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Abstract: There has been a growing awareness of the need for sustainable forest management among
forest engineers during the last decades. The selection of the best harvesting system for logging
operations plays a fundamental role in this effort. Nowadays, in the decision-making process,
forest engineers rely on their own experience, and it is to be expected that their evaluation of the
level of appropriateness may be biased. There may be a potential solution to this problem in the
implementation of AHP (Analytic Hierarchy Process) in the GIS (Geographic Information System)
environment. The application of AHP gives objective information and thus reduces the level of bias
in deciding which logging harvest system is best to use. The aim of this study was to evaluate the
reliability of a GIS-AHP approach applied to the development of the harvesting plan of a public
forest estate in Central Italy. Three extraction methods were considered: forwarder, cable skidder,
and all-terrain cable yarder. Thus, the GIS-AHP model was run by relying on the basic data attainable
from the local forest management plan and then on detailed information provided by field data
collected from 10 harvested blocks. Among these, in three blocks, the logging harvest method was
changed from forwarder to cable skidder. Statistically significant differences were found between
the suitability values obtained from the forest management plan and those retrieved from the field
surveys for the forwarder and cable skidders but not for all-terrain cable yarders.

Keywords: Territorial Information System; precision forest harvesting; forwarder; cable skidder;
cable yarder; timber extraction; forest operations

1. Introduction

The European Green Deal approved in 2020 envisions the EU leading the transition
towards green energy during the next decades [1]. In fact, the EU is expected to reach 32%
of domestic energy production made from renewable resources [2—4]. Hence, conscientious
use and management of available lands are mandatory to avoid overexploitation. In the
forestry sector, the growing public awareness regarding the sustainable exploitation of
natural resources is also increasing the expectations of both scholars and forest engineers
to apply methods that provide better sustainability in activities for wood production [5,6].
Sustainable exploitation of medium-large forests can be guaranteed by drawing a proper
Forest Management Plan (FMP) that includes recommendations for on-site activities, such
as forest logging, silviculture, and road construction, which are planned for the following
5-20 years [7,8].

During the last decades, the use of Geographic Information Systems (GIS) for agricul-
ture and forestry planning has gained interest for the vast panorama of possible applica-
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tions [9-11]. The most interesting feature is combining spatial and non-spatial information
to facilitate decision-making, for instance, in feedstock supply chains or FMP [12].

Dealing with all those critical aspects involved in forest management is definitely not a
simple task to accomplish, but it is crucial in Sustainable Forest Management (SFM) [13,14].
A tangible contribution can be given by setting proper harvesting operations [15-17]. In
fact, with improvements in this phase of the supply chain, the environmental impact
of wood products can be significantly reduced while creating better working conditions
for employees [18]. Physical characteristics of the soil, accessibility, infrastructures, and
purpose of the forestry interventions are the main driving factors to consider in this kind
of Multi-Criteria Decision Analysis (MCDA) [19]. In fact, this tool holistically evaluates
different alternatives that may result from the combinations of these factors [8,20,21].
Among the several MCDA methods known, the Analytic Hierarchy Process (AHP) [22] is
the most commonly applied to this sector. A pairwise comparison is applied to elements
having the goal set at the higher level, while criteria and alternatives are set at the lower
levels [16].

