
Citation: Giannetti, F.; Passarino, L.;

Aleandri, G.; Borghi, C.; Vangi, E.;

Anzilotti, S.; Raddi, S.; Chirici, G.;

Travaglini, D.; Maltoni, A.; et al.

Efficiency of Mobile Laser Scanning

for Digital Marteloscopes for Conifer

Forests in the Mediterranean Region.

Forests 2024, 15, 2202. https://

doi.org/10.3390/f15122202

Academic Editor: Luke Wallace

Received: 15 October 2024

Revised: 21 November 2024

Accepted: 10 December 2024

Published: 14 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Efficiency of Mobile Laser Scanning for Digital Marteloscopes
for Conifer Forests in the Mediterranean Region
Francesca Giannetti 1,2,3,* , Livia Passarino 1 , Gianfrancesco Aleandri 1,2, Costanza Borghi 1,4 , Elia Vangi 1,5 ,
Solaria Anzilotti 1, Sabrina Raddi 1 , Gherardo Chirici 1,3,4,6 , Davide Travaglini 1,3 , Alberto Maltoni 1 ,
Barbara Mariotti 1 , Andrés Bravo-Oviedo 7 , Yamuna Giambastiani 2,3 , Patrizia Rossi 1

and Giovanni D’Amico 1

1 DAGRI—Department of Agriculture, Food, Environment and Forestry, University of Florence, 50145 Florence,
Italy; livia.passarino@unifi.it (L.P.); gianfrancesco.aleandri@gmail.com (G.A.); costanza.borghi@unifi.it (C.B.);
elia.vangi@unifi.it (E.V.); solaria.anzilotti@unifi.it (S.A.); sabrina.raddi@unifi.it (S.R.);
gherardo.chirici@unifi.it (G.C.); davide.travaglini@unifi.it (D.T.); alberto.maltoni@unifi.it (A.M.);
barbara.mariotti@unifi.it (B.M.); patrizia.rossi@unifi.it (P.R.); giovanni.damico@unifi.it (G.D.)

2 Bluebiloba Startup Innovativa s.r.l., Via C. Salutati 78, 50126 Florence, Italy;
yamuna.giambastiani@bluebiloba.com

3 ForTech Laboratorio Congiunto, University of Florence, 50145 Florence, Italy
4 Fondazione per il Futuro delle Città, 50127 Florence, Italy
5 Forest Modelling Laboratory, Institute for Agriculture and Forestry Systems in the Mediterranean, National

Research Council of Italy (CNR-ISAFOM), Via Madonna Alta 128, 06128 Perugia, Italy
6 National Biodiversity Future Center (NBFC), 90133 Palermo, Italy
7 Department Biogeography and Global Change, National Museum of Natural Sciences—CSIC, 28006 Madrid,

Spain; bravo@mncn.csic.es
* Correspondence: francesca.giannetti@unifi.it

Abstract: This study evaluates the performance of the ZEB Horizon RT portable mobile laser scanner
(MLS) in simulating silvicultural thinning operations across three different Tuscan forests dominated
by Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), Italian cypress (Cupressus sempervirens L.),
and Stone pine (Pinus pinea L.). The aim is to compare the efficiency and accuracy of the MLS
with traditional dendrometric methods. The study established three marteloscopes, each covering a
50 m × 50 m plot area (0.25 ha). Traditional dendrometric methods involved a team georeferencing
trees using a total station and measuring the diameter at breast height (DBH) and selected tree
heights (H) to calculate the growing stock volume (GSV). The MLS survey was carried out by a
two-person team, who processed the point cloud data with LiDAR 360 software to automatically
identify the tree positions, DBH, and H. The methods were compared based on the time, cost, and
simulated felling volume. The MLS method was more time-efficient, saving nearly one and a half
hours per marteloscope, equivalent to EUR 170. This advantage was most significant in denser
stands, especially the Italian cypress forest. Both methods were comparable in terms of accuracy
for Douglas-fir and Stone pine stands, with no significant differences in felling number or volume,
although greater differences were noted for the Italian cypress forest.

Keywords: silviculture; digital twin; virtual forests; LiDAR laser scanner; simulated forest operations

1. Introduction

In the European context, the Forest Strategy 2030 [1] identifies as fundamental objec-
tives the valorization of forest potential for the future, through the adoption of ecological
policies [2,3]. Indeed, forests are recognized for their role in actively contributing to the
promotion of a sustainable and climate-neutral green economy, as well as to the protec-
tion of the environment and biodiversity [2,4,5]. Therefore, as highlighted by the Forest
Strategy 2030 [1] and the European digital strategy [6], new silvicultural models pose the
basis for climate-smart forestry connecting traditional silvicultural approaches, such as
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closer-to-nature forestry [7], to effective digital solutions. Together, they can improve the
sustainable management of forests in a multifunctional way by addressing the three pillars
of sustainability: economic, environmental/biodiversity, and social [8,9].

Scientific evidence demonstrates the potential of digital data technologies in enhancing
the sustainability and multifunctional management of forest ecosystems. This includes
improving economic performance and working conditions in the forestry sector [8,10,11].
However, the use of digital technologies is still limited in practice especially in some
countries, such as Italy, where the forest-based sector does not yet have a well-established
value chain [11,12]. Indeed, as pointed out by the Italian Rural Network Guidelines [13],
the application of modern technologies in forestry is still limited in Italy, despite their
well-documented scientific efficacy and performance [12,14–17].

