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The renewal and sustainability of the forest stands are attained through regeneration. There are three basic methods to regenerate high forest stands: natural regeneration, direct seeding, and planting. This study reviews the factors affecting regeneration, the three methods of regeneration and the effect of stand structure on regeneration. Overall, regeneration success can be quite variable due to edaphic and climatic conditions, seed losses and/or seedling mortality. The silvicultural system is relevant to the choice of the regeneration method. Natural regeneration is used in selection and irregular shelterwood systems whereas direct seeding and planting are used in uniform shelterwood and clear-cut systems. In the former, stand stocking management is primordial to regeneration success while for the latter are species selection, seed predators and spontaneous vegetation control.
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1. Introduction

Regeneration is pivotal in silviculture as it guarantees the renewal and sustainability of the forest stands and productions in managed stands (Boudru, 1989; Smith et al., 1997). It comprises a set of processes and phases that determine their success and the recruitment of seedlings/saplings to the main stand (Grossnickle, 2018; Bogdziewicz et al., 2020). The regeneration encompasses seed production (Vacchiano et al., 2018; Bogdziewicz et al., 2020), dispersal of seeds/fruits (Gómez et al., 2019), seed/fruit predation (Huth et al., 2017; Löf et al., 2019), seed germination and emergence (Löf et al., 2019), seedling survival (Vaz et al., 2019; Guignabert et al., 2020), and seedling establishment (Davis and Jonhson, 1987; Leonardsson et al., 2015). The aforementioned is interlinked with the species traits (Hupperts et al., 2020; Brüllhardt et al., 2022), stand structure and silvicultural system (Tinya et al., 2019; Guignabert et al., 2020), site (Pernot et al., 2019; Rosenvald, 2020), and biotic agents (Ibáñez and McCarthy-Neumann, 2016; Long et al., 2021).

Forest stands can be regenerated by two methods: natural or artificial regeneration. The latter can be further divided into direct seeding and plantation (Smith et al., 1997). The stand structure of the main stand and its influence on regeneration and recruitment has been analyzed. The overall goal of the studies was to understand regeneration patterns as well as the development of methods, techniques and tools to improve the success of the renewal of the stands. Many studies have analyzed regeneration. Yet, to the authors’ best knowledge no study revised the effect of management and disturbances on the forest stands’ regeneration. The aims of this study are to analyze seed origin regeneration of managed forest stands and its success. This review is divided into the following sections: factors affecting regeneration (Section “2. Factors affecting regeneration”), regeneration and silvicultural systems (Section “3. Regeneration and silvicultural systems”), stand renewal with natural regeneration (Section “4. Stand renewal with natural regeneration”) and stand renewal with artificial regeneration, including direct seeding and plantation (Section “5. Stand renewal with artificial regeneration”).

For this review a search of publications was made on online knowledge library (b-on, which provides access to most publishers, including those in web of science and science direct). The following keywords were used: natural regeneration, direct seeding, plantation, clear-cut system, shelterwood system, selection system, and disturbance. The results were restricted to high forest regime from 1980 onward. The number of resulting papers publications was 5,322, from which were selected the ones that had information about the regeneration method, silvicultural system, composition, structure and/or disturbances, resulting in 118 papers to which were added 7 textbooks of silviculture. Some of the publications were used to characterize the regeneration (circa 85) and others provide examples (circa 40).



2. Factors affecting regeneration

Regeneration encompasses a set of processes from flowering to seedling establishment and recruitment to the main stand (Figure 1). Seed production is influenced by flowering and fruiting, which are related to tree resources, pollen, genetics, hormones and tree social position in the stand (Vacchiano et al., 2018; Bogdziewicz et al., 2020). The strategy of allocation of resources by the trees is first to grow and second to reproduction. This results in the seed production interannual variability, which seems to be linked to the resource availability per tree. The higher the available resources the higher the flowering and the fruit yield (Bogdziewicz et al., 2020). Frequently good seed production years are followed by low or very low production ones. This can be explained, at least partially, by resource depletion, as reproduction consumes large amounts of resources. Trees need to store resources for a shorter or longer time before high fruit seed occurs again (Bogdziewicz et al., 2020; Garcia-Barreda et al., 2021). Pollen quantity can be constrained by several factors, including phenological synchrony, precipitation, temperature, light, wind, and drought, which may reduce fruit production (Misson et al., 2011; Koenig et al., 2015). Inversely, the regulation by hormones and genetics may induce the bud flowers, reducing the influence of resource allocation and the pollen quantity in seed yield (Bogdziewicz et al., 2020). Additionally, genetics are related to fruit development. While for some species fruit maturation is annual or biannual (e.g., Quercus spp.) for others takes three (e.g., Pinus pinaster) or four (e.g., Pinus pinea) years. Tree social position in the canopy affects crown dimension and light availability, which influences the potential number of flowers/fruits. Trees in the upper canopy layers with large crowns tend to have higher seed yields than those in the middle and lower layers (Kremer and Bauhus, 2020). Flowering and fruiting occur mainly in the outer crown. The larger the crown area and/or surface, potentially the higher the fruit/seed yield (Gonçalves and Pommerening, 2012; Gonçalves et al., 2017). Frequently, regeneration is linked to years with large amounts of seed/fruit (masting). This is related to the allocation of resources to reproduction and synchrony in the seed production of many trees in the stand (Vacchiano et al., 2018; Bogdziewicz et al., 2020). The frequency of masting differs among species, from an annual to a decade periodicity (Mencuccini et al., 1995; Owens and Fernando, 2007; Parker et al., 2013).
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FIGURE 1
Schematic representation of the regeneration processes and factors.


Depending on the regeneration method seed can be collected (artificial regeneration) or not (natural regeneration). The collected seeds used for artificial regeneration can be used directly (direct seeding) or to produce plants in the nursery (plantation). Different methods are used to collect and store seeds/fruits. The methods depend on the seed/fruit characteristics (for details see Boudru, 1992; Smith et al., 1997).

Seed/fruit production can also be affected by other factors. The most common are losses by fungi and invertebrates (e.g., arachnids, flies), predation (e.g., ants, rodents, birds), and/or grazing (e.g., for Quercus spp., acorns grazed by sheep, goats or cattle). Losses by insects and fauna either reduce the amount of available seed or their germination capacity (Branco et al., 2002; Gea-Izquierdo et al., 2006; Lucas-Borja et al., 2010). Weather can affect seed yield. Frost, drought, high temperatures and low precipitation, potentially reduce seed yield. This is related to the reduction of flower pollination, e.g., rain during pollination season can reduce pollen availability; and damages to flowers/fruits, e.g., frost, low temperatures, and drought, that can result in fruit abortion (Pulido and Díaz, 2005; Bogdziewicz et al., 2020).

