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Abstract

+ Context Avoidance or control of epicormic shoots is
among the major silvicultural challenges for the production
of high-quality oak timber. In northern Europe, contempo-
rary oak silviculture aims to produce valuable timber on a
relatively short rotation, applying early, heavy thinning com-
bined with artificial pruning.

+ Aims The aim of this study was to analyse the effects of
pruning and stand density on the production of new epicormic
shoots on young trees of pedunculate oak (Quercus robur L.).
+ Methods The study was based on two field experiments in
even-aged stands of pedunculate oak subjected to different
thinning practices and early selection of potential future crop
trees. From ages 13 to 15 years, stem density was reduced to 300
trees ha !, 1,000 ha ! or stands remained unthinned. Pruning
was conducted on selected trees at ages 22-24 years. At that
age, the stem density in unthinned control plots ranged from
2,500 t0 3,100 ha . All treatments were replicated twice within
each experiment.

+ Results Pruning led to an overall increase in the total
production of new epicormic shoots. More epicormic shoots
were produced in the lower part of the stem (0—3 m in height)
than in the upper part (3—6 m). The number of new epicormic
shoots increased with increasing stand density.

+ Conclusion Early, heavy thinning combined with high
pruning at regular intervals may help shorten the rota-
tion length for pedunculate oak without further reduc-
tion in wood quality than that which is caused by wider
annual growth rings.
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1 Introduction

One of the main objectives in managing oak forests is to
produce high-quality timber. Several national, regional and
industrial standards exist in order to define log quality. In
spite of substantial variations in these standards, there are
commonly accepted characteristics that identify the quality
of a log, namely diameter, straightness, (absence of) rot, shake
and cracks, ring width and number of epicormic shoots. The
last feature is the object of this study.

Epicormic shoots are undesirable because they decrease
timber quality by causing variations or defects in the wood
known as ‘pin knots’ and ‘cat’s paw’ (Evans 1984; Staal
1986). Although some knots from epicormic shoots are ac-
cepted even in best lumber grades, their presence cannot
usually be ignored. According to appearance grading by the
commonly agreed European standard EN 975-1 (2009) one
sound knot, less than 10 mm, is permitted in standard sized
pieces of the best grade. Since the production of high-quality
oak timber requires a large investment and in addition the
management is very intensive, it is therefore desirable to avoid
or lower the risk of defects such as epicormic shoots.

There are different types of epicormic shoots, single shoots
and clusters, which have an associated but sometimes varying
terminology. Epicormic shoots are also called secondary
branches (in contrast to primary branches), epicormic branches
or more generally epicormics. Epicormic shoots develop from
adventitious or proventitious buds (Evans 1984; Fink 1983;
Fontaine et al. 1999). Adventitious buds develop externally
from the usual order of time and position and cannot be traced
to a leaf axil. Proventitious buds originate from primary buds
and can be traced to the pith of the main stem; they are also
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called dormant buds because they may not develop into
epicormic shoots or branches. There is general agreement
about the origin of epicormic shoots in oak trees; an exhaustive
description of how different types form and develop is well
documented (Fontaine et al. 2001, 2004; Meier et al. 2012).

There is a high degree of heritability in the tendency to form
epicormic buds (Savill and Kanowski 1993). It is generally
recognised that pedunculate oak (Quercus robur L.) produces
more epicormic shoots than sessile oak (Quercus petraea
(Matt.) Liebl.) (Evans 1982; Jensen 2000). Recent studies
have improved the understanding of ontogenetic processes
which trigger the emergence of epicormic branches and influ-
ence their composition in temperate broadleaved tree species,
such as the pedunculate oak (Morisset et al. 2011a) and sessile
oak (Colin et al. 2010; Fontaine et al. 1999; Morisset et al.
2012). It has been found that the number of visible epicormic
buds is a reliable indicator of future epicormic shoot formation
(Fontaine et al. 2001; Roussel 1978).

In contrast, physiological processes and environmental fac-
tors that promote or suppress the emergence and development
of epicormic shoots are not entirely understood (Bary-Lenger
and Nebout 1993; Colin et al. 2010; Harmer 1990). However, it
has been identified (e.g. Bary-Lenger and Nebout 1993; Evans
1982) that epicormic shoots may appear as a response to stress,
e.g. disease, change in competitive status, recent thinning in-
tervention, pruning or water balance dynamics. Light has often
been at the centre of the discussion among environmental
factors (Evans 1982; Roussel 1978; Spiecker 1991; Wignall
and Browning 1988), but the mechanisms that trigger the
formation of epicormic buds and the emergence of epicormic
shoots remain unknown.

