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Abstract

Biodiversity is diminishing globally at an unprecedented rate in times of intensive land use and ongo-
ing climate change. Since biodiversity is related to important ecosystem functions and services it is
nowadays the goal by law to maintain and improve biodiversity. In this perspective, the BIOKLIM-
Project carried out two large forest structure and biodiversity surveys within the Bavarian Forest
National Park in 2006 and 2016 to provide a broad range of data to assess the effects of a changing
forest structure and climate on species and communities across different taxonomic groups. In this
paper, we present the changes in forest structure between the two surveys. Results showed that study
plots which were formerly affected from disruptive events such as storms and bark beetle infestations
made progress in succession and thus occupy higher classes of forest succession. Furthermore, the
results showed that disruptive events again caused disturbances, especially at the high elevations of
the Bavarian Forest National Park. Hence, disturbances mainly affected spruce. Anyway, since the
forest systems, with the exception of disturbances that might occur, are inert systems, the forest structure
changed only slightly on the study plots between the two years of investigation.
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INTRODUCTION

Human activity affects biodiversity in terms of habitat transformation and degradation,
habitat fragmentation, climate change, harvesting and pollution (TiTTENSOR et al. 2014).
Thus, global assessments show that the extinction risk of the species increases on average,
while the population size decreases (Pimm et al. 2014). Over the last 20 years, remarkable
progress has been made to understand how biodiversity loss affects the environment, the
functioning of ecosystems and thus society (CARDINALE et al. 2012). For instance, species
extinction has serious impact on important key processes for the productivity and sustaina-
bility of the Earth’s ecosystems (ISBELL et al. 2011).

Since 1970, when the Bavarian Forest National Park was founded, the vast forests along
the park have been allowed to develop without any human interference (HEuRrIcH et al. 2011).
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This ensures the expression of natural environmental forces and the undisturbed dynamics
of the area’s natural communities. The major disturbances in mature spruce stands by bark
beetles (mainly Ips typographus, >5000 ha; see LEHNERT et al. 2013) in the 1990s could not
be related to any species reaction due to a lack of data (but see BEUDERT et al. 2015). Apart
from such structural changes due to a benign neglect strategy, the analysis of long-term
climate data showed that the Bavarian Forest National Park experienced significant higher
temperatures especially during the growing season (BAssLER et al. 2008). Both, changes in
forest structure and climate change can have a major impact on biodiversity (HILMERS et al.
2018, ScHaLL et al. 2017).

Understanding the inherent changes in species diversity as forests develop provides an
important baseline for assessing the effects of external drivers such as climate change (THOM
et al. 2017). In the absence of such a dynamic baseline, observed changes in biodiversity that
are simply the effect of forest dynamics could be easily misattributed to effects of climate
change.

Within the framework of the BIOKLIM-Project of the Bavarian Forest National Park,
long-term experimental plots have been established for regular monitoring of the state of
forest structure and biodiversity. The first survey of forest structure and biodiversity took
place in 2006 (BAssLER et al. 2008). Repeat recordings in 2016 were carried out on the des-
ignated BIOKLIM plots (BAssLErR et al. 2015). In the course of the repeated survey the
changes in forest structure between the two recording years 2006 and 2016 were analyzed
comparatively.

During the last hundred years, spruce and fir show a general increasing level of radial
growth which is interrupted by a growth decline mainly during the 1960s and 1970s. Due to
the species-specific differences in growth, different growth relations occurred between
spruce and fir in that period. In the time of high rates of sulphur dioxide emissions, spruce
outranges fir while, particularly during the last 30 years, the growth relation inverts (UHL et
al. 2013). Results of studies of mixed mountain forests in Europe show that the growth of
spruce is declining in the last decades while the growth of fir is increasing. The volume in-
crement of fir even exceeded on average that of spruce in the last 20 years. Growth of beech
has so far remained largely unaffected of climate change in mountain mixed forests (HiLm-
ERs et al., unpubl. results). Based on these results, it can be expected that spruce will be
pushed back into its realized niche (before human intervention in the National Park and
emission load) by the re-strengthening of fir.

