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Abstract Afforestation and reforestation, when aligned
with site-specific ecological and socioeconomic condi-
tions, can enhance ecosystem functions and services (ESs).
In the Mediterranean, European black pine is widely used
in such projects. While management strategies to maxi-
mize timber yield are well studied, the economic valua-
tion of multiple ESs and their trade-offs remains limited.
This study employed a process-based forest growth model,
incorporating climate, soil and stand structure, to assess the
effects of thinning intensity and frequency on the provision
and economic value of ESs, namely carbon sequestration,
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erosion control and recreational/aesthetic value, in Italian
black pine stands. Results show that while intense and fre-
quent thinning boosts growth, optimal economic outcomes
were achieved with 25% basal area removal every 25 years,
yielding €57,000-69000 ha™!, about 30% more than high-
intensity, short-rotation regimes. Non-provisioning ESs
declined with heavier thinning (up to 22% loss between 15
and 35% intensity) and improved with longer thinning inter-
vals (up to 18% gain from 10 to 25 years). Strikingly speak-
ing, aesthetic and carbon sequestration benefits dominated
total value, accounting for up to 99%, regardless of regime.
These findings underscore the importance of long-term, bal-
anced thinning strategies to optimize both wood production
and broader ESs. The modeling approach offers practical
guidance for multifunctional forest management, supporting
more sustainable and economically viable decisions. While
tailored to Italy’s context, the insights are relevant to policy
and practice across Mediterranean and comparable forest
systems.

Keywords Forest management - Thinning - Modeling -
Ecosystem services - Carbon cycle - Pinus nigra - Pinus
laricio

Introduction

Afforestation and reforestation are integral components
of land management. The first refers to the direct human-
induced conversion of land that has not been historically
forested to forested land, essentially implying a change in
land cover or land-use designation. In contrast, reforestation
refers to the human-induced conversion of temporarily non-
forested land to forested land, or the reversal of land that was
previously forested but has been converted to non-forested
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land (IPCC 2000). In this paper, the terms will be paired,
but their distinct definitions will always be maintained. To
ensure their effectiveness, planting designs should align with
the natural processes that govern the spatial establishment of
forest vegetation. This involves identifying the most suitable
species and intervention strategies for varying operational
contexts, ensuring alignment with environmental, socioeco-
nomic and cultural objectives and conditions. Approaches
may range from fostering natural colonization, which sup-
ports the development of biologically stable and self-sustain-
ing ecosystems, to applying silvicultural techniques aimed at
establishing semi-natural forests over the long term, or even
adopting intensive forest management practices typical of
commercial forestry (Puettmann et al. 2015).

When afforestation and reforestation initiatives integrate
the diverse eco-biological, landscape, cultural and socio-
economic characteristics of the intervention area during the
planning, design and establishment phases, they can achieve
substantial environmental improvements by fostering the
creation of semi-natural or close-to-natural forests (Vacek
et al. 2023). In Europe, and especially in Mediterranean
regions, Austrian pine (Pinus nigra Arnold) and Corsican
pine (Pinus laricio (Poir.) Maire), collectively known as
European black pines, are some of the most frequently used
tree species for afforestation and reforestation. These two
species cover 4.4% of the European forest area, and they are
among the most widely planted species outside their native
range. European black pine plantations are mainly targeted
at improving degraded landscapes. Thanks to their ability
to grow in poor soil conditions and their resistance to envi-
ronmental stressors such as drought and heatwaves, these
species are highly suitable in different habitats and resilient
to climate change (Vacek et al. 2023). In Italy, these planta-
tions, mainly established after World War II, now cover over
120,000 ha nationwide, according to the Italian National
Forest Inventory (Gasparini et al. 2022), with the majority
located in central and southern parts of the peninsula.

Several studies have investigated the effects of silvicul-
tural practices, particularly thinning operations, on forest
growth and dynamics. However, fewer have considered the
ecosystem functionalities, referred to as “ecosystem ser-
vices” (ESs), provided by conifer forest stands originating
from afforestation and reforestation, and even fewer have
considered their economic value and trade-offs with wood
provisioning. Recently, Bagkent and KaSpar (2022) explored
the long-term effects of management intensification on sev-
eral ESs such as habitat for biodiversity conservation, wood
production, carbon stock, cultural values, water provision
and soil protection, in a Turkish forest, including black and
red pine (Pinus brutia, Ten 1811). They found that more
intense management scenarios increased harvesting lev-
els, carbon sequestration and soil protection, at the cost of
decreasing groundwater and cultural values, highlighting
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the critical role of forest management on key indicators of
sustainability. In a subsequent study, Baskent et al. (2025)
explored the long-term trade-off between carbon sequestra-
tion and timber production in forest plantations with differ-
ent species, comparing four alternative management strate-
gies. They found black pine as a better species in carbon
sequestration and wood production (two well-recognized
ESs), suggesting its crucial role for sustainable forest man-
agement. In both studies, authors allowed the forest area to
expand through reforestation and afforestation, finding that
it was the main driver for increasing ESs provisioning. How-
ever, they did not specifically consider thinning interventions
(in terms of frequency and intensity of removal), but rather
more general management scenarios, such as rotation length,
species composition and number of planted saplings, leaving
the need for future exploration. Moreover, the decision sup-
port system used to project future forest growth was driven
solely by empirical allometry relations, thus lacking robust
dynamics (Baskent et al. 2025). Such an approach cannot
account for climate effects, which drive the majority of the
main eco-physiological processes in the forest.

Thinning is a particularly relevant silvicultural practice
that modifies the horizontal and vertical structure of forest
stands, affects the stand’s productive and protective func-
tions, and may increase fire resistance, thereby improving
the economic viability of the stands. Thinning also influ-
ences ecological processes by modifying competition among
trees and altering the availability of light, water and nutri-
ents. As a result, it impacts elemental cycles, such as carbon
assimilation and nutrient mineralization, as well as hydro-
logical dynamics (Saponaro et al. 2025). However, thin-
ning operations tend to have relatively high costs in conifer
stands established from afforestation and reforestation, and
an increase in thinning intensity does not necessarily trans-
late into higher sequestration capacity (Dalmonech et al.
2022). On the other hand, thinning can increase the provi-
sion of various ESs in pine plantations, as noted by Simon
and Ameztegui (2023).

ESs are increasingly influential in forest management
decision-making and planning, as they represent the ben-
efits ecosystems provide to human society, sustaining life on
Earth and supporting human needs (Corona and Alivernini
2024). However, integrating ESs into forest management is
challenging due to the trade-offs and synergies that often
exist among different ESs (Croitoru 2007; Duncker et al.
2012; Wolfslehner et al. 2019; Nocentini et al. 2022). The
characteristics of forest stands and management decisions
can significantly influence the provision of ESs (Valentini
and Miglietta 2015; Tomao et al. 2017; Corona et al. 2018;
Simon and Ameztegui 2023).

Synergies and trade-offs between ESs vary depending
on the region and history of the forest considered (Duncker
et al. 2012), albeit most ESs analyzed have a weak trade-off
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with wood production, which, in contrast, is strongly posi-
tively correlated with management intensity (Biber et al.
2015). How forest management strategies can modulate the
relations among ESs is tackled in literature (Duncker et al.
2012; Biber et al. 2015; Lafond et al. 2017), but the spe-
cific role of thinning interventions is under explored, despite
being a crucial practice to regulate and maintain forest struc-
ture and vitality and in turn resistance and resilience to biotic
and abiotic stressors. Notably, process-based forest models
(PBFMs) have been rarely used for the scope of assessing
synergies and trade-offs among ESs (Simon and Ameztegui
2023; Testolin et al. 2023).

In this study, we adopted a robust modeling approach
to explore the effects of thinning intensity and frequency
(from now on also referred to as “thinning regimes”’) on the
provision of ESs in European black pine stands established
through afforestation and reforestation in Italy. In particular,
the research questions were:

1) How do different thinning regimes influence the long-
term dynamics and ES provisioning of Black pine plan-
tations

2) What is the monetary value of ESs under different thin-
ning regimes, and what trade-offs and synergies arise
among them

To answer these questions, we utilized PBFM, a key tool
for analyzing the impacts of different silvicultural manage-
ment strategies on stand dynamics (Engel et al. 2021; Dal-
monech et al. 2022; Vangi et al. 2024a, b). Specifically, we
implemented various thinning regimes using the 3D-CMCC-
FEM v 5.6 model (Collalti et al. 2018; Dalmonech et al.
2022; Testolin et al. 2023) at three different Black pine
plantations. Sites were chosen along a latitudinal transect
in Italy, and simulations spanned approximately 100 years.
We deliberately run the model under a constant present-day
climate to isolate the effect of management and stand devel-
opment from the confounding effects of climate change. This
approach enables a clearer attribution of observed outcomes
to thinning regimes, thereby minimizing the confounding
influences of climate variability or change. While this sim-
plification limits the assessment of future climate impacts,
it enables a focused evaluation of management-driven ES
dynamics. Subsequently, we assessed the provision of mul-
tiple ESs, including wood production, erosion control, car-
bon sequestration, aesthetic/recreational value and prevent-
ing structural damage, as well as their monetary revenues
through the integration of economic models. The monetary
valuation of the selected ES was based on environmental
appraisal methods and the concept of social (non-market)
utility value (Pearce et al. 2003).

This integrated approach to evaluating ES provision
under different thinning regimes offers valuable insights,

informing silvicultural management of European black pine
plantations, potentially not just in Italy, and supporting their
long-term sustainability and multifunctional role in deliver-
ing ESs in Europe.

Materials and methods
Study area and field data collection

The analyses were conducted in three study areas of Euro-
pean black pine plantations in Italy: Monte Amiata and Rin-
cine in the Tuscany region, and Varco San Mauro in the
Calabria region (Fig. 1). Those sites were selected for their
representativeness of the European black pine plantations
in central and southern Italy, combined with the availability
of multi-temporal field data needed to validate the model.

The Monte Amiata plantation is located on a south-
west-facing aspect at an altitude of approximately 750 m
a.s.l., with an average slope of 15%. In 2016, 27 circular
plots, each with a radius of 15 m, were identified. For each
tree within the plots, height and diameter at breast height
(DBH) were measured, and the growing stock volume was
calculated using species-specific allometric models. These
measurements were taken before and after applying three
experimental management protocols: thinning from below,
which involved mainly removing dominated trees; selective
thinning, where candidate trees were selected and their com-
petitors’ trees were removed at the crown level, and a control
(no treatment). All plots were remeasured in 2023 when the
stand reached 52 years of age.

The Rincine plantation is situated at an altitude of approx-
imately 1050 m a.s.l., with a southwest-facing aspect and
an average slope of 70%. In 2008, three experimental plots,
each measuring 50 m X 50 m, were established and measured
using the same protocol as at Monte Amiata. These measure-
ments were conducted both before and after implementing
three experimental silvicultural treatments: thinning from
below, felling carried out by opening minimal gaps to foster
natural regeneration, and a control (no treatment). The stand
was remeasured in 2024 when it was 51 years old.

The Varco San Mauro plantation is located within the Sila
Plateau Forest at an altitude of 1118 m a.s.l. on south and
southwest-facing slopes. The experimental protocol involved
establishing four plots, each measuring 30 m X 30 m, where
two treatments were applied: selective thinning and a control
(no treatment). The same measurement protocol as in the
other two sites was used. Measurements were conducted in
2007, both before and after thinning, with a final survey
performed in 2023, when the stand reached 63 years of age.

All field measurements were considered observations
without error and used as reference data for model valida-
tion and calibration (McRoberts and Westfall 2014). In
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Table 1, the number of plots for each site and the years of

the first and second surveys are presented, while Table 2

displays the measurement data for both surveys.

