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Abstract

Purpose of Review We evaluated the development of mechanized cut-to-length (CTL) harvesting systems outside of the
Nordic countries in areas with great potential but limited adoption. We explored the Nordic countries for context, then
focused on Central/Southern Europe and North America as two examples. Within North America, we highlighted the US
South as an area of potential growth for CTL systems, despite this region currently being dominated by full-tree harvesting.
We reviewed the past, present, and future uses and applications of the mechanized CTL system, examining its capabilities,
limitations, successes, failures, and opportunities.

Recent Findings GIS-based applications for CTL machines continue to advance, utilizing new data and technologies for
harvest planning and machine trafficking to avoid wet or sensitive areas. Communication between machines related to pile
assortment and location continues to improve, streamlining CTL team efficiency. The introduction of machine-mounted ter-
restrial LIDAR for tree selection during thinning is promising and may accelerate the development of autonomous capabili-
ties. Unfortunately, the widescale adoption of these technologies is limited beyond the Nordic countries, where significant
market and logistical challenges remain.

Summary Mechanized CTL harvesting technologies and capabilities have advanced significantly since their inception in
the 1970s, with current machines representing the highest levels of mechanization, safety, ergonomics, technology, and site
impact mitigation. However, several limitations impede the system’s widescale adoption such as 1) the lack of effective
operator training, 2) market constraints limiting the justification for value recovery benefits in small-diameter harvests, 3)
lack of industry adoption of CTL-sized wood in markets dominated by tree-length stems, and 4) challenges related to pro-
ductivity and cost when compared to full-tree systems.
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Introduction

The mechanized cut-to-length (CTL) forest harvest-
ing system was developed in the Nordic countries in the
1970s and has since evolved into a two-machine sys-
tem consisting of a harvester and a forwarder. The har-
vester and forwarder form a team in which the harvester
fells, delimbs, bucks and sorts stems at the stump while
the forwarder transports processed stems to landings for
offloading onto cold decks or loading onto log trailers [1].
Over the past 50 years, equipment manufacturers have
consistently updated and improved CTL machine designs
to enhance their capabilities, efficiency, and ergonomics
while reducing environmental impacts. These advance-
ments, through field trials, research, and development,
positioned the system so that even by 1999, nearly 100%
of the logging in the Scandinavian region was conducted
using the CTL method [2].

Use of the CTL system has expanded to different regions
of the world, including Europe and both North and South
America, eastern Canada and the United States (US), par-
ticularly the Lake States region and the northeastern states.
However, CTL has failed to gain further prominence out-
side of Scandinavia for numerous reasons, in part due to
significant investments in supply chains dominated by full-
tree harvesting systems with corresponding transportation
and unloading infrastructure, such as in the US South. CTL
systems are complex and expensive, require trained opera-
tors, and frequent, specialized maintenance [3]. However,
they can operate very efficiently, utilize computer-aided
bucking at the stump, forward effectively on both wet
ground and moderately steep slopes, optimize travel
routes, minimize soil disturbance, and require relatively
small landings. Full mechanization has also improved the
ergonomics, health, and overall safety of logging equip-
ment operators.

However, market logistics, navigating cultural norms,
difficulty finding and/or developing experienced opera-
tors, and the per machine high capital investment have
limited widespread adoption of CTL beyond the Nordic
countries. Therefore, this review aims to explore the pro-
gression of the CTL system beyond the Nordic countries,
highlighting patterns of adoption in areas with seemingly
great potential but limited adoption. We reviewed the
past, present, and future uses and applications of the CTL
system focusing on capabilities, limitations, successes,
failures, and opportunities. We began with the Nordic
countries for context, then focused on central/southern
Europe and North America as two examples. The US
South, dominated by full-tree harvesting systems, is high-
lighted as an area of potential growth.
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The Development, Evolution, and
Opportunities for CTL Systems in the Nordic
Countries

Cut-to-length harvesting has a long tradition in both Swed-
ish and Finnish forestry, and the driving forces have been
both markets and where the wood has been used. In the late
nineteenth century, Lovén [4] wrote about sawlogs from the
same cut being destined to different sawmills, while smaller
dimensions were being sold for charcoal or firewood if there
was a local market. However, logs could be longer than
today and even comprise the full sawtimber length of the
tree in some areas. Finland had a similar market situation in
which logs produced from the same cut were destined for
different mills and buyers [5].

The technical aspects of mechanization of logging oper-
ations in Fenno-Scandia have been well described [6, 7].
In the 1950s, extraction by horse to waterways, railways
and to smaller customers started to be replaced by forestry-
equipped farm and crawler tractors. At the same time, the
network of forest roads was expanded, enabling trucks to
become an increasingly important solution for long-dis-
tance transportation. In many areas, forest roads reduced
extraction distances from the forest to the landing. In the
1960, purpose-built forest tractors, forwarders and skid-
ders were introduced for the extraction work [8], and late
in the decade, the first feller-bunchers, delimbers, bucking
machines and processors were introduced [6].

As aresult of mechanization, the use of full-tree and tree-
length methods increased in Sweden, and in 1970, about
10% of the harvested wood was harvested with these meth-
ods [9]. Although they worked well on large sites on state
and company lands, these methods were less suited for har-
vesting on non-industrial private forest land. On the latter,
average harvested volume per site was about 700 to 1000
m? standing volume [9]. Low harvest volumes and restricted
landing space often led to low utilization of the machines
in the full- or tree-length system. Delimbing, manual or
mechanized, was most often performed in the harvest area
due to restricted landing space, while bucking and sorting
were conducted either on the landing or at a terminal. Due
to low machine utilization and more difficult operational
planning, the SCA company, which had harvested 31% of
their annual cut with full-tree systems in 1971, phased them
out during the 1970 in favor of mechanized CTL systems.
Early mechanized CTL systems utilized the same types of
feller-bunchers as in a full-tree system but added a proces-
sor for delimbing and bucking and replaced the skidder
with a forwarder [6]. Thus, it was still necessary to move
three machines to each harvesting site. That changed to two
when the first double-grip harvesters were introduced in
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the 1970s. In 1979, fully mechanized harvesting accounted
for 64% of the volume obtained from final felling opera-
tions in Sweden, but only 13% of the volume obtained from
thinnings. This changed with the introduction of the single-
grip harvester in 1984, and in 1993, 91% of the thinning
operations and 96% of the final felling operations were fully
mechanized [10]. The mechanization of felling and pro-
cessing increased productivity and reduced cost, while also
leading to a significant decrease in work-related accidents
and fatalities among forest workers [11].

To enable economic comparisons between harvesting
systems and to provide service providers and buyers with
base data for contract negotiations, large productivity stud-
ies were conducted in both final felling and thinning opera-
tions [12—15]. As the continuous improvement of work
methods and machine performance made earlier productiv-
ity standards obsolete, new larger studies were conducted
[16-20]. Studies also evaluated different thinning work
methods [21-24], harvesters [25], and the quality effects of
mechanized thinning [26-28].

The use of harvesters and forwarders is not confined to
just thinning and final felling operations, and studies were
made to evaluate their performance (both productivity
and work quality) in shelterwood establishment [29] and
removal [30, 31], patch cutting and single tree selection
[32-36]. Single-grip harvesters soon proved that they could
be used for most felling operations prescribed by manage-
ment plans [37]. Furthermore, use of harvester and forward-
ers reduced both harvesting costs and improved safety in
salvage logging of wind damaged stands [38]. In the mid-
1990s, the single-grip harvester was considered the more
versatile and profitable choice by machine owners, and the
double-grip harvesters were discontinued.

As many harvesting sites in Finland and Sweden are small
and the cost of machine relocations between sites can be high,
a single machine that both harvests and extracts the logs to the
landing may make sense [39, 40]. In the late 1990s and early
2000s, the first studies of such machine prototypes (harward-
ers) were made both in thinning and final felling [39, 41, 42].
The general conclusion was that the harwarder was an expen-
sive machine for extraction, and the reduced relocation costs
were not large enough to make it an alternative for larger
sites or sites with long extraction distances. Development has
continued and theoretical analyses show that these machines
have an economic potential to replace the current system with
harvesters and forwarders on a large share of the annual sites
harvested [43]. However, the harwarder has never become
popular among contractors, and currently no major machine
manufacturer has a serial production of harwarders.

A factor widely debated during the 1970s and early
1980s was whether full-tree systems enabled a higher value

recovery than the CTL system [44, 45]. In the end, these
gains could not motivate the increasing production costs but
led to an intense R&D effort, to both enable optimal and
correct bucking as well as minimize wood damage by the
processors and harvesters. It was soon realized that machine
operators needed assistance to reach acceptable bucking
results, which led to the first bucking computers being intro-
duced in harvesters [46]. To enable the forest companies and
forest owner associations to provide computers in their own
as well as contracted machines with up-to-date log prices, it
was realized that harvester data needed to be standardised.
In 1988, the first StanForD forest machine data communica-
tion standard was presented, which was superseded by the
StanForD2010 standard in 2011 [47]. While the first buck-
ing computers strove to maximize value given log prices
in a pricelist, soon systems to buck the logs according to
sawmill demand were introduced [46, 48].

The bucking computers and data communication stan-
dards not only allow forest organizations to send bucking
instructions to the machine but also enable machines to send
data on harvested logs back to the system by the client. That
has had a large impact on both supply chain efficiency from
forest to mill and transportation planning [49, 50]. Further-
more, that has also influenced the evaluation of the machine
system itself. It is no longer just an issue of evaluating pro-
ductivity and costs for harvesters and forwarders, but the
effects on product values and logistic costs all the way to the
mills need to be included in the evaluation.

As there were computers and as it was easy to fit GPS-
receivers in the machines, GIS systems were introduced in
the machines [51]. That enabled the transfer of site maps with
boundaries of the cut and positions of planned landings and
main machine trails to the machines. That, in turn, enabled
the introduction of additional decision support systems in the
machines and led to increased research on systems to help
the operators plan their work and monitor their progress, e.g.:

e Planning of trails and wood storage on landings to mini-
mize forwarding distance reducing fuel consumption
and emissions [52].

e Use of GIS support (soil type maps, depth to water
(DTW) and other moisture maps, hydrology maps, and
terrain models) to avoid damage to soils and streams
[53-57].

e Use of harvester data to follow up harvesting intensity
in thinning [58].

e Transfer of assortment data and wood pile positions
from the harvester to the forwarder [59].

e Use of LiDAR-aided tree selection to improve thinning
efficiency, quality, and prescription accuracy [60].

@ Springer
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e Document treated areas, thinning results, as well as ar-
eas left or treated differently due to environmental rea-
sons or cultural heritage [61].

Currently, manufacturers introduce automation of other
work tasks than bucking, e.g. boom movements [62—64].
Technical research focuses on further automation as well
as remote control (i.e., teleoperation) of forest machines
leading to increased autonomy of the machines [65, 66].
However, to enable remote operations further research is
needed to improve decision support systems, and in the case
of autonomous machines refine them into decision systems.

