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Abstract

Forest management decisions that consider both short- and long-term objectives are becoming 
more challenging and costly, due to market uncertainty, labor shortages, and the evolving 
forest industry. Under such unpredictable circumstances, a better understanding of the pro-
duction economics of various silvicultural prescriptions is crucial in implementing sound 
forest management activities. The objectives of this study were to: a) estimate stump to land-
ing productivity and cost for Early Commercial Thinning (ECT) and Group Selection (GS) 
prescriptions; and b) compare the harvest system cost ($/PMH) using machine rate and PATH 
(Planning and Analysis in Timber Harvesting) methods. Detailed time-motion studies were 
conducted in the spruce-fir forest of Northern Maine, USA, during the summer of 2019. The 
results, as expected, indicated the harvesting costs were 23% higher for ECT (21.08 $/m3) 
compared to GS (16.32 $/m3). The average productivity of the harvester and forwarder were 
reduced by 15 and 37%, respectively, for ECT compared to GS. The estimated harvesting 
system cost ($/PMH) was 4% higher as indicated by PATH compared to machine rate meth-
od. Higher operational productivity in GS can be attributed to the larger volume of logs and 
shorter travel loaded distance than ECT. These findings can help forest managers make more 
informed decisions while implementing appropriate silvicultural prescriptions under varying 
conditions based on management objectives and market conditions.

Keywords: cut-to-length, forest operations, machine productivity, silvicultural prescriptions, 
timber harvest layout

1. Introduction
Sustainable and effective silvicultural prescriptions 

are crucial for achieving forest management objectives 
(Helman et al. 2020). The Northeastern United States 
is characterized by naturally regenerated hardwood, 
softwood, and mixed stands with diverse commer-
cially valuable species providing an opportunity to 
implement a wide range of silvicultural prescriptions 
in the region (Carter et al. 2017, Muñoz Delgado et al. 
2019). One of the major challenges faced by the forest 
managers in the region is the abundance of small di-
ameter trees (SDT) in dense stands which cover a ma-
jor portion of the forest (Louis and Kizha 2021). These 
overstocked stands with SDTs can result in the in-
creased harvesting costs due to reduced productivity 
and low value products (Han et al. 2004, Bolding and 

Lanford 2005, Hanzelka et al. 2016, Germain et al. 
2019). Many of these stands face similar challenges 
due to economic feasibility of forest operations (Hiesl 
and Benjamin 2012); therefore they require appropri-
ate silvicultural treatments, such as thinnings, to im-
prove the stand growth, vigor, and future revenue 
(Pitt et al. 2013, Keyser and Loftis 2021). The spruce-fir 
forest in the Northeastern US are conventionally man-
aged using pre-commercial and commercial thinning 
(Wagle et al. 2022). Early commercial thinnings (ECT) 
are primarily done to reduce the stand density, there-
by minimizing the competition for residual trees  
(Nyland 2016). The opportunity for individual stems 
to grow quickly can reduce the rotation period for the 
residual stand (Pitt et al. 2013). The partial harvest sil-
vicultural prescriptions, including group selection 
(GS), imitate natural dynamics and disturbance  
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patterns that create or maintain multi-aged, structur-
ally and functionally diverse, complex forest stands. 
These strategies are considered as an appropriate eco-
logical approach for sustainable management of forest 
resources (Brockway and Outcalt 2015, Nolet et al. 2018).

