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Abstract

Fully mechanized hardwood operations usually rely on manual bucking, which may decrease
potential volume and value recovery as compared to automatic bucking. This study aimed at
evaluating bucking done in cut-to-length (CTL) operations, hypothesizing a possible increase
of value recovery by using a bucking optimizer. Evaluation of bucking was done by a com-
parison of actual bucking with a mathematical solution — BuckR — a bucking optimizer based
on dynamic programming. Results showed that the mathematical approach significantly out-
performed manual bucking when quality was not considered, and only main stem products
were included. Throughout 315 study trees (Acer saccharum, Acer rubrum, and Betula
alleghaniensis) located in the Acadian forests of Eastern Canada, a mean increase of 112%
in value and 84% in volume recovery per tree was reached through mathematical optimization.
Contributions of mathematical bucking can be summarized by 1) a significantly higher num-
ber of sawlogs and a greater mean log length of sawlogs and pulp logs, 2) a two-fold increase
in processed height, and 3) a considerable reduction in minimal diameters as compared to
actual bucking. Those results illustrate the possibility to increase value and volume recovery
in mechanized CTL operations and therefore to utilize the wooden resource more efficiently.

Keywords: optimization, product recovery, value recovery, sawlog maximization, BuckR

1. Introduction

In 2020, Canada was the fourth-largest sawlog pro-
ducer in the world and exported 40.2 million m? (67%
of its production) (FAO 2022). Even though hardwood
stands and mixed forest stands represent a minority
of Canadian forests with 12% and 14% of the forest
cover, respectively (NRCan 2022), these hardwood-
dominated areas play an essential role in the supply
chain. This is especially true for high-value appear-
ance products such as cabinet, veneer, or furniture, as
well as lower value products including pulp, paper,
and viscose staple fibre (Wiedenbeck and Smith 2018).

From all decisions taken during harvest and sup-
ply operations, bucking, thus the task of cross-cutting
stems into logs of varying assortments, is considered
the tactical decision with the highest impact on value
creation (Faaland and Briggs 1984, Lembersky and Chi
1986, Karha et al. 2017). Bucking decisions must con-
sider tree, market, and transportation variables to
maximize value recovery. At the tree level, bucking

decisions must consider species, dimensions, and
quality (Wang et al. 2004) as well as market specifica-
tions for log size for each mill destination (Faaland and
Briggs 1984).

Poor bucking can lead to waste and misutilization
of wood and fibre, which in turn translates into inef-
ficiency and loss of value for both the forest owner and
the rest of the value chain. Factors such as complex
product specifications, lack of incentives in a context
of payment by productivity, insufficient training of the
operators or incorrect bucking strategies can restrain
value recovery from bucking (Twaddle and Goulding
1989, Pickens et al. 2006).

Evaluation of bucking and research on bucking
optimization have been conducted since the 1960s to
explore ways to improve the value of bucking (Kivinen
2004). Methods have been developed both at tree-level
(for instance Faaland and Briggs 1984) and stand-level
(as done by Sessions et al. 1989, Laroze 1994) by using
different mathematical approaches such as linear pro-
gramming, dynamic programming, network analysis,
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shortest path algorithms or heuristic approaches
(Laroze and Greber 1997).

Gains from optimized bucking are documented in
many case studies: In softwood operations, the math-
ematical optimization of bucking provided an increase
in value ranging from 1% to 26% (Twaddle and Goulding
1989, Boston and Murphy 2003, Corneau and Fournier
2005, Akay 2017, Labelle and Huf3 2018). In hardwoods,
increase in value recovery is generally higher, ranging
from 14% to 55 % in operations conducted either motor-
manually or mechanically in a log yard (Pickens et al.
1992, 2006, Wang et al. 2004, 2009). The most notable
results are from the industrial application of bucking
optimization performed in the 1980s, which tripled the
revenues of softwood operations from a large forest
company (Lembersky and Chi 1986). A recent study
investigated the inclusion of LiDAR data into bucking
optimization in pine stands and highlighted the poten-
tial of the use of such data for bucking optimization
(Prendes et al. 2023). Studies exploring shortwood
systems in hardwoods could not be found.

Nowadays, 75% of harvesting operations in Eastern
Canada are done using harvesters in cut-to-length
(CTL) method (Lundbéck et al. 2021), including an
increasing share of hardwood operations. The use of
harvesters is more common in softwoods but is also
increasing in hardwoods. Harvesters, initially devel-
oped to reduce costs of forest operations and replace
costly workforce (Silversides 1984), lead to a signifi-
cant increase of productivity (Skogforsk 2008) as well
as work safety and health (Gellerstedt and Dahlin
1999). Scarce workforce is the main reason for the
recent transition to this harvesting system for hard-
woods in Eastern Canada. Even though harvesting
using the CTL method requires fewer operators, those
need to have several months of training in order to
reach satisfactory productivity (Purfiirst 2010, Purfiirst
and Erler 2011, Pagnussat et al. 2021). This duration of
training is particularly crucial, as labour shortage
tends to facilitate turnover of employees and may lead
to fewer trained harvesting operators.

When developing current harvesters, the focus laid
on softwoods. Therefore, current bucking algorithms
implemented by machine manufacturers are not
adapted to hardwoods. In comparison with soft-
woods, bucking of hardwoods is more challenging
due to the diverse and complex list of log specifica-
tions, the inclusion of quality factors, and often high
differences in value between high- and low-quality
grades. Bucking of hardwoods is further complicated
due to the fact that trees have a more complex archi-
tecture, including large branches which may be mer-
chandized and forks with limited commercial usage.
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Up to recently, bucking in hardwoods was done either
at the roadside, in a sorting yard or at the mill by a
slasher with a specialized operator, on trees harvested
using feller-bunchers, with delimbing done either at the
stump or at the roadside. Hardwood bucking relies on
the visual assessment of the tree from the operator’s
cabin and thereby does not allow a full representation
of the bole. The need of visual identification of stem
defects by harvester operators to choose bucking
pattern requires particularly experienced and well-
trained operators. This additional need of judgment
can lead to higher mental workload for operators as
well as to fluctuations of bucking results, depending
on daily form of the operator (Spinelli et al. 2020).