The History of Use and Opportunities for CTL in
Central and Southern Europe

Compared to traditional motor-manual techniques, mecha-
nized CTL harvesting offers the benefits of multiplying
operator productivity [67] and drastically enhancing opera-
tor comfort and safety [68]. Those benefits did not escape
forestry entrepreneurs outside the Nordic regions, who
also faced increasing production costs and labor shortages.
However, the acquisition of the new technology required a
significant capital investment, often beyond the capacity of
those companies that operated within the bounds of an agrar-
ian rather than an industrial economy [69]. Private forests
were often small-scale and could not offer a large enough
harvest volume to the new industrial machines. In contrast,
public forests were often managed by large state compa-
nies, which had the necessary volumes to support mecha-
nization but pursued primary social objectives and were
more interested in maximizing employment in depressed
rural areas than achieving higher production and financial
efficiency. Once those companies were liquidated between
the early 1990s and the early 2000s, the situation did not
improve much, since their assets were dispersed among a
myriad small owners (restitution process) and logging con-
tractors (outsourcing to contractors). The introduction of
mechanized CTL was further delayed by the constraints of
close-to-nature forestry and of tree species with challeng-
ing form and architecture. Heavy branching represented a
significant hurdle, especially when dealing with hardwood-
dominated stands [70]. Completely different was the case
of fast-growing tree farms, which had become a strategic
objective of the European economy in the post-war years,
in response to the depletion of the European wood reserves
and the dwindling imports that followed the decoloniza-
tion process. Those plantations would be managed for the
industry and presented very favorable characteristics to the
introduction of the new technology: gentle terrain, regular
spacing, single tree species.

@ Springer

Industrial Plantations

The best examples of this group are the maritime pine (Pinus
spp.) plantations of southwestern France, the poplar planta-
tions of northern Italy and the eucalypt (Eucalyptus spp.)
plantations of Portugal and Spain —all of which cater to large
wood industries, such as pulp mills, particleboard factories
and veneer plants. The introduction of CTL technology
to the French plantations was relatively simple, given the
slender shape and light branching of maritime pine. In fact,
the French endeavoured to develop their own CTL equip-
ment, with the goal of producing light and compact models
that could tackle early thinning operations more efficiently
than the larger Nordic machines. The French Sogedep brand
[71] is a legacy of that work, originally conducted in the
19805 [72]. By the early 2000s, the management of those
plantations was fully mechanized and was entrusted to a
large machine fleet that included most commercial brands,
especially Nordic. Mechanizing the harvesting of Iberian
eucalyptus was more difficult, due to the need for debarking
the logs at the time of felling, since the bark bond strength
rapidly increases with decreasing moisture content [73].
Furthermore, in-stand debarking avoids the accumulation of
bark residue at the field edge or at the processing plant and
effectively responds to the lack of capable log debarking
facilities at the receiving plants, which was often the case
in Portugal and Spain [74]. The Nordic machine manufac-
turers responded by modifying the feeding rollers of their
harvester heads with the application of angled steel cleats
designed to break up the bark and rip it off the eucalypt
stems. Just like in France, a few local manufacturers even-
tually developed and commercialized their own local CTL
solutions [75, 76], which are appreciated by local entrepre-
neurs, although the Nordic product remains prevalent.

The Italian poplar (Populus nigra M.) plantations are
another interesting case: they represent 1% of the national
forest surface and 50% of the national timber production at
one time, offering a stunning example of production effi-
ciency. These plantations also present very favorable con-
ditions for mechanization, and especially easy access and
industrial management. Italian poplar trees are grown for
valuable veneer wood, and therefore, value recovery is a
key factor to plantation success. Owners are especially con-
cerned with stem breakage, surface damage and suboptimal
grading [77]. For that reason, they employ professional grad-
ers who mark the cutting points on pre-felled stems to guide
optimal bucking. That has resulted in rather convoluted har-
vesting schemes, whereby the harvester first fells, delimbs
and aligns the trees in orderly rows, then crosscuts them
into logs only after the professional grader has inspected all
stems and marked the cutting points [78]. Given the rela-
tive difficulty of cutting exactly on the crosscut mark, that
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operation is often delegated to grapple saws equipped with
an adjustable saw on sliding guides [79].

Conventional Forests

With few exceptions, European forestry has always been
managed for multiple benefits, which acknowledges the
crucial role of forests in supporting a dense rural popula-
tion. The emphasis on specific functions keeps changing
with time and place, but no forest business can focus on
exclusive timber production without any significant con-
cerns for soil protection, water quality and recreation [80].
In recent times, recreation, biodiversity and conservation
have become the dominant goals of forest management,
leading to close-to-nature silviculture and continuous cover
forestry. Foresters have replaced clearcuts with selection
cuts and shelterwood operations, favoring repeated light
harvests over heavier maturity cuts [81]. The presence of
multi-cohorts with varying tree size distributions and spe-
cies mix offers increased stability and higher yields as com-
pared to mono-specific even-aged stands [82, 83]. Those
benefits are contrasted by lower work efficiency, which
results from the dense residual stand and the unfavorable
tree size distribution (i.e., many trees are too small for
cost-effective harvesting or too large for the capacity of
the machine [84]). Furthermore, many forest owners have
been hesitant to introduce heavy machines to their prop-
erty, as they fear severe site impact. On the other hand, the
growing labor shortage has forced forest entrepreneurs to
mechanize, despite the difficulties they eventually faced.
Hence, the introduction of mechanized CTL technology to
central and southern European silviculture has been quite
slow until nature intervened. The conclusive affirmation of
mechanized CTL technology is demonstrably associated
with extreme events capable of forcing the issue. Germany
came first, with storms Vivian and Wiebke, which hit the
Country in 1990 and threw over 100 million m> [85]. Ten
years later, it was the turn of France, with storms Martin
and Lothar, that blew to the ground over 200 million m?
across most of central Europe [86]. Then, in 2018, storm
Vaia swept across northern and eastern Italy, causing mas-
sive forest damage [87]. Every time, forest owners faced
the problem of dealing with harvest volumes that were 4 to
7 times larger than the planned annual cut and had to be sal-
vaged as soon as possible under extremely dangerous work
conditions. Full mechanization was no longer an option:
it was the only viable solution, and since the traditional
harvesting method was CTL in all cases (e.g., Germany,
France, and Italy), that meant a rapid shift to mechanized
CTL technology. In all cases, large machine fleets were
assembled from all over Europe, and once the decision was
made, there was no turning back.

The Fleets

While full-tree harvesting is also applied, mechanized CTL
is dominant in central and southern Europe, representing
65%, 55%, 60% and again 60% of the annual harvest in
Germany, France, Italy and Spain, respectively [88]. Obvi-
ously, fleet size is proportional to the annual harvest, and
it is largest in Germany and France, with 1400 and 800
harvesters, respectively [89, 90]. The corresponding num-
bers of forwarders would be 2200 and 1400. In Italy, those
numbers are estimated to be approximately 250 harvesters
and 300 forwarders, which reflects the much smaller annual
harvest, estimated at 15 million m?, vs. 72 million m® in
Germany and 50 million m® in France [91]. As a reference,
the combined fleets of the Czech Republic, Poland, Roma-
nia and Slovakia include approximately 1100 harvesters and
1800 forwarders, with an annual harvest volume of 80 mil-
lion m® [92, 93]. The same source also indicates that the
fleets of the Baltic countries (Estonia, Latvia and Lithuania)
count 600 harvesters and 1300 forwarders, with an annual

harvest volume of 33 million m>.

Extant Issues

Harvesters, processors, and forwarders have become wide-
spread across Europe, far beyond the borders of the Nordic
countries where they were first conceived and built. Today,
their use is no longer limited to gentle slopes (gradient <
25%) and softwood forests, as demonstrated by the growing
popularity of winch-assisted solutions [94] and the effective
deployment in French [95], German [96] and Italian [97]
hardwood stands. Even where motor-manual harvesting is
made competitive by cheap labor, there is a general interest
in mechanization because of anticipated future labor short-
ages. Mechanized CTL technology has shown remarkable
flexibility and is being constantly adapted to the new emerg-
ing scenarios. At present, much work is being devoted to
salvaging beetle damage through the adaptation of eucalypt
debarking heads to softwood operations [98, 99].

The management of site impacts is another crucial issue
that has not been solved. The quest for maximum efficiency
is pushing the market towards increasingly large and heavy
machines [8], which is not going to alleviate the problem.
Most German forestry administrations and several sustain-
able forestry certification schemes require in-stand traffic be
constrained to permanent designated tracks, with ever-wid-
ening spacing. Those new rules make it impossible for con-
ventional forest machines to reach all trees needed to be cut
however long the boom (and heavy the carrier) one tries to
develop [100]. Once the solution of ghost-trails [100, 101]
was also rejected, the only alternative was to cut distant trees
with a chainsaw and then drag them to the designated trail
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with a light tractor — eventually a specialized miniskidder
[102]. Unfortunately, that process denies full mechanization
and comes at the cost of decreased worksite safety, which
remains the ethical imperative. Researchers are working on
new solutions to minimize site impacts, which include the
introduction of traction winches [103, 104], an increase in
the number of axles, or the development of completely new
locomotion concepts [105]. Another challenge is the adap-
tation of CTL technology to the requirements of close-to-
nature forestry, which is based on selection cuts, increased
stand variability, and extended rotations [106]. Each of those
requirements brings about specific challenges for machines
that were originally designed for operating within rela-
tively limited tree size and form specifications. However,
CTL technology is remarkably adaptable, and it can suc-
cessfully operate under different conditions than originally
intended: in fact, its adaptability to close-to-nature forestry
has already been demonstrated over 20 years ago [107]. As
the concept of close-to-nature forestry evolves, so will the
technology tasked with its practical implementation: the
important thing is that the adaptation capacity of CTL tech-
nology is matched by an equivalent adaptability of forestry
practices, avoiding an imbalanced hierarchical relationship.

Mechanized CTL technology is just a tool, and like all
tools, it is only as good as the arm that wields it. Opera-
tor selection and training are a main priority. A number
of French and German training centres offer structured
courses to harvester and forwarder operators, within spe-
cialized facilities equipped with state-of-the-art simulators
and a test-drive fleet. That is not the case for Italy, where a
massive training effort is focused on chainsaws rather than
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mechanized harvesting equipment [108]. Such an approach
may mitigate current problems, but it will not solve them,
nor will it prepare the next generation of loggers for their
high-tech jobs. Currently, most CTL equipment operators
rely on the brief ad-hoc training received by the machine
dealers when the machine was sold. That is insufficient to
make full use of the many opportunities offered by modern
equipment. Furthermore, silviculture is seldom included in
the training program offered by manufacturers, while that
should become an integral component of operator training,
especially if one wants to use the machines in close-to-
nature silviculture operations and eventually delegate indi-
vidual tree selection to their drivers [109].

