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Abstract

* In the context of continuous cover forestry (CCF), natural regeneration is the
preferred form of regeneration, but it is a long-lasting and complex process.
Shelter density has a large effect on the regeneration process and results.

¢ The selection system, particularly suited for shade-tolerant species like Norway
spruce, relies on continuous regeneration and ingrowth into larger size classes.
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Regeneration and ingrowth rates vary significantly among stands, influenced by
site and historical factors, with no clear relationship to current stand conditions.

* In the group system, edge trees influence regeneration by providing seeds, check-
ing weed growth, and exerting competition. Regeneration in gaps is generally
satisfactory for both Norway spruce and Scots pine. However, seedlings usually
grow slower, especially close to the gap edges.

* The shelterwood system promotes regeneration through a successive, uniform
opening of the canopy. Shelter trees provide seeds, and reduce seedling damage
and competition from ground vegetation. On the other hand, the remaining over-
storey shelter trees reduce seedling growth.

» Conversion to the selection system initiates regeneration in young stands, aiming
for slow and steady regeneration. Given the rapid growth and crown closure in
young stands, frequent manipulation of shelter density is essential during con-
version, for example by opening small gaps.

Keywords Natural regeneration - Seedling - Shelter density - Edge effect -
Ingrowth

3.1 Introduction

Natural regeneration is generally considered a prerequisite for the profitability of
continuous cover forestry (CCF), as artificial regeneration by direct seeding or
planting is difficult and expensive where trees are present. In this chapter we will
first briefly summarise the regeneration process in boreal forests, with a main focus
on natural regeneration, which is most often used in the context of CCF. We will
further review research results about regeneration in three silvicultural systems
under CCF and during conversion to CCF. In Fennoscandia, spruce and pine are
often found in more or less pure stands on the sites they are best adapted to, so we
will separately review the existing knowledge for these tree species under each sil-
vicultural system. Large differences in the regeneration processes among sites, dif-
fering in mineral soil vs. drained peatland, or lower vs. higher elevations and sites
close to arctic treelines, make it necessary to sometimes look at these sites separately.
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Terms and definitions

* Regeneration is a term reflecting (1) a process of renewal or reestablish-
ment of a forest after disturbance or timber harvest, or (2) the result of this
process in the form of small, young trees.

* In this chapter, “established seedlings” refers to the end of the seedling
stage, after which growth of small saplings or trees is no longer considered
a regeneration process.

» Seedling recruitment is the process by which new individuals enter an
existing population.

» Ingrowth is the growth of small trees past a certain size threshold into the
tree stratum.

* Advance regeneration refers to seedlings or saplings already present in a
stand before an active regeneration phase begins.

3.1.1 The Regeneration Process in Boreal Forests

Norway spruce and Scots pine have different successional strategies. Norway spruce
is a late-successional species. In natural forests, it establishes in gaps created by
death or windthrow of one or more trees. It is a shade-tolerant species, which can
exist as advance regeneration even under a dense canopy of mature trees of shade-
tolerant or light-demanding species (Engelmark and Hytteborn 1999). The dense
canopy (high leaf area and low crowns) in mature Norway spruce stands makes for
a dark understorey (Goude et al. 2022). As understorey light is an important factor
affecting seedling establishment, survival, and growth, the dense canopy of Norway
spruce stands is considered a competitive advantage, restricting other tree species’
establishment underneath.

Scots pine is more of a light-demanding pioneer tree species, which regenerates
well after medium- and large-scale disturbances such as forest fires or windthrows
create openings in natural forests. Scots pine rapidly grows taller in high-light con-
ditions (Engelmark and Hytteborn 1999). Norway spruce and Scots pine reach their
distribution limits in Fennoscandia both at high latitudes and altitudes. Regeneration
processes often limit their ranges. Seed production is infrequent, and maturation of
seeds often fails in subalpine or subarctic conditions (Kullman 1996; Mork 1968).
Short growth periods, low summer temperatures, and frequent summer frosts fur-
ther limit seedling establishment (Kielland-Lund 1981; Mikola 1971).

The reproductive cycle of Norway spruce takes 2 years, from cone initiation to
seed dispersal. Pollen-cone buds are initiated in the first summer of the cycle. Pollen
release and fertilisation usually take place the following May, followed by seed
ripening during summer and autumn. Seeds are subsequently dispersed between
autumn of the second year and winter of the third year (Karlsson 2000).
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The reproductive cycle of Scots pine lasts 3 years. This is because fertilisation,
and consequently seed ripening, is delayed until the third year. The seeds are then
dispersed from April until June of the fourth year (Sarvas 1962; Koski 1991).

Under optimal conditions, seed production of Norway spruce is irregular, with
good seed years at intervals of several years. Scots pine produces seeds almost every
year, although the amount of seeds varies greatly among years. However, seed-year
intervals vary largely with site conditions, both edaphic and climatic. As summer
temperatures are critical for seed production, there is a latitudinal and elevation
gradient resulting in infrequent seed years at higher latitudes and elevations in
Fennoscandia for both species, sometimes separated by up to 30 years (Hagner
1965; Mork 1968). For both species, the variation in seed production among years
is influenced by weather conditions over the entire reproductive cycle.

Nutrients and light availability are other important factors triggering both spe-
cies’ reproduction. Seed production is therefore much higher in trees with large
crowns and little competition from neighbours (Hagner 1965). Seed production
increases with increasing site index (Sarvas 1962) and responds positively to fertili-
sation with nitrogen, or fertilisers combining nitrogen, phosphorus, and potassium
(NPK, Mikola 1971). Differences among trees in seed production are also deter-
mined by local variation in site fertility (Sarvas 1962) and genetic factors (Koski
1978). Seed production increases several years after release cutting (Karlsson and
Orlander 2002) in response to increased light, heat, water, and mineral nutrients.

Temperature and moisture control the germination of viable seeds. After estab-
lishment, light and nutrient availability determine seedling survival and growth.
Predation and pathogens also kill seedlings. Mechanical site preparation is one of
the most common silvicultural tools to improve soil properties, which influences
seed storage and germination, seedling growth, and survival. However, the treat-
ment’s effects vary widely among the specific methods and sites (Lof et al. 2012).
Mechanical site preparation creates different seedbed types; bare mineral soil is
usually the most favourable for emergence (e.g. Kyro et al. 2022; Oleskog and
Sahlén 2000).

