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»  Harvester productivity was most impacted by tree size and species.

»  Wet site conditions and scattered logs reduced forwarder productivity.

* Adding a mobile loader or using setout trailers could significantly improve system productiv-
ity and reduce costs.

The cut-to-length (CTL) harvesting system is utilized globally in diverse forest types, prescrip-
tions, and terrain conditions. Despite this versatility, the system is used sparingly in the US South,
which predominantly uses full-tree (FT) systems. The region also contains forested areas charac-
terized as wet mineral flats with hydric soils ranging from sandy loams and fine sands to mucky
fine sands. Wet site harvesting is challenging for FT wheeled machines; therefore, these sites are
often harvested with shovel logging systems (SL) utilizing tracked excavators and large wheeled
skidders. Due to high logging costs, SL requires large sites and timber volumes for economic
feasibility. Wet sites that are too small for cost-effective SL and too wet for FT machines often go
unmanaged. Due to value recovery potential, low ground pressure, and trafficability in wet condi-
tions, we evaluated the use of a CTL system on small wet sites (<15 ha). Time-and-motion studies
were conducted on a Ponsse Ergo harvester and Elephant forwarder while felling-processing,
forwarding, and loading. Studies determined productivity and cost for each machine and evalu-
ated opportunities for improvement. Onboard truck costs averaged $15.91 m—3. Adding a mobile
tracked loader to load trucks would increase system productivity by 53% and reduce onboard
truck costs by $1.71 m=3. Alternatively, adding setout trailers would increase system productiv-
ity by 32% and reduce onboard truck costs by $2.92 m=3. Our results provide information on an
alternative harvesting system for harvesting small, wet sites. With modifications, the CTL system
can be cost effective to recover timber often unutilized.
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1 Introduction

Forest harvesting consists of changing the state and position of trees, that is: from standing trees in
the forest to logs piled at the roadside, ready for transportation to processing facilities. In full-tree
(FT) harvesting, trees are felled and moved to the roadside where they are converted into logs. In
cut-to-length (CTL) harvesting, trees are converted into logs at the felling site and then transported
to the roadside (Lindroos et al. 2017; Erler et al. 2024).

FT harvesting offers simplified in-forest handling, maximized biomass recovery, and thor-
ough field cleaning, which can be advantageous in fertile stands where the removal of nutrients
in logging residues does not jeopardize future productivity and/or the soil needs to be prepared
for the next crop (Kammenga 1983). CTL harvesting takes a different approach, in which stems
are felled and processed at the stump and transported to roadside as logs using a forwarder, which
minimizes residual stand damage compared to skidding (Lanford and Stokes 1995; Han and Kel-
logg 2000; Kosir 2008). In addition, stump-site processing results in lower organic matter remov-
als, since limbs, tops, and offcuts are left in the forest. This is especially desirable on poor sites,
where organic soil fertility may represent a limiting factor to tree growth (Jacobson et al. 2000;
Nord-Larsen 2002; Smolander et al. 2010).

CTL is common in Europe, where mechanized CTL harvesting accounts for 60% of the
total volume produced, or 230 million m3 per year (Lundbéck et al. 2021). That proportion grows
to over 90% of the total in the Nordic countries (i.e., Finland, Sweden), where the CTL system
was originally conceived and where some of the largest manufacturers of CTL equipment are
located. On the other hand, mechanized FT harvesting dominates in North America, where it
accounts for 2/3 of the annual harvest, or 340 million m? (Lundbéck et al. 2021). This difference
likely reflects variation in terrain conditions, economic environment, and tradition (Di Fulvio et al.
2024; Bolding et al. 2025). The two harvesting systems adapt differently to terrain characteristics,
tree and woodlot size, silvicultural regime and markets (Ghaffariyan 2014). For instance, CTL
harvesting has proven successful in thinning operations with multiple product assortments, due to
the better handling quality of short logs, the potential for increased value recovery and the lower
residual stand damage: those are some of the reasons why it is favored in Europe (Harstela 1999).
Based on fewer and smaller machines, CTL harvesting becomes more competitive as woodlot size
decreases and fuel prices increase (Zhang et al. 2016). Conversely, FT harvesting is best suited
to mass handling, and its performance is more resilient to variations in tree size, compared with
CTL (Gingras 2004; Spinelli et al. 2009). CTL equipment can be adapted for multi-tree handling
(Magagnotti et al. 2021); however, they were originally designed for handling one tree at a time
and may experience reductions in product quality when handling more than one tree per cycle
(Erber et al. 2016).

