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How do Wildfires Influence Harvesting 

Productivity and Volume Recovery in  
Cut-to-Length Mechanized Operations?

Jessica Solofonirina R., Eric R. Labelle, Daniel Beaudoin

Abstract

Wildfires are among the most significant natural disturbances affecting boreal forests, 
yet their operational impacts on mechanized harvesting remain poorly quantified. This 
study evaluated the effects of wildfire burn category on harvesting productivity and 
volume recovery under operational conditions in Quebec, Canada. Over 800 stems were 
harvested across four burn categories: carbonized, red, affected and green (unburned). 
Harvesting productivity was assessed through a time-and-motion study combined with 
harvester on-board computer (OBC) data, while volume recovery was calculated as the 
ratio of harvested volume to standing merchantable volume per stem. Non-parametric 
statistical tests and regression analyses were used to compare harvesting productivity 
and volume recovery across burn categories. Results showed that harvesting productiv-
ity did not differ significantly among burn categories within the examined stem size 
range (≤0.20 m³/stem), indicating that wildfire severity alone did not reduce operational 
productivity. In contrast, volume recovery rates were significantly lower in burned 
categories compared to unburned stands, with reductions increasing with burn severity. 
These results suggest that post-fire economic losses are more strongly linked to reduced 
wood recovery than to decreased harvesting productivity. Overall, this study provides 
empirical evidence supporting the operational feasibility of harvesting in burned boreal 
stands, while emphasizing the need to account for burn-related wood losses in planning 
following wildfires. Future research using large-scale OBC datasets is recommended to 
further refine the evaluations of harvesting productivity and volume recovery across 
burn categories.

Keywords: boreal forest, post-disturbance operations, mechanized logging, cut-to-length 
system, wood recovery efficiency

1. Introduction
Approximately one quarter of Canada’s forested 

area lies within the province of Quebec, where 90% of 
forests are publicly owned and managed by the gov-
ernment (MNRFa 2022). Beyond their ecological value, 
forests are a key driver of Quebec’s economy. Between 
2016 and 2023, the forestry sector in Quebec, which 
combined sawmilling, pulp and paper and wood-
based products, generated an annual average of $6.9 
billion CAD in Gross Domestic Product (GDP) with 
harvested volume of 30 million m3 per year (MNRFa 
2024). However, these valuable resources are increas-
ingly exposed to various natural disturbances, par-

ticularly wildfires, which account for substantial an-
nual burned areas. Between 2014 and 2024, an average 
of 441,358 ha was burned with 505 fires per year 
(MFWP 2015, 2016, 2017, 2018, MNRF 2019, 2020, 2021, 
2022, 2023, MNRFb 2024). In 2023 alone, the burned 
area reached 4,288,264 ha with 713 fires (MNRFb 2024). 
Although wildfires arise from diverse ignition sources, 
lightning alone accounts for more than 90% of the total 
area burned (MNRFb 2024). Unfortunately, climate 
change is expected to further increase both the fre-
quency and the severity of wildfires, thus placing ad-
ditional pressure on forest resources (Boulanger et al. 
2013, Gauthier et al. 2014).
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The time window to recover damaged stems fol-
lowing forest wildfires is an important harvesting par-
ameter. In fact, according to Barrette et al. (2015), wood 
recovery should occur within the disturbance year, or 
at the latest by the following year. Prestemon et al. 
(2006) estimated that delays in harvesting operations 
over a two-year period generated an additional reve-
nue loss of approximately $1.5 million, representing 
about 25% of the total revenue in the Bitterroot Na-
tional Forest, northern Rocky Mountains, United 
States, following wildfires. Improving post-fire recov-
ery strategies is then essential to minimize economic 
losses after wildfires. However, this requires a detailed 
understanding of how burn category affects both har-
vesting productivity and volume recovery rates. In-
deed, harvesting productivity is known to be strongly 
influenced by stand variability (Han et al. 2018), while 
volume recovery is shaped by natural disturbances 
(Nieuwenhuis and Fitzpatrick 2002, Lewis and Hart-
ley 2006). Therefore, clarifying the role of burn catego-
ry in these two components is essential for increasing 
the efficiency of harvesting operations and supporting 
sustainable forest management in Quebec.

In terms of harvesting productivity, several studies 
have shown a general decline when natural distur-
bances such as windthrow or insect infestations occur. 
For instance, Kärhä et al. (2018) confirmed that har-
vesting productivity of stems affected by windthrow 
was 19–33% lower than healthy stems in Norway 
spruce (Picea abies (L.) Karst.) dominated forests. Mov-
ing, delays and processing time were respectively 
76%, 157% and 26% higher in damaged stems com-
pared to undamaged ones. Average total cycle time 
was between 23% and 49% higher in damaged stems. 
Similarly, Spinelli and Hartsough (2006) observed a 
productivity loss of 10–20% in windblown poplar 
plantations, depending on the degree of damage. 
Moreover, Béland et al. (2020) stated that harvesting 
productivity of stems from balsam fir (Abies balsam-
ifera), spruces (Picea spp.), white birch (Betula papyrif-
era), and poplars (Populus spp.) affected by spruce 
budworm (Choristoneura fumiferana) was 4–8% lower 
compared to healthy stems in a study conducted in 
Quebec. More time was required by the operators to 
analyze cutting strategies and volume recovery de-
creased in affected stems. However, each type of dis-
turbance produces different working conditions. Trees 
may be entangled and lying on the ground after 
windthrow, while they often remain standing after 
wildfire. These differences can affect harvesting pro-
ductivity in various ways and to different extents. 
Therefore, comparisons across disturbance types 
should be made with caution.

