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Abstract: Climate change is driving worldwide efforts to mitigate and reverse the increasing anthro-
pogenic emissions of greenhouse gases. Forests can uptake considerable amounts of carbon from the
atmosphere, but management decisions and resultant silvicultural practices can largely influence
these ecosystems’ carbon balance. This research presents an approach to help land managers cope
with the need to ensure the provision of forest products and services while contributing to mitigating
climate change via carbon sequestration. The emphasis is on combining a landscape-level resource
capability model with a mathematical programming (LP) optimization method to model and solve
a land management problem involving timber production, carbon sequestration, and resistance to
wildfire targets. The results of an application on a forested landscape in Northwest Portugal showed
that this approach may contribute to analyzing and discussing synergies and trade-offs between
these targets. They revealed important trade-offs between carbon sequestration and both timber
production and fire resistance.

Keywords: ecosystem services; mathematical programming; mitigation strategies; silvicultural practices

1. Introduction

Emissions of the principal greenhouse gas (GHG), carbon dioxide (CO5), are driven
primarily by the burning of fossil fuels, but the Earth’s biosphere also plays a major
role in the global carbon (C) budget [1]. Globally, terrestrial ecosystems are currently a
major net sink for atmospheric COy; this sink mostly represents the difference between C
accumulation in forests and CO, emissions from tropical deforestation [2]. Forests play a
crucial role in sequestering and sinking CO, and also regulate the future rate of increase
in atmospheric CO, depending on their management and dynamics. Properly managing
and preserving forests can significantly contribute to carbon storage and help reduce
the impacts of climate change. The management of forests for this purpose is receiving
increased attention from national and global policymakers.

Forests offer possibilities to sequestrate carbon in living biomass, deadwood, and forest
soils, as well as in products prepared of wood [3-5] and also non-wood forest products [6,7].
In most forests, the largest C pools are aboveground live biomass and mineral soil organic
matter, with lesser amounts in roots and litter. The rate at which C accumulates in the
ecosystem—net ecosystem productivity (NEP)—represents the sum of changes in each of
these pools. Biologically, NEP is the difference between net primary productivity (NPP,
the annual net carbon fixation by plant photosynthesis) and heterotrophic respiration
(CO; emission by non-photosynthetic organisms). Both NEP and the size of these C pools
are highly sensitive to forest management activities. The most rapidly changing pool is
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usually aboveground live biomass, which can be estimated accurately through allometric
approaches [8-10]. Accurately quantifying changes in the other C pools (e.g., soil, dead
trees) is more difficult considering the complex and dynamic nature of ecosystems. The
spatial and temporal variability, as well as the diversity of ecosystems and their responses
to environmental factors, pose challenges.

Modeling approaches to forest growth and management are used to represent the
process of growth and harvesting of the forest as the flow through a network that can be
classified into two approaches [11], known as models I and II. The main difference lies in
the level of aggregation on the treatments performed in each arc of the flow network. The
most commonly used is model I where each arc is a complete set of silvicultural treatments
for a management unit (stand) or an aggregation of management units, covering the entire
duration of the planning horizon. The decision variables represent a sequence of actions on
a given forest unit for the entire planning period. In model II, individual parcels of land
are not kept intact through time. Here, activity refers to a complete set of actions that can
occur on a particular land area from the time the area is regenerated until it is regeneration
harvested, or until it is left as ending inventory at the end of the planning horizon [12-15].
The choice between the two models depends on the specific objectives, scope, and level of
detail required for a particular forest management scenario.

Strategic forest management models are largely used to design and maintain existing
carbon stocks and maximize capacity for future sequestration. These models can help
identify underused opportunities to increase forest carbon stocks without diminishing
other forest products [3,16-21]. These models have been used to decide on the annual
volumes of timber that can be harvested on a sustainable basis within defined forest
areas and the types of management actions or silvicultural treatments for regenerating
the harvested forest (what treatments, in which stand types, and when to carry them
out), e.g., [22-25]. By using species-specific biomass equations, developed at a regional or
country level and based on common forest inventory biometric variables and biophysical
information, we expected to (i) easily and systematically estimate forested landscapes’ C
stocks, corresponding to different pools; (ii) be able to compare results for a wide range
of management alternatives; and (iii) ultimately select the best one, towards landscape C
stock potential, by incorporating this information into a resource capability model to be
read by a linear programming-based optimization tool. We hypothesize that trade-offs will
become evident, between the main goal of C stock and other important ecosystem services,
such as the demand for wood production or resistance to wildfire.

2. Materials and Methods
2.1. Case Study Characterization

For testing purposes, a forested area with about 14,320 ha located in the Vale do Sousa
area was considered. It is located in part of Paredes and Penafiel counties, north of Douro
River, and to the south, Castelo de Paiva county (Figure 1a). The area was inventoried with
155 plots (Figure 1b) from August to November 2019 and species composition was recorded
as well as understory vegetation. The forest inventory data collected included the diameter
breast height (dbh, cm) and tree height (h, m). These data allowed the characterization
of the stands, by the computation of the stand’s tree density (number of trees per ha, Nt,
ha~!), and other associated stand variables such as standing volume and biomasses of the
different tree components.