Partial harvests accounted for 91% of the harvest 
done in Maine (Maine Forest Service 2023). Partial har-
vest prescriptions can be efficiently executed using the 
cut-to-length (CTL) method, which has been proven 
to work in stands dominated with SDT and medium 
sized trees (Louis and Kizha 2021, George et al. 2022). 
The ability to reduce residual stand damage and to 
operate in limited space (smaller landings and wood-
lots) are some of the major advantages of CTL over the 
whole-tree harvesting method (Adebayo et al. 2007, 
Kizha et al. 2021). Being the second most prevalent 
harvesting method in Maine (Leon and Benjamin 
2012), the major factor influencing the productivity of 
a harvester was tree volume or thinning intensity; 
whereas, forwarder productivity depended on load 
volume, travel loaded distance, number of pieces, and 
movement time between piles/decks during loading 
and unloading (Strandgard and Mitchell 2019, Louis 
et al. 2022). The partial harvest CTL studies in Maine 
showed that productivity of a harvester ranged from 
4.9 to 27 tonne/PMH (productive machine hours, 9.8 
to 54 m3/PMH) and cost ranged from 20 to 51 $/tonne 
(Benjamin et al. 2013, Hiesl et al. 2015a, George et al. 
2019, 2022). The forwarder operational productivity 
and cost of group selection study done in Central 
Maine was 11.45 m3/PMH (5.7 tonne/PMH) and  
2.34 $/m3 (4.68 $/tonne), respectively (Bustos-Letelier 
et al. 2021). The hourly cost of operating a harvester 
and forwarder for ECT in Maine ranged from 124 to 
161 $/PMH and 118 to 153 $/PMH, respectively, and 
CTL harvesting system cost was 47.5 $/tonne (Benja-
min et al. 2013). A better understanding of the produc-
tivity and cost along with influential stand and site 
factors are crucial in determining the feasibility of 
conducting silvicultural prescriptions for SDT domi-
nated stands (Hiesl et al. 2015b, Kizha and Han 2016, 
Williams and Ackerman 2016, Louis and Kizha 2021).

Hourly owning and operating costs for forest har-
vesting machines can be calculated using machine rate 
and cash flow methods, of which the most frequently 
used one is machine rate calculation (Miyata 1980, 
Brinker et al. 2002). Both approaches use fixed (own-
ing), variable (operating), and labor costs for an indi-
vidual machine within a system to estimate the hour-
ly rate ($/PMH). In 1990, Goldratt developed the 
throughput accounting (TA) method which uses net 
profit and return on investment (ROI) as an easy way 
of measuring financial results and was first adopted 

by the logging industry through PATH (Planning and 
Analysis in Timber Harvesting) (Bick and Benjamin 
2018). PATH estimates hourly ownership, operating, 
overhead, and job-specific cost to calculate system 
cost, ROI, and profit or loss (Germain et al. 2016). 
PATH analysis aids managers in making more in-
formed decisions related to harvesting system balance 
and equipment replacement (Germain et al. 2016). The 
machine rate method exclusively focuses on the cost 
elements of a harvesting system, whereas PATH fo-
cuses on the revenue and expenses. Along with the 
understanding of system productivity and harvesting 
cost, strategies to ensure continuous flow of raw ma-
terials (wood) are also needed for the long-term viabil-
ity of logging businesses.

In this study, an attempt was made to understand 
the difference in productivity and cost in similar stand 
conditions when the equipment, harvest method, and 
operators were the same for both silvicultural pre-
scriptions (ECT and GS). The cost of conducting silvi-
cultural prescriptions such as group selection has not 
been widely studied. The objectives of this study were 
to:

⇒�	estimate stump to landing productivity and cost 
for Early Commercial Thinning (ECT) and 
Group Selection (GS) prescriptions

⇒�	compare the harvest system cost ($/PMH) using 
machine rate and PATH (Planning and Analysis 
in Timber Harvesting) methods.

These findings can help forest managers to make 
more informed decisions while planning for the sus-
tainable management of forests.

