s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
For Ecol Manage. Author manuscript; available in PMC 2018 March 15.

Published in final edited form as:
For Ecol Manage. 2017 March 15; 388: 67-78. doi:10.1016/j.foreco.2016.08.014.

The historical disturbance regime of mountain Norway spruce
forests in the Western Carpathians and its influence on current
forest structure and compositions

Pavel Janda®", Volodymyr Trotsiuk?, Martin Mikol452P, Radek Bage?, Thomas A. Nagel®<,
Rupert Seidld, Meelis Seedre?, Robert C. Morrissey?, Stanislav Kucbel®, Peter Jaloviar®,
Marian Jasik®P, Juraj Vysoky2P, Pavel Samonilf, Vojtéch Cada?, Hana Mrhalova?, Jana
Labusova?, Markéta H. Novakova?, Milos Rydval?, Lenka Matg&ji?, and Miroslav Svoboda?
aFaculty of Forestry and Wood Sciences, Czech University of Life Sciences, Czech Republic

PPRALES, 0. z., Odtrnovie 563, SK-013 22 Rosina, Slovakia
¢Department of Forestry and Renewable Forest Resources, University of Ljubljana, Slovenia

dinstitute of Silviculture, Department of Forest- and Soil Sciences, University of Natural
Resources and Life Sciences (BOKU) Vienna, Austria

eFaculty of Forestry, Technical University of Zvolen, Slovakia

fDepartment of Forest Ecology, The Silva Tarouca Research Institute for Landscape and
Ornamental Gardening, Brno, Czech Republic

Abstract

In order to gauge ongoing and future changes to disturbance regimes, it is necessary to establish a
solid baseline of historic disturbance patterns against which to evaluate these changes. Further,
understanding how forest structure and composition respond to variation in past disturbances may
provide insight into future resilience to climate-driven alterations of disturbance regimes.

We established 184 plots (mostly 1000 m?) in 14 primary mountain Norway spruce forests in the
Western Carpathians. On each plot we surveyed live and dead trees and regeneration, and cored
around 25 canopy trees. Disturbance history was reconstructed by examining individual tree
growth trends. The study plots were further aggregated into five groups based on disturbance
history (severity and timing) to evaluate and explain its influence on forest structure.

These ecosystems are characterized by a mixed severity disturbance regime with high
spatiotemporal variability in severity and frequency. However, periods of synchrony in disturbance
activity were also found. Specifically, a peak of canopy disturbance was found for the mid-19th
century across the region (about 60% of trees established), with the most important periods of
disturbance in the 1820s and from the 1840s to the 1870s. Current stand size and age structure
were strongly influenced by past disturbance activity. In contrast, past disturbances did not have a
significant effect on current tree density, the amount of coarse woody debris, and regeneration.
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High mean densities of regeneration with height >50 cm (about 1400 individuals per ha) were
observed.

Extensive high severity disturbances have recently affected Central European forests, spurring a
discussion about the causes and consequences. We found some evidence that forests in the
Western Carpathians were predisposed to recent severe disturbance events as a result of
synchronized past disturbance activity, which partly homogenized size and age structure and made
recent stands more vulnerable to bark beetle outbreak. Our data suggest that these events are still
part of the range of natural variability. The finding that regeneration density and volume of coarse
woody debris were not influenced by past disturbance illustrates that vastly different past
disturbance histories are not likely to change the future trajectories of these forests. These
ecosystems currently have high ecological resilience to disturbance. In conclusion, we suggest that
management should recognize disturbances as a natural part of ecosystem dynamics in the
mountain forests of Central Europe, account for their stochastic occurrence in management
planning, and mimic their patterns to foster biodiversity in forest landscapes.

Keywords

Dendroecology; Forest dynamics; Landscape ecology; Disturbance synchronization; Stand
structure; Spatio-temporal pattern

1 Introduction

There is widespread concern that climate change will alter natural disturbance regimes and
thereby negatively impact forest ecosystems (Dale et al., 2001; Turner, 2010; Easterling et
al., 2000). Recent changes in disturbance regimes in some regions, such as increased
wildfire activity and large-scale insect outbreaks in North America, have already been
attributed to climate change (Westerling et al., 2006; Bentz et al., 2010; Weed et al., 2013).
However, in order to gauge ongoing and future changes to disturbance regimes, it is
necessary to establish a solid baseline against which to evaluate these changes. This is
particularly important given that disturbances are discontinuous processes that usually occur
as infrequent events or episodes. Quantifying the natural range of disturbance variation over
time periods of several centuries is thus important for understanding potential changes in
severe large-scale events with long return intervals (Jarvis and Kulakowski, 2015).

Likewise, understanding how forest structure and composition respond to variation in past
disturbances may provide insight into future resilience to climate-driven alterations of
disturbance regimes (Tepley and Veblen, 2015; Kneeshaw et al., 2011; Kulakowski et al.,
2017). Disturbances are by definition short events relative to the extended time frames of
forest dynamics, yet they can have long-lasting effects on forest structure and composition.
Disturbances can for instance, alter the age structure of forest landscapes, favor early-seral
species, and change the developmental trajectories of forest ecosystems, effects that can
persist for centuries after a disturbance event (Frelich, 2002; Johnstone et al., 2010; Nagel et
al., 2014). Given such long-lasting impacts of disturbances on forest structure and
composition, past disturbances can also strongly influence the current and future
provisioning of ecosystem services to human society (Thom and Seidl, 2016). Yet, since the

For Ecol Manage. Author manuscript; available in PMC 2018 March 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Janda et al.

