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Abstract

» Key message A multi-criteria analysis can be an interesting tool to assess the effects of silvicultural treatments on
ecosystem services supply. In the degraded forests, thinning has a positive effect on the provision of ecosystem services
such as timber and bioenergy production, climate change mitigation, and recreational attractiveness.

« Context The Millennium Ecosystem Assessment highlights the importance of the ecosystem services for human well-being
and for maintaining conditions for life on Earth. Silvicultural treatments can improve the provision of ecosystem services to
increase local communities’ well-being.

« Aims The aim of this study is to understand the effects of two-forest restoration practices (selective thinning and thinning
from below) on three ecosystem services (wood production, climate change mitigation, and recreational opportunities) in
an Italian case study.

e Methods A multi-criteria decision analysis (MCDA) was performed to compare the effects of three forest restoration
scenarios (baseline, selective thinning, thinning from below) on ecosystem services. Wood production was estimated con-
sidering the local market prices and the wood volumes harvested, while climate change mitigation was quantified through
the C-stock and C-sequestration changes in carbon pools due to the silvicultural treatments. The recreational activities were
assessed through a questionnaire survey. A sample of 200 visitors was interviewed face-to-face to estimate the impact of
thinning on recreational activities.

 Results The results of the MCDA show that the selective thinning scenario is the optimal forest restoration practice to
increase the recreational attractiveness and the wood production in the study area.

« Conclusion The results concerning the effects of the silvicultural treatments on ecosystem services supply are an important
tool to support decision makers.

Keywords Biophysical assessment - Economic evaluation - Carbon stock - Carbon sequestration - Recreational activities -
Multiple-criteria decision analysis (MCDA)
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identified the need to maintain and restore ecosystems and
their services emphasizing the importance to assess, evalu-
ate, and map the state of ESs in the EU member countries
(EC 2011). Many political documents at international and
European level emphasized the importance of increasing the
knowledge about the assessment and evaluation of ESs and
the effects of land use changes and natural resource manage-
ment on ES supply (de Groot et al. 2002; Vihervaara et al.
2010).

In literature, there are many definitions of the ES concept
as emphasized by Hayhi and Franzese (2014) and La Notte
et al. (2017). At the end of the 1990s, Daily (1997) defined
the ESs as the conditions and processes through which natu-
ral ecosystems, and the species that make them up, sustain
and fulfill human life. Costanza et al. (1997) highlighted the
importance of ESs from a monetary perspective, defining
them as the benefits human populations derive, directly or
indirectly, from ecosystem functions. “ESs are the benefits
people obtain from ecosystems” is the most common ESs’
definition used in the scientific literature, provided by The
Millennium Ecosystem Assessment (MEA 2005), while
in 2010, TEEB defined the ESs as the direct and indirect
contributions of ecosystems to human well-being (TEEB
2010). In these definitions, different ES categories are
included such as provisioning services (e.g., food, energy,
raw materials), regulating services (e.g., climate regulation,
water cycle regulation), supporting services (e.g., photosyn-
thesis, biodiversity, soil production), and cultural services
(e.g., recreation, historical, spiritual, and aesthetic value).
Recently, the CICES reclassified the ESs into three cate-
gories to avoid double counts and overlaps: provisioning,
regulation and maintenance, and cultural ecosystem services
(Haines Young and Potschin 2017). An exhaustive definition
and classification of ESs is the fundamental starting point
for delimiting boundaries in the studies concerning assess-
ment and evaluation of the ESs provided by nature (Hiyha
et al. 2015).

In forestry, the ESs provided by natural, semi-natural, or
planted forests include wood and non-wood forest products
(provisioning services), protection against natural hazards,
water cycle, and climate change mitigation (regulating ser-
vices), habitat and biodiversity (supporting services), rec-
reational opportunities, and spiritual and historical values
of forests (cultural services) (Baral et al. 2016; Langner
et al. 2017). In this context, the different forest management
objectives and strategies have a great impact on forests’
structure and consequently on the supply of the ESs in the
long-term run (Rodriguez Garcia et al. 2016).

Generally, in degraded forests, ES supply is sub-optimal
and forest restoration can be the tool to regain functionality
to ESs (Marchi et al. 2018). Forest restoration is a key issue
to deliver a wide range of ESs provided by forest resources
and to maintain biodiversity (Valasiuk et al. 2018). From the
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theoretical point of view, forest restoration is defined as the
process of regaining ecological functionality and enhanc-
ing human well-being across degraded forests (Chazdon
and Laestadius 2016). To implement a sustainable forest
restoration, it is fundamental to apply a transdisciplinary,
multi-stakeholder, and multi-dimensional approach able to
integrate the traditional ecological knowledge in a scientific
framework (Naveh 2005). Forest restoration requires an inte-
grated analysis of ESs, able to consider from the biophysi-
cal to the socio-cultural and economic dimensions of this
complex concept (Palomo et al. 2016). From the practical
point of view, forest restoration can be implemented through
silvicultural treatments (e.g., thinning in even aged stands
or continuous cover silviculture) influencing one or more
key variables related to forest structure such as tree species
composition, structural diversity, stand density, age struc-
ture, and so on (Duncker et al. 2012a; Becagli et al. 2013).
Silvicultural treatments can have direct effects on single eco-
system service but also indirect effects on the relationships
between different ESs (Duncker et al. 2012b). These rela-
tionships between ESs might be synergistic—as the carbon
sequestration and timber production through the transfer of
carbon stocked from the forest to the wood products with a
long lifetime (Ruddell et al. 2007)—or in trade-off such as
the possible negative effect on timber production when wood
is left in forest for biodiversity conservation (Boscolo and
Vincent 2003). Therefore, the studies aimed at quantifying
the effects of forest restoration on ES supply must be based
on a transdisciplinary and multi-dimensional approach able
to consider synergies and trade-offs between ESs (Lafond
et al. 2017; Marchi et al. 2018).

