the tied load.
The minimum total longitudinal strain (14 mm) was observed using the two-axle with turntable
steering trailer coupled to the crawled tractor and with the loose load. The highest longitudinal strains
were observed with the tied load, independent of the trailer type. The crawler tractor better absorbed
the strains caused by the trailer overturning (Table 4).

Table 4. Descriptive statistics of the longitudinal strains measured at the right and at the left sides of
the wheel (crawler) of the tractor.

Tractor Trailer Load
Long. Strain Right (mm) Long. Strain Left (mm)

Total
Mean SD Min Max Mean SD Min Max

Wheel
Tandem

loose

14.3 2.1 12.0 16.0 −8.0 1.0 −9.0 −7.0 25.0
Turntable
steering 6.0 2.6 3.0 8.0 −8.3 0.6 −9.0 −8.0 17.0

Crawl
Tandem 9.0 1.0 8.0 10.0 −8.3 0.6 −9.0 −8.0 19.0

Turntable
steering 7.0 1.0 6.0 8.0 −5.3 1.2 −6.0 −4.0 14.0

Wheel
Tandem

tied

19.0 1.0 18.0 20.0 −21.7 3.1 −25.0 −19.0 45.0
Turntable
steering 14.3 1.5 13.0 16.0 −15.0 3.0 −18.0 −12.0 34.0

Crawl
Tandem 16.3 1.5 15.0 18.0 −15.3 2.1 −17.0 −13.0 35.0

Turntable
steering 12.0 1.0 11.0 13.0 −11.0 1.0 −12.0 −10.0 25.0
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3.3. Transversal Strain

In general, transversal strains were higher than longitudinal ones (Table 5) and the two-axle in
tandem trailer caused the highest boosts on the tractor. The trailer with turntable steering generated
transversal strains, always about 30% lower than the two-axle in tandem trailer. Also in this case,
the highest values (between 28 and 48 mm) were observed with the tied load.

Table 5. Descriptive statistics of the transversal strains measured at the right and at the left sides of the
wheel (crawler) of the tractor.

Tractor Trailer Load
Trans. Strain Right (mm) Trans. Strain Left (mm)

Total
Mean SD Min Max Mean SD Min Max

Wheel
Tandem

loose

14.7 1.5 13.0 16.0 −17.3 2.1 −19.0 −15.0 31.0
Turntable
steering 8.0 1.0 7.0 9.0 −6.0 1.0 −7.0 −5.0 14.0

Crawl
Tandem 15.0 1.0 14.0 16.0 −13.7 2.1 −16.0 −12.0 28.0

Turntable
steering 8.0 1.0 7.0 9.0 −8.0 1.0 −9.0 −7.0 16.0

Wheel
Tandem

tied

18.3 2.5 16.0 21.0 −28.0 1.0 −29.0 −27.0 48.0
Turntable
steering 16.3 1.5 15.0 18.0 −16.7 2.1 −19.0 −15.0 33.0

Crawl
Tandem 17.0 2.0 15.0 19.0 −20.0 2.0 −22.0 −18.0 37.0

Turntable
steering 14.0 1.7 12.0 15.0 −14.3 1.5 −16.0 −13.0 28.0

3.4. Influence of the Tractor and Trailer Structure on Measured Parameters

Data processing highlighted that the tractor and the trailer structure play an important role in
the safety of the operator during trailer overturning. Concerning the lateral deviations, similarities
were revealed by the General Linear Model (GLM) procedure with the same type of tractor and load
system (Table 6).

Using the same statistical procedure, instead, all the parameters (tractor, trailer, and load type)
produced different results for the measured ground rear wheel/crawler detachment (Table 7).

On the other hand, longitudinal strains were statistically similar with the tractor-trailer,
trailer-load, and tractor-load combinations of parameters (Table 8). On the contrary, transversal
strains were different considering all the combination of the parameters (Table 9).

Table 6. Statistical analysis (General Linear Model (GLM)) of the lateral deviation.

SS DF SM F Value p Value

intercept 239.402 1 239.402 1859.430 <0.0001
tractor 17.340 1 17.340 134.680 <0.0001
trailer 10.935 1 10.935 84.932 <0.0001
load 26.042 1 26.042 202.265 <0.0001

tractor * trailer 1.307 1 1.307 10.149 0.006
tractor * load 0.427 1 0.427 3.314 0.087
trailer * load 0.882 1 0.882 6.848 0.019

tractor * trailer * load 0.167 1 0.167 1.294 0.272

Notes: SS = Sum of Squares; DF = Default Freedom; MS = Squared Mean.
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Table 7. Statistical analysis (GLM) of the ground detachment.

SS DF SM F Value p Value

intercept 69.700 1 69.700 550.266 <0.0001
tractor 3.920 1 3.920 30.951 <0.0001
trailer 69.700 1 69.700 550.266 <0.0001
load 3.450 1 3.450 27.240 <0.0001

tractor * trailer 3.920 1 3.920 30.951 <0.0001
tractor * load 0.120 1 0.120 0.951 0.344
trailer * load 3.450 1 3.450 27.240 <0.0001

tractor * trailer * load 0.120 1 0.120 0.951 0.344

Notes: SS = Sum of Squares; DF = Default Freedom; MS = Squared Mean.

Table 8. Statistical analysis (GLM) of the longitudinal strain.

SS DF SM F Value p Value

intercept 13,680.375 1 13,680.375 1977.886 <0.0001
tractor 187.042 1 187.042 27.042 <0.0001
trailer 408.375 1 408.375 59.042 <0.0001
load 1276.042 1 1276.042 184.488 <0.0001

tractor * trailer 12.042 1 12.042 1.741 0.206
tractor * load 26.042 1 26.042 3.765 0.070
trailer * load 18.375 1 18.375 2.657 0.123

tractor * trailer * load 0.042 1 0.042 0.006 0.939

Notes: SS = Sum of Squares; DF = Default Freedom; MS = Squared Mean.

Table 9. Statistical analysis (GLM) of the transversal strain.

SS DF SM F Value p Value

intercept 20,768.167 1 20,768.167 3134.818 <0.0001
tractor 88.167 1 88.167 13.308 0.002
trailer 1040.167 1 1040.167 157.006 <0.0001
load 1093.500 1 1093.500 165.057 <0.0001

tractor * trailer 37.500 1 37.500 5.660 0.030
tractor * load 60.167 1 60.167 9.082 0.008
trailer * load 28.167 1 28.167 4.252 0.036

tractor * trailer * load 0.167 1 0.167 0.025 0.876

Notes: SS = Sum of Squares; DF = Default Freedom; MS = Squared Mean.

4. Discussion

The study showed that the trailer with a fixed drawbar (two-axle in tandem) caused higher strains
(longitudinal and transversal) to the tractor during overturning of the trailer, compared to the trailer
equipped with an “articulate” drawbar (presence of a turntable steering). In addition, adopting a trailer
with turntable steering also permits the reduction of the risk of the tractor overturning, because in the
event of the trailer overturning this type of trailer does not cause wheel or crawl detachment from
the ground.

Nevertheless, these results are in contrast to what usually occurs in forestry yards, where trailers
with fixed drawbars are preferred to trailers with an articulate drawbar [13,17]. In fact, the use of the
first type of trailer guarantees a higher traction force because part of the load of the trailer weighs on
the tractor; moreover, this type of trailer shows greater simplicity in field maneuvers due to the lower
articulation points of the convoy structure.

The best performance of the trailer with turntable steering could be attributable to the higher
number of junction joints (four swivel joints) in comparison to the trailers with fixed drawbar
(two swivel joints) (Figure 5). In fact, the higher number of joint points guarantees greater quote
compensation of the critical points during the trailer overturning (support points, coupling point, etc.)
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(Figure 6a). In contrast, a drawbar fixed to the trailer frame can cause higher instability of the tractor
due to the overturning force on the coupling point of the tractor during trailer overturning (Figure 6b).

Figure 5. Swivel joints in the different drawbar types.

Figure 6. Scheme of the trailer overturning in flat soil in different configurations (two-axle trailer with
turntable steering (a) and two-axle tandem trailer (b)).

Furthermore, the study highlighted that the loose load guaranteed better operator safety during
trailer overturning; conversely, the tied load is dangerous because during trailer overturning its mass
is added to the trailer mass and causes higher strains on the tractor.

Concerning the tractor propulsion system, the crawls guaranteed a better absorption of the strains
caused by the trailer overturning: in fact, the crawler tractor, having a higher contact surface with the
ground, had a better performance than the wheel tractor.

On the basis of these considerations, it is desirable that future studies on log transportation should
also be focused on trailers with turntable steering. With this regard, tests were carried out on a double
steering trailer prototype composed of two single-axle trailers [19]. This solution is very suitable for
the transport of logs of high length (more than 8–10 m long) on narrow and steep forest roads to
reduce the curve radius and to improve the convoy maneuverability. Nevertheless, considering the
results obtained in this experiment, this prototype may produce the same strains for the trailer with
a fixed drawbar during trailer overturning, because the first module of the prototype has a fixed
single-axle drawbar.

5. Conclusions

In the Italian alpine territory two-axle tandem trailers are usually used for their technical
characteristics (ease of maneuverability and high traction force due to the effect of part of their
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mass on the tractor), this study highlighted that the two-axle trailer with turntable steering is safer
for the tractor driver during passages along transversal sloped terrains, where the risk of trailer
overturning is high. This result is enhanced if a crawler tractor is used instead a wheeled one.

In addition, considering the effects due to the overturning of trailers tested in this study, it was
found that, independent of the trailer type, a tied load is more dangerous than a load where the logs are
freely movable on the load floor. In the first case, in fact, the logs form a single unit with the trailer mass
which increases the transversal and longitudinal strains during the trailer overturning. The authors
suggest that this study might be considered a valuable contribution if adopted for improving operators’
safety in forestry yards.
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Abstract: As one of the major parts of the chainsaw, the cutting chain has an important impact on
productivity and health risk in motor-manual harvesting. The efficiency of cross cutting and quantity
of sawdust produced in relation to different cutting chain settings, chain producers and wood species
has been measured. The trial was set up to include two tree species (fir and beech) and saw chains
from two different producers. The chains were filed at three different top plate filing angles and depth
height gauges. All factors were significant in terms of cutting efficiency and wood dust production.
The top plate angle recommended by producers proved to be the most efficient, with the smallest
quantity of inhalable wood dust. Cutting chain settings can be adapted to the specific requirements of
the user; however, safe working practices should be followed. Significant differences between chain
producers mean that users should conduct rational decision making when choosing a saw chain.

Keywords: forestry; chainsaw; filing; sawdust; safety

1. Introduction

The introduction of mechanized harvesting has been hindered by several factors, including steep
terrain, ownership fragmentation and close-to-nature management [1]. Motor-manual tree felling
and processing using a chainsaw therefore remains the predominant harvesting method in many
regions of the world (South East Europe, Asia, Africa) [2–4]. Additionally, the low investment cost
and the chainsaw’s versatility play a significant role when harvesting technology is chosen in private
forests [5–7]. The chainsaw’s simplicity and inherent reliability make it ideally suited for the harsh
working conditions commonly encountered in forest operations.

Petrol chainsaws have recently witnessed a steady, but slow increase in cutting efficiency related
to increases in engine power and speed, and improvements in the control of engine performance.
Higher efficiency reduces the amount of time and energy required for the production of one unit of
goods. Therefore, increased productivity reduces greenhouse gas emissions, which are considered to
be the main cause of climate change [8].

Unfortunately, motor-manual forest work is inherently dangerous [9,10], physically
demanding [11,12] and involves physical environmental factors which have an extremely detrimental
effect on worker health. Workers engaged in motor-manual cutting are exposed to excessive noise and
vibration [13–15] and to the effects of exhaust gases [16], floating particles of mineral oil and airborne
wood dust [17–19].

Although the air in logging operations can be very polluted [20], very few motor-manual workers
are aware of the negative consequences of exposure to dust. The risk, however, is significant, and the
International Agency for Research on Cancer has classified hardwood dust as a human carcinogen [21].
It is estimated that in 25 member states of the European Union, 2% of the work force is occupationally
exposed to inhalable wood dust [22]. In the European Union the Directive 99/38/EC [18], is setting the
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legal limit for the exposure to inhalable wood dust at 5 mg/m3, as an average of an 8-h working day.
In regard to the size of particles inhalable, thoracic and respirable particles are to be distinguished [23].
In our study however, as a health risk indicator, the share of the inhalable wood dust in regard to the
total amount of saw dust was used [24].

Potential health effects from exposure to wood dust are numerous and well documented [25] and
include changes in pulmonary function and allergic respiratory response (asthma). The most serious
problem arising from exposure to wood dust is the risk of developing cancer, particularly nose and
sinus adenocarcinoma [26].

The saw chain, as the main sawing part, influences the efficiency, safety and ergonomic suitability
of the chainsaw. The main problem for the user is that only the technical data that are needed for
compliance of the chain with the saw bar are available for any single chain. There is no, or insufficient,
qualitative data needed for rational decision making. Producer information about quality, i.e., “chain
with lower vibration,” is more a function of faith in a trademark than of rational thinking. The problem
is exacerbated because of the lack of knowledge available about basic principles of how efficiency or
health risk change depending on chain maintenance practices.

Practice and science agree that proper filing and maintenance of the saw chain is crucial for
safe and efficient work [27]. The word “proper” usually means that users have followed the
producer’s directions. In practice, however, modification of filing direction and depth is common,
with implications for chain durability and work efficiency.

Since the cutting chain is one of the most important parts of the chainsaw, its preparation and
maintenance have a direct impact on work efficiency and health risk. The aim of the study was
therefore to determine the factors affecting efficiency and the amount of inhalable wood dust produced
during cross cutting with a chain saw. To achieve these goals, the experiment has been set up including
two filing factors, two tree species and two saw chains from different producers. The effect of wood
moisture was controlled, as it has been established that it affects particle size distribution [28].

According to our experience and previous studies, it was expected that the chain setting
recommended by the producer would yield the greatest efficiency and the lowest health impact, as
the indicated values are presumably the result of in-depth analysis performed by the chain producer.
The chains were chosen from two established producers, and tree species were chosen according to their
predominance in Central Europe, although no specific hypotheses were proposed based on these factors.

2. Materials and Methods

The experiment was designed as a full factorial design (Table 1) with two factors at two levels and
two factors at three levels (2232). To eliminate the possible effect of wood structure and moisture, each
combination was repeated five times (Scheme 1). The positive effect of repetition of cross cutting on
experimental design was confirmed with an insignificant difference in wood moisture between all factors
involved in the experiment with the exception of tree species. The average wood moisture was 32.9% for
fir (Abies alba Mill.) and 50.6% for beech (Fagus sylvatica L.). The total number of crosscuts with repetitions
was 180 or 10 by each saw chain setup. For the purpose of wood dust analyses, additional crosscuts (11th
and 12th crosscut, Scheme 1) were done at all factorial levels but without repetitions (n = 36).

Table 1. Description of factors, their respective levels, coding and specification of variables for saw
chain comparison test.

Factors Variable Description Levels Coding Unit N 1 Mean
Standard
Deviation

Cross cutting time Continuous variable indicating
duration of cross cutting. - t s 180/0 26.39 10.44

Sawdust structure
Continuous variable indicating
weight structure of chips distributed
in three classes.

>3 mm wtB % 0/36 52.87 10.34

0.125 mm <>3 mm wtM % 0/36 45.66 10.14

<0.125 mm wtS % 0/36 1.49 0.87
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Table 1. Cont.

Factors Variable Description Levels Coding Unit N 1 Mean
Standard
Deviation

Top plate
filing angle

Dummy variable indicating angle of
the cutting tooth. The filing angle
was between 15–40◦, depending on
the type of chain and producer.
The producer proposed filing angle
is marked as 0◦.

−10◦ A − 10◦ - 60/12 - -

0◦ A0◦ - 60/12 - -

+10◦ A + 10◦ - 60/12 - -

Depth gauge
height

Dummy variable indicating height
difference between the depth gauge
and the tip of the tooth cutting tooth.
The height difference was 0.45, 0.65
and 0.85 mm. The proposed
producer’s difference is 0.65 mm.

0.45 mm G0.45 - 60/12 - -

0.65 mm G0.65 - 60/12 - -

0.85 mm G0.85 - 60/12 - -

Tree species Dummy variable indicating two tree
species (beech and fir) indicative of
Central European conditions.

Beech SB - 90/18 - -

Fir SF - 90/18 - -

Chain producer Dummy variable indicating two
producers of saw chains.

Producer 1 P1 - 90/18 - -

Producer 2 P2 - 90/18 - -
1 Sample size: cutting efficiency analyses/wood dust analyses.

In the trial, air dried, two first class logs of fir and beech were used. The logs were standardized
into a beam with length of 6 meters and sides of 32 × 32 cm, in compliance with ISO standards [29].
The beams were cut into 6 shorter (about 2 m long) sections just before the trial (Scheme 1).

 

Scheme 1. Preparation and division of wood beams from two trees species into sections and cross
cutting sequence. Note: 1/1-cross-cut/chain setup sequence.

A new Husqvarna 372 XP professional chain saw with a 45-cm-long Stihl Rollomatic E cutting
bar was used in the experiment, and a skilled worker was employed as the chain saw operator.
Eighteen 3/8′ ′ chisel chains with 72 drive links from two different producers were used and filed in
accordance with the trial scheme (Table 1). The top filing angles recommended by the chain producers
differ for 5◦. The top plate filing angle was done using a Stihl USG filing tool, while correct depth
gauge height was achieved using hand filing and controlled with calipers.

Cross cutting took place in turns according to tree species and always in the same sequence
(Scheme 1). The sequence of used chain setups was randomly selected. To further guarantee
comparable conditions, cutting chain tension was controlled and the weight of the saw was kept
at the same level by assuring the same level of lubricant and gasoline in the saw. The saw was
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controlled only through the rear handle, assuring that the pressure applied to all sample logs was
constant. Visible defects in the wood were avoided when cross cutting.

The whole trial was recorded using a camera (Sony HDR-XR200; Sony, Tokyo, Japan), while the
time studies were performed in the office to ensure the highest precision of measurement. A total
amount of saw dust was directly captured in a plastic bag using an adapter attached to the chain saw.
Moisture content was determined with the gravimetric method, according to European standards [30].
Fresh sample weight was determined immediately after sample collection with a portable scale to
avoid the bias caused by moisture loss during storage and transport to the laboratory. Particle size
distribution was determined with the oscillating screen method according to European standards [31].
Entire samples were sieved, and from the mass of fractions the shares of particle size distributions
were calculated. The share of fine particles from the particle size distribution analysis was used as an
indicator value.

Parametric multivariate analysis of variance (MANOVA), univariate analysis of variance
(ANOVA) and ordinary least squares regression were used for statistical data processing. Before
analysis, dependent variables were checked for normality (Kolmogorov–Smirnov and Shapiro–Wilks
tests) and homogeneity of variance (Levene’s test). In case of violation of data considerations, variables
were transformed.

For the analysis of cross cutting duration, all samples were used (n = 180). To meet considerations
for use of parametric tests (MANOVA, ANOVA), the dependent variable (time) was transformed with
the inverse square root transformation.

Because of the interdependent nature of particle size distributions, basic approaches of
compositional data analysis were used [28]. Compositional data were transformed using Isometric Log
Ratio transformation in the CoDaPac software (2.02.04, 2017, University of Girona, Girona, Spain) [32].
The data were analyzed with IBM SPSS Statistics software (21.0, 2012, IBM, Armonk, NY, USA).

3. Results

3.1. Factors Influencing Cross Cutting Time

Statistical analysis of cross cutting time shows that cross cutting time is significantly dependent
on all four factors: top plate filing angle, depth gauge height, tree species and cutting chain producer
(Table 2).

Table 2. ANOVA results between cross cutting time (square root transformed) and independent factors.

Source SS 1 df 2 MS 3 F value p-level

Corrected Model 0.100 6 0.017 29.646 0.000
Intercept 7.483 1 7.483 13,339.983 0.000

Depth gauge height 0.016 2 0.008 14.108 0.000
Chain producer 0.004 1 0.004 7.380 0.007

Tree species 0.046 1 0.046 81.318 0.000
Top plate filing angle 0.034 2 0.017 30.480 0.000

Error 0.097 173 0.001
Total 7.679 180

Corrected Total 0.197 179
1 Type III sum of squares, 2 Degrees of freedom, 3 Mean square.

In a four-factorial model (Equation (1)) with a constant level of other factors, the cross cutting
time with the smallest gauge depth height is significantly shorter than the cross cutting time at the
largest gauge depth height, while shorter (p = 0.10) than with the factory-recommended gauge depth.
When comparing the top plate filing angle, the cross cutting time is the shortest when compared with
the other two settings. It takes significantly longer to cut through beech logs than fir logs. Cross cutting
time is significantly longer when using the saw chain of producer 2.
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t(s) =
1

(0.206 − 0.023∗∗∗ × G0.45 − 0.007o × G0.65 + 0.010∗∗×P1 − 0.032∗∗∗×SB + 0.023∗∗∗×A − 10◦ + 0.033∗∗∗ × A0◦)2 (1)

Note: * p-level of significance of the effect—◦ ≤0.1, * ≤0.05, ** ≤0.01, *** ≤0.001; variables defined
in Table 1.

With simultaneous changing of all factors in the model it can be determined which factor
combinations yield the longest and the shortest cross cutting time (Figure 1). Cross cutting time
reaches a maximum when the filing angle is the largest and the depth gauge height is the smallest,
when using the saw chain of producer 2 and when cutting beech wood. The minimum cross cutting
time is achieved using the factory setting filing angle and maximal depth gauge height when using the
saw chain of producer 2 and when cutting fir wood. The maximum time (43.29 s) is 2.7 times longer
than the minimum time (16.15 s).

(a) (b)

(c) (d)

Figure 1. Dependency of cross cutting time (t) on depth gauge height (G) and top plate filing angle
(A): (a) chain producer 1 and fir wood (minimum cross cutting time); (b) chain producer 1 and beech
wood; (c) chain producer 2 and fir wood and (d) chain producer 2 and beech wood (maximum cross
cutting time).

3.2. Factors Influencing Sawdust Structure

Using multivariate data analysis (Table 3), it has been determined that three factors, i.e., top plate
filing angle, tree species and chain producer, influence the particle size distribution of sawdust.
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Table 3. MANOVA results between particle size distribution and independent factors.

Effect Value F Value Hypothesis df 1 Error df 1 p-Level

Intercept

Pillai’s Trace

0.997 5476.936 2 28 0.000
Top plate filing angle 0.613 6.404 4 58 0.000
Depth gauge height 0.170 1.345 4 58 0.264

Chain producer 0.323 6.668 2 28 0.004
Tree species 0.912 145.325 2 28 0.000

1 Degrees of freedom.

Additional univariate analysis (Table 4) shows that the relationship between the largest and
middle-sized fractions of particle size distributions (ILR1) is influenced by the top plate filing angle
and producer, while the relationship between the largest and middle fraction versus the smallest
fractions (ILR2) is influenced by the top plate filing angle and tree species.

Table 4. ANOVA results between particle size distribution (ILR1, ILR2) and independent factors.

Source SS 1 df 2 MS 3 F Value p-Level

Corrected Model
ILR1 1.739 6 0.290 5.551 0.001
ILR2 9.200 6 1.533 52.511 0.000

Intercept ILR1 0.386 1 0.386 7.398 0.011
ILR2 322.640 1 322.640 11,049.729 0.000

Top plate filing angle ILR1 1.092 2 0.546 10.456 0.000
ILR2 0.450 2 0.225 7.699 0.002

Depth gauge height ILR1 0.108 2 0.054 1.035 0.368
ILR2 0.140 2 0.070 2.399 0.109

Chain producer ILR1 0.529 1 0.529 10.129 0.003
ILR2 0.049 1 0.049 1.669 0.207

Tree species ILR1 0.010 1 0.010 0.198 0.660
ILR2 8.561 1 8.561 293.204 0.000

Error
ILR1 1.514 29 0.052
ILR2 0.847 29 0.029

Total
ILR1 3.640 36
ILR2 332.687 36

Corrected Total
ILR1 3.254 35
ILR2 10.046 35

1 Type III sum of squares, 2 Degrees of freedom, 3 Mean square.

Further analysis shows that the percentage of the largest fraction is maximal when the
producer-recommended top plate filing angle is used, and that it is larger when using the saw chain of
producer 1 (Figure 2). The percentage of inhalable dust is lowest when using the chain of producer 1,
with the filing angle recommended by the producer and when cutting fir wood (0.55%). The largest
proportion of inhalable fraction (2.62%) was formed when the filing angle was the lowest, when cross
cutting beech wood and using the saw chain of producer 2. The largest percentage of inhalable fraction
is therefore 4.7 times higher than the sample with the lowest dust content.
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(a) (b)

Figure 2. Dependency of sawdust weight structure on top plate filing angle (A) and tree species
(S): (a) chain producer 1 and (b) chain producer 2. Note: wtB—big particles (more than 3 mm),
wtM—medium-sized particles (3–0.125 mm) and wtS—small (inhalable) particles (less than 0.125 mm).

4. Discussion

The results show that the work efficiency and health risk due to inhalable dust is influenced by all
of the researched factors: chain filing, tree species and chain producer. Ignorance of the above factors
can result in significant differences in work efficiency and increased health risk.

From the viewpoint of efficiency and dust particles, the best top plate filing angle was the angle
recommended by the chain producer. With this angle the cross cutting time and the amount of inhalable
dust particles reached a minimum. These results are in direct contradiction with research that found
that the top plate filing angle recommended by the producer corresponded to the greatest exposure to
hand-arm vibration [33]. However, it was established that from the viewpoint of efficiency, it is better
that the top plate filing angle is smaller than the angle recommended by producer rather than larger.
The real-world implications of these findings are that mistakes made by less-experienced chain saw
operators depend on the deviation from the recommended angle, and it is not as critical when the
angle is smaller than that prescribed.

The depth gauge height has been found to deviate strongly in real-world operations, as only
15% of chains were found to have the proper gauge depths [34]. The consequence of large depth
gauge height is higher cutting efficiency, while no statistically significant effect has been found on the
quantity of hazardous dust particles. Excessive depth gauge heights are not recommended, as they
lead to higher levels of kickback forces [35] and larger vibration loads [36]. Higher depth gauge setting
increases the chain saw power requirements, and the consequences are higher fuel consumption,
higher weight, higher vibration exposure and potentially greater negative impact on the health of
the environment and worker. The open question remains the optimal relation between depth gauge
setting and all of the above factors.

The effect of different wood species is important because of different wood density, as it
was established that wood density has a significant effect on hand-arm vibration exposure [15].
The influence of the user on this factor is relatively small, as this factor depends on the worksite.
However, a detailed analysis of interactions between factors has shown that the species influences
cutting efficiency through the factors of top plate filing angle and saw chain producer. The dependency
was confirmed by the experience of cutters, who often alter chain angles depending on whether the
work is in hardwood or softwood forests. Another possible cause for differences in work efficiency
and health risk is the wood moisture content, which is significant between tree species.

Few studies have examined exposure of forest operators to wood dust, but it was determined that
exposure to dust was 1.5 mg/m3 for all operations except coppicing, where loads were greater [18].
Most loads, however, were lower than the EU occupational exposure limit (OEL) of 5 mg/m3. This level
has been disputed, as some countries have lower allowed OEL levels, and the figures reported in the
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above study are above the allowed levels in some EU countries. In the article it has been shown that
the amount of inhalable dust particles can be effectively lowered with the use of different filing angles.
Also, salvage cuts of trees that have remained in the forest long enough for the wood to become dry
should be avoided, as such trees are associated with a higher risk of accidents [10] and the risk of
high concentrations of inhalable dust particles [37]. Additionally, the cutting chain preparation in the
studies is usually not controlled, but it has been demonstrated that it is indeed a very important factor
when conducting sawdust analysis, as it influences sawdust composition and therefore the amount
of inhalable dust produced. The measured quantities of inhalable wood dust are to be considered as
potential risk for health, since it is assumed that only part of inhalable saw dust enters the air and a
part of that dust enters the worker’s body.

One of the main conclusions is that producers do not produce equivalent chains. The chain type
therefore influences the cutting efficiency and the health risk for the chain saw operator. Furthermore,
after a number of cuts the performance and risk for health [15] may change because of different
durability of chains. The results clearly demonstrate that a rational decision when purchasing a saw
chain is crucial, and force producers into continued technological development.

It has to be acknowledged that in the study only two factors were taken into consideration
from the pool of factors that influence the suitability of a saw chain for professional use. For instance,
the viewpoint of safety at work in the sense of vibration exposure has not been included, and protection
against kickback. It is assumed that the producer carefully weighs all of the above considerations
when designing the product, and chooses the optimum accordingly. The results, however, show that it
would be reasonable to provide not only one filing angle, but several, or to develop chains specifically
intended for conifers or broadleaves.

From the lessons learned, the extension of scope in similar future studies is suggested, especially
the inclusion of additional parameters, such as fuel and lubricant consumption, hand-arm vibration,
different wood moisture levels, different lengths of cutters, direct measurements of airborne wood
dust emissions and durability and life span of saw chain. Also, there are other, smaller chain saws,
i.e., non-professional and electric chainsaws that use smaller chains and that could significantly alter
the results. It has been found that the wood species also influences kickback forces [35], and an
important safety consideration is how the filing angle influences the kickback of the saw in relation to
wood species. Certainly, it would have the highest value for practice by testing different chains, their
lifespan and their properties in real-life conditions during forest operations.

Unfortunately, the safety improvements offered by high mechanization are unattainable for
motor-manual work [38,39]. It is therefore necessary to continually improve machines to make work
as friendly to the worker as possible. Although all of the saw chain producers advertise safety features,
and it is clear that it is necessary for producers to make complex decisions related to optimization
in order to achieve these goals, more work should be done on the topic in order to provide more
accessible and transparent information about saw chains.

5. Conclusions

The study demonstrated that cutting chain selection and proper chain preparation are crucial for
achieving high productivity and reducing health risk. There was a more than two-fold difference in
efficiency and quantity of inhalable wood dust between the best and worst cutting chain set up, making
the chain one of the most important parts of the chainsaw which critically influences work with this
machine. Additionally, the results proved that the chain settings recommended by the chain producers
yield the greatest efficiency and the least health impact. It is evident that the recommended settings
are the result of the optimization of the factors examined in the study. The results also suggest that the
filing angle should change according to tree species, but safe working practices must be followed.

Acknowledgments: The authors wish to thank the Pahernik Foundation for supporting the scientific work and
publishing the study results.

221



Forests 2017, 8, 464

Author Contributions: A.P. and J.M. conceived, designed and performed the experiments; A.P. analyzed the data;
A.P., M.M., and J.M. contributed materials and analysis tools, and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest and also declare that the funding sponsors had no
role in the design of the study, either in the collection, analyses, or interpretation of the data or in the writing of
the manuscript, or in the decision to publish the results.

References

1. Spinelli, R.; Magagnotti, N.; Nati, C. Options for the mechanized processing of hardwood trees in
Mediterranean forests. Int. J. For. Eng. 2009, 20, 39–44.

2. Montorselli, N.B.; Lombardin, C.; Magagnotti, N.; Marchi, E.; Neri, F.; Picchi, G.; Spinelli, R. Relating safety,
productivity and company type for motor-manual logging operations in the Italian Alps. Accid. Anal. Prev.
2010, 42, 2013–2017. [CrossRef] [PubMed]
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Abstract: Logging businesses play an important role in implementing forest management plans
and delivering the raw material needed by forest products mills. Understanding the characteristics
of the logging workforce can help forest managers make better decisions related to harvesting
operations. We surveyed logging business owners across Virginia’s three physiographic regions
(Mountains, Piedmont, and Coastal Plain). Overall, logging businesses reported an average
production rate of 761.37 t/business/week, but this varied substantially by region, with the
highest production rates in the Coastal Plain (1403.55 t/business/week), followed by the Piedmont
(824.69 t/business/week) and the Mountains (245.42 t/business/week). Many operations in the
Mountains rely primarily on manual felling (66.6% of respondents) and these operations often have
lower production rates. Across all regions, 81.7% of reported production came from operations that
primarily utilized rubber-tired feller-bunchers for felling. Logging businesses were sorted based on
reported production capacity and then divided into three groups (high, medium, and low production)
based on total reported production. Across all regions, the majority of reported production was
produced by the high production logging businesses. This was highest in the Piedmont, where the
high production businesses accounted for 74.8% of total reported production.

Keywords: logging business; woody biomass; forest harvesting

1. Introduction

The forest industry is an important component of Virginia’s economy and contributes over
$17 billion in total economic value annually [1]. More than 60% of Virginia is forested, with
16 million acres of forestland predominantly owned by private forest landowners [2]. Virginia’s
logging businesses primarily consist of independent contractors who work with forest landowners
and others in the wood supply chain to provide the raw material needed to supply mills. Logging
businesses provide critical harvesting services that help forest landowners carry out their management
plans and deliver wood to Virginia’s diverse wood-consuming industries.

In 2016, there were over 5000 tracts harvested in Virginia [2]. Logging businesses that harvest
these tracts serve as a link between forest landowners and the mills that utilize the products coming
from their land. As a result, the characteristics of logging businesses are important for forest managers
and those involved in the wood supply chain. Forest management and harvesting decisions can benefit
from a better understanding of the capabilities and characteristics of the local logging workforce.

Surveys of logging businesses are important for establishing information on their characteristics
and can be useful for documenting and examining changes over time. Logger surveys have been used
throughout the USA for determining characteristics of logging businesses. For example, Milauskas
and Wang surveyed West Virginia loggers on their operational characteristics as well as their opinions
on training needs [3]. Dirkswager et al. used a phone survey of loggers to determine practices and

Forests 2017, 8, 468; doi:10.3390/f8120468 www.mdpi.com/journal/forests224



Forests 2017, 8, 468

perspectives related to utilizing logging residues for energy in Minnesota [4]. Egan et al. surveyed
New England loggers regarding their perceptions of increasing population on logging opportunities [5]
and Munsell et al. studied relationship between attitudes and biomass harvesting in Virginia and
North Carolina [6]. Additional logger surveys have been conducted related to specific topics such
as harvesting on parcelized forestland in the Midwest [7] as well as in South Carolina [8]. Logger
surveys that are repeated over time can show changes in logging practices. For example, repeated
logger surveys have been conducted in Minnesota [9] and Georgia [10].

A survey was administered to Virginia logging businesses in 2009 with the intention of repeating
the survey at five-year intervals [11]. The original survey established a baseline of Virginia logging
business characteristics and highlighted some of the operational differences between physiographic
regions in the state. This survey was performed approximately five years after the initial survey.
Some additional questions were added but many relating to logging business characteristics remained
the same, so comparisons can be made over time.

This is the second comprehensive survey of the characteristics of Virginia logging businesses.
While some comparisons can be made to the results of the previous survey, this manuscript focuses
primarily on the current survey and much of the value of repeated surveys will come in the future as
multiple surveys will enable analysis of long-term trends.

2. Methods

A questionnaire was designed for delivery to participants in the Virginia Sustainable Harvesting
and Resource Professional (SHARP) Logger Program [12]. The objective was to collect information
on characteristics of Virginia logging businesses as well as to evaluate the SHARP logger program.
In addition to logging business owners, the SHARP logger program includes participants who are
logging business employees as well as foresters and others that choose to participate in the program.
Therefore, the questionnaire included two sections. The first section was a program evaluation section
that included 12 questions related to the participants’ demographics and to program evaluation and
training needs. All respondents were able to categorize their primary occupation in the program
evaluation section, while logging business owners completed a second section in order to provide
additional characteristics of their harvesting operations. In the case of logging businesses with multiple
owners, participants were asked to choose one owner to complete the business owner section and
complete one questionnaire per business. In Virginia, logger training is not required by law, so the
exact number of logging businesses is not known. However, loggers are required to notify the Virginia
Department of Forestry (VDOF) of timber harvests so harvested tracts can be inspected for compliance
with the silvicultural water quality law. Based on a study of reported data from VDOF harvest
notifications during 2015–2016, there were approximately 1000 individuals who notified the VDOF
of at least one timber harvest [13]. We would therefore assume there are a maximum of 1000 active
logging businesses.

The logging business owner section included a total of 36 questions related to their harvesting
operations such as harvesting equipment, the size and characteristics of their operation, as well as the
markets and business environment they work in and tracts they harvest. The questionnaire included a
combination of multiple choice, fill-in-the-blank, and open-ended questions. The questionnaire was
mailed to current participants in the Virginia SHARP Logger Program. The survey was conducted
based on the Dilman method [14] using a series of mailings including a pre-notice letter, followed
by the questionnaire, then a reminder letter, and a second questionnaire mailed to those who had
not returned the initial questionnaire. A total of 1607 questionnaires were mailed in the third and
fourth quarters of 2014. Seven were returned as undeliverable or invalid, resulting in a total of
1600 questionnaires mailed to participants in the SHARP Logger Program.

Written responses from questionnaires were coded and entered into a spreadsheet then analyzed
using JMP Pro version 13 [15]. Means testing utilized analysis of variance and the Tukey-Kramer HSD
(honest significant difference) test. Categorical responses were compared using the Chi Square test.
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Respondents were grouped into physiographic regions (Figure 1) based on the county the respondent
indicated as their center of operations. Counties were grouped into physiographic regions based on
regions used by the U.S. Forest Service [16], with the northern and southern Piedmont grouped into a
single Piedmont region and northern and southern mountains grouped into a single mountain region.
These are the same regional boundaries used in the 2009 survey of Virginia loggers [11]. Respondents
were asked to report production levels in the units they commonly use, which was either tons or
truck loads produced per week. Results from the previous survey [11] were reported as truck loads
produced, which is the most common metric reported by loggers. However, because of differences in
average payloads depending on trucking configurations, results for this survey were converted to a
common unit on the basis of tonnes (metric tons, t) produced. Production levels reported in truckloads
were converted to tonnes based on the reported trucking configuration the business most commonly
uses. Average payloads for different trucking configurations were determined based on discussion
with local industry professionals. A payload conversion factor of 22.7 t (25 tons) per load was used for
tractor-trailers, as well as tandem or tri-axle trucks with a pup trailer. A payload conversion factor of
8.2 t (9 tons) per load was used for single-axle trucks, 12.7 t (14 tons) for tandem-axle trucks, and 17.2 t
(19 tons) for tri-axle trucks. Based on standard practices for this region, all weights reported by logging
businesses were assumed to be in green tonnes and typical truck payloads were based on green tonnes.

Figure 1. Virginia county boundaries used to group logging businesses by physiographic region
(map not to scale).

3. Results and Discussion

3.1. Response Rate and Owner Demographics

A total of 847 questionnaires were completed and returned for a 53% response rate. Of the
847 responses, 400 (47.2%) indicated they were logging business owners. Data reported here are
from the 400 logging business owner responses. Based on VDOF harvest notification data [13], if we
assume there are a maximum of approximately 1000 active logging businesses, then survey responses
would represent about 40% of all logging businesses in Virginia. Logging businesses included both
full-time (87%) as well as part-time (13%) logging operations. Virginia logging business owners
were predominantly men (99.5%), with an average age of 51.2 years (standard deviation (SD) = 12.3).
Respondents indicated they had been operating their own logging business for an average of 22.6 years
(SD = 13.9). The majority (91.2%) indicated they were White/Caucasian, with 8.3% Black/African
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American and 0.5% other. Owner demographics are similar to those from the 2009 survey [11]; however,
the average age shows an increase from 48.6 years in 2009 to 51.2 in 2014.

Respondents represented logging businesses operating across all three physiographic regions of
Virginia including the Mountains (105), Piedmont (192), and Coastal Plain (70), as well as adjoining
states (24); in some cases they did not specify a region (9). These three physiographic regions of Virginia
would be similar to physiographic regions occurring throughout much of the Southeastern USA.
Owners were asked to indicate their level of formal education. Across all regions, high school
graduates were the most common (Table 1). Business owners in the Coastal Plain tended to have the
highest level of formal education, with 26.1% indicating they were college graduates.

Table 1. Logging business owner education level by physiographic region.

Percent of Responses for Level of Formal Education

Some High School High School Graduate Some College College Graduate

Mountains 29.5 55.3 7.6 7.6
Piedmont 24.2 54.2 13.7 7.9

Coastal Plain 13.0 47.9 13.0 26.1
Overall 24.3 53.5 11.1 11.1

3.2. Harvest Types and Tract Characteristics

Respondents were asked to report the type of harvests they performed over the past year (Figure 2).
Similar to the 2009 survey of Virginia loggers [11], the highest percentage of harvests reported in the
Mountains were hardwood selection cuts. However this survey showed that the most common harvest
type in the Coastal Plain was a pine clearcut, whereas in 2009 it was a pine thinning [11].
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Figure 2. Reported type of harvests performed in the past year by physiographic region.

As expected, based on the most prevalent types of harvests reported (Figure 2), the primary
product harvested in the Mountains was hardwood sawtimber while in the Coastal Plain, the most
commonly reported product harvested was pine pulpwood (Figure 3). The most commonly reported
average hauling distance for their primary product was between 20 and 60 miles and the most
commonly reported distance moved between tracts was 20–40 miles.
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Figure 3. Reported percentage of products harvested in the past year by physiographic region.

Across all regions, the most commonly reported average harvest size over the past year was
40–80 acres. These harvests occur predominantly on forestland owned by private individuals. Harvests
on forest industry owned land represented a relatively small portion of all harvests, with 5.2% or less
of harvests in any region (Table 2).

Table 2. Type of land ownership where business owners harvested timber in the past year.

Mean Response Percentage

Mountains Piedmont Coastal Plain Overall

Private individuals 92.0 91.3 83.2 89.6
Forest industry 2.9 5.2 4.9 4.9

US Forest Service 4.4 0 0 1.3
State Forests 0 0.1 0.3 0.1
TIMO/REIT1 0 3.3 9.6 3.3

Other 0.7 0.1 2.0 0.8

TIMO = Timberland Investment Management Organization, REIT = Real Estate Investment Trust.

The way loggers acquired the timber they harvested varied by region as well. Business owners
were asked to indicate the percent of their harvests in the past year that derived from timber where
they bought or negotiated the sale directly, and the percent that was contract logging of timber bought
by someone else. The majority of harvests across all regions were bought or negotiated directly by the
logger. The coastal plain had the highest reported percentage of sales where the logger was contract
logging timber that was bought by someone else (Figure 4).

For those sales where the logger indicated that they bought the timber, they were asked specifically
how the timber was purchased. Options for the type of sale included lump sum, cut on “shares”,
which was defined as the “landowner receives a set percentage of delivered price received as the
tract is harvested”, or per unit/pay as cut. Per unit sales were defined as “landowner receives a set
price per ton/MBF (thousand board feet) for each ton/MBF as tract is harvested”. In the Mountains,
the majority of sales were cut on “shares”, whereas in the Coastal Plain the majority of sales were per
unit/pay as cut (Figure 5).
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3.3. Harvesting System and Production Characteristics

The majority of harvests reported were on forestland owned by private individuals (Table 2). Forest
landowners often rely on harvests to meet their forest management objectives. Without a viable logging
workforce capable of implementing multiple types of harvests, many landowners would not be able to
meet their forest management objectives. The production level and type of equipment utilized on a logging
operation are two important factors for determining the capabilities of a logging operation. Awareness of the
characteristics and types of logging businesses within a region and the equipment they utilize can help forest
managers select the most appropriate operation to meet their forest harvesting and management objectives.

Logging business owners were asked to report production in terms of loads or tons produced per
crew per week, and number of crews owned. Values reported in loads per week were converted to
tonnes per week based on average payloads for the trucking configuration they most commonly used.
Tonnes per business per week was based on production per crew and the number of crews owned per
business. Total reported production in the three regions was 240,727 tonnes per week with the majority
of the total production reported in the Piedmont region (57.9%) and only 8.9% from the Mountains
(Table 3). There were considerable differences in average production rates by region. Production in terms
of t/crew/week and t/business/week both showed significant differences between regions (P < 0.0001).
The Coastal Plain had the highest average tonnes per business per week (1403.55), tonnes per crew per
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week (864.01), and also had more crews per business (1.48). Compared to reported production values
from the 2009 survey [11], the overall average number of crews per business increased from 1.16 to 1.20.
The number of crews per business stayed the same in the Mountains, but increased in the Piedmont
(from 1.12 to 1.2) and Coastal Plain (from 1.43 to 1.48). The number of workers per crew was nearly
identical to 2009 levels in the Mountains and Piedmont and decreased from an average of 4.21 to 4.16 in
the Coastal Plain. Production levels in 2009 were reported in loads per week with a statewide average
of 20.42 loads per crew per week. If we assumed this production was entirely from tractor-trailers
(highest average payloads) with a payload of 22.7 t/load (25 tons) then that would be 463.1 t/crew/week.
Assuming tractor-trailer payloads for all production would result in the highest possible production levels
from the 2009 survey results, which is still lower than the 2014 calculated overall average production level
of 530.9 t/crew/week. Increases in production per crew since the 2009 survey could be from increased
mechanization and overall efficiency, but are also likely a result of improved markets and increased
demand following the recession, which likely impacted operations during the previous survey timeframe.

Business owners were asked to estimate the total current value for all logging equipment
used for producing wood (excluding trucks and trailers). We used a method similar to Baker and
Greene’s [10] to evaluate production in terms of annual tonnes per $1000 investment and found an
overall average of approximately 112.6 tonnes per $1000 investment. This was highest in the Coastal
Plain at over 125 tonnes annually per $1000 investment (Table 3). Baker and Greene [10] looked only
at feller-buncher/grapple skidder crews in Georgia between 1987 and 2007 and reported values for
tonnes per $1000 investment that ranged between 112 and 165. They calculated a value for logging
equipment based on reported equipment type and age, whereas we asked respondents to estimate
the value of their equipment. However, the results are similar to their findings, especially in the
Coastal Plain, which predominantly uses feller-buncher/grapple skidder operations.

Table 3. Logging business production characteristics by region.

n Mean MIN MAX SD

Mountains
Crews per business 99 1.05 1 2 0.22
Workers per crew 98 2.80 1 12 1.50
Tonnes per crew per week 89 224.62 16 1247 201.35
Tonnes per business per week 87 245.42 16 1247 251.27
Total current investment 1 (thousand USD) 87 257.68 2 3000 514.39
Annual tonnes per $1000 investment 2 73 99.18 10 499 92.02

Piedmont
Crews per business 180 1.20 1 4 0.51
Workers per crew 178 3.31 1 15 1.85
Tonnes per crew per week 169 581.84 11 2948 509.77
Tonnes per business per week 169 824.69 11 6804 1125.81
Total current investment 1 (thousand USD) 158 491.81 5 6000 712.42
Annual tonnes per $1000 investment 2 149 113.01 4 653 97.50

Coastal Plain
Crews per business 64 1.48 1 5 0.91
Workers per crew 64 4.16 1 11 1.85
Tonnes per crew per week 57 864.01 23 2268 509.45
Tonnes per business per week 57 1403.55 23 6350 1396.08
Total current investment 1 (thousand USD) 56 794.73 10 5000 919.48
Annual tonnes per $1000 investment 2 49 125.17 9 680 115.51

Overall 3

Crews per business 373 1.20 1 5 0.55
Workers per crew 369 3.29 1 15 1.77
Tonnes per crew per week 339 530.94 11 3062 505.56
Tonnes per business per week 336 761.37 11 6804 1105.24
Total current investment 1 (thousand USD) 328 462.07 2 6000 704.14
Annual tonnes per $1000 investment 2 291 112.56 4 680 99.48

1 Indicates current value of harvesting equipment excluding trucking. 2 Annual production (tonnes) calculated
using reported weekly production ×50 weeks/year. 3 Includes responses from all Virginia regions and adjoining
states or regions not specifically identified.
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Reported production levels (Table 3) indicate that there is considerable variation in weekly production
between businesses. To further compare production levels, the businesses were sorted by region based
on the total reported tonnes of production per business. Businesses were then categorized into groups
based on reported production levels. The categories were high (upper 1/3 of businesses), medium, and low
(lower 1/3 of businesses) (Figure 6). Results indicate that production is not evenly distributed across logging
businesses, and a relatively small proportion of the businesses account for the majority of production.
Across all regions, the high-production businesses accounted for over two-thirds of all production and
the low-production businesses accounted for less than 10% of all reported production. This was most
pronounced in the Piedmont, where the high-production group accounted for nearly 75% of production.
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Figure 6. Percentage of total reported production by region associated with low, medium, and high
production logging businesses when categorized based on the upper, middle, and lower thirds of
logging business production levels.

Business owners were asked to indicate the equipment utilized for different harvesting functions
on their operations. They were provided a list of common equipment options for each harvesting
function and were asked to circle the one that they most commonly used. They were also provided
an option for listing “other” equipment used for that function. While almost all types of equipment
can be found on operations in each region, the most common types of equipment utilized varied by
region (Table 4). Chainsaws were the most common felling method reported by businesses in the
Mountains (88.4%), while rubber-tired feller-bunchers were most common in the Coastal Plain (84.1%).
The Mountains showed the most diversity in terms of trucking configurations, while operations in the
Piedmont and Coastal Plain predominantly utilized tractortrailers.

The percent of all responses by logging businesses shows how there is diversity in terms of the types
of equipment utilized on harvesting operations (Table 4). However, there are also substantial differences
in the overall production rates between different types of operations (Figure 6). Therefore, we also
determined the percent of overall total reported production that was produced by businesses commonly
utilizing that type of equipment for a specific harvesting function. This shows the relative proportion of
all timber harvested using that method. Some harvesting methods tend to be less productive in terms
of tonnes produced. For example, overall, 43.7% of respondents indicated that they primarily used a
chainsaw for felling; however, only 10.1% of all reported production was from operations primarily felling
with chainsaws (Table 4). While there are multiple equipment types used in each region, the overall
majority of production is felled with rubber-tired feller-bunchers (81.7%), skidded with grapple skidders
(93.2%), delimbed using pull-through delimbers (64.6%), bucked with a buck/slasher saw (88.9%), loaded
with a trailer mounted knuckleboom loader (90.0%), and trucked using a tractor-trailer (90.9%).
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Table 4. Equipment used for each harvesting function. Percent of reported production represents the
proportion of overall total reported production (tonnes) associated with businesses indicating they
most commonly utilized that equipment.

