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Abstract

The Bavarian Forest National Park is the oldest National Park in Germany. The overall management concept
within the park is the protection of unaltered natural processes. The outbreak of a spruce bark beetle (Ips
typographus) infestation in 1993 has especially affected the subalpine range of the park with its high pro-
portion of spruce trees. This paper describes a study on how forest regeneration was affected by the process
of the large-scale die off of forest trees. For this purpose, surveys from a total of 572 samples from the years
1991, 1996, 1998, 2000, and 2005 were available. Compared to 1991, when the regeneration density was 978
trees per hectare, it had increased to 4502 trees per hectare in 2005. The distribution of the regeneration has
also changed. While in 1998, only 36.7% or the inventory plots were found to have a density of greater than
1000 plants per hectare, this value had increased to 62.4% by 2005. No regeneration was found in only 0.9%
of the inventory plots. Regeneration consisted mostly of Norway spruce (89.0%) and mountain ash (7.9%).
European beech (1.9%) and all other tree species (1.2%) were much less significant. In addition, the propor-
tion of tree heights has clearly shifted to taller trees. This indicates a favourable development of the trees in
the regeneration. The proportion of trees damaged by browsing ungulates was 1.6%. Browsing damage to
mountain ash was relatively high at 33.6%. Other forms of damage were relatively insignificant.
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INTRODUCTION

The year 1993 was the beginning of a development that have dramatically alterred the sub-
alpine Norway spruce forests of the Bavarian Forest National Park. The spread of the Nor-
way spruce bark beetle (Ips typographus) began in small, scattered patches that were soon
distributed throughout much of the subalpine forest. In 1995 the beetle population virtually
exploded. Within one year, 310 ha of the subalpine Norway spruce stands had died off. The
development of the beetle population reached a peak the following year when 583 ha of ma-
tured forest were “consumed”. Afterward, the rate of infestation in the subalpine ranges
decreased because most of the mature Norway spruce had already died-off. Meanwhile,
2031 ha of the subalpine range had been affected by spruce bark beetle (HEuricu 2001, Heu-
RICH & RALL 2006).

In managed forest stands elsewhere, mass reproduction of the Norway spruce bark beetle
has always been combated, and the resulting clear-cut areas have been reforested immedia-
tely. After the die-back of the old stands in the National Park, it was questioned whether
regeneration of the forest would be able proceed at all. Such uncertainties were based espe-
cially on the extremely rapid rate and large extent of the area in which the trees had been
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killed, as well as the unfavourable conditions prevalent at the high elevations. Considering
the often tempered discussions, that have been going on among forestry experts for well over
a century, on how to best manage the subalpine forests, this question seems justified. Just as
it does today, the discussion has always revolved around the question of how it would be
possible to guarantee sufficient regeneration of the forest stands. And just as they were then,
opinions on the mater are divided as to whether any measures — and if so, what kind — are
necessary to preserve the forest.

From a research perspective, this event is a highly rewarding object for investigation.
Although there have been numerous studies on the regeneration of near-natural ecosystems
after disturbances, they have either been from North America, concerned other tree species,
or occurred in relatively small reserves (RYKIEL 1988, RomMmME & DESPAINE 1989, LAssIG et al.
1995, WERMELINGER et al. 1995, PERRY 1997, TURNER et al. 1997, KuprerscHMID 2003, JONASO-
vA & Prach 2004). In Central Europe, it has not been possible to gather experience with
processes as they have developed after large-scale die-offs of mature trees or with the effects
on the natural communities in areas not influenced by human intervention.

Therefore, the emphasis of this paper is to document the progress of forest regeneration in
the entire subalpine range within the core zone of the National Park. For this purpose, 572
sample plots, evenly distributed throughout the entire subalpine zone, were studied between
1991 and 2005. The goal was to monitor the temporal and spatial progress of changes in the
density of regeneration, the tree species composition, relative heights, and damages to indi-
vidual plants.

MATERIAL AND METHODS

Study area

The high altitude, or subalpine, range of the Rachel-Lusen region of the Bavarian Forest
National Park is situated between 1050 m and 1453 m a.s.l. Temperature is a determining
factor for plant growth. The average annual temperature is only 3.0—4.5°C (ELLING et al.
1987). The high precipitation level (1300-1800 mm) and its distribution, with a primary
maximum in summer and a second maximum in winter, provide a favourable water supply
during the short growing season; 50% of the precipitation falls as snow. Combined with the
low temperatures, this results in snow cover for an average duration of seven months, from
October to May.