Page 3

long-term effects of disturbances are poorly understood, the disturbance history of
landscapes is currently rarely considered in forest management despite its importance for
many ecosystem processes and its bearing on what constitutes “close-to-nature”
management.

Disturbance change is particularly relevant for the mountain forest ecosystems of Central
Europe, which are dominated by Norway spruce (Picea abies (L.) Karst.). Over the past
decades, large areas of these forests have been severely damaged by windstorms (Fink et al.,
2009; Holeksa et al., 2017; Schelhaas et al., 2003). Wind disturbances are commonly
followed by bark beetle outbreaks (Schroeder and Lindeldw, 2002; Schelhaas et al., 2003;
Wermelinger, 2004; Mezei et al., 2014), and together these two agents have resulted in
widespread mortality of spruce forests throughout the region. For example, in the Tatra
National Park in Slovakia, wind damaged 12,000 ha of forest in a single event in 2004
(Mezei et al., 2014). Subsequently, with the abundance of wind-felled trees serving as low-
defense hosts for bark beetles, a large-scale bark beetle outbreak was triggered in the
surrounding unmanaged forest reserves (Nikolov et al., 2014). Similarly, a combination of
windstorms and bark beetle outbreaks resulted in widespread spruce mortality in the
Bavarian Forest and Sumava National Parks (Lausch et al., 2011; Seidl et al., 2016a).
Determining whether these recent disturbance events are still within the natural range of
variability of the system, or whether they exceed this range as a result of drivers such as
climate change or past land use, is critical for making informed decisions regarding the
management of these forests.

Much recent effort has therefore been made to determine to what degree severe large-scale
disturbances such as those observed recently are part of the natural disturbance regime of
Norway spruce forests in Central European mountain ranges. This body of work has mainly
relied on dendroecological methods to reconstruct the history of disturbance in remnant
primary forest ecosystems in the region. However, the findings of these studies remain
inconclusive, with some indicating a regime dominated by small-scale, low severity
disturbances (Sproull et al., 2016; Szewczyk et al., 2011) and others finding evidence of
larger-scale high severity events having also occurred in the past (Svoboda et al., 2012,
2014; Zielonka et al., 2010; Panayotov et al., 2015; Cada et al., 2016; Holeksa et al., 2016).

Most of these studies have been carried out within single stands or forest landscapes. The
few that have addressed past disturbance patterns across larger regions (i.e. over two forest
landscapes) document a complex mixed severity regime across space and time, with a
predominance of intermediate severity events (Svoboda et al., 2014; Trotsiuk et al., 2014).
Moreover, to date no analyses exist that link past disturbance regimes with current patterns
of forest structure and composition for these forest types (but see D’ Amato et al., 2008;
Lecomte et al., 2006; Zenner, 2005 for analyses in other ecosystems). Such analyses would
not only provide an important baseline for understanding how future changes in disturbance
regimes might influence forests, but would also be valuable for informing post-disturbance
management and quantifying forest resilience (Seidl et al., 2016b). In Slovakia, for example,
following the recent disturbances, there was much debate among forest managers regarding
the future forest development and integrity of these recently disturbed mountain forest
ecosystems (Nikolov et al., 2014). The outcomes of this discussion, e.g. with regard to the
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question of salvage logging and re-planting, have important implications for biodiversity
(Thorn et al., 2016; Fritz et al., 2008) and provisioning of ecosystem services (Thom and
Seidl, 2016).

Here, we combined dendroecological approaches with an analysis of current forest structure
to study primary Norway spruce forests distributed across a range of forest landscapes in the
Western Carpathians of Slovakia. Specifically, we reconstructed the overall regional
disturbance history and those within 14 forest stands distributed over 7 different landscapes.
This extended spatial scope of the analysis was chosen to capture the potentially wide range
of past disturbance activity. Subsequently, we examined the effect of past disturbance
activity on contemporary forest structure and composition, including current patterns of
regeneration and coarse woody debris, to assess if and how past disturbance determines
current forest conditions.

2 Methods

2.1 Study area

The study was conducted in the Western Carpathian Mountains in Central Europe. This area
is considered to be a biodiversity hotspot within the European temperate zone, with a large
number of endemic species and large remaining populations of brown bear (Ursus arctos),
Eurasian lynx (Lynx lynx), grey wolf (Canis lupus), and capercaillie ( 7etrao urogallus)
(Oszlanyi et al., 2004; Mikol&s et al., 2015). To study landscape level disturbance dynamics,
we selected stands based on the national inventory of primary forests in Slovakia, for which
all forests in Slovakia were surveyed in 2009-2010 and approximately 10,000 ha of primary
forests were mapped (www.pralesy.sk). Only stands in which no human activity directly
affecting the tree layer were categorized as primary forest in the survey, which comprised a
complex field survey, historical evidence from local experts, literature and historical military
maps from the Austro-Hungarian Empire (from 1764 to 1768 and 1806 to 1869), and aerial
images from 1947 to 1950. Furthermore, structural parameters (deadwood volume, natural
tree species composition, etc.) were considered in the assessment in the field. All the data
and further information on the methodology of their collection are available on the official
primary forest inventory web site (www.pralesy.sk). We here focused on primary forest
remnants of mountain spruce forests. The study plots were situated in the core areas of the
primary forest polygons. Tree species composition in the study area was dominated by
Norway spruce (over 90%), while other species, such as rowan (Sorbus aucupariaL.), fir
(Abies alba Mill.), beech (Fagus sylvaticaL.), maple (Acer pseudoplatanus L.), larch (Larix
decidua Mill.), pine (Pinus spp.), and birch (Betula spp.), were admixed. More detailed
information about the study area is presented in Table 1.