In the international literature, there are many multiple
criteria decision methods to provide information about trade-
offs between ESs and to include them in forest planning and
management (Téth and McDill 2009). The multiple-criteria
decision analysis (MCDA) is a useful tool to identify the
optimum result/solution in complex scenarios, where many
actors are involved, with multiple aspects—e.g., ecologi-
cal, social, economic, technical, ethical—and interests not
directly comparable (Pohekar and Ramachandran 2004;
Grilli et al. 2017). Recently, MCDA has become a popular
decision support tool for decision makers and stakeholders
to bridge ESs into policy processes, due to its capacity to
assess trade-off. It allows for comparison among decision
alternatives based on a set of evaluation criteria to which
different weights may be applied (Mysiak 2006). Several
authors have successfully applied MCDA to forest man-
agement and planning (Saarikoski et al. 2016; Langemeyer
et al. 2016). From a technical point of view, several MCDA
approaches and techniques can be performed as emphasized
by Borges et al. (2017): analytical hierarchy process (AHP),
evaluation matrix (Evamix), ELECTRE III, goal program-
ming (GP), and multi-objective programming (MOP). The
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choice of a specific method depends on the objectives of
the study as well as on the complexity of the problem to
be solved. Both AHP and GP methods have been applied
in participatory forest planning and management to include
stakeholders’ objectives and needs concerning different for-
est functions or ESs (Nordstrom et al. 2009; Eyvindson and
Kangas 2015; Garcia-Gonzalo et al. 2015).

Starting from these considerations, the main aim of the
present study is to assess through a transdisciplinary and
multi-dimensional approach the effects of two forest resto-
ration practices (i.e., selective thinning and thinning from
below) on three ESs (wood production, climate change miti-
gation, and recreational activities) provided by a degraded
coniferous forest in Central Italy (Monte Morello forest).
The study aims to investigate what changes in the provision
of the above-mentioned ESs are generated by the implemen-
tation of different types of thinning. The main contribution
of the present research is to provide new insights for the
sustainable management of degraded coniferous forests in
the Mediterranean region. To quantify the direct and indirect
effects of thinning on ESs, the research was structured in
three steps: (1) field measurements to quantify the ES supply
before and after silvicultural treatments (selective thinning
and thinning from below), (2) biophysical assessment and
economic evaluation of ESs in three different forest restora-
tion scenarios, and (3) multi-criteria analysis to identify the
forest restoration scenario optimal to increase the ES supply.

2 Material and methods
2.1 Study area

The study area is Monte Morello forest (43°5120"°N;
11°14'23"E) located near Florence and Sesto Fiorentino
municipalities in the Tuscan Apennines (Central Italy).
Monte Morello forest is the result of a program of reforesta-
tion carried out from 1909 to 1980 to improve hydrogeologi-
cal stability over a surface of 1035 ha. The main tree spe-
cies used in the reforestation program are black pine (Pinus
nigra J.F. Arnold), Calabrian pine (Pinus brutia Ten. subsp.
brutia), cypress (Cupressus spp.), and Turkey oak (Quercus
cerris L.). Naturally regenerated flowering ash (Fraxinus
ornus L.) is very frequent in the understory while Downey
oak (Quercus pubescens L.) is sporadic.

The altitude is between 590 and 650 m a.s.l., and the
climate is characterized by precipitations concentrated from
autumn to early spring and a dry summer. July is the driest
month, while October and November are the rainiest ones.
During the last three decades, the total annual rainfall is
1003 mm and the average annual temperature is 13.9 °C.

The reforestation of Monte Morello was originally car-
ried out with a density of about 2700 trees ha~!, but during

the rotation period the appropriate silvicultural treatments
were not applied and Monte Morello forest stand has been
largely abandoned. Forest abandonment generated important
consequences on stands’ stability, mortality, and increase of
fire risk (Nocentini 1995). Currently, Monte Morello forest
can be considered a degraded forest characterized by poor
effective regeneration, marked susceptibility to adversities,
huge quantity of deadwood, and a high degree of flamma-
bility. Nevertheless, the forest provides several ESs for the
well-being of local communities. First, Monte Morello is
highly frequented by visitors and especially by hikers from
the province of Florence during all seasons of the year (Pal-
etto et al. 2017). Secondly, in Monte Morello forest, there is
a Natura 2000 network site (IT5140008). Thirdly, the forest
cover plays an important role in soil protection and water
regulation.

In the winter of 2016, two different forest restoration
practices (two kinds of thinning) were applied in a pilot area
of 16.4 ha representative of the average characteristics of
Monte Morello forest. The pilot area is a black pine (Pinus
nigra J.F. Arnold) and Calabrian pine (Pinus brutia Ten.
subsp. brutia) dominated forest (vegetation type: EEA-EFTs
code: 6.14.1) with a mean tree density of 980 tree ha™!, a
basal area of 62.9 m?> ha™!, and a mean height of 17.1 m. The
stand age is between 55 and 65 years (Mazza et al. 2019).
The average growing stock is around 560 m> ha~!, while
the deadwood volume is equal to 75.1 m® ha™! thus distrib-
uted (De Meo et al. 2017): 59.9 m? ha™! lying deadwood,
13.9 m? ha™! standing dead trees, and 1.3 m> ha™! in stumps.

2.2 Experimental design and field measurements

The data used to assess and evaluate the ESs were collected
in field before thinning (October—December 2016) and after
thinning (October—December 2018). Therefore, ES assess-
ment was made considering the effects of thinning on forest
ecosystems after 2 years. The implementation of thinning
followed a completely randomized design with three repli-
cates for each of the three experimented scenarios (Fig. 1).
Each replicate had at least one hectare of area.

The field data were collected in two randomly located
sampling plots for each replicate (Mazza et al. 2019). The
sampling plots were circular with a fixed area of 531 m?
(13 m of radius). In each sampling plot, the number of
stems, height, and diameter at breast height (dbh) for all
standing living trees with a dbh greater than 5 cm, canopy
cover, length, and diameters of logs, snags, and stumps
were collected during the field measurements. All logs,
snags, and stumps with a diameter greater than 5 cm were
recorded and classified indicating tree species and decay
class, while those with a diameter less than 5 cm were
considered as litter. The decay class was visually assessed
by forest operators using the 5-decay class classification
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system proposed by Nasset (1999): recently dead, weakly
decayed, medium decayed, very decayed, and almost
decomposed. The visual assessment of decay rate was con-
ducted considering some key variables and visible charac-
teristics (Naesset 1999; Paletto and Tosi 2010): structure of
bark; presence of small branches with a diameter less than
3 cm; softness of wood; other visible characteristics such
as rot extension and development of fungus mycelium,
mosses, and lichens.