A Study area
@ Field plot

3D-CMCC-FEM Model

The ‘Three-Dimensional — Coupled Model Carbon
Cycle — Forest Ecosystem Module’ (3D-CMCC-FEM,
v.5.6) is a biogeochemical, biophysical and process—based

Rincine

0 100 200m

B e LS

Fig. 1 Location of the study areas and distribution of experimental field plots

Table 1 Overview of the field
plots in the three study sites

Table 2 Measurement data
aggregated by management
type (control and treatment) for
consecutive surveys

@ Springer

Sites

Year of
the second
survey

Monte Amiata
Rincine

Varco San Mauro

2023
2024
2023

Management type

Second survey

H (m)

Control
Treatment

Number of Number of treat-
control plots ment plots
18
2
2
First survey
N DBH (cm)
1072 22.0
1028 242

18.2
20.8
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model that simulates the eco-physiological processes and
structural dynamics of forest stands at the ecosystem level.
The time scales range from daily to decadal, depending on
the process being simulated. It is specifically designed to
model carbon, nitrogen, energy and water cycles in forest
ecosystems. The model can simulate silvicultural interven-
tions in pure or mixed even-aged and uneven-aged stands,
including those with complex (multi-layered) structures,
under present-day climate and climate change scenarios
(Collalti et al. 2016, 2018; Dalmonech et al. 2022; Mori-
chetti et al. 2024; Vangi et al. 2024a, b; Puchi et al. 2026).

Photosynthesis is modeled using the biogeochemi-
cal model developed by Farquhar, von Caemmerer and
Berry (Farquhar et al. 1980), with separate calculations
for light and shade leaves (de Pury and Farquhar 1997).
The model accounts for the acclimation of leaf photosyn-
thesis to temperature increases and simulates autotrophic
respiration (R,) by distinguishing between the mainte-
nance costs of existing tissues and the synthesis costs of
new tissues. Maintenance respiration is controlled by the
nitrogen content in living tissues (a stochiometrically fixed
fraction of carbon content) and temperature. Net Primary
Productivity (NPP) is calculated as the difference between
Gross Primary Productivity (GPP) and R,. Annual NPP
is allocated to various compartments, including biomass
production and the non-structural carbon pool (NSC),
which stores starch and sugars for use during periods of
negative carbon balance (i.e., when R, > GPP). Summer
values of NSC below a set threshold lead to progressive
crown defoliation. If NSC reserves are depleted and not
replenished, the model predicts tree mortality based on
McDowell et al. (2008) their carbon starvation hypoth-
esis, one of the different routines included in the model
to represent mortality (Collalti et al. 2024, for an in-depth
description of the other mortality routines). The model
incorporates species-specific phenological and allometric
patterns as a function of stand age and biomass accumula-
tion. It is initialized using structural data from the forest
stand (e.g., mean stem diameter at breast height, mean tree
height, stand age and stand density). It is driven by daily
climate variables (e.g., temperature, precipitation, solar
radiation and relative humidity) and annual atmospheric
CO, concentration values (pmol mol™"). Other input data
include soil texture, soil depth and site elevation. More
details are reported in Collalti et al. (2024).

The forest ecosystem model has been tested and evaluated
over several sites in Italy and Europe showing good perfor-
mances in simulating carbon fluxes and structural variables
across different species, environments, climate and man-
agement scenarios, at different spatial and temporal scales
(Collalti et al. 2014, 2016; Marconi et al. 2017; Dalmonech
et al. 2022; 2024; Testolin et al. 2023; Morichetti et al. 2024;
Vangi et al. 2024a, b), and when compared to other forest

models (Engel et al. 2021; Mahnken et al. 2022; Saponaro
et al. 2025).

Climate and soil data

The 3D-CMCC-FEM model requires daily climate data
for the simulation period, as well as soil texture and depth.
For this study, the model was driven by daily climate data
derived from the ERAS reanalysis, specifically downscaled
for Italy (Raffa et al. 2023). Downscaling was performed
using the regional climate model COSMO5.0_CLM9 with
INT2LM 2.06 (Rockel et al. 2008), which enhanced the spa-
tial resolution from 31 km X 31 km to 2.2 km X 2.2 km while
retaining the original hourly timescale of the ERAS data.

The meteorological variables required for model simula-
tion included daily minimum and maximum temperatures
(T-min, T-max in °C), total daily precipitation (Pr, mm d’l),
daily mean net surface shortwave radiation (Rg, MJ m™!
d™1), and the relative humidity (RH, %). From the average
temperature (Tav) and the dew point (Td), the daily rela-
tive humidity was calculated using the R Humidity package
(Cai 2019). Hourly data were aggregated to a daily timescale
by calculating the mean values, except for precipitation, for
which the daily sum was computed.

All climate data required for the model were extracted for
each field plot for the period 1981-2023, which, despite the
low climate change signal already observable in this period,
can be considered the current climate. Global annual val-
ues of atmospheric CO, concentration were extracted from
the PROFOUND database (Reyer et al. 2020) for the same
period (1981-2023).

To simulate stand growth without the influence of future
climate change and thus emphasize the effect of different
thinning regimes, a long climate record was created by
detrending the downscaled historical climate data from 1981
to 2023 and repeating it cyclically from 1981 to 2100. The
detrending process is detailed in Dalmonech et al. (2024)
and Vangi et al. (2024a, 2024b). The same procedure was
applied to atmospheric CO, concentration records. Soil
depth and texture (percentages of clay, silt and sand) were
obtained from the national soil database developed by the
Soil Cartography Laboratory of the Italian Council for Agri-
cultural Research and Agricultural Economics (Costantini
and Dazzi 2013). This database, with a spatial resolution
of 250 m, comprises four layers representing soil depth (in
cm) and the percentages of clay, silt and sand within the top
meter of the soil profile.

Present-day model evaluation and long-term dynamics
To ensure that the model accurately reproduced the growth

trends of the investigated stands, including the response to
thinning from below, the 3D-CMCC-FEM was validated

@ Springer
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using the downscaled climate data and field measurements
collected during two consecutive survey campaigns (pre-
and post-intervention). The simulations were initialized with
data from the first survey campaign (pre-intervention) con-
ducted in the control plots (12 plots: nine in Monte Amiata,
two in Varco San Mauro and one in Rincine), where no silvi-
cultural interventions had been applied, and in the “thinned
from below” plots (10 plots: nine in Monte Amiata and one
in Rincine). The data needed for initializing the simulations
were species, mean age, and structural data such as mean
tree DBH, mean tree height, and the number of trees in the
stand (“TREE”). A comprehensive report on the utilized
data can be found in Corona et al. (2025). All simulations
were stopped at the year of the second measurement. The
simulation outputs for the year of the second measurement
were then compared with the corresponding field-observed
values for key variables, and the percentage Root Mean
Squared Error (RMSE, %) and Coefficient of Determina-
tion (R%) were computed. Figures 2 and 3 illustrate the strong

Fig. 2 Values predicted by the
3D-CMCC-FEM model (x-axis)
vs. observed values (y-axis) for

DBH

agreement between the predicted and observed values, con-
firming the model’s reliability and supporting its use in this
study for both the no-management and thinning scenarios.
To evaluate stand dynamics of the 34 plots (27 at Monte
Amiata, 3 at Rincine and 4 at Varco San Mauro) and the
associated provision and economic quantification of ES in
European black pine plantations, 20 thinning from below
regimes were simulated using data collected from the experi-
mental plots. These regimes were distinguished by thinning
intensity (percentage of stand basal area to remove based on
total stand basal area) and frequency (years between inter-
ventions), with combinations of thinning frequency rang-
ing from 10 to 25 years (in 5-year increments) and thin-
ning intensity varying from 15 to 35% of basal area (in 5%
increments). In all thinning regimes, “thinning from below”
was simulated by removing trees from smallest to largest
until the target thinning intensity was reached. An additional
non-intervention scenario was included for all plots at each
site as a control, resulting in a total of 20 thinning regimes

HEIGHT
R?*=0.65 - RMSE%=9.57

R?*=0.98 - RMSE%=3.13

selected variables (DBH: mean
tree diameter at breast height;
HEIGHT: mean tree height; 30.0 22
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resent the y=x line; blue lines =
represent the linear regression §
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Fig. 3 Values predicted by the
3D-CMCC-FEM model (x-axis)
vs. observed values (y-axis) for
selected variables (DBH: mean

DBH

R?=0.94 - RMSE%=6.15

HEIGHT
R?=0.54 - RMSE%=8.7

tree diameter at breast height;
HEIGHT: mean tree height;
TREE: number of trees; and 30
VOLUME: wood volume) in the

thinned from below plots. Black 28
lines represent the y=ux line;
blue lines represent the linear
regression between predicted
and observed

26

observed

24

22

22

20
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16

22 24 26

TREE
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28 30 16 18 20 22
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1200 500
400
S 1000
&
o
2
o 300
800
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(4 frequencies X 5 intensities) + 1 control. The focus of this
assessment was to analyze the sole impact of thinning inter-
ventions on the selected ES, described in paragraph 2.5. To
isolate this effect, the rotation period was set such that final
harvesting was excluded from the simulation period.

For the long-term simulations, each plot was initial-
ized using the structural variable values measured in the
pre-intervention survey. Simulations were conducted using
the “R3DFEM R package” (Vangi et al. 2025), which pro-
vides an R wrapper for the 3D-CMCC-FEM model. These
simulations spanned the period from the year of the first
survey at each study site to 2100, corresponding to a time
frame of approximately 83 to 93 years, depending on the
site. The key variables selected for the economic quantifi-
cation of ESs included: “DBH”, measured in centimeters
(cm); “HEIGHT”, measured in meters (m); stand basal area
(B), measured in square meters per ha (m? ha™!); above-
ground carbon content (AGC), measured in mega grams of
carbon per hectare (Mg ha™); canopy cover (C), expressed

as a unitless proportion; harvested wood volume (HWV),
measured in cubic meters per hectare per year (m> ha™! y™).

Economic quantification of ES

The model outputs were used to estimate the provision of
ES and quantify their economic value. The economic effi-
ciency of thinning interventions was evaluated for each year
of the simulation period. To underscore the role of thinning
in enhancing stand stability, an assessment of avoided eco-
nomic damage was conducted by comparing the outcomes
with those of the non-intervention (control) scenario.

Wood production
Wood production is a key provisioning service of managed
forests, directly contributing to the bioeconomy and sup-

porting local livelihoods by sustainably supplying timber
for construction and energy. The financial value of wood

@ Springer
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production is quantified by calculating the stumpage value
(SV) of harvested wood volume in year n. The SV is a typi-
cal transformation value that is defined by the classic for-
estry economic-appraisal approaches, as the value of stand-
ing trees, or the difference between revenues (I) and costs
(S) of the production process Eq. 1:

SV,=1,-S8, ey

Revenues are quantified considering both obtainable vol-
ume (predicted from the 3D-CMCC-FEM model outputs)
and the average selling price of wooded assortments. The
cost calculation involved an analysis of regional price lists
(Tuscany and Calabria) for the reference operations. Specifi-
cally, thinning operations in coniferous forests involved cut-
ting, debranching, extraction, clearing and site arrangement,
as well as general expenses (direction costs, administrative
costs and interest; Bernetti and Romano 2007). The unit of
measure for revenues and costs is € m™.

The Net Present Value for provision service (NP_SV) is
calculated by discounting SV with Eq. 2:

. SV,
NPy = anl 7 @)

where, g=1+r, with r equal to the interest rate (assumed as
2.5% in this study; Sartori et al. 2014).

Aesthetic value

The aesthetic value of a forest landscape is closely tied to
its ability to meet the cultural and recreational needs of the
population, and it can significantly influence public per-
ception and tourism potential. Drawing on a synthesis of
extensive scientific literature on this topic, the calculation
of aesthetic value is based on the work of Ribe (2009). In
this study, various types of coniferous stands (mature, aged
and those subject to logging) are analyzed to determine their
scenic value, as perceived by a sample of respondents, using
the Ratio Scenic Beauty Estimate (RSBE). The RSBE is
calculated as a function of the basal area per ha (B, m?ha™)
through the following polynomial model (Eq. 3):

RSBE, = —108,3 + 4,1 « B, — 0,02 « B,> —0,00004 « B,
3)
where, RSBE, indicates the value of RSBE in year n.

