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Abstract: Models for carbon (C) stock assessment are widely applied in forest science, and mainly dif-
fer according to the scale of application, the required data, and the objectives for their implementation.
This work presents the methodology implemented into the second version of an empirical model,
WOody biomass and Carbon ASsessment (WOCAS v2), that uses the data of forest management plans
(FMP) to calculate the mass of wood (t·year−1 of dry matter, DM) and C (t·year−1 C) at the stand
level and from the year in which the FMPs came into force until a predefined reference year, for an
Italian Case Study Area of Central Alps. The mass of wood and C are computed for (i) aboveground
wood biomass (AWB), (ii) belowground wood biomass (BWB), and (iii) dead organic matter (DOM;
i.e., dead wood and litter) according to the 2006 IPCC Guidelines. WOCAS v2 was tested for the first
time for 2019 public forest stands (3.67 × 104 ha) of Valle Camonica for the period 1984–2018. Results
showed that, in 2018 and at the landscape level, the total living wood biomass (TLB; AWB + BWB)
reached 5.35·106 t DM. TLB yield (t·ha−1·year−1 DM) ranged from 44.72 ± 44.42 t·ha−1·year−1 DM
(1984) to 145.49± 70.76 t·ha−1·year−1 DM (2018). In the same year, DOM amounted to 6.12·105 t DM,
ranging from 8.28 ± 7.79 t·ha−1·year−1 DM (1989) to 17.11 ± 12.03 t·ha−1·year−1 DM (2015). The
total weighted C yield, computed as the sum of C yield in AWB, BWB, and DOM of each stand,
ranged from 26.63 ± 26.80 t·ha−1·year−1 C (1984) to 80.28 ± 41.32 t·ha−1·year−1 C (2018). The results
demonstrated that FMPs data can be useful in estimating wood and C mass at the stand level and
their variation over space and time for AWB as well as for BWB and DOM, which are not considered
in the FMPs. This can represent a starting point for defining sustainable forest management policies
and practices to improve forest vitality and conservation in compatibility with ecosystem services
provision. Moreover, as the model is based on a standardized methodology it can be applied in any
other forest area where the same input data are made available; this may constitute the basis for
further applications on a broader scale.

Keywords: carbon stock; empirical models; forest management plans; forest stand; sustainable forest
management; wood biomass

1. Introduction

In Europe, forests cover approximately 2.27 × 108 ha (34.8% of the total area), which
represents about 5% of the world’s forest area. About 87% of European forests is classified
as semi-natural, 4% as natural, and 9% as plantations. Over hundreds of years, climatic
conditions and environmental and hydrological factors together with human practices
have promoted the establishment of several types of forests characterized by different
management systems, functions, and species [1].

The role of forests has received increased attention in the context of global warming
and climate change mitigation through the United Nations Framework Convention on
Climate Change (UNFCCC, 1992) [2] and the Kyoto Protocol, and was recently further
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emphasized through the Paris Agreement (November 2016) and the EU regulation 2018/841
for the Land Use, Land Use Change and Forestry (LULUCF) Sector [3].

Forests remove atmospheric CO2, resulting in its accumulation in both aboveground
and belowground biomass; a fraction of this C is then transferred to the deadwood, litter,
and soil due to natural mortality (self-thinning due to senescence and competition for
light, water, and nutrients), natural disturbances, and logging residues (e.g., branches, tops,
noncommercial wood parts, and small stems which fall into the ground during harvesting)
that remain at the felling site once roundwood is collected. At the same time, mortality,
wood collection, and decomposition processes can cause re-emission of this sequestered C
directly into the atmosphere [4–7].

The mass of the stored C (i.e., C stock) depends on the mass of wood and its dy-
namics, and can therefore increase or decrease according to environmental conditions,
forest structure (e.g., tree density, species, and age), silvicultural treatments, and mortality.
Therefore, by computing the trend of C mass over a given period it is possible to evaluate
whether forests act as C sinks or sources in order to assess their role in mitigating climate
change [1,8].

Models for C stock assessment are widely applied, and mainly differ according to their
scale of application, required input data, and output results, and are generally classified as
either mechanistic or empirical [9,10].

Mechanistic models simulate the growth of a forest by considering the interaction
among the physiological processes on which the growth itself is based, i.e., photosynthesis,
respiration, and allocation of photosynthates to leaves, stems, and roots [9–11]. These
models generally require complex input data/information which are not always made
available from forest inventory or local forest plans, causing difficulties in their use [9].
Moreover, the output results (e.g., gross or net primary production) are not always of
interest or practical help for forest management [9,12].

On the other hand, empirical models describe a forest’s development through regres-
sion equations that are parameterized using extensive datasets, excluding the processes
that control forest growth from a physiological point of view, and are generally classified
into single-tree, size-class, and whole-stand models.

In single-tree models, in which the basic unit of modeling is the tree, input data such
as tree dimensions, tree height, and crown characteristics are used to provide detailed
information about the growth of different tree compartments and their characteristics [13].
Single-tree models can in turn be either distance-dependent, which requires the location of
each tree and the distance among trees as input data, or distance-independent, in which
case it is assumed that trees are randomly distributed. Examples of single-tree models
include TASS [14], PROGNAUS [15], SILVA [16], and FVS [17].

Size-class models provide information on the forest’s structure and as an output result
generally produce a histogram displaying the distribution of stem diameters. This type of
model represents a compromise between whole-stand and single-tree models; when the
class size is large and only one diameter class exists, the model can be considered as a whole-
stand model, while when different diameter classes exist, the model is considered a single-
tree model [9,10]. Examples of size-class models include FIBER [18] and CAFOGROM [19].

In whole-stand models, the basic unit of modeling is the stand, defined as a group of
trees over a specific area and sufficiently uniform in terms of species, structure, management
practices, and soil conditions to be distinguished from other tree groups in neighboring
areas. Each stand is classified according to a few attributes such as stem volume, basal
area, or tree density, and the change in these attributes over time is simulated. Widely used
whole-stand models include DFSIM [20], TADAM [21], and GNY [22]. Even if these models
are the simplest empirical ones, they are widely adopted in forest management [9] because
they are suitable for evaluating the impact of different silvicultural treatments on forest C
stock over time [23,24]. Nevertheless, they generally do not consider the impact of climate
change [9] and variation in soil productivity due to nitrogen deposition and atmospheric
CO2 concentration [25]; therefore, future projections should be limited to the short period
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of time for which it is reasonable to assume that growth and C stock are mainly affected by
forest structure and silvicultural treatments and over which natural disturbances do not
occur [26].

Empirical models are currently applied at both continental [27], national [28,29],
regional [30,31], and local [26] scales. This latter level of analysis is particularly important
for Italy, where the main tool to manage public forests is the forest management plan (FMP).
A generic FMP is based on the single forest stand as its management unit and defines for a
given stand the silvicultural treatments to be carried out over a specific period of time to
increase the productive, environmental, naturalistic, and social functions of the forest [32].
Each FMP has a duration between 10 and 15 years and is generally prepared by local forestry
authorities such as mountain communities, i.e., local bodies that connect municipalities
of alpine and pre-alpine areas and are aimed at improving the socioeconomic conditions
of mountainous landscapes [33]. FMPs provide several types of data and information
that are often neglected which, if properly managed, can be used to estimate forest wood
and C stock at different space and time scales [34]. For this purpose, the main piece of
quantitative data that is always made available is the total merchantable stem volume, i.e.,
the volume of the stem that can be used for commercial purposes, whereas more specific
information such as tree number and the corresponding volume, or average tree diameter,
are not always reported. Under these conditions, using whole-stand models for biomass
and C stock estimation is the only feasible solution.

In addition to C sequestration, forests contribute to climate change mitigation by
making wood available for energy generation [35–39] or long life-cycle products such as
furniture, doors, flooring, or packaging [40,41]. Therefore, local decision-makers can be
supported in forest management by providing them with models aimed at the quantification
of forest biomass and C stock on the one hand, and wood for building and energy purposes
on the other.

