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Oak often needs to be promoted in mixed beech-oak stands – the 
structural processes behind competition and silvicultural management 
in mixed stands of European beech and sessile oak

Kobra Maleki (1), 
Laura Zeller (2), 
Hans Pretzsch (2)

Forest ecosystems nowadays provide multiple ecosystem goods and services at
a time and throughout all development phases. Species mixing is considered
an effective measure to gain benefits beyond purely additive effects. How-
ever, the complex structural processes behind interspecific competition and
temporal and spatial facilitative effects through mixing are still far from being
understood and predictable. In particular the mixture of European beech (Fa-
gus sylvatica L.) and sessile oak (Quercus petraea [Matt.] Liebl.) is gaining
even more importance due to the fact that forests from these species are con-
sidered more tolerant to climatic effects and are expected to expand their
natural range to the north due to global warming. The 30 long-term experi-
mental plots analysed in this study reveal the structural processes in mixed
beech-oak stands based on data at the tree and stand level. Using spatial and
non-spatial structural indices, we can show an increasing dominance of beech
over oak in unmanaged stands and the effectiveness of thinning operations to
support  oak.  Those processes  are  representative  for  other  light-demanding
tree species in mixtures with shade-tolerant species. Improving the knowledge
on the structural  processes in mixed-species stands is  particularly relevant
when trying to modify forest structure in order to adapt forest management to
shifting environmental conditions and the increasing demand for ecosystem
services.
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Introduction
The European beech (Fagus Sylvatica L.)

and  the  sessile  oak  (Quercus  petraea
[Matt.] Liebl.) are two of the most preva-
lent  broad-leaved  tree  species  in  Central

Europe  and  they  occur  mostly  in  Central
Europe, ranging from the north of Spain up
to southern Scandinavia (Bolte et al. 2007).
As soon as the canopy is closed in mixed
stands  of  oak  and  beech,  there  is  only  a
low amount of  light penetration (Emborg
1998). The shade-tolerant European beech
saplings  therefore  seem  to  out-compete
the light-demanding sessile oak saplings in
mixed stands in all  light conditions (Ligot
et al. 2013). The morphological plasticity of
European  beech  additionally  allows  a  re-
striction or even penetration of the crowns
of neighbouring oak trees. On most sites,
European beech also reaches much higher
maximum tree heights and diameters than
sessile  oak,  and  consequently  overgrows
and impedes sessile oak severely. A warm-
er and drier climate can reduce the height
growth  of  beech  (Bontemps  et  al.  2012).
Sessile oak, on the contrary, is expected to
adapt better to a warmer and drier climate
than European beech (Rubio-Cuadrado et
al.  2018),  which will  therefore modify the
competitive relationship between the two
species.

Silvicultural management can modify the
forest structure and interactions between
tree species, and can foster not only wood
production  but  also  other  ecosystem
goods and services beyond the additional

effects of mixing (Ammer 2008). However,
specific  silvicultural  guidelines  for  mixed-
species  stands  are  often  lacking.  Experi-
ence in the field of silviculture shows that
the cultivation of  oak in mixed stands re-
quires a considerate management in order
to establish and maintain beneficial forest
structures to support the regeneration and
development of oak (Von Lüpke 1998), e.g.,
through thinning.  The  production of  high
quality oak wood and the need for silvicul-
tural  intervention  are  therefore  often  in
conflict with conservation interest groups,
aiming at an increase in unmanaged forest
area (Frech 2006).

Despite the potential interspecific compe-
tition and the need for frequent manage-
ment  interventions,  mixed-species  stands
have  in many cases  shown benefits  com-
pared to pure forest  stands (Gamfeldt  et
al. 2013). These benefits mostly result from
a functional diversity (Mensah et al. 2018)
and include a general reduction in the risk
of mortality, higher stability, above-ground
carbon storage (Mensah et  al.  2018),  and
productivity (Liang et al. 2016). One reason
for  the  superior  growth  in  beech-oak
stands  may be the hydraulic  lift  of  water
(Pretzsch et al. 2013). European beech also
shows a higher number of fine roots com-
pared to sessile oak (Leuschner et al. 2001),
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which may result in a more efficient use of
below-ground resources.  A more efficient
vertical  and  horizontal  exploitation  of
space due to the different needs in light in-
tensities  may be an additional  reason for
overyielding.

As  stand  structure  plays  an  important
role in the effective and sustainable man-
agement of mixed forest stands, it may be
specifically  modified with the aim of  sup-
porting  certain  ecosystem  functions.  By
thinning  from  above,  for  example,  struc-
tural heterogeneity can be increased com-
pared to thinning from below, which can
make  stands  more  homogeneous  (Pret-
zsch 1998). The structural heterogeneity of
a stand can then enhance stand productiv-
ity (Danescu et al. 2016), diminish it (Bour-
dier et al. 2016) or both. The structural ef-
fect may be positive or negative, depend-
ing on the site conditions and on the devel-
opment phase of the forest stand (Zeller &
Pretzsch 2019). In addition, enhanced for-
est biodiversity and stand structural  com-
plexity are assumed to be positively related
(Zellweger  et  al.  2013),  which in turn can
positively  influence  stand  productivity.  In
order  to  modify  and  benefit  from  those
structural  effects,  effective  silvicultural
management has to consider not only spe-
cies-mixing and changes in environmental
conditions, but also the initial stand struc-
tures and how they are modified over time
by species  identity  and management (Mi-
zunaga et al. 2010).

By  analysing  30  long-term  experimental
forest plots of European beech and sessile
oak in southern Germany,  the aim of  this
study is to demonstrate the structural pro-
cesses behind facilitation, competition and
silvicultural  management  in  mixed  beech
and oak stands over time. The experimen-
tal plots (between 0.2 and 1 hectare in size)
were subjected to different intensities and
types of thinning. We applied structural in-
dices at stand and tree level that are com-
monly  used  to  quantify  stand  structure
(Pommerening 2002). The effects of both
thinning and natural mortality on the struc-
tural  indices  were  compared  with  each
other.

This study contributes to the understand-
ing of the structural processes behind silvi-
cultural  management  with  regard  to  the
competition in mixed beech-oak stands. It

will  improve forest management in terms
of controlling species mixtures in the long
term,  and  of  adapting  forests  to  future
challenges and demands by addressing the
question: how are the structure and com-
petition of mixed European beech and ses-
sile oak stands modified by thinning type
and intensity, compared to natural mortal-
ity? In this context, we hypothesised that
natural mortality and thinning have similar
effects on the structure and competition in
mixed  European  beech  and  sessile  oak
stands.

Materials and methods

Study area
For the current study, we used inventory

data of long-term experimental plots domi-
nated by sessile oak and European beech,
which are all located in Bavaria, Germany,
and  have  similar  climatic  conditions.  The
water and nutrient supply is favourable for
both species. Additional species occurring
in  small  numbers  were  European  horn-
beam (Carpinus betulus), birch (Betula pen-
dula  and Betula  pubescens),  lime  (Tilia
platyphyllos  and Tilia  cordata)  and  Euro-
pean Larch (Larix decidua). The experimen-
tal  plots  are located close to Waldbrunn,
Burgsinn,  Illertissen,  Lohr-West,  Elmstein-
Nord,  Rohrbrunn,  Rothenbuch,  Schwein-
furt, and Kelheim. On the plots, the mean
annual  temperature ranges  from 7 to 8.5
°C, the annual precipitation is between 660
and 1150 mm y-1 and elevation is between
270 and 555 m a.s.l. Several measurements
of long-term experimental plots were car-
ried out in the time between 1927 and 2016.
Since this study deals with spatial analyses,
which require the coordinates of all trees,
we  excluded  the  measurements  before
1986,  when Cartesian coordinates  for the
trees were first recorded. Our study plots
are rectangular, ranging between 0.2 and 1
hectare  in  size,  and  were  surveyed  2-4
times, with 4 to 17-year intervals between
measurements. The sample plots were 27-
371 years old and have been thinned with
different  intensities  (0-45%  of  total  basal
area  on  plots)  and  types  (thinning  from
above and thinning from below).  In each
survey,  all  living  trees  with  diameter  at
breast height (d) of 5 cm or greater, reach-
ing a height (h) of 1.3 m or more, dead and

thinned trees were tallied and identified at
a species level. For every fifth tree, and for
dominant  and  rare  tree  species,  the  tree
height, crown radius and crown projection
area  were  also  measured.  Tab.  1 sum-
marises  the structural  properties  of  plots
and the two main study species (European
beech and sessile oak) for 20 unmanaged
plots, where trees died only due to natural
mortality and for 28 managed plots, where
– in addition to natural mortality  – further
trees were removed due to thinning prac-
tices.