Currently, the area (Figure 1 and Table 1) is mainly dominated by pure stands of
eucalyptus (Eucalyptus globulus Labill.), which occupy about 70% of the area, followed
by pure stands of maritime pine (Pinus pinaster Aiton.), accounting for 5%. It was also
observed that mixed stands, namely Eucalypt globulus Labill and Pinus Pinaster Aiton.,
represent 8% of the total area. Near the Douro River and its confluent rivers and streams,
there is a presence of riparian species such as Alnus glutinosa (L.) Gaertn., Salix atrocinera
Brot, Salix alba L., Fraxinus angustifolia Vahl., and Populus nigra L. Due to recent wildfires
and recent clearcuts, 16% of the forest area was classified as bare land or occupied by
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shrubs. Understorey vegetation is mainly composed of Erica sp., Cistus ladanifer L., Ulex
sp., Adenocarpus angyrophyllus Caball., Rubus fruticosus L., and Quercus lusitanica Lam. A
residual area, about 0.1% comprising hardwoods, namely chestnuts (Castanea sativa Mill.)
and cork oak (Quercus suber L.), is present.
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Figure 1. (a) Case study area location and land occupation in 2020. (b) Location of the 155 invento-
ried plots.
Table 1. Land use characterization for 14,320 hectares of forest land in Vale do Sousa, inventoried
in 2020.
Land Use Species N. of Stands Area (ha)
Bare or shrubland - 251 2343.4
Eucalyptus globulus Labill. 920 9990.5
Pinus pinaster Aiton. 85 751.4
Pure Riparian sp. 41 108.6
Quercus suber L. 1 12.8
Castanea sativa Mill. 1 2.3
Mixed E. globulus L. and P. pinaster A. 64 615.2
E. globulus L. and Q. suber L. 4 69.8
P. pinaster A. and E. globulus L. 38 416.2
P. pinaster A. and Q. suber L. 1 2.3
Total 1406 14,320

2.2. Forest Growth Projections

Forest growth was assessed via specific empirical growth and yield models over a
planning horizon of 100 years, allowing us to estimate the evolution of wood production
volumes originated by thinnings, and accounting with different assortments of biomass
and carbons.

Each prescription is a schedule of silvicultural activities (e.g., planting, thinning,
regeneration, fertilization, or harvesting), which when implemented on a stand is expected
to achieve the desired outcomes. Usually, a myriad of different prescriptions is technically
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or biologically possible for each stand and were then simulated using species-specific
empirical growth and yield models or yield tables (Figure 2 and Table 2). The Globulus
3.0 [26] and the Pinaster [27,28] models, both implemented in the standsSIM-MD module
included in the SIMFLOR platform (Lisbon, Portugal) [29], were used for E. globulus and P.
pinaster, respectively. The SUBER v5.0 [30-32], implemented in the same platform [33], was
used for the growth simulation of Q. suber. The SimGaliza simulator [34,35], developed
for Q. robur stands in Galicia (Spain), was also used, considering the similar soil and
climate conditions from that region and our case study area. For C. sativa, the yield tables
proposed by [15,16] were used. We obtained, from riparian stand national databases [36,37],
structural parameters over the planning horizon.
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\ [ [ | [ |
\ 1 ] { [ !

Prescription 1

0 10 12 20 22 30 40 42 100
JY.J
P T T T H/P =~
ipti \ | | ! [ |
Prescription 301 | | i i [ ‘
0 15 25 35 45 . 100
Figure 2. Example of two simulated prescriptions. Prescription 1 for Eucalyptus globulus Labill. and
Prescription 301 for Castanea Sativa Mill. P—Planting, H—Harvest, 5StS—Stool selection, H/P—Final
harvest and planting, T—Thinning.
Table 2. Forest species and simulated prescriptions for the CSA.
Silvicultural . . . Riparian
Operations Units E. globulus P. pinaster C. sativa Q. robur Q. suber Spp.
Plantation density @ N.trees/ha 1400 1111 1250 1600 833 5000
Replanting ®©) % - - 20 20 -
Stool selection (4€) N. of 2 - - - - -
stools/stump
Prunning Age - - - 23 - -
Pre-commercial
thinning Age i 15 i ) i )
Alternative
(8 ) periodicities 15, 30, 40,
Thinning Age 25 to 45 (10) (5 to 10) 27,37,45 58, 76
starting at 15
Wilson Factor - - 0.27 - 0.2 - -
30, 40
. (h) _ . _ ’ ’
Debarking Age (+9)
) iy 40 to 70 (10)
(P) - -
Final harvest Age 10 to 12 (1) 35 to 50 (5) 40 to 55 (5) and 120

@ Number of plants per ha; ® one year after the plantation; © in percentage; D only applicable to eucalyptus;
© in cycles 2 and 3 after 3 years;  only applicable to pedunculate oak; 8 parentheses () show the interval between
thinnings; 1 only applicable to cork oak; parentheses () show the interval between debarkings; @ clear-cuts;
parentheses ( ) show interval for harvests; 0) cork oaks are only allowed upon forest service authorization.

