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Restoring the structural  characteristics of secondary old-growth forests that
were previously managed is increasingly debated to help increase the area of
more complex forests which provide a broader array of forest services and
functions. The paucity of long-term data sets in Central Europe has limited our
ability to understand the ongoing ecological processes required for effective
restoration programs for old-growth forests. To address this, we used repeated
census data from eight permanent plots to evaluate forest structural dynamics
over a 12-year period in the largest complex of European beech (Fagus sylvat-
ica L.) forests in the Czech Highlands without intensive forestry intervention
for almost 50 years. Our results showed that previously managed forests can
exhibit structural qualities typically associated with old-growth forests after
management  has  ceased  for  a  period.  The  stand  structural  characteristics
(e.g., density of large and old trees) is comparable with protected reserves of
old-growth European beech-dominated forests. The average stand age was 196
years, but the oldest tree was 289 years old. The annual mortality rate was
0.43% for all species, and the U-shaped distribution indicating size-dependent
mortality is likely an important process that is balanced by the turnover of
new tree recruitment. During the study period, we detected that the diameter
distribution tended towards a rotated sigmoid distribution. The lasting effects
of the most recent forest  management are evident in the scarcity of dead
wood, and a prolonged process of dead wood accumulation has begun. Thus,
the abandonment of all management activities in near-natural forest reserves,
including dead wood removal, will ensure that the forests will develop charac-
teristics typical of old-growth forests.

Keywords:  Dead  Wood,  Diameter  Distribution,  Fagus  sylvatica,  Forest  Re-
serve, Forest Structure, Mortality, Old-growth Forest

Introduction
The term “old-growth” is usually used to

describe forests in a late stage of succes-
sional  development that are composition-
ally  and  structurally  distinct  from  earlier
successional stages (Franklin & Spies 1991).
Structural  components  associated  with
old-growth forests include multilayered ca-
nopies, large variation in tree sizes, many

large  and  old  trees,  standing  dead  trees,
and  large  amounts  of  lying  dead  wood
(Bauhus et al.  2009). Tree diameter distri-
bution  is  also  a  representative  structural
feature often used to describe old-growth
forests (Leak 1964).  The reverse J-shaped
form has traditionally been considered in-
dicative of old-growth forests in a state of
equilibrium  (Meyer  1952,  Leak  1964,  Can-

cino & Von Gadow 2002), a condition main-
tained by equal mortality rates among di-
ameter classes across the entire range of
diameters  (Westphal  et  al.  2006).  How-
ever,  other  studies  have  indicated  that
other forms of diameter distributions, such
as  a  rotated sigmoid  curve  (Goff  &  West
1975, Lorimer et al. 2001, Alessandrini et al.
2011),  could  also  be  characteristic  of  old-
growth  forests.  A  rotated  sigmoid  devel-
ops from rapid growth and low mortality in
trees  in  the  mid-range  diameter  classes
sizes, which illustrates a U-shaped mortal-
ity distribution (Lorimer et al. 2001). Effec-
tive  restoration  programs  require  a  thor-
ough  understanding  of  forest  structure.
Old-growth attributes (i.e.,  functional  and
structural  features  associated  with  old-
growth  forests)  develop  naturally  over
time, but appropriate forest management
can also facilitate their development (Bau-
hus et al. 2009). Active restoration entails
the  implementation  of  various  manage-
ment  techniques,  such  as  planting  seed-
lings, girdling, or thinning, and passive re-
storation describes a situation in which no
action is  taken except to reduce environ-
mental  stressors,  such  as  dead  wood  re-
movals or harvesting. There is vigorous de-
bate as to which management strategy is
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most  suitable  to  implement  the  develop-
ment  of  old-growth  attributes.  Recent
studies  suggest  that  active restoration of
old-growth attributes provides alternatives
to conventional even- and uneven-aged sil-
vicultural practices (Keeton 2006,  Dove &
Keeton  2015);  however,  such  approaches
(e.g., generating snags by girdling diseased
or dying trees, cutting to a rotated sigmoid
diameter distribution, and downing logs by
pulling  or  pushing trees  over)  are  expen-
sive.  Alternatively,  passive  restoration
should be considered when the restoration
process can be expected to achieve the de-
sired forest structure within a feasible time
period (Lachat & Bütler 2009).

In Central Europe, mountain areas consti-
tute some of the largest remnants of pri-
mary forests that  have survived well  into
modern times (Holeksa et al. 2009, Veen et
al.  2010).  Because  of  their  inaccessibility,
most  were  not  managed  until  the  nine-
teenth  century.  Improvements  in  trans-
portation  and  increasing  wood  fuel  de-
mands for  industry  increased the accessi-
bility and value of untouched forests. How-
ever,  even  in  remote  mountainous  areas,
the possibility of centuries of selective log-
ging,  grazing,  or charcoal  burning can be
recognized (Peterken 1996).  Large  aristo-
cratic and monastic hunting estates of the
past have contributed to the protection of
many untouched forests. Nowadays, forest
reserves under varying protection regimes
account for only 12% of the European forest
area (Parviainen et al. 2011). Although the
protected area network has increased sub-
stantially in the last few decades, many al-
low  large-scale  harvesting  inside  their
boundaries and numerous areas have been
illegally  harvested (Knorn et  al.  2012,  Vys-
oky & Jasík 2015). Thus, the concepts and
strategies that integrate forest habitat re-

quirements into the management and pro-
duction of other forest goods and services
are mandatory for sustainable forest man-
agement  and  the  preservation  of  forest
biodiversity in landscape ecosystems (Bau-
hus et al. 2009, Persiani et al. 2015).

