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Abstract: Gravitational hazards, such as rockfall, constitute a major risk in mountainous areas,
threatening dwellers, goods, and infrastructures, and ultimately posing a challenge to their
development. Ecosystem-based solutions for Disaster Risk Reduction (Eco-DRR), such as protection
forests, can play a significant role in mitigating these risks by integrating the protective structures
currently adopted, which are often costly and could entail higher environmental impacts. This study
develops an economic model called ASFORESEE (Alpine Space FORest Ecosystem Services Economic
Evaluation) to assess the protective service forests provide against rockfall within a standardized
framework adopting a precautionary approach. The Replacement Cost approach was adopted,
measuring the protection effectiveness, the need for protection of the stakeholders and defining
a harmonized method for the design of the defensive structures. Applying the model to a case
study in the Italian Alps, the results show the forest has a relevant protective effect able to fulfil the
stakeholders’ needs, with a value of 30,440 € ha−1 , equal to 950 € ha−1 year−1 , within the 25-year
timespan considered. ASFORESEE could feasibly be adopted in other mountainous contexts, due to its
harmonized structure reliant on minimal assumptions. Its adoption would foster the acknowledgment
of the forest role and to further support the inclusion of Eco-DRR in local risk management plans.
Keywords: alpine space; ecosystem-based solutions for Disaster Risk Reduction (Eco-DRR); ecosystem
services; protection forest; replacement cost; gravitational hazards; natural hazards

