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Abstract Salvage logging—the removal of dead trees in disturbed forest stands—has
been controversially discussed. We investigated the impact of bark beetle attacks and
subsequent salvage logging on insectivorous bats in a temperate mountain forest. We
quantified bat activity (25,373 min counts; 32 plots) using batcorders during 221 all-night
surveys in stands killed by bark beetles, with dead trees removed or not, and in vital,
single- or multi-layered mature forest stands. We analysed the differences in activity of all
bats in general and of bats of foraging guilds (open habitat, forest edge, closed habitat) in
these habitats using a generalized linear Poisson mixed model, with plot and observation as
random factors, and temperature and habitat as fixed factors. Only open-habitat foragers
were slightly more active in salvage-logged stands than in bark-beetle-affected stands; they
generally benefited from an open forest canopy, whereas closed-habitat foragers did not.
Our results indicated that: (1) bats are less affected by salvage logging after a disturbance
of a magnitude typical for European forests, probably because enough roosts are present in
surrounding areas, (2) habitats for open foragers are improved by bark beetle infestation
and (3) bats are poor bioindicators of negative impacts of salvage logging after natural
disturbance in forests with a composition typical for Central Europe.
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Introduction

Natural disturbances, such as windthrow, forest fires, or insect outbreaks, can lead to rapid
changes in the structure of forests (Noss and Lindenmayer 2006). In commercial forests,
economic constraints determine management decisions that lead to the prompt removal of
dead trees to avoid any loss in wood value or an increase in pest species, such as some
scolytids (Wermelinger 2004). Nevertheless, the impact of dead wood on forest health and
the value of dead wood for biodiversity are intensely discussed (Shore et al. 2003; Ulbricht
et al. 1999), and the necessity of salvage logging in naturally disturbed, protected forests is
controversial (Connell 1978; Noss and Lindenmayer 2006; Pickett 1985). For example, the
infestation of the Bavarian Forest National Park in south-eastern Germany (Fig. la, b)
since the 1990s by bark beetles, mainly Ips typographus (Miiller et al. 2008), has evoked an
ongoing intense discussion about the necessity of salvage logging even in protected areas
of Central European low-range mountains (Miiller and Job 2009). Owing to an increasing
stock of coniferous wood (Schelhaas et al. 2003), a warm period within the last 20 years
(Ipcc 2007), and an increasing number of protected areas worldwide, a deeper under-
standing of the effects of the various management strategies, including salvage logging,
will become increasingly important for forest and conservation managers (Schroder 2007).

Forest management strategies focus on a number of taxonomical groups. During the last
decade, especially bats have been considered as valuable bioindicators because of their
worldwide decline (Jennings and Pocock 2009; Jones et al. 2009; Wickramasinghe et al.
2003). Technological progress in the registration of these cryptic and nocturnal species

Fig. 1 Examples of surveyed forest stands: a Salvage-logged area after bark-beetle infestation (manage-
ment zone of the Bavarian Forest National Park), b bark-beetle-affected forest stand (core zone of the
Bavarian Forest National Park), ¢ single-layered forest stand, and d multi-layered forest stand
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provide better opportunities and better data sets for research (Parsons and Szewczak 2009).
Investigations of the influence on bats of different logging practices in forest ecosystems
indicate a lower bat diversity after logging because of the decrease in gleaning species
(Clarke et al. 2005; Patriquin and Barclay 2003; Peters et al. 2006).

Studies on the effects of natural disturbances such as windstorms (Gannon and Willig
1994; Jones et al. 2001; Wolff et al. 2009) and forest fires (Carter et al. 2000; Fisher and
Wilkinson 2005; Hayes 2009; Patriquin-Meldrum 1999) on bats indicate that the impact of
natural disturbance is species specific and depends on the bat diet and foraging behaviour.
Only two studies have evaluated the influence on bats of salvage logging after a natural
disturbance: in central Oregon after post-fire salvage logging, the highest bat activity was
found in more intensely logged sites (Hayes 2009), and in Canada, the activity of the little
brown bat (Myotis lucifugus) was higher in forest stands affected by bark beetles than in
salvage-logged areas (Randall et al. 2009).

Due to the differences in manoeuvrability and echolocation structure of bats, the use of
habitats is highly species specific (Jones et al. 2001; Morris et al. 2010; Norberg and
Rayner 1987; Patriquin and Barclay 2003). With respect to this adaption, central European
bats have been classified into foraging guilds (Schnitzler and Kalko 2001; Fenton 1989):
species foraging in open, or uncluttered habitats (open-habitat guild); species foraging at
the edge of vegetation, or background-cluttered habitat (edge-habitat guild), and species
foraging within the closed vegetation, or highly cluttered habitat (closed-habitat guild).