To achieve this specific goal, the first version of the empirical stand-level model
WOody biomass and Carbon Assessment (WOCAS v1) [42] was improved in establishing
the second version (WOCAS v2), which is described here. In WOCAS v1, a retrospective
analysis (i.e., for each stand, from the year in which the FMP entries into force until a
predefined reference year) is performed, and the mass of C (t·year−1 C) is computed
in (i) aboveground wood biomass (AWB), (ii) belowground wood biomass (BWB), (iii)
deadwood, and (iv) litter. Starting from this point, the model provides the possibility of
analyzing future scenarios based on the continuation of the current management practices
or the adoption of improved ones (e.g., conversion of abandoned coppices to high forests)
in order to define a possible mitigation strategy at the local level for the activation of
Voluntary Carbon Markets.

Compared to WOCAS v1, WOCAS v2 is specifically focused on retrospective analysis,
and it provides a more comprehensive assessment of the mass of wood and C at the stand
level; the transfer of wood and C within the forest pools are simulated for each analyzed
year according to biomass increment, losses to due self-thinning, natural disturbances,
wood collection, and dead organic matter (DOM; i.e., dead wood and litter) decomposition.
Therefore, unlike other models and approaches in which the calculations are performed
starting from data made available by regional/national forest inventories and often only
for the AWB, WOCAS uses data from FMPs and performs the calculations for different
ecosystem pools. In detail, compared to the previous version the main improvements
of WOCAS v2 are: (i) calculation of the gross annual increment of each stand through
an age-independent nonlinear growth function based on the merchantable stem mass;
(ii) estimation of the AWB using biomass expansion factors alternately defined for each
classification criteria code (see Section 2) or for each stand; (iii) inclusion of self-thinning
and natural disturbances in the simulation; (iv) quantification of the mass of wood and C
in the DOM according to the annual inputs (self-thinning, natural disturbances, producible
logging residues) and output (decomposition); and (v) calculation of the mass of C within
each pool for each year of analysis.
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In addition to wood and C mass assessment, a methodology was implemented into
WOCAS v2 to calculate the mass of logging residues (branches and tops only; t·year−1

DM) potentially available for energy generation. This is another important and innovative
aspect which distinguishes WOCAS v2 from WOCAS v1 and other models, as extraction of
logging residues is not always considered even if it plays a crucial role in defining C balance
at the stand level. The methodology for residues estimation has already been presented
in [38] and is not covered here; therefore, when applying WOCAS v2 to the Case Study
Area, it was assumed that all the producible logging residues were left inside the stand
after stem collection.

Considering all these elements, the aims of the current work are: (i) to present the
methodology implemented into WOCAS v2 for the quantification of the mass of wood and
C for AWB, BWB, and DOM for a generic forest stand; and (ii) to present the results derived
from the first application of the improved methodology to 2019 public forest stands of Valle
Camonica (Lombardy region, Italy), covering the period 1984–2018.

Valle Camonica was selected as a representative Case Study in Northern Italy as it is
one of the biggest valleys of the Central Alps and is characterized by an extensive forest
area (i.e., 3.67 × 104 ha) covered by 45 FMPs; this makes the use of FMP data particularly
interesting for wood and C mass estimation. The north-eastern part of the valley is covered
by the Adamello Regional Park, which includes a Special Protection Area (ZPS) and fifteen
Sites of Community Importance (SCI); in this context, forests are managed by applying a
multifunctional approach [8] to balance their ecological, economic, and social functions
while at the same time considering society’s needs. For this purpose, the results of this study
can represent a starting point to address policies and practices aimed at improving forest
vitality and conservation in a way compatible with C stock and other ecosystem services.

Finally, the values of C stock resulting from this analysis can be firstly compared
to those obtained through the previous version of the model to evaluate how the new
version improves the results, and with others commonly available in the literature for
local, national, and international scales in order to better assess the contribution of Valle
Camonica forests in stocking C for climate change mitigation.

2. Materials and Methods

Similar to the first version of the model [42], in WOCAS v2 the wood and C stock
is calculated through two spreadsheets (MS Office Excel®) for parameter selection and
C storage assessment. In the first, a generic stand “j” is classified according to three
sub-criteria (SC):

1. SC1—forest structure
2. SC2—forest function
3. SC3—forest typology and variants

Each SC is associated with a sub-code, and the combination of sub-codes produces a
classification criteria code (CCC) to which specific parameters are linked and uploaded into
the second spreadsheet. Figure 1 shows the general framework for parameter selection;
for further details, see [42] and the Supplementary Materials. The second spreadsheet is
made up of a database in which each stand represents a record organized in different fields
containing the specific input data and output results. To increase the flexibility of the model,
control fields provide the possibility, through a selection at the beginning of each record, of
resetting all the fields related to a specific stand, excluding it from the analysis. The wood
and C stock is computed for each “j” stand and for each year “n” through a mass balance
based on a “gain–loss” approach in AWB, BWB, and DOM (Table 1).
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Figure 1. Logical framework of WOCAS v2 for parameter selection. Image source: www.pixabay.com
(accessed on 1 December 2021).

Table 1. Definition of the pools considered by WOCAS v2 (modified from [31,43]).

N. Name Definition

1 Aboveground wood biomass
(AWB)

Over-bark living wood biomass above the
soil surface related to stems and branches of

all dimensions; foliage is excluded.

2 Belowground wood biomass
(BWB)

Living wood biomass of coarse live roots
(diameter D ≥ 2 mm); fine roots (D < 2 mm)

are included in the soil organic matter or
litter as they cannot be empirically

distinguished.

3 Dead organic matter (DOM)

Deadwood includes all nonliving wood
biomass not contained in the litter, both

standing and lying on the soil surface, with
D ≥ 10 cm.

Litter includes all nonliving wood biomass
with D < 10 cm, including wood under

different stages of decomposition above the
mineral or organic soil, and fine roots.

For each j-stand, the following input data are required:

• starting (YRS(j)) and deadline (YRD(j)) year of the FMP
• forest structure
• forest function
• forest typology and variants
• forest area (A(j); ha)
• merchantable stem volume at YRS(j) (MVYRs(j); m3·year−1)
• gross annual increment of the merchantable stem volume at YRS(j) (GAIYRs(j); m3·year−1)
• harvested merchantable stem volume for each year n (MVHn(j); m3·year−1)

Before the simulations, volume values are converted into mass values through the
parameter k1 (wood basic density, ratio between wood DM and wood fresh volume;
t·m−3 DM). Figure 2 shows the general approach on which WOCAS v2 is based.

www.pixabay.com


Sustainability 2022, 14, 3898 6 of 24Sustainability 2022, 14, x FOR PEER REVIEW 6 of 24 
 

 
Figure 2. General approach implemented into WOCAS v2 for wood and C stock quantification. Im-
age source: www.pixabay.com (accessed on 1 December 2021). 