Therefore, investing in education and training activities is crucial to fully grasp their
potential. Understanding their capabilities through real-life examples is essential for
ensuring the adoption of innovation or technology [18,19]. In this perspective, the Italian
Forest Strategy [20] emphasizes the need for silviculture and sustainable forest management
workers to undergo updated technical training to better understand the potential of novel
technologies in sustainable forest management. In various Italian and European workshops,
forest technicians and forest managers have highlighted the importance of providing new
training programs [19–21] with extensive use of practical and clear examples related to
applications, in order to promote their widespread use. It is therefore important to rapidly
revise how education and training are delivered.

As shown by Liang et al.’s [22] review, significant advancements in close-range remote
sensing over the past two decades have transformed the field of forest mensuration. These
advancements include reductions in the cost, size, and weight of sensors; enhanced avail-
ability, mobility, and reliability of platforms; and substantial progress in computational
capacity and data processing techniques. Regarding the variety of close-range remote sens-
ing technology in forestry, the use of digital 3D technologies is rapidly increasing, driven
by advancements in reconstruction and visualization tools. These technologies offer new
opportunities for virtual forest applications, and meet the evolving demands of the forestry
sector [23,24]. In fact, these developments have enabled the transition from traditional,
costly, manual, labor-intensive, and in situ forest data collection to more affordable and
efficient autonomous observation methods. Among all the 3D technologies identified by
research as promising in the context of silvicultural and forest management activities [13],
terrestrial laser scanning (TLS) and a mobile laser scanner (MLS) are considered some of
the most suitable tools for revolutionizing the acquisition of forest plots or parcels, which
can be used as digital twins to extract tree and stand variables from the 3D ground-based
point clouds [24–32]. Ground-based point clouds can be applied to a wide range of tasks in
silviculture and forestry ecology, such as extracting forest tree variables—diameter at breast
height (DBH), individual tree height (H), canopy cover, analyzing forest structure, leaf
area distribution, classifying tree species, monitoring forest regeneration, and visualizing
forest [23,33]. Moreover, 3D ground-based point clouds can also be used to simulate the
effects of different silvicultural treatments [34]. However, it is important to highlight that,
among the several metrics, those that can be easily extracted using standalone software are
tree position, DBH, and height, which are also the most common variables of interest [33,35].
For most other types of variables, however, it is necessary to use programming language
with specific packages [33], which poses challenges for the adaptation to the daily work of
forest technicians.

Despite the recognized potential of TLS and MLS, their implementation in practice is
still limited [13], especially in Mediterranean countries characterized by highly complex
forest structure [16,18]. Laser scanning applicability is still largely confined to the research
world, with only a few technicians and/or companies able to implement it in sustainable
forest management, mainly for management plans [36]. However, the use of user-friendly
software solutions is rapidly increasing [33].
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To encourage the use of these technologies, which can also be used to simulate silvi-
culture cuttings/operations [34,37], it is necessary to develop new training processes that
can demonstrate the applicability of these tools to a wider audience through a series of
examples relating to common cases in practice. These should be part of well-established
training programs focused on silvicultural and sustainable forest management.

In the context of sustainable multi-objective silviculture and forest management, the
value of marteloscopes is widely recognized for training foresters [38,39], as evidenced
by the growing number of European and national marteloscopes, often funded by EU
projects [40,41]. Their purposes include the practical demonstration of silviculture opera-
tions, i.a., the observation of the medium- and long-term effects of silvicultural operations,
the comparison between different thinning/harvesting strategies and intensity, and the
evaluation of their effectiveness, including the monitoring of regeneration, detecting of
any decay phenomena, analysis of species competition, and examining the evolution of
forest structures both vertically and horizontally [42–44]. These tools allow technicians to
compare and learn silvicultural techniques, critically evaluating the results of simulated op-
erations in real time [38–40,44,45]. Moreover, marteloscopes also involve real silvicultural
operations, such as thinning, harvesting, and monitoring the evolution of forest stands
through multi-temporal measurements [38–40,44].

In practice, marteloscopes are established in the field through precise surveys that
record tree positions using GNSS receivers or other highly precise topographic instruments,
such as total station and Field Map, as well as tree variables like species, DBH, and height,
along with additional information on microhabitats and crown parameters [38,44,46]. The
data are then typically integrated into a geographic database, which can be queried in the
field during training sessions via tablets or other digital devices [38,44,46].

In Spain, Tupinambá-Simões et al. [18] tested the use of MLS in existing martelo-
scopes to assess its accuracy in determining tree position, DBH, and height in a mixed
Mediterranean forest, while most other studies on MLS and TLS have focused on forest
inventories [33,47].

The main objective of this work was to combine the traditional, widely recognized
educational format commonly used in forestry with MLS technology. This approach aimed
to establish three marteloscopes and train forest technicians in using digital twins to extract
forest variables and simulate silvicultural operations based on 3D point clouds. By doing
so, this study provides insights not only into silvicultural interventions but also into
the potential applications of MLS technology for sustainable forest management through
practical examples. Specifically, our main goals were to compare the traditional method of
establishing a marteloscope with the MLS-based approach, and to evaluate the differences
in time, cost, and effectiveness when simulating silvicultural operations.

2. Materials and Methods
2.1. Study Areas and Silvicultural Operations

The three study areas were Vallombrosa, Monte Morello, and San Rossore (Tuscany,
Italy; Figure 1), where a 50 m × 50 m marteloscope was established in each site.