Mature shelter trees serve as a seed source (Beland et al. 2000), while reducing
pine-weevil damage to seedlings (Von Sydow and Orlander 1994), frost risk
(Langvall and Orlander 2001; Lofvenius 1995), and competition from ground veg-
etation (Hagner 1962). However, shelter trees also have negative effects, such as
reduced growth due to competition (Erefur et al. 2011). Manipulating the shelter
density influences understorey microclimate and light environment, and below-
ground competition. Composition, abundance, and succession rate in understorey
plant communities are also heavily affected by shelter density (Beland et al. 2000;
Hagner 1962).
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3.2 The Selection System

3.2.1 The Selection System in Norway
Spruce-Dominated Forests

3.2.1.1 The Selection System in Norway Spruce-Dominated Forests
on Mineral Soil

A stand managed by selection cutting must contain a reserve of undergrowth to sup-
ply ingrowth into the smallest tree size class which will eventually replace trees that
have been harvested, damaged by harvesting, or died. For a sustained reserve,
regeneration must occur regularly or at least in bursts at shorter or longer intervals.
Site conditions (moisture, fertility, vegetation) tend to control regeneration and may
vary with stand structure and treatments, sometimes alternating between favourable
and unfavourable periods. Moister sites have shown the greatest potential for regen-
eration, particularly drained and undrained peatlands (Lukkala 1946; Hokki et al.
2011, 2012).

Seedling turnover is a major driver of regeneration in spruce selection stands.
Few seedlings survive their first year, with reported mortality as high as 80-86%
(Valkonen and Maguire 2005) or even 90-99% (Arnborg 1947; Leemans 1991).
Later, mortality declines sharply. Average annual mortalities of 2-8% have been
recorded in different studies, with lower mortality for spruce and higher for pine and
birch (Lundqvist 1991; Nilson and Lundqvist 2001; Lundqvist and Nilson 2007;
Eerikiinen et al. 2014).

The seedling density varies greatly among and within selection stands. Around
2000 seedlings/ha germinated each year in the Finnish ERIKA single-tree selection
experiment harvested 2—4 times since the 1980s, but as mentioned above, most did
not survive the first year. When looking at more-established seedlings, the average
density for 11-130 cm-tall spruce was 5000 to 25,000 stems/ha (Saksa and Valkonen
2011; Saksa 2004).

The spatial distribution of regenerated seedlings is also usually uneven (Bghme
1957; Granhus et al. 2021). In the ERIKA plots, almost half of the 4 m* sample plots
completely lacked regeneration (Saksa 2004; Saksa and Valkonen 2011) despite the
rather high average density level. The variation in seedling density may be credited
to local variation in soil moisture, vegetation and other seedbed properties, as well
as stand density.

Seedlings grow very slowly in spruce-selection stands as the canopy cover is
always dense. Average seedlings grow around 2-4 cm/year (Lundqvist 1991;
Eerikiinen et al. 2014). At this growth rate, it takes on average 40-60 years for a
spruce seedling to reach 130 cm and constitute ingrowth into the smallest diameter
class. Seedling density is highly variable, both between and within stands. It seems
obvious that stand history, especially past density, structure, and treatments, is
reflected in growth of regeneration and cohorts of small trees. Within a stand, the
plants with the best condition, vitality, and height growth have better chances to
survive and reach lower-canopy layers than those with lower vitality and slower
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current growth. Understorey trees with a long-pointed crown with lots of healthy
needles or leaves show good vitality. Current height growth is also a good indicator.
A 5-10 cm leader shoot over a 3-year average in undergrowth spruce seems to sig-
nal a good response capacity to postharvest resource availability increases, and a
marked height-growth spurt usually appears within a few years (Koistinen and
Valkonen 1993; Mielikédinen and Valkonen 1995).

Due to the dynamic components of emergence, survival, and growth of seedlings
and saplings, in Fennoscandia there generally seems to be sufficient ingrowth to
replace losses of trees due to logging and natural mortality in spruce-dominated
selection stands (Bghme 1957; Lundqvist 1993; Eerikiinen et al. 2014; Andersson
2015; Moan Mn 2021). When tree diameter distribution is used as a key character-
istic in management, it becomes essential to know how many new trees join each
diameter class each period. With a minimum diameter at breast height of 0.1 cm,
average spruce ingrowth has been 10-70 stems/ha/yr in comparable conditions in
Finland, Sweden, and Norway (Lundqvist 1991, 1993; Saksa 2004; Eerikdinen
et al. 2014; Andersson 2015; Moan Mn 2021) or as high as 170 stems/ha/yr in some
studies (Ldhde et al. 2002). Ingrowth of shade-intolerant trees has been minimal
compared with spruce. In stands with on average 77% of standing volume consist-
ing of spruce, ingrowth was 3 stems/ha/yr for birch and 0.1 stems/ha/yr for pine
with a threshold diameter of 0.1 cm (Eerikéinen et al. 2014).

Ingrowth can be highly variable, and is often poorly correlated with current stand
conditions (Lundqvist 2004, 2007; Moan Mn 2021). Indeed, current ingrowth in a
selection-managed stand is deeply rooted in the seedling emergence, survival, and
growth processes, usually dating back several decades. Therefore, ingrowth rates
tend to vary between stands and studies (Lundqvist 2017). Studies looking into the
relationship between stand density (e.g., standing volume) and ingrowth have found
no significant relationship or a small negative relationship with standing volumes
below 300 m*ha (Lundqvist 2004, Lundqvist and Nilson 2007; Ahlstrom and
Lundqvist 2015; Moan Mn 2021). This might be explained by increased seedling
mortality associated with harvesting damage and large reductions in stand density
(Lundqvist 2017). This increased seedling mortality counterbalances the otherwise-
expected post-harvest ingrowth and height growth increases in the understorey. In
contrast, Eerikiinen et al. (2014) showed a very clear relationship with stand density
and seedling growth, implying that ingrowth will be much slower under high stand-
ing volumes. Minimisation of harvesting damage to undergrowth and small trees is
paramount (Valkonen et al. 2020). Furthermore, current knowledge and experience
do not permit us to assess what seedling densities are required to maintain sufficient
ingrowth levels and sustain stand structure under given conditions. One principle is
obvious though: the density of trees in the regeneration and undergrowth size classes
must be much larger than the density of small trees, which must in turn exceed that
of mid-size trees, and so on, because of slow growth and high mortality of seedlings,
saplings, and small trees due to logging damage or natural causes (Valkonen et al.
2020). Only one tree in a small group may eventually survive and grow to become a
large, mature individual. Promoting regeneration and development of an under-
growth reserve in selection management is essential. Some larger trees (diame-
ter > 25 cm) must also be retained to produce seeds (Saksa 2004; Nygren et al. 2017).
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3.2.1.2 The Selection System in Norway Spruce-Dominated Forests
on Drained Peatland

High and constant soil moisture and abundant cover of Sphagnum moss (Place 1955;
Sarasto and Seppild 1964; Wood and Jeglum 1984) enhance spruce natural regenera-
tion in peatland sites. Regeneration of uneven-aged spruce stands on peatlands has
been investigated in ongoing experiments in Finland for only 5 years, so no pub-
lished results are yet available. Preliminary results suggest that cutting to a low basal
area of 9—13 m*ha increases seedling establishment in post-cutting years. However,
such heavy cutting also increases the risk of wind and snow damage and prolongs the
cutting cycle. About one-third of the seedlings had been established after the selec-
tion cutting. In untreated control plots, one-fifth of the seedlings had been established
after cutting of the treated stands. One-third of the seedlings were found on Sphagnum
surfaces, which indicates how Sphagnum enhances seedling emergence.