% Responses (% of Overall Total Reported Production in Tonnes)

Mountains Piedmont Coastal Plain Overall

Felling
Chainsaw 88.4 (66.6) 29.6 (6.7) 11.1 (0.6) 43.7 (10.1)
Rubber-tired feller-buncher 4.9 (13.8) 60.7 (85.6) 84.1 (93.7) 48.2 (81.7)
Tracked feller-buncher 3.9 (15.4) 1.1 (0.8) 1.6 (1.3) 1.8 (2.1)
Cut-to-length harvester 0 (0) 0.5 (0.3) 0 (0) 0.3 (0.2)
Other/Multiple 1 2.9 (4.1) 8.1 (6.6) 3.2 (4.4) 6.0 (5.9)

Skidding
Cable skidder 48.0 (35.4) 11.4 (1.7) 6.3 (0.4) 22.1 (4.4)
Grapple skidder 38.2 (56.1) 78.8 (96.0) 92.1 (99.6) 68.2 (93.2)
Forwarder 1.0 (0.5) 0.5 (0) 0 (0) 0.5 (<0.1)
Bulldozer 2.0 (0.3) 2.2 (<0.1) 0 (0) 1.6 (<0.1)
Other/Multiple 1 10.8 (7.7) 7.1 (2.3) 1.6 (<0.1) 7.6 (2.4)

Delimbing
Chainsaw 84.4 (61.9) 36.9 (12.5) 14.1 (0.9) 46.6 (13.0)
Delimbing gate 1.0 (2.1) 5.6 (5.5) 7.8 (13.1) 4.5 (7.5)
Pull-through delimber 8.7 (18.0) 46.9 (63.1) 70.3 (76.3) 40.2 (64.6)
Chain-flail delimber 0 (0) 1.1 (0.9) 4.7 (5.4) 1.3 (2.2)
Stroke delimber 1.0 (4.2) 2.8 (10.1) 0 (0) 1.6 (5.6)
Other/Multiple 1 4.9 (13.8) 6.7 (7.9) 3.1 (4.3) 5.8 (7.1)

Bucking
Chainsaw 40.2 (21.0) 18.1 (3.2) 13.6 (5.2) 23.7 (5.5)
Buck/Slasher saw 52.6 (76.0) 79.1 (89.6) 77.9 (90.0) 71.3 (88.9)
Swing-boom processor 0 (0) 0 (0) 1.7 (<0.1) 0.3 (<0.1)
Tree length only (no bucking) 0 (0) 1.7 (4.1) 3.4 (2.5) 1.4 (3.0)
Other/Multiple 1 7.2 (3.0) 1.1 (3.1) 3.4 (2.3) 3.3 (2.6)

Loading
Trailer mounted knuckleboom 50.5 (56.6) 78.4 (90.3) 88.7 (97.1) 73.0 (90.0)
Mobile knuckleboom 30.1 (22.4) 10.8 (8.2) 3.2 (0.4) 14.4 (6.5)
Self-loading trucks 6.8 (4.9) 0.5 (0.4) 0 (0) 2.1 (0.6)
Front-end loader 5.8 (1.4) 4.9 (0.3) 3.2 (0.2) 4.7 (0.4)
Other/Multiple 1 6.8 (14.7) 5.4 (0.8) 4.9 (2.3) 5.8 (2.5)

Trucking
Tractor-trailer 23.0 (35.5) 70.6 (95.1) 89.5 (99.2) 58.5 (90.9)
Single axle 7.0 (1.8) 8.3 (0.7) 3.5 (0.1) 7.4 (0.7)
Tandem axle 16.0 (5.7) 9.4 (1.3) 1.8 (0.7) 10.9 (1.7)
Tandem with pup trailer 8.0 (11.3) 2.8 (1.1) 0 (0) 4.4 (1.9)
Tri-axle 14 (8.8) 5.0 (1.6) 0 (0) 6.3 (1.6)
Tri-axle with pup trailer 15 (20.6) 1.1 (.2) 0 (0) 4.6 (1.8)
Other/Multiple 1 17.0 (16.3) 2.8 (0) 5.2 (<0.1) 7.9 (1.4)

Chipping (or biomass production)
Whole tree (dirty chips) 7.6 (24.1) 29.2 (51.5) 18.6 (29.7) 20 (39.8)
Whole tree w/flail (clean chips) 1.0 (3.2) 2.6 (1.4) 1.4 (4.3) 1.7 (2.3)
Whole tree w/flail + grinder 0 (0) 0.5 (1.6) 2.9 (10.2) 0.8 (4.1)
Other/Multiple 1 1.0 (0) 1.6 (3.9) 4.3 (5.7) 2.0 (4.2)
No chipper reported 90.4 (72.7) 66.1 (41.6) 72.8 (50.1) 75.5 (49.6)

1 Respondents were asked to select the most common one, but sometimes selected multiple options.

3.4. Biomass Harvesting

Respondents were asked to report if they harvested biomass or “fuel chips” for energy. Overall,
25% of businesses reported they harvested biomass. Previous studies have noted that biomass harvests
in Virginia were typically performed on integrated harvesting operations, where biomass is produced
from residues concurrently with roundwood production [17]. With integrated harvesting operations,
biomass harvesting is often more feasible for businesses with higher production levels because there is
a larger quantity of residues available and it is more likely that the operation could justify adding a
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chipper to utilize residues for energy. Biomass harvesting was compared by region across production
categories (high, medium, and low production). Production of biomass was more common among the
higher production levels, with the majority of the high-production businesses producing biomass in
the Piedmont and Coastal Plain (Table 5). Significant differences across business production categories
were observed in the Mountains (X2 = 0.0054), Piedmont (X2 < 0.0001), and Coastal Plain (X2 = 0.0421).
This question related to harvesting fuel chips was independent of the question related to type of
equipment used for chipping (Table 4), so while the percentages are similar to those reporting chippers
they do not match exactly because respondents who indicated they produced fuel chips may not have
all reported the primary type of equipment utilized.

Table 5. Percent of businesses indicating harvest of biomass/fuel chips by region across production
category when sorted by production level.

Percent Harvesting Biomass

Production Category Mountains Piedmont Coastal Plain

All respondents 8.7 35.2 29.2
High Production (Upper third) 20.7 60.7 52.6

Medium Production (Middle third) 3.4 39.3 26.3
Low Production (Lower third) 0 11.1 15.8

3.5. Harvest Planning and Implementation of BMPs

Harvest planning is an important tool to ensure efficient and effective logging operations. Pre-harvest
planning of items such as roads, skid trails, landings, and stream crossings can impact the productivity
of the operation, and can also have an impact in terms of compliance with implementation of Best
Management Practices (BMPs) for water quality. Implementation of BMPs for water quality is important
throughout the USA [18] and responses indicate that Virginia logging businesses invest a substantial
amount of time in pre-harvest planning and the implementation of BMPs to protect water quality.

Loggers in the Mountains and Piedmont tended to spend more time on pre-harvest planning than
those in the Coastal Plain. The most common response indicated that they typically spend a half to a
full day per tract on pre-harvest planning, while those in the Coastal Plain tended to spend a half day
or less (Figure 7). This is likely due to the more challenging terrain in the Mountains and Piedmont.
Similarly, logging businesses in the Mountains tended to spend more time per tract closing out the site
and implementing BMPs. The most common response in the Mountains was 1–2 days spent closing
out the tract, whereas the most common time reported in the Piedmont and Coastal Plain was a half to
a full day (Figure 8).
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Figure 7. Typical time spent per tract on pre-harvest planning to locate roads, skid trails, landings, and
stream crossings.
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Figure 8. Typical time spent per tract on closing out the site and implementing Best Management
Practices (BMPs) for water quality.

3.6. Use of Technology and Common Operational Challenges

Owners were asked about the use of various types of technology in their business (Table 6).
Similar to other operational characteristics, this also varied by region. Use of all technologies across all
regions showed increases from the 2009 survey. It is interesting to note that the reported percentage
of e-mail use is higher than use of the Internet for businesses in the Piedmont and Coastal Plain.
This could potentially be because the owners were not necessarily thinking of e-mail as using the
Internet and thought of Internet usage as more related to things such as company websites, social
media, online purchasing, or other web-based activities.

Table 6. Percentage by physiographic region of logging business owners indicating use of different
technologies in their business.

Percent Who Indicated Use of This Technology 1

Technology Mountains Piedmont Coastal Plain

GPS 18.8 29.8 44.6
Computer mapping 13.7 27.0 27.7

Internet 43.1 51.1 75.4
E-mail 39.6 53.9 80.0

1 Respondents were asked to report all technologies they used, so percentages may be greater than 100%.

At the end of the questionnaire, respondents were given an open-ended question related to the
biggest problem they faced in their business. There was considerable variation in these responses and
many were hard to categorize; however, there were some common responses. Common issues cited
by business owners often related to challenges with labor and dealing with employees, e.g., “getting
reliable help”, or “lack of qualified personnel at a reasonable rate”, or “finding people who are willing
to show up for work”. Other common problems identified included complying with regulations,
especially regulations related to transportation and trucking. With most logging businesses, fuel for
trucks and in-woods equipment can be a major expense, so it is not surprising that one of the common
problems identified was the cost of fuel. Other common expenses in logging operations were identified
as a problem, such as the cost of insurance, parts, and new equipment. Prices received for their
products at the mill were also a common problem identified by business owners. While some problems
such as finding qualified employees or dealing with regulations may be common in any business,
some problems identified by logging businesses are somewhat unique to the industry. For example,
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some owners reported challenges related to procuring the future tracts they will harvest, e.g., “running
out of timber to harvest”, “lack of timber”, or “trying to find timber close to home”. Weather in general
was listed as a problem, as well as finding “winter tracts” or tracts with suitable ground conditions
that could be harvested during the typically wetter winter months.

4. Conclusions

Logging businesses vary substantially by physiographic region in Virginia. Overall, the majority of
harvests occurred on forest lands owned by private individuals (89.6%), and private landowners often
have multiple objectives for their forest lands. A diverse logging workforce in terms of size, equipment,
and type of products typically harvested may better enable logging businesses to effectively work with
a diverse group of private landowners who often have multiple forest management objectives.

Logging business production rates were one of the major differences by region. Average
production rates for businesses in the Coastal Plain were more than five times those in the Mountains.
This could be the result of a number of operational differences, including smaller crews, fewer crews
per business, and a greater reliance on manual felling in the Mountains. While a wide variety of logging
operations can be found in any region, the vast majority of reported production across Virginia was
felled with a rubber-tired feller-buncher (81.7%), skidded with a grapple skidder (93.2%), loaded with
a trailer mounted knuckle boom loader (90.0%), and delivered to the mill using a tractor-trailer (90.9%).
Regardless of the region, the high-production (upper third) businesses accounted for the majority
of production. Over two-thirds of all production is harvested by the high-production (upper third)
logging businesses. As markets for biomass increased, many loggers responded by adding a chipper to
produce biomass; this was especially true among the high-production operations, where the majority
in the Piedmont (60.7%) and Coastal Plain (52.6%) reported producing biomass.

Logging is a challenging business and many owners report a number of significant challenges to
their business. However, this survey also indicates that the average production per crew and number
of crews owned per business increased since the previous survey (2009). The average size of businesses
appears to be increasing and much of the production capacity is concentrated in the high-production
(upper third) businesses. The future health of the industry and the ability of the logging workforce to
provide the wood needed by mills may depend on the success and viability of this group of higher
production loggers. Despite many previous challenges, the logging workforce has continued to adapt
with changing markets and other factors and will likely continue to do so in the future.

Acknowledgments: This project received financial and logistical support from the Virginia SHARP Logger
Program, the Department of Forest Resources and Environmental Conservation (FREC) at Virginia Polytechnic
Institute and State University, and the McIntire-Stennis Program of the National Institute of Food and Agriculture,
U.S. Department of Agriculture. The Virginia Tech Open Access Subvention Fund (OASF) provided funding to
publish in open access.

Author Contributions: Scott M. Barrett was involved in the original survey design, administered this survey,
analyzed the data and wrote the manuscript. M. Chad Bolding and John F. Munsell were involved in the design
of the original survey and reviewed and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rephann, T.J. The Economic Impacts of Agriculture and Forest Industries in Virginia; Weldon Cooper Center for
Public Service, University of Virginia: Charlottesville, VA, USA, 2013; pp. 31–37.

2. Virginia Department of Forestry. 2016 State of the Forrest. Available online: http://dof.virginia.gov/
infopubs/sof/SOF-2016pub.pdf (accessed on 12 September 2017).

3. Milauskas, S.J.; Wang, J. West Virginia logger characteristics. For. Prod. J. 2006, 56, 19.
4. Dirkswager, A.L.; Kilgore, M.A.; Becker, D.R.; Blinn, C.; Ek, A. Logging business practices and perspectives

on harvesting forest residues for energy: A Minnesota case study. North. J. Appl. For. 2011, 28, 41–46.
5. Egan, A.; Taggart, D.; Annis, I. Effects of population pressures on wood procurement and logging

opportunities in northern New England. North. J. Appl. For. 2007, 24, 85–90.

235



Forests 2017, 8, 468

6. Munsell, J.F.; Barrett, S.M.; Bolding, M.C. An exploratory study of biomass harvesting among logging firms
in Virginia and North Carolina. For. Sci. 2011, 57, 427–434.

7. Allred, S.; Michler, C.; Mycroft, C. Midwest logging firm perspectives: Harvesting on increasingly parcelized
forestlands. Int. J. For. Res. 2011, 2011. [CrossRef]

8. Moldenhauer, M.C.; Bolding, M.C. Parcelization of South Carolina’s private forestland: Loggers’ reactions to
a growing threat. For. Prod. J. 2009, 59, 37.

9. Blinn, C.R.; O’Hara, T.J.; Chura, D.T.; Russell, M.B. Status of the Minnesota Logging Sector in 2011; Retrieved
from the University of Minnesota Digital Conservancy; University of Minnesota: Saint Paul, MN, USA, 2014.

10. Baker, S.A.; Greene, W.D. Changes in Georgia’s logging workforce, 1987–2007. South. J. Appl. For. 2008, 32,
60–68.

11. Bolding, M.C.; Barrett, S.M.; Munsell, J.F.; Groover, M.C. Characteristics of Virginia’s logging businesses in a
changing timber market. For. Prod. J. 2010, 60, 86–93. [CrossRef]

12. Virginia SHARP Logger Program. 2017. Available online: http://sharplogger.vt.edu/ (accessed on
26 October 2017).

13. Dangle, C.; Vinson, J.A.; Barrett, S.M. Regional Forest Harvest Characteristics across Virginia. Virginia
Cooperative Extension Publication Number ANR-264NP. 2017. Available online: http://www.pubs.ext.vt.
edu/ANR/ANR-264/ANR-264.html (accessed on 11 July 2017).

14. Dillman, D.A. Mail and Internet Surveys: The Tailored Design Method; John Wiley & Sons: New York, NY, USA,
2000; p. 480.

15. JMP, Version 13.0.0. Available online: https://www.jmp.com/en_us/home.html (accessed on 27 November 2017).
16. Cooper, J.; Becker, C. Virginia’s Timber Industry—An Assessment of Timber Product Output and Use, 2007; Resour.

Bull. SRS—155; Department of Agriculture Forest Service, Southern Research Station: Asheville, NC, USA,
2009; 33p.

17. Barrett, S.M.; Bolding, M.C.; Aust, W.M.; Munsell, J.F. Characteristics of logging businesses that harvest
biomass for energy production. For. Prod. J. 2014, 64, 265–272. [CrossRef]

18. Cristan, R.; Aust, W.M.; Bolding, M.C.; Barrett, S.M.; Munsell, J.F.; Schilling, E. Effectiveness of forestry
best management practices in the United States: Literature review. For. Ecol. Manag. 2016, 360, 133–151.
[CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

236



Article

Aboveground Biomass Equations for Small Trees
of Brutian Pine in Turkey to Facilitate Harvesting
and Management

Mehmet Eker 1,*, Krishna P. Poudel 2 and Ramazan Özçelik 1

1 Forest Engineering Department, Faculty of Forestry, Süleyman Demirel University, 32260 Isparta, Turkey;
ramazanozcelik@sdu.edu.tr

2 Department of Forest Engineering, Resources, and Management, Oregon State University, Corvallis,
OR 97333, USA; Krishna.Poudel@oregonstate.edu

* Correspondence: mehmeteker@sdu.edu.tr; Tel.: +90-505-923-8203

Received: 12 October 2017; Accepted: 30 November 2017; Published: 3 December 2017

Abstract: Brutian pine (Pinus brutia Ten.) is the most widespread conifer species in the Eastern
Mediterranean. Aboveground biomass equations for small diameter brutian pine trees are needed for
accurate fuel inventory and to assess carbon sequestration potential. In this study, we developed tree
biomass models based on 143 brutian pine saplings measured in 11 research plots. Aboveground
biomass (AGB) was modeled with a nonlinear mixed effects model which accounted for the variability
among plots. The predicted total AGB was then distributed into foliage, branch and stem components.
The Beta, Dirichlet, and multinomial logistic regressions were unbiased in their estimates of biomass
component proportions. The Dirichlet regression has the advantage of an additive property and does
not require non-standard data.

Keywords: biomass equations; beta regression; multinomial logistic regression; Dirichlet regression;
small trees

1. Introduction

Brutian pine is the most important tree species in Turkey, both ecologically and economically.
Brutian pine forests cover about 25% of Turkey’s total forest area which is about 5.6 million hectares
with a current standing volume of approximately 270 million m3 [1]. Because of its valuable wood
properties, it is one of the most important pine species for the forest products industry in Turkey [2].
Furthermore, brutian pine plays a key role in providing important benefits and environmental services
such as protection of soil and water resources, conservation of biological diversity, and climate change
mitigation and adaptation in Turkey [3]. Therefore, detailed information about stand structure,
total biomass, or biomass of different tree components is needed for sustainable forest management
and harvesting of utilizable potential of the brutian pine forest.

Accurate estimation of tree or forest biomass is a key requirement for calculating biomass
energy, carbon sequestration, as well as for studying climate change, forest health, site productivity,
and nutrient cycling [4]. Furthermore, the increasing use of weight or biomass as a measure of forest
productivity with ever changing market conditions has heightened the need for accurate estimates of
total and component biomass of trees.

The approaches in biomass estimation depend on the scale of analysis, need for detail, user group
interest, and purpose of estimation [5]. Generally, there are three approaches used to estimate
total and component biomass. In the first group of methods, total tree and component biomass
(e.g., stem, crown, branches, leaves, and bark) are regressed against easily measurable tree attributes
such as diameter at breast height (DBH) or DBH and height using linear and nonlinear regression.
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Such methods, however, do not ensure that the sum of biomass predictions from component models
is equal to the biomass prediction from the total aboveground biomass (AGB) model. This issue of
additivity can be resolved by fitting component and total biomass equations as a simultaneous system.
Such methods, if fitted with the ordinary least squares approach, ignore the inherent correlations
among the component models [6]. Therefore, the second group of methods is a regression-based
approach that uses a system of equations to deal with this issue of non-additivity or incompatibility.
Different estimation methods have been suggested to ensure the additivity in a system of biomass
equations for both linear and nonlinear models. In this framework, seemingly unrelated regression
(SUR) and non-linear seemingly unrelated regression (NSUR) have become more popular in recent
years [4,7]. The third group of methods, fairly new in biomass estimation, predicts the proportions of
biomass in each component using generalized linear models such as beta, Dirichlet, and multinomial
logistic regression. Predicted proportions are then applied to the observed total AGB [8] or the total
AGB obtained from fitting a separate equation [9].

Information regarding estimations of total and component tree biomass is currently lacking
in Turkey. Four published sources for brutian pine biomass include studies based on a sample of
30 trees from Eastern Mediterranean Region [10], a sample of 24 trees in north and south Aegean
Islands of Greece [11], a sample of 201 trees from Syria and Lebanon [12], and a sample of 164 trees
in southern of Mediterranean Region of Turkey [13]. However, two of these studies were conducted
outside of Turkey. Allometric equations used in these studies are simple expressions relating tree level
biomass to expressions of tree size except for Özçelik et al. [13]. Common independent variables of
biomass models are DBH and tree height, although some studies have used crown dimensions as
well. Poudel and Temesgen [8] indicated that factors that affect growth in tree diameter and height
(e.g., genetics, site quality, environmental factors, stand density, tree and stand age) also affect AGB
and component biomass. Therefore, there is a need to develop tree-level biomass models using data
from areas within the natural distribution of this species in the Mediterranean Region.

Recently, Chaturvedi and Raghubanshi [14] indicated that woody individuals of small diameter
classes have a significant role in the estimation of total AGB, since this component of the forest
comprises a significant proportion, by number, of the tree population. These trees are not of significance
for volumetric production but can contribute substantially towards biomass and bioenergy as they
have a faster growth than the trees in larger diameter classes. The information about small diameter
trees can be used in inventories of fuel or wood energy, to assess the potential of young stands as fiber
sources and the carbon sequestration potential of natural stands, and as indicators of net primary
production [15]. Additionally, accurate assessment of wildfire behavior requires quantitative estimates
of available fuel load by size class and condition in terms of forest management [16].

Many of the studies concerning biomass estimation have focused solely on the estimation of
individual trees having DBH greater than 8 cm, ignoring the AGB of small diameter trees at the sapling
stage. As a result, available woody biomass and the carbon stored at early stages are often neglected.
Only a few studies address the estimation of small diameter tree biomass in tropical dry forests [14,17],
in temperate deciduous forest [15,18], and in temperate pine forest [19]. Ideally, the biomass equations
should be developed covering all size classes without discontinuity at any tree size.

Small diameter tree biomass estimates in Turkey are limited to a few studies and their predictions
are mainly for crown biomass components and are based on a small sample size [20,21]. Trees with
less than 8 cm DBH are considered small diameter trees in Turkey and are not measured in regular
forest inventory applications such as industrial roundwood production. Therefore, there is no reliable
information about tree volume and total tree biomass or biomass components, such as stem and
branches, for such trees. Reliable small tree biomass models are especially important in fire-prone
forest ecosystems such as brutian pine forests in the Mediterranean Region of Turkey, where nearly 15%
of the forested area is dominated by sapling sized (0.1 cm–8 cm DBH) stands. The lack of aboveground
small diameter tree biomass equations has also affected the accuracy of assessing the amount of
utilizable woody biomass, forest fuel inventories, and carbon sequestration potential.
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AGB is commonly divided into three major components: stem, stem bark and crown (branch and
leaves/foliage). The component biomass models are useful to account for the variability within the
tree. In addition, tree component biomass is used for different purposes that require separate estimates.
The stem wood is used for industrial wood, chip-board wood, and fuel/energy wood production;
crown biomass can provide information on fuel load and wildfire assessment, and woody sections
of branches are also useful in bioenergy production. Therefore, component biomass estimates are
necessary to determine available forest products within the concept of sustainable management and
harvesting of small trees.

In this study, destructive sampling was used to measure the biomass of foliage, branch, and bole
(stem) of sapling stage brutian pine in the Mediterranean Region of Turkey. The objective of the study
was to develop estimation models for total AGB and component biomass of small diameter brutian
pine. Thus, the aim was to estimate the type and amount of biomass that emerged after silvicultural
interventions were applied to young and small diameter trees. A nonlinear mixed effects model
was fitted to predict total tree biomass as a function of DBH and total tree height accounting for the
variation among plots. Predicted total tree biomass was then apportioned into different components
according to the predicted proportions from beta, Dirichlet, and multinomial logistic regressions.

2. Materials and Methods

2.1. Data

This study was carried out in the natural and pure brutian pine forest at the Bucak Model Forest
Enterprises (37◦38′ N–30◦50′ W) located in Isparta Forest District, part of the Mediterranean Forest
Region of Turkey. Tree species, brutian pine, was selected based on its relative abundance and because
it is a fast growing and industrially most valuable species for this region. The study site/plots were
randomly selected from fully operational stands where regular (early) thinning operations had been
carried out. A heavy thinning was conducted in the 11–26 year-old young stands. This treatment
is considered part of common management practices adopted in commercial forests at the sapling
stages. The younger stands experience a similar thinning treatment once they reach the respective
stand development stage.

The studied sites are found on cracked limestone, marnly and flysch deposits with alternating
sandy, silt and limey layers [22]. The mean annual temperature varies from 15 ◦C to 20 ◦C, while the
annual precipitation ranges from 400 mm to 900 mm, with climates ranging from semi-arid to humid
zone. The mean tree density, for trees with DBH smaller than 8 cm, was between 1600 and 3100 per ha.
The thinning intensity was between 58–72% per ha, i.e., removal was between 1200 and 2200 trees per
ha. Mean slope gradient varied from 30 to 65 percent. Ground condition was mountainous, uneven,
rough, and undulating.

Detailed biomass data were collected by destructively sampling 143 brutian pine trees from
11 research plots installed in natural stands. All plots were located within a radius of 30 km
and with similar environmental conditions. The fieldwork was carried out between the summers
of 2014 and 2015. The plots were subjectively selected to represent the existing range of ages,
yield class, stand densities, and sites throughout the area of distribution of brutian pine in the Western
Mediterranean Region. The plot size ranged from 225 to 400 m2, depending on the number of trees
per hectare. All trees in each sample plot were labeled with a number. Descriptive variables such
as status (alive or dead) of each tree in the plots were also recorded. In each research plot, seven to
fifteen trees with DBH < 8 cm were selected and flagged as sample trees with the aim to cover the
range of DBH in each plot. Before felling, DBHs were measured. Two perpendicular diameters
outside-bark (1.3 m above ground level) were measured with a digital caliper to the nearest 0.1 cm
and were arithmetically averaged to obtain DBH (cm). The trees were later felled, leaving stump of
average height 0.10 m, and total bole height was measured to nearest 0.01 m to calculate the total
tree height (in meters). During the felling of a sample tree, it was held by one or more workers to
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avoid deformation and material loss. Trees deformed during the felling were discarded. As soon as
trees were cut, weights of total AGB were recorded using a precise portable scale (30 kg capacity and
±1 g accuracy) in the field. AGB was then separated into stem and crown components. The crown
was further divided into branch and foliage. Subsequently, stems were stripped of their branches
and foliage was also separated from them. The fresh weight of each component (stem, branches,
and foliage) was also recorded in the field.

Representative sub-samples were taken from each biomass component to determine fresh to
oven-dried biomass ratios. For each tree, after all the branches were separated, the whole stem
was measured and cut with a chainsaw into 1 m long sections. Lost sawdust mass during tree and
stem cutting or other sections was neglected because it was generally less than 0.03 kg per tree.
To avoid the losses, newly sharpened chainsaws and axes were used in partitioning stem and branches.
Subsequently, discs were (5 cm thick) cut and taken from the stem section at 1 m regular intervals along
the full length of stem. Additional stem discs were also taken from the previously marked gravity
center of the boles in order to guarantee reliable results. For branch and foliage, four 10–15 cm branch
sub-samples were immediately taken from the representative branches at the center of gravity of
crown and from different parts of the tree, distributed evenly within the crown based on a randomized
branch sampling procedure. Half of the branch sub-samples were further stripped of all needles in
order to determine foliage to branch biomass ratio. Discs and representative sub-samples of branch
and foliage were then weighed and taken to the laboratory. Discs taken from the stem were oven
dried at 104 ◦C until constant weight for a minimum of two days depending on the amount of sample.
Foliage and branches were dried at 65 ◦C until constant weight for at least two days. After drying,
sub-samples of the biomass components (discs, branches, and foliage) were reweighed to determine
the average fresh to oven-dried biomass ratio which was later applied to convert fresh biomass into
dry biomass for each component as well as for the whole tree. The summary statistics of DBH, height,
age, total and component dry weights (biomass) are given in Table 1. In Figure 1, the values of each of
the biomass components and total AGB are plotted against the tree level variables of DBH and tree
height. This figure indicates that, for a given tree height, there is a large variation in the component
and total biomass values.

Table 1. Summary statistics of sample trees used in estimating total aboveground biomass and its components.

Variables n Minimum Maximum Mean Standard Deviation

DBH 143 1.50 7.8 4.40 1.53
HT 143 1.30 7.70 3.86 1.42

AGE 143 11.00 26.00 14.87 4.68
AGB 143 0.42 15.48 4.45 3.03
STM 143 0.18 10.29 2.32 1.85
BCH 143 0.15 3.86 1.42 0.86
FOL 143 0.05 2.82 0.71 0.52

DBH, diameter at breast height (cm); HT, total tree height (m); AGE, age in years; AGB, aboveground biomass (kg);
STM, stem biomass (kg); BCH, branch biomass (kg); FOL, foliage biomass (kg).
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Figure 1. Sample trees of each of biomass component and total aboveground biomass (AGB) versus
tree level variables for analyzed tree species. DBH and HT are diameter at breast height (cm) and total
tree height (m).

2.2. Data Analysis

A two-step process was used to estimate AGB and its components. In the first step, a model to
predict total AGB was fitted and in the second step, models to predict the proportions of biomass in
different components were fitted. The methods used in each step are discussed below.

2.2.1. Estimating AGB

DBH is the most commonly used predictor variable of AGB. However, including height in addition
to DBH improves the accuracy of such models [8,23]. A variety of model forms such as power function
(e.g., Picard et al. [23]), simple logarithmic model resulting from logarithmic transformation of power
function (e.g., Poudel and Temesgen [9]), and exponential model (e.g., Ritchie et al. [24]; Poudel and
Temesgen [8]) have been used to relate such dendrometric variables to AGB. A simple linear model in
the form of Equation (1) was first tested.
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AGBi = β0 + β1 × DBHi + β2 × HTi + εi (1)

where AGBi is the total aboveground biomass of ith tree; β0, β1, and β2 are regression parameters to
be estimated from the data; DBHi is the diameter at breast height of the ith tree; HTi is the height of
ith tree, and εi is the random error.

The regression coefficient for height (estimate of β2 in Equation (1)) was not statistically significant
(p-value = 0.514). A logarithmic model in the form of Equation (2) was then tested.

ln(AGBi) = β0 + β1 × ln(DBHi) + β2 × ln(HTi) + εi (2)

where ln(·) is the natural log and all other variables are the same as defined previously.
Parameters β0, β1, and β2 in Equations (1) and (2) are not necessarily the same. Coefficient of

height was still not statistically significant (p-value = 0.237). Scatterplots of DBH and height against
AGB, however, did not show severe departure from the linear relationship (Figure 1). In addition,
power and exponential models were also deemed insufficient.

Data for this study originated from 11 research plots installed in natural stands. Thus, our dataset
has a hierarchical nature and trees within a plot have more similar allometry than trees from different
plots. Analysis of such a dataset is best done by separating variance due to the plots using mixed
effects models. Therefore, a nonlinear mixed model in the form of Equation (3) was selected as the
final model for predicting AGB using DBH and tree height. All the regression coefficients of this
model were statistically significant at the 0.05 level of significance. In addition, the likelihood ratio test
indicated that the random effect was warranted (χ2

(1) = 181.67, p–value < 0.001).

AGBij = exp
(

β0 + bi + β1ln
(

DBHij
)
+ β2ln

(
HTij

))
+ εij (3)

where AGBij is the total aboveground biomass of ith tree in jth plot; bi is the random plot effect and
bi ∼ N

(
0, σ2

b
)
; DBHij is the diameter at breast height of the ith tree in jth plot; HTij is the height of ith

tree in jth plot. In addition, bi is independent of εij ∼ N
(
0, σ2

e
)
.

2.2.2. Estimating Component Biomass

Traditionally, the amount of biomass present in different tree components has been modeled using
similar equations as the models used to predict total tree biomass. To ensure the additivity of such
equations, the constrained seemingly unrelated regression has been popular. Recently, component
biomass has been estimated as the product of predicted proportion obtained from different generalized
linear models [5,8,9,25] and the predicted total biomass obtained from the method described in the
previous section. In this study, the proportion of biomass in different tree components was estimated
using three generalized linear models: beta regression, Dirichlet regression, and multinomial logistic
regression. Biomass in different components was obtained as the product of predicted proportions and
the total AGB obtained from Equation (3).

Beta Regression

Selection of a regression method depends on the type of the dependent variable. Proportions of
component biomass, the dependent variables in our study, are continuous and restricted to the
(0, 1) interval. In linear regression, the dependent variable is assumed to have a distribution
following a normal distribution making it unsuitable for modeling proportions. Beta regression,
introduced by Ferrari and Cribari-Neto [26], assumes that the dependent variables are beta distributed.
The beta distribution is a continuous distribution defined on the unit interval. It has been used in
forestry to model percent canopy cover [27], riparian percent shrub cover [28], component biomass
proportions [5,8,9], and to model basal area mortality due to fire [29].
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With mean and precision parameters defined as μ = α
(α+β)

and φ = (α + β) respectively,
Ferrari and Cribari-Neto [26] defined beta density function as:

f (y; μ, φ) =
Γ(φ)

Γ(μφ)Γ((1 − μ)φ)
yμφ−1(1 − y)(1−μ)φ−1 for 0 < y < 1 (4)

where 0 < μ < 1 and φ > 0.
The beta regression model can then be written as:

g(μi) = xT
i β = ηi (5)

where g(·) is a strictly increasing and double differentiable link function that maps (0, 1) in to the
real line R, xi = (xi1, . . . . . . . . . , xik)

T is a vector of k explanatory variables, β = (β1, . . . . . . . . . , βk)
T

is a vector of unknown k unknown regression parameters (k < n), and ηi is a linear predictor
(i.e., ηi = β1xi1 + . . . + βkxik , usually xi1 = 1 for all i so that the model has an intercept) [26].

Beta regression is a generalized linear model and different link functions are available to link
the dependent variable with the linear predictor. A logit link function g(μ) = log

(
μ

1−μ

)
, was used,

thus the predicted proportions are obtained as μi =
exp(ηi)

1+exp(ηi)
. The beta regression was performed in

R 3.4.1 [30] with function betareg in the library betareg [26].

Dirichlet Regression

In Dirichlet regression, the dependent variable is assumed to follow a Dirichlet distribution which
is a multivariate generalization of the beta regression. Therefore, it is useful when the dependent
variable is a vector of proportions that represent the components as percentage of the total, thus the
component proportions sum to 1. In forestry, it has been used to model component biomass [8,9,25,31]
and to assess the potential of using photogrammetric data for species-specific forest inventories [32].

Maier [33] used similar parameterization of Ferrari and Cribari-Neto [26] to represent the Dirichlet
distribution as follows:

f (y; μ, φ) =
1

B(μφ)

C

∏
c=1

y(μcφ−1)
c (6)

where 0 < μc < 1 and φ > 0 (μc = αc
φ and φ = α0 = ∑C

c=1 αc are mean and precision parameters

respectively); αc > 0, ∀ c are the shape parameters for each components, yc ∈ (0, 1), ∑C
c=1 yc = 1,

and B(·) is the multinomial beta function. The regression model for mean is formulated as follows:

gμ(μc) = ημc = Xβc (7)

where gμ(·) is the link-function and again with the logit link function, the predicted values are

calculated as μr = 1
1+∑C

a=1 exp(Xβa)
for reference component and μc =

exp(Xβa)

1+∑C
a=1 exp(Xβa)

for other

components. For the details on parameterization of the Dirichlet distribution and the method
of parameter estimation in Dirichlet regression, refer to Maier [33]. The Dirichlet regression was
performed in R 3.4.1 [30] with function DirichReg in the library DirichletReg [33] using component
stem biomass as a reference group.

Multinomial Logistic Regression

The multinomial logistic regression provides the conditional probabilities of observing different
components [34] and can be considered as the proportion of biomass in each component and estimated
by model parameters [35]. The conditional probabilities of each component assuming component stem
biomass as reference category are given by Equations (8)–(10). The multinomial logistic regression
has been used by Poudel and Temesgen [8] to estimate the proportions of component biomass in
Douglas-fir and lodgepole pine, by Poudel and Temesgen [9] to estimate biomass proportions in red

243



Forests 2017, 8, 477

alder and western hemlock, and by Huff et al. [36] to estimate proportion of biomass in different fuel
class categories.

pSTM =
1

1 + e(a1+a2×X1+a3×X2) + e(b1+b2×X1+b3×X2)
(8)

pBCH =
e(a1+a2×X1+a3×X2)

1 + e(a1+a2×X1+a3×X2) + e(b1+b2×X1+b3×X2)
(9)

pFOL =
e(b1+b2×X1+b3×X2)

1 + e(a1+a2×X1+a3×X2) + e(b1+b2×X1+b3×X2)
(10)

where pSTM, pBCH and pFOL are proportions of aboveground biomass in stem, branch, and foliage
respectively; X1 = DBH; X2 = total tree height; and ai, bi (i = 1, 2, 3) are model parameters.
The multinomial logistic regression was performed in R 3.4.1 [30] with function multinomial in
the library net with biomass present in each component was used as frequency weight.

2.3. Evaluation

Performances of all the methods were evaluated based on the bias (mean difference in observed
and predicted values), bias percent, root mean squared error (RMSE), and RMSE percent produced by
each method.

Bias = ∑n
i=1(yi − ŷi)

n
(11)

Bias % = 100 × Bias
Y

% (12)

RMSE =

√
∑n

i=1(yi − ŷi)
2

n
(13)

RMSE % = 100 × RMSE
Y

% (14)

where n is the number of trees, yi and ŷi are observed and predicted values of AGB or its component,
and Y is the mean AGB or component biomass.

3. Results and Discussion

Parameter estimates and their standard errors for the nonlinear mixed effects model used to
predict total AGB are given in Table 2. The boxplot of AGB in each plot shows the variability in total
AGB among 11 plots (Figure 2).

The relationship between AGB and dendrometric variables such as DBH and height varies by
stands or plots. Therefore, the mixed effects model was appropriate in our study because it addressed
the hierarchical nature of the data by incorporating plot level variation in the model. The bias and
RMSE of this model for the modeling data were −0.01 kg and 0.84 kg (−0.17% and 18.84% of mean
AGB, respectively). The residual analysis did not show any problems with the model fit (Figure 3).
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Figure 2. Boxplot of aboveground biomass in different plots in which the samples were
destructively collected.

Figure 3. Scatter plots of fitted values against the standardized residual of the model for predicting
total aboveground biomass.

Table 2. Parameter estimates and their standard errors for the model used to predict total AGB
(Equation (3)) of small DBH trees. βi

′s (i = 0, 1, 2) are regression coefficients and σe and σb are
variance components of mixed models.

Coefficient Estimate Standard Error

β0 −0.99599 0.17875
β1 1.19234 0.10157
β2 0.44547 0.11328
σe 0.87035
σb 0.35789

Allocation of component biomass is influenced by various site factors such as stand density,
site productivity, competition at the tree level, soil characteristics such as texture and moisture
content, and tree characteristics such as species and age [8]. In mature stands and trees, most of
the biomass is contained in the main stem. For our sample trees, stem, branch, and foliage biomass,
on average, accounted for 50%, 33%, and 17% of total AGB. Stem biomass ranged from 27% to 68%,
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branch biomass ranged from 18% to 53%, and foliage biomass ranged from 4% to 29% of total AGB.
The proportion of stem biomass increased with increasing DBH and height (Figure 4). Similar findings
for brutian pine were reported by de-Miguel et al. [12]. They found that the proportion of stem
biomass is lower in small or young trees whereas the proportion of crown biomass diminishes as
the tree grows. Note that the proportions in compositional data are inversely related, i.e., if the
proportion of one component increases, the proportion of the other components decreases—also seen
in Figure 4. Foliage biomass decreased with increasing diameter and height. However, the rate of
decline in foliage biomass was higher with increasing height (in meter) than with increasing DBH
(in centimeter). This could be because the vertical competition has more effect on crown biomass
than the horizontal competition. Branch biomass proportion showed a similar trend as the foliage
proportion. After 4 cm DBH and 4 m height, both branch and foliage biomass declined monotonically
while the stem biomass increased monotonically. This can have both ecological significance as well
as management implications. One such implication is assessing the potential for supplying branch
and foliage biomass (the logging residues) for bioenergy production. Kuuluvainen [37] found that
the proportion of stem biomass from total AGB increased from smaller to larger trees and then
stabilized. This reflects, in line with the pipe-model theory [38], the increasing need for biomass
allocation into stem at early stages of tree development until a balance between stem and crown
biomass accumulation is achieved. The results are consistent with current biological knowledge on
stand dynamics of light-demanding species. Brutian pine is managed under even-aged schedules
and trees growing in such stands have longer stems and smaller crowns because of the competition
for light.

Figure 4. Trend in component biomass proportion with respect to DBH and total height. Trend lines
are obtained through loess fit.
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In this study beta, Dirichlet, and multinomial logistic regressions were used to predict the
proportion of biomass in stem, branch, and foliage. These are all generalized linear models and were
unbiased in predicting biomass proportions. However, the prediction of proportion and error in
proportion itself is not as relevant and requires that both estimates and error in biomass units are
obtained. This can be obtained by applying predicted proportions to the total biomass obtained from
AGB equation. This underscores the importance of developing the best possible model to obtain total
AGB because partitioning an inaccurate AGB would provide inaccurate estimates of the component
masses as well. On the other hand, accurate models to predict component biomass are essential to
meet other purposes such as to assess availability of biomass feedstock. Therefore, biomass in different
components was obtained by applying predicted proportions to AGB predicted from the nonlinear
mixed effects model.

The beta regression models predicted proportion of biomass in stem, branch, and foliage
independently of each other. Parameter estimates and their standard errors of beta regression models
are given in Table 3.

Table 3. Parameter estimates, their standard error (in parenthesis), and pseudo-R2 (an R2-like measure
calculated based on estimated likelihood) values for the small DBH trees using beta regression.

Model
Parameter Estimates

pseudo-R2

Intercept DBH HT

Foliage −0.91797 (0.07839) 0.06866 (0.03182) −0.26256 (0.03567) 0.4245
Branch −0.35913 (0.07030) 0.01450 (0.02795) −0.10239 (0.03045) 0.1827
Stem −0.68726 (0.07219) −0.04483 (0.02826) 0.22690 (0.03089) 0.4780

Component models are generally not as good as the model to fit AGB. The model to predict
branch biomass proportion had the smaller pseudo-R2 (0.1827) than the models to predict stem and
foliage biomass. This is justified by the flatter smooth line observed in Figure 4. The stem and foliage
proportion models had pseudo-R2 0.4245 and 0.4780, respectively. The evaluation statistics produced
by the beta regression models are given in Table 4. Branch and stem biomass were over predicted by
the beta regression models by 1.62% and 0.25% whereas the foliage biomass was under predicted by
2.93%. RMSEs for the beta models were 39.11%, 31.50%, and 18.77% for foliage, branch, and stem
biomass estimation, respectively. Note that, even though the foliage model had a higher pseudo-R2

value than the branch model, it had a higher RMSE percent than the branch model.

Table 4. Bias and root mean squared error (RMSE) obtained from beta regression.

Component Bias (kg) Bias Percent RMSE (kg) RMSE Percent

Foliage 0.0207 2.9291 0.2764 39.1106
Branch −0.0230 −1.6228 0.4464 31.4956
Stem −0.0059 −0.2541 0.4357 18.7655

Dirichlet regression assumes that the dependent variable is a vector of proportions with unit sum
and follows a Dirichlet distribution which is a multivariate generalization of the beta distribution.
Unlike in beta regression, component models are fitted simultaneously, thus ensuring the unit sum
of the predicted proportions. Parameter estimates and their standard errors along with fit statistics
are presented in Table 5. The biomass in stem was used as the reference group, hence there were no
parameter estimates for stem biomass. One can change the reference group to obtain model coefficients
for stem biomass. However, the component proportions estimated in such a manner would not
necessarily have unit sum.
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Table 5. Parameter estimates for the component biomass models for small DBH trees using Dirichlet
regression. Component stem biomass was used as the reference group.

Model
Parameter Estimates

R2

Intercept DBH HT

Foliage 0.16631 (0.07383) 0.02972 (0.02884) −0.17838 (0.03135) 0.4602
Branch −0.16228 (0.09182) 0.07570 (0.03647) −0.32911 (0.04184) 0.1880

Similar to beta regression, the Dirichlet regression over predicted branch and stem biomass by
1.52% and 0.12% whereas the foliage biomass was under predicted by 2.36%. RMSEs produced by the
Dirichlet regression (Table 6) were practically identical to that produced by the beta regression but
the Dirichlet regression should be preferred to the beta regression due to the assurance of the desired
additive property.

Table 6. Bias and root mean squared error obtained from Dirichlet regression.

Component Bias (kg) Bias Percent RMSE (kg) RMSE Percent

Foliage 0.0167 2.3631 0.2763 39.0965
Branch -0.0216 −1.5240 0.4468 31.5238
Stem −0.0028 −0.1206 0.4351 18.7396

Multinomial logistic regression is similar to the Dirichlet regression in the sense that both fit
the components simultaneously and ensures that the sum of predicted proportions is equal to one.
Parameter estimates and their standard errors of the multinomial logistic regression are given in
Table 7.

Table 7. Parameter estimates for the component biomass models for small DBH trees using multinomial
logistic regression model. Component stem was used as the reference group.

Model
Parameter Estimates

R2

Intercept DBH HT

Foliage −0.10942 (0.41677) 0.05607 (0.13695) −0.31204 (0.14648) 0.4516
Branch 0.28112 (0.33235) −0.00041 (0.10719) −0.17256 (0.10946) 0.1766

Multinomial logistic regression over predicted the biomass proportions for all components by
no more than 0.2% (Table 8). It produced the smallest RMSEs, compared to both beta and Dirichlet
regressions. However, these RMSEs were within 0.5% of each other.

Table 8. Bias and root mean squared error obtained from multinomial logistic regression.

Component Bias (kg) Bias Percent RMSE (kg) RMSE Percent

Foliage −0.0004 −0.0566 0.2744 38.8276
Branch −0.0017 −0.1199 0.4395 31.0087
Stem −0.0055 −0.2369 0.4309 18.5587

4. Conclusions

Using the data collected by destructively sampling 143 trees in 11 research plots installed in natural
stands that were 11 to 26 years old, total and component biomass of brutian pine trees in Turkey were
modeled. Total AGB was modeled using a nonlinear mixed effects model which accounted for the
variability among plots. The predicted total AGB was then distributed into different tree components
using the predicted proportions obtained from generalized linear models.
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Stem, branch, and foliage biomass, on average, accounted for 50% (range 27–68%),
33% (range 18–53%), and 17% (range 4–29%) of total AGB. Biomass of different components did
not follow a consistent trend with respect to tree age (Figure 5). Proportion of stem wood biomass
increased until age 16 years, then declined until age 22 years, and increased again. Proportions of
branch and foliage biomass declined until age 16, then increased until age 21, and declined again
thereafter. The foliage proportion had a similar trend to the branch proportion but the second decline
began after around age 25 years (Figure 5).

Figure 5. Distribution of biomass in different aboveground components by age in small diameter
brutian pine trees sampled in this study.

The beta, Dirichlet, and multinomial logistic regressions produced unbiased estimates of biomass
proportions. These methods produced similar bias and root mean squared error values. The beta
regression fits the component models independently. Therefore, it does not guarantee that the sum of
the predicted proportions is equal to one. However, the Dirichlet and multinomial logistic regressions
fit component models simultaneously and ensure the additivity of component masses. Note that the
use of multinomial logistic regression requires arbitrary categorization and provides the predicted
probabilities of those categories. In component biomass modeling, such predicted probabilities are
considered the predicted proportions. The Dirichlet regression has the additive property, does not
require such non-standard data categorization, and has similar performance as the multinomial logistic
regression and may be preferred over the multinomial logistic regression. Models developed in this
study can also be used in feasibility analysis of theoretical potential of establishing bioenergy plants,
assessment of wildfire fuel load, and potential of brutian pine for carbon sequestration. Since the
prediction accuracy of component biomass is dependent on the accuracy of the model to predict total
AGB, future work on testing model forms and modeling approaches for AGB prediction with larger
datasets is also critical.
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Abstract: This project measured soil erosion rates from bladed skid trails in the mountains of Virginia
following a timber harvest, and compared measured erosion to four erosion model predictions
produced by Universal Soil Loss Equation—Forest (USLE-Forest), Revised Universal Soil Loss
Equation, v.2 (RUSLE2), Water Erosion Prediction Project—Road (WEPP-Road) using default files,
and WEPP-Road using modified files in order to assess the utility of the models for these conditions.
Skid trails were segregated into six blocks where each block had similar trail slopes and soils.
Each block contained four skid trail closure treatments: (1) bare soil (Control); (2) residual limbs and
tops (Slash); (3) grass seed (Seed); and (4) fertilizer, seed, and straw mulch (Mulch). All treatments
had waterbars, the minimum trail closure best management practice (BMP), to provide upslope
and downslope borders of experimental units. Site cover characteristics on each experimental unit
were collected quarterly as input parameters for erosion models. The suitability of soil erosion
models were evaluated based upon statistical summaries, linear relationships with measured
erosion rates, Nash-Sutcliffe Model Efficiency, and a nonparametric analysis. Treatments were
measured to have erosion rates of 15.2 tonnes ha−1 year−1 (Control), 5.9 tonnes ha−1 year−1 (Seed),
1.1 tonnes ha−1 year−1 (Mulch), and 0.8 tonnes ha−1 year−1 (Slash). It was determined that
WEPP-Road: Modified (p-value = 0.643) and USLE-Forest (p-value = 0.307) were the most suitable
models given their accuracy; however USLE-Forest may be better for making management decisions
given its practicality.

Keywords: bladed skid trails; forest operations; forest harvesting; soil erosion modeling; best
management practices

1. Introduction

The United States Environmental Protection Agency (USEPA) has identified sediment as the
most damaging nonpoint-source pollutant in the U.S. [1]. Forest operations have the potential to
produce substantial amounts of soil erosion that may be delivered as sediment in streams [2], thus a
variety of forestry best management practices have been developed to either reduce soil erosion or
interrupt delivery of eroded material to streams. In the southern Appalachians of the U.S., primary
sources of soil erosion associated with forest operations are forest roads [3], overland [4] and bladed
skid trails [5], and stream crossings [6]. Roads and skid trails are potentially highly erosive due to
exposure of bare soil, terrain slope steepness, low road drainage standards [7,8], and traffic during
poor weather conditions. The combination of these factors are known to increase erosion; therefore
increasing the possibility of stream sedimentation and degradation [9,10]. Skid trails are potentially
of more concern than haul roads because skid trails typically have lower standards than roads and
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skid trails may comprise a larger percentage of the harvest area [11]. Bladed skid trails are often
used in the steep terrain of the region to facilitate skidder operator safety and operational efficiency.
They differ from overland skid trails in that a bulldozer is used to construct the road, as opposed to
having equipment simply drive on the surface of the soil [3,4]. Kochenderfer [12] estimated that up to
84% of exposed mineral soil in a harvest area was due to skid trails. More recently Worrell et al. [13]
reported that bladed skid trails comprised approximately 8% of harvest area in the Appalachian
Mountains. Wade et al. [5] measured erosion produced by bladed skid trails in the Piedmont region
and determined that sediment production was strongly influenced by the application of forestry best
management practices (BMPs). Trails with only waterbars produced 1.1 tonnes ha−1 year−1 of erosion
whereas trails using slash or mulch cover produced <4 tonnes ha−1 year−1.

Best management practices for skid trails have been developed to reduce the impacts of forest
operations on water quality [14]. Skid trail BMPs include pre-harvest planning (e.g., layout of bladed
skid trails), water control structures (e.g., water bars), and the use of ground cover on skid trails [15].
Commonly suggested methods of ground cover for bladed skid trails include grass seed, straw mulch,
and residual limbs and tops from the forest harvest (slash) [16–19]. These methods of ground cover
have been found to be both effective and economical in the past [4,5,20].

Soil erosion has the potential to reduce site productivity [21,22] and negatively impact water
quality [2], thus quantification of the effects of forest best management practices on soil erosion are
clearly important. However, on-site measurement of erosion is often costly and time consuming, thus
models are commonly used to estimate erosion potentials [23,24]. Several models were developed
to allow agricultural land managers to estimate and prioritize erosion issues and have been adapted
to forest use over time [25]. Erosion models can be used by forest managers to make silvicultural,
management, or even forest engineering decisions [26]. They are frequently modified to maintain
and increase their accuracy and dependability [23]. One of the oldest and most widely applied soil
erosion models is the Universal Soil Loss Equation (USLE) that was originally developed by the
USDA in 1954 to estimate potential sheet and rill erosion from agricultural lands. The USLE is an
empirical model that has been adapted to predict erosion from rangelands, minelands, watershed, and
forest lands [27]. Dissmeyer and Foster [28] modified the USLE for use on forestlands (USLE-Forest).
The USLE-Forest is relatively simple to use and has been widely used successfully on skid trails in the
Piedmont physiographic region [4,5,20]. The USLE-Forest equation components are:

A = RKLSCP (1)

where A is the annual soil loss per unit area, R is the rainfall and runoff factor, K is the soil
erodibility factor, L represents the slope-length factor, S is the slope-steepness factor, C is the cover
and management factor, and P represents the support practices factor [28]. R is determined based
upon the average weather conditions at the location of interest. K is a function of multiple soil
characteristics: soil texture, organic matter content, structure, and permeability. K values can be
found in soil surveys or soil descriptions [29]. More accurate K-value estimates can be obtained by
completing a nomograph included in the USLE-Forest manual. The L value is “the ratio of soil loss
from the field slope length to that from a 72.6-foot (22.13 m) length under identical conditions” [28].
Likewise, slope-steepness factor (S) is defined as “the ratio of soil loss from the field slope gradient
to that from a 9-percent slope under otherwise identical conditions” [28]. These two variables can be
determined from a table found in A Guide to Predicting Sheet and Rill Erosion on Forest Land, written
by Dissmeyer and Foster [28]. Cover and management (CP) factors are based upon the amount of
bare soil, presence of canopy, soil reconsolidation, high organic matter content, fine roots, residual
binding effects, onsite storage, and natural sediment trapping resulting in steps, and can be derived
from tables published by Dissmeyer and Foster [28].