Here we investigate the activity of all bat species in general and the activity of the three
foraging guilds in areas of salvage logging and bark beetle infestation in the managed and
unmanaged parts of the Bavarian Forest National Park. Based on the general knowledge
about bat foraging behaviour in temperate and boreal forests, we expected the different
foraging guilds to respond differently to salvage logging, namely that in areas of salvage
logging, the activity of bats of the open-habitat guild would be higher, the activity of bats
of the forest-edge guild would not change, and the activity of bats of the closed-habitat
guild would be lower because of a reduction in the habitat complexity.

Materials and methods
Study area

Our study was conducted in the Bavarian Forest National Park (48.54°N, 13.29°E) in
south-eastern Germany along the border to the Czech Republic. This area (24,000 ha)
contains an altitudinal gradient between 650 and 1,400 m a.s.l., with a high variety of
structures distributed almost independently of elevation. The national park is dominated by
mixed mountain forest consisting of spruce (Picea abies), beech (Fagus sylvatica), and fir
(Abies alba). The area is part of the largest forested landscape in Central Europe, and
represents a rather homogenous near-natural forested landscape, compared to the cultivated
landscape of Europe. Owing to the no-take forestry policy, trees infested by bark beetles on
an area of around 5,400 ha in the core zone of the national park remain untouched, whereas
infested trees in the management zone have been salvage logged on about 1,200 ha to
protect nearby private forests.

Within this study area, we randomly selected 32 plots along the whole elevation gra-
dient. To quantify the effects of bark beetles and salvage logging on bat activity, we
selected four types of forest stands (Fig. 1), (a) salvage logged, with removal of almost all
vertical tree structures, i.e. snags and dead trees; (b) bark-beetle-affected stands without
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management, dominated by a rich vertical structure owing to snags; (c) vital single-layered
stands with a dense canopy in the over-storey but open in the lower layers; and (d) vital
multi-layered stands with a high density in the under-storey and mid-storey. Each type of
forest stand was replicated by 8 plots in stands of at least 5 ha each. The minimum distance
between two plots of the same habitat type was 800 m.

To date, 16 species of bats have been recorded in the national park. We assigned these
species to the following guilds basically according to the arguments in (Fenton 1989):
open-habitat guild: Nyctalus noctula, Nyctalus leisleri, Vespertilio murinus, Eptesicus
serotinus, Eptesicus nilsonii and Pipistrellus nathusii; forest-edge guild: Barbastella
barbastellus, Myotis myotis, Myotis daubentoni, Myotis brandtii, Myotis mystacinus,
Pipistrellus pipistrellus, and Pipistrellus pygmaeus; and closed-habitat guild: Myotis nat-
tereri, Myotis bechsteinii, Plecotus auritus, and Plecotus austriacus [for further informa-
tion see Table in Online Resource 3 and (Miiller et al. 2011)].

Bat activity

In the centre of each sampling plot, we installed a batcorder (batcorder 2.0; ecoobs, Runkel
et al. 2009) 2.7 m above ground on a wooden pole for acoustic sampling of bats as an index
of activity (Online Resource 1). The batcorder is an autonomous working system that
records bat calls. We used the recording mode “Auto 4+ Timer” and the same settings
(quality: 20, threshold: —27 dB, post-trigger: 60 ms, critical frequency: 16 kHz) in all-
night surveys. The microphone was directed 10° upwards from horizontal to avoid prob-
lems with condensation of water at the tip. We placed each batcorder in a forest gap and
not facing a closed clutter of vegetation, such as a tree or shrub (Patriquin et al. 2003).
Acoustic surveys ran from 30 min before sunset to 30 min after sunrise. Ten batcorders
were available; therefore, we made efforts each night to cover the whole gradient of
altitude and all four habitats. Each of the 32 plots was surveyed on seven different nights
from May to September 2009. Three surveys failed because of technical problems;
therefore, we performed altogether 221 all-night surveys.