The prevalent work conditions in a region will inevitably favor the dominance of one or
the other system, and yet there is often benefit in diversification, as that increases the resilience of
any system: biological (Pimentel et al. 1997), financial (Viceira and Wang 2018), or social (Rob-
erge and Van Dick 2010). A diversity of available harvesting systems allows forest managers to
tailor silvicultural and harvest prescriptions to site and market conditions. The US forest industry
is diverse, and its characteristics vary considerably by geographic region. The usage of CTL in
the Lake States and Northeast regions has increased over time (Shivan et al. 2020; Bailey and
Crawley 2023), but this trend has not emerged in the US South, where CTL accounts for less than
five percent of annual harvest volume (Barrett et al. 2017; Conrad et al. 2024; Bolding et al. 2025;
Khadka et al. 2025). Harvesting in that region is predominantly conducted with FT systems utiliz-
ing wheeled or tracked feller-bunchers, grapple skidders, and tracked or trailer-mounted loaders.
Even so, mechanized CTL technology has had a presence in the region since its first appearance
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in the international markets (Lanford 1982). Over the years, repeated attempts have been made to
find a sweet spot for CTL, alongside the dominant FT harvesting. Most such attempts sought to
capitalize on CTL’s trafficability advantages on challenging terrain and sensitive soils (McDonald
and Seixas 1997) while focusing on partial harvests, especially thinning operations (Kellogg and
Bettinger 1994; Tufts 1997). However, thinning implies handling small stems and imposes a severe
handicap to a single-tree technology such as CTL (Holtzscher and Lanford 1997). Once properly
organized and managed (Visser and Stampfer 2003), FT can offer an equally good thinning job at a
lower cost (Adebayo et al. 2007). Other studies have evaluated the potential of CTL harvesting for
increasing value recovery in typical pine plantations of the US South due to the use of computer-
aided bucking. Conradie et al. (2004) found that CTL harvesters were able to recover 90-94% of
total stem value. However, these promising results are typically offset by the complexity of the
machines and the lack of trained CTL operators (Boston and Murphy 2003).

Improved trafficability and value recovery are only two of the 27 potential benefits of CTL
harvesting listed by southeastern operators (Conradie 2003). A prominent place in the list is rightly
taken by the need for only two machines in the CTL system and the resulting lower relocation cost,
which makes CTL a prospective solution for small tracts, a growing component of the loggers’
harvests in many areas (Moldenhauer and Bolding 2009). Further, the relative larger presence of
CTL operations in the US Northeast (Huyler and Ledoux 1999) and Lake States (Shivan et al. 2020)
might be related to an earlier trend towards parcelization in those regions (Kittredge et al. 1996).