2.1. Gross Annual Increment 
While in WOCAS v1 calculations are performed by using the gross annual increment 

provided by the FMPs at YRS(j) (which is assumed as constant over time) for each j-stand 
and for each year n, in WOCAS v2 the user has to choose whether to use a constant or 
variable gross annual increment (GAIn(j); t∙year−1 DM). In this last case, for each j-stand and 
for each year n the increment is computed through the first derivative of the mass with 
respect to time of the theoretical function of Richards [44], which is expressed as [31,45,46]: MM୬(୨)∗ = kଶ ∙ ൣ1 − e(୩యି୩ర∙୲)൧ିଵ/୩ఱ (1)

where: MM୬(୨)∗ : merchantable stem mass at the beginning of the year n per unit of area (t∙ha−1∙year−1 
DM); 

k2: maximum value of MM୬(୨)∗ , i.e., carrying capacity (t∙ha−1∙year−1 DM; k2 > 0); 
e: Euler’s number (constant equal to 2.718); 
k3: growth parameter which allows the time at which MM୬(୨)∗  = k2/2 to be varied (dimen-

sionless); 
k4: relative growth rate, i.e., rate of accumulation of new DM per unit of existing DM 

(year−1; k4 > 0); 
t: time (years); and 
k5: shape parameter which allows the curve inflexion point to be at any value between the 

minimum and the maximum of MM୬(୨)∗  (dimensionless; −1 ≤ k5 ≤ + ∞; k5 ≠ 0). 
The Richards function is expressed as a nonlinear regression curve with a sigmoid 

trend and represents a generalization of other widely used functions, such as the expo-
nential (k2 → + ∞; k5 > 0), the logistic (k5 > 1), the Bertalanffy (k5 = 3), and the Gompertz (k5 
→ ± ∞). This function allows simulating asymmetrical “patterns” of growth in which the 
maximum value of the gross annual increment can be reached at any value of the mer-
chantable mass between 0 and the carrying capacity; from a biological point of view, it 
expresses the net photosynthesis (i.e., the difference between gross photosynthesis and 
respiration) [31,47,48]. The first derivative of Equation (1) is: 

Figure 2. General approach implemented into WOCAS v2 for wood and C stock quantification.
Image source: www.pixabay.com (accessed on 1 December 2021).

2.1. Gross Annual Increment

While in WOCAS v1 calculations are performed by using the gross annual increment
provided by the FMPs at YRS(j) (which is assumed as constant over time) for each j-stand
and for each year n, in WOCAS v2 the user has to choose whether to use a constant or
variable gross annual increment (GAIn(j); t·year−1 DM). In this last case, for each j-stand
and for each year n the increment is computed through the first derivative of the mass with
respect to time of the theoretical function of Richards [44], which is expressed as [31,45,46]:

MM∗n(j) = k2·
[
1− e(k3−k4·t)

]−1/k5
(1)

where:

MM∗n(j): merchantable stem mass at the beginning of the year n per unit of area (t·ha−1·year−1

DM);
k2: maximum value of MM∗n(j), i.e., carrying capacity (t·ha−1·year−1 DM; k2 > 0);

e: Euler’s number (constant equal to 2.718);
k3: growth parameter which allows the time at which MM∗n(j) = k2/2 to be varied (dimen-
sionless);
k4: relative growth rate, i.e., rate of accumulation of new DM per unit of existing DM
(year−1; k4 > 0);
t: time (years); and
k5: shape parameter which allows the curve inflexion point to be at any value between the
minimum and the maximum of MM∗n(j) (dimensionless; −1 ≤ k5 ≤ + ∞; k5 6= 0).

The Richards function is expressed as a nonlinear regression curve with a sigmoid
trend and represents a generalization of other widely used functions, such as the expo-
nential (k2 → + ∞; k5 > 0), the logistic (k5 > 1), the Bertalanffy (k5 = 3), and the Gompertz
(k5 →± ∞). This function allows simulating asymmetrical “patterns” of growth in which
the maximum value of the gross annual increment can be reached at any value of the
merchantable mass between 0 and the carrying capacity; from a biological point of view,

www.pixabay.com
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it expresses the net photosynthesis (i.e., the difference between gross photosynthesis and
respiration) [31,47,48]. The first derivative of Equation (1) is:

GAIn(j) =

k4

k5
·MM∗n(j)·

1−
(

MM∗n(j)
k2

)k5
+ k6

·A(j) (2)

where:

A(j): forest area of the j-stand (ha);
k6: increment of the stand at the age of 1 year; this parameter does not derive from the
calculation of the first derivative itself, rather, it is required to define the starting point of
the function (t·ha−1·year−1 DM; k6 > 0).

Through Equation (2), the gross annual increment of a given year is directly linked to
the merchantable mass at the beginning of the same year; in particular, the increment in-
creases as the merchantable mass increases from low values, reaches a maximum at the point
of inflection and then decreases toward zero when the mass reaches the carrying capacity.

As an example, Figure 3 shows the trend of the gross annual increment for three
coniferous (Picea abies L., Abies alba Mill., and Larix decidua Mill.) and for three broadleaved
(Castanea sativa Mill.—management system: coppice; Quercus cerris L.—management sys-
tem: high forest; Fagus sylvatica L.—management system: high forest) species computed by
using specific values for growth parameters derived from the literature and calibrated for
the Lombardy region according to the data made available in the regional yield tables [46].
Figure 4 shows, for the same species and management systems, the trend of the gross
merchantable stem mass over time.

For further details regarding the values of the parameters for all the species and
management systems of this study, refer to the Supplementary Materials.

Once GAIn(j) is computed, WOCAS v2 calculates the mass of wood in the AWB, BWB,
and DOM by taking into account the net annual increment and the harvested merchantable
stem mass; finally, the mass of C in each pool is quantified.
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Figure 3. Gross annual increment for (i) Picea abies L., (ii) Abies alba Mill., and (iii) Larix decidua Mill.
(left) and for (i) Castanea sativa Mill. (management system: coppice), (ii) Quercus cerris L. (management
system: high forest), and (iii) Fagus sylvatica L. (management system: high forest) (right).



Sustainability 2022, 14, 3898 8 of 24
Sustainability 2022, 14, x FOR PEER REVIEW 8 of 24 
 

  
Figure 4. Gross merchantable stem mass for (i) Picea abies L., (ii) Abies alba Mill., and (iii) Larix decidua 
Mill. (left) and for (i) Castanea sativa Mill. (management system: coppice), (ii) Quercus cerris L. (man-
agement system: high forest), and (iii) Fagus sylvatica L. (management system: high forest) (right). 

Once GAIn(j) is computed, WOCAS v2 calculates the mass of wood in the AWB, BWB, 
and DOM by taking into account the net annual increment and the harvested merchanta-
ble stem mass; finally, the mass of C in each pool is quantified. 

2.2. Net Annual Increment 
The net annual increment (NAIn(j); t∙year−1 DM), not considered in the previous model 

version, is here computed as [13,49]: NAI୬(୨) = GAI୬(୨) − MMୗ୬(୨) − MMୈ୬(୨) (3)

where MMSn(j) and MMDn(j) represent the losses of merchantable stem mass (t∙year−1 DM) 
due to self-thinning and natural disturbances, respectively. 

Losses due to self-thinning generally occur each year and can reach 30–50% of GAIn(j) 
in natural stands without periodic wood cuts, whereas they can be negligible in regularly 
managed stands as cuts generally remove wood that otherwise would be transferred to 
the DOM [43]. If expressed as a fraction of the stem mass self-thinning can reach 1.2% of 
the mass, with some differences between coniferous and broadleaved species [50]. 

To increase the flexibility of WOCAS v2, the user must choose, for each classification 
criteria code, whether to express MMSn(j) as a fraction of the stem mass (0–1.2%) or of GAIn(j) 
(0–50%); in both cases, it is possible to choose whether to use the average value or any 
other one between the minimum and maximum defined by the model. 

For natural disturbances, the user must define (i) year of occurrence, (ii) targeted vol-
ume (m3∙year−1), and (iii) type (1—wildfire; 2—windstorm; 3—insect outbreak; 4—other). 

2.3. Harvested Merchantable Stem Mass and Potentially Producible Logging Residues 
For each j-stand and for each year n in which wood cuts occurred, the harvested mer-

chantable stem mass (MMHn(j); t∙year−1 DM) is quantified, as in WOCAS v1, according to 
MVHn(j); (m3∙year−1) and the parameter k1. On the other hand, the mass of the potentially 
producible logging residues (RPn(j); t∙year−1 DM), not accounted for in the previous model 
version, is here computed as [43]: RP୬(୨) = (MMୌ୬(୨) · k଻) − MMୌ୬(୨) (4)

where the parameter k7 expresses the biomass expansion factor, defined as the total 
aboveground wood volume on the merchantable stem volume. Similarly, under the 

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

800.0

0 25 50 75 100 125 150 175 200 225 250

M
er

ch
an

ta
bl

e 
st

em
 m

as
s 

(t∙
ha

−1
∙y

ea
r−

1
D

M
)

Year
Picea abies L. Abies alba Mill. Larix decidua Mill.