1. Introduction
The Alpine Region is inhabited by approximately 14 million people, unevenly distributed within
its boundaries, making it one of the most densely populated mountainous areas of the world [1]. In
this area, and likewise other mountainous regions of Europe, in a perspective of increasing anthropic
pressure and more intense and frequent natural hazards triggered by climate change [2,3], there is a
rising need for protection from these threats. It is a given certainty that in the future it will be hardly
possible to avoid the presence of elements, such as people, goods, infrastructures, and productive
activities, located in areas subject to natural disasters [4].
In the Alps, two main strategies to ensure satisfactory risk mitigation from natural hazards have
traditionally been adopted: the construction of technical defense measures such as barriers, rockfall
nets and dams; or the management of the Alpine ecosystems, e.g., mountain forests, to maintain or
improve the protection [5,6]. This service, included in regulation Ecosystem Services (ES), consists of
the mitigation of hazards triggered by gravity, such as rockfall, avalanches, and shallow landslides,
thanks to the combined effect of superficial stabilization (e.g., of snow cover and rock cliffs) and the
impediment created by the trunks of such forests [7]. In the modern era, as the anthropic pressure
has risen to its current levels, the first approach, based on artificial structures, has clearly become
predominant [6]. Nonetheless, the adoption of such measures implies several drawbacks, such as
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high maintenance costs, visual impact and alteration of natural environments [6,8]. Conversely, the
capacity of Ecosystem-based solutions for Disaster Risk Reduction (Eco-DRR) to provide affordable,
low-impact, and multifunctional solutions to risk mitigation is well known and has already been
modelled in a number of studies [9–12]. Hence, recognizing the direct protective service provided
by mountain forests to assets and people in local risk management strategies and in decision-making
processes is of paramount importance to achieve a resilient and cost-effective protection [13,14]. In this
respect, the potential role of Eco-DRR has been underlined by several policy documents of international
relevance [15,16].
A reliable assessment of this service represents the cornerstone to give value to Eco-DRR and
integrate them into risk management strategies, thus avoiding disproportionate public expenses in
building defensive facilities [17]. Such an assessment can be performed in several alternative ways,
utilizing both qualitative and quantitative methods, for instance, multi-criteria analysis, and expressed
in different alternative measurement units. Among the latter, monetary evaluations stand out for their
ability to translate environmental functions into economic terms, favoring their understanding by
policy and decision makers. Notwithstanding the important ethical and methodological issues in
reducing such complex environmental services into monetary values [18,19], these methods still remain
the most effective instrument to measure the value of an ES, that would otherwise be overlooked.
Consequently, their evaluation could help draw attention to their management and thus support the
integration of Eco-DRR into risk management strategies [20,21]. Several studies have already been
conducted, mainly in the alpine space, concerning the economic evaluation of the protective service of
forests against the different natural hazards influenced by its presence [22]. Among those, the study
from Notaro and Paletto [23] represents a seminal example of the application of the Replacement
Cost approach at landscape level. There, the methodological limitations of upscaling this method
to areas larger than single protection forest stands were bypassed by involving a focus group of
experts, in order to evaluate the influence of several forest features in providing protection from
natural hazards in general. This study was followed by several other researches carried out in Italy,
Switzerland, and France, where this approach was applied at forest stand-level [11,22,24]. Conversely,
a more limited number of studies adopted other indirect evaluation methods, such as the Avoided
Damages method, in which the protection service of a forest is valued in relation to the damages it
prevents [12,25]. The majority of these studies focused on avalanche protection, narrowly adopting a
stand-level focus [24,25]. Other studies instead emphasized the role of forests against other hazards, as
shallow landslides [26] and debris flows [17], but without providing a monetary evaluation of this
service. Finally, direct methods of elicitation of stakeholders’ beliefs and willingness to pay were
seldom adopted for such evaluations [27]. Additionally, their replicability is low, since the results are
the consequence of the relation between the considered protection forest stand and its beneficiaries.
In a nutshell, these studies showed a large variability of both the available methods and the units
of measure of the results, which were alternatively presented as values, i.e., a lump sum of money,
or incomes, often expressed as money ha−1 year−1 [22]. This heterogeneity leads to a general lack of
consensus on the most suitable methodology to be applied in the evaluation of this ES, undermining
its wider adoption in a standardized and replicable way.
In consideration of the lack of the evaluations presented in these studies, the aim of this research
is to develop a model for the economic evaluation of the protection forest service, harmonizing data on
forest stands with technical and economic parameters into a replicable and standardized framework,
able to consider the societal needs of livability and safety. The only natural hazard here considered is
rockfall, a typology of landslide confined to the detachment of individual rocks [28], which, despite its
high specificity, constitutes a relevant issue for mountainous areas [29]. Moreover, as an additional
objective, this model should be suitable to be adopted by decision makers and practitioners of Eco-DRR
in any mountainous region affected by rockfall, in order to standardize the assessment process and
attribute value to protective forests, supplying easily understandable monetary information. This
economic model, developed within the INTERREG Alpine Space project “ROCKtheALPs” is named
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ASFORESEE (Alpine Space FORest Ecosystem Services Economic Evaluation) and it is based on the
traditional Replacement Cost approach, which resulted to be the most suitable method in terms of
potential harmonization of the approach and of achievement of effective outputs, as explained above.
Its adoption in estimating the regulation ES of a forest is well documented [30], even if limited to only
one of the many services that forests provide [31].
The paper is structured as follows: Section 2.1 describes the framework of the model and its
components. Then, in the following sections the demand for protection by stakeholders (Section 2.2), the
technical data on forest effectiveness (Section 2.3), protective facilities (Section 2.4), forest management
(Section 2.5) and the methodology adopted for the economic evaluation (Section 2.6) are extensively
explained. In the Results (Section 3), the model is applied to a selected case study, in order to test it on
a real rockfall event and evaluate the protection ES supplied by the forest. Finally, findings, limitations,
and possible future developments of ASFORESEE are discussed in the Discussion and Conclusion
(Section 4) that complete the study.
2. Materials and Methods
2.1. Model Framework
The ASFORESEE evaluation model is based on the Replacement Cost approach, one of the most
suitable methods to assess regulation and protective ES [32] and whose adoption in mountainous
areas is well documented [22,29,31]. The approach assumes that the value of the protective service
ensured by forests against rockfall is equal to the expenditures that would be potentially incurred to
reproduce the same service by artificial means. Its application is subject to three requisites: (i) the
artificial structure hypothesized to replace the forest must have the same effectiveness; (ii) it must be
the least costly option available on the market, notwithstanding the first requisite; (iii) there must be an
interest of the stakeholders benefiting the service, to maintain and replace it, when lacking [33]. This
approach also presents some limitations. Among others, when dealing with landscape or regional
scale evaluations, the uncertainties due to the assumptions needed to adopt the method are high [22].
Moreover, this approach is generally not able to emphasize the importance of the different elements
at risk, since it focuses on the forest rather than on the objects of the protection. Moreover, only one
of the several ES provided by forests is considered, excluding other relevant regulation, cultural and
provisioning ES. Nonetheless, given the aim of the study to provide a replicable model based on a
standardized workflow and based on the available literature and empirical evidences, this approach
resulted to be the most suitable.
In consideration of the interactions between rockfall events, forest, hypothetical defensive facilities
and expenses related to these elements, the model requires several technical, economic, and modelling
inputs to be combined. The overall conceptual framework of ASFORESEE, depicting the logical flow
underlying its structure in shown in Figure 1.
The present framework defines three possible options to evaluate the protective service, to be
selected in consideration of the characteristics of the case study. Firstly, the role of the forest has to
be verified in relation to the need for protection of the stakeholders (Section 2.2) and its effectiveness
against rockfall events (Section 2.3). In case the latter results insufficient, Option A should be chosen.
Alternatively, the Replacement Cost approach is adopted (Section 2.6), assessing the expenditures
related to defensive structures (Section 2.4) and forest management (Section 2.5). Finally, a further
discrimination is set to evaluate the forest performance in the light of a target protection level set
by stakeholders. In the Option B, artificial protective measures (hereinafter “needed facilities”) are
necessary to enhance the protection service supplied by the stand, which alone is not sufficient to fulfil
the target protection level. Conversely, for Option C the stand effectiveness is sufficient, and the costs of
hypothetical artificial protective measures are assessed in order to quantify the forest protective value.
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Finally, as shown in Figure 1, their qualitative evaluation is compared to the effectiveness provided
by the forest, determining the most suitable option to assess the value of the protection service.
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compared to the effectiveness provided by the forest, determining the most suitable option to assess
the value of the protection service.
2.3. Forest Effectiveness
The ability of the forest to mitigate rockfall events has been defined for ASFORESEE by adopting
an index capable of measuring the effect of the trees in reducing the frequency and intensity of the
phenomena. Therefore, we only took into account those rockfall events where the forest can provide
an effective protective service, i.e., in the case of falling blocks with a volume not exceeding 10 m3 [33].
Firstly, the protection forest should be partitioned, if necessary, into stands with homogeneous structural
features [37]. The boundaries of these stands might have been already defined within the Forest
Management Plan. If the protection forest is composed of different stands, the evaluation should be
carried out separately for each homogeneous area and then weighted according to the size of each
stand and summed into one single value.
Several methods assessing the stand effectiveness in rockfall protection can be found in literature.
In this study, we adopted the Rockfall Protection Index (RPI), developed within the ARANGE
project [38] for its ability to provide the model of a synthetic measure of the effectiveness of the forest in
stopping the falling blocks. In any case, it is worth underlining how these values remain independent
from the model and are therefore adopted as mere input data. This index is based on a statistical
approach for the computation of the maximum energy developed by the falling rock along the slope,
consequently estimating the effectiveness of the forest to stop it. This service is measured with a value
between 0 and 1 in relation to the percentage of falling boulders stopped by the protection forest
situated along their trajectory. The input needed to compute this index, whose validity is constant
within a homogeneous forest stand, are the following:
•
•
•
•
•