Light, in particular, does not adequately explain the initial
formation of epicormic buds, but increased levels of light or
intensity will cause epicormic shoots to develop and grow more
vigorously (Evans 1982). It has been observed that new
shoots appear in response to thinning, due to increased
light, but then gradually die as canopy closure increases
(Spiecker 1991).

Light regulation has been shown, through thinnings, to play
a fundamental role in the survival of epicormic shoots, for
example, in the French practice of light crown thinning. This
is applied during long rotations (200 years or more) where the
main purpose is to obtain an essentially constant radial growth
rate and a shading of the stem which limits the development of
epicormic shoots (Bary-Lenger and Nebout 1993; Jarret 2004;
Sardin 2008). Another indirect method to prevent epicormic
shoots is the promotion or introduction of an understorey of
shade-tolerant tree or bush species. This decreases light levels
in the later stages of the rotation by shading lower parts of the
overstorey tree trunks and is often done at age 40-50 years.
This method has been shown to be an effective means against
the development of epicormic shoots (Henriksen and Sanojca
1983; Morisset et al. 2011b).
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A direct, mechanical method to control the development
of epicormic shoots is pruning. Pruning removes epicormic
shoots, but does not prevent their emergence, as these are
triggered by a change in auxin quantity or distribution within
the tree (Meier et al. 2012; Roussel 1978) or the initiation,
which is influenced and regulated by environmental factors.
It is generally believed that pruning itself may trigger the
development of additional epicormic shoots, which form at
the callus of pruning wounds (Spiecker 1991). However, an
investigation into different combinations of pruning time and
frequency over a 4-year period displayed inconsistencies in
the short-term production of new epicormic shoots on 50-
year-old pedunculate oak (Kerr and Harmer 2001). This sup-
ports, at least on an experimental basis, that regular inspection
and pruning for the long-term control of epicormic shoots are
required (Skovsgaard 2004a, b).

Pruning at regular intervals was introduced into forestry
practice by leading oak managers in northern Europe during
the mid-1900s (Carbonnier 1975; Henriksen 1988; Jobling
and Pearce 1977; Staun 1989; Staal 1986), but in some places,
pruning was stopped due to increasing costs. Recently, how-
ever, pruning has gained interest again due to contemporary
idea of so-called free growth regimes for oak (Jensen and
Skovsgaard 2009; Jobling and Pearce 1977; Kerr 1996;
Lemaire 2010; Stern 1973). The concept is to keep the crowns
of pre-selected future crop trees free to grow at all times, to
increase or possibly maximize stem growth and thereby short-
en the rotation. Consequently, artificial pruning becomes es-
sential when the production of high-quality timber is the main
objective. This is in contrast to the traditional light thinning
practices used in France (Bary-Lenger and Nebout 1993;
Jarret 2004; Sardin 2008) and Germany (Kenk 1993; Rohrig
et al. 2006), where pruning is not widely carried out.

For practical purposes, three distinct processes of epicormic
shoots formation can be identified: initiation, emergence and
growth. Silviculture can do little to influence the initiation and
emergence; furthermore, oaks have an individual predisposi-
tion to bear epicormic shoots (Savill and Kanowski 1993). On
the other hand, silviculture can help control the growth and
persistence of epicormic shoots, through annual stem inspec-
tions for epicormic shoots and the selection of crop trees
bearing no or few epicormic shoots and promotion of an
understorey or pruning.

The objective of this study was to quantify the effects of
pruning and thinning practice expressed by residual stem num-
ber (stand density) on the production of new epicormic shoots
in even-aged plantations of young pedunculate oak, including
epicormic location along the stem. The research hypotheses
were: (1) pruning reduces the number of new epicormic shoots
compared to un-pruned oak trees (H1); (2) the number of new
epicormic shoots decreases with an increasing stand density
(H2); and (3) the number of new epicormic shoots increases
with increasing height up the stem (H3).
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2 Materials and methods
2.1 Experiments and stand description

The study was based on selected plots within two statistically
designed thinning experiments (Table 1) in young stands of
pedunculate oak in Denmark. Both experiments are located
on a glacial till and receive an average annual rainfall of
650 mm.