The History of Use and Opportunities for
CTL in North America with a Focus on the US
South

CTL Adoption in North America

Globally, CTL, full-tree (synonymous with whole-tree in
North America), and tree-length and non-mechanized sys-
tems account for approximately equal shares of global har-
vest volume [8]. CTL adoption varies substantially within
North America (Fig. 1). Differences in adoption rates can
be attributed to forest characteristics, market dynamics, and
cultural factors. In eastern Canada, the CTL system harvests
an estimated 75% of annual harvest volume, whereas CTL
accounts for less than 10% of harvest volume in western
Canada [88]. CTL usage has been increasing in the US

Western US West US South

Canada

North American Region

Fig. 1 Estimated share (%) of annual timber harvest volume cut with CTL systems in North America [88, 110, 111, 113-115]
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Northeast and Lake States, accounting for more than 70%
of annual harvest volume in the US Lake State of Wiscon-
sin [110] and has reached nearly 40% in the northeastern
state of Maine [111]. In contrast, CTL accounts for < 5%
of annual harvest volume in the US South based on recent
studies in Virginia, Georgia, Florida, North Carolina, and
South Carolina [112—-114].

The Wood Supply Chain and the History of Cut-to-
Length Adoption in the US South

The US South produces 60% of the timber harvested in the
US and its forest industry accounts for 4% of the total US
manufacturing gross domestic product [116], has a $250 bil-
lion USD economic impact, and accounts for 2% of all jobs
in the region. Georgia’s forest industry alone contributes an
economic benefit of over $42 billion USD [117]. The US
South’s wood supply chain faces significant challenges with
an aging workforce, rising costs, safety concerns, transpor-
tation obstacles, and lack of innovation [118, 119]. Notably,
the region lags in the adoption of data-driven decision-mak-
ing and technology use [120]. Furthermore, it stands as one
of the few regions globally that relies almost exclusively on
full-tree harvesting systems [121-123]. In full-tree systems
of the US South, processing decisions are most often based
on ocular estimates of tree and log dimensions and operator
experience. In contrast, CTL systems execute all processing
tasks at the stump, through the use of a harvester equipped
with precise diameter and length measuring technology,
allowing for computerized, optimized bucking to market
specifications [124]. These attractive capabilities, combined
with a suitable timber resource and diverse markets, make
the US South an area of potential growth for mechanized
CTL systems.

During the 1980s and 1990s, logging mechanization
and productivity advanced significantly in the US South. In
1979, the bobtail truck was still being utilized by 75% of
all wood producers [125, 126]. This initial system relied on
small teams conducting manual felling, delimbing, bucking,
piling, and loading onto trucks [127, 128]. The bobtail sys-
tem was long-lived, accounting for 21% of all pulpwood
producers in 1987 [129]. However, the system was gradu-
ally replaced by full-tree operations beginning in the 19705
with the introduction of cable skidders [130]. The manual
felling and cable skidding system was short-lived due to the
rise of mechanized felling using hydraulic shears and later
the development of wheeled feller-bunchers with disc-saws
[131]. During the same period, many loggers transitioned
from the cable skidder to the more productive grapple
skidder. This combination resulted in the creation of the
feller-buncher and grapple skidder system utilized today. In
this system, trees are severed at the stump, skidded to the

landing, and most often delimbed and sorted by a trailer-
mounted knuckleboom loader [130].

By 1987, the feller-buncher and grapple skidder had
become the major timber harvesting system in the region
[131]. In a 1997 study of Georgia loggers, 90% of loggers
removed tree-length products, 74% removed log-length,
and only 15% harvested shortwood pulpwood [132]. Fur-
thermore, the feller-buncher and grapple skidder system
represented 88% of the total respondents in a 1997 survey.
Rubber-tired grapple skidders spread quickly, consisting of
86% of skidders reported in 1997. Trailer-mounted knuck-
leboom loaders were employed by 90% of respondents in
the same year [132], and weekly production nearly dou-
bled between 1987 and 1992 [131]. Widescale adoption of
mechanized CTL systems never materialized. At their peak,
forwarders were only used by approximately 8% of all pro-
ducers in 1979 [125], and their usage dropped to only 4%
in 1987 [129] and had practically disappeared in Georgia by
1997 [132]. CTL systems currently account for less than 1%
of all logging crews in the region [112—114].

Despite the lack of broad adoption, considerable CTL
research has been conducted in the US South, often evalu-
ating the benefits and limitations of the system compared
to the predominant full-tree system. In 1982, Lanford [133]
evaluated the use of a small forwarder in pine plantation
thinning applications, whereas Tufts and Brinker [134, 135]
evaluated the productivity of a CTL system in second thin-
ning with larger stems. In 1995, Lanford and Stokes [136]
compared post-harvest stand and site conditions following
both CTL and full-tree thinning operations while McDon-
ald and Seixas [137] evaluated the soil compaction effects
of residual logging slash on forwarder trails. A side-by-side
thinning productivity and cost comparison of full-tree and
CTL systems found comparable results that varied based
on stem length [138]. Another study evaluated the effects
of tree diameter on productivity and cost of CTL systems
and determined that CTL systems were consistently more
expensive than other mechanized systems, especially for
small diameter trees [139]. In 2002, Bolding and Lanford
[140] conducted a productivity study on a CTL harvester in
a mixed pine and hardwood forest working on steep slopes
up to 46% in northern Georgia. As expected, slope steep-
ness had a significant negative effect on harvester produc-
tivity; however, no significant difference was found related
to species. A study evaluated the value recovery potential
of CTL harvesters in Alabama and Georgia and determined
that computer-aided bucking recovered 90-94% of total
stem value compared to an optimal solution [141]. Finally,
Bolding and Lanford [142] evaluated the use of a CTL sys-
tem harvesting and utilizing small stems for biomass utiliza-
tion. These studies were useful for further understanding the
application of CTL systems in the US South, highlighting
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significant potential benefits but often concluding with
challenges related to tree size, productivity, and system cost
compared to full-tree alternatives.

Market Incentives and Disincentives for CTL

Timber markets in the US South generally discourage the
adoption of CTL. Logging businesses in the region operate
as independent contractors and are typically paid a cut-and-
load rate for their services [113, 143]. These loggers earn a
profit on the difference between their cut-and-load rate and
the cost to harvest and load timber on a truck. Anything that
increases cut-and-load costs reduces profits, which puts CTL
at a competitive disadvantage because of higher equipment
purchase costs [144] and lower productivity. In addition,
most pulp mills in the US South were designed to accom-
modate long stems (>10 m), and most pay lower prices per
unit volume for the shorter lengths delivered by CTL con-
tractors. Pulpwood accounts for up to 60% of annual harvest
volume in southern states such as Georgia [145, 146], and
so the lower prices paid for CTL timber have an important
impact on logging businesses.

North American timber markets outside the US South
are generally less dependent on the pulp and paper industry
and they may favor CTL products. For example, in the US
state of Oregon, pulpwood accounts for less than 10% of
the annual harvest [147]. In other cases, the pulp and paper
industry has a history of purchasing short log lengths com-
patible with CTL. In the US state of Wisconsin, pulp mills
purchase roundwood in 2.5-m lengths that are ideally suited
to CTL [148].

In areas harvesting a large proportion of high-value prod-
ucts, the high value recovery characteristic of CTL [141,
149] can overcome disadvantages in cut-and-load costs. In
addition, CTL systems are capable of bucking to precise
lengths when properly calibrated [150, 151] and consistent
log lengths will increase mill productivity and reduce the
volume of low-value residuals. Transportation costs are the
same under both full-tree and cut-to-length systems in the
US because truck configurations and weight limits allow for
comparable loading times and payloads under both systems.
Therefore, when the opportunity for value recovery exists,
CTL harvesting can be cost-effective when considering
all costs incurred from stump to finished product, even if
stump-to-roadside costs are higher for CTL.

Finally, restrictions on soil disturbance during timber
harvesting favor the adoption of CTL. Because of its lower
ground pressure and travel on slash mats [137], CTL may
achieve more working days per year, allowing fixed costs
to be spread over more working days and more tonnes of
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wood, which may make CTL cost-competitive with full-tree
systems [152]. Extending the operating season by days or
weeks can be important in the US Northeast, Lake States,
and West, where soil moisture and/or fire risk restrict timber
harvesting seasonally [153—155].

Opportunities for Cut-to-Length Expansion

Continued growth in the use of CTL systems is likely in
North America, although it is unlikely to achieve the market
share enjoyed in Scandinavia. CTL is well-established in
eastern Canada, as well as the US Lake States and Northeast
(Fig. 1). These areas have local expertise and familiarity,
equipment dealer support, and market conditions conducive
to adoption. Both the US Northeast and Lake States have sig-
nificant numbers of semi-mechanized operations [110, 111,
156] that are likely to be replaced by mechanized systems in
the next decade. Lack of labor availability, high insurance
costs, increased attention to safety, and other factors encour-
age the use of mechanized systems, and CTL is likely to
expand with the continued contraction of semi-mechanized
operations. In the US West, the growth of cable-assist log-
ging on steep slopes that previously required cable yarding
[157, 158] also supports growth in CTL systems, as does
continued emphasis on reducing the environmental impacts
of timber harvesting.

While growth in CTL harvesting is likely in North Amer-
ica, full-tree systems will continue to play a large role. Full-
tree systems retain advantages in productivity and cost that
will take precedence for many loggers. Operating conditions
in many areas are suitable for either system, and full-tree
systems are better-suited for productively harvesting small-
diameter trees versus CTL harvesters that are constrained to
process only one or two stems at a time [159-161]. Contin-
ued mill preferences for long log lengths in some markets
will continue to support the use of full-tree systems as well
[113, 162].

Conclusions

Based on our review, the following strengths, weaknesses,
opportunities, threats, and recommendations are provided
related to the evolution and expansion of CTL systems
beyond Scandinavia.

Strengths
The use of mechanized CTL harvesting has expanded sig-

nificantly throughout the world from its origin in Scandi-
navia in the 1970s. In central and southern Europe, use
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of the system has expanded, especially with the advent of
plantations, salvage logging, and winch assist systems.
In North America, CTL has been most widely adopted in
eastern Canada, the US Lake States, and the US North-
east. Expansion in these regions has largely been due to
(1) favorable supply chains and markets that incentivize
computer-aided bucking, CTL stem size, and value recov-
ery opportunities, and (2) operating conditions that allow
the system to utilize its design features such as operating
on a slash mat, aiding trafficability, or minimizing landing
space requirements, which represents a major advantage
in mountainous operations. System strengths also include
better ergonomics, health, and overall safety of logging
equipment operators.

Weaknesses

Unfortunately, in central and southern Europe, silvicul-
tural, labor, and operator training issues hinder expansion
of the system’s usage. The system has been studied and
implemented with marginal success in the US South but
has not seen widespread adoption. Regional interest in CTL
has peaked and declined over several iterations since the
1970s, and research follows a similar trend with studies
ranging in date from 1982 to 2005. The need for special-
ized operators, mill preferences for long log lengths, and
elevated per unit logging costs present major challenges for
CTL adoption.