The model was validated in Ribe et al. (2009) for mature
conifer forests and different harvest regimes. The objective
was to sample in-stand scenery representative of the diver-
sity of unharvested forests and well-controlled harvests. To
achieve this objective, photographs were sampled from the
Demonstration of Ecosystem Management Options (DEMO)
(Aubry et al. 2004) and the Long Term Ecosystem Produc-
tivity (LTEP) databases (Homann et al. 2001). Higher RSBE

@ Springer

values indicate better recreational suitability and vice versa.
The RSBE values observed in Ribe (2009) vary in the range
(+ 150, —150). These represent, respectively, upper and
lower values of mean RSBEs computed in the sample forests
and correspond to a scenic beauty of very high and very low
qualitative perception from respondents (Ribe 2009). This
dimensionless value must therefore be managed to achieve
the economic value of the aesthetic function. The Benefit
Transfer (BT) approach (Desvouges et al. 1998) is helpful for
quickly transferring results from other case studies to areas
of interest. A meta-analysis based on Contingent Valuation,
Discrete Choice Experiments, and the Travel Cost Method
was used, highlighting a Willingness to Pay (WTP) of 7.79
€ visit y~! for recreational utility in coniferous forests in
the Italian context (Grilli et al. 2014). Reported WTP (7.79
€ visit y!) can be cautiously considered as expressive of
the maximum WTP for forests with optimal aesthetic value
(RSBE = +150). With this hypothesis, the annual WTP is
quantified, weighing the potential maximum WTP on the
normalized RSBE (normgggg). The normalization occurred
through the multicriteria approach of Compromise Program-
ming (Romero and Rehman 2003) (Eq. 4):

idealgspr — RSBE, > @

norm =1-
RSBE . ~
SBEn <1dealRSBE — antiidealygpy:

where, idealygp, and antiidealy g, represent, respectively,
the ideal (+ 150) and non-ideal (—150) RSBE values as per
Ribe (2009).

The aesthetic value (AV,) (€ ha™' y™') is then calculated
as Eq. 5:

AV, =119 e normyggp * 1, ®)

where, n,;;, is the estimated annual number of visits for the
area under consideration. Given the absence of specific data
in the various study areas, the value of n, , was arbitrarily
set to 150 for each examined stand.

The NPV for the aesthetic function (NP_AV) is quanti-

fied as Eq. 6:

x AV,
NPy = - ©)

visit

Protection from erosion

Forests play a crucial role in stabilizing soils, particularly in
erosion-prone Italian terrains characterized by steep slopes
crossed by a dense river network, where vegetation cover
and root systems mitigate sediment loss and sustain land
productivity. The model is based on the quantification of
avoided soil erosion due to forest cover in relation to the
effect of atmospheric precipitation. The economic value of
avoided erosion is then derived from the correlation with
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the price of sediment removal from potential basins located
downstream of the forest area (Sacchelli et al. 2021).

The amount of erosion was calculated using the Revised
Universal Soil Loss Equation (RUSLE, 2015) (Panagos et al.
2015a). The “RUSLE2015” formula estimates soil loss (E,
tha! a™!), applying five input factors: rainfall erosivity (R),
soil erodibility (K), forest canopy cover (C), topography fac-
tor (LS) and support practices (P) (Eq. 7):

E=ReK+LS+CeP )

The geodata applied in the equation are freely available
upon request in the European Soil Data Center (ESDAC)
(https://esdac.jrc.ec.europa.eu/resource-type/soil-threats-
data) (Panagos et al. 2022).

In this work, R, K, and LS factors were kept constant,
given their very low variation over medium to long terms
and their low influence on forest rotation. Soil erodibility
(K) and topography factor (LS) can be considered relatively
constant over decades corresponding to the rotation period,
due to low variability in both lithological and geomorpho-
logical aspects. Rainfall erosivity (R) can vary due to cli-
mate change and pluviometric regimes. However, the high
uncertainty and the difficulty in quantifying the modification
of the R parameter and its impact on erosivity do not justify
the variation of this factor. Future analysis should consider
a sensitivity analysis on R. The P factor is excluded due to
its limited application in the forestry sector (Panagos et al.
2015a).

The assessment of avoided erosion in year 7 is based on
the difference between the factor C, with forest and the fac-
tor C, in the hypothesis of absence of forest cover (6,=0).
The value of C is quantified according to the formula
reported in Panagos et al. (2015b) (Eq. 8):

C= CminLU + (CmaxLU - CminLU) d (l - gn) (8)

where, C,;,;y and C,,,.;y» respectively, the minimum and
maximum values of C for forests (Panagos et al. 2015b) and
0, fraction of canopy cover at ground level in year 7.

The avoided erosion in year n is then calculated as Eq. 9:

E,=R«K+LS+(Cy-C,) )

E, was recalibrated with the application of the Sediment
Delivery Ratio (SDR) (De Rosa et al. 2021), a coefficient
allowing for quantification of actual soil debris from the
basin slope to the reservoir (Eq. 10):

SDR = 0.4724 — A™%!% (10)
where, A corresponding to the size of the catchment area
in km?.

The SDR quantification technique developed by De
Rosa et al. (2021) is tested in catchments of central Italy

(Apennine area). The method computes an SDR value lower
than the values reported in the scientific literature by other
methods. However, it can take into account the characteris-
tics of the basin, which in its central part has a morphologi-
cal depression that acts as a trap effect for sediments (De
Rosa et al. 2021), as is typical in our case studies.

The monetary value of protection from erosion (PV) is
based on the unitary cost (a) of sediment removal from arti-
ficial basins or reservoirs as established in Palmieri et al.
(2014) (29.29 € t™1) (Eq. 11):

PV, =E,+SDR+a (11)

The NPV of the protective function (NP_PV) can be
finally calculated as Eq. 12:

« PV,
NPy = 3 - (12)

Carbon storage

This ES reflects the forest’s capacity to act as a carbon sink
and retain atmospheric CO,, contributing to climate change
mitigation and national greenhouse gas inventories. In this
study, we only accounted for carbon stored in the above-
ground biomass. The estimate of carbon value begins with
the growing stock volume and, using wood basal density
(WBD, Giordano 1980) and Biomass Expansion Factors
(BEFs), leads to the calculation of above-ground biomass
(AGB, m® ha™') (Vitullo et al. 2007; Vangi et al. 2023)
(Eq. 13).

AGB = WBD « GSV « BEF (13)

where, AGB is the above-ground biomass, WBD is the wood
basal density, GSV is the growing stock volume, and BEF is
the biomass expansion factor.

The total AGC is obtained by multiplying biomass by its
carbon content (0.47 g of C per gram of dry matter) (Mg
ha‘l). To obtain the mass of stored CO,, the mass of car-
bon is multiplied by the § coefficient of 3.67 (Federici et al.
2008), which is the ratio between the atomic mass of C and
CO,.

The European Emission Trading System (ETS) market
was applied to derive the carbon trading price (y) (https://
tradingeconomics.com/commodity/carbon). The average
price in the ETS market for 2024 was selected for analysis.

The monetary annual value of the carbon storage function
(CV) is given by Eq. 14 (Sacchelli 2018):

CV,=AAGB,*f+y (14)

where, AAGB represents the variation of AGB from year n-1
to year n; the CV,, equation, a precautionary hypothesis that,
for the harvesting year, the carbon contained in the removed

@ Springer
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biomass is deducted from the quantification, without know-
ing the final use of the woody assortments.

The NPV of the externality (NP_CV) is obtained as
Eq. 15:

x CV,
NPCV = Zn:l q" (15)

Total Economic Value

Total Economic Value (TEV) captures the diverse benefits
provided by each ES, allowing for a comprehensive assess-
ment of trade-offs and synergies in multifunctional forest
management. The Net Present TEV (NP_TEV) is derived
from the sum of the discounted value of the four ecosystem
utilities (Eq. 16):

NPrpy = NPy, + NP,y + NPpy, + NPy, (16)

Analysis of avoided damage

Thinning can provide significant benefits to the structural
stability of stands (Hanewinkel et al. 2013; Suliman and
Ledermann 2025). Stability improvements can be quanti-
fied in both biophysical and economic terms. Within this
context, assessing the potential indirect effects of thinning,
such as avoided damage, is particularly relevant. Avoided
damage can be evaluated by comparing the probability of
adverse effects in stands without interventions (control) to
those with interventions.

One of the key parameters for maintaining the structural
stability of coniferous stands is the mean tree height—to—
mean tree DBH ratio (H/D, Slodicak and Novak 2006).
Building on the approach of Mickovski et al. (2005) and
focusing specifically on wind damage, a risk trend associ-
ated with the H/D ratio can be identified. Notably, Micko-
vski et al. (2005) define five risk classes based on H/D ratio
thresholds, ranging from <70 to > 90. Starting from this
categorization, the first step to calculate the missed damage
was the quantification of the average value of the H/D ratio
for each thinning regime; subsequently, to identify a stabil-
ity coefficient of the stands (), the H/D ratio was normal-
ized in the range 0—1 with the compromise programming
technique (Romero and Rehman 2003). The ideal value was
set equal to 50, while the anti-ideal value was equal, for
each experimental plot, to the average H/D ratio of the non-
intervention scenario. Ideal and anti-ideal values are based
on work by La Marca (2005), which highlights, for conifer
stands in central Apennines and at different ages, a low risk
due to wind damage with an H/D ratio lower than 50. The
same author also reports a higher risk in experimental plots
in the case of no intervention and the absence of thinnings

@ Springer

throughout the rotation period. Finally, the avoided damage
results from the combination (joint probability), for each plot
and thinning regime, between the total economic value, the
probability of stability increase linked to thinning, and the
probability of extreme winds (1). The A coefficient represents
the annual probability of winds potentially causing damage
to the stands, related to the reference period (u, years). The
value was extracted at the cartographic level for each plot
using zonal statistics operations, starting from the geodata
provided by Sacchelli et al. (2018). In particular, the lambda
value is calculated based on the output from Sacchelli et al.
(2018), i.e., a raster map with a 100 m X 100 m resolution.
For each study area, the zonal statistics operation provides
the average probability of extreme winds.

The expected avoided damage E(AD) in the case of thin-
ning is therefore quantified as Eq. 17:

E(AD) = NPygy o A o (8, = 6ppin) (17)

where, 6,, 4, and ,,;, are, respectively, the stability coef-
ficient of the stands (normalized H/D ratio) for the j-th sce-
nario without and with intervention.

Results
Stand dynamics

The simulation outputs for varying thinning regimes applied
to the 34 experimental plots of European black pine across
the study areas are presented below. Figures 4 and 5 illus-
trate the trends in DBH and AGC over the simulation period
for each combination of thinning frequency and intensity at
each site.

The most significant increments in DBH and tree height
were observed across all sites by the end of the simulation
period, with a thinning frequency of 10 years at 35% inten-
sity. Specifically, DBH growth reached 142, 127 and 122 cm,
while tree height growth reached 24, 25 and 23 m for Monte
Amiata, Varco San Mauro and Rincine, respectively. These
were followed by a thinning frequency of 10 years at 30%
intensity.

In contrast, AGC and basal area exhibited greater
growth under a longer thinning frequency of 25 years,
combined with the same 35% intensity (AGC increase of
73, 52 and 30 Mg ha™! for Monte Amiata, Varco San Mauro
and Rincine, respectively). Overall, heavy-intensity thin-
ning regimes applied at short intervals yielded the high-
est DBH increments, with values doubling those observed
under the no-management scenario, which reflects the
need for light for more sustained radial growth. Those are
expected results, since high-frequency, heavy-intensity
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regimes resulted in substantial wood removal, leading to
lower basal area and AGC values.

Consequently, the highest volume of harvested woody
products across all thinning regimes was achieved with
a 10-year frequency and 35% intensity, exceeding 2100,
1980 and 1680 m® ha™! over approximately 90 years for
Monte Amiata, Varco San Mauro, and Rincine, respec-
tively. These values indicate highly productive sites,
which, in combination with frequent thinning operations,
can provide a stable supply of biomass. On the other
hand, the lowest volume of harvested woody products

2060
2040
2060
2080
2100
2020
2040
2060
2080
2100

(excluding the control scenario with no intervention)
was expectedly recorded under the least intensive thin-
ning regime (15%) combined with the longest frequency
(25 years).