At the above-mentioned experimental sites, the post-cutting growth of spruce
seedlings has not yet been measured, but observations from the experimental sites
suggest that there is large variation, which in some sites is explained by a severe
lack of potassium. In sites with more balanced nutrition, strong growth responses
can be seen for all spruce seedlings after 3 years of stunted post-cutting growth.

Lehtonen et al. (2023) found immediate recovery of photosynthetic capacity of
previously-suppressed spruce trees on a fertile peatland in southern Finland after
selection cutting removing 70% of the initial 278 m*/ha (with 71 m’ha retained).
The photosynthetic capacity of the trees was studied by measuring the carbon iso-
tope (8'*C) composition of increment cores (Lehtonen et al. 2023). A larger response
of diameter growth was found after 5 years had passed since cutting.

At some drained peatland sites, the ground vegetation may indicate high produc-
tion potential with continuous advance spruce recruitment, although Scots pine and
downy birch form the dominant canopy layer. In peatlands, nitrogen availability
increases over time after drainage due to peat decomposition, which, in turn,
improves spruce survival and growth. In such stands, density of dominant pine and
birch can be reduced by selection cutting to achieve uneven-aged spruce-dominated
stands (Saarinen et al. 2020). Later on, nutrient imbalances likely need to be con-
trolled by fertilising with phosphorus and potassium or wood ash (Paavialainen and
Piividven 1995; Saarinen et al. 2020).

3.2.1.3 The Selection System in Norway Spruce-Dominated Forests
in Mountain Areas

The main difference for selection management in mountain areas is the less-
favourable climate due to high altitude, mostly affecting seed production (Mork
1968). Most results about regeneration in mountain forests are from a method called
mountain forest selection cutting, which reduces stand density to very low levels and
combines selection and gap cuttings. Regeneration in selection stands in mountain
areas shows similar patterns to selection stands elsewhere. The regeneration density
varies greatly, with a positive effect of site quality; more seedlings grow at sites with



52 M. Lula et al.

richer vegetation (ferns or herbs) compared to sites with bilberry and lingonberry-
heather (Nilsen 1988; Granhus et al. 2020). The cutting rate and residual stand basal
area showed no significant effect on either recruitment or seedling development,
indicating again that these processes depend on more than current stand conditions.

The harsher conditions in these subalpine areas reduce spruce recruit density.
Studies in southeastern Norway have reported 500-800 stems/ha for spruce <3 m
tall (@yen and Nilsen 2002, 2004; ). The annual ingrowth into the 5 cm diameter at
breast height category in stands in southeastern Norway was reported to be on aver-
age 46 trees/ha/yr (Granhus et al. 2020). Moan Mn (2021) reported ingrowth rates
comparable to stands at lower altitudes in a selection-system plot in a mountain
forest at 800 m.

3.2.2 The Selection System in Scots Pine-Dominated Forests

The challenge with using the selection system to regenerate pine-dominated stands
is that this light-demanding species requires large gaps or low density stands to
regenerate and grow. This would require sparsely-stocked stands, resulting in low-
ered production.

A study of four multi-layered Scots-pine stands (77-99% of basal area) in north-
ern and central Sweden showed that a multi-layered stand structure could be created
but was not sustainable in the long run (Lundqvist et al. 2019). When basal area
exceeded 12—13 m?%ha, ingrowth past 1.3 m stopped along with regeneration of new
seedlings. In comparison, Moan Mn (2021) reported ingrowth rates between 15 and
20 pine stems/ha/year in pure Scots pine selection-system plots at a rather high
stand basal area, approaching 20 m*ha at the end of the observation period.

Rautio et al. (2023) studied the effect of stem density and site preparation on natural
regeneration and seedling growth in mature pine forests in Lapland. Even though new
seedlings emerged in their unthinned control stands, this was much less than in stands
thinned to 50 stems/ha. Regeneration density in stands thinned to 150 or 250 stems/ha
did not differ from that in unthinned control stands. In unthinned stands and in stands
with 150 or 250 stems/ha, over 70% of the seedling-monitoring plots were empty. This
suggests that although there is some regeneration under closed canopies, it is patchy
and most seedlings in these patches will not survive. Patchy pine regeneration has also
been observed by Karlsson and Nilsson (2005). All in all, these results suggest that
creating and maintaining an uneven-aged stand using only pine can be difficult, and
the long-term sustainability of multi-layered pine stands is questionable.

3.3 The Group System

Depending on the size of the gaps, this is the CCF system most similar to clearcut-
ting when it comes to regeneration. Although there is less ground-level light in a
group felling than in a clearcut, it is on average brighter than under the canopy of a
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selectively-cut stand (Hanssen 2007). Belowground competition is also lower, and
regeneration measures like soil scarification and planting are easier. Still, it is com-
mon to use natural regeneration after group felling.

The species, height and density of trees surrounding a gap influences regenera-
tion within it, depending on site conditions, size and shape of the gap, and the
regenerating species. The edge trees may both benefit (providing seeds, reducing
competition from brush and weed) and harm (exerting above- and below-ground
competition) regeneration. Seed dispersal of Norway spruce and Scots pine dimin-
ishes with distance from the edge (Hesselman 1938), but seed supply will usually
suffice throughout CCF-sized gaps (Lehto 1956; Hanssen 2003; Valkonen and
Siitonen 2016; Hallikainen et al. 2019). Furthermore, there are large within-gap
gradients in the competition for light, water, and nutrients by the dominant trees
surrounding a gap (Kuuluvainen et al. 1993; de Chantal et al. 2003). At high lati-
tudes, sunlight mostly falls in the northern part of the gap (de Chantal et al. 2003),
while competition for belowground resources is highest at gap edges and decreases
toward the centre (Smith et al. 1997). The location of seedlings within a gap affects
their emergence, survival, and growth, and spatial patterns within the gap differ
among those demographic phases.