2. Materials and Methods

2.1 Study Area
The study site was in Oxbow (46° 19' 51.6'' N and 

68° 47' 24.0" W, Fig. 1), Aroostook County, Maine. Two 
adjacent stands, ECT (17 ha) and GS (14 ha) were har-
vested in August 2019 using CTL harvesting method 
with harvesters and forwarders. Previously, both 
treatments were pre-commercially thinned in 2000. 
The overstory consisted of red spruce (Picea rubens 
Sarg.), black spruce (Picea mariana Mill.), white pine 
(Pinus strobus L.), northern white cedar (Thuja  
occidentalis L.), balsam fir (Abies balsamea (L.) Mill.), 
eastern hemlock (Tsuga canadensis (L.), red maple (Acer 
rubrum L.), sugar maple (Acer saccharum Marsh), aspen 
(Populus spp.), white birch (Betula papyrifera M.), and 
yellow birch (Betula alleghaniensis Britt.) in both pre-
scription stands. Major soil types were Dixmont, very 
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desired outcome was to create canopy openings by 
capturing groups of declining stems, and desirable 
regeneration was expected to become established 
within the newly created canopy openings. The next 
anticipated entry to the stands will be after 10 years 
(2029) for both stands.

2.4 Harvesting Operations
Both prescriptions were harvested using the 

same machines and operators. The machines were a 
Timberpro TN 725D harvester (Rolly III harvester 
head; boom length 7.23 m) and a Timberpro TF830B 
forwarder (lift capacity 3420 kg; boom length  
7.65 m). Detailed time and motion studies were con-
ducted to determine delay-free cycle (DFC) time ele-
ments and explanatory variables for the production 
cycles of both machines (Table 1). For the harvester, 
time taken to travel during decking (bunching pro-
cessed logs based on products) at the stump (in-
woods) was regarded as decking time. The time 
taken to arrange slash on the skid trail was the scat-
tering time. When space was a limiting factor, the 
harvester carried felled tree to a conveniently short 
distance to process it.

The forwarder cycle began when the forwarder 
started traveling empty from the landing and ended 
when the logs were unloaded at the roadside landing 
(Table 1). There were two roadside landings for 
ECTand three for GS (Fig. 1). Travel empty time  

stony silt loam, (83%) and Monarda-Burnham complex 
(Soil Survey 2021). The elevation of the site was 122 m 
above mean sea level. The average annual temperature 
ranged from –16°C (minimum) to 26°C (maximum), the 
annual precipitation was 1076 mm (NOAA 2022).

2.2 Stand Inventory
Pre- and post-harvest inventory data was collected 

for both treatments in 2019 and 2021, respectively; a 
total of 23 variable radius points were inventoried us-
ing a 20 Basal Area Factor (BAF) prism. Parameters 
such as species, tree heights, and diameter at breast 
height (DBH) were recorded.

2.3 Silvicultural Prescription
In ECT, the basal area was reduced to approximate-

ly 30–40% by retaining all crop trees which had no 
major external defect along with 35% live crown. The 
target species for harvest were in the following order: 
balsam fir, aspen, white birch, red maple, yellow birch, 
and red spruce. The anticipated outcome for ECT was 
to promote accelerated growth of desired crop trees in 
the residual stands. Rough spacing around the crop 
trees should be 3 to 4 m. For GS, small gaps and can-
opy openings (0.1 to 0.2 ha, 15 to 30 m apart) were 
created along the trails in areas that had a higher com-
ponent of poor-quality balsam fir to mimic a natural 
stand disturbance, allowing sunlight to reach the for-
est floor. The trails were spaced 24 to 30 m apart. The 

Fig. 1 The location of study area in Oxbow, Maine (left). Enlarged layout of early commercial thinning (ECT) and group selection (GS) prescrip-
tions along with landings (right)
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started when the forwarder travelled empty from the 
landing and ended when it stopped to collect the first 
pile of logs. Loading (inwoods) and unloading (at the 
landing) included move time between log piles, 
swing empty, grapple and re-grapple, swing loaded, 
and sorting time. Travel loaded time was regarded 
as the travel time from the last loaded log pile to 
reach the roadside landing. The harvesting operation 
lasted for 35 days. The harvester started working in 
the stand four to five days prior to forwarder arrival, 
hence the system was decoupled and bottlenecks 
were avoided.