In summary, while high-intensity and frequent inter-
ventions maximize individual tree growth (DBH) and the
yield of harvested woody products, they may reduce basal
area and AGC accumulation. Conversely, low-intensity,
less frequent interventions help sustain basal area and car-
bon storage, highlighting a clear trade-off between maxi-
mizing growth and preserving ecosystem carbon stocks.

@ Springer
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Economic quantification of ES

The results of the thinning regimes for the examined planta-
tions indicate that NP_SV increases with both the amount of
basal area removed and the length of the thinning interval
(Tables 3, 4 and 5). Analyzing NP_SV in relation to thin-
ning interval and wood removal, it was observed that, at
the Monte Amiata site, NP_SV remained negative up to a
removal threshold of 20% of the basal area. For higher levels
of wood removal, a positive monetary value was achieved
when the thinning interval was at least 15 years (Fig. 6).

The average net present values across the various thin-
ning regimes for the case studies of Monte Amiata, Rincine
and Varco San Mauro were as follows: (1) productive func-
tion: —2178, 1777 and 431 € ha™!, respectively; (2) aesthetic
function: 24,917, 28,199 and 27,567 € ha‘l; (3) erosion pro-
tection: 141,215 and 163 € ha™'; (4) carbon storage: 28,843,
36,743 and 35,138 € ha™!. The Total Economic Value (TEV),
averaging all ES, was therefore 51,723 € ha™', 66,934 € ha™!
and 62,438 € ha™' for Monte Amiata, Rincine and Varco San
Mauro, respectively.

The H/D ratio improved as the thinning intensity
increased and the frequency decreased, with average values
of 63, 66 and 66 for Monte Amiata, Rincine and Varco San
Mauro, respectively. Avoided damages, depending on the
thinning regime, ranged between 1037 and 7031 € ha™! for
Monte Amiata (2%—18% of TEV), 207 and 3948 € ha™! for
Rincine (0.3%—7% of TEV), and 570 and 8846 € ha™' for
Varco San Mauro (1%-16% of TEV).

Analysis for individual silvicultural interventions iden-
tified the minimum harvested wood volume required to
achieve a positive stumpage value in each thinning regime.
For example, in the case of the plantation in Varco San
Mauro (Table 6), the minimum harvesting volume required
for financial efficiency was approximately 160 m® ha™'. Yield
increases with stand age, reaching around 650 m> ha™! in
60-year-old plantations (Castellani 1982), as found in the
control plots in the Varco San Mauro study area.

Discussion

Black pine stands and ES dynamics under different
thinning regimes

Thinning from below is one of the most used and effec-
tive practices in artificial forest stands, especially in conifer
plantations, to regulate stand density, control competition,
increase carbon sequestration, and control biomass alloca-
tion among different organs in trees (Jonard et al. 2006; Can-
tiani et al. 2015; Cabon et al. 2018). Our study examined the
impact of thinning intensity and frequency from below on
ES provision in European black pine plantations established

@ Springer

in Italy for environmental improvement under a constant
climate, aiming to minimize confounding effects. This is
one of the few studies, to our knowledge, that exploits PBFM
for the quantification and assessment of ESs under different
thinning regimes, including their economic value. Previous
modeling studies have evaluated the effects of forest man-
agement on ES provision. However, most have focused on
a limited set of services, such as wood production and car-
bon storage (Bachelet et al. 2018). For example, Simon and
Ameztegui (2023) used the individual-based model SOR-
TIE-ND to simulate the effect of different thinning options
on numerous ESs, but without quantifying their economic
value. In Italy, within the framework of a large-scale study
on the response of ESs to management, Biber et al. (2015)
applied the EFISCEN model, a large-scale matrix empiri-
cal model initialized with NFI data. Unfortunately, EFIS-
CEN does not incorporate eco-physiological processes and
how they interact with climate and its effects. Moreover,
the authors tested a limited number of forest management
scenarios. The 3D-CMCC-FEM model used to simulate
stand growth under different thinning regimes has effectively
captured the effects of silvicultural interventions on stand
structure and dynamics, aligning with findings from previ-
ous studies (Dalmonech et al. 2022; Testolin et al. 2023;
Saponaro et al. 2025, 2026).

Our results showed that DBH growth was positively influ-
enced by intense thinning regimes applied at short intervals,
with the most significant increment occurring at a frequency
of 10 years and a 35% of basal area removal. This result
reflects the higher light and soil water availability post-
intervention, potentially due to less competition between
the remaining trees. This finding is consistent with previous
studies that have shown competition to be a key driver of
radial growth in black pine (Sanchez-Salguero et al. 2013;
Tudoran et al. 2023). For instance, in our simulations, a
35% reduction in basal area causes the canopy cover to drop
from 80% (the baseline without intervention) to approxi-
mately 67%, regardless of the frequency, compared to a
drop of around 2% for the less intense regime (15% basal
area reduction). These results confirm the strong short-term
structural effects of intensive thinning interventions. On the
contrary, thinning interventions at shorter intervals have a
detrimental long-term effect on the growth response of total
basal area and AGC in Rincine and Varco San Mauro. Short
intervals (< 15 years) combined with high intensity (>20%
basal area removal) caused steady or negative trends in both
variables at sites such as Rincine and Varco San Mauro,
which are characterized by young (<35 years) and dense
stands (> 1100 ind. ha™!). These conditions result in a larger
number of trees being removed per intervention and, conse-
quently, higher harvested woody volumes for the same rela-
tive basal area reduction. By contrast, low-intensity, less fre-
quent interventions proved to be most effective in achieving
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Fig. 6 Net Present Stumpage
Value (NP_SV) as a function of
thinning intensity (removal of
15%, 20%, 25%, 30% and 35%
of basal area) and frequency
(every 10, 15, 20 and 25 years).
Example based on the Monte
Amiata plantation

Table 6 Harvested wood
volume per thinning
intervention (m>® ha™!) as a
function of the intervention
year, thinning frequency (every
10, 15, 20 and 25 years), and
thinning intensity (removal of
15%, 20%, 25%, 30% and 35%
of basal area)
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Thinning year  Intensity: 15%  Intensity: 20%  Intensity: 25%  Intensity: 30%  Intensity: 35%

Frequency: 10 years

n 59% 78%* 98* 118* 137*
n+10 76* 98* 118* 135* 150*
n+20 95% 121* 143%* 161* 176
n+30 115* 144* 170 191 208
n+40 132% 166 195 219 237
n+50 146* 185 217 244 258
n+60 160 205 242 262 291
n+70 171 223 254 293 313
n+80 179 235 279 305 319
Frequency: 15 years

n 59% 78* 98* 118* 137*
n+15 91%* 117* 143* 166 187
n+30 117* 157* 192 221 249
n+45 136* 186 233 270 301
n+60 156* 212 275 318 357
n+75 170 231 298 355 381
Frequency: 20 years

n 59% 78%* 98* 118* 137*
n+20 100* 134* 167 196 223
n+40 130* 176 225 274 317
n+60 155* 210 268 329 394
n+80 175 236 299 366 433
Frequency: 25 years

n 59% 78%* 98%* 118* 137*
n+25 109* 146* 183 222 258
n+50 141* 191 243 296 355
n+75 170 228 289 352 418

Values marked with * indicate thinnings with a negative stumpage value. Example based on the Varco San
Mauro plantation
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higher values of stand basal area and AGC, as found in other
studies (Marchi et al. 2018; Simon and Ameztegui 2023),
compared to the control scenario (no intervention). As a
matter of fact, longer intervals between interventions allow
stands to match and exceed the final AGC compared to the
control scenario, confirming the transient effect of thin-
ning, as observed by Ameztegui et al. (2017) and del Rio
et al. (2008), who found that low-intensity thinning does not
decrease the final basal area significantly compared to a no-
intervention scenario. Corona (2024) also observed that for
optimizing tree density in relation to wood volume growth, a
low-intensity regime with relatively frequent thinning inter-
ventions (approximately every 10 years) proves to be the
most effective. This approach involves moderate biomass
removals by each intervention, typically around 15%-25%
of the stand basal area. These findings are mirrored by the
physiological capability of trees to allocate more assimilated
carbon to new tissue and biomass rather than into the non-
structural carbon pool (the reserve pool) because of main-
tenance respiration proportionally higher, after a reduction
in stand density (Collalti et al. 2020; Pappas et al. 2020;
Dalmonech et al. 2022), leading to higher harvested woody
products. Shorter intervals between thinning lead to higher
current annual increments (m> ha™' y™'), generally more sus-
tained for high-intensity interventions. Beyond growth and
carbon storage, thinning interventions have the benefit of
decreasing the competition among trees and increasing the
stand’s resistance to extreme events, such as windstorms,
potentially leading to a longer-lived forest, which represents
a long-term biomass pool (Dalmonech et al. 2022; Testolin
et al. 2023; Vangi et al. 2024a). The increased stability after
thinning is also reflected in the increased H/D ratio (the tree
height-to-diameter ratio), a simple yet strong proxy used for
mechanical stability analyses. This holds true for every thin-
ning regime tested in the present study.

Economic value of ESs under different thinning regimes

The modeling analyses conducted to quantify ES economi-
cally, such as timber production, aesthetic value, erosion
control, and atmospheric carbon sequestration, have pro-
vided valuable insights for managing European black pine
plantations considering their multifunctional role. In line
with the structural responses described in the previous sec-
tion, the economic value of provisioning services, particu-
larly timber production, increases with greater basal area
removals and longer thinning intervals. Net financial gain
is achieved when basal area removal reaches approximately
25% with a 25-year thinning interval, highlighting the higher
financial efficiency of more intensive interventions. Thresh-
olds for harvested timber volume that yield a net financial
gain are found to be around 160 m> ha™!. These relatively
high thresholds are due to the significant costs associated

with harvesting operations, in particular in mountainous
areas, and the need for economies of scale. In fact, over the
last few decades, an increase in the unitary costs of work-
ers and machinery, more than proportional to the revenues
obtainable from wooded assortments, has been registered.
Variability in net profit from stumpage value (NP_SV)
among study areas can be largely attributed to site-level dif-
ferences in ecological factors (e.g., soil fertility), geomor-
phological factors (slope, terrain roughness), and logistical
factors (access to forest roads and landing sites). Such vari-
ability is consistent with patterns observed in Italian moun-
tain forests, where operational constraints often limit the
economic viability of thinning (Marchi et al. 2018).

Non-provisioning ES (erosion protection, carbon seques-
tration, and aesthetic/recreational value) tend to decrease
with increased basal area removal but benefit from longer
intervals between thinning. These results are intuitive for
erosion protection and carbon sequestration; However, the
aesthetic/recreational value displayed a more complex rela-
tionship with stand structure. Even if some authors defined
a negative correlation between density and mood or percep-
tion (often analyzed as psychological relaxation, emotional
recovery and stress reduction) (An et al. 2004; Li 2010) most
of the literature highlights an improvement in the physi-
ological status due to increased forest density (Kobayashi
et al. 2019). Grilli et al. (2022) indicated that the restorative
effects of forests (including conifer stands) were affected
by the degree of greenness, as suggested by their correla-
tion with electroencephalogram (EEG) trends. In addition,
even if forests with lower tree density are associated with
more panoramic landscapes, which can stimulate feelings
of freedom, they seem to be less effective in reducing stress
perception or inducing sensations of intimacy (Berman et al.
2008). Results on NP_AV seem to be, therefore, in line with
outputs from scientific literature.