In the Czech Republic, conservation pro-
grams protecting forest  reserves  have in-
creasingly  used  passive  restoration  meth-
ods since 2002. More than 2,000 ha of for-
est areas have been entirely excluded from
any  forest  management,  but  that  corre-
sponds to only 0.83 % of all forests in the
Czech Republic (Vrška & Hort 2008). These
protected forest areas  are still  very  small
and  generally  consist  of  smaller,  isolated
patches,  as is  common in most European
countries (Parviainen et al.  2000).  One of
those unmanaged forests is located in the
Jizera  Mountains  Beech  Forest  Reserve,
the  largest  continuous  European  beech
(Fagus  sylvatica L.)  forest  complex  in  the
Czech  Highlands.  This  area  provides  a
unique perspective on forest changes after
the  implementation  of  passive  manage-
ment. However, it is uncertain how quickly
forest  structural  complexity  will  change
and how the transition to old-growth sta-
tus will develop afterwards. As a result of
climate  change,  accelerating  rates  of
change in structure, composition, and mor-
tality have been reported worldwide (Allen
et  al.  2015).  Quantifying the patterns  and
processes in developing forests is essential
for conserving biodiversity and ecosystem
services.  We  employed  repeated  census
plot  data  to  quantify  changes  in  forest
structure and mortality after the cessation
of active forest management, and we ad-
dressed the following questions: (i) what is
the  current  stand  structure  of  forests  in
the Jizera Mountains Beech Forest Reserve
after the cessation of management? Does

it  already  have  some  old-growth  attrib-
utes? How do selected structural character-
istics  compare  to  those  of  primary  old-
growth forests? (ii) How much have the se-
lected  structural  characteristics  changed
over a 12-year study period? What are the
rates  of  mortality  and  new  tree  recruit-
ment?  What  are  the  size-mortality  trends
within the nature reserve? How has diame-
ter distribution changed during the studied
period?

Methods

Study area
The  study  area  is  located  in  the  Jizera

Mountains (Jizerské hory) within the Jizera
Mountains Beech Forest Reserve (Jizersko-
horské bučiny), Czech Republic (Fig. 1). The
reserve is situated on the northern slopes
along an altitudinal gradient ranging from
360 to 1006 m a.s.l. The climate is very hu-
mid because the Jizera Mountains are the
first transcontinental barrier of the humid
oceanic flow from the North Sea.  Annual
rainfall  averages  range between  800 and
1700  mm  and  the  growing  season  lasts
from 110 to 160 days (Tolasz et al.  2007).
The  average  annual  temperatures,  which
are strongly related to altitude, range from
3 to 7.5 °C. The uniform bedrock consists of
a significant proportion of porphyric biotite
granite to granodiorite, and the northwest-
ern portion is composed of coarse-grained
porphyric  biotite  granite.  Cambisols  and
podzols, the most common soils in the re-
serve,  are  strongly  acidic  and  have  high
contents of poor quality humus with highly
variable  depth  profiles  (Zatloukal  et  al.
2010).

Land use history
We have records of at least 200 years of
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Fig. 1 - Location of the research 
area in Czech Republic (Jizera 
Mountains Beech Forest). 
Reserve and core zones in the 
reserve. Empty squares repre-
sent the study plots (A-H).
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selective  logging  in  the  reserve  prior  to
1960, after which the most preserved sites
of beech-dominated forests representative
of  the  old-growth  attributes  were  pro-
tected in small, dispersed reserves. In 1999,
these  isolated  reserves  became  the  core
zones of a single protected area 27 km2 in
size  connected  with  buffer  zones.  Since
1960,  soft  active  management,  including
selective  logging,  dead  wood  removal,
banding trees, and also plantations in some
portions,  was  conducted  throughout  the
buffer zones; however, the 9.5 km2 of dis-
persed  core  zones  were  allowed  to  de-
velop  naturally  without  any  management
and spontaneous forest development per-
sisted.

Natural vegetation includes mainly moun-
tain  acidic  beech-dominated  forests  and
small  areas  of  high-elevation  spruce  for-
ests. The main tree species in the reserve
are  F.  sylvatica (79%)  and  Picea  abies  (L.)
Karst. (13%). Acer pseudoplatanus  L. (2.8%),
Sorbus aucuparia  L. (2.2%), and Betula pen-
dula  Roth (1.2%)  are admixed throughout,
and  a  few  species,  such  as Larix  decidua
Mill.  (0.64%),  Fraxinus  excelsior L.  (0.19%),
Abies alba Mill. (0.08%), and  Acer platanoi-
des L. (0.01%), occur only rarely (Zatloukal
et al. 2010).