Opportunities

Despite present challenges, there are opportunities to expand
the use of CTL. The rapid advancement of technology and
its application to forest operations problems provide moti-
vation to revisit the capabilities and limitations of modern
CTL systems [163, 164] in regions with limited adoption.
Concepts such as “Forestry 4.0” [165] and “Forestry 5.0”
[166] further reiterate the interest and momentum that tech-
nology advancements have provided the industry. In the US
South, given the dominance of full-tree systems, the ben-
efits of CTL systems are most often pronounced in niche
applications favoring the unique capabilities of the two-
machine system. Examples include stands and prescriptions
with multiple product assortments where computer-aided
bucking can assist operators in improving value recovery
by reducing processing errors inherent in ocular estimates
and avoiding processing chip-n-saw-sized logs into pulp-
wood or sawtimber-sized logs into chip-n-saw assortments.
A second niche application is utilizing the system on har-
vest sites that are small, steep, sensitive, and/or wet, and
therefore poorly suited to conventional full-tree systems or

shovel logging systems. Finally, CTL systems have proven
recently to be effective in salvage operations following hur-
ricanes experienced in the US South, just as storm events
sparked the large-scale adoption of mechanized CTL in
Europe over the past decades. The harvester’s ability to
pick up and optimally process downed timber is a unique
advantage over wheeled drive-to-tree feller-bunchers. Simi-
larly, size reduction directly at the stump site represents a
major benefit in selection cuts, which are becoming popular
in many regions, as clearcutting comes under increasingly
severe scrutiny.

Threats

Technological advancement must be cost-effective and bal-
anced with operator usability and practicality. In practice,
it is not uncommon to encounter machine operators who
do not fully understand or utilize the capabilities of their
machines, such as GIS decision support or optimal bucking,
rendering powerful technology a mere added cost. Effec-
tive operator training can assist with these challenges, but
unfortunately, it is not readily available in many areas. The
availability of capable, motivated operators and training
programs to lessen the time to proficiency is essential but
scarce in many regions, especially the US South. This fact
along with the dominance of full-tree systems, associated
markets, and logging costs challenges pose major chal-
lenges to significant CTL adoption.

Recommendations

1. Capitalize on lessons learned and avoid prescribing the
system using a “one size fits all” approach in conditions
not conducive to its design capabilities;

2. Avoid using the system in “hot logging” conditions that
do not provide the benefit of in-processing inventory,
hinder machine utilization, and increase costs;

3. Maximize use in stand conditions and product assort-
ments that allow utilization of computer-aided bucking
and value recovery opportunities;

4. Capitalize on operator decision support technologies
such as LiDAR-aided tree selection to improve effi-
ciency and planning machine travel to avoid sensitive
soils while reducing fuel consumption and emissions;

5. Utilize the system to maximize its low ground pressure
and environmental protection benefits through work-
ing in challenging terrain and soil conditions not suit-
able for other systems, thereby extending the operating
season.

@ Springer



24 Page 10 of 15

Current Forestry Reports (2025) 11:24

Key References

e Conrad JL IV, Greene WD, Hiesl P. Georgia and Florida
logging businesses persevere through pandemic, rising
costs, and uncertainty. For Sci. 2024;70:47-56. https://
www.https://doi.org/10.1093/forsci/fxad050.

This paper reports the results of a survey and syn-
thesizes demographics, characteristics, and the ma-
jor obstacles faced by logging businesses in Georgia
and Florida in the US South including those related
to the COVID-19 pandemic.

e Drushka K, Konttinen H. Tracks in the forest: The evo-
lution of logging machinery. Helsinki, Finland, Timber-
jack Oy. 1997;254:952-90-8616-4.

Published in 1997, this text presents photographs
and describes the first logging equipment of the
late 19th century and corresponding technological
advancements.

e Gellerstedt S, Dahlin B. Cut-to-length: the next decade.
1999; J For Eng. 10(2):17-24. https://www.https://doi.o
rg/10.1080/08435243.1999.10702731.

Published in 1999, this paper summarized the char-
acteristics of the CTL system, compared it with oth-
er ground-based logging methods, evaluated forest
worker education systems, and speculated about the
future of the CTL market.

e [Lundbick M, Haggstrom C, Nordfjell T. Worldwide
trends in methods for harvesting and extracting indus-
trial roundwood, Int J For Eng. 2021;32(3):202-215.
https://www.https://doi.org/10.1080/14942119.2021.19
06617.

This paper compiled annual volumes of industrial
roundwood harvested by both fully mechanized full-
tree and CTL systems for 35 regions and countries.

e MacDonald P, Clow M. “Things Was Different in the
South: The industrialization of pulpwood harvesting
systems in the Southeastern United States 1945-1995.
Tech Soc. 2010;32(2):145-160. https://www.https://doi.
org/10.1016/j.techsoc.2010.03.001.

This paper describes the industrialization of forest

harvesting systems, and the type of wood harvest-
ed in the US South along with a comparison with

@ Springer

eastern Canada over a 50-year period from 1945 to
1995.

e Nordfjell T, Ohman E, Lindroos O, Ager B. The techni-
cal development of forwarders in Sweden between 1962
and 2012 and of sales between 1975 and 2017. Int J For
Eng. 2019;30(1),1-13. https://www.https://doi.org/10.1
080/14942119.2019.1591074.

This paper describes the technical development over
a 50-year period and sales over a 42-yr period of
forwarders in Sweden. Weight, ground pressure, and
potential new definitions for forwarder size classes
are discussed.

Acknowledgements The authors gratefully acknowledge the Harley
Langdale Jr. Center for Forest Business at the University of Georgia
for supporting this project. The use of brand or model names is for
reader convenience only and does not constitute an endorsement by the
authors or the University of Georgia.

Author Contributions C.B, J.C., L.E., R.S., N.\M., T.M., HM. wrote
the main manuscript text and J.C. prepared the figure. All authors com-
mented and reviewed the manuscript, as well as have read and agreed
to the final version of the manuscript.

Funding Open access funding was provided by the Harley Langdale
Jr. Center for Forest Business at the University of Georgia.

Data Availability No datasets were generated or analysed during the
current study.

Declarations

Human and Animal Rights and Informed Consent This article con-
tains no studies including human or animal subjects performed by any
of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Erler J, Duka A, Papa I, Bade C, Borz SA, Lindroos O, Lund-
back M, Mederski PS, Bembenek M, Mionetto N, Maganotti N,


https://doi.org/10.1080/14942119.2019.1591074
https://doi.org/10.1080/14942119.2019.1591074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/forsci/fxad050
https://doi.org/10.1080/08435243.1999.10702731
https://doi.org/10.1080/08435243.1999.10702731
https://doi.org/10.1080/14942119.2021.1906617
https://doi.org/10.1080/14942119.2021.1906617
https://doi.org/10.1016/j.techsoc.2010.03.001
https://doi.org/10.1016/j.techsoc.2010.03.001

Current Forestry Reports (2025) 11:24

Page 110f 15 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Simonetti M, Stampfer K, Paveli¢ N, Spinelli R. Technodiversity
— glossary of forest operations terms. Croat J Eng. 2024;45:393—
401. https://doi.org/10.5552/crojfe.2024.2364.

Gellerstedt S, Dahlin B. Cut-to-length: the next decade. J Eng.
1999;10(2):17-24. https://doi.org/10.1080/08435243.1999.1070
2731.

Ledoux CB, Huyler NK. Comparison of two cut-to-length
harvesting systems operating in Eastern hardwoods. J Eng.
2001;12(1):53-60. https://doi.org/10.1080/08435243.2001.1070
2763.

Lovén F. Om Timmerskogars utdrifning och Deras virde (On
the extraction of timber forests and their value). Tidskrift for
skogshushéllning. (J Man). 1879;7:65-99.

Heikinheimo O, Saari E. Forestry in Finland. Acta For Fenn.
1922;19(2):7059. https://doi.org/10.14214/aff.7059

Drushka K, Konttinen H. Tracks in the forest: The evolu-
tion of logging machinery. Helsinki, Finland, Timberjack Oy.
1997;254:952-90-8616-4

Silversides CR. Broadaxe to flying shear: the mechanization of
forest harvesting East of the Rockies. Natl Museum Sci Technol
Ott Can. 1997;174 p:0-660.

Nordfjell T, Ohman E, Lindroos O, Ager B. The technical devel-
opment of forwarders in Sweden between 1962 and 2012 and of
sales between 1975 and 2017. Int J Eng. 2019;30(1):1-13. https:/
/doi.org/10.1080/14942119.2019.1591074.

Statistics Sweden. Statistical Yearbook of Forestry 1970.
Jonkoping, National Board of Forestry. 1971;281:91-85748-71-4.
Nordlund S. Drivningsenkdt 1993 (Harvesting operations enqury
1993). Skogforsk Uppsala. 1995;309:34. Arbetsrapport (Working
paper).

Axelsson S-A. The mechanization of logging operations in Sweden
and its effect on occupational safety and health. J Eng. 1998;9(2):25—
31. https://doi.org/10.1080/08435243.1998.10702715.

Bergstrand K-G. Underlag for prestationsmal for Skotning (Basis
for performance targets for logging). Forskningsstift Skogsar-
beten Redogor. 1985;7:23.

Brunberg T. Instruments for setting productivity norms in final
felling. For Oper Inst Swed Kista. 1988;4(4):20.

Brunberg T, Thelin A, Westerling S. Basic data for productivity
standards for single-grip harvesters in thinning. The Forest Oper-
ations Institute of Sweden; 1989. ;Report 3.

Kuitto P-J, Keskinen S, Lindroos J, Oijala T, Rajamaiki J, Rasdnen
T, et al. Mechanised cutting and forest haulage. Metsatehon Tied.
1994;410:39.

Brunberg T. Basic data for productivity norms for heavy-duty
single-grip harvesters in final felling. For Res Inst Swed Redogor.
1995;7:22.

Brunberg T. Basic data for productivity norms for single-grip
harvesters in thinning. Volume 8. Report: The Forestry Research
Institute of Sweden; 1997. p. 8.

Brunberg T. Productivity-norm data for forwarders. Skogforsk,
Uppsala, Sweden. Redogorelse. 2004;3 11 pp. ISSN 1103—4580.

Eriksson M, Lindroos O. Productivity of harvesters and forward-
ers in CTL operations in Northern Sweden based on large follow-
up datasets. Int J Eng. 2014;25(3):179-200. https://doi.org/10.10
80/14942119.2014.974309.

Liski E, Jounela P, Korpunen H, Sosa A, Lindroos O, Jylhéd P.
Modeling the productivity of mechanized CTL harvesting with
statistical machine learning methods. Int J Eng. 2020;31(3):253—
62. https://doi.org/10.1080/14942119.2020.1820750.

Nordberg M, Olsson E. Thinning from Above - A report of studies
made in the summer of 1986. Volume 2. Redogorelse: The Forest
Operations Institute of Sweden; 1998.

Lageson H. Effects of thinning type on the harvester productivity
and on the residual stand. J Eng. 1997;8(2):7-14. https://doi.org/
10.1080/08435243.1997.10702699.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sirén M, Aaltio H. Productivity and costs of thinning harvesters
and harvester-forwarders. Int J Eng. 2003;14(1):39-48. https://do
i.org/10.1080/14942119.2004.10702496.