The USLE was later revised and converted to a computerized format, labeled the RUSLE or
Revised Universal Soil Loss Equation. This model was first produced in the early 1990’s, and
RUSLE1.06 and RUSLE2 were both released in 2003. Although the original empirical algorithm
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from the USLE was kept, it was modified for improved accuracy by deriving soil loss factors in
new ways. This revision included changes to make the model more suited for use with forest lands.
Other improvements included updated rainfall coefficients, after changing some of the R factors in the
eastern US based on weather data collected from more than 1200 weather stations. Soil erodibility (K)
is varied seasonally for increased accuracy. The LS factor is improved in that it takes into account the
“susceptibility of the soil to rill erosion relative to interrill erosion” and the cover factor uses a new
algorithm for determining cover based on prior land use, canopy cover, soil cover, and soil surface
roughness [30]. RUSLE2 has no specific data files for forest roads, however there are “highly disturbed
land” files that can be modified to suit different forest road treatments [24].

The Water Erosion Prediction Project (WEPP) is a physically-based model produced by the
U.S. Department of Agriculture Natural Resource Conservation Service (NRCS) and U.S. Forest Service
(USFS) to replace the USLE formula. WEPP “models soil erosion as a process of rill and interrill
detachment and transport” [31] as opposed to empirically modeling the ground conditions [32,33].
The WEPP model had additional potential utility because it estimates daily conditions that affect
erosion, over the course of a year. In this, senescence, plant growth, residue accumulation and
decomposition, as well as daily temperatures and soil water availability are taken into account to
provide a very detailed estimate of soil loss over time. An additional benefit is the ability to model
complex slopes and forest road profiles, with features such as cutslopes and fillslopes, ditches, and
road surfaces [23]. Four types of data files are required to run WEPP: (1) a climate file, to include
data on daily precipitation and temperature; (2) a hillslope file, which can contain multiple points
to describe a slope’s shape; (3) a soils file, which can include multiple soil types across the hillslope;
and (4) a management file containing information on soil disturbances and vegetative conditions
present [26]. Weather data are obtained through Cligen, the USDA’s weather resource. This weather
file models weather data on a daily basis for more than 1000 climates [34]. Using the hillslope file,
WEPP determines the erosion or deposition rates for at least 100 points of the hillslope if there is any
runoff predicted that day [35]. Because WEPP, like other models, was originally intended for cropland
or rangelands, there have been many efforts to adapt it for forest uses [36–41]. One of these interfaces
is the WEPP-Road model interface. This program allows the user to determine the amount of sediment
delivered to the stream through the forest buffer and amount of sediment eroded from each portion
of the road, as well as determine the presence of a sediment plume in the forest [42]. At this time,
the selections for cover and land use scenarios appear to limit WEPPs utility for estimation of erosion
for many eastern forest management regimes [43].

There have been several attempts to assess the performance of these three models. Wade et al. [24],
compared sediment trap data to predictions by all three models. Erosion rates were estimated from
different sections of bladed skid trail in the Piedmont of Virginia using sediment traps, and were then
compared to erosion rates predicted by USLE, RUSLE2, and WEPP models. It was found that overall,
all three models performed well enough for identifying erosion hazards and making management
decisions. When comparing the modeled data, it was determined that USLE-Forest ranged from
0.9× to 2.2× the actual erosion rates from data collected from the sediment traps. RUSLE2 ranged from
0.4× to 2× the actual erosion, and WEPP-Road ranged from 2.3× to 7.5× [24]. These data indicated
that the USLE-Forest and RUSLE2 can be useful at approximating erosion rates, but WEPP-Road
values should only be used for ranking purposes on bladed skid trails. Foster, Toy, and Renard [44]
found similar results when comparing USLE, RUSLE1.06, and RUSLE2. WEPP modeling efforts can
be improved with laborious programming, but is time consuming and requires many measurements
to modify the working files [45]. Lang et al. [45] found that soil erosion models worked best when
estimating erosion rates less than 11.2 Mg ha−1 year−1; however when erosion rates surpassed this
amount model estimates varied widely. Croke and Netherly [25] compared the USLE and WEPP on
skid trails in Australia and concluded that the USLE was more user friendly while the WEPP model
was a better predictor of erosion on skid trails. However, their investigation indicated that neither
method was wholly satisfactory for estimation of erosion. One important distinction to note is the
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difference between empirical models, which are simpler to use but are based on observations and
measurements; and physically-based models which replicate erosion processes as equations [32,33].
Both types of models have their own advantages and applications [32].

Overall, the literature clearly indicates that erosion from skid trails can be a significant source
of nonpoint source pollution from forestry operations [2,46–48] and that rates of erosion for different
types of skid trail BMPs are warranted in order to evaluate BMP efficacy. This aspect of the problem is
addressed by a companion paper [49]. Furthermore, the literature indicates that erosion models have
been used with varying success to estimate erosion from skid trails, but modeled erosion rates from
bladed skid trails in mountainous terrain have not been compared to direct erosion measures.

The primary objective of this study was to compare measured erosion rates from four bladed skid
trail closure methods in mountainous terrain with those produced by the Universal Soil Loss Equation
(USLE-Forest), the Revised Universal Soil Loss Equation (RUSLE2), the Water Erosion Prediction
Project (WEPP-Road: Default), and a more modified version of WEPP (WEPP-Road: Modified).

2. Materials and Methods

2.1. Research Site

The study site is located in the Ridge and Valley physiographic province, on Virginia Tech’s
Fishburn Forest located in Montgomery County, Virginia (Figure 1). This physiographic province is
characterized by long mountain ridges with constant linear valleys in between them. The average
yearly precipitation is 103.86 cm [50]. The average high and low temperatures for this location in
January are 5.3 ◦C and −5.9 ◦C. The average high and low temperatures in July are 27.9 ◦C and
15.6 ◦C [50]. Rainfall data were collected from a nearby weather station for the duration of the study
period (Figure 2) [51] and were used to compare the effects of rainfall on erosion rates [49].

The soils are very shallow, well drained silt loams, being derived mostly from shale, siltstone,
and sandstone residuum. Berks, Weikert, Berks-Weikert and Clymer soil series (Lithic Dystrudepts)
dominate the site [29]. The harvested stands were primarily mixed upland hardwood-pine stands,
composed of white pine (Pinus strobus L.), chestnut oak (Quercus montana Willd.), and white oak
(Quercus alba L.). Slopes in this region range from 0% to 100%.

The site was harvested in late 2014-early 2015 using a shelterwood overstory removal of upland
hardwoods and pine. Skid trails were laid out in a “logger’s choice” arrangement. Skid trail slopes
ranged from 0–35%, with an average slope of 16%. Skid trail sideslopes ranged from 5–45%. The skid
trails were divided into 6 blocks based on slope class. Two blocks were arranged in each slope class:
Gentle (0–10%), Moderate (11–20%), and Steep (>20%). Each block of treatments contained the four
closure methods that were compared in this experiment.

Figure 1. Timber harvest was located in Montgomery County of southwestern Virginia, located on the
southeastern coast of the United States. Map is not to scale.
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Figure 2. Daily rainfall amounts over the course of 1 year of data collection.

Treatments consisted of 15.2 m segments of skid trail, approximately 2 m wide. On steep slopes
(>20%) the treatments were shortened to 12.2 m in order to comply with state BMP guidelines [14].
Closure methods were randomly assigned to each of the 24 experimental units. Units were separated
by waterbars. Skid trail treatments were closed to vehicle traffic over the course of the study period in
order to avoid any effects of heavy trafficking on soil erosion rates [52].

2.2. BMP Treatments

Four types of treatments were used in this study: (1) waterbars only (Control), (2) waterbars with
grass seed (Seed), (3) waterbars with grass seed, fertilizer, and straw mulch (Mulch), and (4) waterbars
with slash (Slash) (Figure 3). The Control treatment consists of waterbars with no ground cover
treatments and represents the minimum acceptable BMPs as a control reference to which the other
treatments were compared. For the Seed treatment, grass seed was applied at the time of skid trail
closeout (April 2015) using a mix of 50% perennial ryegrass (Lolium perenne L.) seed and 50% K-31
fescue (Festuca arundinacea Schreb.), based on suggestions from the VDOF BMP manual [14]. Seeds were
spread with a hand operated seeder to ensure adequate coverage, at a rate of approximately 168 kg/ha.
For the Mulch treatment, the same grass seed mixture was applied, followed by fertilizer and straw
mulch. Mulch was spread by hand to ensure near total coverage, at a depth of 3–6 cm across each
experimental unit [14]. Fertilizer [5-10-10 (N, P2O5, K2O)] was added at a rate of 336 kg/ha to provide
sufficient nutrient availability for the grass. Slash treatments utilized residual slash from on-site
logging operations, and was primarily composed of yellow-poplar (Liriodendron tulipifera L.), hickory
(Carya spp.), scarlet oak (Quercus coccinea Münch.), chestnut oak (Quercus montana Willd.), white oak
(Quercus alba L.), white pine (Pinus strobus L.), and Virginia pine (Pinus virginiana Mill.). Slash was
hand applied onto skid trails to ensure similar coverage and then compacted with a bulldozer to make
contact with the ground. After being tracked in by the bulldozer, slash was at a depth of 0.6–0.9 m.
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Figure 3. A comparison of the four skid trail closeout best management practices (BMPs) used in
the study.

2.3. Sediment Trap Installation and Measurement

A full description of the collection of field data and the effectiveness of skid trail closure methods
is available from Vinson et al. [49]. Sediment traps were used to measure erosion rates in the field over
the course of the year. These sediment traps consisted of silt fences that were joined to the downslope
waterbars so that they collected all runoff from the skid trail treatment (Figure 4). Berms were
constructed on either side of the skid trail to limit overland flow and to ensure runoff from the
treatment made it into the sediment trap. Within each sediment trap, metal pins were driven into the
ground at regular intervals in a grid pattern. The depth of the sediment was measured at each sediment
pin on a monthly basis, as was the area of the sediment collected. From this a volumetric accumulation
of sediment was determined over time. Bulk density samples were taken from the accumulated
sediment, and this was used to convert the volume of collected sediment to a gravimetric amount.

 

Figure 4. An example of the silt fence sediment traps used in the study. Sediment pins were driven
into trap area on a grid pattern and measured at regular intervals.
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2.4. Erosion Model Parameters

For modeling, each experimental unit was divided into three sections. The first section being the
downhill side of the upslope waterbar, the second section being the actual skid trail surface, and the
third being the uphill side of the downslope waterbar (Figure 5a,b). Sections 1 and 2 were modeled
together. Since the two waterbars have sides that are contributing to the area, they needed to be
accounted for in the modeling as well. The slope and length of every section was measured using a
total station. The USLE was used to estimate erosion from each section of each treatment, and estimates
were combined in a weighted average total erosion estimate for each treatment. Grass treatments
had model estimates determined both before and after seed germination for a comparison, as ground
cover values were measured in the field every 3 months to account for variations in seasons, the
establishment of grass, and decomposition of slash and mulch. Slope, climate data, soil characteristics,
and cover practices were determined for each experimental unit and input into all three models to
estimate soil loss. Actual erosion rates were converted to tonnes ha−1 year−1 in order to compare
estimates provided by all three models. For each treatment area the following data were collected:
ground cover, slope gradient and slope length, percent of soil in clay, sand, and silt, soil rock content,
and rainfall data.

2.5. USLE-Forest Parameters

A rainfall runoff factor of 150 was used as it was derived from a rainfall contour map provided
by the USLE-Forest manual [28]. A soil erodibility factor of 0.43 was obtained from the Montgomery
County, VA Soil Survey [29]. A total station was used to measure the slope length and gradient for the
upper and lower waterbars, and the section of bladed skid trail located between the two. Slope lengths
were often too small to be found in the USLE-Forest manual, and therefore were obtained using
the equation:

LS = (λ/72.6)m(65.41sinθ2 + 4.65sinθ + 0.065) (2)

where λ is the slope length in feet, θ is the slope angle in degrees, and m is 0.2 for <1% slopes, 0.3 for
1% to 3% slopes, 0.4 for 3.5% to 4.5% slopes, and 0.5 for ≥5% slopes [28]. The bladed skid trails were
considered to be tilled soil, therefore having CP factors to include bare soil, residual binding, and soil
reconsolidation; canopy effect; steps; onsite storage; invading vegetation; and contour tillage. Bare soil
percentages were calculated by creating transects across the treatment, with evenly spaced points.
At each point, ground cover was determined to be either bare or covered, and ground cover percentage
was calculated. Ground cover included vegetation, straw mulch, woody residues, rock fragments, and
leaf litter. These measurements were collected quarterly over the course of a year to cover the span of
four seasons. A weighted average of the four periods was used to determine a final annual erosion
rate for each treatment.

2.6. RUSLE Parameters

Erosion estimates were also predicted using RUSLE2. Montgomery county weather and soil files
were imported into the program to more accurately estimate soil loss. Climatic data were accessed from
the NRCS database [29] for Montgomery County, Virginia. Daily and monthly average rainfall rates
were included in these data. Montgomery county soil survey indicated the Berks-Weikert complex as
the soil series for the site [29], the soil file for which was then imported into the program. The soil file
contains information on the erodibility of the soil, the soil texture, and acceptable loss rates. For every
treatment, a slope profile was created based on the measured slope and length of each section of
the treatment area. Management files had to be created for each BMP treatment, as there were no
pre-made files to represent forest roads or skid trails. All operations were set to occur in late April to
coincide with the initial site installation. The “highly disturbed land/blade cut” option was selected to
represent the Control treatments. Seed treatments used this file, but with the modification of “broadcast
seed operation” also used. “Fescue” and “Ryegrass” were used as the species of seed applied, and
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the “live surface cover” was modified to represent the percentage of ground cover contributed by
the germination of the grass seed as time increased. Mulch treatments used this file; however it was
modified to include the “add mulch” operation in the form of “bale straw or residue.” The type of mulch
chosen in this instance was “wheat straw.” The option “specify cover directly” was chosen and modified
for each treatment to correspond with cover percentages measured in the field. Slash treatments were
best represented by the “highly disturbed/blade cut” option, followed by the “add mulch” operation,
with “prunings, orchard and vineyard, flail shredded” chosen as the material. The cover was again
manipulated by modifying the “specify cover directly” parameter, and by modifying the decomposition
half-life of the material to 1800 days, as based on rates used by Wade et al. [24] to represent the
decomposition rate of woody debris from southern Appalachian hardwood forests.

 
(a)

 
(b)

Figure 5. (a) Profile of skid trail treatment. Sections 1 and 2 (lower side of upslope waterbar and skid
trail surface) were modeled together; Section 3 (upper side of downslope waterbar) was modeled
separately; (b) Photographs of a Mulch treatment from the upslope waterbar looking down toward
treatment, downslope waterbar, and sediment trap (first photograph), and from the sediment trap
looking upslope to waterbar at top of treatment (second photograph).
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2.7. WEPP-Road: Default Parameters

WEPP-Road is dependent upon four different types of files to predict soil erosion rates.
The software features a database that contains basic files for each of these that can be easily modified to
best represent the site. The four types of files are: (1) climate; (2) soil characteristics; (3) slope length and
gradient; and (4) land management operations. A climate file for Blacksburg, Virginia is embedded into
the software and was therefore chosen as the best representative of the site conditions, as the weather
station is less than 8 km (5 miles) away from the study site. Within the WEPP-Road soils database, the
file most similar to a Berks-Weikert complex was the “Disturbed Skid Clay Loam,” which was chosen
for modeling on this site. Soil rock content for each treatment varied from 10–36%, and was directly
correlated with slope steepness. Therefore, it was determined that rock content of the soil would be a
parameter which needed modification for each treatment, as well as factored into the ground cover in
the initial conditions and management files. Slope length and gradient values were modified for each
treatment as they were measured with the total station. The “Forest Bladed Road” management file
was used for the Control treatments, and was modified for the others. Initial conditions were modified
by their initial rill and interrill ground cover percentage, as measured in the field. Seed treatments
used this base of “Forest Bladed Road” as the initial conditions and then were modified with the
“fescue” and “annual ryegrass at a low fertilization rate.” Mulch treatment management files used this
file as a base, however “fescue residue” was added as a mulch at a rate of 0.788 kg m−2. Similar to
RUSLE2, there are no management files in WEPP-Road that represent Slash treatments. Since there
are no woody residue mulch treatments, the same “fescue residue” mulch was chosen. The actual
application rate (by weight) that was used to apply slash in the field was used to model this treatment,
similar to methods used by Wade et al. [24]. All treatments were modeled for one year.

2.8. WEPP-Road: Modified Parameters

WEPP-Road was then used to model these treatments a second time, using files that were modified
to more accurately represent the soil and treatment conditions throughout the year. The primary
reason for this being that WEPP-Road has a large number of parameters that can be manipulated
when using the model. We wished to determine if collecting more data and making use of more of
the model parameters would provide a significantly more accurate soil erosion estimate, and how
much more labor would be needed to accomplish this. A soils file was created for each experimental
unit based on the “Disturbed Skid Clay-Loam” file used earlier, but modified with the soil rock
content and soil particle size present in each of the experimental units. The model was used to
calculate interrill erodibility, rill erodibility, critical shear, and effective hydrologic conductivity instead
of using the default preset values in place for that particular file. The weather file remained the
same, as the Blacksburg, Virginia climate file was determined to be accurately representative of the
study site based on its geographic proximity. Slope gradient and length were created once again
based on measurements taken in the field with a total station. For the Control treatment, the same
“Forest Bladed Road” management file was used for the control treatments, and was modified for
the others. The Forest Bladed Road file was modified with initial rill and interrill ground cover
percentage, as well as bulk density of the experimental units. This time, the “Initial Plant” field in
the “Initial Conditions” file was changed to “Skid Trail-Disturbed,” and the “Days Since Last Tillage”
field was modified to reflect that the disturbance had just occurred (0 days). Seed treatments used
this base of “Forest Bladed Road” as the initial conditions and then were modified with the “fescue”
and “annual ryegrass at a low fertilization rate.” Mulch treatment management files used this file as
a base, however “annual ryegrass at a high fertilization rate” was used instead of “annual ryegrass
at a low fertilization rate;” and “fescue residue” was added as a mulch at a rate of 0.788 kg m−2.
Once again, there are no files in WEPP-Road that represent woody material for Slash treatments. In this
instance, the “Rock” file was chosen in the “Residue Added” field, and was modified to represent the
decomposition rate of woody material. This file was chosen because it is the closest available file that
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could be modified to represent a slash treatment. The actual application rate (by weight) that was used
to apply slash in the field was used to model this treatment. All treatments were modeled for one year.

2.9. Data Analysis

Treatment effects for each erosion model were analyzed using JMP statistical software [53].
A variety of methods were used to compare the trapped and modeled estimates including:
(1) summary statistics; (2) linear relationships; (3) Nash-Sutcliffe Model Efficiency (NSE) [54]; and (4) a
nonparametric analysis. Summary statistics were analyzed to examine means and standard deviations
for each treatment using each erosion model. Linear relationships, and NSE were evaluated to
determine the accuracy of the models when compared to the actual trapped erosion rates, and a
nonparametric comparison for each pair using the Wilcoxon method was conducted to compare
these models to each other. Similar comparisons have been conducted by Wade et al. [24] and
Croke and Netherly [25].

3. Results

3.1. BMP Treatment Effectiveness

The sediment collected in traps clearly indicates an overall effectiveness of the BMPs compared.
Control treatments with waterbars only were measured to have an erosion rate of 15.2 tonnes ha−1 year−1.
Seed treatments were measured to have an erosion rate of 5.9 tonnes ha−1 year−1, and Mulch treatments
eroded at a rate of 1.1 tonnes ha−1 year−1. Slash treatments eroded at a rate of 0.8 tonnes ha−1 year−1.
Each model ranked the BMP treatments as having the Control as the most erosive, and the Mulch
treatment as least erosive. All models tended to over-estimate the erosion rates of Slash treatments.
The Control treatments represent the minimum level of BMPs that are acceptable for skid trail closeout,
and was measured to have eroded at rates 2.8× to 8× that of seeded treatments, the next most
erodible treatment [49]. Mulch and Slash treatments both reduced average sediment rates to minimal
amounts. Adding mulch and fertilizer provided the trail with immediate ground cover, which was not
attained by the Seed treatments due to the time necessary for germination. Mulch also aided in the
retention of soil nutrients and moisture, as well as reduced predation of the grass seeds from wildlife.
Slash provided immediate ground cover, and offers the additional benefits of reducing traffic on the
trail, in the form of four-wheelers and pedestrians. After cost analysis, Slash was also shown to provide
the greatest benefit in soil erosion reduction per dollar spent in installation [49]. This is due to the fact
that no materials are needed to be purchased to install a slash treatment, since slash is already present
following the harvest. For all treatments, as ground cover increased, soil erosion decreased. Slope and
length did have effects upon the erosion rates, as did rock content of the soil. Steeper slopes in this soil
series tended to feature higher rock fragment contents, which acted to increase soil cover over time as
the soil around them was eroded away. More information on BMP effectiveness and erosion rates over
time may be found in Vinson et al. [49].

3.2. Model Suitability

Models were evaluated using the four different techniques outlined earlier. Each of the model
predictions was compared to the trapped sediment data after one year (Table 1). WEPP-Road: Modified
had the closest overall mean erosion rate estimate for the Control treatments, while RUSLE2 had the
closest overall mean erosion rate for the Seed and Mulch treatments and USLE-Forest provided the
closest overall mean erosion rate for the Slash treatments. It is to be noted that for the Control and
Slash treatments, the estimates provided by RUSLE2 were more than double the next closest estimate,
indicating that its results may be very inconsistent based on the conditions being modeled.

Linear relationships were also used to determine model accuracy. Each of the sets of modeled
data were compared to the data collected by sediment traps. Accurate models are expected to have a
linear relationship to the collected data [24]. In this study, RUSLE2 was shown to have the highest

261



Forests 2017, 8, 482

R2 value amongst the three, at 0.6069 (Figure 6). This indicates that RUSLE2 has the best estimated
linear relationship with the trapped data. The linear relationship of WEPP-Road: Default to measured
data has the second highest R2 value of 0.5855 (Figure 7), followed by USLE-Forest with an R2 value
of 0.4652 (Figure 8). When compared to the 1:1 line, the inclination of the trend lines of these models
indicate that they both tend to overestimate erosion rates. Lastly, the relationship of WEPP-Road:
Modified to the measured erosion data has the lowest R2 value (0.0977) which is indicative of a
poor model accuracy (Figure 9). This could have occurred due to inadequacies in modeling just one
specific treatment.

Table 1. Summary statistics for each of the models analyzed. For each treatment, there is an asterisk
(*) next to the model prediction that is closest to the measured amount.

Treatment Method
Erosion Rate

(tonnes ha-1 year−1)
Std

Dev a
Std Error
Mean b

Lower
95%

Upper
95%

Control

Measured 15.2 12.1 5.0 2.4 27.9
USLE-Forest c 24.1 11.3 4.6 12.3 36.0

RUSLE2 d 66.4 29.2 11.9 35.8 97.1
WEPP-Road e: Default 27.1 6.9 2.8 19.8 34.3

WEPP-Road e: Modified * 10.8 9.5 3.9 0.8 20.7

Seed

Measured 5.9 5.4 2.2 0.2 11.6
USLE-Forest c 16.5 12.5 5.1 3.4 29.7

RUSLE2 d * 6.4 3.6 1.5 2.6 10.2
WEPP-Road e: Default 12.7 6.2 2.5 6.2 19.2

WEPP-Road e: Modified 2.8 2.3 0.9 0.4 5.2

Mulch

Measured 1.1 1.0 0.4 0.1 2.1
USLE-Forestc 0.3 0.3 0.1 0.0 0.7

RUSLE2 d * 0.6 0.4 0.2 0.2 1.1
WEPP-Road e: Default 1.6 0.7 0.3 0.9 2.4

WEPP-Road e: Modified 0.5 0.2 0.1 0.2 0.7

Slash

Measured 0.8 0.6 0.2 0.2 1.4
USLE-Forest c * 2.3 1.9 0.8 0.3 4.3

RUSLE2 d 21.8 11.0 4.5 10.3 33.3
WEPP-Road e: Default 7.3 3.6 1.5 3.5 11.0

WEPP-Road e: Modified 2.4 1.8 0.7 0.5 4.2
a Standard Deviation; b Standard Error of the Mean; c Univsersal Soil Loss Equation—Forest; d Revised Universal
Soil Loss Equation, v.2; e Water Erosion Prediction Project—Road.

Figure 6. Linear relationship of RUSLE2 modeled data and actual measured erosion data. Line on
graph represents a 1:1 relationship.
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Figure 7. Linear relationship of WEPP-Road modeled data and actual measured erosion data. Line on
graph represents a 1:1 relationship.

Figure 8. Linear relationship of USLE-Forest modeled data and actual measured erosion data. Line on
graph represents a 1:1 relationship.
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Figure 9. Linear relationship of WEPP-Road: Modified modeled data and actual erosion data. Line on
graph represents a 1:1 relationship.

The Nash-Sutcliffe Model Efficiency (NSE) is commonly used to evaluate hydrologic models.
The range of efficiency is from −∞ to 1, with values from 0–1 indicating that the model is a good
predictor of the measured values. As values approach 1, the model is a more accurate representation
of true values. Negative values indicate that the mean of the measured values are a better predictor
than the model itself [54], with lower values representing less suitable models. NSE was calculated
for each of the treatments and each of the models as a whole (Table 2). All values were negative
with the exception of the WEPP-Road: Default (0.15) and RUSLE2 (0.23) models at predicting Mulch
treatment erosion rates. The NSE values for the other two models are negative for this treatment
(−0.29, and −0.24), however they are substantially greater in value than most other treatment
categories. This is evidence that the models did reasonably well at predicting erosion from Mulch
treatments. Control treatments were found to have the lowest values for each model, indicating that all
models were insufficient at predicting soil loss from bare soil treatments. When evaluating the entire
model over all types of treatments, RUSLE2 has a much lower NSE value (−1174.15) than USLE-Forest
(−146.35), WEPP-Road: Default (−115.01), and WEPP-Road: Modified (−102.72) indicating that it is
the least suitable of the three models. Using this “whole model evaluation,” WEPP-Road: Modified
has the highest NSE score and would be ranked the most accurate of the four.

Table 2. A comparison of predicted erosion rates and their Nash-Sutcliffe Model Efficiency (NSE)
values for the whole model and for each treatment type.

Control Seed Mulch Slash Whole Model NSE a

Trapped Sediment (tonnes ha-1 year-1) 15.15 5.87 1.10 0.78 –

USLE-Forest b (tonnes ha-1 year-1) 24.14 16.54 0.33 2.30 –
NSE a −476.81 −276.44 −0.29 −4.87 −146.35

RUSLE2 c (tonnes ha-1 year-1) 66.44 6.36 0.62 21.77 –
NSEa −5681.25 −8.90 0.23 −651.77 −1174.15

WEPP-Road d: Default
(tonnes ha-1 year-1) 27.06 12.70 1.62 7.25 –

NSE a −442.32 −94.39 0.15 −60.95 −115.01

WEPP-Road d: Modified
(tonnes ha-1 year-1) 10.75 2.05 0.45 2.37 –

NSE a −520.42 −46.55 −0.24 −4.49 −102.72
a Nash-Sutcliffe Model Efficiency; b Univsersal Soil Loss Equation—Forest; c Revised Universal Soil Loss Equation,
v.2; d Water Erosion Prediction Project—Road.
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Lastly, the models were analyzed using a nonparametric comparison for each pair using the
Wilcoxon method (Table 3). For this method, each model was individually compared to the measured
data to find significance. In this instance, WEPP-Road: Default and RUSLE2 were considered to be
significantly different to the measured data (p-value = 0.0046, p-value = 0.0154).

Table 3. Nonparametric analysis comparing each model to the measured data using Wilcoxon
method. α = 0.05.

Model Score Mean Difference Standard Error Difference p-Value

USLE-Forest a 4.13 4.04 0.3074
RUSLE2 b 9.79 4.04 * 0.0154

WEPP-Road c: Default 11.45 4.04 * 0.0046
WEPP-Road c: Modified −1.88 4.04 0.6427

a Univsersal Soil Loss Equation—Forest; b Revised Universal Soil Loss Equation, v.2; c Water Erosion
Prediction Project—Road.

4. Discussion

Results indicate that the BMPs effectively provided ground cover necessary to reduce erosion.
Generally, as ground cover increased, erosion rates decreased. It was seen in the field that rock
fragments had a major impact on ground cover and therefore erosion rates [49], which may have been
difficult for the models to assess. Slash, seed, and straw mulch have been shown to reduce erosion
from skid trails and temporary roads. Slash and straw mulch both provide immediate cover, especially
during the initial months at which one can expect erosion rates to be the highest. Slash is readily
available, lasts longer than straw mulch, and is more effective at reducing trail traffic. Both slash and
straw mulch may also improve the chemical and physical properties of the soil through decomposition.
This study indicates that additional road closure BMPs can be used to enhance the minimal effects
of waterbars only. Erosion models were shown to have varying degrees of accuracy and suitability
based upon their use. Similar conclusions were also reached by Wade et al. [24], Brown et al. [43], and
Lang et al. [45].

USLE-Forest was slightly different than the other models in terms of management and cover
practices. Whereas RUSLE2 and WEPP-Road model a specific operation and make assumptions based
upon its effects, USLE-Forest models these effects directly. This has a noticeable impact on the accuracy
of the model. However, many field measurements are required to produce a feasible value from this
model. Soils, ground cover, and canopy cover must all be measured in the field. However, this does
allow for a more “field available” prediction, whereas RUSLE2 and WEPP-Road both require the use
of computer software. The USLE was shown to be the most user-friendly of the three models, in that it
can easily be performed with a manual in the field with relatively minimal training and still provide
an acceptable estimate of soil loss. Of all the models compared, USLE-Forest provided a consistently,
reasonably reliable prediction with minimal difficulty.

RUSLE2 was determined to be the least suitable of the four models assessed, in that its NSE values
and nonparametric p-values are all the least favorable of the models. One of the factors affecting the
model accuracy is the aforementioned soil rock content. While soils files were accurate enough for the
model, it did not take into account the increased soil ground cover from the high soil rock content over
time. Other factors include the fact that operations are modeled as such instead of the effects that those
operations had upon the ground surface [44]. The primary reason for poor performance of this model
would be the fact that there are no management files available for bladed roads or slash treatments.
However, RUSLE2 was able to model Seed and Mulch treatments exceptionally well. This shows
that RUSLE2 can sufficiently model soil loss for certain ground conditions, but overall may be too
inconsistent to be trusted.

WEPP-Road (both Default and Modified) was shown to be the most accurate of the four models
based on NSE. This can be attributed to a number of factors. This is the only model that takes into
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account soil rock content in its analysis, which could have helped to make predictions more accurately.
In addition to this, there are forest road and skid trail treatment files available, which gives WEPP-Road
an advantage over RUSLE2. One major disadvantage to WEPP is that it does not feature any wood
or wood-fiber based mulches to represent slash treatments. Both WEPP-Road and RUSLE2 are at a
disadvantage, in that when compared to USLE-Forest, they are difficult to learn initially. They also
require significant computer use, which is not always practical for field management decisions.

WEPP-Road: Modified outperformed WEPP-Road: Default. Of the predictions that the modified
WEPP model produced, 71% were closer to the measured value than the default WEPP predictions.
Lang et al. [45] found similar results when comparing soil erosion models to trapped data from forest
haul roads. However, there were some treatments that WEPP-Road: Default modeled better than
WEPP-Road: Modified. Inaccuracies in the modified version may have arisen from issues with certain
parameters, resulting in the low correlation of modeled points in a linear relationship. It was noted
that when using the WEPP model, as the rock content of the experimental unit was increased, the
predicted erosion rate dramatically increased. This is not reflective of what was measured or observed
in the field measurements, and is also contrary to what other studies have found regarding the effects
of soil rock content on the erosion of soils [55,56]. For this reason, we perceive WEPP to be limited in
its uses of producing accurate soil erosion predictions on steep, rocky slopes.

5. Conclusions

The primary objective of this study was to evaluate models based on the similarity of their
predictions to erosion data collected in the field. After having modeled 24 experimental units over
the course of a year using all four models, they were analyzed to determine accuracy. Four BMP
treatments were compared to show that adding grass seed; fertilizer, grass seed, mulch; or slash were
able to significantly reduce the amount of soil erosion from a bladed skid trail. Mulch and Slash
treatments were both the most effective at reducing soil erosion, as they provide immediate ground
cover. Based on the Nash-Sutcliffe Model Evaluation and a nonparametric analysis, USLE-Forest
and WEPP-Road (both Default and Modified) were significantly better than the other models applied
to this site. RUSLE2 was shown to be insufficient for use in modeling bladed skid trails, having
over-predicted almost every value. However, of all the soil erosion models, RUSLE2 featured the best
linear relationship with the measured erosion data. Each model was able to rank the BMP treatments
as having the Control as the most erosive, and the Mulch treatment as least erosive. All models
overestimated the erosion rates for Slash treatments, with RUSLE2 placing it at the second-highest
erosion rate.

USLE-Forest and WEPP-Road (both Default and Modified) were shown to have been the best
suited for this site. With improvements in management and soil files for RUSLE2 and the Default
WEPP-Road models, we can expect model accuracy to significantly increase, therefore broadening
their applicability to more varied sites. However, as can be seen with results from our Modified
WEPP-Road model, as more files are modified and accuracy is further increased the labor involved
and time required to complete the modeling drastically increases. This challenge could lead to other
models like USLE-Forest being better suited for making forestland management decisions due to their
ease of use and ability to provide an acceptable erosion estimate with fewer field measurements and
less time required. There are additional research opportunities for comparing these models under
different conditions globally.
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Abstract: Annual use, utilization, productivity and fuel consumption of three purpose-built and
three excavator-based harvesters and processors were monitored for one work year. All machines
were owned and operated by private contractors and were representative of the Italian machine
fleet. Despite challenging mountain terrain, annual use ranged from 675 to 1525 h per year,
and production from 3200 to 27,400 m3 per year. Productivity was lower for excavator-based
units, and for machines working under a yarder, due to limited yarder capacity. Purpose-built
machines offered higher utilization, productivity and fuel efficiency compared with excavator-based
machines. Fuel consumption per m3 was 2.4 times greater for excavator-based units, compared with
purpose-built machines. Excavator-based units offered financial and technical advantages, but their
long-term market success will likely depend on future improvements in fuel efficiency, in the face of
increasing fuel prices.

Keywords: efficiency; contractors; benchmark; logging

1. Introduction

Mechanized harvesting is performed by specialized machines that fell and process the trees
(harvesters) or process already felled trees (processors) into commercial assortments, and by other units
(forwarders) that extract these assortments to a landing [1]. Compared with motor-manual operations,
mechanized harvesting allows dramatic progress in terms of value recovery [2] labour productivity [3]
and operator safety and comfort [4]. Even where motor-manual harvesting techniques are still
competitive due to cheap labour, mechanization may increase production capacity and anticipate
future labour shortages [5].

For these reasons, harvesters and processors are now common in many countries [6], and not only
in Northern Europe where they were first developed and adopted [7,8]. While originally designed for
low-land conifer forests, today these machines operate in steep terrain [9,10], hardwood stands [11]
and fast-growing plantations [12].

In Italy, mechanized harvesting was introduced at the beginning of the new century [13], and by
2013 the Italian fleet counted over 200 units, including harvesters, processors and forwarders [14].
These machines are used under different and peculiar conditions compared with those encountered
further North, and namely steep terrain alpine forests, industrial poplar plantations, close-to-nature
forests, coppice stands, and non-industrial private forestry. Despite a relatively difficult work
environment, mechanized harvesting technology has enjoyed much success and many logging firms
have already purchased their second or third machine [15].
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On the other hand, some logging contractors still have some doubts about acquiring a harvester
or a processor, mainly due to the high purchase cost of the equipment and the limited investment
capacity of their firms [16]. Before they buy, operators would like to obtain reliable information
about productivity, actual use potential and fuel consumption, for costing purposes. Productivity
references are mostly available for Nordic and Central European conditions, and these figures may not
correctly represent the conditions of Southern Europe, where operator training, work environment
and technology type can be quite different.

In fact, productivity figures can be derived from published short-term studies lasting a few days;
however, these figures can be representative of actual work time only, because short-term studies
offer a poor representation of delay incidence, and of long-term productivity in general. This is best
gauged through long-term follow-up studies [17]. Besides, long-term follow-up studies are generally
immune from the so-called “Hawthorne effect”, i.e., the tendency of observed workers to change
their behavior as a result of being observed. Even when operators know their performance is being
observed, work pace tends to stabilize to normal levels if the observation period is very long and the
knowledge of being observed fades into the general background.

Existing literature offers few examples of long-term follow-up studies of harvesters and processors.
Most of these studies tap into State company records, due to the general practice of State companies to
keep accurate records of their own activities. However, machine use conditions are likely different
between large State or private companies and individual small-scale contractors, who still represent the
backbone of the forestry contracting sector in many countries, inside and outside Europe. Therefore,
data obtained from large companies may not provide an accurate representation of the use pattern,
productivity and fuel consumption normally experienced by individual private contractors.

Furthermore, machine use and performance may differ between machine types, and especially
between purpose-built machines and excavator-based units. In particular, excavator-based units seem
to be poorly represented in the Northern and Central European machine fleets, while they are quite
popular in Southern Europe due to their lower investment cost and their higher operational flexibility.
The former facilitates penetration of new markets such as the Southern European market, while the
latter favors introduction to radically different work chains, such as those encountered in mountain
operations or in short-rotation tree farms established on ex-arable land. This is also the case for
Italy, where three-quarters of the harvester and processor heads are mounted on adapted excavators,
often pre-owned, which indicates the strong interest in minimizing investment cost and the associated
financial risk [15]. Very little long-term information is available about these machines, nor can one
find any comparison between machine types that could help derive estimates from the figures already
available for purpose-built harvesters.

Therefore, the goals of this study were (1) to provide reliable information about machine use
(hours per year), utilization (percent of productive time over scheduled time), productivity and
fuel efficiency, as typical of individual small-scale private contractors operating in Southern Europe;
(2) to detect any significant differences between purpose-built and excavator-based units. While the
study was centered on small-scale Italian logging contractors, some of these contractors conducted
cross-border business and also operated in the neighboring Austrian and French regions, which may
give some more general value to the figures obtained in the process.

2. Materials and Methods

The study involved five logging contractors, of which one was based in Central Italy and four in
Northern Italy, where about two-thirds of the Italian harvester and processor fleet is stationed [15].
The company based in Central Italy was one of the early adopters, and had accumulated over 15 years of
experience with mechanized harvesting technology, which they had acquired already in the early 2000s.

Six machines were selected for the study, of which three were purpose-built machines and three
were excavator-based machines (Figure 1). Two of the purpose-built machines were owned by the
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same logging company, but they were operated by different drivers. All the selected machines were
used for one single shift, which is current practice in Italy.

 

 

Figure 1. Example of the purpose-built (top) and excavator-based (bottom) units in the study. These are
respectively unit # 2 and # 6.

The two machine types represented in the study (i.e., purpose-built and excavator-based) reflect
different technical choices available to contractors working with mechanized harvesting technology.
In general, contractors opt for an excavator-based machine because it is cheaper to acquire and
easier to re-sell if the business does not grow as expected, compared with a purpose-built machine.
Deployment conditions were similar across the two groups: within each group, two machines out
of three were deployed to assist a yarder and worked as processors, whereas one was working
independently as a harvester (i.e., machines 3 and 4). The six machines in the study were considered
representative of the entire population of harvesters and processors used in Italy, and in much of
Southern Europe [15]. Their technical characteristics are described in Table 1, while Figure 2 shows
their work areas (e.g., home range).
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Table 1. Technical characteristics of the machines in the study.

Unit # 1 2 3 4 5 6

Machine Type Purpose-Built Excavator-Based

Base Make Skogsjan Ecolog John Deere Liebherr Daewoo JCB
Base Model 495 580 1470 912 225 NLCV 180
Base kW 165 205 180 80 110 81
Base Kg 15,500 18,500 19,700 16,000 21,500 20,200
Head Make Woody Woody Waratah Valmet Zoeggeler Woody
Head Model 60H 60H 290 965 II ZBH 70 60H
Age Years 9 8 6 6 1 3

Each machine was considered as a study unit and was operated by an individual driver, often
the main company owner. All drivers were male Italian nationals, aged between 30 and 45 years.
They all had at least three years of experience running a harvester or a processor, often the same
machine included in the study. The drivers on machines # 3 and 6 were employees working for the
machine owner, while all the others were also the main company and machine owners. Each driver
agreed to keep a detailed logbook, where he recorded the main work data on a daily basis, for one
year. Each daily record included date, location, travel hours, work hours, delay hours, processed
volume and fuel used. Travel distance between sites was calculated on maps, and so was the home
range of each unit—i.e., the work area explored during one year. Units # 1, 2, 5 and 6 worked in
the Alps and negotiated the maturity cut of typical steep-terrain alpine forests, generally consisting
of an uneven-aged mix of spruce (Picea abies Karst.), fir (Abies alba L.) and beech (Fagus sylvatica L.),
and treated with selection cutting. These machines were associated with a yarder and operated as
processors on pre-felled trees. In contrast, units # 3 and 4 negotiated the clear-cutting of mature
low-land pine (Pinus pinaster L.) and poplar (Populus x euroamericana sp.) plantations, and worked as
harvesters, felling and processing the trees at the stump site.

Figure 2. Work area (i.e., home range) explored by the machines during this study (notes: polygons
represent the area explored by each study unit, as reported in the legend near each individual polygon).
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Daily records were consolidated and analyzed as monthly averages, to smooth extreme differences.
This was especially important for fuel consumption, because machines were not refueled every day,
which made it difficult to produce exact daily consumption estimates. Furthermore, monthly records
were summed into annual totals, offering an immediate view of annual work load.

Data were analyzed with the Statview 5.01 advanced statistics software, in order to check
the statistical significance of the eventual differences between unit types—purpose-built vs.
excavator-based. The significance of any differences between annual totals was tested with
non-parametric techniques, because the data points were few and their distribution violated the
normality assumption. In contrast, the significance of any differences resulting from the comparison of
monthly averages was tested with a conventional analysis of variance, because the data was normally
distributed. The elected significance level was α < 0.05.

3. Results

Annual use ranged from 675 to 1525 h (Table 2). Purpose-built machines worked more hours,
had a higher percent utilization and produced larger log volumes than excavator-based machines,
but these differences had no statistical significance when taken as annual totals. In that case, the only
statistically significant difference concerned fuel consumption per cubic meter, which was almost twice
as high for excavator-based units compared with purpose-built units (Table 3).

Table 2. Annual totals by test unit.

Unit # 1 2 3 4 5 6

Machine Type Purpose-Built Excavator-Based

Use

Work h year−1 792 813 1260 604 366 701
Delays h year−1 229 371 265 648 309 314

Total time h year−1 1021 1184 1525 1253 675 1015
Utilization % 78 69 83 48 54 69
Work days n◦ year−1 123 123 162 152 88 140
Work days h day−1 8.3 9.6 9.4 8.3 7.7 7.3

Idling month year−1 1 0 0 0 4 2

Productivity and consumption

Fuel L year−1 7807 6851 19,279 10,803 5465 9170
Volume m3 year−1 10,533 10,337 27,432 10,487 3191 4146

Productivity m3 pmh−1 13.3 12.7 21.8 17.4 8.7 5.9
Productivity m3 smh−1 10.3 8.7 18.0 8.4 4.7 4.1

Fuel use L pmh−1 9.9 8.4 15.3 17.9 14.9 13.1
Fuel use L m−3 0.74 0.66 0.70 1.03 1.71 2.21

Notes: Utilization = productive time/scheduled time; pmh = productive machine hours, excluding delays;
smh = scheduled machine hours, including delays (same here as total time).

The area explored by the different units showed a large variation, ranging between 52 and
1571 km2, while the number of relocation trips per year varied from 3 to 10. Purpose-built units
travelled for longer distances compared with excavator-based units. Most machines experienced
some seasonal stop, which was generally very short except for unit 5. In fact, the two machines
that performed both felling and processing in low-land forests experienced no prolonged seasonal
stops, which were recorded only for machines working alongside a yarder, possibly because these
machines operated on mountain forests where snow could impose prolonged seasonal interruptions
of harvesting activities.
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Table 3. Medians of the annual records by machine type.

Machine Type Purpose-Built Excavator-Based p-Value DF

Total hours h year−1 1184 1015 0.2752 6
Utilization % 78 54 0.1266 6
Work day d year−1 123 140 0.8273 6

Fuel L year−1 7806 9170 0.8273 6
Volume m3 year−1 10,533 4146 0.1266 6

Productivity m3 h−1 13.3 8.7 0.2752 6
Fuel use L pmh−1 9.8 14.9 0.2752 6
Fuel use L m−3 0.70 1.71 0.0495 6

Notes: Utilization = productive time/scheduled time; pmh = productive machine hours, excluding delays;
DF = degrees of freedom.

The analysis of monthly averages confirmed the main findings that already emerged from the
analysis of the annual means, offering further insights into working hours, utilization, productivity
and fuel use (Table 4).

Table 4. Means of the monthly totals by machine type.

Machine Type Purpose-Built Excavator-Based p-Value DF Eta2

Work h month−1 86 56 0.0003 59 0.27
Delays h month−1 26 42 0.0156 59 MW

Total time h month−1 112 98 0.1897 59 0.03
Work days n◦ month−1 12 13 0.7042 59 0.00
Work days h day−1 9.2 7.7 <0.0001 59 0.59
Utilization % 77.1 58.9 <0.0001 59 MW

Product m3 1490 584 <0.0001 59 MW
Productivity m3 h−1 17 11 0.0004 59 MW

Fuel use L month−1 1043 846 0.1716 59 0.03
Fuel use L h−1 12 15 0.0002 59 0.29
Fuel use L m−3 0.72 1.70 <0.0001 59 MW

Relocation km month−1 104 28 0.9814 47 MW
Relocation trips month−1 0.50 0.72 0.4432 47 MW

Max distance km 126.6 30.2 0.9243 41 MW

Notes: DF = degrees of freedom; Eta2 = Effect size for parametric tests, or type of non-parametric test used
(MW = Mann–Whitney); Utilization = productive time/scheduled time.

Monthly records offered higher resolution, and the higher number of data points allowed
significant differences to be disclosed between machine types with regard to use, utilization, production,
productivity and fuel use. Operators used purpose-built machines more intensely, which generally
turned out to be more efficient than excavator-based units in terms of productivity, fuel use and
utilization. As an average, the utilization of purpose-built machines was 18 percentage points higher
than that of excavator-based machines (i.e., 30% more in relative terms). Furthermore, the mean
productivity of purpose-built machines was 50% higher than that of excavator-based machines,
while fuel consumption per hour was 20% lower: as a result, mean fuel consumption per cubic meter
was half as high as that recorded for excavator-based machines. Productivity was also dependent on
work organization: machines that worked independently (i.e., units 3 and 4) were 60% to 100% more
productive than machines that worked under a yarder and were limited by yarder output.

Furthermore, analysis of monthly records disclosed seasonal trends, which were different for
different machine types. In general, all machines experienced a lull in activities at the end of winter
(February) and at the peak of summer (August), which can be justified by the combination of climatic
factors and calendar holidays, especially for August. However, peaks and lulls were very different,
with excavator-based units experiencing deeper and longer drops than purpose-built units (Figure 3).
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As an average, excavator-based machines were deployed on much smaller jobs than purpose-built
machines, which may have contributed to their lower utilization. In fact, the two machine types seem
to underline different use patterns, with excavator-based machines apparently targeting smaller jobs
within a smaller distance from each other, and purpose-built machines accepting longer relocation
distances (three times longer) in order to acquire significantly larger jobs (three times larger). This is
confirmed by the area covered by the contractors, which averaged 3400 km2 for purpose-built machines
and 1300 km2 for excavator-based machines.

Figure 3. Total working hours per month and per machine type (mean of three samples for each type).

4. Discussion

First of all, it is important to state upfront the limitations of the study: (a) the use of a small
and widely variable sample and (b) the reliance on company records, with the inherent variability
derived from the different recording practices adopted by different companies. Obtaining detailed,
long-term records from small-scale private contractors is rather difficult, because many contractors
keep partial records only, and they are often unwilling to share data that may be considered sensitive.
Therefore, the small sample size is a justified limitation, and its negative effect has been contained by
selecting representative cases based on a detailed knowledge of the sector, which was obtained from
three previous surveys of Italian contractors [14–16]. These surveys produced a detailed picture of the
contracting sector in Italy, as well as a list of contractors that was used for extracting representative
samples. Concerning the variability of individual records, this limitation may have affected the
resolution of the data more than its reliability, because this study extracted only basic figures that were
accounted for in a common way by all contractors, such as place names, worked volumes, fuel inputs
and time inputs. If at all, variability could have affected the estimates for work hours, because different
operators may have labelled different tasks under different headings, potentially attributing some
delay time to work time or vice versa. However, all operators were carefully instructed about what
pertained to work time and what pertained to delay time, and it is unlikely that they made major errors.

In any case, this is one of the very few studies representing small-scale private contractors.
Most other available studies tap into the records of State companies, which often benefit from a formal
support infrastructure and long-term operational planning. This may explain the much larger annual
use figures recorded specifically for State companies in Austria and Germany (Table 5). If the difference
was just a national one, then the European surveys recently conducted by Malinen et al. [18] and by
Spinelli et al. [19] would not report use figures that are so close to those reported in this study. At the
same time, similarity with the figures already available for the general pool of Italian harvesters
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and processors indicates the selection of a representative sample, despite its small size [15]. Further
corroboration comes from the analysis of the utilization figures presented in this study: these are
generally comparable with those reported in the existing relevant literature, which fall in the bracket
between 50% and 80% [20,21].

Productivity is affected by many factors besides machine characteristics, such as tree size
and form, operator experience, assortment length and number, branch diameter and management
objectives [22–25]. Given the limited detail included in a long-term study, it is difficult to thoroughly
discuss the similarities and the differences between the figures obtained from this study and those
reported in the general literature on the subject. However, the figures in this study are generally
compatible with those indicated in the literature, and they match quite well the Italian productivity
standards for harvesters and processors [26]. This said, readers must be aware that direct comparison
can be deceiving, because most of the existing productivity figures are obtained from short-term
time study sessions, not from long-term company records. The fact that the latter match quite well
a productivity standard derived from a compilation of short-term time studies bodes well for the
capacity of time studies to reflect actual long-term performance, at least when more individual study
sessions are consolidated into a cluster and analyzed as a group.

Concerning productivity, this study shows that purpose-built machines regularly outperform
excavator-based units. The reason for the superiority of purpose-built machines is likely in the adoption
of a specialized design and a much larger engine. While it may be difficult to separate the effects
of design and power, it is worth recalling that the purpose-built machines in this study are twice as
powerful as excavator-based machines, and that must have a strong impact on performance. In any
case, readers must be aware that the figures in this report represent one element in a more complex
supply chain and are likely affected by deployment conditions, which are not described in much
detail in the records. Therefore, it may be difficult to produce a detailed productivity analysis from
this study, but such analysis was never one of the goals of the project. However, this study clearly
discriminates between units used independently from other machines and units routinely used in
association with a yarder. The inevitably lower productivity and utilization of the latter raises the
question about what processor one would best detach to serve a yarder. Obviously, high productivity
is not a primary requirement, because this machine will not be able to express its full potential. On the
other hand, a smaller, cheaper and less productive machine may be unable to handle the large trees
associated with mountain operations—the only trees that can justify the higher cost of yarding [27].
One solution is to task the processor with additional duties, such as fleeting, stacking, loading and
general landing management. That is already implemented by most operators. Readers will notice
that all units deployed at yarder operations in this survey (i.e., 1, 2, 5 and 6) carry Konrad or Zoeggeler
heads, which can effectively double as log grapples. This is not casual: all processors that worked
under a yarder did perform additional duties, such as fleeting and stacking. However, this measure
does not seem to fully offset the higher productive potential of the processor, and additional solutions
must be considered.

