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ABSTRACT: The knowledge of forest development after disturbances, particularly anthropogenic disturbances, is
of major importance for forest management. Many areas of mountain forests in Europe have been affected by human
activities such as felling and livestock grazing in the past and then left for natural succession. Those forests provide
several ecosystem services (e.g. soil or avalanche protection) and therefore it is vital to know their developmental
processes. The Norway spruce forest stand in the area of Medvédi Mt. (Sumava National Park, Czech Republic), known
as the Jewish Forest, is considered an example of succession after anthropogenic disturbances. This study aimed to:
(1) analyse the history of disturbances which affected the locality, (2) describe the subsequent process of forest suc-
cession which led to the development of the present forest formation. We conducted a dendrochronological analysis
and a spatial analysis. The main cohort was established after a period of disturbances in the first half of the 20t cen-
tury. Both natural (windstorm) and anthropogenic (logging and livestock grazing) disturbances coincided during this
period. Regeneration of low density was restricted to a short period after the disturbance and was likely dependent on
the occurrence of proper microsites. Later, regeneration was probably obstructed by lack of convenient microsites and
high competition of the herb layer. Nowadays, new regeneration emerges together with proper microsite at decaying
wood and near mature trees. We conclude that anthropogenic disturbances can limit the density and heterogeneity of
regeneration, which leads to the establishment of sparse stand. This structure can persist for decades before proper

microsites accumulate and enable regeneration.
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Communities undergo various changes during
the development after a disturbance. The process
of change in species composition and stand struc-
ture is usually referred to as succession. Mountain
spruce forests in Central Europe have recently
suffered several major disturbances which have
given rise to many questions concerning their nat-
ural dynamics. The latest studies showed that dis-
turbances, even the large-scale and severe ones,
are an integral part of mountain spruce forest dy-
namics (ZIELONKA, MALCHER 2009; ZIELONKA
et al. 2010; Capa, SvoBoDA 2011; PANAYOTOV et
al. 2011; SVvoBODA et al. 2012; CADA et al. 2013).
Spruce is able to regenerate after an extensive

disturbance (HEURICH 2009; KINDLMANN et al.
2012) and become the dominant tree species im-
mediately after a severe disturbance (FISCHER
et al. 2002; JoNASOVA, PrRAcH 2008). In natural
conditions, the spruce forms advanced regenera-
tion that grows to the canopy after disturbance
(JoNASOVA, MATEJKOVA 2007; HEURICH 2009;
CizKoVA et al. 2011).

The structure and dynamics of spruce forests
which have been disturbed by human activities
such as felling and livestock grazing have been
subjected to relatively minor attention, particu-
larly outside the Alps (MoTTA et al. 1999, 2002),
even though these activities used to be common
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throughout Central Europe. Anthropogenic dis-
turbances such as felling are often more severe
than natural wind or bark beetle disturbances; they
often damage advanced regeneration and disturb
the soil to a larger extent (JoNASOVA, MATEJKOVA
2007; JoNASoVA et al. 2010). After logging, the
cover of the moss species decreases and grasses,
such as Calamagrostis villosa and Deschampsia
flexuosa, expand (VACEK et al. 1999; KOOIJMAN et
al. 2000; FiscHERA et al. 2002; JONASOVA, PRACH
2004, 2008; JoNASOVA, MATEJKOVA 2007; VAv-
ROVA, CupLin 2010). Livestock grazing can fur-
ther reduce the tree regeneration and obstruct the
forest succession (SvoBoDA 1952).

