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Abstract: The main objective of the present work was to review the current knowledge about the
factors that influence the different phases of the natural regeneration of maritime pine (Pinus pinaster
Aiton) and propose scientifically based management schedules. The review focused on the natural
regeneration of maritime pine within its most representative areas (Portugal, Spain, and France).
First, a brief characterisation of the main phases of the natural regeneration of maritime pine is
described. Next, information on the factors affecting the natural regeneration of the species is
provided, highlighting its positive and negative effects. Finally, management proposals are presented
to promote the natural regeneration of maritime pine species. Numerous factors influencing the
natural regeneration of maritime pine were identified. Fires and climatic factors can intervene in
all three regeneration phases (seeding, germination, and seedling survival and development). The
natural regeneration failure of maritime pine species can be aggravated in drier scenarios. Forest
management plays an important role as it can promote the natural regeneration of the species.
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1. Introduction

Forests covers approximately 31% of the planet’s land surface [1] and 34.8% of the
area of Europe [2]. The wide role of forests in terms of environmental, economic, social,
and aesthetic value, plus resources and functionalities, including watershed protection, soil
erosion prevention, and climate change mitigation [3], makes forest management crucial,
and one of the most important topics is natural regeneration.

Natural regeneration is defined in forestry as the process of renewal and establishment
of a forest stand by natural means: natural seeding, sprouting, and suckering, through
seed layers that may be deposited by wind, birds, or other animals [4], or through seeds
from nearby stands [5]. This phase of the stand’s life is fundamental for the maintenance
of forest stands over time [6]. It is a complex process [5,7], where numerous ecological
and silvicultural factors can intervene [5] positively or negatively in the stages of natural
regeneration: seeding, germination, seedling survival, and seedling development [7-12].

Forest Europe [3] showed that between 2018 and 2019, more than half of the European
forest was naturally regenerated (66%). In recent decades, areas with naturally regenerated
forests in Europe have increased [1]. For example, between 2010 and 2020, in Portugal,
Spain, France, and Italy, increases ranging from 2600 ha/yr (Portugal) to 52,700 ha/yr
(Italy) were observed [1]. However, considering previous years, the scenario differed in
Portugal, where the national Forest Inventory [13] reported a decrease of 55,500 ha in
natural regeneration areas between 2005 and 2015.
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Maritime pine (Pinus pinaster Aiton) is an important native conifer in the west-
ern Mediterranean basin that occupies an environmentally diverse area [14]. In south-
western Europe (Portugal, Spain, France, and Italy), this species covers over 3 million
hectares [13,15-17], predominantly on the Iberian Peninsula [18,19], where it is the most
abundant conifer [20].

According to the most recently available data source for each country, in mainland
Portugal, maritime pine is the most abundant native conifer [13]. It occupies approximately
714,000 ha (22% of the forest area). In Spain, maritime pine is the most common native
pine species, occupying approximately 816,943 ha [15]. Maritime pine is also one of
the most abundant conifers in France, covering about 1 million ha [17]. In Portugal,
official statistics [13] reported a sharp decline in maritime pine in recent decades and
a decrease in naturally regenerated areas (by 44,700 ha between 2005 and 2015). The
major factors involved in this decline were forest fires and pests (mainly nematodes) [13].
Monteiro [10] also highlighted failures in the natural regeneration of maritime pine after
cutting the stand in progressive strips. In Spain, more specifically in the Spanish Northern
Plateau, the failure of natural regeneration is the main concern of forest managers [21].
In recent years, regeneration failures of maritime pine have increased in some areas of
southwestern France [5], notably on the French coast, leading to significant economic losses
and consequences for the environment [22]. There are records of regeneration failure in the
coastal zone of Aquitaine [23] and in the central zone of the dune forest [5]. Ouallet [24]
inventoried the regeneration plots in the Sainte-Eulalie-en-Born and Biscarrosse forests
in 2008 and found that almost half had failures. In these three countries, pilot plots have
recently been established to respond to the low natural regeneration rate in a global change
scenario and the high risk of a forest fire [25].

The natural regeneration of maritime pine can be influenced by numerous factors that
may interfere with the various stages of regeneration development. Drought [5,7,8,26-29],
fire [9,20,30-38], light [7], shrub [5,6,39-41], and stand density [18,40,42] are the most
relevant. Thus far, the impacts of forest management on the natural regeneration of Pinus
pinaster have not been studied comprehensively [43].

Climate change is one of the biggest challenges facing the forestry sector [44,45]. Im-
pacts on forests are expected to increase dramatically in the coming decades [46,47]. Natural
regeneration may be compromised by climate change [7,11]. The intensification of drought
and fire in particular, could have dire impacts on this vital stage of forests [7,11,21,48].
Reduced growth and increased tree mortality are expected as a consequence of climate
change (e.g., drought, soil aridification) [49], especially in places where productivity is
strongly limited by water availability [50]. Increased aridity in the long term can reduce
the growth of pine species [51].

