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Disturbances shape forest structure and composition, but the temporal dynamics of disturbance patterns,
their influence on dynamics of forest structural complexity, and the potential impacts of ongoing climate
changes are not fully understood. We addressed these issues by focusing on (1) long-term, landscape
level retrospective analysis of disturbance dynamics of mountain Norway spruce (Picea abies) forest;
(2) testing for the prevailing disturbance agent; and (3) the detection of disturbance drivers, particularly
site conditions, using a dendrochronological approach.
We had a unique opportunity to sample a large area of natural forest (in otherwise altered region) in

Bohemian Forest, that was recently affected by extensive and severe wind and bark beetle disturbances
raising management concerns. Tree-ring series of a minimum of 35 trees on each of the 26 study plots
were analysed for signals of past disturbances that were indicated either by release from suppression
(rapid growth increase) or rapid early growth rate (gap origin).
A broad range of disturbance severities were detected across the landscape, but severe disturbances

(>50% trees responded), with a short rotation period of 174 years, best characterize the area.
Reconstructed disturbances were associated with historically documented windstorms and bark beetle
outbreaks. They were distributed across the landscape and affected its large portions with spatially vari-
able severity. Over the last five centuries, disturbances peaked in the 1820s, but were rare after 1880. This
non-equilibrium dynamics resulted into mature landscape structure at the end of 20th century and con-
tributed to the large extent of disturbances in the last two decades. Disturbances were more frequent on
wind-exposed locations such as mountain ridges and flatter terrain.
Frequent disturbances did not allow the forest to develop into an old-growth phase; rather disturbance

events of variable severities created structures important for biodiversity and could also preserve key
early-seral phases in the landscape. We anticipate that potential future increase of disturbance intensities
will not lead to comparable regime shifts in forests shaped by high-severity disturbances that kill largely
mature trees (e.g., wind and bark beetle), because such disturbances are followed by resistant forest
structure. Conservation areas should be large enough to allow for a wide range of disturbances.
Emphasizing ecological functions needs understanding of biological legacies of natural disturbances
and managers could partly rely on natural events to restore natural features into cultivated forests.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Disturbances have a significant influence on forest structure
and dynamics. Disturbance regimes, defined by the frequency,
severity (percentage of removed population), and size of distur-
bances, affect species composition and the horizontal and vertical
distribution of trees (Frelich, 2002). Understanding prevailing
disturbance regimes is important for effective utilization of many
ecosystem services, such as wood production, biodiversity conser-
vation, carbon sequestration, soil and avalanche protection, water
and nutrient cycling (Bengtsson et al., 2000; Dorren et al., 2004).
Mimicking natural disturbance regimes is considered integral to
sustainable forest management (Lindenmayer et al., 2006), how-
ever, one major concern is if and how the disturbance regimes
are changing over time and how they will be affected by current
climate changes and modulated by site conditions (Logan et al.,
2003; Schelhaas et al., 2003; Turner, 2010; Seidl et al., 2011).

In areas with wind as a dominant disturbance agent, landscape
level studies reveal high heterogeneity of disturbance severities
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(Frelich, 2002). Wind disturbances are irregularly distributed and
interact with stand age and structure (Frelich, 2002). Wind driven
disturbance regimes are often characterized by frequent low-
severity events together with less frequent pulses of higher sever-
ity disturbances (Frelich and Lorimer, 1991; Aakala et al., 2011;
Nagel et al., 2014). Pulses of higher severity disturbances are
important drivers of forest structure and can occasionally remove
up to half (Fraver et al., 2009) or all (Veblen et al., 2001) canopy
trees on tens of hectares depending on forest type. If the forest type
is also subject to insect outbreaks (e.g., bark beetle or budworm),
higher severity disturbance pulses are of greater extent and sever-
ity (Worrall et al., 2005; Fraver et al., 2009), especially in areas
where bark beetle outbreaks can be triggered by windthrow events
(Økland and Bjørnstad, 2006; Temperli et al., 2013). Regardless of
disturbance severity, wind disturbances favour the dominance of
shade tolerant species, which results in the landscape level mosaic
consisting of patches in various stages of structural development
rather than various stages of compositional succession (Fraver
et al., 2009; Nagel et al., 2014).

Wind and bark beetle are globally lesser studied disturbance
agents relative to fire research, and there are very few studies that
test the role of site conditions on long term and landscape level
disturbance patterns and their influence on local disturbance
regimes (Kramer et al., 2001). Wind and bark beetle disturbances
are controlled both by vegetation susceptibility (species composi-
tion, height, age, etc.) and site exposure (topography, soil condi-
tions, etc.) (Foster and Boose, 1992; Seidl et al., 2011). Because of
the influence of vegetation susceptibility, long term analysis can
provide new perspectives on the role of site conditions, which
could be helpful for landscape level management planning or pre-
dictions of potential future forest changes related to disturbances
and influenced by global climate changes (Turner, 2010).

