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Abstract: The maritime pine (Pinus pinaster Ait.) forest is an essential element of the Portuguese forest
landscape due to its social, economic, and environmental importance. The sustainability of these
forests in the Mediterranean region faces challenges due to recurrent forest fires and the absence of
or delayed management. The species has a high capacity for regeneration, but the perpetuation of
pine forests in sustainable conditions depends on adequate management to achieve high biomass
production and assure fire resilience. This study aimed to analyse four management scenarios (C1
to C4) for the natural regeneration of maritime pine in six areas with stand ages ranging from 6
to 16 years and densities varying from 15,000 to circa 93,000 trees per ha. The same four scenarios
were implemented in each of the six areas. The scenarios considered the evolution of forest growth
according to different management prescriptions and were simulated using Modispinaster and
PiroPinus models. Scenario C1 considered no intervention, with only the final cut. Scenario C2
considered a thinning schedule to maintain the stand within the 50–60% range of the Stand Density
Index (SDI). Scenario C3 followed the area’s Forest Management Plan (PGF), which typically includes
two or three thinning operations throughout the cycle. Scenario C4 was adapted from the MS1
silvicultural model of the National Institute for Nature Conservation and Forests—ICNF, which
involves opening strips at earlier ages (3 and 6 years), with the selection of trees to remain in the
wooded area carried out between 4 and 10 years of age and performing thinning whenever the
Wilson Spacing Factor (FW) reaches 0.21. The final cutting age was assumed to be 45 years but
could be lowered to 35 years in Scenario 3 if defined in the plan. Based on the indicators generated
by the simulators, the results showed variations in the total volume of timber produced at the
time of harvest depending on the silvicultural guidelines. Scenario C4 was the most effective in
generating the highest individual tree volume at the end of the cycle and the total volume of timber
collected throughout the cycle. The ability of the forest to resist fire was evaluated before and after
the first treatment for density reduction. The treatments performed did not decrease the resistance to
fire control.

Keywords: Pinus pinaster; forest management; forest fires; regeneration post-fire; thinning

1. Introduction

The Portuguese forest has always been an important element of the landscape and
played a relevant role in the country’s social and economic development, supplying goods
and services throughout its history. Particularly during the 15th-century maritime expan-
sion and shipbuilding, there was a high demand for wood, leading to the implementation
of protective measures. The Law of Trees of 1565 was one such measure, aiming to reforest
communal and privately owned lands with pine, oak, and chestnut trees. Over time, activi-
ties like cooperage for the storage of port wine and fish, the reconstruction of Lisbon after
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the 1755 earthquake, and the production of railroad ties has contributed to the pressure on
wood resources and the subsequent deforestation of the territory [1].

The maritime pine (Pinus pinaster Aiton) has held a prominent position for mast
construction on two-masted ships since maritime expansion. Its resin was also used to
cover the upper works (structures above the waterline and on the deck) [2].

The forest expansion between 1875 and 1938 was essentially driven by small private
landowners motivated by the external demand for wood and resin. After this period, from
1938 onwards, the Forest Settlement Plan and other actions of the Portuguese state fostered
the expansion of the forest (especially in the northern and central common lands), causing
the pine forest area to increase from 210,000 ha in 1875 to 1054 million ha in 1995 [3].

Mainland Portugal has approximately 3.22 million ha of forest area, covering roughly
36% of the national territory. Maritime pine accounts for about 22% of the forest area,
equivalent to around 713,000 ha. This represents a decrease of 85,000 ha compared to
the data reported in 2005, when the species occupied 798,000 ha, primarily in mainland
Portugal’s northern and central regions [4,5]. Maritime pine has typically been found in
areas influenced by the Atlantic for at least 33,000 years, but it can be found throughout
mainland regions to varying extents [6]. It is a heliophilous species, intolerant to shade, a
pioneer, and quite hardy. Mature trees can reach heights of up to 25 m and have a diameter
of 60 cm at 60–70 years of age [7,8]. Regarding the ideal edaphoclimatic conditions for
its development, the species performs best at altitudes up to 400 m [9]. Maritime pine
responds well to water and soil conditions, especially in humid and sub-humid areas [10],
but is also highly drought-tolerant and adaptable to climate changes [11].

Maritime pine, being a pioneer species, has the characteristic of a remarkable natural
regeneration ability through seeds. The natural regeneration of maritime pine can also
occur after environmental disturbances, notably following forest fires, provided that a
viable seed bank exists. In Portugal, frequent forest fires often result in vast areas of
natural regeneration, which can eventually become advantageous compared to establishing
plantations using seedlings. This is due to the reduced implementation costs, the greater
adaptation of the plants to the site, and the possibility of the early commercial use of the
wood [7]. As the natural regeneration of maritime pine offers advantages over plantation,
the management of these areas should guide the stand towards forming a more sustainable
forest. This would aim to achieve higher yields and lower resistance to wildfire control [12].
An increase in the yield of naturally regenerated forests cannot be attributed solely to
their potential final volume since plantations can achieve higher values due to the use of
genetically selected material, resulting in greater yields. Instead, the increase in yield is due
to interventions that generate revenue through the removal of wood from the forest system
during each thinning period. Additionally, the cost of implementation is much higher in
plantations, making it necessary to generate more income to achieve viable profitability,
which is not always guaranteed. Furthermore, the risk of failure in the development
of the stand is lower in naturally regenerated forests as it occurs over a time interval
(seed production), whereas planting occurs in a single moment [13]. The trend in the
evolution of pure stands originating from natural regeneration is that, at some point, self-
regulation through competition leads to mortality. Understanding the mechanisms of
self-regulation and the evolution of dendrological parameters is essential in implementing
the best management practices to reduce the fire intensity and achieve the maximum
wood volumes [14]. Knowledge of the factors that influence the behaviour of the natural
regeneration of maritime pine, especially in the context of climate change, is an asset to
ensure the adoption of best practices and promote the sustainable development of the
forest [15].