Natural regeneration research is fundamental for the development of appropriate
silvicultural guidelines, especially in the context of climate change [43], to assure successful
regeneration of forests. For this reason, the main objective of the present work was to review
the current knowledge about the factors that influence the different phases of the natural
regeneration of maritime pine to propose scientifically based management planning.

The outline of the paper is as follows. Section 2 briefly presents the different phases
of maritime pine regeneration, and Section 3 describes the factors that influence natural
regeneration in each phase. Section 4 discusses silvicultural guidelines that promote
the natural regeneration of maritime pine. The last section briefly describes the main
conclusions of the research.

2. Natural Regeneration of Maritime Pine

In this section, we present a brief description of the different stages of the natural
regeneration of maritime pine. This review is relevant to understanding the dynamics of
the natural regeneration of the species.

The natural regeneration of maritime pine is a complex process that includes three
phases: seeding (production, dispersal); germination; and seedling survival [5,28].
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2.1. Seeding

In Portugal, Pinus pinaster flowering occurs at 7-8 years old, in spring (from March
to May), and pinecone maturation occurs in the second year after this stage at around
18 months (late summer/early fall) [12]. In Spain, depending on the maritime pine sub-
species (atlantica or mesogeensis) flowering can occur between April and May [52] or between
March and May [53]. In the autumn of the second year after flowering, the pinecone ma-
tures, independently of the subspecies [52,53].

The production of viable seeds in maritime pine generally starts at 15 to 20 years
age in Portugal [12], although empirical evidence indicates earlier ages. In Galicia, Spain,
the production of viable seeds starts earlier, between 10 and 15 years old [52]. Maritime
pine produces about 8-30 kg of seed per tree, on average [54]. Each kilo of seed contains
between 16,000 [55] and 17,000 seeds, on average [54], of which 5000 to 8000 seeds are
non-viable [54]. The values are independent of the subspecies. The results obtained by Juez
et al. [56] in Cuéllar, Segovia (central Spain), suggest that, on average, there are between
7 and 24 seeds/m?, showing large spatial and temporal availability.

Seed supply from the soil or aerial seed banks is usually highly variable at different
spatial, temporal-spatial, and temporal scales [57]. Once the seed is available, the dispersion
of seeds usually occurs between June and August [28]. This phase is considered by Ouborg
et al. [58] as one of the most important in the dynamics and evolution of plant populations.
The arrival of seeds at favourable sites for the establishment and spatial location of seedlings
is determined by seed dispersal [28]. Seed dispersal occurs primarily through the action of
wind and animals [28] and can be influenced by seed morphology, such as weight and the
presence of wings [59,60]. Heavy seeds generally have a lower dispersal ability compared
to lighter seeds [28]. Carvalho et al. [61] showed that maritime pine seeds generally do not
have a high dispersal capacity due to their characteristics (heavy and with small wings)
and that few seeds disperse beyond the base of the tree crown. A more recent study carried
out on the Northern Spanish Plateau showed that maritime pine has a high seed dispersal
capacity, with average dispersal distances between 14.1 and 24.5 m and maximum distances
above 54 m [21]. Furthermore, the effect of precipitation, together with intra-seasonal mean
dispersal distance and maximum wind speed, are important factors for maritime pine seed
dispersal [21].

2.2. Germination

Germination is defined as a subprocess of natural regeneration that begins with seed
imbibition and ends with the complete elongation of the radicle [28]. A similar definition
is assigned by physiologists, who state that germination is the emergence of the radicle
through the seed coat [4]. Starting the process at an inappropriate place or time can lead to
the death of the individual [62]. Seed germination and emergence are considered major
phenological events that influence the initial success of seedling recruitment [29]. The
germination capacity of maritime pine can range from 75 to 90% [55] or from 60 to 95% [54].

2.3. Seedling Survival and Seedling Initial Growth

Establishment, survival, and early seedling growth are considered critical stages
during the early life stages of plants [59]. Matney and Hodges [63] found that the early seed
and seedling stages and the transition of seedlings to later stages have the highest mortality
rate during natural regeneration. Seed germination conditions seedling establishment and
survival in maritime pine. Generally, favourable sites for germination are those that are
more favourable for survival [28].

3. Factors That Influence Natural Regeneration

The failure of Pinus pinaster natural regeneration can be associated with several eco-
logical and silvicultural factors [5,28,64] that can intervene in the different developmental
stages of natural regeneration—seeding, germination, and seedling survival and develop-
ment [7-12].
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In this section, we present a review of the current state of knowledge on the ecological
and silvicultural factors that positively or negatively affect the different development stages
of the natural regeneration of maritime pine. This review will allow a subsequent diagnosis
and identification of the main bottlenecks for the regeneration of the species and the
development of adequate silvicultural models, especially in the context of climate change.