Concerning volume recovery rates, multiple stud-
ies have also focused on the effects of different natural 
disturbances. For example, Lewis and Hartley (2006) 
reported that volume recovery rates in stems affected 
by mountain pine beetles (Dendroctonus ponderosae) 
were comparable to those of healthy stems as long as 
the bark remained intact, with most volume losses oc-
curring during felling and handling. However, recov-
ery rates declined significantly once the bark was lost. 
Harvey (1979) also reported that less than 1% of the 
total volume was lost to advanced decay 11 years after 
mountain pine beetle infestation in a study conducted 
in Oregon. Besides, Nieuwenhuis and Fitzpatrick 
(2002) stated a volume loss of 9.7 m3/ha equivalent to 
2.6% of volume loss per hectare following a windblow 
calamity in Ireland.

In the context of wildfires, many studies have in-
vestigated the ecological impacts of post-fire recovery 
on biodiversity (Purdon et al. 2002, Hébert 2006, Thorn 
et al. 2020), wildlife (Purdon et al. 2002, Boucher 2010, 
Ibarzabal et al. 2011, Jeffrey 2013), and forest regener-
ation (Noël 2001, Gauthier 2009, Boucher et al. 2014). 
Despite these contributions, and although burn cate-
gories are used to allocate recovery budgets and guide 
operational decisions, their actual operational implica-
tions, particularly their effects on harvesting produc-
tivity and volume recovery rates, have not yet been 
empirically quantified in Quebec.

As wildfire frequency is expected to increase in the 
future, harvesting operations may become increasingly 
affected. Based on findings from other types of natural 
disturbances, a decline in harvesting productivity could 
therefore be anticipated. However, such results cannot 
be directly transferred to wildfire-affected forests, as 
fire produces specific forms of damage, including 
burned structures, weakened branches, and fissured 
stems. Therefore, quantifying volume recovery rates by 
burn categories would also allow for more realistic pre-
dictions of key parameters for planning purposes and 
for estimating the costs of recovery operations.

Furthermore, the Ministry of Natural Resources 
and Forests (MNRF) of Quebec creates special devel-
opment plans following significant natural distur-
bances to reduce economic losses (MNRF 2025). The 
MNRF provides financial support to organizations 
responsible for forest management under these plans. 
Support is stratified by burn category: carbonized (se-
verely burned), red (moderately burned), affected 
(lightly burned) and green (unburned) (MNRF 2025).

We hypothesized that harvesting productivity and 
volume recovery rate would decrease with increasing 
burn category. Therefore, this study aims to address 
those gaps by analyzing the effects of wildfire on har-
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vesting operations by focusing on the following objec-
tives:

(1) �Quantify the influence of burn category on har-
vesting productivity, and

(2) �Evaluate the influence of burn category on vol-
ume recovery rate.

By empirically quantifying harvesting productiv-
ity and volume recovery across burn categories, this 
study improves the understanding of harvesting op-
erations and provides practical evidence to support 
harvesting operations and cost estimation in boreal 
forests following wildfires.

2. Materials and Methods

2.1 Study Site Locations
This research was conducted in Quebec, Canada. 

The sites were selected based on the availability of spe-
cial development plans provided by the MNRF. These 
plans included harvesting blocks and fire classification 
maps delineating different burn categories within the 
blocks. Therefore, sites 1 (48.64532, –72.91792) and 3 
(48.363763, –72.931535) were located in La Doré, while 
site 2 (50.096847, –73.555305) was situated northeast of 

Chibougamau. Carbonized, red, affected plots were 
found in sites 1 and 2, whereas green plots were in site 
3 (Fig. 1).

2.2 Machines Specifications
Two harvesters were used at the study sites. A Ti-

gercat H855C equipped with a Waratah 415X was op-
erated at sites 1 and 2, whereas a Tigercat 855E 
equipped with a Waratah 425 was used at site 3 (Table 
1). Both machines were operated by the same operator 
during day shifts, who had over 20 years of harvesting 
experience.

2.3 Experimental Design
Pre-harvesting field inventories were conducted in 

August, November and December 2023, as well as in 
July 2024. The plots were subjected to a salvage clear-
cut silvicultural treatment and the same product spec-
ifications were applied to all study sites. Treatments 
corresponded to burn categories as defined in Table 2.

In total, nine plots were harvested: three carbon-
ized, two red, two affected, and two green plots. Car-
bonized, red and affected plots were harvested using 
the Tigercat H855C, while green plots were harvested 
with a Tigercat 855E. Each plot, measuring 20 m in 

Fig. 1 Locations of study sites in Quebec, Canada
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ameter at breast height (DBH) (measured with a cir-
cumference tape), and total height (measured with a 
digital height-measuring device) were recorded.

Two video cameras were installed inside the har-
vester cabin: one directed at the on-board computer 
(OBC) screen and the other aimed at the harvesting 
head. During harvesting operations, the operator was 
instructed to announce aloud the number marked on 
each stem being processed. This procedure enabled us 
to link the data from the pre-harvest inventory, OBC 
records and harvesting video footage.

Before entering each plot, a dedicated work file 
was created on the harvester’s OBC to record all plot-
specific data. Once harvesting was completed, the 
work file was closed and the associated .pri files were 
exported to a USB drive.