Reduction of livestock grazing has led to reforesta-
tion of many pastures at high altitudes (FRELECHOUX
et al. 2007; JaN1SOVA et al. 2007; TASSER et al. 2007;
LINGUA et al. 2008; PORNARO et al. 2013) as well as
meadows at a wide range of altitudes (BLAZKOVA
1988, 1991, 2003). Still, non-forest areas do not often
offer favourable conditions for seedlings of woody
plants, because seedlings have to cope with intense
competition of herbs (PRACH et al 1996; CASTRO et
al. 2002; GOMORY 2006; VANDENBERGHE et al. 2006;
Dovc¢iax et al. 2008) or with a thick layer of unde-
composed litter (PRACH et al. 1996). In some cases,
extensive grazing may provide gaps for tree estab-
lishment, disrupting the herb cover and removing
the litter (GOMORY et al. 2006; ROSENTHAL 2010).
Colonisation of non-forest areas is also facilitated by
certain herb layer species which are not browsed by
animals and thus provide shelter for seedlings (SMIT
etal. 2005), or by the trees that have grown before the
discontinuation of grazing. As soon as the intensity of
grazing decreases or the grazing ends, new individu-
als begin to emerge in the immediate vicinity of these
trees (LINGUA et al. 2008). Mature trees improve con-
ditions for regeneration around them by increasing
density of seed rain, influencing microclimate, reduc-
ing competition of grasses and changing litter and
soil conditions (FINEGAN 1984; MILLER, HALPERN
1998; GOMORY et al. 2006; JANISOVA et al. 2007;
Dovc¢iak et al 2008; HALPERN et al. 2010). At higher
altitudes, they also affect thickness of snow cover, and
they offer mechanical support and protection from
herbivores (LINGUA et al. 2008). As a result, new in-
dividuals grow close to older trees and create clusters
(MILLER, HALPERN 1998; BAUMEISTER, CALLAWAY
2006; GOMORY et al. 2006; HALPERN et al. 2010).
Open areas between scattered individuals or patches
of existing trees are filled in the following phases of
succession (LINGUA et al. 2008). As the canopy densi-
ty gradually increases, the process of facilitation may
turn into competition (GOMORY et al. 2006; HALPERN
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et al. 2010). The increase in competition explains

changes from aggregated to regular spatial pattern

during succession (GOMORY et al. 2006). It points to
the fact that all three models of succession (facilita-
tion, tolerance and inhibition; CONNELL, SLATYER

1977) are applicable in the forests.

The succession of woody plants in meadows at
higher altitudes where the spruce (Picea abies [L.]
Karst.) is a dominant woody species, usually ad-
vances from the forest stand edge where the seed
densityis highestand the growth of newseedlingsis
promoted by the individuals of the tree layer; these
provide shading and improve the overall site con-
ditions (HUGHES et al. 1997; DovcCIAK et al. 2005;
TAsseR et al. 2007; DouBkovA 2008; HALPERN
et al. 2010). The spruce is an anemochorous spe-
cies and as such it has a greater colonisation po-
tential than woody plants with different expansion
strategies (PRACH 1994; DosTALOVA 2009). This
holds even though maximum seed deposition oc-
curs — depending on the fecundity and height of
the tree — within only 0.5 to 2.1 m from the re-
producing tree and then it rapidly decreases with
the distance, and the mean dispersal distance thus
remains within the range of 4.3-17.4 m (DovCI1AkK
et al. 2008). The last part of the meadow ecosys-
tem to be invaded by woody plants is the very
centre (owing to lack of seeds and direct sunlight)
where the trees largely establish only after favour-
able climatic conditions arise which influence the
competition between seedlings of woody species
and herbs (DovcCiAKk et al. 2005; HALPERN et al.
2010).

Our study focuses on the description of forest
succession after disturbance in the so-called Jewish
Forest in the Bohemian Forest (Czech Republic).
Our specific goals include:

— an analysis of the history of disturbances (their
extent, timing and severity), which are not su-
fficiently described by historical sources — the
forest stand was logged in the mid-19'" century,
left without artificial reforestation and used as
a pasture for several decades (MINISTR 1963;
VICENA 2011),

— a description of the subsequent succession which
led to the development of the present forest
formation. We expect that the subsequent succe-
ssion proceeded as gradual colonisation of open
areas between scattered (remnant) individuals or
patches of trees, which facilitated establishment
of new seedlings.

