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Abstract

Coppice with standards (CWS) has recently regained importance in forestry. This is due to
increased demand for firewood, the high ecological value of CWS, its potential to produce high-
ly valuable timber from oak and Noble Hardwoods and its potential to adapt forests to climate
change. In silvicultural investigations of CWS in Franconia/Bavaria which began in 2007, three
treatments were carried out in oak-dominated (Quercus petraea (Matt.) Liebl.) forests on two dif-
ferent sites. Local coppicing systems varied as to the amount of basal area maintained, canopy
cover and volume hectare. Investigations of the maidens showed that pruning to a height of 6 min
2007 failed to improve stem quality. Due to epicormic shoots, the pruned maidens had significant-
ly shorter branch-free bole lengths five years after pruning. The level of regeneration was high
(up to 220.000 plants-ha™), with a large oak component (up to 95 %). Generative regeneration
dominated, with coppice shoots comprising a small share of the total of young plants (<23 %). Al-
though oak dominated in numbers, shade-tolerant species like beech (Fagus sylvatica L.) gained
more height. Thus, oak is expected to play a minor role in the next stand generation and mixture
regulation is needed if oak is favored. The mean height of regeneration decreased with increasing
canopy cover. Furthermore, the larger the diameter of the coppiced oak stump, the more coppice
shoots were produced. These results can be used to modernize and adapt management options
for CWS in times of climate change, and also can give some hints for the heavy crown thinnings
that have become common today in the management of broadleaf, and particularly, of oak stands
with elite trees.
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Introduction

Coppicing — with or without standards —
used to be a common silvicultural tech-
nique practiced throughout Europe (El-
lenberg 1978, Hausrath 1982, Barnthol
2003) and dates back to 13th — 14th cen-
tury (Burschel and Huss 2003, Hausrath
1982). Decreasing demand for firewood
virtually ended this silvicultural system in
Germany up to 200 years ago, and most
former coppices have been converted into
high forests for the production of larger
amounts of stem wood (Cotta 1828, Har-
tig 1861, Hausrath 1982, Volimuth 2021).
Hence, the importance and share of total
forest area has decreased dramatically for
this management system not only in Ger-
many. Today, this silvicultural technique is
very rare, and only of local importance in
small areas of Germany — most notably in
Bavaria and Rhineland-Palatine (BMVEL
2004, Albrecht and Mduller 2008, Vollmuth
2021). In contrast, other European coun-
tries such as France, still have a lot of
coppiced area (Fischer 2003, Ruch 2017).
The substitution of coal and petroleum for
firewood (Barnthol 2003, Burschel and
Huss 2003, Geb at al. 2004) and the often
unsatisfying yield and quality of logs from
coppices (Mayer 1977, Freist 1985, Hoch-
bichler 2008, Beinhofer and Knoke 2009)
are the main reasons this silvicultural
technique has been abandoned across
large areas. Currently, however, coppice
with standards (CWS hereafter) is again
becoming of interest to forest practi-
tioners. CWS provides firewood, for which
demand has again increased (Griitz 1986,
Bally 1999, Hochbichler 2008, Short and
Hawe 2012). Due to the high ecological
habitat quality that is provided by CWS
(Brand 1997; Bolz 1999; Coch and Muiller-
Bauerfeind 2002; Treiber 2002, 2003;
Muller-Kroehling 2007; Albrecht and

Muller 2008; Short and Hawe 2012, Vol-
Imuth 2021) nature protection programs
focus on this type of forest, and state sub-
sidies are available to support reactivation
of CWS (Freist and Klissendorf 1991,
Schulte et al. 2004, Mosandl et al. 2010).
The chance to input new climate-adapted
tree species by every coppicing-cycle —
thus much more often than in a common
forest rotation period — is a further advan-
tage of CWS in times of climate change.

Coppice with standards

A CWS is a mixture of a coppice and a high
forest on the same area (Hartig 1861),
where a combination of vegetative and
generative regeneration form a two layer
forest (Krissl and Muller 1989). The veg-
etative component of regeneration takes
place in the regularly coppiced understory
that re-sprouts from stumps, and the gen-
erative regeneration component forms the
overstory, mostly dominated by oak (Grof3
and Konold 2010) and admixed Noble
Hardwoods. The best-formed trunks re-
sulting from this generative regeneration
are chosen before coppicing is carried
out on the remaining stand and are main-
tained as so-called maidens. Timbal and
Aussenac (1996) reported that Quercus
robur L. is favored over Q. petraea (Matt.)
Liebl. for CWS. However, Vlad (1940)
pointed out that the choice of appropriate
species in CWS is dependent on site con-
ditions, with Q. robur being better suited
to floodplain sites, and Q. petraea to dryer
regions. Due to the existence of hybrids of
the two species, the right provenance may
be of more importance, however, than the
species (Aas 1991, Steinhoff 1993, Neo-
phytou et al. 2010). A CWS stand has no
homogeneous age like a high forest be-
cause of its perpetuating nature, and thus
is more similar to an uneven-aged forest
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(Duchiron 2000, Schiitz 2001, Kerr 2002).
Each tree falls into an age class charac-
terized by the number of coppice-cuttings
it has undergone. Normally, six coppicing
cycles are thought to be optimal, with a
single rotation lasting about 30 years
(Cotta 1828, Hartig 1861, Heyer 1893,
Hamm 1896). Therefore, 6x30 years cor-
responds to a rotation time that is quite
common for oak silviculture in Germany
(Krahl-Urban 1959, Fleder 1981, Mosandl|
and Paulus 2002). The number of trees
per hain each age class is quite strictly
regulated in theory — according to the old
references, which date back prior to 1900
(Cotta 1828, Hartig 1861, Heyer 1893,
Hamm 1896) — and approximates the dis-
tribution similar to an uneven aged forest
(Mayer 1977, Schitz 2001; Hochbichler
2008). With reference to volume per ha or
canopy cover percentage, CWS are typi-
cally classified as rich, normal or poor in
yield (Hamm 1896, 1900; Vanselow 1941;
Schaeffer and Schaeffer 1951; Kostler
1955; Mayer 1977; Griutz 1986, Hoch-
bichler 2008). It is important to note that
CWS is a form of land-use that influenc-
es and changes natural vegetation cover
intensely (Pott 1981). Oaks and admixed
species of Noble Hardwoods were fos-
tered for centuries at the expense of natu-
rally dominating beech due to their timber
value and masting quality for livestock
(Fischer 2003, Kuster 2008). Hence, CWS
is a very artificial vegetation cover while at
the same time, it is considered very valu-
able for biodiversity, firewood production
and maintenance of rare species.
Although a lot of traditional and de-
scriptive information is available, howev-
er, current and data-based information
and knowledge on CWS is limited (e.g.
Utinek 2004, Hochbichler 2008, Pyttel
2012). Therefore, this study aimed to in-
vestigate whether the CWS stands stud-