The stakeholders from Vale do Sousa have identified forest species that are not cur-
rently present in the area, and which they plan to have in the near future. So, in our
prescription list, we considered the possibility of species conversion. The complete set of
prescriptions was matched to the landscape management units, according to their biophys-
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ical aptitude (e.g., soil type and depth, altitude) and location (policy regulations). When a
conversion to a new management model was a possibility, it was scheduled to occur in the
year of the first clearcut harvest of the current species. As a result, most of the area was
considered suitable for P. pinaster plantations, both pure and mixed (92% of the landscape);
C. sativa, Q. robur, and Q. suber alternative management models were considered for nearly
46% of the landscape.

For each prescription, the shrub biomass accumulation (Mg ha~!) under canopy cover
was projected [38] considering different fuel treatment schedule options (no fuel treatment,
5 years, and 10 years) applied over the whole planning horizon. Fuel removal prescriptions
are carried out manually or mechanically in the understory vegetation, considering the
slope and other site restrictions. The simulation of each prescription allowed the estimation
of the evolution of wood volumes, biomass, and carbon pools, including the values removed
as a result of thinning or final-cut silviculture operations.

2.3. Forest Carbon Pools Estimations

For every forest stand and considered management prescriptions, tree standing and
harvested C pools—including stem (Ws), bark (Wb), branches (Wbr), leaves (W1), and roots
(Wr), as well as cork (Wc) for Q. suber, using available national or regional species-specific
biomass equations, multiplied by respective C percentage of dry matter (Table 3). Biomass
models for both C. sativa and Q. robur root biomass were not available, so root ratios of 49
and 20%, respectively, were applied.

Table 3. Literature references for the considered species-specific biomass equations and carbon fractions.

Species Biomass and Root Ratios References % C—Adapted from [39]
Castanea sativa Mill. [39-41] for roots 48.4 [39]
Eucalyptus sp. Labill [26] 47.5[39]

Pinus pinaster Ait. [27,42] 51.1[39]
Quercus robur L. [34,35,42] 48.4 [39]
47.2 [39]

Quercus suber L. [31,43] 60.0 virgin cork: 55.0

reproduction cork [39]

Except for plantation, which is assumed to occur at the beginning of the year, all
other silviculture operations, including, pruning, thinning, shrub clearing, cork or resin
extraction, and clear-cut harvesting, were considered to take place at the end of the year
defined in the prescription, carbon stocks being reported afterward.

Understory shrub biomass was estimated following the approach of ref. [38], and the
respective C content was obtained using a 0.50 carbon conversion factor, in agreement with
IPCC guidelines [44].

2.4. Other Ecosystem Services Estimations

Wood — The amount of wood standing or removed from the forest through thinning
or clearcuts is a direct output from the growth and yield simulators.

Fire Resistance indicator — Each management unit fire resistance was calculated
following the approaches of refs. [18,19], which encompass not only management-related
biometric variables to model wildfire occurrence and damage but also neighboring stand
characteristics” impacts on wildfire probability and spread [45]. The resultant stand-level
values were weighted and averaged for the whole landscape and scaled from 0 to 5; for
better understanding, 1 represents the lowest fire resistance and 5 represents the highest
fire resistance.

Erosion — The soil erosion computation was computed following the approach pro-
posed by [24].
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2.5. Resource Capability Model Building

A total of 84,275 prescriptions—approximately 194 management alternatives per
stand, on average—were used to build a resource capability model (RCM), model I, that is
described by Equations (1)—(28).

Y xi=1 i=1.., M;j=1..N, (1)

wa Z]Ne SPECIES, %i%ij = Aspecies, $=1,..., S (2)

(XX ctreestandingxi + Y, Y., eshrubstandingx;;)/Area = Cstanding, , t =1, ..., T (3)
! Z].N ctreestanding;x;;/ Area = Ctreestanding, , t =1, ..., T 4)

Y Y eshrubstandingxi;/ Area = Cshrubstanding, , t =1, ..., T (5)

M ):]’,” ctrecharvested;yx;;/ Area = Ctreeharvested; , t =1, ..., T (6)

M Z],N cshrubharvestedyx;;/ Area = Cshrubharvested; , t =1, ..., T (7)

(Z,-M Z}N ctrecharvestedx;; + Y Z],N cshrubharvestedyx;;) / Area = Cremovedy , t =1, ..., T (8)
YUY frag = FRA; t=1,..., T 9)

wa ZJN‘ erosion;jx;; = Erosion; t=1,..., T (10)

Z?A Z]N pinusgxi; = Vpinus, t=1,..., T (11)

wa Z]N eucalyptijtxi]- = Veuc; t=1,..., T (12)

wa ZJN castaneajjx;j = Veasty t=1,..., T (13)

wa ZJN qrobury,x;; = Varob, t=1,..., T (14)