The lower Coastal Plain physiographic region of the US South has extensive areas classified
as wet mineral flats with hydric soil conditions and common textures ranging from sandy loams
and fine sands to mucky fine sands (Aust et al. 2020; USDA NRCS 2025). These conditions present
a significant operational challenge for FT systems using wheeled equipment due to limited soil
bearing capacity that hinders machine mobility and increases the risk of site damage. As a result,
harvesting is often conducted with shovel logging (SL) systems using large, tracked excavators for
felling and large wheeled skidders for extraction. SL systems typically require large harvest areas
and substantial timber volumes to be economically viable due to high harvesting costs resulting
from increased harvest planning and the construction of corduroy roads due to the trafficability
limits imposed by wet terrain (Stokes and Schilling 1997; Aust et al. 2020). The extraction trail
network must be carefully designed and prepared, to avoid production losses and undesirable
site impact. That incurs a significant fixed cost, which can erode the financial viability of small
tracts. As a result, small wet sites that are too wet for FT systems and too small for SL systems
are frequently left unmanaged. As a two-machine system, CTL is easier to relocate and requires
less preparatory work, which can make it a possible solution for such conditions. In addition, CTL
machines have lower ground pressure than FT machines and travel on slash mats (McDonald and
Seixas 1997). As a result, they may be able to operate on some wet sites without excessive rutting
demonstrated by Sirén et al. (2019), reducing the need to construct corduroy roads. Corduroy roads
are characteristic of FT SL in the region (Gerow and Lang 2022) and the reduction or elimination
of such could result in lower harvesting costs.

Because of the prevalence of FT harvesting systems and mill requirements for recently
harvested timber, log trailers are loaded as the timber is harvested rather than being stored on
the roadside for later delivery. CTL systems provide multiple options for loading log trailers.
Forwarders can load trailers while the truck is on site. This option requires the forwarder opera-
tor to spend time completing load tickets and communicating with truck drivers, which reduces
forwarder productivity. A second option is for forwarders to directly offload their payload onto
spare log trailers (i.e., setout trailers) that will be picked up by a truck hours or days later. This
option requires the contractor to invest in additional trailers. The third option involves forwarders
offloading their payload onto the landing for loading by a dedicated tracked loader. This option
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requires the logging business to purchase another piece of equipment and hire another operator.
Self-loading trucks are not used in the region because of restrictive weight limits and payload
losses associated with the self-loading mechanism.

The goal of this study was to evaluate the performance of a CTL operation using a harvester
and forwarder when deployed for harvesting small tracts in wet areas in the US South. In particular,
the study was designed to 1) estimate individual machine and system productivity and cost and 2)
evaluate system performance, loading strategy, and opportunities for improvement.

2 Materials and methods

The study was conducted in the state of Georgia, USA in the lower Coastal Plain physiographic
region. Soils were classified as predominantly Surrency mucky fine sands that are frequently ponded
and present a moderate soil rutting hazard (USDA NRCS 2025). Overstory species consisted of
mature naturally regenerated loblolly pine (Pinus taeda L.) with mixed bottomland hardwood
species in the understory. Data were collected during the clearfell harvesting of two small wet
sites in close proximity to each other, which were owned and managed by the same industrial
landowner. Site one was 3.2 ha and site two was 14.6 ha in size. Since no significant differences
were detected between sites and operational conditions, data were combined into one dataset for
further analysis. Site one was harvested in August 2024 and site two was harvested in January 2025.
Detailed forest inventories were not feasible because of the timing of operations. The landowner
provided compartment-level inventory data that included the stands in the study and nearby stands
with similar conditions (Table 1). Our primary interest was the dimensions of the harvested trees,
which was collected from the harvester’s onboard computer.

The chosen CTL operation consisted of a Ponsse Ergo harvester and a Ponsse Elephant for-
warder. Both machines share the same 8-wheeled platform and are powered by the same 210 kW
engine. Given the wet site conditions, both machines were equipped with floatation tracks on all
bogies. This CTL team performed all harvesting work, from felling the trees in the forest to loading
the log trucks for transportation to the mill. The harvester was operated by the same professional
for the duration of the study. The operator had previous experience operating a harvester but less
than one year with the company and the machine observed during the study. The forwarder was
operated intermittently by two separate drivers, depending on availability. Both were experienced
truck drivers who began operating CTL machines only a few months before the study but showed
very good skills with their new machine. Before starting the experiment, all operators were informed
about the purpose and the methods of the study and asked for consent to participate. They all
released their consent and did their best to assist with the trial.