The standing living (stem) volume was estimated using
the model elaborated by second Italian National Forest
Inventory (NFI) (Tabacchi et al. 2011), while the deadwood
volume was estimated using a different estimation method
for each component in accordance with the protocol pro-
posed by De Meo et al. (2017).

2.3 Forest restoration scenarios

In 2016, two silvicultural treatments (thinning from below
and selective thinning) were applied to improve stand char-
acteristics and forest multifunctionality of Monte Morello
forest. The silvicultural treatments were implemented
within the LIFE FoResMit project (LIFE14/CCM/IT/905)
“Recovery of degraded coniferous Forests for environmental
sustainability Restoration and climate change Mitigation”
aimed to the sustainable management of degraded forests
with a special emphasis on climate change mitigation.

With the application of the thinning, three restoration
scenarios were developed in the pilot area:

2 swer INRA@

Baseline scenario (BU): no silvicultural treatments are
implemented and deadwood (logs and snags) is not
removed from the forest;

Thinning from below scenario (TB): the choice of trees
to be cut is based on a negative selection, and only
small and leaned living trees and snags are harvested
(thinned from below 15-20% of basal area). The logs
are not removed during the harvesting operations;
Selective thinning scenario (ST): the choice of the trees
to be cut is based on a positive selection, and all crown-
volume competitors are harvested (thinned 30-40% of
basal area). Standing dead trees and logs of the first
two decay classes with a diameter more than 20 cm are
removed.

ey

@)

3)

The three above-mentioned forest restoration scenarios
were analyzed and compared considering the annual ES sup-
ply changes in a rotation period of 15 years (period between
two thinning). Although we recognize the limitation of the
short horizon, the 15-year rotation period is a hypothetical
rotation period based on typical thinning in young planted
coniferous forests, also prescribed by forest management
plans. Moreover, a longer term could result in a higher error
in wood and biomass growth estimate.

An analytical hierarchical process (AHP) was performed
to evaluate the optimal forest restoration scenario aimed at
maintaining and improving the ESs provided by the Monte
Morello forest. AHP was applied to handle qualitative and
quantitative criteria related to forest ESs. Blattert et al.
(2017) accurately described the indicators for several ESs
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to construct an indicator-based analysis framework for the
MCDA in mountain forest management and planning. In
the present study, the indicators chosen for the three con-
sidered ESs—recreational activities, climate change miti-
gation, and wood production—are in accordance with the
indicators suggested by Blattert et al. (2017), as described
below (Fig. 2):

e ], for recreational activity, which is the current economic
importance of recreational benefits in the study forest
[€ ha™! year_l]

e [, for the C-stock removed due to the thinning action
[tCO, ha™!], and I, for the C-sequestration in above/
below-ground biomass and soil [tCO, ha™! year™]

e [, for wood production, calculated as the forest owner’s
average annual income from the sale of wood products
[€ ha™! year'l]

An input standardized matrix (starting from the values
of indicators) must be built to apply the AHP approach.
The construction of the matrix is a fundamental part of the
MCDA, since it is used for selecting management alterna-
tives in forest planning. It is necessary to choose a standardi-
zation method that can be different for each indicator. When
possible, it is better to define a value function for a specific
indicator that would be valid across different type of forests.
In this case, it is possible to use the goal or interval method
for standardization and the standardized values of different
areas/forest could be compared. Unfortunately, the definition
of a threshold value and the function shape is often hard
to be done; thus, the maximum method is more frequently
applied since local values are used. Blatter et al. (2017) have
listed the suggested/most common standardization methods
applicable at a wide range of indicators of ESs. In the pre-
sent study, the maximum method has been applied for all
three indicators, considering that in the degraded coniferous

Ecosystem services

forest, it is difficult to define an optimum value for the cat-
egories analyzed.

2.4 Ecosystem services assessment and evaluation
2.4.1 Wood production

Wood production was estimated considering the wood vol-
ume harvested with the thinning intervention and the local
market prices (year 2018). In Monte Morello forest, the
final wood products are influenced by the species—mainly
cypress, black, and Calabrian pine—and by the wood char-
acteristics. Therefore, in accordance with the local forest
enterprises’ opinions, all the standing living trees and the
deadwood harvested were allocated for the woodchip pro-
duction, because the quality was considered very low to
produce timber.

The forest owner’s average annual income (/) from the
sale of wood products was calculated using the following
equation (Eq. (Undefined control sequence \EUR1)):

= —9 fe/ha] witha = — "
"~ surface alwitha = Q+rr—-1 M
where:

a = average annual income deriving from the sale of
wood products (€)

Pm = net profit gain for year m

r = real interest rate

n = numbers of years among two subsequent thinning
(15 years)

The period of 15 years among two thinning is derived
from the forest management prescription by the LIFE CCM/
IT/905 FoResMit project, while the current woodchip price
of 37 € t~! (with a moisture content of 45%) was obtained
through interviews with the local forest enterprises. The

[ Recreational activity

] [ climate change mitigation ] [ wood products valorization ]

! |

l

) &

) ()

Fig.2 Framework structure for multiple-criteria decision analysis (MCDA)
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estimation was limited to 15 years of the after-life of the
LIFE CCM/IT/905 FoResMit project considering the uncer-
tainty of successive silvicultural treatments.

2.4.2 Climate change mitigation

According to the cap-and-trade schemes (carbon emission
trading), carbon “credits” can be generated from forestry
activities that reduce carbon dioxide (CO,) emissions such
as improved forest management (IFM) practices aimed to
increase the carbon stocked in the forest or in the semi-fin-
ished and finished wood products (Deal et al. 2012; Vac-
chiano et al. 2018).

The two types of thinning applied in Monte Morello for-
est can be considered as IFM practices aimed to increase
the carbon stocked in four carbon pools (above-ground and
below-ground biomass, deadwood and soil) in the long-term
period. In this study, the changes of C-stock due to the sil-
vicultural treatments (before and after thinning) were esti-
mated distinguishing between above-ground/below-ground
biomass, deadwood and soil. The C-stock change in above-
ground/below-ground biomass was calculated using the fol-
lowing equation (Eq. (2)):

and decay class. The C-stock change in deadwood was cal-
culated using the following equation (Eq. (3)):

Cstock—deadwood =k- 2[(Di,SFM - Di,baseline) - WBD] 3)

where:
Cyock—deadwood = carbon stock in deadwood (tCO, ha™")

i = reference thinning method (i =thinning from below
or selective thinning)

k = biomass to CO, conversion factor (1.833)

n = decay classes (5)

D; 1y = deadwood volume post thinning (m®ha™!)

