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*  For forked trees, codominant stems double harvester time consumption per tree, while double
crowns have only minor impacts on harvester time consumption.

»  Forked trees should be removed during thinning when they can still be time-efficiently multi-
tree handled.

* Dealing with forked trees at a later rotation age, when they are too large for multi-tree han-
dling, becomes excessively time-consuming.

The consensus on the factors affecting harvester productivity is generally widely acknowledged
in the discipline. However, research results regarding the effect of forking on productivity are
diverse. Some studies show that harvester productivity is halved when harvesting double stems
compared to single-stem trees, while other studies indicate that forking does not necessarily
decrease harvester productivity. These differences in study results can depend on what is considered
forking. In our study, the forking occurred above the breast-height level. We defined codominant
stems as forked trees too large to be multi-tree handled. In contrast, we defined double crowns
as forked trees that could be multi-tree handled. The objective of our study was to analyse how
the presence of codominant stems and/or double crowns affects harvester time consumption. The
study was conducted in Sweden in 2022, involving two operators and two large harvesters. The
45-year-old Pinus contorta Douglas ex Loudon-dominated stand was clearcut during the study.
We found that the presence of codominant stems doubles harvester time consumption per tree,
while double crowns had only a minor impact on harvester time consumption. Additionally, total
time consumption increased linearly with increasing diameter at breast height. Based on these
findings, we recommend that forked trees be removed already during thinning when they can still
be time-efficiently multi-tree handled. Dealing with forked trees later during the rotation cycle,
when they are too large for multi-tree handling, is excessively time-consuming.
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1 Introduction

Harvester productivity increases rapidly with increasing stem volume until it starts to plateau
after a certain saturation point (Nuutinen et al. 2010; Purfiirst and Erler 2011; Visser and Spinelli
2012; Ramantswana et al. 2013; Manner et al. 2023; Pohjala et al. 2024). Although productivity
is strongly related to stem volume, other influential factors also exist. Harvesting time consump-
tion increases with the number of bucked logs per stem (Nuutinen et al. 2010; Suchomel et al.
2011; Strandgard and Mitchell 2017). Moreover, stem quality issues such as large branches,
crooks, and decay negatively impact productivity (Suchomel et al. 2011; Labelle et al. 2016;
Kaérha et al. 2019). Harvester productivity also varies between different tree species (Nuutinen
et al. 2010; Labelle et al. 2019; Manner et al. 2023). However, some of these factors are likely
to correlate with each other, such as stem properties and tree species. Despite these nuances,
the consensus on the factors affecting harvester productivity is generally widely acknowledged
within the discipline. That said, research results regarding the effect of forking on productivity
are more diverse.

According to Acuna et al. (2017), forking explains 7% of the variation in productivity when
harvesting a Eucalyptus globulus Labill. plantation. Moreover, Labelle et al. (2016) found that the
presence of a fork can reduce harvesting productivity by 15-20% in a hardwood-dominated stand.
According to Danilovi¢ et al. (2011), forked stems reduce harvester productivity by 30% when
operating in a Populus euramericana (Dode) Guinier plantation. Ramantswana et al. (2013) found
that harvester productivity is halved when harvesting coppiced double stems compared to planted
single-stem trees in a Eucalyptus grandis W. Hill ex Maiden plantation.

In contrast, some studies indicate that forking does not necessarily decrease harvester pro-
ductivity. For instance, Hartsough and Cooper (1999) found that the additional time spent dealing
with forks is at most only a few seconds per tree when harvesting a short-rotation Eucalyptus
viminalis Labill. plantation. Suchomel et al. (2011) found that the time consumption for harvesting
a tree from a multiple-stem group was not significantly higher than harvesting a single tree during
logging operations in a Quercus L. coppice stand. In the study by Suchomel et al. (2011), the
operator grasped and felled each stem individually from the stools with multiple stems. However,
such a working method requires that there is sufficiently space between the stems. That said, it is
debatable whether such a case genuinely involves forking (i.e., double stems) or just two or more
stems growing close to each other.