The research examined the structure of the tree
layer using spatial analysis and the history of dis-
turbances using dendrochronological methods.
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MATERIAL AND METHODS

Study area. The Jewish Forest is situated on
Medvédi Mt. (1,224 m a.s.l; 48°59'39.416"N,
13°25'37.809"E), which is located in the central part
of the Sumava National Park, on the border with
Germany (Fig. 1). The bedrock is dominated by
the Moldanubian rock series (mostly schist gneiss,
paragneiss, and composite gneiss) (BABUREK et al.
2006). The soil cover consists mostly of haplic and
entic podzols, histosols and marginally also gleysols
(KozAxk etal. 2009). The mean annual temperatures
in the area range between 2 and 3°C and the mean
annual precipitation exceeds 1,200 mm (ToLASZ
et al. 2007). The potential vegetation is classified
as Calamagrostio villosae-Piceetum, Mastigobryo-
Piceetum and Sphagno-Piceetum (NEUHAUSLOVA,
MORAVEC 1998).

The distinctive structure of the Jewish Forest is
park-like, with solitary trees and clusters of trees.
The amount of natural regeneration is low, main-
ly due to high density of ground vegetation and
lack of suitable microsites for regeneration. Far-
ther from the summit, the tree vegetation grows
denser and assumes the character of a closed forest
(BEDNARIK, MATEJKA 2014).

The Jewish Forest is characterised by the typical
opened forest structure (Fig. 1) rather than by the
exact geographical position. Nowadays, the Jew-
ish Forest lies within two historically different ar-
eas with different management practices. Initially,
according to the historical sources, Jewish forest
was a synonym for Roklan cameral forest (in the
second part of the 19t century). It had developed
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in the process of secondary succession after the
exploitation of the Roklan cameral forest in 1846 to
1847. The area was not artificially reforested after
logging and was used for forest fruit picking and
livestock grazing (MINISTR 1963; VICENA 2011).
Available materials do not allow determining the
magnitude and duration of logging and grazing.
The area of interest was later probably affected
by the wind disturbances in 1928 and 1929 (M1-
NISTR 1963). In the same period, KLECKA (1930)
depicted the area as a new clearing created by
wind and used for livestock grazing and described
the grassland communities as dominated by Nar-
dus stricta. Since the early 20" century the typi-
cal park-like forest structure of Jewish forest was
found also in the eastern part of Medvédi Mt. in
the area of the former Prasily domain, where there
were dense forest stands before (JELINEK 2005).
Planting of new trees was done in the 1970s in a
part of the most open stands around the summit
of Medvédi Mt. (NP Sumava Archives, Kagperské
Hory; Forest management plan Srni 1969-1978,
Javori Pila forest district).

Data collection. A total of 10 research plots were
established in the central part of the study area (Fig. 1,
Table 1) along the gradient from dense to open stands
to describe different stages of forest succession. Each
plot was a square of 50 x 50 m, spaced about 200 m
apart. The plots extended to the west (5 plots repre-
senting the area of the Roklan cameral forest), to the
east and to the north (3 and 2 plots, respectively, in
the former Prasily domain) from Medvédi Mt’s sum-
mit. Plots B1, B2 and B3 can be characterised as open
forest stands, B5, B7, B9 and B10 as dense forests.
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Table 1. Basic characteristics of the research plots (BEDNARIK, MATEJKA 2014)

Plot BI B2 B3 B4 B5 B6 B7 B8 B9  BIO
Elevation (m) 1217 1,205 1,186 1,172 1158 1220 1203 1174 1209 1,185
Slope (°) 2 5 5 3 6 2 6 20 5 4
Aspect SW W SW W N ENE ENE NE NE N
Average air 35 36 37 3.8 3.7 3.4 35 36 34 34

temperature ("C)Y

Forest site type

(PrUSA 2001)

Ground vegetation cover 90 90 95 %0
(%)

Canopy cover (%) 4 30 25 15
Spruce seedlings

<0.1m (ha™) 0 44 0 212
Spruce saplings

>0.1 mand < 1.3 m (ha™!) 4 72 40 1,380
Living trees

>1.3 m (ha™) 32 152 184 124
Dead trees

> 1.3 m (ha™) 0 24 8 136
Lying deadwood

(m3ha) 0 11.0 0 135.6

8M3 8M3 7K1/8G3 8G3/7K1 8G3/8R1 8Z4/8M3 8M3/8K2 8K2

8M3 8M3/8K2

85 80 90 85 85 85
54 20 28 43 34 56
260 4 0 20 4 184
812 96 12 84 76 88
700 180 148 236 408 192

212 0 20 12 4 28
7.1 0 393 0.9 0 17.2

DAverage temperature during 1961-1990 according to the model, the PlotOA software was applied (KINDLMANN et al.