Data collection
In 2003,  eight 50 × 50 m permanent re-

search plots were established at the forest
reserve  within  the  core  zones  (Fig.  1),  a
minimum distance of 50 m was maintained
between all plots and any core zone edges.
Plots  were  selected  based  on  site  condi-
tions observed in the field in a part of the
reserve  comprised  entirely  of  the  most
well-preserved sites that were allowed to
develop  naturally  without  any  extensive
forest  management.  The  plot  locations
were  selected  to  reflect  more  complex
cover  textures  and  forest  structural  vari-
ability (Trešnák 2004). A description of the
study plots is reported in Tab. 1. Species, di-
ameter  at  breast  height  (DBH),  status
based  on  Kraft  classification  (Assmann
1961), and height were recorded for all liv-
ing trees ≥ 5 cm DBH. All trees, dead wood,
and rocks were mapped using a compass
and  diameter  tape.  When  plots  were  re-
measured in 2015, DBH, height, and status
were recorded for all trees ≥ 5 cm DBH and
≥ 20 cm tall,  as well  as for standing dead
trees,  including  snags  and  stumps.  Dead
trees were defined as being physiologically
dead if the crown had been completely de-
stroyed or if  the tree was completely up-
rooted and dead. Lying dead wood tallied
included  portions  of  trunks  and  large
branches  with  a  minimum  length  of  1  m
and a minimum diameter of 6 cm. Spatial
location of all trees and dead wood were
recorded  with  Field-Map  electronic  and
laser measuring devices linked to GIS (IFER
2008).  Topographic  attributes,  including
slope, aspect, and altitude, were recorded
for all plots (Tab. 1). For a random subsam-
ple  of  trees,  a  single  increment  core  at

breast  height  (1.3  m) was extracted from
living trees ≥ 5 cm DBH (n = 85) of different
tree species (F. sylvatica, n = 77; Acer spp., n
= 5;  P. abies, n= 2;  S. aucuparia, n = 1). The
number  of  cores  on  each  plot  varied  de-
pending on the live tree density.

Data processing
Increment  cores  were  dried,  cut  with  a

core microtome, and secured on wooden
mounts.  The  widths  of  the  growth  rings
were measured according to standard den-
drochronological analysis (Stokes & Smiley
1986)  using TSAP-Win software (Rinntech
2010) and verified with CDendro software
(Cybis 2014) software. We used increment
cores  that  included  or  were  close  to  the
pith: 33% of all cores included the pith, 25%
were within 0.5 cm of the pith, 29% were
within  2  cm  of  the  pith,  and  13%  were
within 10 cm of the pith. The age at breast
height  of  trees  with  complete  cores  was
estimated  based  on  the  crossdated  tree
ring series. To determine the age of trees
without  the  pith,  a  standard  graphical
method was applied (Duncan 1989).  Only
one sample did not cross-date well, and it
was excluded from all further analyses.

Data analyses
We calculated density,  basal  area,  mean

diameter,  standard deviation of diameter,
species  composition  by  basal  area,  and
density  of  large  trees  with  DBH >  50  cm
and  >  80 cm.  Volume of  living  trees  and
standing dead trees  was  calculated using
two-parameter  (DBH  and  height)  equa-
tions derived by  Petráš & Pajtík (1991). Ly-
ing dead wood volume was evaluated us-
ing  Field-Map  software  (IFER  2008).  The
decay stage was assessed according to Sip-
pola & Renvall (1999), whereby decay was
primarily  based on the depth of  penetra-
tion of an iron spike. As indicators of spa-
tial indices of structural diversity, we calcu-
lated the coefficient of  variation and Gini
coefficient based on basal area to charac-
terize  inequity  in  the  size  distribution
among living trees (Gini 1921). Annual mor-
tality,  m,  was calculated based on the 12-
year study period (Sheil & May 1996):

(1)

where  N0 and  Nt are the numbers of living
trees  at  the beginning and at  the end of

the interval, respectively, and t is the inven-
tory interval in years. The mortality within
size classes was evaluated for five classes
(5-9.9 cm, 10-29.9 cm, 30-49.9 cm, 50-69.9
cm, and ≥ 70 cm DBH). To account for tree
recruitment,  new  trees  5  to  20  cm  DBH
were measured during the 2015 inventory.
Mean age of the oldest tree of each plot
was  estimated  as  an  average of  the  five
oldest trees on the plot. Tree recruitment
patterns were visually explored using age
distribution  at  the  landscape  level.  The
third-degree polynomial function was used
to  describe  the  age-diameter  relationship
of  F.  sylvatica (n  =  76);  relationships  for
other species were only visually explored.
The  diameter  distribution  of  living  trees
was  analyzed  by  fitting  a  nonparametric
kernel estimation and third-degree polyno-
mial function; temporal changes in the di-
ameter  distributions  of  living  trees  be-
tween inventories were also tested using a
Kolmogorov-Smirnov  test.  Finally,  our  re-
sults  were  compared  with  other  studies
from  old-growth  European  beech-domi-
nated  forest  reserves.  Relevant  publica-
tions were identified by searching the on-
line database of Web of Science using the
following search terms: Fagus, structure or
structural, old-growth or virgin or primary.
After applying the search filters, a total of
nine articles were identified that reported
structural  biometrics  directly  relevant  to
our  analyses  and were located within  Eu-
rope.  For  further  comparison,  the  mean
values of our selected variables were com-
puted from  a  review  of  European  beech-
dominated  forests  by  Burrascano  et  al.
(2013). All calculations were performed us-
ing  R  statistical  software  (RStudio  Team
2016).

Results

Current forest structure
An overview of  structural characteristics

is  presented  in  Tab.  2.  Across  all  study
plots,  F.  sylvatica  was  the  dominant  tree
species; it accounted for at least 85% of the
basal area on all plots, and some plots con-
tained  only  F.  sylvatica.  Among  standing
dead trees,  F. sylvatica was also the domi-
nant  species  (53%  to  100%  of  the  basal
area),  with  the  exception  of  one  plot,
where P. abies represented 53% of the basal
area (Tab. 2).  Tree density and basal  area
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Tab. 1 - Characteristics of the study plots (A-H).

Plot
Area
(ha)

Altitude
(m a.s.l.)