In natural regeneration, after maturation seed dispersal occurs. The dispersal of seeds/fruits is dependent on their traits, predation and weather. The primordial seed traits are form and weight. Light seeds tend to have longer dispersion distances, as long as wind (direction and intensity) conditions are favorable (Gómez, 2003; Calama et al., 2017). For example, seeds of Pinus nigra, Pinus sylvestris, Pinus pinaster, Pinus halepensis, and Abies alba are light and wind-dispersed up to 60–150 m, depending on the species (Calama et al., 2017; Huth et al., 2022). Heavy seeds (dispersed by gravity) have shorter dispersal distances. For example, up to 10 m for Pinus pinea and Quercus ilex (Gómez, 2003; Ganatsas and Thanasis, 2010). Fauna can act as predators or disseminators. Seeds/fruits are a food source for a large variety of fauna, from insects to birds and mammals. Fauna, depending on its density, consumes larger or smaller amounts of seeds/fruits. Some seeds/fruits are partially digested and keep their germination capacity. Others are stored (many buried in the soil) and not consumed. These two factors contribute to the dispersal of seeds/fruits, especially important for heavy seeds. Furthermore, seeds can be transported on the animals’ fur and feathers (especially the small and light ones), which may increase the distance of dispersal and also influence their spatial distribution (Gómez et al., 2019).

The effects of seed predation are stronger in low-production years than in masting years (Lucas-Borja et al., 2012). In low-production years a larger proportion of seeds is used as a food source, whereas in masting years satiation is reached for a much smaller percentage of the seed yield (Löf et al., 2019). Animal population density control and/or protection of regeneration may potentially increase the success of regeneration (Dey et al., 2019; Oliet et al., 2019; Vaz et al., 2019; Muñoz-Rengifo et al., 2020; Bolibok et al., 2021; Borderieux et al., 2021). For some species (e.g., for most Pinus spp.) seed availability can be affected by serotinity (Fernandes and Rigolot, 2007). For most Pinus spp. cones do not open spontaneously after maturation. They open after being exposed to heat (high temperatures or fire). Seed release is closely linked to fire, e.g., Pinus pinaster (Ribeiro et al., 2022) or high temperatures in the summer (Wyse et al., 2019).

Seed germination is dependent on species traits, predation, seed banks, seed germination rate, seedbed conditions and site. Species traits are related to seed dormancy. Some seeds have no dormancy, germinating shortly after ripening, as long as the weather is favorable (e.g., Quercus spp., Castanea sativa, and Pinus pinaster). Other species may have different types of dormancy, which has to be broken before germination occurs (e.g., Eucalyptus spp., Acacia spp.) (Florence, 1996; Löf et al., 2019). Seed predation can also occur after ripening and its effects are similar to those prior to ripening. Site is determinant of germination. Seed banks (i.e., amount of seeds stored in the trees and soil, not germinated) can store seeds for shorter or longer periods (a few years to several decades), depending on the seed traits, site and stand conditions, and predation. Yet, in time seeds lose their germination capacity (Tiebel et al., 2018).

The seed germination rate is determined by genetics and seed storage. If the seeds are collected and stored according to their traits, it is possible to preserve their germination capacity. When mature seeds fall on the forest floor, conditions may not ideal for their conservation. Thus, germination shortly after ripening for seeds without dormancy, prevents the reduction of the germination rates. Seeds with dormancy can be stored on the forest floor and germinate after dormancy is broken without losing germination ability. The site is primordial to regeneration, namely a suitable seedbed (i.e., seeds should be immersed in the soil and soil water content, precipitation and temperature are appropriated).

In the northern hemisphere seed maturation, germination and emergence occurs for most species in autumn, when water is available and temperature is mild; or in the next spring when the temperature has overcome the inferior threshold for germination. Seeding in autumn is preferred in climates with summer drought whereas in spring is preferred in cold climates (for details see Boudru, 1992; Smith et al., 1997). The autumn germination and emergence enables the seedlings to develop the root system, allowing them to mitigate water stress in the summer and dry springs (Löf et al., 2019).

Seedling survival is determined by browsing, site, soil fungi, and plantation stress (in plantations). Seedling browsing can reduce leaf area and change seedling growth patterns. The former result in the reduction of photosynthesis and seedlings use seed reserves to survive. The seedlings of seeds with large reserves (e.g., Quercus spp.) can cope better with the reduction of leaf area than those with small reserves (e.g., Pinus spp.) (Löf et al., 2019; Vaz et al., 2019; Guignabert et al., 2020). Browsing may also affect seedling habit. Animals tend to browse mainly new branches and leaves. This originates in the development of one or several buds and seedlings may develop a shrubby habit (Vaz et al., 2019; Muñoz-Rengifo et al., 2020), especially for the species with weak epinastic control (Oliver and Larson, 1996; Cline, 1997). Site conditions, in particular weather, determine seedling survival, e.g., for Pinus nigra soil mobilization promoted germination and seedling density (Lucas-Borja et al., 2011).

Frosts, droughts and fires can result in the partial or total loss of the seedlings’ aerial part. Some species, e.g., Quercus spp., are well adapted to these disturbances (Pausas et al., 2009; Löf et al., 2019) and can sprout after frost events when temperature increases (frequently in the spring) whereas after drought or fire events it occurs with the increase of water availability in the soil (frequently in autumn after the first rainfalls). The sprouting results from the development of the root collar buds (Löf et al., 2019). Other species like Pinus spp., Abies spp., and Picea spp., are not able to sprout, not recovering their aerial part and usually die (Boudru, 1989; Smith et al., 1997). Fungal community in the soil can have positive, neutral and negative effects on seedling (Dalling et al., 2011; Ibáñez and McCarthy-Neumann, 2016; Long et al., 2021). This is related to seed traits, such as physical and chemical defenses and dormancy (Dalling et al., 2011). Moreover, while some fungi result in pathogenic interaction with the seedlings other fungi result in mutualistic interactions (Dalling et al., 2011; Long et al., 2021). Plantation stress is defined as the period between plantation and seedling establishment. This is the most critical phase in plantations, where most mortality occurs. It is related to the site and plant hardening (Grossnickle, 2018).