2.2 Data sampling

Seven landscapes containing 14 stands (Table 1) were selected, and within the stands 184
permanent study plots (PSP) were established using stratified random sampling. A 141.4 *
141.4-m grid was overlaid on each stand. Within each grid cell, a circular sample plot was
established at a restricted random position (the inner 0.49 ha core in each 2-ha cell) using
GPS (see Svoboda et al., 2014 for further detail). The established PSPs were circular with an
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area of 1000 m? (500 m? in two cases), depending on the stand structure (with smaller
sample sizes on plots that were recently disturbed and had a high density of regenerating
trees). Elevation, aspect, slope, and slope position were recorded on each PSP. Furthermore,
the diameter at breast height (DBH), species, and social status (non-suppressed — at least one
half of the crown projection under open canopy condition; suppressed) of all trees with DBH
= 10 cm were recorded. The crown projection in four cardinal directions of five randomly
selected trees per plot was measured. The line intersect method (Harmon and Sexton, 1996)
was used to measure the amount of downed deadwood with DBH = 10 cm (CWD), using a
total transect length of 100 m per plot, split into five sub-transects of 20 m each. In each PSP
all individuals in the regeneration layer were recorded and classified according to three
height classes (0.5-1.3 m; 1.3-2.5 m; >2.5 m and <10 cm in DBH). Data on CWD and
regeneration from the Babia Hora and Poiana stands were not collected. Furthermore, 25
randomly selected, non-suppressed trees were cored at a height of 1 m above the ground (15
for 500 m2 plots). One core per tree was extracted perpendicular to the slope direction and
prepared by standard dendrochronological procedures. Tree-ring widths were measured with
the LintabTM sliding-stage measuring device (Rinntech, Heidelberg) with a resolution of
0.01 mm. In the event that the pith was missing from the core, the estimation of missing
rings was done using Duncan’s (1989) method. The cores for which a substantial part of the
sample was missing were excluded from further analyses. Finally, cores were visually cross-
dated and verified using COFECHA (Holmes, 1983).

2.3 Dendrochronological analysis

Disturbance chronologies were compiled by two types of canopy accession events, as
determined from radial growth patterns: (1) open canopy recruitment — rapid juvenile growth
rates indicating recruitment in a former canopy gap, and (2) release — abrupt, sustained
increases in tree growth indicating mortality of a former canopy (Frelich, 2002). Open
canopy recruitment was defined by a threshold separating trees originating in open canopy
from those found under closed canopy, based on their juvenile growth rates (Svoboda et al.,
2014). Empirical data on the juvenile growth rates of sampled saplings (N = 175) growing
under closed canopy and in different sizes of canopy openings were used, comparing their
five-year growth rates. Thresholds were calculated using logistic regression and the
intersection of specificity (an expression of the likelihood of false negatives) and sensitivity
(likelihood of false positives) (Hosmer and Lemeshow, 2004). To obtain a conservative
threshold estimate, we considered saplings with growth rates higher than 1.7 mm yr~1 as
open canopy recruited, corresponding to gap sizes of more than 500 m2. For growth release
detection, we used the boundary line criteria proposed by Black and Abrams (2003) and
followed the approach also used by Svoboda et al. (2014). Specific boundary lines from all
data of this study were constructed (PGC = 1664.2567 * e(~7-1423*PC) 1 gg4,7334 *
e(-0.8271*PG): pGC = percent growth change, PG = prior growth following Black and
Abrams (2003)). A release event was defined as any growth-change value over 20% of the
boundary line. Furthermore, the post-release ring widths had to exceed the pre-event 10-year
running mean for at least seven years (Fraver et al., 2009) in order to signify a release event.
To minimize the overestimation of disturbance detected by mature trees already in the
canopy, we used a DBH threshold for separating trees in two groups, based on the
probability of their presence or absence in the canopy (Lorimer and Frelich, 1989). The
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threshold was estimated in the same way as that for open canopy recruitment, where the
DBH distribution of canopy and sub-canopy trees was separated. The DBH threshold for
Norway spruce to be classified as a canopy tree in our study was found to be 23 cm without
bark, and was calculated as the intersection of specificity and sensitivity (Hosmer and
Lemeshow, 2004). Norway spruce is a moderately shade-tolerant species, especially in
juvenile phases of development, such that more than one disturbance may be needed for it to
reach the canopy (Lorimer and Frelich, 1989). Therefore, multiple canopy accessions were
allowed in deriving the disturbance chronologies.