All digital records were saved on SDHC cards (SanDisk, SDHC 2, 8 GB). To measure
the echolocation structure of all bat recordings, we used the software bcAdminl.11
(ecoobs, Runkel et al. 2009). To determine the bat species of the recordings, we used the
automated software bcDiscriminatorl.14 statistical call discrimination for Central-Euro-
pean bat calls (ecoobs, Runkel et al. 2009). This program works by using a discrimination
tree based on random forest (Breiman 2001) and provides probabilities for a species or
groups of non-separated species for each record (Online Resource 2). The system is not
able to distinguish between Myotis brandtii and Myotis mystacinus (M. brandtii/mystaci-
nus) because their call structures are highly similar (Parsons and Jones 2000), and between
Plecotus austriacus and Plecotus auritus (Plecotus auritus/austriacus) for the same reason.
For species with longer time lag between calls, the batcorder tends to produce records for
each call. To make the data comparable between species, we counted the number of 1-min
intervals per night in which at least one record of one of our foraging guilds was recorded
(for more details, see Miiller et al. 2011).

Temperature
Temperature affects the activity of bats (Arbuthnott and Brigham 2007; Ciechanowski

et al. 2007). Since it was necessary to survey on different nights, the differences in
temperature among the nights and plots could influence the activity and thereby bias our
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analyses (Yates and Muzika 2006). To control our comparison of forest stands, we mea-
sured the mean temperature each night and each acoustic recording simultaneously using a
Data Logger EL-USB-2 (LASCAR electronics, Salisbury) mounted at the batcorder, and
used the measurement as a covariable.

Statistics

Results were analysed with R (R Development Core Team 2010). The count data consisted of
the number of minute intervals per night for each bat guild. Therefore, to test the influence of
habitat types, we fitted a generalized linear Poisson mixed model with multivariate normal
random effects based on penalized likelihood (function glmm.PGQL of package MASS;
Venables and Ripley 2002) with plot and observation as random factors to account for repli-
cated measurements on each plot and with an observation-specific random intercept to account
for possible overdispersion (Elston et al. 2001) as well as with temperature as covariable. Such
an approach considers all critical points of our bat count data from an statistical point of view,
the replicated samplings at our plots as well as the distribution of the count data with a few very
large numbers, without a loss in information (for more details on mixed models see Quinn and
Keough 2002). To identify significant differences between pairs of habitats, we computed
Tukey’s all-pair comparisons and associated confidence intervals corrected for multiple
comparisons (function glht of package multcomp, (Hothorn et al. 2008a).

Results

Our 221 all-night surveys revealed 28,971 bat records from 13 species and 2 groups of non-
separated species. Using the discrimination functions, we were able to identify 11,198 bat
records to the species level, remaining records could be identified only on higher taxo-
nomical levels (Online Resource 2). The most common species were E. nilssonii, followed
by M. brandtii/mystacinus, P. pipistrellus, and M. daubentonii. Temperature had a positive
effect on the activity of all three guilds (Fig. 2d). The general bat activity did not sig-
nificantly differ among the four habitat types, but the general bat activity in bark-beetle-
affected stands was somewhat higher than in salvage-logged areas and single-layered
stands, which in turn had somewhat higher activities than multi-layered stands (Fig. 3).

The activity of the foraging guilds in the four habitat types, controlled for temperature,
differed. The activity of open-habitat foragers was higher in salvage-logged areas than in
bark-beetle-affected areas, and was significantly higher in salvage-logged areas than in the
two vital forest stands (single-layered and multi-layered) (Figs. 2a—c, 4). The activity of
the forest-edge foragers did not significantly differ between salvage-logged areas and bark-
beetle-affected areas. Here, only the activity in single-layered stands was significantly
higher than in salvage-logged areas and multi-layered stands.

The activity of the closed-habitat foragers also did not significantly differ between
salvage-logged areas and bark-beetle-affected areas, but the activity in both these areas
was significantly lower than in the two vital stand types (Figs. 2a—c, 4).

Discussion

Our study assessed the influence of alteration of forest structures by bark beetles and
salvage logging on bat activity. The most important observation was the clear difference in
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Fig. 2 Boxplot of raw data minute counts of three bat foraging guilds (a—c) and their correlation to
temperature (d). The colours in d correspond to those in a—c. A Salvage-logged area after bark-beetle
infestation, B bark-beetle-affected forest stand, C single-layered forest stand, and D multi-layered forest
stand

the activity of bats of different foraging guilds. Therefore, measurements of general bat
activity, as conducted by Hayes (2009), could mask the specific responses depending on
functional traits. In our study area and in Germany in general, owing to the occurrence of
several guilds with a specific, distinct response to forest structure and an unequal distri-
bution of bat activity across the foraging guilds (in our study most activity was of edge
foragers), the results of all bat activity could be strongly biased.