2012; www.infodatasys.cz/sumava/tvp.pdf)

Plots B4, B6 and B8 are on border between open and
dense forest structure.

Stand structure was measured using the Field-Map
technology (IFER Ltd., Strasice, Czech Republic).
We recorded positions and species of living trees
and dead trees (height > 1.3 m) and saplings (height
< 1.3 m). For living trees, we measured diameter at
breast height (DBH), height, crown projection and
height of living crown base. For standing dead trees,
we measured DBH (or diameter at the highest point
for shorter snags and stumps) and height. For sap-
lings, we measured height.

Subsequently, we extracted increment cores from
every eligible living and dead tree with DBH > 10 cm
at the height of 1.3 m. In addition, we cored eighteen
randomly selected individuals with DBH < 10 cm.
The increment cores were air-dried, attached to a
wooden mount and cut with razor blade. The contrast
was improved by moistening and impressing with
chalk. Ring widths on all cores were measured to the
nearest 0.01 mm using the sliding table LINTAB and
TsapWin software (Rinntech, Heidelberg, Germany).
Each tree-ring series was cross-dated following the
procedure of YAMAGUCHI (1991) and using statistical
tests implemented in PAST4 (KniBBE 2007). In cas-
es where the core did not pass through the pith, the
number of rings missed was estimated based on the
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curvature and mean width of the five tree rings clos-
est to the centre (DuNcAN 1989). We did not correct
for bias caused by coring height (NIKLASSON 2002);
therefore, the “age” mentioned hereafter is not the
true age but the recruitment age at the coring height.

Finally, we obtained 430 growth series (plus 18
series of trees < 10 cm DBH). In 14 of them, it was
not possible to determine the distance to the pith
and so they were not included in all of the analyses.
The pith was reached in 29% out of 448 samples.
In 74% of them, the distance to the pith was within
10 mm.

Data analysis.

Analysis of disturbance history. Two types of
events were assumed to indicate past disturbanc-
es: (1) the release from suppression (an abrupt,
sustained and large increase in growth) which in-
dicates the death of surrounding trees and (2) the
gap origin (a rapid early growth rate) which indi-
cates open conditions during the recruitment of
the tree (LORIMER, FRELICH 1989). Gap-originat-
ing trees were defined as trees whose mean width
of the 6-15% ring exceeded 1.0 mm (SPLECHTNA
et al. 2005; FIrRM et al. 2009; JONSSON et al. 2009)
and whose subsequent growth pattern was declin-
ing, parabolic, or flat (FRELICH 2002). Releases
from suppression were identified using the “ab-
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solute increase” method (FRAVER, WHITE 2005;
CapA, SvoBoDpA 2011; Capa et al. 2013). Absolute
growth changes were calculated for each year of
each series (except for the first and last 10 years) by
subtracting the prior 10-year mean from the subse-
quent 10-year mean. Release years were identified
by a growth change value that was the maximum
of the surrounding 20-year interval (+ 10 yr) and
that exceeded the threshold of +0.55 mm (JONs-
soN et al. 2009). This threshold was specified for
the Norway spruce based on the experience with
its growth variation (JONssoN et al. 2009). Final-
ly, all of the series and their releases were visually
checked and releases were excluded if the growth
acceleration was not apparent (for more details
see CADA, SvoBoDA 2011; CADA et al. 2013). Dis-
turbance chronologies were calculated following
LoRIMER and FRELICH (1989) and FRELICH (2002).
All release and gap-origin events were summarised
by decades and plotted proportionally to sample
depth at the end of the decade. Chronologies were
truncated when sample depth dropped below 3.
The resulting chronology, called “tree-population-
based” chronology by FRELICH (2002), shows the
proportion of the population that indicates a dis-
turbance in a given decade.