The group system initiates regeneration in individual gaps, series of gaps, or
systematic grids of gaps. In the initial regeneration phases, gaps are isolated and
surrounded by closed mature stands. In later phases, new gaps are created next to
earlier gaps. Shading by adjacent tall trees means gaps created later have edge
effects and environmental conditions different from neighbouring earlier patches.
Existing studies have only investigated the establishment and development of regen-
eration in early gaps, which were surrounded by mature stands. The development of
later regeneration phases in the group system might deviate substantially from those
patterns. Later phases of the group system frequently remove the mature stand in
larger patches or use periods of shelter.

There are few studies of regeneration in gap cuttings, and their coverage is
uneven among regions, site types, treatments, and stand properties. Many region-
site combinations are still not covered. In Finland, large experimental studies have
recently begun in key areas, but it will still take several years to see conclusive
results, especially in the north.

3.3.1 The Group System in Norway Spruce-Dominated Forests

3.3.1.1 The Group System in Norway Spruce-Dominated Forests
on Mineral Soil

3.3.1.1.1 Seedling Density

According to experimental results, Norway spruce has regenerated rather well in
stands across Finland (Table 3.1). Site preparation has enhanced seedling densities
markedly on mineral soils in northern areas, but not much on fertile sites in the
south, where the proliferation of vegetation has tended to counteract the benefits
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Table 3.1 Average spruce-seedling densities and heights in gap-cutting studies conducted

in Finland

Region, site,
and site
preparation

South,
mineral,
submesic,
no site prep
South,
mineral,
submesic,
disc
trenching
Kainuu
(north),
mineral,
submesic,
no site prep
Kainuu
(north),
mineral,
submesic,
disc
trenching
South,
mineral,
Mesic and
submesic,
various site
prep
North,
drained
peatland,
fertile, no
site prep

Reference
no.

1

Gap shape and size
Square, 40 x 40 m

Square, 40 x 40 m

Shape variable,
diameter ~ 10-60 m

Shape variable,
diameter ~ 10-60 m

Shape variable,
diameter 10-60 (80)
m

Circular, diameter
10-25 m + 0.2-0.3 ha
patch cuts

Seedling
density
of main
species
(stems/
ha)

7600

6700

2400

9300

11,400

10,400

Density
of other
conifer
species
+ birch
(stems/
ha)

4000

12,300

5900

13,900

5800

3200

Main
crop
seedling
density?,
(stems/
ha)

1300

1300

1700

2000°

1770

2300

Mean
height of
crop
seedlings,
time since
treatment

60 cm,
10-11 year

80 cm,
10-11 year

50 cm,
13-15 year

50 cm,
13-15 year

105 cm,
7-10 year

73-84 cm,
10 year

* Main crop seedlings are defined as seedlings that would be retained in a pre-commercial thinning,

i.e. healthy seedlings with adequate spacing. See Valkonen et al. (2011)

® The number of main crop seedlings was 2300 stems/ha when planted pines were included and
prioritised in the survey. There were such huge numbers of natural seedlings that the average num-
ber of crop seedlings would have exceeded the target of 2000 stems/ha without the planted

seedlings

References: 1 = Valkonen et al. (2011), 2 = Valkonen and Siitonen (2016), 3 = Valkonen (2019), 4
= Hokka and Repola (2018)
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Table 3.2 Average pine-seedling densities and heights in gap cutting studies conducted in Finland
and Sweden

Seedling | Density of Mean height
density of |other conifer | Main crop | of crop
Region, site, main species + seedling | seedlings,
and site Reference | Gap shape | species birch, (stems/ | density® | time since
preparation no. and size (stems/ha) | ha) (stems/ha) | treatment
N Karelia, 1 Circular, 13,000 3400 1530 39 cm,
Finland, diam. 6-9 year
mineral, xeric 10-60 (80)
and subxeric, m
various site
prep
Northern 2 Circular, 21,700 7300 ~2000° 9 cm, 5 year
Finland, diam. 20,
mineral, xeric 40 and
and subxeric, 80 m
patch
scarification
Northern 3 Square, ~ 7800% Not 3200¢ 60 cm,
Sweden, 40 x 40 m applicable® 14 year

mineral, Mesic,
no scarification

2 See definition in Table 3.1. The Swedish study operates with closer spacing for crop trees than the
Finnish studies

b Calculated using the study’s model with the proportion of site preparation at 10-20%

¢ The Swedish study was established in a mixed pine-spruce stand, and no distinction is made
between seedling species. Pine constituted 45% of the main crop seedlings, birch 36%, and
spruce 19%

References: 1 = Valkonen (2019), 2 = Hallikainen et al. (2019), 3 = Goude et al. (2022)

much sooner. In southern Finland on the most mesic sites, the establishment of large
gaps >40 m wide has resulted in the intensive proliferation of brush and weed, hin-
dering regeneration (Downey et al. 2018; Valkonen 2019).

In Sweden, studies of chequered-gap systems have also shown good regeneration
results, for instance in a trial with 40 x 40 m gaps in mixed pine-spruce forest in
Gillivare, northern Sweden (Ackemo 2018; Goude et al. 2022, see also Table 3.2).

Seedling density is highest in the 5-10 m closest to the gap edge (Hanssen 2003;
Valkonen et al. 2011; Goude et al. 2022). Brush and weed may be less prolific near
the edge, so seedlings thrive better there. Goude et al. (2022) also found that there
were more seedlings in the north of the gap compared to the south, although the
density was generally sufficient everywhere.

Unlike studies in southern Finland, in spruce stands in Kainuu, northern Finland
(Valkonen and Siitonen 2016) with a lower fertility and a cooler climate, ground
vegetation barely changed and spruce-seedling density was similar throughout gaps.
As discussed above, studies show a relatively small influence of the diminishing
seed rain density toward gap centres in such small gaps (10-60 m diameter). It was
concluded that the spruce-seed rain from edge stands may be sufficient to restock
gaps up to 0.5-1.0 ha if the other main factors are favourable.
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3.3.1.1.2 Seedling Growth

Negative edge effects on spruce-seedling growth have been found in some
(Borgstrand 2014; Valkonen et al. 2011), but not all studies (Goude et al. 2022). In
southern Finland, Valkonen et al. (2011) found seedling height increased substan-
tially from stand edges into the gap centre up to a distance of at least 20 m for all
major species.

Even though seedling growth in gaps is more vigorous than under a canopy
(Granhus et al. 2003; Hanssen 2003, gap diameter 25-50 m), growth is usually less
than in open clearcuts (Valkonen et al. 2011, gap diameter 40 m). However, there is
a balance between competition from and facilitation by edge trees. Their positive
effects include checking weed growth and frost protection. Thus, some studies show
similar growth of spruce seedlings in gaps and on clearcuts (Borgstrand 2014, gap
size 30 x 45 m).