The relationships between variables determining the behaviour of a forest stand and
its improvement should primarily occur through long-term studies, where climate and
location data can substantially contribute to the development of predictive models for
forest growth, consequently enhancing the prediction accuracy. This collaboration plays a
crucial role in more effectively managing the forest and striving for sustainability. It allows



Land 2024, 13, 170 3 of 21

for a more profound understanding of forest development and facilitates well-informed
and responsible management strategies [16].

Silvicultural guidelines for this particular species have been mostly based on planted or
seed-regenerated stands, which have lower densities than those found in areas regenerated
after a fire. There is a lack of knowledge regarding the appropriate silvicultural options
in these situations. The rePlant Project—Implementation of Collaborative Strategies for
Integrated Forest and Fire Management—aimed to assess the forest management methods
followed or recommended to determine the most suitable options for the management of
the species under similar conditions. The project encompasses the evaluation of factors
that can affect the three pillars of sustainability. The pursuit of forests with a higher wood
yield, along with minimising the cost/benefit ratio and vulnerability to wildfires, are key
elements in promoting the forest as a profitable business that can create employment
opportunities and income in sparsely populated regions, thereby encouraging people to
settle and work in rural areas. The effects of wildfires go beyond financial losses and
can have environmental consequences such as soil degradation, carbon emissions, and
a reduction in biodiversity, as well as social impacts on rural populations. This article
provides details on the study and its findings. Forest management costs and economic
viability are being investigated and will be presented in a sequential manuscript.

The specific objectives of this study are (a) to characterise real cases of study involving
the management of post-fire regenerated stands; (b) to simulate stand evolution from the
current age till harvest with four different management scenarios; and (c) to evaluate the
results of management, in terms of the volume produced and the average size of the trees.
As fire is a regular disturbance, the project also aims to assess whether the forest becomes
less resistant to wildfire control after the first density regulation practice. The research
hypotheses examined in this article are as follows: (H0) forest production in maritime pine
stands originating from natural regeneration remains unaffected by varying management
models, and (Ha) differences in production occur depending on the forest management
model adopted, thereby suggesting that the choice between traditional and recommended
approaches plays an important role in influencing the outcomes.

2. Materials and Methods

A preliminary assessment was performed to identify areas in the country with young
maritime pine stands resulting from natural post-fire regeneration. Interventions had to be
planned to be implemented shortly. The assessment helped to select seven areas of natural
regeneration of maritime pine in the municipalities of Boticas and Vila Pouca de Aguiar
in the northern region of Portugal. One of these areas, area 3, could not be included in
the study as it was affected by a fire, which prevented data collection after the thinning
operations. The locations of the remaining six areas are displayed in Figure 1. The data
were collected between February 2022 and March 2023. The stands were between 6 and
16 years old and had not been previously treated. The areas were located in the upper
Tâmega river valley, which had a temperate climate of Type Csb according to Köppen, with
rainy winters and mild summers [17].

After selecting the areas, fieldwork was planned to allow characterisation before and
after the intervention (Section 2.1) and the activities carried out in the field (Section 2.2). The
pre-thinning characterisation aimed to assess dendrometric variables, the fuel load, and the
fuel dispersion of the area before the intervention team performed forest thinning (opening
of intermediate strips and thinning of vegetation strips). Similarly, a new characterisation
was conducted using the same variables after the thinning operation. The information
collected after data treatment was used as input data in the ModisPinaster simulator and
as indicators of resistance to fire control (Sections 2.3 and 2.4). It was assumed that the
simulations for each site would consider the average values evaluated on the sample plots.
Table 1 shows some edaphoclimatic characteristics of the study areas.
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Figure 1. Location details of the plots in the municipalities of Vila Pouca de Aguiar and Boticas (a).
Geographical location of the study area in relation to mainland Portugal (b).

Table 1. Characteristics of location, temperature, rainfall, humidity, and soil of each area.