Slope
(°) Aspect

A 0.30 590 35 E
B 0.25 680 30 W
C 0.25 610 35 N
D 0.25 690 24 NW
E 0.25 700 25 NW
F 0.25 580 22 NW
G 0.25 680 30 S
H 0.25 840 40 S
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varied greatly among plots. The mean tree
density was 204 trees ha-1 and 20 trees ha-1

for living and standing dead trees, respec-
tively. On average, basal area was 35.5 m2

ha-1 and 4.9 m2 ha-1 for living and standing
dead trees, respectively. Plots all had a rel-

atively high mean DBH of living trees, with
the exception of plot C, but the mean DBH
of standing dead trees was slightly greater
(Tab. 2). Frequency of large trees with DBH
≥ 50 cm was relatively high in all plots (Tab.
2). Density of larger living trees with DBH ≥

80 cm varied within study plots, with an av-
erage  of  17  trees  ha-1.  For  standing  dead
trees, the density varied to a lesser extent,
with an average of 4 trees ha-1. The Gini co-
efficient and coefficient of variation varied
within study plots, but the highest values
were  calculated  for  plot  C  (Fig.  2).  The
mean  volume  was  558  m3 ha-1 for  living
trees and 69 m3 ha-1 for dead wood, both
standing and lying dead wood. Dead wood
was present in all  plots,  with 3 to 34% of
the total volume as dead wood. Lying dead
wood  contributed  an  average  of  64%  of
this volume, however their proportion var-
ied among study plots and ranged from 29
to  90%  (Tab.  3).  All  decay  classes  were
present, however, lying dead wood in de-
cay classes 3 and 4 represented almost 75%
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Tab. 2 - Structural characteristics of the study plots (A-H). (1): Average value for all study plots; (2): trees with DBH ≥50 cm; (3): trees
with DBH ≥80 cm; (4): mean age of five oldest trees in the plot; (5): age of the oldest tree in then plot (all oldest trees were F. sylvat-
ica).

Variable
Status/
Stats Year

Plots
Avg (1)

A B C D E F G H

Percentage of 
Fagus sylvatica (%)

Living
2015

100 92 85 100 97 100 90 91 94
Dead 62 86 77 100 53 100 47 71 75

Mean Diameter 
(cm)

Living
2003 48.8 61 21.6 48.1 55.7 50 49.8 39.7 46.8
2015 50.4 49.7 20.5 44.5 43.3 50.9 49.8 39.7 43.6

Dead 2015 29.3 61 46.4 58.6 43.3 38.6 40.5 51.5 46.2

STD Diameter
(cm)

Living
2003 14.5 17.1 21.2 27.7 17.5 25.5 28.4 18 21.2
2015 15.7 28.9 19.2 31.7 28.7 27.6 27.1 18.3 24.7

Dead 2015 14.3 17.9 28.7 24 15.7 5.4 22.1 25.9 19.3

Basal area
(m2 ha-1)

Living
2003 29.8 33.9 31.3 36.5 29.9 40.4 40.1 29.8 34
2015 32 35 29.9 39.9 32.8 42.9 38.2 32.9 35.5

Dead 2015 1.8 5.9 9.3 6.5 1.1 0.8 6.5 7.1 4.9

Stem density
(inds ha-1)

Living
2003 147 108 436 152 112 164 156 200 184
2015 147 136 484 172 156 164 152 220 204

Dead 2015 20 16 28 20 4 8 36 28 20

Large trees 50 (2)

(inds ha-1)
Living

2003 83 80 52 72 80 80 68 48 70
2015 80 76 48 80 80 84 68 56 72

Dead 2015 7 16 24 24 8 0 16 16 14

Large trees 80 (3)

(inds ha-1)
Living

2003 0 20 12 20 4 20 20 4 13
2015 0 20 16 32 4 32 20 8 17

Dead 2015 0 4 8 8 0 0 4 4 4

Age
(years)

Mean (4)

2015
205 198 167 212 205 257 153 171 196

Max (5) 252 237 236 220 242 289 160 173 234

Fig. 2 - Structural diversity 
indices. Gini coefficient 
(left panel) and coefficient 
of variation of tree diame-
ters (right panel) indices 
characterizing the study 
plots (A-H) in 2003 (green) 
and 2015 (yellow). Dark 
green indicates a decrease 
of the index value during 
the study period.
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Tab. 3 - Summary of dead wood volume on study plots (A-H) in 2015.

Variable Status A B C D E F G H Avg

Volume
(m3 ha-1)

Living 494 520 433 716 534 726 649 391 558

Standing dead 7 16 55 4 5 7 83 82 32

Lying dead wood 46 36 46 38 23 16 34 51 36

Total dead wood 53 52 101 42 28 23 117 133 69

Dead wood/ living ratio (%) 11 10 23 6 5 3 18 34 14

St. dead/ dead wood ratio (%) 13 31 54 10 18 30 71 62 36
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of  the  total  volume  of  lying  dead  wood.
The  most  common  species  among  lying
dead wood was  F.  sylvatica;  the contribu-
tion  of  other  tree  species  was  negligible
(Fig. 3).

The oldest tree was a 289-year old  F. syl-
vatica (on plot F). The maximum age of  A.
pseudoplatanus and P. abies was estimated
to be 165 and 153 years old,  respectively.
The average of the mean plot ages was 196
years, with a range of 153 to 257 years (Tab.
2). Tree establishment occurred irregularly
throughout the last three centuries. There
were  four  peaks  observed  around  1770,
1800-1810, 1850-1870, and 1960 (see Fig. S1
in Supplementary material),  and relatively
long periods of four decades or more with
little tree establishment. The evaluation of
the relationship between tree age and di-
ameter  among  F.  sylvatica was  best  de-
scribed by a third polynomial regression (n
= 77, R2 = 0.698 – Fig. 4).