Thus, the differences in study results probably depend on how forking is defined. To clarify
this, we define forking and related terminology based on the studies of Labelle et al. (2016) and
Drénou et al. (2020). Hereafter, we use the term “codominant stems” to specifically describe sit-
uations where the involved tree section (i.e., double stems) is too large to be multi-tree handled.
In contrast, we define forking as a “double crown” if the involved tree section can be multi-tree
handled. Multi-tree handling means that more than one stem is delimbed, bucked, and measured at
one time, thus treated as a single stem (Magagnotti et al. 2021). Moreover, either of the codominant
stems can later split into a double crown, meaning a tree can have more than two crowns in total
(Fig. 1). In our study, the forking occurred above breast height. Thus, for instance, coppicing per
se does not meet this criterion.

The objective of our study was to analyse how the presence of codominant stems and/or
double crowns affects harvester time consumption.
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Fig. 1. From left to right: (A) a defect-free tree with neither codominant stems nor a double crown; (B) a tree with co-
dominant stems; (C) a tree with a double crown; (D) a codominant stem that has split into a double crown. Diameter at
breast height (DBH) was measured by the harvester during the field study. Consequently, breast height is approximately

1.3 m above ground level. The forking always occurred above the breast-height level in our study.

2 Material and methods

The field study was conducted in Hammarstrand, Jamtland County, northern Sweden, in the spring
of 2022. The 45-year-old study stand was dominated by planted lodgepole pine (Pinus contorta
Douglas ex Loudon). In addition to the lodgepole pine, there were small numbers of naturally
regenerated Scots pines (Pinus sylvestris L.), birches (Betula spp.), and Norway spruces (Picea abies
(L.) H. Karst.). The stand had been thinned once, and the number of trees per ha prior to the study
was 825. The dominant height was approximately 22 m. The stand was clearcut during the study.

Participating operators were in their early 20s and 30s and had 1-2 years’ working-life
experience on harvester work. Operators are hereafter referred to as operator A and B. Two large
John Deere 1470G harvesters (operating mass: 24 tons) were used in the study. The machines were
equipped with a rotating and levelling cabin and a CH9 crane (reach: 10 m). The older machine was
equipped with an H415 harvester head, while the newer one had an H425. When using the newer
machine, operators had a boom-tip control system (product name: IBC) activated at all times. The
older machine had only a conventional crane-control system installed.

2.1 Recording work elements and stem defects

We divided harvester work into two work elements: crane-out and processing. Crane-out started
simultaneously as the crown of the previously processed stem was dropped on the ground. Crane-
out ended and processing started simultaneously as the harvester head was within ca 0.5 m of the
next tree to be felled. And then again, processing ended simultaneously as crane-out started. Thus,
roughly speaking, all work when the harvester head was holding a stem/log was included in the
work element processing. While crane-out included driving events (i.e., machine re-positionings)
and work when the harvester head was not holding any stem/log. Additionally, we summed crane-
out and processing times to calculate the total time per tree.
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We recorded potential stem defects, specifically the presence of codominant stems (yes or no)
and/or double crowns (yes or no), to analyse their effect on time consumption. Time-consumption
observations included only productive time, excluding all delays. Diameter at breast height (DBH)
was recorded from the harvester’s onboard display. All other data, except descriptive statistics,
were recorded manually using a handheld computer.

2.2 Descriptive statistics, study design and statistical analyses

We divided the study stand into four blocks. In block 1, operator A drove the old machine, while in
block 2 he drove the new machine. In block 3, operator B drove the old machine, while in block 4 he
drove the new machine. According to harvester measurements, the block-wise mean stem volumes
were: 0.429 m? (block 1), 0.351 m? (block 2), 0.418 m3 (block 3), and 0.378 m3 (block 4). The
total numbers of harvested trees from block 1 to block 4 were: 618, 435, 216, and 399. Because
trees with codominant stems were lodgepole pines, we removed Scots pines, birches, and Norway
spruces from the dataset. After the removal, the final dataset consisted of 1503 lodgepole pines, of
which 339 trees had codominant stems and/or a double crown (Table 1). The unit of observation
was a tree (i.e., stem).