More intense management regimes lead to a higher cumu-
lated harvested woody product, which can be seen, poten-
tially, as a long-lasting carbon stock, depending on the end-
use of the wood. Thinned stems usually do not meet the
sawmills’ requisites but can be used, for example, as biofuels
in biomass power plants. In this sense, despite the economic
value of carbon sequestration potential, the regulatory action
on climate (or, in the worst case, neutral when the extracted
material is converted into bioenergy) has an intrinsic value
that must be considered, regardless of the carbon market. For
the studied stands, the economic values of aesthetic appeal
and carbon sequestration far exceed those of timber pro-
duction and erosion protection, regardless of the thinning
regime. Specifically, the updated values for aesthetic and
carbon sequestration services are, on average, 15-20 times
higher than the updated net financial gain of timber produc-
tion, emphasizing the high level of trade-offs among these
ES in monetary terms. Other studies in the Mediterranean
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area have found that timber production accounts for only a
small part of the Total Economic Value of forests compared
with other benefits such as carbon sequestration, watershed
protection and recreation (Croitoru 2007; Bottalico et al.
2016).

The relatively modest monetary value of erosion protec-
tion is linked to two factors: (1) the good forest cover in
the initial year and its exponential improvement following
the first thinning intervention, and (2) the limited social
cost associated with erosion compared to other hydrogeo-
logical risk regulation functions, such as flood and landslide
prevention (Grilli et al. 2020). However, despite not being
accounted for in this study, erosion protection, in addition
to limiting maintenance costs of downstream basins, also
avoids carbon loss from the soil, which translates into a
direct climate benefit.

When aggregated across ESs, the TEV of the stud-
ied plantations over the simulation period (2016-2100)
was approximately €60,000 ha™!, even in scenarios where
thinning operations generated negative stumpage values.
Mechanical stability, assessed by the H/D ratio, improves
post-thinning, regardless of the treatment type, although
this effect diminishes over time. All thinning treatments
improve height-to-diameter ratios and enhance stand stabil-
ity, reducing potential damages in a range from €207 ha™! to
€8846 ha™!. Generally, avoided damage is offset by the TEV
of these stands, even when the financial outcome of thinning
operations (stumpage value) is negative. This holds for basal
area removal levels of at least 25% in pine plantations. These
findings align with those of Marchi et al. (2018), who simi-
larly observed in the Monte Amiata area that higher volume
and basal area removal lead to increased tree stability and
carbon sequestration potential, especially when considering
the carbon fixed in thinned trees. Their results were pre-
liminary due to the short observation period; however, our
simulation study appears to confirm their conclusion and
aligns with the literature on the same species and environ-
ment (Ruiz-Penado et al. 2013; Marchi et al. 2018; Simon
and Ameztegui 2023).

Management and policy implications

Our study can complement regional guidelines that gener-
ally leave a wide margin of discretion regarding frequency
and intensity of thinning operations, also allowing for
overcoming the limits listed under specific authorizations.
Other methods for objectively estimating thinning inten-
sity often consider only structural parameters, such as the
ratio between the potential basal area and the actual basal
area, the site index, and the initial stand density (Corona
et al. 2025). These methods are designed to maximize tree
growth and stability. In Italy, conventional practice involves
removing between 16 and 37% of the basal area at each

@ Springer

intervention; however, the absence of clear guidance on thin-
ning frequency may hinder the delivery of multiple ESs. In
this study, we explored ESs provisioning, explicitly assess-
ing the cost of operations to better inform forest managers
and forest owners on the strategy to achieve the best syner-
gies among ESs, to better fit in the principles of Sustainable
Forest Management. Owners can infer the best frequency for
thinning operations based on the wanted trade-off among the
ESs investigated in this study. However, more ESs should be
taken into consideration, and further investigations should be
conducted to assess the transferability of this result to other
climate regions and forest species.

In summary, while increased thinning intensity and fre-
quency can reduce non-provisioning ecosystem services—
such as erosion protection, carbon sequestration, and aes-
thetic value—longer thinning intervals help sustain these
benefits. This comes at the cost of reduced individual tree
growth and stability, but ultimately contributes to maximiz-
ing the TEV. The analysis of forest ES and their relationships
with forest management is a complex task, especially when
multiple drivers of change and a wide range of ES are con-
sidered for a more complete assessment of forest functions
(Nocentini et al. 2022). To optimize the synergies between
wood production and other ESs, it is essential to look for
forest management approaches that go beyond maximizing
a single outcome.

While the no-management scenario has been proposed in
various studies as a mitigation strategy (Valade et al. 2017,
Peng et al. 2023), this approach is unlikely to be realistic in
many Mediterranean contexts. The assumption that harvest-
ing cessation will not lead to a shift in emission activities
is probably undesirable (Vangi et al. 2024b). Forests offer
a plethora of benefits, including wood production, as well
as protection, especially in coastal and mountainous areas.
Managing forests for the sake of climate mitigation should
not cause other cascading adverse effects, such as biodiver-
sity loss, notch of social and recreational values, and risks
associated with extreme events. For this reason, we advocate
for appropriate management strategies, calibrated to meet a
broader array of specific goals, rather than focusing solely on
wood production or carbon storage. These strategies would
benefit from better payment for ES schemes, detaching
management from the sole economic advantage due to the
NP_SV, which is currently the primary driver guiding man-
agement choices (including thinning regimes), especially in
privately owned forests.

Limitations

In our study, we focused on the relationship between for-
est management and ES to deliberately avoid confound-
ing effects due to other drivers of change, such as climate
change and forest fires (Moran-Ordéfiez et al. 2019), and
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to set a baseline for further studies, where climate change
and disturbances could be directly included in the model
framework. However, we acknowledge that wildfire could
be an extremely influential factor in this analysis, given the
sensitive nature of European black pine plantations to fire,
despite these long-monitored sites not experiencing any
fires in the last two decades. Thinning and fire management
practices are somewhat interconnected and can significantly
influence each other. On the one hand, thinning can reduce
fire intensity and severity by lowering fuel loads and altering
forest structure (Garcia-Jimenez et al. 2017; Palmero-Iniesta
et al. 2017). More frequent and intense interventions result
in a noticeable reduction in dead trees. The number of dead
trees in this study was observed to be more sensitive to the
frequency of interventions than to their intensity.

On the other hand, fire can affect the outcomes of thin-
ning in contrasting ways, for example, by reducing seed
availability or influencing post-fire regeneration with higher
resprouting vigor (Palmero-Iniesta et al. 2017). Addition-
ally, it can impact long-term vegetation dynamics, such as
species composition and biodiversity (Gao et al. 2024). We
did not account for potential species change or migration as
the simulated period was relatively short for such dynamics,
and the study was explicitly designed to explore the effects
of thinning on the provision of ESs and their economic val-
ues provided by European black pine plantations. However,
such long-term dynamics could affect the conclusion of
our findings, for example, by interrupting the management
routine due to species changes or decreasing productivity
trends resulting from climate change. Although the ESs we
considered represent only a portion of the broad spectrum
of benefits provided by forests, we focused on some ESs
that were less investigated in previous studies, such as soil
protection and the aesthetic value of the forest (Marchi et al.
2018; Nocentini et al. 2022; Simon and Ameztegui 2023).

Aside from the simulation assumption, we acknowledge
that uncertainties in the model parametrization and calibra-
tion could slightly alter the result of wood volume accu-
mulation and, consequently, the TEV estimation. Future
studies will focus on the effect of these uncertainties on the
final economic values of ESs, including other services not
addressed in this study, which will complement the signifi-
cance of the final TEV and the overall trade-off between
management and ES provisioning. Moreover, future stud-
ies should investigate the interplay of climate change and
management when estimating the TEV, despite the narrative
behind climate change scenarios being difficult to translate
into simulable management practices.

Finally, the proposed modeling approach economically
evaluates multiple ES by integrating standard parameters
and coefficients that are specific to the plantations in our
case study. Its modular flexibility allows for the inclu-
sion of other drivers of change and additional ES in future

applications, such as fire hazard reduction, which facilitates
detailed assessments and supports sensitivity analyses on
variables like harvesting costs, average assortment prices,
interest rates, sediment removal costs, and CO,-eq prices.
Sensitivity analyses should, in additional evaluations, outline
thresholds on economic and financial gains. In particular, the
estimated number of visitors set in the model represents a
cautionary value due to local conditions and due to the high
economic benefit quantified for NP_AV. However, future
evaluations should integrate a wider range of visitors for
a sensitivity analysis based on this coefficient. The trans-
ferability of the study to other species or climatic regions
requires further investigation, despite the proposed model
framework being highly flexible and potentially applicable
to a wide range of case studies. Future research could further
explore trade-offs among ES in greater detail and under dif-
ferent future climate scenarios.

Additionally, the sensitivity of thresholds, such as the
minimum basal area or volume required to achieve a posi-
tive stumpage value, to key parameters (e.g., harvesting costs
or market prices) could be investigated. Finally, operational
research techniques as well as optimisation models could
focus on reaching specific objective functions through thin-
ning and silvicultural management (e.g., maximisation of
TEV, minimisation of expected damage) (Ronnqvist et al.
2023). In this way, a direct relationship between biophysical
dynamics and economic parameters can also be delineated.

Conclusion

This study demonstrates that, in a pine plantation managed
for multiple uses, the long-term planning of thinning opera-
tions can significantly impact the achievement of manage-
ment goals. The methodological novelty of the study lies
in the integration of a robust process-based modeling
approach with long-term field data. The key findings are
that the intensity and frequency of thinning interventions
have a substantial effect on the overall production of ESs in
European black pine stands established through afforestation
and reforestation for environmental improvement. Therefore,
strategic, long-term planning of thinning operations is essen-
tial to ensure a balanced trade-off between wood production
and other ESs, while maintaining the cost-effectiveness of
operations. This includes better monitoring of ES supply and
demand, enhanced policy integration, and the development
of payment schemes for ESs. In particular, we found that
lengthening the time between interventions generally leads
to higher TEV, particularly when combined with heavier
intensities. At the same time, shorter frequencies tend to
maximize radial growth and net stumpage value (NP_SV).
However, this value is generally low (often negative) due
to the low cost per unit of the thinned material. We did not
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consider the value of the timber that could potentially be
removed at the end of the rotation period; therefore, the
TEV is higher in the control scenario. From a policy and
economic perspective, this does not suggest that refraining
from forest management is preferable. As previously dis-
cussed, and supported by other studies, forest management
plays a crucial role in ensuring the provision of products
and services that would be difficult to obtain in unmanaged
scenarios. However, further research is needed to assess the
potential impact of including final harvesting in management
scenarios on the TEV.

Therefore, the proposed assessment framework generates
valuable insights to inform the silvicultural management
of stands established through afforestation and reforesta-
tion, providing essential information to guide management
decisions, especially in the context of Sustainable Forest
Management. While such decisions must be adapted to the
unique characteristics of each forest stand, as well as the
specific needs and demands of local markets and communi-
ties, the framework ultimately offers guidelines for forest
planners and managers to ensure the sustained provision of
multiple ES. This framework can also help provide evidence
to support payment for ecosystem services (PES) schemes.
At the national level, it can inform and guide climate and
carbon policies, as well as reporting activities, in alignment
with EU forest policy initiatives such as the 2030 Agenda,
the LULUCEF sector, and the EU Biodiversity Strategy.

Acknowledgements E.V. and A.C. have been partially supported by
MIUR Project (PRIN 2020) “Multi-scale observations to predict Forest
response to pollution and climate change” (MULTIFOR, project num-
ber: 2020E52THS). D.D. and A.C. also acknowledge the project funded
under the National Recovery and Resilience Plan (NRRP), Mission 4
Component 2 Investment 1.4—Call for tender No. 3138 of December
16, 2021, rectified by Decree n.3175 of December 18, 2021 of Italian
Ministry of University and Research funded by the European Union—
NextGenerationEU under award Number: Project code CN_00000033,
Concession Decree No. 1034 of June 17, 2022 adopted by the Ital-
ian Ministry of University and Research, CUP B83C22002930006,
Project title “National Biodiversity Future Centre-NBFC”. Finally,
E.V. also acknowledges the Space It Up project funded by the Ital-
ian Space Agency, ASI, and the Ministry of University and Research,
MUR, under contract n. 2024-5-E.0-CUP n. 153D24000060005. The
3D-CMCC-FEM model code is publicly available and can be found on
the GitHub platform at: https://github.com/Forest-Modelling-Lab/3D-
CMCC-FEM. The technical support provided by Vincenzo Bernardini,
Fabrizio Ferretti, and Chiara Lisa must also be acknowledged.