Spatial pattern analysis. Spatial analyses were
performed merely for the Norway spruce due to the
low proportion of other species in the research plots.
Spruce trees were divided into two groups according
to DBH. The first group included individuals with
DBH < 10 cm, hereafter referred to as “regeneration”;
and the second group included all trees (living and
recently dead) with DBH = 10 cm, hereafter referred
to as “trees”. We did not consider regeneration grow-
ing on dead wood, because we wanted to test the spa-
tial patterning of trees not affected by the presence
or absence of dead wood. Dead wood is the preferred
microsite for spruce regeneration (KUPFERSCHMIDT,
BuGMANN 2005; ULBRICHOVA et al. 2006; BACE et
al. 2009; JoNASOVA et al. 2010; SvoBODA et al. 2010;
CizkovaA el al. 2011) and its amount was inhomo-
geneous in the study area. Plots containing less than
15 individuals in any of the groups were not used for
calculations. Therefore, plot 1 was not used for any
spatial analysis and plot 7 was not used for the analy-
sis of the spatial pattern of regeneration.

Spatial patterns within each group were evaluat-
ed using the pair correlation function g(r) (STOYAN,
SToYAaN 1994), which is a transformation of Rip-
ley’s K-function (R1pLEY 1977). The pair correlation
function was computed according to the Equation:

g(r) = K(r)2nr (1)
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where:
K'(r) — derivative of Ripley’s K-function.

As the pair correlation function does not regis-
ter an aggregated tree frequency with increasing
distance but rather registers the changes in the
frequency with increasing distance, it is more sen-
sitive than the K-function, and also reveals small
changes in the distribution pattern (PRETZSCH
2009). For a Poisson distribution, the pair correla-
tion function is equal to 1. Values g(r) < 1 suggest
inhibition between points, values greater than 1
suggest clustering. To test the null hypothesis of
random distribution of individuals, 999 Monte
Carlo simulations were performed to generate
99% significance band. The null hypothesis was re-
jected when the observed function value deviated
outside the simulated envelope. Ripley’s isotropic
correction was applied to reduce bias caused by the
edge effect. The cross-type pair correlation func-
tion gi,l,(r) was used to test the spatial dependence
between trees and regeneration. The computa-
tions were conducted in the R software (R Core
Team, Vienna, Austria) using the “spatstat” pack-
age (BADDELEY, TURNER 2005).

Moran’s I coefficient (MoORAN 1950) was used
to test the spatial autocorrelation of tree canopy
accessions. Canopy accession was defined as the
calendar year in which the tree started to grow to
the canopy (i.e. gap origin or first release event).
A correlogram where autocorrelation values are
plotted in the ordinate against the distance (d)
among the points was drawn for each plot, us-
ing the 5 m distance classes. Moran’s coefficient
generally varies from -1 to 1; positive values
correspond to positive autocorrelation, negative
values to negative autocorrelation and the value
0 indicates no spatial autocorrelation. The com-
putations were carried out with the “ncf” pack-
age (BjorNSTAD 2013) and the R software (R Core
Team, Vienna, Austria).

RESULTS

Age structure

The present-day Norway spruce stand in the
study area comes from three main population
waves (Fig. 2). The most important one occurred
between 1920 and 1959. Fifty-four percent of trees
reached the coring height during this period (for-
ty percent of trees were recruited in the 1930s and
1940s). The second important cohort appeared
after 1980, contributing 27% of the current popu-
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Fig. 2. Age distributions
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lation. The third wave, which accounts for six per-
cent of the spruce population, recruited between
1860 and 1889. The age class distribution in half
of the research plots is represented simply by one
cohort with a peak in the 1930s and 1940s. This
peak also makes the more pronounced peak on
the curves describing the development in plots B4
and B5 where the age class distribution is bimod-
al. The other peak comes earlier, in the 1860s and
1870s. In plots B6 and B9, the age class distribu-
tion resembles an exponential curve with a sharp
increase after the year 1980. The oldest individu-
als can be found in plot B5 and the maximum age
is 221 years.

