Journal of Forestry Research (2025) 36:78
https://doi.org/10.1007/s11676-025-01868-1

)

Check for
updates

REVIEW ARTICLE

Management of sessile oak (Quercus petraea (Matt.) Liebl.),

a major forest species in Europe

Valeriu-Norocel Nicolescu!

- Torsten Vor” - Robert Brus® - Martina Podan* - Sanja Peri¢* - Vilém Podrazsky® -

Sini$a Andrasev® - Evgeni Tsavkov’ - Sezgin Ayan® - Cengiz Yiicedag® - Pande Trajkov'’ - Dana Dina Kolevska!® -
Cornelia Buzatu-Goanti'! - Michal Pastor'>!3 - Vladimir Macéejovsky'? - Juraj Modransky'® - Marcin Klisz! -
Wojciech Gil'* - Vasyl Lavnyy!® - Palle Madsen'® - Nicola La Porta'” - Debbie Bartlett'®

Received: 14 February 2025 / Accepted: 10 April 2025
© The Author(s) 2025

Abstract Sessile oak (Quercus petraea (Matt.) Liebl.) is
widely distributed across most of Europe particularly the
hills and lower mountain ranges, so is considered “the oak
of the mountains”. This species grows on a wide variety
of soils and at altitudes ranging from sea level to 2200 m,
especially in Atlantic and sub-Mediterranean climates, and it
is sensitive to low winter temperatures, early and late frosts,
as well as high summer temperatures. Sessile oak forms both
pure and mixed stands especially with broadleaves such as
European beech, European hornbeam, small-leaved lime and
Acer spp. These form the understorey of sessile oak stands,
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promoting the natural shedding of lower branches of the oak
and protecting the trunk against epicormic branches. Sessile
oak is a long-lived, light-demanding and wind-firm species,
owing to its taproot and heart-shaped root system. Its timber,
one of the most valuable in Europe, is important for fur-
niture-making (both solid wood and veneer), construction,
barrels, railway sleepers, and is also used as fuelwood. It is
one of the few major tree species in Europe that is regener-
ated by seed (naturally or artificially) and by stump shoots
in high forest, coppice-with-standards and coppice forests.
Sessile oak forests are treated in both regular and irregular
systems involving silvicultural techniques such as uniform
shelterwood, group shelterwood, irregular shelterwood,
irregular high forest, coppice-with-standards and simple
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coppice. Young naturally regenerated stands are managed
by weeding, release cutting and cleaning-respacing, keeping
the stands quite dense for good natural pruning. Plantations
are based on (1) 2—4-year old bare-root or container-grown
seedlings produced in nurseries using seeds from genetic
resources, seed stands and seed orchards. The density of
sessile oak plantations (mostly in rows, but also in clusters)
is usually between 4000 and 6000 plants ha™!. Sessile oak
silviculture of mature stands includes crown thinning, focus-
ing on final crop trees (usually a maximum of 100 individ-
uals ha™!) and targeting the production of large-diameter
and high quality trees at long rotation ages (mostly over
120 years, sometimes 250-300 years). In different parts of
Europe, conversion of simple coppices and coppice-with-
standards to high forests is continuing. Even though manage-
ment of sessile oak forests is very intensive and expensive,
requiring active human intervention, the importance of this
species in future European forests will increase in the con-
text of climate change due to its high resistance to distur-
bance, superior drought tolerance and heat stress resistance.

Keywords Sessile oak - Ecological requirements -
Timber - Vulnerabilities - Management

Introduction

Oaks (Quercus spp.) are considered the most diverse genus of
temperate trees in the northern hemisphere (Gil-Pelegrin et al.
2017). They evolved approximately 60 million years ago in the
Paleoarctic (Sork 2024) and are widely distributed worldwide,
comprising more than 400 (Kabrick and Vickers 2024), 430
(Boland 2024), 435 (Schweitzer 2024) or almost 500 species
of trees and shrubs (Sork 2024).

In Europe there are circa 20 species of oak (Flies 1993; Lof
2024), compared to 100 species in North America and 150
species in Central and South America (Kabrick and Vickers
2024). The number of oak species in Europe is considered
to be 22 by Medina et al. (2024), 27 by Savill and Kanowski
(1993) or even 30 according to Lyubenova et al. (2024). These
species are divided into two groups: those from the temperate
regions (e.g., pedunculate oak Quercus robur L., sessile oak
Q. petraea (Matt.) Liebl., Hungarian oak Q. frainetto Ten.),
as well as those from the Mediterranean regions (e.g., cork
oak Quercus suber L., holm oak Q. ilex L., downy oak Q.
pubescens Willd., Pyrenean oak Q. pyrenaica Willd.) (Flies
1993). Out of these species, only three involving sessile oak,
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pedunculate oak and cork oak have a significant economic
importance in Europe (Savill and Kanowski 1993).

Among oaks, which are the most important broadleaved
species in Europe, covering about 21 million ha (Dinca
1983; Lemaire 2010; Zadworny et al. 2014), the most widely
distributed across most of the continent are pedunculate and
sessile oaks. They reach northwards to southern Norway and
Sweden, and southwards to the northern part of the Iberian
Peninsula, southern Italy, the Balkan Peninsula and Turkey
(Haralamb 1967; Lemaire 2010; Eaton et al. 2016; Girard
et al. 2022). However, sessile oak is mainly concentrated in
the more sub-Atlantic regions, where its climatic require-
ments resemble those of European beech (Fagus sylvatica
L.) (Fig. 1).

As it is found particularly in the hills and lower mountain
ranges, the species is rightfully regarded as’the oak of the
mountains” (Joyce et al. 1998).

Regarding sessile oak, a species belonging to the subge-
nus Lepidobalanus (Endl.) Oerst (white oaks), section Robu-
roides Schw, series Sessiliflorae Loj., two opinions exist in
Europe in terms of its systematics:

e There are three species belonging to the group of sessile
oak namely Quercus petraea (Matt.) Liebl., Dalmatian
oak Quercus dalechampii Ten., and Transylvanian oak
Quercus polycarpa Schur, as acknowledged in Bulgaria
[Ganchev and Bondev 1966; Assyov and Petrova (eds)
2012]; Serbia (Jovanovi¢ 2000) or Romania (Negulescu
and Savulescu 1957, 1965). In Serbia, the three species
are designated collectively as Q. petraea agg Ehrendorfer
(Jovanovi¢ 2000).

e Sessile oak includes three subspecies as in Romania
(Quercus petraea ssp. petraea (Liebl.) Sod, Q. pet-
raea ssp. dalechampii (Ten.) So06, and Q. petraea ssp.
polycarpa (Schur) Sod), but only one species, Q. pet-
raea (Matt.) Liebl., being considered (Stanescu 1979;
Stdnescu et al. 1997; Sofletea and Curtu 2007). Three
subspecies of sessile oak are also acknowledged in Tur-

Fig. 1 Distribution map of sessile oak (source: Caudullo et al. 2017)
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key: Quercus petraea ssp. petraea, Q. petraea ssp. iber-
ica (Steven ex M.Bieb.) Krassiln., and Q. petraea ssp.
pinnatiloba (C. Koch) Menitsky (Mese et al. 2023).

Sessile oak covers important areas of forestlands—from
hundreds of thousands to millions of hectares—in European
countries such as France, Germany, Romania, Bulgaria,
Poland, Serbia, Turkey, Bosnia and Herzegovina, Czech
Republic (Table 1).

The presence of sessile oak either as individual species
or together with pedunculate oak in different countries has
two reasons:

a. Inthe majority of countries, sessile oak and pedunculate

oak are now considered as part of a syngameon which is
characterized by hybridization and introgression among

Table 1 Area covered by sessile oak in different European countries

the closely related oak species (Goicoechea et al. 2012;
Cannon and Petit 2020, cited by Kohler et al. 2020).
However, these also persist as individual species, there-
fore constituting separated taxa that occupy partially
different ecological niches, with a large overlap in soil
pH and climatic site conditions (Holtken et al. 2012;
Neophytou et al. 2010; Reutimann et al. 2020; Leroy
et al. 2020, all cited by Kohler et al. 2020).

In other countries, sessile and pedunculate oak are not
distinguished as separate species as both are very vari-
able morphologically but share the same chloroplastic
DNA, transmitted through the acorns (Ducci et al. 2017)
and can naturally hybridise asymmetrically (Q. petraea
preferentially pollinates Q. robur, Ducci et al. 2017, with
the leaf characteristics of the hybrids being more similar
to those of the female parent, rather than intermediate

Country Area covered by sessile oak (and Source Comments
pedunculate oak)
(ha)
France 4,151,000+ 81,000%* IGN 2024 *Area (overall) of stands where sessile
1,843,000 + 58,000%* oak is found
777,000 + 39,000%** ** Area of stands where sessile oak is
the dominant species
**% Area of pure sessile oak stands
Poland 732,832.6 (sessile and pedunculate https://www.bdl.lasy.gov.pl/portal/ Sessile oak and pedunculate oak are
oak) 2023 not distinguished in forest manage-
ment plans
Romania 582,826.95 https://roifn.ro/site/rezultate-ifn-2 8.41% of total forest area
Germany 564,000 Vor pers.comm 5.18% of total forest area
Bulgaria 425,300 Bozhinov 1999 19.1% of area covered by broadleaves
Hungary 367,400 (sessile and pedunculate Solymos 1993 Both species: 22.9% of total forest area
oak) Sessile oak: 12% of total growing stock
Turkey 242,381.8 Fosso and Karahalil 2023
Bosnia and Herzegovina 230,700 Visnjic¢ et al. 2018
Serbia 223,692.46 Andrasev pers.comm 7.84% of total forest area
United Kingdom 219,000 (sessile oak and pedunculate Forest Research 2024 There is no distinction between sessile
oak) oak and pedunculate oak
Czech Republic 203,500 (sessile and pedunculate MZe 2022 There is no distinction between sessile
oak) oak and pedunculate oak
North Macedonia 174,474.86 Trajkov pers.comm 19.55% of forests with management
plans; 163 036 ha as coppice
Austria 146,000 (sessile and pedunculate Hochbichler 1993 About 4% of total forest area
oak)
Ukraine 114,570.1 Lavnyy pers.comm
Denmark 73,919 Nord-Larsen et al. 2023 14.96% of total forest area; there is no
distinction between sessile oak and
pedunculate oak
Italy 61,045 Gasparini et al. 2022 0.55% of total forest area
Croatia 38,301 Dubravac et al. 2018
Slovakia 10,040.29 Bednérova 2023; Green Report 2023
Slovenia - Skudnik et al. 2021 5.3% of total growing stock of national

forests (2018)
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of those of both parents, Ducousso and Bordacs 2004),
infrequently, but significantly (Bonfils et al. 2015) (e.g.,
hybridisation rate of 8.4%, Streiff et al. 1999). This phe-
nomenon generates individuals showing intermediate
traits or dominance of one, therefore it can be difficult
to characterize them unequivocally by observations only
(Aas 2014; Jensen et al. 2009, both cited by Eaton et al.
2016).

France, with the famous provenances of Trongais (Fig. 2),
Belléme, Bercé, Blois, Reno-Valdieu exhibiting almost mon-
ospecific and regular high forests, with 120-200 individuals
ha~! and a standing volume of 450—-600 m> ha~! (or even
more) at a rotation age of circa 200 years (Balleux 2005), is
the most important European country for sessile oak.

The species, considered as the ‘King of French Forests’
(https://www.onf.fr/vivre-la-foret/raconte-moi-la-foret/
comprendre-la-foret/explorer-la-nature-en-foret/%2B/1ca7::
le-chene-sessile.html), represents 12% (333 + 13 million
m3) of the total standing volume, and a total current annual
increment of 6.9 +0.3 million m®, compared to the annual
harvest of 3.4 +0.4 million m* (IGN 2024). Consequently,
France is the foremost producer of oak timber in Europe
and the second in the world, after the USA (Bary-Lenger
and Nebout 1993).

Fig. 2 Sessile oak tree (355 years old, 156 cm in diameter, 35 m in
height), called ‘Charles Louis Philippe’, in Forét de Trongais, France
(photo V.N. Nicolescu)

@ Springer

In Germany, oaks (sessile and pedunculate) form the
second most abundant broadleaved tree species group after
European beech (Thiinen Institut 2014, cited by Kohler
et al. 2020). Among German sessile oak provenances, the
most famous is that from Spessart Forest (Bavaria), where
high-quality veneer logs are typically harvested when
300-400 years old (Viney and Pardé 1960; Hemery and
Simblet 2014; https://talaricohardwoods.com/spessart-for-
est/; https://mbveneer.com/veneercatalogpage/spessart-oak-
wood-veneer/). In 1920’s, the great American ecologist and
writer Aldo Leopold wrote that the Spessart ““...bears the
most magnificent oaks in the world. American cabinet mak-
ers, when they want the last word in quality, use Spessart
oak” (Leopold 1953).

Sessile oak is of great ecological interest as it enhances
forest biodiversity, an important management goal in recent
times (Stimm et al. 2022), providing habitat and food source
of a great variety of insects (over 1000 species thrive on ses-
sile oak trees, BuBSler 2014), mammals, birds, fungi, lichens,
and moss species (Annighofer et al. 2015; Leonardsson et al.
2015; Eaton et al. 2016; Lof 2024).

Due to its high resistance to storms (the effect of deep
rooting) and superior drought tolerance, enhancing the
mechanical stability and so reducing the vulnerability of for-
est stands to disturbance, its importance in European forests
(i.e. absolute and relative share of forest cover) is expected
to increase in the context of climate change (Kuehne et al.
2020; Kohler et al. 2020; Kanjevac et al. 2021; Girard et al.
2022; Stimm et al. 2022; Cerny et al. 2024b; Konic et al.
2024). These two traits are supplemented by the superior
heat stress resistance of sessile oak, the species being the
more heat-tolerant when compared to other important forest
species such as Picea abies (L.) H. Karst, Abies alba Mill.,
Fagus sylvatica L. and Pinus sylvestris L. (Hadokova et al.
2022), with similar levels of heat tolerance when compared
to Quercus pubescens Willd., Q. robur L. and Q. rubra L.
(Hauck et al. 2025). Sessile oak has also demonstrated the
high heat-tolerance (heat stress resistance) having the high-
est leaf critical temperature (corresponds to the initial col-
lapse of the photosystem II (PSII), the most thermo-sensitive
component of photosynthesis—and the disruption of elec-
tron’s pathway, which is typically followed by leaf necro-
sis and death, Krause et al. 2010, cited by Gauthey et al.
2024), compared to species growing naturally in warmer
and drier climates such as Quercus ilex L. and Q. coccifera
L. (Gauthey et al. 2024).

The natural range of sessile oak is predicted to shift
towards the north and northeast (in areas where changes
in precipitation distribution and rising air temperatures
are expected, Cerny et al. 2024b) in response to the ongo-
ing and predicted changes in European climate, sessile
oak becoming the most important broadleaved species
for the future natural vegetation of Europe (Andrzejczyk
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et al. 2023). Consequently, sessile oak can be an impor-
tant component of climate-resilient mixed-species forests,
which are being considered as an option to meet the chal-
lenges of climate change (Annighofer et al. 2015; Skia-
daresis et al. 2016; Kohler et al. 2020; Stimm et al. 2022;
Hauck et al. 2025).

With its straight trunk, often clearly developed high in
the crown (a rare trait among the broadleaves, Brus 2011),
it is a major timber species in many regions of Europe
(Molder et al. 2019; Gribbe et al. 2024), it is one of the
most economically valuable hardwood tree species on our
continent (Trouvé et al. 2017; Kohler et al. 2020; Kuehne
et al. 2020; Kanjevac et al. 2021). Consequently sessile
oak is suitable for multifunctional forest management
including valuable wood production, a major management
goal of oak silviculture (Stimm et al. 2022).

Last but not least, sessile oak forests provide many eco-
system services such as air quality, recreation, aesthetics,
and watershed protection (Lof 2024). The species also has
a cultural significance, many old sessile oak trees being
designated as”nature monuments” (i.e. 352 individuals
(1.3%) out of 28,304 trees in Poland, Zarzyriski 2019).