In the context of Italian forestry, the duration of an FMP is generally 10 years. Ac-
cording to the various Italian forestry regulations, which are slightly different among the
various regions, FMP is mandatory for public forest estates and also strongly recommended
for private ones, with some exceptions. An example is the Tuscany region, in which FMP is
also mandatory for private forest estates with more than 100 ha of forest surface. Within
that period, the Executive Harvesting Plan (EHP) for every cutting block that is greater
than a given surface and will undergo harvesting operations must be reported prior to
the beginning of harvesting. There is a different limit for each region. The EHP made
according to the general recommendations provided in the FMP must include the details of
the amount of retrieved biomass and the description of the harvesting operations to be per-
formed, including felling, processing, and extraction techniques that are to be implemented
in that given cutting block. This type of two-step procedure makes it difficult to predict
what could impact forest operations on the local environment, economy, and social aspects
in the long term since only the EHP will contain specific procedures that are applied in
the field. Although the procedures, approaches, and application of the best practices will
be in compliance with the criteria of Sustainable Forest Management (SFM) [23-25] and
Sustainable Forest Operations (SFOs), such as the Reduced Impact Logging (RIL) [26,27],
it is still unknown what the applied harvesting system is until the executive project is
delivered. Furthermore, this kind of decision derives from an in situ analysis carried out by
the local forest engineer, who is the developer of the EHP. On the other hand, it is strongly
suggested to include forest harvesting planning in FMP development, as recommended
by scholars in the forestry sector [13]. Objectivity in the selection of a given harvesting
system is necessary for the context of forest operations planning, currently considering
that this selection is often based on the experience of the forest engineer working in the
field rather than on an objective evaluation. The application of GIS-AHP for the selection
of the harvesting system at the cutting block level has been proven to be an effective tool
to increase objectivity in the choice [19]. However, it is important to highlight that the
efficacy of the GIS-AHP method is strictly related to the resolution of entry data; that is, the
higher the resolution, the more trustable the output is [28]. Currently, such a limit is still
not defined in the forestry sector via a direct comparison between operations suggested
within the FMP or the actual operations conducted on the field after the application of EHP.

Therefore, the aim of this study was to probe the reliability of applying the GIS-
AHP method in predicting the actual field operations to conduct in the forestry sector
by direct comparison of GIS-AHP outputs produced relying on FMP data, with field
data collected after the harvesting in a real case study of a forest in Central Italy. The
possibility of extensively applying such methods will improve the decision-making process
of selecting the most suitable extraction method for a given area. Moreover, it will be less
time-consuming and provide non-biased decisions.
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2. Materials and Methods
2.1. Study Area

The study focuses on the Natural Reserve Selva del Lamone, which is located in Cen-
tral Italy, Latium Region, Farnese Municipality. The reserve covers an area of approximately
2000 ha. The average annual precipitation in the area is 1000 mm, with the highest precipita-
tion in November and the lowest in July. Terrain morphology consists of a volcanic plateau
with an alternation of fresh and fertile soils and zones with a high accumulation of rocks
with lesser fertile soils. The main species of the area is turkey oak (Quercus cerris L.), but
there are also several different tree species mixed with turkey oak, such as Acer campestre L.,
Quercus pubescens Willd., Acer monspessulanum L., Fraxinus ornus L., Quercus x crenata Lam.,
and Ulmus minor Mill.

Forest management is based on the coppice system; however, the abandonment of
rural zones, which has occurred in the last decades, has led to the partial abandonment
of forestry in several zones of the reserve. Therefore, a major part of the coppice cutting
blocks is currently much beyond the conventional rotation age, which is about 20 years,
with various degrees of transition to the high forest in the high fertility zones. Forest stands
now have a structure that is very similar to those of even-aged high forests, while in the
less fertile area, the polycormic structure of coppice is still evident, notwithstanding that
the age is twice the conventional rotation age. The current forest management plan is valid
for the 2016-2025 period and provides the maintenance of the coppice system in the cutting
blocks with a lower age (<30 years), while in the other cutting blocks of higher age, thinning
interventions that favor and accelerate the transition to the high forest is provided. In the
zones with lower accessibility, the FMP provides no intervention at all, leaving such stands
to the natural evolution. An aerial image of the study area is reported in Figure 1.

Figure 1. Aerial image of the study area and location within Italy.
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2.2. Methodological Framework

In the context of Italian forestry, with particular reference to Central and Southern
Italy, forest engineers develop the FMP based on their own field surveys. Then, along the
10-year duration of the FMP, the forest engineer also carries out other field surveys for each
cutting block to develop the EHP. In other words, FMP offers general guidelines for large
surfaces of hundreds or thousands of hectares. It is required that an EHP is written for an
area of 5-20 hectares shortly before harvesting. This provides more accurate information
since forest engineering is required to perform local surveys.