Rapid early growth rate was identified in 86%
of the individuals. Releases were observed in 20%
of samples. They occurred almost exclusively on
the three oldest plots (B4, B5 and B8). The most
prominent disturbances were reconstructed into
the period 1860-1880 and 1900-1950. The old-

est disturbance period was reconstructed only
on the three oldest plots. For other plots, we did
not have any sufficient data for the period before
1920. Tree mortality in those periods is supported
by the occurrence of releases in 1860—1880 (plot
B5) and 1900-1940 (plot B4, B5, B8). The release
could be delayed no more than several years after
the death of surrounding trees (contrarily to rapid
early growth rate). The recruitment of the young-
est cohort in the late 20" century is not supported
by a sufficient amount of releases, which suggests
a lower amount of canopy tree mortality during
this period.

Spatial pattern
The spatial autocorrelation of tree canopy acces-

sions was significant mainly in the oldest plots (B4,
B5and B8) withmorediverseagedistribution (Fig. 3).
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The spatial autocorrelation was demonstrated in
those plots mainly on the shortest distance classes
from 5 up to 20 m. Other plots did not show a clear
spatial autocorrelation of canopy accessions.

The spatial distribution of individuals with DBH
> 10 cm at distances greater than 5 m was random
in all plots (Fig. 4). Trees were distributed in clusters
at distances up to 5 m in most plots. In plots B6 and
B9 dominated by the youngest cohort, we observed
spatial inhibition at distances below 2 meters. Re-
generation (individuals with DBH < 10 cm) showed
prominent aggregation at short distances (Fig. 5).
The analysis revealed a significant cluster distribu-
tion at distances from 0 to 2—5 m for most research
plots. In plots B2, B4 and B10, clustering occurred
also at greater distances — in the range of 6-13 m,
12-14 m and 6.5-8 m respectively. Generally, a
significant positive association between trees and
regeneration was proved on the shortest distance
classes from 0 to 1-3 m (Fig. 6). The spatial asso-

10

ciation was not different from random in three plots
(B3, B6 and B9) and at distances exceeding 3 meters
in all plots.

DISCUSSION

According to our results, it is hardly possible
to evaluate the extent and severity of the dis-
turbance caused by documented logging in the
mid-19* century, owing to a low number of suf-
ficiently old samples in most plots. Only the two
most western plots at lower altitudes, on a more
waterlogged site, contained a sufficient number of
trees older than 1900. Therefore, these plots do
not probably represent the whole study area well.
For these plots, we reconstructed the disturbance
into the period 1860-1880. Since this is based
mainly on rapid early growth rates (gap origins),
it could be partly explained by a prolonged reac-

5 n=279

Fig. 5. Pair correlation function g(r) and
simulation envelopes for regeneration
(DBH < 10 cm) in research plots. Plot
B7 together with plot B1 was excluded
from calculations because of a low
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number of recruits. For more details
see Fig. 4
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tion to the documented logging in 1846 and 1847
(ViceNaA 2011). However, several release events in
the 1860s and 1870s suggest that the document-
ed windstorms and bark beetle outbreak played
an important role on those plots (MINISTR 1963;
JeLiNEK 2005). This disturbance did not prob-
ably remove all mature trees in these plots and
the canopy was not open for a long time because
subsequent growth rates of trees were relatively
low and many release events occurred later in the
early 20™ century. We conclude that the docu-
mented harvesting in the mid-19" century did not
affect the whole study area. It could influence the
central part of the stand but our data are not suf-
ficient to test this issue.