Changes in forest structural 
characteristics

The  most  variable  stand  characteristic
over time was the density of large trees ≥
80 cm DBH with a mean increase of 32.0%
(Tab.  2).  Other  structural  attributes  were
much  less  variable  over  time;  value  in-
creases  were  +10.6%  for  stem  density,
+4.4% for basal area, and +1.6% for density
of large trees > 50 cm DBH. Standard devia-
tion of diameter displayed a relatively sus-
tained increase of 16.1%. No major changes
in species composition were observed be-
tween the two measurements. Changes in
the structural diversity indices varied great-
ly among study plots, whereas the overall
mean increase was 13.1% for the coefficient
of  variation and 19.4% for  the Gini  coeffi-
cient (Fig. 2). The highest change of struc-
tural  indices was observed on plot E. The
size-mortality trend was asymmetrically U-
shaped for all study sites. Annual mortality
rates declined from about 0.3% in the small-
est  diameter  class  to  0.1%  in  the  20-cm
class, and then it increased to about 0.8% in
classes ≥ 70 cm DBH (Fig. 5). During the 12-
year  study  period,  the  overall  mortality

rate was 0.43% year-1 (19 dead of 376 living
trees in 2003  – see Tab. S1 in Supplemen-
tary material). Three trees were uprooted,

and two trees had a broken stem, but they
were still  alive. The highest mortality rate
was observed on plot B (0.64% year-1), and
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Fig. 3 - Volume of lying
dead wood (m3 ha-1) by

decay classes, including
recent dead (1) to the

highly decayed wood (5),
and species on study plots

(A-H) in 2015. (FASY): Fagus
sylvatica; (PIAB): Picea

abies; (ABAL): Abies alba;
(ACPS): Acer pseudopla-

tanus; (SOAU): Sorbus
aucuparia.

Fig. 5 - Observed
annual mortality 
rate by size class
(5-9.9 cm, 10-
29.9 cm, 30-49.9
cm, 50-69.9 cm, 
and ≥ 70 cm) at 
the study plots 
(A-H). Numbers 
in white above 
each bar indi-
cate the sample 
size (number of 
living trees in 
2003).
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Fig. 4 - Relationship between tree age and tree diameter from all study sites. Loess
curve with the 95% confidence interval is reported for the relationship of Fagus sylvat-
ica species. (FASY):  Fagus sylvatica; (PIAB):  Picea abies; (ACPS):  Acer pseudoplatanus;
(ACPL): Acer platanoides; (SOAU): Sorbus aucuparia.
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the  lowest  was  on  plot  A  (0.19%  year-1).
Mortality rates were balanced by the turn-
over of new tree generations.  The gener-
ally high recruitment rates during the study
period varied among plots; the highest ob-
served densities were on plots C and E. The
most abundant species in the recruitment
layer (5 to 20 cm DBH) was  F. sylvatica;  P.
abies, A. platanoides, and S. aucuparia were
also present in low densities.

Live  tree  diameter  distribution  of  the
study forest was dominated by  F. sylvatica
across all diameter classes. Most plots con-
sisted  of  F.  sylvatica in  the upper  canopy
with  P. abies in the mid-canopy, and other
species  were most  common in  the lower
canopy. The change in the forest level di-
ameter distribution between 2003 and 2015
reflected a  convergence to a  rotated sig-
moid shape (Fig. 6). The plot level diameter
distribution  displayed  a  variety  of  struc-
tures  in  2003,  often  with  a  tendency  to-
wards unimodal distributions, although the
reverse J-shaped form was the best fit for
study  plot  C.  Over  time,  the  rotated  sig-
moid curves were evident in most plots (B,
C, D, E, F) in 2015. The other plots (A, G, H)

remained  stable  over  time  and  they  had
unimodal shapes (see Fig. S2 in Supplemen-
tary  material).  Moreover,  the  changes
were  not  significant  for  any  of  the  plots
over time (Tab. S2). Size structure was ade-
quately predicted by the third-degree poly-
nomial function, and it proved to be a bet-
ter fit than the Kernel function.

Discussion

Current forest structure
The core zones  of  the Jizera Mountains

Beech Forest Reserve are composed of rel-
atively  structurally  heterogenous  forests.
They  contain  many  large  and  old  trees,
multilayered canopies, and high variation in
tree size and age, all structural characteris-
tics  typically  associated  with  old-growth
forests (Bauhus et al. 2009). The structural
attributes were comparable with other  a-
bandoned European beech-dominated for-
est reserves or primary old-growth forests
in Europe (Tab. 4).  With the exception of
lower dead wood volumes,  which are un-
dergoing  an  accumulation  process,  the
other  structural  parameters  were  within