The main soil types are brown dytrophic cambisols with a more or less prominent tenden-
cy to podzolisation. These soils were formed from weathered material originating in the
underlying granite and gneiss layers. The low alkaline content of the original substrate re-
sults in acidic to highly acidic soils with pH values of 2.4 to 2.8 (in KCI) in the organic layers
and 4.5 in the deeper horizons. These soils are characteristic with a layer of solidified debris
at a depth of 30—60 cm. Even with tools, it is difficult to break up and work this layer. It li-
mits the depth, to which tree roots are able to penetrate, and reduces the permeability of the
soil. Especially the growth of European beech (Fagus sylvatica) is inhibited under these
conditions. On this solidified debris, the trees are only capable of stunted growth. The most
common soil type in the high altitude range is loam of intermediate depth over the under-
lying solidified debris; 12% of this area is covered with mineral and organic wet soils. They
are primarily a result of the high precipitation. The ledge and talus surfaces are also signifi-
cant (with 12%). They are concentrated in the steeper locations and are characterised by
large-scale ledge formations and coarse skeletal soils. In these locations, root penetration is
limited to the mineral fill between blocks of stone and to an overlying, more or less thick
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layer of raw humus. Under such unfavourable climatic and edaphic conditions, mineralisati-
on of the litter above and below the ground level remains incomplete. This results in a 2—19
cm (average 8 cm) thick horizon typically composed of raw humus and raw humus-like
moder (ELLING et al. 1987).

The spatial delineation of the subalpine range was defined by ELLING et al. (1987) accor-
ding to the morphology of the landscape and edaphic criteria. The high altitude range begins
where the relatively steep slopes angle off or transform into the rounded, rolling hills that
make up the ridge of the Bohemian Forest. The duration of the snow cover above these slo-
pes is much longer than in the areas below. It also corresponds to the level above which the
montane mixed forest of the slopes is succeeded by the montane spruce forest. The precise
delineation of the high altitude range was determined by a characteristic of the soil: it is
above the upper limit of the loose brown soils (Lockerbraunerde).

Data collection

The foundation of the forest regeneration survey is a network of sample plots that were laid
out for forest inventories in 1991. These permanent reference plots are arranged in a 200x200
m grid over the entire area of the National Park. The inventory plots were marked in the field
with iron pipe survey markers, magnets, and plastic ribbons in order to facilitate finding
their location in subsequent surveys. This guarantees that the same survey plots will be used
for each inventory and ensures reproducibility of the results.

Of the total 6000 inventory plots in the entire National Park, only 572, which are located
in the 2300 ha subalpine range of the Rachel-Lusen area, were used for the evaluation. The
fieldwork was carried out from June to August in the years 1991, 1996, 1998, 2000, 2002,
and 2005.

In order to guarantee comparability of the results, the survey concept of the past years was
adhered to. Therefore, it is now possible to describe the dynamics of forest regeneration
since 1991 when the first survey was performed. As before, measurements were taken in
concentric circles, within which young trees between 10 cm and 5 m in height were inven-
toried according to graduated calliper thresholds. The size of the area within which trees of
0-5.9 cm diameter at breast height were inventoried was 25 m?; for trees of 6 to 11.9 cm DBH
(diameter at breast height) the area was 50 m Species, height, and damages (browsing, snow
breakage, etc.) were recorded for each tree. The following height classes (in cm) were distin-
guished: 10-20, 20-39, 4059, 60-79, 80-99, 100-149, 150-199, 200-299, 300-500.

In order to guarantee the high quality of the data, 10% of the sample plots (= 57 plots)
were subjected to a second control survey. Analysis of the first and control surveys assured
a high degree of accuracy. The design of the sampling system corresponds to the standard
methodology used by the Bavarian Forest Administration (BAYERISCHES STAATSMINISTERIUM
FUR LANDWIRTSCHAFT UND ForsTEN 1982) (Fig. 1).