The study consisted of a cycle-level time study following established procedures and nomen-
clature outlined by Olsen and Kellogg (1983), Bjorheden and Thompson (1995), and Magagnotti
et al. (2013). As such, studies were conducted separately for the three main jobs occurring at the
site: felling-processing, forwarding, and loading. The element breakdown was kept to a minimum
for meaningful inference, to limit the risk for data collection errors and misunderstanding in the

Table 1. Forest compartment-level inventory data for merchantable trees on the two harvest sites
provided by the landowner.

QMD? (cm) Trees ha™! Basal arca (m? ha™') ~ Tonnes ha!

Compartment estimate 18.2 1435 37.1 208

2QMD = quadratic mean diameter.
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Table 2. Cycle definitions and variables recorded during the elemental time studies of the harvester and forwarder.

Machine Functions Cycle definition Variables
Harvester Felling and Began when the last piece (i.e., log) of a pro- Cycle time
processing cessed tree was placed on the ground and ended Delay time
when the last piece of the next tree was placed ~ Pieces tree™!
on the ground Volume tree™! (m?)
Species
Forwarder Primary Began when the empty forwarder exited the Cycle time
transportation landing and ended when the forwarder com- Outhaul time
pleted unloading the next load and exited the Inhaul time
landing Moving time

Loading time

Unloading time

Delay time

Forwarding distance

Time spent at each stop

Number of grapple loads at each stop
Number of logs picked up at each stop

Loading Began when the forwarder contacted the first Cycle time
log to be placed on the trailer and ended when  Delay time
the last log was placed on the trailer Time spent loading front trailer bay

Time spent loading rear trailer bay
Hot loading or cold loading?
Number of logs loaded

aHot loading refers to loading a trailer directly from the forwarder while cold loading refers to loading logs previously stacked on the
landing.

interpretation of results. The harvester cycle consisted of the felling and processing of one tree, while
a forwarder cycle consisted of the extraction of one load or the loading of one truck — depending
on the job being performed (Table 2). Harvester cycle time was determined with a stopwatch, and
all cycle variables were recorded by a researcher on board the harvester. Volume processed per
cycle was recorded from the harvester’s onboard computer and was combined with cycle time to
calculate productivity in both trees per productive machine hour (pmh) and m3 pmh~'. Productiv-
ity expressed per pmh represents delay-free time whereas productivity expressed on a scheduled
machine hour (smh) basis represents scheduled time including delays. In addition, multiple linear
regression was used to predict felling and processing time per tree (s) as a function of tree volume
(m?3) and species (hardwood or softwood).

Forwarder cycle time was also determined with a stopwatch by a researcher on board the
machine, who also noted the type (sawlogs or pulpwood) and number of logs being carried (extrac-
tion) or loaded onto a log truck (loading) (Table 2). Forwarding distance was estimated using a
separate handheld GPS device, carried by the researcher. To determine forwarder truck loading
productivity, truck dockets were recorded, so that each specific load could be tracked and associated
to a weight determined by the receiving mill. This procedure provided estimates of mean log size
and extraction cycle volumes (e.g., mean log volume x n° of logs in the load). The number of logs
per load, loading time, and grapple loads were separated by either hot or cold loading and front
or rear truck bunks. Hot loading was denoted when the forwarder transloaded from the forwarder
directly into the truck and cold loading was denoted when the forwarder either offloaded to a deck
or loaded a truck directly from a deck.

The hourly owning and operating costs of the harvester and forwarder were estimated using
the machine rate method (Miyata 1980; Brinker et al. 2002) as updated by Black et al. (2025). An
off-highway diesel price of $0.73 I"! was assumed for all machines, based on a highway diesel
price of $0.89 I-! (EIA 2025) with state and federal taxes of $0.16 1-! (EIA 2025; GA DOR 2025).
Interest, insurance and taxes were assumed to be 7.9% of average value invested based on a 1.5%
insurance cost and a 2.5% premium on the 5-yr treasury rate (Black et al. 2025; Board of Governors
of the Federal Reserve 2025). Equipment operator wages of $22.58 per scheduled machine hour
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Table 3. Machine rate assumptions (Black et al. 2025).