Seedling establishment depends on environmental (e.g., precipitation, temperature, and light), biological (e.g., species traits, competition, and browsing) and silvicultural (e.g., stand structure and silvicultural systems) factors (Davis and Jonhson, 1987; Smith et al., 1997; Leonardsson et al., 2015) as well as physiography and site quality (Ribeiro et al., 2022). Shade tolerance and main stand crown cover may constrain seedling development. The more shade-intolerant a specie is the lower should be the crown cover for a successful regeneration (Shelton and Cain, 2000). For these species, clear-cut and uniform shelterwood systems seem better suited (Bellefleur and LaRocque, 1983a,b; Lüpke, 1988). For shade-tolerant species irregular shelterwood and selection systems are preferred (Schütz, 1997; O’Hara, 2014). Tree age influences seed production, emergency, and growth of the seedlings. A study denoted that older trees of Quercus faginea produce larger acorns and seedlings while seeds from young trees have faster and higher germination rates and emergence. Thus, variability in structure may have a positive effect on the forest system’s sustainability (Alonso-Crespo et al., 2020). Spontaneous vegetation can have competitive interactions with regeneration, by using the available growing space and, due to its higher growth rates, outcompete regeneration; and facilitation interactions by the shelter provided, mainly shade and mitigating browsing (Smit et al., 2008; Caldeira et al., 2014; Leonardsson et al., 2015; Kolo et al., 2017; Muñoz-Rengifo et al., 2020). For example, shrub cover can promote the natural regeneration of Pinus pinaster and Quercus suber by decreasing temperature and solar radiation (Smit et al., 2008; Rodríguez-García et al., 2009).



3. Regeneration and silvicultural systems

Silvicultural systems can be grouped into three broad classes (Assmann, 1970; Matthews, 1989; Smith et al., 1997): clear-cut, shelterwood, and selection (Plenter).

In the clear-cut system when trees reach the end of the production cycle (rotation) all trees are cut. The regeneration is typically artificial by direct seeding or planting. Yet, for some species, well adapted and with frequent seed production, natural regeneration can be used (Huss, 2004). The choice of species is more restricted. Species shade-tolerant, sensitive to frosts and/or drought, and sensitive to competition with spontaneous vegetation can seldom be used. Natural regeneration is predominantly used with pioneer and shade-intolerant species (Boudru, 1989; Smith et al., 1997). Several types of clear-cut systems were developed to overcome its disadvantages, namely alternate strips, progressive strips, by patches and with seed trees. The subtypes differ from clear-cut in what concerns the cut area and regeneration type. Though in the subtypes all the area is cut within a short timeframe, with two or more cuts, these subtypes can mitigate the effects of cutting all the area. Both artificial and natural regeneration can be used. For a clear-cut system the primordial regeneration type is the artificial one (Boudru, 1989; Smith et al., 1997; Miina and Saksa, 2008).

The shelterwood system is characterized by at least four cutting interventions, and natural regeneration is the main renewal method. The cuts follow a sequence starting with the preparatory cut (if necessary), followed by seed cut, secondary cuts (in variable number) and final cut. In the latter the last trees of the main stand are removed, when regeneration does not need shelter. This system can be divided into two broad classes: uniform and irregular shelterwood. The former has been further divided, according to the spatial distribution of the cuts, in uniform shelterwood by strips, by groups or patches and by strips and patches (Assmann, 1970; Smith et al., 1997). The choice of the shelterwood variant is related to the structure of the stand. For even-aged stands, uniform shelterwood systems are better suited, but care should be taken so that regeneration develops in only one cohort. When the goal is to maintain or promote uneven-aged stands the irregular shelterwood systems are preferred. They enable to maintain or promote the heterogeneity of the structure (Smith et al., 1997; Raymond et al., 2009; O’Hara, 2014).

Clear-cut with seed tree and shelterwood systems are based on natural regeneration where the trees of the main stand provide seed and shelter. Their main differences are related to the number of seed trees per unit area (Hyppönen et al., 2005) and the number of cuts, both larger in the latter than in the former. Clear-cut with seed tree systems are based on one or a few years of seed production, and seed availability may be a limiting factor (Miina and Saksa, 2008). Shelterwood systems are based on several years of seed production which guarantees a higher number of seedlings (Béland et al., 2000; Dovčiak et al., 2003).

The selection system is characterized by more than one cohort and by the simultaneous removal of trees when they reach a target diameter and in tending. The main renewal method is natural regeneration. The selection system has been further divided in two subtypes according to the spatial distribution of the cuts, namely single tree and group (Schütz, 1997; Smith et al., 1997; O’Hara, 2014).



4. Stand renewal with natural regeneration

Natural regeneration can be defined as the establishment of trees from seeds produced and germinated in situ without or with human intervention (Assmann, 1970; Harmer, 1994a; Smith et al., 1997). Their advantages are linked to the seed produced in situ and a priori well-adapted to the site; regeneration with several years of seed production; different species regenerate in different niches, enabling mixed stands renewal or the conversion of pure in mixed stands if seed for all the desired species is available; and low costs (Davis and Jonhson, 1987; Löf et al., 2019; Petersson et al., 2019; Pommerening and Grabarnik, 2019). Its disadvantages are associated to stand structure, in particular trees with large crowns to produce a sufficient amount of seeds and the presence of the species to be regenerated; seed production variability; seedling/sapling losses; competition between regeneration and the main stand and/or spontaneous vegetation; suitability of seedbed (requiring sometimes soil mobilization); and weather conditions (e.g., wind, frost, and drought damages) (Harmer, 1994a,b, 1995; Klopčič et al., 2015; Tinya et al., 2019; Hupperts et al., 2020; Kremer and Bauhus, 2020; Scherrer et al., 2021).

Stand renewal by natural regeneration is primordially used with selection and shelterwood systems, thought to a lesser extent is also used with clear-cut systems (Figure 2). It is used in pure, mixed, even-aged and uneven-aged stands.
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FIGURE 2
Factors influencing natural regeneration in clear-cut/uniform shelterwood (left) and irregular shelterwood and selection (right) systems.


After a fire, in even-aged Eucalyptus regnans stands, the natural regeneration density was two-fold higher than after clear-cutting. Yet, the latter had a uniform distribution pattern whereas the former had a less uniform spatial arrangement and was in patches. Thus, in time, might promote structure heterogeneity. A concern with clear-cutting systems in Australia is the maintenance of habitats for flora and fauna. This can be achieved by retaining habitat trees and increasing stand structure heterogeneity to create (or maintain) different niches and habitats (Trouvé et al., 2021). In the Mediterranean region, Pinus pinaster stands, 3 years after a fire had from 17,000 to more than 100,000 seedlings/ha (Enes et al., 2019). Its development was mainly constrained by interspecific competition due to limited resources and ruled by self-thinning (Sales-Luis and Fonseca, 2004; Enes et al., 2019).

Regeneration density and height in even-aged conifer stands (e.g., Pinus sylvestris) under uniform and group shelterwood systems increased with the decrease of the main stand stocking. The poorer the site the lower should be the main stand stocking to decrease the aerial and the root competition between the main stand and the regeneration (Barbeito et al., 2011; Rosenvald, 2020; Huth et al., 2022). Regeneration distribution patterns tended to be homogenous in uniform shelterwood systems and clustered in group shelterwood ones. The distribution patterns were related to the spatial arrangement of the main stand trees (Barbeito et al., 2011). Shelterwood systems tended to increase seedlings’ age variability with the increase of the main stand stocking. This was likely related to the longer regeneration periods, the enhanced heterogeneity of the structure of the stand and the growth patterns of the recruited individuals (Huth et al., 2022). Soil mobilization increased regeneration density and promoted its growth due to the removal of spontaneous vegetation and/or organic layers (Barbeito et al., 2011; Huth et al., 2022), more noticeable in sites of poor quality than in good ones (Rosenvald, 2020). Soil broadcast mobilization resulted in the uniform distribution of the regeneration while patch mobilization tended to a clustered regeneration (Huth et al., 2022).