Since the permanent sample plot inventory, as based on the above-mentioned methodolo-
gy, was conceived as a forest management inventory, it only allows a limited interpretation
of the spatial distribution of the forest’s regeneration. In spite of this, more information on
the spatial distribution of the regeneration process was sought by modifying the existing
inventory system and increasing the area of the circular sample plots to 500 m?. Using this
modified method, an area with a diameter of approximately 25 m was investigated. In the
subalpine range, this corresponds roughly to the height of a mature tree. In order to limit, to
a reasonable degree, the additional expenditure caused by increasing the size of the sample
area, young trees between 20 cm and 5 m in height were counted only up to a threshold of
50 plants. In a flat landscape, this would correspond to 1000 plants per hectare. Species,
height, and damages were not recorded for these trees. If less than 10 plants could be found
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Fig. 1. Sampling design for the high altitude inventory.

that were taller than 20 cm, an additional 10 plants with heights between 10 and 20 cm were
counted as well (GRUNvOGEL & HEURIcH 2002). Since practically the same survey was carri-
ed out in 1998, the results from that inventory (NUssSLEIN 1998) can be compared directly with
those from the recent survey. Slight deviations in frequency distribution compared to those
published by NuUssLEIN (1998) are due to the different number of inventoried sample plots.
While in 1998, additional sample plots between the permanent inventory plots were recorded
(a total of 1639 circular sample plots), the recent inventory included only 572 permanent
inventory plots. The comparison between the frequency distributions is based only on the
572 plots that were surveyed in1998, 2002, and 2005.

REsuLTS

Development of regeneration density

Analysis of the surveys in the 25 and 50 m? circular sample plots of the permanent sample
plot inventory in the subalpine range of the Rachel-Lusen area yielded a mean regeneration
density of 4502 plants larger than 20 cm per hectare. This means that the regeneration den-
sity had increased by nearly 70% since the last inventory in 2002. The positive trend in the
development of regeneration that has been observed since 1996 continues. Compared to the
reference year 1991 — before the mass reproduction of the Norway spruce bark beetle, and
when the regeneration density was 978 plants per hectare — the number of young plants has
more than quadrupled (Fig. 2).

The increase in regeneration density since the last inventory in 2002 is due almost exclu-
sively to one species: Norway spruce. The regeneration density for this species increased by
76% to 4033 plants per hectare. For mountain ash, the regeneration density increased only

52



5000

4500 O other species
E Montain ash
4000 |ENorway spruce

3500

3000

2500

2000

1500

mean tree density per hectare

1000

500

0 '
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Fig. 2. Development of regeneration density for the trees taller than 20 cm.

insignificantly from 325 to 354 plants per hectare. For all other tree species, the regeneration
density increased by 45% to a current value of 114 plants per hectare.

In addition to the plants taller than 20 cm, which, at that size, can be considered establis-
hed, plants between 10 and 20 cm in height were also counted. These small plants are much
more susceptible to numerous dangers, and for this reason, they are treated separately here.
These plants are of great importance for the further development of the forest, however,
since in the course of the next several years, some of them will have passed the 20 cm thre-
shold. In 2005 the average number of plants in this category per hectare was 738 (Table 1).

Compared to the value of 1895 plants in this category per hectare, which was determined
in 2002, this is a decrease by more than half. However, the value observed in 2005 is still
higher than the values from 1996 and 1998. For comparison, the number of plants per hecta-
re in this height category was only 630 in 1998 and 614 in 1996. The great majority of these
plants were Norway spruce (687); the additional mixed tree species comprised only 14

Table 1. Development of the regeneration density of plants taller than 20 cm in height since 1991 by tree
species.

1991 1996 1998 2000 2002 2005
N/ha| % [N/ha| % |[N/ha| % |Nha| % |[Nha| % |Nha| %
Norway spruce 711 | 72.7 | 769 | 70.9 | 867 | 72.0 | 1490 | 77.3 [ 2272 | 84.9 | 4033 | 89.6
Mountain pine 71 07 1 0.1 1 0.1 1| 0.1 0| 0.0 1] 00
European beech 32| 33| 46| 42| 61| 51 55| 2.9 61| 23 86 | 1.9
Sycamore maple 0 0.0 41 04 1 0.1 2] 0.1 1| 00 21 0.0

Silver birch 0 0.0 1 0.1 2 0.2 3] 02 61 02 19| 04
Mountain ash 215 | 22.0| 243 | 224 | 270 | 22.4 | 370 | 19.2 | 325| 12.1| 355| 7.9
Willows spec. 14 1.4 20| 1.8 2 0.2 7| 04 0 0.0 51 0.1
Aspen 0 0.0 0| 00 0| 00 0] 0.0 11| 04 1] 0.0
Total 978 |[100.0 | 1084 |100.0 | 1204 |100.0 | 1928 (100.0| 2676 {100.0 | 4502 | 100.0
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Fig. 3. Development of the regeneration density of trees taller than 10 cm in height since 1996.