The aim of this study was to analyze changes in forest structure between the two surveys
(2006 and 2016) in order to investigate whether possible changes in biodiversity can be at-
tributed to changes in forest structure or to climate change. In this contribution we summa-
rized the changes in forest structure on the BIOKLIM-Project plots between the two surveys
in 2006 and 2016.

MATERIAL AND METHODS
Study area

We used data from two surveys of forest structure in the Bavarian Forest National Park in
south-eastern Germany in 2006 and 2016 (BAssLER et al. 2008, BAsSLER et al. 2015). The
study area covers ~5,000 km? and comprises a wide range of stages of forest succession that
resulted from considerable variation in disturbance history and stand age (Fig. 1). The area
is characterized by a homogenous geology (Bohemian Massif, granitic and gneissic bed-
rock) and predominantly acidic soils. Cultivation and management in this area became im-
portant only around 1850 and small areas of old-growth forests still exist (RODER et al. 2010).
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Fig. 1. An overview map of the 133 sampling plots (red points) across the elevational gradient. Main sam-
pling transects are located within the Bavarian Forest National Park (green line). Additional lowland plots
(<650m) outside the NP extended the elevation gradient down to the Danube River represent the gradient
from 287-1420 m a.s.l. Some sampling points are not visible (overlayed) due to scaling.

The proportion of spruce at all elevations increased during the last century owing to forest
management (RODER et al. 2010). The total annual precipitation is between 900 and 1800 mm
and increases with elevation (Fig. 2), which ranges from 300 to 1450 m a.s.l. Annual mean
air temperature varies between 3.4°C at high elevations and 9.7°C at low elevations (Fig. 2).
The study plots are dominated by mixed mountain forests of European beech (Fagus syl-
vatica; ~50%), Norway spruce (Picea abies (L.) Karst.; ~30%) and silver fir (4bies alba
Mill.; ~10%), however admixed with oak (Quercus sp.; ~7%) at the lowest elevations. Above
1200 m a.s.l., Norway spruce (~ 85 %) becomes dominant with a lower proportion of beech
(~12 %).
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Fig. 2. Climate of the study region based on interpolated data from 1980 to 2006. A — mean annual tem-
perature (°C) in relation to elevation (m a.s.l.) of all 133 study plots; the blue regression line is based on
a linear model; the grey area depicts the 95% confidence interval (R* = 0.89, p <0.001). B — mean annual
precipitation (mm) in relation to elevation (m a.s.l.) of all 133 study plots; the blue regression line is based
on a linear model, with the grey area depicting the 95% confidence interval (R*> = 0.89, p <0.001).

Data

Forest structure was characterized on two different scales (1 ha and 500 m?). On the 1-ha
scale forest structure was characterized visually on 133 plots in the field (Fig. 1). The 133
study plots were selected by optimizing the design from BASSLER et al. (2009). Optimization
was done by categorization of all plots in respect to their available taxonomical information.
Out of the most informative sampling plots we selected those best covering the structural
gradient (canopy cover) across the elevation gradient (for final selection, see Fig. 1). For
representation of the elevation gradient, we created a set of 100 plots out of the original 331
plots, including 62 highly informative plots and all 38 lowland plots (<650m). As special
additions, we added the 33 old-growth forest and meadow plots due to their great importance
for the area.

Canopy cover of the upper- (>2/3 of dominant height), middle- (1/3-2/3 of dominant
height) and under layer (<10m) was determined by the sample area shaded by horizontal
projection of tree layer separated for the occurring tree species (leaves, branches, trunks) in
percent. Gaps were measured by the sample area covered by horizontal projection in percent.
Height of the under layer was addressed visually in meter. Furthermore, we visually de-
scribed the immediate surroundings around the plot center. It was addressed whether the
center of the plot is in a gap, at the edge of a gap or in a closed forest. Standing and downed
woody debris were recorded in the field on a 1000 m? circular plot (see BASSLER et al. (2008)
for a detailed description).