Crown cover and browsing are two determinant factors to regeneration success. In mature mixed even-aged stands of Picea abies, Abies alba, Fagus sylvatica, and Acer pseudoplatanus under shelterwood and clear-cut systems, regeneration density increased with the decrease of the crown cover. This was explained by the amount of water reaching the soil. After a cut, there was a short-lasting seed yield reduction. The main stand crown closure resulted in a sharp decrease in shade-intolerant species density. In the clear-cut system, seed production was scarce and competition between seedlings and spontaneous vegetation was strong. Furthermore, certain species needed higher seed quantities (Picea abies) than others (Abies alba, Fagus sylvatica, and Acer pseudoplatanus) to attain the same seedling density (Burschel et al., 1992). In pure and mixed stands of Fagus sylvatica and other broadleaved and conifer species, regeneration density decreased with the increase of crown cover, basal area and Fagus sylvatica in the upper canopy. Regeneration density showed a large variability from null to more than 10,000 seedlings/ha and was mostly of Fagus sylvatica. The density of other species either intolerant or semi-tolerant to shade (e.g., Picea abies, Abies alba, Carpinus betulus, and Acer pseudoplatanus) was lower (Žemaitis et al., 2019). Similarly, Quercus petraea regeneration density in pure and mixed stands was directly related to the species share in the canopy (the higher the share, the higher the regeneration density). For mixed stands, none of the eighteen secondary species affected negatively the regeneration of Quercus petraea. Several conifers (Pinus nigra, Pinus sylvestris, Pinus pinaster, and Pseudotsuga menziesii) and one broadleaved (Castanea sativa) species affected it positively. This was related to the direct sunlight reaching the understory, and the Quercus petraea’s competitive advantages over light-demanding conifers (Borderieux et al., 2021). The increase of browsing and crown cover in mixed stands of Quercus robur and Quercus petraea resulted in a sharp decrease in regeneration. This was due to the increase in the stand’s crown cover and deer population. The regeneration of the oaks was related to disturbances that increased light and better-suited environments for oak seedlings’ development (Petersson et al., 2019). Seedlings’ growth was promoted by reducing browsing pressure (Petersson et al., 2019; Knapp et al., 2021) and by species traits, e.g., tolerance to browsing of Fraxinus Americana and low palatability of Ostrya virginiana (Knapp et al., 2021).

The regeneration (density, composition, and structure) of uneven-aged (pure or mixed) stands was dependent on the dimension and spatial distribution of the canopy gaps under shelterwood and selection systems. The heterogeneity of the stand structure was promoted by cuts that resulted in canopy gaps. These gaps were characterized by size (small vs. large), dimension (equal vs. different sizes) and spatial arrangement (regular vs. irregular). The aforementioned was related to the species regeneration (Kern et al., 2017).

Other factors that correlate with regeneration density and composition are species traits, seed source and yield patterns, microsite conditions, competition (with the main stand and/or spontaneous vegetation), soil mobilization and browsing. For irregular shelterwood or selection systems, no relation was found between the regeneration density of shade-tolerant species and gap size (Knapp et al., 2019, 2021; Hupperts et al., 2020; VanderMolen et al., 2021). Inversely, semi-tolerant and intolerant species regeneration was higher in larger gaps (Schütz, 2006; Hessenmöller et al., 2018; Knapp et al., 2019, 2021; Brüllhardt et al., 2022). Shade-tolerant species were able to grow in small gaps where the light was low whereas less shade-tolerant species needed larger gaps that enabled light to reach the understory layers (Schütz, 2006; Hessenmöller et al., 2018; Knapp et al., 2019, 2021; Reuling et al., 2019; VanderMolen et al., 2021; Brüllhardt et al., 2022). Large gaps had higher composition diversity, as more species found suitable conditions to regenerate (Schütz, 2006; Klopčič et al., 2015; Tinya et al., 2019; Hupperts et al., 2020). Maintaining trees in the main stand tended to increase regeneration density due to seed availability increase (Hupperts et al., 2020; VanderMolen et al., 2021) and diversity if more than one specie was retained (Knapp et al., 2019). Yet, a lack of seed due to low or irregular seed production might reduce the regeneration density of all or some species (Knapp et al., 2021).

The natural regeneration spatial distribution pattern is dependent on microsite conditions, e.g., light, environment, soil water content, litter layer and fungi in the soil. The regeneration distribution patterns tended to be random when the conditions in the gaps were well-suited for a certain species (VanderMolen et al., 2021) and clustered when species traits required specific niches (Hupperts et al., 2020), e.g., direct sunlight (Lundqvist et al., 2019), soil water content (Hupperts et al., 2020), and litter depth (Knapp et al., 2021).

In irregular shelterwood and selection systems, the presence of shrubs reduced the density and the development of seedlings/saplings (cf. 2.). Shrub species used available growing space and frequently outcompeted the seedlings/saplings (Knapp et al., 2019; Reuling et al., 2019). Additionally, the competition between the main stand and the regeneration was dependent on the availability of growing space, in particular, light. The individuals of shade-tolerant species developed under low light environments (Klopčič et al., 2015; Petrovska et al., 2022) while shade-intolerant ones required lower stocking (Schütz, 2006; Lundqvist et al., 2019; Hupperts et al., 2020). For example, for the regeneration of pure uneven-aged stands of Pinus sylvestris a stocking ≤13 m2ha–1 was recommended (Lundqvist et al., 2019) whereas for light-demanding species in mixed uneven-aged stands was 21–25 m2ha–1 (Schütz, 2006; Hessenmöller et al., 2018; Tinya et al., 2019; Brüllhardt et al., 2022). Group selection systems are better suited to regenerate shade-intolerant species than single-tree ones (Klopčič et al., 2015; Tinya et al., 2019).

Soil mobilization increased the regeneration density by removing the competing vegetation and reducing the litter layer. In an irregular shelterwood system, Betula alleghaniensis density was higher in the gaps with site mobilization and with the removal of advanced regeneration (Reuling et al., 2019). Likewise, soil treatments promoted Betula alleghaniensis regeneration, as it was more affected by litter depth than Acer saccharum (Hupperts et al., 2020).