Currently there is no comprehensive summary of the
silviculture and management of sessile oak in Europe that
can be used to inform its future role in different coun-
tries. This paper provides a comprehensive overview of
key factors influencing the management of sessile oak
and then summarises European silvicultural experience
with the species, covering aspects such as stand estab-
lishment, early silvicultural interventions such as release
cutting and cleaning-respacing, commercial thinning and
pruning, as well as the potential use of close-to-nature
silvicultural regimes. The focus is upon the impacts upon
timber production.

Sessile oak characteristics influencing
management

Site and climate

Sessile oak has a very wide ecological niche, being relatively
indifferent to geological substrate and soil nutrients so it
can be found on poor, stony, sandy, or clayey, as well as on
limestone/calcareous soils (Yaltirik 1984; Jacamon 1987,
Delkov 1992; Joyce et al. 1998; Michiels 2014; Bartsch et al.
2020; CNPF 2023). However, it grows best on fertile, moist
(with constant humidity/high water availability, Stinescu
1979; Spiecker 2021), deep (over 50 cm, allowing deep
rooting), well-structured, well-drained and not compacted
Cambisols and Luvisols (Boratyniska 1979; Boudru 1989a;
Delkov 1992; Filipovskij et al. 1996; Filipovski 1997; Sevrin
1997; Savill 2013; CNPF 2023). Suitable soils for sessile
oak are moderately acidic to neutral (pH 4.4-7.3, Timbal
and Aussenac 1996; Pagan 1999; Sarvas et al. 2010), but it
can also be found on highly acidic soils (pH 2.5-3.5) (Brus
2011; Bondina et al. 2021).

Sessile oak does not tolerate a high (Pagan 1999; Sarvas
et al. 2010), or erratically variable water table (Savill 2013)
or floodplains with stagnant water (Negulescu and Savulescu
1957, 1965; Ugrenovi¢ and Potoci¢ 1963; Kerr and Evans
1993; Ducousso and Bordacs 2004; Aas 2014). It tolerates
soils with pseudogley (Rameau et al. 1989), but regenera-
tion and growth are affected on plateaus and terraces with
argillic, heavy-textured soils (Boppe 1889; Negulescu and
Savulescu 1957, 1965; Stanescu 1979; Stanescu et al. 1997).

Sessile oak is found mostly on mountain slopes and
hilltops (Eaton et al. 2016; Nyamjav 2022), but also on
the plains (Negulescu and Savulescu 1957, 1965). Across
Europe, its altitudinal range is very wide, from sea level to
2200 m above sea level (a.s.l.) (Table 2).

Table 2 Altitudes where sessile

. . Altitude (m a.s.l.) Country Source Observations
oak is found in Europe
0 (minimum) Bulgaria Radkov and Minkov 1963 Ssp. iberica
Turkey Mese et al. 2023
(30) 200-750 (1000) Slovenia Brus 2011; Bonc¢ina et al. 2021
300-1300 Serbia Kirsti¢ et al. 2001
400-800 (900) Romania Stinescu 1979; Stinescu et al. 1997 Exceptional 1,300 m
Up to 500 Poland Klisz pers.comm
Up to 580 Germany Bartsch et al. 2020 Exceptional 1800 m
(600) 900-1100 North Macedonia  Filipovskij et al. 1996 Exceptional 1300 m
Up to 750-850 Czech Republic Uradni¢ek 2004; Vacek et al. 2019
Up to 780 Slovakia Pagan 1999 Exceptional 1145 m
800-1000 Bulgaria Radkov and Minkov 1963 Exceptional 1300—
1400 (1600) m
Up to 1300 Croatia Sever et al. 2022
2200 (maximum) Turkey Mese et al. 2023 Ssp. pinnatiloba

@ Springer
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The species prefers warm, sunny and south- or south-west
facing slopes, where summer warmth stimulates fast growth
(Ugrenovié¢ and Potoci¢ 1963; Negulescu and Sdvulescu
1957, 1965; Boudru 1989a; Savill 2013). Sessile oak is a
heat-loving tree species, which prefers Atlantic to sub-Medi-
terranean climates (Jacamon 1987; Bartsch et al. 2020), with
mean annual temperatures of 5-11.5 °C (Germany, Michiels
2014), (7) 8-10 (12) °C (Slovenia, Brus 2011; Bondéina
et al. 2021), 7.9-10.3 °C (Serbia, Krsti¢ et al. 2001), 8 °C
(Czech Republic, Cern}’/ et al. 2024b), 8—10 °C (Romania,
Sofletea and Curtu 2007), 8.5 °C (Slovakia, Pagan 1999),
9 °C (North Macedonia, Filipovskij et al. 1996), even 11 °C
(Turkey, Sahin 2020). It prefers a mean annual rainfall of
minimum 500 mm yr_1 (Germany, Michiels 2014), and
grows in areas with 600—800 mm yr_1 (Romania, Sofletea
and Curtu 2007), 626-944 mm yr_1 (Serbia, Krsti¢ et al.
2001), 700-1200 mm yr‘1 (Croatia, Sever et al. 2022), up
to 800 mm yr~! (Slovakia, Pagan 1999), 800-850 mm yr~!
(North Macedonia, Filipovskij et al. 1996), (800) 1000—1700
(2000) mm yr~! (Slovenia, Brus 2011; Bon¢ina et al. 2021)
precipitations. In rare cases, it can grow successfully with
400 mm yr~! of precipitations (Romania, Haralamb 1967;
Czech Republic, Cerny et al. 2024b).

It is drought tolerant (Bréda et al. 1993b; Bonfils et al.
2015; Spiecker 2021; CNPF 2023; Cernff et al. 2024a;
Hauck et al. 2025), having a high tolerance to dry sites
(changes in water availability, Nyamjav 2022), due to the
deep taproot (can extract water during periods of reduced
water availability from deep in the soil, Cerny et al. 2024b)
and xeromorphic leaf structures. During strong drought
stress, sessile oak trees regulate their water intake by par-
tially closing their stomata to conserve water by decreas-
ing transpiration and maintain leaf water potential, which
results in improved water use efficiency (WUE) (Thomas
and Gausling 2000; Meeran et al. 2025). (WUE is a func-
tional trait expressing at the tree level the trade-off between
biomass production and water loss by transpiration, link-
ing the tree carbon assimilation and water loss, Rabarijaona
et al. 2022). Transpiration intensity returns to full level after
hydration (Bréda et al. 1993a, b). There is a local adaptation
of sessile oak in terms of drought response strategy, with
a large variability of WUE within populations, suggesting
large genetic diversity. In addition there are significant dif-
ferences in WUE among populations of sessile oak but a
much larger variability was observed within than between
populations (Rabarijaona et al. 2022). As mature trees ben-
efit from deeper root system, enhanced water storage and
accumulated carbohydrates, promoting mixed-age stands
could enhance resistance to drought, as trees of different
ages and sizes employ varied strategies to cope with drought
stress (Meeran et al. 2025). However, drought can lead to
a significant reduction in secondary growth of sessile oak
trees (Cedro 2007; Meeran et al. 2025), and they may not

@ Springer

recover to their pre-drought growth level in the subsequent
year (Bose et al. 2021). In response to drought, populations
of sessile oak with a higher increase in WUE showed a
lower decrease in radial growth (Rabarijaona et al. 2022).
Higher WUE can increase the establishment and survival of
trees under water-deficit conditions, and enhancing WUE is
crucial for maximizing forest carbon assimilation capacity
while conserving water resources (Petrik et al. 2024).

Unfortunately, drought stress could become a primary
cause of forest dieback in the near future and may also
cause genetic diversity loss in sessile oak populations that
have reduced plasticity and adaptive potential (Borovics and
Miatyas 2013, cited by Cerny et al. 2024b). In mixed stands,
sessile oak manages drought better than European beech,
wild cherry (Prunus avium L.), large-leaved lime (Tilia
platyphyllos Scop.) and sycamore (Acer pseudoplatanus L.)
(Scherrer et al. 2011, cited by Bonfils et al. 2015). There-
fore, it is considered as one of the species only ‘partially
threatened’ in comparison to the ‘most threatened’ species
(silver fir Abies alba Mill., Norway spruce Picea abies (L.)
Karst., European larch Larix decidua Mill., and Scots pine
Pinus sylvestris L.) by the climate changes predicted for
2041-2060 (Dyderski et al. 2025). On the contrary, sessile
oak could be a ‘beneficiary’ of these changes (Bonfils et al.
2015), and could even increase its current range/gain poten-
tial niche in Europe (Dyderski et al. 2025).

Species composition

Throughout its native range sessile oak, a climax species
is found in both pure and mixed stands. The pure stands
(one-storeyed, uniform, without any undergrowth) are found
mostly in the hilly areas, on warm and dry sites (e.g., pla-
teaus, sunny ridges, south-facing slopes), as in Bulgaria
and Romania (Anonymous 1956; Negulescu and Sdvulescu
1957, 1965; Pascovschi and Leandru 1958; Petrescu 1971;
Stanescu 1979; Anonymous 1986; Stinescu et al. 1997).

In Central and south-eastern part of Europe, sessile oak is
also part of mixed stands including mostly European beech,
European hornbeam (Carpinus betulus L.), small-leaved
lime (Tilia cordata Mill.), elm (Ulmus spp.), wild cherry,
field maple (Acer campestre L.), Norway maple (Acer pla-
tanoides L.), common ash (Fraxinus excelsior L.), manna
ash (Fraxinus ornus L.), narrow-leaved ash (Fraxinus angus-
tifolia Wahl), and Sorbus spp.. Other oak species such as
pedunculate oak, Hungarian oak and Turkey oak, are also
present in these regions (Negulescu and Savulescu 1957,
1965; Stanescu 1979; Raus et al. 1992; Stanescu et al. 1997,
Doniti et al. 2005; Tomi¢ and Rakonjac 2011; Boncina et al.
2021). In the south-east and south of Europe, with sub-
Mediterranean and Mediterranean climates sessile oak is
found mixed with Oriental beech (Fagus orientalis Lipsky),
Oriental hornbeam (Carpinus orientalis Mill.), downy oak,
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sweet chestnut (Castanea sativa Mill.), and even conifers
such as oriental spruce (Picea orientalis (L.) Link) (Yaltirik,
1984; Gilingordii 1999; Ellenberg and Leuschner 2010; Geng
2012; Oztiirk 2013). Growing sessile oak in mixtures with
additional tree species is considered to be a convenient way
of adapting to global climate change (Pretzsch et al. 2015,
2020, both cited by Cern}’/ et al. 2024b), because these show
higher resilience to drought stress, can provide better stand
stability and can better utilize the available resources (Cerny
et al. 2024b).

Root system

On favourable, deep, non-compacted and well-drained, soils,
sessile oak shows a definite, strong taproot (Negulescu and
Sédvulescu 1957, 1965; Stanescu 1979; Andrzejczyk 2009;
Brus 2011), often penetrating to a depth of 1.5-2 m when
young (Lorentz and Parade 1883; Bary-Lenger and Nebout
1993; Joyce et al. 1998). Later in life, the root system devel-
ops into a heart-shaped form (Joyce et al. 1998). This system
includes dense shallow roots as well as lateral roots, devel-
oped all along the taproot, colonizing the upper soil and
anchoring the trees, which gives sessile oak structural stabil-
ity against windthrow and allows the species to withstand
moderate drought by accessing deeper water (Boudru 1989a;
Bary-Lenger and Nebout 1993; Praciak et al. 2013, cited by
Eaton et al. 2016; Sever et al. 2022). However, the species
can be windthrown when its root system is affected by soil
conditions (i.e. on shallow soils, with less than 60 cm roota-
ble depth, Kerr and Evans 1993, or soils with high water
table, where the taproot can not develop, Bary-Lenger and
Nebout 1993), or when in full leaf, by a combination of sum-
mer gales and high precipitation (Joyce et al. 1998).

Shade tolerance

When young (seedling stage), sessile oak trees are relatively
tolerant to shade (Poskin 1926, 1949; Petrescu 1971; Delkov
1992; Niinemets and Valladares 2006). Under a mature
stand, with closed canopy, sessile oak seedlings can persist
for a maximum of 2 years (coppice stand, Balleux 2005),
2-3 years (Jacamon 1987; Haugh 1907, Bondarenko 1987,
both in Worrell and Nixon 1991), 3 years (light intensity
4.5% of full light, Ciumac 1967), 4-6 years (Negulescu
and Stdnescu 1964; Negulescu and Sadvulescu 1957, 1965;
Stanescu 1979), then degenerate and eventually die out
(Caligkan et al. 2004). Under a loose canopy (crown cover
60-80%), sessile oak seedlings can survive for 5 years (Ciu-
mac 1967; Constantinescu 1973). The light compensation
point (i.e. light intensity where the rate of photosynthesis
exactly matches the rate of cellular respiration) for sessile

oak seedlings is 2-6% of full light, so they can be considered
as ‘shade plants’ (Worrell and Nixon 1991).

The young plants tolerate more shade before the thicket
phase (mean diameter at breast height 5 cm, Joyce et al.
1998), after which the light requirements increase, there-
fore sessile oak is generally considered as a ‘genuine’
light-demanding species, even less than pedunculate oak
(Jolyet 1916; Dricea 1923; Poskin 1926, 1949; Negulescu
and Savulescu 1957, 1965; Ciumac 1959, 1965; Petrescu
1971; Schiitz and Badoux 1979; Stanescu 1979; Evans
1984; Lanier 1986; Jacamon 1987; Bary-Lenger et al.
1988; Boudru 1989a; Bary-Lenger and Nebout 1993; Kerr
and Evans 1993; Bastien 1997; Savill 1991, 2013; Sevrin
1997; Stdnescu et al. 1997; Joyce et al. 1998; Balleux
2005; Lemaire 2010; CRPF Bourgogne 2012; Nyamjav
2022). However, there are some exceptions. Authors such
as Rameau et al. (1989), Bonfils et al. (2015) or CNPF
(2023) consider sessile oak as medium shade-tolerant,
whereas Puchalski and Prusinkiewicz (1990) consider it
shade-tolerant!

Branching and natural pruning

In stands, sessile oak trees have a long straight trunk, are
less branched than pedunculate oak with generally thinner
branches (Sarvas et al. 2007, 2010). It exhibits a hierarchi-
cal branching structure (Ugrenovi¢ and Potoc¢i¢ 1963), with
the main branches dividing through a regular transition into
secondary branches and branchlets (Haralamb 1967). The
crown is more regularly shaped and slightly narrower than
in pedunculate oak (Brus 2011). A major problem of sessile
oak silviculture, reducing the quality of its wood and mak-
ing it unusable for high quality products such as veneer, is
the occurrence and growth of epicormic branches (water
sprouts, lammas shoots, Fig. 3), a trait which is believed to
be highly heritable (Kanowski et al. 1991, cited by Savill
1991, 2013).

Because of this defect, sessile oak logs are downgraded in
EU quality standards from class A to classes B or C (Baylot
and Vautherin 1992; Anonymous 1997). The practical way
of preventing and controlling the occurrence and growth
of epicormics from final crop trees with large crowns is to
grow them with an understorey of shade-tolerant species
(e.g., European beech, European hornbeam) and to perform
light and frequent silvicultural interventions (Bagneris 1873,
1876; Lorentz and Parade 1883; Boppe 1889; Antonesco
1911; Dricea 1923; Evans 1983, 1984; Kerr and Evans
1993; Schiitz 1993; Jarret 1996; Sevrin 1997; Joyce et al.
1998; Sardin 2008; Lemaire 2010; Spiecker 2021; Nicolescu
et al. 2022). The manual removal of such branches on the
lower part of the stem (Sevrin 1997) will be presented in
detail in the paragraph on pruning. Sessile oak is a better
self-pruner than the pedunculate oak and its trunk can be

@ Springer
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Fig. 3 Epicormic branches on a mature sessile oak tree (photo V.N.
Nicolescu)

followed to the tip (Haralamb 1967). Pruning is induced by
competition of neighbouring trees: branches die soon after
being shaded and the dead branches break off, improving
wood quality (Spiecker 2021). The best species to use in the
undergrowth in order to shade the sessile oak trunk and help
its natural pruning are shade-tolerant ones such as European
beech, European hornbeam, small-leaved lime, and field
maple (Jolyet 1916; Poskin 1926; Kenk 1978; Schiitz and
Badoux 1979; Duplat 1992; Bary-Lenger and Nebout 1993;
Jarret et al. 1996; Bastien 1997). Interestingly, their use in
sessile oak-dominated stands to promote natural shedding of
lower branches, control the occurrence and growth of epi-
cormic branches, inhibit development of ground vegetation
and increase regeneration of shade-tolerant species, which
could be an impediment to the regeneration of sessile oak,
was already advocated at the end of the nineteenth century
(Bagneris 1878; Broilliard 1881; Boppe 1889). The practi-
cal ways of promoting the existing understorey in sessile
oak stands, as well as establishing it when missing, will be
presented in detail in the section on management of sessile
oak for wood production.