D, ,celine = deadwood volume in the baseline scenario
(m>® ha™!)

WBD = wood basal density by decay class (kg m™)

To increase the accuracy of C-stock estimation, the spe-
cific wood basal density of Calabrian pine deadwood for
each decay class elaborated by De Meo et al. (2018) was
used (Table 1).

The C-sequestration in the above-ground and below-
ground biomass was estimated considering the annual incre-
ment of volume measured in the study area before and after
the two types of thinning, according to the method proposed

Cstock—biomass =k- [(1 —b)- (Vi,lFM - Vi,baseline) - BEF - WBD(I + Rl)] @)

where:
Ciock—biomass = carbon stock in above- and below-ground
biomass (tCO, ha™)

i = reference thinning method (i =thinning from below
or selective thinning)

k = biomass to CO, conversion factor (1.833)

b = carbon lost from emissions due to unplanned natural
disturbances
Vi1ry = volume in the post thinning scenario (m®ha™!)
Vpaseline = Volume in the baseline scenario (m* ha™")
BEF = species-specific biomass expansion factor (1.33)
WBD = species-specific wood basal density (kg m™)
R, =species-specific root/shoot ratio (0.36)
The C-stock in the deadwood (logs and snags) was esti-

mated considering the volume distribution by component

by Grilli et al. (2015). The changes in C-sequestration (A)
before and after thinning have been calculated with the fol-
lowing two equations (Egs. (4) and (5)):

A =C -Gy 4)
Ac =C -Gy (5)
where:

C, = tCO?2 sequestered by the annual increment after the
thinning from below scenario

C,, = tCO2 sequestered by the annual increment in the
baseline scenario (no IFM actions)

C, = tCO2 sequestered by the annual increment after the
selective thinning scenario

Table 1 Moisture content (U%),

. Decay class by Nasset  Logs Snags Stumps

wood l?asal .densny (WBD) of (1999)/component - - —
Calabrian pine deadwood by U% WBD (gecm™) U% WBD (gcm™)  U% WBD (gcm™)
component and decay class

1- Recently dead 74.8  0.4470 78.3  0.4176 499  0.6349

2- Weakly decayed 1547  0.2726 86.4  0.3767 92.7 0.3327

3- Medium decayed 1433 0.2357 102.0 0.3113 100.4  0.2562

4- Very decayed 103.1  0.2048 187.0  0.2366 1512 0.2163

5- Almost decomposed ~ 126.8  0.1330 749  0.1503 111.8  0.1782

Source: modified from De Meo et al. (2018)
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The C-sequestration in soil was calculated as difference
between C accumulation in the soil organic and mineral lay-
ers after thinning and the quantity of CO, equivalents lost as
emissions considering the sum of CO,, CH,, and N,O. The
formula used to estimate the C-sequestration in soil is the
following Eq. (6):

Csequestration—soil =k- (Csoilpost - Csoilpre) - COZeqemitted
(6)
where:
Ciequestration-soit = amount of CO, accumulated in the soil
net of GHG emissions (tCO, ha~! year™!)
k=conversion factor from C to CO,

Cioil post = C-stock in the first 30 cm 2 years after thinning
(tha™h

Coil pre =C-stock in the first 30 cm before thinning
(tha™h

CO,,, emitted =sum of annual cumulative emissions in
the second year after thinning multiplied for specific coef-
ficients: CO,+ 34 x CH,+298 X N,O (tCO, ha™! year™)

Finally, the economic evaluation of climate change miti-
gation (changes in C-stock and C-sequestration) was esti-
mated in the three restoration scenarios using carbon credits
(CCs) selling price in the voluntary market referred to the
IFM projects (2.1 €/tC026q) (Hamrick and Goldstein 2018).
The potential economic benefits related to the C-sequestra-
tion were estimated considering a constant annual increment
and a period of 15 years as done for the wood production.

2.4.3 Recreational activities

The recreational activities were assessed through the admin-
istration of a semi-structured questionnaire to a sample of
visitors. The questionnaire was administered face-to-face
in situ by a trained interviewer in the period from April to
July 2016.

The visitors to be interviewed were selected in a system-
atic way, selecting one out of two visitors who arrived in
the previously identified sampling points (near refreshment
areas and parking). The interviews were conducted both in
the working days and in the weekend in order to include
different types of visitors (e.g., tourists and residents) in
the sample and to estimate the potential annual visitors of

Monte Morello forest. The estimation of potential annual
visitors was necessary to overcome the shortage in official
statistics. The days of interviews were selected distributing
them by month and day of the week. At the end, 30 days of
interviews was spent (25% of potential days of the survey
period) divided in 10 working days (from Monday to Fri-
day), 10 Saturdays, and 10 Sundays. In addition, the days
of interviews were distributed by month: 6 days in April,
8 days in May, in June, and in July. During each day, the
average time spent at the sampling points was 4 h for a total
of approximately 120 h.

The questionnaire focused on people’s preferences
towards the ESs provided by Monte Morello forest and vis-
ual-aesthetic impacts of the two forest restoration practices
(thinning from below and selective thinning) implemented
in the forest.

The respondents were asked to assess the importance of
the three ESs considered in the present study—wood pro-
duction, climate change mitigation, and recreational activi-
ties—using a 5-point Likert scale format (from 1=very
low importance to 5 =very high importance). Besides, the
respondents assigned their visual-aesthetic preferences for
the three forest restoration scenarios (baseline, thinning from
below, and selective thinning scenarios) comparing in pairs
images of Monte Morello forest representing the three sce-
narios (Fig. 3).

During the data processing, the image preferred by the
visitors was identified with the calculation of the priority
value of each image using the analytic hierarchy process
(AHP) approach (Saaty 1987).