In detail, the first study area was located near the Vallombrosa Biogenetic State Natural
Reserve (43.78◦ N, 11.58◦ E, 960 m a.s.l., Reggello, Florence). In this region, the monks began
expanding the cultivation of silver fir in the Renaissance, starting in 1421. By 1645, silver fir
had become the predominant species. During the 20th century, silver fir forests experienced
recurrent episodes of generalized decline, including extensive dieback, uprooting, and
basal stem rot [48]. As a result, the management plan, drawn up by Patrone in 1960,
recommended replacing silver fir with Douglas-fir (Pseudotsuga menziesii Franco) in areas
severely affected by root rot, as it is much less susceptible to Heterobasidion damage [49,50].
The high productivity and versatility of Douglas-fir, which exhibits strong growth even in
challenging conditions such as warm, dry southeast-facing slopes with shallow soils, make
this a suitable species for increasing the productivity and resilience of silver fir or black
pine conifer plantations. The current management plan (2006–2025) encouraged natural
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regeneration processes, mixed stands of native species and uneven/irregular structures
to ensure the maximum resilience of the forest, preserving examples of historical forest
practices and memory of places.
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Figure 1. Panels (A,B) for the location of the Tuscany Region and the three study areas. Panels (C–E)
display the three marteloscopes (C) Vallombrosa; (D) Monte Morello; (E) San Rossore, including the
positions of all trees overlaid on a high-resolution orthomosaic imagery.

The marteloscope was established in a 47-year-old even-aged stand of Douglas-fir,
located on a gentle slope (approximately 20%). The aim was to simulate a from-below
thinning for increasing tree and stand physical and biological stability over time. In fact,
thinning has several positive effects on the forest, including the following: (i) increased
growth of the released trees; (ii) improved water availability; (iii) increased soil space
for root growth and nutrient uptake potential; (iv) improved stand mechanical stability
resulting from deeper crowns and lower height/diameter ratio (H/DBH) [50].

The second study area was located on Monte Morello (43.85◦ N, 11.24◦ E, 632 m
a.s.l.), a mountainous area to the northwest of Florence, with a long history of agriculture
and pasture, which led to progressive degradation of the ecosystem and soil impoverish-
ment [50–52]. Historical records indicated that by the end of the 19th century, this mountain
appeared as a barren marl–limestone landscape, with evident signs of erosion [51]. In
response, reforestation projects began in the early 20th century to restore tree cover and
prevent hydrogeological instability. According to Paletto et al. (2018) [52], reforestation, den-
sification, and restoration of degraded areas were carried out over more than 1000 hectares
with a high prevalence of pastures and woodlands, of which 80% were successfully restored.
The main species used were Italian cypress (Cupressus sempervirens L.), Arizona cypress
(Cypress arizonica Greene), black pine (Pinus nigra J.F. Arnold), and Turkish pine (Pinus
brutia Ten.).
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Specifically, the marteloscope was established in the “Fonte dei Seppi” area, a sloped
site (approximately 30%) with a pure Italian cypress plantation (Cupressus sempervirens L.).
The stand is even-aged, 36 years old, characterized by single-story canopies with a high
density of trees (i.e., number of trees per hectare). No tree regeneration was present. The
marteloscope in this area was set up to test several different types of thinning methods to
reduce cypress density and promote the development of well-formed trees. Three thinning
methods were simulated: from-below thinning, selective crown thinning, and geometric
thinning. From-below thinning removed unhealthy, defective trees or slow-growing trees,
i.e., generally those with the smaller DBH and height in an even-aged stand, while leaving
good and uniform soil cover. Selective thinning promoted the growth of a selected number
of healthy well-formed trees (i.e., a limited number of the best dominants were freed from
crown competition) or target species. Geometric thinning followed a predefined spatial
pattern for the removal of plants.

The third study area was located in San Rossore, within a large (8869 hectares of forest)
protected area of “Migliarino, San Rossore, Massaciuccoli” Regional Park near Pisa (43.74◦

N, 10.29◦ E, 2 m a.s.l.). The plot sited at the “Fossacci” was a flat alluvial plane between the
two branches of the Morto River, characterized by a pure even-aged stand of 113-year-old
Stone pine (Pinus pinea L.). Pinewoods older than 100 years were considered vulnerable to
mortality, due to the interaction of insects, fungi, and abiotic stresses (summer drought and
winter high water table) leading to crown desiccation, branch breakages, or tree windfall.
Therefore, in the last management plan, the operations were mainly aimed at promoting
pine stand regeneration by artificial plantation or, alternatively, by natural dissemination
through gap cutting [53,54], according to close-to-nature silviculture practices. Gap cuttings
had proven effective for regenerating several tree species, including pines [53]. In Stone
pine, also known as umbrella pine, the large crown size allowed for the creation of gaps
even by removing few trees per hectare. In this context, small gap cuttings were the
elementary modules of a series of operations aimed at progressively promoting natural
regeneration of pine by enlarging the existing gaps or by creating new ones every ten years,
thereby sustaining the effectiveness of this form of gap shelterwood treatment [55,56].

2.2. Traditional Marteloscope

Traditional marteloscope measurements were conducted between June 2022 and Novem-
ber 2023. These measurements involved georeferencing all trees within a 50 m × 50 m square
area and collecting quantitative data for each tree, including DBH and height. In detail,
the Topcon® GT 1200/600 (Tokyo, Japan) combined with the topographic GNSS receiver
Topcon ® HiPer HR (Tokyo, Japan), was used to identify the plot boundaries and retrieve
the coordinates of each tree [57]. DBH was measured with a traditional forest caliper for all
trees, while height was measured using a Haglöf ® Vertex IV Hypsometer (Klockargatan,
Sweden) on a sample of trees selected based on the DBH frequency distribution. The
height of the remaining trees was estimated from the hypsometric curve (i.e., the DBH-H
marteloscope function).