the ranges reported by other studies.
The importance of  disturbances  in dead

wood dynamics is well documented (Chris-
tensen et al. 2005,  Meyer & Schmidt 2011,
Meigs  et  al.  2017).  Each  disturbance  type
has  characteristic  frequency and intensity
patterns, which produces important differ-
ences in the spatial and temporal distribu-
tion  of  dead  wood.  Natural  disturbance
regimes in European temperate deciduous
forests are characterized by mixed distur-
bance severity  regimes,  a  combination  of
frequent, small-scale events, and occasion-
al  moderate  to  high-severity  events,  pre-
dominantly caused by storms and drought
(Drössler & Von Lüpke 2005, Trotsiuk et al.
2012, Nagel et al. 2014). Mixed disturbance
severity regimes tend to generate irregular
inputs of dead wood, with a wide range of
sizes,  shapes,  and  decay  classes  present
(Christensen et al. 2005). Christensen et al.
(2005) reported an average of 132 m3 ha-1 of
dead  wood  for  primary  and  long-estab-
lished  European  beech-dominated  forest
reserves. Burrascano et al. (2013) observed
higher dead wood quantities (mean = 193
m3 ha-1)  in  a  European  dataset  of  old-
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Tab. 4 - Structural data for old-growth European beech-dominated forests. (1): This study (Jizera Mountains Beech Forest); (2): Král
et al. 2010 (Zofín); (3): Holeksa et al. 2009 (Hrončecký grún); (4): Kucbel et al. 2010 (Stužica); (5): Paluch 2007 (Labowiec); (6): Com-
marmot et al. 2005 (Uholka); (7): Keren et al. 2014 (Janj); (8): Motta et al. 2011 (Lom); (9): Commarmot et al. 2005 (Sihlwald); (10):
Motta et al. 2015 (Ludrin); (11): Burrascano et al. 2013 (mean for old-growth European beech-dominated forests); (12): for the study
period 2001-2010; (13): standing and lying dead wood. Bedrock: (gr) granite; (an) andesite; (fl) flysch; (li) limestone. Soils: (ca) cam -
bisols; (po) podzols; (re) rendzina. (∞): Considered as a primary forest; (Qmd): Quadratic mean diameter.

Variable Status
Country

CZ1 CZ2 SK3 SK4 PL5 UA6 BA7 BA8 CH9 IT10 EU11

Last management - 1960 1882 ∞ ∞ 1957 ∞ ∞ 1956 1995 1962 -

Altitude (m a.s.l.) - 671 780 890 1075 900 750 1330 1386 650 1300 -

Bedrock - gr gr an fl fl fl, li li li - li -

Soils - ca, po ca, po ca ca ca - ca, re re ca ca -

Age (years) - 196 169 - - - 150 - - 150 - -

Basal area (m2 ha-1) Living 35.5 40.9 41.8 38.2 12 36.3 38.5 66.7 47.1 30.7 45.1 39.9

Qmd (cm) Living 47.1 50.3 46.8 38.1 - 47.3 40.6 35.0 38.9 27.8 64.9

Density (trees ha-1) Living 204 206 243 336 - 219 516 489 259 741 447

Living 50 72 - - - 73 - 115 99 - 52 94

Living 80 17 - 6 12 - 21 42 18 - 0 -

Volume (m3 ha-1) Living 558 695 724 560 543 770 1215 763 524 533 -

Standing dead 32 - 25 - - - 80 91 - 8 -

Lying dead 36 202 13 281 133 383 13 111 307 236 8 13 70 193 13

Dead/ living ratio (%) 14.0 22.3 - 23.7 - 13.0 - 42.9 1.4 - -

Fig. 6 - Forest level diameter dis-
tribution. Cumulative empirical 
diameter distributions in 2003 
(left) and 2015 (right). The solid 
lines represent the third-degree 
polynomial function (red) and 
the Kernel function (blue) for all 
living trees. Individual trees are 
grouped into 5 cm diameter 
classes. (FASY): Fagus sylvatica; 
(PIAB): Picea abies; (ACPS): Acer 
pseudoplatanus; (ACPL): Acer 
platanoides; (SOAU): Sorbus 
aucuparia.
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growth forests. Other studies of European
beech-dominated forests indicate a natural
range of 78 to 387 m3 ha-1 (Tab. 4). In Po-
land,  Paluch  (2007) observed  more  than
380 m3 ha-1 of dead wood in the Labowiec
Forest Reserve, which was similar to find-
ings from the Janj Forest Reserve in Bosnia
and Herzegovina (Keren et al. 2014). In our
study,  forests  with  no  management  for
more than 50 years had from 23 to 133 m3

ha-1 of  dead  wood,  which  is  much  lower
than  reported  in  other  studies.  Based on
the dead to live wood ratio, the observed
average value of  14% was lower  than the
mean ratio of  21% for recently-established
mountain  forest  reserves  (Christensen  et
al. 2005). According to a review by Burras-
cano et al. (2013), our plots fall in the lower
part  of  the range (6-89%).  This  pattern is
likely related to the more recent soft silvi-
cultural  practices  (targeted  tree  gridling,
dead  wood  removal,  or  understory  thin-
ning). On average, standing dead trees rep-
resented 36% of the dead wood recorded,
but  the  proportion  varied  among  plots
(from 10 to 71%). This was consistent with
the percentage of standing dead wood in
other  old-growth  beech-dominated  for-
ests, which ranged from 16 to 47% (Chris-
tensen  et  al.  2005,  Vandekerkhove  et  al.
2009). The high volume of  standing dead
trees on plot G was likely due to the higher
abundance of coniferous trees, which are
generally  larger  and  their  decay  slower
than  most  deciduous  trees  (Peterken
1996).  All  dead wood decay classes  were
found among the study sites, but the most
advanced  class  (5)  was  relatively  infre-
quent.  This  is  likely  associated  with  the
past silvicultural practices, which likely re-
duced overall mortality and dead wood in-
puts (Lombardi et al.  2010). Some studies
have suggested that in the absence of ma-
jor disturbances, dead wood accumulation
in managed forests with no management is
a slow process (Vandekerkhove et al. 2009,
Meyer  &  Schmidt  2011).  Peterken  (1996)
suggested that accumulation of near natu-
ral  volumes  of  dead  wood  could  occur
within a century. Comparing our results to
dead  wood  stocks  from  primary  old-
growth forests or reserves abandoned for
more  than  100  years  suggests  that  our
studied forest reserve is  at the beginning
of a long process of dead wood accumula-
tion (Korpel 1995,  Christensen et al. 2005,
Meyer  &  Schmidt  2011).  The  retention  of
dead wood as well as artificial creation of
dead wood have been identified as the key
approaches to successful dead wood man-
agement  in  forests  where  the  aim  is  to
maintain biodiversity (Vítková et al. 2018).

