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Dinko Vusić1, Marijo Plantak2, Ivica Papa1, Marko Juratović1, Branko Ursić1,*

Despite the traditional forwarder usage in Croatia since 1971, the first experimental application of a harvester as a second 
machine in a fully mechanized system was in 2001, and the first harvester in the state company Croatian Forests Ltd was 
bought in 2018. Fully mechanized harvesting systems were avoided mostly because of close-to-nature forest management 
principles, as well as applying buck-to-quality processing method for high-value roundwood. Faced with labour shortages 
of skilled and motivated forest workers, the application of fully mechanised harvesting systems cannot be avoided. The 
conducted study dealt with aspects of harvester (Timberjack 1470D)-forwarder (Timberjack 1710D) system efficiency 
in an 80-year-old broadleaf harvesting site that consisted of two adjacent subcompartments. One European hornbeam 
dominated (84%) stand (harvesting density 98 trees·ha-1 and 40 m3·ha-1, 21.7 cm average diameter at breast height (DBH) 
of marked trees, average primary transport distance 250 m) and one European beech dominated (50%) stand (harvesting 
density 62 trees·ha-1 and 49 m3·ha-1, 26.4 cm average DBH of marked trees, average primary transport distance 550 m). 
Felled trees were processed applying the buck-to-quality method to produce sawlogs according to the Croatian HRN 
standard and 4-meter-long round energy wood by a cut-to-length method. Energy wood was forwarded separately from 
the sawlogs. UmtPlus software was used to record time consumption directly on the field during forwarder work and 
in the office to analyse harvester work from video recorded footages. In total, 795 trees were felled, and 41 forwarding 
cycles were recorded. In addition, the quality of processing and the quantity of 94 felled trees were recorded to determine 
the net volume vs DBH equation and to validate the stem data recorded by the harvester. Since differences in time 
consumption for felling between the two subcompartments were not found and differences for processing stemwood 
and crowns were minimal, a single productivity model was developed. Including delays, productivity ranged from 3.9 
m3·h-1 (DBH 12.5 cm) to 16.8 m3·h-1 (DBH 42.5 cm). Forwarder productivity (including delays) ranged from 11.1 m3·h-1 (100 
m) to 7.3 m3·h-1 (800 m), with an average load of 13.28 m3. The significant difference was found between the harvester 
and manually measured quantity of produced assortments because of multiple handling of energy wood that were 
produced mostly from crowns.
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Abstract

INTRODUCTION

Timber harvesting in Croatia still mostly relies on 
motor-manual felling and processing followed by skidding 
or forwarding of roundwood. The choice of the applied 
harvesting technology is influenced by factors related 
to the work site conditions, economic possibilities, and 
occupational safety (Garland et al. 2020, Mederski et al. 
2022, Bustos-Letelier et al. 2023, Labelle et al. 2024, Diniz 
et al. 2024). The design of present harvesting systems, 
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especially the ones used in broadleaf stands, was strongly 
influenced by close-to-nature forest management 
principles and buck-to-quality processing of high-value 
roundwood. However, driving factors behind the stronger 
implementation of mechanised harvesting systems in 
broadleaf stands identified in France by Bigot and Cuchet 
(2003) recently emerged in Croatian forestry as well. 
Labour shortages of skilled and motivated forest workers 
prompted the introduction of mechanised felling and 
processing in Croatia beyond the coniferous plantations, 
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where these operations had been introduced a decade 
earlier and successfully applied. New solutions and patents 
for mechanized felling are also important due to increasing 
safety, regardless of productivity (Knobloch et al. 2024).

First, experimental application of harvesters in Croatia at 
the turn of the century was well documented by scientific 
research (Krpan and Poršinsky 2001, 2002, 2004a, 2004b, 
Krpan et al. 2004, Poršinsky et al. 2004). The knowledge 
gained in the aforementioned studies resulted in the 
commercial application of harvesters in the following years. 
Thinning of coniferous plantations affirmed harvesters as 
the only suitable option (Vusić 2013) in this demanding 
operational surrounding that was barely harvestable (at a 
reasonable harvesting cost) with traditional motor-manual 
harvesting.