3.3.1.2 The Group System in Norway Spruce-Dominated Forests
on Drained Peatland

In drained-peatland spruce stands, regeneration after group felling has been studied
for 10 years at two sites in northern Finland (Hokki et al. 2011, 2012). The diameter
of the cut gaps was 10-25 m, the latter being about equal to dominant stand height.
Regeneration in four 0.2—0.3 ha (40 x 50 m to 50 x 60 m) patch clearcuts was also
investigated.

Advance regeneration formed a significant part of the seedling stock that devel-
oped in the gaps (Fig. 3.1). Five years after cutting, surviving advance regeneration
(>10 cm tall) accounted for almost half of all spruce seedlings. Within 3-5 years,
many small spruce seedlings (<10 cm) were found in all gap sizes. During the moni-
toring period, two good seed years occurred.

Downy birch accounted for 25-57% of all seedlings 5 years after cutting (Hokka
et al. 2011). The proportion of birch increased with gap size, suggesting that its
establishment requires increased light availability. Very few Scots pine seedlings
were found in the gaps. Ten years after gap cutting, spruce-seedling density varied
between 5500 and 12,500 stems/ha (Hokkd and Repola 2018). In the 0.2-0.3 ha
gaps, the 10-year regeneration result was poorer than on smaller canopy gaps, i.e.,
there were 850 spruce and 560 birch crop seedlings/ha. This suggests that in bigger
gaps, seedling establishment takes longer, the resulting stand is more irregular, and
the proportion of downy birch is higher than in smaller gaps (Hokkd and
Repola 2018).

Establishment was poor and slow in the most productive shallow-peated and
herb-rich sites due to aggressive growth of tall herbs, ferns, and grass. In sites with
thicker peat and Sphagnum, more rapid establishment of spruce seedlings took
place. Patch scarification appeared to hamper seedling establishment (Hokka et al.
2012). Site preparation destroyed part of the advance regeneration and fast-growing
herbs and grasses occupied the patches, effectively out-competing spruce seedlings.
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Fig.3.1 Regeneration in a small gap in Oulu (Finland), 12 years after cutting. Photo: Hannu Hokka

Ten years after cutting, spruce crop seedling density in gaps averaged 2200/ha
and their height varied between 73 and 84 cm (Hokké and Repola 2018). The tallest
seedlings were in the largest gaps. Taller advance-regeneration seedlings had faster
height growth. High seedling densities, including competing birch seedlings, indi-
cate that pre-commercial thinning is needed to promote good development of the
established seedling stand.

An inventory study (Pulliainen 2019) revealed that the quality of advance regen-
eration in gaps was variable. Many seedlings had leader shoots that had diebacks.
Almost one-third of the seedlings were infected with some sort of rot, making them
unsuitable to produce saw timber in the future.

3.3.2 The Group System in Scots Pine-Dominated Forests

3.3.2.1 The Group System in Scots Pine-Dominated Forests
on Mineral Soil

3.3.2.1.1 Seedling Density
For Scots pine, studies have also shown good seedling densities after group felling

(Hallikainen et al. 2019; Ackemo 2018; Goude et al. 2022, Table 3.2). Site prepara-
tion may enhance the emergence substantially. Exposing 10-20% of the mineral
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soil guaranteed abundant and evenly-distributed regeneration in a study by
Hallikainen et al. (2019). In an experiment in North Karelia, seedling densities were
only moderate, probably due to their measurement coming shortly after the treat-
ment (Valkonen 2019). A later substantial increase in seedling densities is expected,
and it was concluded that pure-pine stands on infertile sites are very favourable for
natural regeneration of pine, including in patches established by site preparation.

3.3.2.1.2 Seedling Growth

Pine seedling growth is noticeably influenced by surrounding stands (Axelsson
et al. 2014; Borgstrand 2014; Hallikainen et al. 2019). However, Goude et al. (2022)
found no edge effects on seedling growth (pine, birch, and spruce) in 40 x 40 m gaps
in northern Sweden after 14 years. Borgstrand (2014) found seedlings in northern
parts of gaps to grow 30% faster compared to other areas in gaps. However, com-
pared to a reference clearcut, the pines in the gaps grew about 30% less.

An average stand dominated by pine or spruce clearly reduces seedling growth
for at least 20 m beyond its edge (Ruuska et al. 2008; Valkonen et al. 2011). The
edge influence compounds as the seedlings grow taller. A study by Ruuska et al.
(2008) found that in 5-10 m tall pine sapling stands, stem density, height, and vol-
ume all decreased strongly toward the surrounding established pine stands in south-
ern Finland. Adjacent to the edge stand, there was a zone a few metres wide where
few or no pine saplings survived or grew.

3.3.2.2 The Group System in Scots Pine-Dominated Forests
on Drained Peatland

Pine regeneration after group felling on peatland in Finland has only been studied in
a few field experiments, with 20-40 m-wide strip-formed gaps. The regeneration
success has so far only been followed for a few years.

Tentative results show that, especially on dwarf-shrub-dominated sites, the big-
gest regeneration problem is uneven seedling establishment among gaps. It is caused
by dense ground coverage of raw humus, forest moss, and dwarf shrubs. Over half
of the seedlings were located on Sphagnum surfaces or machine tracks. Light site
preparation disrupting raw-humus and forest-moss surfaces could result in more
even seedling establishment.

3.3.3 The Group System in Broadleaf-Dominated Forests

Downy and silver birch are shade-intolerant species. Conifers, especially spruce,
strongly suppress shade-intolerant seedlings, and large-diameter gaps, at least 20 m
(Valkonen et al. 2011) and maybe over 50 m, are required to allow birch



3 Regeneration 59

development near their centres. More experimental results are needed for more gen-
eral conclusions and recommendations.

Shade-tolerant broadleaved species, for instance European beech (Fagus sylvat-
ica), could possibly expand into today’s boreal forest areas in southern Fennoscandia
given climate change (Kramer et al. 2010). For beech, both the group and shelter-
wood systems are suitable silvicultural methods.

3.4 The Shelterwood System

Compared to the seed-tree cutting, the shelterwood cutting(s)provides several ben-
efits in addition to seed sources (see Sect. 3.1). The shelterwood system also has
higher stocking levels and longer-duration retention.

A common shelterwood density in Fennoscandia is about 10-12 m?/ha after the
first regeneration cut. It should be noted however, that optimal shelter density varies
among species, sites and management objectives. Generally, higher retention levels
are desirable on more-fertile sites with high competition from ground vegetation,
and on sites prone to frost or waterlogging. On less-fertile sites, a lower density of
shelter trees may be a sufficient seed source and enhance establishment of light-
demanding tree species.