Variable Machine

Harvester Forwarder Tracked loader
Purchase price, USD 800000 749000 382000
Salvage value, % of purchase price 29 29 41
Economic life, yr 6 7 6
Fuel consumption, | pmh-! 17.1 18.5 10.4
Lubrication, USD yr! 7300 6800 6000
Maintenance and repair, USD yr~! 5500 4800 16800
Utilization, % 69 77 71
Availability?, % 85 708 80
Scheduled machine hours (smh) yr-! 2000 2000 2000

1 pmhﬁl: liters per productive machine hour (excluding delays).

aForwarder availability was increased to 85% when a tracked loader was added to the system to reflect
that the forwarder operator no longer had to communicate with truck drivers and complete load tickets
and other administrative responsibilities.

with 45% overhead and fringe benefits were assumed for both operators (Black et al. 2025; Bureau
of Labor Statistics 2025). Individual machine assumptions are listed in Table 3.

Hourly machine costs were combined with hourly productivity estimates in a modified ver-
sion of the Auburn Harvesting Analyzer (Tufts et al. 1985). Initial movement of the equipment
to the site was assumed to require five hours at a distance of 32 km. The crew was assumed to
travel 48 km one-way to the harvest site each day at a cost of $0.42 km™! (IRS 2025). A monthly
overhead cost of $3000 was assumed. Timber transportation costs were assumed to be $0.14 t!
loaded km™! (TimberMart-South 2025).

Two alternative loading scenarios were evaluated: alternative one involved adding an
excavator-based tracked loader to the system. Typical tracked loader productivity exceeds that
of the CTL system, so it was assumed that the tracked loader’s productivity would match the
productivity of the least productive CTL machine. Alternative two included the use of five setout
trailers. Forwarder productivity and utilization under this alternative were assumed to be the same
as the measured hot loading productivity observed during the study. Forwarder availability was set
to 80% in this alternative to reflect time spent completing scale tickets and interacting with truck
drivers. Each setout trailer was assumed to cost $37 000, have an economic life of 10 years, and a
salvage value of 20% of the purchase price (Derochers et al. In Review).

Data analysis consisted of a preliminary consistency check, the extraction of descriptive
statistics, the assessment of significant differences through non-parametric tests (Mann-Whitney
U-test) and the estimation of regression equations for selected variables. Statistical significance
was assumed for 0.<0.05.

3 Results

Data were obtained for 507 harvester cycles consisting of 12.2 pmh and 298 m? of volume harvested,
30 forwarder cycles consisting of 20.0 pmh and 496 m3, and 17 loading cycles (4.8 pmh, 476 m?3).
Median Ponsse Ergo harvester productivity was 36 m3 pmh! and 17 m3 pmh!, respectively for
softwood (n=436) and hardwood (n=71) trees (Table 4). The productivity difference between
species was statistically significant (p<0.0001) and was largely driven by a substantial tree size
difference between species. The median softwood tree was over three times as large as the median
hardwood tree (0.50 m3 vs. 0.16 m3) (p<0.0001) evidenced by an understory composed of small
hardwood trees.
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Table 4. Key performance indicators for the Ponsse Ergo harvester.

Variable Softwoods n = 436 Hardwoods n =71 p-value
Mean SD Median Mean SD Median

Tree volume m? 0.627 0.496 0.500 0.229 0.303 0.160 <0.0001

Pieces per tree n° 3.0 1.0 3.0 1.7 0.8 2.0 <0.0001

Cycle time per tree S 62 51 49 52 53 33 0.0018

Productivity trees pmh~! 96 74 73 133 111 109 0.0018

Productivity m? pmh! 41.0 29.6 36.0 21.9 18.4 17.1 <0.0001

SD = Standard deviation; pmh = productive machine hours (excluding delays); m3 = cubic meters over bark; p-value returned by the
non-parametric Mann-Whitney U-test.