Volume (m3 ), mass (kg) and shape of a block having a diameter equal to the 95th percentile of
those measured during the field data collection phase;
Maximum cliff height (m);
Linear distance (m) between the rockfall source and the forest stand;
Slope (◦ );
Main dendrometric parameters of the stand, such as density (n ha−1 ), DBH (cm), and species
composition (%).

Further information concerning the features of this index and its parameters can be found in the
ARANGE project report [38], where the RPI equation is extensively reported and described.
2.4. Defensive Facilities
In order to harmonize the structural characteristics of the needed or hypothetical defensive facilities
(introduced in Section 2.1), capable of supplying the desired protection service, ASFORESEE adopted
the most common typology of structure available: rockfall nets. These barriers are a passive defense
structure constituted by a hexagonal mesh on metal poles fastened to the slope [39]. The adoption of
this structure is supported by several reasons, such as their widespread use in mountainous areas, their
versatility, cost-effectiveness, and easy installation [9]. Moreover, due to a specific European regulation
defining building and testing methodologies, called ETAG027 [40], it is possible to standardize their
sizing, enabling the adoption of a common design. Therefore, these guidelines have been employed
by ASFORESEE in sizing the artificial defensive facilities in relation to the features of the rockfall
phenomena. The main parameter needed for this operation is the target kinetic energy Ek , i.e., the
energy developed by a falling block having a 95th percentile diameter. This parameter reflects a
standard and precautionary approach commonly adopted in such evaluations [22,41]. Following a
probabilistic approach, the value of the 95th percentile of the falling blocks is defined consequent to
a field survey, where the fallen blocks, deposited in transects along a slope gradient, are measured
by their diameter and density [42]. We purposely adopted this parameter since it is consistent with
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the input data needed for the RPI, in order to facilitate the field surveys. The equation adopted to
compute this value is derived from the ETAG027 and integrated with the ISO 11211-4: 2012 technical
norm, which defines the safety factors in designing the nets, in accordance with the precautionary
principle [39,43]. In consideration of these aspects, the Ek is computed, as shown in Equation (1):
Ek =