In the last part of questionnaire, the key information to
estimate the recreational value of Monte Morello forest
was collected such as visitors’ home location, the number
of times they visited the site in the past year, the length of
the trip, the amount of time spent at the site (hours), the
travel expenses (e.g., lodging, meals, and transportation),
the reasons for visiting Monte Morello forest (i.e., hiking,
sport activities, non-wood forest product collection, relax-
ing in the nature, picnicking, and eating local products),
and the socio-demographic characteristics of respondents
(age, gender, level of education). The recreational value
was indirectly calculated using the travel cost method
(TCM) and considering individual total cost expenditures

5 3 1 1/3 /5
Much Somewhat Equal Somewhat Much
more more importance more more

important important important important

Fig.3 Pairwise comparison between images of Monte Morello forest after different silvicultural treatments
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for the trip to Monte Morello forest. The assumption of the
TCM is that visitors are travel cost sensitive, meaning that
the expected number of trips to a certain site is lower when
the cost sustained to reach the destination increases (Han-
ley and Barbier 2009). The demand function, to model
the number of trips Y; an individual is likely to make in
a certain time span, was calculated in the following way

Eq. (7):
Y, =f(TC, M;, C;) @)

where:

TC,;=cost sustained to reach the destination

M; = vector of motivations to visit the area

C, = vector of socio-demographic characteristics

The consumer surplus (CS)—estimated as the nega-
tive inverse of the travel cost coefficient (Ram et al. 2002)
using a negative binomial regression (Martinez-Espifieira
et al. 2008)—was used as an indirect measure of the rec-
reational value of Monte Morello forest.

The assumption is that in the 15 years (rotation period),
the effects of the thinning remain unchanged in terms of
recreational attractiveness. Probably, the visual-aesthetic
value of forest stand will worsen year after year following
the thinning, but with negligible levels perceived by visi-
tors. Consequently, the potential economic benefits related
to the recreational activities were estimated considering
a constant number of visitors per year and a period of
15 years as done for the wood production and climate
change mitigation.

2.5 Multiple-criteria decision analysis

A multiple-criteria decision analysis (MCDA) approach was
implemented with the aim to support decision-making pro-
cess for evaluating the optimal forest restoration scenario.
Within the MCDA methods, the Analytic Hierarchy Process
(AHP) method was adopted considering the three principles
emphasized by Saaty and Alexander (1989): (1) the principle
of constructing hierarchies, (2) the principle of establishing
priorities, and (3) the principle of logical consistency.

In the present study, pairwise comparisons (compar-
ing three ESs in pairs) are used for establishing priorities
among ESs of the same hierarchical level. The visitors
of the study area (Monte Morello forest) compared in
pairs the importance of the three ESs (recreational oppor-
tunities, climate change mitigation, wood production).
The results of the pairwise comparison are represented
in a reciprocal matrix (A) where the relative weight is
expressed as a;; and it is located at the right side of the
diagonal, whereas its reciprocal is defined as 1/a;; and it is
located in the opposite side of the diagonal.

2 swer INRA@

wi/wp o wi/w, wi/wy
wy/wi wy/w, Wy /W,

A (aij) _| - . . . ®
Wn/wl Wn/w2 Wn/wn

In the matrix, the row indicates the relative weight of
each activity with respect to the others. When /=, then
a;=1. Next, the transpose of the vector of the weights w is
multiplied by matrix A to obtain the vector represented by

Amax» Which follows the principle (Saaty 1987):
A—-Ap) - w=0 )
where:

Amax = maximum Eigenvalue of matrix A

I=1identity matrix of size n

n=number of rows or columns in the matrix

w=vector of the weights

In the AHP method, the maximum Eigenvalue of the
matrix A of pairwise comparisons is computed for checking
the degree of inconsistency. The value of 4,,,, is always posi-
tive, equal or higher than n. The consistency of the respond-
ents’ information depends on how much the value of 1,
deviates from the value of n. In the case where 4,,, equals 7,
the responses are perfectly consistent. The matrix A is, thus,
tested for consistency using the following formula:

(Amax - )
c1= (10)
where:

CI=consistency index

CR = consistency ratio

RI=expected consistency index obtained from random
generated comparisons of the same order n

Saaty (1987) has computed a list of R/ estimates for posi-
tive reciprocal matrices of orders 2 to 14. The value of CR
should be lower or equal to 0.1 (10%) for the matrix A to be
consistent.

The final result is a ranking of the importance of ESs
provided by Monte Morello forest useful to identify the
optimal forest restoration scenario able to enhance the most
important ESs.

3 Results
3.1 Wood production

The results show that after the silvicultural treatments, 24 %
of the growing stock was harvested through the thinning
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from below 134.7 m® ha™! and 36% through the selective
thinning (202.0 m® ha™!). In the selective thinning, logs and
snags of the first two decay classes, with a diameter greater
than 20 cm, were removed (18.2 m> ha_l), while, in the thin-
ning from below, only snags of the first two decay classes
were removed (9.5 m> ha™!) while logs were left on the soil
surface. All the wood collected in the field (144.2 m> ha™"
with the thinning from below, 220.2 m? ha~! with the selec-
tive) was chipped and delivered to a combined heat and
power (CHP) plant 12 km far from Monte Morello forest.

The forest owner’s average annual income was esti-
mated in 0 € year™! ha™! for the baseline scenario (no forest
management activities), 337.8 € year™' ha™! for the thin-
ning from below scenario, and 515.8 € year‘1 ha~! for the
selective scenario (Table 2). These values were estimated
hypothesizing that the price of local woodchips does not
vary substantially over the next 15 years.

3.2 C-stock and C-sequestration

The results show that after the thinning from below the
C-stock decreases of 145 tCO, ha™! (96% of changes are
in the above-ground and below-ground biomass and 4% in
deadwood), while after the selective thinning, the C-stock
decreases of 220 tCO, ha™' (95% of changes are in above-
ground biomass and 5% in deadwood). Consequently, both
thinning leads to a loss of C-stock in the short-term period
(Table 3).