The second and dominant cohort was estab-
lished in the first half of the 20" century. The es-
tablishment of this cohort was associated with re-
lease events in the three oldest plots. This means
that the closed canopy, which was removed by a
disturbance, had previously existed at least in
those plots. The disturbance chronology and pro-
portion of releases peaked in the 1920s. Distur-
bance reconstructions for all other plots are based
on rapid early growth rates that peaked between
1920s and 1940s. The plots could be affected by
similar disturbances like older plots because they
were regenerated in the same period as older
plots. However, it is also possible that the central
part of the study area was free from trees before.
The available historical sources do not allow us to
fully determine the cases of disturbances in the
first half of the 20" century. Nevertheless, they
indicate that the area was managed in this period
(KLECKA 1930). The prolonged period of releases
also supports the thesis that there were several in-
dividual disturbance events, which could be partly
caused by logging operations. On the other hand,
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KLECKA (1930) also mentioned areas logged after
the windthrow in the study area. He claimed that
those areas were used for livestock grazing. Sever-
al windstorms were documented in the Bohemian
Forest in the 1920s, specifically in 1921, 1922 and
1929 (MINISTR 1963; BRAZDIL et al 2004). Likely
natural disturbances in old-growth stands which
took place in the 1910s and 1920s in the southern
part of the Bohemian Forest were reconstructed
by JANDA (2012) and the disturbances which oc-
curred in the 1920s in several localities across the
Bohemian Forest by CApa and SvoBopa (2011)
and CADA et al. (2013). Thus, we conclude that
both natural and anthropogenic disturbances (in-
cluding logging and livestock grazing) contribut-
ed to the establishment of the main cohort in the
Jewish Forest in the first half of the 20 century.

The third cohort has been recruiting since the
1980s. The recruitment of this cohort is restricted
mainly to the central part of the study area around
the mountain top and it is not associated with al-
most any release events. Therefore, disturbance
is not the reason for recruitment of this cohort.
The most likely reason is the planting carried out
in the study area in the 1970s (Archives of NP
Sumava Kasperské Hory, Forest management plan
Srni 1969-1978, Javori Pila forest district). This
thesis is supported by the spatial pattern analysis,
which shows rather an inhibition of trees below
2 meters and random spatial association between
trees and regeneration on plots with the youngest
cohort. Trees were probably planted at some dis-
tances and gaps were preferred for planting. Until
now, not many naturally regenerated trees have
likely exceeded the coring limit of 10 cm DBH
since 1960.

After the major disturbance in the early 20t
century, forest succession went through several
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stages of development. In the first stage, the re-
generation after the disturbance was relatively
fast, comparable to regeneration after a natural
disturbance in primary forest (MoTTA et al. 1999;
SvoBoDA et al. 2010; PANAYOTOV 2011; CADA et
al. 2013). The recruitment delay of 1-3 decades
could be explained simply by the time which trees
need to reach the coring height (NikLASSON
2002). After this period the regeneration of new
trees was limited, even though the light was not
mostly the limiting factor because of low density
of the stand. Therefore, we can conclude that the
regeneration of the dominant cohort was limited
to a short period of suitable conditions after the
disturbance. The suitable conditions could have
been created by natural disturbance, logging op-
erations and/or cessation of grazing. Enough
light, proper microsite availability and no grazing
could have facilitated the regeneration (MoTTA
et al. 1999, 2002; SvoBoDA et al. 2010). On the
other hand, the density of the cohort is relatively
low, suggesting that the conditions during its es-
tablishment were not optimal; human activities
likely limited the density and heterogeneity of
natural regeneration (JoNASOvA, PrRAcH 2004;
JONASOVA, MATEJKOVA 2007).