Regeneration development was dynamic over time, and species proportions and growth varied. This may influence the future stand structure (Knapp et al., 2019). A trend was found toward the reduction of the number of species and growth over time. The regeneration individuals from the main stand species were near the edge of the gaps. Thus, small gaps tended to maintain composition. To change composition stronger disturbances (silvicultural interventions) were needed (Scherrer et al., 2021). In mixed uneven-aged stands, in time, there was a trend toward a steep decrease in regeneration density, especially for the shade-intolerant species. This might affect the future composition, in particular of the shade-intolerant species (Klopčič et al., 2015). Irregular shelterwood and selection systems maintained or promoted the stand heterogeneity, but the latter was better suited due to the different gradients of light and niches (Tinya et al., 2019).



5. Stand renewal with artificial regeneration


5.1. Direct seeding

Direct seeding has been used for a long time, with several forest species (Huth et al., 2017). It encompasses a set of steps from the promotion of flowering/fruiting (cf. 2) to seed/fruit collection and storage (Boudru, 1989). It is a regeneration method in which the seeds are sown directly in the soil. Seeding can be done in the entire area or strips or patches. Direct seeding may be done manually, mechanically, or aerially (Grossnickle and Ivetić, 2017; Huth et al., 2017). The use of unmanned aerial vehicles (UAVs) has been explored and promoted in specific circumstances (e.g., Mohan et al., 2021). Direct seeding successful regeneration includes a set of factors (Figure 3). The selection of tree species suited to the site and seed quality are of primordial importance, to assure that germination and establishment rates are high. The more suitable season for seeding is the one that promotes its germination and growth when there is water availability in the soil and temperatures are mild. Seeding in the autumn, in temperate regions, has advantages as no seed storage is needed and the seedbed has suitable conditions. The disadvantages are related to the short time to prepare the seedbed and seeding. Seeding in the spring advantages are the higher germination rates and the disadvantages are the need to store the seeds, and adverse weather conditions, such as snow, frost and drought (Grossnickle and Ivetić, 2017; Huth et al., 2017).
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FIGURE 3
Factors influencing direct seeding.


The larger the number of seeds used, potentially, the higher the density of seedlings. Yet, other factors have to be considered: seed size (the larger the seed, potentially, the higher the success); and site microclimate (suitable conditions of water, temperature, and shade). Seedbed suitability through soil mobilization is short lasting but enables the seeds to be in contact with mineral soil and reduce competition with spontaneous vegetation, promoting the seedlings’ germination, survival, and growth (Huth et al., 2017). Seed covering depth depends on the seed dimensions and tends toward lower predation rates, though not valid for all predators. Germination rates vary for both buried and unburied seeds. Seeds unburied and protected by spontaneous vegetation may have success rates similar to those buried (Boudru, 1989; Grossnickle and Ivetić, 2017). Site conditions are influenced by vegetation (trees and spontaneous vegetation) which in turn constrain microclimate, including soil water availability and temperature, that influence positively germination and establishment rates (Grossnickle and Ivetić, 2017). Seedling survival and growth are dependent on a balance between the pathogenic and mutualistic fungi, and the latter mitigate the effects of the former. The effects of the fungi are dependent on the density of the adult trees in the stand (Long et al., 2021). The colonization by mycorrhiza fungi does not seem to be correlated with the size of the seed or the tolerance to shade of the species, but is dependent on the resources in the soil. The growth of the seedlings under high light levels increases with the increase of fungi colonization whereas under low light levels the opposite effect is observed. Additionally, light levels may originate a shift from positive to neutral or negative effects of the fungi colonization on the growth of seedlings (Ibáñez and McCarthy-Neumann, 2016). Stand structure and overstorey species are linked to the success of direct seeding. For example, shade-tolerant species regeneration is promoted by the main stand that provides shelter to seedlings/saplings and enhances their recruitment. But overstorey should provide simultaneously enough light to promote the growth rates, so seedlings are not maintained in the lower storeys in latency. Seedbed preparation is needed when the litter layer is thick and does not enable seeds to reach the mineral soil and to control spontaneous vegetation (Huth et al., 2017) either mechanically or chemically (Löf et al., 2019). Competition for the available growing space between seedlings and the main stand and/or spontaneous vegetation plays a key role in seedlings/saplings’ establishment and growth. It has a twofold effect, i.e., it can protect seedlings from extreme weather conditions (e.g., drought and frost) and browsing, and can compete for the available growing space. Silvicultural practices should aim for low competition between seedlings/saplings and other vegetation (Huth et al., 2017).

Predation of seeds and seedling browsing are two other major constraints to direct seeding success. The effects of the latter are those described for natural regeneration (cf. 2., 3.). The former varies per species and influences seedling density. The seeds of some species are vulnerable to predation (e.g., acorns, chestnuts, and beech nuts) whereas for other species essential oils and resins (e.g., Abies spp. seeds) act as a protection against biotic agents (Huth et al., 2017). Several alternatives have been used to minimize predation: control of the seed predators’ populations, balancing the rodents with their predators; involving the seeds in chemicals that repel seed predators (may have the disadvantage of reducing germination rates and seedlings establishment); using physical measures, either per area (fencing) or individually (seed and tree shelters, that might delay frost hardening); selection of sites with low seed predators; and seedling seasons and sowing depth that minimize the predation damages. However, the deeper the seed is sown the longer it takes to emerge and develop. Furthermore, seedlings may be damaged by herbicides. Inversely, seedling growth is promoted by site preparation (Löf et al., 2019).

Several advantages of direct seeding when compared to plantations can be pointed out: density is higher in direct seeding; the root systems develop naturally, particularly important for the species that develop long tap roots in the early stages of development (promoting the mitigation of drought and increasing seedling/sapling stability); lower risk of spread of rood diseases; the impact of seeding in the soil is lower; seeding can be done manually, mechanically or aerially; broadcast, strip, and/or patch seeding can be done, taking into account the advanced regeneration, terrain and/or stand variability; stand diversity can be promoted by seeding a mixture of species or seeding different species in different patches; regeneration of large areas in short timeframes is possible; there is no plantation shock; and the costs are lower, linked to the reduction of costs of seedling production in nurseries, transport and labor (Grossnickle and Ivetić, 2017; Huth et al., 2017; Löf et al., 2019; Pretzsch, 2020; Villalobos et al., 2020). The disadvantages are related to the amount of seed of good quality available and its price; the variability of germination rates; and the establishment rates, frequently lower than in plantations, due to weather, suitability of the seedbed, seed predation, and competition with spontaneous vegetation and/or trees of the main stand. The growth rates of seeded seedlings are lower than the planted ones, especially during establishment. After establishment, direct seeding seedlings have similar or higher growth rates than planted ones. It is more difficult to control spontaneous vegetation due to the smaller size of the direct seeding seedlings when compared to planted ones (Grossnickle and Ivetić, 2017; Huth et al., 2017; Löf et al., 2019).