3.1. Factors That Influence the Seeding

The seed bank in the crown and soil can be positively or negatively affected by several
factors that directly or indirectly influence the success of Pinus pinaster natural regeneration.

The amount of seed available in the canopy and soil is a key factor for natural regener-
ation [8,59,65,66]. Ruano et al. [56] demonstrated that the climate has a direct impact on
seed production. Temperature seems to control primary cone growth and precipitation
occurring during the secondary cone growth period positively affects cone production.
However, precipitation appears to hinder cone ripening. In extremely dry years, water
stress may limit seed production. Seed availability could be a limiting factor following
very intense regeneration fellings, especially under extreme climatic conditions [56]. This is
in agreement with Bravo et al. [67], who considered that climate, stand density, and tree
conditions (e.g., size, vigour, competition, and growth efficiency) have a significant effect
on the occurrence of cones, as well as the number of seeds produced. The amount of seed
produced from maritime pine is not the same every year, and not all seed produced is
viable. Soares et al. [12] indicated that there are harvest and counter-season years and that
maximum seed production occurs in intervals of 3 to 5 years. Alia et al. [54] indicated that,
in one kilogram of maritime pine seeds, about 9000 to 12,000 plants are viable. The germi-
nation capacity of the seed has been pointed out by several researchers, for example [59],
as one of the factors that can influence natural regeneration. This can range from 60 to
95% [54], or from 75 to 90% [55] for maritime pine. Another important factor in natural
regeneration is seed maturation, as mentioned by Vazquez (1958) cited in Cunha [68]. Seed
size can influence seed dispersal [66], the spatial and temporal recruitment pattern of the
species [69], and the likelihood of forming persistent soil seed banks [70]. Generally, small
seeds are more likely to form persistent soil seed banks [70] and have higher dispersal
capacity [66]. In contrast, larger seeds tend to favour natural regeneration (Vazquez (1958)
cited in Cunha [68]). Santos and Tavares [66] demonstrated that the time of year and soil
depth influence the number of seeds available in the soil seed bank. In October, the number
of seeds in the soil was higher than that recorded in March. In addition, at a soil depth of
0-5 cm, more seeds were quantified compared to a depth of 5-8.5 cm. However, there is no
evidence that the same occurs for maritime pine seeds, given the small number of seeds of
the species observed in the study area.

Seed predation has been described by numerous researchers as a major factor in seed
consumption [71,72] or for high seed loss [26,73,74]. Seed predation can occur before
dispersal or after seed dispersal [74]. Before seed dispersal, predation usually occurs by
the action of birds (e.g., crossbill, jays) [74], mammals, for example, squirrels, or insects
such as the insect Leptoglossus occidentalis [5,75-77], that attack cones and seeds [28]. In
Mediterranean pine ecosystems, rodents, birds, and ants are the most described predators
in the literature following seed dispersal [73,78,79]. Predator activity can markedly decrease
the total amount of available seed and alter the spatial distribution of seeds after the initial
seed rain, and can vary depending on seed abundance and/or predator abundance [74].
Lucas-Borja et al. [73] concluded that the seed predation of Pinus nigra seeds was highly
negatively correlated with annual seed production. Seed predation was higher in years of
poor production (84% of seeds were removed) compared to years of good production (11%
of seeds were removed) due to predator satiation. A study conducted on maritime pine in
the northern Spanish highlands reinforced the negative impact of predation. The results
suggest that predation can reduce seed density to values below 1 seed/m?, even in places
where seed rain reaches values higher than 4050 seeds/ m? [26].
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Several researchers have evaluated the impact of fire on the seed bank of maritime
pine with the aim of understanding post-fire natural regeneration. Maia and Ferrandis
et al. [9,32] showed that the effects of fire on the seed bank of the canopy and soil influence
the natural regeneration of the species after a fire. The cones of maritime pine have
serotinous characteristics, i.e., they do not open spontaneously after maturation, and their
opening is favoured by the heat action of fires [80]. Fire-induced temperatures of about
50 °C help open the pinecones and release the seeds [65]. Maia [9] concluded that high fire
severity in the canopy leads to combustion of the pinecones, making the seeds unviable,
therefore affecting post-fire recruitment of maritime pine.

Table 1 presents a summary of the factors described in the text that positively and/or
negatively affect seeding and, consequently, the natural regeneration of maritime pine.

Table 1. Ecological factors influencing the natural regeneration of maritime pine. Phase: seeding.