Area
Age at First
Thinning

(Years)
Geographic Coordinates Council Location

Average
Annual

Temperature
(◦C)

Average
Annual
Rainfall

(mm)

Average
Relative

Humidity
(%)

Type of Soil

1 15 41◦39′2′′ N; 7◦37′58′′ W Boticas Pinho 10–12.5 700–1000 75–80 Humic Cambisol
2 16 41◦41′7′′ N; 7◦43′7′′ W Boticas Carvalhelhos 10–12.5 1200–1400 75 -80 Humic Cambisol
4 8 41◦38′49′′ N; 7◦40′13′′ W Boticas Mosteirão 10–12.5 800–1200 75–80 Humic Cambisol

5 14 41◦29′56′′ N; 7◦34′20′′ W Vila Pouca
de Aguiar Filhagosa 12.5–15 1200–1400 75–80 Humic Cambisol

6 6 41◦40′32′′ N; 7◦37′51′′ W Boticas Granja 10–12.5 700–1200 75–80 Humic Cambisol
7 7 41◦40′12′′ N; 7◦40′00′′ W Boticas Torneiros 10–12.5 800–1200 75–80 Humic Cambisol

2.1. Pre- and Post-Thinning Characterisation

The selected areas were characterised by installing four square plots at each site and
collecting data inside the plots. The plot size was 4 m × 4 m for stands older than eight
years and 2 m × 2 m for stands eight years or younger. The plots were delimited in areas
that were most representative of the plot’s characteristics.

The data collected in each plot comprised the count of live and dead trees. In four
representative trees, the following variables were measured: diameter at the base, diameter
at breast height (DBH), total height, and height of the crown base. Additionally, the
average height of the understory vegetation, the average occupancy of the understory as a
percentage, the crown cover as a percentage through visual examination, and the thickness
of the organic layer were recorded.

Information regarding specific forest characteristics was collected through measure-
ments and observations and recorded in field reports. The information regarding the width
of the strips (vegetation/forest lines) and intermediate strips (cleared lines with suppressed
vegetation) to determine their dimensions was collected in the field and recorded in a
specific report. Width measurements were taken at five different points using a measuring
tape in at least six strips and six intermediate strips. This information allowed for the
assessment of the average tree density per ha in the area after intervention.

2.2. Treatments Carried out in the Field

The interventions (forest treatments) made in the selected sites were agreed upon in
advance with the management bodies and forestry contractors and aimed to reduce the
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tree density per ha and the fuel loading. The interventions were performed by mechanised
or motor–manual operations. The mechanised operations were carried out to open interme-
diate strips in the studied areas, primarily using tracked machines with a shredder head,
purpose-built forestry machines, or a tractor with a crushing implement, as illustrated
(Figure 2).

Figure 2. Excavator with a shredder head (a), forest shredder (b), tractor with a crushing implement (c).

Among the motor–manual operations were the thinning/pruning operations with
chainsaws and the thinning/reduction of vegetation with shrub cutters (Figure 3a,b).
Figure 3c,d show the overall appearance of a forest before and after the intervention, respec-
tively, in one of the studied sites. Table 2 summarises the forest management operations
carried out in each studied area during the first thinning.Land 2024, 13, x FOR PEER REVIEW  6  of  24 

 

 

Figure 3. Thinning/pruning with a chainsaw (a), thinning/reduction of vegetation with shrub cutter 

(b). Maritime pine stand before (c) and after treatment (d). 
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Figure 3. Thinning/pruning with a chainsaw (a), thinning/reduction of vegetation with shrub
cutter (b). Maritime pine stand before (c) and after treatment (d).
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Table 2. Maritime pine natural regeneration treatments and equipment applied at each stage. All
interventions were performed in the same year.

Area Opening of Intermediate
Strips Density Reduction Pruning Vegetation Clearing Slash Chipping

1 Na Chainsaw Chainsaw Shrub cutter Shrub cutter

2 Tracked excavator with a
shredder head Chainsaw Scythe

Tracked excavator +
shredder head in areas

adjacent to the
intermediate strip and
shrub cutter in other

areas

Manual dragging for
the intermediate strip
and shredding with a

shredder head

4 Tracked excavator with a
shredder head

Chainsaw and
shrub cutter na na na

5 Forest shredder Chainsaw Chainsaw Shrub cutter na

6

Tractor + implement for
mulching in the

intermediate strips and
tracked excavator +

shredder head in a 5-m
strip along the roads

Chainsaw and
scythe na na na

7 Tracked excavator with a
shredder head

Chainsaw and
scythe na na na

Note: na—not applicable.

2.3. Determination of Indicators of Wood Volume Productivity

The data collected in the field were used for growth projections and the assessment of
wood volumes using the ModisPinaster simulator [14], as well as resistance to fire control
(wildfires). The productivity factor was considered an important indicator as it forms forest
sustainability’s economic and ecological basis. The input variables of ModisPinaster are
the stand age (t, years), dominant height (hdom, m), number of trees per ha (N, trees/ha),
basal area (G, m2/ha), dominant diameter (ddom, cm), and terrain aspect (◦) and slope (◦).
The dominant height variable accounts for site-specific differences that may affect growth
patterns. For simulation purposes, the data used are presented in Table 3.

Table 3. Initial data entered into the Modispinaster simulator.