A three-step procedure was implemented with the GIS software, Quantum GIS 3.16,
to answer the question behind the experimental design. Firstly, the selection of the most
suitable extraction system for each cutting block of the FMP was implemented with a
GIS-AHP procedure, as described by Latterini et al. [29], by relying on a 10 m resolution
Digital Elevation Model (available for free download for all national territory [30]) and the
data retrieved from the FMP. The applied GIS-AHP procedure takes into consideration six
variables that can influence the forest engineer in the selection of the extraction system. The
only focus is on extraction operations exclusively carried out by chainsaw in the study area
by forwarder, cable skidder, and all-terrain cable yarder. These variables are slopes of the
area (%), road density (m ha~!), extraction distance (m), terrain roughness (%), soil-bearing
capacity (kPa), and extracted timber amount (m3 ha=1). Maps related to the six variables
for the study area are reported in the Supplementary Materials (Figures 51-56). The values
of each variable for the study area are retrieved and implemented into the GIS environment.
At the same time, the AHP procedure is carried out to define the relative weights of each
variable in the selection of each one of the considered tree extraction systems.

The procedure for implementing the GIS-AHP procedure to identify the most suitable
extraction system can be summarized in the following steps: We obtain the data from
six variables of interest for the study areas in raster format; We define the hierarchy of
importance of the variables; We retrieve the relative weights for the variables by the AHP
by interviewing experts on the topic through the development of pairwise comparison
matrices; We apply a map algebra procedure consisting of a weighted average between the
values of the six variables and their relative weights. This allows us to obtain a raster map
that reports the suitability value for a given extraction system in each pixel. Therefore, in
the present case, three suitability maps are obtained: one for the forwarder, one for the cable
skidder, and one for the all-terrain cable yarder. Finally, the median value of suitability
for each cutting block is extracted through a resampling procedure, and the extraction
system with the highest median value of suitability in a given cutting block is considered
the most suitable.

A detailed description of the methodology for the GIS-AHP procedure can be found in
Latterini et al. [29]. The applied AHP weights are the ones obtained by Latterini et al. [29]
after interviewing a wide pool of forest harvesting experts from all around the world
(Table 1).

Table 1. AHP pairwise comparison matrix and weights [29]. S: slope; ED: extraction distance;
SBC: soil-bearing capacity; ETA: extracted timber amount; RD: road density; RG: terrain roughness;
CR: consistency ratio (must be < 0.1 for the AHP weights to be considered reliable).

Forwarder
Criteria ED SBC ETA RD RG Weights CR
S 1 0.5 1 1 1 0.143
ED 1 0.5 1 1 1 0.143
SBC - 1 2 2 2 0.286
ETA ; ; 1 1 1 0.143 0.0001
RD - - - 1 1 0.143
RG - - - - 1 0.143
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Table 1. Cont.
Cable Skidder
Criteria ED SBC ETA RD RG Weights CR
S 0.5 1 2 0.5 1 0.136
ED 1 2 3 1 2 0.259
SBC - 1 2 0.5 1 0.136
ETA ; - 1 0.3333 05 0.075 0.002
RD - - - 1 2 0.259
RG - - - - 1 0.136
All-terrain Cable Yarder
Criteria ED SBC ETA RD RG Weights CR
S 1 3 0.3333 1 3 0.161
ED 1 3 0.3333 1 3 0.161
SBC - 1 0.2 0.3333 1 0.06 0.01
ETA - - 1 3 5 0.399 ’
RD - - - 1 3 0.161
RG - - - - 1 0.06

Secondly, ten cutting blocks were randomly selected (Figure 2), and in these cut-
ting blocks, detailed surveys to retrieve data on the six above-mentioned variables were

carried out.

Figure 2. Details of the investigated cutting blocks.