DBH and H data were then used to calculate the growing stock volume (GSV, m3) for
each tree, using equations developed by Tabacchi et al. (2011) [58] as part of the second
Italian National Forest Inventory. GSV was selected as a key variable because it is commonly
used in marteloscope activities [38,41].

For the traditional marteloscope, the time spent on field measurements (including plot
identification, georeferencing trees, and recording of DBH and H) and for data process-
ing (including data downloading, geographic transformations, and GSV estimation) was
recorded. Field data collection involved a team of four people, while the data processing
was carried out by one person.
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2.3. Mobile Laser Scanning Marteloscope
2.3.1. MLS Platform

The MLS system used for this project was the GeoSLAM ZEB HORIZON RT®. This
device features a class 1 laser (λ = 903 nm) with a 360◦ × 270◦ field of view and a maxi-
mum range of 100 m. It was capable of capturing 300,000 points per second and offers a
relative accuracy of up to 6 mm. Utilizing Simultaneous Localization and Mapping (SLAM)
technology, which was pioneered by the robotics and machine vision industries, the system
performed cloud-to-cloud registration. This capability allowed the ZEB HORIZON RT®

to overcome the challenge of unreliable or absent GNSS signals in dense forest cover. Fur-
thermore, SLAM technology facilitated the automatic integration of multiple LiDAR scans,
eliminating the need for artificial reference targets.

2.3.2. MLS Walking Scan Acquisition

The 3D point cloud data acquisition was carried out on the same day as the traditional
field measurements in each marteloscope, under optimal conditions with no wind or wet
surfaces. The operator walked over the entire 50 m × 50 m marteloscope plot while holding
the scanner and following the path scheme shown in Figure 2. This route was designed
to minimize walking effort, considering the 100 m range of the ZEB Horizon RT. The scan
acquisitions were carefully planned in advance to ensure full area coverage and maintain
consistent orientation. The walking scheme followed a side-to-side, zig-zag trajectory at a
slow pace, consisting of six recursive segments. After reaching each vertex, the operator
paused for at least 10 s to allow the system to register a control point. Once the entire plot
was covered, the walks ended at the same point as the starting point. Here, the scanner
was placed in the same position and orientation for approximately 10 s to finalize the scan
(Figure 2).
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2.3.3. MLS Point Cloud Processing

The data from each scan were processed using Faro Connect 2024 v4.0 software to
generate a 3D point cloud (Figures 3–5). The “.geoslam” files acquired by GroSLAM
ZEB HORIZON RT were processed through a standard workflow with a specific “Forest”
environment setting. The software also allowed the 3D point cloud to be georeferenced
within a geographic system using the “Adjust to Control” tools, which identify the reference
points. The georeferenced point clouds were then exported in “.las” format.

Subsequently, the point clouds underwent further processing using LiDAR360 v 5.0
desktop software [59], which incorporated semi-automatic data extrapolation algorithms,
following the methodology outlined in Sofia et al. (2022) [36]. Stand-alone software
with a user-friendly interface was chosen to eliminate the need for programming skills
(e.g., R or Python), making it more accessible and convenient for forest managers and
training activities.
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To derive tree- and marteloscope-level data, the point clouds were processed in the
LIDAR360 v5.0 software through the following four steps; namely, (i) each point cloud
was cropped to the area of the field plots using the referenced points (i.e., 4 corners);
(ii) the point cloud was cleaned of outliers using the “remove outliers” function, which
was set to remove low- and high-level outliers; particularly, the function allowed setting
(a) the Neighbor Points, representing the number of points required in the neighborhood to
calculate the average distance of each point (setting value was 10); and (b) the Multiples
of standard deviation, as the factor multiplied by the standard deviation to calculate the
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maximum distance (function setting was 5); (iii) the point cloud was binary classified into
ground and non-ground points using the “Filter Ground Points” function using the default
settings for the three parameters (a) Grid Size (grid resolution equal to 0.5 m); (b) Ground
Thickness (0.3 m, values between the lowest value of the grid and the thickness of 0.3 were
classified as ground points.); and (c) Window Size (referring to the size of the neighborhood
window; in our case, 3 indicates a window size of 3 × 3 points), and then normalized using
the “Normalize by Ground Points” function by subtracting the terrain elevation of the
closest ground point to each point [59,60]; (iv) the normalized point cloud was used to
segment each tree within the plot and automatically extract tree-level data (i.e., position,
DBH, and H). Among the several function settings, in our study, we set (a) From Class
allowing the inclusion of all classes in the point cloud segmentation; (b) Cluster Tolerance
as 0.2 m, to control the accuracy and efficiency of the process; specifically, increasing the
value resulted in higher efficiency but lower accuracy; (c) Minimum Cluster Size equal to
500 referring to the point cloud of individual tree crown; (d) Maximum and (e) Minimum
DBH equal to 57 cm and 7 cm, respectively; (f) Height Above Ground set to 0.3 m to include
points involved in individual tree segmentation; (g) Minimum Tree Height of 2 m; (h) Trunk
Height equal to 1.6 m, which together with the Height Above Ground allows the trunk
identification; (i) Optimize color rendering for individual tree segmentation result was
selected to avoid the same color for adjacent trees. The LIDAR360 software facilitates
tree segmentation through an implemented algorithm that fitted a circle to the tree stem
and classified it into three levels: Low, Medium, and High. The segmentation method,
proposed by Tao et al. (2015) [61], allowed for the identification of individual trees using
a bottom-up approach, which is preferred for high-density LiDAR data, as stems can be
easily identified from ground under the canopy. After segmentation of individual trees, the
software automatically extracted tree inventory parameters, namely, position, DBH, and
height of each tree in the plot, and exports the data to a spreadsheet-based CSV file [59,61];
(v) finally, the tree-level data (DBH, height) were used to estimate stand wood volume
(GSV, m3) using the equations of Tabacchi et al. (2011) [58], as for traditional measurements,
to ensure data comparability.