Stand structure quantification
A set of structural indices – describing the

plots according to the intensity and spatial
arrangements of the trees, the size distri-
bution,  and  species  intermingling  – were
selected  for  further  analyses  (Tab.  S1  in
Supplementary material).  Either the struc-
tural  measures  were  simple  non-spatial
measures  of  stand  properties,  which  are
often available in almost all forest invento-
ries, or spatial quantifications of a central
tree (reference tree)  related to its  neigh-
bourhood. The spatial  indices account for
one or four nearest neighbours of each ref-
erence  tree.  Depending on the algorithm
of the structural indices, the calculated val-
ues were at tree, species or plot level.

Indices 1-4 in Tab. S1 are non-spatial mea-
sures of stand properties, which are simple
to assess, and can be used for more com-
plex assessments. The quadratic  mean di-
ameter at breast height of trees (Dq) was
representative  of  the  trees’  dimensions,
whereas  the  stand  basal  area  (BA),  the
number of  trees  per  hectare (N)  and the
Reineke stand density index (SDI – Reineke
1933), describe stand density.  SDI sets the
allometric  relationship  between  N and  Dq

and  estimates  the  expected  number  of
trees at a quadratic mean diameter of 25
cm.

Indices 5-7 (Tab. S1 in Supplementary ma-
terial)  explore  the  horizontal  distribution
pattern of trees within the study plots. The
contagion index (Con),  also known as the
uniform  angle  index,  counts  for  the  four
neighbours  (Hui  &  Von  Gadow  2002)
whereas  the  aggregation  index  (Clark  &
Evans  1954)  and  the  Pielou  index  (Pielou
1959) refer to the distances between the
reference  trees  and  the  random  points
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Tab. 1 - The initial stand characteristics (mean ± standard error) of the study plots in total and for the two main species. ( N): number
of trees (ha-1); (Dq): quadratic mean diameter of trees at breast height (cm); (BA): basal area (m2 ha-1) ; (H): mean height of the trees
(m); (CRP, CRR): mean crown projection (m2) and crown radius (m) of trees within a plot, respectively. “Managed” and “Unman-
aged” refer to plots with and without thinning practices, respectively.

Plot Species N Dq BA H CRP CRR

Unmanaged European beech 739 ± 98 17.88 ± 1.57 12.69 ± 0.86 18.18 ± 1.00 32.89 ± 3.28 3.01 ± 0.15

Sessile oak 449 ± 120 36.34 ± 3.55 20.61 ± 1.42 26.58 ± 1.16 36.56± 6.69 3.03 ± 0.28

Total 1232 ± 177 23.65 ± 1.90 34.36 ± 1.14 21.65 ± 1.01 31.92 ± 3.63 2.91 ± 0.18

Managed European beech 684 ± 95 18.24 ± 1.40 12.28 ± 0.79 18.44 ± 0.95 33.71 ± 2.96 3.07 ± 0.14

Sessile oak 414 ± 119 37.48 ± 3.54 20.37 ± 1.21 26.67 ± 1.16 38.34 ± 6.61 3.12 ± 0.28

Total 1144 ± 173 24.61 ± 1.97 33.38 ± 1.11 21.85 ± 1.00 33.24 ± 3.48 2.99 ± 0.18
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Competition and silvicultural management in mixed beech-oak stands

from the first nearest tree, respectively.
We assessed the difference in stem diam-

eters  at  breast  height  by  another  five in-
dices, of which two are spatial (indices 8-9)
and one is non-spatial (index 10). The diam-
eter  differentiation  index  (Dif  – Füldner
1995) and diameter dominance index (Dom
– Von  Gadow  &  Hui  2002)  count  for  the
four nearest neighbours and quantify the
diameter  differentiation  and  the  domi-
nance status  of  a  reference  tree,  respec-
tively.  Finally,  the diameter  heterogeneity
of trees within a stand is evaluated by di-
ameter  variation  (Dvar – Pretzsch  2009),
where the higher  Dvar indicates the higher
diameter variation.

The  spatial  structure  of  species  mixture
was described by species mingling (Füldner
1995) and species segregation (Pielou 1977)
(indices  11-12  – Tab.  S1  in  Supplementary
material). The mingling index (Ming) quan-
tifies the proportion of four nearest neigh-
bours of a species other than that of the
reference tree, whereas the segregation in-
dex  (Seg)  accounts  for  all  pairs  of  refer-
ence  trees  and  their  first  nearest  neigh-
bours within a stand and describes the in-
termingling  of  two  species  or  species
group.

Competition quantification
Additional  to  the  structural  indices,  we

quantified the spatial competition amongst
the neighbouring trees applying the com-
petition index introduced by Hegyi (1974 –
eqn. 1). The intention was to examine the
importance of species identity, stand den-
sity and tree dimensions in stand dynamics
and structure, by using a single index.  To
do so, the competition load from oak (CIOak)
and  beech  (CIBeech)  neighbouring  trees  on
each reference tree was separately quanti-
fied and summed up, to obtain a value for
the  competition  forced  by  each  species
within a stand (eqn. 1):

(1)

To test whether a neighbouring tree  j of
any  diameter  (dj)  is  an  active  competitor
for reference tree i with any diameter (di),
we controlled the distance between them
(rij).  Based on the crown overlap method
(Alemdag 1978), we set a critical distance
as the sum of the reference tree’s potential
crown  radius  (Cri)  and  the  neighbouring
tree’s  potential  crown radius (Crj)  and as-
sumed trees  i and  j were actively interact-
ing when rij< Cri+ Crj. Since the crown radius
was not available for all trees within a plot,
the  non-linear  allometric  relationship  be-
tween the potential crown projection (crp)
and the diameter at breast height of trees
with a crown measurement was employed
(Pretzsch 1992 – eqn. 2):

(2)

The  potential  crown  projection  model
was derived for tree species of the Bavar-

ian region, which made the use of the mod-
el  plausible.  In  order  to  estimate  the pa-
rameters  a0 and  a, for both species in the
beech-oak mixture we used the nonlinear
least squares regression and the trees with
measured crowns from empirical data. For
further analyses, we then used estimated
crown projection area for all trees.

The edge effect correction
The  immediate  neighbours  for  trees

standing near the monitoring plot borders
may stand outside the plots, and there may
be  no  information  available  about  them.
Among  the  different  methods  developed
for  avoiding the biased statistical  estima-
tions due to the edge effect, a combination
of  border  method  or  buffer  zone (Ripley
1981)  and  reflection  method  (Radtke  &
Burkhart  1998)  was  applied.  For  indices
counting the first nearest neighbour, a buf-
fer zone was set to exclude the reference
trees, where their distance to the plot bor-
ders  were  shorter  than  their  distance  to
their  first  nearest  neighbours  (Pretzsch
2009). However, those trees could serve as
the nearest neighbours for other reference
trees. This method ensures the removal of
all border errors for the mentioned indices
quantifications.  The reflection method re-
sults in periodic neighbourhood situations
that do not naturally exist, when applied to
rectangular inventory plots (Diggle 2003).
However, in order to avoid losing many ref-
erence trees, as might happen when using
the border method, we used the reflection
method  when  quantifying  the  indices  ac-
counting for more than one nearest neigh-
bour.

The status of natural mortality and 
thinning throughout stand 
development

In a preliminary analysis, we checked the
height development of sessile oak and Eu-
ropean  beech  reference  (central)  trees
both in managed and unmanaged stands.
Since  the  heights  of  all  reference  trees
were not recorded, individual tree heights
were  estimated  by  the  uniform  height
curve system that was first created for the
European beech and then parametrised for
other species (Franz et al. 1973) in Bavaria,
Germany (eqn. 3):

(3)

where  h is the individual tree height, esti-
mated as a function of a tree’s diameter at
breast  height,  d.  We derived the parame-
ters  b0,  b1 and  b2,  utilizing  the  trees  with
measured height on the plots.