2.4 Construction of the disturbance chronologies

Canopy accession events were summed by decade to construct disturbance chronologies at
the plot level. The number of growth releases and gap recruitment events were converted to
total canopy area disturbed each decade, following the approach and rationale of Lorimer
and Frelich (1989). Linear regression analysis was used to predict canopy area from DBH
based on the present vegetation at the PSPs (crown area = 1.1038 + 0.0517 * DBH; R? =
0.52, p < 0.001). The disturbance chronologies were truncated when the percentage of
canopy available in the tree ring sample fell below 10% back through time. To analyze
disturbance dynamics at different spatial scales, composite disturbance chronologies were
created for the overall region, as well as for the level of landscapes and stands. All the
chronologies were constructed in the same way using all events indicating disturbances.
Because our focus was on spatial scales of stands and beyond, our approach aggregated
disturbance evidence at the plot level without any spatial resolution of the events.

Release was detected by dating the discrete event of growth change, but regenerating trees
can take several years or decades to establish and grow to a height of 1 m (coring height)
(Kulakowski and Veblen, 2003). To take into account such a prolonged period of tree
recruitment, we calculated a 30-year running sum of the percentage of the canopy area
disturbed. This approach was used for all analyses with the exception of Fig. 1. Disturbance
events were dated using the peak of the local maximum of a 30-year running sum of the
percentage of the canopy area disturbed. For easier visualization of the data, we used four
disturbance severity classes: Low — below 20%, Moderate — between 20% and 40%, High —
40-60% and Very high — over 60% of canopy was removed. Because we are analyzing
mostly regional, landscape and stand scales, some degree of generalization was needed. Our
analysis disregards potential low severity disturbance events that occurred within the 30-year
periods that are counted as single events. We restricted our analysis to the period from 1790
to 1970 in each plot because in 1790 we observed a drop in the sample depth and the
standard deviation (SD) of canopy area disturbed per plot with a continuously decreasing
trend back through time. The upper threshold of 1970 was determined by our
methodological approach (30-year running sum and missing data in recent gaps, where trees
were not large enough to core). Therefore, we roughly assessed the percentage of canopy
area removed in the period 1985-2010. This was done with the intersection of two GIS
layers, the percentage of canopy area disturbed in the study of Griffiths et al. (2014), and the
studied stand polygons delineated by the official primary forest inventory on
www.pralesy.sk. This analysis likely underestimates small-scale low severity disturbance
events (e.g. removal of single trees). Therefore this recent rate of canopy area removed is
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very conservative and serves as an illustrative example to show the difference between
recent disturbances and historical disturbances.

An average disturbance return interval for each plot was calculated by dividing the number
of years on record by the number of disturbance events reconstructed for that period. An
average rotation period for the whole area was derived as the mean time needed for each plot
to be completely disturbed.

2.5 Analysis of past disturbance influence on age pattern and current forest structure

To determine the influence of past disturbance on current forest structure, we separately
analyzed five groups of stands with different disturbance histories. To focus on the role of
the most severe disturbance events in the recorded history of the plots, we used the
maximum value of the 30-year running sum of canopy disturbance per each plot and in some
cases the date of this event to delineate different disturbance history groups. Group | (*Low
severity”) was characterized by events with severity below 40%, and frequently experienced
events over the entire study period. Groups 11 and 111 represented “Moderate severity”
disturbance regimes, with a maximum severity between 40% and 60%. They differed in the
timing of the last disturbance, with Group Il experiencing the last disturbance event before
1900 and Group 111 after 1900. Groups 1V and V represent “High severity” conditions, with
past disturbances affecting more than 60% of canopy trees. As with the moderate severity
groups 1l and 111, we further distinguished between those last being disturbed in the 18th and
19th century (Group V) and those experiencing the last high severity disturbance more
recently (Group V). The influence of disturbance history on stand structure was tested with
linear mixed-effects models, using stands as a random effect. The variables were
individually transformed (using square root, logarithmic and power transformation), and
normality and homogeneity of variance were evaluated using normal probability plots and
the Shapiro-Wilk test. The analysis was performed using the R language and environment
for statistical computing (R Development Core Team, 2015), specifically harnessing the
library “nlme” (Pinheiro et al., 2015). All tests were performed at a pre-set significance level
of 0.05.

3 Results

3.1 The historical disturbance regime of the Western Carpathian region

The disturbance chronologies reconstructed at our study sites spanned the late 18th century
to the end of the 20th century (Fig. 1). Most of the tree-ring evidence of disturbance
consisted of open canopy recruitment events (63% on average), indicating growth in open
canopy conditions for the entire life span of a current canopy tree; these patterns are also
consistent with age distributions (Fig. Sup. 1). There was high temporal variability in
disturbance patterns at both the level of landscapes (N = 7) and stands (N = 14) (Fig. 1b and
c), but peaks in disturbance activity were evident in the periods 1810-1820 and 1840-1880
(Fig. 1a). At the stand scale, the temporal variation of disturbances is higher than at
landscape and regional scales, and disturbance peaks are more pronounced (Fig. 1c). At this
smallest scale of analysis, the distribution of canopy accession events over the reconstruction
period varied from unimodal, to bimodal and multimodal, but temporally synchronous
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disturbance events were evident particularly for the 1810s and 1840s—1870s across many of
the stands. In the 1810s, for instance, 56.5% of the sampled stands and 7.6% of the canopy
was disturbed, whereas 93.5% of the stands (34.6% of the canopy) experienced disturbance
between the 1840s and 1870s. Overall, 42.2% of the canopy was disturbed within these two
time windows. Spatially less extensive disturbances were also detected through more local
synchronies, e.g. between the stands in the Central Tatra landscape (B) in the 1940s and
1950s. Across the entire region, most of the canopy accession events were observed within
the 19th century, except for the Central Tatra landscape (B), where a high proportion of
canopy accession events was found for the 20th century.