ied were similar to theoretical consider-
ations in terms of structure and species
composition. So these parameters as well
as the increment were assessed.
Furthermore, pruned oaks were inves-
tigated to find out whether the quality of
timber could be improved by this treat-
ment. Additionally, the regeneration was
studied to clarify whether oak dominance
can be maintained for the future by prac-
ticing current management techniques.

Material and Methods

Study area and experimental design

The investigation took place in one of the
last remaining Bavarian CWS, situated
in the Steigerwald area — a hilly region in
the middle of Germany located between
Nuremberg and Wuerzburg in Franco-
nia. Two forests were chosen near the
localities of Weigenheim (hereafter re-
ferred to as W, 49°34'29" N, 10°15°47" E)
and Iphofen (hereafter referred to as |,
49°40°16" N, 10°19°19" E). The eleva-
tion of the forests ranges between 270
and 493 m in altitude. The climatic condi-
tions can be described as viticultural; with
an average temperature of about 8.5 °C,
about 700 mm precipitation per year with
a maximum in summer, and a growing pe-
riod of 170 days. The woodland near W
is located on a moderately dry site with a
flat exposition and brown soil formed by
clay and loam, which is quite poor in nu-
trients. The mixed hardwood forest on this
site is dominated by sessile oak (Quercus
petraea) and other associated species,
such as pedunculate oak (Quercus robur),
European beech (Fagus sylvatica), horn-
beam (Carpinus betulus L.), wild service
tree (Sorbus torminalis (L.) Crantz), birch
(Betula sp. L.), aspen (Populus tremula
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L.), European wild pear (Pyrus pyraster
(L.) Burgsd.) and small-leaved lime (Tilia
cordata Mill.). The second forest focused
on in this study is located on a south-fac-
ing slope near I. It is also dominated by
sessile oak, in association with pedun-
culate oak, hornbeam, beech, lime and
true service tree (Sorbus domestica L.).
The soil on this site is also classified as
a brown soil on quite dry sand beds, but
the soil fertility is slightly higher than in the
previously described site. The tree spe-
cies that occurred in the regeneration of
the forests on both sites were next to the
mentioned ones out of the overstory Eu-
ropean ash (Fraxinus excelsior L.), field
maple (Acer campestre L.), sycamore ma-
ple (Acer pseudoplatanus L.), wild cherry
(Prunus avium L.), mountain ash (Sorbus
aucuparia L.), crab apple (Malus sylves-
tris (L.) Mill.), blackthorn (Prunus spinosa
L.), hawthorn (Crataegus laevigata L.),
goat willow (Salix caprea L.), hazel (Cor-
yllus avellana L.), elder (Sambucus nigra
L.), privet (Ligustrum vulgare L.) and rose
(Rosa canina L.).

The experiment was established in
2007. Three different treatments were car-
ried out in the CWS:

a) Treatment ‘control’ (C): In these
plots, no coppicing was to be carried
out in the future and the stands were to
be transformed passively into high forest
since the 1960s.

b) Treatment ‘traditional’ (T): In these
plots, coppicing is carried out by locally
common practice.

c) Treatment ‘modified’ (M): These
plots were coppiced in 2007 following the
recommendations given by Cotta (1828),
Hartig (1861), Heyer (1893) and Hamm
(1896) to realize a true CWS structure.
To improve timber quality, all oak maidens
(trees up to 20 cm DBH in the second cop-
picing cycle) were pruned of all branches

below a height of 6 m in 2007, and again
of all braches below 5 m in 2013.

For easier data collection and analysis,
a coding system has been used, where
the letter codes for each of the two sites
— W and | — are combined with the first
letter of each of the treatments (e.g. IM
means Iphofen treatment ‘modified’, WC
means Weigenheim treatment ‘control’) —
thus distinguishing among the 6 variants
forming the experiment. There were two
replications of each treatment per site.
Therefore, on each site, 6 randomly ar-
ranged experimental stands were used (3
treatments x 2 replications) and thus, in
total, 12 stands formed the experiment (6
stands per site x 2 sites). Each of the ex-
perimental stands had an area of 0.25 ha,
for a total of 3 ha in the entire area in-
vestigated. In each plot, a 24 m x 24 m
raster was applied to identify 49 invento-
ry points at a distance of 3 m from one
another. Each point served as the center
of a 1 m? circle where the data was col-
lected for regeneration assessment. In the
managed stands in W, the last coppicing
took place in 2006/07, while in the control
stands on this site conversion to high for-
est (abandonment of the use of coppicing)
had begun in the 1960s. In the managed
stands in |, the last coppicing took place
in 2003/04 while the transformation into
high forest had also begun in the 1960s.
Due to very intense coppice cutting in W,
additional maidens had to be chosen out-
side of the plots in the WT stands in order
to gather adequate sample size. Further
information about the experimental de-
sign can be found in Summa and Mosandl
(2009) and Mosandl et al. (2010).