1
·TB·S2 · γR · γB · γT
2

(1)

where Ek is the target kinetic energy in kilojoule (kJ), that is the energy of the target block hitting the
net; TB is the mass of the spherical target block, estimated as the product of rock density (in kg·m−3 ),
the diameter of the 95th percentile of the falling rocks (cm), and π value [44]; S is the testing speed
of the rock, equal to 25 m s−1 , as stated in the ETAG027 regulation [40]; γR is a risk factor assuming
values between 1.00 and 1.20, following an increasing level of risk for people and goods, as established
by ETAG027 regulation; γB is a block factor considering the reliability of the data adopted to estimate
the mass of the target block, assuming values from 1.02 to 1.10 with decreasing data quality; and γT is
a topographic factor that considers the uncertainties related to the topographic information available
on the area at risk, assuming values from 1.02 to 1.10 with decreasing data quality.
The adoption of the 95th percentile as reference value for the Ek proves the precautionary approach
laying behind the ASFORESEE, particularly for its influence on the defensive facility sizing. This
approach is consistent with several other experiences on protection systems, such as [45–47], and
inspired by the risk averse attitude of decision-makers responsible for the safety of dwellers and
infrastructures. Additional precautionary measures are represented by the adoption of the Service
Energy Level (SEL), an additional safety factor acting as a multiplier of the Ek with a constant value of
3, as stated in the ETAG027 regulation [40]. The resulting value determines, via a matrix linking value
ranges with corresponding parameters of the facility, the most relevant elements of the facility, i.e.,
height and resistance of the materials. Thus, the designed facility is compliant with current European
regulations, capable of withstanding multiple impacts whilst suffering a minimal efficiency reduction
and does not require any extraordinary maintenance activity [43]. Once the height and resistance of the
facility have been defined, its sizing is completed by its width, equal to the extension of the slope subject
to rockfall phenomena. Within the present model, one line of net barrier has been considered sufficient
to replace the effectiveness provided by the protection forest. This assumption is consistent with the
range of events in which forests can play a relevant role [28] and satisfies the requirements of least
expenditure, given an equal level of effectiveness, established by the Replacement Cost approach [33].
The last step is the definition of the overall cost of the structure in a standardized way, supplying
the overall sum that constitutes the basis of the Replacement Cost approach [22]. To compute this value,
several sources can be applied: among others, national or regional public works price lists; unitary
building costs of similar structures, and values derived from scientific and grey literature [40,45,48]. The
computation also includes indirect costs related to the implementation of the facility, e.g., administrative
and supervising expenditure, direct costs were increased by 25%, in accordance with [49]. Concerning
maintenance costs, they were not computed due to their reduced influence on the performance of
the barrier within such a limited service life [49]. Similarly, costs for replacing the facility at the end
of its service life were not computed because not included within the timespan considered for this
case study (25 years). Applying this procedure, the expenses needed to build an artificial defensive
facility are estimated adopting a 2% interest rate. According to [50], and as also showed in several
similar studies [22], this value is the most suitable for discounting costs of public expenses having a
lifetime similar to the one considered in this study and when the benefit and cost flow concerns only
the present generation.
2.5. Forest Management
The final element that contributes to the protection value definition is represented by the
silvicultural activities carried out in the stand. It is largely acknowledged how the capacity of
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unmanaged forests to stop falling blocks is naturally subject to fluctuations over time of their
ability [28]. Forest effectiveness can be hampered, among other factors, by dead trees, sub-optimal tree
densities, or species composition, all factors that active management can improve [5]. Silvicultural
activities in rockfall protection forests mainly consists of diversifying the stand structure, by means
of interventions routinely performed every 10 to 15 years [51], to support the establishment and
development of a 40-cm-or-more diameter tree class and an abundant regeneration. This approach
aims to maintain, and possibly increase, the level of protection provided by the forest stand, ensuring
in the meanwhile, its resilience, stability, and perpetuation. From an economic perspective, these
interventions often result in negative stumpage values, due to the high harvesting costs, the low
productivity rates of the operations and the low quality of the achievable assortments, as they are
frequently located on steep slopes [22,52]. ASFORESEE estimates the management expenditures, using
the following input data:
•
•
•
•
•

Area of the forest stand subject to the interventions (ha);
Number of interventions scheduled in the same area (n);
Growing stock (m3 ha−1 );
Current annual increment of the stand (m3 ha−1 );
Harvest intensity on the growing stock (%).