We found that most events were characterized by low disturbance severity (65.2%), which
removed only 28.1% of canopy area on average. Overall, the most canopy area was removed
by events with low and moderate severity. Nonetheless, severe events (High and Very high
events), despite accounting for only 14.3% of the total events, were responsible for 42.3% of
the total canopy area disturbed (Table 2). The average disturbance rotation period was 242
years (SD = 59.2). On average, plots were hit by disturbance every 43 years. Disturbance
frequency decreased with the severity of an event: Low severity events were most frequent
(return interval of 66 years), while high severity events had an order of magnitude longer
return intervals (Table 2). The distribution between different severity classes remained
relatively stable over time, but high severity disturbance events were particularly prevalent in
the 19th century (Fig. 2). The highest severity events occurred between 1840 and 1870, but
the spatial variability across the study region was high (Fig. 3). For example, a high
proportion of severe disturbances was found in the stands of the Great Fatra landscape (E1
and E2), Pol'ana (G1), as well as some stands of the Western, Central and Low Tatras (C1,
B1, D2), whereas lower severity events characterized the Eastern Tatra landscape (Al and
AZ2). The spatio-temporal pattern of the most important disturbance events is summarized in
Fig. 4, when in the 1810s, 32.6% of the sampled stands and 7.9% of the canopy was
disturbed, whereas 89.1% of the stands (35.6% of the canopy) experienced disturbance
between the 1840s—-1860s. During the 1940s and 1950s 34.2% of the sampled stands and
6.9% of the canopy was disturbed. Overall, 50.3% of the canopy was disturbed within these
three time windows.

3.2 The influence of past disturbance on age pattern and current forest structure

To examine the influence of the past disturbance regime on current forest structure, the study
plots were split into five groups based on the timing of the major disturbance event and the
maximum disturbance severity (Fig. 5). Of all plots, approximately one third (32.4%)
experienced only low severity disturbance over the study period (Group I). The majority of
moderate severity (Group Il) and high severity (Group 1V) plots were disturbed before 1900,
but a smaller percentage also experienced moderate to severe disturbance within the 20th
century (9.1% and 7.1% were in Groups Il and V, respectively). The latter were mostly
situated on northern or western slopes, but did not differ greatly from the other groups with
regard to their slope inclination (Figs. Sup. 2 and Sup. 3). As expected, mean stand ages
mirrored this classification, with groups experiencing moderate and high severity
disturbance after 1900 (Groups 111 and V) being significantly younger (p < 0.05) than the
other groups. Stand age distributions showed clear peaks corresponding to the respective
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periods of major disturbance events. Differences in maximum ages, on the other hand, were
not so clear among the groups: The oldest trees in the stands not disturbed mainly in the 20th
century or disturbed with low severity only were between 431 and 495 years old (with the
90th percentile age between 199 and 249 years), while the oldest trees in stands disturbed
mainly in the 20th century were 340 and 374 years old (with the 90th percentile age between
132 and 195 years).

Mean DBH and age were correlated (r = 0.52, p < 0.05), and DBH distributions matched the
age structures within the groups well, particularly if the sampling artifact (i.e. missing tree
cores from young trees < 10 DBH) is considered. Mean DBHs differed with time since
disturbance, but not between severity classes (Fig. 5). Stand density was similar among the
stands with different disturbance history, except for Group V (high severity disturbance after
1900), which had a significantly higher stem density than other stands (p < 0.05).
Furthermore, downed deadwood volume and regeneration density did not differ significantly
between the plots, regardless of their disturbance history. The mean CWD volume per plot
ranged from 83 to 157 m3 ha~1. The mean regeneration density was between 806 and 1927
trees ha~1, but there was substantial variation in regeneration density at the plot level within
each disturbance history group (mean = 1427 trees/ha, standard deviation = 1717, range
(min, max) = 20; 13,140 trees/ha, quantile (10%, 90%) = 237, 3078 trees/ha). The most
common species in the regeneration layer were Norway spruce and rowan. However, 54% of
the rowan were within the smallest height class. Other tree species were present, including
fir, maple, beech, pine, and larch, but made up less than 1% of the total density.

4 Discussion

4.1 Disturbance history

We found the disturbance history of the mountain forests of the Western Carpathians to be
characterized by a disturbance regime with high spatiotemporal variability in severity and
frequency. Moderate and low severity disturbances dominated, but rare severe events were
also evident in our disturbance reconstruction, and made a disproportional contribution to
the overall canopy removed by disturbance. A similar mixed severity disturbance regime
was also recently described for Norway spruce-dominated mountain forests in Central
Europe by Trotsiuk et al. (2014), Svoboda et al. (2014), Holeksa et al., 2017 and Cada et al.
(2016). Although the disturbance history in the region was temporally and spatially diverse,
periods of synchrony in disturbance activity were also found. Specifically, a peak of canopy
disturbance was found for the mid-19th century across the region, with the most important
periods of disturbance in the 1820s and from the 1840s to the 1870s.