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

800.0

0 25 50 75 100 125 150 175 200 225 250

M
er

ch
an

ta
bl

e 
st

em
 m

as
s 

(t∙
ha

−1
∙y

ea
r−

1
D

M
)

Year
Castanea sativa Mill. Quercus cerris L. Fagus sylvatica L.

Figure 4. Gross merchantable stem mass for (i) Picea abies L., (ii) Abies alba Mill., and (iii) Larix
decidua Mill. (left) and for (i) Castanea sativa Mill. (management system: coppice), (ii) Quercus
cerris L. (management system: high forest), and (iii) Fagus sylvatica L. (management system: high
forest) (right).

2.2. Net Annual Increment

The net annual increment (NAIn(j); t·year−1 DM), not considered in the previous model
version, is here computed as [13,49]:

NAIn(j) = GAIn(j) −MMSn(j) −MMDn(j) (3)

where MMSn(j) and MMDn(j) represent the losses of merchantable stem mass (t·year−1 DM)
due to self-thinning and natural disturbances, respectively.

Losses due to self-thinning generally occur each year and can reach 30–50% of GAIn(j)
in natural stands without periodic wood cuts, whereas they can be negligible in regularly
managed stands as cuts generally remove wood that otherwise would be transferred to the
DOM [43]. If expressed as a fraction of the stem mass self-thinning can reach 1.2% of the
mass, with some differences between coniferous and broadleaved species [50].

To increase the flexibility of WOCAS v2, the user must choose, for each classification
criteria code, whether to express MMSn(j) as a fraction of the stem mass (0–1.2%) or of
GAIn(j) (0–50%); in both cases, it is possible to choose whether to use the average value or
any other one between the minimum and maximum defined by the model.

For natural disturbances, the user must define (i) year of occurrence, (ii) targeted vol-
ume (m3·year−1), and (iii) type (1—wildfire; 2—windstorm; 3—insect outbreak; 4—other).

2.3. Harvested Merchantable Stem Mass and Potentially Producible Logging Residues

For each j-stand and for each year n in which wood cuts occurred, the harvested
merchantable stem mass (MMHn(j); t·year−1 DM) is quantified, as in WOCAS v1, according
to MVHn(j); (m3·year−1) and the parameter k1. On the other hand, the mass of the potentially
producible logging residues (RPn(j); t·year−1 DM), not accounted for in the previous model
version, is here computed as [43]:

RPn(j) = (MMHn(j)·k7)−MMHn(j) (4)

where the parameter k7 expresses the biomass expansion factor, defined as the total above-
ground wood volume on the merchantable stem volume. Similarly, under the assumption
that k1 does not change between stem and branches, k7 can expresses the total aboveground
wood biomass DM on the merchantable stem mass DM.
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2.4. Aboveground and Belowground Wood Biomass

The merchantable stem mass at the end of a given year (MMn(j); t·year−1 DM) is

MMn(j) = MMn−1(j) + NAIn(j) −MMHn(j) (5)

where MMn−1(j) is the merchantable stem mass at the end of the year n − 1 (t·year−1 DM).
Finally, the aboveground and belowground wood biomass DM (AWBn(j), BWBn(j),

respectively; t·year−1 DM) are

AWBn(j) = MMn(j)·k7 (6)

BWBn(j) = MMn(j)·k8 (7)

where k8 is the root-to-shoot ratio, i.e., belowground coarse root mass DM on merchantable
mass DM.

The total living wood biomass is

TLBn(j) = AWBn(j) + BWBn(j) (8)

Calculations performed through Equations (5)–(8) are common to both model versions,
except for Equation (5) in which the constant FMP gross annual increment is used instead
of the net one.

2.5. Dead Organic Matter

In WOCAS v1 the mass of deadwood and litter is computed separately in a simplified
way, as a function of the AWB through linear equations (i.e., the higher the AWB, the higher
the deadwood and litter, and vice versa) applied at the regional level for C stock accounting
within the UNFCCC.

In the improved version the mass of deadwood and litter is computed as a whole as
DOM by applying a specific mass balance according to annual inputs and outputs [43]:

DOMn(j) = DOMn−1(j) + DOMINn(j) −DOMOUTn(j) (9)

where:

DOMn(j): mass of wood in the DOM at the end of the year n (t·year−1 DM);
DOMn−1(j): mass of wood in the DOM at the end of the year n − 1 (t·year−1 DM);
DOMINn(j): DOM inputs in the year n (t·year−1 DM); and
DOMOUTn(j): DOM outputs in the year n (t·year−1 DM).

Only for the starting year of the simulation, the initial value of DOM (DOMYRs(j),
which is equal to DOMn−1(j); t·year−1 DM), is

DOMYRs(j) = MMYRs(j)·k7·k9 (10)

where:

MMYRs(j): merchantable stem mass at the starting year of the FMP (t·year−1 DM);
k9: deadwood expansion factor (deadwood DM on aboveground wood biomass DM).

DOMINn(j) (t·year−1 DM) is:

DOMINn(j) = (MMSn(j)·k7) + (MMSn(j)·k8) + (MMDn(j)·k7·k10) + (MMDn(j)·k8) + RPn(j) + (MMHn(j)·k8) (11)

where

MMSn(j) k7: aboveground biomass transferred to the DOM due to self-thinning (t·year−1 DM);
MMSn(j) k8: belowground biomass transferred to the DOM due to self-thinning (t·year−1 DM);
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MMDn(j) k7 k10: aboveground wood biomass transferred to the DOM due to natural dis-
turbances (t·year−1 DM); k10 (−) is the fraction of aboveground wood biomass which
is transferred to the DOM according to the type of disturbance. For wildfire, a value of
k10 = 0.5 is adopted [51] as a default under the hypothesis that 50% of the targeted above-
ground wood biomass is transferred to the DOM and the other fraction is lost through
the atmosphere. For all the other types of disturbance, k10 = 1.0, i.e., 100% of the targeted
biomass is transferred to the DOM.
MMDn(j) k8: belowground biomass transferred to the DOM due to natural disturbances
(t·year−1 DM);
RPn(j): potentially producible logging residues (t·year−1 DM); and
MMHn(j) k8: belowground wood biomass transferred to DOM due to wood cuts (t·year−1 DM).

DOMOUTn(j) (t·year−1 DM) refers to the decomposition, and is estimated as

DOMOUTn(j) = (DOMn−1(j) + DOMINn(j))·k11 (12)

where k11 is the DOM decomposition rate (year−1).
In all cases in which the parameter k7 is used, while in WOCAS v1 simulations are

performed by using average constant values for each classification criteria code, in WOCAS
v2, as already reported in [38], the user can perform the simulations by using constant
values for each j-stand. Even if in both cases the values of k7 are defined at the beginning
of the simulation and are assumed as constant over time, in the first case the same value
of k7 is associated with stands with the same classification criteria code, whereas in the
second case the value of k7 is specifically estimated for each j-stand through a non-linear
regression equation [52] which expresses the tendency of branchiness as a function of the
stem mass:

k7(j) = k12 + k13/MM∗YRs(j) (13)

where:

MM∗YRs(j): merchantable stem mass per unit of area at the starting year of the FMP

(t·ha−1·year−1 DM); and
k12, k13: parameters for each classification criteria code (k12: dimensionless; k13: t·ha−1 DM).