Regeneration in shelterwood systems can either be planted or naturally recruited.
The next generation often consists of several years of seedling cohorts, with the
entire regeneration process spanning around 10-30 years; the faster end of this
range is typical of Scots pine and the slower end for Norway spruce.

3.4.1 The Shelterwood System in Norway
Spruce-Dominated Forests

3.4.1.1 The Shelterwood System in Norway Spruce-Dominated Forests
on Mineral Soil

Norway spruce is generally well suited to regeneration under shelter. However,
irregular seed years, high susceptibility of the shelter trees to wind damage, and
shallow root systems restricting mechanical site preparation complicate shelter-
wood regeneration. In Fennoscandia, there have been relatively few controlled stud-
ies that assess the suitability of shelterwood regeneration of Norway spruce.
Furthermore, little is known about the recruitment patterns and regeneration dynam-
ics in such stands.

In northern Sweden, Hagner (1962) surveyed 58 Norway spruce and Scots pine
shelterwood cuttings (totalling 10,000 ha), which they defined broadly as shelters of
varying densities, from widely-spaced seed trees to closed forests. Based on the col-
lected data and an estimate of the seed production after shelterwood cuttings across
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Sweden, Hagner (1962) concluded that Norway spruce, with a combination of a
shelter and mechanical site preparation, may naturally regenerate at satisfactory
levels across the entire country. However, seed years play a decisive role in the suc-
cess of the regeneration process.

Sikstrom (1997) examined 52 shelterwood cuttings in southern and central
Sweden, representing a wide range in site fertility (site indices 18-30 m). Higher
regeneration success in the southern locations (65% of sites had a density > 4000
Norway spruce seedlings/ha, compared to 38% in the north) was thought to be due
to more favourable climatic conditions, higher seed production, and more common
fresh-moist and moist soils.

Leinonen et al. (1989) studied the regeneration success of spruce shelterwood
cutting on mineral soil sites in south-central Finland. The amount of regeneration
stocking was inventoried before cutting, during the summer after cutting, and 1 year
after cutting. The mean retained volume after cutting was 120 m’/ha (observed
range 39-220 m*/ha) and stem density 186/ha. Prior to cutting, the density of accept-
able seedlings was 1440/ha and 1 year after cutting 1546/ha. The result was found
unsatisfactory, and the method considered risky, although the monitoring period
(two growing seasons) was very short.

Several authors recommend combining a shelter basal area of around 10 m*ha
with mechanical site preparation as a tradeoff between satisfactory seedling survival
and growth (Leinonen et al. 1989; Nilsson et al. 2002; Orlander and Karlsson 2000).
Higher seedling survival under shelter trees compared to open clearcut areas was
mainly due to: (1) less-extreme temperatures that cause frost and frost heaving
(Langvall and Orlander 2001; Lofvenius 1995), (2) reduced competition from
ground vegetation (Hagner 1962), and (3) reduced pine-weevil damage to seedlings
(Petersson 2004).

According to Nilsson et al. (2002) denser shelters (basal area 13.2-28.2 m?/ha)
and mechanical site preparation promote emergence of Norway spruce seedlings in
southern Sweden. However, Orlander and Karlsson (2000) concluded that denser
shelters depress seedlings’ height growth. In Norway, Skoklefald (1989) compared
planting and natural regeneration in shelterwoods (250 trees/ha) with clearcutting
(50 x 90 m) with or without site preparation in a bilberry spruce stand in SE Norway.
After 11 years, natural regeneration was clearly denser under shelterwoods with
mechanical site preparation. However, seedlings germinating after the initial cut
were only 17 cm tall after 11 years, compared to 42 cm in the clearcut.

Overstorey depression of seedling growth is most likely due to the combination
of above- and below-ground competition from shelter trees. Although light avail-
ability does not limit germination and initial seedling growth, it may limit growth in
the longer run. Orlander and Karlsson (2000) reported relatively slow growth of all
sized advance-growth seedlings during the first 3—4 years following the release cut-
ting, but it was most pronounced for the shortest (< 100 cm) seedlings (see also
Skoklefald 1967). Delayed growth of taller (>100 cm) seedlings was explained by
needles needing time to adapt to brighter light, whereas small seedlings probably
struggled with both needle adaptation and dry humus. Shade-grown seedlings sud-
denly exposed to bright light may suffer photosynthetic damage, something known
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as the release effect. This effect is generally greater in shade-tolerant species
(Grossnickle 2000) like Norway spruce. To avoid post-release seedling damage, the
shelter should be removed gradually. Orlander and Karlsson (2000) tested shelter
densities from 0.9-32.7 m*ha, finding that 24% of seedlings under 20 cm died if
shelter basal area was <7 m/ha. The corresponding mortality under denser (basal
areas >12 m*ha) shelters was only 1%. Mortality was attributed to release effects
(25%), pine weevils (28%), and unknown factors (47%). In Norway, Skoklefald
(1989) reported high mortality of Norway-spruce seedlings after overstorey removal,
reducing the seedling density by about 80%. Skoklefald (1967) reported 16 and
38% mortality after overstorey removal in two shelterwoods in southeastern Norway,
with small seedlings (< 10 cm) clearly being the most vulnerable.

Pre-cutting height and leading-shoot length are good predictors of post-release
seedling survival (Orlander and Karlsson 2000; Skoklefald 1967). Orlander and
Karlsson (2000) showed that, for shelters of basal area 12-33 m*/ha, seedling sur-
vival probability decreases dramatically, when pre-cutting seedling heights are
below 50 cm. This is likely because small seedlings are more susceptible to the
release effect and pine weevils compared to larger seedlings. Therefore, the authors
recommended that the seedlings should not be released until a sufficient number are
at least 50 cm tall.

On the other hand, taller seedlings suffer more logging-related damage
(Skoklefald 1967; Sikstrom and Glode 2000). Sikstrém and Glode (2000) reported
that around one-third of all saplings 1-1.5 m tall (at densities of 6400-25,400/ha)
suffered serious logging damage. The proportion of damaged seedlings increased
with increasing shelterwood stem volume (132-234 m’ha). The most common
causes of seedling damage were burial under slash (32-58%), machinery (12-31%),
felling (3—20%) and tree dragging (up to 4%). It should be noted, however, that
damage sources were often difficult to identify.

3.4.1.2 The Shelterwood System in Norway Spruce-Dominated Forests
on Drained Peatland

Drained peatlands (regardless of the peat thickness) promote coniferous-seedling
establishment relatively well. Dense cover of advance regeneration before shelter-
wood cuttings was reported in several studies (Moilanen et al. 2011; Hanell 1993;
Orlander and Karlsson 2000). The shelterwood system is a possible strategy to miti-
gate the negative effects of clearcutting. For instance, shelterwood retention may
reduce post-harvest water-level rises, competition from ground vegetation, frost and
frost heaving.