The slope was measured by a clinometer (Haglof, Langsele, Sweden) in a number of
sample points ranging from 100 to 200 per cutting block, depending on the surface of the
cutting block. Then, a Delaunay triangulation (TIN) algorithm was used to develop a2 m
resolution Digital Terrain Model (DTM). A detailed survey of the viability present in each
cutting block was performed to evaluate road density by recording the track of each road
with a handheld GNSS receiver, uploading the data into the GIS software, and converting
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them into a line shapefile. The methodology proposed by Picchio et al. to calculate topo-
graphic extraction distance, accounting for terrain slope [31], was implemented relying on
the TIN DTM and the above-mentioned shapefile of road density. Soil-bearing capacity was
measured in 20-30 sample points in each cutting block, depending on the dimension of the
cutting block, with a light falling weight deflectometer TERRATEST® 4000 (Lehnitz/Berlin,
Germany). Then, a TIN interpolation was carried out as well to obtain raster maps of
soil-bearing capacity for each cutting block. Terrain roughness was assessed according
to the methodology proposed in the Italian National Forest Inventory [32]. Ten transects
measuring 2 m in width and 50 m in length, corresponding to 100 m?, were randomly
selected within the surveyed cutting blocks. For each transect, obstacles (i.e., rocks, ditches,
and fences) measuring more than 50 cm in absolute height were counted and measured
for area assessment. Thus, terrain roughness in terms of percentage was calculated as the
ratio between the total area of obstacles and the area of the transect. The threshold of 50 cm
was selected because, considering alternatives for ground-based extraction machinery
specifically developed for forestry (such as skidders and forwarders), rocks of lower height
are not considered an obstacle for such machines. Finally, sample plots were established in
each of the investigated cutting blocks to assess the standing volume and extracted timber
amount. The sample plot surface was established to cover at least 10% of the overall cutting
block surface. In each sample plot, the diameter at breast height (dbh—cm) was measured
for all trees with a caliper, and the height of 50 trees belonging to different dbh classes was
measured as well with a Vertex 5 hypsometer (Haglof, Langsele, Sweden). Local allometric
equations were used to estimate standing volume. For the estimation of the extracted
timber amount, a simulation of the felling choice was carried out, annotating the diameter
of the trees to be theoretically felled depending on the kind of treatment (coppicing or
thinning) and estimating their volumes with the local allometric equations. An overall
description of the different surveys carried out for the development of FMP and the second
step of the present work are reported in Table 2.

Table 2. Description of the surveys carried out by the local forest engineer for the development of the
FMP and by the authors of the present work.

Variable

FMP This Work

Slope (%)

Sampling points in the cutting blocks and

A 10 m DEM available for free download TIN interpolation to develop a 2 m DTM

Road density (m ha=1)

Shapefile was developed by relying on
available topographic maps and on the
basis of the previous EHPs

Field surveys and recording of the tracks
by GNSS receiver

Extraction distance (m)

Calculation accounting on the shapefile of ~ Calculation of topographic distance relying
roads on the shapefile of roads and the 2 m DTM

Terrain roughness (%)

Visual assessment Direct measurement by transects

Soil-bearing capacity (kPa) Visual assessment

Assessment by deflectometer and
TIN interpolation

Extracted timber amount (m® ha=!)  volume and fixed percentage of removal to

Sample plots (generally 8001000 m? per

cutting block) for estimating standing Sample plots (covering at least 10% of the

cutting block surface) and detailed
assessment of the trees to be removed,

estimate extracted timber amount (85% for . - .
estimating their volumes separately

coppicing and 30-40% for thinning)

Finally, the GIS-AHP procedure was repeated for the ten selected cutting blocks
relying on the data collected during the field surveys to assess if, in these cutting blocks, the
suggested extraction system was the same as the one suggested by the GIS-AHP procedure
based on the retrieved data from the FMP.
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2.3. Statistical Analyses

The statistical analysis concerned the evaluation of the differences between the suitabil-
ity values for each extraction system in the investigated cutting blocks for the calculation
starting from FMP data and from the detailed field surveys. The aim of the statistical analy-
sis was to identify the variables where changing values were responsible for a variation in
the suitability values.

The paired-sample Wilcoxon test was applied to investigate the differences between
the suitability values calculated starting from the different input data, considering that the
data did not meet the requirement of normality, making it impossible to apply a paired-
sample t-test. Spearman’s rank correlation coefficient was calculated to investigate the
correlation between a change in the suitability values for a given harvesting system and a
change in the values of the variables moving from FMP data to data collected in the field.

