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Abstract

The tree natural regeneration and seed bank that survives a large-scale stand-replacing disturbance fully
determines the future forest structure until new generation trees reach seed maturity and the supply of seeds
is restored. We asked the following questions: (/) Does the advance regeneration stage prevail in the stand?
(if) Does the tree species composition changed after disturbance? (iif) Does the regeneration height structure
change depend on elevation and characteristics of the previous stand? Mean seedlings (<130 cm) density was
4000 individuals per hectare 5 years after the disturbance; rowan covered 2% of the regeneration. The density
of saplings (>130 cm) was 252 individuals per hectare, of which 19% were rowan individuals. The advance
regeneration consisted of 88% of all individuals. Microsites mostly preferred were soil covered by mosses
(32% of individuals), the tree base of living mature trees and snags (28% of individuals), and dead wood (27%
of individuals). The density of saplings significantly decreased with increasing elevation; for seedlings, this
trend was not significant. Even an elevation gradient of 100 m can have a major impact on the growth rate of
the regeneration. Although the variability of stand characteristics was high, no significant effect was
recorded for any of the height categories of spruce and rowan with regard to the density of the regenerated
stand. Our results provide the example of stands, where structure of regeneration after the disturbance is not
explained by previous stand characteristic. Lower saplings density in higher elevation is probably caused
by limiting growth conditions such a cold. High heterogeneity of regeneration structure must depend on
many other factors.
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INTRODUCTION

Disturbances form an integral part of the dynamics in many ecosystems around the world
(e.g. BouGeT & DutLL1 2004, KuLakowsk & Ber 2004, McDoweLL et al. 2020). In the Central
Europe, disturbances caused by winds are the most common type of disturbance; for spruce
stands, bark beetle outbreak (Ips typographus L.) is particularly the case (KuLakowski & BEBI
2004). In recent decades, disturbances have increased in terms of numbers and intensity
(Lauscuet al. 2011). The warmer climate causes physiological stress on trees and accelerates
the bark beetle development (Rarra & Aukema 2008, SeL et al. 2014). Consequently, rising
intensity of disturbance can be expected as the climate change increases (SEmL et al. 2014,
DoBor et al. 2020). The aftermath left by any disturbance is referred to as biological legacy
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(Capa et al. 2013, FreLicH et al. 2018); it may involve stand structure that has been preserved
from the previous stand, the amount of dead wood, or advance regeneration.

A bark beetle disturbance delivers completely different conditions for natural regeneration
than fire or wind. The key differences can be seen in the fact that stands do not die at once;
rather, the process takes several years (SPROULL et al. 2015, CERVENKA et al. 2016). The stand
microclimate also changes gradually as the parent stand dieback (JonASovA & Prach 2004,
METsLaD et al. 2007). In the case of disturbance caused by bark beetles, there is no disruption
of the soil, the vegetation cover and the advance regeneration (STORANET & RoLsTAD 2004).
Advance regeneration and its structure, both are the natural legacy that drives the process of
natural regeneration in such ecosystems (SvoBopa et al. 2010) and they are linked to the
previous stand (WILD et al. 2014, BACE et al. 2015). The process of mountain spruce forests
regeneration after bark beetle outbreak has already been described to some extent (HOLEKSA
et al. 2007, ZeppPENFELD et al. 2015), but it is really different with regard to the other types of
disturbances. Therefor is impossible to apply knowledge sourced from reports studying other
types of disturbances (GrRomsTEV 2002, GogTz et al. 2007) or from forest stands with a more
homogeneous structure found for example in Scandinavia (ANGELSTAM & KUULUVAINEN 2004),
to Central European mountain spruce forest stands affected by bark beetle gradation.

The management and the future appearance of this stands is still hot topic, whether it
involves protected areas or commercial forests. Knowing the amount of natural regeneration
and how the process works is a key factor in making management decisions. Presence of
regeneration after the stand-replacing disturbance determines the future appearance and
development of these ecosystems (SvoBopa et al. 2010). Accordingly, understanding the
process of stand replacement after the parent stand dieback is a major challenge. So far, we
have little knowledge about the impact of the initial stand structure or the elevation on the
condition of the newly emerging stand or the advance regeneration. Current scientific papers
are not consistent in how large the proportion of the advance regeneration is compared to
disturbance-related or post-disturbance regeneration. Some studies argue that disturbance
related or the post-disturbance seedlings constitute just a relatively small portion of the all
regeneration (SvoBopa et al. 2010, NovAkova et al. 2015). On the contrary, other studies have
found that disturbance-related regeneration may represent the bulk of the new forest stand
(WiLp et al. 2014, Macexk et al. 2016). Most studies also focus on regeneration from a certain
height (ZEPPENFELD et al. 2015). We monitored all individuals found in the stand independently
of the height, immediately after a disturbance caused by bark beetles. The present paper
specifically answers the following questions: (i) Does the advance regeneration stage prevail
in the stand? (i7) Does the tree species composition change after the disturbance? (iii) Does
the regeneration height structure change depend on elevation and characteristics of the
previous stand?