During the study typically 2—3 trees were harvested in each machine position without need-
ing to drive the machine, either forward or backward. Thus, roughly every other tree was randomly
affected by a driving event, which took extra time that was not linked to the stem defects. Although
driving might occur simultaneously with the work element crane-out, it is still likely to increase
time consumption. The presence of a driving event was treated as a binary variable (levels: yes and
no). Similarly, the presence of stem defects, specifically codominant stems and/or double crown,
was treated as a binary variable.

We used a linear mixed model (LMM) to analyse the effect of factors on time consumption.
The presence of stem defects and the occurrence of a driving event were entered as fixed effects,
while block was included as a random effect. Additionally, DBH was included as a covariate in
the LMM. All statistical analyses were conducted using SAS 9.4, with the significance level set
at 5%.

Table 1. Random effect (i.e., block) estimates (s tree”!) from the linear mixed model (LMM) analysis for the dependent
variables. Diameter at breast height (DBH) is provided in cm. The number of trees (n) in the final dataset was 1503. All
trees were lodgepole pines (Pinus contorta Douglas ex Loudon).

Dependent variable Mean n
Total time Crane-out Processing DBH @
Estimate  p-value  Estimate p-value  Estimate p-value

Block 1: operator A, old machine 0.097 0.947 0.118 0.799  -0.023  0.983 25.8 579
Block 2: operator A, new machine  -3.269  0.026  -1.239  0.008 -1.971 0.071 23.0 391
Block 3: operator B, old machine 3.565 0.018 0.673 0.164 2.824 0.012 25.1 191
Block 4: operator B, new machine ~ —0.393 0.790 0.448 0.340 -0.830 0.449 23.6 342

) The dataset’s overall mean DBH was 24.5 cm.
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3 Results

The presence of codominant stems increased the harvester time consumption by 31.31 s tree !,
rising from 28.5 to 59.8 s tree! at the study’s mean DBH (Tables 1 and 2). For trees with a double
crown, the increase was 1.81 s tree”!, corresponding to an increase from 28.5 to 30.3 s tree”!. Thus,
codominant stems resulted in a 110% increase in time consumption per tree, whereas a double
crown resulted in a 6% increase.

Codominant stems only marginally (1.29 s tree™!) increased the time consumption during the
work element crane-out (Table 2). This increase corresponds to a 16% rise, from 8.3 t0 9.6 s tree 1.
The presence of a double crown did not significantly affect the time consumption during the work
element crane-out (Table 2).

The presence of codominant stems increased the processing time by 30.03 s tree”!, from
20.1 to 50.2 s tree! at the study’s mean DBH (Tables 1 and 2). For trees with a double crown, the
increase was 1.83 s tree!, corresponding to an increase from 20.1 to 22.0 s tree”!. Consequently,
the presence of codominant stems increased the processing time per tree by 149%, while a double
crown increased it by 9.1%.

Thus, most of the increase in total time consumption caused by stem defects occurred during
processing. Additionally, total time consumption and processing time increased linearly with
increasing DBH (Table 2). Given that the increase (s tree!) caused by stem defects is constant, the
relative impact of stem defects on time consumption decreases with increasing DBH. In contrast,
DBH did not significantly affect the work element crane-out (Table 2).

Table 2. Fixed effect estimates (s tree!) from the LMM analysis for the dependent variables.
The machine was either repositioned during the crane-out work element or not (driving: yes/
no). Driving and processing did not occur simultaneously. The covariate DBH should be
provided in cm.