Positive Effects Negative Effects

Precipitation (during the secondary cone growth period positively affects
cone production) [56]

Extreme cold events [56]

High amount of seed available [8,59,65,66] Precipitation (hinder cone ripening) [56]
Germination capacity of seed [54,59] Water stress [56]
Seed size (big seeds) (Vazquez, 1958 in Cunha [68]) High fire severity [9]
Seed maturation (Vazquez, 1958 in Cunha [68]) Seed predation [26,72]
Harvest [12] Pests and diseases [5,75-77]

Serotinous cones [80]

Fire-induced temperatures of about 50 °C [65]

3.2. Factors That Influence the Germination

Seed germination of maritime pine can be influenced by climatic factors, such as
rainfall ([5,7,27], Vazquez (1958) cited in Cunha [68]), and light [7]. Water availability plays
a key role in seed germination, as attested by several researchers ([5,7,27], Vazquez (1958)
cited in Cunha [68]). According to Ruano et al. [7], summer rains have less impact on seed
germination, in the first months, than the light factor. In a provenance study developed in
Spain [27], the germination of maritime pine seeds was not controlled by temperature. In
contrast, Bento et al. [8] showed that extreme temperatures have a negative influence on
seed germination. Similar conclusions were obtained for other species of Pinus [81].

In the Marao Forest Perimeter and the Peneda Gerés National Park, Bento et al. [8]
demonstrated the physical characteristics of the local influence on initial seed germination,
for example, the greater or lesser protection against erosion, temperature extremes, or
water stress. The slope, stoniness, amount of organic matter, and rocky outcrops were
also found to condition the number of regenerated plants. Identical conclusions were
presented in a later study by Cunha [68] in the Forest Perimeter of the Peneda Gerés
National Park. The negative effect of stoniness and rocky outcrops on germination was also
demonstrated in a later study by Madrigal et al. [34]. Other researchers, such as Castro [82],
have also emphasised the negative effect of slope on seed germination, as it is associated
with erosion and, therefore the dragging of seeds. A more recent study implemented along
the Aquitaine Coast (France) by Guignabert [5] also concluded that terrain relief and soil
moisture influence the germination of maritime pine seeds.

The germination of seeds varies with the depth of soil in which they are found and
the time of year, as verified by Santos and Tavares [66]. Although the authors did not
present results regarding the germination of Pinus pinaster seeds, they concluded that the
germination of non-grass herbaceous seeds was higher at soil depths of 5-8.5 cm compared
to a depth of 0-5 cm. Such conclusions are in line with those already mentioned by Pons [83]
and Tsuyuzaki [84], who stated that germination success is higher in deeper layers than in
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shallow soil layers. Santos and Tavares [66] also concluded that the amount of germinated
seeds was statistically higher in the autumn compared to the spring which may be due to
the presence of a higher number of germinable seeds in the soil, as generally, the higher
quantity of seeds falls between September and October (Santos (2003) cited in Santos and
Tavares [66]). This is the time when the seeds are younger and will not have lost viability
to germinate [66]. Vazquez (1958) cited in Cunha [68], stated that the mobilisation of the
soil when the seed falls has a positive effect on the germination of maritime pine seed.

In Sandy soils, seed germination can be favoured, with an average shrub density of
17% [6]. This density may be the threshold between favourable conditions for germination,
establishment, survival, and competition for resources (water and nutrients) [6]. The
density of the stand can also influence seed germination. Rodriguez-Garcia and Bravo [42]
concluded that stands with higher densities of trees obtained better plant emergence.

The post-fire germination of maritime pine seeds has been studied by numerous re-
searchers [33-37,85-89]. Germination can extend for more than two years after a fire [34,85].
In laboratory studies with seeds from different Spanish provinces (Léon and Albacete) and
the Galicia region, maritime pine germination was not stimulated by heat [35-37,86]. Seeds
germinate easily without heat treatment [35]. However, not all researchers have found
this. Herrero de Aza et al. [33] evidenced that germination is favoured by the action of
heat. Temperature [33,35-37] and time of exposure to fire influence the seed germination
rate [33,36,37,87]. The probability of germination decreases in seeds directly subjected to
temperatures above 130 °C [35] or 200 °C [36]. When seeds are exposed to temperatures
of 130 °C for 5 min, the germination rate decreases significantly [33]. Germination runs
smoothly at temperatures between 70 °C and 110 °C, regardless of the exposure time. When
the exposure time is short, temperatures above 110 °C to 190 °C are acceptable. With the
same exposure time of 5 min but with temperatures of 150 °C, Alvarez et al. [37] found that
germination was practically null. According to Escudero et al. [35], regardless of the expo-
sure time, temperatures equal to or above 130 °C decrease the probability of germination to
less than 50%. Temperatures of 200 °C hurt the probability of germination even, on rapidly
expanding fires [36]. The depth at which seeds are in the soil also conditions the post-fire
germination of maritime pine. Deeper seeds have higher germination rates compared to
surface seeds [87]. Most studies consider ash to have no significant effect on the germina-
tion of maritime pine seeds [33,86,87]. However, Reyes and Casal [88,89] showed that ash
decreases the germination capacity of seeds. Maia [9] and Maia et al. [30,31] concluded
that fire severity can have both positive and negative impacts on maritime pine seed ger-
mination. The results confirmed that high fire severity can lead to pinecone combustion,
consequently causing lower seed germination. In contrast, a less severe fire (scorched and
unburned crowns) contributed to increased germination of the soil seed bank [9,30,31].

