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ABSTRACT

With the advancement of technology in
forest operations, utilization of advanced
machines in timber harvesting has been
increasing in the last decades. However, in
order to understand their contribution in
harvesting operations, it is important to
quantify their production rates. The findings
will assist the development of timber
harvesting plans. Therefore, this study was
conducted at Sao-Hill Forest Plantation in
Tanzania to determine time consumption and
production rates of whole tree harvesting
system using feller buncher. Regression
models for predicting time consumption and
production rates were also developed. The
results showed that average productive
felling time was 0.7 minutes per tree and
production rates was 32.6 m®h respectively.
The production rates varied among tree size
classes. For trees with diameter at breast
height (dbh) of 10-19.9 the average
production rates was 19.07 m/h while for
dbh class of 30-39.9 the production rate was
75.48 mP/h. Time consumption and
production rates models were having
Adjusted-R? of 50% and 56 % respectively.
Their relative root mean square errors
(RMSEr), computed based on the predictions
from 10 - fold across validation results, were
28.69% and  45.37%,  respectively.
Applicability of the models should be limited
within the ranges from which they have been
developed.

Key words: Forest operations - whole tree -
feller buncher — productivity - regression
models.
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INTRODUCTION

Timber harvesting operation includes all the
activities to fell trees and remove them from
the forest to the roadside for loading, and
transport from the forest (Sessions et al.
2007). In the past most of these activities
were done using manual and semi
mechanized based methods (Dykstra 1983,
Migunga and Kabuka 1996, Silayo et al.
2010, Ghaffariyan 2021). But in the recent
decades, the use of mechanized timber
harvesting operations has increased globally
(Bilici et al. 2019), where feller bunchers,
harvesters and grapple skidders have been
used for felling and skidding operations
(Mauya et al. 2011b, Gilci et al. 2021). The
increasing use of mechanized based timber
harvesting methods is mainly due to its
superiority over manual and semi
mechanized operations in terms of
production, worker safety and less waste
(Kéarha et al. 2005, Bilici et al. 2019, Giilci et
al. 2021). However, mechanized harvesting
is a costly operation that should be well
planned and managed efficiently. Thus,
estimating equipment productivity based on
a time and motion study can assist logging
managers to effectively plan their
mechanized harvesting operations (Bilici et
al. 2019). This had attracted interests among
researchers to study and quantify production
rates and costs of mechanized timbers
harvesting machines in order to plan cost-
effective mechanized systems and to make
the right selection of equipment for optimal
operational efficiencies (Miyajima et al.
2021).

Furthermore, in forest  operations
management there has been a tradition to
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develop and refine productivity prediction
models over time. This is because prediction
models are generally based on empirical
data, which are often varying depending on
methodology and required precision. As such
developing new models is an important
aspect in management of timber harvesting
operations and machineries. Accurate
models may also be utilized in different
kinds of simulations that aim to find new or
more efficient work methods, optimize
complete operations or develop machines
that are more efficient. However, majority of
studies on modelling and predictions of
mechanised timber harvesting productivity
(e.g. Strandgard and Mitchell 2010, Bilici et
al. 2019, Gulci et al. 2021, Miyajima et al.
2021) are from global north where there is
high adoption and applications rates of these
technologies. But in the global south,
particularly in the sub Saharan Africa, there
is limited number of studies which have
attempted to quantify operational efficiency
of mechanized timber harvesting operations,
irrespective of preliminary use in some
countries like Tanzania and Malawi (e.g.
Mauya et al. 2011b, Ngulube et al. 2014)

Considering that the productivity and
efficiency of these machinery is affected by
local based factors such as forest stand
characteristics, terrain variables, operator
skills and machine limitations, development
of predictive models is apparently important
for accurate estimation of production rates
and operational costs for timber harvesting
operations in a given environment and
economic condition. Therefore, identifying
the factors that may interfere with the
productivity—and, consequently, the cost—
of the felling operation is crucial, because
these wood harvesting costs represent a
considerable share of the final product cost
(Melemez et al. 2014, Schweier et al. 2019),
and are essential for achieving economic
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balance within the operation (Cambero and
Sowlati 2014).