All the statistical analyses were carried out using Statsoft Statistica software version
7.0 (Tulsa, OK, USA), considering a significance threshold of p < 0.05.

3. Results
3.1. Identification of the Most Suitable Extraction System

The identification of the most suitable extraction system for all the cutting blocks of
the study area is reported in Figure 3. Forwarders were the prevalent type of machine
identified as the most suitable in a major part of the study area, that is to say, about 64%
of the cutting blocks corresponding to 77% of the overall surface. Cable skidders were
considered the most suitable alternative in about 24% of the cutting blocks, corresponding
to 14.52% of the study area, particularly in those cutting blocks characterized by a low
amount of extracted timber and located close to the existing road network. It is possible to
notice that such cutting blocks are mostly located in the northern part of the study area.
Finally, all-terrain cable yarders were suggested in only 12% of the cutting blocks, which
is 8.75% of the study area surface, particularly in the cutting blocks with low soil-bearing
capacity, a higher amount of extracted timber, and those in which the forest management
plan provides intervention of coppicing with 80-90 standards per hectare.

Figure 3. Extraction system suggested by the GIS-AHP procedure in all the cutting blocks of the
study area. It is important to notice that there are some cutting blocks outside the boundaries of
the Natural Reserve Selva del Lamone. However, these cutting blocks, even if outside the reserve’s
territory, are managed by the Natural Reserve concerning forest management issues.
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3.2. Evaluation of the Results of the GIS-AHP Procedure

The values of the investigated variables calculated from the FMP surveys and from the
field surveys carried out in the framework of the present study are given in Table 3. Values
of the slope, extracted timber amount, roughness, and soil-bearing capacity changed when
moving from FMP data to field surveys. Interestingly, data related to the road network
density did not change. This is because the detailed field survey related to tracking road
density did not report any other road than the ones already reported in the FMP forest road
map. However, as a consequence of the calculation carried out with two different terrain
models, the values of extraction distance also changed between FMP and field surveys.
Indeed, the applied methodology for the calculation of extraction distance provides an
orographic distance, which takes into account the slopes.

Table 3. Values of the six variables used for the GIS-AHP procedures were calculated from FMP data
and from the field surveys carried out in the present study.

FMP
Extracted . . Soil-bearin
Cutting block  Intervention Slope (%) timber amount Road}cltl eﬂs ity dExtractlon Rougo/hness capacity i

(m3 ha—1) (mha™") istance (m) (%) (kPa)
20-1 Thinning 6.71 60 82.38 121.92 20 60
31-1 Thinning 11.51 50 75.49 48.63 20 60
31-3 Coppicing 13.26 150 156.68 41.57 20 60
33-1 Thinning 13.21 58 75.38 90.89 35 80
35-1 Thinning 6.14 50 54.19 122.33 45 80
39-2 Thinning 6.44 55 0.00 544.31 35 70
49-1 Thinning 5.38 50 7.63 274.20 45 80
56-1 Coppicing 8.81 125 63.38 108.68 20 60
63-1 Thinning 6.04 35 158.50 37.03 20 60
65-3 Thinning 23.85 35 131.54 56.09 35 80

Field
surveys
Extracted . . Soil-bearin
Cutting block  Intervention Slope (%)  timber amount Road}(I:l e?ls 1y dExtractlon Rougo/hness capacity s

(m3 ha—1) (mha™") istance (m) (%) (kPa)
20-1 Thinning 10.91 50.34 82.38 118.23 29 69
31-1 Thinning 511 77.00 75.49 46.87 1 70
31-3 Coppicing 6.99 100.30 156.68 39.54 1 70
33-1 Thinning 15.48 90.90 75.38 88.21 1 89
35-1 Thinning 3.31 27.99 54.19 109.36 18 90
39-2 Thinning 5.31 60.76 0.00 487.25 23 79.5
49-1 Thinning 9.81 41.40 7.63 256.21 18 90.5
56-1 Coppicing 5.81 101.35 63.38 104.29 27 70
63-1 Thinning 11.12 42.60 158.50 36.01 21 70
65-3 Thinning 12.14 38.40 131.54 51.26 12 90

As a result of these changes in the variable values, three of the ten tested cutting blocks
(31-1, 33-1, and 65-3) changed the suggested extraction system, in particular, shifting from
forwarder to cable skidder (Table 4). In all of the three cutting blocks that changed, the sug-
gested extraction system and scheduled intervention according to the forest management
plan were thinning.