Ovaskainen H, Uusitalo J, Véatdinen K. Characteristics and sig-
nificance of a harvester operators’ working technique in thin-
nings. Int J Eng. 2004;15(2):67-77. https://doi.org/10.1080/149
42119.2004.10702498.

Karhd K, Ronkko E, Gumse S-1. Productivity and cutting costs of
thinning harvesters. Int J Eng. 2004;15(2):43-56. https://doi.org/
10.1080/14942119.2004.10702496.

Jaghagen K, Lageson H. Timber quality after thinning from
above and below in stands of Pinus sylvestris. Scand J For Res.
1996;11:336-42. https://doi.org/10.1080/02827589609382944.
Sirén M. Silvicultural result of one-grip harvester operation. J
Eng. 2000;11(2):7-14.

Sirén M. Tree damage in single-grip harvester thinning opera-
tions. J Eng. 2001;12(1):29-38.

Eliasson L. Effects of establishment and thinning of shelterwoods
on harvester performance. J Eng. 2000;11(1):21-7.

Glode D. Single- and double-grip harvesters - productiv-
ity measurements in final cutting of shelterwood. J Eng.
1999;10(2):63-74.

Glode D. Survival and growth of Picea abies regeneration after
shelterwood removal with single- and double-grip harvester sys-
tems. Scand J Res. 2002;17(5):417-26. https://doi.org/10.1080/0
28275802320435432.

Fjeld D, Norwegian Forest Research Institute, As. Time con-
sumption for selection and patch cutting with a one-grip har-
vester. Commun Skogforsk. 1994;474:27—pp.

Fjeld D, Granhus A. Injuries after selection harvesting in multi-
storied stands - the influence of operating system and harvest
intensity. J Eng. 1998;9(2):33-40.

Granhus A, Fjeld D. Spatial distribution of injuries to Norway
spruce advance growth after selection harvesting. Can J Res.
2001;31(11):1903—11.

Sirén M, Hyvonen J, Surakka H. Tree damage in mechanized
uneven-aged selection cuttings. Croat J Eng. 2015;36(1):33-42.
Laitila J, Repola J, Holmstrom E. Time consumption models for
predicting harvester productivity when selection cutting, thin-
ning from below, and clearcutting Scots pine-dominated stands in
Finnish Lapland. Int J Eng. 2025;35(2):178-93. https://doi.org/1
0.1080/14942119.2024.2448935.

Eliasson L. Analyses of single-grip harvester productivity. Swed-
ish university of Agricultural Sciences, Faculty of Forestry,
Umea., Thesis PD. Acta Universitatis Agriculturae Sueciae, Sil-
vestria. 1998;80:24 pp.

Kiarhid K, Anttonen T, Poikela A, Palander T, Laurén A, Peltola
H, Nuutinen Y. Evaluation of salvage logging productivity and
costs in windthrown Norway spruce-dominated forests. Forests.
2018;9(5):280. https://doi.org/10.3390/£9050280.

Lilleberg R. Harvester-forwarder for logging in first-thinning
stands. Metsédteho Rep. 1997;28:24.

Hallonborg U. Drivare: En analys av maskiner for avverkning
och transport (Harwarder: an analysis of machines for harvest-
ing and extraction). Volume 392. Arbetsrapport: Skogforsk, The
forestry research institute of Sweden; 1998.

Wester F, Eliasson L. Productivity in final felling and thinning
for a combined harvester-forwarder (Harwarder). Int J Eng.
2003;14(2):11-7.

Andersson J, Eliasson L. Effects of three harvesting meth-
ods on Harwarder productivity in final felling. Silva Fenn.
2004;38(2):195-202.

Jonsson R, Ronngvist M, Flisberg P, Jonsson P, Lindroos O.
Country-wide analysis of the potential use of harwarders for final
fellings in Sweden. Scan J Res. 2023;38(1-2):105-20. https://doi
.org/10.1080/02827581.2023.2168045.

@ Springer


https://doi.org/10.1080/14942119.2004.10702496
https://doi.org/10.1080/14942119.2004.10702496
https://doi.org/10.1080/14942119.2004.10702498
https://doi.org/10.1080/14942119.2004.10702498
https://doi.org/10.1080/14942119.2004.10702496
https://doi.org/10.1080/14942119.2004.10702496
https://doi.org/10.1080/02827589609382944
https://doi.org/10.1080/028275802320435432
https://doi.org/10.1080/028275802320435432
https://doi.org/10.1080/14942119.2024.2448935
https://doi.org/10.1080/14942119.2024.2448935
https://doi.org/10.3390/f9050280
https://doi.org/10.1080/02827581.2023.2168045
https://doi.org/10.1080/02827581.2023.2168045
https://doi.org/10.5552/crojfe.2024.2364
https://doi.org/10.1080/08435243.1999.10702731
https://doi.org/10.1080/08435243.1999.10702731
https://doi.org/10.1080/08435243.2001.10702763
https://doi.org/10.1080/08435243.2001.10702763
https://doi.org/10.14214/aff.7059
https://doi.org/10.1080/14942119.2019.1591074
https://doi.org/10.1080/14942119.2019.1591074
https://doi.org/10.1080/08435243.1998.10702715
https://doi.org/10.1080/14942119.2014.974309
https://doi.org/10.1080/14942119.2014.974309
https://doi.org/10.1080/14942119.2020.1820750
https://doi.org/10.1080/08435243.1997.10702699
https://doi.org/10.1080/08435243.1997.10702699

24

Page 12 of 15

Current Forestry Reports (2025) 11:24

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

Logging Research Foundation. Wood processing and the value of
wood. Logging Res Foundation Swed 1978;Report 3:59.
Jonsson Y. Analytiska jimforelser av tradsystem for Slutav-
verkning (A comparative analysis of full-tree systems in final
felling). Redogorelse: Forskningsstiftelsen Skogsarbeten (Log-
ging Research Foundation Sweden); 1982. p. 4.

Sondell J. Introducing computerised bucking. The Forest Opera-
tions Institute of Sweden, Uppsala. Results. 1989;1:4.

Moller JJ. StanForD. Skogforsk — Forestry Research Institue of
Sweden. Uppsala, Sweden. 2025. Available online: https://www.s
kogforsk.se/english/projects/stanford/

Malinen J, Palander T. Metrics for distribution similarity applied
to the bucking to demand procedure. Int J Eng. 2004;15(1):33—40.
https://doi.org/10.1080/14942119.2004.10702487.

Viitdinen K, Anttila P, Eliasson L, Enstrom J, Laitila J, Prinz R,
Routa J. Roundwood and biomass logistics in Finland and Swe-
den. Croat J Eng. 2021;42(1):39-61. https://doi.org/10.5552/croj
fe.2021.803.

Eriksson P, Roos A, Mark-Herbert C. The role of harvester mea-
surement in the wood supply chain. Int J Eng. 2022;1-13. https://
doi.org/10.1080/14942119.2022.2123668.

Arlinger J, Méller JJ. Timber-value tests 2006 — harvester com-
puters. Skogforsk Uppsala Resultat. 2007;6:4.

Flisberg P, Forsberg M, Ronnqvist M. Optimization based plan-
ning tools for routing of forwarders at harvest areas. Can J Res.
2007;37(11):2153-63. https://doi.org/10.1139/x07-065.
Mohtashami S, Bergkvist I, Lofgren B, Berg S. A GIS approach to
analyzing off-road transportation: a case study in Sweden. Croat J
Eng. 2012;33(2):275-84.

Mohtashami S, Eliasson L, Jansson G, Sonesson J. Influence of
soil type, cartographic depth-to-water, road reinforcement and
traffic intensity on rut formation in logging operations: a survey
study in Sweden. Silva Fenn. 2017;51(5):2018. https://doi.org/10
.14214/s£.2018.

Salmivaara A, Launiainen S, Perttunen J, Nevalainen P,
Pohjankukka J, Ala-Ilomaéki J, et al. Towards dynamic forest traf-
ficability prediction using open spatial data, hydrological model-
ling and sensor technology. Forestry. 2020;93(5):662-74. https://
doi.org/10.1093/forestry/cpaa010.

Flisberg P, Ronnqvist M, Willén E, Frisk M, Friberg G. Spatial
optimization of ground-based primary extraction routes using the
bestway decision support system. Can J Res. 2021;51(5):675-91.
https://doi.org/10.1139/cjfr-2020-0238.

Hoffmann S, Schonauer M, Heppelmann J, Asikainen A, Cacot E,
Eberhard B, et al. Trafficability prediction using depth-to-water
maps: the status of application in Northern and central European
forestry. Curr Forestry Rep. 2022;8:55-71. https://doi.org/10.100
7/540725-021-00153-8.

Moller JJ, Bhuiyan N, Hannrup B. Development and test of deci-
sion-support tool for automated monitoring of thinning. Skog-
forsk Uppsala Arbetsrapport 2015;862-2015:48.

Hansson LJ, Forsmark V, Flisberg P, Ronnqvist M, Mork A, Jons-
son P. A decision support tool for forwarding operations with
sequence-dependent loading. Can J Res. 2022;52(12):1513-26. h
ttps://doi.org/10.1139/cjfr-2022-0011.

Pohjala J, Kankare V, Hyyppé J, Kiarhd K. Effects of a mobile
LiDAR-based thinning density assistant (TDA) system on har-
vester operator performance. Eur J Res. 2025. https://doi.org/10.1
007/s10342-025-01808-y.

Moller 1], Arlinger J, Djupstrom L, Eriksson I, Hannrup B, Hyll
K. Digitaliserad naturvardsuppfoljning - Modellutveckling och
utvérdering [Digitalized follow up of nature and culture conser-
vation measures -model development and evaluation]. Skogforsk
Uppsala Arbetsrapport. 2022;39:1140-2022.

Ortiz Morales D, Westerberg S, La Hera PX, Mettin U, Freido-
vich L, Shiriaev AS. Increasing the level of automation in the

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

forestry logging process with crane trajectory planning and con-
trol. J Field Rob. 2014;31(3):343—-63. https://doi.org/10.1002/rob
.21496.

Manner J, Gelin O, Mork A, Englund M. Forwarder crane’s boom
tip control system and beginner-level operators. Silva Fenn.
2017;51(2):1717.

Manner J, Mork A, Englund M. Comparing forwarder boom-con-
trol systems based on an automatically recorded follow-up dataset.
Silva Fenn. 2019;53(2):10161. https://doi.org/10.14214/s£.10161.
Lundback M, Higgstrom C, Fjeld D, Lindroos O, Nordfjell T.
The economic potential of semi-automated tele-extraction of
roundwood in Sweden. Int J Eng. 2022;33(3):271-88. https://doi
.org/10.1080/14942119.2022.2103784.

Rossander M, Semberg T, Englund M, Eliasson L. Teleoperated
forwarder with VR: impact of latency on operator log handling
performance. Int J Eng. 2024;36(1):76—88. https://doi.org/10.108
0/14942119.2024.2415835.