Dependent Effect Estimate Standard t-value p-value
variable error
Total time  Intercept 46.03 2.25 20.43 <0.001
DBH 0.80 0.05 17.46 <0.001
. No -31.31 0.96 —32.47 <0.001
Codominant stems:
Yes 0
Double crown: No —1.81 0.58 -3.14 0.002
Yes 0
.. No (@ —6.94 0.44 —15.84 <0.001
Driving:
Yes 0
Crane-out  Intercept 13.43 0.87 15.52 0.001
DBH 0.00 0.02 0.07 0.941
. No -1.29 0.41 -3.14 0.002
Codominant stems:
es 0
Double crown: No 0.01 0.25 0.05 0.956
Yes 0
.. No @ —6.80 0.19 -36.40 <0.001
Driving:
Yes 0
Processing  Intercept 32.50 1.83 17.80 <0.001
DBH 0.80 0.04 20.21 <0.001
. No -30.03 0.83 -36.08 <0.001
Codominant stems:
Yes 0
Double crown: No —-1.83 0.50 -3.67 <0.001
Yes 0

) n the results section’s example calculations, we used estimates —6.94 x 0.564 and —6.80 x 0.564, where
0.564 was the probability of a tree being unaffected by a driving event during the field study.
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4 Discussion

Lodgepole pine has been a relatively common and economically meaningful tree species in Sweden
for decades (Hagner 1983; Elfving et al. 2001; Backlund 2013). However, studies on harvester time
consumption in lodgepole pine stands in Sweden are scarce. According to a follow-up study by
Eriksson and Lindroos (2014), harvester productivity during thinning operations decreases when
harvesting lodgepole pine stands. It is unknown whether this decrease is due to stem defects or
other factors. The stands included in the study by Eriksson and Lindroos (2014) were in the same
region of Sweden as our study stand.

There are Nordic studies on the impact of stem defects on harvester time consumption, but
current studies specifically addressing forked trees are from North America, Africa, and southern
and central Europe (see Introduction). Due to significant differences in regional conditions and
practices, the results of these studies should be applied to the Nordic context with caution. None-
theless, the results of our study are very similar, for instance, to those of Ramantswana et al. (2013)
from South African plantation logging operations.

To align with current literature, we considered a forked tree as a single tree, which was also
the unit of observation in our study. Furthermore, we modelled time consumption based on DBH,
a relatively common approach in the discipline (Nakagawa et al. 2007; Labelle et al. 2018; Acker-
man et al. 2022). Although the objective was solely to determine the extra time required by stem
defects, the lack of stem volumes and hence the inability to model productivity is a limitation of
our study. Therefore, in future studies, replacing DBH with volume should be considered. That
said, defining volume is not a straightforward process. The harvester does not record the volume
of the stem’s first section unless the minimum log length is reached. Consequently, the stem’s
physical volume and its merchantable (i.e., measured) volume might differ notably and randomly,
complicating productivity comparisons. In contrast, DBH is measured consistently regardless of
the possible presence of stem defects (Fig. 1). This consistency is a strength of the methodology
we employed in our study.

Statistically significant differences were observed between the blocks (Table 1). In blocks 2
and 4, where the newer machine equipped with IBC was used, time consumption was generally
lower than in blocks 1 and 3, where the older machine was used. Moreover, operator A (blocks 1
and 2) consumed slightly less time than his colleague (blocks 3 and 4). Although absolute time
consumption varied between the operators, the relative effect of stem defects on harvester time
consumption remained consistent. For instance, codominant stems require, regardless of the opera-
tor’s skill level, that each stem is separately reached, grasped, felled, and bucked into logs. This
finding provides sufficient grounds to generalize the main conclusion of our study: the presence
of codominant stems doubles the harvester time consumption per tree.

To summarize, we suggest that forked trees be removed during thinning when they can still
be time-efficiently multi-tree handled. Dealing with forked trees later during the rotation cycle,
when they are too large for multi-tree handling, becomes excessively time-consuming. Additionally,
significant roundwood volume, i.e., the stem’s thickest section, goes to waste if the butt log does
not meet the minimum length requirements. Our suggestion is also justified from a silvicultural
perspective. Removing trees with stem defects creates space for high-quality stems to grow and
produce valuable sawlogs. The remaining trees can efficiently adjust to improved water supply,
nutrition, and light conditions, even though quality-weighted tree selection can occasionally lead to
slightly uneven spatial distributions (Bowering et al. 2006; Wallentin and Nilsson 2011; Stempski
etal. 2021).
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