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Abstract: The application of modern technologies to increase the overall sustainability of forest
operations is known as precision forest harvesting. Precision forest harvesting can be a very powerful
tool; however, it requires modern forest machinery, which is expensive. Given that most of the forest
operators in the Mediterranean area are small-scale businesses, they do not have the resources to
purchase costly equipment; thus, the application of precision forest harvesting is affected. Bearing
this in mind, in this study, we aimed to test the accuracy of the GNSS receiver on which an innovative
Information and Communication Technology (ICT) system developed to monitor small-scale forest
operations is based. We tested the GNSS’s accuracy by comparing the extraction routes recorded
during coppicing interventions in two forest sites located in Central Italy with those obtained with a
more high-performing GNSS receiver. We also used linear mixed-effects models (LMMs) to investigate
the effects on the GNSS positioning error of topographic features, such as the slope, elevation, aspect
and Topographic Position Index (TPI). We found that the average positioning error was about 2 m,
with a maximum error of about 5 m. The LMMs showed that the investigated topographic features did
not significantly affect the positioning error and that the GNSS accuracy was strongly related to the
specific study area that we used as a random effect in the model (marginal coefficient of determination
was about 0.13 and conditional coefficient of determination grew to about 0.59). As a consequence of
the negligible canopy cover after coppicing, the tested GNSS receiver achieved satisfactory results. It
could therefore be used as a visualising tool for a pre-planned extraction route network, allowing the
operator to follow it on the GNSS receiver screen. However, these results are preliminary and should
be further tested in more experimental sites and various operational conditions.
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1. Introduction

One of the most important things to take into account in the effort to achieve Sustain-
able Forest Management (SFM) [1-5], a primary goal of the European Forest Strategy [6], is
the implementation of Sustainable Forest Operations (SFOs) [7-9]. The term “SFOs” refers
to the use of logging techniques that have reasonable costs, have minimal environmental
effects, and guarantee worker safety [10,11]. Precision forestry is defined as the use of
contemporary technology, including Information and Communication Technology (ICT),
Geographic Information Systems (GISs), Global Navigation Satellite Systems (GNSSs),
Unmanned Aerial Vehicles (UAVs), and a variety of sensors, to enhance the overall sustain-
ability of forest management [12-14]. It is one of the most powerful tools for addressing
the target of Sustainable Forest Management [15-17].
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The term “precision forestry” refers to an interdisciplinary and transdisciplinary idea
that allows for the creative application of cutting-edge technology in specific forest sector
situations [18]. There are many uses for various smart technologies within the context
of precision forestry, given the high degree of multidisciplinarity that characterises the
forest sector. When performing forest inventories, satellites or unmanned aerial vehicles
(UAVs) can be used to measure the aboveground biomass [19-21] and track pests and
drought [22-24]. Geographic Information Systems (GISs) can be used to plan harvesting
operations in a variety of ways, such as choosing the best extraction technology [25,26],
designing skid trail networks that are optimised in advance [27-29], or creating maps of
soil trafficability [30-33].

Monitoring harvesting operations is another function that cutting-edge and intelligent
technologies may carry out within the context of precision forestry. When a fully mecha-
nised harvesting system with state-of-the-art machinery is used, some data on the machine
functioning and the features of the harvested wooden material can be obtained, such as
the dendrometric features, species, or location [34]. Additionally, data, including the fuel
consumption, productivity, and position, can be seen remotely through the manufacturer’s
portal. The Controller Area Network (CAN-bus) system, which is implemented in nearly
all modern forest harvesters and processors, makes all these applications realisable by
transmitting the machine status and the parameters to the on-board computer (OBC) via
the Standard for Forest Machine Data and Communication (StanForD) [35,36].

However, these systems are only available on modern forest machines. Nonetheless,
it is very important to develop systems that are just as efficient and effective at a cost
that is feasible for small-scale forest business. Small-scale forest businesses make up the
majority of those operating on the territory in several modern countries, including Italy [37].
To the best of our knowledge, no scientific paper has focused on the development of a
system to monitor forest operations within the context of small-scale forestry. Small-scale
forestry is defined as forest operations carried out by small or medium enterprises. These
businesses typically use machinery that is not specifically developed for forestry. Most of
the machinery used by these businesses is machinery originally purposed for agricultural
use, which is adapted for forest work. It is worth noting that the type of agricultural
machinery is usually of an old model. There is a previous study that made an effort to find
a solution to this issue. A monitoring system was developed for forwarding operations
performed by old models of forwarders with no CAN-bus system and for forestry-fitted
farm tractors equipped with a trailer [38]. It included a GNSS portable receiver with an
Android platform-specific app and a weighing system mounted on the loading deck of
the machine to assess the amount of extracted timber in each working cycle. In addition
to tracking the working hours and productivity, the system can record the strip road
pattern [38]. In this preliminary research, we wanted to address the following question: “Is
the GNSS precision of the developed ICT system enough to guide the driver of the machine
along a pre-planned strip road network?”.