Forest structure recordings in the BIOKLIM project were extended by more detailed re-
cordings when they were taken in 2016. During the last recording, every tree >7cm DBH was
recorded in the field on plots with a circular area of 500 m2. Since this detailed information
are not available for the 2006 survey, required data were obtained from airborne light detec-
tion and ranging (LiDAR). Full-waveform LiDAR data were collected across our plots using
a Riegl LMS-Q560 under leaf-on conditions (nominal sensor altitude: 400 m, average point
density: 25 points m™2) in the year 2006. Single trees in an area of 500 m? around the center
of each plot were detected using 3D segmentation (Yo et al. 2012). On both surveys (2006
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and 2016) the vegetation in the herbaceous layer (up to 1 m height), shrub layer (up to 5 m
height), tree layer 1 (>5 to 15 m height) and tree layer 2 (>15 m) were estimated on 200 m?
circular plots in the field. As there is a lack of LiDAR data for the plots outside the Bavarian
Forest National Park these analyses contain only 99 plots within the National Park which
both surveys have in common. Standing and downed woody debris were again recorded in
the field on a 1000 m? circular plot.

Stages of forest succession

In our study, the 99 plots which both surveys have in common were classified to succes-
sional stages by combining the decision trees of ZENNER et al. (2016) and TaBaku (2000). The
decision trees incorporate information on canopy projection area, maximum diameter at
breast height (DBH), proportion of dead wood, normalized quartile of the DBH, and the
cover and height of the regeneration layer. The combination of these two protocols was nec-
essary as ZENNER et al. (2016) only considered trees with DBH >7 cm, and TaBaku (2000)
explicitly also included regeneration and establishment stages. The combined decision tree
was used to identify nine successional stages on 99 plots in the Bavarian Forest National
Park, i.e., gap, regeneration, establishment, early-optimum, mid-optimum, late-optimum,
planter (mixture of trees of different ages, sizes and heights), terminal and decay stages.

RESULTS AND DISCUSSION

The results show that the canopy cover of the upper layer has increased at medium eleva-
tions, compared to the first survey in 2006 (Fig. 3B) and there are less percentages of gaps
on the study plots (Fig. 3F). During the last 10 years, the plots which had been exposed due
to storms and bark beetle infestations in the first survey have grown over again. At higher
elevations, the canopy cover of the upper layer decreased due to renewed disturbances by
storms and bark beetle infestations, especially in the Northern part of the Bavarian Forest
National Park (Fig. 3B). At the same time, the volume of deadwood at higher elevations (Fig.
3A) and the percentages of gaps (Fig. 3F) have increased. The middle and under layer re-
mained unchanged (Fig. 3C-E). The evaluations of the position of the plot center within the
1 ha plot and the percentage of gaps on the plots also reflected the renewed disturbances of
storms and bark beetles in the Bavarian Forest National Park. Above all, a change in the
position of the plot center within the 1 ha plot in the direction of the open area could be ob-
served. In particular, the plots which had been already disturbed at the first survey in 2006
(at the edge of the gap) were again affected by disturbances. The gaps have widened to such
an extent that the centers of the plots were on the open area at the last survey in 2016 (Fig.
3G).

Considering tree species-specific changes in the canopy covers, revealed that the above-
mentioned disturbances in the higher elevations affected spruce particularly (Fig. 4). Com-
pared to the first survey, some areas were affected by disturbances and the spruce was re-
moved completely on some plots. Looking at the middle layer, it is striking that beech is the
dominant tree species there. In the under layer, there is a balanced ratio between beech and
spruce, except for the high elevations. There are only few study plots with beech at eleva-
tions above 1200 m a.s.l. However, it should be emphasized that despite the disturbances in
the upper layers, a new generation of spruce trees is already present on some plots (Fig. 4F).
Due to the benign neglect strategy of the Bavarian Forest National Park coarse woody debris
will remain in the forest. Given the importance of deadwood for forest regeneration and re-
covery from disturbance, this will favor the future natural regeneration in the disturbed
stands especially spruce regeneration (SvoBopa et al. 2010).
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Fig. 3. Comparative representation of forest structure parameters of the BIOKLIM-Project surveys from
2006 (red) and 2016 (blue). Data are based on 133 plots which both surveys have in common: A — volume
of dead-wood on the study plots; B — canopy cover of the upper layer in percent; C — canopy cover of the
middle layer in percent; D — canopy cover of the under layer in percent; E — height of the under layer; F
— the percentage of gaps on the study plots; G — position of the plot center within the 1 ha rectangle around
the plot. Lines were generated by fitting a loess curve.