Table 2 presents a summary of the factors that, both positively and negatively affect
germination and consequently the natural regeneration of maritime pine.

Table 2. Ecological factors influencing the natural regeneration of maritime pine. Phase: germination.

Positive Effects Negative Effects
Water availability ([5,7,27], Vazquez, 1958 cited in Cunha [68]) Water stress [8,27]
Light (first months) [7] Extreme temperature [8]
Organic matter content [8,68] High stoniness [34]
Low stoniness [8,68] Rock outcrops [8,34,68]
Soil mobilisation (when the seed falls) (Vazquez, 1958 cited in Cunha [68]) Steep slope [8,68,82]

Shrub density (17%) (sandy soils) [6] Erosion [8,68,82]
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Table 2. Cont.

Positive Effects Negative Effects

Fire (temperature)
Over 130 °C [35]

High stand density [42] 200 °C [36]

Greater than or equal to 130 °C (5 min) [33]
Greater than or equal to 150 °C (5 min) [37]

Seed depth in the soil (deeper seeds) [87] Ash [88,89]

Fire (temperature) 70-110 °C [33] High fire severity [9,30,31]

Less fire severity [9,30,31]

3.3. Factors That Influence the Seedling Survival

Plant survival can be conditioned by climatic factors such as summer drought [5,7,28,29],
excessive radiation [28,43,64], and extreme temperatures [64]. Summer droughts damage
maritime pine plants and can even lead to their death [5,7,28,29]. Although maritime pine
plants have high plasticity and resistance to drought [90], summer droughts are one of
the main causes of death during the first months of the plants’ life [5,29]. Ruano et al. [7]
considered that light has a greater impact on plant survival in the first months than summer
rains. After the first months of establishment, young Pinus pinaster plants become intolerant
to shading and rarely survive for more than one year in closed cover [91]. Excessive
radiation is also one of the main factors negatively influencing the survival of maritime
pine plants [28]. Garcia-Fernandez et al. [64] concluded that the high temperatures of the
soil and the air layer closest to the ground, reached in summer for several consecutive
days, compromised the survival of the plants. Plants were observed with wounds on
the root collar due to high temperatures and excessive radiation. In addition, Rodriguez-
Garcia et al. [43] evidenced an increase in plant mortality in summer as a consequence of
high radiation. Rodriguez-Garcia et al. [40] reported that plant survival also varies with
the season in which the plants were established. Plants established in spring are more
likely to die in summer than those established in autumn. Furthermore, in Avila, Spain, a
relationship was observed between soil characteristics (texture and structure) and survival
of maritime pine plants [40]. Sandy soils (lower water retention capacity) were related to a
higher probability of plant mortality [40].

Uncontrolled use of grazing can result in severe damage to seedlings and young
maritime pine trees. It occurs mainly in irregular or regular, denser stands with a relatively
closed canopy that prevents abundant shrub vegetation [8]. In Portugal, Bento et al. [8]
reported a 41% decrease between March and July in the number of regenerated maritime
pine plants one-year post-fire, attributing this reduction to unlimited grazing.

Several researchers, such as Bento et al. [8], Rodriguez-Garcia et al. [6], Guignabert [5],
and Rodriguez-Garcia and Bravo [39], have emphasised the negative role that competition
with other trees and/or shrubs has on the survival of maritime pine plants. In north-
western Spain, Libano et al. [92] verified the negative and significant effect of fern cover
on the density of natural regeneration of maritime pine. The impacts on plants may be
higher when the fern dries and falls on the plant, causing mechanical damage and higher
competition for light. Empirical evidence also points to the negative effect of the fern on the
natural regeneration of maritime pine in the Leiria National Forest in Portugal. In general,
alien species, in post-fire situations, where fire promotes occurrence, can compromise
the natural regeneration of native vegetation, particularly if they are invasive [93]. The
linear model developed by Madrigal et al. [34] to study post-fire natural regeneration of
maritime pine in Sierra de Guadarrama revealed that interspecific competition is the main
factor conditioning the survival of maritime pine seedlings. In addition to interspecific
competition, physiography and site quality are also considered relevant factors. Regarding
the latter, the model suggests that plant survival is higher in sites of lower quality.
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The shrub can have positive or negative effects on the survival of maritime pine plants,
protecting plants from animals [5], and creating favourable edaphic and micro-climatic
conditions for the plants, such as a source of organic matter and nutrients and protection
against erosion, wind, extreme temperatures, and extreme cold [41]. Rodriguez-Garcia
et al. [40] considered that shrubs can help overcome the season of higher environmental
stress for plants in Mediterranean regions, especially when plants are established in spring
and are more likely to die in summer. Some researchers, such as Rodriguez-Garcia et al. [6],
Guignabert [5], and Rodriguez-Garcia and Bravo [39], have mentioned that shrubs can
also harm the plant when there is competition for water and nutrients. Rodriguez-Garcia
et al. [6] showed that a shrub density of 17% may be the threshold between favourable
conditions for plant establishment and survival and competition for resources (water
and nutrients).