The present study was conducted at Sao Hill
Forest Plantation in Tanzania where
mechanized timber harvesting operations
using feller buncher is being applied since
the early 2000s. However, to date there are
limited number of studies which have
attempted to quantify the productivity and
costs of these advanced machines. More
specifically the study intended to: 1)
determine the time consumption and
productivity of feller buncher; 2) develop
and validate statistical models for predicting
time consumption and production rates of
feller buncher.

MATERIALS AND METHODS
Study area

This study was conducted at Sao Hill forest
plantation (SHFP) located in Mufindi
District, Iringa Region within the Southern
highlands of Tanzania (Figure 1a). SHFP is
the largest forest planation in the country,
which accounts over 55% of the total planted
area of the government forest plantations.
This forest is the supplier of round woods to,
among others, Sao Hill Sawmills Limited
and Mufindi  Paper Mill Company.
Geographically SHFP is located between 8°
18’S to 8° 33°S and 35° 06’E and 35° 06’E
with an altitude ranging from 1,700m to
2,000m above the sea level. Large part of
plantation is located within the Mufindi
circle road, Tazama Highway and the little in
Ruaha River. Administratively, SHFP is
divided into four blocks or divisions,
namely; Irundi (1), Ihefu (2), Ihalimba (3)
and Mgololo (4) (Figure 1 b). This study was
conducted at Irundi block i.e., division 1
(Figure 1 ¢).
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Figure 1. a) Location of SHFP in Tanzania, b) administratively divisions of SHFP, and c)

location of division 1, the study area.
Climate

The rainfall pattern in Mufindi district and at
SHFP is unimodal with single rainy season
from November through May and a dry
season during the rest of the year. The area
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receives between 600 mm to 1,300 mm of
rainfall annually. Temperatures are fairly

cool, reaching close to freezing point
between June and August. The mean
monthly ~ minimum  and  maximum



temperatures are 10 °C and 23 °C
respectively.

Vegetation

The natural vegetation is characterized by
mosaic of open grassland with scattered trees
and shrubs dominated by species such as
Brachystegia and Jubernadia. Other species
include Erythrina, Parinari cussonia,
Apodytes and Albizia. The exotic tree species
planted in the area include Pinus patula,
Pinus elliottii, Eucalyptus  maidenii,
Eucalyptus saligina and at small-scale
Cupressus lusitanica.

Data collection

In this study feller buncher was used for
performing felling in the pinus patula
plantation. Three types of data were
collected: Time consumption, tree variables
and topographical data.

Time consumption data

Time and motion studies techniques
described by Scott (1973), (Magagnotti et al.
2013), were used to record and collect data
on work place time (WPT), which essentially
refers to the time spent in performing a task
at the workplace. It is made up of productive
or effective time (i.e., work elements
contributing directly to production) and
delay times (i.e., interruptions in the working
cycle). Delays were further subdivided into
necessary delay (inevitable interruption due
to the nature of the work) and unnecessary
delays (those which could theoretically be
eliminated by improved supervision and
training). Delays were recorded together
with the work element during which they
occurred in each of the logging operations by
stopwatch. Timing was started at the
beginning of each work-element and the
stopwatch was snapped back to zero at the
end of the work element, elapsed time was
read directly from the stop watch and
recorded on the study form. The section
below explains in detail how the work
elements of the feller buncher machinery was
referred to in this study.
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Moving to tree: starts when the feller-
buncher finishes the previous cycle and
begins moving to the next tree to be cut
and ends when forward movement has
stopped.

Cutting: begins when the cutting head is
positioned on the tree, cuts and ends
when the tree is completely severed
from the stump.

Moving to dump: begins when the
feller-buncher moves from the stump
area with the felled tree and ends when
movement is stopped at the dumping
site.

Dumping: begins when movement to
dump has stopped and the felled tree is
tilted by the felling head into dump
position and ends when the tree or tree
bunch hits the ground.

Delay times: This was classified into
necessary and unnecessary delays.
Necessary delays included the following
times: brushing around the tree, freeing
the feller buncher saw head when it
became pinched and cooling the
machine. These were the times related to
the continuation of the immediate
operations. Unnecessary delays were
those delays that were judged to be
avoidable and thus could be eliminated
by improved supervision and training.
Unnecessary delays included times such
as taking unauthorized rest breaks,
talking to persons not directly involved
in production process through mobile
phone or any other means and giving
instruction to feller buncher operator.