MATERIALS AND METHODS

Location

This study comes from a region of mountain spruce forests found in Sumava National Park
(NP). The area of interest is called Trojmezna, and is situated in a territory found between the
mountain tops of Ttistolicnik and Trojmezna and stretching along the border with Germany.
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The area of 599 ha was managed as a “national nature reserve” from 1933 until it was
included, with the foundation of the NP, in what is now Conservation Zone 1 (Fig. 1). The
altitude range of whole Zone 1 is 945-1378 m a.s.1. It is one of the best preserved complexes
of mountain spruce forests in the Czech Republic (CR) without any major influence of human
(Svosopa et al. 2010, CERVENKA et al. 2016). In the last 300 years, the structure and the nature
of the local stands both were shaped by a mode of less frequent, medium-intensity disturbances,
i.e., those removing less than 50% of co-dominant trees (JaNDA et al. 2014). Very recently, an
outbreak of bark beetle caused 100% parent stand mortality in 2008 (SvoBopa et al. 2010).
The stands had already been disrupted, to some extent, by barkbeetle (Ips typographus L.) at
the beginning of the present century; subsequently, the devastating Hurricane Kyrill swept
across the NP territory in 2007 to start barkbeetle outbreaks which affected the entire area of
interest by 2010 (CErvENKA et al. 2016). Affected stands in this area were left to spontaneous
development, giving us the opportunity to study the natural regeneration after a bark beetle
disturbance.

In 2001, three elevation transects were established on a moderate northern slope with an
inclination of 8° (SvoBoba 2005). Transects consist of a total of 18 circular plots (3 complexes
of 6 plots; 0.2 hectares per plot; r = 25.23 m). The plot elevation ranged from 1 220 to 1 340 m.
The distance between elevation transects is approx. 500 m; the spacing of the plot centres
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Fig. 1. Schema of Sumava NP (upper left-hand corner) with locality Trojmezna (upper right-hand corner). In
lower part is shown 18 permanent research plots (distance between transects is approx. 500 m, distance between
plots through transect is 100 m).
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within the transect axis is 100 m vertically (Fig. 1). Annual precipitation is about 1 400 mm
locally; average annual temperature is around 4°C. Plant communities are classified as Athyrio
alpestris-Piceetum (NEUHAUSLOVA et al. 1998).

Data collection

The exact positions of tree individuals that reached a minimum height of 1.3 m till maximal
DBH 69 mm (“saplings”) were measured using the Field-Map technology (IFER-MMS 2016,
http://www.fieldmap.cz) in year 2012. Natural regeneration microsite was identified for each
individual. The inventory of regeneration of less than 1.3 cm height (“seedlings™) was carried
out on 5 smaller circular plots (25 m?; r = 2.82 m), established on each of the 18 plots. One
of those 5 plots had its centre identical to that of the plot already set out, while each of the
other 4 plots had its centre 10 m from the centre of the plot already set out, each time toward
one of the cardinal directions (N, S, E, and W; the distances were measured using Haglof
Vertex III Hypsometer (height resolution: 0.1 m; distance resolution: 0.01 m). The cardinal
directions were determined using the Field-Map technology. For each of the regenerated areas,
the species was determined while recording the number, the precise height, and the microsite.
The microsite was defined based on the dominant species of vegetation or cover occurring in
the immediate vicinity of the each individual. The following microsites were determined: tree
litter, a log, stump, a windfall, a tree foot and soil with vegetation — the last mentioned
microsite was subdivided into the categories of soil with mosses, herbs and ferns. For dead
wood, five degrees of decay were differentiated using an iron spike (20 cm long, 7 mm in
diameter) (SiproLA & RENVALL 1999).