A potential solution would integrate defect-detection
sensors into the harvesting head, allowing real-time
optimization of bucking decisions. However, such
technology is not yet commercially available. An alter-
native could be to limit CTL processing to producing
long logs for subsequent bucking at the landing using
advanced slashers equipped with defect-detection
systems. This approach, however, may introduce
logistical challenges in handling and transporting
longer logs.

In the meantime, this study investigates whether
the automatic bucking algorithms currently embed-
ded in harvesters — designed primarily for softwoods
— can be effectively used for hardwood CTL opera-
tions. Specifically, it evaluates whether bucking based
solely on dimensional criteria (log length and diame-
ter), followed by quality sorting at the landing, could
improve value recovery compared to traditional
operator-based bucking. We hypothesize that mathe-
matical bucking optimization, even without defect
detection, can outperform manual bucking in hard-
wood CTL harvesting by improving the allocation of
logs based on price lists that only consider dimensions.

2. Materials and Methods

2.1 Study Area and Operational Considerations

Study sites were located in the Acadian forests of
New Brunswick, Canada (Fig. 1). In the province, for-
ests occupy 83% of the land (NBDNRED n.d.), and
present a high diversity of commercial tree species,
climate, and geology (Loo and Ives 2003). Common
hardwood species can be divided into those with a
high value, such as sugar maple (Acer saccharum
Marsh.) and yellow birch (Betula alleghaniensis Britt.),
and those with a moderate value such as red maple
(Acer rubrum L.), white birch (Betula papyrifera Marsh.).
Beeches (Fagus grandifolia Ehrh.) in Acadian forests are
often affected by the beech bark disease (Taylor et al.
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Fig. 1 Localization of study sites in the province of New Brunswick, Canada

2013) and do not generally generate roundwood. Plots
included in this study were located either on public
(Crown) or on private land found in ecoregion 2
(Northern Uplands), ecoregion 3 (Central Uplands),
and ecoregion 5 (Valley Lowlands) with altitudes
ranging from 206 m to 476 m above sea level. Pieces of
information related to specific silvicultural treatments,
past land-use or possible calamities, which occurred
in the plots are not known. Harvesting of the study
sites was done with fully mechanized operations,
using harvesters in CTL operations. Study trees were
marked during pre-harvest inventory, and operations
were conducted between August and March following
a two shift per day approach, with data collected
between 2018 and 2022.

2.2 Data Collection

Datasets provided by the Northern Hardwoods
Research Institute (NHRI) and the New Brunswick
Department of Natural Resources and Energy
Development (NBDNRED) were collected between
2018 and 2022 (Table 1). A total of 160 variable radius
plots, using a prism with a basal area factor of 2 m?*/ha,
were randomly established in seven hardwood-
-dominated harvesting blocks. A total of nine plots
were setup per hectare and three study trees were
selected per plot (Hennigar et al. 2018, Pelletier 2020).

Before harvesting, these study trees were inventoried
and species, DBH, height, as well as form and risk
classes were assessed. The form and risk classification
of New Brunswick refers to an assessment of a tree
physical characteristics (multiple trees, forks and
curvature, and inclination) as well as its vigor (risk of
losing value) (Pelletier et al. 2020). During harvesting,
operators were instructed to operate on a business-
-as-usual approach. After harvesting, log dimensions
(bottom and top diameters and length), as well as their
origin (main stem or branches), their order in the tree
(sequence of numbers starting at one for the butt log),
and the height of the stump were tallied.

Table 1 Overview of datasets (DB1 to DB4) included in this study

Database Number | Number N_umber of.products Years of_
of plots | of trees | inthe main stem | data collection
DB1 35 103 337 2018-2019
DB2 74 116 375 2020-2021
DB3 26 39 132 2020-2022
DB4 25 57 203 2020-2022

2.3 Data Processing and Analysis

Data was processed and analyzed using R (Core
Team 2023) with R Studio version 4.4.3 (2025-02-28).
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Due to the scope of the study, only hardwoods (red
maple (RM), sugar maple (SM) and yellow birch (YB))
were considered.

During harvesting operations, products were
bucked in the main stem as well as in the branches
whenever possible. However, as the exact position of
branches in the trees was not known for all trees, only
products in the main stem were considered. The use
of the New Brunswick form and risk classification did
not allow to evaluate quality aspects of stems greater
than 5 m in height; therefore, it was decided to focus
only on dimensional aspects of stems. Thus, study
trees were handled similarly as softwood or during
mechanized CTL operations. In total, 315 trees bearing
1047 products in the main stem were included in this
study (Table 2). Those trees originated from seven har-
vesting blocks.

Table 2 Number of trees and products in the main stem depending
on tree species

Red maple RM 31 104
Sugar maple SM 209 708
Yellow birch YB 75 235
Total tot 315 1047

To discriminate between datasets and improve the
quality of analysis, ANOVAs were performed to iden-
tify potential grouping of variables, thus leading to
an analysis depending on harvesting block and not
depending on database. Assumptions of ANOVA
were tested and a significance level was set at p<0.05.

2.4 Product Specifications

Since precise product specifications used during
harvesting could not be retraced, two approaches were
used to make an informed reconstruction. Approach
one consisted of accessing product specifications of
wood marketing boards in New Brunswick (SNBE-
PMB 2022). Then, licensees were contacted to obtain
the dates of wood transportation per block and the
destination of each logging truck including specifica-
tions at the target processing facilities.

For this study, the following values were attributed
to different products: 60 value units/m’ for pulp logs
and 100 value units/m’ for main sawlogs products.
However, in the case where specifications were dif-
ferentiated between three types of sawlogs (harvesting
block G), values of 120 and 150 value units/m’ were
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included. The choice of values was based on an analy-
sis of relations between prices published by marketing
boards in New Brunswick (SNBFPMB 2025).