Data collection

Data was collected in the summer of 2011
and the spring of 2013. In 2011, a com-



Growth, Quality and Regeneration of Sessile Oak (Quercus petraea (Matt.) Liebl.) ... 59

plete inventory of each stand (including
but not limited to the area within the 1 m?
circles described above) was carried out.
For every tree in each stand with a DBH
larger than 7 cm, the species and DBH
were recorded. The height of each of
these trees was measured using a Vertex
IV by Hagl6f®. Also in each stand, 8 crown
radii — one in each of the main cardinal di-
rections — were estimated for each of 15
oaks ranging in size across the spectrum
of DBH, which were randomly chosen.
Hence, 12 stands x 15 oaks = 180 oak
crowns were measured by visual estima-
tion (Preuhsler 1979). For every maiden
present, the number of epicormic branch-
es was recorded using a 3-point scale,
where 1 = less than 5 branches, 2 = from
6 to 20 and 3 = more than 20. Next, an
inventory of regeneration was carried out
in the 1 m? circles, where each tree spe-
cies found was recorded, and the number
of individuals and their origin (seedling or
coppice shoot) was noted. The height of
the tallest individual of each tree species
was also recorded. The diameter of any
stumps of which more than 50 % was lo-
cated inside the circles were assessed
and recorded. Furthermore, the data re-
ported by Summa and Mosandl (2009)
and Mosandl et al. (2010) was used to de-
termine the amount of development and
change in the stands since the beginning
of the experiment. In the spring of 2013,
the maidens in the ‘modified’ treatment
were re-pruned up to a height of 5m on
both the W and | sites. Due to maidens
which had been lost in WT in 2011 be-
cause of worn markings, new ones were
chosen outside the experimental stands
and newly measured in 2013. Bias of
the results was not expected from this
measure, because the entire forest was
coppiced in the same way throughout
the experiment. The newly chosen trees

were included in the analysis of branch-
free bole length in maidens, but not in any
other analysis. Data analysis was done
using the Statistic Package for Social Sci-
ence 19 (IBM SPSS Statistics 2011) for
all analysis consisting of linear regression
models, independent one-way ANOVA
and non-parametric tests when the as-
sumption of normality or homogeneity of
variance was not met. The normality of re-
siduals was checked visually (Field 2009,
Backhaus et al. 2011).

Calculation of further parameters

Using the raw data from 2011 and 2013,
the following specific parameters were
derived to be used in the analysis. Bas-
al area (BA) was computed for each
tree and then summed to the stand level

2
(BA = DBH

T

ue was extrapolated to ha-unit. For each
stand, a height curve was estimated using
a linear regression model (height [m] = b,
+ b, - In DBH [cm]). All trees were included
in this regression, regardless of species.
To reach linearity, DBH was log-trans-
formed (In). To describe the stands, dg and

). Afterwards, this BA val-

h, were derived (d, = ). The

N
stand height curves were used to estimate
h, by using d;. The volume of the stands
was determined using form-height-curves

2
(V =HF = %) reported by Kennel

(1973). In doing so, the measured DBHs
and the heights derived from the linear
regression model were used. The coeffi-
cients for HF used were those reported by
Kennel (1973). A linear regression mod-
el was calculated to link DBH and crown
projection area (CPA). CPA for each
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single tree was computed following the
suggestions of Kramer and Dong (1985)

(CPA=Y" l~7r-crown radius? ). After-
n=1 8 n

wards, the single values of CPA were
summed and then extrapolated to ha unit.
Slenderness (SL) was also derived for

each individual tree (SL = ——
DBH

to check for a possible relationship be-
tween SL and the number of epicormic
branches. For the parameters of the re-
gression models see Appendix 1 to 4.

) in order

Results
Main stand

The number of trees that formed the main
stand (those with a DBH > 7 cm) ranged
between 80 and 419 ha' among the
variants (Table 1). The number of trees
per hawas largest in variants WC (419)
and IT (258), followed by IC (210). This

can be attributed to the number of stems
maintained in a forest where the tradi-
tional coppice concept used in | is prac-
ticed. Similarly, the basal area showed
differences between treatments (Fig. 1).
Coppiced stands in W had a basal area
of 6.7 to 7.2 m>ha™', while the real corre-
spondent stand IM showed a basal area
of 10.1 m?ha' in 2011. In the stand IT,
BA of 18.1 m?-ha was detected. A similar
amount — 19.3 m?-ha' was found in both
IC and WC hin 2011. Thus, the traditional-
ly coppiced variant in | showed rather the
same basal area as the control stands in
| and also resulted in a larger total basal
area than in W. The absolute increment in
basal area from 2007 to 2011 was differ-
ent between control and coppiced stands.
In WC the BA increment was as high as
4 m?-ha'as compared to 3 m?>ha™ in IC,
whereas the BA in the coppiced stands
increased in this time only between
0.5 m#ha' in WT and 2.5 m?ha'in IM.
Table 2 lists the dg and hg of the experi-
mental stands. It was observed that the dg

Table 1. Number of trees per haby species and variant in 2011.