References

Ameztegui A, Cabon A, De Céceres M, Coll L (2017) Managing stand
density to enhance the adaptability of Scots pine stands to climate
change: a modelling approach. Ecol Model 356:141-150. https://
doi.org/10.1016/j.ecolmodel.2017.04.006

An KW, Kim EI, Joen KS, Setsu T (2004) Effects of Forest Stand
Density on Human’s Physiophychological Changes

@ Springer

Aubry KB, Halpern CB, Maguire DA (2004) Ecological effects of
variable retention harvests in the northwestern United States:
the DEMO study. For Snow Landsc Res 78:119-137

Bachelet D, Ferschweiler K, Sheehan T, Sleeter B, Zhu ZL (2018)
Translating MC2 DGVM results into ecosystem services for cli-
mate change mitigation and adaptation. Climate 6(1):1. https://
doi.org/10.3390/cli6010001

Baskent EZ, Kaspar J, Baskent H (2025) Implications of carbon man-
agement with forest plantation on understocked, degraded and
bare forests: simulated long-term dynamics between timber pro-
duction and carbon sequestration. Renew Energy 242:122437.
https://doi.org/10.1016/j.renene.2025.122437

Baskent EZ, KaSpar J (2022) Exploring the effects of management
intensification on multiple ecosystem services in an ecosystem
management context. For Ecol Manag 518:120299. https://doi.
org/10.1016/j.foreco.2022.120299

Berman MG, Jonides J, Kaplan S (2008) The cognitive benefits of
interacting with nature. Psychol Sci 19(12):1207-1212. https://
doi.org/10.1111/j.1467-9280.2008.02225.x (Original work pub-
lished 2008)

Bernetti I, Romano S (2007) Economia delle risorse forestali. Vol-
ume I1: 339-356. Liguori editore, Naples.

Biber P, Borges J, Moshammer R, Barreiro S, Botequim B, Brodrech-
tova Y, Brukas V, Chirici G, Cordero-Debets R, Corrigan E,
Eriksson L, Favero M, Galev E, Garcia-Gonzalo J, Hengeveld
G, Kavaliauskas M, Marchetti M, Marques S, Mozgeris G,
Navratil R, Nieuwenhuis M, Orazio C, Paligorov I, Pettenella
D, Sedmak R, Smrecek R, Stanislovaitis A, Tomé M, Trubins
R, Tucek J, Vizzarri M, Wallin I, Pretzsch H, Sallnds O (2015)
How sensitive are ecosystem services in European forest land-
scapes to silvicultural treatment? Forests 6(5):1666—1695.
https://doi.org/10.3390/f6051666

Bottalico F, Pesola L, Vizzarri M, Antonello L, Barbati A, Chirici
G, Corona P, Cullotta S, Garfi V, Giannico V, Lafortezza R,
Lombardi F, Marchetti M, Nocentini S, Riccioli F, Travaglini D,
Sallustio L (2016) Modeling the influence of alternative forest
management scenarios on wood production and carbon storage:
a case study in the Mediterranean region. Environ Res 144(Pt
B):72-87. https://doi.org/10.1016/j.envres.2015.10.025

Cabon A, Mouillot F, Lempereur M, Ourcival JM, Simioni G, Lim-
ousin JM (2018) Thinning increases tree growth by delaying
drought-induced growth cessation in a Mediterranean evergreen
oak coppice. For Ecol Manag 409:333-342. https://doi.org/10.
1016/j.foreco.2017.11.030

Cai J (2019) Calculate Water Vapor Measures from Temperature and
Dew Point. R package version 0.1.5.

Cantiani P, De MI, Becagli C, Bianchetto E, Cazau C, Mocali S,
Salerni E (2015) Effects of thinnings on plants and fungi biodi-
versity in a Pinus nigra plantation: a case study in central Italy.
For Ideas 21:149-162

Castellani C (1982) Raccolta di tavole stereometriche ed alsomet-
riche costruite per i boschi italiani. Istituto Sperimentale per
I’Assestamento Forestale e per ’Alpicoltura, Trento (Italy). pp
780.

Collalti A, Perugini L, Santini M, Chiti T, Nolé A, Matteucci G,
Valentini R (2014) A process-based model to simulate growth in
forests with complex structure: evaluation and use of 3D-CMCC
Forest Ecosystem Model in a deciduous forest in Central Italy.
Ecol Model 272:362-378

Collalti A, Marconi S, Ibrom A, Trotta C, Anav A, D’Andrea E, Mat-
teucci G, Montagnani L, Gielen B, Mammarella I, Griinwald T,
Knohl A, Berninger F, Zhao Y, Valentini R, Santini M (2016)
Validation of 3D-CMCC forest ecosystem model (v.5.1) against
eddy covariance data for 10 European forest sites. Geosci Model
Dev 9(2):479-504. https://doi.org/10.5194/gmd-9-479-2016


https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM
https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM
https://doi.org/10.1016/j.ecolmodel.2017.04.006
https://doi.org/10.1016/j.ecolmodel.2017.04.006
https://doi.org/10.3390/cli6010001
https://doi.org/10.3390/cli6010001
https://doi.org/10.1016/j.renene.2025.122437
https://doi.org/10.1016/j.foreco.2022.120299
https://doi.org/10.1016/j.foreco.2022.120299
https://doi.org/10.1111/j.1467-9280.2008.02225.x
https://doi.org/10.1111/j.1467-9280.2008.02225.x
https://doi.org/10.3390/f6051666
https://doi.org/10.1016/j.envres.2015.10.025
https://doi.org/10.1016/j.foreco.2017.11.030
https://doi.org/10.1016/j.foreco.2017.11.030
https://doi.org/10.5194/gmd-9-479-2016

Enhancing ecosystem service provision through the silvicultural management of European black...

Page 21 0of 23 44

Collalti A, Trotta C, Keenan TF, Ibrom A, Bond-Lamberty B, Grote
R, Vicca S, Reyer CPO, Migliavacca M, Veroustraete F, Anav
A, Campioli M, Scoccimarro E, Sigut L, Grieco E, Cescatti A,
Matteucci G (2018) Thinning can reduce losses in carbon use
efficiency and carbon stocks in managed forests under warmer
climate. ] Adv Model Earth Syst 10(10):2427-2452. https://doi.
org/10.1029/2018MS001275

Collalti A, Tjoelker MG, Hoch G, Mikeld A, Guidolotti G, Heskel M,
Petit G, Ryan MG, Battipaglia G, Matteucci G, Prentice IC (2020)
Plant respiration: controlled by photosynthesis or biomass? Glob
Change Biol 26(3):1739-1753. https://doi.org/10.1111/gcb.14857

Collalti A, Dalmonech D, Vangi E, Marano G, Puchi PF, Morichetti
M, Saponaro V, Orrico MR, Grieco E (2024) Monitoring and
Predicting Forest Growth and Dynamics. CNR Edizioni, Roma.
ISBN: 9788880806554

Corona P (2024) Parameterization of the cultivation density of Austrian
pine, Corsican pine and Douglas fir plantations. Ann Silv Res
49:78-79. https://doi.org/10.12899/asr-2583

Corona P, Alivernini A (2024) Forests for the world. Ann Silv Res
49:80-81. https://doi.org/10.12899/asr-2583

Corona P, Quatrini V, Schirru M, Dettori S, Puletti N (2018) Towards
the economic valuation of ecosystem production from cork oak
forests in Sardinia (Italy). Iforest 11(5):660-667. https://doi.org/
10.3832/ifor2558-011

Corona P, Bergante S, Marchi M, Barbetti R (2024) Quantifying
the potential of hybrid poplar plantation expansion: an appli-
cation of land suitability using an expert-based fuzzy logic
approach. New for 55(5):1231-1246. https://doi.org/10.1007/
$11056-023-10026-6

Corona P, Bernardini V, Iovino F, Lisa C, Paletto A, Plutino M,
Sacchelli S, Vangi E, Travaglini D, Nocentini S (2025) Utilita
ecosistemiche e valorizzazione selvicolturale dei rimboschi-
menti di conifere. Rete Rurale Nazionale 2014-2020, Scheda n.
22.2-Foreste. Consiglio per la ricerca in agricoltura e 1’analisi
dell’economia agraria, Roma. ISBN: 9788833853895

Costantini EAC, Dazzi C (2013) The soils of Italy. Springer, Nether-
lands,. https://doi.org/10.1007/978-94-007-5642-7

Croitoru L (2007) How much are Mediterranean forests worth? For
Policy Econ 9(5):536-545. https://doi.org/10.1016/j.forpol.2006.
04.001

Dalmonech D, Marano G, Amthor JS, Cescatti A, Lindner M, Trotta
C, Collalti A (2022) Feasibility of enhancing carbon sequestration
and stock capacity in temperate and boreal European forests via
changes to management regimes. Agric for Meteorol 327:109203.
https://doi.org/10.1016/j.agrformet.2022.109203

De Pury DGG, Farquhar GD (1997) Simple scaling of photosynthesis
from leaves to canopies without the errors of big-leaf models.
Plant Cell Environ 20(5):537-557. https://doi.org/10.1111/1.1365-
3040.1997.00094.x

De Rosa P, Cencetti C, Fredduzzi A (2021) A GIS based tool for sedi-
ment delivery ratio comparison. Ital J Eng Geol Environ 1:47-52

del Rio M, Calama R, Caiiellas I, Roig S, Montero G (2008) Thinning
intensity and growth response in SW-European Scots pine stands.
Ann for Sci 65(3):308. https://doi.org/10.1051/forest:2008009

Desvousges WH, Johnson FR, Banzhaf HS (1998) Environmental pol-
icy analysis with limited information: principles and applications
of the transfer method. Edward Elgar, Cheltenham, UK

Duncker PS, Raulund-Rasmussen K, Gundersen P, Katzensteiner K,
De Jong J, Ravn HP, Smith M, Eckmiillner O, Spiecker H (2012)
How forest management affects ecosystem services, including
timber production and economic return: synergies and trade-offs.
Ecol Soc 17(4)

Engel M, Vospernik S, Toigo M, Morin X, Tomao A, Trotta C, Steckel
M, Barbati A, Nothdurft A, Pretzsch H, del Rio M, Skrzyszewski
J, Ponette Q, Lof M, Jansons A, Brazaitis G (2021) Simulating the
effects of thinning and species mixing on stands of oak (Quercus

petraea (Matt.) Liebl./Quercus robur L.) and pine (Pinus sylves-
tris (Matt.) across Europe. Ecol Model 442:109406

Fares S, Mugnozza GS, Corona P, Palahi M (2015) Sustainability: five
steps for managing Europe’s forests. Nature 519(7544):407-409.
https://doi.org/10.1038/519407a

Farquhar GD, von Caemmerer S, Berry JA (1980) A biochemical
model of photosynthetic CO, assimilation in leaves of C; spe-
cies. Planta 149(1):78-90. https://doi.org/10.1007/BF00386231

Federici S, Vitullo M, Tulipano S, De Lauretis R, Seufert G (2008) An
approach to estimate carbon stocks change in forest carbon pools
under the UNFCCC: the Italian case. Iforest 1(2):86-95. https://
doi.org/10.3832/ifor0457-0010086

Gao M, Chen SF, Suo AL, Chen F, Liu XD, Gao M, Chen SF, Suo AL,
Chen F, Liu XD (2024) Response of fuel characteristics, potential
fire behavior, and understory vegetation diversity to thinning in
Platycladus orientalis forest in Beijing. China Forests 15(9):1667.
https://doi.org/10.3390/f15091667

Garcia-Jiménez R, Palmero-Iniesta M, Espelta JM, Garcia-Jiménez
R, Palmero-Iniesta M, Espelta JM (2017) Contrasting effects of
fire severity on the regeneration of Pinus halepensis mill. and
resprouter species in recently thinned thickets. Forests 8(3):55.
https://doi.org/10.3390/£8030055