It is known that the correct functioning of a GNSS system is often hampered in a
forest environment [39—41]. The use of GNSS in forestry is frequently impacted by a
multi-pathing error, which happens when satellite signals are reflected or diffracted by
surrounding objects or surfaces or occluded by the canopy or other solid objects. This
problem exists even with the application of real-time kinematics correction techniques,
which may normally increase the position accuracy, even at a sub-centimetric level, but
only in the presence of robust satellite coverage [42—44].

Taking all the above into account, we established this research with the goal of test-
ing the efficiency of the previously developed monitoring system for forwarding oper-
ations [38], with a particular focus on the level of precision of the GNSS receiver. We
tested the system in two operational contexts in Central Italy’s Turkey oak (Quercus cerris
L.) coppice forests. We further tried to investigate the effects on the GNSS’s precision of
topographical features such as the slope, aspect, elevation, and Topographic Position Index.
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We also aimed to understand if this system is reliable in the harsh topographic conditions
in which forest operations are performed in the context of Mediterranean forestry.

2. Materials and Methods
2.1. Study Areas

We selected two forest sites located in Central Italy (Figure 1), one in the municipality
of Avigliano Umbro (Umbria, Italy, 777769 E, 4726803 N WGS84UTM32N) and the other in
the municipality of Bracciano (Latium, Italy, 761256 E, 4671354 N WGS84UTM32N). The
two sites are both Turkey oak coppices harvested in the harvesting season 2022-2023 and are
highly representative of oak coppices in Central Italy. The sites were specifically selected
because they presented a wide range of slopes (from 0% to almost 30%, representing
the upper limit where forwarders are generally applied) and complex topography, thus
resulting in optimal testing conditions for our scope. In both the study areas, the forest
operations consisted in motor-manual felling and processing by chainsaw and extraction
by an old model of forwarder (Avigliano) and forestry-fitted farm tractor equipped with a
trailer (Bracciano).

0 25 50m
|

0 75 150m|
| | |

Figure 1. Locations of the two study areas. The sampling points are in yellow (see Section 2.2).

2.2. Field Surveys

A full description of the tested ICT system for monitoring forest operations on forest
machines not equipped with a CAN-bus system is reported in [38]. Briefly, it is made up of
a weighting system located on the forwarding deck, a GNSS receiver and a dedicated app
to record and describe the various working elements. Concerning the GNSS, the system is
based on a GNSS Android 4G receiver Mobile Mapper 50 (Spectra Geospatial, Westminster,
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CO, USA) with a declared GNSS precision up to 1 m. The overall implementation cost of
the ICT system ranges from EUR 4000 to 8000, depending on the precision of the installed
weighing system and of the performance of the GNSS receiver.

The ICT system has two purposes. Firstly, it records the duration of the work session,
then it measures the weight of the timber extracted. The work productivity is calculated
automatically. Secondly, it acts as a navigator where a GIS-planned strip road network can
be uploaded to the Mobile Mapper 50 software. The driver can visualise and follow the
work progress on the screen of the GNSS receiver. At the same time, the ICT system records
in .gpx format all the strip roads established by the machine. In our experiment, we did
not develop a GIS-planned strip road network, but we allowed the drivers to establish the
extraction routes according to their experience. A technical flow chart of the ICT system is
reported in Figure 2.
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Figure 2. Technical flow chart of the developed ICT system.

During the harvesting operations in both study areas, the forwarder operator was
provided with the ICT system, which recorded all the machine’s movements, thus creating
a vector file of the strip road network established for carrying out the extraction operation
in each study area.

After the end of the harvesting operations, the created vector files of the strip roads
were converted into a point shapefile and uploaded to a more complex and high-performing
GNSS receiver, Spectra SP20 (Spectra Geospatial, Westminster, CO, USA), which, thanks
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to the real-time kinematics correction techniques, can reach a centimetric precision. The
Spectra SP20 receiver was equipped with Mobile Mapper 50 software as well.

At this stage, the field surveys started. With the Spectra SP20, one operator identified
85 points located along the strip roads in Avigliano and 45 points located along the strip
roads in Bracciano. The operator reached each point and waited 3 min so as to be sure of
being in the exact location of the recorded point. Then, the operator used a tape measure to
check the distance between the location of the point and the centre of the actual strip road.

In this way, we obtained 130 measurements for the distance between the point along
the strip roads recorded by the ICT system and the real location of the strip road. These
distances were used as a measure of the error of the ICT GNSS and as dependent variables
in the developed models.