ZIM ZJN qsuberyx;; = Vasub, t=1,..., T (15)

Vpinus, + Veuc; + Vcasty + Vqrob, + Vgqsub, + Vrip, = VEI; t=1,...,T (16)
ZZ\A ZJN wpinus;;x;; = Wpinus, t=1,..., T (17)

ZZM Z;\] weucalyptijtxij = Weuc; t=1,..., T (18)

wa ZJN weastaneajyx;j = Weasty t=1,..., T (19)

wa Z]N wqroburijtxij =Wgrob, t=1,..., T (20)

Z?A ZJN wqsuberxij = Wasub, t=1,..., T (21)

Wpinus, + Weucy + Wcast; + Wqrob, + Wgsub, = Wood; t=1, ..., T (22)
T Cstanding,

1 T = CStock (23)
Z1T Cremoved; = CRemoved (24)
’ FRA: _ pra (25)

Z1T Erosion; = Erosion (26)

Z;F Wood; = Wood 27)
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0<xj<1Vij (28)

where x;; are the decision variables, representing the proportion of management unit i area
under prescription j (varying from 0 to 1); M is the number of management units (1406); N;
is the number of possible prescriptions for each stand i; a; is the area of management unit i;
S is the number of forest species (6); SPECIES; is the set of prescriptions j that correspond
to species s; cstanding;j; is the annual average standing carbon in the forest (Mg ha=1) in
period ¢, resulting from assigning to stand i prescription j; Area is the total landscape area
(14,320 ha); T is the number of planning periods (10); ctreestanding;; is the average annual
carbon standing in trees (Mg ha~!) in period ¢, that results from allocating prescription j to
stand i; cshrubstanding;j; is the yearly average carbon standing in shrubs biomass (Mg ha=1)
in period ¢, resulting from choosing prescription j for stand i; ctreeharvested;j; is the total
carbon harvested as tree products along period ¢, as a result of assigning prescription j to
stand i; cshrubharvested, is the total carbon harvested in shrubs biomass along period £, as
a result of assigning prescription j to stand i; fra;;; is the fire resistance indicator in period ¢
that results from assigning prescription j to stand i; erosion;;; is the potential soil loss in Mg
in period ¢, resulting from assigning to stand i prescription j; pinus;;;, eucalypt;j;, castanea;j;,
qroburj; and qsuberk;;; are, respectively, P. pinaster, E. globulus, C. sativa, Q. robur and Q.
suber, standing volumes at the end of period ¢, associated with prescribing management
alternative j to stand i; wpinus;;, weucalypt;;, weastanea;y;, wqrobur;; and wqsuber;; are,
respectively, the harvested wood volumes of P. pinaster, E. globulus, C. sativa, Q. robur and
Q. suber, which result from assigning prescription j to stand i along period .

Equation (1) requires that all areas in a stand (4;) must be managed so that the sum of
all area proportions (x;;) assigned to all prescriptions j, for every management unit i, must be
equal to one. Equations (2)—(27) estimate the values of bookkeeping variables reflecting the
problem resource capability model. The areas assigned to each forest species (AspgrciEss) are
accounted for by Equation (2). Equations (3)—(5) express the annual average value of forest
standing carbon per hectare, in the trees (Ctreestanding;), the shrubs (Cshrubstanding;), and
both (Cstanding;) within each 10-year planning period t. Equation sets (6) and (7) account for
the total harvested carbon from the products of the tree (Ctrecharvested;) and the understorey
shrubs layer (Cshrubharvested;) per hectare and planning period f. The landscape fire
resistance in each period t is computed as FRA; through Equation (9). Potential soil losses
for each period t are defined by accounting variables Erosion; (Equation (10)). Equation
sets from (11) to (15) account for the landscape standing volume for each tree species
and period (t), while Equation (16) calculates the total landscape standing volume at the
end of each planning period (VEI;). Equation sets from (17) to (21) define the harvested
wood volume of each species, obtained within each 10-year period, and Equation (22)
represents the total landscape timber yield for each ¢ (Wood;). The variables defined by
Equations (23) and (27) express the landscape average standing carbon (Carbon) that belong
to the tree pool (Carbontree) and shrub layer (Carbonshrub), total harvested carbon from the
trees (Carbonharvestedtree) and shrubs (Carbonharvestedshrub), average fire resistance (FRA),
accumulated soil losses (Erosion), and total wood production (Wood), respectively, along
the 100-year planning horizon. Non-negativity constraints are represented by the set of
inequalities expressed by Equation (28).

Two scenarios were analyzed: the expansion of the cork oak area (ExpQS): the area
of Q. suber is allowed to increase; and business as isual (BAU): the area of Q. suber will be
maintained during the planning horizon. The models were used also for optimizing soil
protection while demanding a minimum timber supply, defined with a 12-million-cubic-
meter threshold for harvested wood along the 100-year planning horizon (Equation (29)).
In addition, a constraint was used that imposed a minimum fire resistance value of 3.7
(Equation (30)).