Area Age
(Years) Aspect (◦) Slope (◦) N (Live

Trees/ha)
Basal Area

(m2/ha)
Dominant
Height (m)

Dominant Diameter
(cm)

1 15 15 20 18,750 52.8 12.1 11.8
2 16 60 20 13,750 48.5 7.5 9.1
4 8 60 25 93,125 60.0 6.0 8.0
5 14 30 10 36,563 43.0 7.4 11.4
6 6 220 5 18,750 6.4 6.0 8.0
7 7 225 12 15,000 6.0 6.0 8.0

After data entry, forest growth was simulated for up to 45 years, defined as the final
harvest age. The thinning prescriptions and final cut were based on Silviculture Model
MS 1 indicated by the Forest Management Plan (PGF) of the study areas, corresponding
to Model Pp2 of the Forest Planning Program (PROF) for Entre Douro and Minho [18].
For each area, four simulation scenarios were established. Scenarios 1 and 2 regulated
the density based on the Stand Density Index (SDI), while Scenarios 3 and 4 regulated
the density using the Spacing Factor of Wilson (FW), as recommended in the PROF. The
scenarios are described in Table 4.
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Table 4. Scenarios for management of the natural regeneration of maritime pine.

Year Scenario 1 (C1) Scenario 2 (C2) Scenario 3 (C3) Scenario 4 (C4)

6 to 16 No intervention - Initial thinning with SDI
between 55% and 60%

Thinning of 2/3 of the trees
(opening 2-m

vegetation-free strips and
maintaining 1-m strips

with vegetation)

6 to 45
SDI range between 45%

and 60% throughout
the forest cycle

Periodic thinning using
SDI between 49% and

60% *

Periodic thinning
according to the area’s PGF

schedule using FW
between 0.16 and 0.21.

Evolution of forest growth
from the last thinning

programmed by the PGF
with the application of SDI

between 55% and 60%

Periodic thinning
considering FW between

0.16 and 0.21

35 to 45 Final harvest at
45 years

Final harvest at
45 years

Final harvest at 45 years or
according to PGF Final harvest at 45 years

* The age at which thinning occurs and the volume extracted is displayed later in the Results.

Some areas showed characteristics that deviated from the standard of the Mod-
ispinaster simulator, particularly in the stands with ages below 12 years (areas 4, 6, and 7),
dominant height values below 6 m, or dominant diameters below 8 cm. Therefore, the
input data were adjusted to these minimums to enable the simulator to run, allowing the
comparison between scenarios. In area 4, there was an unusually high density of trees.
A volume equation for small-sized trees provided by the National Forest Inventory [19] was
used to generate the initial volume estimates. Modispinaster estimated volumes from the
age of 15. In Area 1, the equation provided by [5] was used to determine the characteristics
before and after thinning.

The parameters generated in the simulations selected for presentation were the number
of trees per ha, volume per ha (m3/ha), individual tree volume (m3), volume removed by
thinning (m3/ha), and total volume (thinning + final harvest) (m3/ha).

2.4. Determination of Indicators of Resistance to Fire Control

The fireline intensity [20,21] was defined as the main indicator to determine the
resistance to fire control in the areas. Additionally, for descriptive purposes, indicators such
as the fire spread rate (m/min), flame length (m), and percentage of crown scorch were
also determined for the stand before and after treatment. These descriptors were obtained
by entering dendrometric and fuel data collected in the field into a modified version of
PiroPinus, an Excel-based application [22]. For an area to be considered as having “low
resistance to fire control”, the fireline intensity should be lower than 4000 kW/m, which
is the threshold beyond which control becomes very difficult, if not impossible [21]. For
simulation purposes, a fixed average wind speed of 20 km/h at 10 m in the open and fuel
moisture content of 5.7% was considered.

3. Results
3.1. Stand Characteristics before and after Thinning

Figures 4–7 present the characterisation of the stands before and after treatment in
terms of the number of trees per ha (N, trees/ha), average total height (h, m), average
diameter at breast height (DBH, cm), basal area (G, m2/ha), percentage of forest cover, and
total and merchantable volumes (V, m3/ha).
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Figure 4. Number of trees per ha in the sites before and after thinning and intensity of thinning (a);
stand characteristics before and after thinning: average total height of trees (b); average diameter at
breast height (DBH) (c); basal area (G) (d).

Figure 5. Percentage of forest cover after the initial density reduction treatment.
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Figure 6. Wood volume in m3/ha before and after intervention: total (a), merchantable (b).

Figure 7. Evolution of the number of trees per ha in areas 1, 2, 4, 5, 6, and 7 in four management
scenarios.
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The thinning intensity was always above 65%, reaching 90%. The interventions
substantially reduced the basal area in each scenario, with area 4 showing the highest
reduction. The selection for thinning of the remaining trees in the area was visually carried
out by a worker who needed to ensure minimum hourly production. It was possible to
observe an increase in total height after thinning, except for area 5, where similar values
were obtained before and after thinning, and area 6, where there was a slight reduction in
the average total height. The average diameters consistently increased in the areas after the
intervention, indicating the effectiveness of the intervention in this indicator.