In central European mountain Norway spruce (Picea abies (L.)
Karst.) forests, extensive and severe wind and bark beetle (Ips
typographus L.) disturbances have occurred in recent decades
(Grodzki et al., 2006; Lausch et al., 2013), and they have favoured
many native species (Müller et al., 2008; Lehnert et al., 2013).
Based on this unexpected observation, Müller et al. (2008) hypoth-
esized that extensive and severe disturbances have been typical of
this forest type for a long time. This was later supported by several
historical studies (Zielonka et al., 2010; Svoboda et al., 2014; Brůna
et al., 2013; Panayotov et al., 2015). Historical disturbances of
mountain Norway spruce forests of the Eastern Carpathians varied
from low- to high-severity, including stand-replacing disturbances
of tens of hectares in size (Svoboda et al., 2014; Trotsiuk et al.,
2014). Janda et al. (2014) and Trotsiuk et al. (2014) described com-
plex spatio-temporal disturbance patterns that often affected large
areas, were spatially variable, and lacked delineable borders of
gaps or patches (Svoboda et al., 2012; Janda et al., 2014; Trotsiuk
et al., 2014).

Landscapes with limited human influence are very rare in den-
sely populated central Europe. Remaining old-growth stands
occurs often on inaccessible or specific locations that are hardly
representative of the surrounding landscapes, which contributes
to an incomplete understanding of forest dynamics in this region
(Splechtna et al., 2005). The relatively natural Bohemian Forest
landscape offers the best opportunity to study natural forest
dynamics at a landscape scale. The region remained relatively
unsettled before the mid-18th century (see below; Beneš, 1996),
and also recent studies indicate that significant portions of the high
elevation landscape remained under the control of natural distur-
bances until the present day (Čada and Svoboda, 2011; Svoboda
et al., 2012; Čada et al., 2013).

This study examines the landscape level disturbance regime of
the mountain Norway spruce forest of the Bohemian Forest in
central Europe. Our study extends the knowledge presented in
previous paragraphs both spatially and temporally (up to five cen-
turies) and it also attempts to explain the variability in disturbance
histories across the landscape. We used dendrochronological
methods to reconstruct forest disturbance histories (Lorimer and
Frelich, 1989), and a large spatial extent to sufficiently evaluate
disturbance patterns (Frelich and Lorimer, 1991). Our objectives
include: (1) reconstruction of the timing, frequency, and severity
(partly size) of past disturbances; (2) testing for the prevailing dis-
turbance agent using archival documents; and (3) an explanation
of differences in disturbance histories within the landscape based
on site conditions. More specifically, we asked the following
research questions: (a) are extensive and severe disturbances typ-
ical for this forest type (Müller et al., 2008); (b) were similar distur-
bance histories spatially clustered or dispersed over the landscape;
(c) do disturbance patterns change over time and are disturbances
increasing in frequency and severity (Schelhaas et al., 2003; Seidl
et al., 2011); (d) are disturbances more severe or more frequent
in exposed site conditions; (e) what are the implications of the
detected disturbance regime for the dynamics of forest structural
complexity (Donato et al., 2012) and for the management strate-
gies that consider natural range of variability and biodiversity
conservation?
2. Materials and methods

2.1. Study area location and site conditions

The work was conducted in the mountain Norway spruce forest
in the mountain range called Bohemian Forest. The mountain
range is situated in central Europe on the border of the Czech
Republic, Germany (Bavaria), and Austria, and it hosts two national
parks (Šumava National Park and Bavarian Forest National Park).
Our study focuses on the Czech Republic region of the mountain
range (Fig. 1). Nearly monospecific Norway spruce forests grows
in high elevations (>1150 m a.s.l.) of the mountains, with minor
components of Sorbus aucuparia L., Acer pseudoplatanus L., Abies
alba Mill., and Fagus sylvatica L. (Neuhäuslová and Moravec, 1998).

Vegetation communities are mostly of two types: Calamagostio
villosae-Piceetum Hartmann (with patches dominated by Calama-
grostis villosa (Chaix) J.F. Gmel., Deschampsia flexuosa (L.) Trin., or
Vaccinium myrtillus L. on more stony soils) and Athyrio alpestris-
Piceetum Hartmann (Neuhäuslová and Moravec, 1998). Geological
substrate belongs to the crystalline complex of the Bohemian mas-
sive and consists of three main types: mica schists (north-western
part), gneisses, and granites (Plechý locality) (Cháb et al., 2007).
Soils are shallow and poor, dominated by podsols and stony soils
(Kozák, 2010). Climate is cold with mean annual temperature of
about 4 �C, and a mean annual precipitation ranging between ca
1000 and 1400 mm year�1 (Tolasz et al., 2007).
2.2. History of the region

The Bohemian Forest was historically relatively protected from
deforestation. With the exception of small areas along the trade
and communication trails, prehistoric and medieval colonization
did not impact the mountain range, likely to act as a barrier on
the state border against Germanic expansion (Beneš, 1996). Unlike
many other mountain ranges in Europe, such as the Alps or
Carpathians, the Bohemian Forest escaped pastoral colonization,
probably because its lack of alpine zone. Most villages in the cen-
tral part of the mountains were founded in the mid-18th century
or later. Local people utilized mostly neighbouring forests, while
mountain ridge forests in higher elevations were used only for cat-
tle grazing and hunting (Macar and Maršík, 2005). More extensive
timber harvesting in high elevation forests began in the early 19th



Fig. 1. Location of the study area within the National Park and Protected Landscape
Area Šumava in the Czech portion of the Bohemian Forest. The contour of 1150 m a.
s.l. corresponds to the distribution of mountain Norway spruce (Picea abies) forest
type restricting the study area and individual localities. We did not analyse two
central localities because one was disturbed in 1990th (impossible core extraction)
and second was likely harvested in late 19th century (see Section 2). Groups of plots
obtained by cluster analysis of disturbance histories are shown.
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century (Beneš, 1996; Brůna et al., 2013), but still in the mid-19th
century more than 39% of the landscape at elevations above
1150 m a.s.l. was described as old primary forest (based on the
database of Brůna et al., 2013). The proportion of primary forest
was probably even higher because younger stands could also have
originated after severe natural disturbances (Čada and Svoboda,
2011). During the period 1868–1870, large scale wind and bark
beetle disturbances and subsequent management disturbed
roughly one third of the forest above 1150 m a.s.l. (Brůna et al.,
2013). Logging activity decreased again in the 20th century related
to societal changes in the country. The result was a mix of stands
differentially impacted by humans, but still a substantial propor-
tion of the landscape developed likely under natural disturbance
regime (Čada and Svoboda, 2011; Svoboda et al., 2012; Čada
et al., 2013).