2.5 Log Scaling
The average volume of each log was estimated 

from both scale ticket and log scaling. Small- and 
large-end diameters of random logs were measured, 
along with the log length to calculate the average 
volume of roundwood using Smalian’s formula  
(Avery and Burkhart 1983).

2.6 Cost Calculation
The purchase price, salvage value of machines, 

interest and insurance cost, economic life, fuel and 
lubricant consumption, repair and maintenance cost, 
labor charge, and utilization rates were obtained 
from the management company (Table 2). The sal-
vage value was set at 40% for the analysis. Hourly 
machine costs ($/PMH) were calculated using the 
standard machine rate calculation method (Miyata 
et al. 1980) and PATH V.3.0. (Bick and Benjamin 2018). 
Machine rate and PATH were compared to deter-

mine the most contributing factors to the operating 
cost of the system. For PATH analysis, details not 
provided by the management company were ob-
tained from the industry average provided for the 
Northeast region to calculate the daily overhead cost, 
financial measurements, and projections (break-even 
revenue, throughput accounting, and ROI) (Bick 2017, 
Regula et al. 2018). Operating cost was calculated us-
ing machine rate, average DFC time, and timber vol-
ume (Soman et al. 2019, Sahoo et al. 2019).

The cost input values used were: advertising  
(400 $), car and truck expense (12,000 $), contract la-
bor (2500 $), depreciation (other than equipment) 
(4000 $), insurance (other than health 10,000 $), legal 
and professional services (1000 $), office expense 
(2000 $), supplies (12,000 $), taxes and licenses  
(2000 $), utilities (3000 $), job-specific cost (1500 $), 
daily investment (19 $), and a targeted rate of return 
(12%). The average number of annual working days 
was 210 days (approximately 7 months). Daily PMH 
for the harvester and forwarder were seven and nine 
hours, respectively.

2.7 Statistical Analysis
Statistical analysis was performed using R Core 

Team version 3.5.2 (2023). Linear regression models 
were fitted for each machine separately for both the 
prescriptions with DFC as the response variable and 
other non-time elements as predictor variables (Table 
1). Natural logarithm transformation was used for 
the response variables to attain normality. Forward/
backward stepwise model selection was based on the 

Table 1 Delay free cycle (DFC) elements and explanatory variables for the cut-to-length harvesting operation

Operational phases DFC element, s Explanatory variables

Felling and processing
(Harvester)

Travel to next tree Distance travelled to next tree, m

Felling Number of cuts per cycle

Processing Number of logs per cycle

Decking Butt-end diameters, cm

Scattering slash Decking distance, m

Species (softwood or hardwood)

Extraction
(Forwarder)

Travel empty Travel empty distance, m

Loading Travel distance between log piles, m

Travel loaded Number of pieces

Unloading Butt-end diameter, cm

Travel loaded distance, m

Species (softwood or hardwood)
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than GS (p<0.05; Table 4). Processing time accounted 
for half (54 and 55%; p<0.05) of the harvester DFC 
time in ECT and GS prescriptions followed by travel 
time to the next tree (22 and 18%) and felling time (10 
and 11%), respectively. The average distance travelled 
by the harvester to the next tree was not significant-
ly different (p=0.38; ECT 0.80±0.12 m and GS 0.97±0.12 m) 
between both prescriptions. Average decking dis-
tance was not significantly different between ECT 
(1.4±0.24 m) and GS (1.8±0.30 m, p=0.20). The average 
butt-end diameter of felled trees in ECT (16.50±0.50 cm) 
was significantly smaller than that of GS (19.07±0.58 cm; 
p<0.05). The average number of cuts per harvester 
cycle was significantly less for ECT (2.89±0.14) than 
GS (3.48±0.12; p<0.05). Similarly, the average number 
of pieces per cycle in ECT (1.73±0.07) was significant-
ly less than GS (2.29±0.08, p<0.05). The logs were cut 
into lengths of 3 m (average diameter 14.53 cm) and 
6 m (22.12 cm). The regression model predicted dis-
tance between the felled trees, and butt-end diameter 
significantly influenced the DFC time in both pre-
scriptions (adjusted R2 for ECT and GS being 0.38 and 
0.30, respectively; Table 5).

lowest AIC values using the MASS package  
(Venables and Ripley 2002). Z test was used to compare 
the DFC time and factors influencing it in both pre-
scriptions (p<0.05). The results are presented with the 
average value of the variables and the standard error.