The effect of natural mortality and 
thinning on stand structure

In order to examine the changes in stand
structure due to natural mortality and thin-
ning practices, we computed the structural
and competition indices for three phases.
This was performed for all existing trees, in

managed  and  unmanaged  plots,  prior  to
any  natural  mortality  and  thinning  prac-
tices (phase0); after drop-outs due to natu-
ral  mortality  in managed and unmanaged
plots  (phasemor);  and  for  the  remaining
trees  after  natural  mortality  and thinning
practices, in managed plots (phasethin). We
calculated  the  differences  in  the  indices
presented in Tab. S1 (Supplementary mate-
rial), for the three aforementioned phases,
as Δmor (phasemor - phase0) and Δthin (phasethin

-  phasemor). In the next step, we quantified
the mortality rate and thinning intensity as
the ratio of the removed basal area of plots
(BAremove, m2  ha-1) to the total basal area of
plots (BA, m2  ha-1), due to natural mortality
and thinning, respectively (eqn. 4). We also
defined  the  mortality  and  thinning  mode
by the relative diameter of the remaining
trees  (Dq(remain),  cm)  following  the  natural
mortality and thinning, respectively, to the
quadratic mean diameter of the plots (Dq,
cm) prior to mortality or thinning (eqn. 5).
Eventually, we assessed the effect of mor-
tality and thinning as follows:

(4)

(5)

We quantified the values of intensity and
mode both for mortality (between  phase0

and  phasemor)  and  thinning  practices  (be-
tween  phasemor and  phasethin).  In  this  con-
text, the intensity can take values between
0  and  100%  depending  on  the  removed
basal area (m2 ha-1). Mode values equal to 1
show  that  mortality  and  thinning  were
equally distributed among trees of any di-
ameter.  Mode values smaller than 1 refer
to the mortality of larger than average di-
ameter  trees  and  thinning  from  above.
Mode values larger than 1 refer to the mor-
tality  of  smaller  than  average  diameter
trees and thinning from below.

The statistical analyses
In  order  to  check  the  effect  of  natural

mortality and thinning practices on struc-
tural indices, we used the generalised addi-
tive  mixed  effects  model  (GAMM).  The
GAMM can appropriately  address  the  un-
equal number of reference trees on the dif-
ferent inventory plots, and other unknown
differences between the plots and poten-
tial  correlations  of  residuals  within  the
plots (Fahrmeir & Jung 2001 – eqn. 6):

(6)

where y is a function of x independent vari-
ables, with unknown and possibly non-lin-
ear  effects,  b represents  a  vector  of  ran-
dom effects,  ε is the remaining errors and
a is the model’s intercept to be estimated,
and f1, …, fp are nonlinear smoothing func-
tions.

We first fitted the model for the mortality
analyses and then for evaluating the thin-
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ning  effects.  We  set  Δmor and  Δthin as  re-
sponse  variables,  intensity  and  mode  (of
mortality  and  thinning)  as  predictor  vari-
ables and trees within plots and measure-
ments as a random vector to cover any un-
known variability  of  different  study plots.
We assessed the significant effect of tree
mortality  and  thinning  practices  on  the
structural indices (p-values < 0.05) and the
direction of changes (positive / negative).

Using the GAMM, we also tested the rela-
tionship  between  the  mortality  rate  and
thinning  intensity,  the  relationship  be-
tween intensity and mode of both mortal-
ity  and  thinning  for  European  beech  and
sessile oak trees, and the changes in inten-
sity and mode of both mortality and thin-
ning  during  the  stand  development  (ex-
pressed by stand age).

Furthermore, we used a GAMM to assess
the tendency of changes in the height de-
velopment of  trees,  as  related to natural
mortality  and  thinning  practices.  The
smooth  curves  deduced  from  the  model
show how the natural  mortality and thin-
ning  influenced  the  height  of  beech  and
oak  trees  in  unmanaged  and  managed
stands. We conducted the analysis once for

all trees in the mixed stands and once for
beech  and  oak  separately.  In  our  regres-
sion  analyses,  in  order  to  find  influential
outliers,  we  calculated  the  studentized
residuals.  If  an observation had a studen-
tized  residual  larger  than  3  (in  absolute
value) we counted it as an outlier and ex-
cluded it from our predictor variables sets.
We repeated the regression analyses, and
if the exclusion of the possible outliers did
not significantly change the results, we put
those omitted observations back into the
regression calculations.

Data preparation, indices calculations and
analyses  were  carried  out  in  R  statistical
software ver. 3.5.0 (R Core Team 2018). We
used the “mgcv” package to fit the gener-
alised additive mixed effects models,  and
the “ggplot2” package combined with “gg-
pubr” package to visualise the results.

Results

Natural mortality and thinning
Fig.  1a  illustrates  a  negative  correlation

between the mortality rates  and thinning
intensities on the study plots at a 95% confi-
dence  interval;  however,  the  correlation

was only significant for oak trees (p-value <
0.05). Fig. 1b shows the positive correlation
between the mortality mode and mortality
rate for  both species,  explaining that  the
increase in mortality rate results in a signifi-
cant increase in drop-out of trees of small-
er than the average size (p-value < 0.001).
Fig. 1c shows the statistically significant (p-
value  <  0.001)  negative  relationship  be-
tween the thinning mode and intensity for
beech,  where  the  high  intensity  thinning
removed medium-sized to large trees. The
trend was statistically significant (p-value <
0.001) but in the opposite direction for oak
trees,  whereby  mostly  small  trees  were
thinned  out  while  maintaining  a  higher
number of large trees.

We also detected significant changes (p-
value < 0.05) in mortality rate / thinning in-
tensity and mortality mode / thinning mode
related  to  stand  age,  at  the  plot  and  at
species level.  As illustrated in  Fig.  2a,  the
mortality rate of oak was almost similar to
the  mortality  rate  of  the  entire  plot,
whereas a much lower mortality rate was
detected for beech, which could be due to
senescence  at  older  ages.  Fig.  2b  shows
that the high mortality in oak was mostly

83 iForest 13: 80-88

Fig. 1 - The relationship between (a) mortality rates and thinning intensities on the study plots at a 95% confidence interval; (b) mor -
tality mode and mortality rate for European beech and sessile oak; (c) thinning mode and intensity for sessile oak and European
beech.

Fig. 2 - (a) The mortality 
rate and thinning intensity 
of the studied plots, at the 
plot and at species level 
related to stand age, 
where changes by stand 
are significant (p-value < 
0.05); (b) The mortality 
and thinning mode of the 
studied plots, at the plot 
and at species level related
to stand age, where 
changes by stand are sig-
nificant (p-value < 0.05).
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related to the drop-out of small oak trees
of  below-average diameter.  The mortality
rate of smaller oak trees decreased up to
the  age of  100 years  (Fig.  2a).  After  that
age, most of the mortality occurred among
the  larger  trees,  which  could  be  due  to
senescence. Mortality at a young age (age
< 60) in beech was related either to trees
of around average size or larger, or to the
death of small trees in stands older than 60
years (Fig. 2b).

Fig. 2a shows that the thinning intensity
was  a  lot  higher  for  beech  compared  to
oak, as the curve of thinning intensity for
beech was similar to the thinning intensity
of  the  entire  stand.  Fig.  2b  shows  that
mostly  smaller  than  average  oak  trees
(thinning mode > 1) and larger than aver-
age beech trees (thinning mode < 1) were
thinned.  Thus,  the high thinning intensity
of  beech  tree  is  due  to  the  removal  of
many large beech trees.

Effects of natural mortality and 
thinning on structure and competition

We presented a general overview of the
quantified  structural  and  competition  in-
dices  in  Tab.  2 and  the  effect  of  natural
mortality and thinning on stand structure
in Tab. 3. We assessed the effect of natural
mortality  and  thinning  by  indices  divided
into  four  groups:  indices  counting  for  (i)
tree size distribution, (ii) stand density and
horizontal  distribution  patterns,  (iii)  spe-
cies intermingling and for (iv) competition.