Initially, all the areas had forest cover throughout their extent, even though the tree
density per ha varied. After the intervention, with the opening of vegetation-free interme-
diate strips, some internal parts were left without any forest cover, as depicted in Figure 3d.
Figure 5 contains information regarding the fraction of the area that no longer had forest
cover. Area 1 had full forest coverage as no fuel reduction strips were opened, but the tree
density decreased. Area 6 had the highest percentage of tree-free space.

Figure 6a shows the total wood volume per ha found in each area before any inter-
vention (sum of overlapping columns; for example, area 4 had a total volume of 253 cubic
meters, of which 220 cubic meters were extracted through thinning, leaving 33 cubic meters
remaining). The remaining volume after forest management and the harvested volume
in Figure 6b provide a similar analysis but specifically for merchantable volumes per ha.
Merchantable volume refers to the volume derived from trees with a diameter at breast
height (DBH) greater than 7 cm.

Areas 4, 5, and 6 had proportionally greater volume removal, while areas 1 and 2
had the highest absolute extraction. The extracted volumes were consistently higher than
the remaining volume (Figure 6a), except in area 1. Areas 2 and 5 had high extracted
merchantable volumes due to their higher ages. In contrast, areas 4, 6, and 7 had low
merchantable volumes because of the lower age of the regeneration, as shown in Figure 6b.

3.2. Evolution of Wood Volume Indicators According to the Applied Management Model

In Figure 7a, for area 1, scenario 4 shows a considerable decrease in trees per ha due
to intense initial thinning. In contrast, the other scenarios show a more gradual reduction.
For area 2, as shown in Figure 7b, scenario 4 has the most severe thinning, followed
by scenario 3. On the other hand, scenario 2 has more uniform and frequent thinning
throughout the cycle. Figure 7c indicates that area 4 had a high tree density per ha at the
beginning of the study, and all scenarios in this area show a significant reduction in density.
Figure 7d shows that in area 5, scenario 1 has a decrease in density due to mortality, and
the wood is not utilised, remaining in the field. However, in scenarios 2, 3, and 4, effective
thinning operations were performed. By examining Figure 7e, it is noticeable that intense
thinning operations occurred in all scenarios in area 6. The trend in the evolution of the
number of trees per ha throughout the cycle, as shown in Figure 7f for area 7, coincides
with the pattern observed in area 6.

Figure 8a shows the change in forest volume over time in area 1. According to this
area’s Forest Management Plan (PGF), scenario 3 concludes at 35 years. Scenario 1 had the
highest volume in this area but did not involve thinning practices. In area 2 (Figure 8b),
scenario 3 had the lowest final volume, while scenario 4 had the highest, but with values and
behaviour similar to scenarios 1 and 2. Area 4 (Figure 8c) experienced a significant decrease
in volume at the beginning of the cycle due to the high tree density and competition. In
area 5 (Figure 8d), scenario 2 had the lowest volume per ha at the end of the cycle. The
volume evolution patterns during the cycle in area 6 (Figure 8e) showed distinct behaviours.
Scenario 3, despite starting with a relatively lower volume than other scenarios, surpassed
the other scenarios. In area 7 (Figure 8f), a similar pattern of volume evolution to that
in area 6 was observed. Scenarios 3 and 4 had similar volumes at the end of the cycle,
although scenario 3 had higher volumes for most of the curve.
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Figure 8. Evolution of volume per ha in areas 1, 2, 4, 5, 6, and 7 in four management scenarios.

Figure 9a shows that scenario 4 has the highest individual volume in area 1 throughout
the cycle. This suggests that, in this scenario, the trees have the highest commercial value.
Similarly, scenario 4 exhibits the highest final individual volumes in area 2 (as shown
in Figure 9b). In area 4 (as depicted in Figure 9c), scenario 4 again has the highest final
individual volume. By contrast, scenario 1 has the lowest individual volume, which is
expected in a scenario with higher competition between trees. In Figure 9d, for area 5,
scenario 4 has the highest individual tree volume. Conversely, scenario 1, due to increased
competition and the absence of thinning, has the lowest individual tree volume during the
cycle and at the end (as shown in Figure 9e). Finally, in Figure 9f, for area 7, scenario 4
displays the highest individual volumes at the end of the cycle, followed by scenario 3.
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Figure 9. Evolution of individual tree volume in areas 1, 2, 4, 5, 6, and 7 in four management scenarios.

Figure 10 represents the volumes generated at each thinning. In area 1 (Figure 10a),
scenario 3 shows two thinning operations with high volumes generated, whereas scenario 2
shows a more evenly distributed distribution. In area 2 (Figure 10b), scenarios 3 and 4
have fewer thinning operations but with larger volumes. Scenario 3 exhibits more evenly
distributed thinning throughout the cycle. In Figure 10c, for area 4, the high volume during
the first thinning at eight years is due to the reduction of a large number of existing trees
(about 93,000 trees/ha before thinning, Table 2).
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Figure 10. Thinning volume (TV) removed (wood production) in areas 1, 2, 4, 5, 6, and 7 in four
management scenarios.