The situation of fir along the elevational gradient remains largely unchanged. Although
the biological possibility exists to colonize higher elevations, no changes are visible after 10
years. This is consistent with the findings of MALIS et al. (2016). In their study about tree
range shifts in the Western Carpathians they also did not find any elevation shifts for fir and
beech in the last decades. Other authors, e.g. Janik et al. (2014), have also shown that fir has
a disadvantage in rejuvenation compared to beech. This is primarily due to the increased
shade tolerance of beech in advanced regeneration.

If forest structure parameters are combined into forest successional stages, the results are
similar to those already described (Fig. 5). It becomes clear that many of the formerly dis-
turbed plots from 2006 have made progress in succession and occupy higher stages of suc-
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Fig. 4. Comparative representation of the canopy cover of beech (A, B, C), spruce (D, E, F) and fir (G, H, I)
of the BIOKLIM-Project surveys from 2006 (red) and 2016 (blue). Data are based on 133 plots which both
surveys have in common: A, D, G — canopy cover of the upper layer in percent; B, E, H — canopy cover of
the middle layer in percent; C, F, I — canopy cover of the under layer in percent. Lines were generated by
fitting a loess curve.

cession. In comparison between the two recording years there are 7% less study plots situ-
ated in the gap stage and 13% more study plots situated in the regeneration or establishment
stage (Fig. 5).

The recurring disturbances at higher elevations mainly affect the optimal and terminal
stages. There are fewer plots in the optimal and terminal stages (—17%) and more plots in the
decay stage (+11%). On the one hand, plots have changed from the terminal stage to the
decay stage, but some plots have also changed from the optimum stages to the decay stage
(Fig. 5). These are primarily the plots at high elevations of the northern part of the Bavarian
Forest National Park, which have been affected by disturbances. This makes it clear that
forest succession does not always strictly follow the sequence shown, but can change into the
gap, regeneration or decay stage at any time due to disturbances (Fig. 5).

Since forest systems, with the exception of disturbances that might occur, are inert sys-
tems, the forest structure in relation to the values described above changed only slightly on
the study plots between the two years of investigation (2006 and 2016).
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2006 2016

Fig. 5. Comparison of the percentages of plots in every forest successional stage in our study between the
two surveys in 2006 (red) and 2016 (blue) and their transition between the two surveys. The successional
stages considered here follow TaBaku (2000) and ZenNEr et al. (2016). Data are based on 99 plots in the
Bavarian Forest National Park. Stages of forest succession: G — gap; R — regeneration; E — establishment;
EO - early optimum; MO — mid optimum; LO — late optimum; P — plenter; T — terminal; D — decay. Note
that it was not possible to determine forest successional stages for the plots outside the national park in the
year 2006 due to missing LiDAR data.
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CONCLUSION

Forest systems, with the exception of occurring disturbances, are inert systems. Therefore,
no major changes in the described variables were expected during the first BIOK LIM-Project
repeat recording, since no major disturbances occurred either. However, at mid elevations,
we found a recovery from disturbances and at higher elevations we found renewed minor
disturbances due to bark beetle infestation. Especially spruce is affected by these new dis-
turbances. Anyway, we found that plots formally disturbed in the 2006 survey have made
progress and occupy higher stages of forest succession nowadays. As conclusions about the
response of multiple taxa to climate change can only be drawn with the information about
changes in forest structure (ScHALL et al. 2017, HiLmERs et al. 2018) it is crucial to continue
the monitoring of forest structure in future BIOKLIM surveys. Information on changes in
forest structure provides the basis for characterizing responses of biodiversity caused by
climate change. In the absence of such a dynamic baseline, observed changes in biodiversity
that are simply the effect of forest dynamics could be easily misattributed to effects of cli-
mate change. LiIDAR provides an excellent tool to describe changes in forest structure to a
sufficient scale for forest structure and biodiversity analyses in the future. In addition, a
merger with data of long term experimental plots following the same approach in the Sumava
National Park is in preparation and allows us to expand our analyses on the influence of
climate change and forest structure on biodiversity.
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