The survival of maritime pine is favoured in dense stands [40,42], although basal areas
of less than 15 m?/ha have also been reported to favour establishment [18]. Rodriguez-
Garcia et al. [40] indicated that although canopy cover favours plant survival when trees are
vigorous, these can endanger plant survival through competition for water and nutrients.
In contrast, Rodriguez-Garcia and Bravo [42] argued that canopy cover allows for increased
moisture conditions probably associated with reduced soil temperature and increased
relative humidity. These conditions allow younger individuals that are sensitive to stress
to have higher initial survival probabilities. Understorey vegetation can facilitate the
natural regeneration of maritime pine in low-density Mediterranean stands due to the
heterogeneity created by shrubs, such as decreased temperature, and solar radiation [40].

The intensity of fires can condition the survival of maritime pine plants. Fernandes and
Rigolot [65] showed that, in low to moderate intensity fires (until 1000 kW m~1), the impact
on plant mortality is very low. In Spain, Madrigal et al. [34], and Férnandez et al. [20] found
that few maritime pine plants died one year after the fire. Lam [38] concluded that, using
the vital attributes method, a stand with a recurrence interval between fires of 8-10 years
presents a greater persistence. It is implied from the conclusions presented by Lam [38] that
more recurrent fires have a greater negative impact on plant survival. Reyes and Casal [89]
concluded that ash from fires harmed the survival of Pinus sylvestris and Pinus nigra. For
maritime pine, a slight effect on the development of plants in the first months of life was
observed with ash treatment. Vega Hidalgo [94] mentioned that ash can contribute to the
improvement of soil conditions, for example, by increasing the availability of nutrients and
improving the pH of acid soils, contributing positively to the plant.

A summary of the factors that affect the seedling survival, positively and negatively
and the natural regeneration of maritime pine is shown in Table 3.

Table 3. Ecological factors influencing the natural regeneration of maritime pine. Phase: seedling

survival.
Positive Effects Negative Effects
Light (first months) [7] Summer drought [5,7,28,29]
Low site quality [34] Shadowing (after the first months of establishment) [91]

Shrub (protection against animal attacks; creation of favourable
edaphic and micro-climatic conditions for plants) [5,6,40,41]

High temperature/high radiation [28,43,64]

High stand density [40,42]

Plant establishment in Spring (more likely to die in summer
than those established in autumn) [40]

Low stand density [18,40] Sandy soils (lower water retention capacity) [40]

Uncontrolled grazing [8]

Competition with other trees/shrubs [5,6,8,34,39]

Fern cover [92]
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Table 3. Cont.

Positive Effects Negative Effects

Invasive species [93]

Shrub (competition for water and nutrients) [5,6,39]

High stand density (when trees are vigorous—competition for
water and nutrients) [40]

High fire intensity [20,34,65]

High fire recurrence [38]

Figure 1 illustrates the factors that influence the natural regeneration of maritime pine.

Factors influencing the natural regeneration of maritime pine, by phase

v v v
Seeding Germination Seedling survival
Climate factors Climate factors Climate factors
Amount of seed Organic matter Shadowing
content
Seed germination Stoniness Stand site quality
capacity Rock outcrops
Seed size Soil mobilisation Shrubs
Seed maturation Seed size Stand density
Serotinous cones Slope Plant establishment
season
Harvest years Erosion Sandy soils
Fires Fires Fires
Biotic agents Stand density Grazing
Seed predation Shrubs Fern cover
Ash Invasive species
Seed deph in the soil
Season of the year

Figure 1. Factors that influence the natural regeneration of maritime pine.

4. Management Proposals to Promote Natural Regeneration

The natural regeneration of light species (shade-intolerant) in medium-quality sites
was successful, when their density ranged between 2000 and 2500 plants/ha [95]. For the
natural regeneration of maritime pine, Sardin [96] mentioned that it was successful when
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the average density was higher than 3000 plants/ha (production purposes). When the
objective is protection, it should be higher than 1500 plants/ha. If the objective is protection,
without any type of production, the regeneration density is successful when it is higher
than 1000 plants/ha.