2.4. Methodology

To compare traditional and digital marteloscopes, we evaluated the acquisition times
of the MLS, personnel cost, and the data generated through automatic processing of
point clouds with those obtained from traditional forest marteloscope surveys in three
coniferous forests.

Specifically, the comparison focused on two sub-objectives: (i) assessing the time and
costs required to establish a marteloscope using traditional versus the MLS methods; and
(ii) testing the application of the digital marteloscope (i.e., MLS point clouds) by simulating
several silvicultural operations.

The results were then compared with those obtained from the traditional martelo-
scope approach.

2.4.1. Comparison of Time and Costs Between Traditional and MLS
Marteloscope Implementation

To compare the implementation of a traditional marteloscope with the MLS martelo-
scope, we recorded the time required for both field acquisition and data processing. Specifi-
cally, for the traditional marteloscope, we recorded the time required for field acquisition
(including geolocation of all trees, DBH, and H measurements) and data processing (down-
loading the data, geographic transformations, and GSV estimation). For the MLS, we
recorded the time required for field scan acquisition (i.e., walking scan acquisition) and
point cloud processing (i.e., GEOSLAM processing using Faro Connect, extraction of single
tree attributes with LIDAR360, and growing stock estimation).

A detailed comparative analysis in terms of the time and cost was carried out, focusing
on (i) field data collection and (ii) data analysis. The cost analysis was carried out by
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multiplying the work duration by the Italian national price for forestry workers, set at EUR
25 per hour for a junior forester [62]. During the field phases, traditional field measurements
required four people, while the MLS needed two persons. For data processing, the work of
one person was assumed for both methods. It is important to note that when comparing
the costs between traditional and MLS marteloscopes, we did not consider the cost of the
equipment, which included the amortization and training to use the MLS. Furthermore, the
same computer was used to process both the traditional and MLS data, with the following
specifications: AMD Ryzen Thread ripper 2970WX 24-Core Processor running at 3.00 GHz
using 64 GB of RAM; NVIDIA Quadro P620 graphic card; Windows 11 operating system.

2.4.2. Simulation Forest Intervention Between Traditional and MLS Marteloscope

The thinning simulations—in both the MLS and traditional marteloscope—were con-
ducted by a forestry technician with extensive experience in sustainable forest management.
This technician possessed a deep understanding of ecological processes, legal regulations,
and a wealth of practical experience in performing thinning operations. The technician
underwent five days of training to work with point clouds and, in both cases, the se-
lection of trees to be cut was based on professional experience rather than following a
standard algorithm.

It is also important to note that when the technician performed the thinning sim-
ulations in the MLS, he had already visited and measured the traditional marteloscope
plots, gaining knowledge of all three marteloscopes. However, the MLS simulation was
conducted before the traditional marteloscope thinning. Therefore, any difference in the
number of trees cut between the MLS and traditional marteloscope can also be attributed
to the different decision-making processes in the two approaches.

2.4.3. Evaluation of Forest Variables Assessment Between Traditional and
MLS Marteloscope

The traditional and MLS methods were compared within each marteloscope based
on the absolute difference in both the growing stock volume (GSV) and in trees count (N).
In addition, the associated error for the two methods was evaluated by root mean square
error (RMSE), percentage RMSE%, and bias, as follows:

RMSE =

√
∑n

i=1(XTS − XMLS)
2

n
(1)

RMSE% =
RMSE

X
∗ 100 (2)

bias = ∑n
i=1(XTS − XMLS)

n
(3)

where n represented the number of trees resulting from the traditional measures (TS),
XTS was the value of the i-th tree variable estimated by the traditional method, and XMLS
by processing the MLS scans; X was the mean value of the tree variable computed by
the traditional approach. In addition, GSV and N were compared for felling, to assess
the differences between simulated silvicultural operations using the two (traditional and
MLS) approaches.

3. Results

Table 1 showed the time taken to set up a marteloscope using both the traditional and
the MLS approaches for the three study areas. The results showed considerable variability
in terms of time. Compared to the traditional method, the MLS approach generally offered
a time advantage, saving about 40 min for less complex forest (Douglas-fir and Stone pine)
and around 3 h for more complex forests (Italian cypress) (Table 1).
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Table 1. Traditional versus MLS marteloscope times for data acquisition, processing, and total time.
Difference = traditional—MLS.

Forest Type

Traditional Marteloscope MLS Marteloscope Difference ∆time

Acquisition Processing Total Time Acquisition Processing Total Time Total Time
(hh:mm) (hh:mm) (hh:mm) (hh:mm) (hh:mm) (hh:mm) (hh:mm)

Douglas-fir 01:14 00:47 02:01 00:15 01:03 01:18 00:43
Italian cypress 03:26 00:51 04:17 00:14 00:59 01:13 03:04

Stone pine 00:54 00:39 01:33 00:10 00:43 00:53 00:40

When comparing the time and cost of data collection between the two survey methods,
MLS data collection resulted in being faster and less expensive (Table 2). Similar findings
were obtained for data processing. Regarding costs, MLS data collection differed signif-
icantly across forest types and densities. Costs were generally higher for Italian cypress
stand, while the costs for Douglas-fir and Stone pine were comparable. In terms of cost
saving, the MLS resulted in savings of EUR 104.2 and EUR 80.0 for Douglas-fir and Stone
pine, respectively. In the Italian cypress forest, the savings were higher, reaching EUR 328.3
(Table 2).