Gasparini P, Di Cosmo L, Floris A, De Laurentis D (2022) Italian
National Forest Inventory—Methods and Results of the Third
Survey. Springer Tracts in Civil Engineering. https://doi.org/10.
1007/978-3-030-98678-0_7

Grilli G, Paletto A, De Meo I (2014) Economic valuation of forest
recreation in an Alpine Valley. Balt for 20:167-175

Grilli G, Fratini R, Marone E, Sacchelli S (2020) A spatial-based tool
for the analysis of payments for forest ecosystem services related
to hydrogeological protection. For Policy Econ 111:102039.
https://doi.org/10.1016/j.forpol.2019.102039

Grilli G, Barbierato E, Capecchi I, Sacchelli S (2022) Application of
stated-preferences methods and neuroscience for the valuation of
dynamicity in forest cultural ecosystem services. J Environ Plann
Manage 65(3):398-417. https://doi.org/10.1080/09640568.2021.
1885354

Hanewinkel M, Cullmann DA, Schelhaas MJ, Nabuurs GJ, Zim-
mermann NE (2013) Climate change may cause severe loss in
the economic value of European forest land. Nat Clim Change
3(3):203-207. https://doi.org/10.1038/nclimate 1687

Homann PS, Bormann BT, Boyle JR (2001) Detecting treatment differ-
ences in soil carbon and nitrogen resulting from forest manipula-
tions. Soil Sci Soc Am J 65(2):463—469. https://doi.org/10.2136/
$552j2001.652463x

IPCC (2000) Summary for Policymakers Land Use, Land-Use Change,
and Forestry. ISBN: 92-9169-114-3

Jonard M, Misson L, Ponette Q (2006) Long-term thinning effects on
the forest floor and the foliar nutrient status of Norway spruce
stands in the Belgian Ardennes. Can J for Res 36(10):2684-2695.
https://doi.org/10.1139/x06-153

Kobayashi H, Song C, Ikei H, Park BJ, Kagawa T, Miyazaki Y (2019)
Combined effect of walking and forest environment on salivary
Cortisol concentration. Front Public Health 7:376. https://doi.org/
10.3389/fpubh.2019.00376

La Marca O (2005) Studi e ricerche sui danni da neve e vento nella
foresta di Vallombrosa. L’italia Forestale e Montana 2:193-202

Lafond V, Cordonnier T, Mao Z, Courbaud B (2017) Trade-offs and
synergies between ecosystem services in uneven-aged mountain
forests: evidences using Pareto fronts. Eur J for Res 136(5):997—
1012. https://doi.org/10.1007/s10342-016-1022-3

Li Q (2010) Effect of forest bathing trips on human immune function.
Environ Health Prev Med 15(1):9-17. https://doi.org/10.1007/
$12199-008-0068-3

Mahnken M, Cailleret M, Collalti A, Trotta C, Biondo C, D’Andrea
E, Dalmonech D, Marano G, Mikeld A, Minunno F, Peltoniemi

@ Springer


https://doi.org/10.1029/2018MS001275
https://doi.org/10.1029/2018MS001275
https://doi.org/10.1111/gcb.14857
https://doi.org/10.12899/asr-2583
https://doi.org/10.12899/asr-2583
https://doi.org/10.3832/ifor2558-011
https://doi.org/10.3832/ifor2558-011
https://doi.org/10.1007/s11056-023-10026-6
https://doi.org/10.1007/s11056-023-10026-6
https://doi.org/10.1007/978-94-007-5642-7
https://doi.org/10.1016/j.forpol.2006.04.001
https://doi.org/10.1016/j.forpol.2006.04.001
https://doi.org/10.1016/j.agrformet.2022.109203
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1051/forest:2008009
https://doi.org/10.1038/519407a
https://doi.org/10.1007/BF00386231
https://doi.org/10.3832/ifor0457-0010086
https://doi.org/10.3832/ifor0457-0010086
https://doi.org/10.3390/f15091667
https://doi.org/10.3390/f8030055
https://doi.org/10.1007/978-3-030-98678-0_7
https://doi.org/10.1007/978-3-030-98678-0_7
https://doi.org/10.1016/j.forpol.2019.102039
https://doi.org/10.1080/09640568.2021.1885354
https://doi.org/10.1080/09640568.2021.1885354
https://doi.org/10.1038/nclimate1687
https://doi.org/10.2136/sssaj2001.652463x
https://doi.org/10.2136/sssaj2001.652463x
https://doi.org/10.1139/x06-153
https://doi.org/10.3389/fpubh.2019.00376
https://doi.org/10.3389/fpubh.2019.00376
https://doi.org/10.1007/s10342-016-1022-3
https://doi.org/10.1007/s12199-008-0068-3
https://doi.org/10.1007/s12199-008-0068-3

44 Page 22 of 23

E. Vangi et al.

M, Trotsiuk V, Nadal-Sala D, Sabaté S, Vallet P, Aussenac R,
Cameron DR, Bohn FJ, Grote R, Augustynczik ALD, Yousefpour
R, Huber N, Bugmann H, Merganic¢ova K, Merganic J, Valent P,
Lasch-Born P, Hartig F, del Vega Valle ID, Volkholz J, Gutsch
M, Matteucci G, Krejza J, Ibrom A, Meesenburg H, Rotzer T,
van der Maaten-Theunissen M, van der Maaten E, Reyer CPO
(2022) Accuracy, realism and general applicability of European
forest models. Glob Change Biol 28(23):6921-6943. https://doi.
org/10.1111/gcb.16384

Marchi M, Paletto A, Cantiani P, Bianchetto E, De Meo I, Marchi M,
Paletto A, Cantiani P, Bianchetto E, De Meo I (2018) Comparing
thinning system effects on ecosystem services provision in artifi-
cial black pine (Pinus nigra J. F. Arnold) forests. Forests 9(4):188.
https://doi.org/10.3390/f9040188

Marconi S, Chiti T, Nolé A, Valentini R, Collalti A, Marconi S, Chiti
T, Nol¢ A, Valentini R, Collalti A (2017) The role of respiration in
estimation of net carbon cycle: coupling soil carbon dynamics and
canopy turnover in a novel version of 3D-CMCC forest ecosystem
model. Forests 8(6):220. https://doi.org/10.3390/f8060220

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb
T, Plaut J, Sperry J, West A, Williams DG, Yepez EA (2008)
Mechanisms of plant survival and mortality during drought: why
do some plants survive while others succumb to drought? New
Phytol 178(4):719-739. https://doi.org/10.1111/j.1469-8137.
2008.02436.x

McRoberts RE, Westfall JA (2014) Effects of uncertainty in model
predictions of individual tree volume on large area volume esti-
mates. For Sci 60(1):34—42. https://doi.org/10.5849/forsci.12-141

Mickovski SB, Stokes A, van Beek LPH (2005) A decision support tool
for windthrow hazard assessment and prevention. For Ecol Man-
age 216(1-3):64-76. https://doi.org/10.1016/j.foreco.2005.05.043

Moran-Ordoéiiez A, Roces-Diaz JV, Otsu K, Ameztegui A, Coll L, Lefe-
vre F, Retana J, Brotons L (2019) The use of scenarios and models
to evaluate the future of nature values and ecosystem services
in Mediterranean forests. Reg Environ Change 19(2):415-428.
https://doi.org/10.1007/s10113-018-1408-5

Morichetti M, Vangi E, Collalti A (2024) Predicted future changes in
the mean seasonal carbon cycle due to climate change. Forests
15(7):1124. https://doi.org/10.3390/f15071124

Nocentini S, Travaglini D, Muys B (2022) Managing Mediterranean
forests for multiple ecosystem services: research progress and
knowledge gaps. Curr for Rep 8(2):229-256. https://doi.org/10.
1007/s40725-022-00167-w

Palmero-Iniesta M, Doménech R, Molina-Terrén D, Espelta JM (2017)
Fire behavior in Pinus halepensis thickets: effects of thinning and
woody debris decomposition in two rainfall scenarios. For Ecol
Manag 404:230-240. https://doi.org/10.1016/j.foreco.2017.08.043

Palmieri M, Gaglioppa P, Guadagno R, Marino D, Marucci A, Pel-
legrino D, Picchi S (2014) Modello dimostrativo di valutazione
dell’efficacia di gestione. Report from project Making Good
Natura (LIFE+11 ENV/IT/000168). Roma, CURSA p. 128 URL:
http://www.lifemgn-serviziecosistemici.eu/IT/Documents/doc_
mgn/LIFE+MGN_Report_B2.pdf [in Italian].

Panagos P, Borrelli P, Meusburger K, Alewell C, Lugato E, Montan-
arella L (2015a) Estimating the soil erosion cover-management
factor at the European scale. Land Use Policy 48:38-50. https://
doi.org/10.1016/j.]1andusepol.2015.05.021

Panagos P, Borrelli P, Poesen J, Ballabio C, Lugato E, Meusburger K,
Montanarella L, Alewell C (2015b) The new assessment of soil
loss by water erosion in Europe. Environ Sci Policy 54:438-447.
https://doi.org/10.1016/j.envsci.2015.08.012

Panagos P, Van Liedekerke M, Borrelli P, Koninger J, Ballabio C,
Orgiazzi A, Lugato E, Liakos L, Hervas J, Jones A, Montanarella
L (2022) European soil data centre 2.0: soil data and knowledge
in support of the EU policies. Eur J Soil Sci 73(6):e13315. https://
doi.org/10.1111/ejss.13315

@ Springer

Pappas C, Maillet J, Rakowski S, Baltzer JL, Barr AG, Black TA,
Fatichi S, Laroque CP, Matheny AM, Roy A, Sonnentag O,
Zha T (2020) Aboveground tree growth is a minor and decou-
pled fraction of boreal forest carbon input. Agri Forest Meteorol
290:108030

Pearce DW, Turner RK, Bateman I (2003) Environmental Economics:
An Elementary Introduction. The Johns Hopkins University Press.
ISBN-10 0801848628.

Peng L, Searchinger TD, Zionts J et al (2023) The carbon costs of
global wood harvests. Nature 620:110-115. https://doi.org/10.
1038/s41586-023-06187-1

Puchi PF, Dalmonech D, Castagneri D, Genovese G, Helgason W, Kho-
mik M, Brilli L, Collalti A (2026) Decoding carbon allocation in
boreal forests: Integrating multi-proxy observations and process-
based modelling. Agri Forest Meteorol 378:110923

Puettmann KJ, Wilson SM, Baker SC, Donoso PJ, Drossler L, Amente
G, Harvey BD, Knoke T, Lu YC, Nocentini S, Putz FE, Yoshida
T, Bauhus J (2015) Silvicultural alternatives to conventional even-
aged forest management-what limits global adoption? For Ecosyst
2:8. https://doi.org/10.1186/s40663-015-0031-x

Raffa M, Adinolfi M, Reder A, Marras GF, Mancini M, Scipione G,
Santini M, Mercogliano P (2023) Very high resolution projec-
tions over Italy under different CMIP5 IPCC scenarios. Sci Data
10:238. https://doi.org/10.1038/s41597-023-02144-9

Reyer CPO, Bathgate S, Blennow K, Borges JG, Bugmann H, Delzon
S, Faias SP, Garcia-Gonzalo J, Gardiner B, Gonzalez-Olabarria
JR, Gracia C, Hernandez JG, Kellomiki S, Kramer K, Lexer MJ,
Lindner M, van der Maaten E, Maroschek M, Muys B, Nicoll B,
Palahi M, Palma JH, Paulo JA, Peltola H, Pukkala T, Rammer
W, Ray D, Sabaté S, Schelhaas MJ, Seidl R, Temperli C, Tomé
M, Yousefpour R, Zimmermann NE, Hanewinkel M (2017) Are
forest disturbances amplifying or canceling out climate change-
induced productivity changes in European forests? Environ Res
Lett 12(3):034027. https://doi.org/10.1088/1748-9326/aa5ef1