Inadequate forest management has been implicated as one of the reasons for the failure
of natural regeneration in Mediterranean species [28]. The impacts of forest management
on the natural regeneration of Pinus pinaster are not clearly understood, especially in the
context of climate change [43].

Maritime pine presented a high capacity for natural regeneration after the occurrence
of disturbances (felling or fire) [39]. However, according to several authors, the success of
natural regeneration seems to depend on the type of harvesting system. Calama et al. [28]
referred to silvicultural cuts that promote stand structures closer to those of uneven-aged
forests as the most suitable for promoting natural regeneration, although they increase
the vulnerability of stands to fire. Monteiro [10] concluded that, in the Carrasqueira
pine forest in Portugal, clearcutting in progressive strips, with strips of 40 metres, in a
mature maritime pine stand with a low density of seedlings probably caused heterogeneous
natural regeneration. Most of the natural regeneration occurred in germinated seeds prior
to the harvesting of mature trees. Considering the heterogeneity of the regeneration, the
researcher considered that perhaps strip cutting was not the best management option and
suggested the shelterwood harvesting system, with two cuts as an alternative to guarantee
a continuous in the supply of seeds in the area, a lower exposure of the soil, and shading in
the first phases of germination and development of the seedlings. Another study carried
out in Portugal by Oliveira et al. [91] showed different conclusions about strip cutting, with
reference to a positive influence on regeneration and lateral protection. In Spain, in the
sandbanks of Almazan-Bayubas, Rodriguez-Garcia et al. [6] obtained satisfactory natural
regeneration densities after the practice of strip harvesting with 25 seed trees per hectare,
stressing the importance of selecting seed trees with good characteristics (no diseases, no
deformations, and stability to wind and snow with h/d < 80).

Uniform successive cuts are the most widely used in the central sands of the Castilian
plateau (Spain) [53]. Ganhao et al. [41] found that these cuts are not the most appropriate,
as the probability of successful natural regeneration is low, and the option for clearcutting
with or without strips is preferable. Uniform successive cuts should only be used when
stands present good phenotypic quality, and there is a need for soil protection (e.g., against
erosion), and regeneration is expected to be successful [41]. In contrast, Oliveira et al. [91]
stated that when the stand has the capacity for natural regeneration to occur and the stand
is stable (h/d < 80) uniform successive cuts should be used. In unstable stands (h/d > 80)
with potential for natural regeneration, harvesting should be made in clearings or strips.
In the Northwest Iberian Peninsula, Libano et al. [92] demonstrated that clearcutting in
alternate strips is adequate in the management of natural regeneration. Rodriguez-Soalleiro
et al. [53] considered that clearcutting in patches can be an alternative in areas with little
capacity for natural regeneration, even if combined with artificial regeneration (sowing).
When stands are facing high competition with hardwoods, clearcuts are not the most
appropriate type of harvesting since they favour this competition with the total removal
of the trees [53]. In these situations, it is preferable to opt for a shelterwood harvesting
system. Guignabert [5] obtained more satisfactory results related to germination and
seedling survival, using progressive cuts (70 plants/ha) than clearcut in dune forests of
Aquitaine. In maritime pine stands in Cuellar (Central Spain), Ruano et al. [7] concluded
that harvesting intensities of 25% of the basal area (starting from a basal area of 8.71 m? /ha)
had better germination and seedling survival than harvesting intensities of 0, 50, and 100%.
The worst results were obtained when cutting was made at 100% of the basal area (clearcut).
However, the absence of management (no cutting) may also contribute to the failure of
natural regeneration, mainly due to the limitation of available seeds, given the mortality
associated with the excessive density of the stand [53].
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Fonseca et al. [97] recommended the use of silvicultural corridors before clearing
undergrowth, whenever necessary, or when natural regeneration reaches about 1 m height.
The width of the combustible elimination strips varies between 3 to 4 m wide (Urso National
Forest and Pedrogao National Forest) and between 1 to 2 m (Leiria National Forest) in
the coastal region of Centre Portugal. These strips alternate with selection strips for the
natural regeneration of maritime pine of 60 to 70 cm wide in the Urso National Forest and
the Pedrégao National Forest (to obtain densities between 1500 and 2000 trees/hectare)
and with 1 metre wide strips in the Leiria National Forest. The vegetation strips should be
inversely proportional to the regeneration density. The higher the regeneration density, the
smaller the width of the vegetation strip should be [97]. The Directorate of Forest Heritage
Enhancement Services [98] advocated the use of regularly spaced strips and contour lines for
spontaneous vegetation conservation, which can have several benefits, such as protection
against erosion and extreme weather conditions and provision of nutrients. Sardin [96]
considered that the first clearing should coincide with the first stand clearing and the
establishment of silvicultural corridors. The amount of clearing to be applied in the stand
depends on the density of the existing natural regeneration. Two clearings should be
applied, the first when the trees are about 1 m high and the second at 3-4 m high, when
regeneration is greater than 10,000 trees/ha. Only one clearance should be recommended
when trees reach 2 to 4 m height at natural regeneration densities between 1500 and
10,000 trees/ha.