Tree size distribution
The intensity and the mode of mortality

and thinning had a significant effect on the
size distribution of  trees within the study
plots (Tab. 3). The removal of rather large
beech trees,  in  the case of  low mortality
rates (Fig. 1b) and high thinning intensities
(Fig. 1c) reduced the quadratic mean diam-
eter  (Dq)  of  beech.  In  the  case of  higher

mortality  rates,  the death  of  small  beech
trees  increased  the  Dq of  beech.  In  oak
trees,  the  quadratic  mean  diameter  in-
creased with a rising both in mortality rate
and  thinning  intensity.  This  can  be  ex-
plained through the mortality and thinning
of smaller oak trees (Fig. 1c). The basal area
(BA)  of  both species was reduced due to
removal  of  oak  and  beech  trees  through
natural mortality and thinning practices.

The dominance status of trees (Dom) due
to  natural  mortality  changed  significantly
for the two studied species (Tab. 3). Sessile
oak  showed  a  higher  mortality  rate  than
beech (Fig. 1b), which resulted in the death
of many small oak trees, and consequently
increased  the  dominance  of  remaining
larger oak over their direct neighbours. In
managed stands, a larger number of small
oak (also beech) trees were thinned out in
high-intensity  thinning  practices  for  oak
(about 20-25 %, see  Fig. 1c). This increased
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Tab. 2 - The quantified structural and competition indices for the studied plots in total and for the two main species. The means are
given in plain text, and standard deviations in italics. The meaning of each acronym is reported in Tab. S1 (Supplementary material).

Data Species N Dq BA SDI Con Agg IP Dif Dom Dvar Ming Seg CIBeech CIOak

ph
as

e 0

Total 1042
843

270.6
124.1

34.3
6.3

714.0
164.6

0.56
0.02

0.99
0.09

1.03
0.17

0.47
0.07

0.52
0.01

56.84
11.94

0.41
0.11

-0.16
0.17

1011.6
1017.8

873.7
1165.3

Beech 670
491

201.6
92.7

13.6
5.7

309.2
107.2

0.56
0.03

0.96
0.12

1.04
0.23

0.45
0.05

0.39
0.08

51.41
10.3

0.34
0.17

-0.15
0.17

861.2
851.0

654.4
615.8

Oak 464
606

357.4
154.0

21.9
6.3

414.6
163.1

0.55
0.03

1.04
0.12

1.00
0.22

0.50
0.11

0.82
0.11

20.84
6.34

0.68
0.20

-0.19
0.19

185.3
305.1

303.0
774.9

ph
as

e m
or

Total 952
731

274.3
122.8

33.6
6.0

692.5
146.0

0.56
0.02

0.99
0.09

1.03
0.17

0.46
0.07

0.52
0.01

55.36
11.47

0.42
0.11

-0.17
0.16

877.6
915.9

722.7
857.7

Beech 625
450

204.5
92.0

13.4
5.6

302.3
103.0

0.56
0.03

0.96
0.12

1.05
0.26

0.45
0.05

0.38
0.08

50.21
10.05

0.34
0.16

-0.16
0.17

757.5
785.8

574.6
531.9

Oak 401
470

359.1
160.0

21.3
6.1

398.1
142.9

0.55
0.03

1.04
0.13

1.00
0.17

0.50
0.12

0.82
0.10

19.62
4.59

0.69
0.19

-0.20
0.19

146.3
210.5

200.8
456.7

ph
as

e t
hi

n

Total 892
710

274.3
128.9

30.5
6.6

630.7
156.4

0.56
0.02

1.00
0.08

1.02
0.16

0.46
0.07

0.52
0.02

55.69
12.06

0.41
0.11

-0.16
0.15

793.7
861.3

647.5
816.0

Beech 599
430

199.0
89.6

12.3
5.6

278.4
101.3

0.56
0.04

0.96
0.12

1.02
0.23

0.45
0.06

0.38
0.08

49.84
10.5

0.34
0.18

-0.15
0.16

695.6
736.6

521.4
507.4

Oak 393
481

361.1
158.6

19.8
5.6

373.0
144.0

0.55
0.03

1.05
0.12

0.99
0.18

0.49
0.12

0.81
0.11

19.67
5.02

0.66
0.21

-0.20
0.18

139.9
208.9

199.2
451.6

Tab. 3 - Summary analyses of the effect of natural mortality (intensity and mode) and thinning practices (intensity and mode) on the
stand structure. (sp*): significant difference between Oak and Beech species (p-value < 0.05); the direction of relationship is shown
with + and -, showing positive and negative correlation, respectively and the first +/- sign is for Beech species and the last is for Oak.
The meaning of each structural and competition acronym is reported in Tab. S1 (Supplementary material).

Treatment
Natural mortality Thinning

Index type
No effect Effect No effect Effect

Intensity BA Dq
sp*(+,+), Domsp*(-,+), Dvar

sp*(-,-), Dif(-,-) Dif, Dvar Dq
sp*(-,+), BAsp*(-,-), Dom(-,-)

Size distribution
Mode -

Dq
sp*(+,+), BAsp*(-,-), Difsp*(-,-), Dvar

sp*(-,-), 
Dom(-,-) Dq, BA, Dvar Difsp*(+,-), Dom(-,-)

Intensity Con Nsp*(+,-), Aggsp*(-,+), IP(+,-), SDIsp*(+,-) Con N(-,-), Aggsp*(-,+), IPsp*(+,-), 
SDI(-,-) Density and 

distribution pattern
Mode Con Nsp*(-,-), Aggsp*(+,+), Ip(-,-), SDIsp*(-,-) N, Con, SDI Aggsp*(-,+) , Ip(-,-)

Intensity - Mingsp*(-,+), Seg(+,+) - Mingsp*(+,-), Seg(+,+) Species interming-
lingMode - Mingsp*(+,-), Seg(-,-) Seg Mingsp*(+,-)

Intensity CIOak CIBeech
sp*(+,-) - CIBeech

sp*(-,-), CIOak(-,-)
Competition

Mode - CIBeech
sp*(-,+), CIOak

sp*(-,+) - CIBeech(+,+), CIOak(+,+)
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the  probability  of  larger  remaining  trees
occurring  in  close  proximity  to  reference
oak  trees,  and caused  a  reduction in  the
dominance of oak.

The diameter differentiation of trees (Dif)
reflects that an increased rate and mode of
mortality led to a rise in the homogeneity
of the diameters of oak and beech trees. In
the case of a high mortality rate and mode
(Fig.  1b),  a  higher  number  of  small  trees
dropped out, and consequently the differ-
ence  in  diameter  between  the  measured
reference  trees  and  their  neighbours  de-
creased.  In managed stands,  the thinning
of rather large beech trees (thinning mode
< 1) and small oak trees (thinning mode >
1), increased the difference in the diameter
of beech trees and decreased it for oak.

The non-spatial measure of diameter vari-
ation (Dvar) showed that an increasing mor-
tality  rate lowered the diameter variation
for beech and oak trees through the drop-
out of rather smaller trees. Consequently,
the mortality of a high amount of smaller
trees (oak followed by beech, see  Fig. 1b)
and the survival of larger trees, made the
stands  more  homogeneous  in  terms  of
tree size.

Stand density and horizontal 
distribution pattern

Among the second group of indices, ac-
counting for  density  and distribution pat-
terns of trees within the stands, the num-
ber  of  beech  trees  per  hectare  (N)  in-
creased in the case of a high mortality rate.
This  can  be  explained  by  the  long  time
span  between  measurements,  which  was
long  enough  for  the  ingrowth  of  small
beech  trees.  As  expected,  thinning  de-
creased the number  of  trees  per  hectare
for  both  species.  In  this  context,  the  de-
creased value of stand density index (SDI)
in the case of a high thinning intensity was
evident,  because  SDI depends directly  on
the number of tree per hectare.