Life span
Sessile oak is a long-living species, trees over 300 years

being recorded in countries like Austria (374 + 60 years),
The Netherlands (324 +20 years), Switzerland

@ Springer

(324 +50 years), Belgium (324 + 50 years). In other coun-
tries like France (444 +40 years), Italy (424 + 100 years),
Albania (474 years), and Poland (404 +20 years), the record
sessile oak trees have ages over 400 years, while the age
records of sessile oak trees are older than 500 years in
Spain (924 + 100 years), Germany (516 + 50 years), Bul-
garia (645 years), and Serbia (524 + 50 years). The oldest
sessile oak in the world, called Big-Belly Oak and aged
1022 + 10 years, is found in the UK (Severnake Forest) (all
above records were extracted from https://www.monumental
trees.com/en/trees/sessileoak/records).

Growth performance in Europe

Sessile oak grows slowly in height in youth (it is a species
with slow initial height increment, Poskin 1926; Lanier
1986; Bary-Lenger et al. 1988): in the first year the aer-
ial part of the seedling is 15-20 cm length, while the root
reaches 40—50 cm in length, as the 1-year growth is concen-
trated in the root system (Nicolescu et al. 2022). The tree
grows 10-20 cm a~! in the first 5-8 years (Evans 1984),
speeds up (after root elongation) in the next 10 years (up
to 50 cm a~! between age 10 and 20, Evans 1984) and
grows quite quickly on good sites but only after the age of
20 (Haralamb 1967). Its height increment is sustained until
the age of 100 (120) years (Negulescu and Sdvulescu 1957,
1965; Stanescu 1979; Stdnescu et al. 1997). In height, record
sessile oak trees over 40 m were found in countries includ-
ing France (48.40 m, world record, in the famous Forét de
Bercé), Germany (44.60 m), and UK (41.00 m) (https://
monumentaltrees.com/en/trees/sessileoak/records). In
Poland, a record sessile oak tree of 43 m in height (127 cm
in diameter, 300-400 years old) was found (Zargba 1993).
In Turkey (Yaltirik and Efe 1994) and Slovakia (Halaj and
Petra§ 1998), sessile oak trees have reached heights up to
40 m. In the past, sessile oak trees up to 45 m in height were
also found in Romania (Ronisoara-Maramures provenance,
Negulescu and Savulescu 1965).

Records of sessile oak trees over 200 cm in diameter in
several European countries are as follows (https://monum
entaltrees.com/en/trees/sessileoak/records): 446 cm (UK,
the world record, at Marton Oak), 382 cm (Spain), 255 cm
(France), 245 cm (Hungary), 242 cm (Germany), 232 cm
(Albania), 223 cm (Bulgaria), 202 cm (Austria). Its radial
growth is less climate sensitive than that of European beech,
Scots pine or Douglas-fir (Pseudotsuga menziesii (Mirbel)
Franco) (Gribbe et al. 2024). Radial growth of sessile oak is
more vulnerable to drought in moister rather than on drier
sites (Trouvé et al. 2017) and the biomass performance
decreased under reduced water supply (Nyamjav 2022).

The main annual volume increment of pure sessile oak
stands at different old ages in several European countries
depends on the site potential/production class (Table 3).


https://www.monumentaltrees.com/en/trees/sessileoak/records
https://www.monumentaltrees.com/en/trees/sessileoak/records
https://monumentaltrees.com/en/trees/sessileoak/records
https://monumentaltrees.com/en/trees/sessileoak/records
https://monumentaltrees.com/en/trees/sessileoak/records
https://monumentaltrees.com/en/trees/sessileoak/records

Management of sessile oak (Quercus petraea (Matt.) Liebl.), a major forest species in Europe

Page 9 of 37 78

Table 3 Mean annual volume increment of sessile oak stands at different old ages and in selected European countries

Country Mean annual volume increment (m® yr~' ha™")

Reference

Observations

Bulgaria 3.29 (low productivity sites)—6.11 (high produc-
tivity sites)
Czech Republic  5-8
5-10*

Romania 4.1 (lowest -5th—production class)—10.2

(highest—Ist—production class)*
3.2 (lowest—S5th—production class)—9.2

(highest—1st—production class)**

Slovakia 2.6-10.9

Slovenia 3.6-5.0 (poor sites)...6.3-6.9 (good sites)

Germany 3.7-11.5

Poland 4.5 (poorest site conditions)—8.4 (optimal site
conditions)

Ukraine 4.0 (lowest—IIIrd—site class)—6.2 (highest—

Ist—site class)

Bogdanov 1975
Podrazsky pers.comm

Giurgiu and Draghiciu 2004

Anonymous 1987

Age 100 years
*In Dauerwald, close-to-nature forests

*High forest, rotation age 120 years (5th
production class)—140 years (1st pro-
duction class)

**Coppice, rotation age 100 years (5th
production class)—120 years (1st pro-
duction class)

Halaj and Petras 1998
Boncina et al. 2021
Albert et al. 2021
Szymkiewicz 2001

Age 100 years
Age 100 years
Age 140 years

Age 110 years

Timber: quality, uses and prices

Sessile oak wood is ring-porous, and the proportion of ear-
lywood to latewood determines the working and strength
properties of the timber. As earlywood width tends to
remain constant irrespective of growth rate, one may
encounter two opposite situations (Joyce et al. 1998):

e Rapidly growing oak trees will contain a high propor-
tion of latewood relative to earlywood, resulting in high
strength properties, greater shrinkage and somewhat poor
workability;

e Slow growing oak trees contain growth rings consisting
almost entirely of earlywood resulting in poor strength
properties, lower shrinkage but good workability.

Its wood is dense (Table 4), hard, elastic; it shrinks
depending on growth rate (see above), and its strength prop-
erties, including bending strength, are excellent (Kese 2016).

The wood density increases from the bark to the core
(Enchev 1972). It is the growing conditions (climatic, soil
fertility), which determine the earlywood (consisting mainly
of large vessels)/latewood (includes mainly fibres and to a
lesser extent vessels) ratio (Berges et al. 2008). Sessile oak
wood dries slowly and has a tendency to split and check
unless care is taken in kiln drying. The heartwood is classed
as durable (Venet and Keller 1986, cited by Cavaignac 2007)
and resists penetration by preservatives (class 4, non pene-
trable, ur-biowooeb.cirad.fr). Sapwood is perishable but per-
meable and is confined to the outer 10-20 (Joyce et al. 1998)
or 20-30 (Savill et al. 1993, cited by Savill 2013) growth
rings in the tree. The natural durability of sessile oak wood is
class 2 (durable) against fungi, and class D (durable) against

Table 4 The density of sessile

oak wood reported in different Wood density (kg m™)  Country Source Observations
European studies 610-650 Slovakia Petr4s et al. 2021
650 (mean) Slovenia Kese 2016 Range 390-930 kg m™~>
673 (mean) Poland Vavr¢ik and Gryc 2012
690 (mean) Bulgaria Blaskova 2004 Range 430-960 kg m~>
Romania Filipovici and Amzica 1956
650-900 Croatia Dodan pers.comm
700 (mean) Belgium Bary-Lenger and Nebout 1993 Range 600-800 kg m™>
710 (mean) Germany Ehmcke and Grosser 2014 Range 430-960 kg m™>
720 (mean) Ireland Joyce et al. 1998
UK Savill 2013
740 (mean) France https://ur-biowooeb.cirad.fr/
803 (mean) North Macedonia  Nacevski et al. 2015
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insects (dry wood) (ur-biowooeb.cirad.fr). The lifespan of
sessile oak wood varies from 15 to 25 years for wood in
permanent contact with the ground, from 40 to 50 years for
wood exposed to the elements and up to several centuries for
timber used for framing/roofing (Bary-Lenger and Nebout
1993). Due to its strength properties and high durability,
sessile oak wood is widely used in furniture-making (both as
solid wood and veneer) and construction. Important quanti-
ties of wood are used for plywood, flooring/parquets, panels,
staircases, balustrades, doors, window frames, bridges, rail-
way sleepers, tool handles, agricultural equipment, fencing
(poles, posts), vineyard stakes, tanbark, and for construction
of roof trusses (Jacamon 1987, Cufar 2006; Savill 2013;
Ehmke and Grosser 2014; Magagnotti et al. 2018). Sessile
oak also produces fuelwood and charcoal (Ugrenovi¢ and
Potoc¢ié 1963; Ducousso and Bordacs 2004; Ehmcke and
Grosser 2014; Jarman and Kofman 2018).

The sessile oak high quality logs for veneer production
should fulfill specific criteria (Bary-Lenger and Nebout
1993; Joyce et al. 1998; Spiecker 2021): large diameter, a
light clear colour, straight cylindrical stem, straight fibre,
centred pith and concentric rings of uniform growth, straight
fibre, and absolutely blemish-free stems. The need to use
large-diameter logs (class A+, thick-end diameter at least
45 cm, Lemaire 2010; minimum mid-length diameter
50-55 cm, Flot 1988, cited by Bary-Lenger and Nebout
1993) for veneer production is obvious when considering
the efficiency of transforming them into veneer (0.6 mm
thickness) (Table 5).

In various European countries, where the production of
high-quality sessile oak wood is the priority, the diameter
of logs for such uses reaches 50-60 cm in Austria (Hoch-
bichler 1993), a minimum of 60 cm in the UK (Evans 1984),
60-70 cm in Ireland (Joyce et al. 1998) and France (stands
of good quality, Robert and Généré 2010), 60-80 cm in Ger-
many (Kenk 1993; Vor pers.comm.) or France (CNPF 2023),

Table 5 Yield/efficiency in veneer depending on mid-length diam-
eter of logs (Flot 1988, cited by Bary-Lenger and Nebout 1993)

Mid-length diameter (cm)  Veneer yield (%) Veneer pro-
duction (m?
m~>)

45 10 153

50 17 277

55 24 382

60 29 471

65 34 549

70 38 617

75 42 677

80 45 730

85 48 777

90 51 820

@ Springer

70-80 cm in France (Jarret et al. 1996; in stands of excep-
tional quality, Robert and Généré 2010), even 75-80 cm in
France (A and B quality logs, Sardin 2008). However, the
determining factors for high quality veneer logs, along with
diameter, are (1) ring width and (2) uniform growth (Joyce
et al. 1998). Stable uniform growth and the resulting uni-
form density guarantee the high quality of wood required
for oak veneer production. Unfortunately, uniform growth
rate can be disrupted by drought phenomena, with increased
frequency leading to a decrease in the quality of oakwood
(Trouvé et al. 2017). What should be the width of growth
rings for different important end-uses such as veneer produc-
tion? In the past, the veneer producers required very narrow/
fine ring growth i.e. maximum 1.5 mm (Palatinate, Germany,
Viney and Pardé 1960), 1.5-2.0 mm (Bastien 1997) or 2 mm
(Baden-Wiirtemberg, Germany, Kenk 1978; France, Lorne
1956; Pardé 1978). The narrowest growth rings, 1.0-1.2
(1.5) mm, were produced by sessile oak trees in Spessart
(Germany) (Martinot-Lagarde 1970), with a rotation age
of 300 years (Vanselow 1956, in Viney and Pardé 1960).
Growth rings width of 2.0-2.5 mm were targeted in Austria
(Hochbichler 1993), Switzerland (Schiitz 1993), and France
(Dubois 1988; Jarret et al. 1996; Chaar and Colin 1999) in
the past. Currently, the veneer and barrel producers require
wood with semi-wide/semi-fine growth rings (2—4 mm) or
even wide (over 4 mm) (Lemaire 2010). The wood with
fine/narrow growth rings (maximum 2.5 mm) is in demand
especially for wine barrels, veneer and interior carpentry,
while wood with wider growth rings (over 2.5 mm) is sought
for roofing, joinery, alcohol barrels, and solid wood furni-
ture (Sardin 2008). However, what counts most in barrel
and veneer production is not so much the width of growth
rings, but their evenness/regularity (Sardin 2008; Robert and
Généré 2010), as very uneven growth tends to produce dif-
ficulties in seasoning and stability (Evans 1984). In silvicul-
tural terms, the option”fine/narrow growth rings” vs’wide
growth rings”should be decided early in a stand’s life to
apply a specific silvicultural regime, which can’t be changed
subsequently (Sardin 2008). As previously mentioned, a spe-
cial use of sessile oak wood is for winemaking (logs class
A, minimum thick-end diameter 40 cm, Lemaire 2010), in
the form of barrels (barrique) or as floating chips or staves
added to the wine, in order to modify the tannin, texture,
flavour profile and to vary the colour of wine. A 1-m? ses-
sile oak wood can produce 6 barrels of 225-228 L, with an
individual selling price between 400 and 900 € (Del Alamo-
Sanza and Nevares 2019).

A major defect in newly felled oak tree is the so-called
shake, either star shake (a longitudinal splitting or separa-
tion in the wood, radiating from the centre of the log), or
ring shake (splitting along the growth ring). This defect
causes the timber to split along the shake during process-
ing, thereby reducing the value of what may otherwise
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be a quality log to that of firewood or fencing material
(Joyce et al. 1998). In Britain, about 21% of all oaks may
be affected by shake, leading to an annual loss of income
of between 3 and 8 million pounds (Hemery and Simb-
let 2014). Shakes in oak timber occur most commonly on
drought-prone sites (Henman 1984, cited by Savill 2013);
water stress can trigger shakes in oak trees that have a
predisposition to this defect, which is believed to be highly
heritable (Kanowski et al. 1991, cited by Savill 2013). The
trees flushing latest in any year are also those with largest

Table 6 Prices of sessile oak logs in selected European countries

earlywood vessels, and hence are the most predisposed
to shake (Lechowicz 1984; Savill and Mather 1990, both
cited by Savill 2013). In this respect, after recognizing
such shake-prone trees, it is the role of early thinning to
remove them, leaving the shake-free individuals to the end
of the rotation (Savill 2013). Sessile oak wood has a very
wide range of selling prices, depending on the final-use
of logs, with the good oak timber fetching extraordinary
high prices (Table 6).