Regeneration is nowadays limited to proper mi-
crosites with a low level of competition. In our
study area, it means mainly dead wood and places
around mature trees. The age structure of mature
trees supports the opinion that similar factors were
acting during forest succession in the 20" century.
Decaying wood is known as a preferred microsite
for spruce regeneration (JoNASOVA, PRACH 2004;
KUPFERSCHMIDT, BUGMANN 2005; ULBRICHOVA
et al. 2006; BACE et al. 2009; JoNASOVA et al. 2010;
SvoBoDA et al. 2010; CizkoVvaA el al. 2011) and it
appears that it was removed from the stand in the
early 20" century. The cover of herb vegetation
increases with increasing time since disturbance
(VACEK et al. 1999; KoonyMAN et al. 2000; FiscH-
ERA et al. 2002; JoNASOVA, PracH 2004, 2008;
JONASOVA, MATEJKOVA 2007; VAVROVA, CUDLIN
2010) and, therefore, the competitive demand on
tree regeneration also increases. The present herb
cover is dominated by Calamagrostis villosa, De-
schampsia flexuosa, Nardus stricta and Vaccini-
um myrtillus (BEDNARIK, MATEJKA 2011) and is
similar to the state described by KLeCka (1930)
80 years ago. Many scientific studies state that a
plant cover of the mentioned grasses represents
a microsite unsuitable for natural regeneration
of the Norway spruce (JoNASovA, PRACH 2004;
KuUPFERSCHMIDT, BUGMANN 2005; HOLEKSA et
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al. 2007; ZENAHLIKOVA et al. 2011). We there-
fore believe that the second cohort was probably
established before the expansion of grass turf af-
ter the disturbance or after cessation of livestock
grazing (JoNASOVA, PRACH 2004; FRELECHOUX et
al. 2007; JANISOVA et al. 2007; TASSER et al. 2007;
LiNGuUA et al. 2008; PORNARO et al. 2013). To-
day, regeneration is often observed only in areas
covered with spruce litter or mosses (BEDNARIK,
MATEJKA 2014), which are its preferred substrates
(JoNASOVA, PRACH 2004; KUPFERSCHMIDT, BUG-
MANN 2005; HOLEKSA et al. 2007; SvOBODA, ZE-
NAHLIKOVA 2009; JoNASOoVA et al. 2010). They
are usually found under or near large tree crowns
where the conditions are not convenient for grass
species. This leads to clustering of regeneration at
short distances and to the development of a posi-
tive relationship between natural regeneration
and trees.

Our study found that the succession has not fol-
lowed the model of gradual colonisation of the
area by trees. Instead, it has happened in several
different developmental stages. In the first stage,
regeneration partly benefited from the available
microsite and created sparse canopy. After that,
during the second stage, regeneration of new trees
has been almost impossible because of microsite
limitations. This stage has spanned over several
decades until now, when the proper microsite de-
veloped on decaying wood and near mature trees.
A similar way of facilitation was described in other
studies as well (MILLER, HALPERN 1998; GOMORY
at al. 2006; LINGUA et al. 2008; HALPERN et al.
2010). More than 80 years after the disturbance,
trees have not filled all the space yet. They still
preserve the clustered spatial pattern created after
the disturbance. Creation of clusters is common
in formerly grazed stands (LINGUA et al. 2008;
HALPERN et al. 2010; LAMEDICA et al. 2011) and
during stand regeneration. After that, the compe-
tition-induced mortality should shift the spatial
pattern to random or regular (ZAHRADNIK et al.
2010; LAMEDICA et al. 2011; JANDA 2012). This is
not the case of the Jewish Forest yet.

CONCLUSIONS

Although different parts of the Jewish Forest
are quite similar, their development progressed
differently. Waterlogged stands in the area were
not probably exposed to strong grazing pressure
and regenerated naturally partly after a period of
disturbances in the mid-19'h century and the con-
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tinuity of the forest cover was not interrupted.
Open parts near the mountain top were affected
by human activities most profoundly. They pre-
sumably developed by natural succession after
anthropogenic management had ceased. Forest
succession in the second half of the 20" century
was obstructed by limitation of proper microsite,
partly because of the competition from herbs and
grasses. Nowadays, about 80 years after the dis-
turbance, proper microsites are developing on de-
caying wood and near mature trees, allowing the
development of new regeneration. The analysis
revealed that disturbances caused by human ac-
tivities, such as livestock grazing and logging, may
strongly influence the structure and dynamics of
mountain spruce forests. The absence of suitable
substrates for natural regeneration can prolong
forest succession for many decades. Sparse cano-
py was formed because of limitations of regenera-
tion due to human activities.
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