Hanell (1993) and Holgen and Hanell (2000) investigated effects of two shelter-
wood densities (140 and 200 stems/ha) for natural and artificial regeneration on
highly-productive peatlands (peat depth 1.3 m) in nine mature Norway spruce for-
ests across Sweden. Stocking levels of large (> 10 cm) naturally-regenerated
Norway spruce seedlings (five growing seasons after the cut) were on average 4500
and 9000 seedlings/ha in stands of 140 and 200 stems/ha, respectively (Hénell
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1993). The results from underplanting showed that mechanical site preparation with
mounding promoted both seedling survival and height growth (Holgen and Hénell
2000). At the end of the 6-year study period, 43% and 38% of shelter trees were
blown down in 140 and 200 stems/ha stands, respectively (Hanell and Ottosson-
Lofvenius 1994). These results do not mean shelterwood cutting in peatland spruce
forests should be avoided due to windthrow risks. However, to minimise the risks,
higher shelterwood densities were recommended.

Moilanen et al. (2011) compared regeneration results after different regeneration
methods in a thick-peated drained spruce mire in eastern-central Finland. Fifteen
years after shelterwood cutting, spruce-, birch- and pine-seedling densities were
7000, 16,000 and 200 stems/ha, respectively. Of those, the crop-seedling densities
for spruce, birch and pine were 2215, 355, and 25 stems/ha, respectively. The crop-
seedling density results were comparable to treatments using different soil-
preparation methods (mounding, patch scarification) and planting with spruce
or pine.

Only a limited number of Fennoscandian shelterwood experiments have been
carried out in fertile Norway spruce-dominated drained-peatland forests. The few
published studies suggest that the shelterwood system provides quick and abundant
natural regeneration of spruce and downy birch on drained-peatland sites, even
without site preparation.

3.4.1.3 The Shelterwood System in Norway Spruce-Dominated Forests
in Mountain Areas

The shelterwood system for Norway spruce in mountain areas shows many of the
same benefits and disadvantages seen elsewhere for establishment, survival and
growth. Elfving (1990) studied a Norway-spruce-dominated shelterwood (240
stems/ha) and an adjacent clearcut area near the treeline in northern Sweden (lati-
tude 63.28° N, elevation 550 m), both planted with 4-year-old seedlings at 2 x 2 m
spacing. At the end of the 27-year observation period, the average sapling height
under the shelter was 2.24 m, approximately 0.75 m shorter than average saplings
on the clearcut. The observed slowing of height growth corresponds to 5 years of
development, and a loss of 18 m*ha over the rotation. However, the volume loss in
the new generation was more than offset by the increment of the shelter trees (44 m?/
ha during 27 years). At the time of the inventory, natural regeneration consisted of
1300 spruce and 700 birch seedlings/ha. The average height of naturally-regenerated
Norway-spruce seedlings was 1.77 m. The reported survival rates for planted seed-
lings were 90% and 59% in the shelterwood and the clearcut, respectively. Higher
seedling survival under the shelterwood was likely due to a reduced risk of
frost damage.
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3.4.2 The Shelterwood System in Scots
Pine-Dominated Forests

Successful implementation of the shelterwood system in Scots pine stands may
yield very dense regeneration, sometimes reaching tens of thousands of seedlings/
ha. In a study in southern Sweden, Beland et al. (2000) reported that 4 years after
regeneration cutting and mechanical site preparation, natural regeneration of Scots
pine yielded 53,000 and 90,000 seedlings/ha in shelters with basal areas of 12 and
15 m? ha, respectively. Kyro et al. (2022) and Lula (2022) found comparable results.
Although several reports show a clear positive effect of shelter density on seedling
densities (e.g. Beland et al. 2000), a study conducted by Rautio et al. (2023) in
northern boreal Finland found the opposite trend. This is likely due to shading by
shelter trees limiting seed germination and seedling survival.

Thick humus layers and competing ground vegetation are among the most
important constraints on natural regeneration, especially in southern Fennoscandia.
Competition from ground vegetation generally increases in more-productive sites.
Therefore, natural regeneration is usually applied on low- to medium-fertility sites,
where mechanical site preparation is also often recommended. Mechanical site
preparation promotes seedling establishment (Kyr6 et al. 2022), height growth
(Hagner 1962), and increases regeneration homogeneity (Fries 1979).

Kyro et al. (2022) observed 1000-4400 and 32,000-92,000 seedlings/ha on
intact and prepared ground, respectively. However, seedling emergence and survival
on intact ground depended on the ground cover’s species composition. The benefit
of mechanical site preparation diminishes over time, primarily due to the gradual
invasion of ground vegetation. However, as suggested by Beland et al. (2000) and
Hagner (1962), this process is slower under a shelter, giving several years of seed-
ling cohorts a chance to grow into future stands. Several studies have reported
steadily-increasing seedling density up to 10 years after the regeneration cut (Beland
et al. 2000; Kyr6 et al. 2022; Lula 2022; Rautio et al. 2023). Hence, gradual and
constant seedling emergence seems possible on favourable seedbeds, as some via-
ble seeds are produced in most years.

Kyro et al. (2022) reported that seedling mortality declined from a maximum in
the first year to a fraction of the initial level 8 or more years after emergence.
Therefore, these authors concluded that regeneration success can only be assessed
after seedling mortality has stabilised sufficiently after emergence of the main seed-
ling cohort. Beland et al. (2000) and Lula (2022) reported that the seedling cohort
established in the first year after the regeneration cut constitutes >50% of the entire
5—-6-years post-cutting seedling population.

In naturally-regenerated stands, dispersed seeds land on all types of seedbeds
present. Mechanical site preparation creates different seedbed types; bare mineral
soil is the most favourable for emergence, but is not necessary for seedling survival.
High mortality on mineral soil, however, is outweighed by abundant emergence,
resulting in a constant seedling-density increase following mechanical site prepara-
tion (Kyro et al. 2022). A mixture of mineral soil and humus is often perceived as
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the most favourable seedbed for natural regeneration, as it provides an optimal com-
promise among satisfactory seedling emergence, survival, and growth (Beland et al.
2000; Kyro et al. 2022). Low seed production and insufficient seedling recruitment
are two of the major limitations of natural Scots-pine regeneration in northern
Fennoscandia. The frequency and viability of seed years generally decrease at
higher latitudes and elevations (Valkonen 1992; Henttonen et al. 1986). Seed years
occur irregularly at intervals of 2—5 years south of 60° N, and up to 100 years at the
northern treeline (~ 70° N, Heikinheimo 1937; Numminen 1982; Valkonen 2000).
Therefore, timing site preparation for a good seed year is recommended (Karlsson
and Orlander 2000). Release cuttings lead to several years of increased cone pro-
duction (Karlsson and Orlander 2002), consequently promoting pine regeneration.
Furthermore, compared to fully-stocked stands, year-to-year variation in seed crops
is generally lower in the released stands (Heikinheimo 1937).