Once tree size was integrated into the analysis, the significance of species effect became
non-significant or borderline significant (p=0.0513) (Table 5). The limited statistical significance
of tree type effect might be due to the confounding effect of tree size: that makes any inference
on tree type effect suggestive, rather than conclusive. In contrast, the impact of tree size on cycle
time was dominant, as expected (Fig. 1).

Table 5. Regression equation for the Ponsse Ergo harvester cycle time.

Felling and processing time per tree (s)
s=a+b x tree volume (m?) + ¢ x hardwood
R? adjusted = 0.279, n = 507, RMS = 42.6

Coeff SE T P
a 26.8 3.2 8.294 <0.0001
55.6 4.0 13.905 <0.0001
C 11.1 5.7 1.954 0.0513
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Fig. 1. Ponsse Ergo harvester cycle time (s tree!) as a function of tree volume (m?3) for both hardwood and softwood
species.
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Table 6. Key performance indicators for the Ponsse Elephant forwarder.

Variable Unit Mean SD Median
Outhaul s 552 151 532
Load s 793 289 727
Move S 206 179 119
Inhaul s 486 151 511
Unload onto deck s 337 130 298
Unload onto truck S 523 134 485
Distance m 631 223 622
Logs n° 54 9 52
Stops n° 4.6 1.9 4.0
Load m? 17.1 2.9 16.6
Productivity m3 pmh! 25.7 6.1 26.8
Outhaul sm’! 0.88 0.22 0.90
Inhaul sm! 0.76 0.28 0.79

SD = Standard deviation; pmh = productive machine hours (excluding delays); m? =
cubic meters over bark.

Loads were forwarded by the Ponsse Elephant over a range of distances varying from 200 to
1200 m. Median extraction distance was 622 m, and the median cycle time was around 40 minutes
(Table 6). Median load size approached 17 m? and productivity exceeded 25 m? pmh~!. Terrain
hindrance resulted in a low travel speed, estimated at 4.0 km h~! and 4.5 km h™! for the unloaded
outhaul trip and the loaded inhaul trip, respectively. That difference was significant at the 5% level.
The slower empty speed was likely the result of careful path selection and load search given the
wet and challenging conditions. Hot loading onto a truck bay took approximately 55% more time
than cold loading onto a deck (p<0.05).

Truck loads varied from 26 to 31 m3. Loading took between 15 and 22 minutes per truck
— excluding all waiting time. Hot loading took 30% less time than cold loading, for the same for-
warder and operator and that difference was statistically significant (p=0.0233) (Table 7). Load-
ing the front bunk was 10% faster than loading the rear bunk, for the same truck, forwarder, and
operator (p=0.0148).

Table 7. Key performance indicators for loading with the Ponsse Elephant forwarder.

Variable Hot deck n= 14 Cold deckn =3

Mean SD Median Mean SD Median p-value
Load log n° 88 13 90 85 9 88 0.5700
Load m? 27.8 1.8 27.5 28.9 2.9 29.7 0.6143
Loading time S 949 208 928 1330 42 1332 0.0233
Grapple loads n° 24 3 23 24 3 24 0.7984
Productivity m3 pmh-! 109.8 22.8 111.4 78.1 5.6 80.4 0.0233

Frontn=17 Rearn=17

Mean SD Median Mean SD Median p-value
Load log n° 43 7 44 44 7 46 0.9241
Load m? 13.9 1.5 13.9 14.1 1.3 14.3 0.7946
Loading time S 470 131 477 546 135 523 0.0148
Grapple loads n° 11 2 11 12 2 12 0.1664
Productivity m3 pmh-! 114.2 33.6 104.0 98.3 26.0 99.2 0.0759

SD = Standard deviation; pmh = productive machine hours (excluding delays); m? = cubic meters over bark; p-value returned by the
non-parametric Mann-Whitney U-test.
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Table 8. Individual machine and harvesting system productivity and cost of the observed system and two
alternative scenarios.