Spinelli R, Lombardini C, Magagnotti N. The effect of mechani-
zation level and harvesting system on the thinning cost of medi-
terranean softwood plantations. Silva Fenn. 2014;48(1):1003.
Bell J. Changes in logging injury rates associated with use of
feller-bunchers in West Virginia. J Saf Res. 2002;33(4):436-71. h
ttps://doi.org/10.1016/S0022-4375(02)00048-8.

Rickenbach M, Steele T. Logging firms, non-industrial private
forests, and forest parcelization: evidence of firm specializa-
tion and its impacts on sustainable timber supply. Can J Res.
2006;36:186-94. https://doi.org/10.1139/x05-238.

Labelle E, Soucy M, Cyr A, Pelletier G. Effect of tree form on
the productivity of a cut-to-length harvester in a hardwood domi-
nated stand. Croat J Eng. 2016;37(1):175-83.

Sogedep, The company. 2025. Available online at: https://sogede
p.com/a-propos/

Nabos B, Vallart H. La téte SOGEDEP En premiére éclaircie
Sur semis En Bande (The SOGEDEP head in the first clearing
on band sowing). Annales de mécanisation forestiére. France:
ARMEEF. Paris; 1982. pp. 101-10.

Moore G, McMahon T. Bark/wood bond strength and its associa-
tion with material and environmental variables. Wood Fiber Sci.
1986;18:526-36.

Gavrilescu D. Energy from biomass in pulp and paper mills. Env
Eng Man. 2008;7:537—46.

Guerra. Harvesters. 2025. Available online at: https://www.iguerr
a.com/en/guerra-forestry/harvesters/

Monra. Monra 600PS. 2025. Available online at: https:/www.m
onraforestal.com/index.php/en/forestry-equipment/monra-600p
s-harvester-head

Nordmark U. Value recovery and production control in bucking,
log sorting, and log breakdown. Prod J. 2005;55:73-7.

Spinelli R, Magagnotti N, Sperandio G, Cielo P, Verani S, Zanut-
tini R. Cost and productivity of harvesting high-value hybrid Pop-
lar plantations in Italy. Prod J. 2011;61:64—70. https://doi.org/10.
13073/0015-7473-61.1.64.

Interlam. 2025. Our production. Available online at: https:/www
.interlam.it/features/i-prodotti.html

Slee B. Present opportunities for sustainable and multifunctional
forest management for the development of rural areas. L’Italia
Forestale e Montana. 2012;67:119—129. Available from: https://d
o0i.org/10.4129/ifm.2012.2.01

Fabbio G, Merlo M, Tosi V. Silvicultural management in main-
taining biodiversity and resistance of forests in Europe—the
Mediterranean region. J Environ Manage. 2003;67:67-76.
Kanowski J, Catterall CP, Wardell-Johnson GW. Consequences
of broadscale timber plantations for biodiversity in cleared rain-
forest landscapes of tropical and subtropical Australia. Ecol
Manag. 2005;208(1-3):359-72. https://doi.org/10.1016/j.foreco
.2005.01.018.


https://doi.org/10.1002/rob.21496
https://doi.org/10.1002/rob.21496
https://doi.org/10.14214/sf.10161
https://doi.org/10.1080/14942119.2022.2103784
https://doi.org/10.1080/14942119.2022.2103784
https://doi.org/10.1080/14942119.2024.2415835
https://doi.org/10.1080/14942119.2024.2415835
https://doi.org/10.1016/S0022-4375(02)00048-8
https://doi.org/10.1016/S0022-4375(02)00048-8
https://doi.org/10.1139/x05-238
https://sogedep.com/a-propos/
https://sogedep.com/a-propos/
https://www.iguerra.com/en/guerra-forestry/harvesters/
https://www.iguerra.com/en/guerra-forestry/harvesters/
https://www.monraforestal.com/index.php/en/forestry-equipment/monra-600ps-harvester-head
https://www.monraforestal.com/index.php/en/forestry-equipment/monra-600ps-harvester-head
https://www.monraforestal.com/index.php/en/forestry-equipment/monra-600ps-harvester-head
https://doi.org/10.13073/0015-7473-61.1.64
https://doi.org/10.13073/0015-7473-61.1.64
https://www.interlam.it/features/i-prodotti.html
https://www.interlam.it/features/i-prodotti.html
https://doi.org/10.4129/ifm.2012.2.01
https://doi.org/10.4129/ifm.2012.2.01
https://doi.org/10.1016/j.foreco.2005.01.018
https://doi.org/10.1016/j.foreco.2005.01.018
https://www.skogforsk.se/english/projects/stanford/
https://www.skogforsk.se/english/projects/stanford/
https://doi.org/10.1080/14942119.2004.10702487
https://doi.org/10.1080/14942119.2004.10702487
https://doi.org/10.5552/crojfe.2021.803
https://doi.org/10.5552/crojfe.2021.803
https://doi.org/10.1080/14942119.2022.2123668
https://doi.org/10.1080/14942119.2022.2123668
https://doi.org/10.1139/x07-065
https://doi.org/10.14214/sf.2018
https://doi.org/10.14214/sf.2018
https://doi.org/10.1093/forestry/cpaa010
https://doi.org/10.1093/forestry/cpaa010
https://doi.org/10.1139/cjfr-2020-0238
https://doi.org/10.1139/cjfr-2020-0238
https://doi.org/10.1007/s40725-021-00153-8
https://doi.org/10.1007/s40725-021-00153-8
https://doi.org/10.1139/cjfr-2022-0011
https://doi.org/10.1139/cjfr-2022-0011
https://doi.org/10.1007/s10342-025-01808-y
https://doi.org/10.1007/s10342-025-01808-y

Current Forestry Reports (2025) 11:24

Page 13 0of 15 24

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Pretzsch H, Schiitze G. Effect of tree species mixing on the
size structure, density, and yield of forest stands. Eur J Res.
2016;135(1):1-22. https://doi.org/10.1007/s10342-015-0913-z.
Labelle ER, Windisch J, Gloning P. Productivity of a single-grip
harvester in a Beech dominated stand: a case-study under Bavar-
ian conditions. J Res. 2019;24(2):100-6. https://doi.org/10.1080/
13416979.2019.1566995.

Schuepp M, Schiesser H, Huntrieser H, Scherrer H, Schnmidtke
H. The winterstorm Vivian of 27 february 1990: about the meteo-
rological development, wind forces and damage situation in the
forests of Switzerland. Theo Appl Clim. 1994;49(3):183-200.
CTBA. Technical guide on harvesting and conservation of
storm damaged timber © Centre Téchnique du Bois et de
I’ Ameublement, Paris, France. 2004;105 p. Available online at:
https://videntjenesten.ku.dk/skov_og natur/stormberedskab-fo
r-skove/Technical-Guide-on-harvesting-and-conservation-of-stor
m-damaged-timber.pdf

Chirici G, Giannetti F, Travaglini D, Nocentini S, Francini S,
D’Amico G, Calvo E, Fasolini D, Broll M, Maistrelli F. Forest
damage inventory after the Vaia storm in Italy. Forest@ Riv Sel-
vic Ecol for. 2019;16:3-9.

Lundbiack M, Héggstrom C, Nordfjell T. Worldwide trends in
methods for harvesting and extracting industrial roundwood. Int J
Eng. 2021;32(3):202-15. https://doi.org/10.1080/14942119.2021
.1906617.

Borchert H. 2025 — Personal communication.

Bonnemazou CE, Ruch P. Parc National d’engines forestiers et
Taux de Mécanisation de La Récolte Foresti¢re. FCBA Info, May
2019. Chanps-sur-Marne, France. 3 p.

EOS 2024. Annual Report of the European Sawmilling Industry.
EOS, Brussels B. 224 p. Abvailable online at: https://eos-oes.eu/
wp-content/uploads/2024/06/eos-annual-report-2023-2024.pdf
Borz S. 2025 — Personal communication.

Moskalik T, Borz S, Dvotak J, Feren¢ik M, Glushkov S, Muiste P,
Lazdins$ A, Styranivsky O. Timber harvesting methods in Eastern
European countries: a review. Croat J Eng. 2017;38:231-41.
Visser R, Stampfer K. Expanding ground-based harvesting onto
steep terrain: a review. Croat J Eng. 2015;36:321-31.

Ruch P, editor. PraticMécafeuillus (Mecafeuillus Practice). Guide
des outils et organisations de chantiers pour optimiser la récolte
mécanisée des feuillus (Guide to tools and organizations for opti-
mizing the mechanical harvesting of hardwoods). FCBA, Paris,
France. 2022;76 p. Available on line at: https://www.fcba.ft/resso
urces/guide-praticmecafeuillus/

Labelle ER, Breinig L, Sycheva E. Exploring the use of har-
vesters in large-diameter hardwood-dominated stands. Forests.
2018;9(7):424. https://doi.org/10.3390/£9070424.

Spinelli R, Hartsough B, Magagnotti N. Productivity standards
for harvesters and processors in Italy. Prod J. 2010;60:226-35. ht
tps://doi.org/10.13073/0015-7473-60.3.226.

Holzleitner F, Kanzian C. Integrated in-stand debarking with a
harvester in cut-to-length operations — processing and extraction
performance assessment. Int J Eng. 2021;33(1):66—79. https://doi
.org/10.1080/14942119.2021.2013049.

Mergl V, Zemanek T, guénjar M, Kleparnik J. Efficiency of
harvester with the debarking head at logging in Spruce stands
affected by bark beetle outbreak. Forests. 2021;12(10):1348. http
s://doi.org/10.3390/f12101348.

Gingras JF, Plamondon JA. Felling methods for increasing the
spacing of extraction trails. Eng Res Inst Can (FERIC) Pointe-
Claire Que Field Note Felling-28. 1998;2:p.

Plamondon J, Brais S. Effects of ghost trail on soils and advanced
regeneration. FERIC Advant Rep. 2000;1(31):34.

Berendt F, Fortin M, Suchomel C, Schweier J. Productivity, costs,
and selected environmental impacts of remote-controlled mini

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

forestry crawlers. Forests. 2018;9(10):591. https://doi.org/10.33
90/19100591.

Breinig L, Hinte B, Schonauer M, Hoffmann S, Brokmeier H,
Jaeger D. Traction assistance of a forwarder in flat terrain: effects
on wheel slip and soil disturbance. Croat J Eng. 2025;46(1):1-17.
Garren AM, Bolding MC, Aust WM, Moura AC, Barrett SM. Soil
disturbance effects from tethered forwarding on steep slopes in
Brazilian Eucalyptus plantations. Forests. 2019;10:721. https://d
0i.org/10.3390/f10090721.

Beiser S, Geimer M, Knobloch C. Estimation of Soil Pressures
Based on the Pressures in the Hydraulic System for a Legged For-
estry Machine. Proceedings of COFE-FORMEC-IUFRO Confer-
ence, Corvallis, Oregon, U.S.A. 2022; 174-184.