Country Price of logs used for... (€ m™) Source Observations
Veneer Sawmilling Railway Vine stakes Firewood
sleep-
ers*®
Bulgaria 203.6 127.8 183.3 56.2 Tsavkov pers.comm  Warehouse price
Czech Republic 644 165%-394%* 45 Podrazsky pers. *Class II; **Classes
comm IIla and I1IB
Croatia 312%-553%* 132k DD 4%k 18 43 Croatian Forests Ltd  *dbh 40—49 cm;
2023 **dbh > 70 cm;
*#%dbh30—49 cm;
*#%*dbh > 50 cm;
all stumpage price
North Macedonia 94*-100%* 44#*%_58*#*%k  PE National Forests  *dbh 30-39 cm;
2023a **dbh > 50 cm;
##%kend d 3-7 cm;
****end d
7-16 cm
Serbia 259*-486%* 137##%_17QH*** 43 312.41° https://srbijasume.rs/ *dbh 40-49 cm;
kupci/cenovnici- **dbh > 60 cm;
kupci/ **%dbh 3049 cm;
###%kdbh > 50 cm;
aclass IT; Pclass 1
Slovakia 580%—700%* 300%**—400%*** Pastor pers.comm Ist class: *d
130°-160° 30-39 cm;
**d> 60 cm;
3rd class (A):
##%d 30-39 cm;
% > 60 cm;
3rd class (D):
d 30-39 cm;
d>60 cm
Slovenia 325%_375%* 100 WCM Info Gozd *d <50 cm;
2024 **d>50 cm
Ukraine 546 Lavnyy pers.comm
Romania 140 20 https://www.rosil Stumpage price
va.ro/rnp/preturi_
vanzare_m_l_p_
2024__p_1697.htm
Germany Up to 1200 (top  Up to 600 30-45 Vor pers.comm Stumpage price
prices up to
3700)
Denmark Max 560%* 30-70 Madsen pers.comm  *Range 95-560

(mid-diameters
40—+60 cm,
classes A-D)
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Two examples are interesting related to the price of ses-
sile oak high quality wood:

¢ In Slovenia, during an auction of valuable wood lots, the
average price of logs (1911 pieces) was 442 € m™>; the
most expensive individual log was sold with 1751 € m™>
(Gozd in Gozdarstvo 2024);

e In Romania, during similar auctions held between 2003
and 2017, the average price of logs (2171 pieces) was
380 € m~3; the price of sessile oak logs reached a maxi-
mum of 1162 € m™> (Oprea 2022).

Regeneration ecology

Sessile oak starts producing large amounts of seeds at
between 40 and 50 years (UK, Evans 1988; Worrell
and Nixon 1991; Kerr and Evans 1993), about 50 years
(Hungary, Solymos 1993), over 50 years (Ireland, Joyce
et al. 1998), 50-70 years (Germany, Kleinschmit 1993),
60-70 years (Romania, Negulescu and Stdnescu 1964;
Haralamb 1967; Constantinescu 1976; Stinescu 1979;
Stanescu et al. 1997), 60-80 years (Romania, Negulescu
and Savulescu 1957, 1965). The interval between suc-
cessive mast years ranges widely: 2-5 years (UK, Evans
1988; Kerr and Evans 1993), 2-10 years (UK, Savill and
Kanowski 1993; Germany, Haane 2020), 3—4 years (Turkey,
Urgeng 1998; Canake1 2011), 3—10 years (Germany, Klein-
schmit 1993), 4-6 years (Croatia, Podan pers.comm.), 4-6 a
(Romania, Negulescu and Savulescu 1957, 1965; Haralamb
1967; Constantinescu 1976; Stanescu 1979; Damaceanu
1984; Stidnescu et al. 1997), 5-7 years (Poland, Andrzejc-
zyk 2009; Romania, Purcelean and Ciumac 1965), 5-8 years
(Germany, Ellenberg and Leuschner 2010), 5-10 years
(Ireland, Joyce et al. 1998), 610 years (Hungary, Solymos
1993), 8 years (Savill 2013). However, under the existing
climate changes, the frequency of mast years in sessile oak
has increased in recent decades in countries such as Ger-
many (Haane 2020) and Poland (Pesendorfer et al. 2020).
The phenomenon of increased seed yield was encountered
recently under the same climates (Caignard et al. 2017,
cited by Girard et al. 2022). Unfortunately, before germi-
nation, the acorns can be badly affected by acorn weevil
(Curculio glandium Marsham) predation and, on a smaller
scale, by the acorn moth (Cydia splendana Hiibner), making
them incapable of germination (Negulescu and Sdvulescu
1965; Bary-Lenger and Nebout 1993; Stanescu et al. 1997;
Annighofer et al. 2015; Birkedal et al. 2009, cited by Medina
et al. 2024). Under high predation by these pests, the propor-
tion of acorns that could potentially germinate under natural
conditions was only Y to '/; of the total dispersed acorns
(Kanjevac et al. 2017).

The density of acorns per m? under the stand canopy
can be huge: on average 50 acorns m~2, but reaching 800
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acorns m~2 in excellent mast years (Andrzejczyk 2009).

Consequently, natural regeneration by seed of sessile oak
can have initial densities of 300 seedlings m~2 or even
more (Evans 1988) (Fig. 4).

Unfortunately, in mast years, high acorn production
frequently results in high seedling densities but with few,
if any, surviving (Annighofer et al. 2015). After the first
year, natural elimination can be high with seedling den-
sity reduced to a maximum of 100 seedlings m~2 by the
middle of first growing season (Evans 1988). This is the
result of light shortage (sessile oak regeneration is able
to persist/survive in shady forest understories at light lev-
els of about 15% of open field conditions, while levels
over 20% are necessary for continuous height growth,
Rohrig et al. 2006, cited by Kuehne et al. 2020; Babic
et al. 2021), winter frosts, summer drought, browsing,
and strong competition of ground vegetation and tree spe-
cies such as European beech, European hornbeam, field
maple, small-leaved lime, Betula spp., Salix spp., (Ciumac
1967; Annighofer et al. 2015; Molder et al. 2019; Kuehne
et al. 2020; Kanjevac et al. 2021; Stimm et al. 2022). In
the second growing season, natural dieback can result in
40-50% of initial density (Ciumac 1967). Consequently,
the density of seedlings reaching the sapling stage can
be as low as 30,000 individuals ha™! (Ddm#ceanu 1984).
Sessile oak has high aptitude for resprouting (Negulescu
and Savulescu 1957, 1965; Eaton et al. 2016), so it can
be coppiced until old: up to 60—80 years (Jacamon 1987)
or up to 100 years or even indefinitely (Nicolescu et al.
2018). Its sprouts grow vigorously while young (Stdnescu
1979) but the sprouting potential declines gradually with
age and production volume decreases after a number of
coppice rotations (Joyce et al. 1998).

Fig.4 Very dense natural regeneration of sessile oak (photo V.N.
Nicolescu)
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Sessile oak vulnerabilities to abiotic and biotic
disturbances

Sessile oak is sensitive to extreme low winter temperatures
(Haralamb 1967; Boudru 1989a; Odabasi et al. 2004a; Brus
2011; Boncina et al. 2021; Kanjevac et al. 2021), which start
at (— 10 °C), provoking frost cracks in the trunk (Jacamon
1987; Pagan 1999), which are increased by acid soils (pH
4.0-4.5 °C) (CNPF 2023), sandy or clayey soils, periods of
soil flooding during winter time (Bary-Lenger and Nebout
1993; Pagan 1999). Early autumn frosts can cause damage
to the non-hardened summer shoots (Radkov and Minkov
1963; Timbal and Aussenac 1996; Chaar and Colin 1999;
Geng 2004). It also suffers from late spring frosts (Haralamb
1967; Timbal and Aussenac 1996; Pagan 1999; Oztiirk 2013;
Bartsch et al. 2020; Ata 2021; Kanjevac et al. 2021), when
temperatures of-3 °C will kill new foliage (Savill 2013), as
well as leaves or even flowers (Jacamon 1987; Bary-Lenger
and Nebout 1993). However, sessile oak is able to avoid such
frosts as it is among the last trees to flush, normally in mid-
to late April, or even May (Joyce et al. 1998; Savill 2013).
Last but not least, sessile oak is sensitive to extremely high
summer temperatures, combined with low rainfall, when it
can be easily damaged if there is no protection from the can-
opy above (Zafirov and Kostov 2019; Kanjevac et al. 2021).
It is resistant to strong winds so not prone to wind dam-
age (except when this contains salt particles) (Geng 2004),
owing to its deep rooting (Michiels 2014; Spiecker 2021).
Sessile oak is currently highly threatened by pests and
pathogens in Europe. Fungi, including Ciboria batschiana
(Zopf) Buchw., Pythium spp., Fusarium spp., Rhizoctonia
spp., Phytophtora spp. can cause seedling damping-off.
Erysiphe alphitoides (Griffon &Maubl.) U. Braun & S.
Takam causes powdery mildew on sessile oak leaves (Ogris
et al. 2009). Other fungi such as Rosellinia quercina Har-
tig, Armillaria mellea [Vahl. ex. Fr.] Kummer, Collybia
fusipes (Bull. ex Fr.) produce the root rot (Stocka 1997,
Karadzi¢ and Milijasevi¢ 2005; Marcu 2005; Sedlar 2009;
Bencheva and Doychev 2018; Puhek 2023). Various fungi
species such as Phellinus dryadeus (Pers. ex Fr.) Pat, Phel-
linus robustus Karst., Polyporus sulphureus Bull. ex Fr,
Fistulina hepatica Huds. ex Fr., attack standing trees and
cause wood rot (Bary-Lenger and Nebout 1993; Marcu
2005). Infestation by the semi-parasitic species Loranthus
europaeus Jacq. on sessile oak branches has increased in
recent decades (Slovenia—Ogris et al. 2009; Bulgaria—
Bencheva and Doychev 2018; Czech Republic—Podrazsky
pers.comm.). It seriously threatens the physiological and
growth performance of sessile oak trees, reducing their leaf
water potential, transpiration rate, stomatal conductance, so
decreasing CO, assimilation rate. The reduction in carbon
assimilation led to a lower stem increment (both diameter
and height) and leaf size in infested sessile oak trees (Kubov

et al. 2020). Important insect pests of sessile oak trees are
defoliators such as Thaumatopoea processionea L., Tortrix
viridana L., Lymantria dispar L., Operophtera brumata
L., Erannis defoliaria (Clerk), Euproctis chrysorrhoea L.
(Negulescu and Savulescu 1957, 1965; Krahl-Urban 1959;
Bary-Lenger et al. 1988; Marcu and Simon 1995; Vucelja
et al. 2012; Bonfils et al. 2015; Bencheva and Doychev 2020;
Puhek 2023). The stands affected by these defoliators can
be secondarily attacked by very aggressive pests such as
Agrilus biguttatus (Fabricius), a beetle species involved in
the terminal phase of oak decline phenomenon provoking
tree death (see below—Lupdstean 2023). In the last dec-
ade, many European oak forests have been badly affected
by Corythucha arcuata (Say), an invasive arthropod caus-
ing tree defoliation or increasing susceptibility of the host
to various diseases or pests when infestations are severe
(Tomescu et al. 2018). This species is the most threatening
invasive species in European oak forests, with multiple nega-
tive effects on the oaks themselves as well as on the oak for-
est web (Ciceu et al. 2024). Many insect pests, the majority
of them wood boring such as Cerambyx cerdo L., Cerambyx
scopolii Fuesse, Cossus cossus L., Zeuzera pirina L., affect
sessile oak wood, drastically reducing its value (Bary-Lenger
and Nebout 1993; Marcu and Simon 1995; Bencheva and
Doychev 2018). The most important current health prob-
lem of sessile oak is the so called oak decline, a deteriora-
tion in the vitality of oak populations that has been occur-
ring in Europe since the beginning of the twentieth century
(Lupéstean 2023). It is “characterised by cyclic episodes of
rapid mortality in local but widespread centres, followed by
decreasing and slower mortality” (Thomas et al. 2002). At
individual level, the main visible symptom is deteriorating
crown condition (Thomas et al. 2002). Many abiotic and
biotic factors contribute to this decline, part of the broader
problem of forest decline (Fiihrer 1996, in Lyubenova et al.
2024). These factors are grouped into (a) predisposition fac-
tors (soil changes, mycorrhiza, pollution, genetics), (b) incit-
ing factors (drought, other climating factors—waterlogging,
cold winters, frost, defoliating insects), and (c) contributing
factors (pathogens such as Armillaria spp., Phytophthora
spp., Erysiphe alphitoides, wood and bark boring insects
such as Agrillus biguttatus) (Oszako 2000; Karadzi¢ and
Miljjasevié¢ 2005; GoBwein and Lobinger 2014; Bonfils
et al. 2015; Bartsch et al. 2020; NW-FVA 2022; Lupastean
2023; Puhek 2023; Tkaczyk 2023; Gosling et al. 2024) They
are also grouped (Gosling et al. 2024) into (I) primary [(1)
abiotic stressors such as drought, extreme temperatures,
poor soils, (I) anthropogenic pressures such as urbaniza-
tion, deforestation, pollution, and (III) genetic limitations,
specifically limited diversity], (II) secondary [(a) pathogens
like Phytophthora quercinaT. Jung and T.I. Burgess, Bren-
neria goodwinii Denman et al., (b) insects such as Agrilus
biguttatus and Corythucha arcuata and, (c) parasitic plants
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including Loranthus europaeus], as well as (III) interactions
between them, which include combined biotic and abiotic
stressors i.e. drought and insect defoliation and pathogens.
However, most episodes of oak decline are associated with
repeated and prolonged climatic stressors such as drought,
waterlogging, frost or unusually high temperatures (Rod-
riguez-Calcerrada et al. 2017).

Sessile oak trees are widely considered as being prone
to game damage affecting the leaves and twigs (roe deer
Capreolus capreolus L., red deer Cervus elaphus L., fal-
low deer Dama dama L.), bark (European hare Lepus euro-
paeus Pallas and European rabbit Oryctolagus cuniculus
L.), acorns (wild boar Sus scrofa L., European hare and
European rabbit, red squirrel Sciurus vulgaris L., European
dormouse Glis glis L.) (Bary-Lenger and Nebout 1993;
Margaleti¢ 2003; Gaci¢ et al. 2006; Vor pers.comm; Klisz
pers.comm.; Madsen pers.comm.). Deer browsing can be a
critical limiting factor for regeneration of sessile oak, but
the species is less damaged by browsing when compared
to broadleaves such as Acer pseudoplatanus L., Sorbus
aucuparia L., Fagus sylvatica L. or conifers like Abies alba
Mill. (Vacek et al. 2019 and Fuchs et al. 2021, both cited
by Cerny et al. 2024b). Consequently, measures such as
individual protection of seedlings (netting, repellents: Slo-
vakia, Pastor pers.comm.; Croatia, Margaleti¢ 2003), use
of slow-acting rodenticides (Croatia, Margaleti¢ 2003) as
well as the fencing of large regeneration areas are common
in various European countries (Sweden, Leonardsson et al.
2015; Czech Republic, Podrazsky pers.comm.; Denmark,
Madsen pers.comm.; Turkey, Ayan pers.comm.; Slovakia,
Péstor pers.comm.; Germany, Molder et al. 2019; Vor pers.
comm., Poland, Klisz pers.comm.). However, although these
have positive effects protecting the individual trees or large
regeneration areas against browsing, treeshelters and fences
are expensive (i.e. over 5 € per tree, including posts and
cable ties, for treeshelters, or over 6000 €ha~!, in case of
fences, as in Germany, Vor pers.comm.).

Management of sessile oak for wood production
Goals

Across Europe, sessile oak management mostly targets the
production of large dimension, high-quality, logs for exam-
ple for veneer, sawtimber, barrels, solid furniture, flooring.
This is because, as stressed by Dricea (1923), over one cen-
tury ago, quality not quantity of sessile oak timber should
be the most important preoccupation of foresters. One of
the disadvantages of this management focus on high-quality
sessile oak timber for the most valuable products such as
sawlogs and veneer logs is the long rotations (Lof 2024).
These are usually at least 120 years but, especially in the
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past, in countries such as France, or in traditional regions for
sessile oak high-quality production such as Spessart, these
can be 240 years or even longer (Table 7).