Natural disturbances, especially in Croatian continuous 
cover forest (Đuka et al. 2025), in recent years fostered the 
application of more productive harvesting systems that could 
cope with a larger amount of wood that had to be harvested 
in limited time and in demanding work safety conditions. 
Harvester proved to be a key part of many systems applied 
in this effort. Mederski et al. (2021) stated that altered stand 
conditions in Croatian forestry represent new challenges 
from the operational point of view (harvesting systems, 
work safety and workforce) as well as from the economic 
perspective.

However, as the high capital investment requires high 
productivity and high annual use of machines (Moskalik et 
al. 2017), the limited area of forest plantations and irregular 
patterns of natural disturbances cannot provide solid 
ground for further investment in mechanised harvesting 
systems. Therefore, the next logical step, after positive 
experiences in previous application of harvesters, is their 
greater application in natural forests. 

Due to the composition of species in Croatian natural 
forests, harvesters are expected to face challenges 
already recognised by researchers who investigated their 
application in broadleaf stands and additional ones related 
to the diversity of Croatian forests and specific management 
conditions, as well as country-specific legislation in the 
timber procurement chain.

Higher wood density and generally more complicated 
stem and crown architecture of hardwood trees can present 
more pronounced challenges compared to softwood 
mechanised harvesting (Labelle and Windisch 2016). In 
beech stands, Slugeň et al. (2014) identify numerous and 
thick branches and frequent presence of trees with multiple 
tree tops as the most important factor leading to the 
reduction in harvesting productivity. Labelle and Windisch 
(2016) stress the same problem in the processing phase 
especially in the case when the product recovery (from 
crown) is of high importance, adding tree size as a limiting 
factor requiring a back-cut to be performed on larger trees 
thus increasing the felling time. Presence of forks has been 
identified as a limiting factor of harvester productivity 
in poplar plantations (Danilović et al. 2011), as well as in 
coniferous plantations (Vusić and Rukavina 2010). Although 
significant improvement in delimbing knives design and 
setup reported by Cacot et al. (2016) and ongoing work 
on improvement of harvester technology in broadleaves is 
promising, currently most harvester operators in Croatia use 

conventional harvesting heads for softwoods (with special 
adjustments on the pressure and speed of rolls and knives). 
Using this equipment in broadleaf stands, apart from the 
productivity and cost related challenges, raises a question 
of accurate measurement of produced timber.

Efficient and accurate measurement of harvested timber 
is required in all stages of timber harvesting. It is important 
in determining the production rate of the used harvesting 
system (Rosińska et al. 2025), determining timber quantity 
and quality (Nocetti and Brunetti 2024), and for timber 
trade (Tomczak et al. 2024). Depending on the place where 
timber measurements were conducted, three main places 
(at the felling site, at the landing site, and at the sawmill 
entrance), and two methods (conventional and automatic) 
can be distinguished in terms of timber measurement (Ucar 
et al. 2024). Modern harvesters are equipped with technical 
components and software that allow simultaneous tree 
processing and timber measuring. The accuracy and 
influencing factors of harvester head measurements during 
timber measurement have been well documented. Hohmann 
et al. (2017) investigated the accuracy of harvester head 
measurements and found that the volume measured by 
harvester head on average was 0.45% lower (ranging from 
2.08% to -3.05%) than the volume determined based on the 
Archimedes principle, while the volume determined using 
calliper and measuring tape together with Huber’s formula 
resulted in 7.53% lower determined volume on average 
(ranging from -3.05% to -12.73%). In addition to the used 
calculation algorithm (Löwe et al. 2019) and the frequency of 
calibration (Nieuwenhuis and Dooley 2006), the accuracy of 
measurement is also affected by log irregularities, e.g. large 
branches, which are particularly common in broadleaved 
species (Strandgard 2009, Löwe et al. 2019).