Experiment 1516 is located in the forest Haslev Orned of
Bregentved Estate (Universal Transverse Mercator (UTM) co-
ordinates, ETRS89, zone 32: E 689,290 m, N 6,135,994 m;
elevation approximately 33 m above sea level), approximately
60 km south of Copenhagen (Rune and Skovsgaard 2007;
Jensen and Skovsgaard 2009). The stand was established in
spring 1989 by sowing on a former meadow, using 90-95 kg
of acorns per hectare. Seeds had been collected in local stands
(seed sources F.661 and F.630) of Dutch origin. The area was
fenced for approximately 10 years. The experiment began in
spring 2002 at age 13 years. At installation, the stem number
before thinning ranged from 6,500 to 7,000 trees ha ', and the
stand height was approximately 5.5 m.

Experiment 1517 is located in Brendstrup forest of Aarhus
Municipality (UTM coordinates, ETRS89, zone 32: Block
Eastat E 571,937 m, N 6,227,304 m, elevation approximately
59 m above sea level, and Block West at E 571,040 m, N
6,227,081 m, elevation approximately 68 m above sea level),
approximately 5 km northwest of Aarhus. Block East of the
experiment was established in the late autumn of 1990 by
planting 2-year-old seedlings on former agricultural land. The

Table 1 Stand values in spring 2011

genetic origin of this planting is Petersgaard F.181. Block
West of the experiment was planted in 1991 on a former
agricultural land using 2-year-old seedlings. It is believed that
the genetic origin of this part of the experiment is Pederstrup
F.369, but possibly with an admixture of Petersgaard F.181,
Stensballegaard F.484 or Haderslev F.286. These two blocks
remained unfenced and numerous trees were badly damaged
from browsing by European hare (Lepus europaeus Pallas).
The thinning experiment was installed during autumn 2003 at
age 15 years. At installation, the stem number before thinning
ranged from 5,300 to 5,800 trees ha ' and the stand height was
approximately 6.0 m.

Both experiments are part of a national Danish series of
experiments on thinning in even-aged oak stands. The ex-
perimental designs of 1516 and 1517 are identical and in-
clude eight treatments with different combinations of pre-
commercial thinning grade and time of first pre-commercial
thinning. All thinning treatments were replicated twice with-
in each experiment in a randomized block design. For the
purpose of this investigation, only three thinning treatments
were considered, which are identified by their residual stem
number, namely the strictly unthinned control and plots

thinned to densities of 1,000 or 300 trees ha .

2.2 Sampled trees

To test the effects of pruning on epicormic sprout production
(H1), only plots thinned to a residual stem density of 1,000
trees ha ' were used. Pruning was applied to 100 evenly
distributed crop trees per hectare during early spring 2011.

Experiment  Treatment Block/plot Age® (years) Area(ha) N (ha') Basalarea DBH H LLB
(m® ha™")
(cm) (m) (m)
Mean SE Mean SE Mean SE
1516 Control East/M 22 0.13 2,973 25.31 10.0 0.16 11.1 0.16 4.8 1.63
West/A 22 0.18 2,479 24.70 10.9 0.16 11.1 0.14 47 1.59
1,000 East/N 22 0.13 963 16.11 14.3 024 104 0.14 3.6 0.84
West/D 22 0.24 961 15.03 13.8 0.19 11.1 0.10 3.8 0.94
300 East/O 22 0.12 300 7.84 17.3 0.41 9.5 0.13 22 0.47
West/C 22 0.31 310 7.21 17.7 030 103 0.12 23 0.77
1517 Control East/A 23 0.25 3,084 24.71 9.7 1.04 9.7 009 53 0.36
West/L 23 0.24 3,083 24.93 9.7 1.13 104 0.11 44 0.40
1,000 East/E 23 0.25 1,024 14.54 13.1 1.95 9.6 0.08 3.0 0.28
West/K 23 0.24 958 13.68 13.2 1.76 9.7 0.07 3.1 0.26
300 East/B 23 0.25 324 6.59 15.9 2.82 9.3 0.12 33 0.37
West/N 23 0.30 329 6.96 16.2 2.85 9.3 0.11 24 0.22

DBH mean diameter at breast height, // mean height, LLB lowest living branch

? At the time of assessment

%‘%%% IN-\)A @ Springer



666

G. Attocchi

The selection of crop trees was based on qualitative criteria
as well as spatial distribution. Here, primary branches and
epicormic shoots (secondary branches) present on the lower
6 m of the stem were removed using a manual pruning saw
mounted on a 6-m telescopic pole. Two pruning methods
were used, natural target pruning and flush cut (O’hara
2007), but the differences were not tested in this study and
this will be analysed in another study. Pruning height was
controlled by a second operator using a telescopic measuring
tape. Epicormic shoots were inspected on a sample of crop
trees (Table 2).