3. Results

3.1 Stand Inventory
The target basal area of the ECT stand after harvest 

was 17.4 m2/ha (40% of the initial basal area to be re-
moved), but due to a severe storm event right after the 
harvest, the basal area was reduced to 10 m2/ha 
(66% removed, Table 3); and in GS, the target basal 
area was 24 m2/ha (25% of the initial basal area to be 
removed) and basal area was reduced to 23 m2/ha 
(29% removed) after storm event.

3.2 Felling and Processing
A total of 104 and 123 harvester cycles were ob-

served for ECT and GS prescriptions, respectively. 
The average DFC for ECT was significantly lower 

Table 2 Hourly machine rate and inputs used for the harvester and forwarder estimated using machine rate and PATH

Factors Harvester Forwarder

Preliminary data

Make and Model Timberpro TN 725D, 2019 Timberpro TF830B, 2013

Purchase price, $ 575,000 400,000

Salvage value, $ 230,000 160,000

Loan term, years 5 5

Economic life, years 7 8

Machine hours until the significant repair 4000 4000

Fuel consumption, L/PMH 21.19 23.46

Scheduled machine hours, SMH/year 1800 1800

Productive machine hours, PMH/year 1350 1350

Utilization, % 75 75

Fixed costs

Depreciation, machine rate, $/year

PATH, $/PMH

49,286 30,000

57.5 40

Insurance, % 1 1

Interest, % 8 8

Operating costs

Repair and maintenance cost, $/PMH 20.00 15.00

Fuel cost, $/liter 0.80 0.80

Lube cost for 1000 hours of service, $ 2,000 2,000

Wages and fringe benefits, $/SMH 39.00 39.00
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3.3 Primary Extraction
The forwarding DFC time in ECT was significantly 

greater than GS (p<0.05, Table 6). Loading time (33%) 
accounted most for the DFC time, followed by unload-
ing time (28%), travel loaded (26%), and travel empty 
(13%) in ECT. Similarly, in GS, loading time (48%) ac-
counted for most time, followed by unloading (22%), 
travel loaded (17%), and travel empty time (13%). The 
average DFC time for ECT was significantly greater 
than GS (p<0.05). The average travel empty distance 
was significantly greater for ECT (265±65 m) than GS 
(99±18 m; p<0.05). There was a significant difference 
between the average travel distance from one pile to 
another (in-woods) for ECT (2.56±0.37 m) and GS 
(7.80±1.78 m; p<0.05). The average travel loaded dis-
tance to the landing was significantly higher in ECT 
(250±100 m) than GS (86±30 m; p<0.05). Similarly, the 
average number of pieces was significantly higher in 
ECT (134±65) than GS (69±10; p<0.05).

3.4 Harvesting Cost
The hourly cost of the harvester in the machine rate 

and PATH were 156.05 $/PMH and 161.38 $/PMH, re-
spectively, and for the forwarder 129.72 $/PMH and 
135.84 $/PMH. The harvest system cost for machine 
rate and PATH were 285.78 $/PMH and 297.22 $/PMH, 

respectively. The average volume per log in GS was 
significantly higher than ECT (p<0.05). Average num-
ber of logs per turn in the harvester cycle was signifi-
cantly higher for GS than ECT (p<0.05), whereas vice 
versa in forwarding cycles (Table 7). The cost of har-
vesting wood was calculated as 21.08 $/m3 and 16.32 $/m3 

for ECT and GS prescriptions, respectively.