Since the 1980s, most of the older stands in the mountain
spruce zone (thousands of hectares) have been impacted by several
windstorms, bark beetle outbreaks, and salvage logging, which
commonly resulted in 99% overstory mortality. The disturbances
culminated by a severe windstorm in January 2007 (Lausch et al.,
2013). This disturbance pattern was unusual for forest managers
and provokes concerns about management strategies dealing, for
instance, with the degree to which this pattern is natural and
desired in conservation areas.
2.3. Stand selection and data collection

We limited the study area to forests above 1150 m a.s.l. because
it corresponds to the distribution of the mountain Norway spruce
forest type in the Bohemian Forest (Neuhäuslová and Moravec,
1998). We limited our sampling to stands that were expected to
have developed under natural disturbance regime, i.e., stands that
were assumed to be older than 1850 (see Section 2.2) based on
historical forestry maps (Brůna et al., 2013; State Archive SOA
Plzeň), local literature, aerial photographs, and current forestry
maps. We sampled also stands of unknown ages not listed on the
historical forestry maps. Stands in eight (out of ten) localities
met the criteria and represent about one sixth of the area above
1150 m a.s.l. in the Czech Republic portion of the mountain range.
Two localities did not met the criteria, one because it was dis-
turbed already in 1990s and it would be impossible to extract
increment cores.

Plot selection was limited to areas disturbed in 2007 or later to
ensure we could extract increment cores from non-decayed wood;
99% mature tree mortality was common in these areas. The num-
ber of plots per locality varied proportional to the size of the local-
ity. We established 26 plots across the study area (1–7 per locality)
in homogeneous and representative stand and site conditions
(Fig. 1; Appendix A, Table A1 in Supplementary material). Plots
were 50 m long transects that varied in width according to stem
density (from 10 to 50 m; i.e., 500–2500 m2) to get at least 35
increment cores. Plots were designed to capture a wide range of
variability rather than replicate information between plots. Mean
distance to closest plot within a locality was 755 m (range 168–
2161 m).

Stem diameter at stump height (30 cm above ground), species,
and tree status (live or dead prior to current disturbance) was
recorded for each stem >10 cm in diameter (Čada and Svoboda,
2011). We extracted one increment core at stump height from each
(dead) stem on the plot; we were unable to extract cores from
approximately 5% (range 0–16%) of stems living before current dis-
turbance. We also extracted cores from trees near the plot that
were deemed to be older to improve disturbance history recon-
struction. Increment cores were air-dried, attached to a wooden
mount, and cut with a razor blade. Ring widths were measured
to the nearest 0.01 mm using a sliding table LINTAB and TsapWin
software (RINNTECH, Heidelberg, Germany, http://www.rin-
ntech.com). Each tree-ring series was cross-dated visually and
using statistical tests implemented in Past4 (Knibbe, 2007; SCIEM,
Vienna, Austria). On average 1% of series (range 0–7%) did not
cross-date well and were excluded from all further analyses. To
estimate age of cores that did not intersect the pith, the curvature
and mean width of the five innermost rings were used to estimate
the number of rings to the pith using concentric circles printed on
transparent foil. We did not correct for bias caused by coring
height, thus, ‘ages’ referred to hereafter are not true ages but
recruitment ages at coring height.

2.4. Analyses of disturbance events

Two types of radial growth patterns were assumed to indicate
past disturbance: (1) release from suppression (abrupt, large, and
sustained growth increase) indicated the death of surrounding
trees, and (2) gap origin (rapid early growth rate) indicated the
existence of a tree in open conditions during its recruitment
(Lorimer and Frelich, 1989). Gap-origin trees were defined as those
trees whose mean width of the 6th–15th ring exceeded 1.0 mm
(Splechtna et al., 2005; Jönsson et al., 2009) and whose subsequent
growth pattern was declining, parabolic, or flat (Frelich, 2002). Of
trees that were growing more than 1.0 mm, 16% did not exhibit
described growth pattern (because of subsequent release) and
were not determined as gap originated; 5% of gap originated trees
were growing less than 1.0 mm, but they were included based on a
visual inspection of their growth patterns (Lorimer and Frelich,
1989).

http://www.rinntech.com
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We used the ”absolute increase” method to identify releases
from suppression (Fraver and White, 2005; Čada et al., 2013).
Absolute growth changes were calculated for each year of each ser-
ies (except for the first and last 10 years) by subtracting the prior
10-years mean from the subsequent 10-years mean. A release year
was identified by the growth change value that was the maximum
of the surrounding 20-year interval (±10 years) and that exceeded
the threshold of +0.55 mm (Jönsson et al., 2009). The growth
threshold specific for Norway spruce was taken from Jönsson
et al. (2009) and verified by our previous studies in the region
(Čada and Svoboda, 2011; Čada et al., 2013). We visually inspected
all series because growth fluctuations related to climate, injuries,
reaction wood, mast year, etc., can have a strong effect near the
specified threshold (for more details see Fraver and White, 2005;
Aakala et al., 2011; Čada et al., 2013). We excluded short-term
growth changes that met the threshold (38% of cases) and included
obvious sustained growth changes lower than the threshold (14%
of cases), again using a 10-year time window to define sustainabil-
ity. We showed in a previous study that the application of stricter
criteria without this subjective approach led to the occurrence of
releases at the same periods but to the underestimation of distur-
bance severity, because many trees remained without any release
or gap origin event (Čada and Svoboda, 2011).