Mason B, Kerr G, Simpson J. August. What is continuous cover
forestry? Forestry Commission Information Note 29;1999. For-
estry Commission, Edinburgh. https://cdn.forestresearch.gov.uk/
1999/01/fcin029.pdf. Accessed 16 2025.

Hénell B, Nordfjell T, Eliasson L. Productivity and costs in shel-
terwood harvesting. Scan J Res. 2000;15:561-9. https://doi.org/1
0.1080/028275800750173537.

Magagnotti N, Smidt M, Spinelli R. Trainee’s reactions to log-
ger training course characteristics: data from 300 courses held in
Italy. Int J Eng. 2021;32(1):67-76. https://doi.org/10.1080/14942
119.2021.1848165.

Spinelli R, Magagnotti N, Labelle E. The effect of new silvicul-
tural trends on mental workload of harvester operators. Croat J
Eng. 2020;41(2):177-90. https://doi.org/10.5552/crojfe.2020.74
7.

Gce S, Potter-Witter K, Blinn CR, Rickenbach M. The logging
sector in the lake States of Michigan, Minnesota, and Wisconsin:
status, issues, and opportunities. J Forestry. 2020;118:501-14. htt
ps://doi.org/10.1093/jofore/fvaa021.

Bailey M, Crawley A. May. The economic contribution of logging
and trucking in Maine. Economic Development Administration
Center, University of Maine, Orono, ME. Staff Paper 2023-109.
19 p. https://maineloggers.com/wp-content/uploads/2023/02/Log
ging-and-Trucking-Impact-02.01.23-1.pdf. Accessed 12 2025
Barrett SM, Bolding MC, Munsell JE. Characteristics of logging
businesses across Virginia’s diverse physiographic regions. For-
ests. 2017;8:468. https://www.doi.org/10.3390/f8120468

Conrad JL 1V, Greene WD, Hiesl P. Georgia and Florida logging
businesses persevere through pandemic, rising costs, and uncer-
tainty. For Sci. 2024;70:47-56. https://doi.org/10.1093/forsci/fxa
dos0

Khadka S, Hiesl P, Timilsina N, Hagan DL, Conrad JLIV. The
state of logging businesses in North and South Carolina in 2022.
Int J Eng. 2025. https://doi.org/10.1080/14942119.2025.2469200
Petitmermet J, Sessions J, Bailey J, Zamora-Cristales R. Cost and
productivity of tethered cut-to-length systems in a dry-forest fuel-
reduction treatment: a case study. For Sci. 2019;65(5):581-92. ht
tps://doi.org/10.1093/forsci/fxz010.

Zhang X, Sun C, Munn IA, Gordon J. How to protect the U.S. for-
est products industry from the perspective of trade? A compari-
son of policies within the forest supply chain. For Policy Econ.
2021;133:102616.

Georgia Forestry Commission. Economic Benefits of the Forest
Industry in Georgia: 2022. Prepared by Georgia Institute of Tech-
nology, Enterprise Innovation Institute., 2022;Web; https://www
.gatrees.org/wp-content/uploads/2023/12/2022-Forest-Economi
c-Factsheet.pdf Accessed 23 March 2024.

Knight CRD, Bolding MC, Conrad JLIV, Barrett SM. Log truck
transportation challenges and innovative solutions: evaluating the
perspectives of truck drivers, logging business owners, and for-
esters. Int J Eng. 2024;35(1):120-8. https://doi.org/10.1080/1494
2119.2023.2273123.

@ Springer


https://doi.org/10.3390/f9100591
https://doi.org/10.3390/f9100591
https://doi.org/10.3390/f10090721
https://doi.org/10.3390/f10090721
https://cdn.forestresearch.gov.uk/1999/01/fcin029.pdf
https://cdn.forestresearch.gov.uk/1999/01/fcin029.pdf
https://doi.org/10.1080/028275800750173537
https://doi.org/10.1080/028275800750173537
https://doi.org/10.1080/14942119.2021.1848165
https://doi.org/10.1080/14942119.2021.1848165
https://doi.org/10.5552/crojfe.2020.747
https://doi.org/10.5552/crojfe.2020.747
https://doi.org/10.1093/jofore/fvaa021
https://doi.org/10.1093/jofore/fvaa021
https://maineloggers.com/wp-content/uploads/2023/02/Logging-and-Trucking-Impact-02.01.23-1.pdf
https://maineloggers.com/wp-content/uploads/2023/02/Logging-and-Trucking-Impact-02.01.23-1.pdf
https://www.doi.org/10.3390/f8120468
https://doi.org/10.1093/forsci/fxad050
https://doi.org/10.1093/forsci/fxad050
https://doi.org/10.1080/14942119.2025.2469200
https://doi.org/10.1093/forsci/fxz010
https://doi.org/10.1093/forsci/fxz010
https://www.gatrees.org/wp-content/uploads/2023/12/2022-Forest-Economic-Factsheet.pdf
https://www.gatrees.org/wp-content/uploads/2023/12/2022-Forest-Economic-Factsheet.pdf
https://www.gatrees.org/wp-content/uploads/2023/12/2022-Forest-Economic-Factsheet.pdf
https://doi.org/10.1080/14942119.2023.2273123
https://doi.org/10.1080/14942119.2023.2273123
https://doi.org/10.1007/s10342-015-0913-z
https://doi.org/10.1080/13416979.2019.1566995
https://doi.org/10.1080/13416979.2019.1566995
https://videntjenesten.ku.dk/skov_og_natur/stormberedskab-for-skove/Technical-Guide-on-harvesting-and-conservation-of-storm-damaged-timber.pdf
https://videntjenesten.ku.dk/skov_og_natur/stormberedskab-for-skove/Technical-Guide-on-harvesting-and-conservation-of-storm-damaged-timber.pdf
https://videntjenesten.ku.dk/skov_og_natur/stormberedskab-for-skove/Technical-Guide-on-harvesting-and-conservation-of-storm-damaged-timber.pdf
https://videntjenesten.ku.dk/skov_og_natur/stormberedskab-for-skove/Technical-Guide-on-harvesting-and-conservation-of-storm-damaged-timber.pdf
https://doi.org/10.1080/14942119.2021.1906617
https://doi.org/10.1080/14942119.2021.1906617
https://eos-oes.eu/wp-content/uploads/2024/06/eos-annual-report-2023-2024.pdf
https://eos-oes.eu/wp-content/uploads/2024/06/eos-annual-report-2023-2024.pdf
https://www.fcba.fr/ressources/guide-praticmecafeuillus/
https://www.fcba.fr/ressources/guide-praticmecafeuillus/
https://doi.org/10.3390/f9070424
https://doi.org/10.13073/0015-7473-60.3.226
https://doi.org/10.13073/0015-7473-60.3.226
https://doi.org/10.1080/14942119.2021.2013049
https://doi.org/10.1080/14942119.2021.2013049
https://doi.org/10.3390/f12101348
https://doi.org/10.3390/f12101348

24

Page 14 of 15

Current Forestry Reports (2025) 11:24

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Conrad JLIV, Blinn CR. Logging business challenges in the US
South and lake states. J for. 2024;122:493-504. https://doi.org/10
.1093/jofore/fvae016.

Miller TR, Bolding MC, Conrad IVJL, Kinz S. Evaluating the
impact of wood flow management software on administrative
costs and efficiency for wood suppliers in the southeastern U.S.:
a case study of timber resource analytics and contract tracking
software. J For Bus Res. 2024;3(1):60-80. https://doi.org/10.623
20/jfbr.v3i1.49.

Baker SA, Greene WD. Changes in Georgia’s logging workforce,
1987-2007. South J Appl For. 2008;32(2):60-8.

Bolding MC, Barrett SM, Munsell JF, Groover MC. Characteris-
tics of Virginia’s logging businesses in a changing timber market.
Prod J. 2010;60(1):86-93. https://doi.org/10.13073/0015-7473-6
0.1.86.

Conrad J LIV, Greene WD, Hiesl P. A review of changes in US
logging businesses 1980s—present. J For. 2018a;116(3):291-303.
https://doi.org/10.1093/jofore/fvx014.

Murphy G, Marshall H, Bolding MC. Adaptive control of
bucking on harvesters to meet order book constraints. Prod J.
2004;54(12):114-21.

Weaver GH, Kluender RA, Watson WF, Reynolds W. 1979 pulp-
wood producer census: Southwest and Southeast technical divi-
sions of the American pulpwood association. Starkville, MS:
Mississippi State University; 1981.

Bliss JC, Flick WA. With a saw and a truck: Alabama pulpwood
producers. Conserv Hist. 1994;38(2):79-89.

Hamilton HR, Bowman RG Jr, Gardiner RW, Grimm JJ. Phase
report on factors affecting pulpwood production costs and technol-
ogy in the southeastern united States to the American pulpwood
association. Columbus (OH): Battelle Memorial Institute; 1961.
Cline CE. Remembering the ‘good young days’. Tim Harv.
1995;19:43-5.

Watson WF, Day GA, Altman J, Starka TJ, Domenech DW, Mat-
thes RK. 1987 Pulpwood logging contractor survey: southwest
and southeast technical divisions of the American Pulpwood
Association. Technical Bulletin 162. 1989. Mississippi State Uni-
versity, Starkville, MS.

MacDonald P, Clow M. Things was different in the south: the
industrialization of pulpwood harvesting systems in the south-
eastern United States 1945-1995. Tech Soc. 2010;32(2):145-60.
https://doi.org/10.1016/j.techsoc.2010.03.001.

Greene WD. Southern pulpwood production and harvesting
trends. In: Abt RC, Abt KL, editors. Proceedings of the 1997
Southern Forest Economics Workshop. Biloxi, MS: Southern
Forest Economics Workers. 1997. p 127-133.

Greene WD, Jackson BD, Culpepper JD. Georgia’s logging busi-
nesses: 1987 to 1997. Prod J. 2001;51(1):25-8.

Lanford BL. Application of a small forwarder in plantation thin-
ning. South J Appl for. 1982;6(4):183-8.

Tufts RA, Brinker RW. Productivity of a Scandinavian cut-to-
length system while second thinning pine plantations. Prod J.
1993;43(11/12):24-32.

Tufts RA, Brinker RW. Valmet’s woodstar series harvesting sys-
tem: a case study. South J Appl for. 1993;17(2):69-74.

Lanford BL, Stokes BJ. Comparison of two thinning systems.
Part 1: stand and site impacts. Prod J. 1995;45(5):74-9.
McDonald TP, Seixas F. Effect of slash on forwarder soil compac-
tion. J Eng. 1997;8(2):15-26.

Lanford BL, Stokes BJ. Comparison of two thinning systems.
Part 2: producivity and costs. Prod J. 1996;46(11/12):47-63.
Holtzscher MA, Lanford BL. Tree diameter effects on cost and
productivity of cut-to-length systems. Prod J. 1997;47(3):25-30.
Bolding MC, Lanford BL. Productivity of a Ponsse Ergo har-
vester working on steep terrain. In: Proceedings of the Council on
Forest Engineering (COFE) conference; Auburn, Alabama. 2002.