Mountain ash and 37 European beech. If all plants taller than 10 cm are taken into account,
the mean regeneration density increases to 5240 plants per hectare. This is an increase of
15% over the value from 2002 (Fig. 3).

Development of the relative proportions of trees species

In 1991, before the beginning of the mass reproduction of the Norway spruce bark beetle,
Norway spruce was the dominant tree species in the subalpine forests. Then, it comprised
98% of the total timber volume. The remaining 2% were made up of European beech (1.2%),
mountain ash (0.4%), sycamore maple (0.2%), and other tree species (0.2%) (RaLL 1995).
The tree species composition of the regeneration layer between 20 cm and 5 m differed sig-
nificantly from that of the mature stands. There, the proportion of Norway spruce was only
73%. The second most common tree species was the mountain ash with 22%, and the third
most common was the European beech with 3%. All other tree species together comprised
only 2% (HeuricH 2001).

The trend that has been observed since 1996, with an increasing proportion of Norway
spruce, has continued unbroken till 2005. While its proportion in the year 2000 was still
77.3%, in the meantime it had increased to 89.6%. In contrast, the proportion of mountain
ash decreased to 7.9%. The proportion of other tree species also decreased to ca. 2.5%. The
species with the largest percentage in this group was the European beech with 1.9% (Fig.
4).

This trend is even more conspicuous if only plants between 10 and 20 cm are considered.
In this case, the proportion of Norway spruce increased from 84 to almost 97% in the period
between 1996 and 2002. Since the last inventory, the proportion of Norway spruce in this
height category has decreased to ca. 93%.

Considering all plants taller than 10 cm together, the proportion of Norway spruce is
90.1%, the proportion of mountain ash is 7.0%, and the proportion of all other tree species
is only 2.9%.
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Fig. 5. Development of the height composition in the forest regeneration.

Development of height composition

To better illustrate the development of height composition, nine height categories were esta-
blished. Since the last inventory, the numbers of trees in all height categories have increased.
The only exception is for the trees between 10 and 20 cm in height (Fig. 5).

While in the period between 1991 and 2002, only trees in the height categories > 60 cm
increased in number, the 2005 inventory revealed an increase in the number of trees per
hectare for all height categories between 20 and 300 cm.

Development in relation to damages to individual plants

During the survey, the presence of browsing damage to the leading shoots of the regenerati-
on since the last growing season was documented. The only significant browsing damage
was caused by ungulates (roe and red deer). While browsing damage to Norway spruce has
continuously decreased, reaching a value of only 1.6% by 2005, the amount of browsing
damage to the lead shoots of mountain ash was found to have increased since 2000. In 2005
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the damage level was at 33.6% (Fig. 6).
A total of 49 plants showed signs of snow breakage. Beyond this, no other notable damage
to the regeneration plants was observed during the surveys.

Spatial distribution of the regeneration

The comparison of the distribution of regeneration densities in the 25 m? and 500 m? plots
show that regeneration is clustered on a scale beyond 500 m?. Young trees measuring more
than 20 cm in height were found in 99.1% of all the circular plots. Assuming that the plots,
which are evenly distributed throughout the subalpine range, are representative for the entire
area, this would mean that there is at least some regeneration in practically all parts of the
subalpine range. Only five plots were found to lack regeneration completely. If plants
between 10 and 20 cm in height are taken into consideration, the number of plots without
regeneration is reduced to two. In mature stands, in which mature trees are usually present,
regeneration was almost always found. This means that the situation has improved marked-
ly when compared to 1998: at that time, 6.3% of the plots were without regeneration. There
is also a general trend indicating a shift in the frequency distribution towards greater rege-
neration densities. While the number of circular plots with less than 500 plants per hectare
decreased from 32.7 to 20.8% since the previous inventory, the number of plots with more
than 500 plants per hectare increased from 62,8 to 79.2%. The percentage of plots with more
than 1000 plants per hectare increased from 41.6 to 62.4% (Figs 7-9).