Tree species wcC WT WM IC IT IM

Oak (Quercus sp.) 321 60 102 140 190 140
European beech (Fagus sylvatica) 0 2 2 44 22 0
Birch (Betula sp.) 0 4 0 4 8 2
Aspen (Populus tremula) 4 2 0 0 0 0
Small-leaved lime (Tilia cordata) 23 0 0 12 28 28
Wild service tee (Sorbus torminalis) 21 8 0 8 8 6
True service tree (Sorbus domestica) 0 0 0 2 2 4
Ash (Fraxinus excelsior) 2 0 0 0 0 0
Field maple (Acer campestre) 2 2 2 0 0 4
Hornbeam (Carpinus betulus) 44 0 0 0 0 2
_European wild pear (Pyrus pyraster) 2 2 2 0 0 0

> 419 80 108 210 258 186

Note: the abbreviations in the tables 1-7, figures 1, 2 and 6, and Appendixes 1 and 2 have
the following meanings: WC — Weigenheim treatment ‘control’, WT — Weigenheim treatment ‘tra-
ditional” WM — Weigenheim treatment ‘modified’, IC — Iphofen treatment ‘control’, IT — Iphofen
treatment ‘traditional’, IM — Iphofen treatment ‘modified’.
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2007
257 2011

=

_S

NN

Basal area. m<-ha-!

WC WT W IC IT IM
Location of forest combined with silvicultural treatment

Fig. 1. Basal area of experimental CWS stands in 2007 and 2011.
Note: Error bars shown are standard errors.

Table 2. Basal center trunk diameter (d) and height (h ) in stands and treatments
in 2007 and 2011 and increment (A) relative to the year 2007.

Indicators and years wC WT WM IC IT IM
2007 21.6 31.5 23,9 311 28.7 28.3
d, cm 2011 24.5 32.6 28.1 33.7 29.5 27.8
A% 13.4 3.5 17.5 8.3 2.8 -1.8

2007 16.6 16.5 15.2 19.1 18,3 18.6

h,, m 2011 17.9 17.3 15.8 20.2 18.5 17.9
A, % 7.8 4.8 3.9 5.7 1.1 -3.8

values did not differ significantly between  growth was not shown to be affected by
treatments (Kruskal-Wallis H(2) = 1.4; the silvicultural management carried out.
p > 0.05) just as hg did (Kruskal-Wallis  Height curves were determined for each
H(2) = 2.1; p > 0.05). Therefore, height- treatment on every site. So, six height
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curves were computed using linear re-
gression models. The results of these
regressions are reported in Appendix 1.
Differences in the volumes detected in the

stands were evident between land W. In |,
the volumes were generally higher than in
W — both in control stands and in coppiced
stands (Table 3). However, the increment

Table 3. Volume in stands and treatments in 2007 and 2011 and increment (A) relative

to the year 2007.
Indicators and years wC WT WM IC IT IM
2007 133.7 58.3 49.5 170.9 164.7 80.1
vojme. 2011 1851 666 665 2149 1972  106.9
A% 38.4 14.2 343 .27 19.7 335
@ increment, m® per year 10.3 3.4 8.8 6.5 5.4

in trees bigger than DBH 7 cm in WC was
10.3 m? per year, and therefore, even high-
er than that found in IC — 8.8 m3per year in
the control stands. However, merely 16 %
(1.7 m*ha'yr') of the increment com-
pared to WC as a potential maximum
was detected for the overstory in WT.
In the IM stands the share was 61 %
(5.4 m3ha'-yr') of the potential showed
by IC. Burschel and Huss (2003) and
Hochbichler (2008) described that the in-
crement of a CWS is not different to a high
forest. Therefore, the missing proportion
of the increment that was detected in the
CWS plots (up to 84 %) is supposed to be
accumulated in the regeneration fraction —
anyway, it was not assessed in this study.

The canopy cover of the stands was
derived using linear regression models.
Six models were computed to link DBH
to the corresponding crown projection
area. They are reported in Appendix 2.
Coppiced stands showed distinctly lower
canopy cover percentages than those that
had already been converted to high for-
ests (Fig. 2). Again, IT with a canopy cov-
er of about 70 % showed more similarity
to a high forest than to a CWS. In W, the
coppiced stands showed the lowest cano-
py cover percentage — about 30 %.

In general, the allometric relationship
between the DBH and the crown projec-

tion area that is generally known in forest
science was shown to fit also for CWS by
the study at hand.

Maidens

The DBH of oak maidens in the different
stands in 2011 and 2013 is listed in Ta-
ble 4. In total, 244 maidens (all of them
oaks) were measured. The DBH of the
maidens ranged between a maximum of
24.8 cm and a minimum of 5.7 cm. The
smallest tree was recorded in W although
its DBH was less than 7 cm because it
was the fastest growing individual in the
surrounding area, and there was a lack
of maidens in W. The mean DBH of all
maidens was 17.3 cm. Figure 3 shows
the DBH increment of the maidens since
2007. In WT only 2 trees formed the mean
and therefore results should be interpret-
ed with caution. Nevertheless, maidens
generally showed the potential to form
year-rings of more than 5 mm. No treat-
ment showed less growth than 2.5 mm
between measurements. In | the incre-
ment was generally lower than in W, with
the exception of variant IM. Pruned trees
showed no difference in DBH growth per-
formance between 2007 to 2011 than un-
pruned ones in W (Kruskal-Wallis H(2) =
2.5; p > 0.05). However, in | there was a
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12,507

'//

10.007

7

7.50

Mean DBH increment, mm-yr-!
o

2.507

control

traditional

2" Weigenheim"
E3"phofen”

7

N

modified

Silvicultural treatment

Fig. 3. Mean increment of maidens in DBH per annum and treatment on the two sites.