@ Springer

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Conradie IP, Greene WD, Murphy GE. Value recovery with har-
vesters in southeastern U.S. pine stands. Prod J. 2004;54(12):80-4.
Bolding MC, Lanford BL. Wildfire fuel harvesting and resultant
biomass utilization using a cut-to-length/small chipper system.
Prod J. 2005;55(12):181-9.

Bowman T, Jeffers S, Naka K. Characteristics and concerns of
logging businesses in the southeastern United States: results from
a state-wide survey from Alabama. Forests. 2023;14:1695. https:
//doi.org/10.3390/f14091695.

Black TM, Bolding MC, Conrad IVJL. Updating the machine rate
costing approach for forest harvesting machines in the southeast-
ern united States. Int J Eng. 2025;36(2):213-21. https://doi.org/1
0.1080/14942119.2025.2469202.

Georgia Forestry Commission. Sustainability report for Georgia’s
forests: January 2019. Dry Branch, GA. 24 p.

Whitley B. Georgia’s 2021 pulpwood production. https://gatree
s.org/wp-content/uploads/2020/02/Georgias-2021-Pulpwood-Pr
oduction-Factsheet.pdf#:~:text=sheet/20as/20follows:,69/2C311.
Accessed 12 May 2025.

Simmons EA, Marcille KC, Lettman GJ, Morgan TA, Smith DC,
Rymniak LA, Christensen GA. Oregon’s forest products industry
and timber harvest 2017 with trends through 2018. USDA Forest
Service Pacific Northwest Research Station, Portland, OR. Gen-
eral Technical Report PNW-GTR-997. 63 p. https://www.fs.usda.
gov/pnw/pubs/pnw_gtr997.pdf. Accessed 27 May 2025.

Conrad JLIV, Demchik MC, Vokoun MM. Effects of seasonal
timber harvesting restrictions on procurement practices. Prod J.
2018;68:43-53. https://doi.org/10.13073/FPJ-D-16-00056.
Labelle ER, Huf3 L. Creation of value through a harvester on-
board bucking optimization system operated in a Spruce stand.
Silva Fenn. 2018;52:9947. https://doi.org/10.14214/s£.9947.
Strangard M, Walsh D. Maintaining harvester measurement accu-
racy to maximise value recovery. CRS for Forestry, University of
the Sunshine Coast, Queensland, Australia. 4 p. https://research
.usc.edu.au/esploro/outputs/workingPaper/Maintaining-harvester
-measurement-accuracy-to-maximise/99450229302621/filesAnd
Links?index=0. 2012;Accessed 27 May 2025.

Mederski PS, Bembenek M, Karaszewski Z, Pilarek Z, Lacka A.
Investigation of log length accuracy and harvester efficiency in
processing of oak trees. Croat J Eng. 2018;39:173-81.

Adebayo AB, Han HS, Johnson L. Productivity and cost of cut-
to-length and whole-tree harvesting in a mixed-conifer stand.
Prod J. 2007;57(6):59-69.

Dodson E, Hayes S, Meek J, Keyes CR. Montana logging
machine rates. Int J Eng. 2015;26(2):85-95. https://doi.org/10.1
080/14942119.2015.1069497.

Conrad JLIV, Vokoun MM, Prisley SP, Bolding MC. Barriers
to logging production and efficiency in Wisconsin. Int J Eng.
2017;28:57-65. https://doi.org/10.1080/14942119.2017.1246890.
Blinn CR, Nolle DA. Status of the Minnesota logging sector in
2021. College of Food, Agricultural and Natural Resources Sci-
ences, University of Minnesota, St. Paul, MN. Staff Paper Series
No. 268. 2023. 113 p.

Bowe SA, Ballweg JM, Blinn CR, Nolle DA, Small RA. The log-
ging sector in Minnesota and Wisconsin: status, issues, and chal-
lenges in 2021. J for. 2025;123:41-62. https://doi.org/10.1007/s4
4392-024-00006-9.

Garland J, Belart F, Crawford R, Chung W, Cushing T, Fitzger-
ald S, Green P, Kinci L, Leschinsky B, Morrissette B, Sessions J,
Wimer J. Safety in steep slope logging operations. J Agromedicine.
2019;24:138-45. https://doi.org/10.1080/1059924X.2019.1581115.
Green PQ, Chung W, Leshchinsky B, Belart F, Sessons J, Fitzger-
ald SA, Wimer JA, Cushing T, Garland J. Insight into the produc-
tivity, cost and soil impacts of cable-assisted harvester-forwarder
thinning in Western Oregon. Sci. 2020;66(1):82-96. https://doi.o
rg/10.1093/forsci/fxz049.


https://doi.org/10.3390/f14091695
https://doi.org/10.3390/f14091695
https://doi.org/10.1080/14942119.2025.2469202
https://doi.org/10.1080/14942119.2025.2469202
https://gatrees.org/wp-content/uploads/2020/02/Georgias-2021-Pulpwood-Production-Factsheet.pdf#:~:text=sheet%20as%20follows:,69%2C311
https://gatrees.org/wp-content/uploads/2020/02/Georgias-2021-Pulpwood-Production-Factsheet.pdf#:~:text=sheet%20as%20follows:,69%2C311
https://gatrees.org/wp-content/uploads/2020/02/Georgias-2021-Pulpwood-Production-Factsheet.pdf#:~:text=sheet%20as%20follows:,69%2C311
https://www.fs.usda.gov/pnw/pubs/pnw_gtr997.pdf
https://www.fs.usda.gov/pnw/pubs/pnw_gtr997.pdf
https://doi.org/10.13073/FPJ-D-16-00056
https://doi.org/10.14214/sf.9947
https://research.usc.edu.au/esploro/outputs/workingPaper/Maintaining-harvester-measurement-accuracy-to-maximise/99450229302621/filesAndLinks?index=0
https://research.usc.edu.au/esploro/outputs/workingPaper/Maintaining-harvester-measurement-accuracy-to-maximise/99450229302621/filesAndLinks?index=0
https://research.usc.edu.au/esploro/outputs/workingPaper/Maintaining-harvester-measurement-accuracy-to-maximise/99450229302621/filesAndLinks?index=0
https://research.usc.edu.au/esploro/outputs/workingPaper/Maintaining-harvester-measurement-accuracy-to-maximise/99450229302621/filesAndLinks?index=0
https://doi.org/10.1080/14942119.2015.1069497
https://doi.org/10.1080/14942119.2015.1069497
https://doi.org/10.1080/14942119.2017.1246890
https://doi.org/10.1007/s44392-024-00006-9
https://doi.org/10.1007/s44392-024-00006-9
https://doi.org/10.1080/1059924X.2019.1581115
https://doi.org/10.1093/forsci/fxz049
https://doi.org/10.1093/forsci/fxz049
https://doi.org/10.1093/jofore/fvae016
https://doi.org/10.1093/jofore/fvae016
https://doi.org/10.62320/jfbr.v3i1.49
https://doi.org/10.62320/jfbr.v3i1.49
https://doi.org/10.13073/0015-7473-60.1.86
https://doi.org/10.13073/0015-7473-60.1.86
https://doi.org/10.1093/jofore/fvx014
https://doi.org/10.1093/jofore/fvx014
https://doi.org/10.1016/j.techsoc.2010.03.001
https://doi.org/10.1016/j.techsoc.2010.03.001

Current Forestry Reports (2025) 11:24

Page 150f 15 24

159.

160.

161.

162.

163.

Erber G, Holzleitner F, Kastner M, Stampfer K. Effect of multi-
tree handling and tree-size on harvester performance in small-
diameter hardwood thinnings. Silva Fenn. 2016;50(1):1-17.
Lilleberg R. The thinning method and multi-tree processing as
applied in mechanized first thinning of scots pine. In: Proceedings
of the 17th annual meeting of the council of forest engineering:
advanced technology in forest operations: ecology in action, July
24-29, 1994, Corvallis, Oregon, USA. pp 88-98.

Magagnotti N, Spinelli R, Karha K, Mederski PS. Multi-tree cut-
to-length harvesting of short-rotation poplar plantations. Eur J Res.
2021;140:345-54. https://doi.org/10.1007/s10342-020-01335-y.
Sessions J, Wimer J. A mobility model for a tethered skidder. Int J
Eng. 2022;33:189-94. https://doi.org/10.1080/14942119.2022.20
45172.

Brown M, Ghaffariyan MR, Berry M, Acuna M, Strandgard M,
Mitchell R. The progression of forest operations technology and
innovation. Aust For. 2020;83(1):1-3. https://doi.org/10.1080/00
049158.2020.1723044.

164.

165.

166.

Kymildinen H, Higgstrém C, Hujala T, Torssonen P, Malinen
J. Ergonomics in CTL harvesting — assisting systems and future
visions. Int J Eng. 2024;36(2):133—46. https://doi.org/10.1080/14
942119.2024.2438500.

Hoppen M, Chen J, Kemmerer J, Baier S, Bektas AR, Schreiber
LJ, George Mayer D, Kaulen A, Ziesak M, Rossmann J. Smart
forestry — a forestry 4.0 approach to intelligent and fully inte-
grated timber harvesting. Int J Eng. 2024;35(2):137-52. https://d
0i.org/10.1080/14942119.2024.2323238.

Holzinger A, Schweier J, Gollob C, Nothdurft A, Hasenauer H,
Kirisits T, Haggstrom C, Visser R, Cavalli R, Spinelli R, Stamp-
fer K. From industry 5.0 to forestry 5.0: bridging the gap with
human-centered artificial intelligence. Curr Rep. 2024;10:442—
55. https://doi.org/10.1007/s40725-024-00231-7.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/14942119.2024.2438500
https://doi.org/10.1080/14942119.2024.2438500
https://doi.org/10.1080/14942119.2024.2323238
https://doi.org/10.1080/14942119.2024.2323238
https://doi.org/10.1007/s40725-024-00231-7
https://doi.org/10.1007/s10342-020-01335-y
https://doi.org/10.1080/14942119.2022.2045172
https://doi.org/10.1080/14942119.2022.2045172
https://doi.org/10.1080/00049158.2020.1723044
https://doi.org/10.1080/00049158.2020.1723044

	﻿The Evolution and Expansion of Cut-to-Length Harvesting Systems Beyond Scandinavia: Challenges and Opportunities in Central and Southern Europe and North America
	﻿Abstract
	﻿Introduction
	﻿The Development, Evolution, and Opportunities for CTL Systems in the Nordic Countries
	﻿The History of Use and Opportunities for CTL in Central and Southern Europe
	﻿Industrial Plantations
	﻿Conventional Forests
	﻿The Fleets
	﻿Extant Issues

	﻿The History of Use and Opportunities for CTL in North America with a Focus on the US South
	﻿CTL Adoption in North America
	﻿The Wood Supply Chain and the History of Cut-to-Length Adoption in the US South

	﻿Market Incentives and Disincentives for CTL
	﻿Opportunities for Cut-to-Length Expansion

	﻿Conclusions
	﻿Strengths
	﻿Weaknesses
	﻿Opportunities
	﻿Threats

	﻿Recommendations
	﻿Key References
	﻿References