Figure 5 shows the logical framework implemented into WOCAS v2 for estimating
the DOM mass.
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2.6. Carbon Mass

The mass of C in (i) AWB, (ii) BWB, and (iii) DOM (CAWBn(j), CBWBn(j), and CDOMn(j),
respectively, in t·year−1 C) is

CAWBn(j) = AWBn(j)·k14 (14)
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CBWBn(j) = BWBn(j)·k15 (15)

CDOMn(j) = DOMn(j)·k16 (16)

where k14, k15, and k16 are the carbon fraction of AWB, BWB, and DOM, respectively.
Finally, the total carbon mass of each j-stand (CTOTn(j); t·year−1 C) is

CTOTn(j) = CAWBn(j) + CBWBn(j) + CDOMn(j) (17)

3. Case Study Area

Valle Camonica is one of the biggest valleys of the Central Alps, with an approximate
length of 100 km and an area of AT = 1.27 × 105 ha. The valley has a glacial origin and
presents the typical morphology characterizing the main alpine and pre-alpine valleys that
descend toward the foothills of the Po valley.

The total forest area is AF = 6.58 × 104 ha, which represents 38.7% and 10.5% of
the forest area of the Province of Brescia and of the whole Lombardy region, respec-
tively [53]. Of this, 4.22 × 104 ha are public (managed through FMPs), whereas the
remaining 2.36 × 104 ha are privately owned (not managed through FMPs). The Adamello
Regional Park, in the north-eastern part of the valley, covers about 60% of the total valley
area and is characterized by a forest surface of 2.34 × 104 ha, approximately, with a Special
Protection Area (ZPS) and fifteen Sites of Community Importance (SCI).

The climate of the valley is sub-oceanic, with rainfalls ranging from a minimum of
900 mm (southern part of the valley) to 2200 mm (northern part). The temperature ranges
from a minimum of +2 ◦C (January) to a maximum of +20 ◦C (July), with an average of
+12.5 ◦C.

For this study, the data source was the Cadastral FMPs database (CPA v2, Microsoft
Access 2000 format) prepared by the Forest Office of the mountain community of Valle
Camonica, which collects the data related to all the public stands (i.e., forest, pasture, not
cultivated, and unproductive) registered in the 45 local FMPs. Each FMP is organized
in different “stand classification sheets”, each of which is made up of different tables
containing specific data available for consultation, modification, and updating. Specifically,
the data are related to both the administrative aspects (e.g., starting and deadline year of
the FMP, number of the stand, owner and manager, municipality, inclusion/exclusion from
SCI, ZPS, parks and/or reserves of provincial, regional, or national interest) and the specific
characteristics of the stand. For forests, these latter are related to forest structure, forest
function, forest typology and variants, area (ha), merchantable stem volume at the starting
year of the FMP (m3·year−1), gross annual increment of the merchantable stem volume
at the starting year of the FMP (m3·year−1), and harvested merchantable stem volume of
each wood cut over time (m3). Other data, such as the number of trees, the corresponding
volume, and the average tree diameter, are not always made available.

In these FMPs, the merchantable stem volume of high forests is the volume over bark
of the living stems with a diameter at breast height (1.3 m above the forest floor) higher than
17.5 cm from the stump (30 cm above the forest floor) to a top diameter of 7 cm, without
branches and foliage. For coniferous, the volume is estimated through diameter–height
equations developed for the neighboring region of Trentino-Alto-Adige for the main species
(i.e., Picea abies L., Larix decidua Mill., Abies alba Mill., Pinus sylvestris L. and Pinus cembra L.),
whereas for all the broadleaved species the merchantable stem volume is always estimated
according to the diameter–height equation developed for the same region for Fagus sylvatica
L. For coppices, the stem volume is generally estimated using standard values derived from
the literature and defined for each forest typology according to the classification generally
adopted in Italy [54].

Overall, the total number of stands in the CPA v2 was equal to 2031; through queries,
only the data related to forest stands (total number: 2051; total forest area: 3.76·104 ha)
were extracted, covering the period between 1984 (starting year of the oldest FMP) and
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2018 (more recent data on harvested merchantable stem volume). Before the simulation for
C stock assessment, the extracted data were preliminarily elaborated.

1. For a given stand, if more than one cut was performed within the same year, the
values of the harvested merchantable stem volume related to each cut were summed
up together to obtain the total annual value (MVHn(j); m3·year−1).

2. Twenty-nine stands were excluded from the analysis, as they were located outside
the administrative boundaries of the valley, and another three stands were excluded
because data on merchantable stem volume, area, and forest typology were not made
available from the CPA v2.

3. Forty cuts were performed during the years of execution of the experimental surveys
for FMP implementation, and another thirteen cuts were performed even before those
years; because of this, all fifty-three cuts were excluded.

Therefore, 2019 stands (98.4% of the total forest stands; total forest area: 3.67·104 ha)
were finally analyzed, including both coppice and high forest and all types of wood cuts.
Moreover, because for 426 stands (21.1%), data on gross annual increment from FMPs were
not made available, a value that resulted from a weighted average from stands with similar
characteristics or derived from the literature [54] was assigned.

Table 2 [38] shows the management system, main function, forest area and number of
the analyzed stands.

Table 2. Management system, function, stand number, and area (modified from [38]).

Management
System

Type of
Forest

Main
Function

Analyzed Stands

Forest Area
Number

Min ÷Max Average ± SD Total

(ha) (ha) (ha) (−)

Coppice Broadleaved

Production 1.3 ÷ 65.5 16.3 ± 9.5 3191.5 (8.7%) 196 (9.7%)
Protection 0.8 ÷ 96.0 18.2 ± 16.4 1328.9 (3.6%) 73 (3.6%)

Recreational 2.4 ÷ 32.5 15.8 ± 15.3 78.9 (0.2%) 5 (0.2%)
Other 2.3 ÷ 34.8 13.2 ± 7.2 934.9 (2.5%) 71 (3.5%)

High forest

Coniferous
Production

1.4 ÷ 50.0 16.4 ± 7.6 17,480.9 (47.6%) 1063 (52.6%)
Broadleaved 7.5 ÷ 25.3 13.9 ± 6.3 97.6 (0.3%) 7 (0.3%)

Mixed 3.8 ÷ 45.0 16.8 ± 8.5 1615 (4.5%) 96 (4.8%)
Coniferous

Protection
2.2 ÷ 110.0 24.3 ± 14.8 10,816.3 (29.4%) 445 (22.0%)

Broadleaved 8.6 ÷ 14.0 11.1 ± 2.2 44.2 (0.1%) 4 (0.2%)
Mixed 2.0 ÷ 38.6 17.8 ± 9.7 356.4 (1.0%) 20 (1.0%)

Coniferous Recreational 6.2 ÷ 49.8 25.7 ± 11.2 641.3 (1.7%) 25 (1.2%)
Coniferous

Other
1.3 ÷ 14.2 5.5 ± 5.0 38.4 (0.1%) 7 (0.3%)

Broadleaved 5.5 ÷ 35.7 16.8 ± 10.0 117.4 (0.3%) 7 (0.3%)
Total - - 0.8 ÷ 110.0 18.2 ± 10.9 36,741.8 (100%) 2019 (100%)

To compute GAIn(j), the values of k2, k4, k5, and k6 reported in the Italian National
Inventory Report (NIR) and used for C stock accounting at the regional level for the LU-
LUCF Sector [46] were used for each classification criteria code. MMSn(j) was assumed to be
equal to 10% GAIn(j) for each classification criteria code since it is specific for Italian forests.
MMDn(j) was not considered because no data on the targeted volume were made available
from the CPA v2. AWBn(j) and BWBn(j) were calculated by applying, respectively, the values
of k7 and k8 reported in [31] for the Italian forest species and management systems.

The initial mass of wood in the DOM at the starting year of the simulation was com-
puted by assuming the values of k9 = 0.25 and k9 = 0.15 for coniferous and broadleaved
species, respectively; DOM decomposition was estimated by applying a value of
k11 = 0.032 year−1 for coniferous and k11 = 0.080 year−1 for broadleaved [50].