Product specifications for each harvesting block
and each tree species are described in Table A1 of the
supplementary material.

2.5 Determination of Mathematical Bucking
Solution

Mathematical bucking of the study trees describes
the bucking solution that could be reached by using a
bucking optimizer. In this study, BuckR, an open-
source program based on dynamic bucking, was used
(Bennemann et al. 2025). BuckR allows generating a
bucking solution for each study tree with a maximiza-
tion of value recovery. Calculation of all possible logs
in each study tree and a valuation of each log allowed
to identify the highest value sequence of logs in each
stem. Fig. 2 gives an overview of the workflow fol-
lowed.

The tree diameter profiles of the 315 study trees
were used with the Canadian national taper equations
proposed by Ung et al. (2013) as input into BuckR. In
addition, product specifications with associated prices
were also imported into BuckR. Prices were indicated
for one cubic metre and applied to the actual volume
of each log. Due to the availability of data, only quan-
titative aspects were used in this study. Therefore,
only sawlogs and pulp logs were considered as mer-
chantable products. Volume of logs was determined
by using the Smalian formula (Kershaw et al. 2017).

Computation of Validation of logs and
log sequences their sequence
Tree diameter profile T L
Data Selection of sequence

pre-processing with highest value

Product specifications

Fig. 2 Workflow of BuckR with two input files required to generate
best bucking solution

Best bucking solution

2.6 Evaluation of Actual Bucking and
Comparison with Mathematical Bucking

To evaluate bucking done during harvesting
operations, BuckR was modified as part of this project
to include post-harvest inventory databases. The clas-
sification of logs with BuckR ensures comparability
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between mathematical and actual bucking. Bottom
and top diameter of logs as well as their length were
used to classify logs based on product specifications
used for the determination of mathematical bucking.
A prediction accuracy of 1 was reached; therefore,
different tree species were handled separately.

After the classification, all products generated that
were shorter than the shortest possible log anticipated
within the specifications were labelled as »waste« and
given a value of 0. Products not having the exact
requested product length were shortened to the next
shorter target length, and shortened lengths were
identified. The small-end diameter of the shorter log
was determined using the taper equation used previ-
ously. Volume was calculated for all logs and associ-

Table 3 Performance indicators used to compare actual and math-
ematical bucking

Indicator Units

Difference in value per tree \_/alue
units/tree

Difference in volume per tree for all logs, sawlog and i
pulpwood
Difference in number of logs per tree for all logs, sawlog loas
and, pulpwood g
Log length for all logs, sawlog and pulpwood m
Difference in cumulative merchantable length per tree m
Difference in top merchantable diameter per tree cm

Table 4 Tested models for different indicators

C. Bennemann et al.

ated value was determined based on the classification.
The merchantable volume and the value generated
were summarized per tree.

2.7 Statistical Analysis

Having generated both mathematical and actual
bucking using BuckR, a comparison between each
bucking scenario was done, considering the perfor-
mance indicators in Table 3. Beside differences in
value and volume generated between both scenarios,
the cumulative length of the merchantable logs and
the top merchantable diameter were used as indicators
of the degree of utilization of trees.

For discrete indicators (number of logs), Poisson
distribution was assumed. For continuous variables
(all indicators except numbers), a Gamma distribution
(Thom 1958) with a log link transformation was
assumed. This distribution was left skewed and
represented indicators in the best way. To meet distri-
bution requirements, an adjustment of values was
done, when necessary, transforming values to strictly
positive values. Adjustments made for each variable
are specified in Table 6.

To understand factors driving differences between
several aspects of bucking results, generalized linear
models (GLM) were adjusted for each indicator and
for each tree species (Table 4). Models including both
DBH and height were not tested, as it was assumed
that the variables are not independent.

The fit of the models was evaluated using the Akaike
Information Criterion (AIC) (Akaike 1974). For each

Tested models for all indicators

Tested models for log length

Harvesting block

Harvesting block

DBH DBH
Height Height
- Scenario

Harvesting block + DBH

Harvesting block + DBH

Harvesting block + DBH + Harvesting block x DBH

Harvesting block + DBH + Harvesting block x DBH

Harvesting block + Height

Harvesting block + Height

Harvesting block + Height + Harvesting block x Height

Harvesting block + Height + Harvesting block x Height

Scenario + Harvesting block

Scenario + Harvesting block + Scenario x Harvesting block

Scenario + DBH

Scenario + DBH + Scenario x DBH

Scenario + Height

Scenario + Height + Scenario x Height

Null

Null
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performance indicator, the model with the lowest AIC
was evaluated with a likelihood-ratio-based R* (rsq.Ir
in the rsq package (Zhang 2024)). This R* was chosen
because it ranges between 0 and 1, comparable to a
classical R®. A significance threshold of 0.05 was used.

3. Results

3.1 Sample Description

Sample size varied by harvesting block depending
on the species, with, for example, harvesting block G
having the highest number of study trees and sugar
maple being the most represented as compared to
other tree species (Table 5).

The DBH of trees ranged from 11.6 cm to 69.5 cm
with a mean of 35.9 cm. It was significantly influenced
by species and harvesting block (ANOVA, p<0.05, Fig.
3A). Tree heights ranged from 12.2 m to 28.7 m with a
mean of 20.9 m. Heights varied significantly between
tree species and harvesting block (ANOVA, p<0.05, Fig.
3B). The majority of study trees (80%) had a straight
stem below 5 m as expressed by the New Brunswick
form and risk classification system (Pelletier et al. 2020),
and were thus classified as good form (F1 or F2).

DBH, cm
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Table 5 Number of observations depending on species and harvest-

ing block
Harvesting block Red maple | Sugar maple Yellow birch

A - 22 -

B 3 29 20

C - 1 -

D 1 21 7

E 10 4 5

F 11 8 -

G 6 124 43
Total 31 209 75

As there was a significant variability of DBH and
height depending on harvesting block and species, dif-
ferentiation between databases were not necessary
and trees were instead analyzed depending on har-
vesting block. This justifies the inclusion of tree size
(DHB or height) as a co-variable in our analyses.