Since these data are usually included in the dendrometric information contained in the Forest
Management Plan of the stand, their computation does not require any further data collection phase.
Whereas the plan was missing, an additional effort is required to hypothesize, together with local
forest managers, the features and costs of the forestry operations to be implemented in the stand. In
this study, the Spatial-based Economic Model (SEM), developed by [53], was adopted to compute the
intervention cost of the planned interventions. SEM enables the computation of the stumpage value of
a forest harvest by comparing different working strategies and considering the environmental and
logistic features of the stand and their influence on the productivity of the intervention. The net present
value and the annuity value [54] of the forest management expenses has been computed by totaling
the discounted stumpage values of the planned interventions, based on the price of the assortments
collected with a survey on the local timber market.
2.6. Replacement Cost Value
Once the components of the ASFORESEE model have been defined, the monetary evaluation
was deployed using three alternative options. These options encompass all the possible conditions
determined by the different relationships between forest effectiveness and the stakeholder needs. The
description of these options is reported below:
Option A. The forest does not reduce the rockfall risk in a significant way, with the result that it is
irrelevant for protection;
Option B. The forest significantly mitigates, but does not eliminate, the rockfall risk;
Option C. The forest is fully effective in mitigating the considered rockfall event and can be
considered as a reliable Eco-DRR.
These alternative options represent the cornerstones of ASFORESEE, enabling the definition of
the most suitable approach to evaluate the protection ES provided by the forest. Each of these options
imply the use of a different equation, developed to provide a protective value capable of reflecting the
real role of the stand in risk mitigation. Therefore, in consideration of both supply of and demand for
protection, the evaluation is performed for each option as follows:
Option A. Here the protective role of the forest is marginal, as it is unable to significantly reduce
the rockfall risk and, consequently, does not satisfy the need for safety of the stakeholders. Hence,
in option A, the protective value of the forest is null, because of the inability of the forest to mitigate
the risk and/or the lack of interest in the protection service by the stakeholders. Nonetheless, if an
opportunity for the stand to develop relevant protective features within the ASFORESEE timespan is
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detected, the protective value of the forest can be estimated as the expenditures incurred to support
this improvement with dedicated silvicultural interventions. This management decision is justified by
the legitimate expectation that the benefits deriving from targeted interventions will enable the stand
to acquire relevant protective features in the future. Therefore, Equation (2) measures the protective
value against rockfall:
t
X
1
Pv =
Mi ·
(2)
(1 + r)i
i=0
where Pv is the protection value of the forest against rockfall risk; M is the difference between the
possible revenues and the expenditures from the forest management, incurred in the period comprised
between the present (0 in the equation) and the moment t, which corresponds to the considered
timespan of the model, discounted at the present time i adopting the interest rate r.
Option B. The second option is applied when the forest stand cannot guarantee a sufficient
safety level to satisfy stakeholder needs. On the other hand, the forest has a relevant and measurable
protective effect on rockfall risk that should be acknowledged. Therefore, in order to reflect the benefits
that the stand provides, its value is assessed by measuring the difference between the value of a
standard defensive facility and the value of a smaller facility providing a protection equal to the forest.
The comparison between the necessary facility and the hypothetical one, in the case of the stand having
no relevant protective role, is performed adopting the approach described in Section 2.4. Therefore,
the measurable reduction of Ek provided by the forest determines a defensive structure of smaller size
and, consequently, lower expenditure. In option B, the replacement cost value is then estimated, as
shown in Equation (3):
t
X
1
Pv = Fs − Fw f −
Mi ·
(3)
(1 + r)i
i=0
where Pv is the protection value of the forest against rockfall risk; Fs would be the expenditures incurred
to build a standard defensive facility, and replace it at the end of its service life, if no protective effect
of the stand existed; Fw f are the expenditures to build a smaller necessary facility, which takes into
account the benefits supplied by the forest; M is the difference between the possible revenues and
the expenditures from the forest management, incurred in the period comprised between the present
(0 in the equation) and the moment t, which corresponds to the considered timespan of the model,
discounted at the present time i adopting the interest rate r.
Option C. The third option is adopted when the forest supplies such a high level of protection
that the stakeholder need for safety is fully met, ensuring an effectiveness comparable with a defensive
facility. Hence, the protection value will be equal to the expenditures of the hypothetical facility able to
replace the stand, which provides the same performance [33]. Nonetheless, the equation is integrated
with a reduction coefficient applied to the protection value, in order to consider the real performance
of the forest, which, even if satisfying the local demand for this ES, not necessarily ensures complete
protection. Since this reduction coefficient represents the percentage of falling blocks stopped by
the forest, the RPI value mentioned in Section 2.3 has been adopted. Its value has been modelled
assuming the target kinetic energy of a falling block of a 95th percentile diameter, in accordance with
the defensive facility sizing. This reduction coefficient has not been adopted in option B since, there,
the comparison did not focus directly on the forest, but rather involved two structures differing in
size: one considering the effects of the forest and one not. As in the previous options, management
expenses are considered and subtracted from the overall amount (Equation (4)).
Pv = (Fs ·RPI ) −