Like productivity, fuel consumption is affected by machine and work type, as well as by operator
skills and technique [28]. Again, the range of fuel consumption figures reported in the existing
literature is wide enough that the results of this study are fully corroborated. Investigations conducted
on purpose-built harvesters operating under similar conditions in neighboring Austria indicate a
mean fuel consumption of 15.6 L h−1, with a range between 10 and 24 L h−1 [20]. More importantly,
the present study highlights a sharp difference between purpose-built and excavator-based machines
and points at the potential fuel savings that could be accrued if excavator-based machines could be
improved, or replaced with purpose-built units. The lower fuel consumption incurred by purpose-built
harvesters is the result of a sophisticated machine control system designed to adjust power output
to power demand in real time. Theoretically, excavators are equipped with similar systems but the
connection between a processor head and an excavator that was not originally designed to receive it
does not allow the same optimization level as achieved by integrated machines built specifically for
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this task. Extending such benefits to excavator-based machines would require that some excavator
manufacturer finally decided to invest time and money into developing specific harvester capability
options for one or more of their excavator models, or that a separate manufacturer—possibly the
same building the harvester head—developed an effective adaptation kit comprising both hardware
and software. The latter solution has already been attempted in the past, and some harvester head
manufacturers have developed such kits, but that is often a one-sided effort that has received little
support from excavator manufacturers and has produced limited benefits. Manufacturers should keep
in mind that contractors are very much concerned with fuel consumption because they cannot control
fuel price, and surveys have already shown that fuel-efficiency is a main driver when purchasing
new machines [29]. Therefore, the development of fuel-efficient excavator-based processors should
represent a strategic goal for excavator manufacturers, and for those companies that build processor
heads designed for fitting to an excavator. Otherwise, the increase of fuel price may erode their market
shares, in favor of those companies that sell purpose-built units.

Another important question is the extent to which these results can be generalized, and whether
they could be used to represent Italy alone, or could be extended to other countries as well. It is true
that Italian forestry presents peculiar conditions in terms of extreme ownership fragmentation,
conservative silviculture, low product value, and poor integration between forest management and
wood industry—all of which affect the progress of mechanized harvesting, when they do not limit
it [16]. That is the main reason why the Italian harvester and processor fleet is still much smaller
than in the neighboring alpine countries, such as Austria [30] France [31] or Germany [32]. On the
other hand, mechanized harvesting has made rapid and significant inroads in Italian forestry over the
last few years [14] as the old generations of foresters and loggers are being replaced by new young
professionals who are not ready to accept the same taxing work conditions that their elders had to
cope with [33]. Therefore, Italian forestry may soon become intensely mechanized, which would
justify the attempt to establish benchmark figures for the Italian case alone, even if the work conditions
encountered in Italy could not be assimilated to those of any other countries. This said, the case of
Italy seems to be a classic example of modernization, where logging is transitioning from a traditional
small-scale business to an industrial activity. In that case, results obtained in Italy could be extended to
other countries where forestry is experiencing the same transition.

Table 5. Annual utilization of purpose-built harvesters in some European Countries.

Hours Year−1 Country Population Source

1184 Italy Private contractors This study
1328 Italy Private contractors Spinelli et al., 2010 [15]
1439 Europe General Spinelli et al., 2011 [19]
1323 Western Europe General Malinen et al., 2016 [18]
2042 Austria State forests Holzleitner et al., 2011 [20]
1560 Austria General Pröll 2005 [30]
1750 Germany State forests Forbrig 2000 [34]
1900 Germany State forests Denninger 2002 [35]
2036 Germany General Findeisen 2002 [36]
1865 Germany General Nicks and Forbrig 2002 [37]
1300 Germany General Drewes and Jacke 2005 [38]

While producing a benchmark, one should also define its characteristics. In particular, the question
is whether the reference figures produced with this study represent best practice or ordinary
practice—which are conceptually different. If one has obtained these figures from a representative
sample of contractors, then the resulting benchmark must refer to ordinary practice. Otherwise,
it should have been obtained from the top operators in the general contractor pool. On the other hand,
mechanization is still adopted by a minority of contractors, who generally represent an elite: therefore,
the benchmark figures estimated in this study approach best practice, at least for Italian forestry.
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The same “natural selection” principle may apply to the differences found between excavator-based
and purpose-built machines. The latter are generally adopted by the largest and most skillful
contractors, who may have a higher level of professionalism compared with the contractors resorting
to cheaper excavator-based units. Therefore, part of the efficiency difference between machine types
might result from a combination of machine and operator characteristics, both of which have a strong
effect on performance. Even if that were the case, there would still be no reason to try to separate the
two effect types, because they would be inherently associated and an eventual separation would not
achieve any practical purpose.

5. Conclusions

This study offers reference figures that can be used for benchmarking the performance of
harvesters and processors used in Italy, or under work conditions that can be assimilated with those
encountered there. These figures are quite reliable, due to the selection of a representative sample
and to the long duration of the study itself. Furthermore, these figures are consistent with the results
of previous studies, conducted on the same subject with different methods. This corroborates the
estimates obtained from the study, and supports confidence in its results. The study also describes
the substantial difference between purpose-built harvesters and excavator-based units, in terms of
use intensity, productivity and fuel efficiency. Shifting from excavator-based units to purpose-built
machines would allow a dramatic reduction of fuel consumption, and the long-term market success
of excavator-based technology will likely depend on the ability to increase their fuel efficiency.
Since excavator-based units may offer specific financial and technical benefits, there is scope for
new research aiming to reduce their fuel consumption. The findings of this research will be useful
to contractors who are considering shifting from manual to mechanized harvesting, for increased
productivity, safety and comfort.
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Abstract: Acknowledging the absence of up-to-date empirical data on the value retention, service
life and annual use of chipping machinery, in 2017 the authors surveyed the records kept by 50
contractors offering biomass chipping services. The machine fleet and operations in this survey could
be taken as representative for most of Europe, where the biomass sector is well established and is
facing further expansion. Data collection included the whole chipping unit, comprised of chipper,
carrier and loader. Manually-fed units were excluded from the survey. The data pointed at a service
life up to and exceeding 10,000 h and 10 years, which relieved any concerns about poor durability.
Value retention was good, and may exceed that of other mainstream forestry equipment. Engine
power was the main explanatory variable in any models to predict purchase price and productivity.
The effect of this variable could explain most of the variability (>80%) in the purchase price and
productivity data. Results also pointed at the essential equivalence in price and productivity between
PTO-driven (i.e., tractor powered) and independent-engine chippers, once differences in engine
power are accounted for. However, the distribution of purchase price between different components
of the chipping unit was different between the two unit types, with the chipper accounting for a
larger proportion of the total investment in independent-engine units. Machine power was also
different, with most PTO-driven units being significantly smaller than independent-engine units,
due to the limitations of existing tractors. Furthermore, half of the carriers assigned to a PTO-driven
unit were subject to flexible use, i.e., they were not solely used for chipping work.

Keywords: work efficiency; biomass; benchmarking; costing

1. Introduction

Driven by a growing demand for renewable energy feedstock, chip production has expanded
rapidly all over Europe providing work to logging, chipping and hauling companies that operate near
the new plants. For this reason, many contractors have invested in mobile chippers, and more are
prospecting the purchase of such equipment.

The acquisition of a mobile chipper involves a significant capital investment, which makes the
formulation of a correct machine rate a crucial task. Machine cost is estimated using standard economic
methods that divide total cost into capital and operating cost components [1]. Capital cost is dependent
on the size of the investment, the expected economic life of the machine and the interest rate charged on
borrowed capital, and it is incurred whether or not the machine is working. Conversely, the operational
cost depends on all the expenses incurred when the machine is actually working. To calculate a cost
per unit of product (m3 or ton), a productivity estimate is also needed. Contractors need reliable data
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for pricing their machines, so that they can make informed decisions when planning new investments,
and offer competitive contract rates with a minimised risk of going bankrupt. Standard cost calculation
methods are often assembled into dedicated spreadsheet calculators capable of returning reliable
estimates of chipping productivity and cost, based on user-defined input data [2].

Chipper productivity [3–5] and fuel consumption [6–8] have been documented in many studies,
performed on a variety of wood chipping equipment under a wide range of work conditions.
Information is also available about utilization [9] and annual use [6]. However, the information
about annual use and fuel consumption available so far has been obtained from relatively small
samples, which makes it difficult to model these figures as a function of machine type, age or use
intensity. Even worse, any estimates for service life and resale value are based on older regional
studies, when they do not derive from guesswork or anecdotal information. Due to the large capital
investment, the assumptions made for economical service life, annual use and resale value also have a
large impact on the calculation of interest charges [10].

The combination of accurate productivity estimates coupled with largely hypothetical cost
assumptions makes chipping cost predictions quite unreliable. There is a fundamental contradiction
between the large amount of work invested in developing accurate chipper productivity benchmarks
that can reflect machine, job and feedstock characteristics, and the limited attention paid to determining
equally accurate figures for chipper cost.

Chipping emerged as an important business sector in Italy already in the late 1990s [11]. Many
contractors have now worked with chipping for almost two decades, changing several machines and
gaining significant experience with this technique. Much knowledge is now available among the
contractors themselves, and their records can provide a wealth of important information, because
they often cover the whole life time of their machines. As this study is based on these records, it has a
strong Italian bias. However, in many respects it can be generalized and extended to other countries,
because the Italian chipper fleet represents a whole range of machine makes and models that are
popular outside Italy, and the local business structures are similar to those found elsewhere in Europe.

Therefore, the goals of this study were to: (1) produce reliable benchmark figures for the service
life and the resale value of wood chippers, which may reflect machine type, age and intensity of use,
and (2) produce reliable estimates of productivity and annual use, based on long-term contractor
records. This information is considered essential to estimating a correct chipper management cost,
which may reflect the specific conditions encountered by each individual user. This work will enable
chipping contractors to calculate fair chipping rates, which will allow them to stay competitive while
accruing reasonable profits.

2. Materials and Methods

The study covered a whole range of chipping units, from light tractor-powered machines
(PTO-driven, or driven through the tractor power take-off) originally designed for part-time use,
to powerful independent-engine industrial units best suited to the specialized chipping contractor
(Figure 1). For the purpose of the study, the chipping unit represented a complete self-supported
operation designed for mechanical feeding with a hydraulic loader. Therefore, each unit comprised
of a chipper, a loader and a carrier. The loader could be integral or separate, i.e., a self-propelled
loader, an adapted excavator or a farm tractor equipped with its own loader. The carrier could be
a tractor, a truck or a forwarder. However, if the chipper was equipped with its own independent
engine and was moved to the work site using a low-bed trailer, then no carrier was included with the
chipping unit.

All machines in the survey were owned and operated by Italian entrepreneurs, and were deployed
in Italy, with few exceptions of occasional cross-border activity. Despite its strong Italian character,
the study covered a whole range of makes and models, both Italian and foreign. Overall, the survey
included 50 units, where the chipper was powered by an engine ranging from 59 to 460 kW.

283



Forests 2017, 8, 503

For the purpose of the study, machine owners were requested to supply data about: machine
price at purchase and at the moment of the interview in 2017, or at the time of resale if the machine
had already been sold; date of purchase and of the eventual resale; total machine hours (motor hours)
worked from purchase to present, or to resale; total fresh tons of chips produced in the same period.
Price and use data were to be provided separately for the chipper, the carrier and the loader—if one
was used.

When the carrier and the loader were not permanently attached to the chipper, and thus could
be used to perform other jobs, then the entrepreneurs were asked to indicate the percent of chipping
work performed with this machinery, so that their total separate costs could be pro-rated in terms of
chipping work only, avoiding redundant attribution. Additional cost figures were also collected, such
as: insurance, fuel, lube, repair and maintenance, and labor. That was done in order to determine
the proportion of fixed cost over total cost, while keeping the latter confidential not to weaken the
contractors’ negotiating power.

In total, 116 operators were contacted by phone before sending the survey form. All were private
entrepreneurs who performed chipping as a full-time specialized occupation, or as a part-time job
complementary with a main occupation in the logging sector. Once the survey form was received,
follow-up phone calls allowed clarifying any doubts and/or integrating missing data. Understandably,
not all entrepreneurs had kept records of the required quality, or were willing to search their files in
order to track all relevant machine use records for the whole life of their machines. For this reason,
the study was based on 50 surveys only, which represented those respondents who could guarantee
sufficient data quality.

(a) (b) 

Figure 1. Example of a tractor-powered—or PTO-driven (a) and an independent-engine chipper (b).

All surveys were consolidated into a single data file for statistical analysis, which was conducted
using SAS Statview (Version 5.1) [12]. As a first step, descriptive statistics were calculated, separately
for the main machine classes. The statistical significance of any differences between machine classes
was checked with parametric and non-parametric tests, depending on the distribution of data. Then,
regression analysis was used for establishing the significance of any relationships between purchase
price, value retention, annual use, productivity and all independent variables that were expected to
have some effect on these parameters. The elected significance level was α < 0.05.

3. Results

3.1. Characteristics of the Machine Pool

The 50 units included in the study represented a whole range of operations, and comprised 29
PTO-driven and 21 independent-engine machines (Figure 2). The former were powered most often by
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a wheeled farm tractor, of variable size and power. Only two PTO-driven machines were powered by
a truck, and could be defined as chipper trucks [13].

Out of 50 sample units, 26 (52%) operated in Northern Italy, 20 (40%) in Central Italy and only
4 (8%) in Southern Italy. Austrian, German and Italian makes accounted for the largest proportion
of the sample, offering a good representation of the current Italian fleet, which is quite international
(Figure 3). The Italian Pezzolato was the most common brand (19 machines), immediately followed by
the German Jenz (11 machines). Other common brands were: Farmi (Nordic, 3 units), Gandini (Italian,
3 units), Heizo-hack (German, 3 units) and Mus-Max (Austrian, 3 units).

Figure 2. Number of chipping units by carrier and chipper type.

Figure 3. Distribution of the sample between different machine makes.

The sample showed a clear distinction between PTO-driven and independent-engine machines.
Compared with PTO-driven units, independent-engine chippers were significantly more powerful,
expensive and productive (Table 1). In contrast, no significant differences between these two machine
types were found concerning value retention, duration in service and intensity of use. Furthermore,
use of an integral loader was twice as common among independent-engine units (60% of the cases) as
among PTO-driven units (30% of the cases). Together with the possibility of de-coupling the prime
mover from the chipper, that enabled about half of the PTO-driven operations to clock additional work
hours on the loader and the carrier, while only 10% of the independent-engine units followed a similar
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strategy—largely because disconnecting the loader and/or the carrier was technically difficult and
would not pay off, even when chipper use was not very intense.

None of the PTO-driven machines represented small, part-time operations: on the contrary seven
among them were coupled with tractors delivering between 170 kW and 280 kW, and two were
powered by large trucks with the same 350 kW engine installed on some of the most common and
powerful independent-engine units in the sample.

Table 1. Main characteristics of the chipping units on test, separated by chipper type (n = 50).

Independent Engine PTO-Driven MW-Test

Mean Median Mean Median p-Value

Power kW 316 328 147 118 <0.0001
Purchase price k€ 326 304 170 120 0.0008
Resale value k€ 146 113 80 56 0.0059
Value retention % 45 43 48 45 0.6301
Service Years 7 6 7 6 0.9448
Service h 4231 2000 3123 2000 0.4315
Production Kt 81.8 42.0 31.6 16.0 0.0046
Annual use h year−1 669 625 524 363 0.1878
Annual production t year−1 14,067 12,000 5118 1920 0.0021
Productivity t h−1 18.8 18.0 7.7 6.7 0.0001
Use Carrier % 94 100.0 70 100 0.0268
Use Loader % 90 100.0 64 50 0.0054

Notes: Purchase price ex. VAT; MW test = Mann-Whitney test (non-parametric); h = meter hours; t = green tons;
Use Carrier = % of total carrier time invested with chipping work; Use Loader = % of total loader time invested
with chipping work.

3.2. Purchase Price and Value Retention

Purchase price varied from 35,000 to 850,000 €, or most commonly from 110,000 to 360,000 €
(lower and upper quartile, respectively). This price was the 2017 equivalent, obtained by revaluating
actual figures to 2017 currency values with the dedicated calculator provided by the Italian Statistical
Agency [14]. The purchase price included the chipper, the loader and the carrier, when one was used
(all cases except for eight). If a carrier or a loader were also used in other tasks than chipping, then
their revaluated purchase price was allocated to the chipping unit as a proportion of actual use with
the chipper.

The distribution on the total purchase price among these main components varied significantly
between chipping unit types (Figure 4). While the price of the chipper was the dominant component for
both PTO-driven and independent-engine machines, it was significantly more important for the latter
(p = 0.0003). In contrast, the proportion of total price invested in the carrier was significantly higher
for PTO-driven machines, compared with independent-engine machines (p = 0.0007). The loader
accounted for ca. 20% of the total price, with no significant differences between machine types
(p = 0.6870).
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Figure 4. Distribution of purchase price between different chipping unit types.

Purchase price was strongly associated with engine power, which explained almost 90% of the
variability in the dataset (Table 2). The remaining variability was likely explained by differences in other
machine characteristics, including optional equipment features. Furthermore, different negotiating
power and capacity at the time of buying must have had their impact on price formulation [15].
Regression analysis showed that chipper type (independent-engine or PTO-driven) had no significant
effect on purchase price, indicating that on a kW by kW basis a PTO-driven chipper was as expensive
to purchase as an independent-engine chipper. Of course, that accounted for the whole unit, comprised
of chipper, loader and carrier—not for the chipper component only.

Table 2. Regression equations for estimating purchase price and value retention.

Purchase price = a kW
R2 adjusted = 0.887; n = 50; F = 395.382; p < 0.0001

Coeff SE T p-value
a 1124.395 56.547 19.884 <0.0001

Purchase price = a kW + b kW2

R2 adjusted = 0.892; n = 50; F = 207.667; p < 0.0001
Coeff SE T p-value

a 794.169 195.86 4.055 0.0002
b 1.002 0.570 1.758 0.0852

Retention = a + b LOG Age + c Use Intensity
R2 adjusted = 0.618; n = 50; F = 40.588; p < 0.0001

Coeff SE T p-value
a 87.183 4.802 18.157 <0.0001
b −47.124 5.337 −8.830 <0.0001
c −0.010 0.003 −3.173 0.0027

Where: Purchase price (complete chipping unit) = €; n = number of valid observations; SE = Standard error;
kW = engine power in kW; Retention = Value retention, i.e., Resale value/Purchase price in %; Age = years: Use
intensity = h year−1.

Regression analysis yielded two different equations for estimating purchase price as a function of
engine power: a linear equation and a quadratic equation (Table 2). The linear equation was probably
the safest one, because one of the terms in the quadratic equation was not highly significant and the
coefficient of determination R2 for the quadratic equation was only marginally higher than that of the
linear equation. This was most likely an effect of the increased number of variables rather than an
indicator of a better capacity to represent dataset variability. However, the quadratic equation was also
reported in the paper because visual analysis of the data hinted at an upward turning curve, which
was best represented by a quadratic equation rather than a linear one (Figure 5). In any case, readers
are warned against extrapolating the results of these models beyond the range of variation of the
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independent variable: that is generally wrong and may produce incorrect estimates, especially when
the curve represents a quadratic function.

 

0

100

200

300

400

500

600

700

800

900

0 100 200 300 400 500

Pu
rc

ha
se

 p
ric

e 
(k

€)

Engine power (kW)

Independent

PTO-driven

Figure 5. Purchase price (2017 values) for the complete chipping unit as a function of engine power.

Value retention was defined as the relationship between resale price and revaluated purchase
price, expressed as a percent ratio. Value retention decreased with use, as one would expect. Among
the many indicators for use, number of years in service and use intensity (h year−1) proved the best
predictors (Table 2). The total number of hours clocked in by a machine was half as good a predictor
as the total number of years in service, a tendency that was already reported for harvesters and
forwarders in previous studies [16,17]. Interestingly enough, neither engine power nor chipper type
(i.e., independent-engine or PTO-driven) had any significant effect on value retention. The value losses
were highest over the very first years and became increasingly smaller with extended service life
(Figure 6), as typical of most machinery [18].
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3.3. Service Life and Use Intensity

Determining reliable benchmark figures for service life was among the primary goals of this study.
The average service life figures obtained from this study were not representative of total service life
because they just described how old were the sample machines at the time of the survey, regardless of
whether they were about to be replaced or not [19]. The maximum value in the range or the upper
quintile offered a more representative estimate, which could be taken as a proxy for the total life one
may reasonably expect from a chipper. In that case, total service life could be estimated anywhere
above 10 years or 6000 h, with a maximum as high as 24 years or 20,000 h (Table 3). Similarly, the
production expected over the lifetime of a chipper was likely higher than 100,000 t, with a maximum
close to half a million t.

Table 3. Reference figures for service, production and use intensity (n = 50).

Mean SD Min Max UQ

Service years 6.7 4.4 1.3 24.3 ≥10
Service h 3588 3878 210 19,500 >6000
Production kt 52.7 60.6 10.5 487.5 >100
Annual use h year−1 585 493 30 2040 >1000
Annual production t year−1 8876 10,188 148 37,647 >18,000

Notes: SD = standard deviation; UQ = upper quintile (20% of observations); t = metric green ton.

Mean use intensity was near to 600 h year−1 or 9000 t year−1, but a large share of the contractors
easily doubled these figures, as represented in the upper quintile. As expected, use intensity increased
significantly with chipping unit price, indicating that more expensive and productive units were
bought by contractors with more work (Table 4, Figure 7).

Table 4. Regression equations for estimating use intensity and productivity.

Use intensity = a + b €
R2 adjusted = 0.386; n = 50; F = 31.857; p < 0.0001

Coeff SE T p
a 178.675 20.295 1.979 0.0536
b 0.002 3.048 × 10−4 5.644 <0.0001

Productivity = a + b P1.1117 + c P
R2 adjusted = 0.814; n = 50; F = 108.360; p < 0.0001

Coeff SE T p
a 7.458 3.510 2.125 0.0389
b 0.246 0.088 2.806 0.0073
c −0.434 0.178 −2.439 0.019

Where: Use intensity = h year−1; € = Purchase price in €; n = number of valid observations; SE = Standard error;
Productivity = t h−1; P = engine power (kW).

3.4. Productivity and Cost

Long-term productivity was calculated from total production and total machine use, which was
modelled as a function of relevant independent variables. Among these, engine power was the most
influential and explained over 80% of the variability in the dataset. Chipper type had no significant
effect on long-term productivity, supporting the notion of PTO-driven and independent-engine
chippers being equally productive as long as engine power was the same. Productivity was affected
by loader type and was ca. 2 t h−1 higher for those units that used a separate loader, instead of an
integral one. However, the loader variable was borderline significant (p = 0.067) and therefore this
result was suggestive, not conclusive. For this reason, the effect of loader type was not included in the
final model. The final equation represented a power curve and described a clear scale effect, where
engine power increments resulted in proportionally larger productivity increments (Figure 7). Once
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more, readers are warned against extrapolating the results of this model beyond the range of variation
spanned by the original data.
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Figure 7. Chipping productivity as a function of engine power.

Raw chipping cost varied most commonly between 6 and 33 € t−1, and it was represented
by fixed cost for approximately 40%, without any significant differences between PTO-driven and
independent-engine units (p = 0.7020). Obviously, the proportion of fixed cost decreased with use
intensity, since the two were tied by a strictly deterministic relationship.

4. Discussion

4.1. Limitations of the Study

Before embarking in a proper discussion, it is just fair to state upfront the limitations of the
study, namely: the national character of the sample, the reliance on company records and the largely
subjective way of estimating resale value.

The sample certainly offers a good representation of Italian chipping business but may fall short
of correctly representing the situation in other countries. However, it includes a wide range of machine
types that are used throughout Europe, and may offer a good picture of biomass operations in general.
In that regard, it is worth stressing that biomass chipping is a relatively simple process, which is less
affected by terrain and forest characteristics than other steps in the forest value chain, such as felling,
extraction or merchandising [20]. Certainly, the results of this study are valid for biomass operations
only, and may not extend to pulp chip harvesting without much caution, because the technology used
in America or Australia for producing pulp chips is different from that applied to European biomass
operations [21].

The reliance on company records is another limitation, given the inherent variability of these
records for what concerns accuracy and resolution. However, contractors were only asked to provide
basic figures, generally recorded in a common way or easily calculated from more detailed records.
Furthermore, contractors who did not have good records or felt uneasy about allowing access to their
data could simply excuse themselves, which many actually did. Therefore, respondents had little
reason to provide inaccurate or deceitful figures. The general consistency of the dataset and of derived
figures, such as productivity, indicates that contractor responses are accurate. Gross inaccuracy would
have been denounced by recurring outliers and by a low explanatory capacity of regression equations,
neither of which did materialize.
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Probably, the weakest element in this study was the estimate for resale value, which was often
based on the individual appraisal of machine owners, since few of the machines in the sample had
been actually sold back. Owners’ appraisals are based on their subjective views of the market and
the machines, and may reflect owner’s expectations rather than an actual market value. However,
owner figures were checked against market values for similar equipment reported on the most popular
second-hand machinery on-line shops, which offer numerous quotes especially for loaders and carriers.
Figures generally matched, corroborating the estimates provided by machine owners.

In any case, the knowledge gathered in this study is unique in its capacity to reflect chipping
entrepreneurship. To our knowledge, there are no other studies that have gathered long-term data from
so many chipping contractors, and the few available studies tap into the records of State companies and
cooperatives, which often benefit from the existence of a formal administration office and a centralized
infrastructure [22].

4.2. Long Live the Chipper

Chipping is hard work, and for this reason one may assume chippers to be short-lived, as they
succumb to fatigue and rapid wear. This study contradicts the gloomiest expectations and points at a
surprisingly long service life for a machine that receives so much punishment. The figures reported in
this study are only marginally smaller than reported for harvesters and forwarders [16,17], and can
easily exceed the 10,000 h threshold. However, the reported figures represent a technical service life
and not an expected economical lifetime, which may be shorter (or longer yet).

If chipping is indeed brutal work, it is also true that modern chippers are designed for it by skilled
manufacturers, who know how to build an efficient and durable piece of equipment. Furthermore,
chippers are relatively simple machines, which supports longevity and facilitates maintenance. In fact,
the study did not quantify maintenance cost, and therefore it could not establish if the exceptionally
long service life of some machines in the sample pool was associated with an excessive increase of
maintenance cost. If so, one would simply be observing a case of belated replacement, past optimum
service life [23]. Evidence of increasing maintenance costs may be observed as a faster drop in value
retention, compared with other machine types, but that is not the case either; in fact, used chipping
units seem to have better value retention than dedicated cut-to-length equipment, such as harvesters
and forwarders [16,17]. As far as one can tell, chippers are solid, durable machines.

On the other hand, the extremely simple design of most chippers may justify extending service
life through the iterative renewal of worn parts, much like in Theseus’ paradox [24]. In that case,
the machine would be finally replaced only due to obsolescence, non-conformity with new safety
regulations or changes in the owner’s production target that would require purchasing a new machine.
In the absence of direct evidence for the maximum rational service life of wood chippers, one has
to fall back on indirect stochastic indicators, such as the quintile group. The number of respondents
above the 4th quintile is large enough to mitigate the effect of the odd irrational owner, if any such
owners exists in a group of experienced professionals. Further studies should aim at refining the
current estimates for service life, addressing the issue of its interaction with maintenance cost.

Finally, the annual use figures reported in this study are significantly lower than those previously
reported in a similar study of six Italian contractors [6]. In particular the present study estimates an
annual use of 500 h for PTO-driven chippers and 700 h for independent-engine chippers, whereas
previously published data are 900 h and 1200 h, respectively. This can be explained by differences
in the respective samples: this study contains a wide sample that comprises both part-time chipping
contractors and specialized full-time chipping contractors, while the previous study only includes the
latter group.

4.3. Engine Power as the Main Predictor

One of the most important findings of this study is the strong association of engine power with the
main figures of interest: purchase price, productivity and annual use. These relationships are logical
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and are already reported in previous chipper studies, at least for what concerns productivity [11].
What is surprising is rather the capacity of the variable “engine power” to displace all other predictors,
despite the undeniable effect of other factors on the dependent variables of interest. That is largely due
to the lack of information about these other variables, such as job characteristics (for productivity) or
optional features (for purchase price). However, one may expect that the lack of such details would
result in a much lower explanatory capacity for the estimated models: that it is not the case is a great
comfort, and opens the possibility of issuing “quick and (not so) dirty” estimates based on simple
fundamental information that should be easily available to any user. Engine power is a unifying
predictor, capable of summarizing the most important effects recorded: the identification of a single
powerful predictor lends additional merit to this study, and points at its capacity to dig deep into
the fundamentals. For this same reason, the models in the study may return principal estimates of
long-term performance but may not reflect as accurately specific work conditions, which makes them
more suitable for strategic planning than for tactical planning.

4.4. Robust Productivity Model

The study yielded a simple and robust productivity model, which can be used as a benchmark for
chipper productivity even in the absence of additional detail about piece size and job type. This model
has a very high predicting capacity and offers a good match with previously published models, with
the additional benefit of being simpler to use.

In that regard, it is important to stress that the time used as a denominator in the productivity
equation is engine run time (hour meter), which deviates in some measure from both productive
machine time (excluding all delays) and scheduled time (including all delays) [25]. The machine
clock runs whenever the machine engine is on, and it will include the wide range of shorter delay
events during which the operator does not deem practical to turn off the engine. In contrast, the
operator is much likely to turn off the engine when the interruption is expected to last for a longer
time, and certainly when performing machine maintenance. For this reason, the productivity estimates
obtained from the model should best compare to the PSH15 productivity figures reported in many
German studies. PSH15 stands for productive system hours, consisting of productive work time and
all delay events lasting no more than 15 min. That seems the closest match to the description provided
above, and should offer a viable proxy. Previous studies of chipper delays indicate that delay events
with a maximum duration of 15 min account for only one-third of total delay time, and therefore the
productivity estimates returned by the model are substantially higher than the actual productivity
calculated on the basis of total scheduled time [9]. In that regard, one must notice that different machine
meters record time in different ways: some simply measure the time when the engine is on—even if
idle—while others only record the time when the engine runs above a certain rotational regime, thus
excluding idle time. With so many different machine models from so many different manufacture
years, the study sample is likely to contain a mix of both hour meter types, which certainly contributes
to random variability. Nevertheless, this variability is not as large as to prevent building strong models
and disclosing highly significant differences, as the study results demonstrate.

Finally, it is worth highlighting the form of the productivity curve estimated in this study. Since
the exponent is larger than 1, the curve bends upwards and describes the typical phenomenon
of increasing returns, which in this specific case has been interpreted as the scale effect of engine
power. Conversely, curves relating productivity to piece size use exponents smaller than 1 and bend
downwards, indicating diminishing returns as piece size increases [26]. That is important to notice,
because it demonstrates that productivity is directly proportional to both engine power and piece size,
and yet investments in engine power are more productive, as returns are higher and may easily offset
limitations in piece size.
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4.5. Chipper Type Is Indifferent

Another interesting result of this study is the lack of any principle differences between PTO-driven
and independent-engine chippers. In fact, the only major difference is power, because PTO-driven
chippers are limited by the power of existing farm tractors. However, for the same engine power,
PTO-driven machines are as productive, durable and expensive as independent-engine machines. Of
course, price equality is only true for the whole chipping unit, including loader and carrier: the chipper
component alone is less expensive when no own engine is provided.

If the two unit types are technically and financially equivalent, one may wonder about what drives
the choice towards one or the other option. Power availability is again a pivotal factor: if one needs a
larger machine than a tractor can support, then an independent-engine chipper is the only solution.
If power is not an issue, the data point at equipment flexibility as a main driver. Approximately half of
the PTO-driven units make use of the carrier and the loader for additional tasks than just chipping.
In those cases, a PTO-driven chipper allows disconnecting the tractor when it is needed for other
jobs, and contributes to a better utilization of the tractor itself [27]. Even so, the question remains
unanswered for the other half of the cases, where a tractor is permanently coupled with the chipper.
Further research may address the decision factors leading to specific technology choices, which could
improve our understanding of this business and help prospective users with their plans [28].

5. Conclusions

This study is currently the only one offering updated empirical data on the purchase price, value
retention, economic life and annual use of chipping units used in biomass operations. Such data have
been obtained from a large group of chipping contractors, representing the small and medium-scale
enterprises that support the European chipping contracting sector. The information obtained from the
study is essential to formulating reliable machine rate estimates. Results highlight a longer economic
life and a better value retention than previously assumed for this equipment type, which may result
from skilled machine design and professional use—both deriving from the experience gained over
the years in this crucial sector. The study also reveals that engine power can be used as the main
predictor for most of the parameters investigated in the study. Furthermore, it points at the basic
equivalence between PTO-driven and independent-engine chippers, once differences in engine power
are accounted for. Finally, the study offers a robust and simple productivity benchmark, which can be
used for extracting fast and reliable estimates of expected long-term performance.
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Abstract: The objective of this case study was to develop and test a specific survey protocol for
monitoring tensile forces for winch-assisted harvesters and forwarders with a mounted or integrated
constant-pull capstan winch technology. Based on the designed survey protocol, the interactions
between work phases, machine inclination, and tensile forces in typical work conditions were
analysed. The established workflow, including equipment and the developed analysis routines,
worked appropriately and smoothly. The working load on the cable during the study did not exceed
50% of the maximum breaking strength. A maximum tensile force peak at 56 kN was observed
during delays for the forwarder, and a peak of 75.5 kN was observed for the harvester, both of which
are still within the safe working load when considering a safety factor of two.

Keywords: winch-assist; harvester; forwarder; tensile force; steep terrain harvesting; cut-to-length

1. Introduction

In steep terrain cable yarding combined with motor manual felling is still the most appropriate
harvesting system to use [1]. However, winch-assisted harvesting machinery offers new opportunities
in terms of cost efficiency and increased safety on steep terrain [2,3]. Reducing soil disturbance by
decreased slip on the skid trail can also be achieved [4,5]. Holzleitner et al. [6] stated that machine
utilization, as a well-known and major cost driver of expensive harvesting equipment, is not easy to
reach. Mounted or integrated cable winches for harvesters or forwarders could offer entrepreneurs
new possibilities to increase their portfolio and machine utilization due to providing a wider range of
available harvesting operations.

The soil-tire interaction has been described in detail in terms of the interaction of forces and slip
while driving on slopes according to different soil types and water content [7–10]. The maximum
trafficable grades without winch assist for different soil conditions have been reported. Furthermore,
Wijekoon [11] investigated the soil-tire interaction in terms of number of passes, the ground pressure,
and rut depths of forest machines. Wismer and Luth [12] examined the climbing ability of forest
machines and their maximum slope. The needed improvements for controlling a cable-towed vehicle to
minimize slip control in timber harvesting operations were investigated by Salsbery and Hartsough [13].
Slip control was also one of the main goals in a study on tethered feller bunchers on tracks combined
with the maximum gradeability, which ranged from 64% to 85% [14].

The Herzog Forsttechnik AG company was one of the first companies in Central Europe to
experiment with winch-assisted forwarders, when in 1999 the company experimented with the
prototype of a winch-assisted forwarder called Forcar FC150. Bombosch et al. [15] tested a mounted
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traction winch on a snow-grooming vehicle to support the driving of a forwarder on steep terrain
with a grade of up to 85%. After their successful tests, they stated that a future solution for
cost-effective harvesting operations on steep terrain could be a sensor-controlled winch, integrated or
mounted on a harvester or forwarder, in order to simultaneously minimize soil compaction. In 2004,
Herzog Forsttechnik AG successfully launched the first winch-assisted system for the market [16].

Since then, this technology was developed by entrepreneurs competing for contracts to improve
machine utilization and decrease harvesting costs on steep terrain [2]. Regardless, the basic reason for
using winch-assisted machinery was not to climb steep terrain; it was mainly invented and designed
for supporting driving on soft soils to avoid rutting and to treat sensitive sites with care [16,17].
These results correspond to the assumptions made by Lindroos et al. [18] that existing machines can be
adapted to local conditions and that innovation is triggered by the environment of contract competition.

Winch-assisted harvesters and forwarders enable fully mechanized operations on slopes steeper
than 30%, which is essentially the limit for operating with ground-based machines depending on
their extra equipment, such as chains or bogie tracks [19]. Two different winch-assist concepts are
available: the integrated or mounted concept, where the winch is attached to the harvesting machine,
or the self-propelled standalone anchoring winch that pulls the harvesting machine. In Central Europe,
winch-assisted systems for wheeled or tracked harvesting machinery are mainly based on an integrated
capstan or conventional drum winches with cable diameters between 14 and 22 mm. Compared to
machinery operating overseas with cable diameters up to 28 mm [20], European equipment is lighter
and therefore does not require such large cable dimensions.

Visser et al. [21] monitored tensile forces on winch-assisted machines in New Zealand.
Compared to Central European machinery with a wheel-based chassis, the studied machinery in
New Zealand had tracks. The authors outlined the importance of on-board monitoring systems for the
tensile forces of cables. The use of tensile force monitoring systems for cable yarders goes back to 1988
and was intensified during the 1990s mainly due to safety issues, thereby increasing the lifetime of
ropes and improving productivity due to the ability to maximize loads per cycle [22]. Dupire et al. [23]
described the importance of knowing the tensile forces in cable yarding operations in order to reduce
equipment wear and to decrease operating costs by improving safety.

A lack of detailed knowledge exists about how tensile forces behave in real world conditions.
Therefore, it is unclear if current operations are adhering to safety standards. For machine operators
and entrepreneurs, awareness about real values is crucial for safer timber harvesting operations,
since there is no high resolution on-board information system installed in the cabin to accurately check
the actual tensile forces on the cable.

The objective of this study was to develop a scientific approach for monitoring tensile forces for
winch-assisted harvesting machinery with mounted or integrated systems. This approach should
enable in-depth analysis of tensile forces and their behaviour during real operations with these
machines. A specific survey protocol was developed and tested in the field during the case studies.
Interactions between work phases, inclination, and tensile forces were analysed in order to determine
typical work conditions.

2. Materials and Methods

2.1. Case Studies

The three study sites were located near the villages Gaflenz and Kirchberg/Pielach in Lower
Austria and in Kapfenberg in Styria, Austria. Harvesting operations ranged from one study of
commercial thinning and two others that were of final fellings after storm damage. The dominating tree
species was Norway spruce (Picea abies). All sites had even terrain with an inclination approximately up
to 100%. The harvester operated uphill while the forwarder drove empty uphill and then downhill once
loaded. All studied operations occurred during daylight conditions on five different days, and both
drivers had more than 8000 h operating experience with the machinery in general, which included
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operation without a winch. The harvester was equipped with track bands on the front bogie axle and
chains on the rear axle, whereas the forwarder used track bands on both bogie axles.

The two observed machines were a John Deere 1170 E harvester, where the winch is mounted
in the front of the machine, and a John Deere 1110 E forwarder, with the winch integrated in the
mid-section of the frame close to the crane (Figure 1). Both machines were equipped with a winch
from the manufacturer Haas Maschinenbau GmbH Germany. Both winches were constant-pull
traction winches, using capstan winch technology equipped with a storage drum and a working drum.
The pulling force of the winch could be adjusted by the operator within certain limits and could be
continuously set up to 9 tonnes. As a special feature, the winch was automatically synchronized
with the driving unit independently of the chosen driving direction. With a cable 14 mm in diameter,
the drum capacity was up to 500 m. Considering the maximum pulling force of the winch and the
maximum breaking force of the cable of 181 kN, a safety factor of two was used. This corresponds to the
actual draft version of ISO 19472-2, which is still under revision and not yet published. Both machines
were equipped with an additional auxiliary winch holding a synthetic rope to facilitate the rigging
process of the steel-made cable.

(a) (b) 

Figure 1. Observed John Deere 1170 E harvester with a mounted winch in the front (a) and a John Deere
1110 E forwarder with an integrated winch (b).

2.2. Measuring of Tensile Forces and Machine Inclination

In principle, tensile forces of cables can be directly measured in-line by installing load cells,
dynamometers, or sheave pins between the cable and anchor, or indirectly via clamp-on devices
using the linear relationship between the deflection in a cable and the resulting force on the central
member [24]. During this study, we measured the tensile forces of the cable during operation with
the CableBull cable tensile force measurement device from the German manufacturer Honigmann,
based on the clamped-on tension monitoring system that measures the resulting forces on the central
member for a given deflection (Figure 2).

Figure 2. Simplified measuring principle for tensile forces, applied within the used CableBull device.
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This device allows online monitoring and recording of tensile forces by clipping it onto the cable
on the site while the machinery operates, instead of installing the device between the cable and the
machine (Figure 3).

(a) (b)

Figure 3. The CableBull cable tensile force measurement device from the German manufacturer
Honigmann based on the clamped-on tension monitoring system (a) and the handheld device for
checking tensile forces (b).

For this study, a toolkit consisting of a Panasonic Toughbook with an extra battery for long-term
measurements and data recording was used. In the field, simple data pre-analysis and quick
visualization for plausibility checks were completed using the HCCEasy Software from Honigmann
GmbH in Wuppertal, Germany. The sample rate for recording can be chosen in the range of 100
to 2000 Hz and was set to 100 Hz for this study. The selected sample rate was chosen according
to previous studies [24], and was increased by a factor of 10 to ensure no peaks in tensile forces
were missed.

Machine inclination was recorded with the Hobo Pendant G Acceleration Data Logger. The logger
uses an internal three-axis accelerometer for measuring the dynamic and static acceleration of gravity
in order to record and analyse machine inclination. The sensor was fixed on the rear of the machine’s
frame to measure machine inclination during operation (Figure 4). The data were stored on the data
logger and read out with the corresponding HOBOware software from ONSET® in Bourne, MA, USA.
Exported as a text file, the inclination over time can be used for detailed analysis. The data were
transformed from degrees into a percentage after being read out. In this study, the sample rate
for recording machine inclination was set to 0.03 Hz due to the data storage space required for
long-term recording.

 

Figure 4. The location of the mounted acceleration data logger on the rear frame of the machinery.
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2.3. Recording of Work Phases

Performing a detailed on-site time and motion study for the work phases was considered
organizationally unfeasible and too risky. Therefore, the entire operation was recorded using two
on-board video cameras to ensure the data was recorded in case one of the cameras failed, with the
video cameras installed above the front windscreen at the protective grating. All videos were captured
with 30 frames per second and stored on the memory card. The video capturing data was only limited
by the battery life, which was around two hours (depending on the temperature). After the operation
was finished, the video data was used to complete time and motion studies post-hoc in the office
(Figure 5).

Figure 5. Installed video capturing technology at the protective grating above the front windscreen for
recording harvesting activities. The second camera ensured data recording in case of failures.

The video data was analysed with a spreadsheet add-on written in Visual Basic for Applications
(VBA) using a desktop computer. This add-on for Microsoft Soft Excel was developed by Lauren
from LUKE (METLA). Because the add-on offers both options simultaneously, the working time was
recorded using both the continuous timing method and the snap back timing method. After the time
study was completed, the dataset was exported into an Oracle database table using an R script for
further processing.

The tensile force, the inclination measurement equipment, and the video capturing under
natural conditions were tested using a first in-field test. Based on this experiment and observations,
the working phases were defined. For the harvester, four work phases were determined: (1) felling
and processing starts with the fell cut and ends with the full opening of the head with the releasing
of the top; (2) other crane work includes all crane work activities that are not related to handling a
tree; (3) driving is any movement of the machine no matter if backward or forward; and (4) delays are
defined as time not related to effective work.

Following the scheme of the harvester, forwarding activities were divided into seven work phases:
(1) loading is when the forwarder starts moving the crane for loading logs onto the bunks without
any movement of the machine; (2) unloading was defined by crane work for unloading logs from the
bunks without any movement of the machine at the landing; (3) driving empty starts after unloading
is finished, including driving to the next loading place, and ends with starting crane work for loading
again; (4) driving-loading includes all activities of parallel loading and driving activities; (5) driving
loaded starts with stopping crane work for loading and ends by arriving at the landing, ready for
unloading; (6) other crane work includes all activities with the crane work not related to loading or
unloading; and (7) delays are time not related to effective work.
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2.4. Workflow Merging and Analysing Recorded Data

Based on precise time stamps from the captured video, the recorded working phases and machine
inclination were assigned to the tensile force data by joins using structured query language (SQL)
routines. Due to the chronological synchronizing of work phases and inclination with tensile force
data, an in-depth analysis of tensile forces based on the current working situation was possible.
For this in-depth analysis, a lower sample rate of the tensile force data with 25 Hz was used to
reduce computation time. Compression of the tensile force data from 100 to 25 Hz was performed by
calculating the mean and maximum values via an R script (Figure 6).

Figure 6. The developed workflow for preparing data from the time study, the tensile force
measurements, and from the sensor recording machine inclination for writing via an Open Database
Connectivity (ODBC) into the database and joined using the time stamps for further analysis. SQL:
structured query language.
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3. Results

3.1. Harvester

Altogether, four hours of harvesting activities including tensile forces were captured,
which resulted in 357,475 measurements at the sample rate of 25 Hz. As expected, felling and processing
of trees accounted for 41% of the total recorded time, followed by the activities for other crane work
and driving. The maximum tensile force once reached a peak of 75.5 kN during felling and processing,
which is still below the maximum safe working load of 50% considering the 14-mm diameter of the
mounted cable. All activities showed an average in tensile force on the cable above 40 kN, and even
close to 50 kN for the whole data set, indicating that the machine was always on steep terrain during
operations without any flat sections (Table 1).

Table 1. Descriptive statistics for the recorded tensile forces in Newton (N) at the harvester divided
into defined work phases.

Work Phase Minimum First Quartile Median Mean Third Quartile Maximum Records

Felling and processing 12 43,140 46,553 47,797 53,517 75,647 146,250
Other crane work 359 43,943 47,930 49,501 57,373 68,779 100,627

Other work 21,603 39,308 45,838 44,763 51,792 60,103 2654
Driving 28,525 41,248 44,440 44,169 47,014 66,210 60,345

Delays ≤15 min 9083 38,810 45,194 45,817 55,990 68,001 37,236
Delays >15 min 29,363 44,224 44,793 44,524 45,281 55,139 10,363

The box plots clearly indicate that the pre-set tensile force that is chosen from the driver ranges
from 40 to 60 kN and is set and changed constantly by the driver according to the need during
operation (Figure 7). Overall, most of the activities used a working cable load of between 20% and 30%
(Figure 8).

Figure 7. Tensile forces divided into defined work phases of the observed harvester for all captured
data. Each box plot contains whiskers including data from 2.5% to 97.5%, boxes from 25% to 75%,
and the black line denotes the median. Outliers are marked as points.
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Figure 8. Working load of the cable used during harvesting activities for all captured data.

Compared to the forwarder, harvester activities on the slope did not indicate any cyclic force
behaviour. Moreover, a harvester has less cable outhaul and inhaul than a forwarder. The tensile force
graph consistently shows higher peaks during every working phase, mostly where the crane is active.
This effect can be explained by harvesters handling whole trees after felling and processing (Figure 9).

Figure 9. Tensile force graph showing the defined work phases of the observed harvester for a selected
time period.
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Unfortunately, the recorded dataset does not include machine inclination for the harvester.

3.2. Forwarder

The entire dataset consisted of 647,277 rows for the forwarder, which was already compressed
using a factor of four representing the 25 Hz sample rate. In total, 7.2 h of work were recorded,
representing 16 loads. Loading and unloading accounted for 58.5% of the time, and all driving
activities consumed 28.4% of the total recorded time.

Mean tensile forces at loading were 97% higher than during the unloading phase at the landing.
For all captured cycles, the average working load when driving empty compared to driving loaded
had a difference of 12%. Maximum tensile forces were observed during delays with an observed
peak of 56 kN, followed by driving empty during loading activities. The observed and captured peak
corresponds to a working load of 30.9% of the maximum breaking strength of the cable used (Table 2).

Table 2. Descriptive statistics for the recorded tensile forces of the forwarder in Newton (N) divided
into defined work phases.

Work Phase Minimum
First

Quartile
Median Mean

Third
Quartile

Maximum Records

Loading 7137 31,159 39,260 34,642 41,931 54,708 240,781
Unloading 7538 14,957 15,807 17,563 16,969 49,517 137,668

Driving empty 5479 15,023 27,327 29,552 45,655 55,630 96,429
Driving and loading 7880 15,562 26,962 27,369 39,597 52,637 15,628

Driving loaded 4239 22,018 35,847 33,118 43,871 53,445 87,246
Delays ≤15 min 8742 12,927 14,508 19,148 14,562 56,259 39,559
Delays >15 min 8640 13,831 17,448 22,854 34,608 45,428 11,431

Other work 15,490 17,544 43,350 36,524 48,463 55,032 18,535

The working load on the cable did not exceed one-third of the maximum breaking strength during
the entire study, and was most often between 5% and 11% and 22% and 28%. Analysing the density in
terms of the workload based on the defined work phases showed that the majority of low working
load was due to delays up to 15 min and the unloading phase. Higher working loads on the cable
occurred during loading and driving activities and phases of other work (Figures 10 and 11).

Figure 10. Working load of cable used during forwarding activities for all captured data.
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Figure 11. Working load for the cable used during forwarding activities divided into the defined
work phases.

The graph of tensile force over time in Figure 12 shows one forwarder cycle divided into the
defined work phases starting at the landing and finishing with unloading and driving empty to the next
loading point. The pre-set pulling force from the winch, between 40 and 50 kN, that was chosen by the
driver is visible and is three times higher than the tensile force during unloading. During unloading at
the landing, the tensile force of the cable was lowered to approximately 20 kN, as chosen by the driver.

Figure 12. Tensile force graph showing one cycle of the observed forwarder over time with the assigned
working phases.
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A maximum machine inclination of 105% was reached during loading, unloading, and all driving
activities. On average, machine inclination ranged from 40% to 58% for all activities in the stand
(Figure 13).

Figure 13. The recorded machine inclination for the forwarder during the study for a selected time
period. Each box plot contains whiskers including data from 2.5% to 97.5%, boxes from 25% to 75%,
and the black line denotes the median. Outliers are marked as points.

4. Discussion

We present the first detailed tensile force analysis study of winch-assisted fully mechanized
harvesting operations in Europe. Based on the developed specific survey protocol interactions between
recorded work phases, machine inclination and tensile forces were presented.

Notably, to handle the measuring device for tensile forces with its clamp-on system, if the cable
tension were to abruptly release, the measuring device would fall off. This may result in the device
being damaged. The purchase cost for the measurement equipment was close to €2900 for the sensor,
€900 for the amplifier, and an additional €1500 for the software to check and transfer the data. However,
the setup time was negligible due to the easy-to-use clamp-on system, which can be performed during
an ongoing operation. Downloading data from the measurement device at the site was not needed,
as the tensile force data was stored on a Panasonic Toughbook. This system would not be suitable for
moving cables where the winch is anchored at the top of the hill. For such machinery, tensile force
sensors, which are built-in shackles, would be an appropriate alternative.

For capturing machine inclination, an inertial measurement unit measuring roll, yaw, and pitch,
that is connected to a single-board computer, would facilitate handling and offer additional benefits
in terms of long-term data recording with a high sample rate for storage space and power supply.
The video capturing of all harvesting activities was highly successful in this study. The data was
stored on memory cards that were only changed when the operation or the skid trail was finished.
Nevertheless, improvements could be made in terms of directly storing the video stream onto an
external storage device and using a permanent power supply to avoid changing batteries every
two hours.

305



Forests 2018, 9, 53

The workflow used video to capture the machines’ processes and record the tensile force on the
cables, and machine inclination is divided into three subsets of data that was afterward joined using the
video time stamps. Future research could combine all sensor data out in the field during data recording.
This would reduce the effort required to determine the starting point for analysis. Furthermore, the use
of sensors with a high sample rate for detecting activities could lead to semi-automatic recognition of
work phases in harvesting operations or support long-term studies [25].

In this study, the winch from the harvester was mounted in the front section. The supplier of this
product also offers a rear-mounted solution. This automatically affects the operation mode from uphill
to downhill. However, the mounting cannot easily be changed in the forest according to changing
conditions and requirements, especially considering the operator’s workspace when it comes to
steep terrain, where the levelling of the cabin is not possible and the driver is working downhill.
Tensile forces could change due to smoother driving activities compared to when moving uphill with
the harvester.

5. Conclusions

The objective of this study was to develop a scientific approach with a robust workflow for the
in-depth monitoring and analysing of tensile forces for winch-assisted harvesters and forwarders,
based on work phases and machine inclination. The main question was to determine if the machines
in use are exceeding the safe working load of the cable being used under real working conditions.

The established workflow, including equipment and the developed analysis routines, worked well.
During the study, the working load on the cable did not exceed 50% of the maximum breaking strength.
A maximum tensile force peak was observed during delays for the forwarder at 56 kN, and a peak of
75.5 kN for the harvester, which are still within safe working loads, considering a safety factor of two.