In countries such as France, the rotation age has decreased
over time, as forestry has become more dynamic enabling
production of large-diameter trees at younger ages. However,
long rotations are still needed to produce the large-diameter
logs required by the veneer and barrel industries, but this
can easily become unrealistically long for profitable forest
management (Madsen pers.comm.). This economic disad-
vantage is compensated by the high price of the valuable ses-
sile oak timber (Spiecker 2021). The long-term increase in
productivity of European forests suggests that current young
oak stands could produce as much in 130 years as stands
harvested 30 years ago at the age of 180 years (Stimm et al.
2022). An important factor is early and heavy crown thin-
ning, which has a strong positive influence on the growth of
final crop trees, which can reach their target diameter much
earlier so reducing the rotation age (Stimm et al. 2022). Ses-
sile oak wood is also used for paneling, joinery, construc-
tion, doors, windows, and in the mining industry. All these
wood products originate from stands treated as high forest
or coppice-with-standards, where sessile oak is the domi-
nant tree species (high forest), or from standards (coppice-
with-standards). In addition, an important amount of sessile
oak wood, originating mostly from coppiced forests, is still
sold for firewood (éufar 2006; Kadunc 2010; Sarvas et al.
2010; Alexandrov and Dobrev 2015; Oztiirk 2013; Giefing
et al. 2014). Production of high-quality sessile oak timber
requires the application of a tree silviculture, based on three
principles:

1. Natural or artificial regeneration;
Presence of an understorey/secondary storey;

3. Permanent and gradual selection of the best individuals
(Bary-Lenger and Nebout 1993).

In general, management of sessile oak for wood produc-
tion includes different stages or activities as shown in Fig. 5.

Regeneration and stand establishment
Background

Sessile oak is one of the few major tree species regenerated
in high forests, coppice-with-standard forests and coppice
forests, as “there is no single and unique silvicultural regime
valid for oaks” (Bonfils et al. 2015). High forests are regen-
erated by seed (naturally or artificially by planting or direct
seeding) and natural regeneration by seed should be a prior-
ity in regenerating sessile oak as is done in countries such
as France, Romania, Bulgaria, Croatia, Turkey, Slovenia,
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Table 7 Rotation age of sessile oak in different European countries

Country

Rotation age, years

Source and observations

France

United Kingdom

130-140%...180-190° (dynamic silviculture)
105-110%...155-165" (silviculture involving high thinning
completely removing the competitors of final crop trees)

Over 120

France 120-150

France 150-240

France 150-200

France 160-180 [range (130) 150-240]

France 180-200

France 180-250 (even longer)

France 185-205*

Denmark 120-160

United Kingdom  120-160
Over 120
130-160

Austria (120) 140-160

Romania 120°-140° (regenerated by seed for sawlogs);
100°-120° (regenerated by stump shoots, for sawlogs)
160-180 (stands for veneer production)

Switzerland 160 (range 140-180)

Slovenia Maximum 130

Croatia 120 (high forests); 80 (simple coppice forests)

North Macedonia

120 (high forests); 50 (simple coppice forests)

Germany 140-240
Germany 300 (Spessart)
Poland 120-240 (most common 120-160)
Czech Republic 120-160 (high forest)
40 (range 30-50) (simple coppice)
Serbia 120%-130° (high forests); 70°~90¢ (simple coppice forests)
Ukraine 111-120
Ireland 90-110
Turkey 40-50 (simple coppice)
Bulgaria 120 (high forest, production classes I-1I)-160 (high forests,

production classes IV=V); 90-100 (simple coppice forests,
production classes I-11II); 55-60 (simple coppice forests,
production classes [IV-V)

Sardin 2008

*Very high fertility, log quality A-B
Low fertility, low quality A-B
Savill 1991, 2013

Timbal and Aussenac 1996

Cochet 1971

Bastien 1997

Duplat 1992

Lafouge 1990

Sevrin 1996; Chaar and Colin 1999
Jarret et al. 1996 (*traditional/classical silviculture)
Madsen pers.comm

Evans 1984; Kerr and Evans 1993

Savill 1991, 2013

https://www.forestresearch.gov.uk/tools-and-resources/tree-
species-database/131560-sessile-oak-sok/

Hochbichler 1993

MMAP 2022d
%Vth production class; °Ist production class

Schiitz and Badoux 1979; Schiitz 1993
Brus comm.pers
Regulation on Forest Management (2018)

Ministry of Agriculture, Forestry and Water Management
(2019)

Vor pers.comm
Viney and Pardé 1960; Martinot-Lagarde 1970
Forest Management Manual 2023

Podrazsky pers.comm
Stochlova and Hédl 2018

Medarevic et al. 2006
aproduction functions; bprotection functions; “well-preserved
stands; Yprotective forests

Lavnyy pers.comm

Joyce et al. 1998

Baris Ozel and Ertekin 2018
https://www.iag.bg/data/docs/nareba_18_inventarizaciq.pdf

In coppice-with-standards, rotation of the sessile oak standards, in general, is 100~130 years (Crowther and Evans 1984; Garfitt 1995, both in

Nicolescu et al. 2018; Hochbichler 1993)

Serbia and North Macedonia (Radkov 1948; Radkov and
Minkov 1963; Mati¢ 2000; Odabasi et al. 2004b; Sardin
2008; Lemaire 2010; Kohler et al. 2020; Bon¢ina et al. 2021;
MMAP 2022a). As natural regeneration by seed presents
difficulties many sessile oak forests in central Europe have
been artificially established by planting or direct seeding
for example in Germany, Belgium, Czech Republic, Hun-
gary, Austria (Kenk 1984; Boudru 1989b, 1992; Hochbichler
1993; Solymos 1993; Molder et al. 2019; Kohler et al 2020;

Podrazsky pers.comm.). This is necessary because, even
after a mast year, resulting in high seedling densities, few if
any survive without the control of deer and wild boar, light
demand and competition (Annighofer et al. 2015). However,
even in Germany, natural regeneration by seed as well as
direct seeding are commonly applied in the south and south-
west of the country, where this is a long established tradi-
tion (Molder et al. 2019). Modern silvicultural planning for
sessile oak forests in Europe favours natural regeneration

@ Springer


https://www.forestresearch.gov.uk/tools-and-resources/tree-species-database/131560-sessile-oak-sok/
https://www.forestresearch.gov.uk/tools-and-resources/tree-species-database/131560-sessile-oak-sok/
https://www.iag.bg/data/docs/nareba_18_inventarizaciq.pdf

78 Page 16 of 37

V.-N. Nicolescu et al.

Regeneration and stand establishment
a. Natural: by seed, by stump shoots
b. Artificial: by planting, by direct seeding

Tending of young stands and commercial thinning

a. Young stands management: release cutting,
cleaning-respacing

b. Commercial thinning

c. Artificial pruning

Management of sessile oak for wood
production

Uneven-aged stands and
irregular silviculture

Conversion of sessile
oak coppice forests

Fig. S Conceptual figure of management of sessile oak for wood production

following the principles of close-to-nature silviculture, with
the advantages over artificial regeneration including (1) pres-
ervation of autochtonous genetic diversity, (2) natural selec-
tion from a vast number of individuals, (3) facilitation of the
formation of undisturbed root systems (Kohler et al. 2020;
Kanjevac et al. 2021), as well as (4) lower costs and (4)
vigorous and site-adapted species (Annighofer et al. 2015).

Natural regeneration by seed

Sessile oak regenerates naturally under the shelter of old
stands by using silvicultural systems such as uniform
shelterwood cutting, group shelterwood cutting, and
irregular shelterwood cutting. Uniform shelterwood cut-
tings are recommended in countries such as France (Sar-
din 2008; Lemaire 2010; CNPF 2023; Unisylva 2024a),
Germany (Liipke 2008; Kuehne et al. 2020, both cited
by Kohler et al. 2020), Bulgaria (Radkov 1948; Radkov
and Minkov 1963), Turkey (Caligkan et al. 2004; Odabas1
et al. 2004b), Croatia (Mati¢ 2000), North Macedonia
(Trajkov pers.comm.), Poland (Klisz pers.comm.). It is
particularly important for pure sessile oak stands and
begins with a seeding cut, carried out either after a mast
year or, preferably, following the establishment of a new
cohort/generation under the old stand. The intensity of
seeding cutting reaches (30) 40-50% by number of trees
(Sardin 2008; CNPF 2023), 30-40% (Boudru 1989b) or
even 50% by standing volume (Bary-Lenger and Nebout
1993; Lemaire 2010). This cut is followed by second-
ary cuttings (1-3 interventions, every 3-5 years, to pro-
vide light to the established seedlings), and the final cut
removing the last residual old trees (Lorentz and Parade
1883; Boudru 1989b; Bary-Lenger and Nebout 1993; Bal-
leux 2006; Lemaire 2010; CNPF 2023; Unisylva 2024a).
This final cut is recommended when seedlings are no
taller than 50-70 cm (Bary-Lenger and Nebout 1993)
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or a maximum of 80 cm in height (Balleux 2006; Sardin
2008). The regeneration period had decreased from 10 to
15 years (centre-west of France, Boppe 1889; Belgium,
but preferably 10 years, Bary-Lenger and Nebout 1993)
to a maximum of 12 years (Sardin 2008) or even less than
10 years (Serbia: 6-8 years—Kanjevac et al. 2021; Bel-
gium: 6-9 years, Balleux 2006; France: 8 years, Lemaire
2010; 8-10 years, Unisylva 2024a). Sometimes, when
the last thinning has not achieved the objectives of stand
preparition for regeneration in terms of number of trees
per ha or species composition, then so-called preparatory
cuttings are applied in the last decade before the seeding
cutting (Bary-Lenger and Nebout 1993). The success of
regeneration depends on the interventions coupled with
the regeneration cuttings: (I) removal of understory woody
species and ground vegetation to reduce the competiton
for resources, particularly light, before the establishment
of a new cohort/seeding cutting, (I) opening of skidding
trails, 4 (5) m wide, every (15) 20-30 m, during seeding
cutting, to extract the old trees and reduce the potential
logging damage, and (iii) opening of silvicultural racks,
2-2.5 m wide, every 5—-6 m, during the secondary or final
cutting, to enable future tending operations such as release
cutting and cleaning-respacing (Bary-Lenger and Nebout
1993; Balleux 2006; Sardin 2008; Lemaire 2010; Unisylva
2024a). Group shelterwood cuttings are used in countries
such as Bulgaria (Kostov 2018), Romania (Haralamb
1967; Constantinescu 1973; MMAP 2022a), Turkey
(Odabast et al. 2004b), Slovakia (Sarvas et al. 2010), Ser-
bia (Krsti¢ et al. 2005), and Poland (Klisz pers.comm.),
especially in mixed stands with sessile oak, as this needs
shelter in the early stages of development (seedling, sap-
ling). A similar succession of cuttings (seeding/for open-
ing of gaps, secondary/for enlarging the gaps, and final)
were also used. When necessary, preparatory cuttings as
in case of uniform shelterwood cuttings are applied. The
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recommended size of gaps/openings is variable: 0.1 ha
(mixed European beech-oak stands in Germany—Stimm
et al. 2022), at least 0.16 ha (Switzerland—Ammann
et al. 2024), 0.2 ha (50 m in diameter; Germany, Liipke
2008), at least 0.2 ha (Kuehne et al. 2020), 1-1.5 X mean
stand height (Romania, MMAP 2022a; Denmark, Mad-
sen pers.comm.). The size of canopy opening is crucial
for height increment, with seedlings performing best
with light conditions at least 50% of open field levels;
this was also found with canopy openings at least 0.2 ha
in size (Modrow et al. 2020). For instance, in pure ses-
sile oak stands located on south-facing slopes, the recom-
mended diameter of circular gaps is 1 X mean stand height
increasing to 1.5 X mean stand height on shaded slopes
(MMAP 2022a). In sessile oak-dominated stands, which
include other broadleaved species such as European beech,
European hornbeam, small-leaved lime and field maple,
ellipse-shaped gaps are recommended, with the long axis
1.5 X mean stand height long on the EW direction, and the
short axis 0.5—1.0 X mean stand height long. The gaps are
enlarged by cuttings advancing from north to the south
(MMAP 2022a). However, as pointed out by Kohler et al.
(2020), there is no robust evidence on the size and shape
of gaps required to provide enough light for survival and
growth of a new cohort of sessile oak seedlings. The rec-
ommendation that canopy openings between 0.1 ha and
0.3 ha in size would be sufficient to naturally regenerate
sessile oak has limited validity because the studies this is
based on did not include larger canopy openings for com-
parison (Kohler et al. 2020). The recommended regenera-
tion period for group shelterwood cuttings is shorter than
that for uniform shelterwod cuttings ranging between 5
and 7 years (Purcelean and Ciumac 1965; Haralamb 1967,
Dédmaéceanu 1984). If this period extends to 10 years, the
young generation will be taller than 100 cm and can be
badly affected during skidding (Ddméceanu 1984). In
case of irregular shelterwood cuttings, recommended in
countries such as Bulgaria (Kostov 2018), Germany (ML
and MU 2018, cited by Kohler et al. 2020), Slovenia (the
dominant silvicultural system for the regeneration of ses-
sile oak stands, Bon¢ina et al. 2021), Romania (MMAP
2022a), the gap size ranges from that recommended for
group shelterwood cuttings (1-1.5 X mean stand height in
Romania, MMAP 2022a) to 0.3-0.5 ha (Germany, ML and
MU 2018, cited by Kohler et al. 2020), or up to 0.5 ha,
sometimes even 0.5-2.0 ha (Slovenia, Boncina et al.
2021). Within the gap, during seeding cuttings/opening of
gaps, all trees are removed after the establishment of a new
cohort or the canopy cover is reduced to 50% after a mast
year. The residual trees are cut after new cohort establish-
ment, in 1-2 interventions, depending on the regenerated
seedlings. Consequently, at gap/opening level, there are
1-3 cuttings, whereas at stand level this reaches 4-8. The

regeneration period is extended up to 30 or even 40 years,
and the result is an irregularly structured stand (MMAP
2022a).

Regenerating oak naturally in small canopy openings
seems to be possible in principle as already shown by the
nineteenth century silviculture in the Spessart Mountains.
But, owing to the short duration of most studies, this con-
clusion is only partially based on sufficient/strong evidence
and needs to be reassessed in future medium- to long-term
studies (Kohler et al. 2020). The interventions applied to
uniform shelterwood cuttings in order to increase the success
of regeneration e.g., (I) removal of understory woody spe-
cies as well as ground vegetation before the establishment of
a new cohort/seeding cutting, (II) opening of skidding trails,
and (III) opening of silvicultural racks, are also necessary in
the case of stands treated with group shelterwood cuttings
and irregular shelterwood cuttings.

Regeneration by stump shoots

Oak coppice forest has been widespread in Europe for the
last 1000 years, meeting social and economic needs in pre-
industrial Europe, and these are normally rich in biodiver-
sity and associated with cultural values (Lof 2024). Simple
coppices of sessile oak are regenerated by stump shoots on
a small-scale in countries such as Austria (Kithmaier et al.
2018), Bulgaria (Markoff et al. 2018; Tsavkov pers.comm.),
Croatia (Dubravac et al. 2018), France (Ruch et al. 2018),
Slovenia (Krajnc et al. 2018), Czech Republic (Matula et al.
2012; Stochlova and Hédl 2018), Turkey (Baris Ozel and
Ertekin 2018) and North Macedonia (Trajkov pers.comm.).
In the latter country, over 70% of the area of coppice forest is
treated by clear-cutting, followed by regeneration by stump
shoots, while the rest of the stands are converted to high
forests (Trajkov pers.comm.).