t
X
i=0

Mi ·

1

(1 + r)i

(4)

where Pv is the protection value of the forest against rockfall risk; Fs would be the expenditures
incurred to build a standard defensive facility, and replace it at the end of its service life, if there was
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no forest; RPI is the reduction coefficient, between 0 and 1, to return the forest effectiveness to its
actual value of effectiveness, equal to or lower than the designed defensive facility; M is the difference
between the possible revenues and the expenditures from the forest management, incurred in the
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This forest is actively managed since decades to preserve its protective service towards buildings
This forest is actively managed since decades to preserve its protective service towards buildings
and their inhabitants against the risk of rockfall from the cliff above it. The stand, owned by the
and their inhabitants against the risk of rockfall from the cliff above it. The stand, owned by the
Municipality itself, is an endalpic Scots Pine forest (Pinus sylvestris L.) of 10 ha, with large trunk
Municipality itself, is an endalpic Scots Pine forest (Pinus sylvestris L.) of 10 ha, with large trunk
diameters prevailing. The need for protection from rockfall risk, manifested by local sources (personal
diameters prevailing. The need for protection from rockfall risk, manifested by local sources
communication of the public forest managers) is high, since the rockfall activities are well-known, with
(personal communication of the public forest managers) is high, since the rockfall activities are wellpotential partial damages to structures and goods, deriving from the falling blocks.
known, with potential partial damages to structures and goods, deriving from the falling blocks.
3. Results
3. Results
The results of the application of ASFORESEE in the selected study area are reported below. For
The results of the application of ASFORESEE in the selected study area are reported below. For
this study, the model operates within a 25-year timespan, which corresponds both to the service life of
this study, the model operates within a 25-year timespan, which corresponds both to the service life
artificial facilities in standard conditions [40] and a reliable timespan for forest operation planning [5].
of artificial facilities in standard conditions [40] and a reliable timespan for forest operation planning
[5]. Concerning forest effectiveness, the characteristics of the stand and of the falling blocks were
collected. Their values are shown in Table 1.
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Concerning forest effectiveness, the characteristics of the stand and of the falling blocks were collected.
Their values are shown in Table 1.
Table 1. Study area data constituting the ASFORESEE input to compute the Rockfall Protection Index (RPI).
Element

Information

Value

Unit of Measure

Forest stand

Mean DBH
Tree density
Stand area
Coniferous
Broadleaves
Diameter 95th percentile
Rock density
Cliff height
Height difference
Mean slope
Width

29.4
289
10
89
11
0.65
2700
60
120
37
90

cm
n·ha
ha
%
%
m
kg·m−3
m
m

Block

Slope

◦

m

The second step consisted in the measurement of the kinetic energy generated, in accordance with
Equation (1). The values of the components for the study area are listed in Table 2. For the definition of
these risk factors, the information collected from the stakeholders while assessing the demand side of
the ES resulted relevant. In particular, the γR factor assumed a value of 1.10, in consideration of the
moderate residual risk for people and goods in the area. The remaining two safety factors, γB and γT ,
assumed the least possible value (1.02) due to the high-quality level of the data, respectively resulting
from sampling the fallen blocks in the field and the high definition of the Digital Terrain Model (1 ×
1m) adopted to compute the RPI.
Table 2. Factors used to compute the kinetic energy.
Kinetic Energy Components

Value

Unit of Measure

Mass of the project block PB
Block speed S
Risk factor γR (1–1.2)
Block mass factor γB (1.02–1.1)
Topographic factor γT (1.02–1.1)