Nevertheless, the study only covered a short period of four hours for one harvester and 7.2 h
for one forwarder and did not cover a long-term period for different machines, drivers, or various
conditions. Therefore, conclusions and findings regarding maximum peaks of tensile forces during
harvesting on steep slopes should not be extrapolated to other machines, operators, or harvesting
sites. Therefore, further detailed long-term studies are needed to cover different machinery, settings,
and modes of operation in combination with productivity. Future studies could focus on the rope wear
of this machinery.

Acknowledgments: This publication is a part of the national funded project “Fully mechanized timber harvesting
with winch-assisted harvester and forwarder”. The research leading to these results has received funding from
the cooperation platform of Forst Holz Papier (FHP). The authors want to thank the entrepreneur Huber and
Tazreiter GmbH, including his team, as well as the John Deere Austria partner (ÖFORST) for supporting the study.
In addition, we also would like to thank the landowners for enabling the fieldwork. The authors also want to
thank the editors and reviewers for their valuable input during the preparation of this original paper.

Author Contributions: Franz Holzleitner and Maximilian Kastner conceived and designed the study layout;
Maximilian Kastner performed the field measurements; Franz Holzleitner, Christian Kanzian, and Norbert Höller
analysed the data; Franz Holzleitner, Christian Kanzian, and Karl Stampfer wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Heinimann, H.R.; Stampfer, K.; Loschek, J.; Caminada, L. Perspectives on Central European Cable Yarding
Systems. Austrian J. For. Sci. 2006, 123, 121–139.

2. Visser, R.J.M.; Stampfer, K. Expanding ground-based harvesting onto steep terrain: A review. Croat. J.
For. Eng. 2015, 36, 321–331.

3. Axelsson, S.Å. The mechanization of logging operations in Sweden and its effect on occupational safety and
health. Int. J. For. Eng. 1998, 9, 25–31.

4. Hartsough, B.R.; Miles, J.A.; Gaio, C.; Frank, A.A. Cable-towed vehicles for harvesting on mountainous
terrain. In Proceedings of the International Mountain Logging and Pacific Northwest Skyline Symposium,
Portland, OR, USA, 12–16 December 1988; pp. 54–77.

306



Forests 2018, 9, 53

5. Wratschko, B. Einsatzmöglichkeiten von Seilforwardern (Application of Cable Forwarders). Master’s Thesis,
Institute of Forest Engineering, University of Natural Resources and Life Sciences, Vienna, Vienna, Austria, 2006.

6. Holzleitner, F.; Stampfer, K.; Visser, R.J.M. Utilization rates and cost factors in timber harvesting based on
long-term machine data. Croat. J. For. Eng. 2011, 32, 501–508.

7. Jacke, H.; Drewes, D. Kräfte, Schlupf und Neigungen—Ein Beitrag zur Terramechanik forstlicher
Arbeitsmaschinen. Forces, Slip and Slopes—A Contribution for Terramechanics of Forestal Work Machines.
Forst Holz 2004, 50, 259–262.

8. Hittenbeck, J. Estimation of trafficable grades from traction performance of a forwarder. Croat. J. For. Eng.
2013, 34, 71–81.

9. Weise, G. Seilgestützter Forstmaschineneinsatz am Hang. Einige Betrachtungen zum Abfangen
des Hangabtriebs durch ein Stützseil (Employing winch-assisted forest machines on steep terrain.
Some observations to resist downhill-slope force using a cable). Forsttech. Inf. 2004, 9–10, 113–116.

10. Weise, G. Traktionshilfswinden—Besser am Hang. Forsttech. Inf. 2016, 5, 7–14.
11. Wijekoon, M. Forest Machine Tire-Soil Interaction. Master’s Thesis, KTH Industrial Engineering and

Management, Machine Design, Stockholm, Sweden, 2012.
12. Wismer, R.D.; Luth, H.J. Off-road traction prediction for wheeled vehicles. J. Terramech. 1973, 10, 49–61.

[CrossRef]
13. Salsbery, B.; Hartsough, B. Control of a cable-towed vehicle to minimize slip. J. Terramech. 1993, 30, 325–335.

[CrossRef]
14. Sessions, J.; Leshchinsky, B.; Chung, W.; Boston, K.; Wimer, J. Theoretical stability and traction of steep slope

tethered feller-bunchers. For. Sci. 2017, 63, 192–200. [CrossRef]
15. Bombosch, F.; Sohns, D.; Nollau, R.; Kanzler, H. Are Forest Operations on steep terrain (average of

70% slope inclination) with wheel-mounted forwarders without slipage possible? In Proceedings of
the Austro2003-Symposium: High Tech Forest Operations for Mountainous Terrain, Schlägl, Austria,
5–9 October 2003.

16. Oberer, F. Symbiose aus Rad und Seil (Symbiosis of wheel and cable). Wald Holz 2012, 1, 28–30.
17. Wegmann, U. Kletterkünstler Hangforwarder (Climbing artist cable forwarder). Wald Holz 2019, 1, 30–31.
18. Lindroos, O.; La Hera, P.; Häggström, C. Drivers of advances in mechanized timber harvesting—A selective

review of technological innovation. Croat. J. For. Eng. 2017, 38, 243–258.
19. Heinimann, H.R. Ground-based harvesting systems for steep slopes. In Proceedings of the

International Mountain Logging and 10th Pacific Northwest Skyline Symposium, Corvallis, OR, USA,
28 March–1 April 1999; pp. 1–19.

20. Amishev, D. Winch-Assist Technologies Available to Western Canada; Technical Report No. 37; FPInnovations:
Pointe-Claire, QC, Canada, 2016; p. 51.

21. Visser, R.J.M. Tension Monitoring of a Cable Assisted Machine; Harvesting Technical Note HTN05-11;
Future Forests Research Limited: Rotorua, New Zealand, 2013.

22. Evanson, T. Use of Tension Monitors to Estimate Payload; Harvesting Technical Note HTN01-08; Future Forests
Research Limited: Rotorua, New Zealand, 2009.

23. Dupire, S.; Bourrier, F.; Berger, F. Predicting load path and tensile forces during cable yarding operations on
steep terrain. J. For. Res. 2016, 21, 1–14. [CrossRef]

24. Visser, R.J.M. Tensions Monitoring of Forestry Cable Systems. Ph.D. Thesis, Institute of Forest Engineering,
University of Natural Resources and Life Sciences, Vienna, Vienna, Austria, May 1998.

25. Pierzchała, M.; Kvaal, K.; Stampfer, K.; Talbot, B. Automatic recognition of work phases in cable yarding
supported by sensor fusion. Int. J. For. Eng. 2017. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

307



Article

Postural Risk Assessment of Small-Scale Debarkers
for Wooden Post Production

Raffaele Spinelli 1,2,*, Giovanni Aminti 1, Natascia Magagnotti 1,2 and Fabio De Francesco 1

1 CNR Ivalsa, Via Madonna del Piano 10, 50019 Sesto Fiorentino FI, Italy; aminti@ivalsa.cnr.it (G.A.);
magagnotti@ivalsa.cnr.it (N.M.); defrancesco@ivalsa.cnr.it (F.D.F.)

2 Australian Forest Operations Research Alliance (AFORA), University of the Sunshine Coast, Locked Bag 4,
Maroochydore DC, Queensland 4558, Australia

* Correspondence: spinelli@ivalsa.cnr.it; Tel.: +39-335-5429798

Received: 20 January 2018; Accepted: 28 February 2018; Published: 2 March 2018

Abstract: The study sampled six representative work sites in Northern and Central Italy, in order
to assess the risk for developing musculo-skeletal disease due to poor work posture (postural risk)
among the operators engaged in semi-mechanized post debarking operations. Assessment was
conducted with the Ovako Working posture Analysis System (OWAS) on 1200 still frames randomly
extracted from videotaped work samples. The postural risk associated with post debarking was
relatively low, and varied with individual operations based on their specific set up. Postural risk was
higher for the loading station compared with the unloading station, which makes a strong argument
for job rotation. The study suggested that the infeed chute of small-scale debarkers might be too basic
and should be further developed, in order to reduce postural risk. Obviously, better machine design
should be part of an articulate strategy aimed at decreasing the postural risk and based on proper
worksite organization and specific worker training.

Keywords: WMSD; OWAS; ergonomics; safety; logging

1. Introduction

For many decades, forest economy has been squeezed between decreasing product value and
increasing labor cost, and this trend does not seem to be stopping any time soon—if at all. The classic
solution is found in improving the efficiency of forest management, obtained by mechanizing
operations through a considerable capital commitment. Against this background, economy of scale
is the key to success, which conflicts with the decreasing size of many private forests as they get
fragmented through heritage lines, often as part of the restitution process [1].

Many low-investment solutions have been proposed over time to increase labor productivity
and yet small-scale technology cannot completely offset the efficiency gap with large-scale industrial
operations [2]. In any case, technology improvements are designed to cut costs and they only tackle
one side of the problem, while doing very little to address the other one, namely value recovery [3].
Most previous attempts to increase value recovery have focused on the manufacturing of high-value
niche products that cannot be sold in large numbers on the commodity market. However, not all
high-value products are niche products: in that regard, wooden posts represent a fortunate exception.
They offer three important advantages: first, they carry a much higher price than any comparable
small-size assortment; second, they can be manufactured from low-value small wood; third, they can
be effectively produced with low-cost technology, especially suited to small-scale operations.

A large and expanding market for wooden posts is offered by activities such as mining, gardening,
and agriculture. In particular, fruit growers offer attractive prices for quality posts, which are sold by
the piece, and may attain the equivalent of 190 € m−3, which is three times the price that one could
obtain by selling the same material as firewood [4,5].
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Furthermore, upgrading small wood to post standards is a straightforward operation that only
requires sorting and debarking [6]. These operations are easily mechanized using low-cost equipment,
generally a simple debarking machine powered by an industrial electric motor or by a farm tractor.
Most small-scale debarkers are of the knife type, and employ a fast-spinning disk fitted with five or
six radial knives that works very much like a planer. During work, the post is pushed with its sides
against the turning disk, while a spiral-patterned feed roller makes it turn around its longitudinal
axis so that all the external surface of the post will touch the spinning disk. The result is high-quality
debarking, where most of the bark is shaved off the post surface, together with some of the wood
on the eventual bumps and bends. As a result, the post is somewhat “straightened”, adding to the
aesthetic quality of the product, which is generally appreciated by customers.

This process is largely manual, which raises the question about the impact on operator safety and
health. In particular, cycles repeat with some frequency, estimated at over 50 full cycles an hour [5].
Such a labor-intensive and repetitive job raises the obvious question about the potential strain on the
musculo-skeletal system of workers, and makes a correct postural assessment especially important.
Repeated over and over again, poor body postures may lead to musculo-skeletal disease, and that
possibility defines postural risk. There is every reason to believe that the population potentially affected
is relatively large. While no data are available on the actual numbers, one may produce a plausible
estimate starting from the production volumes reported in the Eurostat database [7]. This offers
a conservative estimate of around 500,000 m3 per year, for EU 28—although much of the production
is concentrated in France, Austria, Italy, Portugal, and Spain (in descending order of production).
Dividing this figure by a mean debarking productivity equal to 1.5 m3 per hour [5], one obtains
over 333,000 h, or 450 full jobs, without considering all self-employed operations that go unrecorded.
What is more, the demand for wooden posts is expanding and therefore the number of operators
potentially affected is going to increase over the years.

Despite the large potential impact on the rural workforce, the ergonomic evaluation of post
debarking has attracted little scientific interest so far. To our knowledge, the subject has never been
addressed by any study—recent or old. This is a knowledge gap that needs filling, especially if one
considers the large number of workers involved in post debarking and the wide variety of machines
available for the task.

While a single study cannot fill this gap, it may still represent a good start and attract further
attention by other research teams, eventually leading to an exhaustive ergonomic evaluation of this
task. Post debarking consists of a fast and repetitive sequence of loading, pushing, and unloading,
during which time operators will assume the same postures over and over again. That makes it
worthwhile to investigate the risk for work-related musculo-skeletal disorders (WMSD), as a first
step in the ergonomic evaluation of debarking duties. The fact that most operations are small-scale
and are managed by small-medium enterprises (SMEs) makes the need for analysis more urgent,
because working conditions in SMEs are known to be generally poorer than in larger and structured
enterprises [8].

The ergonomic assessment of post debarking should cover a wide range of solutions, capable of
representing the majority of operational set ups, characterized by various levels of refinement and
ergonomic performance. Differences are likely to be important between machines that are equipped
with a feeding deck and machines that are not.

Therefore, the goal of this study was to assess the postural risk associated with post debarking
work, performed with a range of post debarking machines and set-ups capable of representing the
main technical solutions currently available to small-scale operators. In particular, the study aimed to:
(1) produce a benchmark for postural risk in small-scale post debarking work; (2) compare different
machine designs and operation layouts in terms of postural risk; and (3) determine what specific work
tasks incur the highest postural risk. The results of the study will inform recommendations for work
safety supervision and machine design in the post debarking sector.
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2. Materials and Methods

The study was conducted on six small-scale post debarking operations, taken as representative of
the larger population of small-scale debarking operators. These operations were located in Northern
and Central Italy, so as to cover a reasonably wide range of working conditions (Table 1). All operations
were owned by small enterprises and all 12 workers involved in the trials were mesomorphic
adult males, with an age between 30 and 55 years and a work experience of at least five years.
Although different workers were employed for different operations, the skills and the anthropometric
characteristics of the workers were considered generally representative of the workers in the region [9].

Table 1. Characteristics of the sample operations.

Operation ID A B C D E F

Species Chestnut Chestnut Chestnut Chestnut Chestnut Chestnut
Machine Make Rabaud Rabaud Rabaud Rabaud Pribo Neuhauser
Machine Model Robopel 250 Robopel 250 Robopel 250 Robopel 250 MSP 25 GS

Motor Type electric electric electric tractor electric electric
Motor kW 15 15 15 59 11 9

Load deck Yes/No Yes No No Yes Yes Yes
Unload H/V H H V H V V
Crew n◦ 2 2 2 2 2 2
Pieces n◦ 548 512 473 301 530 524

n◦ lenghts n◦ 2 4 6 1 1 1
Length cm 238 224 290 250 300 270

Diameter cm 11 7.2 6.7 8 7.9 7.2
Post weight kg 22 10 12 12 16 9

Total volume m3 ub 12.7 5.2 5.4 4.1 8.4 6.4
Productive time h 4.3 2 4.9 2.1 3.1 3.1

Delay time h 1.8 0.7 1.6 1.3 1.7 1.4
Total worksite time h 6.2 2.6 6.5 3.4 4.8 4.5

Delay % 30 25 24 38 36 31
Productivity m3 ub h−1 3.0 2.6 1.1 2.0 2.7 2.1

Notes: H/V = Horizontal on a stack/Vertical against a wall; Diameter = post diameter at mid-length; ub = under
bark; Productivity is calculated based on productive time only, and excluding delays.

The six operations represented three of the most popular debarking machines, as follows: Rabaud
Robopel 250 (four units), Pribo MSP 25 (one unit), and Neuhauser GS (one unit). These machines
were all disk type and processed one post at a time. All machines in the study were simple and
inexpensive (≤30,000 €), which made them especially suited for small-scale operations, compared
with the large automated ring-, drum-, and rosser head-debarkers used at sawmills and pulpmills.
Technical differences between the study machines were minor, and were found in some mechanical
details. The most meaningful differences were in the way that the operations were set up, which
implied a different work organization and different postural risk (Figure 1).

All units were stationed at wood yards and processed small logs sourced from chestnut
(Castanea sativa L.) and locust (Robinia pseudacacia L.) coppice stands. Five units were powered by
electric motors, whereas one was powered by a tractor, using the power take-off (PTO). Four units
(A, D, E, F) were provided with a loading deck, in order to speed up loading and reduce worker
effort. Decks consisted of a simple metal structure, designed to bring the posts to the same level as
the debarker infeed chute and prevent the worker from bending down to lift the posts off the floor.
When a loading deck was provided, posts were easily placed on the deck with a forklift. However,
posts were moved from the deck to the debarker infeed chute manually, eventually using a sappie or a
similar tool. Units B and C had no loading deck, which forced workers to manually lift and carry the
posts from the piles and place them on the infeed chute.
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(a) (b)

(c) (d) 

Figure 1. Typical postures assumed during post debarking at the two main work stations: loading-push
(a), loading-hold (b), unloading-pull (c), and unloading-stack (d).

All debarkers were manned by two workers: one for loading the undebarked posts and adjusting
the machine during work, and the other for unloading the debarked posts and moving them to
the appropriate stacks. Unloading was always manual, since no unloading deck was available.
Sorting generally occurred during unloading, and consisted of placing the posts into different piles
according to their characteristics. Debarked posts could be placed horizontally in stacks built on
the yard floor (operations A, B, and D), or vertically against a wall (operations C, E, and F). In the
latter case, the operator would not need to bend, as otherwise necessary when building a stack of
horizontally placed posts.

Data collection took place in the period between the Winter of 2016 and the Spring of 2017.
During that period, researchers visited each operation to record post debarking operations with two
12 megapixel digital cameras mounted on tripods, in order to simultaneously collect video data for
both operators. Cameras were positioned to capture images of the entire body of each worker during
the debarking cycle. The data pool consisted of 12 video files, as many as the operators surveyed in the
study. Each video recording was at least 15 min in duration, and it captured at least 25 debarking cycles.
Each loading and unloading cycle was subdivided into specific tasks, in order to determine if some
tasks incurred a higher postural risk than the others, which could be used by machine manufacturers
when designing new machine models (Table 2). Machine delays and rest breaks were excluded from
the analysis.

Once in the laboratory, still frames were extracted from the video footage in the number of
100 stills for each worker and operation. Frame extraction was conducted at random intervals, whose
duration averaged 30 s [10]. Random number tables were generated in order to assist with the sampling
and avoid the risk of accidental synchronization between observation intervals and cyclic tasks [11].
The total number of videotape frames analyzed in this study was 1200, that is 100 stills × 12 workers.
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Table 2. Description of main tasks.

Loading Station

Carry Carrying the post from the pile to the machine (it includes picking, if the pile is low on the floor)
Push Pushing the post into the machine infeed
Hold Holding the post while engaged by the machine
Wait Waiting idle
Walk Walking back to the pile to get another post

Unloading station

Pull Pulling the post off the machine out feed
Carry Carrying the post from the machine to the stack
Stack Placing the post on the stack
Wait Waiting idle
Walk Walking back to the machine

Operator postures on the still frames were attributed a postural risk index using the Ovako
Working posture Analysis System (OWAS). Postural risk assessment can also be conducted with other
methods, such as the Rapid Upper Limb Assessment (RULA) and the Rapid Entire Body Assessment
(REBA). RULA offers additional information on wrist and elbow postures, which are not included
within OWAS. However, RULA was developed for sedentary work and neglects lower body postures,
whereas REBA was developed for the health care service and is less suitable for industrial work
compared with OWAS [12]. In contrast, the OWAS method covers both the upper and lower body,
and is relatively simple to apply [13]. Furthermore, OWAS is among the most widespread methods
used to assess postural risk, which facilitates the comparison of study results with the data reported in
the available literature on the subject [14]. The OWAS method is highly reliable [15] and it has been
shown to match or surpass the performance of other newer and more detailed postural assessment
methods [16].

Frame analysis was conducted using the ErgoFellow 2.0 software, developed by FBF SISTEMAS
(Belo Horizonte, MG, Brazil). Using the interactive program interface, each frame was analyzed and
classified according to the OWAS method, so that the software could return an Action Category (AC)
score, indicating whether corrective action was necessary and how urgent it was. In particular, the
OWAS method adopts four Action Categories, as follows: AC1 = Normal posture, no intervention
required; AC2 = Slightly harmful posture, corrective action should be taken during the next regular
review of work methods; AC3 = Distinctly harmful posture, corrective action should be taken as
soon as possible; AC4 = Extremely harmful posture, corrective action should be taken immediately
(i.e., right now!). The OWAS system attributes AC scores for each of the 252 combinations derived from
three arm postures, four trunk postures, seven lower body postures, and three load weight classes.
AC scores are based on a specific grid, developed by sector experts

Each frame was classified as one of the previously described work tasks in post debarking, which
allowed us to determine whether specific task types involved a higher postural risk compared to
the others.

Each work station, operation type, and task was also attributed an overall postural risk index
(PRI), calculated as the frequency-weighted average of the AC scores recorded for that specific case,
according to the equation below [17]:

PRI = (a × AC1) + (b × AC2) + (c × AC3) + (d × AC4) (1)

where a, b, c, and d are the frequency of scores AC 1, 2, 3, and 4, respectively, represented as the
percentage of total observations attributed a given score.

Data were analyzed with the Minitab 16 advanced statistics software (State College, PA, USA).
Given the ordinal character of all variables, the statistical significance of the eventual differences
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between the AC scores for different operations, work stations, and work steps was checked with
Pearson’s chi-square (χ2) test for sampling distributions. The elected significance level was α < 0.05.

3. Results

The mean postural risk index for post debarking was 136, or 146 and 129 for the loading
and unloading station, respectively. Loading incurred a higher postural risk than unloading, with
twice as many observations in the AC2 class, compared with the general distribution (Figure 2).
This distribution “anomaly” offered the largest contribution (70%) to the overall χ2 score for the
comparison of distributions, which was highly significant (p < 0.001).
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Figure 2. Percentage breakdown of observations among postural risk classes and overall postural risk
index. Notes: PRI = postural risk index; AC = Action class, as estimated with the OWAS method;
n = 1200; AC1 = Normal posture, AC2 = Slightly harmful posture, AC3 = Distinctly harmful posture,
AC4 = Extremely harmful posture.

Overall, operations F and D performed the best, recording the lowest postural risk index for the
whole group: 114 and 129, respectively (Table 3). In contrast, operation C raised the highest concern,
with a postural risk index of 150. Differences were caused by a consistent drift of postural scores from
AC1 to AC2, which turned out to be highly significant (p < 0.001) and contributed 80% to the overall
χ2 score.

Table 3. Percent distribution of observed frames among postural risk classes, by operation (n = 1200).

Operation AC1 AC2 AC3 AC4 PRI m3 ub h−1

A 65 24 8 3 149 3.0
B 78 17 5 1 129 2.6
C 55 39 6 0 150 1.1
D 70 25 5 0 136 2.0
E 65 30 6 0 142 2.7
F 87 12 1 0 114 2.1

χ2 = 61.4, p < 0.001, contribution bold = 79%, R2 = 0.0049

Notes: AC = Action category; PRI = postural risk index; m3 ub h−1 = productivity in m3 under bark per hour,
excluding delays; numbers in bold represent the largest contributors to the overall χ2; bold = % contribution to the
total χ2 score given by the cells with bold characters; R2 = regression coefficient for the linear relationship between
PRI and productivity.
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Postural analysis of different work tasks showed that the highest risk was incurred when carrying
the undebarked posts to the machine infeed chute, when pushing them on the chute and towards
the debarker disk, and when holding the post during debarking (Table 4). Carrying the debarked
posts to the stacks also incurred a high postural risk, confirming that “carry” type tasks are inherently
hazardous due to the handling of relatively heavy objects (10–20 kg apiece) that may force workers
to adopt awkward postures. In contrast, the lowest postural risk was encountered with obviously
neutral tasks, as waiting at rest and walking with no load, when operators were most likely to assume
physiological postures. Distribution “anomalies” for these tasks explained most (85%) of the overall χ2

score for the comparison of distributions, which was highly significant (p < 0.001).

Table 4. Percent distribution of observed frames among postural risk classes, by task type.

Station Task AC1 AC2 AC3 AC4 PRI

Loading Carry 60 25 13 2 158

n = 600

Push 37 49 13 1 179
Hold 58 39 2 1 147
Wait 100 0 0 0 100
Walk 100 0 0 0 100

Unloading Pull 74 24 2 0 129

n = 600

Carry 68 15 16 1 151
Stack 65 24 11 0 146
Wait 100 0 0 0 100
Walk 100 0 0 0 100

χ2 = 171.9, p < 0.001, contribution bold = 85%

Notes: AC = Action category; PRI = postural risk index; numbers in bold represent the largest contributors to the
overall χ2; contribution bold = % contribution to the total χ2 score given by the cells with bold characters.

A better appreciation of postural risk and of the mechanisms leading to given PRI scores was
obtained by intersecting the postural risk index characterizing specific tasks with the incidence of
these tasks over total cycle time. Taken together, the three tasks with the highest PRI (“carry”, “push”
and “hold”) accounted for 83% of the loading cycle (Figure 3). Apparently, the loading cycle was
divided between relatively risky and markedly neutral tasks (“walk” and “wait”), showing a somewhat
polarized structure (i.e., high risk vs. no risk at all).
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Figure 3. Percentage breakdown of observations among different tasks, by work station, (a) loading
station, (b) unloading station.
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The situation was better for the unloading cycle. First, neutral tasks were more frequent in the
unloading cycle than in the loading cycle (27% vs. 13%), which was bound to reduce the overall
postural risk of the unloading station. Second, over 40% of the unloading cycle was occupied by
pulling the post from the outfeed chute (i.e., “pull”), which only incurred a moderate postural risk.

The effect of deck type was tested by comparing the postural risk index and the task frequency
distribution of operations with and without a deck. In order to have a balanced dataset, the two
operations without a deck were matched with two operations extracted from the larger pool of those
that were fitted with a deck. Eventually, operations A, B, C, and D were selected for the comparison
because they all used the same Rabaud Robopel 250 machine model.

Deck-fitted operations incurred a lower postural risk, and were characterized by a mean PRI of
144, versus 158 for the two operations that were not fitted with a deck. However, individual variations
were high and the general difference between the two set ups (deck vs. no deck) was not significant
(p = 0.228). In contrast, significant differences were found for both task distribution and postural risk
between individual operations, and the worst performer was one of the two operations that were not
fitted with a deck (Operation C). Yet, the next-worst was a deck-fitted operation (Operation D), which
blurred the general picture. Both operations C and D were characterized by a very low incidence of
neutral tasks (i.e., “wait” and “walk”), which may hint at a direct relationship between postural risk
and how busy operators are (Table 5).

Similarly, the postural risk incurred at the unloading station was affected by how the debarked
posts are arranged, i.e., horizontally on the floor or vertically against a wall. The analysis showed that
the postural risk incurred by the two options was about the same (Table 6). However, the incidence of
a neutral task was twice as high for the horizontal technique, compared with the vertical one, hinting
at a somewhat more laborious routine for vertical stacking.

Table 5. Percent distribution of observed frames among task types (above) and postural risk classes
(below) at the loading station, for operations with and without a loading deck (n = 600).

Loading Deck Deck No Deck No Deck

Operation � A D C B

Task

Carry 11 0 9 0
Push 11 22 15 50
Hold 47 74 72 31
Wait 25 1 2 18
Walk 6 3 2 1

χ2 = 122.9, p < 0.001, contribution bold = 78%

Risk

AC1 80 52 36 67
AC2 7 47 56 25
AC3 9 0 8 7
AC4 4 1 1 1
PRI 137 150 176 142

χ2 = 73.9, p < 0.001, contribution bold = 86%

Notes: AC = Action category; PRI = postural risk index; numbers in bold represent the largest contributors to the
overall χ2; bold = % contribution to the total χ2 score given by the cells with bold characters.
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Table 6. Percent distribution of observed frames among task types (above) and postural risk classes
(below) at the unloading station, for two stacking techniques: horizontal and vertical (n = 600).

Task Horizontal Vertical

Pull 35 52
Carry 12 14
Stack 17 16
Wait 22 8
Walk 14 10

χ2 = 32.4, p < 0.001, contribution bold = 93%

Risk Horizontal Vertical

AC1 81 76
AC2 11 22
AC3 7 3
AC4 1 0
PRI 128 129

χ2 = 14.5, p = 0.002, contribution bold = 94%

Notes: AC = Action category; PRI = postural risk index; numbers in bold represent the largest contributors to the
overall χ2; bold = % contribution to the total χ2 score given by the cells with bold characters.

4. Discussion

The postural risk incurred during post debarking is relatively low. The worst case is represented
by operation C and obtains a PRI of 150, which is much below that reported for material handling at
factories (PRI = 236) [18] and for forest work (PRI = 250 ÷ 300) [17,19]. The best performers (operations
B, D, and F) incur a lower musculo-skeletal risk than light manual packing work (PRI = 136) [20], and
are basically safe. As far as small-scale forest operations are concerned, post debarking is characterized
by a lower postural risk compared with traditional firewood processing work, which is the other
activity typically endeavored by small-scale operators to increase the value of their products [21].

In fact, there are large differences between operations, which are difficult to explain. Neither
the availability of a deck, nor the stacking technique, seem to have a univocal effect on postural risk.
While it is true that the worst performer is not equipped with a loading deck, it is also true that the only
other operation without a loading deck performs quite well and is actually second best (operation B).
As for the stacking technique, there are indeed differences in task frequency between the horizontal
and vertical stacking techniques, but these differences do not seem to affect postural risk.

Therefore, one must look for additional factors that may explain the differences between
individual operations. These might be found in the specific characteristics of stacks and decks,
such as their height, their exact position in the yard, and their distance from the machine. As for height,
that may explain the good performance of operation B, which was not fitted with a loading deck but
featured stacks that were replenished regularly, so as to remain near to the infeed chute and to stay
always more or less at waist height. This way, the worker at the loading station did not need to bend
over for picking posts off the floor, nor did he have to carry these posts to the infeed chute over any
extended distance. On that note, it is important to stress that stack placement would likely impact the
incidence of high-risk tasks such as “carry”, and could be effectively manipulated in order to relieve
postural risk.

Furthermore, one may speculate about the effect of the anthropometric characteristics of the
workers. Simple machines like the debarkers observed in this study are relatively inflexible, and
their structure only allows for minimal adjustments. Therefore, the same machine might be easier to
negotiate for workers with specific anthropometric characteristics, and more difficult for other ones
who are too tall or too short to work comfortably under a fixed infeed height setting, for instance.
As a matter of fact, the workers at operation C—the worst performer—were especially tall, which may
have forced them to assume unnatural body positions during some specific tasks.
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Finally, it is possible that some of the differences between individual operations were related
to training. While they were generally experienced, none of the workers in the study had received
specific formal training, but they had all been taught on the job by older workers, as often occurs
with small-scale part-time operations. Unfortunately, informal on-the-job training does not develop
according to a set curriculum, but is based on the real-world experience of the older workers, which
might be quite valid in some fields, but weak in others. Therefore, one may imagine that some workers
had reached a better grasp of kinesiology than others, and therefore would use a more suitable work
technique. Unfortunately, the study did not determine operator anthropometrics and training history,
and therefore all these considerations cannot be substantiated by numbers, although they remain
highly suggestive.

However, the study determined with some certainty the mean postural risk, as well as the specific
postural risk, associated with individual tasks and specific work stations.

While mean postural risk has already been addressed in the opening of this section, here, one
needs to make a specific remark on context. The mean postural risk figures reported in this study
are valid for the operation of the debarker, but they do not include all ancillary operations that are
part of post debarking duties. In particular, the study excluded any postures the operators assumed
during delays. These delays easily represent 30% of the total worksite time [5], and generally consist
of rest pauses or brief interruptions when moving away the processed product, or restocking the deck
with new logs. During this time, workers are sedentary and they seldom perform any heavy physical
activity, which is bound to reduce the overall postural risk.

In turn, that draws attention to the meaning of neutral tasks such as “wait” and “walk”, and to
their relation with productivity. In particular, “wait” implies inactivity, and the association of this task
with a low postural risk may lead one to infer that postural risk increases with efficiency. In fact, classic
delays that lead to inefficiency were excluded from the postural risk analysis, and therefore the tasks
that do not describe a direct action on the machine or the work object are not necessarily implying
an interruption of the production cycle. In fact, they simply indicate that the machine is producing
without requiring a direct action from the worker, who might then be waiting until his intervention is
again required. Similarly, walking to the machine or to the stacks occurs while the machine is engaging
in its work, and does not imply any interruptions of the work cycle. Therefore, a higher frequency of
“waiting” may simply describe an operation that is better organized and where the machine can work
for a longer time without requiring direct worker action. That is clearly demonstrated by the absence
of any meaningful correlation between productivity and PRI for the sample operations (R2 = 0.0049).

At the same time, the association between specific tasks and postural risk offers some useful
insights. The high risk associated with “carry” is expected, because moving around heavy objects is
bound to involve some postural risk [22]. Less expected and more useful is the information about
the high postural risk entailed by such tasks as “push” and “hold”. Theoretically, these should be
relatively easy tasks, as the post is supported by the debarker infeed chute. Yet, the study indicates
that these tasks carry a significant postural risk, hinting at imperfect machine design. As a matter of
fact, the infeed chute of small-scale debarkers is somewhat rudimentary and its architecture could be
improved. Study results point to the need for an easily adjustable infeed chute, possibly equipped
with a simple belt to assist with moving the post into the working mechanism, as available even on the
cheapest firewood processors [23]. These features would certainly relieve worker effort and decrease
the risk for WMSD.

Finally, the study offers compelling evidence for the different postural risk incurred at the two
different work stations, stressing once more the importance of job rotation, which is made especially
easy by the elementary skills required for manning both stations.

5. Conclusions

Post debarking involves a moderate postural risk, which is different for the two main work
stations and varies with individual operations, based on their specific set up. However, debarker
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design could be improved, especially for what concerns the loading station, which is still too basic.
Better machine design should be part of a more articulate strategy aimed at decreasing the postural
risk of post debarking work sites. Future studies should also investigate the relationship between
postural risk and worker anthropometrics, under the conditions of the current machine design with its
rather inflexible settings, and possibly after developing improved designs that can be adjusted to fit
operators with different anthropometric characteristics.
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Abstract: Heterobasidion spp. root rot causes severe damage to forests throughout the northern
temperate zone. In order to prevent Heterobasidion infection in summertime cuttings, stumps can be
treated with urea or Phlebiopsis gigantea. In this study, the consumption of stump treatment materials
and the quality of stump treatment work were investigated. A total of 46 harvesters were examined
in May–November 2016 in Finland. The average stem size of softwood removal and softwood
removal per hectare explained the consumption of stump treatment material. The quality of stump
treatment work was good in the study. The best coverage was achieved with the stumps of 20–39 cm
diameter at stump height (d0). It can be recommended that the harvester operator self-monitors and
actively controls his/her treatment result in cutting work and sets the stump treatment equipment in a
harvester if needed. The results also suggested that when cutting mostly small- and medium-diameter
(d0 ≤ 39 cm) conifers, the stump treatment guide bars with relatively few (<18) open holes are used,
and at the harvesting sites of large-diameter trees, the guide bars with a relatively great (>27) number
of open holes are applied.

Keywords: root rot; biotic factor; forest health; tree growth; stump protection; wood harvesting

1. Introduction

The root and butt rot fungus Heterobasidion annosum sensu lato (Fr.) Bref. is widely distributed in
coniferous forests of the Northern Hemisphere, especially in Europe, North America, Russia, China and
Japan [1]. There are three native Heterobasidion annosum species in Europe: (1) Heterobasidion annosum
sensu stricto (s.s.) has a wide range of hosts and causes mortality to pines (Pinus spp.), especially Scots
pine (Pinus sylvestris L.), and root and butt rot to Norway spruce (Picea abies (L.) Karst.) and Sitka
spruce (Picea sitchensis (Bong.) Carr.). (2) Heterobasidion parviporum Niemelä and Korhonen causes root
and butt rot to Norway spruce, and (3) Heterobasidion abietinum Niemelä and Korhonen causes disease
to several Abies species in southern Europe [1,2].

Heterobasidion spp. root rot causes severe damage to forests throughout the northern temperate
zone: In the European Union, annual losses attributed to growth reduction and degradation of wood
are estimated at approximately €800 million [3,4]. In Finland, the damage caused by Heterobasidion
spp. root rot for Norway spruce has been estimated to be approximately €40 million year−1 and some
€5 million year−1 for Scots pine [5,6]. Climate change is thought to favor the living conditions and the
spread of Heterobasidion spp. root rot [7,8]. In addition, shortening of winter lengthens the infection
time of the spores of Heterobasidion spp. root rot and increases the proportion of summertime cuttings.
Consequently, the prevention of Heterobasidion spp. root rot, as well as the obstruction of the spread of
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Heterobasidion spp. root rot can be considered among the most significant challenges facing the modern
forestry sector [9].

The pathogen of Heterobasidion spp. root rot infects fresh stumps after thinning and clear-cutting
operations and spreads to neighboring trees via root-to-root contacts. In order to prevent Heterobasidion
spp. root rot infection in summertime cuttings, stumps can be treated with urea that increases the pH
of the stump surface, making it unsuitable for spore germination and preventing Heterobasidion spp.
root rot from getting deeper into coniferous wood [10–16]. Alternatively, the stump surface can be
covered with large amounts of the antagonistic fungus Phlebiopsis gigantea (Fr.) Julich, to prevent any
pathogen spores that subsequently land on the stump surface to germinate [17–24].

According to the Plant Protection Product Register [25], four urea products are used in
Finland: Moto-urea (license number: 3069), PS-kantosuoja-2 (1949), Teknokem Kantosuoja (3124)
and Urea-kantokate (2928). Currently, the trademarks of biological control agents are Rotstop® (1648)
and Rotstop® SC (2939) on the market in Finland [25]. The stump treatment areas have been annually
45,000–117,000 hectares in the 2010s in Finland [26,27].

The stump treatment with both urea and Rotstop reduces the basidiospore infection of
Heterobasidion spp. root rot by an average of over 90% (cf. [28–33]). Achieving good pesticide efficacy
requires careful treatment in order to wet the surface of the whole stump by spreading [31,34–37].
The effectiveness of prevention is reduced in relation to the uncovered area on the surface of the
stump. Thus, the good coverage of stumps is an absolute prerequisite for high-quality stump treatment
work [9].

According to the Government decree on the prevention of damage by Heterobasidion spp.
root rot [38], Heterobasidion spp. root rot has to be prevented in mineral soils when the share of
Norway spruce and Scots pine (i.e., conifers) of the total initial stand volume is more than 50%
before wood harvesting operation and in peatland forests if the share of Norway spruce of the total
initial stand volume is more than 50% before logging operation in Finland. In accordance with the
Forest damage prevention act [39], the prevention of Heterobasidion spp. root rot must be carried
out in thinnings and regeneration fellings in the risk zone of Heterobasidion spp. root rot between
the beginning of May and the end of November in southern and central Finland (see Figure 1).
Furthermore, the stump treatment has to be done for all conifer tree stumps of more than 10 cm in
stump diameter (d0) and the stump treatment material must cover at least 85% of the surface of each
stump being treated [38]. Stump treatment is not required if any of the following conditions are met:
(1) thermal growth season (i.e., the snow has melted in the opening places and the average daily air
temperature has permanently raised more than +5 ◦C) has not started, (2) the air temperature of the
wood harvesting day is below 0 ◦C, (3) there is a uniform snow cover on the ground, or (4) the lowest
air temperature in the municipality of the harvesting site has been below 10 ◦C during the three-week
period preceding the wood harvesting operation [38].

The stump treatment material is applied on the stump surface of coniferous trees using the
harvester equipped with stump treatment facilities. Nowadays, the volumes of storage tanks in
harvesters for the stump treatment material are typically around 100–150 dm3. The stump treatment
material is pumped from the storage tank of a harvester to the harvester head whence it is discharged
onto the stump surface of the conifer tree via holes spaced along the underside of the guide bar.
There are pre-drilled (but not totally open) holes at a distance of 12–13 mm in the new stump treatment
guide bar. Before bringing a new guide bar into use, the desired number of holes in the guide bar is
opened by drilling with a 1.5 mm drill bit or hitting with a small spike. The number of pre-drilled
holes in a guide bar depends on the length of the guide bar. For instance, the stump treatment guide
bar of 75 cm in length has around 40 pre-drilled holes. When the length of the guide bar is 60 cm,
the number of pre-drilled holes is typically less than 30 holes, and when the length of the guide bar is
90 cm, there are more than 50 holes in the guide bar.
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Figure 1. The distribution of harvesting sites (n = 1831) in the study. The gray color in the map displays
the risk zone of the spread of Heterobasidion spp. root rot in Finland [39].

By means of the number and location of open holes in a guide bar and control systems for the
treatment equipment of a harvester, the harvester operator can control the spraying of treatment
material. Due to the variation in the stem size of removal in the forest stand, with smaller trees, some of
the treatment materials often pass through the stump surface because the number of open holes in the
guide bar usually has to be dimensioned according to the larger-diameter trees at a harvesting site [40].

There is only one report published in which the hectare-based consumption of stump treatment
materials has been presented in Finland [41]. Mäkelä [41] estimated that the consumption of stump
treatment material is around 40–60 dm3 ha−1 in thinnings and approximately 50–90 dm3 ha−1 in final
cuttings. Mäkelä [41] forecasted his consumption figures of treatment product based on the number of
stems cut and the total area of stump ends treated. The sales package labels of urea treatment products
on the market promise that the consumption is 1.5–2.0 dm3 m−2 of stump surface treated [42–45].
On the other hand, the sales package labels of Rotstop® and Rotstop® SC products give the following
adequacy estimates: 0.33–0.68 dm3 m−3 of softwood harvested or 25–150 dm3 ha−1 [46,47].

Unfortunately, the current consumption figures presented in literature are not precise for using
chemical and biological controls against Heterobasidion spp. root rot. Therefore, Stora Enso Wood
Supply Finland (WSF) and the University of Eastern Finland carried out the study on stump treatment
against Heterobasidion spp. root rot in Finland. The aims of the study were to produce more accurate
information about stump treatment and to clarify the following:

• the consumption of stump treatment materials and
• the quality of stump treatment work (i.e., the coverage of stumps treated).

2. Materials and Methods

2.1. Data on the Consumption of Stump Treatment Materials

The consumption of stump treatment materials in 46 harvesters was collected in May–November
2016 in Finland at the harvesting sites of Stora Enso WSF. There were 25 Ponsse (Beaver, Ergo,
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Fox, Scorpion and Scorpion King), 14 John Deere (1070D, 1070E, 1170E, 1270D, 1270E and 1270G),
5 Komatsu/Valmet (901, 901TX, 901TX.1, 911.4 and 911.5), 1 Logset (8H GTE) and 1 ProSilva (810)
harvesters in the study. Since the harvesters of the study did not have the technology to perform
automatic measuring of the consumption of stump treatment material, the consumption of treatment
materials was manually measured by the harvester operators with recording forms. The measurement
methods used by the operator differed between the harvesters of the study: Some operators measured
the consumption of treatment materials when filling up the storage tank of a harvester by measuring
the amount of substance added by a flow meter or by the signs in the storage tank. Some operators
used a dipstick. All methods aimed at a minimum accuracy of five dm3 measurement−1.

There were 40 harvesters which used only urea as a stump treatment product in the study and only
Rotstop® SC suspension was used in four harvesters. Furthermore, both urea and Rotstop® SC were
used in two harvesters. In total, the stump treatment materials were measured to spread 309,427 dm3

during the study period. Of this volume, three urea products (i.e., Moto-urea, PS-kantosuoja-2
and Teknokem Kantosuoja) accounted for 272,754 dm3 (88.1%) and the share of Rotstop® SC was
36,673 dm3 (11.9%).

The harvesting site-specific harvester production data (i.e., prd files [48]) provided the stand
information, which was collected from the enterprise resource planning (ERP) system of Stora Enso
WSF. The prd files were received for a total of 1831 harvesting sites. The prd files included the
volume, number and average stem size of removal by tree species, as well as a cutting method.
In addition, the hectare-based consumption figures for harvesting sites were calculated using the
harvesting instruction maps of logging areas. If there was some indication of an abnormality in the
implementation of the harvesting site cut in the prd file, the hectare-based consumption was not
calculated for such harvesting sites. The geographical distribution of harvesting sites in the study is
illustrated in Figure 1.

The total removal volume of softwood trees at the harvesting sites of the study was 587,120 m3

solid over the bark (later only: m3). The share of Norway spruce removal was 320,257 m3 (54.5%) and
the share of Scots pine was 266,863 m3 (45.5%), and a total of 2,413,256 softwood trees were cut. Most
of the softwood volume was cut from clear cuttings (59.3%) and later thinnings (27.9%). From first
thinnings, softwood was felled 5.8% of the total softwood volume, 4.5% from seeding fellings and 2.3%
from other fellings (i.e., cuttings of hold-over stands, shelterwood fellings and special cuttings).

GB, Iggesund, John Deere, Komatsu, Oregon and Ponsse guide bars were used in the harvesters
of the study. The most commonly used guide bar trademark was the Iggesund by which in total 51.9%
of the total softwood volume harvested was cut. The share of GB guide bars was 23.8% and with
Oregon bars it was 15.3% of the total softwood removal cut in the study. The length of guide bars
varied between 50 and 95 cm. From the total softwood removal, the majority (71.8%) was cut by the
guide bars of 75 cm in length. The average number of open holes in stump treatment guide bars was
22.5 holes with the variation range of 3–41 holes. The study also detected the effect of the number of
open holes in a stump treatment guide bar on the consumption of stump treatment material. In total,
the harvester operators recorded the number of open holes in the guide bar for 1808 harvesting sites
on the data collection forms. The volumes of softwood cut with the different number of open holes are
described in Figure 2.

Moreover, the influence of the adjustment habits by harvester operator on the consumption of
stump treatment material was investigated. The options for adjusting the stump treatment equipment
(i.e., timing and duration in spraying and spreading pressures) in the interviews of harvester operators
were as follows:

• By harvesting site,
• By cutting method,
• After detecting weak stump coverage in spraying or
• Never.
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All harvester operators of the study (n = 68) were interviewed at the beginning of the study
period (May 2016) and at the end of the study (October–November 2016). The adjustment habits of
the operators, as well as the other study experiences and observations (i.e., Was it easy to measure
the consumption of stump treatment material? Did the operator achieve the target accuracy set in
his consumption measurements? In what kind of harvesting sites were there lots of problems with
the coverage of stump surfaces in the treatment work?) were asked in the operator interviews. If the
adjustment habits of the operators at the same harvester differed from each other, the harvester was
classified into a group based on the harvester operator’s response to most adjustments. The number of
harvesters and harvesting sites in different adjustment classes are given in Table 1.

Figure 2. The distribution of the number of open holes in harvesters’ stump treatment guide bars by
cutting method in the study.

Table 1. The number of harvesters and harvesting sites in the different adjustment habit classes by
harvester operator in the study.

Adjustment Habit Class Number of Harvesters Number of Harvesting Sites

By harvesting site 0 0
By cutting method 12 490

After detecting weak stump coverage in spraying 19 726
Never 15 615
Total 46 1831

2.2. Coverage Data

The quality of stump treatment work was evaluated with all harvesters of the study by
inventorying the coverage of stump treatment on the stump surfaces of conifer trees cut after the
stump treatment work. The goal was to make three coverage inventories for each harvester during
the study period. Besides, the aim was to conduct one coverage inventory for each main cutting
method (i.e., first thinning, later thinning and clear cutting) with each study harvester. The inventory
of different cutting methods was done to ensure that the coverage of stump treatment would be valid
on the stumps of different diameter within all harvesters involved in the consumption study.

The coverage of stump treatment material on the stump surface can be detected by the dye of the
treatment material. The uncovered area of the entire stump surface by stump treatment material was
estimated by using a transparent plastic measuring plate (Figure 3).
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(A) (B)

Figure 3. (A) A transparent measuring plate used in the study. By changing the distance of the
transparent measuring plate above the stump, the focal length is selected by combining the edges
of the stump and the ring of the measuring plate. Based on the relative proportions of the plate, it
is possible to determine the relative proportion of the uncovered area of the stump surface. Photo
courtesy of Uittokalusto Ltd. (B) The stump with the uncoverage rate of around 11–13% (not the blue
area). Photo courtesy of Kalle Kärhä.

In each coverage inventory, the target was to measure 50 stumps [49,50]. In accordance with the
Guidelines for inventorying the coverage of stump treatment prepared for the study, the stumps were
measured via cluster sampling on the longest line of each logging area. From the line, the five closest
conifer tree stumps were measured at the distance of ten meters from ten places, with a total sample
size of 50 stumps. The stump diameter (d0) and coverage percentage (i.e., coverage rate) of each stump
selected for the inventory were recorded on the Inventorying form of the coverage of stump treatment
(cf. [49,50]). The quality of stump treatment work was evaluated on the basis of the criteria of the
Finnish Forest Centre [50], i.e., 85% or more of the stump surface of the approved stump should have
been covered. Contrary to the consumption data, the quality inventories of stump treatment were
carried out at a logging area-specific level (i.e., logging area may consist of one or several harvesting
sites) instead of the harvesting site-specific measurements of consumption.

After inventorying the coverage of stumps, the percentages below 85% covered stumps were
calculated on the form. When the sample was 50 stumps in the inventories, the deduction percentage
was calculated by multiplying the number of uncovered stumps by two. The evaluation based on the
deduction percentage was given to the quality of stump treatment work as follows:

• The deduction percentages of 0–9% marked a good level of coverage,
• 10–29% a satisfactory level and
• 30–100% marked an ineligible level of coverage [50].

The quality inventories of stump treatment were performed by a responsible wood harvesting
officer at Stora Enso WSF for each study harvester. The quality inventories made by the harvester
operators themselves were not used in the study. When all harvesters did not cut in the stands of all
three main cutting methods (i.e., first thinning, later thinning and clear cutting), several inventories
for the same cutting method were conducted with some harvesters. In total, 144 quality inventories
(27 in first-thinning stands, 65 in later thinnings and 52 in clear cuttings) were carried out in the study.
The final coverage data was 7042 stumps (Figure 4).
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Figure 4. The frequency distribution of stumps (n = 7042) inventoried for the final coverage data of
the study.

2.3. Analysis of Study Materials

The harvesting site-specific data on the consumption of stump treatment products, as well as the
coverage data of the stumps inventoried were initially tested for normal distribution assumption by a
Kolmogorv–Smirnov test. Based on the results of the test, the consumption and coverage data did not
comply with normal distribution. Since the material was not distributed normally, the non-parametric
methods were applied in the statistical analysis of the study. For a comparison of multiple samples in
the study, a Kruskal–Wallis one-way ANOVA (χ2) test was used and for comparison of two samples a
Mann–Whitney (U) test was used.

The consumption (dm3 m−3 of softwood, and dm3 ha−1) models of stump treatment material
were formulated using regression analysis with the average stem size of softwood removal,
softwood removal ha−1, the density of softwood removal, treatment product dummy (1, if urea,
0, when Rotstop® SC), the number of open holes in a guide bar, and the dummy variables of operators’
adjustment habits of treatment equipment (Adj_Dum1: 1, if by cutting method, otherwise 0; Adj_Dum2:
1, if after detecting weak stump coverage, otherwise 0; Adj_Dum3: 1, if never, otherwise 0) as the
independent variables. The different transformations and curve types were tested in order to achieve
symmetrical residuals for the regression models and in order to ensure the statistical significance of
the coefficients. All statistical analyses were conducted with IBM SPSS Statistics 21 software.

3. Results

3.1. Consumption of Stump Treatment Materials

The study results indicated that the consumption of stump treatment material depends
significantly on the average stem size of softwood removal at the harvesting site (Figure 5).
The consumption of stump treatment material was, on average, 1.09 dm3 m−3 of softwood cut in
first-thinning stands (the average stem size of softwood removal in the stand 83 dm3), 0.72 dm3 m−3

of softwood in later thinnings (154 dm3), 0.39 dm3 m−3 of softwood in clear-cutting stands (423 dm3)
and 0.43 dm3 m−3 of softwood in other cuttings (i.e., seeding fellings, cuttings of hold-over stands,
shelterwood fellings and special cuttings) (355 dm3).
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Figure 5. The consumption observations of stump treatment material as a function of the average stem
size of softwood removal by cutting method, as well as the predicted consumption curve (cf. Table 2).

Table 2. Regression model for the consumption (dm3 m−3 of softwood) of stump treatment material.

y1 = a + b/x1

Adjusted R2 = 0.625; F Value = 3056 ***; Standard Error of the Estimate of the Model = 0.215

Coefficient Estimate of Coefficient Standard Error of Estimate t-Value

a 0.260 0.008 31.469 ***
b 72.019 1.303 55.279 ***

Note: y1 = consumption (dm3 m−3 of softwood); x1 = average stem size of softwood removal (dm3); a = constant;
b = coefficient of the variable; * p < 0.05; ** p < 0.01; *** p < 0.001.