The pattern of distribution of the regeneration density for the sample plots over the entire
subalpine range has changed. Formerly, there appeared to be obvious differences between
certain major areas. On the one side, there were the eastern part of the subalpine range —
between “Bohmweg” and “Siebensteinkopf™ — and the lower areas of the transition zone to
the montane mixed forests on the slopes. On the other side, there were the areas west of the
“Plattenhausenriegel” and near the peak of the Rachel massif. Now, these differences are
becoming more balanced. Although the area of the Rachel massif still has the least regene-
ration, the situation in the majority of the sample plots has improved since the previous in-
ventory. The development in the area between Rachel and Lusen was even better.
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DiscussioN

Regeneration density

Due to the loss of the upper tree layer, the young plants that had already been present before
the die-off in 1991 initially showed a positive reaction. In spite of this, however, the regene-
ration densities determined in the 1996 and 1998 inventories were relatively low. Since the
2000 inventory, a strong increase in the regeneration density was recorded. This especially
involved the smaller plants. The reason for this development goes back several years: it was
the intense Norway spruce blossom and successful cone production of the 1995 season that
resulted in a carpet of Norway spruce seedlings in selected favourable locations in the early
summer of the following year. Nonetheless, these miniature trees were exposed to numerous
hazards. Since the small roots are not able to penetrate through the humus and into the mi-
neral layer of the soil, even a short drought would kill off thousands of seedlings. March
mushrooms (Hygrophorus marzuolus) and snow-creep can also kill numerous plants. 84%
of the 360 000 seedlings per hectare, that OTT et al. (1997) counted in a Norway spruce forest
near Davos, Switzerland in 1982, had died by the end of 1984. When the surveys were repea-
ted nine years later, none of the seedlings were left. Plants resulting from the mast year of
1958 in the Bavarian Forest met a similar fate: in spite of extensive soil treatment and ferti-
lisation, only very few survived. BAuEr (2002) documented a significant reduction in the
number of young plants that was not as drastic as in the above-mentioned Swiss study:
21 400 of 29 400 seedlings counted in 1998 were still present in 1999.

The fact that, this time, more seedlings survived than in the Swiss example and in the past
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study might have to do with an alteration in the microclimatic conditions caused by the bark
beetle infestation. Analysis of the sample plots, sorted according to the year of the die-off,
that numerous young plants became established especially in areas, in which the old stands
had died off in 1996. Even though many seedlings in these areas were covered with falling
needles and eventually died, the improved light and temperature conditions promoted the
survival of a greater than average number of seedlings. In contrast, in the areas, in which the
mature trees died off one year later, the average regeneration density was only half as high.
Therefore, it may be concluded that the mast year of 1995 was responsible for a huge incre-
ase in the number of plants. This is in accordance with findings by AMMER (1998) who ob-
served that young spruce seedlings are able to survive in shade, but they need more light to
start growing; moreover, seedlings need more light to grow well under unfavourable site
conditions.

Compared to Norway spruce, the development of mountain ash has been much more con-
sistent. This is because of the more or less continuous seed production in this tree species,
which due to the small number of mature trees, proceeds at a low rate and is not restricted
to a few mast years, which can often be years apart. In spite of an increase in the absolute
number of mountain ash, the relative proportion has decreased steadily. This is because of
the much greater increase in the absolute number of Norway spruce. These results support
the observations of JEHL (1995) and HILDEBRAND & ROSENBERG (1996), who saw the mountain
ash less as a pioneer species, but rather as a species of semi-shaded areas that became more
easily established under the loose canopy than in open areas.

Other pioneer tree species occur in only small numbers in the subalpine range of the Ba-
varian Forest. Their role in the regeneration of the forest has been insignificant. This is
partly due to the fact that pioneer tree species rejuvenate mostly in areas with exposed mi-
neral soils (LAssiG & SCHONENBERGER 1993, HoMANN & ENGELs 1991). Such small-scale
structures are not as prevalent after a Norway spruce bark beetle infestation as they would
be in a situation after windthrow or in clear cut areas (JoNASOVA & PracH 2004).