Wood > 12,000,000 (29)

FRES > 3.7 (30)
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The model was tested for the three contrasting objectives of timber provision (only with-
out constraints; Equation (33)) and carbon stock and carbon removed (Equations (31) and (33)).

Maximize Wood (31)
Maximize/minimize Carbon Stock (32)
Maximize /minimize CRemoved (33)

The RCM was built and solved independently for the scenarios. Table 4 summarizes
the problems addressed and the respective LP models and constraints analyzed.

Table 4. Scenarios addressed in the study.

Alias Objective Function Constraints
Expansion of Qs Area Business as Usual (BAU)
ExpQS_MaxW BAU_MaxW Max Wood None
ExpQS_MaxCS BAU_MaxCS Max Cstock None
ExpQS_MaxCR BAU_MaxCR Max Cremoved None
ExpQS_MinCS BAU_MinCS MinCStock None
ExpQS_MinCR BAU_MinCR MinCremoved None
ExpQS_MaxCSW12 BAU_MaxCSW12 Max Cstock Equation (29)
ExpQS_MaxCSFire BAU_MaxCSFire Max Cstock Equation (30)

Where: Qs: Quercus suber L.

3. Results

The models were solved via CPLEX Interactive Optimizer 12.5 (IBM, New York, NY,
USA, 2013) on a computer equipped with an Intel Core i5 processor and 16 GB of RAM.

Currently, the forested landscape in Vale do Sousa is being managed to maximize
the total amount of timber extracted from the forest. With this objective, the scenarios
ExpQS_MaxW and BAU_MaxW were optimized. In both scenarios, 14.06 million m? can
be harvested in a 100-year planning horizon. The similar results in both scenarios are
explained by the fact that the Q. suber exploration does not allow clearcuts within the
planning horizon, but only cork extraction every 9 years after the first debark. The impact
of the management plans with this objective on soil erosion and fire resistance are similar
(Table 5). Also, the same trend was found when analyzing the amount of carbon storage
and the total amount removed.

Table 5. Results from scenarios without constraints.

Alias Cstock Cremoved Wood Erosion Rait
(x10° Mg) (x10° Mg) (x10° M3) Mg/Ha/Year [0-5]

ExpQS_MaxW 35.65 576.73 14.06 88.08 3.11
BAU_MaxW 35.61 576.77 14.06 88.05 3.10
ExpQS_MaxCS 94.78 370.76 7.63 94.78 3.77
BAU_MaxCS 52.51 517.58 11.82 78.09 3.33
ExpQS_MaxCR 39.74 610.29 13.19 83.96 3.31
BAU_MaxCR 39.33 610.10 13.19 84.31 3.29
ExpQS_MinCS 8.78 94.92 6.79 79.58 2.38
BAU_MinCS 8.78 94.92 6.79 79.58 2.38
ExpQS_MinCR 10.21 85.31 7.61 82.51 2.21
BAU_MinCR 13.66 79.00 7.40 79.61 2.31

Cstock—carbon stock in the forest (14,316 ha); Cremoved—the total carbon removed in the landscape in 100 y
planning horizon from the tree and shrub removals; Wood—the total wood removed (thinning + harvests). Bold
shows the optimal value according to the objective function.

If the stakeholders and the entity that manages the forest want to optimize the amount
of carbon storage by solving models ExpQS_MaxCS and BAU_MaxCS§, it is possible to
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obtain 94.78 and 52.51 million Mg, respectively. In the scenario, characterized by Q. suber
expansion, the amount of total wood removed was reduced to 7.63 x 100 M3, prioritizing
prescriptions with longer rotations (e.g., C. sativa and Q. suber). On the other hand, in the
BAU scenario, the amount of wood removed was higher, namely 11.82 x 10® M3, mostly
from E. globulus stands, C. sativa, and P. pinaster. Scenarios leading to an optimum level
of removed carbon, from tree harvesting, thinning, shrub cleaning, and debarking, had
similar results regarding the five criteria analyzed. Yet, a deeper analysis of the results
revealed that the prescriptions assigned to each management unit were mostly very short
rotations (e.g., 10 years for E. globulus with a shrub cleaning periodicity of 5 years).

Regarding tree species distribution on the landscape (Table 6), model solutions for two
scenarios were shown to be slightly different according to the different objective functions
(Figure 3). The results showed that, for timber maximization purposes, a bigger proportion
of the landscape should be occupied by E. globulus plantations (79.2%) in both scenarios
(BAU with Q. suber expansion), followed by P. pinaster with an occupation of 17.4% of the
CSA area. The remaining area will be occupied by broadleaves, mainly C. sativa.

Table 6. Area occupied (in hectares) by each species in each scenario.