Extending the rotation age was pointed out by Fonseca et al. [97], as being a practice
to adopt to facilitate natural regeneration of maritime pine in Portugal, specifically in the
Pedrégao National Forest and the Urso National Forest in the transition sections. For these
forests, the exploitability should be expanded from 80 to 120 years, since at 80 years was
identified as being difficult for natural regeneration.

Shredding of harvesting residues has a positive effect on the density [52,92] and
growth [92] of natural regeneration. Removing harvesting residues [92] and cut vegetation
that remains on the ground [6] has a negative effect on natural regeneration. The removal
of cut residues can cause damage to naturally regenerated plants and reduce available
seeds [92]. Rodriguez-Soalleiro [52] demonstrated that spreading the residues on the soil
surface can hinder plant emergence and consequently delay natural regeneration by 2 or
3 years.

Reducing animal pressure [99] and or limiting/controlling grazing [8] can be used to
promote natural regeneration whenever animal densities are incompatible with the success
of natural regeneration. In burnt areas where grazing is one of the limiting factors [100],
regeneration protection areas or individual protectors for plants can be used [99]. It is
crucial to control invasive species, especially in burnt areas where they are more easily
stimulated [99].

Prescribed burning is considered an appropriate practice because, in addition to reduc-
ing the fuel and therefore the risk of fire [65,80,101-103], it is also as beneficial for natural
regeneration, namely for the germination of maritime pine when the fire temperature
ranges from 70 to 110 °C regardless of the exposure time [33,91,104].

The use of post-fire management practices, such as soil mobilisation, tree felling, and
clearing of shrub vegetation was described by Maia [9] as detrimental to soil vegetation
cover, as losses have been associated with these practices. Fonseca et al. [97] demonstrated
that the management of burnt areas, regarding the natural regeneration of maritime pine
depends on the density of current natural regeneration, the quality of regeneration, and
the time elapsed after the fire. Whenever natural regeneration is weak, non-existent, or
of heterogeneous distribution, artificial regeneration, sowing or planting should be used.
After fire occurrence, natural regeneration should be monitored and managed (insufficient
natural regeneration of acceptable quality—densification; sufficient natural regeneration of
acceptable quality). Bento et al. [8] stated that, to promote natural post-fire regeneration
of maritime pine, it is necessary to consider the following silvicultural guidelines: (a) cut
the burned trees by early next spring to ensure that there are good light and warmth
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conditions for germination; (b) the whole stand should not be removed and the least
affected individuals should be preserved with a higher percentage of the green crown
(seed supply); (c) places with steeper slopes, those more affected by crown fires, or where
there is no or little needle deposition in the soil should be considered as priority areas
for artificial reforestation, whenever natural regeneration is not sufficient; and (d) places
where there is competition between natural regeneration and vegetation, due to the high
productivity of soils, and the natural regeneration of maritime pine does not indicate a
permanent and continuous character and should also be considered as priority sites for
reforestation. In contrast to Bento et al. [8], Vega Hidalgo [94] argued that the removal of
material affected by the fire should occur as early as possible, preferably within the first
two weeks after the fire, thus avoiding negative impacts on post-fire regeneration. Aguiar
et al. [105] recommended the use of artificial regeneration in young stands (<25 years),
given that natural regeneration is less abundant at these ages.

5. Conclusions

Natural regeneration is a complex and fundamental process to maintain and renew
forest stands over time. The natural regeneration of maritime pine can be influenced by
multiple factors, among which we highlight edaphoclimatic factors, soil organic matter con-
tent, fire, stand age, stand density, shrub, and silvicultural factors, which may intervene in
the various stages of natural regeneration development: seeding, germination, and seedling
survival. Sometimes regeneration failures may be due to the interaction between factors.

As for silvicultural guidelines, the success of natural regeneration seems to depend on
the type of harvesting system. The absence of management does not seem to be adequate
for promoting natural regeneration. The control of animal pressure, the use of prescribed
burning, and the shredding of harvesting residues are practices that promote the natural
regeneration of maritime pine.

Knowledge of the factors that influence natural regeneration is an asset for the imple-
mentation of effective forest management that promotes natural regeneration, especially in
the context of climate change.
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