Living tree  density  and basal  area were
also comparable with other studies of old-
growth  European  beech-dominated  for-
ests. According to a review by  Burrascano
et al. (2013), the mean values of basal area
and stem density were higher than the val-
ues reported in our study. Our plots had a
higher quadratic mean diameter (47.1 cm)
compared  to  other  studies  from  Europe

(Commarmot  et  al.  2005,  Holeksa  et  al.
2009,  Kucbel et al. 2010,  Motta et al. 2011,
Keren et al. 2014,  Motta et al. 2015); how-
ever,  Burrascano  et  al.  (2013) reported
slightly  higher  values  (mean  of  64.9  cm)
within  old-growth  European  beech-domi-
nated forests. The presence of large trees
is  considered  one of  the  most  important
features of old-growth forests. Large F. syl-
vatica trees play a unique and critical role in
supporting  diversity  of  other  organisms,
such as birds (Czesczewik et al. 2015) and
lichens (Hofmeister et al. 2016). Burrascano
et al. (2013) reported a minimum threshold
of large tree density for old-growth forests
at a global scale (30 trees with DBH ≥ 50
cm), which was observed in our study, but
the mean value for European beech-domi-
nated  forests  is  considerably  higher.  Fre-
quency of larger trees with DBH ≥ 80 cm
was  similar  to  the  values  found  in  other
old-growth  European  beech-dominated
forests.

Tree  age  analysis  revealed that  the  age
distribution was multimodal (Fig. S1 in Sup-
plementary material), a pattern commonly
found in old-growth beech-dominated for-
ests in Central  Europe (Korpel  1995,  Trot-
siuk  et  al.  2012).  Four  recruitment  peaks
were evident around 1770, 1800-1810, 1850-
70, and 1960. The number of  old trees in
our sample was relatively low, so some of
the  oldest  recruitment  periods,  such  as
1770 to 1810, were difficult to interpret. The
longer  frequent  recruitment  period  from
1850  to  1870  has  also  been  observed  in
other  Bohemian  (Zofín)  and  Carpathian
(Uholka) beech-dominated forest reserves;
a  higher  frequency of  strong windstorms
has been identified during this  period for
the region (Trotsiuk et al. 2012,  Samonil et
al.  2013).  The obvious  rise  in tree recruit-
ment after 1960 can be linked to the mor-
tality of older trees; as older cohorts begin
dying, recruitment of a new generation of
trees  begins.  Cautiously,  we  cannot  ex-
clude  limited  historical  human  impact  in
this area that may have influenced recruit-
ment  rates.  The  age  distribution  also
helped explain the sigmoid form of the di-
ameter distribution (Fig. 6);  it displayed a
more or less pronounced peak in the mid-
size  diameters  (Trotsiuk  et  al.  2012).  At
least one  F. sylvatica  more than 250 years
old was found, but that is younger than the
oldest  tree (409 years  old)  previously  re-
ported for the Czech Republic (Cada 2014).
According  to  Di  Filippo  et  al.  (2017),  the
maximum and  mean age of  the  three  to
five  oldest  trees  are  good  indicators  to
evaluate old-growth  status.  Thus,  the  ob-
served plot mean age of the oldest trees
(196  years)  demonstrated a  characteristic
feature of studied old-growth forests, a pe-
riod when the mean canopy age is at least
half the maximum lifespan of the dominant
tree species (Trotsiuk et al. 2012). The old-
growth status of a stand can also be char-
acterized  by  high  variability  in  tree  ages
within  a  given  diameter  class  (Fig.  4),
which reflects the complex dynamics of un-

even-aged  forests  (Piovesan  et  al.  2005,
Trotsiuk et al. 2012, Di Filippo et al. 2017).

Changes in forest structural 
characteristics

Our study highlighted the changes of old-
growth  features  over  time  since  the  last
forest  management  interventions;  most
notably,  the  density  of  very  large  trees,
structural  diversity,  and  diameter  struc-
ture.  The  U-shaped  mortality  pattern  is
characteristic  of  old-growth  forests.  In-
deed,  the  relatively  high  numbers  of  re-
cruited trees demonstrate the dynamics of
the natural regeneration process.

The  greater  change  over  time  was  ob-
served in the density of  large living trees
with DBH ≥ 80 cm; changes in the density
of smaller trees (DBH ≥ 50 cm) did not in-
crease  as  much.  Variability  in  living  stem
density between measurements was twice
as high as that of basal area, as indicated
by the relatively high change in stem num-
bers observed in the lower tree layers (5 to
20 cm DBH). The increased basal area could
also be interpreted as another indicator of
the  changes  towards  more  natural  forest
structures, as harvesting activities in man-
aged forests typically prevent stand basal
area  from  reaching  such  high  values
(Heiri et al. 2009). Also, average temporal
changes of structural indices showed slight
increases (Fig. 2). The DBH differentiation,
expressed as the Gini coefficient, was simi-
lar  to values observed in unmanaged for-
ests  of  the  Carpathians  (Pach  & Podlaski
2015).  Our results  reflect the general  pat-
tern that  even-aged forests  are more ho-
mogenous  than  uneven-aged  forests,  as
suggested by  Sterba & Zingg (2006). The
highest  Gini  indices  were  found  within
mixed uneven-aged plots,  and pure even-
aged plots, which were relatively homoge-
nous,  had  the  lowest  Gini  indices.  Large
tree size diversity may ensure a wide range
of habitats and provide higher levels of bio-
diversity in forest ecosystems (Pach & Pod-
laski 2015, Kozák et al. 2018).