Figure 10d indicates a considerable volume removed by thinning in area 5 at the
beginning of the cycle, with scenario 3 standing out. Periodic thinning can also be observed
in scenarios 2 and 3, with less frequency in scenario 4. The volume extracted from area 6 at
the final harvest is considerably higher than any periodic thinning during the cycle, with
scenario 3 again standing out with the highest wood volume at the final harvest (Figure 10e).
In Figure 10f, area 7 has a consistent pattern of lower thinned volumes throughout the cycle
during periodic interventions. This is because the stand is of a low age, and the previous
thinning operations have ensured more even forest growth.
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In Figure 11a, area 1 shows that scenario 2 has the highest wood volume throughout
the cycle. However, it is worth noting that scenario 3 had its final content anticipated by
approximately ten years, according to the Forest Management Plan (PGF).

Figure 11. Total volume per ha produced in the cycle in areas 1, 2, 4, 5, 6, and 7 in four management
scenarios by thinning and final cutting volume (TV).

In area 2, scenario 2 also has the highest volume of wood extracted during the cycle, as
seen in Figure 11b. On the other hand, scenario 3 has the lowest wood volume extraction.
In area 4, scenario 4 stands out as having the highest volume of wood extracted throughout
the cycle, while scenarios 2 and 3 have similar volumes. However, scenario 1 is represented
solely by the final harvest volume regarding wood extraction, as illustrated in Figure 11c.
In area 5, contrary to what has been observed so far, scenario 4 did not have the highest
volume in the forest cycle and presented the lowest volume among the scenarios that
included thinning operations. The positive highlight was scenario 3, which was the one
presented in the Forest Management Plan (PGF) for area 5, according to Figure 11d. In
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area 6, despite scenario 3 having the highest final volume, scenario 2 stands out as the one
with the highest volume throughout the cycle. This is because the sum of the volumes
generated in the thinning and the volume generated in the final harvest placed scenario 2
in this position, as seen in Figure 11e. Finally, in area 7, the highest combined volume from
thinning and final harvest occurs in scenario 2, as illustrated in Figure 11f.

3.3. Indicators of Fire Control Resistance in Natural Regeneration after Fire

Figure 12 shows the fire control resistance indicators before and after the intervention
in six areas with natural regeneration. There was a tendency for a reduction in fireline inten-
sity after treatment (Figure 12a), an expectation that follows from fuel removal. However, in
area 4, there was an increase in the predicted fireline intensity. A decrease in the fire spread
rate was observed after treatment in all scenarios (Figure 12b). The largest reductions for
lower rates occurred in areas 6 and 7, while the smallest reduction was observed in area 1,
where the stand structure underwent fewer modifications (without opening intermediate
strips).

Figure 12. Fireline intensity in kW/m, before and after treatment (a). Fire spread rate before and after
treatment (b). Flame length before and after treatment (c). Fraction of crown scorch before and after
intervention (d).

The flame length followed the pattern observed for the fireline intensity (Figure 12c),
with a general reduction in the projected variable and a particularly noticeable decrease
in flame length in areas 6 and 7. However, area 4 had an increase in the projected flame
length. The fraction of crown scorch did not undergo notable changes with thinning in
most areas, except for area 6, where the projected percentage of crown scorch increased
from 64% to 100% (Figure 12d).

4. Discussion

The study areas are mountainous terrain with moderate to steep slopes, consisting of
natural regeneration forests of maritime pine. In these areas, mechanisation is sometimes
possible but with certain restrictions, which prevent the full utilisation of heavier machinery.
In addition to slope conditions, thinning activities in vegetation lines require manual or
motorised methods, given the high density of regenerating vegetation.
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The first stand parameter considered in the interventions was the number of trees per
ha (N), with the interventions always resulting in a substantial reduction in tree density per
ha. The lowest thinning percentage was 66% in area 7, and the highest was 90% in area 5.
This implies that most of the regeneration is harvested, while a smaller portion remains
in the forest. This highlights the need to create space in the forest and reduce competition
between trees for the development of trees with higher individual volumes and commercial
value [12,23].

After being felled, the trees in the vegetation strip followed two procedures. In the first
procedure, the trees were manually felled and dragged to the intermediate strip manually,
and then they were shredded with a processor head. This method was applied in areas 2, 5,
and 7. In the second procedure, in areas 1, 4, and 6, the felled trees remained in the area
without processing, except for area 1, where rudimentary processing was conducted with a
shrub cutter to reduce the dimensions of the fuel material. This reduction can favour rapid
decomposition and seed dispersal, distribution, and viability in the area [24]. However,
this fuel material also becomes more susceptible to rapid moisture loss, making the fine
fuel bed more prone to ignition and fast fire propagation [25]. To mitigate the impact of the
surface fuel layer, whether shrubs or thinning residues, one of the most commonly cited
practices in the literature is the use of controlled fires, which, if correctly applied following
the recommended techniques, significantly reduces the risk of high-intensity fires in the
forest [26–29].