Table 2. Traditional versus MLS marteloscope costs for data acquisition, processing, and total costs in
euros. Difference = traditional—MLS.

Forest type Traditional Marteloscope
Cost (EUR)

MLS Marteloscope
Cost (EUR)

Difference
∆cost (EUR)

Douglas-fir 142.92 38.75 104.2
Italian cypress 364.58 36.25 328.3

Stone pine 106.25 26.25 80.0

Differences in the number of detected trees (N) and growing stock volume (GSV)
were reported in Table 3. For N, no significant differences were observed between the two
methods in Douglas-fir and Stone pine (p-value of 0.54). However, significant differences
were found for the Italian cypress stand, where more trees were detected by the MLS than by
the traditional survey (p-value of 0.03*). Similarly, the Italian cypress GSV value estimated
by the MLS was significantly higher than in the traditional survey. In the other two forest
types (Douglas-fir and Stone pine), the GSV differences were below 28 m3. In both cases,
the MLS underestimated the stand volume compared to the traditional approach.

Table 3. Comparison of number of trees (N) and standing volume (GSV, growing stock volume)
between traditional and MLS marteloscope in different forest types on a surface of 0.25 ha.

Forest Type
Traditional Marteloscope MLS Marteloscope Differences

for Density
Differences for

Volume

N
(tree)

GSV
(m3)

N
(tree) GSV (m3)

∆N
(tree)

∆GSV
(m3)

Douglas-fir 88 264.77 89 236.95 −1 27.82
Italian cypress 184 76.25 267 112.51 −184 −36.26

Stone pine 13 66.25 13 42.70 0 23.55

As shown in Table 4, errors associated with the GSV estimates (RMSE and RMSE%)
were similar between the two methods, with no significant differences (p-value of 0.53).

Figures 3–5 give an overview of the marteloscopes and the cuttings made in the MLS
marteloscopes. Simulated silvicultural operations for the MLS were carried out using
scanned trees that matched those measured in the field. The results for N and GSV are
reported in Table 5. No significant difference was observed between the two methods in the
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number of trees felled. However, for selective thinning in the Italian cypress forest, a great
difference in the GSV was noted, though no significant difference in the tree number (N)
was found (Table 5). A great difference in the number of trees cut between the traditional
and MLS marteloscope was observed for geometric thinning in the Italian cypress forest,
with more (+8) trees removed in the MLS.

Table 4. Method comparison in terms of error (RMSE, RMSE% and bias) for standing volume (GSV)
of segmented scanned trees that matched those measured.

Forest Type GSV RMSE GSV RMSE% GSV Bias

Douglas-fir 2.97 1.12 2.69
Italian cypress 2.67 3.51 0.61

Stone pine 6.53 9.86 3.28

Table 5. Comparison of N and GSV for harvested trees by simulated cutting between traditional and
MLS marteloscope.

Forest Type Silvicultural Operation

Traditional
Marteloscope

MLS
Marteloscope

Difference in
Density

Difference in
Volume

N
(tree)

GSV
(m3) N GSV

(m3)
∆N

(tree)
∆GSV
(m3)

Douglas-fir From-below thinning 30 25.16 30 26.28 0 −1.11

Italian cypress
From-below thinning 71 9.70 71 6.57 0 3.12

Selective thinning 49 16.71 50 49.32 −1 −32.61
Geometric thinning 68 28.85 76 36.27 −8 −7.42

Stone pine Gap cutting 1 3.96 1 3.74 0 0.22

Simulated and in-the-field measurements were consistent in terms of the GSV and N
for from-below thinning for Douglas-fir and gap cutting for the regeneration of Stone pine
forests (Table 5).

4. Discussion

The application of ZEB HORIZON RT laser scanner technology in this study demon-
strated that MLS marteloscopes could be established more efficiently and cost-effectively
than traditional methods. Across the three forests, the average time saving was 1 h and
29 min per marteloscope, translating to an average economic saving of EUR 170, based
on the typical Italian forester income. It is important to note that the estimated costs were
calculated based on average Italian wage rates and may vary significantly in regions where
labor costs are higher.

When comparing the two methods for establishing a marteloscope, it was found that in
more complex forest structures—such as the Italian cypress stand, which was characterized
by higher tree density and steeper slopes—the MLS acquisition time resulted in a time
saving of 3 h. This translated into an economic saving ten times greater than the traditional
method (Table 1). Conversely, the Stone pine marteloscope—with its simpler structure
characterized by lower tree density and flat terrain—showed smaller differences in both
time and cost. However, our study demonstrated a greater time saving compared to
Tupinambá-Simões et al.’s (2023) marteloscope [18], which evaluated a mixed forest in
Spain using the MLS ZEB-Horizon.