As shown by the indices  Agg and  Ip, the
distribution  pattern  of  trees  within  the
stands changed as a result of natural mor-

tality and thinning practices (Tab. 3). Both
thinning and mortality led to a more regu-
lar  distribution  of  the  remaining  oak  and
beech trees through the drop-out of sup-
pressed trees  or through releasing target
trees  of  disturbing  neighbours  (higher
value of  Agg and smaller values of  IP). The
beech trees exhibited a slight tendency to-
wards clumping, in the case of a high thin-
ning intensity, high mortality rate and thin-
ning of  large trees.  Many small  oak trees
died out in the stands with high mortality
rates  (>  8.3%),  which  resulted  in  a  lower
density  and  higher  regularity  (see  higher
Agg and lower Ip in Tab. 2). During the thin-
ning phase, the mean distances to the im-
mediate  neighbours  decreased  through
the elimination of a high number of large
beech trees standing large distances from
their nearest neighbours.

Tree species intermingling
In  the  third  group  of  indices,  Ming ac-

counted  for  four  nearest  neighbours  and
revealed that oak trees appeared mostly in
mixed groups. An increasing mortality rate
increased the mixture level of the remain-
ing oak trees. On the other hand, we real-
ized  lower  degrees  of  species  mingling
among beech trees. An increase in the mor-
tality  rate,  mostly due to the drop-out  of
oak trees,  even decreased the species in-
termingling  of  beech  central  trees  and
their  surrounding  oak  trees.  The  positive
correlation  between  the  mortality  mode
and mingling in  beech trees  showed that
large  surviving  beech  trees  tend  to  be
more  intermingled  with  oak  trees  com-
pared to small beech trees. Thinning prac-
tices  counteracted  by  removing  more
beech  trees  and  increasing  the  relative
share of oak within the stand, resulted in a
drop in the mingling level of oak trees and
an increase in the mingling level of beech
trees (Tab. 3).

Accounting  only  for  the  closest  neigh-
bour (Seg), we found an increased segrega-
tion  for  both  species  in  the  case  of  high
mortality  rates  and  high  thinning  intensi-

ties. This can be explained by a lower num-
ber  of  mixed  oak-beech  pairs,  potentially
due to the death of many oak trees in the
case of high mortality rates (> 8.3%). Those
lessened the chance of beech trees having
an oak tree as a direct neighbour. Another
reason  was  the  thinning  of  many  large
beech  trees,  which  increased  the  chance
for  oak  central  trees  to  have  other  oak
trees as neighbours. However, the remain-
ing presence of large beech and oak trees
after  natural  mortality  decreased  species
segregation,  and  the  thinning  mode  de-
monstrated  no  significant  effect  on  the
Seg values of either species (Tab. 3).

Tree competition
An examination of the competitive status

of  beech  and  oak  trees  (CIBeech and  CIOak)
showed  that  the  competition  posed  by
beech  vis-à-vis oak  trees  declined  during
the  mortality  phase,  which  might  be  ex-
plained by the mortality of suppressed oak
trees  suffering  from  a  high  competition
load imposed  by  the  neighbouring beech
trees. Thinning practices reduced the com-
petition induced by oak and beech through
releasing the reference trees and eliminat-
ing  the  competing  neighbours  of  both
species.

Regarding the competition influences of
beech  on  oak,  we  also  compared  the
height  development  of  oak  and  beech
trees  in  unmanaged  and  managed  plots,
with different thinning intensities. As illus-
trated in  Fig. 3, oak appeared to be domi-
nant  in  height  compared  to  beech;  how-
ever,  in  unmanaged  plots  older  than  150
years  of  age,  beech  dominated  oak  in
terms of height. Oak trees were more dom-
inant  in  height  within  managed  stands
where  thinning  practices  favoured  oak
trees  by  thinning  large  beech  trees,  as
shown in Fig. 2b.

Discussion
In our study,  the structural  processes in

mixed beech-oak stands became visible in
different  structural  traits.  The  analysis  of
tree-size  distribution,  spatial  distribution,
and  competition  at  individual  tree  and
stand  level  in  unmanaged  and  managed
plots demonstrates the clear dominance of
European beech, and how the interspecific
competition can be modified by  thinning.
We therefore reject our starting hypothe-
sis,  assuming  a  similar  effect  of  tree  re-
moval during natural mortality or/and thin-
ning.

Mortality and thinning significantly modi-
fied the tree-size distribution. Through nat-
ural mortality only a few large beech trees,
small beech trees and many small oak trees
dropped out (Fig. 1b), showing that the re-
generation of  oak was difficult  in unman-
aged  stands.  With  increasing  thinning  in-
tensity,  a  higher  number  of  large  beech
trees  were  cut  (Fig.  1b).  The  mean  qua-
dratic  diameter  of  beech  therefore  de-
creased with thinning, and that of oak in-
creased.  The  change  in  tree-size  distribu-
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Fig. 3 - The
height devel-

opment of
sessile oak

and European
beech trees in
managed and

unmanaged
plots.
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Competition and silvicultural management in mixed beech-oak stands

tion in the analysed beech and oak stands
of this study explains the concerns of pro-
ducers of high-quality oak wood in regions
of mixed beech-oak forests. In the case of
set-aside  plans  or  restricted  silvicultural
management, their concern is a high mor-
tality of sessile oak (Hein & Dhôte 2006), or
at least a lower production of high-quality
oak wood due to the lacking option of sup-
porting oak growth (Von Lüpke 1998). Still,
sessile  oak  occurs  naturally  in  pristine
forests as long as gaps open up during the
decay stage and provide the regeneration
with  enough  light.  Natural  disturbance
could provide those gaps needed for the
regeneration  of  oak  (Larsen  &  Johnson
1998). In most managed continuous-cover
beech stands, the phase of late senescence
with natural decomposition and the open-
ing of gaps, when old trees naturally die, is
shortened  through  harvesting  at  earlier
points in time, and a fostering of the regen-
eration of oak would therefore still be nec-
essary  e.g.,  by  artificially  providing  gaps.
The  discussion  of  abandoning  managed
forest areas for conservation must address
how  to  keep  oak viable,  which is  consid-
ered  a  challenge  (Varga  et  al.  2015).  The
structural heterogeneity of forests in once
managed  and  abandoned  forest  stands
was found to be lower than in both man-
aged stands and pristine forests (Stiers et
al. 2018). Since oak trees in mixtures with
shade-tolerant  species  are  more  likely  to
die,  the  share  of  oak  is  expected  to  de-
crease after sudden abandonment.

The effects of mortality and thinning be-
came visible also in the spatial distribution
of the two species. Both mortality and thin-
ning decreased the tree density and led to
a higher regularity in the horizontal distri-
bution patterns of trees within the stand.
Natural  mortality  slightly  reduced  the
clumping pattern  in beech and made the
spatial distribution of beech more homoge-
nous. This is a logical consequence due to
the  density-dependent  mortality,  or  self-
thinning,  when  the  regeneration  of  light-
demanding species is impeded by the shad-
ing  of  larger  trees  in  their  proximities.
Trees growing close to strong neighbours
are  therefore  more  susceptible  to  stress
and more likely to die (Vacek & Lepš 1996).
The remaining trees will have a more ran-
dom or even a regular horizontal distribu-
tion (Pommerening 2002).  Comparable to
the effect of natural mortality, thinning re-
leased oak trees  by  removing the closest
neighbouring  beech  trees.  This  led  to  a
larger growing space and a higher survival
rate for oak. The horizontal distribution of
oak trees thus became more regular, which
is the usual effect of thinning with the aim
of reducing competition (Longuetaud et al.
2008).

Over  the  stand  development,  the  inter-
mingling of oak and beech trees increased
during the mortality phase. As a shade tol-
erant r-strategist species (Hamilton 1968),
beech  usually  occupies  the  gaps  made
available through the drop-out of large and

old trees or  any other  disturbances.  That
increased the probability for already-exist-
ing  oaks  to  obtain  more  beech  trees  as
their nearest neighbours. This natural proc-
ess of beech replacing and suppressing oak
by  occupying  each  possible  location  be-
came visible  in  our  study and from other
previous  studies  (Ligot  et  al.  2013).  With
progressing stand development, it is main-
ly the suppressed oak trees which drop out
(Vacek & Lepš 1996). Strong surviving oak
trees  therefore  remain  at  an  appropriate
distance  from  neighbouring  beech  trees
and can enlarge their growing space. This
decreases  the  possibility  of  beech  having
oak in close proximity. After thinning, the
intermingling  of  oak  declined  because  of
the  removed  neighbouring  beech  trees,
which  resulted  in  an  increased  intermin-
gling of beech. To regulate the interspecific
competition,  thinning  practices  often  aim
at maintaining a high number of oaks in the
overstorey  while  restraining  beech  (Von
Lüpke 1998). This might explain our finding
of  decreased  and  increased  intermingling
in  oak  and  beech  surroundings,  respec-
tively.  Interspecific  competition  can  thus
be managed by controlling the level of in-
termingling in mixed stands.