At the same time, the C-sequestration has been calcu-
lated using the annual volume increment measured in the
study area (Table 3): 12.2 m> ha™! in the baseline scenario
(BU), 26.0 m® ha™" after the thinning from below (TB), and
17.3 m® ha™! after the selective thinning (ST). The results
show that the range of C-sequestration in the forest restora-
tion scenarios may vary from 17.7 tCO, ha™! year™! in the
BU scenario to 37.8 tCO, ha™" year™" in the TB one. Starting
from these values, the C-sequestration changes compared
with the BU scenario are equal to 20.1 tCO, ha™' year™
in the TB scenario and 7.5 tCO, ha™! year™! in the ST sce-
nario. Considering the current carbon credits (CCs) price,
the potential economic benefit is of 42.6 € ha™! year™! for
the TB and 15.8 € ha™! year™! for the ST scenario.

The data on the soil C-sequestration capacity, before
and after the thinning implementation, show that the soil
in the BU scenario has a C-accumulation capacity of 1.3

tCO, ha~! year™! in organic and mineral layers, which
increases up to 33.3 and 36.9 tCO, ha~! year™! for the TB
scenario and ST scenario, respectively. The CO,,, emission
values are comparable among the three scenarios, with an
average value of 20.6 tCO, ha™! year™".

Summing the C-sequestration capacity of the above- and
below-ground biomass and the soil and subtracting the C lost
due to the soil emissions, the recovering time of the C-stock
lost as result of silvicultural treatments is 3 years in the TB
scenario and 5 years in the ST scenario (Table 3).

3.3 Recreational activities

At the end of the questionnaire survey, 201 visitors on a
total of 269 visitors filled out the questionnaire (response
rate equal to 75%). The sample of respondents was com-
posed of 120 males (59.7%) and 81 females (40.3%), while
the age classes were distributed as follows: 4.5% less than
25 years old, 30.3% between 25 and 44 years old, 41.8%
between 45 and 64 years old, and the remaining 23.4% more
than 64 years old. Besides, the distribution of respondents
by level of education was as follows: 26.9% of respond-
ents had an elementary school degree, 40.8% a high school
degree, 29.8% a University degree (Bachelor’s or Master’s
degree), and the remaining 2.5% a post-University (PhD)
degree. The target of visitors of the Monte Morello forest
is mainly represented by local visitors: 68% of respondents
comes from Florence and Sesto Fiorentino municipalities,
26% from other municipalities of Tuscany Region, 4% from
other Italian regions (Emilia-Romagna, Lazio, Apulia), and
1% from other European countries (France). Consequently,
the sample of visitors is mostly represented by members of
local community (residents in Florence and Sesto Fiorentino
municipalities).

The results of pairwise comparison show that the most
appreciated image of Monte Morello forest is the image 3
“ST scenario” (priority score of 0.5034), followed by the
image 2 “TB scenario” (0.2873), and in the last place the
image 1 “BU scenario” (0.2093). In other words, results
show that respondents prefer managed forests (image 2
and image 3), while unmanaged forests (baseline scenario)
were evaluated negatively from the aesthetic point of view
(Table 4).

The priority score of each image—representative of dif-
ferent forest restoration scenarios—was used as a proxy of

Table2 Volume of growing

BU scenario TB scenario ST scenario
stock and deadwood collected
in the three forest restoration Volume of growing stock (m? ha™") 0.0 134.7 202.0
igre:;rlos in Monte Morello Volume of deadwood (snags and logs) (m* ha™h 0.0 9.5 18.2
Volume harvested for surface unit (m® ha™!) 0.0 144.2 220.2
Annual income for surface unit (€ year‘1 ha™") 0.0 337.8 515.8
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Table 3 Changes in C-stock (tCO, ha™') and in C-sequestration (tCO, ha~! ycar_l) in Monte Morello forest in the three forest restoration sce-

narios

BU scenario TB scenario ST scenario

Changes in C-stock (tCO, ha™") of which (tCO, ha™! year™):
Above-ground/Below-ground biomass

Deadwood

Annual volume increment (m> ha™! year‘l)

C-sequestration in above/below ground biomass (tCO, ha™! year™)
C-sequestration in soil (tCO, ha™! year™!): of which (tCO, ha™! year™):
Sequestration

Emissions (taken with negative sign)

C-sequestration: soil + biomass (tCO, ha™! year™")

Changes in C-sequestration (tCO, ha™! year™!) compared with the baseline scenario (A) -

Time for the C-stock recovering (year)
Potential annual economic benefits from the sale of CCs (€ ha™! year™)

Potential annual economic benefits from the sale of CCs in 15-year rotation period (€ ha™")
Global economic benefits from the sale of CCs on the whole Monte Morello (€ year™") -

0.0 —144.9 —219.6
0.0 —139.2 —208.8
0.0 =57 —-10.8
12.2 26.0 17.3
17.7 37.8 252
—19.6 11.6 17.7
1.3 333 36.9
—-20.9 —-21.7 —-19.2
—1.89 494 42.9
51.3 44.8
3 5
- 487 425
8422 7350
504,365 440,204

visitor attendance to estimate the change in the number of
visitors after the thinning from below and selective thinning.
The hypothesis is that the attendance of a site is directly
related to the preferences assigned for that site. Currently,
the annual number of visitors (BU scenario) is equal to
18,475 visitors year‘l. Therefore, in the TB scenario, an
increase of visitors of 7.8% (19,916 visitors) is assumed,
while in the ST scenario, an increase of 29.4% (23,908 visi-
tors) is assumed.

The results of the negative binomial (NB) regression
model show that the most important variables to describe
the number of trips in Monte Morello forest were the reasons
for visiting the site. In particular, sports activities and non-
wood forest products (NWFP) are motivations that influ-
ence the increase in the number of trips, while picnicking
and relaxing in the nature are inversely related to the num-
ber of annual trips. Based on these results, it is presumable
that visitors consider the destination as a suitable site for
more active recreational activities (e.g., sports activities and
NWFP collection) rather than for picnicking and relaxing
in the nature. Regarding the socio-demographic character-
istics of the respondents, results show that the gender has

no influence on the number of trips, while the age of the
respondents shows a positive and statistically significant
effect on the response variable, indicating that elderly carry
out a higher number of trips per year compared with young
people.

The estimated CS is 10.04 € per visit that it is in line
with similar studies focused on recreational forest areas
(Grilli et al. 2014; Ezebilo 2016). Taking into account the
estimated consumer surplus, the current economic impor-
tance of recreational benefits in Monte Morello forest is
179.2 € ha™! yealr_1 (BU scenario), while—in accordance
with the visitors’ preferences—in future years, the potential
economic benefits related to the recreational opportunities
could increase to 193.2 € ha~! year™! in the TB scenario and
t0231.9 € ha™! year_1 in the ST scenario (Table 4).