Note: Error bars shown are standard errors.

branch-free bole length of the trunks —
one of the most important quality criteria
in timber assessment. The data displayed
was gathered during the inventories
conducted in 2011 and 2013. The mean
branch-free bole length over all maidens
was 3.1 m. While some trees reached
more than 12 m of branch-free bole length,
others had epicormic branches beginning
right at the butt end. The branch-free bole
length was not always greatest in the con-
trol stands. Figure 4 shows the branch-
free bole length of the maidens in the

treatment ‘modified’ on the two sites be-
fore and after pruning in 2007 and 2013.
Again, during the pruning in 2007, all
branches were removed up to a height of
6 m: However, when the branch-free bole
length was re-measured prior to pruning
in 2013, it had decreased significantly in
W (Mann-Whitney U = 72.5; p < 0.000;

= -0.57) as well as in | (Mann-Whitney
U = 42; p < 0.000; r = -0.73). Therefore,
the maidens were re-pruned in 2013. To
reduce re-growth of epicormic branches
pruning was done only up to 5 m. In total,
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Table 5. Branch-free bole length of maidens in 2011

and before second pruning in 2013.

Stands in silvicultural

. N g, m min, m max, m SD
technique
wcC 94 3.7 1.0 10.9 1.93
WT 20 1.7 0.9 7.4 1.34
WM 23 3.2 0.8 7.6 2.31
IC 24 1.9 0.5 4.4 .98
IT 45 3.1 0.5 12.0 2.53
IM 38 2.4 0.1 7.2 1.84
Over all 244 3.1 0.1 12.0 2.7
Note: Abbreviations code N in quantity, @ as average, and SD as standard deviation of data
analyzed.
12007 before pruning
10.07] #2007 after pruning
S8 42013 before pruning
€] 2013 after pruning
137
141
8.0
£ + 4
E‘ + +
(=]
c + [+
@ 5,04 +
Qo
o
L
i
S
© 4.0 e
2 82
g X 4
]
2,07
0 T T
Weigenheim Iphofen

Location

Fig. 4. Branch-free bole length of maidens before and after pruning in 2007 and 2013
in treatment ‘modified’.
Note: Error bars shown are standard errors.
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61 maidens were re-pruned in 2013, 1570
epicormic branches were cut for with an
average per tree of 26.6 branches (as min
1 and as max 74) with a maximum basis
diameter of 52 mm. Slenderness values

are given in Table 6. Slenderness had
no influence on the number of epicormic
branches, as proven by an independent
one-way ANOVA with F (2.250) = 0.23;
p > 0.05.

Table 6. Slenderness h/d of maidens in 2011 and before second pruning in 2013.

Stands in silvicultural

- N J hid min hid max h/d SD
technique

wC 94 154 103 278 27.51

WT 20 218 162 284 36.55

WM 23 164 134 210 21.09

IC 24 153 111 251 29.64

IT 45 161 94 231 32.33

- Im 38 177 14 351 48.20

Over all 244 164 94 351 36.97

Note: Abbreviations code N in quantity, @ as average, and SD as standard deviation of data

analyzed.

The need of pruning to receive branch-
free bole lengths shows the need to man-
age maidens in CWS as natural process-
es do not lead to these desired stem qual-
ities. Without silvicultural actions focusing
on maidens the production of high-quality
timber seems to be impossible or at least
very uncertain.

Regeneration

Table 7 shows the number of all regen-
eration (DBH < 7 cm) next to separate-
ly shown oak regeneration in both 2007
and 2011. Regeneration was vigorous,

with up to 220.000 plants per ha in WT
in 2007. In total, 23 native tree and shrub
species were detected among the new in-
dividuals identified in 2011. The number
of young plants generally decreased after
2007 up to 35.6 %, except to the variant
IC. Here, the regeneration was stable or
even slightly higher between 2007 and
2011. Oak formed a large fraction of the
number of new individuals ranging from
42 % in variant WM up to 95 % in vari-
ant IT. However, the number of new oak
individuals decreased more than that of
other species between 2007 and 2011.
Furthermore, Figure 5 shows that the

Table 7. Number of regenerated plants per ha in stands and treatments in 2007 and 2011
and increment (A) relative to the year 2007.

Indicators and years WC WT WM IC IT IM
2007  127.143 220205 123.673 112.040 163.469  90.204
A':\j‘_’g’fs' 2011 81.837 158163 122551 116.836 133.572  75.408
_______ A, % 356 -282 -0.9 43 183 -16.4
2007  117.767 196.955 95655 100.620 160.855  88.340
,\?2';11 2011 72143 104490 52449 101.326 127.245 66.633
A % 387 469  -45.2 07 209 246
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Fig. 5. Mean heights of different groups of regeneration in 2011.

Note: Error bars shown are standard errors.

mean height of the young oaks was less
than that of the other species. Particularly
individuals of shade-tolerant species such
as beech and hornbeam gained more in
height during this period, but also inferior
species such as goat willow or aspen per-
formed better than oak. Figure 6 shows
the relationship between the mean height
of all new individuals and the percent can-
opy cover. A linear regression model was
computed to describe the relationship of
decreasing mean with increasing canopy
cover. The model is reported in Appendix
3. The largest amount of regeneration de-
tected was of generative origin, with less

than 23 % of the new stems found being
coppice shoots. Hence, the vegetative re-
generation was of minor importance to the
total amount of regeneration. A positive
relationship between stump diameter and
the number of coppice shoots was detect-
ed in the experimental stands — the higher
the mean diameter of the stump, the high-
er was the number of shoots. A linear re-
gression model was computed using a In
transformation for the number of shoots.
The model is reported in Appendix 4 and
illustrated in Figure 7.