In later thinnings and clear cuttings, the treatment product (i.e., urea and Rotstop® SC) used,
the number of open holes in the stump treatment guide bar and the operators’ adjustment habits
of treatment equipment had a statistically significant effect on the consumption of stump treatment
material in the study. The highest consumption was measured with urea, and when there were only a
few open holes (<18 holes) in a guide bar and the harvester operator adjusted greatly (i.e., by cutting
method) the stump treatment equipment in a harvester (Table 3). However, the impact of treatment
product, the number of open holes, and the adjustment habits of operators on the consumption of
treatment material was significantly lower than the influence of the average stem size and even lower
than that of the cutting method (Figure 5, Table 3).
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Table 3. The average consumption of stump treatment material by cutting method in the study.

Variable

Cutting Method Statistically Significant
Differences between the

Variables by Cutting
Method (FT, LT and CC)

First Thinning (FT) Later Thinning (LT) Clear Cutting (CC)

Consumption (dm3 m−3 of Softwood)

Treatment product

Urea 1.09 0.72 0.40 LT: *;
Rotstop® SC 1.14 0.71 0.31 CC: ***

Number of open holes in guide bars

<18 (a) 1.11 0.82 0.41 LT: a–b ***, a–c ***;
18–27 (b) 1.06 0.68 0.41 CC: a–b *, a–c **
>27 (c) 1.31 0.64 0.35

Adjustment habits by operator

By cutting method (a) 1.13 0.80 0.40 LT: a–b **, a–c ***, b–c *;
After detecting weak coverage (b) 1.07 0.71 0.39 CC: a–c **
Never (c) 1.08 0.65 0.38

Note: * p < 0.05; ** p < 0.01; *** p < 0.001.

When modelling the consumption (dm3 m−3 of softwood) of stump treatment material,
the average stem size of softwood removal in the stand best explained the consumption (Table 2).
The coefficient of determination (adjusted R2) of the consumption model was 62.5%. Other independent
variables were also tested in the model, but they did not significantly increase the coefficient of
determination of the consumption model (Table 2). The residuals of the model centered on zero and
were symmetrical throughout the range of the average stem size observations.

The average hectare-based consumption of stump treatment material was 51.0 dm3 ha−1 in first
thinnings (the average softwood removal at the harvesting site 46 m3 ha−1 and the average density of
softwood removal 558 trees ha−1), 44.6 dm3 ha−1 in later thinnings (63 m3 ha−1 and 402 trees ha−1),
80.8 dm3 ha−1 in clear cuttings (210 m3 ha−1 and 491 trees ha−1) and 58.9 dm3 ha−1 in other cuttings
(140 m3 ha−1 and 409 trees ha−1) (Figure 6).
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Figure 6. The hectare-based consumption observations of stump treatment material as a function of
softwood removal per hectare and the predicted consumption functions by cutting method (cf. Table 4).
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Table 4. Regression models for the hectare-based consumption of stump treatment material.

y2 = x2
b

FT: Adjusted R2 = 0.628; F Value = 226 ***; Standard Error of the Estimate of the Model = 0.312

LT: Adjusted R2 = 0.469; F Value = 446 ***; Standard Error of the Estimate of the Model = 0.397

CC: Adjusted R2 = 0.529; F Value = 625 ***; Standard Error of the Estimate of the Model = 0.342

Cutting Method/Coefficient Estimate of Coefficient Standard Error of Estimate t-Value

FT/b 1.027 0.007 145.803 ***
LT/b 0.909 0.004 213.822 ***
CC/b 0.819 0.003 302.811 ***

Note: y2 = consumption (dm3 ha−1); x2 = softwood removal (m3 ha−1); b = coefficient of the variable; FT = first
thinning; LT = later thinning; CC = clear cutting; * p < 0.05; ** p < 0.01; *** p < 0.001.

The best hectare-based consumption models of stump treatment material by cutting method were
achieved when the softwood removal hectare−1 was the independent variable in the models (Table 4).
The residuals of the hectare-based consumption models also distributed symmetrically.

3.2. Quality of Stump Treatment Work

The coverage inventories showed that the quality of stump treatment work was good in the study:
72.2% of the coverage inventories indicated that the work quality was good. Correspondingly, 26.4%
of stump treatment work was classed as satisfactory. Only 1.4% of the total stump treatment work
inventories provided an ineligible result.

The proportion of less than 85% covered (i.e., not approved) stumps measured in the total coverage
data was 6.6% and the proportion of 85% or better covered stumps was 93.4%. When analyzing the
coverage by stump diameter class, it could be noted that the highest coverage was achieved with the
stumps of 20–39 cm (Figure 7). The coverage of the smaller- (<20 cm) and larger-diameter (>39 cm)
stumps inventoried was significantly lower (χ2 = 35.5; p < 0.001) than the stumps of 20–39 cm.
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Figure 7. The shares of <85% and ≥85% covered stumps inventoried by stump diameter class.

In this study, the average coverage rate (i.e., the coverage percentage of all stumps inventoried)
was 94.9% in first thinnings, 94.3% in later thinnings, and 95.1% in clear-cutting stands. The cutting
methods differed significantly in the quality of stump treatment work for unequal stumps: In clear
cuttings, the coverage rate with small-diameter (<20 cm) stumps was significantly lower (90.7%) than
in first and later thinnings (94.4% and 93.8%, respectively) (Table 5). Correspondingly, in first-thinning
stands, the coverage rate of stumps treated was good with both small (<20 cm) and medium-sized

329



Forests 2018, 9, 139

(20–39 cm) stumps. With the larger-sized (>39 cm) stumps, the coverage rate was the highest (93.9%)
in clear cuttings (Table 5).

Table 5. The average coverage rates by stump diameter class in the study.

Variable

Stump Diameter (d0) Class (cm)
Statistically Significant

Differences between the
Variables by Stump

Diameter Class (S, M and L)

10–19
(”Small”)

20–39
(”Medium”)

>39
(”Large”)

Coverage Rate (%)

Cutting method

First thinning (a) 94.4 96.8 - S: a–c ***, b–c ***;
Later thinning (b) 93.8 95.1 91.2 M: a–b ***, b–c ***;
Clear cutting (c) 90.7 96.4 93.9 L: b–c **

Treatment product

Urea 93.5 95.8 93.3
Rotstop® SC 94.7 96.4 95.8

Number of open holes in guide bars

<18 (a) 93.9 96.5 92.5 M: a–b ***, a–c **;
18–27 (b) 93.3 95.3 91.5 L: a–c *, b–c **
>27 (c) 93.2 95.8 94.9

Adjustment habits by operator

By cutting method (a) 94.1 96.1 92.7 S: a–b ***, a–c ***, b–c ***;
After detecting weak coverage (b) 91.9 95.5 95.8 M: a–b **, b–c ***;
Never (c) 95.4 96.0 91.3 L: a–b ***, b–c ***

Note: S = “Small”; M = “Medium”; L = “Large”; * p < 0.05; ** p < 0.01; *** p < 0.001.

When clarifying the effect of the number of holes in a guide bar on the quality of treatment work,
the best coverage rate was obtained with small- and medium-sized stumps when the guide bar was
perforated with relatively few (<18) open holes, and with larger-sized (>39 cm) stumps when the guide
bar was equipped with a relatively great (>27) number of open holes (Table 5). When investigating
the influence of the operator’s adjustment habits of treatment equipment, it could be noticed that the
highest coverage rate was achieved as follows:

• with small (<20 cm) stumps when the harvester operator did not adjust the stump treatment
equipment of the harvester at all (95.4%),

• with medium-sized (20–39 cm) stumps when the operator adjusted the treatment equipment in
the harvester by cutting method (96.1%) and

• with large-diameter (>39 cm) stumps when the operator sets the treatment equipment after
detecting weak stump coverage in spraying (95.8%) (Table 5).

4. Discussion and Conclusions

The data for the consumption of stump treatment material was almost 0.6 million m3 of softwood
and more than 2.4 million softwood trees cut with 46 harvesters, and the stump treatment material was
spread more than 300,000 dm3. The consumption data was hence relatively large. The study produced
fresh data on the consumption of stump treatment materials. Among other things, novel consumption
information is needed to define the equitable payments of stump treatment work for forest machine
contractors. Besides, our consumption figures can be utilized when estimating and modelling the
profitability of stump treatment against Heterobasidion spp. root rot [51–55].

In the study, measurement of the consumption of stump treatment material was challenging,
as there was no technology for automatically measuring the consumption of treatment product in
the study harvesters. The consumption of treatment products was measured using many measuring
methods according to the alternative options used in the harvesters of the study, as well as the
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preferences of the operators. All methods aimed at a minimum accuracy of five dm3 per measurement.
On the basis of operator interviews, each operator thought that he achieved a set target for the
measurement accuracy. Nevertheless, in the near future, forest machine manufacturers should seriously
consider equipping their harvesters with the automatic standard measurement system to verify the
real-time and total consumption of stump treatment material at the harvesting site, as nowadays
measuring the fuel consumption in modern harvesters is important.

Currently, the volumes of storage tanks in harvesters for the stump treatment material are typically
100–150 dm3. The storage tanks are sufficient for a single work-shift cutting in thinnings and clear
cuttings (Table 6). However, efficient cutting in a double work-shift system calls for continuous cutting
work, without visiting the roadside landing to fill up the stump treatment tank of a harvester between
work shifts. In thinnings, the stump treatment tank of a harvester must be around 150 dm3 and in
clear cuttings more than 150 dm3 for double work-shift cutting work (Table 6). Hence, forest machine
manufacturers should construct larger storage tanks for the stump treatment material in harvesters in
the future.

Table 6. Calculation of the sufficient volumes of storage tanks for the stump treatment material in
harvesters working in one and double work shifts by cutting method.

First Thinning Later Thinning Clear Cutting

Consumption of stump treatment material (dm3

m−3 of softwood) 1 1.09 0.72 0.39

Cutting productivity (m3 of softwood SMH−1) 7.5 2 12.5 3 28.5 3

Consumption of stump treatment material (dm3)
In one work shift 4 57.2 63.0 77.8

In two work shifts 5 114.5 126.0 155.6

Note: 1 Average consumptions of stump treatment material in this study; 2 Cutting productivity in first thinnings
= m3 per scheduled machine hour (SMH) by Kärhä et al. [56]; 3 Cutting productivity in later thinnings and clear
cuttings by Eriksson and Lindroos [57]; 4,5 It was assumed that there are 7.0 SMHs in one work shift and 14.0 SMHs
in two work shifts.

The study results showed that the average stem size of softwood removal in the stand has a
significant effect on the consumption (dm3 m−3 of softwood) of stump treatment material. Furthermore,
the softwood removal hectare−1 by cutting method explained the hectare-based consumption of
stump treatment material in the study. The average consumption of stump treatment material was
51 dm3 ha−1 in first thinnings, 45 dm3 ha−1 in later thinnings and 81 dm3 ha−1 in clear cuttings.
The results of the study were in line with the calculations by Mäkelä [41]: the consumption was
40–60 dm3 ha−1 in thinnings and 50–90 dm3 ha−1 in clear cuttings.

Many Heterobasidion researches [31,34–37] have pointed out that achieving good pesticide efficacy
requires careful stump treatment in order to wet the surface of the whole stump by spreading, and
the effectiveness of prevention work is reduced in relation to the uncovered area on the surface of the
stump. Therefore, our target must invariably be a high-quality stump treatment. On the basis of the
study results, it can be recommended that the harvester operator self-monitors and actively controls
his/her treatment result in cutting work, especially operating in large-diameter forest stands, sets the
stump treatment equipment in the harvester if needed, subsequently achieving a high-quality result in
his/her stump treatment work.

It must be noted that, in this study, many harvester operators stated that they do not set stump
treatment equipment in their harvesters at all. In fact, one-third of the harvesters were categorized in
the group of “Never adjustments”, i.e., no settings for the stump treatment equipment in a harvester
(cf. Table 1). Thus, we need better education and communication concerning the significance of
high-quality stump treatment work, active and continuous self-monitoring treatment result, and setting
the stump treatment equipment of the harvester if needed. Oliva et al. [58] have underlined that it is
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essential to treat the large-sized stumps very carefully because the probability of stump-to-tree spread
of Heterobasidion spp. root rot depends significantly on the diameter of the stump.

The coverage rate by cutting method was best in clear cuttings, but the difference between clear
cuttings and thinnings was very small. Consequently, the stump treatment work can be considered
successful and uniform with all cutting methods in the study. There was no significant difference
between biological (Rotstop® SC) and chemical (urea) controls used in the coverage rates of stump
treatment work. However, it must be noted that there were only six Rotstop® SC harvesters of the
total 46 harvesters in the study, and from the total softwood volume cut in the study the proportion of
Rotstop® SC was only 12%.

According to the statistics of the Finnish Forest Centre, the shares of good logging areas related
to stump treatment work have been annually 73.9–76.7% in the coverage inventories in 2012–2016,
and the shares of satisfactory and ineligible results in stump treatment work have been 17.1–24.3%
and 2.9–7.1%, respectively [59]. In this study, the distribution of the treatment work results was as
follows: good 72.2%, satisfactory 26.4% and ineligible 1.4%. Hence, in this study, the proportions of
good and ineligible results were slightly lower and on the other hand the share of satisfactory logging
areas was higher compared to the figures of the whole of Finland by Leivo [59] in coniferous forests in
recent years.

Correspondingly, in this study, the share of less than 85% covered (i.e., not-approved) stumps
measured was 6.6%. The Finnish Forest Centre has reported that the share of not-approved stumps of
the total stumps inventoried was, on average, 10.2% in 2014 and 9.2% in 2015 in Finland [60,61]. Thus,
the share of not-approved stumps in this study was smaller to the whole of Finland.

Based on the study results, the quality of stump treatment work can be found to be the best
with the medium-sized (20–39 cm) stumps, and the coverage rate with the smaller (<20 cm) and
larger (>39 cm) stumps was slightly lower than with the medium-sized stumps. The number of open
holes in stump treatment guide bars had an impact on the quality of treatment work when cutting
different sized coniferous trees. Accordingly, it can be concluded that in the stands of mostly small-
and medium-diameter (d0 ≤ 39 cm) conifers, the treatment guide bars with relatively few (<18) open
holes are used, and at the harvesting sites of large-diameter trees, the guide bars with a relatively great
(>27) number of open holes are applied.

Several harvester operators interviewed underlined that the stump treatment is most difficult
in the coniferous stands in which there is great variation in the stem size of removal. Especially
in the case of larger-diameter clear cuttings, the stump treatment of small-sized stumps is very
challenging. To sum up, since the adjustments of the controlling system of treatment equipment and
the open holes in the treatment guide bar have to be decided in accordance with the dominant trees
in the stand, nowadays there are difficulties to spray the divergent stumps perfectly. In the future,
forest machine manufacturers could develop more advanced controlling systems of stump treatment
for their harvesters, for instance self-adaptive spraying systems according to the stem size to be felled.
This kind of self-adaptive spraying system requires, however, machine vision or mobile laser scanning
systems on the harvesters to inform the controlling stump treatment system of the size of the next tree
to be cut (cf. [62–65]).

Because the consumption data was measured as harvesting site-specific and the coverage data
as logging area-specific, there were no possibilities to merge the materials and to compare more
comprehensively the consumption and coverage data in the study. Consequently, a further study on
the consumption and coverage could be performed to optimize the consumption of stump treatment
material subjected to the high-quality coverage rate in the coniferous forests.
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Abstract: When transporting timber, the high variability of species, assortments and moisture content
of the wood raw material does not allow the weight of the transported timber to be precisely
determined. This often contributes to the excessive weight loading of the entire truck unit. The aim
of the research is to present the variability of the total weight of truck units with wood cargoes
(GVW—gross vehicle weight) depending on the weight of the empty unit and the transported timber
load, as well as to analyze the changes in GVW, unit loads of wood and load on individual truck unit
axles depending on the season. This study analyzes the total weight of truck units for 376 transports
of Scots pine timber at different times of the year. The total weight of the truck units depends on the
weight of an empty unit and the weight of the load. GVW was determined by using a weighbridge to
weigh the vehicles and then the empty unit after unloading. The weight of the load was obtained as
the difference between GVW and the tare. It was found that GVW differed significantly depending
on the truck unit used, ranging from 43.60–58.80 Mg, often exceeding permissible limits for public
roads. The individual axle loads for various truck units were also analyzed. The obtained results
indicate that these loads are more equally distributed in the case of five-axle trucks compared to
six-axle ones.

Keywords: timber transport; axle load; gross vehicle weight; timber load; empty vehicle weight

1. Introduction

Transport plays a vital role in the proper functioning of every economic system. The success of a
company specializing in timber haulage depends not only on the transportation system, but also on
the cooperation of all entities associated with its supply chain [1–3].

The share of costs relating to the transport of wood raw material in relation to the total costs of
forestry activities is significant [4,5]. Its estimated amount is approximately 17%, and this is definitely
a higher share compared to other sectors of the economy. The highest costs of transport operations are
for hauling timber, accounting for 40–60% [6]. In order to increase their efficiency, companies operating
in the timber haulage market try to reduce transport costs, as this is perceived as an important factor
for increasing competitiveness. One of the methods of improving the efficiency of timber transport
is to reduce the variability of loads and maximize the loads, in accordance with applicable public
transport regulations, carried by truck units [5,7,8]. Research conducted in the USA indicates that by
maintaining a uniform timber load weight, suppliers are able to achieve savings of 4–14% [9].

An important element in this respect are the legally-established limits of the permissible total
weight of vehicles. In 1996, the Member States of the European Union adopted Directive 96/53/EC
specifying permissible vehicle weights of 40 Mg and 44 Mg and weights on a single-axle of 100 kN
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and double axel of 160 kN [10]. In individual countries, institutions responsible for public transport
and public roads have the power to limit the total weight of a truck unit (gross vehicle weight) with
the simultaneous possibility of limiting permissible axle weights or increasing them in relation to
those specified in EU regulations, as well as indicating the roads to be used by such vehicles [5,11–16].
In Poland, the permissible vehicle weight of a truck and trailer of over four axles has been set at 40 Mg
or 44 Mg for a six-axle vehicle; a truck with a 40-ft intermodal container with a maximal single axle load
of 80 kN and double axel load of 160 kN and for national roads at 100 and 115 kN [17]. In Finland, 7-,
8- and 9-axle truck units are allowed, with a maximal weight of 64, 68 and 76 tonnes, respectively, and
4.4 m in height [18]. The increase of the permissible weight of truck units in Finland contributed to the
reduction of CO2 and NOx emissions and has resulted in economic benefits [19]. Analyses performed
by Palander and Kärhä [20] on transporting timber at the increased permissible loads in Finland
indicate the possibility of reducing the required number of vehicles and transport work conducted
in tonne-kilometers. Estonian experiences show that increasing the weight limit from the current
44–60 Mg would reduce the share of transport costs in roundwood prices from 17.7–14.2% [8]. Vehicles
traveling with a full load and with an increased weight can result in economic and environmental
benefits in the long term [21,22].

In reality, however, when transporting timber, the high variability of the transported assortments
made of different species and the variable moisture content of wood do not allow a precise
determination to be made of the weight of the transported raw wood material [23–26]. These differences
very often influence the excessive weight of the truck unit [27–30]. McDonnell et al. [31] specify that
58–80% of the vehicles exceeded the permissible truck unit weight, and Devlin [32] shows that the gross
vehicle weight (GVW) was exceeded by 60% of the vehicles, of which 20% exceeded the permissible
load capacity specified by the vehicle manufacturer. Research conducted in the USA also showed
significant overloading of vehicles with wood; as much as 88% of the vehicles had a gross vehicle
weight of more than 44 Mg [9].

The volume of the timber harvest in Polish forests has been systematically growing in recent years.
In 2015, 40,247 million m3 were harvested [33]. The units of the State Forests National Forest Holding
plan to harvest over 42 million m3 of timber in 2018. This wood raw material is delivered to several
thousand recipients. This presents a major transport challenge, both in terms of logging operations
and its transport. In most cases, approximately 90% of the transport is conducted by vehicles using
high-tonnage five- or six-axle truck units [25].

The transportation of wood raw material is one of the key operations in forest management,
representing a large share of total costs, and has significant potential for optimization [34–36]. A good
diagnosis of the configuration of timber truck units, their own weight and their potential timber
cargoes, given the large variation in cargo weight, can contribute to improving the efficiency of forest
transport [5,9].

Determining the actual weights of transported timber loads and attempting to link them to GVW
and individual axle loads will allow the overloading of vehicles and exceeded individual axle weights
to be avoided by providing appropriate information to transport companies. The aim of the research
is to present the variability of the total weight of truck units (GVW) with wood cargoes depending
on the weight of the empty unit and the transported timber load, as well as to analyze the changes in
GVW, unit loads of wood and load on individual truck unit axles depending on the season.

2. Materials and Methods

In order to conduct the research and perform the relevant analyses, deliveries were studied to
one of the largest wood buyers in Poland, a sawmill supplied with large-sized timber, both long
logs and shortwood. The transport was conducted by external companies commissioned by the
sawmill. Data for 2016 were collected in four periods: January, at the end of March/beginning of April,
July–August and October–November.
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The gross weight of the truck unit (GVW) expressed in Mg is understood as the actual weight
of the vehicle and trailer or truck unit and semi-trailer with all the equipment, the driver and timber
load. GVW was determined based on weighing the entire truck unit on a weighbridge at the sawmill
at the moment the wood raw material was delivered, and then after unloading, the empty unit was
re-weighed. The actual weight of each load was obtained from the difference of GVW and the tare.

The volume of the load of transported timber, expressed as solid cubic volume (m3 under bark),
was determined on the basis of transport vouchers, on which the payments are based of the delivered
timber from the supplier to the recipient. Large-sized logs were measured individually by each piece.
It should also be noted that when selling timber in Poland and later when it is transported, the given
volumes and conversion factors do not apply to the bark. The share of bark is significant and can
range up to a dozen or so percent for pine logs [26], influencing the weight of the transported cargo.
Therefore, the analysis refers to the weight of the entire load (wood, bark, water) or the weight of 1 m3

of the load.
The load on the individual axles of high tonnage truck units was measured using Model DINI

ARGEO WWSD portable truck scales with a 3590M309 weighing terminal with 0.01 Mg graduation.
The scale system used is fully compliant with Polish regulations and allows vehicles in transit to be
weighed. The loads on the individual wheel axles were measured successively for the whole unit:
the vehicle and the trailer. During the measurement, the scales were placed on a flat maneuvering
area of hardened concrete paving blocks, with no depressions. It was assumed that such a method
of measuring the weight on a particular axle is close to the actual conditions of a forest road, whose
longitudinal profile is never level, which in turn is the cause of increased wheel loads on the road
surface. For this reason, the analyzed GVW was also determined based on weighing the vehicle on a
weighbridge, and not on the sum of the load on individual axles. The weigh station was selected in
such a way so as to maintain a level road scale, so that the measured axles were kept level.

The method of weighing vehicles used by the Polish Road Transport Inspectorate, which oversees
compliance with permissible axle loads, assumes that measurements are taken with platform scales
embedded in the surface, or by placing pads under unweighted axles, while maintaining a maximum
allowed slope of 2%. The analysis was based on the results of measurements, taking into account
a 5% allowable measurement error in accordance with the recommendations of the Polish Road
Transport Inspectorate.

The obtained results were statistically analyzed with the STATISTICA 12 package. In all analyzed
periods, the distribution of the variables for all parameters differed from the normal distribution.
Therefore, the significance of the differences was mainly determined using the Kruskal–Wallis and
Dunn tests.

3. Results

3.1. Characteristics of the Parameters of Truck Units and Transported Timber

The study analyzed 376 transports of pine timber (mainly shortwood, 3.7–5.0 m long) at different
times of the year. The parameters characterizing the truck units are presented in Table 1. Timber was
transported using truck units consisting of a truck and trailer (181 observations), truck and semi-trailer
(166), truck and lightweight platform semi-trailer (17), as well as truck and dolly (12) (Figures 1 and 2).

It was found that the total weight of the truck units (GVW) differed significantly depending
on type, ranging from 43.60 (platforms) to 58.80 Mg (trailers). The lowest average value for a given
truck unit, amounting to 45.98 Mg, was noted for deliveries made by a tractor with a platform trailer,
while the highest was for a truck with a dolly (51.44 Mg). The arithmetic mean for all truck units was
50.56 Mg. The largest variation for empty weight (tare), ranging from 13.8–23.7 Mg, was observed for
the truck and semi-trailer, which are also the heaviest means of transport, with an average weight of
20.5 Mg. The average values of 29.07–30.29 m3 for transported timber volume were similar regardless
of the analyzed truck unit.

339



Forests 2018, 9, 164

Table 1. Selected measurements by type of truck unit.

Truck Unit Measure Mean SD Min Max Q1 Median Q3

Semi-trailer
Gross vehicle
weight (Mg)

50.436 2.473 45.000 56.750 48.850 50.225 51.750
Trailer 51.038 2.531 45.200 58.800 49.250 50.750 52.450

Platform 45.988 2.223 43.600 51.650 44.500 45.850 46.500
Dolly 51.438 1.810 49.400 54.400 50.100 50.600 53.250

Semi-trailer

Tare (Mg)

20.500 1.112 13.800 23.700 19.800 20.500 20.950
Trailer 20.224 0.879 17.900 22.000 19.700 20.300 20.900

Platform 14.941 0.311 14.220 15.250 14.800 15.000 15.200
Dolly 20.071 0.706 18.200 20.650 19.925 20.300 20.550

Semi-trailer
Volume of

timber load
(m3)

29.074 1.769 23.960 35.040 28.100 28.710 30.140
Trailer 29.707 1.836 25.670 36.790 28.210 29.610 30.860

Platform 30.292 1.795 27.570 34.500 29.150 30.040 30.420
Dolly 29.982 0.710 28.940 30.940 29.340 30.000 30.620

Semi-trailer
Weight of 1 m3

of load (Mg)

1.030 0.055 0.869 1.159 0.995 1.028 1.071
Trailer 1.038 0.053 0.828 1.179 0.998 1.042 1.077

Platform 1.025 0.034 0.957 1.075 1.005 1.035 1.045
Dolly 1.046 0.044 0.984 1.136 1.016 1.038 1.073

Notes: SD, standard deviation; Q1, first quartile; Q3, third quartile.

Figure 1. Stages of weighing the wheel axles of a truck unit hauling timber: (a) front axle, (b) second
axle of the truck, (c) third axle of the truck, (d) rear axle.

Figure 2. Examples of truck units: (a) truck and trailer, (b) truck and semi-trailer, (c) truck and
lightweight platform semi-trailer and (d) truck and dolly.

Due to the small number of measurements obtained for the units with a dolly (12) and platform
trailer (17), all statistical analyses were only performed for the units with a trailer and semi-trailer.

The Mann–Whitney test was conducted to examine the significance of the selected features
depending on the type of unit (semi-trailer or trailer). The results obtained are summarized in Table 2.
The statistical analysis only showed a significant difference between the types of truck units for the
weight of 1 m3 of load (Table 2).
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Table 2. Results of the analysis of significant differences between selected measures by type of truck unit.

Measure
Gross Vehicle
Weight (Mg)

Tare (Mg)
Volume of Timber

Load (m3)
Weight of 1 m3

of Load (Mg)
Load Weight (Mg)

p 0.0263 0.0183 0.0029 0.1586 0.0011

The Kruskal–Wallis test was performed for trailers and semi-trailers (due to the heterogeneity of
variances) for the significance of GVW, tare, m3 load volume, weight of 1 m3 of load and load weight
between individual measurement periods (a significance level of 0.05 was adopted for the analyses).
The results are summarized in Table 3. In addition, the test of multiple comparisons of mean ranks
was performed. The statistical analysis (Table 3) confirmed the differences between the values of the
studied measures for specific types of truck units depending on when the measurement was taken.

Table 3. Results of the analysis of significant differences between selected measures by type of truck unit.

Type of Truck
Unit

GVW (Mg) Tare (Mg)
Volume of Timber

Load (m3)
Weight of 1 m3

of Load (Mg)
Load Weight (Mg)

Semi-trailer 0.0000 0.0218 0.1316 0.0000 0.0002
Trailer 0.0000 0.0002 0.0312 0.0000 0.0000

The range of the results obtained for the studied measures depending on type of truck unit
and time of measurement is presented in Figures 3–6. In the case of units with a semi-trailer,
statistically-significant differences were found for GVW (Figure 3a), tare (June measurement results
differ from those of November, and this is the only significant difference), load weights (Figure 4a) and
weights of 1 m3 of load (Figure 5a).

Differences in the values of load volume between individual measurement periods turned out to
be not statistically significant (Figure 6a). For units with a trailer, statistically-significant differences
were found for all variables (Figures 3b, 4b, 5b and 6b), although in most cases, these differences
related to November results. In the case of the m3 load volume, significant differences in comparison
to other measurement dates were found only for data from September.

As shown in Figure 5, the differences are not very large, but they are statistically significant for the
weight per cubic meter of transported round wood depending on the transport system used. However,
in particular seasons of the year, not all differences have the same tendency. These differences could
be explained by random factors, which may be related to various tree growth conditions influencing
wood density or water content.

Figure 3. Comparison of average GVW values by measurement date for a unit with a semi-trailer (a)
and a trailer (b).
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Figure 4. Comparison of average load weight values by measurement date for a unit with a semi-trailer
(a) and a trailer (b).

Figure 5. Comparison of average weight of 1 m3 of load values by measurement date for a unit with a
semi-trailer (a) and a trailer (b).

Figure 6. Comparison of average load volume values by measurement date for a unit with a semi-trailer
(a) and a trailer (b).

3.2. Total Weight of Truck Units as a Function of the Tare and Volume of Transported Timber

When loading timber on a forest road, the driver is not sure how much wood to load so as to not
overload the vehicle. Assuming that drivers know the mass of an empty unit (they are informed of
this by the recipients after weighing) and knowing that the results of the measurement of the mass of
1 m3 of cargo are not statistically significant (Table 2), an attempt was made to develop a two-factor
regression model for the GVW (Mg) values as a function of the tare of the truck unit Mg and load
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volume of the timber (m3). The presented linear model was developed using the least squares (OLS)
method. The significance of the calculated coefficients was assessed using Student’s t-test.

For the semi-trailers, it took the form of:

GVW = 1.04672 ∗ Tare + 0.996916∗m3 (1)

The constant term was not taken into account because its value turned out to be not statistically
significant. For the developed model, the standard error of the estimation was 1.59297, and the
coefficient of determination R2 was 0.9990. The assessment of the model parameters is presented in
Table 4.

Table 4. Assessment of the model parameters for semi-trailers.

Parameter Parameter Value Standard Error t-Statistic p-Value

Tare 1.04672 0.0662784 15.7927 0.0000
Load volume m3 0.996916 0.0467613 21.3193 0.0000

In the case of a unit with a trailer, the regression model describing the GVW values depending on
vehicle weight (tare) and load volume m3 took the form of:

GVW = 1.25897 ∗ Tare + 0.860483∗m3 (2)

The offset also was not statistically significant in this case. The standard error of the estimation of
the developed equation was 1.59736, and the coefficient of determination R2 was 0.9990. The assessment
of the model parameters is presented in the Table 5.

Table 5. Assessment of the model parameters for trailers.

Parameter Parameter Value Standard Error t-Statistic p-Value

Tare 1.25897 0.0821727 15.3211 0.0000
Load volume m3 0.860483 0.0559386 15.3826 0.0000

3.3. Distribution of the Axle Loads of the Truck Units

The analysis of axle loads was performed for 92 five-axle and 155 six-axle truck units consisting
of a tuck and semi-trailer, as well as 46 five-axle and 135 six-axle units of a truck and trailer. The basic
statistics characterizing the absolute load values of individual axles of the units are presented in Table 6.
The smallest axle load for all units was on the first axle, spanning average values of 74–80 kN, with a
range of results from 42–102 kN. The highest average loads were at the level of 106–113 kN, located on
the second and third axles in the five-axle units, with a maximum single axle load of 170 kN occurring
on the fifth axle.

The analysis performed with the Friedman test showed the existence of statistically-significant
differences in the level of the vehicles’ axle loads. This analysis was performed for groups of different
types of units and different numbers of axles.

It should be noted that for both five- and six-axle truck units, the lowest load is on the first axle.
In the case of five-axle units, the load on the remaining axles is fairly even. However, six-axle units
have the highest load on the second axle (Figure 7), which then decreases in the direction of the last
axle that is similarly loaded as the first axle. Despite the uneven axle load of the six-axle units, their
maximum loads are less than in the case of the five-axle units.
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Table 6. Assessment of the model parameters for trailers.

Axle Load Values (kN)

Unit Axle Mean SD Min Max

five-axle
semi-trailer

1 80.77 4.58 68.40 98.20
2 111.02 11.64 86.60 143.40
3 106.54 11.91 77.43 134.90
4 107.60 19.89 75.90 157.70
5 104.02 20.68 13.50 170.00

six-axle
semi-trailer

1 80.55 6.01 42.56 102.03
2 93.10 14.32 66.40 138.70
3 89.28 11.84 63.65 137.75
4 91.26 19.61 70.71 159.10
5 84.95 13.21 53.30 126.70
6 84.93 14.69 51.70 141.90

five-axle trailer

1 74.81 6.81 60.33 90.25
2 113.07 10.18 90.25 135.19
3 102.06 14.42 74.39 127.59
4 97.93 15.04 73.34 141.08
5 98.63 18.26 39.90 140.03

six-axle trailer

1 74.45 6.80 57.95 91.20
2 106.94 9.99 83.60 129.20
3 102.41 9.38 82.65 125.88
4 80.85 8.74 62.70 104.69
5 80.06 17.90 50.35 168.06
6 72.18 9.51 36.77 101.65

Figure 7. Distribution of the axle loads of the truck units with a semi-trailer (a) and a trailer (b).

4. Discussion

Transport plays an extremely important role in every area of the economy, including the forestry
industry. The efficiency of transport depends on a number of factors, including, among others, the load
capacity of the vehicle, driving time and fuel consumption [29,37]. When transporting timber, the high
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variability of species, timber assortment and moisture content of the wood influence the determination
of the weight of the transported timber and GVW [15,27,29]. In the studies carried out for the same
species of Scots pine, as well as the large-sized assortments, statistically-significant differences were
found for the tested parameters in different periods of the year, as evidenced by the study results of
Owusu-Ababio and Schmitt [30]. Research conducted by Tomczak et al. [26] indicates a large variation
in the density of pine wood. On a longitudinal section of the trunk, the highest density was found
for wood at breast height (0.816 Mg/m3), whereas the lowest was from the section closest to the apex
(0.707 Mg/m3). This differentiation obviously affects the variability of the weight of the transported
timber. Calculated per 1 m3, the weight of the wood raw material was estimated at 0.979 Mg. The ratio
of the actual density (0.979 Mg/m3) to the density provided in the tables (0.740 Mg/m3) amounted
to 1.3:1 [26]. The actual weight of the wood raw material was therefore about 30% higher than the
weight that can be estimated on the basis of the wood density tables developed for the needs of road
transport. The results of the tests of the mass of 1 m3 of cargo in the range of from 0.828–1.179 Mg/m3

(Table 1) also indicate the need to verify the adopted table values. An erroneously-chosen indicator
often contributes to overloading.

In the development of GVW regression equations, linear functions have been adopted, giving the
possibility of their quick and easy application in the forest during timber loading. At the loading site,
the driver obtains information about solid wood volume from the forester, who must be present during
loading and issues a special receipt for each transport. In the case of large-sized wood, all loaded
pieces are specified with their numbers and solid volumes in the receipt. For pulp wood, only one
number and the general solid volume for every single stack are provided on the receipt. By applying
the developed model, a driver can very quickly calculate GVW and determine in a simple way if the
truck is overloaded or not. It seems to be a better solution than taking a tabulated value (0.740 Mg),
which showed differences in real GVW. Of course, it is advisable to develop such dependencies for
other species and assortments and verify the adopted tabulated conversion factors.

For the estimation of the gross vehicle weight model, the solid volume was applied. All obtained
results refer to the large-sized logs measured individually by each piece. In the case of pulp wood,
measured in stacked cubic volume (over bark), conversion factors must be applied to obtain the results
in solid cubic volume (m3 under bark). According to Polish regulations for pine wood, the conversion
factors are 0.65 (for a length of wood of 1.0 or 1.2 m), 0.62 (for a length of 2.0; 2.4 m) and 0.6 (for a
length of 5.0–7.0 m). In all cases, the load of 1 m3 volume contains the wood itself, water and bark.

As was found in the research conducted, the total vehicle weights obtained from actual
measurements differed significantly, ranging from 43.60–58.80 Mg, with an average value of 50.56 Mg
(Table 1). The exceeded permissible truck unit weight (40 Mg in Poland) coincides with the results
presented in the literature [9,28,30–32,37]. The actual GVW results obtained were compared to the
calculated total vehicle masses, in which the mass of the load was determined based on the volume of
transported timber (m3) and the conversion value of 0.740 Mg/m3 from the table in effect, which in
this case provided GVW results of about 17% lower than the actual ones [38].

In recent years, a reduction in the weight of empty truck units allowing the loads of transported
timber to be increased and the difference between a unit with a trailer (tare 17.9–22.0 Mg) and a truck
with a semi-trailer (13.8–23.1 Mg) have been observed. The obtained results confirm the possibility
of improving the efficiency of wood transport indicated by Sosa et al. [5] and Šušnjar et al. [39],
in particular through the use of lightweight platform semi-trailers.

The increased total weights of truck units (GVW) are usually the reason that legal limits have been
exceeded: 80 kN for single axles and 115 kN for tandem axles. In a larger percentage of truck units, we
have seen that the permissible total weight is exceeded rather than the axle limits, which coincides with
the results presented by Owus-Ababio and Schmitt [30] and Baumgras [40], or they were not exceeded
at all [39]. In the timber truck units, we observed an increased load on the rear axles (Axles 2 and 3) of
the vehicle or tractor, which is caused by the mounted loading device or the uneven distribution of the
load and results from the demands on the driving axle of the vehicle. Transporting different lengths of
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wood, both shortwood and long logs, does not always allow the load to be spread evenly across all
axles, which is confirmed by the results obtained for Axles 5 and 6 of the six-axle units.

5. Conclusions

The conducted research allowed statistically-significant differences to be confirmed between the
total weights of truck units and load weights in particular seasons of the year. The average total weight
for all units was 50.56 Mg, ranging from 43.60–58.8 Mg. Lower values were observed with the use of
platform trailers; higher ones for trucks with trailers.

The high variability of load volume and mass of 1 m3 of load in relationship to the accepted
normative conversion value (0.740 Mg/m3) results in greater actual GVW. In the majority of cases,
these GVW values are over allowable limits.

In the analyzed period, the average weight of delivered timber loads, determined on the basis of
weighing, was 29.76 Mg, oscillating in the range of 23.96–36.79 Mg. The relatively lightest loads, both
in the case of trailers and semi-trailers, were transported in the early spring months, while the heaviest
were in the autumn season. The decisive factor was the date when the wood was harvested and
transported. During the dormant period of tree growth, the water content in wood tissue decreases,
thus contributing to a reduction in the weight of the transported cargo.

In Poland, five- and six-axle units are most often used to transport wood. The load on individual
axles of five-axle units is more or less even. However, for six-axle units, the highest load falls on the
second axle, gradually decreasing on successive axles. From the point of view of achieving smaller
maximum axle loads, timber should be transported with six axle units.

Vehicles are used for 90% of the transport of wood in Poland. As research has shown, in many
cases, vehicles are excessively overloaded in relation to the road traffic regulations in force. In order to
improve transport efficiency, it would be advisable in the future to increase the permissible load limits,
using units with an increased number of axles, based on the example of the Scandinavian countries.

Author Contributions: G.T and T.M. conceived, designed, performed the experiments, and wrote the paper;
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Abstract: Despite relatively high road density in the forests of Switzerland, a large percentage of that
road network does not fulfill best practice requirements. Before upgrading or rebuilding the road
network, harvesting planners must first determine which areas have insufficient access. Traditional
assessment methods tend to only report specific values such as road density. However, those values
do not identify the exact parcels or areas that are inaccessible. Here, we present a model that
assesses the economic suitability of each timbered parcel for wood-harvesting operations, including
tree-felling and processing, and off- and on-road transport (hauling), based on the existing road
network. The entire wood supply chain from forest (standing trees) to a virtual pile at the border of
the planning unit was captured. This method was particularly designed for steep terrain and was
tested in the Canton of Grisons in Switzerland. Compared with classical approaches, such as the road
density concept, which only deliver average values, this new method enables planners to assess the
development of a road network in a spatially explicit manner and to easily identify the reason and
the location of shortcomings in the road network. Moreover, while other related spatially explicit
approaches focus only on harvesting operations, the assessment method proposed here also includes
limitations (road standards) of the road network.

Keywords: harvesting; steep terrain; forest operations; forest road network; optimization heuristics

1. Introduction

For the efficient management of a forestry system, especially the harvesting and hauling of
timber, a state-of-the-art forest road system is required. Those roads should accommodate large trucks,
such as five-axle or 40-ton trucks in the case of Switzerland. Transport costs will be considerably
higher, even with high forest road densities, if access is only possible with small trucks. As shown
by Beck and Sessions [1], upgrading weak parts of the road network offers promising potential to
increase the overall efficiency of harvesting and hauling operations. However, before the network can
be upgraded or rebuilt, areas with insufficient access must be identified.

Classical approaches to assessing road networks in terms of timber production have been based on
the “optimum road spacing/optimum road density” concept of Matthews [2]. Considering the various
costs for on- and off-road transport as well as those for road construction, Matthews determined
the road spacing for minimum overall costs. This approach was further expanded by Sundberg,
Segebaden, Abegg, Thompson, and Heinimann [3–7] However, this concept of “optimum road density”

Forests 2018, 9, 169; doi:10.3390/f9040169 www.mdpi.com/journal/forests349



Forests 2018, 9, 169

assumes terrain conditions to be homogenous across the terrain or forest of interest, and the output
is just an average value over the entire area. These problems make it difficult to identify sites with
insufficient access.

Another area of research, the automatic planning of road networks, was triggered by the
introduction of digital elevation models (DEMs) and their use in geographic information systems.
Kirby [8] presented a linear programming approach that supports road network planning for different
objectives, while Mandt [9] described a shortest-path application for building roads that connect
two specific points. Later, Anderson and Nelson [10] developed a vector-based automatic road
location model, in which a network was created by linking given landings with a shortest-path
algorithm combined with heuristics algorithms. Compared to the previous approaches, this new
method enabled the planners to implement a better representation of road links, which also made it
possible to use the system in steep terrain. By mapping road-turning constraints and by introducing
a generic road cost model based on a DEM and geotechnical layers, Stückelberger et al. [11–13]
improved the approach of Anderson and Nelson. Another approach to the development of road
layouts via DEM was later presented by Chung et al. [14]. While these approaches focus only on
optimizing the road layout between certain points or landings, some methods have been developed
that simultaneously optimize the harvest and the road network layout. The most common approach
used in this context is PLANEX (Epstein et al. [15,16]), for which a Mixed Integer Linear Programming
(MILP) model is used to minimize the costs of harvesting, machine installation, road construction and
road transport. However, since real problems are very large, they must be addressed with a greedy
heuristics algorithm. Diaz et al. [17] presented a tabu search metaheuristic, with significantly shorter
computational times than PLANEX. CPLAN (Chung et al. [18]) also simultaneously optimized the
assignment of cable-logging equipment and road link locations, based on a heuristics algorithm.
Bont et al. [19] presented a modeling approach for a similar task, which could then be solved with
a Mixed Integer Linear Programming formulation.

All those approaches were developed for planning new road networks and do not take into account
existing infrastructure. There are few methods that consider redesigning of existing road networks.
Henningson et al. [20] presented a model for redesigning forest road networks. They considered road
upgrades to reduce the losses due to road closures caused by heavy rains or thawing. As this model is hard
to solve, Flisberg et al. [21] presented an easier-to-solve implementation for this problem.

Before redesigning a road network, it is necessary to identify forest areas with insufficient access.
This helps to set priorities, in particular if there are budget restrictions. Applying existing methods,
assessment would only be possible within a limited area (catchment, less than 50 km2), and not
over large regions (whole regions or countries). Although the model Sylvaccess by Dupire et al. [22]
automatically maps the accessibility of forests based on the three main logging techniques employed
in France: skidder, forwarder, and cable yarder, it focuses only on harvesting operations and does not
include the limitations of the forest road network or consider the hauling process.

Therefore, we have devised a new method that provides a spatially explicit overview of the need
for road redevelopment. It can be used to assess the suitability of each timber parcel for economically
efficient production (we defined ‘timber parcel’, or TP, as the smallest harvestable unit, here being
10 m × 10 m). This means that the entire forest area was partitioned into regular 10 m × 10 m parcels.
The most inadequate parts of the road network are located in steep terrain [23,24], therefore the main
focus here is on cable-based harvesting operations. The allocation is performed only using the existing
road network. Our research goals were three-fold: (1) develop a method to assess each timber parcel
for its economic suitability for the entire harvesting process, including transportation; (2) make this
tool applicable on large scales, i.e., areas covering more than 5000 km2; and (3) specifically take into
account the characteristics of steep terrain. The main advantage of the proposed heuristic model
over the operations research (OR)-based forest transportation models is that it is an easy-to-handle,
computation-efficient model particularly tailored for assessing forest accessibility given the existing
forest road network.
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The first step in this endeavor was to review the current means for assessing road networks.
After developing our representation model, we then applied it to the Canton of Grisons (Switzerland),
and evaluated the results in cooperation with the cantonal forest service.

2. Materials and Methods

The term ‘landing’ is used to describe the transition point from off-road to on-road transport.
A landing is a point on a road segment of a forest road on which, for example, a tower yarder can
be installed. Generally, the wood has to be extracted to a landing before hauling. The term ‘road
segment’ here refers to a segment of a forest road. It is assumed that landings can be installed on
each road segment of the forest road network. Additionally, individual landings can also be set on the
superordinate road network. Road segment length does not exceed 200 m. We further use the term
‘collecting point’, which refers to a virtual pile at the border of the observed site. It is the interface up
to which we observe the timber production and is located on a railway station or on the superordinate
road network. There could be more than one ‘collecting point’ in a project site.

Our model assesses the economic suitability of each TP for the wood-harvesting operation,
including tree-felling and processing and off- and on-road transport (hauling), based on the existing
road network. The entire wood supply chain from forest (standing trees) to the collecting points at
the border of the planning unit was captured. The conceptual model, which is visualized in Figure 1,
comprised three subsystems: (1) “Harvesting Options”, which identified for each road segment the
TPs that could be accessed with the available harvesting systems and then assessed the economic
efficiency of the harvesting techniques; (2) “Hauling Route”, which determined for each road segment
the “best” path to the collecting points; and (3) “Heuristic Optimization Model”, which evaluated the
best combination of harvesting option and hauling route. Individual elements within this conceptual
model are discussed below. An overview of the interactions between the model subsystems is given in
Figure 2 (harvesting options), Figure 3 (hauling route) and Figure 4 (heuristic optimization).

Figure 1. Conceptual model with input and output values (left) and subsystems (right).
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Figure 2. Task and output of the model subsystem “harvesting options”. TPs that could be accessed
with the available harvesting systems are identified.

Figure 3. Task and output of the model subsystem “hauling route”. The “best” path to the collecting
point for each road segment is identified.

“Harvesting options” identifies for each road segment all TPs that could be accessed and allocates
a harvesting system to each TP. In the example in Figure 2, TP #01, #04, #06, #08 can be accessed from
road segment #03, with the harvesting techniques ‘ground based’ (GB), ‘tower yarder uphill’ (TYU),
‘tower yarder downhill’ (TYD) and ‘long distance yarder uphill’ (LYU). Further, the slope distance
from the landing to the TP and a cost estimation are calculated. “Hauling routes” determines the
“best” route to the collecting point for each road segment. “Best” route means that the weight limit of
the route is as high as possible, whereas the hauling distance should be as small as possible. In the
example in Figure 3, we listed the hauling routes from road segments #3, #13 and #10 in the export
section. From road segment #3, the hauling route runs over road segment #10 and #11 with a weight
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limit of 32 t, a distance of 25 km and costs 17.2 CHF/m3. The subsystem “heuristic optimization” takes
the output from the other two subsystems as input and identifies for each TP up to three combinations
of harvesting technique and hauling route, one of which guarantees the highest possible weight limit
for hauling, another that yields the most efficient harvesting system and finally one with the lowest
overall cost. It is possible that one detected combination fulfills several of these objectives. An example
for TP #06 is given in Figure 4. Here, the combination that uses road segment #3 as landing fulfills
objective III (lowest cost), while hauling via road segment #10 ensures the highest weight limit during
hauling and via #13 the use of the most efficient harvesting technique.

Figure 4. Task and output of the model subsystem “heuristic optimization”, which evaluates favorable
combinations of harvesting options and hauling routes for each timber parcel.

The result from this step forms the basis for the assessment (suitability for an economically
efficient timber production) of each TP. The assessment is made on the basis of a combination of the
hauling route weight limit and the applicable harvesting system. For example, in our case study,
the best rating will be achieved if the hauling route weight limit is at least 28 t and concurrently
a ground-based system or a tower yarder (downhill or uphill) can be used. In the example in Figure 4,
the harvesting and hauling combination that uses road segment #3 as landing fulfills the requirements
for the best rating (‘Fulfills best practice requirements’), hence TP #06 also achieves the rating ‘Fulfills
best practice requirements’.

Given the assessment is an economic evaluation, it would be possible to consider only minimum
cost as indicator. However, practical considerations mean that such an approach might not be the
most accurate: First, hauling is often made by independent small enterprises. Their cost structure is
a well-guarded secret, and therefore productivity models only roughly cover the actual cost structure.
Furthermore, pricing depends on market conditions and is not constant; Second, in reality there
are several potential destination points (several sawmills, heating and power plants, transshipment
points to the railway, etc.), so the real length of the hauling route remains unknown; Third, harvesting
productivity models generally consider particular conditions, but do not account for the whole range
of properties usually found within a region. To take in account the full diversity, a range of productivity
models would need to be used, and even then there would be no guarantee that all cases could be
modeled. Fourth, even if such an ‘overall’ productivity model existed, it would be challenging to
obtain reliable input parameters. For example, the extracted timber along a cable road is one of the
most relevant input parameters for a cable yarder productivity model, however to make an estimation,
knowledge of the silvicultural treatment scenario is required, which is not usually available over whole
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regions. Summing up, evaluating up to three different harvesting/hauling combinations allows a more
robust suitability estimation to be obtained compared to the evaluation of only one alternative.

2.1. Input Data

The following 10 m resolution raster layers were input datasets: (1) digital elevation model
(swissALTI3D [25]); (2) timber parcels to harvest (including volume); (3) obstacles to cable-yarding
(e.g., high-voltage power lines, railways, superordinate roads, cable cars, and buildings); and (4) the soil
property map (for soil trafficability). The timber parcel map indicates the forest area. To save memory
and to increase the computing speed, the analysis is only performed for the defined TPs. The information
about the timber volume can be used to estimate how much timber is transported along a certain road
segment; however, this task is not covered in this paper. The digital elevation model provides terrain
information when checking the feasibility of a cable road. Moreover, the digital elevation model, and the
slope raster derived from it, are also used for the identification of the trafficable areas. The qualified landings
(landings on the superordinate road network) and forest roads were imported as vector datasets, including
information on the load-bearing capacity of the road (weight limit, i.e., the maximum gross vehicle mass of
single trucks permitted on that road), representing the road standard. The road network was divided into
segments, with a new segment starting either at junctions or wherever the road standard changed. Several
timber collecting points (virtual piles) were designated on the superordinate road network.

2.2. Model Subsystem “Harvesting Options”

The primary objective of this study was to assess the quality of a given forest road network
in steep terrain. Therefore, the main focus was on accurate analysis of cable-based harvesting
systems. However, even mountainous regions have some areas that can be logged by ground-based
systems. Here, the examination of such ground-based systems was simplified, but still adequate for
predominantly steep terrain. Nevertheless, the method would have to be adapted if applied in areas
mainly harvested with ground-based systems.