Two types of disturbance chronologies resolved annually and
decadally were used following Lorimer and Frelich (1989) and
Frelich (2002). All release and gap-origin events were summarized
by decades (respectively individual years) and plotted proportional
to sample depth at the end of the decade (respectively in specific
calendar year). Chronologies were truncated when sample depth
dropped below seven. The resulting chronology, called a ‘tree-popu
lation-based’ chronology (Frelich, 2002), approximates the per-
centage of the population affected by a disturbance. The percent-
age of trees that were released or originated in an opening
correlates to the percentage of trees that died, i.e., to disturbance
severity (Lorimer and Frelich, 1989). The calculated percentage
does not fully correspond to the affected canopy area, because of
the different areas occupied by individual trees; however, this
method provides reasonable interpretation of the stand dynamics
because the tree layer in our study area was mostly uniform (see
Čada and Svoboda, 2011). Average disturbance chronologies for
each locality and the entire mountain range were calculated from
individual plot chronologies. We also developed an individual
based disturbance chronology that summarizes releases and gap
origin events from all the available individual trees, and also
exceptionally old trees sampled outside the study plots or histori-
cal cross-sections presented as exhibits. The chronology provides
insight into a much longer time-scale of 550 years covering more
than one tree generation; however, its representativeness is ques-
tionable due to lower sample size and distribution. We believe that
the representativeness is reasonable because of particular synchro-
nization of the disturbances across the study region (see Section 3);
its Spearman correlation with average disturbance chronology for
entire mountain range is 0.94 over the common period.

Individual disturbance events were used to calculate distur-
bance frequencies (number of disturbance events per century)
and severities (percentage of removed population) at the plot level.
Peaks in annually resolved disturbance chronologies indicated
individual disturbance events. The peak was defined as the maxi-
mum value (within a 15 year window) in a 10-year running sum;
the peak had to include more than 10% of samples. Based on the
obtained disturbance severities and frequencies, we calculated
the rotation periods for disturbances of specified severity classes
(0%, 5%, 10% . . . 95%) following the method of Frelich and Lorimer
(1991). The total number of years of all chronologies (5569 years)
was divided by the total number of identified disturbances greater
than a given severity. Rotation period refers to the average time
interval between disturbances of similar or greater severity at plot
level, and also to the time it would take on average for all plots to
experience a given disturbance severity (Frelich and Lorimer,
1991). For example, for disturbances of more than 10% severity,
5569 years was divided by 136 disturbance events to determine
a rotation period of 41 years. The ranges of observed rotation peri-
ods within the study area was characterized by 5% and 95% per-
centiles based on the values found on individual plots.

Accounting for the uncertainty in the dendrochronological
reconstruction of disturbance severity, we define a disturbance as
an event indicated by more than 10% of samples (>10% severity)
and severe disturbance as an event indicated by more than 50%
of samples; lower severity disturbance is in our interpretation an
event indicated by 10–50% samples.

2.5. Statistical analyses

Detailed analyses of individual disturbance events (synchronic-
ity across the study area and explanation by historical evidence)
were based only on growth releases because it provides a better
signal of the disturbance year to gap origin events, which may be
substantially delayed relative to the disturbance event (Čada and
Svoboda, 2011; Svoboda et al., 2014). We used a similar approach
of running sum (5-year) to summarize releases at the landscape
and plot levels (see Fig. 3). We attempted to explain the revealed
disturbances using historical evidence of windstorms and bark
beetle outbreaks based on archive documents from the region
(i.e., from nearby villages or forests mostly in lower elevations);
we summarized data from Zatloukal (1998), Brázdil et al. (2004),
and Jelínek (2005). Multivariate Ripley’s K-function for one-
dimensional data was used to test coincidence of reconstructed
disturbances and historical records (Gavin, 2010). This method
was simplified for one-dimensional data from the widely used
method of spatial point pattern analysis. In our work, we tested
the association (coincidence) between two time-series of events
using the forward selection method because we anticipated the
delay of tree responses after real disturbance. The K-function was
transformed to L-function and 999 Monte Carlo simulations (shuf-
fle method) were used to evaluate statistical significance by com-
parison with 95% confidence envelope (K1D program, Version
1.2; Gavin, 2010).

Plots of similar disturbance histories were grouped together
using agglomerative cluster analysis of smoothed annually
resolved disturbance chronologies. The smoothed (10-year running
sum) severity of each year represented one variable. We used the
average linkage method of Euclidean distances. A Mantel test
was performed to determine if Euclidean distances between dis-
turbance histories of plots are related to its geographical distances.
All analyses were done using the statistical software R (version
3.1.1; R Development Core Team, 2014); Mantel test was per-
formed by using the package ‘‘ade4” (Dray and Dufour, 2007).