To test the effects of stand density on epicormic sprout
production (H2), plots from three thinning treatments were
considered, including the un-pruned trees used in the previ-
ous analysis. These were the unthinned control plots and
plots thinned to a residual stem number of 1,000 or 300 trees
ha '

The difference in epicormic emergence in relation to
height up the stem (H3) was tested in relation to pruning
and stand density; therefore, the plots used for H1 and H2
were also used in testing H3.

In each plot, 10-12 pruned and 10-17 un-pruned trees
were sampled and investigated for their frequency and loca-
tion of epicormic shoots (Table 2). Sampling was conducted
through stratification based on prior observations of flushing
time and diameter class. The observations of flushing took
place during 2006, 2007 and 2011 on specific trees and at
regular intervals (same calendar date), from the last week of
April until the last week of May. Four strata, defined by time
and speed of flushing, were identified: early-fast, early-slow,
late-fast or late-slow. Information about flushing was not
directly used in the analysis, but only during the sampling
procedure to eliminate a possible (but unknown) influence of

the phenological behaviour of trees on the emergence of
epicormic shoots. Trees were selected within each stratum,
and the diameter at breast height (DBH) was also considered.
Five-diameter classes were created from quintiles based on
the DBH distribution for each plot and in most cases two
trees from each DBH class were selected.

2.3 Tree description

Standard forestry measurements were taken in all plots in
March 2011 (Table 1). Additional data were recorded for all
pruned trees in treatment 1,000, namely height above ground
of the lowest living branch before and after pruning (LLB
and NLB, respectively), a count of the number of primary,
living branches (Nb) and epicormic shoots (Ne) which were
pruned and cross diameter of the collar of the thickest branch
pruned (Table 3).

In July 2011, newly flushed epicormic shoots were count-
ed on all sample trees on the lower 6 m of the stem. Prior to
counting, each stem was divided into six 1-m sections using
a ladder and a telescopic measuring tape; sections were
delimited using ribbons. On each 1-m section, different types
of new epicormic shoots were counted using a three-class
tally list: new single shoots (Nes), number of shoots origi-
nating from a cluster and number of clusters (Pec) (a cluster
is considered to have at least two epicormic shoots). Due to
budget restrictions, epicormic buds were not considered.

2.4 Statistical analysis
The three research hypotheses were evaluated with mixed

linear models (Zuur et al. 2009; West et al. 2007) under the
usual assumption of identically, normally distributed errors

Table 2 Number of trees sam-

pled for inventory of epicormic Experiment Block Treatment Pruned Not pruned Total
branches in each plot
1516 East Unthinned - 10 10
East 300 - 10 10
East 1,000 10 10 20
West Unthinned - 14 14
West 300 - 10 10
West 1,000 10 17 27
Subtotal 1516 91
1517 East Unthinned - 10 10
East 300 - 10 10
East 1,000 10 10 20
West Unthinned — 10 10
West 300 - 13 13
West 1,000 12 14 26
Subtotal 1517 89
Total 180
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Table 3 Crop tree attributes for plots of 1,000 trees ha ', where pruning was applied at the beginning of 2011

Exp DBH H LLB NLB Area collar Nb Ne Tepi
(cm) (m) (m) (m) (cm?) (count) (count) (count)
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
1516  Pruned 156 066 11.0 030 34 033 56 015 551 396 6.0 0.54 1.2 059 322 464
Not pruned  14.0  1.09 9.7 039 38 036 - - - - - - - - 204 2.88
Pruned 163 079 119 026 38 024 58 0.12 786 843 53 041 29 070 265 290
Not pruned 144 0.86 10.6 034 34 036 - - - - - - - - 369 1.68
1517 Pruned 150 0.64 104 036 32 029 57 009 795 11.19 6.7 066 09 027 121 1.14
Not pruned 12.7  0.96 9.0 0.21 32 051 - - - - - - - - 27.8 4.53
Pruned 156 0.59 99 0.19 46 025 58 009 734 804 79 050 07 041 243 227
Not pruned 14.0  0.59 9.5 0.21 32 084 - - - - - - - - 11.2  1.06

DBH diameter at breast height; /7 height; LLB lowest living branch; NLB new lowest living branch after pruning; Area collar average area of the
collar of the thickest branch pruned, approximated to the area of a circle; Nb number of living primary branches removed; Ne number of living
epicormic branches removed; 7, is the total number of epicormic shoots after pruning, given by the sum of new single shoots and points of origin

pi

with zero mean and common variance and using complex
nesting to take into account the three levels of split-plot design.