A second important finding was that the activity of open-habitat guild species was
higher in salvage-logged areas, which does not support a negative effect of salvage logging
for this group. For edge-habitat and closed-habitat guilds, salvage logging seemed to be
irrelevant in our study area. In contrast, their activity seemed to be triggered more by the
general process of forest opening by bark beetles, independent of subsequent salvage
logging. Only for edge-habitat species did the habitat suitability seem to decrease because
of salvage logging; the activity was higher in single-layered stands than in salvage-logged
stands, but not higher than in bark-beetle-affected stands.

We are aware that the effects or lack of effects observed in our study could be affected
by the methodology used to detect bat activity. One problem is that habitat differences
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Fig. 3 Difference in general bat activity (1-min counts) between pairs of different habitats. Tukey’s all-pair
comparisons and associated confidence intervals, corrected for multiple comparisons (function glht of
package multcomp; (Hothorn et al. 2008b) are given. Note that temperature was included as a confounding
variable and random factor was given for observation and sampling plot. The general bat activity did not
significantly differ among the four habitat types (confidence band includes the zero line), but in bark-beetle-
affected stands it was somewhat higher than in salvage-logged areas and single-layered stands, which in turn
had somewhat higher activities than multi-layered stands A Salvage-logged area after bark-beetle
infestation, B bark-beetle-affected forest stand, C single-layered forest stand, and D multi-layered forest
stand
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Fig. 4 Differences in bat activity (1-min counts) for each of the three foraging guilds. Tukey’s all-pair
comparisons are shown in the same way as in Fig. 3. The activity of open-habitat foragers was significantly
higher in salvage-logged areas than in the two vital stand types. The activity of the forest-edge foragers did
not significantly differ. The activity of the closed-habitat foragers was significantly higher in the two vital
stand types. A Salvage-logged area after bark-beetle infestation, B bark-beetle-affected forest stand,
C single-layered forest stand, and D multi-layered forest stand

could influence the ability to detect echolocation calls produced by bats, e.g. by masking
bat activity in more cluttered habitats (Patriquin et al. 2003). To reduce or eliminate the
differences in the detection of bat calls, we followed the suggestion of Patriquin et al.
(2003) and placed batcorders in gaps within multi-layered dense forest stands. Further-
more, we are also aware that bat species with quiet calls, particularly those of the closed-
habitat guild, are more difficult to record than bat species with louder calls, such as those of
the open-habitat guild, which weakens our database for the analysis of the closed-habitat
guild. But the detection ability was conservative within the three foraging guilds (Online
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Resource 3) and was analysed here separately. Thus, we are convinced that the variation in
detectability had no influence on our results. Furthermore, we followed the suggestion of
Yates and Muzika (2006) and included temperature as a covariable to compare bat activity
between habitats on different nights.

A second critique may arise from our sampling near the ground. It is well documented
that bat activity differs among strata (Adams et al. 2009; Hayes and Gruver 2000). In our
study, the batcorders were installed 2.7 m above ground and detected bat activity within a
spherical radius of approximately 20 m. In mature forest stands, this measure is below the
uppermost part of the canopy, which reaches 35-45 m in height, depending on the tree
species. However, only a few of the bat species in our study (Nyctalus sp., Pipistrellus sp.)
regularly occur above the canopy in similar forest stands, but they also forage in lower
strata (Aschoff et al. 2006; Runkel 2008). Therefore, our method seems to be appropriate to
estimate bat activity within our forest stands.

Three major factors may trigger the occurrence of bats in our forest area: food, flight
space and day roosts. In a previous analysis, we have shown that insect abundance is
important for the occurrence of bats only in the open-habitat forager guild. Similarly,
only for this guild is flight space due to open forest stands an important determinant for
their occurrence (Miiller et al. 2011). These analyses also show that the abundances of
moths and flies, the most important bat food, decrease with an increase in forest
opening but are of lower importance for bat-foraging activity. Therefore, one may
expect that salvage logging reduces the critical number of roosts—a limiting factor for
the occurrence of bats in many commercial forests (Barclay and Kurta 2007). This may
be the reason for a negative impact of salvage logging on the forest-edge forager
Mbyotis lucifugus after bark beetle attack in Canada (Randall et al. 2009). Our data do
not allow us to confirm this finding because the higher activity in bark-beetle-affected
areas compared to salvage-logged areas was far from significant (Fig. 4). Our study area
thus differs from those larger areas of bark beetle infestation, as in the Northwest
Territories of North America (Raffa et al. 2008), where large-scale logging could
reduce roost availability below critical values on the landscape scale, with negative
effects on bat activity. All of our intensive logging areas are still surrounded by stands
rich in snags and tree cavities (Kanold et al. 2009) at distance of less than 1 km, and
some uninfected trees still remain in the logged areas. The flight distances of most of
the local bat species are between 5 and 10 km (Dietz et al. 2007); therefore, distances
of less than 1 km can be easily bridged. A similar weaker effect of selective salvage
logging after beetle infestation on several cavity breeders has also been reported (Kroll
2010).