Finally, total felling time was obtained as
the summation of time consumption for all
the individual work elements. On other
hand Productive Machinery Hourly
(PMH), was obtained as the summation of
the productive time of all the work
elements, excluding the delays. The
descriptive statistics for each of the work
elements as well as the PMH are
presentment in Table 1.
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Table 1. Summary statistics for time consumption of different work elements independent

variables
Work elements Statistics parameter
Minimum Maximum Mean Standard
deviation
Moving to tree 0.07 0.82 035 0.16
Cutting 0.002 0.10 0.03 0.02
Moving to dump 0.05 0.67 028 0.15
Dumping 0.02 0.08 0.03 0.01
Necessary delay 0.00 15.00 0.10 0.97
Unnecessary delay 0.00 2.00 0.02 0.14
Total Work Place Time 0.22 1.41 0.70 0.27
Total time including delays 0.2 16.2 0.80 1.0

Single tree variable data

Prior to felling operations, each of the tree
identified for felling was measured for stump
Diameter and Diameter at breast height
(Dbh) using diameter tape. Likewise, for
each of the tree, total tree height (height) was
measured using clinometer. Dbh and total
tree height were then used to compute total
tree volume (vol) using the equation by
Malimbwi et al. (2016).

vol = exp(—9.04925 + 1.14781 X
In(height) + In(dbh))

Topographical variables

1)

Distance to tree, distance to and slope were
the only topographical variable which were
recorded. Distance was measured using
measuring tape and slope was measured
using clinometer. Summary statistics of the
independent variables are presented in Table
2.

Table 2. Summary statistics for key independent variables

Variable Statistics parameter
Minimum Maximum  Mean Standard deviation

Dbh (cm) 10.00 32 19.97 4.86

Height (m) 15.88 18.00 16.83 0.38

Stump diameter (cm) 13.00 35.86 23.40 5.03

Distance to tree (m) 2.00 41.00 17.56 8.5

Distance to dump (m) 5 50 21.05 9.52

Slope 0.00 0.04 0.03 0.01
Statistical analyses Pwith delays = (Tvol);F)(GO) @)
Feller buncher production rates were

estimated using two approaches. In the first
case, production rates were computed based
on the total cycle time (i.e., including
necessary delays). In the second case, the
computation considered only PMH (i.e.,
delay free cycle time). Equations 2 and 3,
were used to compute the two types of
production rates, respectively. A paired t-test
between the production rates with and
without necessary delays were employed for
testing the significance impact of delays on
the production rates of the feller buncher.
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Where  Pyith gelays 1S Production  rates
(m3/h), T,,, is total tree volume harvested per
cycle, T is total cycle time, F proportional
measuring productive minutes per work
place hour, where:

100-D
= "0 )

D is delay time expressed as percentage of
workplace time %. In the second case,
productivity was estimated using equation 3
following the approach described by
Sessions et al. (2007), (Gulci et al. 2021,
Miyajima et al. 2021):




(Tvol)(ﬁo)

PMH (3)
Where P is the production rates in m%ha, 60
is used to convert the time from minutes to
hours and PMH is the productive machine
hour (i.e., delay free).

P=

Model development

Production rates models were developed
using the variables selected based on the past
studies (e.g. Li et al. 2006, Strandgard and
Mitchell 2010, Mauya et al. 20114, Bilici et
al. 2019), logging literatures, as well as on
initial testing of all the possible combination
of tree and terrain variables. Models relating
PMH time as well as production rates with
candidate predictor variables were developed
using ordinary least square regression (OLS).
This approach had commonly been widely
applied in feller buncher based studies
(Wang et al. 2004, Strandgard and Mitchell
2010, Mauya et al. 2011b, Bilici et al. 2019,
Glci etal. 2021, Miyajima et al. 2021), with
promising results. Thus, in this study it was
also adopted considering that, similar types
of variables were used in the model fittings.
Only PMH and production rates without
delays were considered in modelling
processes. The standard form of the OLS
model as applied in this study is:

Vi = Bo+ Pixji + -+ Boxpe + & (4)

Where y; stands for either, total PMH (min)
or production rates in m¥h. In fitting the OLS
models for both time consumption and
production rates, the selected best subsets of
the variables were further assessed based on
their significance (i.e., p<0.05) and variance
inflation factor (VIF). Predictor variables
with VIF value greater than ten (Soman et al.
2019) were considered to be an indicative of
multicollinearity, that might give cause of
concern on the quality of the parameter
estimates. Thus, such variables were
trimmed from the model. As part of model
fitting procedure, adjusted-R?> was also
calculated and residual diagnostic plots were
further examined for each of the fitted model.
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Model validation

According to Howard (1992), the utility of
production equations is questionable when
they are published without documented
validation. In this study, to enable
comparison of the precision and accuracy of
our models with other studies and to
understand the model’s performance on
other datasets, the models were cross-
validated. Ideally, the independent datasets
of the model validation should be drawn
from the population in which the model will
be applied. However, due to the limitations
in field data availability in this study area,
ten-fold cross validation was implemented.
The ten-fold cross-validation involves
splitting the dataset into ten-subsets. In each
fold, one subset is held out for checking the
model performance (i.e., the validation set),
while the model is trained on all other subsets
(i.e., nine) (James et al. 2013). The process is
done repeatedly until all the subsets have
been used once as the validation dataset. The
predicted values from all the folds were
finally compiled into a table and used to
estimate root mean square error (RMSE ) and
its relative value (RMSEr) , which were then
computed using the equations below:

RMSE = |5y, O30 ©)
and
RMSE, = 2E « 100% (6)

Where y; and y denote field observed and
predicted time consumption or production
rates for observation i, respectively, and y
denotes mean field observed time
consumption or production rates for all work
cycles observations.

RESULTS
Time consumption

A total of 535 feller buncher cycles were
observed over the entire period of the study.
Total work place time i.e., felling time
without delays, ranged from 0.22 to 1.4
minutes with the average of 0.7 minutes.



When necessary delays is included the total
felling time per tree ranged from 0.22 to
16.23 minutes with the average of 0.8
minutes. Among the work elements, moving
tree consumed a substantial part of total
felling time for about 50% of the total work
place time and 45% of the total time.

Production rates

Production rates were estimated using the
two approaches described in  the
methodology. In the first approach, when
considering the PMH only, the minimum
production rate was 6.7 m%/h and maximum
was 156.8 m®/h, with an average of 32.6

150~
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mé/hr. In the second approach, when
including the necessary delays the minimum
production rate was 1.0 m%h and maximum
was 141.2 m3/h, with the average of 29.0
m3/h. A paired t test results, indicated that
there is significance deference’s between the
two approaches (p<0.05). The results
showed further that, for both of the
approaches the production rate was higher
for the trees in the Dbh Class of 30-39.9,
where for the first approach the average
production rate was 84.77 m®h and for the
second approach was 75 m®h respectively
(Figure 2).
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Figure 2. Error bars for, a) production rates with delays across different Dbh classes, b)
production rates based PMH across different Dbh classes.

Regression Models

Regression models for predicting PMH and
production rate were developed. The
independent variables used for developing
the models varied by types and number. For
all the models, the number of variables
varied between two and three. The parameter
estimates of the models were significantly
different from zero (p < 0.05) and the VIF
values were <5 indicating acceptable level of
multicollinearity.

51

Time consumption models

Apart from the models for predicting total
PMH, models for predicting time
consumption for individual productive work
elements were also developed (Table 2).
These included, moving to tree, cutting,
moving to dump and bunching/dumping. The
variability explained (i.e., adjusted R?) by the
time consumption models varied among the
productive work elements. The adjusted R?
ranged from 24% for the dumping work
element to 43% for the dumping/bunching.



Improvement in adjusted R? was observed
for the total PMH, where the adjusted -R?
was about 50%. Performance of the total
PMH model was also shown through the
residual plot (Figure 3a), which did not
indicate any sign of funnel pattern.
Furthermore, the cross validation results
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indicated that the RMSEr value for PMH
model was relatively smaller as compared to
the individual work element models.
However, the validation plots had shown a
slightly pattern of over and under prediction
for smaller and large values (Figure 3b).