The total number of new epicormic shoots was analysed
only for the pruned trees in plots of 1,000 stems ha ',
disregarding the spatial distribution along the stem. This pre-
liminary analysis was performed to assess whether either the
number of primary branches pruned or the biomass (foliage)
removed influenced the overall production of new epicormic
shoots (test of H1). The model used can be specified as
Tepi;;=a+DBH;;+Nb;+Ne;+Lb,+area;+b;+¢;; where
Tepi,; is the total number of new epicormic shoots in tree i of
plot j; DBHj; is the diameter at breast height; Nb;; and Ne;; are
number of primary branches and epicormic shoots, respec-
tively, before pruning; Nbj; is the pruning intensity (NLB—
LLB); and area;; is the cross-sectional area of the collar of the
thickest branch removed. The term bj~N(0,ab2) is a random
effect representing the within-plot variation. No size-based
interactions were found and to ensure biologically sensible
results, other interactions were disregarded.

In the analyses of H1, H2 and H3, the response variable
was the total number of new epicormic shoots (Epi), obtained
as the sum of Nes and Pec, while as fixed effects, pruning
(pruned, un-pruned), stem section (0—1, 1-2 m, etc.), stand
density (unthinned, 1,000 ha %, 300 haﬁl), DBH and total tree
height (H) were used. Due to the nested structure of data, plot
and tree identity (nested in plot) were specified as random
effects to correct for non-independence by imposing two-way
nested correlation (within trees and within plots) in the model.
Inspection of the residuals indicated violation of variance
homogeneity. Therefore, heterogeneous residual variance
structures were incorporated in each section, resulting in the
general model:

Epiy = Xy X B+ ar + bjx + e

where Epi,; is the number of new epicormic shoots in section i
of tree j of plot k; X% 3 is the fixed term, comprising the
design matrix of predictor variables and a vector of fixed
effects; ak~N(0,aaz) and b_,-k~N(0,ab2) are random effects
representing the between- and within-plot variation, respec-
tively; and EU/(NN(O,O'SZ) is the residual error, where s refers to
section number thereby allowing heterogeneity into the mod-
el, based on the variance covariate ‘section’.

The optimal variance structure was estimated based on
restricted maximum likelihood (REML) (West et al. 2007),
using Akaike’s information criteria and likelihood ratio test.
The saturated model was refined by backwards stepwise elim-
ination of non-significant terms, using maximum likelihood
ratio test, based on an approximate x? distribution. The final
model was presented using the REML. The original intention
was to use a Poisson regression, based on the response vari-
able as a count. The analyses were performed using the ‘R’
statistical and programming environment, version 2.14.2 (R
Core Team 2012) and the ‘nlme’ package for linear and
nonlinear mixed effects models (Pinheiro et al. 2012).

3 Results
3.1 Pruning effect

The total number of new epicormic shoots per tree increased
with pruning as a function, both of the number of primary
branches and epicormic branches. The preliminary analysis of
the total number of new epicormic shoots for the pruned trees
showed that both primary branches and epicormic shoots
removed at pruning were significant (L=8.842, df=1, p<0.05
and L=5.227, df=1, p<0.05, respectively). However, DBH,
pruning efficiency and the area of the collar of the thickest
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branch were not significant at the 5 % level. The coefficients of
the final model Tepi;=2.407xNb;+3.322xNe;; indicate the
relative importance of removal of epicormic shoots as well as
of primary branches, both of which led to the production of
additional, new epicormic shoots.

Pruning clearly influenced the composition of epicormic
shoots (classified as single shoots or clusters) along the stem
(Fig. 1). The average number of all types was higher in un-
pruned than pruned trees on the three stem sections below 3 m
and vice versa for the three upper sections above 3 m. Un-
pruned trees presented a consistent pattern of epicormic shoot
types, increasing from below, peaking at the section 1-2 m
and thereafter decreasing with increasing height up the stem.
Pruned trees had a similar pattern up the stem and across
epicormic shoot types, but fluctuated somewhat in the de-

crease of epicormics in the upper part of the stem towards 6 m.