2.4 Data Collection and Analysis

2.4.1 Harvesting Productivity and Time Studies
Harvesting productivity is measured using pro-

cessed volume per Productive Machine Hour (PMH) 

width and extending over a variable length, was 
marked with flagging tape and comprised approxi-
mately 120 trees. Machine operating trails were also 
flagged along the longitudinal axis at the center of 
each plot (Fig. 2). A unique alpha-numeric code was 
painted on each merchantable tree. Tree species, di-

Table 1 Specifications of harvesters and harvesting heads (Ritchie Specs 2025, Tigercat 2025, Brandt 2025, Waratah 2025)

Specification Tigercat H855C Tigercat 855E

Year 2011 2021

Weight without attachment, kg 27,624 27,600

Power, kW; rpm 205; 2200 205–212; 2200

Fuel capacity, L 945 800

Hydraulic system reservoir, L 190 225

Cabin ergonomics Standard cabin, fair visibility
Improved cabin, better visibility, comfortable 

operating environment

Specification Waratah 415X Waratah 425

Year production 2019 2023

Weight without attachment, kg 1365 1360

Maximum felling diameter, mm 710 710

Quantity of drive rollers 4 4

Gross feed force – steel feed wheels, kN 27–42 27–42

Maximum operating pressure, MPa – PSI 28–4061 28–4061 

Table 2 Description of burn categories (adapted from MNRF 2025)

Category Definition

Carbonized, C The fire spread in this area. The fire affected more than half of the tree crowns (C or R) and in most cases, the crowns are carbonized

Red, R The fire spread in this area. The fire affected more than half of the tree crowns (C or R) and in most cases, the crowns are red

Affected, A
The fire spread on the ground and partially or completely burned the surface vegetation as well as the organic matter. In forest stands, 

less than half of the tree crowns were affected, showing signs of red or carbonized

Green, G There has been no fire spread in this area within the perimeter defined by the fire

Fig. 2 Field experimental design depicting burn categories
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(Ackerman et al. 2014), with results expressed in 
PMH15, including delays shorter than 15 minutes. Pro-
cessed volume at the stem level was calculated by 
summing the volumes of individual products. These 
volumes were computed using the Smalian formula 
based on diameter and length measurements recorded 
in the harvester OBC.

	 V
S S

L1
1 2

2
=

+
×

( )
		  (1)

Where:
V1	 Processed volume, m3/stem
S1	 Cross-sectional area at the small end, m2

S2	 Cross-sectional area at the large end, m2

L	 log length, m
In some cases, certain stems could not be identified 

in the harvesting video footage and were consequent-
ly excluded from the analyses. Also, the stems with 
merchantable volumes of more than 0.20 m³/stems 
(80/819 stems) were excluded due to a low representa-
tion within burn categories (carbonized: 18, red: 35, 
affected: 13 and green: 14), which could potentially 
bias non-parametric comparisons.

A detailed time and motion study was then con-
ducted using UMT+ software to segment each work 
cycle into predefined elements (Laubrass 2025): boom-
out, felling, processing, tracking, manipulation and 
delays (Table 3). Standardized time values were allo-
cated to work elements not systematically occurring 
for each stem, including tracking, manipulation, and 
delays.

2.4.2 Volume Recovery
Volume recovery rate was calculated as the per-

centage ratio of processed volume per stem (V1) to 
standing merchantable volume per stem (V2).

Standing merchantable volume per stem (V2) was 
calculated according to two equations (Perron 2003), 
corresponding to the Quebec volume tables:

Þ Black spruce (Picea mariana (Mill.) B.S.P.):

V2 = –16.8426 + 3.0880499 ´ d – 4.3988304 ´ h + 
0.2454040 ´ h ´ 2 + 0.0261688 ´ d ´ 2 ´ h	 (2)

Þ Jack pine (Pinus banksiana Lamb):

V2 = –41.4626 + 8.3376703 ´ d – 0.314516 ´ d ´ 2 – 
4.3120804 ´ h + 0.128833 ´ h ´ 2 + 0.0393611 ´ d ´ 2 ´ h 
			   (3)

Where:
V2	 Standing merchantable volume, m³/stem
d	 DBH, cm
h	 Height, m

2.4.3 Statistical Analysis
To verify the similarity of stand characteristics 

among burn categories, DBH, height, and standing 
merchantable volume per stem were first compared 
for processed stems. Normality was assessed using the 
Shapiro-Wilk test and since the assumptions were not 
met, differences among burn categories were tested 
using the Kruskal-Wallis test. To ensure meaningful 
comparisons, further analysis was conducted by 
grouping stems into two volume classes: ≤0.10 m³/
stem and those between 0.10–0.20 m³/stem. Dunn test 
with Holm method was then used for comparisons 
between burn categories. The same statistical proce-
dure, as described above, was applied for cycle time, 
harvesting productivity and volume recovery rates. 
Afterwards, multiple regression analyses were con-
ducted to examine the relationship between (i) har-
vesting productivity and standing merchantable vol-
ume per stem, and (ii) log volume and standing 
merchantable volume per stem. The response variable 
was log-transformed (ln) to stabilize residual variance, 
and a second-degree polynomial regression was ap-
plied to standing merchantable volume. Analyses 
were performed using R version 4.4.2 and the signifi-
cance level was set at p<0.05 in this study.