To quantify the mass of C in the AWB, different values of k14 were adopted for each
classification criteria code according to the carbon content of the main species [55]. If
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specific values were not made available, values of k14 = 0.508 for coniferous and k14 = 0.477
for broadleaved were considered [55]. The mass of C in the BWB and DOM was quantified
by assuming that k14 = k15 = k16.

4. Results
4.1. Gross Annual Increment

A complete validation of the results was not possible due to the following reasons:

1. No experimental data were specifically collected for this study by the authors through
direct surveys.

2. No updated FMPs were made available at the time of the study.

A preliminary validation was then performed by comparing the gross annual incre-
ments predicted through the Richards function with those provided by the FMPs (GAIn(j)

and GAI∗YRs(j), respectively; t·ha−1·year−1 DM). As an example, Figure 6 shows the com-
parison between the values of GAIn(j) and GAI∗YRs(j) for Larix decidua Mill. and Picea abies L.,
which are the most widespread species in the Case Study Area.
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Figure 6. Predicted vs. provided increments (year: 2002) for: (i) Larix decidua Mill. (N. stands = 50;
weighted average: GAIn(j) = 1.26 ± 0.58 t·ha−1·year−1 DM; GAI∗YRs(j) = 0.89 ± 0.86 t·ha−1·year−1 DM;

r2 = 0.71; RMSE = 0.84 t·ha−1·year−1 DM) (left) and (ii) Picea abies L. (N. stands = 167; weighted
average: GAIn(j) = 1.79± 0.45 t·ha−1·year−1 DM; GAI∗YRs(j) = 1.24± 0.80 t·ha−1·year−1 DM; r2 = 0.55;

MRSE = 0.90 t·ha−1·year−1 DM) (right).

While in the case of Larix decidua Mill., underestimation (GAIn(j) < GAI∗YRs(j)) and

overestimation (GAIn(j) > GAI∗YRs(j)) are generally balanced with an r2 value equal to 0.71,
for Picea abies L. the model causes a systematic overestimation (i.e., the great majority of the
values are in the upper half of cartesian field). This undoubtedly represents a very critical
aspect that requires further research. In addition to what is already reported in Section 5
(Discussion) regarding the predicted GAI, it is possible that there were unreliable values of
FMP GAI present. In the Plans, the increment is generally indirectly estimated by applying
statistical methods starting from retrospective measures (generally related to the last 5 or
10 years) of the radial growth of sample trees [56]. Different errors can occur related to both
the uncertainty of the measures of the growth and the possible approximation on which the
statistical methods are based [57]. However, as this aspect cannot be further investigated
here according to the available FMP data, it was not possible to better analyze this eventual
source of errors.

Another important aspect that affects the reliability of the values of FMP GAI is that,
while for Larix decidua Mill. GAI values were computed through direct measures (except
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for some stands with protection function with high slope and of difficult access areas), for
Picea abies L. several values of FMP GAI were estimated starting from values related to
other stands with similar characteristics and under the same ecological–environmental
conditions. Moreover, for several stands in the sample, the values of GAI were not made
available by the FMP. For all these stands, a value resulting from a weighted average from
stands with similar characteristics or derived from the literature was then assigned.

All these elements can affect the values of r2 between predicted and provided GAI.
To improve the accuracy of the results, it would be desirable if GAI values were al-
ways calculated through direct measurements and reported in FMPs with the adopted
calculation method.

At the landscape level, a quick comparison between the cumulative merchantable stem
mass calculated by WOCAS v2 for the year 2016 and the one estimated by the Mountain
Community for the same year showed that the model caused an underestimation of 2.42%,
approximately. This means that even if applying the Richards function at the stand level
using values of parameters calibrated for the whole Lombardy Region can cause problems
of both underestimation and overestimation, at the landscape level these problems can
compensate for each other.

4.2. Harvested Merchantable Stem Mass and Utilization Rate

Wood was harvested 4861 times in the period 1994–2018. The total harvested mer-
chantable stem mass, calculated as the sum of the annual harvested mass in each stand,
reached 1.44·105 t DM (18.1% coppice; 81.9% high forest), and the corresponding total C
mass was 7.14·104 t C. Among coppices, wood cuts mainly involved Ostrya carpinifolia
Scop. (7.54 × 103 t DM; 28.9%), Castanea sativa Mill. (4.89 × 103 t DM; 18.8%), and Fagus
sylvatica L. (3.67 × 103 t DM; 14.1%), whereas among high forests, wood cuts were mainly
performed for coniferous (1.07 × 105 t DM; 91.2%) followed by mixed (8.44 × 103 t DM;
7.2%) and broadleaved (8.00 × 102 t DM; 0.7%) stands, and the main species were Picea
abies L. (9.74 × 104 t DM; 82.8%), Larix decidua Mill. (6.66 × 103 t DM; 5.7%), and Fagus
sylvatica L. (5.85 × 103 t DM; 5.0%).

The weighted average yield of MMHn ranged from 0.12 ± 0.22 t·ha−1·year−1 DM
(2000) to 4.73 ± 3.22 t·ha−1·year−1 DM (1994). The highest standard deviation (2.68 ± 10.52
t·ha−1·year−1 DM) was reached in 2015, when cuts with high variation in MMH (from 0.2
to 3.0 × 103 t·year−1 DM) were performed in similar areas.

At the landscape level, the utilization rate (UR, −), i.e., the ratio between MMHn
and NAIn, ranged from 0.02% (2000) to 19.60% (2015). From 1994 to 2001, the maximum
value of UR was equal to 6.0%, whereas from 2001 UR increased, even if with considerable
differences among the years. Apart from 2015, the highest values were reached in 2012
(19.24%) and 2008 (19.09%) (Figure 7).

These results, in addition to providing an estimation of the available merchantable
stem mass at the landscape level over time, can be used as a starting point to assess whether
forest management was performed according to sustainable forest management (SFM)
approaches and consequently to define future sustainability levels [58]. At the landscape
scale, the harvested merchantable stem mass could have been considerably higher without
exceeding the net annual increment. Moreover, Figure 7 clearly shows that UR values
were highly variable, depending on the management objectives that can change over time
according to the characteristics of the stands.

Even if this study presents an analysis at the landscape level, the UR should be
assessed case by case for each stand according to its specific characteristics. Moreover,
when evaluating the additional mass that could be collected, the multifunctionality of the
forests should be considered, as should the impact that an increase in wood cuts might have
on other ecosystem services such as the water cycle, soil erosion control, and biodiversity
maintenance.
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Figure 7. Utilization rate of the merchantable stem mass according to year.

4.3. Aboveground and Belowground Wood Biomass

The total living wood biomass, calculated as the sum of AWB and BWB related
to each stand, ranged from 6.73·104 t DM in 1984 (0.0% coppice; 100.0% high forest)
to 5.35·106 t DM in 2018 (15.0% coppice; 85.0% high forest). TLBn yield ranged from
44.72 ± 44.42 t·ha−1·year−1 DM in 1984 (81.21% AWB; 18.79% BWB) to 145.49 ± 70.76
t·ha−1·year−1 DM in 2018 (82.12% AWB; 17.88% BWB) (Figure 8). The high standard
deviations were due to the inclusion of stands with a high area and low wood biomass,
and vice versa. TLBn yield generally increased year by year for the following reasons: (i)
growth of managed stands; (ii) UR < 1; and (iii) inclusion of new stands in the analysis due
to the activation of new FMPs. The decrease in TLB yield in 2002 and 2003 compared to
2001 was due both to the inclusion of new stands of large area and low wood biomass, and
an increase in the harvested merchantable stem mass of the other stands; for these years,
the rate of area increase was higher than the rate of biomass increase while on the contrary
the increase in TLB yield in 1991 compared to the previous years was mainly due to the
inclusion of new stands characterized by both high area and high wood biomass. In this
case, however, the rate of biomass increase was higher than the rate of area increase. 
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Figure 8. Living wood biomass yield according to year.
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4.4. Dead Organic Matter

The DOM ranged from 1.30·104 t DM in 1984 (19.31% TLB1984) to 6.12·105 t DM in
2018 (11.45% TLB2018); DOM yield ranged from 8.28 ± 7.79 t·ha−1·year−1 DM (1989) to
17.11 ± 12.03 t·ha−1·year−1 DM (2015) (Figure 9). The high values of standard deviations
can be explained through the same considerations mentioned for living wood biomass. For
each year, the mass of the DOM resulted from different processes, i.e., mortality due to
self-thinning, production of logging residues, and wood decomposition, the intensity of
which varied year by year according to stand characteristics. At the stand level, an increase
in wood cuts causes, in the short term, a decrease in the mass of wood in the AWB and a
corresponding increase in the DOM mass, and vice versa; at landscape level, however, the
DOM mass can undergo further variations if new stands are included in the analysis.
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Figure 9. DOM yield according to year.