In relation to H1, the independent variable of the statisti-
cal analysis was obtained as a sum of new single shoots and
points of origin (Fig. 2). There was a significant effect of
pruning on the number of epicormic shoots and the interac-
tion between sections was also significant (L=18.257, df=4,
p<0.05, Table 4). Due to collinearity, DBH and H were
tested independently and were not significant components
of the model at 5 % level.

3.2 Thinning effect
The number of epicormic shoots decreased with decreasing
stand density (Fig. 3). The control treatment had the highest

frequency for all three types, with only two exceptions in
section 1 of new single shoots and in section 2 of points of

124

origin. Treatment 1,000 trees ha ' had the second highest
frequency, while treatment 300 trees ha ' had the lowest,
except in sections 5 and 6 of new single shoots and points of
origin. Similar to the pruning analysis, the independent variable
for the thinning analysis was obtained as a sum of new single
shoots and points of origins. Stand density and height along the
stem had a significant influence on the number of new
epicormic shoots on un-pruned trees, with a significant inter-
action (L=18.814, df=5, p<0.05).

A common model for all sections was estimated for the
number of new epicormic shoots depending on stand density
(Table 5 and Fig. 4). The number of new epicormic shoots was
highest in section 2 for all stand densities, followed by sections
3 and 1. The number of new epicormic shoots increased line-
arly with increasing stand density but with different slopes due
to a significant interaction between stand density and stem
section (i.e. height up the stem). Due to collinearity, DBH and
H were tested independently and neither of these were signif-
icant (L=2.533, df=1, p=0.111 for DBH; L=2.988, df=1,
p=0.083 for H).

4 Discussion

Pruning and thinning treatments were investigated for their
effects on the production of epicormic shoots in oak in four
replicated experimental plots. Not only was a significant
effect detected, but also a similar pattern in the number and
location of new epicormic shoots across sites and plot replica-
tions. This provides a strong basis from which to draw conclu-
sions, even though it is difficult to outline the consequences
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Fig. 1 Bar plot representing the mean number of different types of
epicormic shoots on the lower six 1-m sections of the stem of pruned
and un-pruned trees in treatment 1,000. Error bars indicate 95 %
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confidence interval. Nes new single shoots (a), Nec number of shoots
originating from a cluster (b), Pec number of points where multiple
shoots originate from (points of origin) (¢)
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and implications for forest management due to the significant
interactions encountered.

4.1 Hypothesis no. 1

According to hypothesis no. 1, pruning reduces the number
of new epicormic shoots compared to un-pruned oak trees. In
this study, an overall negative effect of pruning was detected,
thus falsifying H1. Moreover, a detailed analysis revealed a
significantly different distribution of epicormic shoots along
the stem of pruned and un-pruned trees. The effect was
dependant on stem section (height up the stem), with pruned
trees developing less epicormic shoots in the lower part of the
stem (below 3 m) and more in the upper part (between 3 and
6 m). This pattern was observed across both experiments. This

Section

significant interaction between pruning and height along
the stem for forestry practice. Similar results were reported
by Spiecker (1991) who for both pedunculate and ses-
sile oak found that pruning leads to an increase in the
number of epicormic shoots and therefore discouraged
the practice. In contrast, Kerr and Harmer (2001) re-
ported a general decrease in the production of epicormic
shoots in pedunculate oak with pruning compared to the
control plot.

For sessile oak, the number of visible epicormic buds and
past epicormic emergences, present at a given time, is positive-
ly correlated to the subsequent frequency of epicormic shoots in
sessile oak (Morisset et al. 2011a, 2012; Fontaine et al. 2001).
For the purpose of this study, data on epicormic buds were not
recorded; therefore, a possible correlation between the presence