Table 3. Time consumption models for individual work elements and entire work cycle

Work element Time consumption model? Adjusted R>  RMSEr

(%) (%)
Moving to tree —0.0727 + 0.011DS;,. + 7.775Slope 38 35.1
Cutting —0.019 + 0.472Slope + 0.002Dbh 35 41.7
Moving to dump —0.0592 + 3.807Slope + 0.01DSgymp 43 40.10
Dumping 0.0018 + 0.0001DSgymp + 0.0014Dbh 24 38.30
Total productive  —0.0916 + 0.0133DS,,. + 0.0078DS 4,1, 50 28.69
machinery hours 1+ 12.0Slope

aDSyee= Distance to tree, DSyee = Distance to dump
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Figure 3. a) Residual plot of the PMH. (b) Relationship between observed and predicted

PMH.
Production rate model

Dbh?, distance to tree and slope appeared to
the best predictors for production rates
(Pppp), based on the PMH when using feller
buncher. The adjusted R? of the model
(Equation 7) was 56% indicating a good fit.
The residual plots showed slightly defined
pattern, which was mostly caused by few
observations with higher values (Figure 4a).

The cross- validation results indicated that,
RMSEr value for the production rate model
was 45.37%. The RMSEr values were
varying among the DBh classes indicating
that tree size is a major criterion, which affect
the production rates. The lowest RMSEr
value was recorded in the class of 20.9-29.9
and the highest value in the class of 30.9-39.9
(Table 4).

Poyy = 43.856 + 0.0698Dbh? — 1.215DS,,., — 589.437Slope @)
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Table 4. Performance of the production rate model across tree Dbh classes

Dbh class RMSE RMSEr
10-19.9 8.65 40.54
20-29.9 16.09 39.16
30-39.9 49.21 58.05
All 14.83 45.37
. 100 -
.. .
[ ]
[ ]
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Residuals

25

50
Fitted values

a1
o
1

25-

Predicted production rates (m3/hr)

25 50 75 100
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Figure 4. a) Residual plot for the production rate model. (b) Relationship between observed and

predicted production rates.
DISCUSSION

The current study was conducted at SHFP in
the southern highlands of Tanzania. The
forest supplies substantial amount of
harvested wood to forest industries in the
southern highlands of Tanzania and nearby
regions. Because of its potential, in
supplying raw materials, a number of timber
harvesting  operations using different
methods ranging from manual, semi-
mechanized to mechanized have been tested
and applied over decades. Since late 2000s,
mechanized harvesting operations involving
the use of heavy-duty machines such as feller
buncher and grapple skidder have been
applied for timber harvesting at SHFP
(Mauya et al. 2011b). However, mechanized
harvesting is a costly operation that should
be well planned and managed efficiently
(Melemez et al. 2014, Schweier et al. 2019).
This requires detailed information on
equipment productivity based on a time and
motion studies which can assist logging
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managers to effectively plan their
mechanized harvesting operations (Bilici et
al. 2019, Miyajima et al. 2021). Thus, this
study quantified time consumption and
production rates of mechanized tree felling
using feller buncher as well-developed
predictive models for estimating time
consumption and production rates of the
feller buncher.

Analysis of the time consumption over the
entire period of the study, indicated that
average productive felling time for the feller
buncher per tree was 0.7 minutes. This value
is within the range of other studies conducted
elsewhere. For example, Wang et al. (2004)
reported an average felling time of 1.1min,
while Long et al. (2002) reported an average
total felling time of 1.41 min. The slightly
difference in total felling time among studies
may arise from a number of factors: which
include  stand  conditions,  working
techniques, machinery type and operator
experience. Also, the wvariations in



methodological aspects like the work phases
classification and variable definition of the
measurement system may lead to variation in
time consumption of the felling operation
(Wang et al. 2004, Strandgard and Mitchell
2010, Mauya et al. 2011b, Bilici et al. 2019,
Glci et al. 2021, Miyajima et al. 2021).
Furthermore, the statistical models for
predicting total PMH resulted into better fits
with adjusted R? of 50%. According to
Dykstra (1976), typically values of R? a
statistic which measures the fraction of
response variable explained by the
regression equation in most of the logging
studies, is less than 0.5 and often less than
0.25. Thus, the adjusted-R? value obtained
from  this study, clearly indicate
improvement in felling operations when
using feller buncher.