Kruskal–Wallis ANOVA (followed by multiple comparison tests)
was used to compare disturbance severities between centuries to
determine if disturbance patterns are changing over time; we used
the package ‘‘pgirmess” (Giraudoux, 2015).

Nonparametric statistical tests (Spearman’s correlation coeffi-
cient, and Kruskal–Wallis ANOVA) were used to explore if the vari-
ability of different parameters of disturbance histories at the plot
level could be explained by site conditions. As dependent variables
we used the frequency of all disturbances, of maximum severity
disturbances, of disturbances in 20th century, and disturbance
severity maximum and average. Frequency of maximum severity
disturbances corresponded to time since maximum reconstructed
disturbance because all our study plots were currently severely
disturbed. Environmental variables were longitude, altitude,
aspect, slope, slope position, and locality, which were included as
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independent variables. Geographical data were obtained from GPS
measurements and a digital elevation model (ASTER V002, METI/
NASA, Japan/USA, http://reverb.echo.nasa.gov). Aspect was trans-
formed by cosine transformation to achieve minimum value in
windward direction (255�) and increasing both to north and south
with maximum in leeward direction (75�). Slope position was cal-
culated based on the altitudinal distance of the plot from closest
ridge.
3. Results

Norway spruce represented 99.8% (99.0–100%) of all individuals
measured in the study area (Appendix A, Table A1). Variation of
live tree densities before current disturbances was high, with an
average density of 353 (148–608) trees ha�1. The average density
of all stems, live and dead, was 596 (296–1028) trees ha�1. Average
basal area of live trees before disturbance was 55 (34–96) m2 ha�1,
and all stems averaged at 75 (57–117) m2 ha�1.

Age distributions of trees displayed a rather homogeneous
even-aged pattern within plots, which indicates the occurrence
of severe disturbance. An average of 60% of trees were recruited
to coring height within a relatively short period of 30 years; how-
ever, the mean plot age range was relatively large at 146 years.
Most trees (93%) recruited to coring height in the period of
1750–1890; Fig. 2a shows the percentage of the population in
the whole study area affected each decade by a disturbance (see
also Appendix B for plot and locality level disturbance chronolo-
gies). The period 1820–1830 displayed the most severe distur-
bance over the 550-year period (Fig. 2c); extensive disturbance
removed about 35% of the population in the entire selected area.
The 1820–1830 disturbance event was the most severe for most
localities (Appendix B, Fig. B2). Disturbance severities between
centuries (Fig. 2a) exhibited significantly lower values in the 20th
century in comparison to the 18th and 19th centuries (Kruskal–
Wallis ANOVA, H = 11.40, p = 0.003 followed by multiple compar-
ison test).

Disturbance chronologies indicated that all plots (except one)
experienced at least one severe disturbance (>50% removed popu-
lation; Appendix A, Table A2; Appendix B, Fig. B1). On average,
maximal severity events destroyed 75% of the population, with a
range of 34–100%. Frequency of maximum severity disturbances
(i.e., time since maximal reconstructed disturbance to present) var-
ied from 133 to 263 years (on average 176 years). Frequency of dis-
turbances decreased with its severity (Fig. 2b). For example, >5% of
trees were removed every 30 years, while >50% of trees were
removed every 174 years. The pattern was spatially inhomoge-
neous and, therefore, the interval range for >50% severity distur-
bances was 108 years on some plots and 262 years on other
plots. High-severity disturbances that removed more than 70% of
trees occurred every 328 years (5% percentile was 180 years). Cal-
culated rotation periods became increasingly uncertain beyond the
severity class of 70% because many plots did not exhibit greater
disturbance severity. Mean decadal disturbance rate was 12%.

Disturbances were particularly synchronized between plots and
locations and associated with known windstorms and bark beetle
outbreaks (Fig. 3, Appendix C). Mean Spearman correlation
between annually resolved disturbance chronologies was 0.14
(range of �0.15 to 0.46); 47% of correlations (153 out of 325) were
significant at the level of 0.05. Fig. 3 shows the synchronization of
only growth releases on two levels – individual trees (Fig. 3a) and
plots (Fig. 3b). Peaks in growth releases indicate disturbance
events, during which 2–17% of all available trees showed release
event and prominent peaks in releases were observed on 15–56%
plots. Based on the one-dimensional L-function, the reconstructed
disturbance events were significantly (p < 0.05) associated
(coincided) with evidenced natural disturbances (windstorms
and bark beetle outbreaks) that occurred in the wider region. Peaks
in releases were delayed after windstorms by two years, when the
L-function exceed the upper 95% confidence envelope (values of
L-function for individual tree and plot level were 3.63 and 3.89
respectively, exceeding the envelope maxims that were 3.16 and
3.36). During the studied period, only three evidenced bark beetle
outbreaks occurred, thus preventing its separate statistical testing.
However, reconstructed disturbances co-occurred with the out-
breaks and testing of the end years of outbreaks together with
windstorms showed a significant relationship (values of
L-function were 3.88 and 3.69 for individual and plot level respec-
tively, exceeding the envelope maxims that were 2.98 and 3.17).

Cluster analysis of plot level disturbance histories revealed five
main groups (Fig. 4). The timing of maximum severity disturbance
was the most important predictor of grouping (Kruskal–Wallis
ANOVA = 12.3, p = 0.006), while the 4th group included a broader
range of disturbance histories. Maximum severity was also related
to grouping (Kruskal–Wallis ANOVA = 10.0; p = 0.019) likely fol-
lowing the general trend in disturbance severities peaking at the
beginning of 19th century. Geographical distances did not explain
differences in Euclidean distances of disturbance histories (Mantel
r = �0.04, p = 0.63) suggesting again the dispersion and synchro-
nization of disturbance events across the landscape.