Table 4 Summary of fixed, ran-

dom and variance estimated pa- Fixed Treatment Estimate SE df t value p value
rameters for the pruning analysis.
The term treatment refers to Section 1 Not pruned 5.294 0.94 455 5.647 0.000
pruning and was fitted as a Section 2 Not pruned -3.902 1.49 455 2.613 0.009
nominal variable. The random Section 3 Not pruned 0275 0.95 455 ~0.290 0.772
effect a;, representing the within .
tree variation is N(0, 0.0006%) Section 4 Not pruned 2.353 0.90 455 —2.624 0.009
and the random effect by, Section 5 Not pruned 3.627 0.80 455 —4.520 0.000
repfeientinI\Ehg g’eg‘;’;gn'gef Section 6 Not pruned 4.569 0.83 455 —5.496 0.000
variation 1s M0, 3,073 ). LSt Section 1 Pruned 3571 1.40 455 1235 0.220
sections other than section 1 Section 2 Pruned —2.238 2.22 455 —0.749 0.454
were estimated as an adjustment Section 3 Pruned -0.976 1.41 455 0.888 0.375
to the section 1 estimate Section 4 Pruned ~1357 133 455 2.781 0.006
Section 5 Pruned 0.500 1.19 455 2.619 0.009
Section 6 Pruned 1.714 1.24 455 2.308 0.022
Random—yvariance covariate
o” section 1 31.332
o” section 2 82.405
o” section 3 14.382
o” section 4 9.664
o’ section 5 1.519
o7 section 6 3.907
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Fig. 3 Bar plot of the different types of epicormic shoots assessed vs.
section, divided by different thinning treatments. Error bars indicate
95 % confidence interval. Nes new single shoots (a); Nec number of

of dormant buds and pruning could not be established. How-
ever, the suggestion that buds may burst vigorously when a
branch above is pruned, due to the release of internal physio-
logical processes (Colin et al. 2010), may help explain these
results. There are several additional ways through which prun-
ing can trigger the emergence of more epicormic shoots. For
example, pruning weakens the tree due to the reduction in
foliage mass (Meier et al. 2012) and it can stress and expose
more meristematic tissue to increased light levels (Fink 1984).

shoots originating from a cluster (b); Pec number of points where
multiple shoots originate from (points of origin) (c)

4.2 Hypothesis no. 2

According to hypothesis no. 2, the number of new epicormic
shoots decreases with increasing stand density. This study
observed an increasing number of new epicormic shoots
with increasing stand density, contrary to H2.

Previous research indicates that, compared to medium-
density stands, the number of epicormic shoots is higher in
very dense stands (Fontaine et al. 2001). For heavily thinned

Table 5 Summary of fixed, ran-

dom and variance estimated pa- Fixed Estimate SE df t value p value
rameters for the thinning analy-
sis. Section represents the inter- Section 1 2.622 0.84 685 3.130 0.003
cepts for each stem section. Section 2 -2.108 1.34 685 1.570 0.117
Section x trees per hectare repre- go (i 3 ~0.245 0.95 685 0.257 0.797
sent the different slopes adjusted .
for the interaction. The random Section 4 1.059 0.76 685 —-1.388 0.166
effect a;, representing the within Section 5 2.051 0.76 685 —2.708 0.007
tree variation is N(0, 0.677%) and  Section 6 2.501 0.78 685 -3.223 0.001
e Eﬁi‘;ﬁ‘neffgi/%;zgff:%%g Section 1 x trees ha ! 0.001 0.00 685 2479 0.014
3.159). Estimates for the fixed Section 2 x trees ha™! —0.002 0.00 685 1.938 0.053
effect for sections other than sec- Section 3 x trees ha ! —0.001 0.00 685 1.791 0.074
tion 1 were estimated as an ad- Section 4  trees ha " 0.000 0.00 685 0.050 0.960
Justment 1o the section I estimate g 1S « trees ha™! 0.000 0.00 685 0.412 0.681
Section 6 x trees ha ' 0.000 0.00 685 —0.969 0.333
Random—yvariance covariate

o” section 1 26.774

o” section 2 68.476

o” section 3 21.224

o’ section 4 3.951

o’ section 5 3.542

o7 section 6 5.040
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stands, there are contrasting results indicating both more
(Ward 1966; Jobling and Pearce 1977; Kerr 1996) and less
(Morisset et al. 2011b) epicormic shoots.

The higher number of epicormic shoots in very dense stands
can be explained by the social hierarchy, more suppressed trees
and more intense competition triggering the production of
epicormic shoots. For heavily thinned stands and free growth
oak, light is obviously an important factor and it is possible that
between-tree variation in the shading from individual crowns
may help explain the contrasting results. Some studies have
demonstrated a statistically significant effect for different inter-
mediate thinning practices (Colin et al. 2010), while others
(Wignall and Browning 1988; Fontaine et al. 2001) have not.
With this in mind, light and the genetic characteristics of
individual trees again become the factors of interest. There is
an issue with the growth and persistence of epicormic shoots,
which has been investigated partially for oak. For four different
stand densities, the conclusion was that new shoots emerge due
to different light environments, but then gradually die with
increasing canopy closure (Spiecker 1991).