Thus, the cutting of older and bigger
trees indicates a more intense sprouting
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Fig. 6. Mean height of regeneration and canopy cover in 2011.
Note: Open circles represent CWS stands, filled circles symbolize high-forest-like stands with

canopy cover higher than that of typical CWS.

effect than in younger trees. Combined
with the finding that regeneration in CWS
is depending on canopy cover hints are
given to land managers how to control
regeneration. The more generative re-
generation is claimed, the more open the
canopy layer and the less dimensioned
harvested logs should be.

Discussion

Characteristics of the main stand in
the CWS

CWS is a type of forest that incorporates
a large number of both tree and shrub
species (Gritz 1986, Decocq et al. 2004,
Hochbichler 2008, Collet et al. 2008, Do-

det et al. 2011). In this study, 23 species
occurred in either the overstory or regen-
eration layer. Some of them (for example
wild sevice tree and true service tree) are
considered vulnerable in Germany (BLE
2013). This finding fits very well the na-
ture of a classical CWS — where normally
a lot of associated Noble Hardwoods oc-
cur more often than in high forest. On the
W site, the CWS had a structure accord-
ingly to theory (Cotta 1828; Hartig 1861;
Heyer 1893; Hamm 1896, 1900) and also
Czech, Austrian and German studies re-
ported that such stands are still detect-
able today (Utinek 2004, Hochbichler
2008, Beinhofer et al. 2009). But in single
stands in | the number of trees and the
canopy cover was higher than is gener-
ally the case in a classical CWS. Refer-
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Fig. 7. Number of coppice shoots (transformed using In-function) and stump diameter.

ring to the thresholds in literature (Hamm
1896, 1900; Vanselow 1941; Schaeffer
and Schaeffer 1951; Kostler 1955; May-
er 1977; Gritz 1986) the coppiced stands
in W can be defined as poor in terms of
volume, whereas in |, the traditionally cop-
piced stands were normal or even rich in
volume. A high volume can lead to a loss
of CWS structure. This seems to be the
general problem nowadays in CWS and
not only in the stands in the current study
(Hochbichler 2008, Beinhofer et al. 2009).
Additionally, a large percentage of beech
was found on the | site in the overstory
—in the CWS up to 22 trees-ha”'. Normal-
ly, beech is not considered to be a suit-
able or desired tree species in a classical

CWS, and was therefore selected against
through management techniques in the
past (Fischer 2003, Kister 2008). The
findings of different beech shares corre-
spond to the management system that is
carried out in the study area.

The control stands produced a volume
increment of up to 10.3 m?® per year. This
is more than reported by Jittner (1955)
for first yield class for oak high forests.
In coppiced stands, the increment of
the main overstory stand was lower, of
course, due to a smaller overstory compo-
nent, although the total increment includ-
ing all trees also being smaller than DBH
7 cm, is thought to be the same as in con-
trol plots (Burschel and Huss 2003, Hoch-
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bichler 2008). The reduced increment for
the overstory found in this study was sim-
ilar to the findings of Crockford and Savill
(1991), Hochbichler (2008) and Beinhofer
et al. (2009).

The correlation between increment
and basal area per hectare showed also
that the coppiced stands on site | were
more similar to a high forest than to a
classical CWS (Borchert and Reitenspiel3
2009, Beinhofer et al. 2009, this study).
Due to the high number of beech trees in
the control stands, the process of trans-
formation into a high forest and one that
could be referred to as a ‘close to nature
forest’ in terms of species can be said to
have begun.

Characteristics of the maidens in the
CWS

The DBH increment of maidens in this
study was observed to be up to 1 cm per
year. This is a quite high value compared
to that generally found for oaks in high
forests that have been thinned heavily
to promote DBH growth. The literature
reports results for oaks in the pole stage
ranging from 2 mm to 4.5 mm under heavy
thinning regimes (Mosand| et al. 1991,
Spiecker 1991, Hochbichler 1993, Kerr
1996, El Kateb et al. 2006, Nagel 2007,
Dong et al. 2007, Abt 2018). Results from
the CWS showed comparable increments
in DBH on the upper threshold of high
forest oaks, ranging 2.5 mm to 3.5 mm
(Krissl and Mduller 1989, Beinhofer et al.
2009). Hein (2009) as well as Wilhelm and
Rieger (2013) however, stated that oaks
are able to grow even faster than in the
study at hand, and to achieve up to 8 mm
year-rings. Next to the diameter and the
volume, the branch-free bole length is
the main criteria in assessing the quality
of oak logs (Schulz 1961, Lipke 1998).