Therefore, the aim of this study was set to determine the 
productivity model for a mechanised harvester – forwarder 
harvesting system working in a broadleaf thinning site, in 
order to validate harvester stem data against the reference 
manual measurement of log volume.

MATERIALS AND METHODS

The study was conducted in an 80-year-old broadleaf 
harvesting site to investigate the application of fully 
mechanized timber harvesting by a harvester-forwarder 
system. The harvesting site consisted of two adjacent 
subcompartments located in Management Unit 
Bjelovarska Bilogora in central part of Croatia (between 
φ 45°59′59″N and 45°59′31″N and between λ 16°44′05″E 
and 16°43′38″E). One subcompartment was a European 
hornbeam dominated stand (14b) and the other one was a 
European beech dominated stand (14c). The description of 
the worksite is shown in Table 1.

In both subcompartments, the trees were marked 
prior to harvesting in accordance with the prescribed 
intensity and silvicultural goals. Possible ghost trails were 
identified in the planning phase, and marking of trees was 
modified to enable the work of a harvester – forwarder 
system (Figure 1). Ghost trails are temporary working 
trails created by felling trees with a harvester to enable 
access for harvesters to all selected trees for felling and to 
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load the produced assortments with a forwarder. In both 
subcompartments European hornbeam trees prevailed 
among marked trees; both in number (92 trees·ha-1 and 47 
trees·ha-1) and volume (38 m3·ha-1 and 29 m3·ha-1).

Felling and processing of timber assortments was 
performed by a Timberjack 1470D harvester (180 kW 
engine power; 1250 Nm maximum torque; 18800 kg 
mass). The harvester was equipped with a Timberjack 
758 harvesting head with a declared maximum cutting 
diameter of 65 cm. Roundwood extraction was done using 
a Timberjack 1710D forwarder (160 kW engine power; 
1090 Nm maximum torque; 19000 kg mass) equipped with 
hydraulic crane Boom CF885 (8500 mm maximum reach; 
151 kNm declared lifting moment 41 kNm torque). Due to 
good soil conditions both machines did not use additional 
traction equipment.

Marked trees on ghost trails and between the 
ghost trails were felled and processed into roundwood 
assortments. Stemwood of higher quality and of suitable 
dimensions was bucked-to-quality to produce sawlogs 
(according to national standards), while the rest of the 
stemwood and crown were processed into 4-meter round 
energy wood by cut-to-length method. Energy wood was 
forwarded separately from the sawlogs.

The harvester’s work was digitally recorded on video 
using a camera mounted on the harvester’s cabin. Time 
consumption of individual work elements was later 

analysed on tree level by UmtPlus software. The same 
software was directly applied in the study of forwarder’s 
work, which was analysed on cycle level. Prior to the study, 
50 m long trail segments were measured and marked 
at the nearest tree and used for the determination of 
forwarding distance for both loaded and unloaded travel 
while Trupulse 200 was used to measure the forwarding 
distance on harvesting trails and landing site. Productive 
and non-productive time was recorded and analysed to 
construct the productivity models.

Prior to harvesting, DBH of marked trees was re-
measured and inscribed in a visible place on the stem, 
thus enabling the relation of time consumption for felling 
and stem/crown processing vs. DBH to be established 
by regression analyses. Multiple regression, denoting 
the subcompartment with a dummy variable, was used 
to test the influence of the subcompartment on time 
consumption for felling, stemwood and crown processing. 
Other recorded productive time elements (analysed and 
reported as average time consumption per tree) were: 
landing – felling site travel, in-site relocation, positioning, 
tree pulling and bunching.

Forwarder work cycle was divided to unloaded and 
loaded drive, in-site relocation, bunching, loading, 
unloading and landing relocation). All time elements, 
except in-site driving (which was analysed by regression 
analyses), are reported as average values per cycle.

Subcompartment Area
(ha)

HD
(m3·ha-1)

HD
(n·ha-1)

DBH
(cm)

FD
(m)

14b 18.28 40.0 98 21.7 250
14c 9.07 49.0 62 26.4 550

HD – harvesting density; DBH – diameter at breast hight; FD – primary forwarding distance

Table 1. Description of the worksite.