2.3. Investigated lerrain Features and Statistical Analysis

To assess the reliability of the ICT system in different operating conditions, we wanted
to understand how the topography of the logging site affects the precision of the GNSS
receiver. We therefore used a 10 m resolution Digital Elevation Model (DEM) [45,46]
to extract the elevation (m a.s.l.) and calculate the terrain slope (%), terrain aspect and
Topographic Position Index (TPI) [47,48] in correspondence to the survey points. The
Topographic Position Index is a terrain categorisation technique that compares the height
of each data point to that of the surrounding points. A point index value will be positive if
it is higher than the surrounding area, as on ridges and hilltops, and negative for sunken
features such as valleys. All the GIS analyses were carried out using QGIS 3.28 software [49],
while the statistical analysis was performed using R software [50].

We used linear mixed-effects models (LMMs) to investigate the effects of the topo-
graphical variables on the GNSS error. In the models, we used the positioning error as the
dependent variable, the elevation, slope, aspect and TPI as fixed effects, and the study area
(Avigliano or Bracciano) as a random effect. A random effect was included to account for
the spatial-related data dependency and for the fact that the surveys were carried out on
two different days, one per each study area.

We started by fitting a full model with all the dependent variables by using the
package Ime4 [51], and we checked the Variance Inflation Factor (VIF) to exclude excessive
correlation among the fixed-effects with the car package [52]. No variable showed a VIF
higher than 10, so we could exclude collinearity among the fixed effects. Subsequently,
we used the dredge() function from the MuMin package [53] to select the best model; in
particular, we selected the model with the lowest Akaike’s Information Criterion, corrected
for the small sample size (AICc). In this way, we developed a further LMM by using only
the elevation and TPI as fixed effects. Finally, we used the MuMin package [53] to calculate
the marginal coefficient of determination (R>m) and conditional coefficient of determination
(R?c), respectively indicating the amount of variance explained by the fixed effects and that
explained by both the fixed and random effects [54]. We used the package ggeffects [55] to
calculate and visualise the marginal response and marginal means, representing the mean
values of a given fixed effect assuming a constant level of all the other predictors and no
random effect (global estimate).

3. Results

Descriptive statistics concerning the investigated variables and the GNSS positioning
error are reported in Table 1. The average positioning error result was 1.71 m in Avigliano
(maximum error 4.80 m) and 2.30 m in Bracciano (maximum error 5.20 m). In both the
study areas, the minimum positioning error was practically negligible (0.01 m). Particularly
for the Avigliano study area, the slope range covered practically all the slopes where
ground-based logging is generally applied by forwarding, ranging from 0% to 25%.
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Table 1. Descriptive statistics concerning the investigated terrain features and the GNSS positioning
error for the two study areas.

Avigliano Bracciano
Average 390 407
Elevation (m) Max 397 425
Min 382 399
Average 14.55 10.99
Slope (%) Max 25.19 16.6
Min 0.76 5.68
Average 0.15 0.04
Topographic position index Max 1.41 0.50
Min —0.35 —0.47
Average 1.71 2.30
Positioning error (m) Max 4.80 5.20
Min 0.01 0.01

The results of the linear mixed-effects model are shown in Table 2. The standard
deviation related to the random effect in the model (study area) was 1.21 m. Both the
elevation and TPI did not show a statistically significant influence (p < 0.05) on the GNSS
positioning error, while the slope and aspect were even excluded by the final model after
checking the AICc. The marginal coefficient of determination R?m was 0.136, which
increased to 0.592 when considering the effect of the study area-related random effect.
Therefore, it is evident that there is a strong effect of the study area on the GNSS positioning
error, which is not explainable by the topography.

Table 2. Summary of the linear mixed-effects model investigating the effects on the GNSS positioning
error of the elevation and Topographic Position Index.

Linear Mixed Model
Random effects
Groups Name Variance Std.Dev
Area (Intercept) 1.464 1.21
Residual 1.311 1.145
Number of observations 130, groups area, 2
Fixed effects

Estimate Std.Error t value

(Intercept) 26.693 7.017 3.804
Elevation —0.062 0.017 —3.551

TPI 0.369 0.272 1.357

R?’m R2c
0.1363706 0.5920209

The relationship between the GNSS positioning error and the topographic variables is
reported graphically in Figure 3A (error vs. elevation) and Figure 3B (error vs. TPI). The
regression line for the elevation is negative, while for the TPI it is positive; however, for
both variables, the data distribution clearly confirms the lack of influence on the GNSS
positioning error, as already highlighted by the results of the model.
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Error (m)

Elevation (m a.s.l.)