Interestingly, these periods also show strong disturbance signals in other mountain forest
ecosystems of Central Europe (Trotsiuk et al., 2014; Cada et al., 2016; Svoboda et al., 2014;
Janda et al., 2014; Zielonka et al., 2010), indicating that disturbance regimes might be
synchronized across large spatial scales (Jarvis and Kulakowski, 2015; Seidl et al., 2016a).
Historical sources (Table Sup. 1) describe events during these periods as being
predominately windstorm events, often combined with bark beetle outbreaks. This suggests
that the past disturbance agents in the area are identical to the most common disturbance
agents in these forests today (Schelhaas et al., 2003; Miiller et al., 2008). However, as these
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are high elevation, temperature-limited ecosystems, suboptimal temperatures and frost
(Kullman and Oberg, 2009) during a cold event in the beginning of the 19th century
(Buntgen et al., 2013) cannot be ruled out as a possible cause for pulses of tree mortality.
Unfortunately, the methods and approaches used in this study did not allow us to distinguish
between different disturbance agents (but see Zielonka et al. (2010) and Robson et al.
(2015)).

The spatial patterns of the disturbance regime were highly variable, but some trends within
the region could be discerned. Lower disturbance severities were, for instance, observed in
the Eastern Tatras, and can be explained by the position of this particular landscape in the
context of the greater Tatras mountain range, which shelters it against strong winds from
predominantly westerly and northerly directions (NiedZwiedz, 1992). In contrast, landscapes
exposed to these winds and without topographic sheltering were more strongly disturbed in
the past, with a higher risk of severe disturbance (Cada et al., 2016). Furthermore, the region
of the Central Tatras also had an elevated proportion of canopy accession events in the 20th
century, suggesting an overall increased disturbance frequency. This finding is in line with
the observation that this particular area is specifically influenced by strong and frequent
“Bora” winds from the north (Zielonka et al., 2010; Mezei et al., 2014).

The prominent disturbance pulses of the 19th century likely also contributed to the
comparatively low disturbance activity in the first part of the 20th century. The disturbance
risk for the young stands originating in the mid-19th century was likely depressed for several
decades, as both wind and bark beetle susceptibility increases with age in Norway spruce
forests. /ps typographus attack primarily older and weakened trees, which are found in
abundance after wind disturbance (Wermelinger, 2004; @kland and Bjgrnstad, 2006), and
also wind risk increases with tree size (and hence age) (Canham et al., 2001). Furthermore,
the absence of high severity disturbance after the mid-19th century could have led to a
synchronous development of regenerating forest stands as well as to spatial homogenization
across the landscape through increased connectivity between susceptible patches. These
factors are frequently associated with increasing risk for wind disturbance and bark beetle
outbreaks (Jarvis and Kulakowski, 2015; Seidl et al., 2016a), suggesting a century-scale
temporal autocorrelation between disturbance episodes in these forests.

However, it should also to be noted that the higher proportion of trees recruited in the 19th
century could at least in part be explained by the availability of possible study sites, as we
focused on remnants of primary forests, mostly in strictly protected reserves with specific
topography (Figs. Supl. 1 and Supl. 2). Despite having a regional and landscape scale focus,
our work was still carried out in a fragmented landscape, where only remnants of old-growth
forests remained. Together with the fact that salvage logging has commonly been applied in
the region during the last 50 years, unmanaged young post disturbance stands might be
partly missing. Consequently, early-successional stages after recent high severity
disturbance, such as described in Central Europe by Wild et al. (2014), Zeppenfeld et al.
(2015) and Svoboda et al. (2014), were missing in our analysis. This decreases the utility of
our disturbance reconstruction for recent decades, and suggests that the historical
disturbance regime reconstructed from primary forests might not be fully representative of
the entire region.
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Nonetheless, our analysis suggests that the current disturbance pulse observed in several
Western Carpathian mountain forests (Mezei et al., 2014) could at least in part result from
past disturbance dynamics and the emerging synchrony in stand development. Additional
drivers of the currently high disturbance activity might be climate change, resulting in an
increasing probability of bark beetle outbreaks (Milad et al., 2011; Temperli et al., 2013) as
well as increasing climatic extremes connected with damage to forests, such as drought and
wind events (Dale et al., 2001; Seidl et al., 2014). Similar large-scale disturbance can also be
observed in other parts of Central Europe (Cada et al., 2016; Lausch et al., 2011) or in North
America (Berg et al., 2006). Thom et al. (2013), in their analysis of recent disturbances in
neighboring Austria, derived a combined median disturbance rotation period for wind and
beetles of 134 years, a value that suggests higher current disturbance activity compared to
the historical values derived here (cf. Table 2). Furthermore, recent disturbances in Central
Europe have largely been high severity events (Mezei et al., 2014; Nikolov et al., 2014;
Kautz et al., 2011), suggesting that disturbance regimes might be changing in severity and
frequency relative to their historical patterns (cf. Fig. 3). However, other evidence from
Slovakia (Zielonka et al., 2010) and other parts of Central Europe (Svoboda et al., 2012,
2014; Cada et al., 2016; Holeksa et al., 2016; Briina et al., 2013; Panayotov et al., 2015)
suggests that large-scale severe disturbance events such as those observed recently might
also have occurred in the past.