There were no constraints on the maximum volume to be extracted to each road segment. Further,
it is possible to allocate more than one harvesting system to the same road segment from different TPs,
and more than one potential harvesting system can be allocated to each TP.

2.2.1. Cable-Based Harvesting

The key objective of our model is to analyze the yarder accessibility of timber parcels, using the
workflow described below and illustrated in Figure 5:

(a) Along each road segment, landings were placed approximately 30 m apart. At each landing,
32 (default value) radial lines were proposed (Figure 5a).

(b) For each line direction, we determined the maximum feasible distance when building a cable
road with a given number of intermediate supports (five being the default) (Figure 5b). These
maximum feasible distances represent potential endpoints that depend upon the properties of
both terrain and yarding system (e.g., the maximum skyline length, breaking strength of the
skyline, minimum clearance between skyline and ground, and any obstacles as mentioned above).
We implemented the design approaches of Pestal and Zweifel [26,27], running the former by
default because of its better calculation efficiency [28].

(c) Finally, we identified the TPs that were accessible from a section of cable road. If the center of
a parcel was within a certain distance of the skyline (default: 30 m, or approximately one tree
length), then the parcel was considered accessible. In the last step (Figure 5c), the accessible
TPs associated with each single cable road were collected for each segment and stored with
the following information that served as the basis for our cost estimation: yarding direction
(uphill/downhill) and yarding distance (shortest-distance TP—road segment). If both up- and
downhill yarding were possible for a particular TP, then the latter was preferred because it usually
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causes less damage to the remaining trees. If several different yarding technologies were analyzed
concurrently, then steps (b) through (c) were repeated for each alternative.

Figure 5. Workflow for analysis of yarder accessibility. (a) Potential landings are placed on road
segments; at each landing, radial lines indicate potential cable roads; (b) Each potential cable road is
checked for maximum feasible distance, based on terrain properties; (c) Accessible timber parcels along
each cable road are collected and stored for each segment.

2.2.2. Ground-Based Harvesting

Ground-based harvesting requires trafficable terrain. The main factors that affect vehicle
movement are slope, soil bearing capacity, and the frequency and size of obstacles [29]. Those
factors can easily be measured on a single plot, but quantitatively describing their spatial and temporal
variabilities is much more challenging [30]. For example, soil bearing capacity is not a constant
value, but changes periodically because of meteorological disturbances such as rain or snowfall [31].
Terramechanical mobility models are usually utilized to calculate the maximum gradeability of vehicles.
Some examples include work by Ashmore et al. [32] and Brixius [33] for wheeled vehicles, or the
model of Ahlvin and Haley [29] for tracked machines. The use of winch-assisted vehicles was not
considered here because winches should only be used to increase safety and not to extend the maximum
gradeability. However, because spatial data about soil bearing capacity and obstacle frequency/size
are usually not available on larger scales, the application of terramechanical mobility models is limited.
As already mentioned, assessing the trafficability of TPs was a secondary task in our model, and since
ground-based harvesting systems are of very little importance in our project area, terramechanical
models were not used. Instead, a simpler method was chosen, for which we used a soil property
map [34]. The soil property map shows geomorphological and pedological units, which were assessed
according to their potential uses in agriculture and forestry (e.g., trafficability). The assessment of
trafficability is based on the soil-mechanical and pedological properties of the mapping units, such as
load-bearing capacity, plasticity, shear strength, skeletal content, permeability and watering of the soils.
For example, a high skeleton content improves trafficability, whereas a large organic content in the soil
makes trafficability more difficult with increasing water content. This map quantitatively predicted
four classes of trafficability: (1) well trafficable; (2) trafficability limited if rain or percolation water
appears; (3) only limited trafficability; and (4) trafficability heavily limited or impossible. We used
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maximum slope gradient limits of 35% (for soil class 1), 25% (class 2), 10% (class 3), and 0% (class 4)
for estimating maximum gradeability.

We used the following approach: The open-source toolbox GDAL was used to generate a slope
raster from the elevation raster. We then estimated for each TP the maximum gradeability for a vehicle
on the basis of the soil property map, according to the classes of trafficability mentioned above. In order
to determine whether a TP is trafficable, the slope was then compared with the trafficability class
from the soil property map. If the slope on a TP was less than or equal to the maximum gradeability,
then the TP was classified as trafficable. For example, if a TP has soil class 1 (well trafficable) and
a slope of 30%, it is regarded as trafficable. However, if the TP has only soil class 2 and again a slope of
30%, it is considered not trafficable.

The derivation of a maximum gradeability based on the soil classification is expert based and
therefore not precise and a potential source of error. However, these values matched those reported by
Eichrodt [31] for sites with similar soil properties.

In addition, it was checked for all TPs that were classified as trafficable whether they were
also connected to a forest road, in order to eliminate parcels that are classified as trafficable, but are
surrounded by cells that are not trafficable. We checked for this through network analysis (shortest
path algorithm), setting the maximum transport distance to a landing to 300 m.

2.2.3. Aerial-Based Harvesting

If neither cable-based nor ground-based harvesting systems can be established for an area, then
one might consider the use of helicopters for particular TPs. However, this method is usually not
economical and is therefore not included in the model in more detail.

2.2.4. Assignment of Harvesting Systems to Timber Parcels

The results of the “Harvesting Options” model informs planners which TPs along any given
road segment can be accessed by certain harvesting systems, and can indicate the preferred logging
direction (uphill/downhill). However, there might be several options possible for most TPs. Only the
most efficient harvesting system for each TP was considered for further analysis. This was achieved
by ranking harvesting systems according to their economic efficiency and then assigning each TP to
the highest-ranked system that made the parcel accessible. In the case described here, we used two
types of cable yarders—tower and long-distance yarder—as well as a ground-based system. These
were ranked as follows, from most to least efficient: ground-based (1); tower yarder uphill (2); tower
yarder downhill (3); long-distance yarder uphill (4); and long-distance yarder downhill (5).

The method of ranking different harvesting systems applied here was developed by
Heinimann [35] for the investigation of cable crane deployment in the Swiss alps. This type of terrain
evaluation is a synthesis of technical and functional site classification. Terrain parameters are recorded
with regard to the selection of logging systems and logging systems are subsequently displayed
directly on a map. Heinimann [36] and Lüthy [37] showed that this method can be incorporated into
a Decision Support System as a component and deliver reliable results. This method delivers a terrain
classification, and it does not propose a solution for operational management.

In application of this rule-based ranking system it is possible that, for example, a cable TP is
surrounded by ground-based TPs, especially near the area of transition from trafficable areas to cable
yarder areas as shown in Figure 6. This phenomenon has little impact on the final result (suitability
map), nor does it pose a restriction for applying the harvesting map since firstly, the harvesting systems
map is only an intermediate result. The processing steps and assumptions that follow will have a higher
impact on the final result. Secondly, the transition between trafficable and yarder area will never be
a hard border due to generalizations and uncertainties in the underlying data, such as the bearing
capacity of the soil or the simplified slope map (10 m × 10 m resolution). In reality, there is rather
a transition zone, and the isolated cable TPs reflect the range of this zone. However, to remove such
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isolated TPs, operational models such as described in Bont et al. [38] could be applied. This requires
definition of a management scenario and is only applicable for small areas.

Figure 6. (Left) Map of harvesting systems located in the canton of Grisons, Switzerland. Especially
near the transition from trafficable areas to cable yarder areas, there are some cable TPs that are isolated
and surrounded by trafficable area; (Right) Suitability map.

At this point one can ask whether a verification of the ‘ranking-based assignment of harvesting
systems to the TPs’ with an operational model makes sense. In the following this point will be
discussed briefly. In contrast to the method presented above, an operational model such as described
in Bont et al. [38] already proposes the spatial layout of the individual cable roads, an application of
which is shown in Figure 7 [39]. However, our method classifies the same area almost exclusively
as accessible by tower yarder (not displayed here). In principle, the result of the application of
the Bont et al. [38] operational model is well in line with the terrain classification described above.
The biggest difference lies in the distinction of the harvesting system ‘Helicopter’ (not accessible).
Due to the spatial arrangement of cable roads, there are sometimes TPs between the individual lines
which are classified as not accessible. This simply means that it is not economically worthwhile to
set up cable roads for these few TPs, although these TPs could potentially be reached with a yarding
system. Other areas at the edge of the forest were also classified as not accessible due to very small
harvesting volumes making installation of additional cable roads non cost-effective. In addition, more
harvesting systems, such as winches, were taken into account in the terrain classification approach
presented here.

The comparison of an operational model with the ranking-based terrain classification shows that
the operational model requires detailed input data (silvicultural objectives, definition of machines to
be used) and clearly defined management objectives, but also delivers results with a high degree of
precision. On the other hand, the results are not very robust. If the management objectives change,
the solution may look completely different. The ranking-based terrain classification does not provide
results accurate at pixel level, but the solutions are less dependent on predefined scenarios. In our
case, the latter is more useful because a generally valid assessment that is as independent of specific
management scenarios as possible is required. These requirements also make the verification of the
ranking-based method by the operational model difficult.
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Figure 7. Application of an operational harvesting and cable road layout model (Breschan et al. [39]) in
the Gotschna area in the canton of Grisons, Switzerland (topographic map © swisstopo (JA100118)).

2.3. Model Subsystem “Hauling Route”

The task of the model subsystem “Hauling route” was to identify the best route from the center of
each road segment to one of the available collecting points (virtual pile at the interface of the planning
unit). Both collecting point and route were selected in such a way that, as first priority, the weight
limits during removal were as high as possible and, as second priority, the distance from the road
segments to the “collecting point” was as short as possible.

2.3.1. Graph Representation

The road network was represented as a graph where the nodes were the intersections between
road segments and the arcs were the segments. An example is displayed in Figure 8. In addition to
the nodes of the road network, a virtual terminal node was inserted, which was linked with virtual
arcs (with weight 0) to all collecting points. The idea behind introducing a virtual terminal node
was to have only one terminal node in the representing network, instead of having several potential
terminals (collecting points). This substantially simplifies the network analysis. The virtual node made
it possible to identify the “best” path from any road segment to the collecting point, as well the “best”
collecting point. This was accomplished by applying a shortest path algorithm [40] with the source
node being any node in the road network and the terminal node being the virtual terminal node.

The weight of the arcs (road segments) are calculated ensuring that the roads chosen for hauling
had the highest possible weight limits or load bearing capacities:

W = L * 100Ranking(T), (1)

where W is the weight of the arcs, L is the length of a road segment (m), T is the weight limit of the
road segment (t), and Ranking(T) is a function that sorts the unique values of T and presents them
in numerical order as the output. For example, if we had a set of T = {10, 40, 25, 18, 10, 28, 32, 18},
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then the unique values were placed in descending order: {40, 32, 28, 25, 18, 10}. Thus, when applying
Ranking(40), the output would be 1; for Ranking(25), it would be 4.

The results from this step in the analysis provided information about weight limit and hauling
distance for each road segment, both of which were then used for calculating hauling costs. From this
step, there is one best route for each TP.

Figure 8. Conceptual representation of a road network, with regular nodes representing intersections
between road segments. Collecting-point nodes are terminals for timber transportation. Best path and
best collecting node are chosen by inserting a virtual terminal node that is linked with virtual arcs to
collecting points.

2.3.2. Road Classification

Hauling costs depend upon the type of truck that can be driven on a forest road. Those trucks
are usually classified according to the number of axles [41], which, in Switzerland, range from two
to five (see truck properties in Table 1). For planning and design it is the axle load, and not the total
weight of the truck, that is used when determining the dimensions of the road superstructure. Because
axle loads are standardized, usually at approximately 8 to 10 t, the superstructure to accommodate
a large truck does not have to be proportionally greater than that for small trucks, and normally is not
restrictive. In contrast, artificial structures such as bridges often have a limiting effect because here the
overall mass of the truck is relevant.

In many cases, the road geometry prohibits the movement of larger trucks either because of the
curve radii or narrowness. To be suitable for a five-axle truck, a road should be at least 3.5 m wide
(2.55 m for the truck itself plus a safety strip) and curves should have a minimum radius of 10 m
with a road width of 5.5 m. Although analysis of the whole geometry of a complete road should be
made, such data are not available because of the high cost of collection. Therefore, specifying the
maximum permissible total weight (weight limit) often relies upon a synthesis of the limitations in
artificial structures and road geometry if one is to describes the suitability for a corresponding truck
type. Therefore, the attribute weight limit is used as an index of the road standard in our study.

Table 1. Main mass characteristics of different truck types used in hauling timber [41].

Number of Axles Total Mass (t) Mass of Truck (t) Net Payload (t)

5 40 17 23
4 32 15 17
3 26 13 13
2 18 10 8
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2.4. Heuristic Optimization Model: Selecting the Landing Site

So far the harvesting system that links a TP with the road segment has been determined in
the subsystem “Harvesting Options” (Rule Based) and possible paths for transportation from the
landing site (road segment) to the collecting node in the subsystem “Hauling route”. Now the whole
transportation chain from the TP across the landing site (road segment) to the collecting point is
configured by applying a heuristic optimization algorithm.

A TP can be accessed from several road segments. The choice of the road segment (or landing
site) from which the timber is to be moved determines the costs associated with different systems of
harvesting and transport. The subsystem “Heuristic optimization model” determines the best way to
harvest a particular TP and transport that timber to a collecting point. It involves selecting the harvesting
system, identifying the road segment on which the landing is located, and choosing the hauling route.
Three objective functions were implemented to determine the best solution: (option 1) maximize the weight
limit for hauling (minimize hauling cost), (option 2) select the most efficient harvesting system (minimize
harvesting cost), or (option 3) concurrently identify the most efficient harvesting and hauling methods (least
cost). The heuristic algorithm was accomplished through the following steps:

• Step 1: Initialization

(i) We assigned initial values for the attributes of each TP, including (1) highest weight limit for
the hauling route (referred to as TPW) (t); (2) Index number of road segment accessed from TP (TPk)
(no unit); (3) allocated harvesting system (TPHS) (1 = ground-based, 2 = tower yarder uphill, 3 = tower
yarder downhill, 4 = long-distance yarder uphill, or 5 = long-distance yarder downhill); and (4) total
harvesting and hauling cost (TPTC) (CHF). The initial values for all attributes and each TP were = −1,
except for TPTC and TPHS, which were set = ∞.

• Step 2: Index the road segments with k from 1 to N (number of road segments)
• Step 3: For road segment k = 1:

◦ (i) Evaluate Tk: the set of TPs j accessed by road segment k, as determined in the subsystem
“harvesting options”,

wk: the weight limit for hauling from road segment k to the collecting point (from subsystem
“hauling option”), and

Hjk: the harvesting system for accessing TP j from road segment k (from subsystem “harvesting
options”.

◦ (ii) Check for each TP j in the set of Tk if attribute wk exceeds TPW. If so, then TPW, TPk,
and TPHS will be updated with the values from Step 3 (i): wk, k, and Hjk.

• Step 4: Repeat step 3 for k = k + 1, until k equals N.

If Option 2 was chosen to detect the best route, then Step 3 (ii) was modified to:

• Step 3 (ii Opt 2): Check for each TP j in the set of Tk to determine whether attribute Hjk. is
less than TPHS. If so, then TPW, TPk, and TPHS will be updated with the values from Step 3
(i): wk, k, and Hjk.

If Option 3 was chosen, then Step 3 (ii) was modified to:

• Step 3 (ii a Opt 3): Compute Cjk: total harvesting and hauling cost for each TP j in the set of
Tk. This involved the hauling cost from road segment k to the collecting point as well as the
harvesting cost of TP j with Harvesting system Hjk from road segment k.

• Step 3 (ii b Opt 3): Check for each TP j of Tk to determine whether attribute Cjk is less than
TPTC. If so, then TPW, TPk, TPHS and TPTC will be updated with the values from Step 3 (i):
wk, k, Hjk; and Cjk.
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From this we identified, for each TP, the road segment over which the timber would be transported
(TPk), the weight limit for hauling (TPW), the harvesting system (TPHS), and the costs for hauling and
harvesting (TPTC).

2.5. Assessing the Suitability for Efficient Timber Management

Before a forest road network can be evaluated, first “suitability for economical timber production”
must be defined. The timber parcels were categorized into one of three classes, as defined by our
project partner, the forest service of the Canton of Grisons: (1) Fulfills best practice requirements;
(2) limited suitability for efficient management; or (3) no efficient management possible (not suitable).
The suitability for economical timber production for any given site depended upon the harvesting
system that was implemented and the weight limits during hauling (Table 2). At each proposed
landing, conditions related to the harvest system and the weight limit during transport had to be
fulfilled. For example, the only TPs placed within quality class 1 were those that could be reached with
ground-based systems or a tower yarder and for which the timber could be transported with a 28-ton
truck (or larger).

To conduct the analysis, we ran the “heuristic optimization model” for all three options and
obtained the final attributes (TPW, TPHS) of each TP. We then assessed the suitability of the TPs for
each option according to the classification in Table 2. For the final assessment, we considered the best
assessment that had resulted from those three options for each TP.

Table 2. The suitability of an area for economical timber production depends upon the choice of
harvesting system (4 options shown) as well as the weight limit during hauling (3 options shown),
and can be described according to quality classes: (1) Fulfills best practice requirements; (2) limited
suitability for efficient management; or (3) no efficient management possible (not suitable).

Weight Limit During Hauling (t)

<18 ≥18, <28 ≥28

Harvesting system

Ground-based (3) (2) (1)
Tower yarder (3) (2) (1)

Long distance yarder (3) (2) (2)
Helicopter (3) (3) (3)

2.6. Additional Output

Besides the final result (suitability map), the workflow produces additional results that might be
of practical relevance:

(1) Map of the maximum weight limit for hauling, based on variable (TPW), and optimization
option 1;

(2) Map of the ‘best’ harvesting systems, based on variable (TPHS), and optimization option 2; and
(3) Map of harvesting and hauling cost, based on variable (TPTC), and optimization option 3.

Those maps were produced as an intermediate product during processing in the subsystem
‘heuristic optimization’.

However, these maps should be used with caution, as some underlying data might be heavily
simplified or based on many assumptions, such as the cost estimation. Further, the intermediate results
are not suitable for operational planning. For example, a cable TP could potentially be surrounded by
ground-based TPs (Figure 6), since each TP is assessed individually and no neighborhood relationships
are taken into account. Neighborhood relationships are considered in operational models before
making a decision [38]. In operational planning, treatment units are much smaller, and in those cases it
should not be a problem to apply operational models.
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2.7. Characteristics of the Research Area

The forest road network in the Swiss Canton of Grisons (total area of 7000 km2, including 2023 km2

in forests) does not, in many cases, meet the criteria for efficient and rational harvesting of wood.
Moreover, not only the forest roads, but also the superordinate roads have restrictions that limit timber
transport. The forest is located mainly in steep terrain, and more than 90% of the area would require
cable-based harvesting systems, according to the National Forest Inventory [23]. Therefore, in our
assessment, we considered ground-based harvesting as well as two yarder types: tower yarding
(maximum skyline length of 1000 m) and long-distance yarding (maximum skyline length of 1500 m).
To keep the cost calculations deliberately simple, we differentiated between up- and downhill yarding.
The costs for harvesting by cable yarder are shown in Table 3; we assumed a flat cost of 40 CHF/m3

for the ground-based system. The costs in Table 3 are based on expert estimation and verified by
HeProMo productivity models [42]. This procedure was chosen because in most cases productivity
models are designed for particular conditions and a single productivity model is not well applicable to
a heterogeneous region. Further, it would be challenging to obtain reliable input parameters for such
models without knowing the silvicultural treatment scenario or the properties of the cut.

Table 3. Estimated costs of timber harvesting using two types of cable yarder over various slope
distances (CHF/m3).

Logging Distance (Slope Distance) (m)

0 250 500 750 1000 1250 1500

Cable system
Tower yarder ↑ 40 45 50 55 60 - -

↓ 50 55 60 65 70 - -

Long-distance yarder ↑ 60 60 60 60 60 70 80
↓ 70 70 70 70 70 80 90

The hauling cost was computed based on the weight limit along the transportation route (Table 4).
The canton was subdivided into five forest regions of 1000 to 2300 km2 that were treated separately.
Computations were done using Matlab with an i7-6700 CPU @ 3.40 GHz processor with 16 GB RAM.

Table 4. Hauling cost as a function of weight limit when hauling timber over a single distance.

Weight Limit (T) (t) Hauling Cost (CHF/(m3·km))

18 ≤ T < 26 1.28
26 ≤ T < 32 0.91
32 ≤ T < 40 0.69

T ≥ 40 0.54

3. Results

Our research objectives were to develop a method that assesses timber parcels in terms of their
suitability for economical production and is also applicable over large areas. Computation time was
approximately six hours for the largest region, which covers approximately one-third of the canton.
For the entire canton the calculations required about 20 h. The most time-consuming step was the
modeling of the cable roads.

The main product of this analysis is the map of suitability of each TP for economical timber
production (Figure 9, example of the Schiers/Schraubach region). In all, 30% of the total canton area
falls within class 1 (“Fulfills best practice requirements”), but the proportions vary significantly among
regions (Table 5). Whereas Region 2 is relatively well-developed, with 41% of its area qualifying for
class 1, Region 2 is poorly developed, and only 16% of its area fulfills the best practice requirements
for harvesting and transport (Table 5). Figure 9 and Table 5 also refer to the evaluation of limitations
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associated with both the forest and the superordinate roads. This evaluation demonstrated that the
development of large parts of these forests is not up-to-date and cannot support competitive timber
production (Table 5 and Figure 9). Furthermore, these results can now be used to indicate clearly which
actions are most essential and to objectively identify target projects (Table 5, Figure 9).

Figure 9. Extract from suitability map for region near Schiers in the canton of Grisons, Switzerland
(hillshade dtm © swisstopo (JA100118)).

363



Forests 2018, 9, 169

Table 5. Key figures used to determine the suitability of the timber parcels for economical timber production
for the entire canton of Grisons and for Regions 2 and 3. (Class 1: Fulfills best practice requirements, Class 2:
limited suitability for efficient management, and Class 3: no efficient management possible).

Class 1 Class 2 Class 3 Total

Whole canton
area (ha) 61,042 77,872 63,400 202,314

(%) 30 38 32 100

volume to harvest
(m3/year) 228,983 308,395 235,882 773,260

(%) 30 40 30 100

Forest-region 3
area (ha) 5375 17,642 9699 32,716

(%) 16 54 30 100

volume to harvest
(m3/year) 27,042 87,459 45,787 160,288

(%) 17 55 28 100

Forest-region 2
area (ha) 9104 6847 6172 22,123

(%) 41 31 28 100

volume to harvest
(m3/year) 39,755 28,918 277,46 96,419

(%) 41 30 29 100

An additional outcome was the map of the harvesting method (Figure 10). The map differentiates
between ground-based harvesting and 4 different types of cable yarding. The key results were the
following: 5% of the forest area (over the whole canton) fell into the “ground-based” harvesting
category, as opposed to 63% for which cable-yarding was the proposed harvesting method and 32%
were classified as “not accessible”. Further outcomes were the maps of the costs for harvesting and
transport and the maximum hauling weight limit map (Figure 11), respectively.

These maps are useful to identify the reasons for the rating of an area. Areas in the left hand and
the upper side of Figure 9 for example have a ‘limited suitability’ rating, which can be identified from
the hauling weight limit map (Figure 11) as limited mainly due to the weight limit of the forest road.

Road densities were calculated for three road classes: roads with a weight limit between 18 and
27 t, 28 and 40 t and an overall class between 18 and 40 t (Table 6). This subdivision conforms with the
subdivision of the suitability map. Therefore, we compare the road density for the ‘28–40 t class’ with
class 1 of Table 5 (Fulfills state-of-the-art requirements). In both approaches, perimeter 2 is identified as
the best-accessed perimeter with a road density of 17 m/ha or 41% within class 1. However, although
road density is at the upper end of the ideal range, the analysis shows that 28% of the surfaces are
still uncovered (class 3) and 31% have limited suitability (class 2). Considering the ‘28–40 t class’
for perimeter 3 and the whole canton, both have 9 m/ha road densities, therefore one might think
that the share of well-accessible forest area should be about the same. However, the values for class
1 tell a different story with a share of 16% for perimeter 3 and 30% for the whole canton (Table 5).
This shows that it is difficult to assess a forest road network using only the classical road density
values. First, these values have a certain fuzziness and second they do not identify particular areas
with an insufficient road network, so the location of the weak areas remains unknown. This outcome
was expected, as the road density metric does not take into account the spatial variability in the terrain,
the spatial distribution of the forest roads, obstacles that limit the use of a harvesting system (e.g., high
tension power lines for cable yarders) or other limits of the forest road network, such as bridges with
a limited bearing capacity.
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Figure 10. Extract of the harvesting system map (region near Schiers in canton of Grisons).

Table 6. Road Densities for the observed perimeters. The road densities were split into a class of roads
with a weight limit between 18 and 27 t, 28 and 40 t and an overall class between 18 and 40 t.

Perimeter
Forest Area Road Densities (m/ha)

(ha) 18–27 t 28–40 t 18–40 t

2 22,122 6 17 23
3 32,715 16 9 25

Whole Canton 202,312 8 9 17
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Figure 11. Extract of the maximum hauling weight limit map (region near Schiers in canton of Grisons).

4. Discussion

To verify the quality and usefulness of our new method, we requested that the forest service (local
forest service and district officers) examine the results. This involved checking the suitability map as
well as other outcomes such as the hauling weight limit map (based on TPW) and the harvesting system
map (based on TPHS). The staff showed great interest in the maps and provided abundant feedback.
Some classifications were reported as incorrect, mostly due to errors in the input data (mainly road
standards), while other wrong classifications were caused by errors in the programming code. After
those errors were rectified, the calculations were run again. This time no wrong classifications were
reported by the forest service, and they deemed these maps very realistic. A second type of verification
was performed by Schmid and Zürcher [43], who examined whether the intensity of the management
in the protection forests (protection against natural hazards) was related to the classes depicted by
the suitability map. They concluded that the suitability class correlated strongly with management in
the protection forests. After these evaluations, the canton incorporated the results of this study into
its forest development plan and declared that any future revisions of the road network must be in
accordance with these findings.
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The model is applicable on a large scale. In particular, these calculations of the entire test area,
i.e., 7000 km2, were completed within one day, and the calculation effort increased linearly with the
size of the area analyzed. This allowed the computations to be run for a larger area within a reasonable
amount of time.

Compared with classical approaches, e.g., the optimal road density concept [2], that deliver only
average values, this new method enables planners to assess the quality of a road network in a spatially
explicit manner. Moreover, while other related spatially explicit approaches (e.g., [22]) focus only on
harvesting operations, the assessment method proposed here also includes the limitations associated
with the road network, which are provided as an input. We are confident that a further development
to cover a wider range of topographic conditions is feasible.

The approach is intended for steep terrain conditions, in which cable-based systems play a major
role. If it were to be applied on flat terrain, trafficable areas would have to be modelled in more detail.

The boundaries between suitability classes are arbitrary. The 28-ton boundary between classes 1 and 2
was chosen at the explicit request of the project partner. This distinction does not correspond with truck
classifications that are based on the number of axles. Here, a 32-ton boundary might make more sense.
However, the classification boundaries as well as the number of classifications can easily be adapted for
other surveys.

The hauling route was chosen in such a way that the weight limit was maximized. This worked
well here because only a few different combinations were possible. However, it is conceivable that
an alternative route with a slightly smaller limit would have a considerably shorter distance, making
it more cost-effective. Under these circumstances, or if the transport destination (e.g., sawmill) were
known, the “hauling route identification algorithm” might have to be modified.

The rule-based allocation of harvesting systems and the cost estimations were deliberately
kept simple. More sophisticated models or methods would require many additional assumptions,
e.g., the silvicultural treatment for each stand or the characteristics of each single cable road. To do so
on this scale would require enormous effort in data collection and computation, with no guarantee that
the final results would be more reliable. Furthermore, when conducting such an analysis, one must
be aware that the quality of the output strongly depends upon manually evaluated input data (road
segment standards evaluated by the local forest service). Finally, we are emphatic that the interpretation
of results must be done carefully. For example, TPs identified as unsuitable do not necessarily require
better development; the result simply indicates they are not ideal for timber production.

5. Conclusions

This new spatially explicit method was designed to assess the suitability of a forest road network
for economical timber production. It accommodates steep terrain conditions, such as those found
in the Central Alps, and is effective over large areas. The method was tested in the Swiss Canton of
Grisons (7000 km2), and all calculations were completed in less than one day. Its utility was verified by
forest service personnel, who judged the outcome as very reliable and traceable. These results will
form the basis for future revisions of road networks.

To our knowledge, this new approach is the first to factor in both production suitability and the
appropriateness of harvesting techniques in steep terrain when developing a road network. It also
assesses the entire harvesting operation, from tree-felling to processing and off- and on-road timber
transport. We kept some elements, such as the rule-based allocation of harvesting systems or cost
estimations, deliberately simple so that the method could be tested over a large geographical area.
In contrast, operational harvest and transport optimization systems are not applied to large areas,
but at a compartment or coupe level.

Our findings have several implications for practitioners: The method provides an easy-to-obtain,
reliable and traceable basis that offers an overview of the development of a road network. This makes
the method more efficient than current practices that still generally rely upon previous experience,
anecdotal evidence, or personal observation.
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Abstract: Traffic can alter forest road aggregate material in various ways, such as by crushing, mixing
it with subgrade material, and sweeping large-size, loose particles (gravel) toward the outside of the
road. Understanding the changes and physical processes of the aggregate is essential to mitigate
sediment production from forest roads and reduce road maintenance efforts. We compared the
particle-size distributions of forest road aggregate from the Clearwater National Forest in Idaho, USA
in three vertical layers (upper, middle, and bottom of the road aggregate), three horizontal locations
(tire track, shoulder, and half-way between them), and three traffic uses (none, light (no logging
vehicles), and heavy (logging vehicles and equipment)) using Tukey’s multiple comparison test.
Light traffic appears to cause aggregate crushing where vehicle tires passed and caused sweeping
on the road surface. Heavy traffic caused aggregate crushing at all vertical and horizontal locations,
and subgrade mixing with the bottom layer at the shoulder location. Logging vehicles and heavy
equipment with wide axles drove on the shoulder and exerted enough stress to cause subgrade
mixing. These results can help identify the sediment source and define adequate mitigation measures
to reduce sediment production from forest roads and reduce road maintenance efforts by providing
information for best management practices.

Keywords: aggregate crushing; particle-size distribution; road aggregate; subgrade mixing; sweeping

1. Introduction

Aggregate (crushed rock) is one of the most common surfacing materials used on low volume
forest roads [1,2]. It reduces both wheel load stress to the subgrade material and maintenance costs,
and provides better driving comfort than native-surface roads [3]. It also helps reduce sediment
production from forest roads [4–6]. However, road aggregate deteriorates due to traffic, weather, and
material properties [7], and, as a consequence, increased sedimentation occurs. Aggregate material can
also be deformed and lost from the road surface due to vehicle traffic which then requires additional
road maintenance. Therefore, it is important to understand how forest road traffic changes aggregate
properties and movement (i.e., traffic-induced processes that change forest road aggregate).

Traffic-induced processes have been speculated on, and occasionally discussed, as part of field-based
observations. For example, Reid and Dunne [8] mentioned (1) “breakdown of the surfacing material”
and (2) “forcing upward of fine-grained sediment from the roadbed as traffic pushes the surfacing
gravels into the bed”. Many other research studies have observed and discussed these processes,
but often in varying terms. For example, the breakdown of road surfacing material (aggregate) was
observed by Swift [4], described as “crushing” [9–11], and referred to as “powdering by traffic”,
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“particle attrition”, or “abrasion” [4,11,12]. It has also been described as “the mechanical degradation
of surface aggregate under traffic loading” [13]. The second process, forcing upward of fine-grained
sediment from the roadbed, was also observed by Swift [4], and has been further described as “piping”
(enabling roadbed soil to pipe through the road prism; [6]), “pressing larger particles down through
a matrix of fine sediment” [9], “churning” [10], “fine materials move through the pore spaces to the
surface” [14], “pumping of fine particles onto the surface” [12], and “subgrade mixing” [13]. Our paper
will refer to the breakdown of surfacing material as “crushing” and the forcing upward of fine-grained
material as “subgrade mixing”.

In addition to crushing and subgrade mixing, there is another traffic-induced process that alters
forest road aggregate. Traffic moves loose aggregate material off the road by tire action [15], which is
called “sweeping”. Traffic-induced sweeping results in the movement of loose aggregate particles to
the roadside and shoulder. This is particularly prevalent at sharp corners where road surface aggregate
tends to accumulate at the roadside (Figure 1) [11,16,17]. Two extreme cases of sweeping can be
considered: sweeping-out (losing large-size particles, such as gravel, near tire tracks) and sweeping-in
(receiving large-size particles near the shoulder).

Figure 1. Sorted surfacing material on forest road. Left is the tire track with a coin with a diameter of
24 mm on it, and right is the shoulder.

It is difficult to investigate traffic-induced processes directly, because they can be related to
many factors, such as the physical properties of road aggregate (e.g., particle size and strength) [13,18,19],
tire pressure [20,21], road conditions (e.g., moisture content and compaction) [11,15,22], road
gradient [6,12,23], road type (mainline or secondary road) [6], traffic use [6,8,11], and proximity
to the root systems of neighboring trees [24]. However, the particle-size distribution (PSD) of road
aggregate can be used as a surrogate to infer the traffic-induced processes of crushing, subgrade
mixing, and sweeping.

Particle-size distribution is likely one of the most important characteristics of mineral soil and road
aggregates and is routinely used to evaluate if the soil or aggregate is appropriate as an engineering
material for road construction [2,25]. A PSD consists of a number of particle-size fractions (PSFs)
for individual particle-size classes and is usually plotted as a cumulative frequency diagram in a
semi-logarithmic scale (i.e., particle size using a logarithmic scale on the x-axis and percent passing on
the y-axis). When traffic-induced processes such as crushing occur, smaller-size particles (fine sediment)
are produced, changing the PSD. Therefore, the PSD can be used to infer the traffic-induced processes.
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There have been few studies that have analyzed the soil and aggregate PSDs that are used for
forest and gravel roads. In New Brunswick, Canada, surface and subgrade materials from two forest
roads were analyzed using PSD [26], and two resurfacing methods were compared using PSDs from
unpaved roads [16]. In addition, Foltz and Truebe [18,19] analyzed various aggregate material from
the western USA and used PSD to evaluate aggregate quality. The PSD method has also been used to
characterize surface and subgrade (base) materials in South Dakota, USA [27]. In Lithuania, PSDs were
observed to become finer as gravel pavement wears away [28].

Understanding forest road PSDs can elucidate traffic-induced changes in aggregate size and
distribution, and their processes. However, in previous studies, soil and aggregate materials were
collected from limited cross-sectional locations. More importantly, previous studies did not investigate
road aggregate PSD changes after traffic. To fully understand traffic effects on forest road aggregate,
PSDs should be compared from various vertical and horizontal cross-sectional locations as well as after
different traffic uses. We could not find any publications in which this is investigated. Understanding
traffic effects on aggregate material can help reduce road maintenance efforts and costs, and help
identify the sediment source (i.e., road aggregate or roadbed material) and define adequate mitigation
measures to reduce sediment production by traffic from forest roads.

We hypothesize that all three traffic-induced processes (crushing, subgrade mixing, and sweeping)
could alter the physical properties of forest road aggregate. Therefore, the goal of this study was to
understand how traffic changes forest road aggregate PSD and, in particular, the magnitude of those
changes for various traffic uses, thus contributing to a better understanding of forest roads, traffic,
erosion, and their inter-relationships. The specific objectives were to (1) compare forest road aggregate
PSDs with respect to vertical and horizontal location within a forest road cross-section and traffic use,
and (2) infer how the traffic-induced processes changed the PSDs.

2. Materials and Methods

2.1. Study Area and Road Description

Study plots were located on three roads in the Clearwater National Forest area, about 39–43 km
northeast of Moscow, Idaho (Figure 2; 47◦03′12” N, 116◦40′47” W; 47◦04′07”, N 116◦40′33” W;
and 47◦02′57” N, 116◦43′58” W, respectively). The study area has a normal precipitation of
658 mm year−1 [29] at a rainfall intensity of 18 mm hour−1 for 10-year return period [30,31]. It has dry
summer months (average precipitation of 82 mm, July to September), on the basis of the closest weather
station, located 13–17 km southwest of the study sites, in Potlatch, Idaho (46◦57′36” N, 116◦51′18” W;
elevation 841 m). The normal annual mean temperature is 7.6 ◦C, ranging from −1.8 ◦C in December
to 17.6 ◦C in August [29]. Each of the three roads used in this study had different traffic uses from the
time they were constructed in 2002. The three roads were not specifically constructed for this study, but
for actual forest management and log hauling. All three roads were primarily cut and fill roads, and
were constructed using the same aggregate material (basalt) from the same quarry located 15–18 km
south of the field sites. Each road was 5 m wide and had 0.1 m of aggregate applied on a fine subgrade
of mineral soil in the same year, which was typical for forest road construction in the study area.

White Pine 3833 road was chosen to represent “no” traffic use (N). Since its construction this road
was not used except for occasional light administrative traffic (about 20 passes per year). It had been
closed to the public and no logging traffic passed prior to aggregate sample collection in 2005.

White Pine 3830-1 road was chosen for the “light” traffic use (L). After construction, this road
was used by light trucks and automobiles, but with no log hauling. It also included approximately
20 passes of administrative vehicles per year. It is open to the public except during seasonal road
closure when it is closed to large vehicles (larger than pickup trucks) from October to mid-June and
closed to all vehicles from December to mid-May.

White Pine 377-M road was chosen for the “heavy” traffic use (H). It was used for log hauling
during one dry season (June to September) before collecting aggregate samples. Log hauling was not
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allowed during wet road conditions because the load from heavy trucks and equipment could mix
surface aggregate with subgrade and damage the road. Prior to use by logging traffic, the road had
dust abatement applied by using calcium chloride (CaCl2) flake at a rate of 0.8 kg m−2. We estimated
that approximately 375 round trips of a standard logging truck (one-way empty and one-way fully
loaded) passed on the H road. Also, heavy logging equipment (e.g., tracked linkbelt yarder, high track
caterpillar, excavator) passed on this road. Additionally, during logging, pickup-sized trucks made
approximately 20 round trips per week for administrative and contractor use. The L and H roads were
12.8–22.8% more compacted than the N road when the aggregate samples were collected (Table 1).

Figure 2. Location of the study plots on the White Pine roads in the Clearwater National Forest, Idaho.
The map was modified from the 1:24,000 US topographic map (West Dennis, Idaho; 7.5-min quadrangle
map) with orthoimage [32]. N, L, and H indicate the plot locations on no, light, and heavy traffic use
roads. The N was used for log-hauls after collecting the samples, and the H, before collecting the
samples in this image. White lines without a border indicate a forest road network; the white line with
borders at the right side indicates the Idaho state highway 6; and blue lines indicate streams.

Table 1. Comparison of dry densities 1 (Mg m−3) of forest road aggregate from different horizontal
locations and traffic uses.

Traffic Use
Horizontal Location

Center Tire Track In-Between Shoulder

No
A 1.606 b A 1.727 b A 1.671 c A 1.542 b

(0.095) (0.077) (0.055) (0.121)

Light
A 1.921 a A 2.053 a A 2.051 a

N/A 2
(0.045) (0.176) (0.026)

Heavy
A 1.893 a A 1.987 a, b A, B 1.885 b B 1.777 a

(0.009) (0.035) (0.073) (0.034)
1 Dry densities were measured using the Troxler Model 3440 nuclear soil moisture density gauge [33] in the same
year when the aggregate samples were collected. The values are mean dry density with standard deviation in
parentheses. Mean values in a row preceded by the same superscript capital letter (A or B) are not significantly
different between the different horizontal locations on the same traffic use (p < 0.05). Mean values in a column
followed by the same lowercase letter (a, b, or c) are not significantly different between the different traffic uses
at the same horizontal location (p < 0.05). 2 No dry density was measured at this site using the Troxler Model
3440 nuclear soil moisture density gauge, due to roadside vegetation.
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2.2. Experimental Design

We used a total of 135 road aggregate samples collected during a single season. The 135 samples
consisted of five replicates of 27 sample sets from the three vertical, three horizontal locations and three
traffic uses. We analyzed the samples for PSD and compared them with respect to vertical, horizontal
location, and traffic use. In addition, we compared PSDs on the N road and quarry samples to see
if there were changes in PSD that should be attributed to road construction (i.e., when moving and
applying aggregate). The PSD from the quarry was based on 12 aggregate samples collected at the time
of road construction and was analyzed by the US Department of Agriculture, Forest Service, Palouse
Ranger District office at the Clearwater National Forest.

2.3. Field Data Collection and Laboratory Analysis

For each road traffic treatment, we collected aggregate samples from three vertical layers (upper
(U), middle (M), and bottom (B)) at three horizontal locations (tire track, shoulder and in-between) to be
able to capture the trends in aggregate changes by traffic (Figure 3). Tire track, T, was located 1.2 m from
the outside edge of the shoulder; shoulder, S, was located 0.3 m from the outside edge; and in-between,
I, was located half-way between T and S. Vehicles and equipment, especially ones with trailers and
wide axle widths, could pass over all three horizontal locations, including the shoulder. Samples were
collected to an aggregate depth of 0.1 m, resulting in an aggregate sampling depth of 33.3 mm which
was deep enough to include the largest aggregate particle (25.4 mm diameter). When a large particle
was found near the 33.3 mm depth, it was included in the layer with a larger proportion of that particle
size. Aggregate samples in the bottom layer were collected down to the subgrade layer. Replicate
cross-sections on each of the three roads were approximately 0.5 m apart.

Figure 3. Sampling locations within a forest road cross section. The abbreviations indicate vertical
layer and horizontal location of samples. U: upper; M: middle; B: bottom; T: tire track; S: shoulder;
I: in-between.

The amount of aggregate material collected and analyzed was determined on the basis of the
largest particle-size observed. The American Association of State Highway and Transportation
Officials (AASHTO) T88-00 standard [34] and the American Society for Testing and Materials (ASTM)
D422-63(2002) standard [35] suggested 2 kg of dry mass to analyze aggregate material with the
largest particle of 25.4 mm diameter. A preliminary data analysis showed that 2 kg of dry mass
required a volume of approximately 0.2 m length × 0.2 m width × 33.3 mm depth. Considering that
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a usual dry mass used for particle size analyses is about 0.5 kg (AASHTO T146-96 standard [36]),
the collected 2 kg aggregate sample was divided into three or four sub-samples for ease in handling,
analyzed following the AASHTO and ASTM procedures (AASHTO T88-00 standard [34] and ASTM
D422-63(2002) standard [35]), and combined to make one PSD. We adopted a nested sampling method
to reduce aggregate particle size analysis time [37]. For the nested method, we excavated and stored
aggregate samples in two separate portions: small portion from 0.1 m × 0.1 m hole (0.5 kg), and
large portion from 0.2 m × 0.2 m hole except the small portion (1.5 kg).

Particle size analyses followed the ASTM D2217-85 and D422-63(2002) standards [35,38] and
Rhee et al. [37]. We conducted the small portion particle size analyses using 13 sieves: 25.4 mm (1 inch),
19.0 mm ( 3

4 inch), 12.7 mm ( 1
2 inch), 9.51 mm ( 3

8 inch), 6.35 mm ( 1
4 inch), 4.76 mm (US standard sieve

No. 4), 3.36 mm (No. 6), 2.00 mm (No. 10), 1.00 mm (No. 18), 0.420 mm (No. 40), 0.250 mm (No. 60),
0.149 mm (No. 100), and 0.074 mm (No. 200). The large portion particle size analyses were conducted
using only five sieves: 25.4 mm, 19.0 mm, 12.7 mm, 9.51 mm, and 6.35 mm. The small and large portions
of the particle size analysis results were then combined to calculate a single particle size determination
of each sampling location [37]. A particle size analysis finer than the 0.074 mm sieve was not conducted
in the current study because a limited amount of crushing occurs below this particle-size in granular
materials [39,40] and sieving is not used [35,40].

2.4. Comparison of Particle-Size Distributions

The PSD consists of particle-size fractions (PSFs) from each individual particle-size class. One way
to compare PSDs is to compare the PSF results from each sieve size, which requires the same number
and size of sieves. For example, 39 point-to-point comparisons are needed to compare three PSDs that
consist of 13 sieve sizes. It is difficult to draw concise conclusions from many statistical comparisons
for 13 individual sieve sizes. Instead, Hardin [39] suggested measuring particle breakage based on
changes in entire PSD. He introduced breakage potential (Bp) as the area between the PSD curve and
the 0.074 mm sieve in the cumulative frequency diagram (Figure 4). The Bp represents the total possible
particle breakage if every particle were broken down smaller than the 0.074 mm-sieve size. We adopted
the Hardin’s Bp as a surrogate parameter to represent a PSD for general and statistical comparison
purposes in this study. We also compared changes in the shape of PSDs because traffic-induced
processes might alter the shape of PSDs while having the same Bp value.

Figure 4. Hardin’s Breakage Potential (Bp): (a) particle-size distribution with Bp of 186.77; and
(b) particle-size distribution with Bp of 140.77. The unit of Bp is %·log (mm). Higher Bp value
represents a particle-size distribution with coarser particles.
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2.5. Statistical Analysis

We used Tukey’s multiple comparison test (honestly significant difference test [41]) to compare
PSDs among different treatments of vertical layer (U, M, and B), horizontal location (T, I, and S), and
road traffic use (N, L, and H). In addition, ANOVA (Analysis of Variance [41]) was used to compare
the PSDs from N with the PSD from the quarry. We used a significance level of α = 5% for the
statistical analyses.

3. Results

The PSDs from the collected aggregate were compared and analyzed with respect to different
vertical layers and horizontal locations with the same level of traffic use and different traffic uses at the
same cross-sectional location. In addition, we plotted the PSD data from the quarry and compared it
with the other PSDs.

3.1. Particle-Size Distributions with No Traffic

The PSDs on the no traffic (N) road were uniform. There were no differences in PSDs from the
different vertical layers or horizontal locations (Table 2 and Figure S1).

Table 2. No traffic road particle-size distributions from the vertical and horizontal locations using the
breakage potential (Bp) method. The values are average Bp with standard deviation in parentheses.
The unit of Bp is % log (mm).

Vertical Layer
Horizontal Location

Inferred Process
Tire Track In-Between Shoulder

Upper 177.84 (4.62) = 174.42 (9.75) = 186.61 (10.07) N/A 1

Middle 174.32 (6.26) = 171.74 (9.50) = 176.20 (3.34) N/A

Bottom 170.35 (7.33) = 164.74 (6.69) = 175.91 (9.54) N/A
Inferred process N/A N/A N/A

1 No inferred process is available. “=” symbol between means indicates equality of values.

3.2. Particle-Size Distributions after Light Traffic Use

The PSDs on the light traffic (L) road changed depending on the vertical layers and horizontal
locations (Table 3 and Figure S2). Comparing vertical layers showed that the PSD at U-T-L was finer
than at M-T-L; and the PSD at B-T-L was finer than both (U-T-L < M-T-L < B-T-L). In addition, the PSD
at U-I-L was finer than at M-I-L and B-I-L. At the shoulder location, the PSD at U-S-L was coarser than
at M-S-L and B-S-L. Comparing horizontal locations showed that the PSD at U-S-L was coarser than at
U-T-L and U-I-L. There were no differences in PSDs at the horizontal locations at M-L and B-L.

Table 3. Light traffic road particle-size distributions from the vertical and horizontal locations using
the breakage potential (Bp) method. The values are average Bp with standard deviation in parentheses.
The unit of Bp is %·log (mm).

Vertical Layer
Horizontal Location

Inferred Process
Tire Track In-Between Shoulder

Upper 153.33 (3.17) = 155.28 (7.65) < 186.77 (0.92) Crushing/sweeping

Middle 167.74 (7.26) = 168.85 (7.73) = 178.18 (4.66) N/A 1

Bottom 176.65 (1.99) = 174.27 (5.80) = 173.32 (3.95) N/A
Inferred process Crushing Crushing Sweeping

1 No inferred process is available. “=/</>” symbols between means indicate respective significance.
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3.3. Particle-Size Distributions after Heavy Traffic Use

On the heavy traffic (H) road, PSDs were uniform, except at B-S-H which had a finer PSD than
the other vertical layers and horizontal locations (Table 4 and Figure S3). There were no differences in
PSDs between different vertical layers at T-H and I-H. The PSD at B-S-H was finer than at U-S-H and
M-S-H. There were no differences in PSDs at the horizontal locations at U-H and M-H. The PSD at
B-S-H was finer than at B-T-H and B-I-H.

Table 4. Heavy traffic road particle-size distributions from the vertical and horizontal locations using
the breakage potential (Bp) method. The values are average Bp with standard deviation in parentheses.
The unit of Bp is %·log (mm).

Vertical Layer
Horizontal Location

Inferred Process
Tire Track In-Between Shoulder

Upper 154.84 (4.90) = 153.31 (3.45) = 156.44 (4.47) N/A 1

Middle 163.47 (8.68) = 156.37 (6.66) = 157.89 (4.14) N/A

Bottom 154.97 (2.51) = 151.31 (7.97) > 140.77 (5.60) Subgrade mixing
Inferred process N/A N/A Subgrade mixing

1 No inferred process is available. “=/</>” symbols between means indicate respective significance.

3.4. Particle-Size Distributions for Different Traffic Uses at the Same Cross-Sectional Location

The PSDs on the N road were not the same as the PSD from the quarry and varied by cross-sectional
locations (Table 5 and Figure S4) despite having no differences from different vertical layers and
horizontal locations (Table 2 and Figure S1). The PSDs at U-T-N, U-S-N, and M-S-N were coarser than
from the quarry. However, at B-I-N, the PSD was finer than from the quarry. As traffic increased from
none to light to heavy, PSDs became finer, except at M-T (Table 5 and Figure S4).

Table 5. Particle-size distributions from different traffic uses at the same cross-sectional locations using
the breakage potential (Bp) method. The values are average Bp with standard deviation in parentheses.
The unit of Bp is %·log (mm).

Vertical Layer
Traffic Use

Inferred Process
Quarry No Light Heavy

Horizontal location: Tire track

Upper 171.01 (4.88) < 177.84 (4.62) > 153.33 (3.17) = 154.84 (4.90) Crushing

Middle 171.01 (4.88) = 174.32 (6.26) = 167.74 (7.26) = 163.47 (8.68) N/A 1

Bottom 171.01 (4.88) = 170.35 (7.33) = 176.65 (1.99) > 154.97 (2.51) Crushing

Horizontal location: In-between

Upper 171.01 (4.88) = 174.42 (9.75) > 155.28 (7.65) = 153.31 (3.45) Crushing

Middle 171.01 (4.88) = 171.74 (9.50) = 168.85 (7.73) = 156.37 (6.66) Crushing 2

Bottom 171.01 (4.88) > 164.74 (6.69) = 174.27 (5.80) > 151.31 (7.97) Crushing

Horizontal location: Shoulder

Upper 171.01 (4.88) < 186.61 (10.07) = 186.77 (0.92) > 156.44 (4.47) Crushing

Middle 171.01 (4.88) < 176.20 (3.34) = 178.18 (4.66) > 157.89 (4.14) Crushing

Bottom 171.01 (4.88) = 175. 91 (9.54) = 173.32 (3.95) > 140.77 (5.60) Subgrade mixing
1 No inferred process is available. 2 Bp of the no traffic use is statistically greater than the high traffic use. “=/</>”
symbols between means indicate respective significance.
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On the L and H roads, the PSDs were finer than on the N road at U-T and U-I. In addition, the
PSDs on the H road were finer than on the L road at B-T, B-I, and shoulder locations. There were no
differences between the PSDs at M-I-N and M-I-L, and at M-I-L and M-I-H; however, the PSD at M-I-H
was finer than at M-I-N. The PSD at B-S-H was much finer than at B-S-N and B-S-L, and also finer than
at other cross-sectional locations on the H road (Table 4).