The simple felling of trees to reduce the density of natural regeneration stands does
not necessarily imply a reduction in fire intensity, as residual biomass converts into fuel and
tends to become drier, creating conditions for increased fire intensity. However, the practice
of reducing the size of the remaining material initially increases the ignition capacity of a
forest fire but promotes the decomposition of the material over a shorter period. Such a
negative impact on fire intensity appears to have occurred in area 4 [29]. Area 1 and area 6
also had trees retained in the field, but, in the former case, there was some reduction in tree
dimensions with a shrub cutter, and, in the latter case, the reduced density and dimensions
of the trees minimised any effects on the fire intensity.

As expected, the interventions resulted in forests with larger tree dimensions [30].
The average tree height increased in the post-intervention scenario in all areas except
for area 6. This can be interpreted by the fact that the area contained very young and
homogeneous trees, making selection difficult due to their similarity. The diameter at
breast height followed the same trend, with an overall increase in the mean DBH across
the areas, except for areas 4 and 6, where it decreased. In area 6, the reduction in mean
height can be attributed to the same reasons discussed earlier. Area 4 consisted of highly
homogeneous, young tree regeneration at eight years old, with a high tree density and
low ground-level insulation, indicated by only 10% sunlight penetration (dense canopy),
making the selection of future trees for this regeneration challenging.

Another parameter analysed was the basal area of the stand. In the younger stands,
the relationship between the thinning intensity and basal area reduction generally had
the closest values (approximately 80% of trees removed resulted in a 72% reduction in
basal area) compared to older ones (removing approximately 80% of trees resulted in a 60%
reduction in basal area).

When analysing the volumes of wood extracted from forest operations, it is noteworthy
that even in areas where the forest cover was greater than 50%, the extracted volume was
always higher than the remaining volume. This can be explained by the fact that, in
addition to opening intermediate strips, trees are also removed from the vegetation strips,
which adds to the extracted volume in the “cleared” areas. Areas 4, 6, and 7 would not be
potential areas for commercial exploitation because of their low volumes, small diameters,
and the high moisture content of the residues found there, which would likely prevent
economically sustainable exploitation due to the costs involved. The characteristics of
the extracted material imply higher costs per energy unit (€/kWh) since they have low
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calorific value and negatively impact transportation (low density) and drying processes
(high moisture) [31].

The analysis of wood volume production indicators reveals that, for area 1, scenario 2
shows the highest production. This scenario aims to extract from the forest the volume
of wood that would otherwise be lost due to competition or mortality. Additionally, this
scenario involves more thinning operations, which, depending on the exploited area,
can provide advantages by ensuring a more homogeneous and constant wood supply.
However, it is necessary to consider the costs of each thinning/harvest operation to assess
the economic viability of such actions. On the other hand, scenario 4, indicated by the
silvicultural model (Pp2), also guarantees a high volume and a higher final individual
volume, which delivers higher-value wood. Therefore, scenarios 2 and 4 are the most
suitable for this area in these conditions. For area 2, the same pattern observed in area 1
appears, and all the considerations already related to this area are relevant for area 2 as
well. Despite the high volume indicated in scenario 4 of area 4, it cannot be claimed as the
best scenario, as a significant portion of the extracted volume occurs at the beginning of the
cycle, and much of this volume might lack commercial value due to its reduced dimensions.
Scenario 1 performed the worst, supporting the argument that high competition for solar
radiation, water, and mineral nutrients delays forest development and emphasises the
importance of early interventions in areas of high density [32]. This thesis is corroborated by
a study conducted in Lithuania with young stands of Pinus sylvestris, where the comparison
of control areas without intervention with areas subjected to different thinning intensities
showed higher volume increments in the thinned areas, especially in the more severe
thinning operations, during the young stand phase. This effect reduces as the stands
become older [33]. Another noteworthy fact is that, although the practice of thinning
extracts biomass from the forest through tree extraction (above-ground biomass), thereby
reducing the total carbon stock, there are indications that the carbon stock in the soil
remains unchanged with this practice [34].

The analysis of the results in area 5 indicated a more positive response from natural
regeneration regarding the final volume for scenario 3. However, scenario 4 still generates
a forest with trees of higher individual volume at the end of the cycle. Area 6 and area 7
presented quite similar patterns, which can be attributed to their similar dendrometric
characteristics. In both cases, scenarios 2 and 4 stand out. Scenario 2 shows the highest
wood volume extracted in these areas, while scenario 4 represents the forest with the highest
individual volume. However, caution is necessary, as these are young areas where initial
thinning may result in a low-value wood volume that may not justify their exploitation,
meaning that scenario 2, despite generating the highest wood volume, may not be the
most economically viable option. It is worth noting that the Pp2 model is built upon
the recommended silvicultural guidelines proposed by [27]. These guidelines ensure the
preservation of minimal understory vegetation cover in maritime pine forests as a proactive
management approach will mitigate forest fire hazards.

It is important that, following this study, the cost of subsequent thinning after the
initial thinning and the commercial value of the wood generated in each thinning be
assessed. With these data, it will be possible to evaluate the economic viability of each
scenario and, with an integrated analysis of the fire control resistance indicators of the forest,
add precision to the recommendation of management models for regeneration areas [35].
While it is not the focus of this article, it is important to consider the decision around resin
exploitation. This practice entails slowing down tree growth and losing wood volume over
time [36], but it can bring gains through resin revenue, which can outweigh this loss and
improve the economic indicators of the forest [37,38].