Natural competition is an important fac-
tor  in  mixed-species  stands,  particularly
when  species  depend  on  the  same  re-
sources (Szwagrzyk & Szewczyk 2001).  As
the analysed long-term experimental plots
used in this study have a favourable water
and nutrient supply, most of the intra- and
inter-specific competition is for light (Pret-
zsch  &  Biber  2010).  The  competition  for
light is especially influenced by the vertical
and horizontal structural characteristics of
a stand. Note that the sensitivity to compe-
tition, crowding and overtopping changes
during  the  ontological  development  of
trees,  and that  the changes  are different
for each species (Seifert et al. 2014), which
could not be well reflected in this study by
using  only  one competition index.  In  any
case,  an  analysis  of  the  competition  in
mixed  beech-oak  stands  shows  the  high
competitiveness of European beech, as evi-
denced by the higher number of trees and
its relatively wide crown compared to ses-
sile oak (see  Tab.  1).  The strong competi-
tiveness of beech and the outcompeting of
oak (Hein & Dhôte 2006) also became visi-
ble  in  our  study,  with  a  higher  mortality
rate for oak than for beech and lower final
tree heights of  oak in unmanaged stands
compared to managed stands (Fig. 3). We
found that oak experienced less competi-
tion  from  beech  upon  increasing  natural
mortality. The competition load on trees of
both  species,  especially  of  oak,  was  re-
duced both by the drop-out of suppressed
small  trees,  and  by  thinning.  Thinning
therefore intensified the natural process of
self-thinning,  through  the  cutting  of  sup-
pressed,  competing  neighbour  trees  to
promote the growth of target trees (Bon-
cina et al. 2007). Consequently, our analysis
showed that in the case of a high natural

mortality  of  beech,  a  lower  intensity  of
thinning was necessary and  vice versa. On
the  experimental  plots,  thinning  opera-
tions in favour of oak were required in or-
der to maintain the mixture of beech and
oak over all phases of stand development
(Ligot et al. 2013). Even though the experi-
mental plots used in this study were imple-
mented for testing different intensities of
thinning,  their  management  might  differ
from that in private-owned forests. None-
theless, the experimental plots may be use-
ful  for  providing  an  idea  of  the  manage-
ment effect in mixed beech and oak stands
in the long term (Pretzsch et al. 2019).

Conclusions
Sessile oak in mixed beech-oak stands is

usually  overshadowed  and  suppressed,
and both its basal area proportion and the
number  of  stems  in  the  stands  decrease
more strongly than those of beech do. The
strong competitiveness of beech over oak
is  reflected  by  several  stand-structural
traits.  For  maintaining  a  certain  share  of
oak in mixed beech-oak forests, either reg-
ular thinning interventions (Boncina et al.
2007) or an initial spatial or temporal sepa-
ration of the two species (Pretzsch & Zen-
ner 2017) is necessary. Our results  – which
are  representative  of  a  large  area  of  the
common  distribution  range  of  European
beech and sessile oak in Europe – show the
need for thinning interventions when aim-
ing  at  a  sustainable  mixture  of  the  two
species.  In  terms  of  climate  change,  the
competitiveness of European beech might
be decreasing and sessile oak is expected
to adapt better to climatic changes (such
as  drought)  than  beech  (Rubio-Cuadrado
et  al.  2018).  This  might  make  mixed  oak
and  beech  stands  even  more  attractive
when it comes to facing challenges around
future  forest  ecosystems.  Understanding
and managing the structural processes be-
hind competition and facilitation between
beech  and  oak  can  therefore  lead  to  a
more  stabilised  performance  of  mixed
stands providing multiple ecosystem func-
tions.

Acknowledgements
KM and LZ are the two main authors and

contributed equally to this manuscript. The
authors  would  like  to  thank  the  Bayer-
ischen Staatsforsten (BaySF) for supporting
the  establishment  of  the  plots,  and  the
Bavarian State Ministry for Nutrition, Agri-
culture, and Forestry for its constant sup-
port of the project W 07 “Long-term exper-
imental  plots  for  forest  growth  and yield
research”  (#7831-22209-2013).  Thanks  are
also due to anonymous reviewers for their
constructive  criticism.  This  research  re-
ceived  funding  from  the  European  Union
for the project “Mixed species forest man-
agement.  Lowering  risk,  increasing  re-
silience (REFORM)” (# 2816ERA02S) under
the framework of Sumforest ERA-NET.

iForest 13: 80-88 86

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Maleki K et al. - iForest 13: 80-88

References
Alemdag IS (1978). Evaluation of some competi-

tion indexes for the prediction of diameter in-
crement in planted white spruce. Forest Man-
agement  Institute,  Environment  Canada,  Ot-
tawa, Canada, pp. 39.

Ammer  C  (2008).  Converting  Norway  spruce
stands with beech - A review of arguments and
techniques.  Australian  Journal  of  Forest  Sci-
ence 125 (1): 3-26. [online] URL: http://www.cab
direct.org/cabdirect/abstract/20093290174

Bolte  A,  Czajkowski  T,  Kompa  T  (2007).  The
north-eastern  distribution  range  of  European
beech a review. Forestry 80 (4): 413-429. - doi:
10.1093/forestry/cpm028

Boncina A, Kadunc A, Robic D (2007). Effects of
selective thinning on growth and development
of  beech  (Fagus  sylvatica L.)  forest  stands  in
south-eastern  Slovenia.  Annals  of  Forest  Sci-
ence 64 (1): 47-57. - doi: 10.1051/forest:2006087

Bontemps  J-D,  Herve  J-C,  Duplat  P,  Dhôte  J-F
(2012). Shifts in the height-related competitive-
ness  of  tree species  following  recent  climate
warming and implications for tree community
composition. The case of common beech and
sessile  oak  as  predominant  broadleaved  spe-
cies in  Europe.  Oikos  121  (8):  1287-1299.  -  doi:
10.1111/j.1600-0706.2011.20080.x

Bourdier T, Cordonnier T, Kunstler G, Piedallu C,
Lagarrigues G, Courbaud B (2016). Tree size in-
equality reduces forest productivity: an analysis
combining  inventory  data  for  ten  european
species  and  a  light  competition  model.  PloS
One 11 (3): 1-14. - doi: 10.1371/journal.pone.01518
52

Clark  PJ,  Evans  FC  (1954).  Distance  to  nearest
neighbor as a measure of spatial relationships
in populations.  Ecology 35 (4):  445-453.  -  doi:
10.2307/1931034

Danescu A, Albrecht AT, Bauhus J (2016). Struc-
tural diversity promotes productivity of mixed,
uneven-aged forests in southwestern Germany.
Oecologia 182 (2): 319-333. - doi:  10.1007/s0044
2-016-3623-4

Diggle  PJ  (2003).  Statistical  analysis  of  spatial
point patterns (2nd edn).  Arnold,  London,  UK,
pp. 159.