Machine Harvester Forwarder System
Loading by forwarder

Delay-free function productivity (m3 pmh') 384 20.7

System productivity (m3 smh!) 14.5
System onboard truck cost ($ m—3) -- $15.91
System cut-and-haul cost ($ m™) - $23.93

Loading by tracked loader

Delay-free function productivity (m3? pmh') 38.4 25.9

System productivity (m3 smh1) 22.2
System onboard truck cost ($ m=3) $14.20
System cut-and-haul cost ($ m™) $22.21

Loading setout trailers with forwarder

Delay-free function productivity (m? pmh-') 38.4 24.0

System productivity (m? smh!) 19.2
System onboard truck cost ($ m=3) $12.99
System cut-and-haul cost ($ m3) $21.00

pmh = productive machine hours (excluding delays); smh = scheduled machine hours (including delays);
m?3 = cubic meters over bark.

Harvester productivity averaged 38.4 m3 pmh!, excluding delays, while the forwarder pro-
duced an average of 20.7 m3 pmh! after accounting for the time spent loading trucks (Table 8).
Overall system productivity averaged 14.5 m? smh™!. System productivity was constrained by the
productivity of the forwarder because of system and market constraints, such as the requirement
to deliver timber within a few days of felling, meaning that the harvester could not work very
far ahead of the forwarder. As a result, the harvester operator typically ceased operations early
or performed other tasks when two or more days’ worth of timber had been felled and processed.

Onboard truck (excluding transportation) costs averaged $15.91 m= and cut-and-haul
costs averaged $23.93 m3 (Table 8). Hauling was the largest component of cut-and-haul costs at
$8.02 m3, followed by felling-processing ($7.73 m3), extraction ($7.47 m3), support ($0.35 m3),
and moving to the site ($0.36 m~3). Adding a mobile tracked loader for the task of loading log
trucks would increase overall system productivity by an estimated 53% allowing the forwarder to
eliminate delays associated with loading trucks. This change would reduce onboard truck costs
by an estimated $1.71 m3, which would amount to an 11% reduction. As an alternative, adding
setout trailers to be loaded directly by the forwarder would increase overall system productivity
by an estimated 32% and reduce onboard truck costs by $2.92 m— (18% reduction).

4 Discussion

The effect of tree size on harvester productivity was evident in this study and has been documented in
previous CTL studies in the region (Holtzscher and Lanford 1997; Tufts 1997; Bolding and Lanford
2005) and globally (Di Fulvio et al. 2024). This effect was especially pronounced in the differences
between softwood and hardwood species. Hardwood stems were characterized by significantly
more challenging form as documented by other studies outlining the production handicap derived
from the poor form of hardwood trees (LeDoux and Huyler 2001; Labelle et al. 2016). Hence, we
maintained the indicator variable for hardwoods in the regression equation even if that was only
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significant at the 6% level, not at the 5% level (Table 5). Borderline significance may result from
the relatively small number of hardwood trees in the sample and from them being concentrated in
the smaller size range. Therefore, data imbalance confounded the results and prevented the analysis
from returning more reliable results.

The relative inexperience of the machine operators led to challenges due to a lack of oversight
and inconsistency in operations often stemming from infrequent communication between harvester
and forwarder operators. Also, operators were not utilizing onboard GPS mapping systems which
further contributed to inefficiencies. Management, training, and communication are especially
important for proficiency when using complex CTL systems, specifically harvesters (Purfiirst
2010). In addition, the challenges related to wet soil conditions such as difficult trafficability,
partially sunken logs, poor visibility, and difficulties determining log sorts made communication,
experience, and harvest planning even more important. Unfortunately, due to the lack of sustained
use of CTL systems in the US South and the absence of formal training programs, it is quite hard
to find operators and managers who possess specific expertise (Bolding et al. 2025). These chal-
lenges, along with the effect of scattered logs influencing the number of loading stops, contributed
to slower than expected forwarder travel speeds and low overall productivity when compared with
other studies evaluating CTL systems in normal forest conditions (Tufts 1997; Proto et al. 2018;
Ferreira et al. 2025). However, our results were similar when compared to studies evaluating
forwarding in challenging terrain conditions (Tiernan et al. 2004). Further, our results are quite
promising compared to findings from a large benchmarking study conducted in northern Sweden
(Eriksson and Lindroos 2014) that reported average harvester and forwarder productivity in the
region of 23.8 m? pmh! and 21.4 m3 pmh~!, respectively.