Statistical analyses were carried out to check the difference between the suitability
values of the three extraction systems, while the data calculated from FMP and field surveys
highlighted significant differences in the suitability values of forwarders (Wilcoxon test
z =2.0226 and p = 0.0431) and cable skidders (Wilcoxon test z = 2.3664 and p = 0.0179) but
not for all-terrain cable yarders.
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Table 4. Suggested extraction system for the investigated parcels with the output of the GIS-AHP
procedure developed by the FMP data and field surveys carried out in the framework of this study.
The italic bold indicates the cutting blocks with a different suggested extraction system between the

two simulations.

Cutting Block Field Surveys FMP
20-1 Forwarder Forwarder
31-1 Cable skidder Forwarder
31-3 Cable skidder Cable skidder
33-1 Cable skidder Forwarder
35-1 Forwarder Forwarder
39-2 Forwarder Forwarder
49-1 Forwarder Forwarder
56-1 Forwarder Forwarder
63-1 Cable skidder Cable skidder
65-3 Cable skidder Forwarder

Spearman’s rank correlation analysis results are reported in Table 5. Considering that
only forwarders and cable skidders showed statistically significant differences in suitability
values calculated with FMP and field survey data, Spearman’s rank correlation analysis
was only performed for these two extraction systems and not all-terrain cable yarders.
Moreover, the variation in road density was null and not included in the analysis. The
highest correlations were found for extracted timber amount both for forwarders (R = 0.67)
and skidders (R = 0.45). For forwarders, the R-value for soil-bearing capacity (R = 0.63) is
also rather high. However, no variable showed a significant correlation with the variations
of suitability for both forwarders and skidders.

Table 5. Spearman’s R and p-value for the various couple comparison between variations of suitability
values for forwarder and cable skidder and variations of the six variables’ values. For variation, what
is meant is the difference between the values calculated from FMP data and the values retrieved after
the field surveys carried out in the present study. FORW: forwarder; SKID: skidder; S: slope; ED:
extraction distance; SBC: soil-bearing capacity; ETA: extracted timber amount; RG: terrain roughness.

Spearman’s R p-Value
FORW and S 0.2236 >0.05
FORW and RG —0.2294 >0.05
FORW and SBC 0.6309 >0.05
FORW and ETA 0.6708 >0.05
FORW and ED —0.1118 >0.05
SKID and S 0.21622 >0.05
SKID and RG —0.3028 >0.05
SKID and SBC 0.2644 >0.05
SKID and ED —0.1261 >0.05
SKID and ETA 0.4505 >0.05

4. Discussion
4.1. Discussion of the Obtained Results

In Italy, forestry surface accounts for approximately one-third of the national terri-
tory [33]. Thus, managing such an extensive surface requires a combination of the expertise
of forest engineers and the use of reliable tools. Precision forestry, with particular reference
to GIS, has been proven to be an effective tool to help forest engineers in the framework
of the implementation of sustainable forest operations [34]. However, without input data,
which has a precision suitable for the target analysis, the precision forestry approach loses
much of its effectiveness [35,36].

The aim of this study was to determine the level of accuracy of the base data that are
available for Central and Southern Italy forest engineers who make the forest management
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plan. This study also sought to determine if the data was sufficient to develop a GIS-AHP
procedure to produce a forest harvesting plan. This plan should provide information re-
garding the most suitable extraction system in each cutting block of the forest management
plan before the actual implementation of the logging operations.

The obtained results showed that of the ten investigated cutting blocks, three changed
the suggested extraction system after implementing more detailed field surveys in compar-
ison with the ones that are typical for the development of a forest management plan. In
detail, the three cutting blocks shifted the suggested extraction system from a forwarder
to a cable skidder. It is evident that implementing a procedure that could potentially
lead to a wrong decision 30% of the time is not suitable. However, the advantages of a
preliminary harvesting plan that reduces time, labor, and management costs have been
clearly highlighted by previous studies on the topic [17,37]. Therefore, the question arises
of how to improve the input quality of a forest management plan’s data to a suitable level
to develop a proper harvesting plan.