Less time consumption in felling operations
implies improvement in the production rates
of the felling operations. The reported
production rates under the approach that
considered only PMH was relatively higher
as compared to the approach that included
delays. This implies that, effective
elimination of delays in timber harvesting
operations can have significant impact on the
production rates. This is further justified by
the results from the paired t- test which
shown that, there signifance differences
between the two approaches. The average
production rate under the PMH approach was
32.69 m3/h. This value is within the ranges of
other studies reported elsewhere. For
example, Long et al. (2002) conducted a time
study to evaluate productivity and costs of
feller buncher operating in central
Appalachian hardwood forests. In their
study, hourly productivity for feller-buncher
ranged from 12.11 to 65. Gulci et al. (2021)
reported average production rate of 74.96
m3/h Turkey. The results from this study,
further showed that tree size is a major factor
which affect production rates of the feller
buncher. In the lower Dbh classes the
production rate was relatively smaller as
compared to the middle and upper Dbh
classes. For example, for the middle class the
average production rates was 36.31 m%h and
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for the upper class was 75.48 m%h. Since
50% of the entire dataset comprised of the
lower classes, production rate was relatively
lower as compared to those reported by
(Ghaffariyan et al. 2012, Simoes et al. 2014),
Gulci etal. (2021). This implies that, in order
to obtain higher production rates which are
likely to offset costs for operating feller
buncher consideration of the tree sizes to be
harvested should be priority. Previous
studies (e.g. Wang et al. 2004, Goychuk et
al. 2011, Mauya et al. 2011b, Visser and
Spinelli 2012, Bilici et al. 2019, Glilci et al.
2021, Miyajima et al. 2021), on feller
buncher performance also reported that tree
size is a main factor which affect the
production rates of the feller buncher. The
plausible reason for this could be that, as tree
sizes increases in terms of Dbh, tree volume
and production rate increase linearly. Apart
from the tree sizes other factors which affect
the production rates of the feller buncher
include terrain (i.e., slope, ground strength
and surface roughness), stand density and
climatic conditions. For example, according
to Conway (1986) if the ground slope
exceeds 35% feller buncher loses efficiency
to the point of making an operation
infeasible. Steep topography also provides
conditions, which tend to produce excessive
tree breakage particularly when timber is
felled downhill instead of along the contour.
In this study, the ground slope was ranging
from O to 4%, this created a favorable
condition for improving the production rates
of the models as well as estimates. The
quality of the model fit as well as the
prediction accuracy were within the range of
other studies (e.g Long et al. 2002, Bilici et
al. 2019, Gulci et al. 2021) reported
elsewhere. However, the applicability of the
models should take into accounts the ranges
of predictor variables in which the models
were developed to avoid uncertainty in the
estimates of the production rates.

Based on the findings of this study, there is
larger potential of improving the production
rates of tree felling operations when using
feller buncher as compared to conventional
methods. Further studies particularly on cost



aspects of feller buncher are highly
encouraged in order to understand if the
production rates offset the operational cost of
the feller buncher. Furthermore, this study
focused on small portion of clear-felling
operations, it would be of interest if future
study will focus on larger scales in order to
have more observation as well as variations.
Also, due to the technological and
automation systems developed in harvesting
machinery, possibility of incorporating the
Internet of Things (loT) for operational
planning and logistics (Spinelli et al. 2020),
according to the precision forestry approach,
should be explored.

CONCLUSION

To conclude, this study had determined the
time consumption and production rates of the
feller buncher in tree felling operations. Two
approaches for estimating production rates
were compared, the findings concluded that
the approach based on PMH was more
efficient in the estimation of production
rates. Additionally, the study developed
models for predicting time consumption and
production rates. The quality of the models
as measured by the indicators of fits, were
within the ranges of most of the reported
studies. As such, the models can be used for
predicting time consumption and production
rates. Lastly, the study suggested that, future
studies should look more on cost aspects of
feller buncher in order to understand if the
production rates offset the operational costs.
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