Figure 1. Research site.
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Figure 3. Worktime structure for: (a) harvester; (b) forwarder.
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Recorded delays, both in harvesting and forwarding, 
were analysed providing delay factors to be used in the 
productivity models.

During the research, 795 trees were felled and 41 
forwarding cycles were recorded. A sub-sample of 94 felled 
and processed trees (on two ghost trails – each in one 
subcompartment) was manually measured to construct 
net volume vs. DBH equation (Figure 2) to be used in the 
harvester’s productivity model. The same sub-sample was 
used to determine the quality of processing the roundwood 
(presence of forks, branches, etc.) and to validate the stem 
data recorded by harvester, i.e. to test the accuracy of 
harvester measurement and volume calculation. A Chi-
square test was conducted to determine whether there 
is higher probability of non-recording logs in the crown or 

stem. The Bland-Altman plots together with root square 
mean error and t-test were used to test whether harvester 
measured volume is statistically significant compared to 
manual measurement.

RESULTS AND DISCUSSION

The efficiency of thinning broadleaf stands by mecha-
nised harvesting system is reported in terms of harvester 
and forwarder productivity (including delays). The structure 
of recorded working time for both machines is shown in 
Figure 3. In addition, the possibility to use harvester data 
as a reliable product quantity record was reported based 
on the stem data validation.

Figure 2. Net volume vs. DBH.
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Productivity
Differences in time consumption for felling were 

not found (t=-0.6242; p=0.5327), and differences for 
processing stemwood (t=-2.3038; p=0.02155) and for 
processing crowns (t=-2.5176.; p=0.0121) between two 
subcompartments were minimal and resulted mainly 
from different DBH range (although the characteristics 
of the harvesting head balanced the sample leaving 
mainly European beech trees with DBH over 52 cm for 
motor-manual felling and processing). Therefore, a single 
productivity model was developed. The model consisted of 
mathematical formulae for calculating felling time (Figure 
4a), stem (Figure 4b) and crown (Figure 5a) processing 
time consumption vs. DBH, while other productive time 

included average time consumption for landing – felling 
site travel (2 × 0.04 min·tree-1), in-site relocation (0.56 
min·tree-1), positioning (0.08 min·tree-1), tree pulling 
(0.04 min·tree-1) and bunching (0.10 min·tree-1). Effective 
time was increased using the actual delay factor (1.33) 
to calculate the number of trees processed per hour. By 
using the actual net volume vs. DBH equation (Figure 2) 
productivity was calculated ranging from 3.9 m3·h-1 for DBH 
of 12.5 cm to 16.8 m3 h-1 for DBH of 42.5 cm (Figure 5b).

Key factors influencing the productivity (apart from 
the DBH) were identified as the time to process the crown 
(in average 75% of the total processing time) and a high 
delay time of 33% of the total effective time (as a result of 
the increased mechanical delay). The results of this study 

Figure 5. (a) Crown processing time vs. DBH; (b) Harvester productivity vs. DBH.
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Figure 4. (a) Felling time vs. DBH; (b) Stem processing time vs. DBH.
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confirm the results of previous studies. Higher (crown) 
processing time in broadleaves compared to the expected 
time (in conifers) is well documented (Slugeň et al. 2014, 
Cacot et al. 2016, Labelle and Windisch 2016). Since the 
crown processing time had a higher share compared to 
the stem processing time, an option to process only the 
stem (and process the crown by chipping) to decrease 
the processing time per tree could be considered. On the 
other hand, since crown volume accounted for up to 68% 
of the tree's net volume, this would consequently strongly 
decrease harvester productivity (m3∙h-1). Therefore, the 
productivity model included both processing times.