The variation in time required to establish traditional marteloscopes across different
forest stands was largely due to differences in forest complexity. In the more structurally
complex Italian cypress marteloscope, the total station used to georeference the position
of trees had to be repositioned nine times to ensure visibility of all trees. In contrast, in
the Douglas-fir and Stone pine stands, it was only moved once. Furthermore, the number
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of trees requiring caliper measurements (i.e., tree density) significantly impacted the time
needed for data acquisition. No time difference was observed for the MLS approach, where
the acquisition times were more consistent across all forest stands, regardless of forest
complexity, density, or slope (Table 2). This consistency likely results from the standardized
protocol for the walking path used across all marteloscopes. However, it was important to
note that other studies had shown that the accuracy of MLS point clouds could depend on
the length of the walking path. Specifically, longer walking paths required more time for
acquisition but improved the accuracy of segmentation and the extraction of individual
tree parameters, by increasing the point cloud density [57,63]. In our study, we did not
investigate this effect, as we used only a single walking path. In contrast, the stand density
had a greater impact on the measurements and establishment of traditional marteloscopes,
as direct measurement with manual basic tools such as calipers, vertex, and topographic
devices was labor-intensive and time-consuming [22,64].

These findings suggested that the MLS had a great potential to overcome the challenge
of a traditional field survey [22]. However, our results for the Italian cypress marteloscope
showed inconsistent outcomes in terms of detected trees, with the MLS counting a signif-
icantly higher (+145%) number of trees compared to the traditional marteloscope. This
higher detection rate was aligned with Kükenbrink et al. (2022) [43], who reported a +26%
increase in single tree detections using the MLS ZEB REVO in a complex Swiss mixed
temperate forest, although it was lower compared to our study. In our case, the errors
can be attributed to two main factors. Firstly, the presence of standing dead trees in the
marteloscope, which were not measured in the traditional survey. Distinguishing between
standing dead and live trees was a challenging task for the MLS. However, recent studies
using artificial intelligence networks have shown that LiDAR data were able to accurately
classify dead and live trees [65,66]. Secondly, some errors might have arisen from the
omission of some trees during the traditional field survey. In complex and high-density
forest stands, the likelihood of overlooking individual trees increased due to the challenges
in accurately identifying and measuring all specimens within the plot. Nevertheless, for
the other two types of marteloscopes, the results were comparable to traditional surveying
in terms of the density (N) for both the Douglas-fir forest and the Stone pine forest (Table 2),
showing an even better accuracy when compared to the results of recent studies, such as
the one conducted in Swiss mixed temperate forests using ZEB REVO [43] and in Spanish
mixed forests using the ZEB Horizon [18].

The GSV, limited to the matched trees, appeared to be underestimated by the MLS with
respect to the traditional survey in all three marteloscopes, although the same equations
were used (Table 2). This was likely due to differences in height estimation between the two
survey approaches. In fact, in the traditional marteloscope, height was either measured
directly or estimated from the local hypsometric curve, whereas in the MLS survey, tree
height was derived from the point cloud of each segmented tree. Previous studies reported
that height estimates from TLS/MLS and traditional instruments were not without error,
as occlusions could occur when scanning the top of the tree from the ground or when
attempting to measure the tree top with a hypsometer [67,68]. This challenge was even
greater in vertically complex forests with dense canopies [67,69]. Accurate estimation of
the tree height from the ground using traditional hypsometers was generally associated
with technical experience [64]. However, it is important to note in our study that the conifer
tree tops selected for the hypsometric curve were all well visible, even at a wide distance,
so the error in vertex measurements should be minimal. However, we estimated most of
the tree heights using the hypsometric curve, and so errors could be greater. As shown in a
recent study by Wang et al. [70], field measurements of height were more sensitive to stand
complexity and tend to overestimate tree height for tall trees with codominant crowns, as
was the case for most trees in our three even-aged marteloscopes. Wang et al. [70] also
highlighted that reliable tree height estimates from TLS could be expected for trees ranging
from 15 to 20 m in height, depending on the complexity of the forest. In fact, for TLS
measurements, the complexity of the forest structure could hinder the quality of the 3D
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reconstruction [16,70]. To reduce the errors, some studies showed that the accuracy of tree
height could be improved by merging ground-based point clouds from TLS/MLS with
airborne or UAV-based point clouds [68,70–73]. However, a visual analysis of the point
cloud of each segmented tree in our three marteloscopes did not reveal any shortcomings
in the MLS tree top detection. This could be attributed to the fact that, compared to other
types of TLS devices, the ZEB HORIZON RT used in this study has a wider operational
range, reaching up to 100 m, in contrast to the less than 35 m of previous models in the ZEB
series, such as ZEB1 [16,74] or ZEB REVO [67]. So, errors in tree height and consequently in
volume estimation were mainly due to errors in the traditional field measures. Moreover, in
our data acquisition, meteorological conditions were optimal, with no wind or wet surfaces,
providing the ideal environment for data collection. As highlighted in previous studies,
scanning operations are highly sensitive to weather, and unfavorable conditions can delay
the process or significantly alter trees’ characteristics, especially linked with the canopy
and in the identification of the tree top [75]. For example, wet conditions such as mist,
fog, or rain not only affect the transmission of laser pulses but also alter the scattering
properties of both tree canopies and the ground [76]. Scanning had to be resumed only
after leaves had dried and conditions beneath the canopy had cleared [76]. Similarly, windy
conditions were suboptimal, as even slight tree movements caused by light breezes could
lead to ghosting effects in the point cloud [76]. Seidel et al. (2012) recommended limiting
scans to periods when wind speeds were below 5 m/s to ensure data quality [77].