Emborg  J  (1998).  Understorey  light  conditions
and regeneration with respect to the structural
dynamics of a near-natural temperate decidu-
ous  forest  in  Denmark.  Forest  Ecology  and
Management 106 (2-3): 83-95. - doi: 10.1016/S03
78-1127(97)00299-5

Fahrmeir L, Jung S (2001). Bayesian inference for
generalized  additive  mixed  models  based  on
Markov random field priors. Applied Statistics
50: 201-220. - doi: 10.1111/1467-9876.00229

Franz F, Bachler J, Deckelmann B, Kennel E, Ken-
nel  R,  Schmidt  A,  Wotschikowsky  U  (1973).
Bayrische  Waldinventur  1970/71  -  Aufnahme
und Auswertungsverfahren. [The Bavarian for-
est inventory 1970/71 - Measuring and analysis].
Forschungsbericht 11: 141. [in German]

Frech A  (2006).  Walddynamik  in  Mischwäldern
des Nationalparks Hainich [Forest dynamics in
mixed  forests  in  the  National  park  Hainich].
Univ.  Dissertation,  Forschungszentrum  Wald-
ökosysteme  der  Universität,  Göttingen,  Ger-
many, pp. 120. [in German]

Füldner  K  (1995).  Strukturbeschreibung  von
Buchen-Edellaubholz-Mischwäldern  [Structure

in  mixed  forests  of  beech  and  other  hard-
woods]. Univ. Dissertation, Cuvillier, Göttingen,
Germany, pp. 146. [in German]

Gamfeldt L,  Snäll  T,  Bagchi R,  Jonsson M, Gus-
tafsson L, Kjellander P, Ruiz-Jaen MC, Fröberg
M, Stendahl J, Philipson CD, Mikusinski G, An-
dersson E, Westerlund B, Andrén H, Moberg F,
Moen J,  Bengtsson J  (2013).  Higher  levels  of
multiple  ecosystem  services  are  found  in
forests with more tree species. Nature Commu-
nications 4 (1): 59. - doi: 10.1038/ncomms2328

Hamilton  TH  (1968).  The  theory  of  island  bio-
geography.  Robert H. MacArthur and Edward
O.  Wilson.  Science  159  (3810):  71-72.  -  doi:
10.1126/science.159.3810.71

Hegyi F (1974). A simulation model for managing
jackpine  stands.  Growth models  for  tree  and
stand  simulation.  Royal  College  of  Forestry,
Stockholm, Sweden, pp. 74-90.

Hein S, Dhôte J-F (2006). Effect of species com-
position,  stand  density  and site  index  on the
basal area increment of oak trees (Quercus sp.)
in mixed stands with beech (Fagus sylvatica L.)
in northern France. Annales des Sciences For-
estières 5 (63): 457-467. - doi:  10.1051/forest:20
06026

Hui  GY,  Von Gadow K (2002).  Das  Winkelmaß.
Herleitung  des  optimalen  Standardwinkels.
[The uniform angle index. Derivation of the op-
timal  standard  angle].  Allgemeine  Forst  und
Jagdzeitung 173: 173-177.

Larsen DR, Johnson PS (1998). Linking the ecol-
ogy of natural oak regeneration to silviculture.
Forest Ecology and Management 106 (1): 1-7. -
doi: 10.1016/S0378-1127(97)00233-8

Leuschner  C,  Hertel  D,  Coners  H,  Büttner  V
(2001).  Root competition between beech and
oak. A hypothesis. Oecologia 126 (2): 276-284. -
doi: 10.1007/s004420000507

Liang J, Crowther TW, Picard N, Wiser S, Zhou M,
Alberti G, Schulze ED, Mcguire AD, Bozzato F,
Pretzsch H, de-Miguel S, Paquette A, Herault B,
Scherer-Lorenzen M, Barrett CB, Glick HB, Hen-
geveld GM, Nabuurs GJ, Pfautsch S, Viana H, Vi-
brans AC, Ammer C, Schall P, Verbyla D, Tche-
bakova N, Fischer M, Watson JV, Chen HY, Lei
X, Schelhaas MJ, Lu H, Gianelle D, Parfenova EI,
Salas  C,  Lee  E,  Lee B,  Kim HS,  Bruelheide  H,
Coomes DA, Piotto D, Sunderland T, Schmid B,
Gourlet-Fleury  S,  Sonke  B,  Tavani  R,  Zhu  J,
Brandl S, Vayreda J, Kitahara F, Searle EB, Neld-
ner VJ, Ngugi MR, Baraloto C, Frizzera L, Balazy
R, Oleksyn J, Zawila-Niedzwiecki T, Bouriaud O,
Bussotti F, Finer L, Jaroszewicz B, Jucker T, Val-
ladares F, Jagodzinski AM, Peri PL, Gonmadje C,
Marthy W,  Obrien T,  Martin EH, Marshall  AR,
Rovero  F,  Bitariho  R,  Niklaus  PA,  Alvarez-Lo-
ayza P, Chamuya N, Valencia R, Mortier F, Wor-
tel  V,  Engone-Obiang  NL,  Ferreira  LV,  Odeke
DE,  Vasquez  RM,  Lewis  SL,  Reich  PB  (2016).
Positive  biodiversity-productivity  relationship
predominant  in  global  forests.  Science  354
(6309): aaf8957. - doi: 10.1126/science.aaf8957

Ligot  G,  Balandier  P,  Fayolle  A,  Lejeune  P,
Claessens  H  (2013).  Height  competition  be-
tween Quercus petraea and Fagus sylvatica nat-
ural  regeneration  in  mixed  and  uneven-aged
stands. Forest Ecology and Management 304:
391-398. - doi: 10.1016/j.foreco.2013.05.050

Longuetaud F, Seifert T, Leban J-M, Pretzsch H
(2008).  Analysis  of  long-term  dynamics  of

crowns  of  sessile  oaks  at  the  stand  level  by
means of spatial statistics. Forest Ecology and
Management 255 (5): 2007-2019. - doi: 10.1016/j.
foreco.2008.01.003

Mensah S, Du Toit B, Seifert T (2018). Diversity-
biomass relationship across forest layers: impli-
cations  for  niche  complementarity  and  selec-
tion effects.  Oecologia  187 (3):  783-795. -  doi:
10.1007/s00442-018-4144-0

Mizunaga H,  Nagaike T,  Yoshida T,  Valkonen S
(2010).  Feasibility  of  silviculture  for  complex
stand structures: designing stand structures for
sustainability  and  multiple  objectives.  Journal
of Forest Research 15 (1): 1-2. - doi: 10.1007/s1031
0-009-0177-x

Pielou EC (1959).  The use of point-to-plant dis-
tances in the study of the pattern of plant pop-
ulations. Journal of Ecology 47 (3):  607. -  doi:
10.2307/2257293

Pielou  EC  (1977).  Mathematical  ecology  (2nd

edn). Wiley-Interscience, John Wiley and Sons,
NY, USA, pp. 385.

Pommerening A (2002). Approaches to quantify-
ing forest structures. Forestry 75 (3): 305-324. -
doi: 10.1093/forestry/75.3.305

Pretzsch H (1992). Konzeption und Konstruktion
von  Wuchsmodellen  für  Rein-  und  Mischbe-
stände  [Concept  and  construction  of  growth
models  for  pure  and  mixed  stands].  Chair  of
Forest  Growth  at  Ludwig-Maximilians-Univer-
sity Munich, Germany, pp. 339. [in German]

Pretzsch H (1998). Structural diversity as a result
of silvicultural operations. Lesnictvi-Forestry 44
(10): 429-439.

Pretzsch H (2009). Forest dynamics, growth and
yield.  From measurement  to  model.  Springer,
Berlin, Germany, pp. 664. [online] URL:  http://
site.ebrary.com/lib/alltitles/docDetail.action?do
cID=10310279

Pretzsch H, Biber P (2010).  Size-symmetric  ver-
sus  size-asymmetric  competition  and  growth
partitioning among trees in forest stands along
an ecological gradient in central Europe. Cana-
dian Journal of Forest Research 40 (2): 370-384.
- doi: 10.1139/X09-195

Pretzsch H, Bielak K, Block J, Bruchwald A, Dieler
J, Ehrhart HP, Kohnle U, Nagel J, Spellmann H,
Zasada M, Zingg A (2013). Productivity of mixed
versus pure  stands  of  oak  (Quercus  petraea
(Matt.) Liebl.  and  Quercus robur L.) and Euro-
pean beech (Fagus sylvatica L.) along an ecolog-
ical  gradient.  European  Journal  of  Forest  Re-
search  132  (2):  263-280.  -  doi:  10.1007/s10342-
012-0673-y

Pretzsch H, Zenner EK (2017). Toward managing
mixed-species stands. From parametrization to
prescription. Forest Ecosystems 4 (1): 19. - doi:
10.1186/s40663-017-0105-z