Artificial regeneration
Background on seed origins

A very important issue to address in relation to the artificial
regeneration of sessile oak is the origin of seeds. Should
they be solely from local seed sources or from other regions,
as the latter are better adapted to the changing climate? In
this respect we should take into account the warning by
Ledig and Kitzmiller (1992, cited by Aitken and Bemmels
2016): “If global warming materializes as projected, natural
or artificial regeneration of forests with local seed sources
will become increasingly difficult. Planting programs may
have to deploy non-local seed sources, imported from further
south or from lower elevations...”.
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Across its distribution range, sessile oak shows high lev-
els of phenotypic plasticity, enabling the species to adapt
to a broad range of environments and, consequently, to dis-
play good resilience in response to climate change (Séenz-
Romero et al. 2019). It shows a high level of genetic dif-
ferentiation for adaptive traits as well as a clinal genetic
variation along temperature gradients linked to latitude or
altitude (Alberto et al. 2011 and Vitasse et al. 2009, both
cited by Sédenz-Romero et al. 2019). Therefore, popula-
tion level variation must be taken into account when trying
to predict the response of oaks to climate change (Séenz-
Romero et al. 2019). In Europe, Q. petraea is found in (a)
large, contiguous stands, with a high level of diversity most
likely due to the maintenance of very large population sizes,
gene flow over distances, and interfertility (Goicoechea et al.
2012), or (b) as scattered, fragmented, and heavily altered
populations (Eusemann and Liesebach 2021). The extensive,
apparently homogenous sessile oak forests are far from uni-
form at the genetic level. On the contrary, they form highly
complex mosaics of remarkably small local neighborhoods
(Eusemann and Liesebach 2021). In fragmented populations,
sessile oak (an anemophilous and allogamous species) shows
remarkable dispersal capabilities, with a mean pollen dis-
persal distance of 22.6 m (+ 17.4 m, range of 3.2-72.8 m)
and a mean seed dispersal distance of 8.4 m (+ 10 m, range
of 0.2-81.9 m). However, it is considered that fragmented
stands are much better connected by pollen-mediated gene
flow that would be expected by their physical appearance
(Eusemann and Liesebach 2021). This gene flow across the
landscape maintains a high level of reproductive connectiv-
ity between sessile oak fragments. Within-stand gene flow is
supplemented by a substantial fraction of external gene flow
(10-30% originates from oak stands within a 5x 5 km area,
and 5% of immigrant pollen are dispersed supra-regionally)
(Buschbom et al. 2012). This external gene flow safeguards
genetic diversity and, thus, resilience to future environmen-
tal changes and events (Neale and Kremer 2011, cited by
Buschbom et al. 2012). In this respect, assisted migration
(also referred to as assisted colonization, managed reloca-
tion, assisted translocation), which proposes deliberate dis-
placement of populations and in some cases species, based
on climate change predictions, is proposed. This consists of
transferring populations to new locations (to the north and
at higher elevation than those where they currently grow)
with climates to which they are best adapted (Sdenz-Romero
et al. 2017). Sessile oak populations transferred from milder
to cooler climates should better match new temperature and
moisture regimes than local populations, and may improve
resilience on drought-prone sites, at the expense of lower
growth potential (Aitken and Bemmels 2016; Sdenz-Romero
et al. 2017; Matyéas 2021). Growth decreases when popula-
tions of sessile oak are transferred either to warmer/drier
sites (positive transfer distances), or to cooler/wetter sites
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(negative values) (Sdenz-Romero et al. 2019). As the com-
petition in artificially established stands will thin them over
time, retaining the best adapted individuals, one manage-
ment solution to increase forest resilience is increasing
planting density to allow for greater mortality during estab-
lishment (Aitken and Bemmels 2016). The main problem in
assisted migration is how to use the incoming provenances/
genotypes:(I) alone, as advocated by Matyas (2021) owing
to the slower initial growth of incoming resilient popula-
tions, or (I) as composite provenances, mixing seedlings
grown from local sources intimately with selected non-local
seedlings to increase diversity and resilience, and reduce the
risk of plantation or restoration failure (Aitken and Bemmels
2016). Assisted migration can also be used to supplement an
existing population on a site where numbers are dwindling
(Ducci et al. 2017). Obviously, health risks may arise from
assisted transfer/migration, but better resilience may post-
pone stress-triggered decline and attack by pests and disease
(Csoka et al. 2019, cited by Matyas 2021).

However, as emphasized by Matyas (2021), “The use
of local provenances as a recommended adaptive measure
indicates limited relevance for sessile oak”, and “... to pre-
fer local origins as a universal measure to mitigate climate
change effects has low relevance”.

Artificial regeneration by planting

In countries such as Germany, the Czech Republic, Den-
mark, Poland and Ukraine, sessile oak is mostly established
by planting after clear-felling. The acorns used for planting
originate from forest genetic resources or seed stands (tested
or selected) including the species which covers important
areas i.e. 10,951 ha in France (Doucerain 2020), 8626 ha in
Romania (Parnutd et al. 2012), 4780 ha in Poland (Chatupka
et al. 2011), 4505 ha in Bulgaria (Alexandrov and Dobrev
2015), 2503 ha in Slovakia (Sarvas et al. 2010; Bednarova
2023), 823 ha in Serbia (AndraSev pers.comm.), 353 ha in
Turkey (URL1 2024), 220 ha in Ukraine (Los et al. 2014),
and 126 ha in Slovenia (Brus pers.comm.). Such stands pro-
duce on average 300 kg ha™! of sessile oak acorns, with a
range of 10 to 1000 kg ha™! (Enescu 1982). Other valuable
sources of sessile oak acorns for plant production are seed
orchards (11.0 ha in Poland, Klisz pers.comm.; 1.0 ha in Slo-
vakia, Bednarova 2023; 9 seed orchards in Germany, where
it is planned to increase the number to better select individ-
ual trees that seem adapted for climate change, Hardtke et al.
2016), as well as plus trees (e.g., 365 in Slovakia, Bednarova
2023; 163 in Ukraine, Lavnyy pers.comm.) (Fig. 6).
Acorns of sessile oak are among the heaviest of all native
European tree species with 285-475 seeds kg™!, and a poten-
tial germination of 60-85% (Vlase 1982; Iancu 1999). They
are collected manually, from the ground, with gravity as the
main dispersal agent, but mammals such as red squirrels
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Fig. 6 Sessile oak plus tree in Poland (photo W. Gil)

Sciurus vulgaris L. or mice Apodemus spp. as well as birds
such as European jay Garrulus glandarius L. or woodpeck-
ers Picoides spp. can contribute to dispersal over long dis-
tances (kilometers) (Damian 1978; Stimm and Knoke 2004;
Sarvas et al. 2007, 2010; Kurek and Dobrowolska 2016).
Acorns are collected in October—November and sown in
the nursery either immediately in the autumn (the preferred
period, Rubtov 1958; Tancu 1999), or stored under special
conditions. They should be stored in well-ventilated places,
with a temperature close to 0 °C (Vlase1982) or-3 °C
(Joyce et al. 1998) and a moisture content of 40-42% (Vlase
1982) or 42-48% (Joyce et al. 1998). If these conditions
are fulfilled, the acorns can be stored for 2 years. If not,
the germination potential of sessile oak seeds lasts for only
6 months (Haralamb 1967). The acorns can be sown in the
nursery in the autumn if the soil has enough moisture and
the seed can germinate until the first frost. Autumm sow-
ing is also preferred due to the higher germination percent-
age (73-93%) than of spring sowing (71-84%) (Rubtov
1958). Before sowing, the acorns are soaked in a solution
of Formalin 1% for 5-10 min to protect them against patho-
gens. Sowing is made on bare ground, in rills, at a depth
of 7-8 cm. In winter this is protected (mulching) using a
thick layer (8—10 cm) of straw, leaves, or reed (Vlase 1982;
Tancu 1999). Spring sowing (March—April, after soaking
the acorns in water for 48 h to return the moisture con-
tent to the desired level, Joyce et al. 1998) is made on bare
ground and in rills (60 cm X 15 cm X 60 cm, to allow for the

Fig.7 Production of seedlings of sessile oak in the south of Romania
(photo V.N. Nicolescu)

mechanized cultivation) at a depth of 4—6 cm. During dry
periods, the seed bed is covered with straw or leaves. This
is removed once the acorns have germinated (usually after
25-30 days, Haralamb 1967), but is kept between the rills
in dry areas. The normal sowing rate is 30-37 acorns m™"
of rill (4000 kg ha™!), and the optimum density of seed-
lings is 2030 plants m~! (Iancu 1999) or 350 plants m~2
(Rubtov 1958). In order to produce a rich root system, the
taproot of sessile oak (40-50 (even 100) cm long after the
first growing season, Haralamb 1967) is undercut (20 cm
below the collar) in the spring of following year (Haralamb
1967; Iancu 1999; Klisz pers.comm.). The use of medium-
large acorns of sessile oak, in combination with undercutting
the taproot, is an efficient tool to produce taller and thicker
seedlings in the nursery (Tilki et al. 2009). Production cycles
of sessile oak bare-root seedlings in forest nurseries is very
variable: 2 years (1 + 1, minimum collar diameter 6 mm, at
least 20 cm height in Romania, Iancu 1999; Abrudan 2006;
Fig. 7), 2 years (1 4+ 1) or 3 years (1 +2) in Turkey (Ayan
pers.comm.), 1 year (minimum collar diameter 2 mm, mini-
mum height 7 cm), 4 years (minimum collar diameter 5 mm,
minimum height 35 cm) in Poland (Rozporzadzenie 2004),
2 years (1+1), 3 years (1+2) or even 4 years (1+3) in
Belgium (Boudru 1992).

Apart from the field/nursery production of sessile oak
bare-root seedlings, container/cell grown production of
plants is also used in different European countries. Large
containers (220-250 cm’, up to 20 cm depth, with no bot-
tom) have provided the best results for species with big
seeds and strong root systems such as sessile oak. They
are filled with a mixture of organic substrate and perlite
in a volume ratio of 2:1, and liquid fertilizers as well as
fungicides are used to increase the height growth and pro-
tect seedlings from pest attacks. Containers are watered
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regularly, especially during warm summer days. Germina-
tion starts mid-April and the 1-year-old seedlings, ready for
planting, attain (10) 20—40 cm in height and a root collar
diameter of 3—-5 mm (Oreskovic et al. 2006; Jokanovic et al.
2024; https://www.lieco.at/en/products/broad-leaves). The
price is variable and depends on the type of seedlings and
country. In case of bare-root seedlings, the current price
per unit is 0.10 € (1-year-old) in Ukraine (Lavnyy pers.
comm.), 0.12 € (2-year-o0ld)-0.17 € (3-year-old) in Poland
(Analiza 2022), 0.25-0.50 € in Czech Republic (Podrazsky
pers.comm.), 0.28-0.38 € in North Macedonia (PE National
Forests 2023b), 0.36 € in Romania (https://www.rosilva.ro/
articole/puieti_forestieri__p_132.htm), 0.36 € in the UK
(https://www.rjtreesandhedging.co.uk/sessile-oak-quercus-
petraea-p45), 0.50 € (1-year-old, 15-30 cm height) to 2.80
€ (4-year-old, 120-150 cm height) in Germany (Vor pers.
comm), 1.40-1.55 € in Slovenia (Drevesnica Stivan 2024).

As for container/cell grown sessile oak plants, the price
per unit is 0.20 € (1-year-old) in Poland (Analiza 2022),
0.25 € in Ukraine (Lavnyy pers.comm.), 2.10 € in the UK
(20-60 cm tall, https://cheviot-trees.co.uk/broadleaves/61-
quercus-petraea-sessile-oak.html), 2.20 € in Austria (1-year-
old, 20—40 cm tall, https://www.lieco.at/en/products/broad-
leaves), even 2.34-3.54 € in the UK (20-40 cm tall, https://
www.planfor.co.uk/buy,oak-sessile,2045,EN). The annual

Table 8 Initial stocking in sessile oak plantations

production of sessile oak seedlings (both bare-root and con-
tainer-grown) is very high: 3.06 million (range 0.323-7.85
million between 1992 and 2022) in Croatia (Podan and
Perié, 2022; Bodan et al. 2023), over 3.5 million in France
(Girard et al. 2022), 25 million in Poland (state-owned forest
nurseries, Analiza 2022). Usually sessile oak plantations are
established in rows; the initial stocking is very variable and
ranges between 2500 and 15,000 individuals ha™! (Table 8).

In Germany, an alternative to the high-density row plant-
ing of sessile oak is cluster planting, comprising 20 to 30
seedlings in either nests (nest planting), with about 0.2 m
between trees, or groups (group planting), with 1 m initial
spacing between trees (Saha 2024). In the group planting
method, circa 20 sessile oak seedlings per group are planted.
These trees are surrounded by 8—16 planted shade-tolerant
trainer trees (e.g. European beech, European hornbeam,
small-leaved lime), in order to accelerate self-pruning of
oaks and maintain the desired branch-free bole length (at
least 25% of tree height) by preventing the formation of
epicormic branches (Skiadaresis et al. 2016; Saha 2024).
The distance between group centers ranges between 10 and
13 m, resulting in 60—100 groups ha™' and an initial plant-
ing density ranging between 1800 and 4200 seedlings ha™'
(Skiadaresis et al. 2016). Ideally, one future crop tree will
emerge from each group to ensure the development of the

Country Initial stocking (plants ha™!)/spacing

Source

Observations

United Kingdom 2500 (2 m X 2 m)—restocking

3100 (1.8 mx 1.8 m)—new planting

6000 +

Poland At least 3000

Belgium 2500 (2 m X 2 m)—3—4-year-old seedlings
3100 (1.8 mx 1.8 m)—4-year-old seedlings
4444 (1.5 mx 1.5 m)—3-year-old seedlings
6400 (1.25 m X 1.25 m)—2-year-old seedlings

Ukraine 4000 (2.5%x1.0)

Austria 4000-6000 (2.2x0.5-0.7 m)

Romania 5000 (2.0% 1.0 m)

Switzerland 5000-6000

Turkey 5000-7000

Slovakia 5000-9000 (1.1 mx 1.1 mto 1.4 mx 1.4 m)

Germany 6000-10,000 (seldom 2,500)
5000-8000

Ireland 6700 (2.0 mx0.75 m)

Hungary 6,000-10,000

Czech Republic 10,000 (1 mx 1 m)

Croatia 10,000-15,000

Kerr and Evans 1993

https://www.forestresearch.gov.uk/tools-and-
resources/tree-species-database/131560-sessi
le-oak-sok/

Andrzejczyk et al. 2023

Bary-Lenger et al. 1988
Boudru 1992

Lavnyy pers.comm
Hochbichler 1993
MMAP 2022¢

50% SOAK50% EB, EH?

60-70% SOAK +30-40%
SLL, CA, WC, NM" (in
groups)

Schiitz and Badoux 1979

Ayan pers.comm

Repac et al. 2017

Kenk 1993

Bartsch et al. 2020

Joyce et al. 1998

Solymos 1993

Podrazsky pers.comm

Mati¢ 1994

3SOAK sessile oak, EB European beech, EH European hornbeam

®SLL small-leaved lime, CA common ash, WC wild cherry, NM Norway maple
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target stand composition (Skiadaresis et al. 2016). Sessile
oak trees planted in groups have comparable quality and
growth to those planted traditionally in rows, group planting
ensuring cost savings in the establishment phase and high
tree species diversity (Skiadaresis et al. 2016; Molder et al.
2017; Andrzejczyk et al. 2023; Saha 2024). Another poten-
tial solution for artificial regeneration of sessile oak, used
especially when natural regeneration fails, is the transplant-
ing of naturally regenerated seedlings, established under the
protective shelter of the parent stand. After one growing
season, the survival rate of 4- and 5-year-old transplants
ranged between 34.3% (open canopy, with direct solar radia-
tion in summer) and 67.1% (under shelter and in areas with
favourable soil moisture content) (Kanjevac et al. 2023). The
cost of row planting per ha is very variable, from about 6000
€ in Bulgaria (includes all costs: soil preparation, planting,
beating-up, weed control, soil cultivation, up to the third
year of plantation, Tsavkov pers.comm.) to 10,000 € in the
Czech Republic (Podrazsky pers.comm.) or up to 18-20,000
€ (including fencing) in Germany (Skiadaresis et al. 2016;
Vor pers.comm.). Consequently, compared to other species,
the cost of establishing sessile oak by planting (including
costs of planting, weed control, protection against browsing
and early tending) is high (Spiecker 2021).