Regarding the interaction of the scenarios with the indicators of fire control resistance
in the forest, the initial interventions did not significantly affect the areas in reducing
fire control resistance. However, it is important to develop the current study further and
indicate the fire control resistance profiles of the areas studied at predefined intervals
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before and after each thinning to observe the trend of improvement or worsening in these
indicators.

In addition to the dendrometric variables, some parameters that determine the fire
behaviour and severity in the event of a forest fire were also analysed. In general, the inter-
vention allowed for a projected reduction in fire severity since the removal of combustible
material reduces the energy stored in biomass and consequently also decreases the intensity
and severity of fires [26], and this is important because there are indications that severe
fires significantly reduce the soil nitrogen content and dramatically decrease the natural
regeneration density [39].

A similar study was conducted in Galicia (Lugo), Spain, but with older stands. It
suggested that implementing thinning in Pinus sylvestris forests reduced the risk of crown
fires. However, it did not find a correlation between thinning and individual volume
gains, contrasting this article’s findings. This discrepancy may be attributed to the Spanish
study starting with older ages, lower stand densities, and a shorter evaluation period. This
underscores the importance of replicating the study under various tree density and forest
age conditions [40].

Despite the significant reduction in fireline intensity in the early treatment areas,
fires with an intensity above 4000 kW/m are very difficult, if not impossible, to control.
Therefore, it can be concluded that the treatment was effective in reducing the resistance
to fire control in area 7 [21]. All areas had values exceeding 4000 kW/m before the first
thinning. It is worth noting that area 4 experienced an increase in fireline intensity, possibly
due to the presence of untreated thinning slash.

The fire spread rate decreased in all scenarios, indicating that the area burned in a
thinned stand would be lower for the same fire duration. However, it is important to note
that in stands with late treatments (areas 1, 2, and 5), the average spread rate decreased
only slightly, although to still high values (from 62.2 to 48.3 m/min on average), indicating
an extremely fast-spreading fire. In stands with early interventions (areas 4, 6, and 7), the
average spread rate decreased more significantly (from 46.4 to 23.6 m/min on average).

The flame length decreased in the post-treatment scenario, particularly in early inter-
vention areas. However, area 4 showed an increase in flame intensity and length compared
to the other areas, possibly due to the presence of residual woody material from thinning
that was not shredded or removed from the area.

Regarding the fraction of crown scorch indicator, all areas would be completely
scorched by a fire before the first thinning, except for area 6, which had a crown scorch
value of 64%. After the first thinning, a scorch fraction of 100% was predicted for all areas.
The decrease in tree density seems to have favoured an increase in flame size, especially in
area 6. With the projected scorch fraction indicators, the survival possibility of trees would
be practically null [41].

The shortage of studies conducted in naturally regenerated forests similar to the
ones analysed necessitates caution regarding the application of the results to new areas.
Additionally, as the evaluation incorporates simulations, unanticipated events like extreme
weather conditions, drought, or pest attacks may yield outcomes divergent from those
projected. Despite these constraints, it is anticipated that this study, based on real data,
will contribute to filling a considerable knowledge gap and could serve as a reference in
situations where there is a need to manage high densities of naturally regenerated forests.

5. Conclusions

This study focused on managing naturally regenerated Pinus pinaster forests in real
situations. Despite the complexity of managing these forests, the insights provided can
be applied to help manage maritime pine’s natural regeneration. It can be concluded that
the selection of trees for early intervention in young regenerating maritime pine stands
is hindered by the high tree densities and homogeneity of the stand, which can result in
post-intervention conditions with smaller diameter and height parameters. Despite the
interventions showing an improvement in fire behaviour indicators, especially in areas
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with younger thinning ages, and potentially allowing actions that reduce the burned area,
it was not possible to effectively verify the interventions’ effectiveness in reducing fire
control resistance in the forest.

Areas 4, 6, and 7, with younger stands (between 6 and 8 years old), showed better
results for the final volume of forest wood at 45 years in scenario C3, i.e., the one proposed
by the Forest Management Plans with a lower number of thinning operations than scenario
C2. Areas 1, 2, and 5, of higher ages, also displayed better results for the final stand volume
in a scenario with fewer thinning operations, especially under the conditions of scenario C4.
Regarding the individual final volume, all areas showed better responses when subjected
to scenario C4, which was the scenario where a greater number of thinning operations
were applied. Concerning the total volume extracted from the forest, which includes the
volumes of wood extracted in thinning added to the volume extracted in the final harvest,
a greater number of thinning operations seems to perform better with in scenario C2. The
exception was in areas 4 and 5, which had a very high tree density at the beginning of the
cycle. In these cases, due to the initial extraction of a large volume of wood, scenarios with
less thinning are more suitable (scenarios C4 and C3).

In general, the Pp2 model presented in the Forest Management Program (PROF) is
well adjusted and allows for the best simulations regarding the management of forests for
high-value commercial logs.
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