Table 3 Description of work elements during the time and motion study (adapted from Labelle et al. 2017)

Work element Start End

Boom-out Boom extending toward tree Head is positioned at base of tree, and saw is ready to be activated

Felling Head is in vertical position and saw is activated Tree crown touches the ground or feed rollers are activated

Processing Feed rollers are activated with stem in harvesting head Tree top is released

Manipulation
Other boom tasks (e.g., manipulating processed logs building a 

brush mat, etc.)
Other work elements dominate

Tracking Tracks are moving Tracks are stopped, or other elements dominate

Delays
Any delay linked to personal, mechanical, or study design 

issues lasting more than a few seconds
Other work elements dominate
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3. Results

3.1 Mensuration of Processed Stems
From the 1082 trees inventoried, 819 stems were 

processed across the plots. Carbonized and green cat-
egories were predominantly composed of black spruce 
(94.8% and 91.6%, respectively), while affected and red 
categories presented a more balanced species compo-
sition, with black spruce representing 68.1% and 43.1% 
of stems, respectively, and jack pine representing 
31.9% and 56.9%, respectively (Table 4). Stand density 
was quite similar for carbonized, red and affected 
plots (mean of 974 trees/ha) whereas green plots were 
much denser at 1692 trees/ha.

Mean DBH varied between 14.5 cm to 16.4 cm for 
green and red categories, respectively. Statistical anal-

ysis revealed significant differences in DBH between 
(i) carbonized – green, (ii) red – green and (iii) affected 
– green. However, no significant differences were ob-
served between the other burn categories (Table 4). 
Mean height ranged from 12.1 m to 13.5 m for affected 
and green categories, respectively. Height differed 
significantly between (i) carbonized – affected, (ii) car-
bonized – green, (iii) red – affected and (iv) green – af-
fected (Table 4). The highest average standing mer-
chantable volume per stem was observed in the red 
category (0.12 m³/stem).

By adding more analyses and considering stems 
≤0.20 m3, standing merchantable volume for processed 
stems remained significantly different among burn 
categories (Fig. 3). However, when those stems were 
grouped into two classes ((i) ≤0.10 m³/stem and (ii) 

Table 4 Characteristics of processed stems by burn category

Burn category
Density, 
stem/ha

Number 
of stems

Species, %
Tree DBH, cm1 Tree height, m Standing merch vol.2, m3

Mean Median SD3 Mean Median SD3 Mean Median SD3

Carbonized 1068 234
Black Spruce: 94.8

15.31 14.70a 3.17 13.15 12.90b 2.31 0.10 0.08a 0.07
Jack Pine: 5.2

Red 924 195
Black Spruce: 43.1

16.38 15.60a 3.95 13.33 13.40bc 2.06 0.12 0.10b 0.08
Jack Pine: 56.9

Affected 930 163
Black Spruce: 68.1

15.53 14.30a 3.58 12.11 12.10a 1.82 0.10 0.07a 0.07
Jack Pine: 31.9

Green 1692 227
Black Spruce: 91.6

14.49 13.80b 3.12 13.49 13.40c 1.66 0.09 0.08a 0.06
Jack Pine: 8.4

Different lower-case letters indicate a statistical difference between burn categories at p<0.05 based on Dunn test with Holm method; 1 over bark; 2 standing merchantable volume per 
stem; 3 standard deviation

Fig. 3 Distribution of standing merchantable volume for processed stems by burn category; Different lower-case letters indicate a statistical 
difference between burn categories at p<0.05 based on Dunn test with Holm method
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>0.10–≤0.20 m³/stem), no significant differences were 
detected among burn categories (Fig. 3). Therefore, 
these volume classes enabled meaningful comparisons 
of harvesting productivity and volume recovery rates 
across burn categories by reducing size-related bias.

3.2 Time and Motion Analysis
For stems ≤0.10 m3, the shortest total cycle time was 

observed in the red category (13.15 s), while the lon-
gest occurred in the carbonized category (14.71 s). Sig-
nificant differences were detected between (i) carbon-
ized – red and (ii) green – red. No significant 
differences in total cycle time were observed among 
the other burn categories (Table 5).

Boom-out and processing times were shortest in 
the carbonized category (3.05 s, 6.22 s, respectively) 
and longest in the green category (3.65 s, 7.30 s, respec-
tively). Manipulation and delay times were lowest in 
the red category (0.73 s, 0.00 s, respectively), and high-
est in the carbonized category (1.45 s, 1.44 s, respec-
tively). Felling time was shortest in the green category 
(1.02 s) and longest in the affected category (1.50 s), 
whereas tracking was shortest in the green category 
(0.69 s) and longest in the carbonized category (1.19 s). 
Although several work elements showed significant 
differences among burn categories, the trends varied 
from one work element to another (Table 5).

Overall, the distribution of work elements varied 
among burn categories. Processing accounted for the 

highest proportion of total cycle time across all burn 
categories, ranging from 42% in the carbonized cate-
gory to 51% in the red category. Boom-out consistent-
ly ranked second, representing between 21% and 25% 
of the cycle time in carbonized and green categories, 
respectively. Together, processing and boom-out ac-
counted for the majority of the total cycle time. Felling, 
delays, tracking and manipulation each contributed 
less than 12% of the total cycle time, with minor varia-
tions between burn categories (Fig. 4).

For stems >0.10 m ³ and ≤0.20 m³, the shortest total 
cycle time was observed in the affected category (14.71 
s), whereas the longest occurred in the green category 
(16.75 s). Significant differences were detected be-
tween (i) green – affected, (ii) green – red. No signifi-
cant differences were observed among the other burn 
categories (Table 6).