Chain maintenance together with other technical 
delays, accounts for 46.11% of the total delay time (Figure 
6), confirming a previously reported higher incidence of 
mechanical delays (Bigot and Cuchet 2003) in broadleaf 
and natural stands compared with softwood and short 
rotation plantations (Spinelli and Visser 2008). This is 
particularly the case when working with older equipment 
(Slugeň et al. 2014), as was expected in the present study. 
Quite high in-site relocation time, also identified by Slugeň 
et al. (2014) and Labelle and Windisch (2016) as a limiting 
factor in broadleaf thinning and selective-cut, contributed 
to lowering the harvester productivity.

The model for calculating forwarding productivity 
included felling site travel times expressed by equations 
(Table 2) in order to enable calculation of the productivity 
in the span of forwarding distances and average time 
consumption for all other effective time consumptions 
(1.80 min∙cycle-1 for unloaded landing travel, 22.90 
min∙cycle-1 for loading, 19.16 min∙cycle-1 for loading travel, 
0.26 min∙cycle-1 for bunching, 1.02 min∙cycle-1 for loaded 
landing travel, 6.61 min∙cycle-1 for unloading and 0.31 

min∙cycle-1 for relocation while unloading). The maximum 
forwarding distance was 770 m, while the average unloaded 
and loaded forwarding distance at the felling site was 353 
m ± 205 m and 253 m ± 189 m, respectively. At the landing 
site, the average unloaded and loaded forwarding distance 
was 70 m ± 95 m and 34 m ± 26 m, respectively. Effective 
time consumption per cycle was increased by applying 
the actual delay factor (1.26). The number of achievable 
cycles per hour was multiplied by the average load to 
express the productivity in the span of forwarding distance 
from 100 m to 800 m (Figure 7). The productivity ranged 
from 11.1 m3∙h-1 to 7.3 m3∙h-1 and was strongly influenced 
by ideal weather conditions, which  led to excellent soil 
bearing capacity allowing the average load of 13.28 m3, 
and bunching of roundwood by harvester that lowered the 
time of loading in comparison to the results of forwarder’s 
work in similar conditions after motor-manual processing.

Stem Data Validation
Differences in stem file data volume and the number of 

manual recorded logs resulted in 106 unrecorded logs and 
27.08% lower recorded log volume compared to manual 
measurement, as a consequence of frequent multiple 
handling and measuring of energy wood processed in the 
crown. A Chi-square test of independence additionally 
revealed that the data missing rate is statistically significantly 
higher during the crown processing compared to the stem 
processing (p<0.001).

This work method, while being beneficial in terms of 
productivity, also resulted in a nonstandard form of 15% 
of the produced number of roundwood assortments. This 
nonstandard form is a consequence of not bucking the 
fork properly (due to the presence of large fork branches), 

Travel Time consumption (y)
(min∙cycle-1) N r p

Unloaded y = 0.5415 + 0.0204*FD 41 0.9838 <0.0001
Loaded y = 0.1449 + 0.0225*FD 41 0.9852 <0.0001

FD – primary forwarding distance (m)

Table 2. Forwarder travel time consumption on the felling site.

Figure 6. Composition of the recorded delays during harvester 
operations.

Figure 7. Forwarder productivity vs. distance.
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leaving its lowest part attached to one of the two roundwood 
assortments produced (Figure 8b). Considering that energy 
wood assortments were mostly produced as a result of this 
method of crown handling, those occurrences can also be 
regarded as positive in terms of increasing the amount of 
biomass transformed to energy wood instead of being left 
unprocessed on the forest floor.

More detailed analyses of volume differences (manually 
measured volume – stem data volume) on the level of 
individual timber assortments (Figure 8a) indicate the 
reasons for relatively large volume differences on sample 
tree level. It is evident that most differences arise when 
measuring roundwood produced in the crown. The 
analysis of the percentage differences, apart from the 
need for regular calibration of harvester measurement, 
clearly identifies two reasons that differences arise from 
1) the absence of recorded roundwood volume (a positive 
percentage difference of 100%) as a consequence of (not)
registering the volume of roundwood whose harvester-
measured length is shorter than the nominal length (set by 
the machine operator); and 2) recording greater roundwood 
volume (negative difference) in multiple handling and 
cross-cutting of several pieces of roundwood (measuring 
larger diameter with simultaneous absence of one or more 
pieces in the record, which also contributes to the creation 
of positive differences mentioned under point 1).