4.2 The influence of past disturbance on current forest structure

We found that the disturbance history of a stand had a significant influence on some aspects
of its current structure, which is in line with previous investigations for other ecosystems
(D’ Amato et al., 2008; Zenner, 2005). Stand structural parameters such as DBH and stand
age structure were strongly influenced by past disturbance activity. In contrast, the effect of
past disturbances on parameters such as tree density, the amount of CWD, and regeneration
was found to be only weak and not statistically significant. Maximum disturbance severity
and time since the last substantial disturbance were both strong drivers of the DBH and age
structure. Frequent low severity disturbances resulted in very wide DBH and age
distributions, indicating high temporal variability in establishment and structures close to
what can be expected for old-growth forest (D’Amato et al., 2008). In contrast, high severity
disturbances created narrow DBH and age distributions or reverse J shaped distributions,
indicating recent pulses of regeneration under an established overstorey cohort. Generally,
time since disturbance had a stronger effect on current structures than past disturbance
severity. Stands mainly influenced by disturbances occurring before 1900 as well as the low
severity group had clear peaks in age structure between 100 and 200 years, while trees were
considerably younger in more recently disturbed stands. Interestingly, we also found rather
old trees in plots that were influenced by recent disturbance. This indicates the persistence of
trees from previous generations surviving the last moderate or severe disturbance. This
finding suggests that natural disturbances in the area were rarely complete and work
selectively (Nagel et al., 2014; Samonil et al., 2013), and that even in high severity
disturbances, biological legacies in the form of surviving trees exist. Such legacy trees are
very important for structural diversity in early successional development and contribute to
the resilience of forest ecosystems to disturbance (Moning and Miiller, 2009; Seidl et al.,
2016b).
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With regard to tree regeneration and CWD, on the other hand, we did not find significant
effects of disturbance history on current conditions. In this context it should be noted that
these two parameters are strongly linked in the high elevation Norway spruce forests of
Central Europe, as CWD is a highly suitable microsite for spruce regeneration (Bace et al.,
2012). It is reasonable to expect that the amount of CWD and subsequently the abundance of
regeneration would be strongly influenced by the time since disturbance, as CWD decays
over a matter of decades (Zielonka, 2006). However, no such effect was evident in our data
when comparing stands that were disturbed before and after 1900. This suggests that the low
severity mortality events occurring with relatively high frequency throughout all sites might
play an important role in maintaining CWD levels and thus providing suitable microsites for
regeneration on the landscape. Overall, our findings are in line with previous assessments
suggesting that the effect of disturbances persists over different time spans depending on the
ecosystem property in focus (Seidl et al., 2016b).

The amount of regeneration on all study plots was on average approximately 1400 trees per
hectare with a height over 0.5 m and a DBH lower than 10 cm. Similar regeneration
densities were observed in other studies of mountain spruce forests (Zeppenfeld et al., 2015;
Wild et al., 2014), and these levels are assumed to be sufficient to ensure continuity of forest
cover. Furthermore, there is high probability of an increasing amount of tree regeneration in
the decades following large-scale dieback (Zeppenfeld et al., 2015). The overall average
regeneration density was rather high across all the plots in our study, although there was
considerable variation among plots. This variability contributes to high structural
heterogeneity of the system at the landscape scale (Donato et al., 2012). The high densities
of rowan found in the lowest height classes will probably experience high mortality, as
suggested by their substantially reduced number in higher height classes. Similar trends have
also recently been observed in mountain spruce forest ecosystems of the Bavarian National
Park (Zeppenfeld et al., 2015).

4.3 Management implications

Extensive high severity disturbances have recently affected Central European forests,
spurring a discussion among managers and policy makers as to the causes and consequences
of these disturbances (Nikolov et al., 2014). An important question in this discussion has
been whether such events are common, and whether these forests are adapted to these kinds
of disturbances. We showed that pulses of disturbance are part of the natural disturbance
regime in Norway spruce mountain forests, and that high severity disturbances have also
occurred in these forest types in the past (see also Zielonka et al., 2010; Brlina et al., 2013;
Svoboda et al., 2012; Cada et al., 2016). Yet, the disturbance return intervals and severity
distributions estimated here suggest that recent events might be at the upper bound of the
historical range of variability (HRV). This suggests that further increases in disturbance, as
are expected for the region under changing climate conditions (Seidl et al., 2014), might
exceed the HRV of the system. As the HRV is an important reference for understanding
disturbance changes and can serve as a guideline for ecosystemoriented management (Keane
et al., 2009), future research should focus on a comprehensive comparison of the regional
HRV with current activities (cf. Cyr et al., 2009), as well as on estimating the future range of
variability that can be expected under global climate change (see Seidl et al., 2016b).
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Our results also highlight that in assessments of future trajectories of forest ecosystems, the
persistent effect of past disturbances needs to be considered. It is likely, for instance, that the
temporal synchronization through the heavily disturbed period in the mid-19th century has
substantially contributed to the current disturbance susceptibility of the ecosystem.
Furthermore, structural parameters of the forest, such as the spread and shape of the
diameter distribution, indicate a lasting effect of past disturbances. The fact that these
variables are important indicators of biodiversity (Paillet et al., 2010) suggests that
understanding the prevailing disturbance regime (and the potential changes therein) is
crucial for conservation management. The finding that regeneration density and composition
was not influenced by the disturbance regime between 40 and 220 years before the present
illustrates that vastly different past disturbance histories are not likely to change the future
trajectories of these forests (but see Johnstone et al., 2010). In other words, these ecosystems
currently exhibit high ecological resilience to disturbance (see also Zeppenfeld et al., 2015).
In conclusion, we suggest that management should recognize disturbances as a natural part
of ecosystem dynamics in the mountain forests of Central Europe instead of aiming to
prevent them (cf. Fares et al., 2015), and should account for their stochastic occurrence in
management planning (e.g. via increasing redundancies to maintain crucial ecosystem
services despite disturbance, Seidl, 2014) as well as mimic their patterns (Nagel et al., 2014)
to foster biodiversity in forest landscapes.
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- 75