Boom-out and processing times were shortest in 
carbonized (2.97 s and 7.19 s, respectively) and longest 
in the green category (3.44 s and 9.43 s, respectively). 
Manipulation and delay times were lowest in the red 
category (0.76 s and 0.00 s, respectively), while the 
highest manipulation time occurred in the green cat-
egory (1.35 s) and the highest delay time in the carbon-
ized category (1.39 s). Felling and tracking times were 
quicker in the green category (1.22 s and 0.69 s, respec-
tively), while longer durations were observed in the 
red category for felling (1.56 s) and in the affected cat-
egory for tracking (1.24 s). Although several work ele-
ments showed significant differences among burn 

Table 5 Mean duration of each work element for standing merchantable volume �0.10 m3 across burn categories

Burn category

Mean duration per cycle, s

Work elements common to all stems Standardized work elements
Total cycle

Boom-out Felling Processing Tracking Manipulation Delays

Carbonized 3.05a 1.36a 6.22a 1.19b 1.45b 1.44b 14.71a

Red 3.09a 1.44a 6.71bc 1.17a 0.73c 0.00c 13.15b

Affected 3.23ab 1.50a 6.30ab 1.04a 1.05a 0.71a 13.83ab

Green 3.65b 1.02b 7.30c 0.69c 1.37b 0.65a 14.68a
Different lower-case letters indicate a statistical difference between burn categories at p<0.05 based on Dunn test with Holm method

Fig. 4 Mean proportion of each work element for standing merchantable volume �0.10 m3/stem across burn categories
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Between 0.00–0.02 m3/stem, harvesting productiv-
ity was similar for red and affected categories, where-
as carbonized and green categories showed lower 
productivity. In the range of 0.02–0.05 m3/stem, har-
vesting productivity was similar for red, affected and 

categories, the trends varied from one work element 
to another (Table 6).

Overall, the proportion of work elements varied 
across burn categories. Similar to what was reported 
for smaller stems, processing also accounted for the 
largest share of the total cycle time in all burn catego-
ries, ranging from 47% in the carbonized category to 
57% in the red category. Boom-out consistently ranked 
second, contributing between 19% and 21% of the total 
cycle time across burn categories. Felling, delays, 
tracking, and manipulation each contributed less than 
10% of the total cycle time in all burn categories (Fig. 
5).

3.3 Harvesting Productivity
The relationship between harvesting productivity 

and standing merchantable volume per stem is illus-
trated via the scatterplot (Fig. 6). Due to the presence 
of heterogeneous residual variance, a transformation 
was applied to stabilize the variance and improve 
model assumptions. Therefore, exponential models 
combined with second-degree polynomial regression 
were fitted to better describe the non-linear relation-
ship between the variables. For all burn categories, the 
fitted equations suggested that productivity increased 
exponentially with increasing standing merchantable 
volume within the analyzed stem size interval. The 
coefficients of determination (R2) ranged from 0.66 to 
0.73 across burn categories, indicating moderate to 
strong explanatory power of the models (Fig. 6).

Table 6 Mean duration of each work element for standing merchantable volume >0.10 m3 and �0.20 m3 across burn categories

Burn category

Mean duration per cycle, s

Work elements common to all stems Standardized work elements
Total cycle

Boom-out Felling Processing Tracking Manipulation Delays

Carbonized 2.97a 1.46a 7.19a 1.20a 1.22a 1.39b 15.43ab

Red 3.19a 1.56b 8.60b 1.05c 0.76c 0.00c 15.16a

Affected 2.99a 1.49ab 7.39a 1.23a 1.24ab 0.38a 14.71a

Green 3.44a 1.22c 9.43b 0.69b 1.35b 0.61a 16.75b

Different lower-case letters indicate a statistical difference between burn categories at p<0.05 based on Dunn test with Holm method

Fig. 5 Mean proportion of each work element for standing merchantable volume > 0.10 m3 and � 0.20 m3 across burn categories

Fig. 6 Harvesting productivity curves (2nd degree polynomial regres-
sions) in function of burn category, residual standard error: 0.29, R2: 
0.71; p-value: <2.2e-16
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green categories, while carbonized remained the low-
est. Between 0.05–0.14 m3/stem, the green category 
presented the highest productivity, followed by red, 
affected, and carbonized. From 0.14–0.17 m3/stem, red 
showed the highest productivity, followed by affected, 
green and carbonized. Up to 0.17 m3/stem, productiv-
ity remained similar and highest for red and affected 
categories until a point at which carbonized surpassed 
them. In the green category, productivity reached its 
optimum within this volume interval (Fig. 6).

For stems ≤0.10 m3, the highest average productiv-
ity occurred in the red category (13.4 m³/PMH15), while 
the lowest was observed in the carbonized category 
(11.9 m³/PMH15). Productivity decreased by 7.4% in 
the carbonized category and by 6.6% in the affected 
category, while it increased by 3.9% in the red catego-
ry compared to green category. For stems >0.10 m ³ 
and ≤0.20 m³, the highest average productivity was 
again observed in the red category (28.4 m³/PMH15), 
while the lowest occurred in the carbonized category 
(25.6 m³/PMH15). Productivity declined by 8.9% in the 
carbonized category, while it increased by 1.4% in the 
red category and by 1.1% in the affected category com-
pared to green category. However, for both standing 
merchantable volume classes, productivity did not 
differ significantly among burn categories (Table 7).

3.4 Volume Recovery
The scatter plot shows the relationship between 

harvested volume per stem and standing merchant-
able volume per stem (Fig. 7). As the residuals exhib-
ited heterogeneous variance, a transformation was 
necessary to stabilize the variance and to improve 
model assumptions. Consequently, exponential mod-
els combined with a second-degree polynomial regres-
sion were applied. For each burn category, volume 
recovery increased exponentially with increasing 
standing merchantable volume until reaching an op-
timum, then decreased, particularly for the green cat-
egory. The coefficients of determination (R2) of each 

burn category were greater than 0.71, indicating a 
strong ability of the models to explain the variability.