The major advantage of strip and patch seeding, when compared with broadcast seeding, is related to the smaller amount of seed needed (Grossnickle and Ivetić, 2017; Huth et al., 2017). Mechanical seeding is restricted by the site (e.g., slope and soil, especially thin, and rocky soils), by a high density of the stands (particularly those with irregular distribution patterns), and when trees have shallow root systems or woody debris is large. Manual or aerial seeding can be used when mechanical is impossible. When regulations, laws, and certification schemes exclude the use of heavy machinery, lighter machinery, or devices with animal traction can be used. These two approaches are considered more efficient than manual seeding because are flexible in spatial terms and have better quality. The costs of manual, lighter machinery or animal traction seeding are higher than those of heavy machinery (Huth et al., 2017).

The effects of direct and no (natural regeneration) seeding under clear-cut and uniform shelterwood systems in Pinus pinaster stands were studied for sites where, historically, regeneration was successful (two sites) and unsuccessful (two sites) (Guignabert et al., 2020). Seed quantity enabled to regenerate the stands, though with higher density for direct seeding. The germination rates were dependent on the depth of the litter/debris layer, and seed predation, storage and conservation in the soil until site conditions were suitable for germination. The latter was also linked to Pinus pinaster provenances, e.g., Atlantic provenance germination rates decreased under drought. Germination and survival were lower in clear-cutting than in a uniform shelterwood system, which was related to the seeds’ viability in the soil (1 year). The regeneration in the clear-cut system resulted from the seed of the year before harvest. Inversely, in the uniform shelterwood system was from multiple seed productions. Direct seeding in the clear-cut system resulted in germination rates four times higher than those without seeding. The seeds sown had higher germination capacity and less time in the soil prior to germination. In general, the shelterwood system resulted in higher germination and survival rates, though variability was high, and increased with the increase of the stand crown cover (between 10–40%). This was related to the more suitable microclimate, i.e., lower soil temperature, high soil water content and lower transpiration. The main cause of regeneration mortality was the summer drought, but it was mitigated in the shelterwood systems (Guignabert et al., 2020).

Acorn predation, germination and development of direct seeding seedlings were studied for Quercus robur with soil scarification in patches and repellent treatments to acorns, in two clear-cut stands (Villalobos et al., 2020). The acorns were predominantly predated by rodents (ungulates were excluded by fencing). Acorn predation was rather variable and increased in the areas with spontaneous vegetation when piles of slash were nearby. The repellent treatments did not affect predation. The predation rate was higher for large acorns than for small ones. The size of the acorn did not influence seedling density, but large acorns originated larger seedlings and higher growth (Villalobos et al., 2020).

The direct seeding of a mixture of Betula pubescens, Sorbus aucuparia, and Alnus glutinosa was used to evaluate the viability of the restoration of native mixed-species stands (Willoughby et al., 2019). The regeneration density was higher in the direct seeded areas that in those unsown. After 5 years the latter had no regeneration. The differences were due to the amount of seed and the chemical removal of spontaneous vegetation in direct seeding, which enhanced the germination and development of the seedlings. The regeneration density was higher for Betula pubescens and Sorbus aucuparia than for Alnus glutinosa, suggesting that for the latter the amount of seed was insufficient or there were too few suitable niches. The growth rates of Betula pubescens and Sorbus aucuparia were similar to planted seedlings. Fertilization at 5 years of age maintained the growth rates of the seedlings. The direct seeding of the mixture of species promoted structure variability, both horizontally, and vertically. It also included individuals of natural regeneration (Willoughby et al., 2019).



5.2. Plantation

The plantation is an artificial regeneration method where seedlings produced in nurseries are planted on the site (Smith et al., 1997). It has been used for production, protection, conservation, and ecosystem restoration resulting in even-aged pure or mixed (frequently of two species) stands (FAO, 2020). For plantations’ establishment success, a set of factors should be considered: seed quality (cf. 2.), seedling production, site preparation, seedling development, and post-planting (Figure 4).
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FIGURE 4
Factors influencing plantations.


Seedling production in nurseries can be broadly grouped into bare-root and container-seedlings. The bare-root seedlings grow for 1–2 years in a soil bed. After, they are transplanted to another soil bed at a lower density until they reach the desired development. Then are collected without soil and planted on the site. The container-seedlings, frequently produced in greenhouses, can be grown in rigid-walled containers which are removed before planting; or soft-walled containers and planted with the container as it is degradable. The bare-foot seedlings have larger dimensions and are produced under field conditions. Its root system is less developed but more extensive than that of container-seedlings, due to the restricted volume of the containers (Pernot et al., 2019).

The choice between bare-root or container-seedlings is related to the site. In sites with low water availability and/or thin soils, container-seedlings tend to have higher survival rates due to their greater resistance to water stress. Inversely, bare-foot seedlings are better suited for sites where competition with other vegetation is expected due to their large size (Pernot et al., 2019 and references therein), and in deep and cooler soils (Paiva et al., 2010). Container-seedlings have the advantage of maintaining root system architecture, protection against dissection and injuries until planting (Argillier et al., 1991). Its disadvantages are related to the cost (cf. Grossnickle and El-Kassaby, 2016). The container dimension does not affect the plant quality of some species (e.g., Pinus ponderosa) (Pinto et al., 2011). For others might constrain root system development (e.g., Quercus spp. that develop a strong pivotal root) (Paiva et al., 2010). Compared with direct seeding, container-seedlings show better environmental adaptability and stress resistance because of their protected root systems (Duan and Abduwali, 2021).

A complementary strategy in seedling production is the inoculation with ectomycorrhizal fungi (e.g., Argillier et al., 1991; Rudawska et al., 2017), which improves the physiology and growth of the seedlings (Griebeler et al., 2021). In the transportation of seedlings from nurseries to plantation sites care should be taken. Damages by wind and heat (Zhigunov et al., 2014) or mechanical (Stjernberg, 1996) should be avoided, because they may reduce the survival and the growth of seedlings, especially the bare-foot ones (Stjernberg, 1996; Zhigunov et al., 2014).

Silvicultural practices related to plantation are site preparation, planting time, seedling density, and pest and disease control (Masaba and Etemesi, 2021). Soil mobilization should be suited to the site, species traits and seedlings’ production type. For container-seedlings the soil clod should not be damaged (Paiva et al., 2010). Planting time should be coincident with suitable temperature and moisture levels (Masaba and Etemesi, 2021) to minimize plantation stress (Grossnickle, 2005). For example, in the Nordic countries, the plantation is recommended from May to early June. From summer to September there is a high risk of frost damage in autumn (Luoranen et al., 2018). One advantage of container versus bare-foot seedlings is that the former enables extending the plantation period in both the spring and winter seasons. The latter may be especially interesting for species less vulnerable to low temperatures (Zhigunov et al., 2014).