3.5 Hourly Cost Estimation
Labor cost and depreciation were major contribu-

tors to the hourly cost for both machines in the ma-
chine rate and PATH methods. The insurance and in-
terest estimated in the machine rate calculation were 
more than double that of PATH, whereas the depre-
ciation was higher in PATH compared to machine rate. 
The total hourly operating cost calculated for the har-
vester using machine rate (depreciation, interest, and 
insurance) estimated the fixed cost at 42%, whereas 8% 
in PATH (interest and insurance; Table 8 and Fig. 2). 
The variable cost was 25% in machine rate (fuel, lubri-
cant, and repair and maintenance) and 60% in PATH 
(depreciation, fuel, lubricant, and repair and mainte-
nance; Fig. 2). Variation in fixed and variable cost for 
both methods was due to how the depreciation com-
ponent was determined. Depreciation was included in 
the fixed cost for machine rate and to the variable cost 
in PATH. Fixed cost for the forwarder contributed 32% 
of hourly operating cost in the machine rate method, 
whereas in PATH it was 6%. The variable cost was 28% 
in the former and 56% in the latter.

The daily overhead cost and annual expense in 
PATH were estimated to be 259 $ and 54,450 $, respec-
tively, for 210 productive annual working days. Daily 
production of sawlog and stud wood was 16.88 and 
10.43 tonnes, respectively. Daily investment in fixed 
assets was 19 $. Daily revenue and cost were 1223 $ 
and 2654 $, respectively. The results from financial 
management and projection showed that this har-
vesting operation should generate a minimum daily 
revenue of 2488 $ to be operational and 2654 $ to 
break-even.

Table 3 Pre- and post- harvest inventory summarized for early commercial thinning (ECT) and group selection (GS) prescriptions

Prescriptions ECT GS

Inventory Pre Post Pre Post

Number of sample points 12 12 11 11

Year of inventory 2019 2021 2019 2021

Trees per hectare 1292 342 1650 818

Basal area, m2/ha 29 10 32 23

Quadratic mean diameter (QMD), cm 20.86±1.17 22.70±5.68 22.0±1.40 23.56±1.80

Table 4 Average values of delay-free cycle (DFC) time elements (s) 
(average ± SE) for the harvester in early commercial thinning (ECT) 
and group selection (GS) prescriptions. p-value less than 0.05 indi-
cates a significant difference existed

DFC elements ECT, s GS, s p-value

Travel time to the next tree 8.88±0.90 8.20±0.81 0.58

Felling time 3.87±0.23 4.91±0.28 <0.05

Processing time 21.00±0.87 25.72±1.26 <0.05

Scattering time 14.52±1.76 17.36±1.83 0.27

Decking time 15.81±2.90 23.44±3.90 0.11

DFC 39.64±1.92 46.43±2.31 <0.05
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4. Discussion
Early thinning prescriptions can provide long term 

benefits to the stand by inducing conditions that can 
increase merchantable volume, tree size, and financial 
value (Wagle et al. 2022). From an economic perspec-
tive, ECT in overstocked stands dominated by SDT 
leads to low operational productivity and high cost 
(Mederski et al. 2018). The average tree size of the 
felled trees and location of the landings were the key 
factors that influenced the cost of harvesting in both 
the prescriptions of this study.

4.1 Comparing Cost and Equipment Performance 
in ECT and GS

The average DFC time of the harvester in GS was 
higher than that of ECT, which can be attributed to the 
larger size of trees handled, resulting in higher num-

ber of cuts and more pieces per cycle. Additionally, in 
GS, for securing the next regeneration, processing was 
done at skid trails leading to longer decking distance. 
ECT was generally meant for removing smaller and 
less valuable trees to provide open space and growing 
conditions for the residual stand; whereas in GS, larg-
er trees were cut to provide open space for the estab-
lishment of the regeneration (Wing et al. 2019). In both 
prescriptions, DBH was a significant factor influencing 
the harvester felling time (Ghaffariyan et al. 2015). 
Wood processing contributed most to the harvester 
working cycle time (Donagh et al. 2019, George et al. 
2022). The average number of pieces per cycle ranged 
between 1.73 and 2.29, which was in accordance with 
previous studies (1.23–2.78) (Grönlund and Eliasson 
2019, George et al. 2022). The estimated productivity 
of the harvester in this study (ECT 11.38 m3/PMH and 
GS 13.38 m3/PMH) was within the range of previous 
studies done in Maine (Benjamin et al. 2013, Hiesl et 
al. 2015a).