Frequency of maximum severity disturbances decreased with
increasing distance from exposed sites of ridges towards more pro-
tected sites farther away from ridges, i.e., slope position (Table 1).
All disturbances were more frequent on less steep slopes. In the
20th century, disturbances were more frequent in three north-
western localities (Jezerní, Můstek, and Polom) compared to the
rest of localities. Severity of disturbances was not significantly
related to any of the environmental variables.
4. Discussion

4.1. Disturbance agents

Reconstructed disturbances indicated forest dynamics were dri-
ven by natural disturbances because they were synchronized
between plots and localities and significantly associated with his-
torically known natural events (Fig. 3, Appendix C), mostly wind-
storms but also bark beetle outbreaks, particularly in late 19th
century (Brůna et al., 2013). The primary disturbance agent was
wind, because the detected disturbances related to known wind-
storm events were higher in number and severity compared to
events related to bark beetle outbreaks; also, the relationship
between disturbance patterns and topography supported this con-
clusion, as detected disturbances were more frequent in conditions
exposed to winds. However, the connection of bark beetle distur-
bances with previous windthrows is well known (Økland and
Bjørnstad, 2006; Temperli et al., 2013), and we presume that many
windthrows were followed by some bark beetle related mortality.
We cannot fully exclude the anthropogenic impacts on the forest
because it was likely used for cattle grazing and hunting (Macar
and Maršík, 2005). Some selection cutting or harvesting of dead
trees may have occurred in the study area also, and, in individual
cases, we cannot exclude the possibility of harvesting events that
may have co-occurred with historical windstorm.
4.2. Disturbance history

The disturbance history was strongly influenced by severe dis-
turbances (>50% of removed population), as indicated in the his-
tory of almost all plots. This is consistent with the hypothesis of
Müller et al. (2008) that extensive and severe disturbances are

http://reverb.echo.nasa.gov
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Fig. 2. (a) Average disturbance chronology and mean age distribution for the study
area. The average was calculated from individual plot chronologies (see Appendix B,
Fig. B1 in Supplementary material). The height of the column (gap origin + release)
indicates the severity of the disturbance (percentage of removed population). (b)
Rotation period of disturbances greater than given severity class that is based on
distribution of all found disturbance events at all plots (5569 years and 220 events).
Whiskers represent 5% and 95% percentiles of plot level values; 95% values are
missing for higher severity classes because no such disturbances were detected on
some plots. (c) Individual based disturbance chronology and age distribution for the
study area. Events from all individuals (including exceptionally old trees outside of
the study plots) were summed similarly to plot level chronologies in Appendix B,
Fig. B1.
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typical for this forest type. The regeneration of presently disturbed
stands was associated with severe disturbance periods that peaked
133–263 years ago. Some stands regenerated after a single severe
disturbance event, while others regenerated after multiple subse-
quent disturbance events (Worrall et al., 2005) both resulting in
the replacement of most of the previous mature trees. These
results differ slightly from some landscapes in the Carpathian
Mountains (Svoboda et al., 2014; Trotsiuk et al., 2014) that showed
more heterogeneity in disturbance histories, including low-
severity disturbance regimes. However, the results are in accor-
dance with previous studies from the Bohemian Forest (Čada and
Svoboda, 2011; Svoboda et al., 2012; Čada et al., 2013) and also
from wind exposed sites of the High Tatra Mts. in Slovakia
(Zielonka et al., 2010).

Most of the disturbances were synchronized across the moun-
tain range and impacted a large proportion of the landscape (indi-
cated by on average ca 40% plots). Landscapes subjected to
intensive windstorms often experience disturbances that remove
most of the canopy across large areas (Kramer et al., 2001;
Veblen et al., 2001; Lorimer and White, 2003), and they are com-
posed of patches of different time since severe disturbance. Size
of patches of one severe disturbance event extended well beyond
the study plot (0.25 ha) and in some cases extended likely to tens
of hectares including neighbouring plots. This size of patches was
observed also in historical forestry maps from our region (Brůna
et al., 2013) and emerged also from other studies of European
mountain spruce forests (Zielonka et al., 2010; Svoboda et al.,
2012, 2014; Panayotov et al., 2015).

Rotation period for severe disturbances was estimated by both
Fraver et al. (2009) and Frelich and Lorimer (1991) to more than
1000 years being much higher than 174 years calculated for our
study area. Our value is comparable to the results found in forests
exposed to frequent hurricanes in north-eastern USA (Lorimer and
White, 2003) or other wind prone temperate forests (Kramer et al.,
2001). One reason for the high frequency of severe disturbances in
this forest type is the influence of a specific agent, spruce bark bee-
tle, which likely increases the severity of disturbances, particularly
after windthrows (Worrall et al., 2005; Økland and Bjørnstad,
2006; Fraver et al., 2009; Temperli et al., 2013). In contrast to land-
scapes with the same forest type but less severe disturbance
regimes (Svoboda et al., 2014; Trotsiuk et al., 2014), the study area
is likely subject to higher frequency and intensity of winds because
it is located in relatively higher elevations and sub-oceanic condi-
tions (Schelhaas et al., 2003; Della-Marta et al., 2009), and also
other differences in topography (e.g., more gentle slopes) could
influence the disturbance severities. Average characteristics of dis-
turbance regime (e.g., frequency of all disturbances or mean deca-
dal disturbance severity) was comparable to those commonly
reported from temperate closed canopy forests (Frelich and
Lorimer, 1991; Splechtna et al., 2005; Fraver et al., 2009; Nagel
et al., 2014) suggesting its low distinctive ability compared to char-
acteristics of variation (extremes).