(B)

Error (m)

Topographic Position Index

Figure 3. (A) Effect of the elevation on the GNSS positioning error. (B) Effect of the Topographic
Position Index on the GNSS positioning error. Both variables did not show significant effects on the
GNSS error. Dots indicate data distribution. Grey area indicates the confidence intervals.

4. Discussion

The GNSS is globally recognised as the key tool for positioning an object on the Earth’s
surface [56-58]. However, it is well known that forests represent a challenging environment
for GNSS position accuracy, with positioning errors that generally prove to be two to four
times higher than in open areas using the same GNSS receiver [39,59]. The main reason
for the decreased GNSS precision in forests is related to the canopy cover, with increasing
canopy density generally leading to bigger errors [39]. In our case study, both the operator
driving the forwarder and recording the positions with the ICT system and the operator
checking its accuracy with the SP20 receiver worked in conditions of negligible canopy
cover. This took place after a coppicing intervention releasing about 100 standards per
hectare. Therefore, the influence of the canopy on the GNSS receiver accuracy can be
excluded. As a result, the positioning errors were on average much lower than what was
shown in previous similar studies in forest environments, where the average error was
about 2 m and the max error about 5 m (Table 1) [59]. This level of the positioning error is



Sustainability 2024, 16, 4629

8of 11

obviously not enough to consider developing an automatic driving system [60], but it is
enough to perform a very important task in the framework of sustainable forest operations.
Indeed, with this position accuracy, it is possible to use the GIS to pre-plan an optimised
strip road network, upload it to the GNSS receiver and allow the operator to visualise it on
the screen and follow it, similarly to what happens in modern forest machines [28]. In this
way, the operator can avoid zones with excessive slope or areas of soil particularly sensitive
to machinery-induced compaction [30].

Previous studies have shown that that topography can have an influence on the
GNSS positioning accuracy as well. For instance, Zimbelman and Keefe (2018) found that
topographic features can affect the number of signal losses from the GNSS technology
paired with radio frequency (RF) transmission (GNSS-RF) [42]. However, the study [42]
also found that the positioning error was significantly related to the stand features (proxy
of canopy cover) exclusively and not to the terrain features such as the slope, aspect and
presence of concave. Our results confirmed these findings. Indeed, we did not reveal any
significant effect for any of the investigated terrain features, with the slope and aspect even
being excluded from the final model, and the TPI and elevation showing non-significant
results (Table 2, Figure 3). This means that the system can be used in the target operational
context (Mediterranean forestry) without being affected by the topographic features of the
forest site.

Furthermore, it is worth noting that the developed ICT system is applicable in any
small-scale forestry operations in which timber extraction is carried out by forwarding; that
is to say, by using a loading deck. Being based on a weighing system, a GNSS receiver and
a specific app, it can be installed on any machine equipped with a loading deck used for
forest operations.

Obviously, our study presents some limitations. First of all, it should be observed
that this paper can be considered a preliminary study. In fact, the test that was carried out
was a preliminary one, taking into consideration only two study areas and both referring
to one forest typology (oak coppice), although it was highly representative of the typical
working conditions of forwarding extractions after coppicing in oak forests. It is interesting
to note how the model’s coefficient of determination grew substantially when including
the effect of the study area (R%c 0.59 vs. R?m 0.13—Table 2). This highlights the importance
of the specific study area in relation to the GNSS accuracy, most probably related to the
localisation of the satellites in those areas on those specific days.

Further studies to test the overall reliability of the developed ICT system should
therefore involve more study areas and also different forest typologies with higher canopy
cover. However, the preliminary results obtained in this study are quite encouraging.
After deeper investigation and further tests of the developed ICT system in alternative
contexts, we do believe that the proposed solution can represent a valuable contribution to
the implementation of precision forest harvesting in the framework of small-scale forestry.

5. Conclusions

In this preliminary research, we tested the reliability of one of the components that
compose an innovative ICT system previously developed to monitor forest operations in the
framework of small-scale forestry, i.e., the GNSS receiver. We tested the GNSS positioning
error in two study areas, consisting of coppiced oak forests in Central Italy, by checking the
precision of the recorded extraction routes with a better-performing GNSS receiver with RTK
correction. We further used linear mixed-effects models to investigate the influence of the
elevation, slope, terrain aspect and Topographic Position Index on the GNSS positioning error.
We found that the positioning error was lower than in previous trials in a forest environment as
a consequence of the negligible canopy cover that characterises a coppice forest after logging.
We found that none of the investigated terrain features had a significant influence on the GNSS
positioning error. Although this study can be considered a preliminary study, we confirmed
that the previously developed ICT system is suitable for integration with a GIS pre-planned
network of extraction routes. The operator of the forest machine can visualise it on the screen
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of the GNSS receiver so that it can be followed, thus avoiding zones of the parcels that may be
unsafe or lead to impactful disturbance to the soil.
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