Plantation density depends on site conditions, species traits and management goals. For timber-oriented purposes, stands densities are frequently higher for good-quality sites and timber of smaller dimensions. For example, Zhigunov et al. (2014) referred to Picea abies 3,000–4,000 seedlings/ha for Russia and 1,800–2,000 seedlings/ha for southern Finland. Inversely, Mutke et al. (2012) for Pinus pinea mentioned 278 seedlings/ha for stands oriented for fruit production under annual drought. Planting can be done manually or mechanically. The latter is not frequently used due to its low cost-efficiency (Laine et al., 2016; Ersson et al., 2018). Besides, in plantations, a single seedling or a cluster of seedlings can be planted per hole (Duan and Abduwali, 2021). For multi-seedling planting, the design differs depending on the original growing space per seedling. The seedling plantation may follow a group or cluster-like spatial structure for plants spaced, e.g., about 1 to 2 m apart, or be closer to a nest-like structure when a high number of plants, e.g., 20–30 seedling per square meter is used (for a review on nest planting, see Saha et al. (2017), and the references cited there). Figure 5 shows regular patterns of a plantation in a square (a) and triangular (b) spacing and the nest design (c).
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FIGURE 5
Plantation designs: Regular (A,B) and in a nest of trees (C).


After plantation seedlings may undergo stress (plantation stress) when temperature and soil water content are less suitable for the development of the roots (for details see Grossnickle, 2005). It does not occur or is slight when soil and weather conditions promote the fast development of the root system. Inversely, it can last several years under harsh site conditions (i.e., the time needed for the seedling to develop the root system) and thus delaying the aerial part growth (Pernot et al., 2019). Good quality seedlings with an adequate balance between the aerial and root system are better suited. Moreover, suitable site preparation and fertilization at the plantation may improve the seedlings’ survival rates. Site conditions and seedlings’ quality are particularly important if stress is to fear, such as drought and competition with spontaneous vegetation (Grossnickle, 2018). At juvenile stages, growth is more dependent on soil nutrients, and fertilizer quantities are dependent on soil characteristics. Nitrogen and boron deficits are frequent, resulting in the seedlings’ growth delay (e.g., Zhigunov et al., 2014; Turner et al., 2021). Fertilization (at 3 years of age with nitrogen, phosphorous, and potassium) of plantations of Castanea sativa for timber attained higher height growth rate, diameter, and volume when compared with non-fertilized plantations. The promotion of the growth of the seedlings at early development stages by increasing survival rates and growth will be reflected in medium and long-term seedlings’ development (Ribeiro et al., 2019). The fertilization of a Picea abies plantation with boron on sites poor on this nutrient increased its availability. It improved seedling quality and growth and had longer-lasting effects on seedlings’ boron status (Riikonen et al., 2013). In a conifer plantation, seedling mortality increased with the decrease in intensity and frequency of the herbicide application (Sternberg et al., 2001). Inversely, in broadleaved plantations, the seedlings’ survival was higher with pre-planting herbicide application (Jacobs et al., 2004).

The spatial and temporal variation of biotic and abiotic disturbances on plantations was studied for 2 years of high and low precipitation in Mediterranean oaks [Quercus lobata (deciduous) and Quercus agrifolia (evergreen)] in the USA (López-Sánchez et al., 2019). Nearly all seedlings were affected by disturbances. The higher mortality was due to summer drought, followed by browsing and insect damage. Damages differed spatially and temporally. In the year with low precipitation insect damage and browsing were the primordial factors influencing regeneration. At the beginning of spring, the main cause of damage was the rodents, while from late spring to early summer was drought and browsing. Quercus agrifolia had a higher probability of survival than Quercus lobata. Cover of both trees and shrubs decreased drought damages but increased those of browsing. The aforesaid highlighted the influence not only of different disturbances but also of their interactions on regeneration (López-Sánchez et al., 2019).

The plantations of Pinus ponderosa, Pinus edulis, Pinus strobiformis, and Pseudotsuga menziesii post-fire highlighted the importance of landscape heterogeneity and topographical position on microclimate (Marsh et al., 2022). Areas with less solar radiation and higher moisture had higher seedling survival probability. Thus, microtopography knowledge can be a tool to select planting sites, enhancing the effectiveness of future plantations (Marsh et al., 2022). Inversely, the failure of a plantation of Pinus cembra (0.15% of survival rate) was related to the lack of knowledge of the site’s suitability in relation to the specie ecological traits (Fragnière et al., 2022).

Browsing in Quercus robur plantations in Poland was evaluated for three planting designs (single row, double row, and group planting) with three pre-commercial thinnings (Bolibok et al., 2021). The browsing damages on saplings were the lowest in group planting when compared with single or double-row planting, and diminished with the increase of the oaks’ height. The browsing damages were the lowest when pre-commercial thinning was carried out in summer for single row and in spring for double row and group planting. The methods developed promoted regeneration, saving the costs of fencing in areas under high browsing pressure (Bolibok et al., 2021).

The optimal densities for a given stand are species-specific and vary with age, which means that the initial tree spacing of a plantation only sometimes stays appropriate (criteria also applies to stands regenerated naturally). Adjustments through thinning may be necessary during the stand management of a plantation over a planning horizon. Thinning either based on the number of trees, basal area or stocking can be assessed through the ecological-based self-thinning law concept (e.g., Reineke, 1933). Examples are presented in Figure 6 for Pinus sylvestris, Pinus pinaster, and Quercus suber calculated as 60% of the self-thinning line, according to del Rìo et al. (2001), Sales-Luis and Fonseca (2004), and Fonseca et al. (2017), respectively. It is highlighted the different patterns of the decrease of tree number with average tree size of pure monospecific even-aged stands. In the example, Pinus spp. show a higher tolerance than Quercus suber meaning that, for a certain average tree size, the Quercus suber will reach the mortality threshold associated with the inter-tree competition with a smaller number of trees.
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FIGURE 6
Changes in number of trees over time in pure monospecific even-aged stands.





6. Discussion

Several factors that influence the success of regeneration for different silvicultural systems have been identified (Dey et al., 2019; Kremer and Bauhus, 2020). They are related to seed availability (Bogdziewicz et al., 2020; Garcia-Barreda et al., 2021), seed dispersal (Gómez et al., 2019; Huth et al., 2022), germination (Tiebel et al., 2018; Löf et al., 2019), and seedling survival (Grossnickle, 2018; Löf et al., 2019; Guignabert et al., 2020).

Natural regeneration is more frequently used with selection, shelterwood and clear-cut with seed tree systems. The main bottleneck for the regeneration development of shade-intolerant species is light. Higher success was attained in group selection and irregular shelterwood systems than in single tree selection systems and for stands with lower stocking (Schütz, 2006; Lundqvist, 2017; Hessenmöller et al., 2018; Brüllhardt et al., 2022). Inversely, in the clear-cut with seed trees and uniform shelterwood systems the main constraints are related to the number of seed years and the amount of seed (one year in the former and several years in the latter) and the site (Barbeito et al., 2011; Guignabert et al., 2020; Rosenvald, 2020).