3.2 Comparison of Actual and Mathematical
Bucking

The 315 study trees bucked in the field were classi-
fied and compared to a mathematical bucking solution,

30.0
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10.0

Harvesting block RM SM YB
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Fig. 3 Variability of DBH (A) and height (B) depending on species (red maple: RM, sugar maple: SM, yellow birch: YB) and harvesting block

(Ato G)
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Table 6 Best models fit statistics for identified performance indicators for red maple, sugar maple and yellow birch. Variables separated by
a + indicate no interactions; when variables are separated by a *, there is interaction between both variables. A Poisson distribution was
assumed for discrete variables; continuous variables were best represented by a Gamma distribution with a log link transformation. »Adjustment«
indicated the adjustment of values done to meet requirements of distribution. »db« refers to the harvesting block, »dbh« to DBH of trees, »ht« to

tree height, »s« to bucking scenario (actual or mathematical)

Red maple Sugar maple Yellow birch Distribution
i Pseudo A | Adjustment i Pseudo A | Adjustment . Pseudo A? | Adjustment
model model model
Difference in value dbh 0.72 2.00 db+dbh 0.87 20.00 db-+dbh 0.76 NA Gamma log link
, ) Total dbh 0.17 1.00 db+ht 0.40 1.00 ht 0.32 2.00 Poisson
Difference in
number of | Sawlogs | dbh 0.24 1.00 db+dbh 0.37 2.00 db+dbh 0.77 NA Poisson
logs
¢ Pulp ht 0.14 1.00 db*dbh 0.17 1.00 db 0.33 1.00 Poisson
) ) Total dbh 0.69 0.04 db*dbh 0.84 0.11 db+dbh 0.80 NA Gamma log link
Difference in
merchantable | Sawlogs | dbh 0.62 0.05 db*dbh 0.80 0.70 db*dbh 0.75 0.17 Gamma log link
volume
Pulp ht 0.24 0.10 db*dbh 0.19 1.50 db 0.21 1.30 Gamma log link
Log length * s*db 0.63 NA s*db 0.24 NA s*db 0.42 NA Gamma log link
Difference in ht 0.31 170 | db+ht | 054 1100 | do*ht | 074 NA | Gamma log link
merchantable length
Difference in top doh | 042 2700 | do*dbh | 065 5200 | dbh 055 44.00 | Gamma log fink
diameter

*log length was compared on a log scale; therefore, the scenario (actual or mathematical) was included as response variable

in both cases using BuckR. Models tested are listed in
Table 4 and best models for each performance indi-
cator and tree species are given in Table 6. Results
summarized in Table 6 will be explained in the follow-
ing sections.

3.3 Value per Tree

The value of a tree was calculated by summing the
value of individual logs. Therefore, sawlogs and pulp
logs had a value associated depending on their vol-
ume. As some trees did not generate merchantable
volume and hence had no associated value, the num-
ber of observations can be smaller when value differ-
ences are expressed in percentage as compared to
absolute values (Table A2).

Mean gain in value obtained by mathematical
approach ranged from 60% to 169%, with mean differ-
ences of 112% as compared to actual bucking (Table
A2). Mean differences were particularly high in yellow
birches with more than a two-fold increase in mean
values. Smallest value gains were observed for red
maples. Differences of value were influenced by the
dimension (DBH and height) of trees (ANOVA,
R*=0.79).

Models best representing these differences of value
for tree species are listed in Table 6. Differences in
value were driven by different variables depending on
tree species. While DBH and harvesting blocks influ-
enced value difference in sugar maple and yellow
birch, only DBH influenced value differences in red
maple (Table 6). Value differences for each species are
presented in Fig. 4.

For red maple, sugar maple and yellow birch, dif-
ferences in value increased with increasing DBH (Fig.
4 RM, SMa, YBa). For sugar maple and yellow birch,
value differences varied depending on the harvesting
block (Fig. 4 SMb, YBD).

3.4 Number of Logs per Tree

Trees bucked in the field produced between 2 and
8 logs, with a mean of 3.32 logs per tree (Table A3).
Optimized bucking generated between 2 and 9 logs,
with a mean of 5.51 logs per tree. The mean number
of merchantable logs increased throughout all tree
species, with different intensities of gains depending
on tree species. When considering only sawlogs in all
trees, mathematical bucking allowed to generate more
than twice as much sawlogs as in actual bucking,
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Fig. 4 Difference in value generated through actual and mathematical bucking for red maple (RM), sugar maple (SMa and SMb) and yellow

birch (YBa and YBb). Values were adjusted to be strictly positive

except for red maple, where gains in sawlogs were
smaller (Table A3, Fig. 5).

As the use of BuckR maximized value recovery for
each tree, mathematical bucking did not produce
waste logs, as those logs do not generate value. There-
fore, waste logs were created in actual bucking (0.00 m?
to 2.23 m3 per tree, in average 0.12 m? per tree), while
none were created in mathematical bucking (Table A3,
Fig. 5). In most of the harvesting blocks and species
combinations, waste was transformed into pulp logs
by mathematical bucking (Fig. 5). Gains in the number
of logs was particularly pronounced in red maples in
harvesting blocks B and E, as well as in sugar maple
in harvesting blocks D, E and G as well as in harvest-
ing blocks E and G for yellow birch. The impact of
dimension (DBH and height) on the total number of
logs was small (ANOVA, R*<0.42).

The number of sawlogs generated in actual buck-
ing ranged from 0 to 4, with a mean of 1.09 per tree. In
optimized bucking solution, the count of sawlog
ranged from 0 to 8, with a mean of 2.56 per tree. While
actual bucking generated 0 to 4 pulp logs with a mean
of 1.46, optimal solution generated 0 to 8 pulp logs,
with a mean of 2.95 per tree.

The difference of logs generated was particularly
high in yellow birch, with a mean of 1.8 times more
with mathematical bucking. More specifically, math-
ematical bucking generated at least three times more
sawlogs for yellow birches, while maple showed, on
average, less gains in sawlog recovery (Table A3).