The proportion of European beech has changed only insignificantly in the past years.
There has been much discussion about the effects of the prognosticated climate change and
that, as a result, European beech might be able to extend its distribution range into the sub-
alpine forests. However, since European beech is not adapted to the climatic conditions of
the open areas, this will be a very long process (KuprerscHMID et al. 2002, SCHONENBERGER
2002). For this reason, the regeneration of European beech is currently concentrated mostly
in the vicinity of montane mixed forests, in which surviving mature European beech trees
are able to attenuate the climatic extremes. The expansion of grasses into the open areas,
which are usually accompanied by increased densities of mice, is also disadvantageous for
an increase in the proportion of European beech (HoHENADEL 1981). It is likely that many
beechnuts are consumed and that the bark of the saplings is gnawed away, both resulting in
high losses. As a shade species that requires a more balanced inner-forest climate, European
beech will not be able to penetrate the montane Norway spruce forest until after an initial
forest of mountain ash and/or sparse stands of Norway spruce have become established
(HiLpEBRAND & ROSENBERG 1998). However, such a situation has not yet been observed.

The course of succession after a large-scale die-off of mature stands, therefore, does not
proceed according to the classic doctrine: i.e., first, a preliminary or an initial forest, consi-
sting of pioneer tree species, becomes established; then it is supplemented by the climax tree
species (transition forest); and subsequently develops into a climax forest (LEIBUNDGUT 1978,
KorpEL 1995). Mountain ash in the regeneration layer of mature stands grows more quickly
than Norway spruce. However, they are usually very far apart or are completely missing over
large areas so that it is not possible to speak of an initial forest.
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Consequently, the course of forest succession as described here concurs only to a certain
degree with proposed models for secondary succession. In the montane Norway spruce fo-
rest — with the exception of a small percentage of European beech — neither pioneer and
climax species, nor light and shade dependent species, can be clearly distinguished from one
another. In this system, the role of Norway spruce is dual: it serves simultaneously as a pio-
neer as well as a climax tree species. In most of the area, mountain ash does not generate a
classic initial forest; it only grows in association with Norway spruce. In this case, the clas-
sical succession models lose their validity. The future dynamics of the development of the
ecosystem will probably also be determined primarily by Norway spruce. This is further
based on the fact that the life expectancy of mountain ash is only about half that of Norway
spruce (KorpeL 1995).

The work of Jenr (2001) showed that the distribution of, and changes in, small-scale struc-
tural variables are highly responsible for determining the distribution of forest regeneration
and are the reason for its aggregated occurrence. Regeneration is concentrated in favourable,
small-scale locations. At such sites, as many as 16 plants larger than 10 cm in height were
counted per square meter, while the grass-covered areas in the immediate vicinity were
practically void of regeneration. “Hot spots” of regeneration are still found on old, decaying,
fallen trunks and in areas close to dead trees. HeuricH (2001) was able to show that 45% of
all regeneration is found on or in the immediate vicinity of dead wood. This finding was not
new: other authors also documented the positive effects of dead wood on forest regeneration
in subalpine stands (ZierL 1972, StoeckLr 1995, OtT et al. 1997, REIF & PrzyBiLLA 1998,
JoNASoVA 2004).

The present distribution of these local structures was pre-determined primarily by the
earlier work of foresters in the mature forests. The classic linear regeneration on fallen
trunks, which would have countered this pre-determination, occurs only to a very limited
degree because fallen timber was consistently removed from the forest in former years. The
small clusters and hordes of saplings will grow up together, support each other, and form a
“fighting unit”. Soon they will develop their own microclimates and will shade out any com-
petition.

Influence of insects, fungi, and deer on forest regeneration

On the whole, only very little damage to young plants was registered. Fears that the Norway
spruce bark beetle might be able to cause a large-scale die-off among the young trees have
not been confirmed. So far, such damage occurred only in the Lusen area in 1997 after the
large contiguous mature stands in that area had died off and the beetles — in their search for
new food sources — infested young Norway spruce, thereby killing them as well.

Although it is not unusual to find bore holes in the branches of young plants of the natural
regeneration, damages caused by weevils in the study area are practically insignificant. Fe-
ars that these beetles might be able to reproduce just as successfully in the root systems of
dead trees as they do in the trunks of recently killed trees have not been confirmed. In con-
trast to the observations in the Rachel-Lusen area, many more weevils were registered in the
Falkenstein—Rachel area, where trees infested by the Norway spruce bark beetle were remo-
ved (BAUER 2002).

March mushrooms (Hygrophorus marzuolus), which are described in the literature as one
of the most important causes for the failure of regeneration (OTT et al. 1997, SCHONENBERGER
1988, BrRaNG 1996), have not yet been found in the sample plots. The reason for this may be
the relatively high spring temperatures of the past several years, which have led to rapid
melting of the snow cover. The fact that March mushrooms can have an important effect in
the Bavarian Forest is documented by the massive losses of Norway spruce up to 2 m in
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height in the early 1980s (SCHERZINGER pers. comm.).