Between 0.00 and 0.04 m3/stem approximately, 
volume recovery was similar for all burn categories. 
In the range of 0.04 to 0.12 m3/stem approximately, the 
green category showed the highest volume recovery, 
followed by affected, red and carbonized. From 0.12 
to 0.16 m3/stem approximately, green still presented 
the highest volume recovery followed by red, affected 
and carbonized. Up to 0.16 m3/stem, green showed the 
highest volume recovery followed by red, carbonized 
and affected up to a certain point. Thereafter, red and 
carbonized surpassed green. Volume recovery reached 
its optimum within this interval for the green category 
(Fig. 7).

Table 7 Mean harvesting productivity and standard deviation per burn category

Burn category

Productivity, m3/PMH15

0.00<V, m3/stem �0.10 0.10<V, m3/stem �0.20

Mean Median SD Percentage1, % Mean Median SD Percentage1, %

Carbonized 11.9 11.3a 4.6 –7.4 25.6 23.6a 8.4 –8.9

Red 13.4 12.5a 5.3 3.9 28.4 26.7a 10.0 1.4

Affected 12.0 10.5a 4.8 –6.6 28.3 27.8a 10.4 1.1

Green 12.8 11.7a 4.9 0.0 28.1 27.7a 7.0 0.0
Different lower-case letters indicate a statistical difference between burn categories at p<0.05 based on Dunn test with Holm method; 1 Percentage difference compared to green

Fig. 7 Volume recovery curves (2nd degree polynomial regressions) 
in function of burn category, the red line indicates the line of unity 
(1:1), residual standard error: 0.24, R2: 0.82; p-value: <2.2e-16
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From 0.00 to 0.10 m3/stem, the average volume re-
covery rates ranged between 74.0% and 81.8% in the 
carbonized and green categories, respectively. Com-
pared to the green category, recovery rates decreased 
in carbonized (9.6%) followed by red (4.4%) and af-
fected (3.1%). From 0.10 to 0.20 m3/stem, average vol-
ume recovery rates varied from 77.5% to 93.6%, in the 
carbonized and green categories, respectively. Recov-
ery rates declined by 19.6% in the carbonized, 15.0% 
in the red and 16.0% in the affected categories com-
pared to the green category. For both standing mer-
chantable volume classes, volume recovery rates dif-
fered significantly between (i) carbonized – green, (ii) 
red – green and (iii) affected – green. However, no 
significant differences were observed between the 
other burn categories (Table 8).

4. Discussion

4.1 Time and Motion Studies
In this study, average cycle durations were mostly 

shorter than those reported in previous studies. For 
example, Pohjala et al. (2024) reported average total 
effective times per tree, including processing, felling, 
boom-out, moving and delays, of approximatively 20 
s in Scots pine (Pinus sylvestris L.) dominated stands in 
Finland (9.5–17.6 cm DBH), thus equaling a 29% long-
er cycle time compared to our results.

When examining the distribution of work ele-
ments, processing consistently remained the most 
time-consuming element across all burn categories, 
which was similar to previous works. For instance, 
processing accounted for more than 60% (mean DBH 
of 33.5 cm) of the total cycle time, followed by felling 
and boom-out with 19% and 13.6%, respectively, in 
Norway spruce dominated stems (Kärhä et al. 2018). 
Similarly, processing represented >50% (mean DBH of 
29.5 cm) of total cycle time in hardwood dominated 
stands in Germany (Labelle et al. 2018). In contrast, the 
proportion of tracking time in our study was lower 

than the 9.9–13.8% reported for pine-dominated 
stands in Germany (Labelle et al. 2017). However, this 
work element may have been underestimated in our 
dataset, as it was not prioritized when occurring si-
multaneously with other work elements. Furthermore, 
harvester boom length varied from 10 m in our study 
to 14.5 m in Labelle et al. (2017). The longer boom trig-
gered shorter tracking times at the expense of longer 
boom-out times.

Regarding cycle time among burn categories, the 
differences may be explained by variations in stem 
condition as well as stand structure and burn category. 
In the green category, longer processing times may be 
related to higher wood resistance and denser crowns, 
while faster felling may be partly explained by more 
predictable stem behavior and fewer safety or control 
adjustments. In contrast, the carbonized category pre-
sented the shortest processing time since most branch-
es had been burnt, thus requiring less processing ef-
fort. However, this category showed longer delays 
times, mainly due to work interruptions caused by 
chain derailment or chain removal during harvesting 
operations. In red and affected categories, damage was 
neither minimal nor severe. This heterogeneity likely 
required frequent operator adjustments. As a result, 
work element durations were less consistent and over-
all cycle times were intermediate than those observed 
in carbonized and green categories. Finally, tracking 
time was statistically shortest in the green category, 
which can be explained by the highest stand density, 
which reduces the need for frequent machine reposi-
tioning.

4.2 Harvesting Productivity
Within the defined stem-size interval, harvesting 

productivity mostly increased with standing mer-
chantable volume for each burn category. However, 
the green category seems to reach a maximum produc-
tivity at about 0.19 m3/stem. This decline is likely due 
to the limited number of stems within the standing 
merchantable volume range. In contrast, Visser and 

Table 8 Volume recovery rate per merchantable volume classes and burn category

Burn category

Volume recovery rate, %

0.00<V, m3/stem �0.10 0.10<V, m3/stem �0.20

Mean Median SD Percentage1 Mean Median SD Percentage1

Carbonized 74.0 68.2a 27.3 –9.6 77.5 74.7a 14.9 –19.6

Red 78.3 72.2a 31.4 –4.4 81.3 83.8a 18.1 –15.0

Affected 79.3 70.1a 36.2 –3.1 80.5 81.4a 20.3 –16.0

Green 81.8 78.1b 16.7 0.0 93.6 93.1b 12.5 0.0
Different lower-case letters indicate a statistical difference between burn categories at p<0.05 based on Dunn test with Holm method; 1 Percentage difference compared to green
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Spinelli (2012) reported that productivity continued to 
increase with stem size and reached a maximum at 
approximately 1.9 m³/stem (mean DBH of 42cm). 
Their study, performed in New Zealand, was based 
on excavator-mounted systems equipped with high-
capacity harvesting heads, which differ from the 
smaller-scale equipment used in the present study, 
designed for smaller-diameter trees.