When comparing the total number of logs depend-

ing on harvesting block and species (Fig. 6), all combi-
nations, except sugar maple in harvesting block C,
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Fig. 5 Mean number of logs generated in trees in actual (Act.) and mathematical (Mat.) bucking in different harvesting blocks and tree spe-

cies. Product categories are differentiated by different shades of grey

showed an increase of total number of logs generated
in mathematical bucking.

Differences of total logs included sawlogs, pulp
logs as well as logs classified as waste. Factors explain-
ing these differences are listed in Table 6 and are rep-
resented in Fig. 6, Fig. A1 and Fig. A2.

Differences of total logs produced increased with
increasing DBH for red maple (Fig. 6 RM) and with
increasing tree height in yellow birch and in sugar
maple (Fig. 6 YB and SMa). In addition to tree height,
harvesting block influenced differences of total logs
produced in sugar maple (Fig. 6 SMb).

Mathematical bucking lead to an average gain of
1.46 sawlogs throughout all study trees, with particu-
larly high gains in yellow birches (Table A3, Fig. Al).
For pulp logs, mathematical bucking led to an average
gain of 1.49 pulp logs (Table A3, Fig. A2). Factors mainly
driving these differences are listed in Table 6.

3.5 Merchantable Volume per Tree

Within the 315 study trees, mean volume gener-
ated in actual bucking was 0.64 m®/tree, while math-
ematical bucking generated an average of 1.18 m’/tree,
thus representing a gain of 84% (Table A4). Percent-
ages of gains ranged between -15% and 772%, with
first quantile at 25% and third quantile at 106%.

The comparison of actual and mathematical buck-
ing in terms of volume generated in the different prod-
uct categories (Fig. 7) showed that, in all cases, the
volume produced in mathematical bucking increased
as compared to actual bucking. The differences of
volume generated were influenced by the interaction
between DBH and height of trees (ANOVA, R*=0.74).

Factors influencing differences of merchantable
volume, sawlog and pulp log volume are listed in
Table 6 and are represented in Fig. 10, Fig. A3 and Fig.
A4
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In red maple and yellow birch, volume gains tend
to increase with increasing DBH (Fig. 8 RM, YBb). Fur-
thermore, volume differences in sugar maple tend to
increase with increasing DBH (Fig. 8 SM). These
increases varied depending on harvesting block, with
for example harvesting block G showing higher gains
from mathematical bucking as compared to the other
harvesting blocks. However, this gain was mainly
associated with larger trees (DBH>45 c¢m), and all
these trees were from harvesting block G. Harvesting
blocks also influenced volume differences in yellow
birch with trees in harvesting block B reaching
significantly higher differences in volume as compared
to those in harvesting block D (Fig. 8 YBa).

Considering only sawlogs, volume differences
were driven by different variables depending on tree
species (Table 6). Throughout all species, mathemat-

ical bucking generated on average 2.4 times more
sawlog volume as actual bucking (Table A4, Fig. A3).
Volume differences generated in pulp logs were
overall small throughout all tree species (Table A4,
Fig. A4).

3.6 Log Length

Length of logs produced in actual and in mathe-
matical bucking fluctuated between tree species (Table
ADb). Individual log length varied between actual and
mathematical bucking with mean log lengths of mer-
chantable logs being higher in mathematical bucking
as compared to actual bucking for all tree species
(Table A5). The same observation applied to sawlogs
for all tree species. While mean sawlogs generated
with actual bucking ranged between 2.79 and 2.95 m,
mathematical bucking generated longer logs ranging,
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in mean, between 3.13 m and 3.71 m depending on tree
species (Table A5).

The best model to explain differences in log length
of merchantable logs included bucking scenario and
harvesting block, with interaction for red and sugar
maple as well as for yellow birch (Table 6, Fig. 9).
While some differences were null (for example for all
three species in harvesting block E), some species, such
as sugar maple showed an overall strong increase of
log length in mathematical bucking throughout all
harvesting blocks except E.

3.7 Cumulative Merchantable Length

The mean cumulative length of all merchantable
logs per tree in actual bucking ranged from 7.51 m to
9.05 m (Table A5). As compared to this, mathematical
bucking produced cumulative lengths of 15.60 m to
18.33 m. Throughout all tree species, produced cumu-
lative lengths were, in mean, more than two-fold lon-

ger in mathematical bucking as compared to actual
bucking. Models best explaining differences between
both scenarios are listed in Table 6. Best models for
each species are represented in Fig. 10.

Tree height influenced merchantable log length
produced in red maple and sugar maple (Fig. 10 RM,
SMa). For both species, log length increased with
increasing tree height. This observation was also valid
for all harvesting blocks for yellow birch (Fig. 10 YB).

3.8 Merchantable Top Diameter

Considering merchantable logs, actual bucking
generated mean top diameters of 24.37 cm, while
mathematical bucking produced logs up to a mean
top diameter of 8.62 cm (Table A5). Mathematical
bucking always generated at least one pulp log after
sawlogs, with no last logs being classified as sawlogs.
In actual bucking, one third of the last logs were clas-
sified as sawlogs. Factors driving the differences of
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diameter reached for each tree species are listed in
Table 6. Best models for each species are represented
in Fig. 11.

Differences in minimal small end diameter tend to
increase with increasing DBH for red maple (Fig. 11
RM). For yellow birch and sugar maple, the interaction
between DBH and harvesting block mainly influenced
the differences in minimal diameter (Fig. 11 YB, SM).
For both species, differences in minimal diameter
increased with DBH, but the intensity of increase
varied between harvesting blocks.