One of the research questions addressed
by this study was whether it is possible to
improve the timber quality of maidens in
a CWS stand by pruning. Pruning of oaks
is common practice in many European
countries in both CWS (Hamm 1900, Viad
1940, Kdostler 1955, Vollmuth 2021) and
in high forests (Zieren 1970, Holten 1986,
Hochbichler et al. 1990, Hochbichler
1993, Jensen and Skovsgaard 2009, Kerr
1996, Lemaire 2010, Attocchi 2013, Wil-
helm and Rieger 2013). However, in this
study pruning failed to produce better tim-
ber quality, due to the intense occurrence
of epicormic branches afterwards. Every
single tree formed epicormic shoots af-
ter pruning in 2007, and the branch-free
bole length was actually reduced notably
by the time the trees were re-measured
in 2013 compared to the status right after
pruning. Attocchi (2013) reports similar re-
sults for pedunculate oak in high forests
— pruning led to an increase in the total
production of epicormic shoots. Hubert
and Courrad (2002) reported critical val-
ues for slenderness that were thought to
foster the growth of epicormics — for Q.
petraea, these were thought to be high-
er than 50, and for Q. robur higher than
45, This relationship was not found in this
study, with epicormic branch occurrence
showing no relationship with slenderness
value. Attocchi (2013) and Zieren (1970)
observed increased production of epicor-
mic shoots after pruning in pedunculate
oak. In contrast, Hochbichler et al. (1990)
recommended pruning of oak up to 6 m,
and reported only minor problems in the
occurrence of epicormics. Kerr and Harm-
er (2001) reported that a pruning regime
for oaks had no statistically significant
effect on the production of new epicor-
mic shoots. The production of epicormic
shoots is thought to occur for several rea-
sons, and as yet has not been complete-
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ly assessed. Genetic aspects (Harmer
1990, Spiecker 1991, Savill and Kanows-
ki 1993, Jensen 2000, Colin et al. 2010),
site index (Muchin 2005), social status
(Fabricius 1932, Rohmeder 1935), inad-
equate light conditions (Fabricius 1932,
Harmer 1990), high slenderness values
(Hubert and Courrad 2002) stand density
(Ward 1966, Dale and Sonderman 1984,
Miller 1996, Fontaine et al. 2001, Colin
et al. 2008, Morisset et al. 2012), spe-
cies (Jensen 2000) or temperature on the
bole (Wignal and Browning 1988) are all
reasons that have been given for the oc-
currence of epicormic branches. It is prob-
able that a combination of these factors
with certain anatomical aspects (Fontaine
et al. 1998, Morisset et al. 2012) control
the occurrence of epicormics. Neverthe-
less, in 2013 re-pruning was carried out
up to 5 m, both in order to reduce the
number of epicormic shoots for better
timber quality and to assess the impacts
of such re-pruning. Losses in DBH incre-
ment were not detected for pruned trees
compared to ones that were not pruned.
Thus, the loss of epicormic branches did
not seem to affect the metabolism of the
pruned oaks. In summary it can be stat-
ed that high quality timber, at least in
terms of dimension can be produced in
a CWS in a short time if the high incre-
ment in DBH can be maintained. Today,
the veneer industry accepts oak with up
to 4 mm year-rings (LUpke 1998). This is
in contrast to former times when the Ilim-
it was from 1 mm to 2 mm (Fleder 1981,
Polge 1984, Lipke 1998). The oaks in this
study showed larger year-rings as those
reported by Lipke (1998), but in the end it
can be expected that the dimension of the
logs will be the most important factor influ-
encing price (Schulz 1955, 1961; Géttlein
1994; Diwold 2008), and that the width of
year rings might be less important, as long

as it is consistent throughout the log. If in
the future, epicormic branching can be
prevented by re-pruning, then production
of large-dimension branch-free timber in a
short time frame seems to be a realistic
and achievable target, as described by
Beinhofer (2010).

Characteristics of the regeneration
in the CWS

The amount of regeneration observed in
this study was quite large. Johnson (1977)
pointed on the high silvicultural impor-
tance of generative advance regeneration
in CWS generally — thus in times of cli-
mate change a most important factor to
maintain forests. Hamm (1900) reported
100,000 young plants per ha as a max-
imum to be expected for a CWS. Pyttel
(2012) refer to 56,000 young plants per
ha after coppicing in a coppice of oaks in
Rhineland-Palatine, Dworschak (1996)
reported 15.000 plants-ha' 7 years af-
ter cutting, whereas the most commonly
occurring trees were of inferior species
(Sorbus aucuparia, Betula sp., Populus
sp.) with low timber value. Tiefenbacher
(1996) pointed out the importance of re-
generation of Noble Hardwoods in CWS
in times of oak decline. Such a decline
has already been detected in recent times
in the region where the experiment is lo-
cated (Wolf and Petercord 2012). Brand
(1997) reported that planted hornbeam
was suppressed by Noble Hardwoods fol-
lowing coppicing in a CWS in Lower Sax-
ony; he found about 20.000 young plants
per ha after coppicing. In our study, more
than 220.000 young plants per ha were
found. Most of these young trees were of
generative origin, and thus, the fraction
of coppice shoots was never more than
23 %. Brand (1997) found a fraction of
40 % of coppice shoots in his investiga-
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tion in Lower Saxony. Hochbichler (2008)
reported a share of coppice shoots rang-
ing from 8 % to more than 40 % in a CWS
in Austria. Hence, the portion of coppice
shoots in the study at hand (0.8-22.8 %)
was quite low compared to that reported
in the literature. For the further growth dy-
namic of the coppice shoots the distinction
between adventitious and dormant (pre-
ventive) buds is of importance, but was
not analyzed so far in the study at hand. A
regression analysis showed that the num-
ber of coppice shoots was higher for oak
stumps as the stump diameter increased
(Albrecht and Abt 2014). This finding was
opposite to findings from other studies on
Quercus alba L. (Johnson 1977, Weigel
and Peng 2002, Gould et al. 2007, Sands
and Abrams 2009). Due to the fact that
Quercus alba, Q. petraea and Q. robur are
all closely related in the subgenus Leuco-
balanus (Nixon 1993, Schiitt et al. 2002),
a comparison in this subgenus seemed
to be more valid than a comparison with
other oak subgenera, sections and spe-
cies, such as Quercus rubra L. Hartig
(1861), Grutz (1986) and Mdller (1986) all
concluded that the older a European oak
stump is, the lower the probability that it
will re-sprout after coppicing. Indirectly,
this could be linked to the diameter of the
stump. In contrast, Pyttel (2012) report-
ed for a CWS in Rhineland-Palatine that
there was no correlation between the rate
of sprouting of an oak stump and the cor-
responding DBH. The reasons for these
divergent findings could be an objective of
further investigations.