Pretzsch H, del Río M, Biber P, Arcangeli C, Biel-
ak K, Brang P, Dudzinska M, Forrester DI, Kläd-
tke  J,  Kohnle  U,  Ledermann  T,  Matthews  R,
Nagel J, Nagel R, Nilsson U, Ningre F, Nord-Lar-
sen T, Wernsdörfer H, Sycheva E (2019). Main-
tenance  of  long-term experiments  for  unique
insights  into  forest  growth  dynamics  and
trends:  review  and  perspectives.  European
Journal  of  Forest  Research  138  (1):  165-185.  -
doi: 10.1007/s10342-018-1151-y

R Core Team (2018). R: a language and environ-
ment  for  statistical  computing.  R  Foundation
for Statistical Computing, Vienna, Austria. [on-

87 iForest 13: 80-88

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1093/forestry/cpm028
https://doi.org/10.1007/s10342-018-1151-y
https://doi.org/10.1186/s40663-017-0105-z
https://doi.org/10.1007/s10342-012-0673-y
https://doi.org/10.1007/s10342-012-0673-y
https://doi.org/10.1139/X09-195
http://site.ebrary.com/lib/alltitles/docDetail.action?docID=10310279
http://site.ebrary.com/lib/alltitles/docDetail.action?docID=10310279
http://site.ebrary.com/lib/alltitles/docDetail.action?docID=10310279
https://doi.org/10.1093/forestry/75.3.305
https://doi.org/10.2307/2257293
https://doi.org/10.1007/s10310-009-0177-x
https://doi.org/10.1007/s10310-009-0177-x
https://doi.org/10.1007/s00442-018-4144-0
https://doi.org/10.1016/j.foreco.2008.01.003
https://doi.org/10.1016/j.foreco.2008.01.003
https://doi.org/10.1016/j.foreco.2013.05.050
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1007/s004420000507
https://doi.org/10.1016/S0378-1127(97)00233-8
https://doi.org/10.1051/forest:2006026
https://doi.org/10.1051/forest:2006026
https://doi.org/10.1126/science.159.3810.71
https://doi.org/10.1038/ncomms2328
https://doi.org/10.1111/1467-9876.00229
https://doi.org/10.1016/S0378-1127(97)00299-5
https://doi.org/10.1016/S0378-1127(97)00299-5
https://doi.org/10.1007/s00442-016-3623-4
https://doi.org/10.1007/s00442-016-3623-4
https://doi.org/10.2307/1931034
https://doi.org/10.1371/journal.pone.0151852
https://doi.org/10.1371/journal.pone.0151852
https://doi.org/10.1111/j.1600-0706.2011.20080.x
https://doi.org/10.1051/forest:2006087
http://www.cabdirect.org/cabdirect/abstract/20093290174
http://www.cabdirect.org/cabdirect/abstract/20093290174


Competition and silvicultural management in mixed beech-oak stands

line] URL: http://www.R-project.org.
Radtke PJ, Burkhart HE (1998). A comparison of

methods  for  edge-bias  compensation.  Cana-
dian  Journal  of  Forest  Research  28  (6):  942-
945. - doi: 10.1139/x98-062

Reineke LH (1933). Perfecting a stand-density in-
dex for even-aged forests. Journal for Agricul-
tural Research 46: 627-638.

Ripley  BD (1981).  Spatial  statistics.  Series  “Ap-
plied Probability and Statistics”, John Wiley and
Sons, NY, USA, pp. 260.

Rubio-Cuadrado  A,  Camarero  JJ,  Del  Río  M,
Sánchez-González  M,  Ruiz-Peinado  R,  Bravo-
Oviedo A, Gil L, Montes F (2018). Drought modi-
fies tree competitiveness in an oak-beech tem-
perate forest. Forest Ecology and Management
429: 7-17. - doi: 10.1016/j.foreco.2018.06.035

Seifert T, Seifert S, Seydack A, Durrheim G, Von
Gadow K (2014). Competition effects in an afro-
temperate forest. Forest Ecosystems 1 (1): 707.
- doi: 10.1186/s40663-014-0013-4

Stiers M, Willim K, Seidel D, Ehbrecht M, Kabal
M, Ammer C, Annighöfer P (2018). A quantita-
tive comparison of the structural complexity of
managed, lately unmanaged and primary Euro-

pean beech (Fagus sylvatica L.) forests. Forest
Ecology and Management 430: 357-365. - doi:
10.1016/j.foreco.2018.08.039

Szwagrzyk J,  Szewczyk J (2001). Tree mortality
and effects of release from competition in an
old-growth  Fagus-Abies-Picea stand. Journal of
Vegetation  Science  12  (5):  621-626.  -  doi:
10.2307/3236901

Vacek S, Lepš J (1996). Spatial dynamics of for-
est  decline.  The  role  of  neighbouring  trees.
Journal of Vegetation Science 7 (6): 789-798. -
doi: 10.2307/3236457

Varga A, Ódor P, Molnár Z, Bölöni J (2015). The
history  and  natural  regeneration  of  a  sec-
ondary  oak-beech  woodland  on  a  former
wood-pasture  in  Hungary.  Acta Societatis  Bo-
tanicorum Poloniae 84 (2): 215-225. - doi: 10.558
6/asbp.2015.005

Von Gadow K, Hui G (2002). Characterizing for-
est spatial structure and diversity. In: Proceed-
ings  of  the  IUFRO  International  Workshop:
“Sustainable  Forestry  in  Temperate Regions”.
University  of  Lund  (Lund,  Sweden)  7-9  Apr
2002,  pp.  20-30.  [online]  URL:  http://www.re
searchgate.net/publication/40216866

Von Lüpke B (1998). Silvicultural methods of oak
regeneration with special respect to shade tol-
erant mixed species. Forest Ecology and Man-
agement 106 (1): 19-26. - doi: 10.1016/S0378-1127
(97)00235-1

Zeller L, Pretzsch H (2019). Effect of forest struc-
ture on stand productivity in Central European
forests  depends on developmental  stage and
tree species diversity. Forest Ecology and Man-
agement 434: 193-204. - doi:  10.1016/j.foreco.20
18.12.024

Zellweger F,  Braunisch V,  Baltensweiler A,  Boll-
mann K (2013).  Remotely sensed forest struc-
tural  complexity  predicts  multi  species  occur-
rence  at  the  landscape  scale.  Forest  Ecology
and  Management  307  (2013):  303-312.  -  doi:
10.1016/j.foreco.2013.07.023

Supplementary Material

Tab. S1 - Overview of the structural indices
used in this study.

Link: Maleki_3172@suppl001.pdf

iForest 13: 80-88 88

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/j.foreco.2013.07.023
https://doi.org/10.1016/j.foreco.2018.12.024
https://doi.org/10.1016/j.foreco.2018.12.024
https://doi.org/10.1016/S0378-1127(97)00235-1
https://doi.org/10.1016/S0378-1127(97)00235-1
https://doi.org/10.5586/asbp.2015.005
https://doi.org/10.5586/asbp.2015.005
https://doi.org/10.2307/3236457
https://doi.org/10.2307/3236901
https://doi.org/10.1016/j.foreco.2018.08.039
https://doi.org/10.1186/s40663-014-0013-4
https://doi.org/10.1016/j.foreco.2018.06.035
https://doi.org/10.1139/x98-062
http://www.R-project.org./
http://iforest.sisef.org/pdf/Maleki_3172@suppl001.pdf
http://www.researchgate.net/publication/40216866
http://www.researchgate.net/publication/40216866

	Oak often needs to be promoted in mixed beech-oak stands – the structural processes behind competition and silvicultural management in mixed stands of European beech and sessile oak
	Introduction
	Materials and methods
	Study area
	Stand structure quantification
	Competition quantification
	The edge effect correction
	The status of natural mortality and thinning throughout stand development
	The effect of natural mortality and thinning on stand structure
	The statistical analyses

	Results
	Natural mortality and thinning
	Effects of natural mortality and thinning on structure and competition
	Tree size distribution
	Stand density and horizontal distribution pattern
	Tree species intermingling
	Tree competition

	Discussion
	Conclusions
	Acknowledgements
	References
	Supplementary Material