4.3 Hypothesis no. 3

According to hypothesis no. 3, the number of new epicormic
shoots increases with increasing height up the stem. In this
study, the number of new epicormic shoots instead decreased
with increasing height up the stem in both the pruning and
the thinning analyses. This leads to a rejection of hypothesis
no. 3.

In pruned trees, the decrease is not linear, but sections 4—
6 m generally had less epicormic shoots than the lower sec-
tions. However, un-pruned trees presented a steady decrease
with increasing height up the stem. Due to the significant
interaction between pruning and section, pruned trees have
more epicormic shoots closer to the canopy than un-pruned
trees. There are several possible explanations for this: more
light penetrates through to the upper stem sections of pruned
trees or that hormonal regulation triggers the emergence of
more epicormic shoots near the lower canopy branches. Here,

T T 1
1000 2000 3000
Trees ha™'

more primary branches were removed, creating callus tissue,
and consequently more epicormic shoots emerged. Most of
these are probably of adventitious origin.

The interaction also highlighted the contrast between the
within-plot competition, quantified in the second part of the
analysis, and the positive effect of shading due to the size of
individual crowns, resulting in a lower number of epicormic
shoots in the stem sections (4—6 m) close to the canopy. In
addition, the preliminary analysis showed that the number of
primary and secondary branches removed with pruning had
an effect on the composition of new epicormic shoots (single
vs. cluster). This could possibly explain the larger variation
and fluctuation from the third to the fifth stem section of
pruned trees (Fig. 2). Moreover, the quantity of foliage is
reduced when trees are pruned, implying a potentially dif-
ferent allocation of photosynthetic products within the tree.

For thinning, a similar trend was found, showing a con-
sistent decrease of new epicormic shoots with increasing
height up the stem, across different stand densities. This is
in contrast to the findings of Henriksen and Sanojca (1983),
Smith (1965), Spiecker (1991) and Ward (1966), who all
found an increase in the number of epicormic shoots with
increasing height above ground. A possible explanation is that
they studied much older trees and that the location effect could
be age dependent. Moreover, they had no replicate experi-
ments, and while Henriksen and Sanojca (1983) worked with
pedunculate oak, both Smith (1965) and Ward (1966) inves-
tigated American oaks. Consequently, H3 should be revised to
test experimentally whether the indication of an age effect is
valid in general.

4.4 Additional issues

Surprisingly, DBH and H were not significant in any model.
This finding contrasts the results reported by Nicolini et al.
(2001), but is in agreement with Harmer (1990, 1992), Colin
et al. (2008) and Morisset et al. (2012) who stated that the
occurrence or emergence of epicormic shoots is unrelated to
the size of individual trees. This might be due to individual tree

%‘%%% IN-\)A @ Springer



672

G. Attocchi

variation (hence, the significant random component in the
model), since epicormic shoots have a strong genetic compo-
nent among families of Q. robur (Savill and Kanowski 1993)
and the production is partly under genetic control (Jensen
2000), or due to the different diameter classes investigated
in other studies. Furthermore, certain individual trees consis-
tently bear more epicormic shoots over time independent of
the thinning practice, as reported by Henriksen and Sanojca
(1983), Ward (1966), Morisset et al. (2011b) and Spiecker
(1991).

Considering the social status of a tree, it was noticed
during field work that suppressed trees had in general a
larger number of epicormic shoots, supporting a number of
previous observations (Krajicek 1959; Nicolini et al. 2001;
Spiecker 1991). Even though tree size variables were not
significant in predicting new epicormic shoots, it cannot be
inferred that tree social status is not of importance as data
were not collected to test this hypothesis. Consequently,
there is a missing link between the relationship among tree
size, social status and the composition of epicormic shoots.

4.5 Implications for silviculture

The results presented in this paper indicate that early, heavy
thinning combined with high pruning, initiated early and
repeated at regular intervals, may help to shorten the rotation
length for pedunculate oak without a further reduction in
wood quality than which is due to wider annual growth rings.
The lower number of epicormic shoots with decreasing stem
density indicates that heavy thinning is economically opti-
mal in terms of pruning costs. It remains to be tested, how-
ever, whether these conclusions hold for a wider range of site
types, oak genotypes and throughout a full rotation and how
the persistence of epicormic shoots changes. It also remains
to be clarified which range of stand densities is optimal
considering density-dependent production risks and the
range of management objectives (or components thereof)
that may be relevant for the sustainable production of high-
quality oak timber.
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