The average DFC time of the forwarder in ECT was 
higher than that of GS, mainly due to the higher aver-
age number of logs per cycle, which can be attributed 
to smaller piece size. The number of logs per cycle is 
directly proportional to loading time, the more num-
ber of smaller logs often decreased the productivity of 
the forwarder (Strandgard and Mitchell 2019). The 
volume of logs in GS was greater than that of ECT 
resulting in increased productivity. The forwarder 
productivity (ECT 17.64 m3/PMH and GS  
27.99 m3/PMH) aligned with the other studies in Maine 
(Hiesl and Benjamin 2013, George et al. 2022). GS had 

Table 5 Regression models predicting the delay-free cycle (DFC) time of the harvester in early commercial thinning (ECT) and group selection 
(GS) prescriptions

Machine Silviculture prescriptions Adjusted R2 The model predicting DFC time

Harvester
ECT 0.38 Log DFC = 2.17 (Distance between trees, m) ** + 1.12 (Butt-end diameter, cm) **

GS 0.30 Log DFC = 4.08 (Distance between trees, m) ** + 1.40 (Butt-end diameter, cm) **

** ≤ 0.05 

Table 6 Average values of delay-free cycle (DFC) time elements 
(average ± SE) for the forwarder in early commercial thinning (ECT) 
and group selection (GS) treatments. p-value less than 0.05 indi-
cates a significant difference existed

Work elements ECT, s GS, s p-value

Travel empty 300.00±60.00 127.00±16.00 <0.05

Loading 24.88±1.47 27.03±2.09 0.40

Travel loaded 596.00±212 160.00±66.50 <0.05

Unloading 22.21±1.69 17.10±0.69 <0.05

DFC, minutes 33.00±7.76 17.00±1.13 <0.05

Table 7 Cost and productivity of the harvester and forwarder in 
early commercial thinning (ECT) and group selection (GS) treat-
ments

Machine Harvester Forwarder

Prescriptions ECT GS ECT GS

Logs/turn 1.73 2.29 134 68.8

Volume per log, m3 0.10 0.16 0.10 0.16

Productivity, m3/PMH a 11.38 13.38 17.64 27.99

Cost, $/m3 13.72 11.67 7.36 4.65
a productive machine hour

Table 8 Comparison of hourly machine costs for the harvester and 
forwarder. Costs are expressed in terms of productive machine 
hours (PMH)

Machine Harvester Forwarder

Method Machine rate PATH Machine rate PATH

Fixed cost, $/PMH 64.98 13.08 41.89 8.24

Variable cost, $/PMH 39.07 96.30 35.83 75.60

Labor cost, $/PMH 52.00 52.00 52.00 52.00

Total hourly cost, $/PMH 156.05 161.38 129.72 135.84
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Fig. 2 The percentage contribution of fixed and variable cost to total hourly cost for the harvester and forwarder estimated using machine 
rate and PATH method

better access to the three roadside landings (shorter av-
erage travel loaded distance) compared to ECT, result-
ing in lower extraction cost (Fig. 1 and Table 6). The 
harvest layout heavily influenced the travel loaded dis-
tance for both prescriptions. The travel distance be-
tween the log piles (inwoods) in GS was twice that of 
ECT, which was primarily due to the harvest gap size 
(0.1–0.2 ha) and spacing. In GS, the starting and ending 
points (landing) for the forwarding cycles may not be 
the same. In ECT, as felling was not concentrated in 
pockets and rather distributed evenly, the location of 
the landings at one end of the stand led to higher travel 
loaded distance. As balsam fir was the primary product 
in GS, the sorting time at the landing was reduced.