Shelterwoods can help reduce the risk of pine weevil (Hylobius abietis L.) dam-
age to both planted and naturally regenerated conifer seedlings. The riskiest time for
pine weevil damage is when removing the shelter, as pine weevils are attracted by
the odour of newly-cut stumps (Sundkvist 1994). To reduce this risk, Wallertz et al.
(2005) recommend that shelter trees not be removed until most seedlings have
reached the safe sizes of 9 mm basal diameter for Norway spruce and 12 mm for
Scots pine.

Shelter trees inhibit growth of the next generation, especially for light-demanding
species like Scots pine. The high stocking levels and long retention periods of the
shelterwood system result in slower regeneration compared to seed trees. Scots pine
thus has shorter shelter periods than Norway spruce. Beland et al. (2000) suggested
that removal of the dense shelter with a basal area of approximately 15 m*ha should
begin when seedlings reach about 0.5 m tall, and the overstorey should be main-
tained until regeneration reaches about 6 m. In a contemporary Finnish shelterwood
variant for pine, some overstorey trees are retained throughout the rotation to pro-
mote ecosystem services and production of very-high-quality timber (Aijili et al.
2019; Valkonen 2020). The system generates within-stand tree-size stratification
through differences in growth rates, leading to more heterogeneous stands
(Lundqgvist et al. 2019).

In Norway, the shelterwood system has been practised in Scots pine in some
places (see picture in Chap. 2). The practice was catalysed by the impossibility of
successfully regenerating pine due to excessive moose-browsing damage. Harvesting
old pine trees successively created an open shelter, although the name ‘“‘shelter-
wood” was not used. High-density natural regeneration of pine established under
the shelter and has now been released and developed into young stands. These
examples illustrate that pine can be successfully managed using the shelterwood
system, and not just with the seed-tree method.
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3.5 Conversion to Continuous Cover Forestry

Regeneration is an important process in the conversion to CCF. Applying the shel-
terwood and group systems in stands not previously managed this way needs no
specific adaptation of the regeneration management, as conversion starts with the
regeneration cuts. Conversion to the selection system, on the other hand, is a long
process toward a multi-storied stand, and regeneration is essential in this conver-
sion. Conversion to the selection system requires initiating regeneration at an earlier
stage than usual of stand development.

A proposed method for conversion to the selection system is variable-density
thinning (VDT, Brodie and Harrington 2020), which creates gaps in young stands to
initiate regeneration. Another method is more homogeneous, open shelters, for
example created after snow damage (Knoke and Plusczyk 2001). Openings enable
natural regeneration and give good results if they stay open long enough. Rapid
growth and development of young stands closes gaps and canopies, and further
interventions are essential to continue regenerating seedlings and saplings. VDT
creates horizontal small-scale variation in tree size rather than vertical stratification,
so seems more appropriate for young stands at the beginning of the conver-
sion period.

Low seed production in young stands is usually caused by high stand density and
small crowns (Hagner 1965; Nygren et al. 2017). Reducing stand density promotes
seed production, but in some methods only for edge trees next to openings.

Artificial regeneration is often used alone or in combination with natural regen-
eration in conversion methods, particularly to introduce new species (e.g., Knoke
and Plusczyk 2001), especially in the context of climate adaptation.

A conversion concept tried in Sweden (Drossler et al. 2014), based mostly on
heavy thinning, suffered low regeneration during the first 10 years. The trials have
been modified to maintain more open stands (Goude et al. 2022).

Target-diameter harvest can also be used as a conversion treatment. Experiments
in Sweden have used it to study early-regeneration establishment (Drossler et al.
2015, 2017). In response to the harvests, seedling and sapling density and growth
have increased, not only of Norway spruce, but also of more light-demanding
species.

Conversion to the selection system is a topic only addressed during recent
decades, and so far little covered by regeneration studies in Fennoscandia. The few
results available from other regions are not especially relevant for the Nordic region
due to species and site differences, but VDT has been tried in Washington, Oregon,
and Chile (Dodson et al. 2012; Donos et al. 2020; Puettmann et al. 2016). VDT cre-
ates openings that allow regeneration to establish and develop while also promoting
further development of spatially-variable advance regeneration, in a way similar to
the group system.
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3.6 Conclusions

In the context of CCF, the preferred form of regeneration is natural regeneration, but
this is a slow and complex process. Managing natural regeneration requires insight
into all stages and processes, and above all patience. Common to all CCF silvicul-
tural systems are the varying effects of shelter density (in the group system this
refers to the adjacent tall trees) on the regeneration outcomes. Managing shelter
density is therefore an essential method to optimise regeneration.

In the selection system, continuous germination of new seedlings and ingrowth
into larger size classes is required to replace harvested trees for long-term sustain-
able management. Regeneration and ingrowth rates vary significantly between
stands, influenced by historical factors, with no clear relationship to current stand
conditions, particularly stand density. The system is more suitable for shade-tolerant
species like Norway spruce, while pine-dominated stands struggle to achieve and
sustain regeneration due to their shade intolerance and high stand densities.

In the shelterwood system, a successive, uniform opening of the canopy pro-
motes regeneration. Shelter trees provide seeds, while reducing damage to seedlings
and competition from ground vegetation. On the other hand, they can also have an
adverse effect on seedlings by directly competing with them. Evidence from the
reviewed literature from Fennoscandia shows that both Scots pine and Norway
spruce can be successfully regenerated using the shelterwood system. Although the
system is generally more suitable for Scots pine, high densities of shelter trees,
especially if retained over a long period, may hinder artificial or natural regenera-
tion of light-demanding Scots pine seedlings.

In the group system, regeneration is initiated in individual gaps, series of gaps, or
systematic grids of gaps. The edge trees influence regeneration through providing
seeds, checking weed growth, and exerting competition. Fennoscandian studies on
regeneration in individual gaps generally show satisfactory seedling density for
both Norway spruce and Scots pine. However, seedling growth is usually slowed,
especially close to the gap edges. The edge effect increases as seedlings grow taller,
making long-term survival difficult for light-demanding pine saplings nearest
the edge.

Conversion to the selection system initiates regeneration in young stands, and
tries to maintain a continual regeneration process with sustained slow recruitment.
Given the rapid growth and crown closure of young stands, frequent manipulation
of shelter density is essential during conversion. Initiating regeneration in small
gaps, for example using variable-density thinning, might therefore be easier than a
homogeneous shelter approach.
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