Hierarchical scheme of percent canopy disturbed for the Western Carpathian region (all plots
pooled) (a), the landscape scale (b), and the stand scale (c). Disturbance chronologies were
derived from analyzing two types of events indicating disturbance — gap recruitment and
growth release. The percentage of these two types as well as abbreviations identifying the
respective stands and landscapes (cf. Table 1) are placed in the top left corner of each panel.
All disturbance events in a decade were summed, and the chronologies were truncated when
the percentage of canopy available (dashed black line; secondary y axis) fell below 10% of
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the total number of samples. The percentage of canopy available represents the cumulative
portion of canopy contributing to the chronology.
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Fig. 2.

The amount of canopy disturbed in the region over time, distributed over disturbance
severity classes. The disturbance chronology was constructed using a three-decade running
sum window of the percentage of canopy area disturbed. In the chronology we summed
three decades, and the date of the events were distributed per decade (as midpoints). For
easier visualization of the data, we used four disturbance severity classes: Low — below 20%,
Moderate — between 20% and 40%, High — 40% to 60% and Very high — over 60% of
canopy area removed. The chronology was truncated at 1790 and 1970 (see methods).
Historical records of disturbance events (grey circles) are presented in the upper part of the
figure (see Table Sup. 1). The observed percentage of canopy area removed was assessed by
comparing the percentage of canopy area disturbed by Griffiths et al. (2014) between 1985
and 2010 with the studied stand polygons delineated by the official primary forest inventory
on www.pralesy.sk.
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Fig. 3.

Poland

The spatial distribution of stand level disturbance severity within the study region. The share
of disturbance severities (canopy area disturbed) between 1790 and 1970 is shown at the
stand level. Disturbance events were reconstructed using the same data as in Fig. 2 and Table

2. The abbreviations for different stands are described in Table 1.
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The spatio-temporal distribution of stand-level disturbance severities (proportion of canopy
disturbed) is shown for the three most important time periods (highest disturbance activity).
Disturbance events were reconstructed using a three-decade running sum window as in Fig.

2 and Table 2.
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The influence of disturbance history (characterized by past disturbance severity and the
timing of the last major disturbance) on current stand structure and composition, with each
column representing a different disturbance history group. Two stands (F2 and G1) were
excluded from the analysis because of a lack of information on dead wood and regeneration.
Statistical differences between mean values are indicated by lower case letters in parentheses

and were tested with linear mixed-effects models, using stands as a random effect.
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Table 1
v Characteristics of the study area.
m Landscapes (abbreviations)  Stands (abbreviations) No. Area of Mean Mean Mean Soil Bedrock
E of primary elevation annual air annual Group
o plots  stands (mas.l.) temperature precipitation (WRB
1= (PSP)  (hectare) (°C) (mm) 2014)
g Eastern Tatras (A) Bielovodska dolina (A1) 13 156 1340 0-2 2000-2400 Leptosols  Granitoids
@) Javorova dolina (A2) 8 75 1439 0-2 1600-2000 Podzols Granitoids
E' Zadné Med’odoly (A3) 7 34 1499 0-2 1600-2000 Leptosols  Limestones, dolomites
S_ Central Tatras (B) Ticha dolina (B1) 14 41 1414 0-2 2000-2400 Podzols Limestones, dolomites
3 Hlinna dolina (B2) 10 63 1433 0-2 1200-1600 Podzols Metapsammites
?__> Képrova dolina (B3) 13 122 1434 0-2 2000-2400 Leptosols  Granitoids
S Western Tatras (C) Osobita (C1) 14 110 1363 2-4 1200-1600 Leptosols  Limestones, dolomites
9‘ Low Tatras (D) Bystra dolina (D1) 15 88 1410 0-2 1200-1600 Podzols Metapsammites, Granitoids
§ Dumbier (D2) 17 62 1495 0-2 1200-1600 Podzols Granitoids
g Great Fatra (E) Janosikova kolkéaren (E1) 20 239 1312 2-4 1200-1600 Podzols Granitoids
g_ Smrekovica (E2) 11 158 1386 2-4 1200-1600 Podzols Granitoids
gr Orava Beskids (F) Pilsko (F1) 12 431 1329 0-2 1600-2000 Podzols Claystones, Sandstones
Babia hora (F2) 10 249 1317 0-2 1200-1600 Podzols Claystones, Sandstones
Pol'ana (G) Zadna Polana 20 494 1378 2-4 1000-1200 Andosols  Andesits
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Table 2

Characteristics of the disturbance regime of Norway spruce mountain forest ecosystems of the Western
Carpathian region. Disturbance chronologies were constructed using a three-decade running sum window of
the percentage of canopy area disturbed for all plots.

Events by severity class  Return interval (years) Mean severity (% Proportion of canopy area  Proportion of disturbance
canopy removed) disturbed (%) events (%)

All events 43 20.1 1 1

0-20% Low 66 8.7 28.1 65.2

20-40% Moderate 210 29.0 29.3 20.4

40-60% High 526 475 19.2 8.1

Over 60% Very high 690 74.9 23.1 6.2
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