The use of stand-alone LiDAR 360 software proved to be reliable and fast for segment-
ing individual trees [33,36], especially when compared to developing segmentation codes
in R or Python programming languages [16,33]. This software, with its simple graphical
interface, was easy to use even for inexperienced operators. However, in more complex
structures, such as the Italian cypress forest, additional checks were needed after seg-
mentation, as in some cases it mistakenly segmented trees with very large diameters that
were not actually present in the stand and had to be manually removed. In contrast, the
dense understory and ground dead wood (i.e., large branches on the ground) in the Stone
pine forest required more precise settings to accurately identify individual trees. From an
operational standpoint, a longer survey time with more complex walking paths [57,63]
might have been useful for generating a denser point cloud, which could have simplified
the segmentation process and improved the detection of individual trees.

Thinning simulations using MLS point clouds and traditional marteloscopes were
similar in both Douglas-fir and Stone pine stands, as no significant differences were found
in terms of the number of trees removed or the growing stock volume (GSV). This similarity
was mainly due to the consistency between the two surveys, as previously described.
Additionally, no differences were observed in the tree selection between the traditional
and MLS marteloscopes when compared with the choices made by the forest technician.
However, for the simulated silvicultural treatments in the Italian cypress forest of the Monte
Morello area, selective thinning showed a significant difference in the GSV between the
traditional and MLS methods. These discrepancies could be attributed to the different
subjective selection of trees, which differed between the traditional and MLS marteloscopes.
In both geometric and from-below thinning in Italian cypress marteloscopes, differences
in GSV estimation between the two methods were minimal, as only small variations were
observed. Notably, although the forest technician chose to remove more trees during the
geometric thinning with the MLS compared to the traditional marteloscopes (Table 5),
this did not result in differences in GSV estimation between the two approaches, as the
variations remained relatively minor. For selective thinning, it was important to note
that MLS analysis offered the additional advantage of analyzing each individual tree
separately. The extraction process provided a 360◦ view of each tree, allowing for a detailed
examination of the tree, including knots, structural defects, and trunk eccentricities. This
approach enabled objective, potentially repeatable analysis for each tree, offering a more
robust approach that is difficult to achieve with traditional field methods. While traditional
marteloscopes relied on foresters marking trees based on numerical data to verify that the
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planned harvest volume was met, using tools like Smartelo [38], MLS data significantly
reduce subjectivity in the decision-making process. This shift allowed for more data-driven
decisions, moving away from operator-based, subjective criteria and towards an objective,
quantitative approach [38].

Our results highlighted how the use of the MLS led to the establishment of new
marteloscopes at a lower cost across different forest structures and types. This was essential
for the training operators in tree selection, or for applying various silvicultural techniques,
emphasizing the importance of these demonstration areas [38,39,44]. The results of this
study, consistent with those of Tupinambá-Simões et al. (2023) [18,19], showed that digital
marteloscopes were not only useful for training people in forestry, but also to demonstrate
how effective and efficient MLS technology could be in forestry.

This work represents one of the first examples of implementing digital marteloscopes
using MLS. An advantage of this technology lay in the possibility of updating marteloscope
data through successive scans carried out over time. As previously highlighted, martelo-
scopes played an important role in understanding the dynamics and effects of silvicultural
treatments [40,41]. Comparing digital twins led to more precise quantification of these dy-
namics, including tree growth in terms of the DBH and height, as well as changes in canopy
traits. Multiple TLS scans repeated over time effectively monitored forest dynamics [78].

However, the relatively high cost of purchasing the equipment (approximately EUR
57,000 for the ZEB HORIZON RT) remained a significant drawback. Fortunately, other
manufacturers began offering similar instruments at a more affordable price. Moreover,
technological advances and the growing use of this technology in important industrial sec-
tors, such as the automotive industry, likely contributed to further reducing the equipment
costs, making it more accessible to a wider audience [22].

5. Conclusions

This work highlighted how the MLS represented an efficient tool for surveying forests
and marteloscope creation in a cost-effective way. The use of the MLS enabled the digital
reconstruction of forest stand structure and the extraction of forest variables, such as the
DBH and H, at a significant cost reduction compared to traditional survey techniques.

Despite some discrepancies in tree detection in more complex stands, the MLS ap-
proach proved to be reliable and showed comparable or better accuracy than traditional
methods in most forest types.

This study represented an important first step in demonstrating that MLS technology
could truly support forestry technicians involved in silviculture and sustainable forest
management. Thanks to the cost reduction associated with this technology, it would be
possible to implement more marteloscopes, thereby expanding monitoring and teaching
areas. These new marteloscopes could integrate traditional teachings with those on the
use of MLS technology, offering unique opportunities for professional development. In
fact, after just 5 days of training, the forest technicians involved in this study were able
to independently work on tree selection, demonstrating the effectiveness of the training
and the speed with which skills could be acquired in using innovative tools. Moreover, the
use of the MLS also allowed analyzing point clouds for an immediate assessment of the
effects of proposed silvicultural operations on the stand. This provided the operator with a
real-time view of the intensity of the proposed silvicultural treatment. However, further
comparisons involving several different operators in the use of point clouds were needed
to understand any difficulties and critical issues in the use of this technology.

It would be useful to extend the study to other areas characterized by different forest
types, including broadleaf forests, to fully understand its potential. Additionally, in this
study, we have not considered metrics related to the canopy, such as canopy cover or crown
volume, which are important for simulating regeneration cuttings or for applying close-
to-nature silvicultural techniques, such as in continuous-cover forestry or in conversion
from even to irregular/uneven-aged forests or from single- to multiple-story stands. The
implementation of these metrics can allow canopy cover estimate and gaps distribution
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after forest operations, and thus the calculation of radiation (and other ecophysiological
parameters) at ground level, where regeneration could take place.
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