Without Constraints
Specie Pp Eg Cs Or Qs Rp
ExpQS_MaxW 2488.9 11,340.6 312.8 0.0 65.2 108.6
BAU_MaxW 2496.5 11,340.6 316.1 0.0 54.32 108.6
ExpQS_MaxCS 1377.9 3794.3 1179.2 0.0 7856.1 108.6
BAU_MaxCS 2360.7 8476.4 3316.1 0.0 54.3 108.6
ExpQS_MaxCR 2088.6 10,006.6 1970.2 0.0 142.1 108.6
BAU_MaxCR 2176.3 10,006.6 1970.2 0.0 54.3 108.6
ExpQS_MinCS 12,641.9 686.4 55 819.3 54.3 108.6
BAU_MinCS 12,641.9 686.4 5.5 819.3 54.3 108.6
ExpQS_MinCR 12,482.3 408.9 55 587.5 723.3 108.6
BAU_MinCR 13,105.5 454.7 5.5 587.5 54.3 108.6
With Constriants
ExpQS_MaxCSW12 1636.2 7647.7 776.3 0.0 4147.3 108.6
BAU_MaxCSW12 2300.6 8551.9 3300.6 0.0 54.3 108.6
ExpQS_MaxCSFire 1377.9 3794.3 1179.2 0.0 7856.1 108.6
BAU_MaxCSFire 2318.8 8518.3 3316.1 0.0 54.3 108.6

Pp—Pinus pinaster Aiton., Eg—FEucalyptus globulus Labill., Cs—Castanea sativa L. Qr—Quercus robur L.,
Qs—Quercus suber L., and Rp—Riparian species.

EE:EEEEEDE

Figure 3. Area distribution in each scenario without constraints. Pp—Pinus pinaster Aiton.,
Eg—Eucalyptus globulus Labill., Cs—Castanea sativa Mill., Qr- Quercus robur L., Qs—Quercus suber L.
and Rp—Riparian species.
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A maximum level of carbon stock was achieved (94.78 x 10° M?) for the case study
area in the scenario ExpQS_MaxCS, where Q. suber occupies 7856 ha (54.88%) followed
by E. globulus in 3794 ha (26.50%), P. pinaster in 1377 ha (9.62%), and C. sativa in 1179 ha
(8.24%). On the other hand, in the scenario, without Q. suber expansion [BAU_MaxCS5],
the maximum level of storage carbon (52.51 million Mg) was obtained, mostly choosing
prescriptions of E. globulus with longer rotations with no shrub cleanings or with 10-year
periodicity, followed by C. sativa stands and P. pinaster, occupying 23.2% and 16.5% of the
area, respectively.

In scenarios characterized by minimization of carbon stock or carbon removed, pre-
scriptions with P. pinaster are frequently chosen (with more than 87% of the total area)
(Figure 3 and Table 6). These four scenarios also selected prescriptions that reconvert E.
globulus areas or bare/shrublands to Q. robur. The maximum area occupied (819 ha) with
this species was achieved in the ExpQS_MinCS and BAU_MinCS scenarios.

Riparian species are included in all optimal solutions with minimum hectares (108.6 ha)
to be allocated according to area constraints of the LP model.

The area occupied by E. globulus always decreases when optimizing (maximizing or
minimizing) carbon stock and carbon removed (Table 7). The biggest decrease happens
when we maximize carbon stock, allowing the Q. suber area to increase, these areas being
reconverted mostly to that species. The selection of prescriptions for P. pinaster is the most
common in all scenarios where we minimize the amount of carbon, in some cases increasing
to about 83.4% of the CSA (scenario ExpQS_MIinCR). Broadleaf areas (C. sativa, Q. suber,
and Q. robur) also follow the same trend as P. pinaster. More specifically, when allowed, the
expansion of Q. suber area always increases, which is more significant when maximizing
carbon stock (scenario ExpQS_MaxCS). Areas that were occupied by shrubs and bare land
were always reconverted and occupied with forest species, except E. globulus.

Table 7. Change in land occupation in the different scenarios tested.

Specie

ExpQS
MaxW

ExpQS BAU ExpQS BAU ExpQS BAU ExpQS BAU

MaxW MaxCS MaxCS MaxCR MaxCR MinCS MinCS MinCR MinCR

- A4 335858388
. ffffffffff
8 ffffff

Rp

80.1

f‘tf‘t

Green arrows represent an area increase, orange arrows for species area decrease, and an equals sign when the
area remained the same since the beginning of the planning horizon. Pp—Pinus pinaster Aiton., Eg—Eucalyptus
globulus Labill., Cs—Castanea sativa Mill., Qr—Quercus robur L., Qs—Quercus suber L. and Rp—Riparian species.

A minimum value for fire resistance of 3.7 is imposed in the models; when using
Equation (30), there was a slight decrease in the amount of carbon stock from 52.51 to
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51.36 x 10° Mg in scenario BAU_MaxCSFire (Table 8). In the same scenario, it is noticed
that the carbon removed decreased. In the scenario ExpQS_MaxCSFire, where Q. suber area
expansion was allowed and the minimum value of fire resistance was imposed, we noticed
that the best solution selected was similar to the one that maximized the carbon.

Table 8. Scenario solutions with constraints.