Data processing

The natural spruce regeneration was grouped into the two categories: (1) advance regeneration
— trees established prior to the outbreak and (2) post-disturbance regeneration — trees established
after canopy dieback. To classify the naturally regenerated stand as advance regeneration or
post-disturbance individuals of spruce, we used a specific relationship between the height and
the age of the regenerated trees. The age was determined by counting annual whorls and bud scars
of the individuals (NikLasson 2002), which is reliable for young spruce saplings (ZIELONKA
2006, BACE et al. 2011). We are aware that this method could misclassify some individuals,
but we choose this method as the best possible option. Out of more than 6 000 regenerated
individuals permanently monitored, the average height for 5 years old individuals was
determined (5 years = period between the time the disturbance started and the time when data
were collected). Obtained value of 10.2 cm (SD = 4.04 cm) was then used as a threshold for
determining the proportion of the advance regeneration and post-disturbance regeneration.
For this height were numbers of advance regeneration classified as post-disturbance and
conversely in balance. A paired-samples sign test was used to verify the hypothesis of
dominance of the advance regeneration.

We also tested the dependence of the number of regeneration (both spruce and rowan trees)
on stand characteristics and on the elevation. The stand characteristics were represented by
mean DBH, number of trees, the basal area and the canopy cover. Stand characteristics (Table
1) were taken from a paper by CERVENKA et al. (2016). The testing was carried out using
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Table 1. Stand characteristics before disturbance measured in 2001 (DBH, number of trees, basal area, crown
area) and altitude for each permanent plot.

Plot DBH SD No. of trees | Basal area | Crown area Altitude

no. (cm) (pc/ha) (m?*/ha) (m?*ha) (m a.s.l.)
1 53.1 24.3 215 61.1 2812.1 1250
2 51.3 14.1 300 66.6 2964.0 1270
3 49.3 16.7 300 59.5 1820.3 1285
4 41.0 11.6 415 553 3130.6 1300
5 40.0 12.7 405 57.9 2891.9 1320
6 32.8 11.7 625 53.7 3841.2 1335
7 43.9 18.9 280 50.2 1268.1 1245
8 53.9 20.9 195 54.0 1764.4 1270
9 47.5 18.3 280 54.5 27553 1290
10 45.2 14.9 385 64.7 4271.5 1315
11 38.9 13.1 530 66.6 5127.9 1330
12 35.6 10.4 585 58.2 3738.4 1350
13 47.2 29.8 150 40.7 2392.7 1220
14 60.4 16.4 205 63.8 2405.1 1235
15 55.6 13.0 225 59.4 694.0 1260
16 48.4 18.1 270 52.1 1570.9 1280
17 43.5 16.8 290 48.0 2733.1 1305
18 37.1 12.3 475 57.1 3764.7 1320
Mean 458 - 341 56.9 2774.8 1288

SD 7.2 - 135.3 6.5 1087.0 36

generalized linear models (GLMs) with negative binomial distribution respecting the data
distribution with the pre-dominance of low values with a little frequency of extremely high
values. As a priority, we used the variation of inflation factors (VIF) to verify the co-linearity
of the potential explanatory variables (MANSFIELD & HEirLms 1982). The VIF value was
calculated using the R? value of the linear regression of this variable (left side) for each of the
explanatory variables and opposed to all the remaining explanatory variables (right side):

1
1-R;

VIF; =

Each of the explanatory variables with a VIF value greater than 5 was gradually deleted
(VIF values were again recalculated after deleting of one variable). On this basis, explanatory
variables were identified which have not been significantly correlated with the other
explanatory variables. These independent variables were subsequently tested using negative
binomial regression models. The individual candidate negative binomial regression models
were compared by the Chi-test using backward selection. The statistical significance of
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Table 2. Average height of regeneration for both species in different height categories.

Species Height category Median of height Average of height SD
(cm) (cm) (cm)
0-1.3 27 36 28
Norway spruce
>1.3 165 183 57
0-1.3 83 75 34
Rowan
>1.3 162 186 69
0-1.3 28 37 29
All
>13 165 183 165
Spruce Rowan
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Fig. 2. Density of spruce and rowan regeneration for each height categories (0—1.3 m resp. >1.3 m). Box
plots represent median, quartile and range of data
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the final models was verified by Pearson’s chi-squared testing using the Chi-squared test,
residual deviance and degrees of freedom. Calculations were performed using R software
(R Core Team 2018).