Probably because of the small size of the trees, the massive snow breakage events of the
past two years did not result in much damage. Gnawing damage caused by mice was also
insignificant.

Browsing damage to the main stem of Norway spruce occurs at a very low rate. However,
the importance of browsing damage to the mountain ash, which is preferred by deer (MotTA
2004), has increased in recent years. One problem is that most of the browsing damage to
mountain ash in the subalpine range is caused in the summer and accumulates as the season
progresses. As a result, the registered intensity of browsing damage to the main stems is
dependent on the time of year in which an area is surveyed. The later in summer the measu-
rements are made, the more browsing damage is likely to be registered. Since the inventories
are usually carried out in early summer, browsing damage to the main stems is probably
underestimated. It is assumed that the collapse of the old dead trees is forming such an in-
tense entanglement, that the ability of ungulates to access the entire parts of area effectively
is being inhibited. The result is a small-scale differentiation of the browsing damage situati-
on (Hauser & WittManN 2003). Contrary to this assumption, KUPFERSCHMID & BUGMANN
(2005) were not able to detect any relationship between the tangle of deadwood and the
amount of browsing damage. However, in addition to red deer, their study area also included
chamois. The latter are still able to mover quite freely in spite of the jumble of broken tre-
es.

The significance of disturbances for the development of the forest

The large-scale Norway spruce bark beetle outbreak is considered a so-called inherent dis-
turbance since “the key organisms within the system are adapted to the effects of the distur-
bance” (BoHMER 1997). This implies that the ecosystem is highly flexible. The developments
in the areas, in which the bark beetle had caused the massive die-off, have demonstrated that
both mountain ash and Norway spruce are well adapted to such processes. Mountain ash,
which cannot be infested by the Norway spruce bark beetle, “allows” its seeds to be disper-
sed by animals, produces fruit very early in the year, and is adapted to the extreme climatic
conditions of the open areas. Norway spruce, a typical species of the boreal forest, is also
well adapted. It possesses airborne seeds, which make it possible for the species to re-colo-
nise even large disturbed areas. After a mast year in Switzerland, for example, LAssIG et al.
(1995) were able to detect ten Norway spruce seeds per square meter in an area that was
1000 m away from the next Norway spruce stand. Furthermore, Norway spruce is capable
of germinating even on the thickest humus layers, is frost resistant, and can cope well with
the climate of the open areas.

Critical for the successful colonisation of the areas, however, is the blossoming frequency
of the trees, which sometimes can be quite low. BuLow (1964) wrote about the rare events of
full and poor masts, which in the Bavarian Forest, occur only twice in a human lifetime. In
the montane forests of Switzerland, a full mast can be expected about every five years (OTT
et al. 1997). Even though an increased incidence of masts has been observed in the Bavarian
Forest over the past several years, the frequency of fructification has an important influence
on the rate of forest regeneration in a disturbed area. If the trees had blossomed in 1998 in-
stead of in 1995, the forest succession would probably have taken a completely different
course. The young plants that were already present in the original stands would have conti-
nued to grow in the same way, but the influx of seeds into the areas would have been much
lower because, by 1998, a large portion of the subalpine forests had already died off. Seed-
-bearing, mature trees were almost completely absent in the central areas. If the trees had
blossomed before the die-off had begun, most of the seedlings would have died inside the
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dark and cool mature stands, as was documented in the mast years of 1988 and 1992. The
low regeneration rates observed in the Rachel area may also be attributed to the closed
stands that were prevalent during the mast of 1995 and during the germination of the seed-
lings in the following year, when the conditions for growth of the seedlings were not favou-
rable. After the mast of 2002, the regeneration densities in these areas may also be expected
to increase.