Stands in landscapes that experience frequent severe distur-
bances are often unable to develop into old-growth phases
(Kramer et al., 2001). Frequent severe disturbances did not typi-
cally allow spruce to reach its maximum age, which can exceed
500 years (see Fig. 2c). Therefore, we assume that structural com-
plexity (characteristic for old-growth phases in traditional view)
was created by frequent disturbance events of variable severities
rather than by idealized linear succession (Müller et al., 2008;
Turner, 2010; Lehnert et al., 2013). Our results agree on the hierar-
chical manner of disturbance regimes (Mori, 2011) with a range of
disturbance events affecting the landscape and higher severity dis-
turbances being increasingly uncommon yet most influential. The
severity of a single disturbance event was often spatially variable,
being stand replacing at one plot but lower severity at another plot,
and the lower severity event often occurred a few decades after the
severe event, thus, affecting stand development and creating new
biological legacies (Čada et al., 2013). Similar patterns were found
in many parts of the world referred to by Worrall et al. (2005) as
‘nested bicycle’ dynamics or by Tepley et al. (2013) as ‘mixed-
severity’ disturbance regime. This is critical to the question of
how long do complex biodiversity-rich early-seral phases persist
in the landscape (Winter et al., 2015). We found that complex
structures can persist in some landscapes over a long time because
of frequent disturbances, the alternative pathway that can support
precocious complexity hypothesized by Donato et al. (2012).

4.3. Changes of disturbance patterns and reasons for recent extensive
disturbance

We observed changes in disturbance activity within the history
of the studied forest landscape. Disturbances peaked in 1820s and
again in 2000s. The recent peak was preceded by a century without
any severe disturbance, while the historical peak was not (Fig. 2c).
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Fig. 3. (a) Annual resolution of chronologies of growth releases only showing the synchronization of disturbances at the level of individual trees; and (b) summary of peaks
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reader is referred to the web version of this article.)
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This could be partly caused by our methodology and preference of
older stands (see Section 2.3), but field observations do not fully
support this because our study plots mostly represent continuous
localities without any patches of younger trees, which would be
largely avoided. All study plots were currently disturbed and our
observations suggest that the recent disturbance period (since
1980s; Lausch et al., 2013) was shorter (i.e., likely more extensive
and severe) compared to the reconstructed disturbance period
(1780–1880).

Rapid change of disturbance regimes have been recently docu-
mented in many areas of the world; particularly increases in fre-
quency, severity, and extent of disturbances, or even introduction
of novel disturbance types (Logan et al., 2003; Schelhaas et al.,
2003; Turner, 2010; Seidl et al., 2011). The fitness of bark beetles
is increasing with increasing temperature while the fitness of its
tree hosts decrease, e.g., with water shortage, which is particularly
responsible for the recent climate driven intensification of beetle
outbreaks in many regions of the world (Logan et al., 2003;
Marini et al., 2012). Whether windstorm frequencies and intensi-
ties are increasing is debatable (Barredo, 2010; Young et al.,
2011). While our forest type is likely to be influenced by increasing
fitness of bark beetle, we showed in this study that care should be
taken when interpreting changes in scale of few decades, because
the rotation period of extensive disturbances could be much longer
but still part of the system.

Recent extensive disturbance in the landscape resulted from a
lack of severe disturbances before (Lausch et al., 2013), because
most stands matured into ages that are sensitive both to wind
and bark beetle (Seidl et al., 2011; Thom et al., 2013). Episodic
extensive disturbance (such as that found around 1820) can have
long-lasting effect on forests e.g., by removing the sensitive trees
and stands from the landscape and leaving forest structure resis-
tant to disturbance (Pederson et al., 2014), but, on the other hand,
the lack of disturbance before the peak has no historical precedent.
Alternatively, forest can be directly affected by changes in wind-
storm activity (Altman et al., 2013) that was highest in number
around 1820 in the Czech Republic over last five centuries
(Brázdil et al., 2004). Finally, forest management since the end of
19th century could partly influence the disturbance regime due
to its focus on suppression of natural disturbances, particularly
bark beetle outbreaks (Zatloukal, 1998). It is largely known from
North America that in forests characterized by frequent, low-
severity fires, their suppression can lead to the production of high
fuel load and consequently to the risk of high-severity fire (Turner,
2010). A similar effect is likely in these forests, as the suppression
of bark beetles leads to the accumulation of sensitive trees and the
risk of future disturbance of higher severity (Økland and Bjørnstad,
2006).

4.4. Drivers of the disturbance regime

We proved some influence of site conditions on long-term dis-
turbance patterns that supports our findings that wind was the pri-
mary disturbance agent; steeper slopes and longer distances from
the ridge both decreased the frequency of disturbances. Higher fre-
quency of disturbances in 20th century was observed in the north-
western part of the region, which may be related to different bed-
rock conditions (mica schists in the northwest vs. gneisses and
granites) and more shallow soils, or possibly windier conditions.
In other temperate forests, similar site variables, including relative
altitude, aspect, slope and soil conditions have been determined to
drive wind disturbance frequency and severity (Foster and Boose,
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Fig. 4. (a) Dendrogram resulting from cluster analysis of decadal scale disturbance
chronologies at the plot level. This analysis distinguished five groups of plots with
different disturbance histories. Three letters in plot names refer to the first three
letters of the locality name. (b) Average disturbance chronologies (similar to Fig. 2a)
for the obtained groups. Chronologies were truncated when the number of plots
dropped below three. The first group is not shown because it contained only one
plot (Ostrý locality; see Appendix B, Fig. B2).
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1992; Kramer et al., 2001), also decreasing with increasing distance
from the ocean (Lorimer and White, 2003; Schelhaas et al., 2003).