3.4 Preferences for forest restoration scenarios

The results about the importance of the ESs provided by
Monte Morello forest show that the recreational opportu-
nities (mean =4.74, SD =0.53) were considered the most
important ecosystem service by respondents, followed by

Table 4 Changes in the

recreational opportunities in
Monte Morello forest in the
three forest restoration scenarios

Scenario BU TB ST
Priority score (AHP) 0.2093 0.2873 0.5034
Consistency index (CI) 0.000416 0.000416 0.000416
Consistency ratio (CR) 0.000793 0.000793 0.000793
Annual number of visitors 18,475 19,916 23,908
Recreational economic benefits (€ ha™' year~ b} 179.2 193.2 231.9
Recreational economic benefits in 15-year rotation 3,099 3,341 4,010

period (€ ha™!)
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Table 5 Input matrix for
MCDA (standardization with

Scenario

I, [€ year_] ha™']

I, [tCO, yc-:ar_1 ha™'] I, [tCO, ha™'] L [€ year‘1 ha™']

maximum method) Input matrix

BU scenario 179.2

TB scenario 193.2

ST scenario 231.9
Standardize matrix

BU scenario 0.77

TB scenario 0.83

ST scenario 1.00

—1.89 0 0
49.4 144.9 337.8
42.88 219.6 515.8
—0.04 1.00 0
1.00 0.34 0.65
0.87 0 1.00

the climate change mitigation (mean=4.62, SD=0.68).
Conversely, the wood production was considered a marginal
ecosystem service by respondents (mean=2.69, SD =1.25).
Therefore, for the respondents, the order of importance of
the three ESs provided by Monte Morello forest is recrea-
tional opportunities > climate change mitigation > wood
production. This order of importance was also confirmed
by other groups of stakeholders (representatives of public
administrations, environmental non-governmental organiza-
tions, and private actors of forest-wood chain) as emphasized
by Napoliello et al. (2018) in a qualitative research con-
ducted with the stakeholders of the Monte Morello forest.

Finally, a MCDA was performed to identify the best for-
est restoration action regarding the three ESs considered in
the present study. The input standardized matrix was built
starting from the values of the indicators I, I,, and I5. In
the input matrix, the indicators I}, I,,, and I5 are considered
as benefits, while the indicator I,, is considered as a cost
(Table 5).

The weigh vector has been defined following the
above preferences declared by the respondents during the

Fig.4 Result of multiple-crite- 0.9 -
ria decision analysis (MCDA)

comparing the three forest 08 -
management scenarios

0.7

06 -

0.488

0.5

0.4 -

Priority score

0.3 -

0.2 -

01 -

0.0 -

Business-as-usual scenario

questionnaire survey. The most important ecosystem service
is the recreational opportunities (ES1) provided by forest
(mean=4.74), immediately followed by the climate change
mitigation (ES2, mean=4.62), while the wood production
(ES3) is considered the least important ecosystem service
(mean =2.69). The normalized weighted vector directly
assigned is 1, =0.393, I,=0.383 (,, and I,, weight equally
0.5 and 0.5), and 1;=0.223.

The results show that the optimum forest restoration
solution is the selective thinning followed by the thinning
from below (Fig. 4). Overall, the I, (recreational oppor-
tunities) gives a strong contribution to the total score in
all three scenarios. The I; value is slightly higher in the
TB and ST scenario compared with the BU scenario;
conversely, I,, is remarkable in the post-harvesting sce-
narios, and absent in the BU scenario. The contribution
of indicator I,, (C-stock lost due to the thinning actions)
is important only in the BU scenario. Finally, the contri-
bution of /5, which takes into account the wood harvested
valorization, contributes to the final score in TB scenario
and ST scenario.

0.782

0.730

Thinning from below scenario  Selective thinning scenario

Wil ®mi2a ©12b ®mI3
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4 Discussion

The results of the present study show that both types of
thinning have a positive effect on the three ESs considered
(wood production, climate change mitigation, recreational
activities) increasing the benefits both at local and global
level. However, the selective thinning provides the best
performance. Regarding recreational opportunities, only
applying the selective thinning is possible to increase the
number of visitors (+29%) due to the higher accessibility
of the forest after the interventions and to the increased
recreational attractiveness. Regarding C-sequestration,
the better performance is shown by the TB scenario (49.4
against 44.4 tCO, year~! ha™!) in absolute term. Nonethe-
less, in relative terms (C-sequestration/biomass released
after the thinning), the two scenarios have the same per-
formances (about 12%). To confirm this trade-off between
the C-sequestration and the thinning system, the meas-
urements on biomass and soil C-sequestration capacity
should be repeated after 5 years from the thinning actions
(2 years is a very short period considering the forest tem-
poral dynamics). The income in the ST scenario is 55%
greater than in the TB scenario. Therefore, it is possible
to assert that the ST scenario is the optimum solution for
ES3-wood production. The ES2 considers both the C-stock
lost due to the harvesting action and the carbon stored due
to the trees and soil sequestration capacity. The results
show that, even if the loss of C-stock is greater in the ST
scenario, the C-sequestration increase is comparable with
the TB scenario. Overall, the results of MCDA underline
that in a degraded forest, the improvement of ES supply
could be reached by means of silvicultural treatments.
The BU scenario is the worst solution. On the contrary,
the selective thinning seems to be the most rational and
sustainable forest restoration option, because with com-
parable costs for the forest activity, it makes possible to
obtain better profits from wood valorization, improvement
in recreational attractiveness, and comparable C-seques-
tration capacity. In other words, with the application of the
thinning from below, the earnings from wood valorization
and the C-sequestration are not enough high to lead to
noticeable advantages compared with the BU scenario. In
summary, silvicultural treatments (selective thinning or
thinning from below) have positive effects on the provision
of the three ESs in the degraded forest; trade-offs between
ESs are rather limited and the main positive effects are
obtained in the first years after thinning. The most positive
effect of selective thinning on ESs compared with thin-
ning from below is presumably related to both the greatest
basal area removed (30-40% with the selective thinning
vs. 15-20% with the thinning from below) and the charac-
teristics of trees harvested (both large and small trees with
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the selective thinning vs. small and leaned trees with the
thinning from below).