There are several possible solutions to this question, which should be implemented
altogether, considering that our results from Spearman’s correlation analysis suggested that
no particular variable caused a change that forced shifting in the harvesting system. Firstly,
it should be worth the effort to cover all national territory with a 1 m resolution Digital
Terrain Model (DTM) or at least with a Digital Elevation Model (DEM). Different European
countries already have a 1 m DTM or DEM [35], while in Italy, only about 63% of the
territory is covered by this kind of data [38]. This will allow an increased precision of slope
maps. Although the results from Spearman’s correlation analysis did not reveal any variable
had a significant influence on the changing of the suitability values for the investigated
extraction systems, it is, however, possible to retrieve some important information about
which variables we should focus our attention on to improve the affordability of the
GIS-AHP procedure. In particular, R coefficient values higher than 0.6 were achieved
for the forwarder by soil-bearing capacity and extracted timber amount, and the latter
was also achieved for the cable skidder with an R-value of 0.45. Therefore, it could be
worth the effort to improve the precision of data regarding these two variables during the
development of a forest management plan. Direct measurement of soil-bearing capacity
in the field through a portable falling weight deflectometer is excessively costly and time-
consuming [39,40]. However, given that soil-bearing capacity is related to other physical
characteristics, such as penetration resistance [41] (which is easily measurable through
handheld penetrometers [42,43]), it could be possible to include this kind of evaluation
during the field surveys for the development of a forest management plan.

Regarding increasing the precision of the estimation of the amount of extracted timber
prior to harvesting implementation, we understand that it is not possible to ask the forest
engineer who is developing the forest management plan to increase the forest surface
covered by sample plots for biomass estimation. This is indeed a time-consuming process,
and to carry out a precise biomass estimation on several thousand hectares of a forest
management plan is simply impossible. However, remote and proximal sensing techniques
to estimate forest biomass can be very helpful in this situation [44—46]. Although these
techniques are not appropriate at the level of the Executive Harvesting Plan, which requires
not only the biomass estimation but also the indication of trees to be felled or released by
spray, they are suitable to carry out extensive biomass estimation on large surfaces, a factor
which could be very helpful for the forest engineers in the phase of forest management
plan development.

4.2. Study Limitations and Future Research

Notwithstanding the interesting results obtained in the study, it is worth mentioning to
the readers about our study’s limitations. This study is indeed a preliminary trial performed
at a case-study level. Furthermore, it only involves a single area in Central Italy. Every
study dealing with the management of natural resources implies a plethora of factors,
which could affect the final outcome, and therefore a single case study is not enough to
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shape general conclusions by itself. Future improvements should include larger areas and
possible variable conditions so as to determine the limits better. It is worth mentioning,
however, that the suggested approach here is fully repeatable in different study contexts,
and it is able to provide answers to an important issue for forest engineers.

5. Conclusions

The implementation of AHP methods within the GIS environment has shown to
be useful in selecting harvesting methods in the forestry sector, especially due to the
objectiveness of the applied criteria. However, the main limiting factor is the accuracy of
the input data used, such as the DTM or DEM resolution. The present case study aimed
to investigate the reliability of the GIS-AHP in predicting the best harvesting method to
apply to the forest in Central Italy by comparing the results with field data. The highest
correlations were found between extracted timber amount and soil-bearing capacity with
forwarders, while extraction distance exhibited the lowest correlation with both forwarders
and skidders. Although the statistical analysis was not significant, it is noteworthy to
highlight that, out of the ten cutting blocks tested, seven matched with the harvesting
methods predicted by GIS-AHP. Therefore, it is reasonable to deduce that by increasing the
resolution of input data, which are DTM and DEM, this tool would be made more powerful
and reliable in predicting harvesting methods in the forestry sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14010127/s1, Figure S1: Slope map of the study area; Figure S2:
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