Artificial regeneration by direct seeding

Artificial regeneration of sessile oak by direct seeding is
used especially locally and on a much smaller scale than
the one by planting. It is associated with regeneration of
existing oak stands, when acorns are sown under a light
canopy, providing shelter and protection from frost in
addition to curbing weed growth, which is retained for a
short period (up to 5 years) until the plants are well estab-
lished (Joyce et al. 1998). Two methods of seeding are
employed: broadcast seeding (not a viable option because
of the subsequent problems with competing vegetation)
and drill seeding [drills are opened 1.7-2.0 m apart, 5 cm
deep; the acorns are sown in these at a density of 15-20
seeds m~! (7-5 cm apart), covered with mineral soil and
firmedin—Joyce et al. 1998], which is more suitable and
is the most used. Autumn sowing (October—November) is
preferred so there is no need for winter seed storage (Joyce
et al. 1998; Lukaszewicz and Gil 2007). The amount of
acorns used depends on the seeding method and ranges
from 200 kg ha™! in Poland (Lasy Pafistwowe 2023),
200-1000 kg ha™! in Germany (Bartsch et al. 2020),
300-350 kg ha™! (drill seeding) in Turkey (Huss and Kah-
veci 2009), 400-550 kg ha™! (seed-drill) in Ireland (Joyce
et al. 1998), and 700-800 kg ha~! (broadcast seeding) in
Turkey (Huss and Kahveci 2009). Direct seeding of ses-
sile oak was widely used in the Bavarian Spessart and
Rheinland-Pfalz regions of Germany (Martinot-Lagarde

1970; Joyce et al. 1998). For instance, the famous Spes-
sart forest is based on a very high number of oak seedlings
(50-80,000 ha~!, Kenk 1993) in the phase of establish-
ment, seeded with up to 1000 kg of acorns ha™! of local
provenance (Bartsch et al. 2020). However, as emphasized
by Lof et al. (2019), issues such as poor seed quality, acorn
predation by seed-eating rodents, competing vegetation,
and browsing damage can cumulatively contribute to
reduced seedling establishment that leads direct seeding
being considered unreliable despite being the least costly
approach as a large-scale practice of establishing oaks.

Tending of young stands and commercial thinning
Background

Until 1950’s, sessile oak’s ‘traditional’ (or ‘classical’)
management included low-intensity release cutting and
cleaning-respacing in sapling-thicket stages, followed by
light thinning, especially from below and not including the
selection and favouring of final crop trees (Bary-Lenger
and Nebout 1993; Molder et al. 2019). The production of
very large diameter logs (70-80 cm), with narrow growth
rings [maximum 2 (2.5 mm)] was targeted, and this
approach led to very long rotations (160-200 years, Bag-
neris 1873) or even 200-300 years (Boppe 1889). Modern
silviculture of sessile oak stands generally includes a gen-
eralized practice of release cutting and cleaning-respacing,
sometimes at high intensity, followed by high intensity
thinning from above, with the most profitable final crop
trees selected either at the end of thicket stage or begin-
ning of pole stage (Bary-Lenger and Nebout 1993; Jar-
ret et al. 1996; Molder et al. 2019). These interventions
are controlled using either stand density (number of trees
ha™!) at different ages or stocking (basal area, in m? ha™!),
kept at the same level throughout the whole life of the
stand (Jarret 2004; Sardin 2008; Sardin and Mothe 2010).
Such a ‘dynamic’ approach, targeting the production of
large diameter logs (70-80 cm at quality classes A and
B in France; 60-70 cm in Sweden, Lof et al. 2016), with
wider growth rings (up to 4 mm or even more), is intended
to allow for shortening the rotation age to 100-120 years
(Weaver and Spiecker 1993; Sardin 2008, 2010; Lemaire
2010; Bonfils et al. 2015).

In Germany, sessile oak management is recommended
to be split into two phases: (1) oaks should be cautiously
tended and thinned to stimulate natural pruning and (2)
future crop trees, selected at the beginning of this phase,
should be released strongly to stimulate diameter growth
of the current branch-free boles, leading to a smaller knotty
core (Spiecker 2021).
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Young stand management

Management of young sessile oak stands is based on two
principles: (i) the presence of an understory, subordinate
to the sessile oak overstory, composed of one or more
broadleaves (e.g., European hornbeam, European beech,
field maple, small-leaved lime), to protect the soil and help
natural pruning of oaks, and (ii) a permanent and gradual
selection of the most promising/best individuals of sessile
oak, maintaining their dominant position (Bary-Lenger
and Nebout 1993; MMAP 2022b). It should also take into
account the fact that owing to the low potential of natural
elimination the naturally regenerated sessile oak stands if
kept too dense (sometimes over 30,000 stems ha™!), are
prone to mass snow bending or breakage in the sapling and
thicket stages (Ciumac 1967; Petrescu 1971; Kenk 1993;
Schiitz 1993; MMAP 2022b). However, the resistance of
sessile oak trees to snow damage is also dependent on
genetic factors such as provenance, the faculty of young
trees to hold foliage during the winter (marcescence) being
under genetic control (Schiitz 1993). In this respect, soon
after the establishment of a new sessile oak stand, weeding
is necessary to protect the seedlings against competition
from aggressive ground vegetation. As soon as the sessile
oak stands reach the sapling stage, negative selection con-
tinues with the application of release cuttings, not neces-
sary in pure stands but in the mixed ones, if other species
of trees and shrubs interfere with the growth and devel-
opment of sessile oak trees (Sevrin 1997; Bartsch et al.
2020; Unisylva 2024a). Release cuttings target the balance
between natural pruning of sessile oak (enough competi-
tion) to achieve good stem quality and too much competi-
tion from other species able to outcompete it. If necessary
competing tree species such as goat willow Salix capraea
L., trembling aspen Populus tremula L, silver birch Betula
pendula L., European beech, other very competitive plant
species [e.g., blackberries such as Rubus fruticosus L.,
Rubus hirtus Waldst. & Kit., bracken Pteridium aquilinum
(L.) Kuhn, elderberry Sambucus spp.], or of badly shaped,
damaged or wolf trees should be removed (Sevrin 1997,
Vlad et al. 1997; Vacek et al. 2009; Bartsch et al. 2020;
MMAP 2022b). Tree species able to form the understory
in sessile oak stands such as European hornbeam are pre-
served but in a dominated condition (Schiitz and Badoux
1979; MMAP 2022b). In young naturally regenerated ses-
sile oak stands with maximum mean heights of 3 m, 3—4,
even 5-6 frequent and light intensity release cuttings are
recommended in countries such as France (Buffet 1978,
1980; Dubois 1988) or Belgium (Boudru 1989a; Bary-
Lenger and Nebout 1993). The cycle between the initial
release cuttings is 1 year and is continued for 3 years
(Bary-Lenger and Nebout 1993). In Romania, the release
cuttings (generally 2 interventions) have a cycle of 1-3
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years, the shortest in very productive stands, the residual
canopy cover after each intervention being at least 80%
(MMAP 2022b).

Cleaning-respacing, removing non-desired tree spe-
cies such as pioneers (e.g., trembling aspen, goat willow,
silver birch) as well as wolf, forked or poorly-shaped ses-
sile oak trees while preserving the understory of European
hornbeam or European beech, are performed in the thicket
stage (Ciumac 1965; Diaci 2006; Vacek et al. 2009; MMAP
2022b). Across Europe there are several ways of application
of cleaning-respacing: (I) negative selection and from below,
with 3000-4000 stems ha~! at the end of thicket stage, as
in Poland (Lasy Paristwowe 2023), (II) negative selection
and from above as in Czech Republic (Vacek et al. 2009)
and Slovenia (Brus pers.comm.), (IIT) mostly negative, but
also positive selection and mixed intervention (from above
and from below), reducing the canopy cover after clean-
ing-respacing to 80% (75% in highly productive stands,
with a rich understorey) as in Romania (stand density after

Fig. 8 Sessile oak stand before (a) and after (b) cleaning-respacingin
Romania (photo V.N. Nicolescu)
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cleaning-respacing 25003600 trees ha~!, MMAP 2022b,
Fig. 8a and 8b) or in Belgium (Boudru 1989a).

The approach of using a positive plus negative selection
(as “collective education’) in thickets is also recommended
by Schiitz (1993), in order to homogenize the stand in a
quantitative and qualitative way by favouring the trees with
continuous and non-forked trunks. In France and Ireland,
where the recommended cleaning-respacings are positive
selections and from above, part of the so-called ‘dynamic
silviculture’, the stand density is reduced to 3600 trees
ha~! when dominant height is 67 m, and to 1900-2100
stems ha~! at the end of thicket stage (dominant height
10-11 m) (Jarret et al. 1996; Joyce et al. 1998; Jarret 2004;
Sardin 2008; Sardin and Mothe 2010). Stand density is
also proposed to be reduced by cleaning-respacing even
to 1100—1600 trees ha~! in the case of the most dynamic
silviculture proposed by Lemaire (2010). The number
of cleaning-respacings range between 1 (pure sessile oak
stands, Joyce et al. 1998), 2-3 (Stanescu and Téarziu 1973;
Buffet 1978; Helliwell 1984; Anonymous 1986, 2000; Sar-
din 2008) and 3—4 (Bary-Lenger and Nebout 1993). Clean-
ing-respacing cycle ranges from 3 to 5 years in Romania
(Constantinescu 1976; Anonymous 1986, 2000; MMAP
2022b) to 5-7 in Belgium (Bary-Lenger and Nebout 1993).
The ‘dynamic silviculture’ approach also includes the pre-
selection and marking of potential final crop trees, at the end
of the thicket stage (when mean height is 6-8 m) (COFORD
2002; Allegrini 2010). The choice of these trees is based
on the vigour (the thickest and tallest, from Kraft classes
I and II)—quality (vertical-grown, straight, with large and
balanced crowns, without forks, wounds or other defects)—
distribution (spacing) (as evenly spaced as possible) cri-
teria (Sevrin 1997; Wouters et al. 2000; Baar et al. 2004,
Baar 2005; Allegrini 2010; Deleuze and Renaud 2010). As
emphasized by Bonlfils et al. (2015), the tree vigour criterion
is of increasing importance in a constantly changing and
stressful environment. Consequently, potential final trees
will be selected with more weight given to their vigour than
to the quality or distribution (spacing) criteria. Obviously,
given the relatively young age of selected trees, not all their
quality and quantity potential has been fully expressed;
therefore it is necessary that the last cleaning-respacing and
future thinning will focus on these trees in order to keep their
preferential status (Allegrini 2010). The number of potential
final crop trees should be (2) 3 (seldom 4) times the one
at the rotation age (Schober 1991; Sevrin 1997; Wouters
et al. 2000; Baar et al. 2004; Colin et al. 2010; Deleuze and
Renaud 2010; Andrzejczyk et al. 2023) or, more exactly,
60—100 trees ha™! (Lof et al. 2016), 100200 trees ha™!
(Sardin 2008), 300—400 trees ha™! (https://www.forestrese
arch.gov.uk/tools-and-resources/tree-species-database/
131560-sessile-oak-sok/) or 320—400 trees ha™' (Andrze-
jezyk et al. 2023). In case of the most dynamic sessile oak

‘tree silviculture’ (France, Lemaire 2010), 70 potential final
crop trees (on average 12 m apart) are designated at the
end of thicket stage (dominant height 9-12 m), and a heavy
intervention from above (détourage in French), targeting the
‘free-growth’ state at crown level of these valuable trees,
combined with their artificial pruning up to 6 m height, is
performed. The evolution of ideas on release cutting and
cleaning-respacing is, however, in accordance with the old
adage: "Release cutting and cleaning-respacing must be
applied whenever and wherever they are necessary, without
thinking about the wood production that can be obtained”
(Bagneris 1876).

Commercial thinning

Thinning, by reducing the inter-individual competition,
reduces the natural mortality of trees and susceptibility of
stands to secondary pests and pathogens, and appears to be
a suitable option for adapting existing sessile oak stands to
climate change (Steckel et al. 2020; Cerny et al. 2024b).
In sessile oak silviculture, the main objective of thinning
is the production of straight trees, pruned up at least 6 m
height, without epicormic branches and with as uniform
as possible growth rings, regardless their width (Schiitz
1993). In sessile oak stands, the positive selection and thin-
ning from above (crown thinning) was the method proposed
at the end of nineteenth century (Broilliard 1881) and has
been recommended throughout the twentieth century (e.g. in
Switzerland, Fron 1923; Romania, Ciumac 1965; Germany,
Kenk 1978), especially in two-storied sessile oak stands with
shade-tolerant species. In crown thinning, (1) 2-3 most com-
petitive trees affecting the final crop trees are removed, to
release the crowns of the best individuals (Joyce et al. 1998;
Apfel et al. 2016; Nicolescu et al. 2018) (Fig. 9).

Fig. 9 High thinning in sessile oak stand (photo V.N. Nicolescu)
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Currently, this thinning method is applied across Europe,
in France (from Bagneris 1878 to Jolyet 1916, from Jarret
1996 to Lemaire 2010), Belgium (Bary-Lenger and Nebout
1993; Baar 2010), the Czech Republic (Dobrovolny and
Machacek 2012), Germany (Spiecker 1991; Stimm et al.
2022), Ireland (Joyce et al. 1998), Switzerland (Schiitz and
Badoux 1979), Sweden (Lof et al. 2016), Slovakia (Apfel
et al. 2016) and Turkey (Huss and Kahveci 2009), ensur-
ing the optimal crown development and diameter growth of
stems. In particular situations (e.g., dry conditions, where
understorey species may not survive), thinning from below
is recommended (Turkey, Odabas et al. 2004a). The rec-
ommended thinning type is intermediate (mixed) in North
Macedonia (Trajkov pers.comm.), Ukraine (Lavnyy pers.
comm.) and Romania (MMAP 2022b). In general, the des-
ignation of ‘genuine’ future crop trees using the “potential®
final crop trees selected during the thicket stage, based on
the same criteria i.e. vigour-quality-distribution (spacing)
should be accomplished during the first thinning when domi-
nant height is (12) 13-15 m (Bastien 1997; Sevrin 1997;
Joyce et al. 1998; Wouters et al 2000; Baar 2005; Sardin
2008; Allegrini 2010; Lemaire 2010). There are also recom-
mendations for selecting such valuable trees at the second
thinning, when the dominant height is 16—18 m (Colin et al.
2010), 16-19 m (Jarret 1996), 17 m (Kenk 1984), 17-20 m
(Jarret et al. 1996), 18 m (Oswald 1982; Duplat 1992; Jar-
ret 2004) or even 20 m (Oswald 1981; Lafouge 1990; ONF
1991). Depending on stand age, selection of final crop trees
is recommended to be done at age 25-28 years (Baar 2005),
30-40 years (Lof et al. 2016; MMAP 2022b), 35-40 years
(Apfel et al. 2016), at maximum 50-60 years (Duplat 1992;
Bary-Lenger and Nebout 1993), or around 60 years (Sevrin
1997). The proposed age was much longer in the past e.g.,
60-80 years (Lanier 1986, 1994), 60-90 years (Martinot-
Lagarde 1973) or 70-75 years (Lorne 1956, 1959). The
number of final crop trees is variable and ranges between
(40) 50 and 200 individuals ha™!, the majority of recom-
mended stand densities at rotation age being a maximum of
100 individuals ha™" (Table 9).