According to these observations, the development and subsequent appearance of the forest
is highly coincidental. But is forest development really only a matter of coincidence? A fas-
cinating observation is that Norway spruce cone production and the explosive reproduction
of the Norway spruce bark beetle appear to be closely correlated. Advantageous conditions
for the population development of the Norway spruce bark beetle are also advantageous for
the production and development of Norway spruce blossoms. When, after warm years with
a sufficient water supply, the nutrient deposits of the trees are filled (RoHMEDER 1972), the
blossoming of Norway spruce is stimulated by the high temperatures and increased amount
of sunlight in late June to early July. This is the time in which the female blossoms are pro-
duced. The trees blossom in the following year. Dry, warm weather conditions are advanta-
geous for the further development of the cones (ScamIDT-VoaT 1991). In spite of a full mast,
ripe seeds cannot be produced in cold summers (OTT et al. 1997). BEUDERT (pers. comm.)
was able to find a correlation between the climatic conditions in the Bavarian Forest in June
and July of the respective preceding year on Norway spruce cone production in the years
1988, 1992, 1995, and 2002.

The beetle population also requires warm, dry years in order to cumulate in mass repro-
duction. Especially important is a warm spring. The beetles do not swarm until temperatures
increase beyond 16—20°C. Therefore, it is not surprising that the 1995 blossom occurred at
the “right” time: good beetle years are usually also good years for cone production.

Another indication of the reciprocal adaptation between the Norway spruce bark beetle
and the Norway spruce is the fact that the pubescence (earliest ability to bear seeds) of Nor-
way spruce occurs at an age of 30 to 40 years for free standing trees and 50 to 60 years for
trees in closed stands (RouMEDER 1972). The Norway spruce bark beetle infests stands up to
70 years in age only if the densities are very high and (almost) does not invade stands youn-
ger than 50 years old (BECKER & ScHROTER 2000). Because of this “co-ordination” Norway
spruce are able to produce seeds before it becomes possible for the Norway spruce bark
beetle to kill them off.

Therefore, the continuous co-evolutionary interaction between the antagonistic species
Norway spruce bark beetle and Norway spruce has created a complex association between
the two species. This relationship assures the survival of both (CockBURN 1995).

Consequences for National Park Management

An important goal for park management is designated in § 14(2) of the National Park Ordi-
nance: “if the natural regeneration of the forest should fail over large areas and long periods
of time, measures will be taken to support the development of a forest appropriate for the
location and with a natural composition”. Due to the considerable increase in regeneration
densities, to currently 4502 plants per hectare, the situation has improved significantly since
the 1990s. This is especially true when it is considered that most of the additional 738 plants
per hectare that are now between 10 and 20 cm will have grown beyond the 20 cm threshold
by the time of the next inventory. The average values have already reached levels that are
recommended for low-altitude commercial forests. Values recommended by BURSCHEL &
Huss (1997), for example, are between 2000 and 5000 Norway spruce per hectare. The re-
commended values of OtT et al. (1997) of 1200 to 1800 for subalpine forests are even sur-
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passed. MAYER & OTT (1991) even considered 200 young plants per hectare sufficient in or-
der to secure the structural integrity of Norway spruce stands. Compared with primeval
Central European Norway spruce forests, the regeneration densities attained in 2005 were
also relatively high. KorpEL (1995) reports an average of 600—800 plants in the primeval
forests of the West Carpathian Mountains. LEIBUNDGUT (1978) states that densities above
2000 plants per hectare are rarely found in primeval montane forests.

It must be noted, however, that the regeneration is distributed quite unevenly throughout
the subalpine range. This means that there are still areas with relatively few young plants. It
is also important to remember that the majority of the plants are still very small and that
much of the regeneration might still succumb to other “pests” in the future, such as March
mushrooms (Hygrophorus marzuolus). Plants cannot truly be considered secure until they
have reached a height that is distinctly above that of the usual snow cover, which is 2-3 m
(OtT et al. 1997).

It will take some time before the plants reach this size. Regeneration periods at subalpine
altitudes are extremely long. According to KorpeL (1995), the regeneration phase lasts up to
90 to 100 years. According to MAYER & OTT (1991) it may even extend to 100 to 200 years.
Even for commercial forests, OTT et al. (1997) propose regeneration periods of over 150 ye-
ars. The development of the regeneration in the study area, which is quite rapid for a monta-
ne forest ecosystem, leads to the assumption that the regeneration stage in a major portion
of the subalpine range of the Bavarian Forest National Park will be completed much more
rapidly.

Based on the present situation, it is not necessary to commence with artificial measures to
support the natural regeneration of the forest. However, it will remain important to closely
observe the development of the newly emerging forest in the future. This presents a great
opportunity for the scientific documentation of this unique development and for the fulfil-
ment of the political mandate.
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