No significant difference in overall productivity 
between burned and unburned stands was observed, 
potentially reflecting a compensation effect whereby 
higher burn severity reduces volume recovery for a 
given DBH while simultaneously accelerating work 
cycles. Nevertheless, some deviations between burned 
and unburned stands were observed, reflecting varia-
tions in stand structure rather than the effect of burn 
category itself. This interpretation aligns with previ-
ous findings suggesting that statistical similarity does 
not preclude the presence of operational variability 
(Labelle et al. 2024). Moreover, stem size, which varies 
within and among forest stands, remains a dominant 
determinant of harvesting productivity (Lindroos et 
al. 2024). Additional factors such as operator adapta-
tion, visibility, and terrain conditions may also have 
contributed to the observed productivity among burn 
categories. It is also important to note that, when pro-
ductivity is based on measured processed volume 
while merchantable volume is estimated from stand-
ing volume, differences in recovery ratios due to burn 
severity can introduce a volume recovery bias.

Furthermore, the average productivity observed in 
both burned and unburned categories was similar or 
higher than the ranges reported in previous studies 
performed in pine and/or spruce stands. For instance, 
Mizaras et al. (2008) reported harvesting productivity 
lower than 20 m³/PMH (<0.2 m³/stem) in spruce stands 
with a Timberjack 1270. Similarly, Hiesl and Benjamin 
(2014) reported harvesting productivity values rang-
ing from 6.1 m³/PMH to 26.5 m³/PMH (13.1–18.7 cm 
DBH) in spruce fir stands in west-central Maine, USA. 
In Polish pine stands, Mederski et al. (2016) found an 
average harvesting productivity of 18.6 m³/PMH 
(15.4–25.9 cm DBH). Labelle et al. (2017) also stated 
that harvesting productivities ranged from <20 m³/
PMH₀ (10–19 cm DBH) with an Atlas Königstiger T23 
single-grip harvester for pine and spruce stands. Mor-
evover, Dlokweni et al. (2022) reported in a pine fire 
salvage operation in the Eastern Cape, South Africa 
that harvesting productivity varied with tree size, with 
a mean harvester productivity of 60.5 m³/PMH for 
trees averaging 0.72 m³, and a mean feller-director pro-
ductivity of 22.7 m³/PMH for smaller trees averaging 
0.14 m³, which is comparable to the stem sizes exam-

ined in the present study. These comparisons suggest 
that the harvesting productivity observed in the pre-
sent study reflects typical mechanized harvesting per-
formance under comparable stem size conditions.

Finally, the effects of wildfire on harvesting pro-
ductivity observed in this work differed from those 
reported for other natural disturbances. While previ-
ous studies have documented reduced harvesting pro-
ductivity in windthrow and spruce budworm-affected 
stands (Kärhä et al. 2018, Béland et al. 2020), wildfire 
did not lead to a comparable decrease. Overall, the 
results suggest that harvesting in burned stands re-
mains productive, as wildfire severity alone did not 
constitute a limiting factor of work pace within the 
examined stem-size range and operational conditions.

4.3 Volume Recovery
In contrast to harvesting productivity, volume re-

covery rates were clearly influenced by wildfire ef-
fects. Generally, recovery rates increased with stand-
ing merchantable volume across all burn categories. 
However, in the green category, volume recovery 
reached a maximum at approximately 0.19 m3/stem 
and then began to decrease, which may be partly ex-
plained by the limited number of observations, par-
ticularly for merchantable volumes greater than 0.15 
m³/stem.

Significant differences in volume recovery were 
observed between burned and green categories, 
whereas no significant differences were detected 
among the burned categories (carbonized, red, and af-
fected). Unburned stems likely retained greater struc-
tural integrity, which may have contributed to re-
duced wood loss during processing. In contrast, 
burned stems may have been partially damaged or 
deformed, leading to a reduced number of logs or/and 
lower volume recovery rate. Variations in stand char-
acteristics may have further contributed to these dif-
ferences.

The average volume recovery rates in this study 
were similar or higher than those reported in previous 
research. Labelle et al. (2017) reported recovery rates 
below 50% for small-diameter stems (10–24 cm DBH) 
in pine-dominated stands, while Labelle et al. (2018) 
observed higher recovery rates ranging, from 73% to 
85%, in large diameter hardwood dominated stands. 
In fire-affected stands, Dlokweni et al. (2022) reported 
that log volume recovery (utilizable stem volume) 
reached 84% for cut-to-length (CTL) systems and 
58.1% for full-tree (FT) systems. However, in the pre-
sent study, harvester calibration settings and the selec-
tion of log volume tables may have affected processed 
and standing merchantable volumes, respectively. 
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Moreover, measurement errors associated with the 
digital height measurement device used during field 
inventory may have introduced bias. These methodo-
logical factors potentially contributed to high recovery 
rates observed, which in some cases exceeded 100%.