4, Discussion

4.1 Improvement of Bucking Using
Mathematical Approach

This study investigated bucking conducted in the
field as compared to mathematical bucking of hard-
wood logs when considering only dimensional
aspects of the main stem. Results indicated higher
value gains (average 112%) than other studies conducted
in softwood operations (1% to 26%, Twaddle and
Goulding 1989, Boston and Murphy 2003, Corneau 2009,
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Akay 2017, Labelle and Huf8 2018) and hardwood
operations (14% to 55%, Pickens et al. 1992, Wang et
al. 2004, 2009). The omission of quality factors as was the
case in this study, implied that no waste logs having
defects such as forks, rots or cankers were generated.
Indeed, studies in which those quality factors were
encompassed reported smaller gains of 30 and 40%
through optimization (Sessions et al. 1988, Wang et al.
2009). Nonetheless, the overall quality of the 315 study
trees was good, with the majority of trees having
straight stems, at least within the first 5 m, and thus
presenting a sawlog potential (Pelletier et al. 2020).

An average gain of 84% in merchantable volume
reported throughout all study trees, was also consider-
ably higher as compared to Pickens et al. (1992) and

Wang et al. (2009) who reported 10% and 16% of vol-
ume gains, respectively. These gains in merchantable
volume were proportional to tree size, a factor that
needs to be considered when comparing different stud-
ies. Mathematical bucking generated more sawlog vol-
ume and small or negative gains in pulp log volume.
As sawlogs substantially influence the value compared
to pulp logs, value recovery remains substantial.

On average, mathematical bucking generated 1.5
times more logs, which tended to be slightly longer
and had a more pronounced length variability. This
variability was triggered by a more complete use of
product specifications. Furthermore, merchantable
length was doubled, thereby reachig nearly three times
smaller small-end diameters (8.65 cm in mathematical
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bucking, 24.28 cm in actual bucking). Results suggest
an incomplete utilization of the resource in current
CTL operations conducted in hardwoods and a partial
processing of the upper part of the main stem.

This underutilization might be explained by:

= the merchandizing of smaller diameters could
be perceived by the operator as a loss of produc-
tivity and revenue, considering operators are
usually paid by productivity in the study area

= the absence of a top saw on the harvesting head
may limit the capacity of efficiently merchandiz-
ing the upper part of the stem

= contrarily to the price list and specifications
used in our study, it is possible that operators
were asked to limit the production of pulp logs
regarding market demand.

A considerable share of the gains obtained by
mathematical buckingcan be explained by the addi-
tion of at least one pulp log after the last sawlog pro-
cessed in a tree. While one third of trees in actual buck-
ing were completed by a sawlog, mathematical
bucking added at least one pulp log after the last saw-
log. Encouraging operators to finish processing a tree
with at least one pulp log could increase the utilization
of the hardwood ressource. While a single pulp log
does not lead to high increases in value, several small
inputs can lead to substantial increase at stand level.

The performance indicators varied depending on
tree species and tree size (DBH and height), sometimes
in interaction with the harvesting block. The impact of
harvesting blocks may reflect the influence of varying
harvesting specifications or site attributes, which were
shown to influence the recovery of high value logs
(Bennemann et al. 2023). While several differences
depending on harvesting block and species could be
observed in this study, detailed conclusions could not
be drawn, as the number of observations were not
balanced between harvesting blocks and information
of past silviculture treatments, calamities and stand
characteristics were not available.

4.2 Methodological Limitations

The available data only allowed the consideration
of the main stem up to the first branch. Large branches,
stump height, biotic and abiotic factors (past silvi-
cultural treatments or calamities) and damages from
harvesting operations (for example broken tops), were
not acknowledged in this study.

Stem diameter profile were approximated using
the Canadian national tree taper equations (Ung et al.
2013) adjusted to the study trees. As taper equations
only estimateactual volume, stem variability, particu-
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larly in bottom and upper sections of the stem (Prendes
et al. 2023), are not reflected. Thus, bucking precision
could be enhanced by the utilization of detailed stem
profile measures, for example through the extraction
of the harvester OBC data (Skogforsk 2021) or the use
of LIDAR scans (Erber et al. 2022, Prendes et al. 2023).
This would lead to more precise log volume estima-
tions, in comparison with the Smalian scaling method
used in our study (Bennemann et al. 2025).

The exact product specifications applied to the study
trees were not listed during harvesting operations but
rather described a posteriori from interviews with the for-
est operation managers. As product specification impact
bucking recovery (Pickens et al. 1992, Murphy et al.
2003), potential differences of bucking recovery may be
generated, or enforced, by variations in product specifi-
cations between the ones used during harvesting opera-
tions and the ones applied in BuckR. The multiple des-
tinations of logs for each harvesting block did not allow
retracing the exact destination of individual logs.
Instead, all logs of the same harvesting block and the
same tree species were assumed to be allocated to a
single wood processing facility.

As previously mentioned, mathematical bucking
did not allow the consideration of stem defects such
as forks, rot or cankers, which would normally lead to
an exclusion of certain parts of the stem as waste. The
absence of specific data on such defects on the mea-
sured logs was the major impediment. Further studies
need to carefully document the location and size of
such defects to allow their inclusion in the mathemat-
ical bucking decision. Consequently, the benefits of
bucking optimization are likely over-estimated with-
out the consideration of major defects, even when the
price lists do not consider log quality grades.

The optimizing algorithm can handle products
with random lengths by considering multiple possible
lengths for a single log product. However, this is done
by discrete increment in length, which may underes-
timate the value recovery of random length bucking
recipes.

4.3 Operational Considerations

While operational implications of our results were
not the focus of this study, a modification of bucking
to increase gains in value and volume would likely
have an impact on operations.

Mathematical bucking proposes a bucking pattern
which follows given product specifications. Within
this study, no random length was foreseen, thus allow-
ing only logs of predefined length and specific small
end diameters. As more products were generated
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within most of the trees, processed length increased
and smaller top diameters were reached, thus leading
to an expected increase in processing time and a low-
ered harvesting productivity (Visser et al. 2009). This
is particularly accurate in cases where harvesting
heads are not equiped with a top saw and a change of
grapple positioning is needed to process logs. The
financial impact of this reduced productivity is thus
considered as small, considering the higher value
recovery which can be reached through the higher
resource utilization. In the context of New Brunswick,
in which operators are usually paid by productivity,
their loss of productivity may nonetheless be counter-
balanced, for example by the establishment of financial
incentives (Pickens et al. 1992).