6750
25
1.10
1.02
1.02

kg
m·s−1
-

The size parameters of the hypothetical facility to be built in absence of the forest were computed
by employing the SEL coefficient. Therefore, the defensive facility should be 6 m high and 90 m wide.
Finally, the forest management interventions were planned together with the local forest managers
responsible for the stand and the information available in the FMP. The area to be harvested was
measured and two interventions were planned. Detailed information concerning these harvests are
reported in Table 3.
Table 3. Information concerning the harvesting operations planned in the forest.
Management Data

Value

Unit of Measure

Harvested area
Number of interventions
Growing stock
Annual increment
Harvest intensity

7.27
2
293
1.33
20

ha
n
m3 ·ha−1
m3 ·ha−1
%

Once all the information was collected, data describing the technical performances of the forest
and the hypothetical facility were computed (Table 4).
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Table 4. The technical results computed by ASFORESEE.
Technical Results

Value

Unit of Measure

Kinetic energy of the project block
RPI
Kinetic energy absorbed by the forest
Residual kinetic energy
Height of the hypothetical facility
Width of the hypothetical facility

2669
0.99
2519
150
6
90

kJ
kJ
kJ
m
m

In consideration of the aforementioned evaluation options, ASFORESEE assigned the study case
to option C, where the forest satisfies the stakeholder need for protection. In this area, even though the
demand for this protection ES of the forest is high, the forest proved to be effective in mitigating the
risk, corresponding to only 150 kJ not absorbed by the forest. Therefore, to value the protection service
supplied, Equation (4) has been applied. The cost of the hypothetical facility was computed referring
to market values reported in the regional price lists of Piedmont. For the study area, the Piedmont
Region 2018 price list for public works has been adopted [48]. Based on its values, the overall building
costs of the facility resulted in 316,400 €. Concerning the management of the area, the discounted
expenses for the interventions were estimated in 8850 €, as computed by the SEM (Table 5).
Table 5. The monetary results computed by ASFORESEE.
Economic Results

Value

Unit of Measure

Cost of the hypothetical facility
Forest management cost
Value of the protection forest
Unitary value
Annuity value