REsuLTs
Natural regeneration structure

Immediately after a large-scale disturbance, regeneration of only two tree species was recorded
on the plots — Norway spruce (Picea abies) and rowan (Sorbus aucuparia). For either of the
species, the number of seedlings (<130 cm) and saplings (=130 cm) was highly variable
comparing the plots subjected to the research (Fig. 2). The values of seedlings ranged from
240 to 23 520 individuals per hectare, with median 4 000 trees per hectare. Spruces accounted
for 98% of the regeneration found, rowan for 2%. For saplings, a minimal found number
was 5 individuals per hectare while the maximal observed number was 1 430 individuals
per hectare. The median of saplings density was 252 trees per hectare, involving a higher
proportion of rowan trees (19%).

The average height of seedlings and saplings was 37 cm (29 SD) and 183 cm (59 SD),
respectively. For the average height of regeneration for each species and height category, see
Table 2. For spruce, the advance regeneration stage prevailed in the stands (N = 18, p<0.01),
accounting for a total of 88%; the percentage of advance regeneration ranged between 68%
and 100% on the individual plots.

Microsites

The most preferred microsites for spruce regeneration are soil covered by mosses (32% of
individuals), tree base of living mature trees and snags (28% of individuals) and dead wood
(27% of individuals). Seedlings were found only on the dead wood which was already present
before the disturbance (from decay stage I1I). Grasses, ferns and herbs, which covered the
largest rate of the plots, were occupied to the least extent (8%), similarly the litter (5%).

The effect of the stand characteristics and elevation on the amount of regeneration

Although the variability of the stand characteristics was high in the study area (Table 1), no
effect was demonstrated of any of the stand characteristics monitored by us for the seedlings
of spruce. The density of seedlings did not change even with elevation. For rowan seedlings,
testing the amount against explanatory variables was not possible due to the small number of
individuals on each of the plots.

For saplings, only elevation had a significant effect on the density of spruce and rowan
individuals, as the only one out of the explanatory variables (P<0.0001). The variability
explained by elevation was 40% resp. 37% for spruce and rowan. The relationship between
the amount of regeneration and elevation is shown in Fig. 3. As the elevation rises, there is
much more regeneration with homogeneous heights; the height of individuals is generally
lower. The most of saplings (90%) were found in the lower elevation half of the study area
(Fig. 4). This resulted in a fact that in the lower elevation half of the study area we can find
more heterogeneous stands rather than in the higher elevation portions (Fig. 5). No effect of
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elevation on advance regeneration density was demonstrated. Despite Fig. 6 shows a slightly
declining (not significant) trend.

Discussion

The natural regeneration occurring in stands following large-scale disturbances determines
the future appearance of these forests; any failure of such processes could have a long-term
effect on the whole ecosystem (Grassi et al. 2004). In many cases, disturbances support an
increase in numbers of the pioneer species, thereby increasing the biodiversity of the disturbed
stand for a certain period of time (KUULUVAINEN & AAakaLA2011). In our case, i.e., in the setting
of a Central European mountain spruce forest, the species composition remained the same as
that of the parent stand (HEURIcH 2009, ZEPPENFELD et al. 2015). The dominant species is again
spruce with small proportion of rowan. By skipping the pioneer stage of regeneration, the
classical theory of forest development after a large-scale disturbance, as described by KorpEL
(1995) is denied. In our case the species composition does not change. Mountain spruce
forest stands are generally recovered through spruce once again immediately after bark
beetle large-scale disturbance. Rowan was represented to a minor extent. This was particularly
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Fig. 4. The map of distribution of fallen logs and natural regeneration (>1.3 m) in area of interest.
Green colour marks the spruce regeneration, red colour shows regeneration of rowan. Altitude ranges from
1220 m a.s.1. (bottom of the picture) till 1340 m a.s.1.
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true for the seedlings, which is consistent with studies from sub-alpine forest regions
(MERGANIC et al. 2003, JoNASOVA & PracH 2004, ZENAHLIKOVA et al. 2011, NovAKOvA
& EpwarDs-JoNASovA 2015). The proportion of rowan saplings was relatively high (19%). In
mountain areas is rowan dependent on the establishment of a sufficient number of individuals
before canopy opening of the parent stand (Zywiec & LEpwox 2008). As a result, the species is
gaining a height advantage, making it competitive over the herbaceous vegetation (FiscHER et al.
2002). The tree alone is also able to react significantly to supply of light through increased
increment, which explains its greater presence in the saplings category. No pioneer tree species
were recorded in the stands. These tree species are comfortable with cases of soil disruption
which are not so frequent in the event of disturbances due to bark beetles (HEuricH 2009).
Only a small amount of the area under monitoring was affected by windfalls (CERvENKA et al.
2016), which may be the cause of the absence of pioneer species.