As the logs produced through the mathematical
bucking do not exceed given dimensions of the associ-
ated price list, an impact on log handling and stacking
is not expected. Also, wood transportation is not
expected to be influenced to a level which might require
modifications of the transportation. Indeed, as logs
proposed by mathematical bucking remain within the
requested product specifications, little to no differ-
ences are expected to occur at the transportation stage.

4.4 Opportunities for Further Studies and
Outlook

Quality aspects of logs are known to be important
for the value recovery in hardwoods (Havreljuk et al.
2022). Typically, many sawmills are ventilating their
price lists according to a grading scale based on the
number of log »faces« clear of defects, and/or the
degree of curvature of the log. Since data included into
this study did not cover quality information, logs were
assumed to be straight and with no defects. The exclu-
sion of parts of the stem with major defects as »waste«
by the algorithm could also greatly improve the quality
of the bucking decisions.

Also, the inclusion of major branches in the buck-
ing process would be beneficial for value recovery,
since branches were shown to bear more than 40% of tree
volume in hardwoods (Ver Planck and MacFarlane
2014). An inclusion of those would allow a more
precise evaluation of bucking done in the field.

The consideration of other important factors, such
as training, age and experience of operators (Purfiirst
and Erler 2011, Haggstrom 2015), harvesting time and
season (Bembenek et al. 2020), complexity of price lists
and product specifications (Murphy et al. 2003, Spinelli
etal. 2020), stand history (Turner 2010, Alveshere et al.
2024) or complexity of stands (Spinelli et al. 2020)
could also increase the predictability of hardwood
bucking.

Actual and Mathematical Bucking: Evaluation of Mechanized Hardwood Cut-To-Length ... (233-257)

The adaptation of tree bucking methods in CTL for
hardwood would require new approaches and tech-
nologies. Because of their complex architecture, the
method commonly used in softwoods, where the stem
profile of recently harvested trees is used as partial
information of stem taper estimation, is not appropri-
ate for hardwoods. The addition of nonintrusive mea-
suring devices, such as LIDAR, on the harvester, could
provide a complete dataset on tree size and architec-
ture to support stem-level bucking decisions. Another
approach to obtain the actual tree profile would
require passing the entire stem through the feed rollers
once, while performing bucking during the second
pass (Heppelmann et al. 2019). The reduction of
productivity associated with this technique could be
counterbalanced by bonus payments for gains in value
or by the change towards a payment based on working
time instead of productivity.

As product recovery was strongly influenced by
site, tree and stand factors (Bennemann et al. 2023) and
the high variation of variables influencing different
performance indicators, results from this study should
not be directly transposed to other trees. However,
the open-access bucking optimizing tool BuckR
(Bennemann et al. 2025) could be useful as it can be
tailored to specific needs of the end users.

5. Conclusion

Mathematical bucking was applied to 315 hard-
woods in Acadian forests in Eastern Canada using
BuckR, a bucking optimizer for the logs in the main
stem of trees with focus on dimensional aspects.
Results indicate that an average value increase of 112%
and volume recovery gains of 84% in the field would
be possible through an optimizing process solely
based on tree dimensions. Gains were obtained by an
increase in the number of pulp and sawlogs produced,
a strong increase of cumulative merchantable length,
an increase of log length and the valuation of products
up to smaller diameters in trees. Gains in volume and
value recovery are likely over-estimated by major stem
defects leading to waste, a factor that could not be con-
sidered in our study due to data limitation. Additional
studies that consider quality aspects (stem form and
quality, location of branches, products located in
branches) should be performed to improve our overall
understanding of hardwood bucking.
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Appendix

For trees harvested in block G, product specifica-
tions applied in the study were the purchase wood
specifications effective at the time of harvesting.

Product specifications of blocks A, C, D, E, and F
could be retraced through the exchange with the
licensee. An overview of all volumes transported to
different sawmills was available for each harvesting
block and tree species. Based on this overview, unique
specifications were directly transcribed into a format
usable for this study. In the cases where it was not
possible to directly retrace whether logs have been
bucked according to one or another specification, both
specifications were included in the study, the optimi-

C. Bennemann et al.

zation process was conducted and finally the specifica-
tions with the best optimization results were retained.

Specifications for block B are based on the Hard-
wood Crown Utilization Standard (NBDNRED 2022).
This standard exists for all tree species and classifies
hardwoods harvested on Crown Lands into veneer,
sawlogs and pulp. Crown Utilization Standard allows
sawlogs of all lengths as long as a minimal diameter
of 24.5 cm outside bark is reached at 2.6 m. As product
specifications applied to this study needed to be more
specific, random length was translated by one feet
steps within the requested lengths.

Complexity of product specifications was deter-
mined through analysis of different characteristics of
specifications as shown in Table Al.

Table A1 Product specifications for different tree species in harvesting blocks included in this study