According to [59], the average volume of deadwood in Italian forests amounts to
15.00 m3·ha−1 (7.50 t·ha−1 DM, approximately). On a broader scale, the obtained results
can be compared to those reported in [1], showing that the weighted average volume
of deadwood at the EU level (year 2015) was 11.50 m3·ha−1, approximately equal to
5.75 t·ha−1 DM, with considerable differences among countries and regions. At the country
level, the value ranged from a minimum of 2.30 m3·ha−1 (1.15 t·ha−1 DM) for Portugal
to a maximum of 28.00 m3·ha−1 (14.00 t·ha−1 DM) for Slovakia. For regions, the value
ranged from a minimum of 5.80 m3·ha−1 (2.90 t·ha−1 DM) to a maximum of 18.40 m3·ha−1

(9.20 t·ha−1 DM), for South-West and Central-West Europe, respectively.

4.5. Carbon Mass

The weighted average C yields in AWB, BWB, and DOM for each year of the an-
alyzed period (t·ha−1·year−1 C) are shown in Figure 10. CAWBn ranged from 18.13 ±
18.30 t·ha−1·year−1 C (1984) to 59.10 ± 29.12 t·ha−1·year−1 C (2018); CBWBn ranged from
4.19 ± 4.12 t·ha−1·year−1 C (1984) to 12.89 ± 6.64 t·ha−1·year−1 C (2018); finally, CDOMn
ranged from 4.13 ± 3.93 t·ha−1·year−1 C (1989) to 8.50 ± 6.07 t·ha−1·year−1 C (2015).
The weighted average C yield (CTOTn) ranged from 26.63 ± 26.80 t·ha−1·year−1 C (1984)
to 80.28 ± 41.32 t·ha−1·year−1 C (2018), whereas for the whole analyzed period, the
weighted average C yield was equal to 67.61 t·ha−1 C (CAWB = 72.17%, CBWB = 15.86% and
CDOM = 11.97%).
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Figure 10. Weighted average C yield in AWB, BWB, and DOM according to year.

The comparison of these results with those obtained from the previous model ver-
sion for the year 2016 showed that the total C mass increased by 4.94 × 104 t·year−1 C
(+1.78%), i.e., from 2.79 × 106 t·year−1 C (76.02 t·ha−1·year−1 C) to 2.84 × 106 t·year−1 C
(77.37 t·ha−1·year−1 C) for the old and new model version, respectively. For the AWB,
which is the most relevant C pool, the variation was equal to 2.83 × 105 t·year−1 C
(+15.78%), i.e., from 1.80 × 106 t·year−1 C (48.86 t·ha−1·year−1 C) to 2.08 × 106 t·year−1 C
(56.57 t·ha−1·year−1 C) for the old and new model version, respectively. For the neighbor-
ing Region of Trentino-Alto-Adige [26], estimated for the period 1995–2011 a weighted
average C yield in the aboveground biomass (including leaves) and belowground biomass
equal to 90.40 t·ha−1 C and 19.70 t·ha−1 C, respectively. For the same period, according to
the analysis performed here, the weighted average C yield in the AWB (excluding leaves)
and BWB reached 45.92 t·ha−1 C (−49.20%) and 10.14 t·ha−1 C (−48.53%). These differ-
ences may be due to both the application of different approaches as well as to the different
structural and compositional characteristics of the forests. For Italy [29], reported for the
period 1995–2009 a weighted average C yield for living biomass (aboveground biomass
including leaves, and belowground biomass) equal to 65.33 t·ha−1 C, and 18.07 t·ha−1

C for the DOM. For the same period, this work reported a weighted average C yield in
living wood biomass equal to 54.93 t·ha−1 C (−15.92%), whereas C yield for the DOM was
8.11 t·ha−1 C (−55.12%). At the EU level [1], the weighted average C yield in the AWB was
equal to 51.20 t·ha−1 C (AWB yield: 102.40 t·ha−1 DM), whereas the weighted average C
yield in the BWB amounted to 12.80 t·ha−1 C (BWB yield: 25.60 t·ha−1 DM). For South-West
Europe, C yield in the AWB was 27.30 t·ha−1 C (AWB yield: 54.60 t·ha−1 DM), whereas C
yield in the BWB reached 11.10 t·ha−1 C (BWB yield: 22.20 t·ha−1 DM).

5. Discussion

In this study, specific values of k1 (wood basic density) for each classification criteria
code were used starting from those reported in [31], as these were specific for Italian
conditions and available for all the species and management systems considered in this
work. Even if these values were published 40 years ago, approximately, they are currently
adopted for C accounting at the regional level for the LULUCF sector within the UNFCCC
framework [46].

When simulating wood and C stock over time, using constant values of increment
may represent quite a strong assumption, especially if the simulation covers a period of
a few decades, as in this study. Variations in increment can occur, mainly according to
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stand volume, environmental conditions, and silvicultural treatments. In order to solve this
limitation, in WOCAS v2 the gross annual increment at the stand level is computed through
the first derivative of the age-independent theoretical nonlinear Richards function, using
the merchantable stem mass as the independent variable. In other words, the increment
depends only on the competition within the stands and not on the stand age. This is an
advantage compared to the use of age-dependent functions, as it allows estimation of the
increment for both even-aged and uneven-aged stands. In addition, several studies have
demonstrated that the growth of trees and stands can be computed without considering
their age [48,60–63]. Moreover, as reported by [31,45], age can be used to estimate the incre-
ment at the tree level and not for the whole stand where self-thinning, natural disturbances,
and felling events result in the presence of trees of different ages within the same stand.

As mentioned before, a complete validation of the results was not possible, and
will be performed only when primary stand-level data will be made available through
direct surveys or updated FMPs. To this end, a comparison between the values obtained
through this analysis and others commonly available in the literature on local, national,
and international scales as well as for different periods related to the AWB, BWB, and DOM
can represent a first step in validation.

Moreover, in addition to what was previously reported in the results regarding the
comparison between predicted and provided GAI, the following aspects must be discussed:

1. The gross annual increment is computed in the model using, by default, the values
of the parameters calibrated for the whole Lombardy region for each species and
management system and as the average value of all the productivity classes, without
considering that one class may be prevalent over the others. This means that for
stands characterized by different classes the value of the predicted increment is the
same; this may represent quite a strong assumption. As reported by [31], the goodness
of fit (i.e., the coefficient of determination, or R2) of the Richards function depends
on the number of productivity classes; for a given species, as the number of classes
increases the R2 between increment and volume (or mass) decreases, and vice versa.

2. The parameters of the function were estimated in the year 2005 from yield tables
produced in the period 1950–1970; it is therefore possible that the increments of the
forests might be different today than those related to the period in which the yield
tables were produced, due to increases in temperature, CO2 concentration in the
atmosphere, and nitrogen deposition [31].