The amount of seedlings (1.3 m or below) we found (4 000 individuals per hectare) is not
considerably inconsistent with values described in studies from similar locations (HEURICH
2009, Cizkova et al. 2011, ZENAHLiKOVA et al. 201 1). For successful renewal of such stands, not
only numbers, but also distribution of height is important. The greatest mortality is reported for
the smallest individuals (JonASOoVA & PracH 2004, ZENAHLIKOVA et al. 2011, CERVENKA et al.
2014), increasing height also rises the rate of survival. Macex et al. (2016) reports a mortality
rate of 5% for individuals above 0.5 m; in our case, the regeneration rate is nearly 30% for
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Fig. 5. Height of regeneration in different altitudes (1250—-1300 m a.s.l.; 1300-1350 m a.s.1.). Violin plots
represent median, quartiles, range without outliers and kernel density of regeneration
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this height category. The density of individuals we have found ensure a sufficient regeneration
of these stands.

Some studies indicate a decrease in the density of regeneration with increasing elevation
(Vorcak et al. 2006, Konorka et al. 2019). In our case, we did not see a decrease in the amount
within a height gradient of 100 m, but with increasing elevation we saw differences in the
height distribution of the natural regeneration. Five years since the disturbance started, we
observed the absence of saplings at higher elevations in contrast with lower zones where their
numbers were sufficient. Even such a short height gradient has a major impact on the rate of
regeneration growth. As the elevation of the regeneration increases, a higher amount of light
is needed for the vegetation’s growth (Pisek & WINKLER 1959). There are worse weather
conditions at higher elevations that affect growth and mortality of the regeneration (RAMMIG
et al. 2006). These may be factors that explain the lower amount of regeneration in such zones.
After the dieback of parent stand there may be a gradual increase in mortality of regeneration
(Macek et al. 2016) and also increase in variability of regeneration density may occur with
rising elevation (VorCAk et al. 2006, Konorka et al. 2019). Within a maximum of four years
after the dieback of parent stand, effect of opening has not yet been demonstrated in our case;
probably, the period of time is too short for the effect of a strong disturbance to be manifest
(CErVENKA et al. 2014).

According to some authors (e.g. HoLEksA et al. 2007), the spatial structure of the stands
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Fig. 6. Proportion of advance regeneration in different altitude.

75



has an impact on the amount of regeneration. Despite the fact that the stand characteristics
were very variable when comparing our permanent plots, their effect was not significant for
either of the tree species present. Some studies show that the post-disturbance regeneration
structure can also be significantly influenced by the structure of the stand before the
disturbance (WiLD et al. 2014, BACE et al. 2015). The lower elevation as well as the upper
elevation portion of our site, both were shaped by a different disturbance history (SvoBopa et al.
2012). Unfortunately, any exact line of this difference cannot be defined precisely in the field
(SvoBopa et al. 2012) — it is a continuous transition. This did not allow the testing of this
factor. However, it is possible that the more heterogeneous structure with more gaps in the
lower section may have been reflected in the heterogeneity of regenerated stand, as other
studies confirm (WiLD et al. 2014, BACE et al. 2015). Regeneration in the lower portion can be
assumed to respond quickly to the opening of the stand. In contrast, in the upper elevation
part of the site with a lower density and height of the regeneration, the development will be
slower, with higher mortality of regeneration. It can result in a wide age structure, similar to
the former stand.

CONCLUSIONS

We monitored state of natural regeneration in Central European mountain spruce forest
5 years after a large-scale stand-replacing disturbance. The density of individuals we have
found ensure a sufficient regeneration of these stands. In our case species composition
remained the same as that of the parent stand before the disturbance. The dominant species is
still spruce with small proportion of rowan. Most of the natural regeneration was established
prior to complete dead of parent stands. The density of saplings (>1.3m) significantly
decreased with increasing elevation. We proofed an elevation gradient of 100 m can have
a major impact on the growth rate of the regeneration. We expected significant impact of
the previous stand characteristics on density and height structure of regeneration, but no
significant effect was recorded for any of the height categories of spruce and rowan.

Our plots (state of regeneration) will be re-measured again in 2021. It will be really
interesting to see development of regeneration 15 years after canopy dieback of parent stand.
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