Direct seeding advantages are related to the development of seedlings in situ, with high regeneration densities. It can be used in all silvicultural systems (Löf et al., 2019; Willoughby et al., 2019; Guignabert et al., 2020; Huth et al., 2022). Its main limitation is the availability of seeds of the desired species (Grossnickle and Ivetić, 2017; Huth et al., 2017).

Plantations are frequently linked to clear-cut systems, but can also be used in the shelterwood and selection (to a lesser extent) systems. Plantations can be used to regenerate stands maintaining the composition and structure, or to shift their composition and/or structure, for example to convert pure stands in mixed stands or to change from one specie to another. Its main advantages are related to planting seedlings that have the aerial and root systems developed. This is especially helpful for sites with less suited microclimatic and edaphic conditions. Moreover, planted seedlings have higher growth rates than seeded ones (Marsh et al., 2022). The main constraints are related to container dimension, damages on seedlings prior to planting and plantation stress (Zhigunov et al., 2014; Grossnickle and El-Kassaby, 2016; Andivia et al., 2019; Pernot et al., 2019).

Common to all regeneration methods’ success (establishment and growth) are the suitable site conditions, including soil, weather and topography (Dey et al., 2019; Kremer and Bauhus, 2020), browsing (Petersson et al., 2019; Vaz et al., 2019; Knapp et al., 2021), and the control of spontaneous vegetation and thus its competition with seedlings/saplings (Smit et al., 2008; Knapp et al., 2019; Reuling et al., 2019). Specific to selection and shelterwood systems are the competition between the main stand and regeneration, and the spatial distribution of regeneration, especially in mixed stands (Schütz, 2006; VanderMolen et al., 2021; Brüllhardt et al., 2022).



Conclusions

Overall, the primordial goal of regeneration is achieving the best-suited density and seedlings/saplings traits (vigor, form, size, and spatial arrangement) of the desired species and promoting their recruitment to the main stand. This can be achieved by natural or artificial (direct seeding or planting) regeneration. Yet, each silvicultural system has specificities that should be considered and future needs accounted for Table 1, especially under climatic changes. Moreover, regeneration can be promoted by the diversification of forest products that provide income. These products may support silvicultural practices, in particular those related to natural regeneration (Dey et al., 2019). Direct seeding and plantation can be used to complement natural regeneration or in afforestation and reforestation.


TABLE 1    Constraints and future needs in the regeneration of forest stands.
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distribution.

Suit soil mobilization spatial pattern to desired

regeneration spatial distribution.

Pinus sylvestris Picea abies, Abies alba, Fagus
sylvatica, and Acer pseudoplatanus

Shelterwood

Spontaneous vegetation
competition with seedlings.

Control of spontaneous vegetation, in

particular in sites prone to drought.

Quercus petraea and Carpinus betulus

Shelterwood

Regeneration density is directly
related to the species share in the
canopy and tolerance to shade.

Promote a balance proportion of the species

o regenerate in the stand canopy. Promote
shelter and suitable resources in the understory

0 species regenerate.

Acer saccharum, Tilia americana, Betula

alleghaniensis, and Fraxinus americana

Irregular shelterwood

Browsing decreased in regeneration.

Reduce browsing pressure.

Fagus sylvatica, Acer pseudoplatanus, Fraxinus
excelsior, Acer platanoides, Carpinus betulus,
Tilia cordata, T. platyphyllos, Quercus robur,
Q. petraea, Acer saccharum, Tilia americana,
Betula alleghaniensis, Fraxinus Americana,

Picea abies, and Pinus sylvestris

Irregular shelterwood or

selection systems

Regeneration constrained by the
size, density and spatial distribution
of the canopy gaps and species

traits.

Promote cuts with gaps of different sizes,
density and spatial distribution to enable the
regeneration of different species (e.g., large

gaps for shade intolerant species).

Betula alleghaniensis and Acer saccharum

Irregular shelterwood or

selection systems

Competition between seedlings and
spontaneous vegetation Reduction
of regeneration due to litter layer.

Control spontaneous vegetation. Mobilize the

soil to enable seed to access mineral soil.

Acer saccharum, Tilia americana, Betula

alleghaniensis, and Fraxinus americana

Irregular shelterwood or

selection systems

Low seed production.

Maintain trees of the species to regenerate in
the main stand to increase seed availability
and promote seed production of the individual

trees with silvicultural practices.

Pinus sylvestris

Irregular shelterwood or

selection systems

Competition between the main

stand and the regeneration.

Reduce

practices.

competition ~ with  silvicultural

Direct seeding

Pinus pinaster Clear-cut uniform Low density and survival of renewal | Promote subtypes of clear-cut systems (e.g.,
shelterwood with natural regeneration. seed tree) or use shelterwood systems. Use
direct seeding to increase regeneration survival
and density. Select provenances adapted to the
site.

Quercus robur Clear-cut Regeneration constrained by acorn Use repellent to mitigate acorn predation
predation, spontaneous vegetation or fence. Control spontaneous vegetation.
and forest residues. Remove forest residues from de stand.

Betula pubescens, Sorbus aucuparia, and Alnus | Clear-cut Regeneration depended on amount Seed amount per area and per species suitable

glutinosa of seed used, on suitable niches, and | to regenerate the stand. Use species adapted to
on soil nutrients availability. the site and select the better suited niches for
each species. Fertilize of the stand.
Plantation

Betula pendula, Picea abies, Pinus sylvestris,
and Pinus pinea

Plantation density depends on site,
species traits and management

goals.

Select plantation density as function of the site,
species, and management goals

Betula pendula, Picea abies, and Pinus
sylvestris,

Plantation stress affected by
seedling quality and site conditions.

Select seedlings of high quality. Control
spontaneous vegetation. Plant seedlings when
weather conditions mitigate stress. Fertilize
sites with nutrient deficits to promote survival

and prevent growth delay.

Conifers and broadleaved species

Competition between seedlings and
spontaneous vegetation

Control of spontaneous vegetation, before
and/or after planting, to reduce mortality.

Quercus lobata and Quercus agrifolia

High mortality due to summer
drought, browsing and insect

damage.

Reduce plantation density Control browsing.

Fertilize the stand to promote tree vigor and

mitigate the insect attacks.

Pinus ponderosa, Pinus edulis, Pinus

strobiformis, and Pseudotsuga menziesii

Plantations success dependent on

microclimate.

Use microtopography as a tool to select sites, to

enhance plantation success.

Quercus robur

Browsing increases mortality and
damages to the saplings.

Use different planting designs (single row,
double

implement silvicultural practices (such as

row and group planting) and

thinning) or fence the area or use individual

tree shelters.
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