All of these elements can explain why in some cases (e.g., for Picea abies L.) quite low
values of r2 can be obtained. Despite this, the values of the parameters of the Richards
function used in this study were the only ones currently available for the Lombardy region,
and are those used for C accounting at the regional level within the UNFCCC framework.
To improve the methodology and the accuracy of the results, it would be desirable to
calibrate the growth parameters for each stand in the Case Study Area according to its
productivity class; nevertheless, as the information on stand’s productivity is not always
made available by the FMPs, estimating the parameters of the Richards function for all the
stands is not possible and the only solution at the time of this study was to use average
values already applied at the regional level. Including information on stand productivity
in the FMPs may help to solve this problem as well as to improve results validation.

Estimating losses due to self-thinning as a fraction of the standing volume, as proposed
by [50], can be justified only for a first approximation and if more specific values are not
made available. Indeed, both from an ecological perspective and in order to better define
the net annual increment as a key variable in SFM, the above-mentioned losses should be
estimated as a fraction of the gross increment.

Natural disturbances were not considered in the analysis due to lack of data; the
application of WOCAS v2 in other areas where information on disturbances is available
would allow detailed analysis of the effect of these processes on forest C dynamics.

In WOCAS v2, the stem mass is converted into total aboveground wood biomass
through the parameter k7 (biomass expansion factor), which represents a key variable in
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forest C stock assessment. The values of biomass expansion factors vary mainly according
to tree size [52,64,65], soil productivity [66], and stand age [67]. This variation is, however,
strictly linked to local growth conditions; most of the values available in the literature
refer to specific sites and were obtained from a number of trees ranging from ten to a
few hundred [66]. As the stem volume is always made available in FMPs, the general
approach proposed by [52] was implemented in the model as an alternative method
for estimating biomass expansion factors. This approach, however, assumes that young
stands are characterized by low volume/mass, and vice versa, even if this situation does
not always take place under real conditions; again, stands with the same age can be
characterized by different values of stem volume/mass according to their environmental
conditions, management, and history. Moreover, the parameters of the regression function
were estimated from forests grown under highly variable conditions. Because of this, and
because local values should always be preferred, the analysis was performed using the
average values of biomass expansion factors reported in [31], as they were specific for
Italy and are made available for all of the species and management systems considered in
this study.

When evaluating forest management and wood use sustainability, assessing UR is
an essential step. According to the principles of SFM, while MMHn can exceed NAIn
(UR > 1) in the short term, i.e., when there is a high demand of wood along the supply
chain or several phytosanitary cuts of high intensity are performed, in the long term this
situation should not be allowed to persist (UR ≤ 1) in order to avoid depletion of stand
productivity and biomass over time [1,68,69]. Wood collection is strongly linked to C stock
and C sink, and should be considered a positive event if it is performed in compliance with
SFM principles. For this purpose, forest management for climate change mitigation can be
performed at the stand level to meet the aims of increasing C sink, increasing C stock, and
increasing forest resilience and vitality.

The first aim can be achieved by increasing wood collection; in addition to immediately
making more biomass available along the supply chain, removing wood reduces the
aboveground biomass and promotes the short-term increase of the annual increment, and
therefore the C sink. At the same time, increment depends on the merchantable stem mass;
therefore, defining a specific value of merchantable mass means defining a specific level of
increment and of C sink [45].

On the other hand, the increase of C stock can be achieved through the reduction of
wood cuts together with extension of the rotation length [70] in order to maintain a high
level of biomass with a low annual increment. The conversion of aged and/or abandoned
coppices to high forests is important in meeting this aim, and is useful to obtain high-quality
wood for long life-cycle products.

Forest C sink and C stock strongly depend on forest vitality and its resilience to climate
change-related impacts, including natural disturbances [8]. To this end, the application of
adaptive forest management aimed at increasing stand genetic variability is crucial [71–73].
Increasing this variability means increasing biodiversity and enhancing forest conservation,
which can be achieved mainly through:

1. Increasing of the mass of DOM, which provides micro-habitat for several species
of birds, forest-dwelling bats, and mammals, as well as endangered saproxylic bee-
tles [74,75]. In the analysis presented here, the mass of wood in the DOM and the
corresponding C mass was computed by assuming that all the producible logging
residues were left inside the stands after stem collection. Even if in some cases residues
are extracted for energy generation, this assumption can be fully justified as the DOM
has a crucial role in reducing soil erosion and water runoff, as well as in releasing
nutrient into the soil. Leaving logging residues at the felling site is important because
it increases the naturalistic value of the forest while reducing habitat homogenization
and soil disturbance [76]. Specific information on the mass of DOM at the stand level
is currently missing in the Italian FMPs; including this information would make it
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possible to collect more detailed data on stand characteristics, allowing improved
wood and C mass assessment.

2. Maintenance of forest continuity after wood collection, especially as concerns particu-
lar forest structural elements (e.g., large and hollow trees) and species composition to
sustain different ecological functions [77].

3. Conversion of single-species stands to mixed-species stands in order to increase
landscape heterogeneity [8,78].

4. Restoration of degraded and marginal lands [79], which are generally characterized
by high physiognomic–structural disorders, occasional management, and a simpli-
fied forest cenosis. In Valle Camonica, this firstly means protecting the so-called
“targeted species”, e.g., Acer pseudoplatanus L., Tilia cordata Mill., Ulmus glabra Huds.,
Ilex aquifolium L., Alnus glutinosa L., and Carpinus betulus L., which mainly colonize
abandoned lands and need to be protected through ad hoc practices that, in certain
cases, might include limitations on their use [42].

All the above-mentioned practices/measures can be locally supported through specific
public incentives. This is particularly important for Valle Camonica, where 66 different
forest typologies contribute to the development of a highly heterogeneous ecosystem and
landscape. Other practices at the stand level, such as selection cutting for the reduction
of fire risk, together with fire monitoring systems and management through prescribed
burning and fire suppression, can be performed to limit natural disturbances, even if they
might be not suited for biodiversity conservation [8].

Biodiversity protection is extremely important in the context of the SFM and was
widely recognized by the recent EU Biodiversity Strategy for 2030 [80]. Forests with a high
biodiversity level are more efficient in providing ecosystem services [81,82]. To this end,
forest management should recognize the multifunctionality of forests which makes them
able to provide, in addition to C sequestration, other services equally important for human
well-being and environmental health, such as water regulation, air purification, non-wood
products, recreation and tourism usability, and protection against hydrogeological risk and
natural hazards. Because of this, forest management should be based on “open manage-
ment systems” in which different alternatives (e.g., production, biodiversity, and forest
conservation) are applied on a case-by-case basis according to the specific characteristics of
the stands and the needs of society.

6. Conclusions

Through the WOCAS v2 model it was demonstrated that, if properly managed, FMP
data can be used to estimate the mass of wood and C at the stand level, and their variation
over space and time for the AWB as well as BWB and DOM, which are not considered in the
FMPs. WOCAS v2 uses the merchantable stem mass as the main driver for the calculations,
which is always reported in the FMPs; therefore, the model is particularly suitable for use
by local decision-makers and forestry authorities, and it can be applied in any forest area
where all the required data are made available. This may constitute the basis for further
applications on a broader scale.

One of the main improvements in the second version of the model compared to
the previous version is that for each stand, calculations can be performed using both
the constant gross annual increment provided by the FMPs and a variable one. In this
second case, the annual increment is computed through a theoretical non-linear growth
function based on the merchantable stem mass without considering the age, solving a
limitation of WOCAS v1 in which the gross annual increment was considered as constant
(i.e., with the assumption that the stand is in equilibrium and without any dynamic effect).
This can be helpful to decision-makers and local authorities for C stock assessment and
for addressing specific policies and measures aimed at improving forest management.
Moreover, compared to the previous version of the model, in the new version the C stock
in the DOM is computed more correctly by considering the transfer of wood and C to
this pool due to self-thinning, natural disturbances, and logging residues, as they cause a
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reduction in C stock in the AWB, but they cause a corresponding increase in C stock in the
DOM, and this is quite important for analysis at the stand level.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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