The diameter structure of the study for-
est changed over time to a typical rotated
sigmoid pattern. Changes in tree numbers
were most evident in the smallest diameter
classes compared to 2003. The higher num-
ber  of  trees  frequently  found in  the mid-
size diameters range elucidates a common
trend towards a rotated sigmoid diameter
distribution. The diameter structures of in-
dividual plots indicated variability at the be-
ginning  of  the  study  period.  Most  plots
converged  towards  a  rotated  sigmoid  di-
ameter  distribution  over  time,  even  the
plot with reverse J-shaped diameter struc-
ture. In a few plots the diameter structure
did  not  change substantially  and they re-
flected a unimodal structure at the end of
the  study  period.  The  rotated  sigmoid
curve of diameter distribution is commonly
observed in old-growth forests dominated
by  F. sylvatica (Westphal et al. 2006,  Ales-
sandrini et al. 2011, Trotsiuk et al. 2012). Var-
ious studies from North America have also
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reported  diameter  distributions  of  a  ro-
tated sigmoid form for various mixed-spe-
cies forests (Goff & West 1975,  Lorimer et
al.  2001).  Westphal et al.  (2006) indicated
three  main  mechanisms,  including  infre-
quent  disturbance  events,  mortality,  and
nonlinear  diameter  growth  rates,  which
likely  explain  the  rotated  sigmoid  struc-
ture. A mixed disturbance severity regime
and associated regeneration can create dis-
continuous and unbalanced diameter struc-
tures. Non-constant mortality rates with a
lower mortality rate for all trees that suc-
cessfully  reached  the  upper  canopy  level
and increased mortality rates for very large
trees results in mid-size peaks in diameter
distributions.  The  third  factor  that  drives
the  development  of  a  rotated  sigmoid
curve is a positive relationship between di-
ameter increment and stem size (Westphal
et al. 2006). The empirical diameter distri-
butions were most precisely predicted by a
third-degree polynomial function, which is
commonly used to model  diameter  distri-
butions (Westphal et al. 2006).

The U-shaped mortality  trend with mini-
mum mortality rates in the midsize classes
corresponded  to  the  current  diameter
structure that appeared to be converging
towards  a rotated sigmoid  curve (Fig.  6).
Complete U-shaped mortality has been re-
ported in  several  old-growth beech-domi-
nated forests throughout Europe (Alessan-
drini  et  al.  2011,  Hülsmann  et  al.  2016).
Larger trees are more susceptible than me-
dium-sized trees to insect attacks, drought,
rot,  and  mechanical  instability  during
storms (Holzwarth et al. 2013, Hülsmann et
al. 2016). The mortality of small-sized trees
is mostly attributed to competition, where-
by smaller trees have to compete against
larger trees for light, water, and nutrients
(Adler 1996, Coomes & Allen 2007). Annual
mortality  rates  for  all  species  were 0.43%
on  average,  but  that  is  lower  than  rates
(more  than  1%)  reported  for  other  old-
growth beech-dominated forests in Central
Europe (Holzwarth et al. 2013, Hülsmann et
al. 2016). Tree mortality rates are typically
low in the absence of larger disturbances
(Peterken  1996).  Together  with  observed
increases in the density of large trees and
basal area in our study forest, the increase
in mortality is predictable given the forest
age. However, the mortality rates are bal-
anced in the turnover of new tree genera-
tions,  and  the  stand  gradually  again  ad-
vances to the high growth rate stage of de-
velopment.  Species-specific  mortality  has
been suggested to account for contrasting
life  history  strategies,  lifespan,  competi-
tiveness, and varying responses to abiotic
factors (Franklin et al.  1987,  Holzwarth et
al. 2013).

Conclusions
Our study of the Jizera Mountains Beech

Forest Reserve core area over a 12-year pe-
riod found persistent transition of the for-
est towards natural states after more than
five  decades  without  management.  The

study  area  displayed  a  variety  of  old-
growth  characteristics  (e.g.,  density  of
large,  old  trees,  structural  heterogeneity,
diameter  distribution,  and  mortality),
which  is  consistent  with  previously  re-
ported studies on primary old-growth for-
ests or reserves that had never been man-
aged or unmanaged for even longer time
periods. The impacts of past management
are still visible in the low amounts of dead
wood, but the reserve is at the beginning
of a long process of dead wood accumula-
tion.  As  forest  development  progresses,
the death of old trees allows for higher re-
cruitment  into  the  understory  and  it  en-
hances  the  growth rates  of  the  surviving
trees; this pulse in recruitment cycles and
dead wood accumulation will  continue in
the  absence  of  disturbance  or  manage-
ment. Although our study is based on a re-
peated  census  dataset  covering  12  years,
this time span is still very short relative to
both the longevity of trees and forest suc-
cession. The monitoring of secondary old-
growth  forest  reserves  and  maintaining
forest ecosystem services will help ensure
responsible  stewardship  for  integrative
forest  management  that  aims  to  address
ecological,  economic,  and  social  issues
across entire forests over time.
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