The occurrence of wind and bark beetle disturbances are
strongly influenced by forest structure (Seidl et al., 2011; Thom
et al., 2013). Brůna et al. (2013) determined that stand age was
the most important predictor of disturbance in our study land-
scape. Besides species composition, Seidl et al. (2011) and Thom
et al. (2013) found that growing stock, age, and age distribution
are important drivers of wind and bark beetle disturbances. Seidl
et al. (2011) determined that changes in forest extent, structure,
and composition over the last several decades in Europe were at
least equally responsible for the occurrence of disturbances as cli-
mate factors. In areas influenced by stand replacing disturbances,
potential future increase in windstorm frequency and/or bark bee-
tle fitness will not lead to comparably fast changes in forest
dynamics (Turner, 2010), because the disturbance will be followed
by forest structure resistant to wind and bark beetle disturbance
for several decades. After this period, lower severity disturbances
will more likely occur resulting in heterogeneous forest structure,
while the next extensive and severe disturbance would likely need
a longer time period without any severe disturbance.
5. Conclusions and management implications

Natural range of variability of central European mountain
spruce forests includes a broad range of disturbance frequencies
and severities that are both spatially and temporally variable. This
forest type is relatively specific being subject to frequent and sev-
ere wind disturbances (at least in wind exposed conditions) and
also a specific disturbance agent, spruce bark beetle, which is par-
ticularly favoured by recent climate change (Logan et al., 2003;
Marini et al., 2012). We conclude that old forest stands with com-
parable site conditions have a relatively high probability to be dis-
turbed, which should be considered by forest managers. Forest
structural complexity was created by a range of disturbance sever-
ities rather than a linear succession, and these frequent distur-
bances could sustain structures characteristic for biodiversity-
rich early-seral phases. We observed changes in disturbance pat-
terns characteristic of the non-equilibrium nature of forest dynam-
ics, but we do not expect significant disturbance related regime
shifts in forest types characterized by severe disturbances that
remove predominantly mature trees (e.g., wind, bark beetle) and,
therefore, leave stand structure resistant to disturbance for several
decades.

Conservation areas should be large enough to allow for a large
range of disturbances and managers of these areas should not
impede natural disturbances in resilient ecosystems, considering
the non-equilibrium nature of forest dynamics (Mori, 2011) and
the frequency of severe disturbances. In our system, both tree
regeneration (Jonášová and Prach, 2004; Zeppenfeld et al., 2015)
and native species biodiversity (Lehnert et al., 2013; Winter
et al., 2015) are likely adapted to severe disturbances. Also in con-
servation areas that require restoration, managers can partly rely
on natural disturbances (cost-free), which are likely to occur fre-
quently in this forest type and re-introduce natural features
(Jonášová and Prach, 2004; Müller et al., 2008).

Legacies of natural disturbances should be taken into account in
forest management aimed at balancing ecological (e.g., biodiversity
conservation) and economical functions (Lindenmayer et al., 2006).
Critical structures could be partly introduced by irregular cutting
systems (Raymond et al., 2009; Hanson and Lorimer, 2007) with
the application of retention forestry approach (Gustafsson et al.,
2012). Cuttings with irregular borders and variable severity in
space and time should be acknowledged, including variable inten-
sity thinning in young stands. Larger opening are also within the



Table 1
Spearman correlation coefficients and Kruskal–Wallis ANOVA for relationships between environmental variables and the characteristics of the disturbance regime at the plot
level. Significant relationships (p < 0.05) are in bold.

Frequency of disturbances (century�1) Average severity (%) Maximum severity (%)

All Maximum severitya 20th century

Spearman correlation (r)
Longitude (�) 0.20 �0.15 �0.26 �0.10 �0.14
Altitude (m) �0.15 �0.02 �0.06 0.03 0.12
Aspect (�) 0.15 �0.27 0.25 0.12 0.20
Slope (�) �0.53 �0.16 �0.25 0.17 �0.05
Slope position (m)b 0.06 �0.49 �0.18 0.03 0.03

Kruskal–Wallis ANOVA (H)
Locality 10.29 8.71 16.15 11.08 13.38

a Frequency of maximum severity disturbances correspond to time between reconstructed disturbance of maximum severity and present because all our study plots were
currently severely disturbed.

b Slope position was defined as the altitudinal distance from closest ridge.
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variability of the central European mountain spruce forest and may
be included. However, some live and dead biomass should be left
untouched at tree, stand, and landscape scales, and natural distur-
bances should be partly allowed in the forest.
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ject GAČR No. 15-14840S) and the Czech University of Life Sciences
Prague (Project CIGA No. 20154309). We thank the staff of the
National Park and Protected Landscape Area Šumava for their per-
mission to conduct this research; moreover, we appreciate Pavel
Hubený for inspiration and support. A lot of work in field or labo-
ratory was done by J. Rejzek, J. Červenka and J.F. Bernate Pena. J.
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