Results suggest that CTL can be cost-competitive on sites that are too wet and/or too small
to productively harvest with conventional FT systems, but not so wet that CTL would cause unac-
ceptable soil disturbance. Overall system productivity (14.5 m? smh~! or 578 m3 wk!) was 44%
that of typical FT systems used in the region, while onboard truck costs ($15.91 m=3) were 13%
higher than published logging rates in the region (Table 8, Conrad et al. 2024). Given the challenging
conditions, these results are encouraging for the use of CTL on these sites. Adding a tracked loader
to the system would increase weekly productivity to an estimated 882 m? (32 loads), 66% of the
regional average. Likewise, onboard truck costs could be reduced to an estimated $14.20 m—3 and
$12.99 m3 with the use of a tracked loader and setout trailers, respectively. Onboard truck costs
were $0.16 m™3 higher and $1.05 m~3 lower than market logging rates for non-swamp applications
using a tracked loader and setout trailers, respectively (TimberMart-South 2025). Lower productiv-
ity and higher costs per unit volume discourage logging businesses in the US South from adopting
the CTL system (Bolding et al. 2025). It is important to note that our harvesting cost estimates
include costs only and do not account for profit or risk allowance, so a logger should seek a higher
logging rate than our cost estimates.

5 Conclusions

This study provides information on the use of CTL systems when harvesting small, wet sites in
the US South. The benefits of the CTL design features were evident as the harvester was able to
maximize value recovery through computer-aided bucking in large, valuable, softwood stems that
can be challenging or impossible to harvest cost effectively with FT systems. While the harvester’s
productivity was largely affected by tree size and type, forwarder productivity impacts were affected
by terrain conditions and operational factors. All machine operators were relatively inexperienced
and had received no formal operator training, as is common in the region for both FT and CTL
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systems. Forwarder productivity was reduced by wet site conditions that resulted in difficult traf-
ficability, sunken logs, and log piles that were difficult to see from the cab of the forwarder. These
conditions would have been difficult, even for experienced operators. Some of these impacts could
be mitigated through careful attention to harvest planning, management oversight and coordina-
tion, and better communication between the harvester and forwarder operators. Utilizing machine
tracking software could shorten forwarder cycle times by reducing time spent searching for log
piles processed by the harvester. Harvesters also have the capability of denoting log product classes
with paint, which would reduce misclassifications by the forwarder operator.

Another major impediment to CTL system success in the US South is the integration of
the CTL “cold logging” system into a predominantly “hot logging” supply chain. The typical FT
scenario involves little in-processing inventory where log trucks are loaded upon arrival to an
active harvest site by a loader with stems that were recently processed. This hot loading require-
ment does not work well with the design of the CTL system that benefits from machines working
independently, therefore maximizing utilization and minimizing interaction delays. Hot loading
via forwarder requires the machine to load log trucks from its bunk as well as from cold decks,
which limits forwarding productivity. Our data and alternative scenario evaluation suggests that
decoupling forwarding from hot loading trucks by either 1) employing a dedicated tracked loader
to load trucks from cold decks, or 2) off-loading from the forwarder onto setout trailers would
improve system productivity and reduce costs. Both alternatives are superior to the approach
evaluated and would allow the forwarder to maximize its utility and productivity, by focusing
on the extraction function in the difficult terrain conditions, as the machine was designed. With
operational modifications and improved harvest planning and communication, the CTL system can
fill an important niche and be cost effective on small wet sites in the US South to recover valuable
timber that is often underutilized.
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