Table 3. Paired-sample t-test results comparing harvester and manual volume measurements for stem and crown logs.

Type of 
logs

Measurement 
method Mean SD N Diff SD Diff t df p CI -95% CI +95%

Stem
Harvester 0.161588 0.105528
Manual 0.141591 0.093525 85 0.019997 0.029882 6.169799 84 0.000000 0.013552 0.026442

Crown
Harvester 0.082075 0.061767
Manual 0.064659 0.048160 93 0.017416 0.034080 4.928150 92 0.000004 0.010397 0.024435

It is interesting to note that the discrepancies for stem-
wood have a slightly negative average result (harvester 
measurement results in a higher volume than the prescribed 
manual method of measurement), confirming the results 
of previous studies (Dvořák et al. 2016). On the other hand, 
the opposite result on the tree level is primarily related to 
not recording a large number of roundwood pieces due to 
the multiple handling during the crow processing or due to 
the length smaller than the nominal.

The accuracy of log measurement at the level of a 
single log is shown in Figure 9a for logs produced from the 
stem and in Figure 9b for logs produced from the crown. 
Only recorded logs by the harvester were included in the 
analysis. For both stem logs and crown logs, the calculated 
bias was positive (0.020 m3 and 0.017 m3, respectively), 
confirming an overestimation of harvester measurement. 
The mean relative bias reported in this study (14.12% for 
stem logs and 26.82% for crown logs) indicate a much 
lower harvester accuracy than previously reported. 

In addition, the calculated root mean square error 
(RMSE) together with the upper and lower limit of 
agreement, revealed slightly higher accuracy in measuring 
logs produced from the stem (RMSE = 0.0358 m3) compared 
to logs produced from the crown (RMSE = 0.0381 m3). 
For both stem and crown logs, statistical t-test showed 
statistically significant differences between harvester and 
manual measurement (Table 3).

Figure 8. (a) Box and Whisker plot of relative volume differences; (b) The nonstandard form of roundwood.
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CONCLUSIONS

The application of new technology in close-to-nature 
managed forests requires certain stand adaptations to 
create conditions suitable for its operation, such as planning 
ghost trails, which in this study involved modifying the 
original tree-marking scheme initially designed for skidder 
extraction. Furthermore, the unknown productivity 
of introduced technology requires determination of 
productivity but also determination of weaknesses of 
the new technology under the aimed conditions. Thus, 
this study aimed to determine the productivity of a fully 
mechanised harvesting system (harvester+forwarder) in 
the thinning of two broadleaf stands with an accent on the 
harvester application. The conducted time study reveals 
a higher time consumption for crown processing than 
for stem processing, together with a high delay time that 
was mostly influenced by mechanical delay. In addition, 
the production of sawlogs from the stem and wood chips 
from the crown could increase overall system productivity 
indicating a further direction of research.

The determination of harvester head measurement 
accuracy during stem and crown processing revealed higher 
accuracy for measured logs produced from stem, but still 
not  as accurate as the prescribed manual measurement. 
Furthermore, at the stand level, a high number of non-
recorded logs (especially crown logs) together with non-
recorded volume indicate that a manual measurement is 
still required.

Figure 9. The Bland-Altman plots for: (a) stem logs; (b) crown logs (LoA – limit of agreement; SD – standard deviation).

The increased use of harvesters in the forests of Croatia 
is expected for several reasons. Firstly, the ongoing labour 
shortage in motor-manual felling positions harvesters as 
the most practical choice to achieve the planned annual 
cut. Secondly, the ongoing climate change, together with 
recent extreme events in Croatian forests, has changed 
the working conditions in terms of work safety, but also 
in terms of the work dynamics that could be improved by 
increased application of mechanized harvesting systems.
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