The fraction of oak was never less than
42 % and in some cases was up to 95 %
of the regeneration. The combination of a
high percentage of generative regenera-
tion and a high share of oak can be seen

as a very good start to the rejuvenation of
the stands, as well as the maintenance
of oak-dominated forests in the future.
However, as oak was found here to have
a mean height lower than the other spe-
cies present, especially the shade-tolerant
ones like beech and hornbeam, tending
seems to be necessary in order to promote
oak and avoid beech dominance in these
stands in the future (Fleder 1981, 1988;
Mosandl et al. 1991; Kister 2000; Collet et
al. 2008). Pott (1981) and Fischer (2003)
both pointed to the fact that a reduction in
or abandonment of coppicing leads to the
re-establishment of the naturally occurring
beech-forest structures and a rising faction
of beech in European forests. The height
increment of regeneration was dependent
on canopy cover of the stands, as proven
by a regression analysis presented above.
The greater the percentage of canopy cov-
er was detected the lower the height incre-
ment of regeneration was observed. This
phenomenon is well-known and caused
by shading or less resource availabili-
ty (Bolte and Roloff 1993; Ammer 1996,
2000, 2003; Gemmel et al. 1996; Collet et
al. 1997, 2001; Finzi and Canham 2000;
L6f 2000; Hees and Clerkx 2003), but was
not reported for CWS before.

To conclude, it can be stated that if the
fraction of oak should be maintained, in
some cases the canopy should be opened
more and in some cases tending will be
unavoidable. This way mixed stands that
consist of a lot of generatively regenerat-
ed individuals of a wide variety of species
could be formed.

These mixed stands consisting of No-
ble Hardwoods and oak could clearly be
an advantage in a future forest which is
expected to be greatly affected by climate
change.
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Conclusions and
Recommendations

CWS is a silvicultural system that has a
high potential for fulfilling a broad spec-
trum of societal needs from forest in the
future. In addition to meeting the public’s
demands for both biodiversity protection
and recreation, fuel wood as well highly
valuable timber could be produced — and
forests can be maintained despite chal-
lenges caused by climate change. In the
end, one prerequisite for the production
of high quality timber from CWS is the
suppression of epicormic sprouts in maid-
ens. It could be reasonable to change the
classical coppicing system by maintaining
secondary species (especially shrubs like
blackthorn or hawthorn) in a small radius
around maidens and other overstory trees
to improve their quality by shading the
trunks. Hence, the need for pruning could
be reduced and the production of epicor-
mic shoots could be hindered, or at least
reduced following heavy crown thinnings.
To do pruning merely is risky due to the
tendency to result in an increase in epicor-
mic shoots and cannot be recommended
based on the results of this study. Heavy
crown thinnings are common today in
broadleaf forest management. This prac-
tice is thought to have been derived from
and inspired by CWS practices (Wilhelm
et al. 1999, Wilhelm and Rieger 2013), as
these kinds of thinnings lead to structures
in high forests that are very like those
present in CWS. Therefore, the results
found in this study can serve as a silvicul-
tural feedback both, high forest and CWS.
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Appendix 1
Regression model for stand height curves:
Height [m] = b, + b, - In DBH [cm]
Group N R? b, SD b, SD B p-value for b,
wWC 201 0.60 -3,84 1.20 6.80 0.39 0.77 <0.000
WT 39 0.82 -10.32 1.97 7.93 0,54 0.90 <0.000
WM 52 0.84 -4.73 1.18 6.24 0.37 0.92 <0.000
IC 105 0.81 -10.27 1.32 8.66 0.40 0.90 <0.000
IT 129 0.81 -8.23 1.03 7.89 0.33 0.90 <0.000
IM 92 0.79 -11.91 1.43 8.96 0.47 0.89 <0.000

Note: Abbreviations in all 4 appendixes: Group codes the experimental stands, N indicates the
quantity, R? is the coefficient of determination in the regression model, SD is standard deviation,
and B is the coefficient of the regression model.

Appendix 2
Regression model for crown projection area of Oaks:
Crown projection area [m?] = b, + b, - DBH [cm]
Group N R? b, SD b, SD B p-value for b,
WC 30 0.57 -10.58 7.05 1.40 0.22 0.75 <0.000
WT 29 0.61 -33.12 9.76 1.75 0.27 0.78 <0.000
WM 30 0.78 -8.26 3.50 1.17 0.11 0.88 <0.000
IC 30 0.56 -1.32 7.24 1.33 0.22 0.75 <0.000
IT 30 0.68 -6.36 4.55 1.27 0.16 0.82 <0.000
IM 29 055 -11.18 7.33 1.45 0.25 0.74 <0.000
Appendix 3
Regression model for canopy cover and height of regeneration:
Mean height of regeneration [cm] = b, + b, - canopy cover [%]
N R? b, SD b, SD B p-value for b,
12 0.39 112.92 15.03 -0.62 0.24 -0.62 <0.05
Appendix 4

Regression model for stump diameter and number of coppice shoots:
In number of coppice shoots [In N] = b, + b, - stump diameter [cm]

N R? b, SD b, SD B p-value for b,

25 0.77 0.64 0.15 0.04 0.00 0.87 <0.000