The AHP method used in the present study to analyze
the effects of silvicultural treatments on trade-offs between
forest ESs highlighted some important methodological con-
siderations. In particular, the AHP method allows the inter-
dependence of evaluation criteria including both quantita-
tive and qualitative data. Besides, we can confirm that the
AHP method provides simple results for complex problems
facilitating the decision-making process in accordance with
the preferences of forest users. However, the application of
the AHP method in the present research was characterized
by some limitations. First of all, only three forest ESs were
taken in consideration and assessed. Probably, a greater
number of ESs would have allowed an in-depth trade-off
analysis. Secondly, the weight of the indicators was assigned
by visitors and not by all groups of stakeholders operating
in the forest area. In this sense, it can be assumed that if all
the stakeholders had been involved, the order of priority of
the ESs would have been different. However, the weights
assigned by our sample of respondents can be considered an
expression of the opinion of the local community whereas
68% of visitors are also residents of Florence and Sesto
Fiorentino municipalities. Thirdly, in this study, the ESs
flows were assessed considering the data collected 2 years
after the silvicultural treatments, while if the data had been
collected after 5 or 10 years, the results would have been
different. Despite these limitations, the results of this study
confirm the positive feedback obtained by other authors who
have applied the AHP method in forest planning. Nordstrom
et al. (2009) and Maroto et al. (2012) aggregated stakehold-
ers’ preferences about strategies and objectives using AHP
method in two forest plans in Sweden and Spain. Both of
these authors concluded that AHP is a powerful and useful
method to integrate stakeholder preferences into sustainable
forest management. Wolfslehner et al. (2005) used and com-
pared AHP and Analytic Network Process (ANP) methods
to evaluate four different strategic management options with
a set of 6 criteria and 43 indicators related to sustainable
forest management. Those authors emphasized that AHP is
a broad method for setting priorities in participatory forest
planning based on the stakeholders’ preferences. Recently,
Nilsson et al. (2016) used the AHP method to set weights for
objectives in long-term forest management planning based
on stakeholder preferences. Segura et al. (2018) used AHP
and PROMETHEE to support decision makers in drafting a
collaborative management of ESs in Natural Parks.

In the international literature, many authors have assessed
the effects of forest management practices on ESs consid-
ering trade-offs and synergies between them. Briner et al.
(2013) evaluated trade-off between ESs (protection against
gravitational hazards, biodiversity, C-sequestration, food
provision) in a mountain forest in the south of Switzerland
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(Saas Valley) managed with the aim to increase recreational
attractiveness and habitats for plants and wildlife. Then,
Pardos et al. (2016) assessed the impact of management
practices on the provision of four ESs (timber production,
protection against gravitational hazards, carbon sequestra-
tion, and biodiversity) in Valsain forest in Spain. The authors
highlighted that multi-species management can better realize
the full potential of economically, ecologically, and cultur-
ally valuable ES (Pardos et al. 2016). Lafond et al. (2017)
assessed trade-offs and synergies between three ESs (tim-
ber production, biodiversity conservation, and protection
against natural hazards) in uneven-aged mountain forests
in Western Alps. The study showed that the optimal for-
est restoration scenario to enhance synergies between pro-
duction and protection is a low intensity thinning (Lafond
et al. 2017). Likewise, Cameron (2002) demonstrated the
positive effect of selective thinning on stands’ stability in a
Sitka spruce stands in Scotland, while Hiyha et al. (2015)
highlighted in Fiemme and Fassa Valleys in Italian Alps
the effects of the application of close-to-nature forest man-
agement on several ESs (timber and bioenergy production,
mushrooms, berries, fresh water for provisioning services,
C-sequestration and hydrogeological protection for regulat-
ing services, and recreational activities for cultural services).
Recently, Marchi et al. (2018) have estimated the effects
of two silvicultural treatments (thinning from below and
selective thinning) on the biophysical provision of five ESs
(wood production, mechanical stability of the forest system,
C-sequestration, tree species diversity, floristic diversity) in
two artificial black pine forests in Central Italy. The authors
emphasized that the selective thinning can enhance most
ESs compared with the thinning from below. The results
provided by those authors are perfectly in line with findings
of the present study.

The results of this study, supported by literature, empha-
size that forest management practices are crucial in the early
stages of artificial conifer stands to guarantee the ecosys-
tem functionality and the forest capacity to provide ESs. In
this context, thinning is a good practice to stimulate annual
increment volume and improve the stem quality of the can-
didate trees. Besides, thinning can have a positive impact on
C-sequestration and at the same time on wood production. In
addition, thinning improves forest accessibility—removing
standing dead trees and lying deadwood—and recreational
opportunity for visitors.

5 Conclusion

This study has pointed out that a rational and efficient forest
management practice is a “win-to-win” approach for the sus-
tainable management of degraded forests. The selective thin-
ning can enhance the production of wood biomass generating

simultaneously positive impacts on other ESs, in this case
recreational activities and climate change mitigation. The
wood product valorization has been marginally considered in
the present case study due to the low quality of raw materials
obtained from a degraded black pine forest. However, if a part
of the harvested wood is allocated for wood packaging or poles
higher, ES values are expected both in terms of carbon stocked
and of income from timber sales.

From the methodological point of view, the main advantage
of the proposed method is the objective comparison of differ-
ent forest management alternatives. This enables to choose the
alternative that allows greater enhancement of ES. Conversely,
the main disadvantage is taking in consideration only three
ESs because of the limited available information. However, it
is important to remember that MCDA must be considered a
tool of support in decision-making processes but not a decision
maker itself; consequently, outputs and results must be deeply
analyzed and discussed before taking them for granted.

Future findings of this study will consist in increasing the
number of ESs assessed and evaluated—also including the
supporting services (i.e., habitat and biodiversity)—and the
indicators involved in the MCDA. In addition, it would be
advisable to test the effects of other silvicultural treatments
aimed at forest restoration of degraded forests. A larger num-
ber of ESs and forest restoration scenarios considered in the
MCDA can improve the quality of information provided to
support the forest planning decision-making process.
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