The scattered distribution of the harvest gaps in-
fluenced the productivity of GS (Hassler et al. 2000). 
The cost of harvesting wood for ECT (21.08 $/m3) and 
GS (16.32 $/m3) were within the range of other cost 
using CTL operations conducted in Maine (10.28 to 
30.45 $/m3) (Benjamin et al. 2013, Hiesl et al. 2015a, 
George et al. 2019). Compared to the present study, the 

cost of harvesting on sensitive and fragile ground was 
higher (George et al. 2022), whereas increased extrac-
tion volume and machine utilization lower the cost 
(Benjamin et al. 2013). CTL is preferred over whole-
tree harvesting method due to lower residual stand 
damage and fewer operators required (Kizha et al. 
2021).

Harvest cost analysis showed an increase in the 
cost of operating in ECT compared to GS. This can be 
attributed to larger piece size, increased volume of 
timber harvested, and lower travel loaded distance in 
GS. Group selection is a commercial prescription in-
tended to generate revenue.

4.2 Comparison of Cost Estimation Methods
The machine rate calculation method is appropri-

ate for general cost estimation; however, it is not de-
signed and has limited application as a tool for indi-
vidual, equipment, and situation-specific estimation 
of cost (Dodson et al. 2015). PATH captures costs 
across the entire harvest system (machine, overhead, 
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and job-specific costs) incurred for the individual 
logging operation excluding the road construction 
and maintenance costs (Bick 2017), which are not 
considered in the conventional analysis (Kizha and 
Han 2016). The hourly cost of harvester and forward-
er estimated using both machine rate and PATH fell 
within the range of 124 to 161 $/PMH (Benjamin et al. 
2013). The major reason for the difference in total 
hourly cost between machine rate and PATH is due 
to the difference in calculating depreciation, interest, 
and insurance.

Depreciation was higher for new equipment than 
old (Table 2). The harvester was a new machine, while 
the forwarder was an older one (2013 model). The ma-
chine rate treated the depreciation as part of fixed cost 
and it was estimated for the entire life of the equip-
ment using the straight-line method, whereas in 
PATH, the functional depreciation (amount of value 
of the equipment used while operating) was treated as 
the variable cost (Germain et al. 2016, Bick 2017). The 
machine rate relies heavily on the rule of thumb to 
estimate the fixed and variable cost of the specific 
equipment (Dodson et al. 2015). The cost input vari-
ables in machine rate were accounted in yearly cost 
(for e.g., repair and maintenance cost are calculated as 
a percentage of annual depreciation), whereas in 
PATH, cost is being accounted in PMH. The interest 
and insurance estimation in machine rate is based on 
the average value of yearly investment over the entire 
economic life of the machine, which is calculated 
based on the purchase price, salvage value, and eco-
nomic life (years). On the contrary, for PATH, month-
ly payment, number of re-payments (for a loan), fi-
nanced amount, and machine ownership life (hours) 
were the input variables. The difference in the ap-
proach of calculating interest and insurance resulted 
in a higher percentage of estimated value for machine 
rate than PATH.

5. Conclusions
As expected, the harvesting of larger size trees in 

GS reduced the cost of operation compared to ECT. 
Along with this, better accessibility to roadside land-
ing (shorter travel loaded distance) reduced the extrac-
tion cost in GS compared to ECT

⇒�the distance between felled trees and butt-end 
diameter were the significant factors influencing 
harvester DFC for both prescriptions

⇒�the harvest system cost was 4% higher for PATH 
than the machine rate method. The functional 

depreciation (PATH) value was higher than the 
straight-line depreciation (machine rate) value

⇒�labor cost and depreciation were the major con-
tributors to the hourly cost of harvester and for-
warder in machine rate and PATH methods.
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