_ Possible Min. Max. Min. Max. Nb of Pl Random | Saw-logs | Random
Sraeies | Bl |- judie length, m | length, m | diam.,cm | diam., cm roducts ossible _Iength are : Iy
lengths gin. gtn. ' ‘ P P in pulp possible | in sawlogs
B 3 2.60 5.03 16 80.0 2 Yes Yes Yes Yes
D 10 244 4.88 16 55.9 2 Yes Yes Yes No
Hmi%le E 1 2.59 16 55.9 2 Yes No Yes No
F 10 244 4.88 16 55.9 2 Yes Yes Yes No
G " 244 4.88 76 80.0 3 Yes Yes Yes No
A 10 244 488 16 80.0 2 Yes Yes Yes No
B 3 2.60 5.03 76 80.0 2 Yes Yes Yes Yes
C 10 244 4.88 16 55.9 2 Yes Yes Yes No
;‘;%al‘; D 10 2.44 4.8 76 55.9 2 Yes Yes Yes No
E 1 259 76 55.9 2 Yes No Yes No
F 10 244 4.88 76 55.9 2 Yes Yes Yes No
G 19 1.91 4.88 76 80.0 6 Yes Yes Yes No
B 3 2.60 5.03 7.6 80.0 2 Yes Yes Yes Yes
C 1 2.59 76 55.9 1 Yes No No NA
Yellow D 9 244 ‘ 4.88 76 55.9 1 Yes Yes No NA
birch E 1 2.59 7.6 55.9 1 Yes No No NA
F 1 2.59 76 55.9 1 Yes No No NA
G 20 191 | 488 76 80.0 7 Yes Yes Yes No
Table A2 Mean and standard deviation of tree value by species, for actual and mathematical bucking
Indicator Statistic Bucking scenario Red maple Sugar maple Yellow birch Total
N Act. 31 209 75 315
Mat. 31 209 75 315
Value generated
Mean (sd) Act. 29.27 (30.14) 69.47 (55.57) 64.00 (54.82) 64.21 (54.58)
Mat. 46.59 (52.05) 143.18 (134.27) 156.66 (114.50) 136.89 (127.34)
Relative value N - 31 208 65 304
differences, % Mean (sd) - 60 (91) 103 (143) 169 (238) 112 (167)
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Table A3 Mean and standard deviation of number of sawlogs, pulp logs, merchantable logs, waste logs and total number of logs by species,
for actual and mathematical bucking

Indicator Statistic Bucking scenario Red maple Sugar maple Yellow birch Total
Number of sawlods Mean (sd) Act. 0.55 (0.92) 1.17 (1.06) 1.08 (1.02) 1.09 (1.05)
g Mat. 0.74 (1.18) 2.53 (2.00) 3.40 (2.31) 2.56 (2.13)
Number of oulo loas Mean (sd) Act. 2.26 (1.06) 154 (1.10) 0.91 (1.09) 1.46 (1.15)
pupfod Mat. 377 (1.02) 3.00 (1.03) 2.45 (1.54) 295 (1.22)
Act. 2.81(0.91) 2.70(0.95) 1.99 (1.06) 2.54 (1.02)
N f hantable | M
umber of merchantable logs | Mean {sd] Mat. 452 (1.41) 5.54 (1.58) 5.85 (1.69) 551 (1.62)
Number of waste loas Mean (sd) Act. 0.55 (0.89) 0.68 (0.96) 1.15(1.37) 0.78 (1.08)
g Mat. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Total number of lods Mean (sd) Act. 3.35(0.75) 3.39(1.19) 3.13(1.11) 3.32(1.13)
g Mat. 452 (1.41) 5.54 (1.58) 5.85 (1.69) 551 (1.63)
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Fig. A1 Differences of sawlogs produced for red maple (RM), yellow birch (YB) and sugar maple (SMa, SMb). Values were adjusted to be
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Table A4 Mean and standard deviation of merchantable volume, sawlog volume, pulp volume and waste volume by species, for actual and
mathematical bucking

Statistic Bucking scenario Red maple Sugar maple Yellow birch Total
Indicator
N 31 209 75 315
Act. 0.37 (0.28) 0.69 (0.42) 0.61(0.44) 0.64 (0.43)
Merchantable volume, m* | Mean (sd)
Mat. 0.57 (0.46) 1.21(0.87) 1.36 (0.80) 1.18 (0.84)
Act. 0.15(0.27) 0.39 (0.40) 0.41(0.43) 0.37 (0.40)
Sawlog volume, m* Mean (sd)
Mat. 0.22 (0.38) 0.91(0.92) 1.11 (0.90) 0.89 (0.91)
Act. 0.23 (0.14) 0.31(0.27) 0.20 (0.31) 0.27 (0.27)
Pulp volume, m’ Mean (sd)
Mat. 0.35(0.21) 0.31(0.26) 0.24 (0.34) 0.29 (0.28)
Act. 0.05(0.10) 0.11(0.22) 0.17 (0.34) 0.12 (0.25)
Waste volume, m* Mean (sd)
Mat. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
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Table A5 Mean and standard deviation of the number of log length, cumulative merchantable length and top merchantable diameter by
species, for actual and mathematical bucking

Indicator Statistic Bucking scenario Red maple Sugar maple Yellow birch Total
N Act. 87 565 149 801
Mat. 138 1131 427 1696
Merchantable
Act. 2.97 (0.60) 3.17(0.76) 3.00 (0.75) 3.12 (0.74)
Mean (sd)
Mat. 3.61(1.11) 3.78 (0.91) 3.87 (0.89) 3.79 (0.92)
N Act. 70 321 68 459
Mat. 112 566 209 887
Log length, m | Pulpwood
Mean (sd] Act. 3.01(0.58) 3.46 (0.80) 3.05(0.75) 3.33(0.79)
gan (s
Mat. 3.72 (1.13) 4.21 (1.00) 4.03 (1.04) 4.10 (1.04)
N Act. 17 244 81 342
Mat. 26 565 218 809
Sawlog
Mean (sd) Act. 2.83 (0.64) 2.79(0.47) 2.95 (0.75) 2.83 (0.56)
ean (s
Mat. 3.13 (0.86) 3.36 (0.53) 3.71(0.68) 3.45 (0.61)
N Act. 31 208 65 304
Cumulative merchantable Mat. 31 209 75 315
length, m Mean (sd) Act. 9.05(2.73) 8.87 (3.12) 7.51 (2.46) 8.60 (3.00)
ean (s
Mat. 15.60 (4.23) 18.22 (5.43) 18.33 (3.90) 17.99 (5.05)
N Act. 31 208 65 304
Top Merchantable diameter, Mat. 31 209 75 315
cm Mean (sd) Act. 16.78 (7.05) 23.90 (10.59) 29.51(9.74) 24.37 (10.64)
ean (s
Mat. 8.69 (1.50) 8.27(0.83) 9.55 (3.06) 8.62 (1.78)

© 2026 by the authors. Submitted for possible open access publication under the terms and conditions
BY of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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