316,400
8850
304,380
30,440
950

€
€
€
€·ha−1
€·ha−1 ·year−1

Therefore, the overall protective value of the forest stand against rockfall risk is 304,380 €,
corresponding to 30,440 € ha−1 . In order to provide more understandable information to stakeholders
and decision makers, the results of ASFORESEE were expressed also as annuity value, i.e., the
discounted yearly revenue generated by the forest for its protective role. For our case study, this value
is equal to 950 €/ha/year, confirming the high value of the service supplied.
4. Discussion
The Replacement Cost method, which constitutes the basis of ASFORESEE, resulted to be suitable
for the aims of the model and capable of estimating the value of a single ES of the forest such as
protection against rockfall. When compared to other evaluation methods, this approach enabled the
value to be directly derived from the market prices of the goods selected to hypothetically replace the
forest, minimizing the subjectivity of the evaluation [41]. This aspect actually represents one of the
most relevant results provided by ASFORESEE: the broad reliance on technical data and input from
other models (such as the RPI), greatly reduces the assumptions of the users and ensures its wide
replicability. Even if, in some cases, this aspect could represent a limitation to the application of this
approach, as far as the ES considered is merely a mechanical interaction between trees and rocks, the
comparison with a corresponding artificial facility is suitable and reliable [33].
Concerning the need to define the least costly substitute of the forest function [33], ASFORESEE
satisfies this requisite by adopting the ETAG027 European guidelines, which allow the design of a
standardized and cost-effective structure [40]. Although kinetic energy may not always be a sufficient
reference factor to design a facility, it has been proven how this value represents the most relevant
factor [55]. Nevertheless, the precautionary approach adopted by ASFORESEE ensures a wide safety
margin by including three safety factors in Equation (1) and considering the 95th percentile for the
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target block. Therefore, we can affirm that the subjective assumptions in the model are minimized
both from the perspective of the needed protection level and of the design of the replacement facility.
Further intrinsic limitations of the model concern the substantial difference between defensive
facilities and protection forests. Whereas the former can be designed in relation to the safety needs
and the specific existing risk, the performances of the latter can be enhanced only partially via
dedicated management solutions, often with negative drawbacks in the short term [5]. Moreover, the
operations needed to improve their protective effectiveness often leads to negative stumpage values [52],
as occurred in our case study. Nonetheless, ASFORESEE does not only consider profitable forest
interventions, rather, it computes the stumpage value of all interventions that should be performed
in order to maintain or increase the effectiveness of the forest stand. Conscious of the difficulties of
performing such interventions, especially in areas interested by abandonment and poor implementation
of the planned forest operation [52], we nonetheless aim to highlight their potential returns in terms of
safety and risk mitigation, as attested by the high protective value of the stand. Finally, the temporal
frame considered by the model represents a relevant variable that may influence its results. The
protective function of a defensive facility effectively remains constant in standard environmental
conditions during its service life, and then collapses abruptly at its conclusion [45]. Conversely, the
forest stand is characterized by much longer dynamics, and is subject to unpredictable biotic and
abiotic disturbances that can temporarily or permanently influence the ES provided [56]. For these
reasons, we aim to test the model on different timespans in the future, in order to study the variations
in value caused by both the benefits of a dedicated forest management and the increased costs of
repeatedly substituting the defensive facility at the end of its service life, which are currently excluded
from the evaluation. In a similar manner, the influence on the protective value of the forest resulting
from the adoption of different interest rates will also be tested.
Although a real comparison with other studies results difficult due to the variety of methods
and units of measures described above, the value obtained by testing ASFORESEE on a real case
study are aligned to other similar experiences in the Alps where the Replacement Cost methods
was adopted [22,41]. These studies, focusing on rockfall or avalanche protection, found comparable
monetary values, comprised between 250 and 1900 € ha−1 year−1 , in relation to the effectiveness of
the stand. On the other hand, studies with a different methodological background, focusing on the
damages avoided by the forests, found annuity values close to 100,000 €, due to the high value of the
exposed assets [22]. Concerning the defensive facility adopted to replace the forest, we can assume that
the design of a real structure would imply further adaptations to local conditions, leading to an increase
of the design and building costs. Therefore, we would consider the 950 € ha−1 year−1 value of the
protection service we estimated as a lower boundary. Nonetheless, when compared to other previous
evaluations performed in similar contexts, we can reasonably assume that ASFORESEE generates valid
results and thus provides the possibility to apply it to other contexts with minimal variations. The
strengths of ASFORESEE can mainly be attributed to the high standardization of the defensive facility
design process and diversified approach in computing the protection value using three alternative
options. To all effects, the definition of different evaluation options reflects the specific conditions a
protection forest may encounter and represents the principal innovative element of ASFORESEE.
Obviously, further actions are necessary to put the evaluations generated by ASFORESEE into
practice. Among others, the definition of the demand side of this ES could be implemented with a
deeper involvement of the stakeholders in the phases of facility design. Similarly, further research could
enable the model to evaluate several gravitational hazards instead of focusing only on rockfall, since a
similar methodological approach seems suitable for all gravitational hazards. Further analysis of the
elements affecting the most the model outputs could also be implemented, e.g., applying a sensitivity
analysis of the input factors of the model and a MonteCarlo simulation to study their combined
influence on the results. Moreover, the relevance of such valuation is deployed only including Eco-DRR
as protection forests, into the local risk management strategies (e.g., at municipality or catchment
level) aimed at mitigating this natural risk in the most cost-effective way [14,57]. In this respect, it
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should be noted how the protection value we measured is not an exchange value, but rather, the
translation in economic terms of the benefits achievable through a dedicated management of the
ecosystem generating it [58]. Nonetheless, as explained previously, similar valuations can represent a
stepping-stone for the recognition of the ES value provided by the forest, and foster the implementation
of dedicated management operations. In this regard, in order to improve the understanding of its
measurement and widen its applicability, ASFORESEE expresses the result of the monetary evaluation
in several ways. Therefore, the protective ES can be presented as a total value, in € per stand or in
€ ha−1 , or as a yearly benefit, in € ha−1 year−1 . Even if the latter form of valuation could lead to
some misunderstanding, its adoption is widespread [22] and results to be the most suitable way to
communicate with stakeholders, decision makers and other non-scientific actors given its immediacy
and comprehensibility.
5. Conclusions
The risk mitigation against natural hazards, such as rockfall, is only one of the several ES that
society benefits from mountain forests [34], whose multi-functionality should be enhanced by targeted
management, as stated in several national and international regulations [15]. In this context, our
ASFORESEE evaluation model can support in recognizing the role of protection forests as a reliable,
cost-effective and forward-looking Eco-DRR and enhance its consideration both among scientists and
non-academic stakeholders. Similarly, the monetary evaluation confirms that the active management
of protection forests can represent a sound investment to be integrated in local risk management
strategies, in order to mitigate rockfall risks and ensure the livability of mountainous areas.
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