For closed-habitat foragers, all types of forest opening—whether by bark beetles or
logging—reduces activity. This underlines the assumption that these species are typical
inhabitants of more-closed stands. Many of them are able to collect prey effectively by
gleaning and are thereby rather independent of prey density (Safi and Kerth 2007; Miiller
et al. 2011), but the resources for gleaning are clearly reduced in both open-habitat types.

One major impact of salvage logging on ecosystems is the change in physical structure
(Noss and Lindenmayer 2006). Our results and results of previous studies (Grindal and
Brigham 1998; Adams et al. 2009) showed that the opening of the canopy by the bark
beetle outbreak, independent of salvage logging, improved the habitat conditions for
members of the open-habitat guild. An additional benefit of salvage logging, as has been
shown for the Sharp-tailed Grouse (Tympanuchus phasianellus) in Canada, which thrives
on salvage cuts (Niemuth and Boyce 2004), and for bird species richness after salvage

@ Springer



Biodivers Conserv (2012) 21:2775-2786 2783

logging of windthrows in Poland (Zmihorski and Durska 2011), was observed for the open-
habitat guild also in our study, but was just below the significance level (Fig. 4).

Both negative and positive impacts of salvage logging on various animals have been
reported. Those negatively affected by salvage logging include saproxylic beetles, which
rely on dead-wood structures (Miiller et al. 2010; Paillet et al. 2010), rare fungi that require
high amounts of dead wood (Bissler and Miiller 2010). One could conclude that the higher
impact of salvage logging on these species is due to their low mobility. Yet birds, which
are of similar mobility as bats, are also affected by salvage logging, particularly because
cavity trees are removed, e.g. after a fire (Cahall and Hayes 2009; Greenberg et al. 1995;
Morissette et al. 2002; Castro et al. 2010; Dickson et al. 1983; Hutto 2006). However, bat
and bird behaviours differ greatly in some respects. Most bird species are strongly terri-
torial with foraging activities in a few hectares (see discussion in Moning and Miiller
2008), whereas bats in temperate forests as well as in tropical forests show little inter-
specific competition (Heller and Helversen 1989; Kingston et al. 2000), which allows them
to respond more flexibly to forest structure alteration and to use patches rich in food. Here
foraging distances from roost per night of around 5 km is common in Central European
bats (Dietz et al. 2007). Furthermore, a lack of negative salvage logging effects on bats is
not singular. It has been shown that salvage logging has neutral or positive effects on
microbial assemblages (Khetmalas et al. 2002) and plants (Ne’eman et al. 1997; Elliott
2002). For plants, the opening of the soil by heavy logging machines enhances the pos-
sibility for many plant species to colonize the forests after disturbance (Paillet et al. 2010).
However, the consequences of salvage logging can be more complex, affecting also trophic
relationships, such as that of wolves and ungulates in Canada, in which ungulates, in the
face of increasing forage plant biomass, avoid salvage-logged areas because of higher
predation risk (Hebblewhite et al. 2009).

Conclusions

In the conservation of protected areas, salvage logging has been criticized because tree
removal after natural disturbances decreases the habitats of many organisms. However,
bats, which are attractive species in conservation, barely responded to salvage logging in
the Bavarian Forest National Park. This unexpected result can be explained by the rela-
tively small logging stands in Central European forests, which conserves enough roosts on
the landscape scale. Furthermore, we found very distinct responses to forest opening by
bark beetles and post-beetle salvage logging by the three foraging guilds. This underlines
the importance of conducting studies of the activity of separate bat foraging guilds and not
of general bat activity. Species of open-habitat foragers preferred both types of openings
over vital forests. The positive effect of both canopy openings demonstrates that natural
disturbance is the force that creates important gaps for open-habitat species. We conclude
that the enigmatic bats, as compared to other taxonomic groups, are not the best choice for
quantifying negative impacts of different forest managements on wildlife in Central
European forests after a disturbance.
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