4. Discussion

The study results help infer crushing, subgrade mixing, and sweeping-in processes by comparing
PSDs from the quarry and forest road aggregate. We inferred that crushing occurred at U-T-L, U-I-L,
and all cross-sectional locations on the H road, because the PSDs from these locations and traffic uses
were finer than from the other locations. Crushing was only observed near the tire track and road
surface (U-T and U-I) on the L road (Table 3) and was observed at all cross-sectional locations with
increasing traffic use (H) (Table 4), indicating that the crushing occurred near the tire track on the road
surface first, than in the deeper aggregate. Subgrade mixing might have occurred at B-S-H, because the
PSD here was finer than the rest of the PSDs on H and the location of subgrade mixing (B-S-H) was the
bottom layer (Table 4). Also the subgrade PSD was much finer than any of the road aggregate PSDs
(Figure 5), confirming a strong likelihood of subgrade mixing. Considering that crushing occurred at
the other cross-sectional locations on H, we inferred that both crushing and subgrade mixing occurred
at B-S-H. We also inferred that sweeping occurred at U-S-L, because the PSD at U-S-L was coarser than
at the other locations on the L road and the location of the sweeping-in (U-S-L) was the shoulder on
the road surface (Table 3).

Our study results partially agree with the results from Toman and Skaugset [13] in which they
observed that subgrade mixing did not occur on three forest roads in northwestern California and
Oregon. However, our data indicate subgrade mixing might have occurred at one cross-sectional
location on the H road. In addition, Toman and Skaugset [13] speculated that fine sediment came from
either the surface aggregate itself or its breakdown by traffic, which agrees with our data that crushing
is the dominant traffic-induced process influencing sediment production from forest roads.

No ruts were observed from the study roads and, therefore, 0.1 m deep aggregate was enough
to prevent soil loss from the roadbed. Swift [4] reported that 0.05 m of aggregate depth was not
enough, but 0.15 m prevented ruts and reduced soil loss from forest roads. When designing an
aggregate-surfaced road, 0.1 m of minimum aggregate thickness is often chosen [1] and our study
supports these previous findings.

Stress from vehicle loads causes the physical properties of forest road aggregate, such as PSD,
to change. Compressive stress on a forest road is concentrated under the loading axis and is highest at
or near the road surface [42,43]. We found that crushing occurred in the upper vertical layer at the tire
track and in-between locations (U-T-L and U-I-L) where light traffic tires passed. Light traffic could
pass on tire track and in-between locations, because light traffic vehicles have relatively narrow axle
width (1.6–1.8 m) and the forest roads were relatively wide (5 m) leaving a large surface for driving.
However, light traffic did not provide enough stress to crush the road aggregate below the upper
layer (U). Likewise, with heavy traffic, crushing occurred at all cross-sectional locations, indicating
that traffic passed on all horizontal locations including the shoulder. Heavy traffic vehicles have
wide axle widths (1.8–2.2 m [44]) and many often have dual tires. Some heavy vehicles, such as
Commercial Motor Vehicles (CMVs), are even wider (up to 2.6 m [45]). Overloaded vehicles used
by the USDA Forest Service included a tracked loader with a width of 3.7 m and an axle load of
41 Mg [44]. In addition to heavy loads, tracked loaders do not use inflated tires but use steel tracks that
likely crush the aggregate surface. Therefore, heavy logging vehicles and equipment can exert more
structural damage (e.g., crushing) to a forest road than light traffic. For example, a passenger vehicle
weighing 1.8 Mg with a tire pressure of 207 kPa (30 psi) would need to pass 528 times to cause the
same structural damage to a forest road as a single pass by a standard 36 Mg log truck with a typical
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tire pressure of 550 kPa (80 psi [46]) [1]. Therefore, heavy traffic, including logging equipment, can
provide enough stress to change the PSDs of all cross-sectional locations of forest road aggregate.

When there is enough stress, aggregate material may be crushed or moved down into the finer-textured
subgrade material, but its movement is dependent on material strength, particle size of the aggregate,
and road conditions such as water content and compaction. The material strength of cohesive soils
and rocks can be approximated by using uniaxial compression strength [47]. Forest roads are usually
well compacted with a uniaxial compression strength of 0.6–1 MPa (very stiff soil; very difficult to
move with hand pick, pneumatic tool needed for excavation), ranging up to over 200 MPa (very
strong rock; quartzite, dolerite, gabbro, and basalt). The normal and shear stress from traffic might not
be enough to crush forest road aggregate particles, especially below the upper layer. However, the
contact stress between tire and aggregate particle or between aggregate particles, might be enough
to cause the crushing [48] because aggregate particles have polyhedron shapes with many flat faces
and sharp edges [49], resulting in high contact stresses produced when the sharp edges are pressed.
Farmani et al. [50] found that higher contact stress was distributed across the areas between large-size
aggregate particles, indicating that this type of stress is more likely to break large-size particles.
A material often loses its strength over time when experiencing stresses lower than the level that would
cause instantaneous failure. This “fatigue” ultimately leads to fracturing if the stresses continue [51].
In nature, fatigue is a major factor in the physical weathering processes of rocks [52]. Erarslan
and Williams [53] noted that static and cyclic loading due to vehicle-induced vibrations and traffic
often caused rocks to fail at a lower stress. Vehicles used in forest operations, especially log trucks,
have multiple axles and can exert repeated, cyclic loadings on the road aggregate. Therefore, traffic
can cause the aggregate particles to break by fatigue failure. The roads we used had basalt as the
aggregate material because this material is locally available and commonly used to surface forest
roads throughout the Pacific Northwest [19]. There are a variety of aggregate tests developed by
ASTM and AASHTO [18,19], including Los Angeles Abrasion (AASHTO T96 standard [54]) to measure
aggregate’s resistance to crushing (mechanical breakdown) from traffic; however, they are beyond the
scope of this study. Even if the study roads had a stronger aggregate material, heavy traffic and logging
equipment could change the PSDs of some or all of the cross-sectional locations to a 0.1 m depth.

The heavy traffic road (H) was subjected to application of calcium chloride for dust abatement.
Calcium chloride is used to help hold fine particles on the road surface together, thus reducing
dust, surface raveling (loose aggregate), washboarding (corrugations), and maintenance costs [55–57].
Therefore, the effects of calcium chloride on subsequent PSDs was likely limited to the road surface.
Since our work indicates no significant differences in PSDs from the upper and middle layers on the H
road, we could not detect the effect of calcium chloride on PSDs using an aggregate sampling depth of
33.3 mm. A different sampling method might be needed to investigate the effect of dust abatement on
road aggregate PSDs.

Particle size is an important factor for aggregate crushing. Soil and rock (aggregate) strength
increases with decreasing particle size [58–60]. Forest road aggregate usually consists of various-sized
particles to meet the Forest Service’s specifications for surface course aggregate [2]. Stress from traffic
likely crushes larger-size particles into smaller ones within the road aggregate. Our data shows the
changed PSDs did not get finer than a certain PSD limit, close to the particle-size distribution curves at
U-I-H or B-I-H, except the particle-size distribution at B-S-H where subgrade mixing likely occurred
in addition to crushing (Figure 5). This curve is the limit to which the stress from traffic can crush
road aggregate. Traffic crushes and compacts road aggregate, and subsequently makes aggregate PSDs
finer. Therefore, we can consider this PSD limit as the optimum compaction by crushing for a given
road condition and aggregate material. A similar concept was noted by Fuller and Thompson [61]
who described an idealized grading that represented the densest state of packing particles (Fuller
packing) [62]. Once the aggregate reaches this limit, stress from traffic is delivered, without further
changing the PSD, to the aggregate below or to the subgrade where more crushing or subgrade mixing
may occur.
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Figure 5. The particle-size distributions (PSDs) of the forest road aggregates and subgrade from the
White Pine roads in the Clearwater National Forest and the quarry (Q) in Idaho. The abbreviations
indicate different vertical layers (upper (U), middle (M), and bottom (B)), horizontal locations (tire track
(T), in-between (I), and shoulder (S)), and traffic uses (no (N), light (L), and heavy (H)). The particle-size
distributions changed by crushing did not get finer than a certain limit, close to the particle-size
distribution curves at U-I-H or B-I-H, except the particle-size distribution at B-S-H where subgrade
mixing likely occurred in addition to crushing. The road aggregate PSDs were based on average values
of 5 replications [48]; the quarry, 12 replications; and the subgrade, 4 replications at B-S-H.

Aggregate is made by crushing rocks in a quarry and is delivered to a road construction site by
vehicles such as dump trucks. It is then dumped out of the vehicle and spread on subgrade material.
During this process, particle-size segregation might occur; as observed in some road aggregates [17,63].
While road aggregate is being delivered, vehicles vibrate and shake aggregate particles, which might
potentially cause particle-size segregation. This particle-size segregation is often called the “Brazil-nut”
effect which originated from the observation that shaking mixed nuts made the Brazil nuts (the biggest)
move upward and end up on top of the mixed nuts [64]. This phenomenon occurs for granular
materials having a wide size distribution, even at the molecular level, making large particles rise to the
top of a mixture, and fine particles move downwards [64–66]. However, the shapes of the aggregate
particles are polyhedrons [49], thus there can be interlocking of the aggregate particles which prohibits
movement. Therefore, it is not known if particle-size segregation occurs during aggregate transport.
Once aggregate arrives at the road construction site it is dumped out of the vehicle. When aggregate
particles are dumped, large particles tend to roll down to the edge of the pile causing particle-size
segregation. This is similar to a scree slope with rockfall sorting in which larger particles are at the
bottom edge of the slope [67] and has been reported when granular materials with different particle
properties (e.g., size, density, shape, resilience, angle of repose, and cohesiveness) are deposited [65,68].
Aggregate dumped and spread on subgrade likely has the same particle-size segregation occurring at
road edges (i.e., shoulder). Interestingly, this study points out some inconsistencies. On the N road,
PSDs were uniform (Table 2). However, at U-T-N, U-S-N, and M-S-N they were coarser than the PSD
from the quarry (Table 5), indicating that particle-size segregation may occur from the quarry to the
newly constructed road.

380



Forests 2018, 9, 181

Root and soil interactions may also be another cause of changes in road aggregate, because
vegetation root systems can loosen compacted road surface [69,70]. Also, roots from nearby trees can
cause upheaval or displacement of the road surface [24]. This road surface change has particularly been
noted on paved roads, but could also occur on unpaved roads, such as aggregate or native-soil-surfaced
roads. However, we did not test for this on our road surfaces because of the relatively short timeframe
that our study sites had been in use.

5. Conclusions

Knowledge of traffic-induced changes to forest road aggregate PSD is important for reducing
road maintenance efforts and sediment production from forest roads. This study provides new data
to help understand traffic-induced changes in PSD. Increased traffic changed the PSDs by all three
processes we examined: crushing, subgrade mixing, and sweeping. We inferred these traffic-induced
processes by comparing forest road aggregate PSDs from vertical and horizontal locations, and traffic
uses. No differences in PSD were found on the no traffic road, indicating no processes occurred. Light
traffic made the PSDs at U-T and U-I finer, indicating crushing occurred, and made the PSD at U-S
coarser, indicating sweeping occurred. Heavy traffic and logging equipment with wide axles made all
the PSDs finer, which indicates crushing occurred at all cross-sectional locations. In addition, the PSD
at B-S was finer than the other locations and can be explained by subgrade mixing in the bottom layer
at the shoulder.

Crushing appears to have been the dominant process on our study roads based on PSD comparisons.
Crushing changed the PSDs up to a certain limit, but no finer. Having road aggregate close to the PSD
limit would reduce aggregate crushing and fine sediment production. Crushing and subsequent
compaction can cause the aggregate volume to change, resulting in permanent deformation of
road surface with ruts, washboards, and potholes; requiring road maintenance. Therefore, having
aggregate close to the PSD limit (i.e., the optimum compaction) will reduce road maintenance. Further,
particle-size segregation of road aggregate may occur during transport, dumping, and surfacing the
subgrade, but additional work is needed to investigate this segregation and to produce aggregate with
more desirable PSDs.

Subgrade mixing can also be a dominant process in other geographical locations with different
road conditions, aggregate, and subgrade properties (e.g., soft, weak subgrade, and wet road conditions).
Understanding the physical processes on different road conditions will help mitigate sediment
production from forest roads and reduce road maintenance efforts by providing information for
best management practices. For example, strengthening the surface material (e.g., surface stabilization)
is recommended if the dominant process is crushing; strengthening the subgrade (e.g., geotextile
reinforcement on subgrade) if subgrade mixing is the dominant process; and collecting and recycling
large aggregate particles on the shoulder and roadside for road resurfacing if sweeping occurs
excessively. Future study is recommended to investigate traffic-induced processes in other locations
where subgrade mixing or sweeping is the dominant process, and the effects of road treatments and
management practices on the traffic-induced processes, for better road management.

Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: The particle-size
distributions from different vertical layers and horizontal locations on no traffic use (N): (a) the particle-size
distributions from different vertical layers at tire track (T); (b) at in-between (I); (c) at shoulder (S); (d) the
particle-size distributions from different horizontal locations at upper (U); (e) at middle (M); and (f) at bottom (B).
The particle-size distributions were based on average values of five replications [48], Figure S2: The particle-size
distributions from different vertical layers and horizontal locations on light traffic use (L): (a) the particle-size
distributions from different vertical layers at tire track (T); (b) at in-between (I); (c) at shoulder (S); (d) the
particle-size distributions from different horizontal locations at upper (U); (e) at middle (M); and (f) at bottom (B).
The particle-size distributions were based on average values of five replications [48], Figure S3: The particle-size
distributions from different vertical layers and horizontal locations on heavy traffic use (H): (a) the particle-size
distributions from different vertical layers at tire track (T); (b) at in-between (I); (c) at shoulder (S); (d) the
particle-size distributions from different horizontal locations at upper (U); (e) at middle (M); and (f) at bottom
(B). The particle-size distributions were based on average values of five replications [48], and Figure S4: The
particle-size distributions from different traffic uses (no (N), light (L), and heavy (H)) at the same cross-sectional
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locations: (a) the particle-size distributions in upper layer at tire track location (U-T); (b) in upper layer at
in-between location (U-I); (c) in upper layer at shoulder location (U-S); (d) in middle layer at tire track location
(M-T); (e) in middle layer at in-between location (M-I); (f) in middle layer at shoulder location (M-S); (g) in bottom
layer at tire track location (B-T); (h) in bottom layer at in-between location (B-I); and (i) in bottom layer at shoulder
location (B-S). The particle-size distributions were based on average values of five replications [48].
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Abstract: Forest management has been considered a subject of interest, because they act as carbon (C)
sinks to mitigate CO2 emissions and also as producers of woody litter (WL) for bio-energy. Overall,
a sustainably managed system of forests and forest products contributes to carbon mitigation in a
positive, stable way. With increasing demand for sustainable production, the need to effectively
utilise site-based resources increases. The utilization of WL for bio-energy can help meet the need for
renewable energy production. The objective of the present study was to investigate biomass production
(including C sequestration) from the most representative forestry species (Pinus radiata D. Don and
Ecualyptus globulus Labill) of Biscay (Spain). Data from the third and fourth Spanish Forest Inventories
(NFI3-2005 and NFI4-2011) were used. We also estimated the potential WL produced in the forest
activities. Our findings were as follows: Forests of Biscay stored 12.084 Tg of biomass (dry basis), with
a mean of 147.34 Mg ha−1 in 2005 and 14.509 Tg of biomass (dry basis), with a mean of 179.82 Mg ha−1

in 2011. The total equivalent CO2 in Biscay’s forests increased by 1.629 Tg year−1 between 2005 and
2011. The study shows that the energy potential of carbon accumulated in the WL amounted to
1283.2 million MJ year−1. These results suggest a considerable potential for energy production.

Keywords: carbon stock; woody litter; bioenergy potential; resources map; aboveground biomass,
underground biomass

1. Introduction

In recent years there has been an increasing interest in the estimation of forest biomass, mainly in
the context of the rules established in the Kyoto Protocol. According to this protocol, the CO2 emissions
limit for each nation must be estimated taking the carbon sinks and sources into account, including
the carbon dioxide absorbed and stored by trees [1,2]. The carbon content in forests is the highest of
all terrestrial ecosystems, being considerably higher than that in pastures and fields [3]. Some studies
have shown that the simultaneous consideration of carbon sequestration in forest ecosystems and forest
biomass production (e.g., wood and energy) in forest management could offer important means to
reduce carbon emissions to the atmosphere in the future [4,5]. Temperate forests currently act as carbon
sinks since they absorb more carbon from the atmosphere through photosynthesis than the carbon they
produce through breathing. Notwithstanding, in a climate change environment, carbon dynamics may
be altered. Hence, it is essential to engage in a sustainable forest management in which the annual
average stock of carbon and its sequestration can be increased. On the other hand, the use of biomass
for energy production has recently created a great deal of interest, which is partly due to environmental
reasons. These reasons are mainly the problems caused by climate change and the need to search for a
solution to the foreseeable exhaustion of fossil fuels.

Forests 2018, 9, 253; doi:10.3390/f9050253 www.mdpi.com/journal/forests386
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The classical energy model based on the massive use of fossil fuels is unsustainable from both the
environmental viewpoint and from the point of view of using up these resources. Thus, a new energy
model must be established, based on the diversification of resources, consumption rationalization
and efficiency, as well as environmental respect. With increasing energy costs, society is searching for
alternative energy sources. The mean value of forest biomass used in Europe is 61%, while in Nordic
countries or Austria this percentage is close to 90%. However, despite its potential forest biomass,
Spain only exploits some 38% of the biomass that grows annually in its forests. In local terms, the goal
for the Autonomous Community of the Basque Country (ACBC) in 2010 was to reach 795,000 MJ of
biomass exploitation. As far as the contribution of forests and lands from the ACBC as carbon sink is
concerned, the net drain effect has been estimated as 1.33 ×106 Mg CO2 [6].

The use of forest biomass as an energy resource is closely related to employment, since for each
job in the fossil fuel businesses, as many as fourteen jobs are generated with biomass. Especially
in rural areas, this provides territorial equilibrium. Moreover, the use of this residue as an energy
source helps to reach the compromises acquired by the European Union in the Kyoto protocol—by
2020, 20% of all energy consumption must come from renewable sources-[7]. In Spain, the 2011–2020
Renewable Energy Plan set the target of 20% of total primary energy needs to be met by renewable
sources, and about 10% of these by bioenergy [8]. One of the most important advantages of biomass
use is its low atmosphere-pollutant production when compared with conventional fuels: minimum
production of SO2 due to its low S content; the emission of NOx is also significantly reduced since
biomass combustion can take place at lower temperatures, almost without affecting its yield [9]. Apart
from this, the use of forest biomass for energy purposes has a null CO2 emissions balance since
CO2 emissions that occur as a result of its recovery as energy are offset by the amount absorbed by
organisms for the production of biomass through photosynthesis.

Forest biomass fulfills a double aim from the environmental point of view: (a) capacity to produce
renewable energy from it and (b) to keep an adequate degree of maintenance and cleanliness of our
forests [10]. However, the energy valuation of forest biomass presents some problems due to its low
energy density and the scattered production of the resource. As a result of this, the quantity of biomass
becomes essential, since its supply to the energy plant must be guaranteed. Quantifying the amount of
forest biomass is fundamental and essential in order to be able to calculate carbon storage, as well as to
study climate change, health of forests, forestall productivity, and nutrients cycle [11].

Due to the quick change of forest masses (new hydraulic work, fires, etc.), it is difficult to
establish the available biomass quantity at any given moment [12,13]. To overcome this problem,
different techniques have been used in this project, the main ones being tele-detection and Geographic
Information System (GIS). The use of these systems presents numerous advantages over traditional
inventories since they allow very detailed spatial information to be gathered at a higher periodicity
and a lower cost [14–18].

The methodologies used in recent years to determine the amount of forest biomass can be classified
into two categories: (a) direct estimations in the field and (b) indirect methods [19,20]. In the direct
methods, once the trees have been selected, they are subjected to destructive sampling: after being
felled, the different parts of the tree considered (trunk, branches, leaves, etc.) are cut up into pieces.
The weight of each of these parts is determined by means of different techniques in a number of
sampling plots [21]. In the case of young trees, the complete parts are weighed once the tree has
been felled. Nevertheless, for large-size trees this procedure is unviable and sampling techniques
must be used [22]. After reviewing the different forest biomass estimation methods, the one chosen
was the so-called indirect method, since this methodology provides similar results to those obtained
through direct methods. Moreover, the indirect methodology is non-destructive, whereas the direct
one is destructive and it involves a laborious procedure. Moreover, a higher quantity of quantitative
information is used in indirect methods, and this methodology can be applied to data from future
forest inventories [16,20].
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In this study, the biomass accumulated in forests in Biscay is quantified using indirect methods
based on forestry inventory data, basically using biomass equations or biomass expansion factors
(BEFs) [23–27]. We used biomass equations in this research, because this method may provide more
precise estimations than BEF and because it is used more frequently to estimate the biomass of
forests [25,28,29].

In order to select the indirect method that best adapts to the model, an exhaustive analysis was
made of those developed both at national and international levels. In recent decades, a compendium
of equations gathered from different countries has been drawn up [30–34], but these are difficult to
apply in our case due to a lack of data about their construction. Although the area analysed in this
paper (Biscay) has great potential for the generation of forestry biomass, very few studies have been
carried out on this area. Cantero et al. [35] did a preliminary study in order to establish growth models
in plantations of Pinus radiata D. Don in Biscay, but new tools are still required to improve biomass
generation predictions, taking the latest forestry inventories into account.

The objectives of this study were (a) to estimate biomass (aboveground and underground) and
the carbon accumulated by the main forest species in Biscay, (b) to assess the annual woody litter (WL)
for bio-energy obtained in the forestry treatments and its geographical distribution.

Among the numerous studies carried out in recent years about the estimation of forest biomass,
some are located in areas with similar climatic characteristics and tree species to our study area, and
therefore a number of equations used in these studies can be applied to the current project [36–38].

In the previous research undertaken in the study area, the estimation of WL was done considering
the residues obtained after a ten-year average forestry management and silviculture periodicity. In each
phase, 1/3 of the trees were cut for P. radiata. It was done according to data obtained in several parts
of Spain [13]. In this previous research the influence of forest management and cutting rotations
on carbon sequestration in forest biomass was not considered. In Biscay, the traditional method of
forest management has usually been the production of timber (pulpwood and sawlogs). However, the
current environmental concerns, in response to global warming caused by human beings, have forced
a change in the traditional forest management of our forests to a more sustainable approach, attempting
to balance economic performance with environmental aspects. Among these new approaches is the
optimization of CO2 sequestration in relation to forest biomass. In the current research, the quantity
of forest biomass residues obtained in each rotation stage was estimated considering the periodicity,
the age of the mass, and the number of trees cut according to a sustainable forest management, which
optimizes the quantity of timber obtained and the carbon sequestration related to the process [4,39–41].
Pyörälä et al. [4] analyzed the effects of management on the economic profitability (NPV) of forest
biomass production and the carbon neutrality of bioenergy use in Norway spruce stands. According to
the study, maximizing the highest mean annual timber production and carbon neutrality of bioenergy
use simultaneously was not possible. In general, higher carbon sequestration and carbon stock of the
forest ecosystem provides higher carbon neutrality, but not higher NPV, and vice versa. In general,
the net ecosystem CO2 exchange is the highest at the younger stand age and starts to saturate
after intermediate age, affecting the average carbon stock and biomass production over rotation.
However, the mean annual carbon stock and carbon sequestration may be increased over a rotation by
maintaining stocking higher than that currently recommended [39,41].

This study estimated the annual WL for bio-energy in Biscay, obtained in the forestry treatments
and its geographical distribution. Data were taken from the Fourth National Forestry Inventory of the
Province of Biscay (NFI4) [42].
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2. Materials and Methods

2.1. Study Area

The study comprises the whole province of Biscay, one of the three provinces of the ACBC,
located in the north of Spain at latitude 43′′16′ N and longitude 2′′56′ W (see Supplementary Material,
Figure S1).

The mean annual rainfall is 1200 mm and the mean annual temperature is 12.5 ◦C. Frosts are
infrequent and no physiological drought is apparent. Data from Fourth National Forest Inventory
(NFI4 2011) depict that forest surface in this province is 131,748 ha, representing about 60% of its
surface (221,232 ha). Thus, Biscay is considered the epicenter of Basque forest activity. The main forest
species are Pinus radiata D. Don and Eucalyptus globulus Labill. Both are fast-growing forest species
which have properly adapted to the climate conditions of the Atlantic coast of Biscay. P. radiata is
the predominant species in this province, with 70,562 ha. This species is distributed in areas near the
sea and at elevations lower than 360 m (Figure 1a). The production of timber on these plantations is
primarily based on the rotational clear-cutting of even-aged stands [43]. The rapid growth and good
productivity of P. radiata have made this species the dominant tree species in Biscay, providing 90% of
timber production in this area. With 10,123 ha, E. globulus is an abundant species at low altitudes. Near
the coast of Biscay (Figure 1b), forest managers of the province are are promoting the expansion of
eucalyptus plantations to obtain biomass for the pulp and paper industry and for bioenergy.

Figure 1. Plot map in Biscay in its different states.

2.2. Estimations of Biomass and Carbon Stock

Data from the Fourth National Forestry Inventory (NFI4) obtained in 2011 in Biscay were used in
order to estimate the forest biomass fractions and the carbon sequestration (Figure 2). The NFI4 divides
the province of Biscay into strata, which are defined as associations of areas with vegetation of similar
characteristics. A stratum characterises the type or arboreal vegetation according to the species present
in a particular zone, their states in terms of mass, and the fraction of tree cover per area [44]. Specific
information concerning such strata is available at http://www.geo.euskadi.eus/mapa-forestal-del-
pais-vasco-ano-2010/s69-geodir/es/. In this work we decided to select those species that fulfill two
criteria: (a) high presence in the area of study, according to data obtained from the NFI-4, and (b) high
potential for exploitable residue generation from the viewpoint of energy. Following both criteria,
the species P. radiata and E. globulus were selected. Originally, we selected all the plots from the NFI4
whose areas were occupied by the species P. radiata and E. globulus, according to the forest map of
Basque Country in 2010.
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Figure 2. Schematic diagram of the method followed to determine biomass and carbon stock.

The usual methods proposed in the literature to determine the total biomass and its fractions use
different independent variables such as tree diameter at breast height (DBH) measured 1.3 m above
the ground; height basal area; circumference; or combinations of all of these. The general expression
of these models is W = a Xb , where X is the variable which determines the dimension of the tree;
W is the total biomass or the biomass of some elements (leaves, branches, etc.) expressed in kilograms
(oven-dry weight); and a and b are the parameters to estimate [30,36,45,46].

After reviewing different estimation methods for forest biomass, we used allometric equations
with DBH (cm) as the only explicative variable, because the DBH is the most used explanatory
variable since it is very easy to measure and is related to the volume of the wood and the age of the
tree [22,36,45,47–49].

In each selected plot, the biomass fractions of every P. radiata and E. globulus, Wi, tree were
calculated using allometric equations by Montero et al. [36] (see Supplementary Material, Table S1).
The biomass of each tree was analysed taking into account the expansion factor (EF) from the NFI4
which corresponds to that tree due to its diameter rating (see Supplementary Material, Table S2) as the
plots in the NFI4 have variable radius. Consequently, a tree may or may not be measured depending
on its diameter and its distance to the centre of the plot. Summing the biomass of all the analysed
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trees, we obtained the values of the biomass fractions, total aboveground and underground biomass in
kg ha−1. All the biomass data obtained are expressed on an oven-dry basis.

Total biomass was obtained using the forest map at http://www.geo.euskadi.eus/mapa-forestal-
del-pais-vasco-ano-2010/s69-geodir/es/. Total biomass was converted into carbon by multiplying the
oven-dry matter values by the carbon fraction (CF) of dry biomass. This value varies slightly depending
on the forest species and the fractions (trunk, leaves, branches, roots, etc.) [50]. We used 51.3 for
P. radiata [51] and 45.1 for E. globulus [52]. From the data about carbon stock [50], the accumulated
equivalent CO2 amounts were calculated considering the relationship of the molecular weights
(MW(C/CO2)). We compared the results of both 2005 (NFI3) and 2011 (NFI4) in order to calculate the
annual increment of biomass and fixed CO2. It was assumed that the loss of biomass was reduced
due to extractions by cutting, without considering incidents such as pests, bacterial diseases, burnings,
frosts, hailstorms, etc., which are assumed to be included in the expected rate of growth.

2.3. Estimation of Woody Litter (WL) for Bioenergy

At this stage of the study, we have not tried to estimate the total WL (non-timber) existing in the
forests of Biscay, but that obtained after the forest exploitation and which shows nonexistent or very low
commercial demand. Therefore, they are materials which can be considered as “final residues”—that is,
residues which are no longer useful for any destiny other than their use as energy sources, and can be
used for energetic applications owing to their excellent characteristics as fuel [8,12,53]. Potential
residues (WL) consist of medium-sized branches (diameter range: 2–7 cm) and small branches
(diameter: less than 2 cm) obtained from forest treatments. The NFI4 defines 12 strata in Biscay,
among which those strata in which P. radiata and E. globulus were the main species were selected for
this study. Thus, we selected those plots belonging to strata 1, 2, and 3, which have P. radiata as the
main species; and stratum 9, with E. globulus as the main species (Table 1).

Table 1. Basic features of the strata from the Fourth National Forestry Inventory of the Province of
Biscay (NFI4).

Stratum
Predominant

Forest Species
Occupation *

(%)
Mass Stage † Forest

Operation

Canopy

Fraction ‡ (%)

Surface
(ha)

1 Pinus radiata ≥70 Sawtimber, Poles Thinning, Cutting 70–100 45,210
2 Pinus radiata ≥70 Sawtimber, Poles Thinning, Cutting 5–69 5589
3 Pinus radiata ≥70 Saplings, Seedlings Brush cleanings 40–100 12,382

9 Eucalyptus spp.
≥70;

30 < Esp. < 70 Sawtimber, Poles Cutting 5–100 9183

* represents the percentage occupation of the predominant forest species. † represents the stage in the development
of the referred species. ‡ represents the percentage of land covered by the horizontal projection of vegetation.

For estimation of the annual quantity of woody litter (QWL) in Biscay (Mg year−1), two factors
must be determined: (a) Forest residue per unit of surface and time derived from a forest mass (Er,
Mg ha−1 year−1) in terms of estimation of the species and forest treatment each mass has been subjected
to, and (b) the surface Sn (ha) occupied by the forest mass this residue will generate. The annual
available quantities of dry biomass (expressed in Mg) are obtained as:

QWL = ∑
i

Si Eri . (1)

The estimation of remains from WL was carried out in two different ways: stratum-by-stratum on
the one hand, and all of them together on the other. In each situation, the estimation was accomplished
by means of a confidence interval at a 95% level. Normality tests of the data were also carried out to
determine if the values of the random variable Er presented a normal distribution.

WL was obtained after a type of forestry management called rotation forest management (RFM)
was used. This involves a sustainable forest management system in which repetitive cycles of
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silviculture consisting of several stages are applied, from planting or natural regeneration until
felling [16]. This forestry management model is the one which is most widely used throughout the
world, and is based on the intensive exploitation of rapid growth forestry species. It is done in 30-year
rotations for P. radiata and 10-year rotations for E. globulus (Figure 3).

The evaluation method should consider the different phases across the complete rotation of a
forest stand and the forest tasks performed in each phase [48]. In this way, and considering an adequate
forest action, the WL production of a certain forest mass (QWL) can be predicted through its production
cycle. Consequently, the different processes applied to stands in distinct cycles (e.g., brushings, first
thinning, intermediate thinning, and regeneration fellings) generate different forest by-products.

With regard to the forestry applied in Biscay, the rotation cycle of P. radiata is an average of
30 years. After the final cutting, a reforestation with an initial average density of 1500 trees ha−1 is
applied. In the tenth year, the first regeneration cutting takes place, removing 600 trees ha−1. At this
stage, all the usable biomass is aimed at woodchips, mainly for pulpwood or the cellulose pulp industry.
The first commercial thinning takes place in the seventeenth year, removing 330 trees ha−1. At this
stage, 40% of the biomass is aimed at sawn wood and 60% at pulpwood or cellulose pulp. The second
commercial thinning takes place in the twenty-fourth year, removing 220 trees ha−1. At this stage,
20% of the usable biomass is used as woodchips for the pulpwood or cellulose pulp industry, 60% as
sawn wood, and 20% as high-quality heavy timber for furniture or building. After 30 years, the last
cutting takes place, removing 100% of the existing timber volume, whose products are about 15% for
the pulp or cellulose industry, 20% for woodchips or sawn wood, and 65% for heavy timber destined
for furniture or building. For E. globulus, a shift of 10 years was considered in this work. Clearing
processes are not applied in the productive cycle of eucalyptus, and a one-time cut is made at rotation
age (Table 2).

Table 2. Management regimens and main forestry by-products for P. radiata and E. globulus. DBH:
diameter at breast height.

Forest Species Stand Age Forest Operation By-Products Equation Source

P. radiata

10 Cleaning
Small trees DBH< 7.5 cm

Branches
e

0.1932702
2 e−2.61093 D2.48

e
0.6154002

2 e−4.12515 D2.1173
[36]

17 First thinning Branches
11.8224469 D1.95 [37]24 Second thinning

30 Final cuttings Branches

E. globulus 10 Final cuttings Branches 0.08459716 D1.7564 [38]

The amounts of WL that might be obtained in each stratum considering such treatments were
estimated. To sum up, the indirect methodology that was selected to obtain an annual forest residue
estimator (Er; Mg ha−1 year−1) for each species from the tree stratum, considering the forest treatment
applied, consists of determining the residual biomass of each forest species. Moreover, to know how
and how often this residue will be produced, the turnover of the species and its corresponding forest
treatment were determined. The forest biomass residue quantities that could be obtained in each
stratum were estimated from those treatments (Figure 3).
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The methodology selected to estimate forestry mass waste consisted of determining the residual
mass of each tree sampled in the NFI4. This methodology is appropriate for larger-size trees
(D ≥ 7.5 cm). However, when acting on smaller trees, most of the tree is unusable for timber and as
a result virtually the entire tree is made up of WL. Nevertheless, in this paper, a more conservative
criterion has been considered, in which waste represents 80% of the total weight.

For estimation of the amount of annual biomass QWL (Mg year−1) that might be generated
by current forest masses in Biscay, the methodology applied uses a GIS. In order to carry it out,
the forestall species distribution vectorial information is analyzed with a spatial resolution pixel of
2 m terms of its most characteristic species. In this way, it is possible to process an important amount
of data and to manage the results obtained. The area occupied by each subregion and stratum was
obtained from NFI4 and the corresponding subregion map, provided that this inventory includes the
pertinent areas and stratum.

Once the potential quantities were calculated, the next step was the evaluation of constraints that
can limit or reduce the harvestable amounts and energy utilization of such potential quantities For both
environmental and economical reasons, the collection of WL should not be carried out in areas of steep
slopes. The extraction of biomass was considered only for slopes less than 60%, since, in addition to
not being economically viable, steeper terrain might involve erosion and soil loss problems. The slope
map had to be previously digitised for its use by GIS (http://www.mapama.gob.es/es/cartografia-y-
sig/visores/). The area of Biscay with slopes less than 60% was determined according to the following
procedure: (a) the zone was reclassified starting from its slope layer in the GIS, assigning the value “1” to
the areas involving slopes below slopes; (b) layers of slopes below 60%, which were obtained with the
GIS from the basic topographical data, were merged [44].

The estimation of remains from WL was carried out in two different ways: stratum-by-stratum,
and all strata together. In each situation, the estimation was accomplished by means of a confidence
interval at a 95% level for the mean residue in metric Mg per year. Normality tests of the data were
also carried out to determine if the values of the random variable Er presented a normal distribution.

2.4. Biomass Potential Energy

The energy potential represents the total amount of forest residues from the selected species
that is available for energy production purposes, and may be regarded as the upper limit for the
value of energy that can be obtained from this kind of residues. Once the quantity of forest residue
generated by the main forest species of Biscay was calculated in the strata in which those species
are predominant, the potential energy that could be achieved with those residues, considering their
sustainable exploitation, was estimated. The potential energy of the residues (P) is a function of the
lower heating value (LHV) times the total residue for each species considered:

P = QWL × LHV, (2)

where P represents potential energy (MJ year−1) and LHV represents the lower heating value in humid
base (MJ Mg year−1) of the forest residue obtained at the same humidity level at which productivity
is considered. The humidity considered in this study was 30%, being the humidity of the WL after a
few days of being on the soil. For this reason, it was necessary to obtain the LHV of each fuel at this
humidity level. The LHV can be calculated from the higher heating value (HHV) [54–56].

2.5. Determination of Humidity, Chemical Property of Woody Litter (WL)

Fieldwork was focused on WL sample gathering from those forest treatments of the most
representative species in Biscay. A random sampling per-stratum was carried out. The samples
were collected during December 2011 through March 2012. In each of the sampling areas, the samples
of forest biomass collected—roughly 2 kg per sample—came from forest treatments of branches (with a
varying diameter ranging between 3 cm and 1 cm). The forest residue samples used in the experiments
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were taken from previously-chopped bulk samples which were introduced in polyethylene bags for
transport to the laboratory, since they can be sealed and thus loss of humidity can be minimized.
The time needed for taking the samples to the laboratory never exceeded 10 h. Hence, the level of
humidity determined in the laboratory could be considered as the humidity of the sample itself. This
fieldwork consisted of gathering samples of the most representative species in different locations of
the province of Biscay.

With the aim of characterizing WL from the viewpoint of energy, elemental analyses (%C, H,
and N), moisture, and higher heating value (HHV) of each sample were estimated. The samples
were air-dried then oven-dried (65 ◦C, 24 h) to a constant weight and milled (0.25 mm). Moisture
levels were determined by thermogravimetric analysis in a forced air convection oven (Digitronic-TFT,
Selecta, Barcelona, Spain). The concentrations of total C, H, and N were determined by means of
combustion in a LECO (Corporation St. Joseph, Michigan, MI, USA) automated analyzer. An adiabatic
bomb calorimeter (IKA C 5012, IKA, Staufen, Germany) was used for determination of HHV.
All determinations were carried out in triplicate.

2.6. Data Analysis

Once the fieldwork was carried out by obtaining the representative samples of the main forest
species in the area, and after completing the necessary laboratory analyses, the project was fed into a
personal geo-database (GDB), which in turn was implemented in a GIS from version ArcGIS TM 10.2,
ESRI, Inc., Redlands, CA, USA. This enabled the combined use of the different data sources needed to
quantify the biomass and its potential in the target area in a reliable and easy-to-update form.

Normality tests of the data were also carried out to determine if the values of the random variable
Er (estimator of residue in Mg ha−1 year−1) presented a normal distribution. In order to do so, five
different tests that belong to the R statistical software package Nortest were used (Anderson–Darling;
Kolmogorov–Smirnov; Cramer–von Mises; Pearson; and Shapiro–Francia) [57,58]. The different
statistical tests were carried out using statistical software packages in R.

3. Results and Discussion

3.1. Biomass and Carbon Stock Estimates

Table 3 shows the results of the estimations of biomass and CO2 fixing in the forests of Biscay and
the annual growth considering the difference between the forest inventories NFI4 (2011) and NFI3
(2005). The stock of total forest biomass (aboveground and underground) (TB) existing in the forests
of the province of Biscay in the year 2011 amounted to 14.509 Tg of dry material, which implies a
sequestration of 26.462 Tg of CO2, of which 20.217 Tg of CO2 correspond to P. radiata and 6.245 Tg to
E. globulus. The estimated total aboveground biomass in 2011 was 10.352 Tg (dry material), of which
8.335 Tg was timber aboveground biomass susceptible to commercial exploitation. The annual net
growth of total forest biomass obtained, comparing the values of both inventories, was 0.404 Tg year−1.
This value is not the real potential of biomass which could be used, but the increment which is not
extracted and which is accumulated in the mass.

In order to estimate the annual gross growth of biomass and to identify the level of extractions
(exploitation rate) which is being done, it was necessary to include the amount of biomass extracted by
exploitation cuttings. To obtain this, the data related to the quantity of wood cut in Biscay between
2005 and 2011 was considered, as given by the county council as it is the administrative management
entity of the forests in this province (Table 4). It was assumed that the loss of biomass was reduced to
the extractions by cutting, without considering incidents such as pests, bacterial diseases, burnings,
frosts, hailstorms, etc., which are assumed to be included in the expected rate of growth.

Data about forest cuttings showed that the amount of wood from E. globulus extracted during
the period 2005–2011 was 920,092 m3, 77% of which (710,884 m3) corresponded to private forests and
only 27% (209,208 m3) to public ones. In relation to P. radiata, in the same period 2,720,509 m3 of

395



Forests 2018, 9, 253

wood were extracted, of which 81.6% (2,220,197 m3) corresponded to the exploitation of private forests
and only 18.4% (500,312 m3) to public ones. Consequently, the average extraction of E. globulus was
15.15 m3 ha−1 year−1, and of P. radiata was 6.426 m3 ha−1 year−1. Using the basic wood density as a
conversion factor, it is possible to transform this data of the timber volume of this fraction into oven-dry
weight [59,60]. Then, the percentages of weight were used in each biomass fraction of the forest species
to obtain the amount of biomass of the different fractions extracted by cuttings [36]. The quantity of
timber biomass taken annually by cuttings was 0.266 Tg year−1, which added to the net growth result
in a timber biomass annual gross growth of 0.479 Tg year−1 (Table 3). These values show that only
56% of the total annual growth of forest biomass was commercially exploited. The total annual gross
growth of non-timber aboveground biomass was estimated as 0.124 Tg year−1, susceptible to energetic
valuation.

Table 3. Biomass fractions (Tg), annual increments (Tg year−1), and accumulated equivalent CO2 (Tg).

Aboveground Biomass (AB)
Underground

Biomass

Total
Biomass

(TB)
Timber
Biomass

Non-Timber Biomass
Total AB

b * > 7 cm 2 cm< b * <7 cm b * < 2 cm Needles

Biomass 2005 7.059 0.313 0.674 0.484 0.184 8.714 3.370 12.084
Biomass 2011 8.335 0.360 0.751 0.579 0.327 10.352 4.157 14.509

Accumulated CO2 (2011) 15.202 0.657 1.370 1.056 0.596 18.880 7.582 26.462
Δnet annual biomass 0.213 0.008 0.013 0.016 0.024 0.273 0.131 0.404

Δ annual withdrawals 0.266 0.011 0.024 0.018 0.010 0.3306 0.159 0.489
Δgross annual biomass 0.479 0.019 0.037 0.034 0.034 0.603 0.290 0.893

Δgross annual CO2 0.874 0.035 0.067 0.062 0.062 1.100 0.059 1.629

* b = branches.

Table 4. P. radiata and E. globulus cuttings carried out in Biscay between 2005 and 2011.

Year
E. globulus P. radiata

Vpriv (m3) * Vpub (m3) † Vpriv (m3) Vpub (m3)

2005 118,325 17,163 270,374 60,343
2006 96,484 26,857 39,864 120,446
2007 114,834 17,798 416,166 73,839
2008 126,992 25,143 287,474 65,079
2009 62,627 54,711 157,846 39,822
2010 83,577 31,971 345,713 71,961
2011 108,045 44,898 343,984 68,822

TOTAL 710,884 209,208 2,220,197 500,312

* Amount of timber extracted by cuttings in private forests. † Amount of timber extracted by cuttings in public forests.

3.2. Chemical and Energy Characterization

Table 5 shows the mean values obtained after the chemical and energy characterization of
representative WL samples in Biscay. The results obtained show that WL had a similar composition of
C in both forest species (P. radiata and E. globulus), close to 50%. With respect to N, it can be observed
that E. globulus had a slightly higher percentage than P. radiata. Thus, the removal of forest residue of
this species (mainly leaves) might increase the soil erosive processes, the avoidance of which would
require fertilizers.

Table 5. Average values of moisture (wt. %) and heating values (MJ kg−1) mass forestry of woody
litter (WL). HHV: higher heating value.

Forest Species C (% dm) H (% dm) N (% dm) Moisture (bhcut) HHV (MJ kg−1) LHV (MJ kg−1)

P. radiata 51.768 6.078 0.974 44.0 21.2 19.8

E. globulus 51.046 6.422 1.197 52.5 21.1 19.7
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3.3. Woody Litter (WL, Mg Year−1) for Stratum 1

Studying normality by means of the above-mentioned five tests, it can be observed that the
random variable Er did not follow a normal distribution. The histogram of Er suggests a certain
positive asymmetry (see Supplementary Material, Figure S2), so the following transformation was
accomplished E′

r = log(Er + 1). In this case, the transformed variable Er passed the five normality tests
perfectly well (see Supplementary Material, Table S3). The annual mean WL obtained for stratum 1,
with a 95% confidence interval, was (47,483, 51,335) Mg year−1. The annual WL estimator (Er) in this
stratum took values of (1.050, 1.135) Mg ha−1 year−1 (dry mass) or (1.500, 1.622) (wet mass) (Table 6
and Figure 4a). As mentioned in previous sections, a humidity of 30% was considered when the WL
for energy valuation was collected.

(a) according to stratum 1 (b) according to stratum 2

(c) according to stratum 3 (d) according to stratum 9

Figure 4. Annual WL estimators (Er, Mg ha−1 year−1).

Table 6. Average values of residue estimator on dry basis (Er, Mg ha−1 year−1). Annual woody
litter (WL) usable for energy production on dry mass (WL, Mg year−1) and theoretical and currently
available energy potential in the province of Biscay (106 MJ year−1).

Stratum Forest
Species

Area
(ha)

Er Annual
Woody Litter

Available
Energy PotentialMinimum Medium Maximum

1 P. radiata 45,210 1.050 1.095 1.135 49,489.3 979.888
2 P. radiata 5589 0.272 0.312 0.353 1746.5 34.581
3 P. radiata 12,382 0.283 0.359 0.436 4446.5 88.041
9 E. globulus 9183 0.875 0.999 1.113 9172.1 180.690

Total 72,364 64,854.4 1283.200

397



Forests 2018, 9, 253

3.4. Woody Litter (WL, Mg Year−1) for Stratum 2

In this case, it was not necessary to carry out any transformation of the data since the Er values
adjusted to a normal distribution. Particularly, three out of the five normality tests used had a p value
greater than 0.05 (see Supplementary Material, Table S3). The annual mean WL obtained, with a 95%
confidence interval, was (1520, 1972) Mg year−1. The values of the annual WL estimator (Er) took
values (0.272, 0.353) Mg ha−1 year−1 (dry mass) or (0.389, 0.504) Mg ha−1 year−1 (wet mass), with
30% humidity (Table 6 and Figure 4b).

3.5. Woody Litter (WL, Mg Year−1) for Stratum 3

The values of Er for stratum 3 did not follow a normal distribution, since they did not pass any of
the five tests suggested. However, using the following transformation, root x, the data presented a
normal aspect and passed all of the tests with high enough significance as indicated by p values (see
Supplementary Material, Table S3). The annual mean WL obtained in stratum 3, with a confidence
interval of 95%, was (3,496, 5396) Mg year−1. The annual WL estimator (Er) in this stratum took the
values (0.283, 0.436) Mg ha−1 year−1 (dry mass) or (0.404, 0.623) Mg ha−1 year−1 (wet mass) (Table 6
and Figure 4c).

3.6. Woody Litter (WL, Mg Year−1) for Stratum 9

The Er values in stratum 9 followed a normal distribution, since they passed four out of the
five tests with high enough significance (p > 0.1; see Supplementary Material, Table S3). The 95%
confidence interval obtained for the annual mean WL was (8039, 10,305) Mg year−1. Figure 4d shows
the annual WL estimator (Er) values obtained from mean values (0.875, 1.113) Mg ha−1 year−1 (dry
mass), or 1.250–1.590 (wet mass) (Table 6 and Figure 4d).

3.7. Woody Litter (WL, Mg Year−1) in Biscay Considering All Strata

When estimating the total residue considering all strata (1, 2, 3, 9) together, global data did
not follow a normal distribution, but if data was transformed by means of log(x + 1), the p
values obtained in the normality tests had a high enough significance (see Supplementary Material,
Table S3). The estimation per 95% confidence interval for all the stratum together was (63,780, 69,542)
Mg year−1. Table 6 lists the amount of WL for each stratum usable for energy production and
current energy potential in the province of Biscay. The results obtained after the statistical analyses
of the data showed that the amount of mean forest biomass residue achieved with a 95% confidence
interval was 64,854.4 Mg year−1, from which 55,682.3 Mg ha−1 corresponded to P. radiata residue and
9172.1 Mg ha−1 to E. globulus. This means a potential energy supply of 1283.2 million MJ per year.

In this study, leaves and needles were excluded from the consideration of the energetic exploitation
of WL. They are left on the ground, as they accumulate a high quantity of essential nutrients (N, P,
K, Ca, and Mg) [37]. For this reason, and due to their lower calorific power in relation to the rest of
the forest residue, leaves should not be extracted together with the rest of the forest biomass for its
energetic use [20].

4. Conclusions

The main conclusions obtained in this work can be summarized as follows:

- P. radiata is still the main species in Biscay, although its extension has slightly fallen from 72,674 ha
in 2005 to 70,562 ha in 2011 as a consequence of the drop in the demand of wood, the fall in
prices, and cuttings caused by the economic crisis in this region, especially during 2008–2009
(Table 4). Thus, there has been an increase in the extension of plantings of overripe P. radiata
of high height [61,62]. This led to an increase of 21% in this species’ stock from 2005 to 2011,
implying an annual growth of BT of 6.16 Mg ha−1 year−1. In terms of the stock of C, it implies an
annual growth of 3.01 Mg ha−1 year−1.
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E. globulus showed an increment of 12% in its stock from 1.134 Tg of BT (121.46 Mg ha−1) to
1.269 Tg of BT (125.40 Mg ha−1) in 2011, which represents an annual growth of BT of 0.63 Mg ha−1

year−1 in 2011. In relation to the stock of C, it represents an annual growth of just 0.328 Mg ha−1 year−1.
Overall, the total stock of carbon in these two species was 156.62 Mg ha−1, but it could be increased by
applying forest management practices such as increasing the age of rotation and/or decreasing the
intensity of cuttings [22]. In relation to the QWL susceptible to energetic valuation, obtained after the
forest treatments in the species P. radiata and E. globulus (Table 6) of 64,854.4 Mg year−1, this quantity
represents about 72% of the annual growth obtained from non-timber without leaves biomass and the
52% of that increment including the leaves (Table 3).

- P. radiata is mainly concentrated in stratum 1 in Biscay, where about 50,000 Mg year−1 residual
biomass is annually obtained, which represents around 80% of the total forest residues, whereas
in stratum 9, 9200 Mg year−11 are obtained, which represents almost the total amount of
residual biomass from E. globulus. The estimated mean values of Er generated every year from
this forest species in this stratum were (1.50, 1.62) Mg ha−1year−1 (wet mass). These figures
represent an amount of (0.84, 0.91) Mg ha−1year−1 (dry mass) biomass residue. The estimated
values are similar to those obtained in previous studies carried out in other regions of Spain
(e.g., Dominguez citepDominguez).

- E. globulus is mainly located in areas near the coast (see Supplementary Material, Figure S1b).
These correspond to stratum 9 in Biscay. The estimated annual mean value of forest residue in
the area was (1.03, 1.32) Mg ha−1year−1 (wet mass) or (0.72, 0.92) Mg ha−1year−1 (dry mass).
Similar studies were carried out in other areas of Spain (e.g., Zabalo [20]).

The essential and traditional aim of forest management in the Basque Country has been to
maximize the economic profits without risking the persistence of the mass. It is certain that carbon
sequestration by forest masses has only recently been considered as another aim of management
to be developed together with the economic factor. Former studies have shown that thinning
intensification significantly increases the quantity of total biomass obtained (timber and residue
biomass). However, this type of management can reduce carbon sequestration in forests [4]. For this
reason, in this research an average forest management which optimizes economic (quantity of timber
biomass) and environmental (CO2 sequestration) factors has been assumed.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/s1. Figure
S1: The target study area: province of Biscay (Spain). Table S1: Equations of forest biomass fractions expressed
in kg (oven-dry-weight, (102 ± 2 ◦C, 24 h)), coefficient of determination (R2), and standard error of estimate
(SEE). Table S2: Expansion factors (EFs) in plots from NFI4. Figure S2: Histograms of the values of Er. Table S3:
Normality test (p values) of the values of Er.
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