Criteria ExpQS BAU ExpQS BAU
MaxCSW12 MaxCSW12 MaxCSFire MaxCSFire
Cstock (x10° Mg) 60.4 52.18 94.78 51.36
Cremoved (x10° Mg) 522 530.71 370.76 512.88
Wood (x10° M3) 12 12 7.63 11.83
Soil erosion (Mg/ha/year) 63.46 78.1 41.98 78.07
Rait [0-5] 35 3.33 3.77 3.7

When the objective is to maximize the amount of carbon storage in the forest, but
with a minimum amount of wood to be removed from the forest (e.g., wood demand
12 million m?), the landscape will be dominated mostly by E. globulus, 53 and 60%, respec-
tively, in scenarios ExpQS_MaxCSW12 and BAU_MaxCSW12 (Figure 4). In the scenario
where cork oak expansion is allowed, the Q. suber area increases to 3300 ha, corresponding
to about 29% of the total area, followed by 11% of the area occupied by P. pinaster. In this
scenario, E. globulus and P. pinaster contribute mostly to achieving the wood target where
whereas the Q. suber provides a substantial weight to the amount of carbon stock, since in
this species silvicultural regime, clearcuts are not allowed. In the BAU scenario, after the
area occupied by E. globulus, it observed a species reconversion to C. sativa and P. pinaster
that occupies 23 and 16% of the total area, respectively.

(] [m] ]

Figure 4. Area occupied by each species in each simulated scenario, when adding constraints of
minimum level of wood demand of 12 million cubic meters and 3.7 for the fire resistance indicator.
Pp—Pinus pinaster Aiton., Eg—Eucalyptus globulus Labill., Cs—Castanea sativa Mill., Qr—Quercus robur
L., Qs—Quercus suber L. and Rp—Riparian species.

When adding to the RCP model the wildfire risk concern, to have a high fire resistance
with a minimum value of 3.7, the scenario ExpQS MaxCSW12, privileges a substantial
increase in the cork oak area, from the initial 54 ha to about 7856 ha, representing near 55%
of the forested area. The higher E. globulus area decrease was bigger, lowering from almost
10,000 ha to 3794 ha. P. pinaster and C. sativa represent 9.6 and 8.2% of the area, respectively.
In the BAU scenario, tested in model BAU MaxCSFire, the species representativeness in the
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landscape was similar to scenario BAU_MaxCSW12. In all scenarios, the riparian species
kept the same area, 108 ha.

4. Discussion

In this research, a landscape-level Linear Programming Resource Capability Model
was extended to integrate the carbon stock-oriented forest management in two scenarios,
i.e., business-as-usual (BAU) where the area of Q. suber remained the same (54 ha) all over
the planning horizon and the second where Q. suber area expansion was allowed. We
wanted to measure the quantitative impact of forest management models on the potential
carbon stock and removed carbon in the landscape provision. The proposed methodology
explores the instrumental interaction between forest management models and carbon levels
at the stand and landscape. Likewise, we applied a simulation—optimization framework to
guide forest actors in considering optimal practices to safeguard future carbon, seeking to
benefit native forest species while other conservation commitments are reached in long-
term forest management. For that purpose, several land uses, through different periodicities
of fuel treatments, were simulated according to the stakeholder’s opinions and suggestions.
The process of actor analysis encompassed the identification of key actors and 40 interviews,
where a diagnosis of the current forest management context in Vale do Sousa was carried
out. We also identified the factors—interests, influential actors, conflicts, problems, and
power resources—that frame forest decisions [46].

In this study, we quantified the C pools from the shrubs growing below the tree in
each stand using the models developed by refs. [20,44]. The knowledge about C storage
in different components of shrub communities has been largely studied giving indication
of the potential for carbon released to the atmosphere in case these systems suffer human
disturbances or fire occurs, averaging 50%. C concentration in biomass is normally as-
sumed [47-49], as we assumed in the simulations performed. In the 2019 forest inventory
performed in the CSA, the shrub species and loads were recorded. If species proportion is
known from the inventory, the shrubs' carbon content could be more precisely estimated.
The carbon content of the main shrub species and formations show that the carbon content
varies between the species [50], although overall, the average for a large number of taxa
was close to 50% as suggested [44]. Some other studies point to a higher percentage [51,52],
56% C in aboveground biomass and 54% in belowground biomass in shrubs, which may
raise awareness of the relevant errors that may occur in estimates of C biomass contents or
C balances when applying this averages.

Significant uncertainty exists about the size of forest C pools, including that in the
above-ground boles of live trees. This reflects the fact that forestry in the case study area
used empirical growth models for the forest species [26-28,30,34,35,41,42] to determine
the amount of merchantable volume in forest stands before they are harvested. Non-
merchantable above-ground live tree biomass, below-ground live tree biomass, understory
vegetation, downed deadwood, the forest floor, and forest soil have been the subject of
C research studies [53-55], and are not normally assessed in extensively managed forests.
This uncertainty has implications for decision-making for forest carbon management. With
this study, we included the carbons that were stoked in the forest from the trees and shrubs
(above and below ground). Also, we accounted for carbon that is removed when the
prescriptions are applied and the silvicultural operations (e.g., shrub cleanings, pre- and
commercial thinnings, and clear cuts).