Overall, the results suggest that harvesting in 
burned stands remains operationally productive un-
der the studied conditions, whereas volume recovery 
appears more sensitive to wildfire effects. The hypoth-
esis that harvesting productivity would decrease with 
increasing burn severity was not supported, whereas 
the hypothesis regarding reduced volume recovery in 
burned stands was supported.

4.4 Study Limitations and Future Research
This study was conducted under operational con-

ditions that impose certain limitations. Harvesting 
operations were done using two harvesters: a Tigercat 
H855C with a Waratah 415X and a Tigercat 855E 
equipped with Waratah 425. The observed differences, 
or the absence of differences, in harvesting productiv-
ity and volume recovery rates may partly reflect the 
effects of the harvester or harvesting head rather than 
burn category alone. However, several factors may 
limit this potential source of bias. The harvesters and 
harvesting heads used were from the same manufac-
turers and represent only improvements over previ-
ous models. In addition, all plots were harvested by 
the same operator working day shifts and using con-
sistent working techniques. Moreover, the analyses 
focused on stems with small standing merchantable 
volume (≤0.20 m³/stem), a range within which both 
harvesting heads are expected to operate in a similar 
way. Nevertheless, future studies should explicitly 
control harvester and harvesting head types.

Site selection was based on wildfire areas from 
2023 and 2024, availability of fire classification maps, 
site accessibility and company harvesting planning. 
As this study was limited in time and space, stand 
characteristics, such as density, DBH, height and spe-
cies were difficult to control across the plots. Only the 
operator and the burn categories were controlled. 
However, to minimize variability, plots were initially 
selected based on visual field assessment to ensure 
similar stand and site conditions, and their compara-
bility was subsequently confirmed through additional 
analyses.

Measurement uncertainty may also have affected 
both harvesting productivity and volume recovery 
rates. Harvested volumes were calculated using log 
lengths and diameters from the OBC data, which were 
influenced by the calibration of the harvester head. In 
fact, calibration was guided by an operational control 

protocol communicated to the harvesting crews. Op-
erators were instructed to perform two control checks 
per week, with five logs measured at each control 
point. Calibration of the harvester head was required 
when results did not meet the accepted accuracy 
thresholds (i.e., 80% of diameter measurements with-
in ±6 mm and 80% of length measurements within ±2 
cm). In addition, standing merchantable volume was 
estimated using a formula, which may have intro-
duced potential errors. These methodological factors 
contributed to the observed recovery rates exceeding 
100% in some cases, which should not be interpreted 
as an analytical error.

In addition, this study did not analyze the influ-
ence of burn categories on damage to the harvesting 
head or harvester maintenance. Nevertheless, these 
operational aspects remain essential for understand-
ing long-term equipment performance and cost man-
agement, thereby providing a more comprehensive 
evaluation of the technical and economic consequenc-
es associated with post-fire harvesting operations.

Despite these limitations, the consistency of trends 
observed across burn categories strengthens the ro-
bustness of the conclusions within the studied opera-
tional context. Nevertheless, these limitations warrant 
caution when extrapolating the present findings be-
yond the examined stem size range and operational 
conditions.

Previous research has identified several factors that 
significantly influence harvesting productivity, in-
cluding stem size (Nakagawa et al. 2007, Purfürst and 
Erler 2011, Eriksson and Lindroos 2014, Ghaffariyan 
et al. 2019, Rossit et al. 2019, Lindroos et al. 2024), tree 
species (Eriksson and Lindroos 2014, Rossit et al. 2019, 
Spinelli et al. 2020), stand density (Mederski et al. 
2016), operator performance (Purfürst and Erler 2011, 
Rossit et al. 2019) and work shift (Rossit et al. 2019). 
Regula et al. (2018) further emphasize the influence of 
factors such as market conditions, time management, 
planning, mechanical characteristics, labor and ma-
chine specifications. These factors may also be relevant 
when evaluating volume recovery. Therefore, further 
analyses using larger datasets derived from harvester 
OBC are recommended. Such datasets would allow 
improved statistical control by incorporating addi-
tional variables, while increasing replication within 
each burn category. Olivera et al. (2016) demonstrated 
that OBC systems allow a continuous collection of de-
tailed data on harvested stems, harvesting processes 
and these data represent a valuable resource for both 
industrial applications (Rossit et al. 2019) and scien-
tific research (Polowy and Molińska-Glura 2023). 
Moreover, as emphasized by Ackerman et al. (2022) 
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and Lindroos et al. (2024), OBC datasets offer a prom-
ising way to improve the evaluation of harvesting pro-
ductivity. Similar approaches could also enhance the 
analysis of volume recovery in post-fire harvesting 
contexts.

5. Conclusions
This study provides empirical evidence that, with-

in the examined stem size range, harvesting produc-
tivity in burned stands (mean of 12.4 m³/PMH15 and 
27.4 m³/PMH15 for small and intermediate stems, re-
spectively) remained comparable to that observed in 
unburned stands (mean of 12.8 m³/PMH15 and 28.1 m³/
PMH15, respectively). In contrast, volume recovery 
was significantly lower in burned stands (mean of 
77.2% and 81.8% for small stems and intermediate 
stems, respectively) compared to the unburned stands 
(mean of 79.8% and 93.6%, respectively), highlighting 
that wildfire mainly affects wood recovery rather than 
harvesting productivity. These results suggest that 
economic losses following wildfires are more likely 
associated with wood recovery as opposed to harvest-
ing productivity. Further research using larger datas-
ets derived from harvester OBC is recommended to 
strengthen these conclusions. Integrating additional 
variables, such as stand characteristics, operator per-
formance, and machine type, would allow a more 
comprehensive evaluation of harvesting performance 
following wildfires.
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