Reyer CPO, Silveyra Gonzalez R, Dolos K, Hartig F, Hauf Y, Noack
M, Lasch-Born P, Rotzer T, Pretzsch H, Meesenburg H, Fleck S,
Wagner M, Bolte A, Sanders TGM, Kolari P, Mikeld A, Vesala
T, Mammarella I, Pumpanen J, Collalti A, Trotta C, Matteucci G,
D’Andrea E, Foltynova L, Krejza J, Ibrom A, Pilegaard K, Lous-
tau D, Bonnefond JM, Berbigier P, Picart D, Lafont S, Dietze M,
Cameron D, Vieno M, Tian HQ, Palacios-Orueta A, Cicuendez
V, Recuero L, Wiese K, Biichner M, Lange S, Volkholz J, Kim
H, Horemans JA, Bohn F, Steinkamp J, Chikalanov A, Weedon
GP, Sheffield J, Babst F, del Vega Valle I, Suckow F, Martel S,
Mahnken M, Gutsch M, Frieler K (2020) The PROFOUND data-
base for evaluating vegetation models and simulating climate
impacts on European forests. Earth Syst Sci Data 12(2):1295—
1320. https://doi.org/10.5194/essd-12-1295-2020

Ribe RG (2009) In-stand scenic beauty of variable retention harvests
and mature forests in the U.S. Pacific Northwest: the effects of
basal area, density, retention pattern and down wood. J Environ
Manage 91(1):245-260. https://doi.org/10.1016/j.jenvman.2009.
08.014

Rockel B, Will A, Hense A (2008) The regional climate model
COSMO-CLM (CCLM). Metz 17(4):347-348. https://doi.org/
10.1127/0941-2948/2008/0309

Romero C, Rehman T (2003) Chapter five compromise programming.
In: Multiple criteria analysis for agricultural decisions. Elsevier,
pp 63-78. https://doi.org/10.1016/s0926-5589(03)80007-9

Ronngvist M, Martell D, Weintraub A (2023) Fifty years of operational
research in forestry. Int Trans Oper Res 30(6):3296-3328. https://
doi.org/10.1111/itor.13316

Ruiz-Peinado R, Bravo-Oviedo A, Lopez-Senespleda E, Montero G,
Rio M (2013) Do thinnings influence biomass and soil carbon
stocks in Mediterranean maritime pinewoods? Eur J Forest Res
132(2):253-262. https://doi.org/10.1007/s10342-012-0672-z


https://doi.org/10.1111/gcb.16384
https://doi.org/10.1111/gcb.16384
https://doi.org/10.3390/f9040188
https://doi.org/10.3390/f8060220
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.5849/forsci.12-141
https://doi.org/10.1016/j.foreco.2005.05.043
https://doi.org/10.1007/s10113-018-1408-5
https://doi.org/10.3390/f15071124
https://doi.org/10.1007/s40725-022-00167-w
https://doi.org/10.1007/s40725-022-00167-w
https://doi.org/10.1016/j.foreco.2017.08.043
http://www.lifemgn-serviziecosistemici.eu/IT/Documents/doc_mgn/LIFE+MGN_Report_B2.pdf
http://www.lifemgn-serviziecosistemici.eu/IT/Documents/doc_mgn/LIFE+MGN_Report_B2.pdf
https://doi.org/10.1016/j.landusepol.2015.05.021
https://doi.org/10.1016/j.landusepol.2015.05.021
https://doi.org/10.1016/j.envsci.2015.08.012
https://doi.org/10.1111/ejss.13315
https://doi.org/10.1111/ejss.13315
https://doi.org/10.1038/s41586-023-06187-1
https://doi.org/10.1038/s41586-023-06187-1
https://doi.org/10.1186/s40663-015-0031-x
https://doi.org/10.1038/s41597-023-02144-9
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.5194/essd-12-1295-2020
https://doi.org/10.1016/j.jenvman.2009.08.014
https://doi.org/10.1016/j.jenvman.2009.08.014
https://doi.org/10.1127/0941-2948/2008/0309
https://doi.org/10.1127/0941-2948/2008/0309
https://doi.org/10.1016/s0926-5589(03)80007-9
https://doi.org/10.1111/itor.13316
https://doi.org/10.1111/itor.13316
https://doi.org/10.1007/s10342-012-0672-z

Enhancing ecosystem service provision through the silvicultural management of European black...

Page 23 0f23 44

Sacchelli S (2018) A decision support system for trade-off analysis
and dynamic evaluation of forest ecosystem services. Iforest
11(1):171-180. https://doi.org/10.3832/ifor2416-010

Sacchelli S, Cipollaro M, Fabbrizzi S (2018) A GIS-based model for
multiscale forest insurance analysis: the Italian case study. For
Policy Econ 92:106-118. https://doi.org/10.1016/j.forpol.2018.
04.011

Sacchelli S, Borghi C, Grilli G (2021) Prevention of erosion in moun-
tain basins: a spatial-based tool to support payments for forest
ecosystem services. J for Sci 67(6):258-271. https://doi.org/10.
17221/5/2021-jfs

Sanchez-Salguero R, Camarero JJ, Dobbertin M, Fernandez-Cancio
A, Vila-Cabrera A, Manzanedo RD, Navarro-Cerrillo RM (2013)
Contrasting vulnerability and resilience to drought-induced
decline of densely planted vs. natural rear-edge Pinus nigra for-
ests. For Ecol Manag 310:956-967

Saponaro V, De Céceres M, Dalmonech D, D’Andrea E, Vangi E, Col-
lalti A (2025) Assessing the combined effects of forest manage-
ment and climate change on carbon and water fluxes in European
beech forests. For Ecosyst 12:100290. https://doi.org/10.1016/j.
fecs.2024.100290

Saponaro V, Dalmonech D, Vangi E et al (2026) Climate change, more
than management, drives short- and long-term changes in iWUE
in a sub-Alpine beech forest. J For Res 37:16. https://doi.org/10.
1007/s11676-025-01942-8

Sartori D, Catalano G, Genco M, Pancotti C, Sirtori E, Vignetti S,
Del Bo C (2014) Guide to Cost-Benefit Analysis of Investment
Projects-Economic appraisal tool for Cohesion Policy 2014-2020.
European Commission, Directorate-General for Regional and
Urban policy, Luxembourg Publications Office of the European
Union, ISBN: 978-92-79-34796-2.

Simon DC, Ameztegui A (2023) Modelling the influence of thinning
intensity and frequency on the future provision of ecosystem ser-
vices in Mediterranean mountain pine forests. Eur J Forest Res
142(3):521-535. https://doi.org/10.1007/s10342-023-01539-y

Slodicak M, Novak J (2006) Silvicultural measures to increase the
mechanical stability of pure secondary Norway spruce stands
before conversion. For Ecol Manag 224(3):252-257. https://doi.
org/10.1016/j.foreco.2005.12.037

Suliman T, Ledermann T (2025) Modelling salvage cuts in Austrian
Forests—I: wind and snow induced tree breakage. For Ecol Manage
578:122479. https://doi.org/10.1016/j.foreco.2024.122479

Testolin R, Dalmonech D, Marano G, Bagnara M, D’Andrea E, Mat-
teucci G, Collalti A (2023) Simulating diverse forest management
options in a changing climate on a Pinus nigra subsp. laricio plan-
tation in Southern Italy. Sci Total Environ 857:159361

Tomao A, Bonet JA, de Martinez Aragdn J, de-Miguel S (2017) Is
silviculture able to enhance wild forest mushroom resources?

Current knowledge and future perspectives. For Ecol Manage
402:102-114. https://doi.org/10.1016/j.foreco.2017.07.039
Tudoran G-M, Cicsa A, Dobre A-C, Cicsa M, Pascu I-S, Leca $ (2023)
Health and growth of black pine outside its natural distribution
range in the Romanian carpathians. Forests 14:884. https://doi.
org/10.3390/f14050884

Vacek Z, Cukor J, Vacek S, Gallo J, Bazant V, Zeidler A (2023) Role of
black pine (Pinus nigra J. F. Arnold) in European forests modified
by climate change. Eur J Forest Res 142(6):1239-1258. https://
doi.org/10.1007/s10342-023-01605-5

Valade A, Bellassen V, Magand C, Luyssaert S (2017) Sustaining the
sequestration efficiency of the European forest sector. For Ecol
Manage 405: 44-55. https://doi.org/10.1016/j.foreco.2017.09.009

Valentini R, Miglietta F (2015) The greenhouse gas balance of Italy.
Springer, Heidelberg, New York

Vangi E, D’Amico G, Francini S, Borghi C, Giannetti F, Corona P,
Marchetti M, Travaglini D, Pellis G, Vitullo M, Chirici G (2023)
Large-scale high-resolution yearly modeling of forest growing
stock volume and above-ground carbon pool. Environ Model
Softw 159:105580. https://doi.org/10.1016/j.envsoft.2022.105580

Vangi E, Dalmonech D, Cioccolo E, Marano G, Bianchini L, Puchi PF,
Grieco E, Cescatti A, Colantoni A, Chirici G, Collalti A (2024a)
Stand age diversity (and more than climate change) affects for-
ests’ resilience and stability, although unevenly. ] Environ Manag
366:121822. https://doi.org/10.1016/j.jenvman.2024.121822

Vangi E, Dalmonech D, Morichetti M, Grieco E, Giannetti F, D’Amico
G, Nakhavali MA, Chirici G, Collalti A (2024b) Stand age and
climate change effects on carbon increments and stock dynamics.
Forests 15(7):1120. https://doi.org/10.3390/f15071120

Vangi E, Dalmonech D, Collalti A (2025) R3DFEM: an R package for
running the 3D-CMCC-FEM model. Earth Sci Inform 18(3):459.
https://doi.org/10.1007/s12145-025-01956-0

Vitullo M, De Lauretis R, Federici S (2007) La contabilita del carbonio
contenuto nelle foreste italiane. Silvae 3(9):1-14

Wolfslehner B, Prokofieva I, Mavsar R (2019) Non-wood forest prod-
ucts in Europe: Seeing the forest around the trees. What Science
Can Tell Us 10. European Forest Institute.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.3832/ifor2416-010
https://doi.org/10.1016/j.forpol.2018.04.011
https://doi.org/10.1016/j.forpol.2018.04.011
https://doi.org/10.17221/5/2021-jfs
https://doi.org/10.17221/5/2021-jfs
https://doi.org/10.1016/j.fecs.2024.100290
https://doi.org/10.1016/j.fecs.2024.100290
https://doi.org/10.1007/s11676-025-01942-8
https://doi.org/10.1007/s11676-025-01942-8
https://doi.org/10.1007/s10342-023-01539-y
https://doi.org/10.1016/j.foreco.2005.12.037
https://doi.org/10.1016/j.foreco.2005.12.037
https://doi.org/10.1016/j.foreco.2024.122479
https://doi.org/10.1016/j.foreco.2017.07.039
https://doi.org/10.3390/f14050884
https://doi.org/10.3390/f14050884
https://doi.org/10.1007/s10342-023-01605-5
https://doi.org/10.1007/s10342-023-01605-5
https://doi.org/10.1016/j.foreco.2017.09.009
https://doi.org/10.1016/j.envsoft.2022.105580
https://doi.org/10.1016/j.jenvman.2024.121822
https://doi.org/10.3390/f15071120
https://doi.org/10.1007/s12145-025-01956-0

	Enhancing ecosystem service provision through the silvicultural management of European black pine stands from afforestation and reforestation in Italy
	Abstract 
	Introduction
	Materials and methods
	Study area and field data collection
	3D-CMCC-FEM Model
	Climate and soil data
	Present-day model evaluation and long-term dynamics
	Economic quantification of ES
	Wood production
	Aesthetic value
	Protection from erosion
	Carbon storage
	Total Economic Value
	Analysis of avoided damage


	Results
	Stand dynamics
	Economic quantification of ES

	Discussion
	Black pine stands and ES dynamics under different thinning regimes
	Economic value of ESs under different thinning regimes
	Management and policy implications
	Limitations

	Conclusion
	Acknowledgements 
	References