Sustainable forest management is intended to ensure that an acceptable balance is
achieved among ecological and social values. There are examples of forest management
achieving both sustainability and increasing C storage while allowing logging [16,56,57].
Forestry offers possibilities to stock carbon in living biomass, deadwood, and forest soil, as
well as in products prepared of wood and in non-wood forest products (e.g., cork, carbon)
and goods (e.g., biodiversity, soil erosion, fire resistance). In addition, the use of wood
may reduce carbon emissions from fossil fuels. However, harvesting decreases the carbon
stocks of forests and increases emissions from decomposing harvest residues [3]. In our
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study, the computation of C storage includes the carbon from the standing trees (above
and below ground) and the standing carbon from shrubs growing below them. Further
improvements to the current work may include carbon from litter, dead organic matter
above ground and the forest floor, and forest soils [53] and, after harvest, wood products
and eventually in landfills.

Natural forests dominated by Quercus robur L. (pedunculate oak) represent the most
important natural forest community [42]. Above- and below-ground biomass and nutrient
pools in oak forests have been studied in Europe [58,59]. However, there is a need for
further, more complete, studies on ecosystem C amounts to assess the effects of management
practices and to reach the implementation of conservation measures. Since this species
usually is less intensively managed and the rotation age is larger than in the other species
(e.g., [60] shows that the biological optimal rotation for pedunculate oak is 118 years),
along with the implementation of conservation measures that contribute to restoring forest
structure and, therefore, C stocks, currently this species is not present in the case study
area. Our results align with previous studies, since the reconversion of the current land
use to this type of forest does not happen when decision-makers want to maximize wood
production carbon stock, or carbon removed. The species is only selected in the opposite
direction, i.e., the minimization scenarios.

Some key strategies for addressing carbon storage in forested landscape management
planning can be addressed: (1) forest conservation and restoration through the protection
of existing forests and restoration of degraded or deforested areas. Old-growth forests, in
particular, have the highest capacity to sequester carbon due to their mature and dense
vegetation. (2) Sustainable logging practices such as selective cutting or reduced impact
logging can minimize carbon emissions and maintain the overall health and carbon storage
capacity of the forest. (3) Planting new trees (afforestation) or replanting trees in areas that
were previously forested (reforestation) can increase carbon sequestration. These efforts
can be directed to degraded lands, abandoned agricultural fields, or shrublands. (4) Main-
taining a diverse mix of tree species within a forest can improve its resilience to climate
change and enhance carbon storage. Different tree species have varying abilities to capture
and store carbon and a diverse ecosystem is better equipped to withstand disturbances.
(5) Limiting human-caused disturbances such as wildfires, clearcuts, and infrastructure
development can help preserve carbon stock in forests. Fragmentation of forests can reduce
their overall carbon storage capacity, so efforts to connect fragmented areas should be
considered. (6) Adopting sustainable forest management practices that focus on long-term
ecological health and carbon sequestration can be highly effective. This includes natural
regeneration, reducing soil disturbance, and protecting riparian zones. (7) Implementing
regular monitoring and research programs to assess carbon storage and fluxes in forests is
crucial for understanding the effectiveness of management strategies and making informed
decisions. (8) Collaboration among stakeholders including governments local community
NGOs and private sector entities is essential for implementing effective management plans.
Supportive policies and incentives can encourage landowners and forest managers to
prioritize carbon storage initiatives. (9) Encouraging sustainable agricultural practices
and agroforestry can help to integrate trees into agricultural landscapes increasing carbon
sequestration while providing additional benefits to local communities.

By considering and implementing these strategies, forested landscapes can become
vital carbon sinks, effectively mitigating climate change and supporting sustainable devel-
opment. Addressing carbon storage in forest management planning is a significant step to-
ward building a more resilient and sustainable future for both humans and the environment.

5. Conclusions

The results presented in this article are part of our effort to integrate carbon dynamics
in the management decision-making process, as this is expected to better achieve the dual
objectives of high sustained timber yield and high carbon storage. Most strategic forest
management planning models do not include this option. The trade-off between carbon
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storage and other ecosystem services is a complex and nuanced issue that varies depending
on the specific ecosystem, geographical location, and management practices. The trade-off
between carbon storage and wood removal is a key consideration in forest management and
land use decisions. Forests play a crucial role in carbon sequestration, as trees absorb carbon
dioxide from the atmosphere during photosynthesis and store carbon in their biomass. At
the same time, forests are a valuable source of wood, which is used for various purposes,
including construction, furniture, and paper production. Balancing the need for carbon
storage with the demand for wood involves understanding and managing the trade-offs
involved. Thus, this article adopts the perspective of forest managers who contend that
the removal of lumber from the forest does not affect the carbon stocks in the forest in the
long term. The results demonstrate that with the reduction in the harvest rates, the increase
in the ecosystem carbon storage is insufficient to offset the carbon losses associated with
the increase in the harvest rates. This argues in favor of the scenarios about strategic forest
management with strategies to store carbon.
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