However, this number of sessile oak final crop trees per
ha~! depends on the target diameter at rotation age. For
instance, it is 90-110 trees ha~! when the target diameter
is 50 cm, 60—80 trees ha~' when the required diameter is
60 cm and 50-60 trees ha~! when a diameter of 70 cm is
the aim at rotation age (Kerr and Haufe 2011). The mean
distance between future crop trees is selected depending
on their diameter at breast height (dbh): 12 m (dbh 60 cm),
16 m (dbh 80 cm) (Spiecker 2021) or 11-12 m, when the
target diameter is between 60 and 70 cm (Wouters et al.
2000). Usually, the mean distance between these trees is
circa 14-15 m (50 trees ha™!), 13-14 m (60 trees ha™!),
12-13 m (70 trees ha™!) or 11-12 m (80 trees ha™!) (Sar-
din 2008; Kerr and Haufe 2011). However, as the distance
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between final crop trees cannot be perfectly constant, it is
recommended to have a minimum distance between these
trees of 50 to 70% of the mean distance at rotation age
(Oswald 1981; Allegrini 2010; Lemaire 2010), e.g. at least
5 m (Sevrin 1997). The intensity of thinning in sessile
oak stands across Europe is also very variable: 15-20%
of growing stock (pure sessile oak stands in Slovakia—
Apfel et al. 2016), up to 20% of growing stock (North
Macedonia — Trajkov pers.comm.), 6% (age 80 years)
to 15% (age 21-30 years) of growing stock in Romania
(MMAP 2022b), 15% (sessile oak, European beech mix-
ture, share of sessile oak over 60%) to 25% (sessile oak,
European beech mixture, with the proportion of European
beech over 60%) (Slovakia, Farkas and Saniga 2015; Apfel
et al. 2016), maximum 20%—25% (France—CNPF 2023).
In Germany, thinning intensity should not be higher than
30 m> ha~! intervention™!, to achieve high valuable tim-
ber (veneer quality, target diameter 80+ cm) (Vor pers.
comm.). In France, the recommended minimum volume
to remove through each crown thinning is 35 m® ha™! (Jar-
ret et al. 1996). An important issue to take into account
when applying heavy thinning is that before the age of
100 years, sessile oak reacts to such thinning vigorously
but this decreases significantly after this age (Jarret et al.
1996), reducing totally after age 120 years (Martinot-
Lagarde 1970). Thinning cycles are very variable as well:
4-8 years (young stands) to 8—12 years (older stands)
(Belgium, Boudru 1989a), from 5 years (good sites) to
10 years (low quality sites) (the Czech Republic—Vacek
et al. 2009), from 5 years (age 35-40 a) to 10 years (age
100-100 a) (Slovakia, Farka$ and Saniga 2015; Apfel et al.
2016), from 5 to 10 years (Ukraine—Lavnyy pers.comm.),
from 6 to 10 years (France, Jarret et al. 1996; Lemaire
2010), 6-8 years (pole stage) to 8—10 (12) years (high for-
est stage) (Romania, MMAP 2022b), 8—12 years (France,
CNPF 2023), 10 years (Croatia—Mati¢ et al. 2003), and
10-20 years (North Macedonia —Trajkov pers.comm.).
In “very dynamic” silviculture (Lemaire 2010), thinning
switches back from ‘tree silviculture’, including 1-2 heavy
cleaning-respacing, targeting the ‘free-growth’ state at
crown level of potential final crop trees, to “stand silvi-
culture’, including heavy crown thinning, started when
dominant height reaches 16 m (Lemaire 2010; Sardin
2010). Such crown thinning has an intensity of 5 m? ha™!
per intervention and a cycle between 6 years (dominant
height 12-16 m), 8 years (dominant height 16-22 m),
12 years (dominant height 22-26 m), and 15 years (over
26 m) (Lemaire 2010). As thinning target the promotion
of final crop trees, which are selected based primarily
on the vigour criteria, defined by the presence of a large
and balanced crown, one should remember that there is a
strong correlation between diameter at breast height (d; ;)
and crown diameter: the larger the tree crown, the larger
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Table 9 Number of final crop trees in different European countries

Country Number of final crop (trees ha™') ~ Source Observations

Belgium 40-80 Balleux 2005

France 50 Sardin 2008*; Lemaire 2010; Sardin and Mothe 2010  *Silviculture with free-growth
of final crop trees of sessile
oak

Czech Republic ~ 50-60 Kosuli¢ 2010, in Dobrovolny and Machéacek 2012

Sweden 50-70 Lof et al. 2016

France 50-100 Sardin 2008 Dynamic silviculture

France 55%-80%*:* Jarret 2004 *Rich sites, **Less fertile sites

France 60* Sevrin 1996, 1997 *Dynamic silviculture

France 60-70 Jarret 2004

Germany 60-70 Skiadaresis et al. 2016

Austria 60-70 Weinfurter 2004

France From 60-70%* to 90-100%** ONF 1997 *Very rich sites; ** Poor sites

France 60-80 Unisylva 2024a

United Kingdom  60-90 Evans 1984; Kerr and Evans 1993

France 60-100 Lafouge 1990; Jarret et al. 1996

Germany Vor pers.comm

Turkey (60) 70-100 Odabasg1 and Caliskan 1990

Austria 65 Hochbichler 1993

France 70 Bouchon and Trencia 1990

Belgium 70-90 Baar et al. 2004

France Oswald 1982; Sevrin 1997; Sardin 2008 Traditional/classical silviculture

Belgium 70-100 Bary-Lenger and Nebout 1993

France 70-140 Oswald 1981

France (70) 80-100 Duplat 1992

Austria 80-100 Hochbichler 1993

Switzerland Schiitz 1993

Germany Kenk 1978, 1984

Poland Andrzejezyk et al. 2023

Romania 90-100 Anonymous 2000, MMAP 2022b

France 100 CRPF Bourgogne 2012

Ireland Joyce et al. 1998, Horgan et al. 2003

United Kingdom https://www.forestresearch.gov.uk/tools-and-resources/

tree-species-database/131560-sessile-oak-sok/

Slovakia 100-150 Apfel et al. 2016

Czech Republic 100-200 Vacek et al. 2009

Poland 150-200 Klisz pers.comm

the d; ;, hence the importance of creating crowns as large
as possible on final crop trees (Spiecker 2021). In this
respect, the correlation between diameter at breast height
(d; ;) and crown diameter (d,) is considered to be as fol-
lows (Spiecker 2021):

d, = 0.20 + 0.209d, ;—0.015a )

where, a is age, in years.
This correlation was also expressed by Dagnelie et al.
(1985) in Belgium (Table 10).

In addition, trees with large crowns have lower risk of
epicormic branches, even in stands without an understorey
(Savill 1991, 2013; Jarret et al. 1996; Joyce et al. 1998).
As mentioned, thinnings are controlled using either stand
density (number of trees ha™!) at different ages, culminating
with the number of final crop trees at rotation age (Table 7),
or stocking (basal area, in m? ha_l), kept at the same level
throughout the whole life of the stand. In the latter case,
the value of this “critical” basal area after each thinning is
recommended to range between 14 and 18 m?ha™! (France,
Sardin 2008; Sardin and Mothe 2010). A higher target basal
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Table 10 Correlation between diameter at breast height and mean
crown diameter in sessile oak trees

Diameter at breast height (d, 5,) (cm) Mean crown
diameter
(cm)

18 347

33 614

49 882

65 1124

81 1353

area of 23-25 m” ha™! (on average) after each intervention
was proposed in the UK by Kerr and Haufe (2011). One very
important issue to take into account in the management of
sessile oak-dominated stands is, as already mentioned, the
scrupulous protection of an existing understorey of shade-
tolerant forest species such as European hornbeam, Euro-
pean beech, field maple, and small-leaved lime, in order to
help the natural shedding of lower branches and control the
occurrence and growth of epicormic branches. Among these
species, European beech can create two major problems to
sessile oak: during the regeneration phase, when its seed-
lings/saplings, along with those of European hornbeam, tend
to overgrow and subsequently outcompete sessile oak seed-
lings/saplings owing to their greater competitive strength
(Maleki et al. 2020), as well as during the pole and high for-
est stages, when European beech requires a special attention
during thinning as a potential major competitor to sessile oak
in the upper storey (Bastien 1997; Kohler et al. 2020). Con-
sequently, the vitality of sessile oak in mixed stands can be
maintained only through heavy thinning from above in order
to establish and maintain beneficial forest structures favour-
ing oak trees (Eaton et al. 2016; Maleki et al. 2020). Under
future warmer and drier climates the competitive relation-
ship between sessile oak and European beech is expected to
change: the competitiveness of beech might decrease while
oak is expected to adapt better to climate changes (Maleki
et al. 2020). If this understorey does not exist, it is recom-
mended to be introduced by planting, not with the sessile
oak but later: (I) when the dominant height of sessile oak is
maximum 6 m (Jarret et al. 1996), (II) in sapling or thicket
stands (Schiitz and Badoux 1979), (III) after the first thin-
ning, when dominant height is 13—15 m (Joyce et al. 1998),
or (IV) when the stand age is over 40 years (Duplat 1992).
The presence of an additional understorey of shade-tolerant
species is fundamental in a more dynamic silviculture of
sessile oak employing heavy thinning from above, which
opens the canopy, providing more light to the lower part
of stems so making these more prone to epicormic growth
(Stimm et al. 2022).
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Pruning

Pruning green branches in sessile oak does not create prob-
lems such as discolouration or rot. The maximum size such
branches which can be pruned safely is 2 cm in slow-grow-
ing oaks and 4 cm in the fast-growing ones (Atay 1986).
However, this operation, considered “expensive and excep-
tional” (Boudru 1989a) and “rarely cost-effective, especially
over long rotations” (Joyce et al. 1998) is seldom used in the
practice of sessile oak silviculture, with some exceptions:

e When the target is the production of quality sawlogs,
formative pruning is essential to ensure single leaders
and to remove larger side branches. This should start
soon after establishment and continue until a single
straight stem is achieved. Subsequent management, if
growing in a mixed stand, may require follow-up prun-
ing to maintain stem quality to a minimum of 6 m height
(https://www.forestresearch.gov.uk/tools-and-resources/
tree-species-database/131560-sessile-oak-sok/).

e When a “tree silviculture” is employed, 70 final crop
trees ha™!, selected at 9—12 m dominant height, are high
pruned up to 6 m (Lemaire 2010).

e When a free-growth regime, an important producer
of epicormic branches, is used, this requires artificial
pruning removing such branches in stands targeting the
production of high-quality timber (Kerr 1996; Attochi
2013).

The removal of epicormic branches should be carried out
in summer, preferably not immediately but following the
reduction of epicormic growth vigour i.e. 4-5 a after their
occurrence, when the crowns of sessile oaks are rebalanced
through lateral/horizontal growth or when an understorey of
shade-tolerant species has “arrived” (Sevrin 1997). Annual
removal of epicormics, starting immediately after their
occurrence, although possible and preferable, is not eco-
nomically viable. Formative, as well as high pruning can be
also carried out before the onset of a new growing season,
with clean cuts, protecting the branch swelling, without leav-
ing any stubs or harming the thin bark (Boudru 1989a). The
main positive effect of pruning sessile oak trees, if practiced,
is shortening the time of knot occlusion (even more than
two-time shorter than for the knots of unpruned trees) and
reduction of the unsound knot zone (Mederski et al. 2019).

Uneven-aged stands and irregular silviculture

The application of irregular high forest cuttings in sessile
oak forests assumes the existence of an irregular structure,
which includes trees of various diameters, heights and
ages, resulting from a thorough stand inventory. Such stand
structure, with a target basal area of 14—18 m? ha~! before
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intervention, allows for the application of all kinds on works
depending on the stage of development: release cutting in
the seedling stage, cleaning-respacing in the sapling-thicket
stages, thinning during the pole stage, as well as extrac-
tion of old, ‘ripe’ trees (65-70 cm in diameter, regardless
the quality class, Unisylva 2024b; target diameters of logs
of 50-60 cm in quality class C, 70-80 cm in class B, and
80-90 cm in class A, AFI2009) by a ‘selection cutting’. The
target basal area of the stand after cutting decreases gener-
ally to 12-14 m? ha™!, with a rotation of selection cuttings
of (7) 8—12 years and a basal area of trees to remove of 5-7
m? ha™! intervention™! (i.e. 15-20% of standing volume)
(AFI 2009; CNPF 2023; Unisylva 2024b).

In coppice-with standards, where sessile oak is used
solely as a standard tree, the species is well-adapted as it
coppices well, the rare crowns of standards are not shading
the coppice storey which finds the space and light necessary
for growth. All standards together should cumulatively add
up to a canopy cover lower than 30% (CNPF 2023), and
are managed with a rotation age, in general, of 100-130
years (but also of 60—80 years as in Germany, Becker et al.
2018, 100-120 years in Austria, Kiihmaier et al. 2018, or
100-150 years in Belgium, Bary-Lenger and Nebout 1993).
The only operation carried out on sessile oak standards is the
removal of epicormic branches, occurring along the stems
which receive a surplus of light after the coppice is cut (Bag-
neris 1878; Broilliard 1881; Lorentz and Parade 1883). The
epicormics are removed either before the beginning of a
new growing season or during the summer, a maximum of
2-3 years after the coppice cut. This intervention, which is
costly and not always effective, is performed 2-3 times, with
a rotation of several years, until the coppice storey grows up
and protects the stems of standards [Dricea 1942; Guinier
(ed) 1947; Nicolescu et al. 2018].

Conversion of sessile oak coppice forests

Since the beginning of the nineteenth century (1824-1825,
in Forét d’Amance, Ningre and Doussot 1993, and Forét
de Senonches, Bary-Lenger and Nebout 1993), in France
(public forests), many pure or mixed sessile oak coppice and
coppice-with-standards stands have been converted to high
forest (Ducousso and Bordacs 2004). The process has been
carried out in two ways (Nicolescu et al. 2018):

e Directly by (a) ageing up to (50) 60-80 years, even
100 years, as in Bulgaria (Markoff et al. 2018; Kostov
et al. 2019), followed by regeneration cuttings (uni-
form or group shelterwood), using the normal succes-
sion of cuts (seeding-secondary-final) (Bary-Lenger
and Nebout 1993), or (b) by replacement/restoration,
including clear-felling, followed by planting.

e Indirectly by replacing first the simple coppice with
coppice-with-standards, where standards, after 60 years
of age, start producing seeds for the transition towards
high forest.

This conversion process is ongoing in countries such as
Austria (Kiihmaier et al. 2018), Belgium (Vandekerkhove
et al. 2018), Bulgaria (Markoff et al. 2018), the Czech
Republic (Matula et al. 2012; Stochlové and Hédl 2018),
North Macedonia (Trajkov et al. 2019), Serbia (Krsti¢ and
Petrovi¢ 2018), Slovakia (Fehér 2018), Ireland (Joyce et al.
1998), and Turkey (OGM 2005; Baris Ozel and Ertekin
2018; Kaya et al. 2023). In this respect one should men-
tion that, although the majority of European coppice-
with-standard forests are converted to high forest, there
are two major exceptions (France, Ruch et al. 2018, and
Italy, Mairota et al. 2018), where this silvicultural system
still plays a very important role, especially in privately-
owned forests.

Economics of sessile oak management

As stressed by Bary-Lenger and Nebout (1993), mass
wood production of sessile oak is not interesting in finan-
cial terms and its silviculture should focus on production
of large and high-quality wood, for high value end-uses
(e.g., veneer, solid furniture, barrels). In this respect, high
forest stands should be prioritized as they produce large-
sized logs and the price of sessile oak wood is higher the
larger the log diameter (Bary-Lenger and Nebout 1993).

Sessile oak high forests (both regular and irregular) are
commercially viable only on the most productive sites.
For instance, in sessile oak stands growing on sites with
different productivities, with a rotation age of 150 years
and a thinning cycle of 10 years, the financial results are
as follows (Bary-Lenger and Nebout 1993):

Mean annual volume increment 8 m® ha™!: internal rate
of return (IRR) 2% (high-quality wood production) vs.
1.6% (industrial wood production);

Mean annual volume increment 6 m> ha™!: IRR 1.4%
(high-quality wood) vs. 1.2% (industrial wood);

Mean annual volume increment 4 m> ha™': IRR 0.7%
(high-quality wood) vs. 0.6% (industrial wood).

In conclusion, sessile oak silviculture is justified eco-
nomically only in high forests growing on rich, productive
sites, which can ensure the production of large diameter
and high-quality logs (Bary-Lenger and Nebout1993).
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Conclusion

Sessile oak is a long-living forest species, able to adapt to a
variety of ecological/site conditions in Europe, and growing
at altitudes ranging from sea level to 2200 m despite being
known as “the oak of the mountains”. It shows high resist-
ance to storms, is drought tolerant and heat stress resistant,
regenerates readily from seed and coppices easily, so can
be used in high forests, coppice-with-standards and cop-
pice forests. Sessile oak is well-adapted to dynamic silvi-
cultural management, including heavy thinning from above,
to favour final crop trees. Its management, requiring active
human intervention, is intensive and expensive, requires
long rotations (usually over 120 years), and produces valu-
able timber of various end-uses. In the context of ongoing
and predicted climate change, the natural range of sessile
oak is predicted to expand and it is expected to become the
most important broadleaved species for the future natural
vegetation in Europe as a component of climate-resilient
mixed-species forests.
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