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Agricultural intensification has caused decrease and fragmentation of European
semi-natural dry grasslands. While a high biodiversity value of dry grasslands is
acknowledged for plants and insects, locally and on landscape level, their relevance
for mobile species, such as bats, is unknown. Here we investigate the use of dry
grassland fragments by bats in an agriculturally intensified region in Germany and
evaluate local and landscape factors influencing bat activity and assemblages.
Specifically, we predicted that a combination of local dry grassland structural richness
and landscape features as well as their interactions affect bat activity and foraging
above dry grasslands. We also expected that these features influence compositions
of local bat assemblages. We repeatedly sampled at 12 dry grassland plots with
acoustic monitoring and assessed activity and foraging of bat species/sonotypes,
which we grouped into guilds known for foraging in open land, at vegetation edges
and in narrow spaces. We determined structural richness of the dry grassland plots
in field and derived landscape features from digital landscape data. A relatively high
proportion of bat species/sonotypes used dry grasslands regularly. The edge space
foragers responded positively to higher local structural richness. Their dry grassland
use increased when surrounding forests and woody features were less available, but
they foraged more on dry grasslands closer to water bodies. Narrow space bat activity
on dry grasslands decreased with less landscape connectivity. Open and narrow
space foragers responded to local structural richness only in landscape context.
For all bat guilds we found increased use of structurally richer dry grasslands when
there was more open farmland in the surroundings. This was also the case for edge
space foragers, when landscapes were more homogeneous. Lastly, with increasing
structural richness, bat assemblages were more dominated by edge space foragers.
We show the importance of European dry grassland fragments for the highly mobile
group of bats under certain local structural and landscape compositional conditions.
Our results underline the value of heterogeneous dry grassland fragments as potential
stepping stones in intensively used farmland areas and contribute to evidence based
decision making in dry grassland management and bat conservation.
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1. Introduction

The agricultural intensification and industrialization, starting in the
second half of the 20th century, have led to significant changes in land
use and ecosystems worldwide. Both belong to the major suspected
causes for global biodiversity loss (Diaz et al., 2019; Raven and Wagner,
2021) and population declines of various plant, insect and animal taxa
(Burns et al,, 2016; Young et al., 2016). Among the drivers of these
detrimental effects are homogenization and simplification of landscapes,
increased patch sizes of agricultural fields, reduced landscape structures
(such as hedgerows) and loss of natural and semi-natural habitats
(Matson et al., 1997; Stoate et al., 2001; Tilman et al., 2001;
Jongman, 2002).

Semi-natural dry grasslands are open habitats, dominated by
herbaceous (vascular) plants, mosses and lichens with occasional
heterogeneous shrub and tree growth. In central Europe they have been
significantly reduced during the 20th century, mainly due to land
conversion, abandonment and forest encroachment, leaving small
remnants fragmented in agricultural areas (Poschlod and Wallis de
Vries, 2002; Habel et al., 2013; Vrahnakis et al., 2013; Leuschner and
Ellenberg, 2017). Dry grasslands are known for their extremely high
biodiversity in special plant communities, resulting from extremely
nutrient poor, dry and sun exposed local conditions (Dengler et al.,
2012; Wilson et al., 2012), and a rich insect fauna (Wallis de Vries and
Van Swaay, 2009; Rasran et al., 2018; Schuldt et al., 2019). Therefore,
they are now protected under the EU Habitats Directive (Council
Directive 92/43/EEC). Conservation management targets these
characteristic dry grassland plant species communities, by aiming to
reduce nutrient inflow from agriculture (e.g., buffer zones) and by the
application of grazing regimes, to reduce succession of shrubs and trees
(Vrahnakis et al., 2013; Leuschner and Ellenberg, 2017). Especially
smaller dry grassland fragments surrounded by intensively managed
land are at greatest risk of further habitat degradation and loss of
associated organisms due to external environmental influences (Butaye
et al, 2005; Hodgson et al., 2005). However, exactly those small
fragments have shown a great importance for species richness and
communities of plants (Dedk et al., 2020) and insects (Tscharntke et al.,
2002; Rosch et al., 2015). Such positive effects on biodiversity are known
to reach beyond their borders, affecting the species communities of the
surrounding landscape. Lindborg et al. (2014) for example found
increased plant richness on green islands in agricultural landscapes
when dry grasslands were present in the vicinity. Their presence itself,
as additional habitats in crop-dominated land, facilitates occurrence of
various organisms and their exchange with adjacent landscape. This has
been shown for insect communities (Tscharntke et al., 2002; Duelli and
Obrist, 2003) and multiple taxa of insects and plants (Zulka et al., 2014).
Dry grassland fragments can thus improve overall biodiversity of the
landscape by providing local suitable conditions for specific species
communities, which at the same time are influenced by the surrounding
landscape. While research on plants and insects on dry grasslands has
been plentiful so far, other more mobile organisms from higher trophic
taxa have barely been taken into account. Therefore, researchers have
recommended investigating the value of dry grasslands and their
management regimes for other species and highlighted the importance
of multi-scale approaches including local as well as surrounding
landscape factors (Soderstrom et al., 2001; Zulka et al., 2014; Loos
etal., 2021).

European bats are highly mobile insectivorous animals, protected
by the EU Habitats Directive (Council Directive 92/43/EEC).
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Consequences of agricultural intensification, such as habitat and
connectivity losses, are among the major drivers of bat population
declines (Browning et al., 2021). While mainly associated with forests
and partly urban areas for roosting, bats utilize a variety of habitat types
during their nightly foraging trips of several kilometers (Dietz and
Kiefer, 2016). Their habitat use is thereby not only directed by insect
food availability, but also by suitability of flight pathways (Kusch et al.,
2004; Miller et al., 2012). The latter is defined for each bat species by
their functional traits (e.g., echolocation system and wing morphology)
which determine the abilities to navigate, maneuver and forage in
different degrees of vegetation clutter (Aldridge and Rautenbach, 1987;
Norberg and Rayner, 1987). Based on that, bat species can be categorized
into three functional guilds related to their preferred commuting and
foraging habitat of open space, edge structures (such as forest edges,
hedgerows) or narrow space (for example inside forests; Fenton, 1990;
Schnitzler and Kalko, 2001). Local clutter conditions, determined by the
structural compositions of the surroundings, can thus facilitate or
hinder movement of bats from functional guilds depending on their
requirements. The composition of vegetation structures, such as shrubs
and trees, has shown to be of influence on bat species occurrence and
activity in studies in forest systems. These studies have found species-
specific activity responses of bats to various horizontal and vertical
structural forest stand features (Jung et al., 2012; Froidevaux et al., 2016;
Blakey et al., 2017). Highest bat activity and species diversity have been
recorded in heterogeneous forest plots with intermediate vegetation
clutter on different height levels, offering various structural niches
(Adams and Law, 2011; Hanspach et al., 2012; Jung et al., 2012; Starik
et al., 2018). Hence, on dry grasslands, one would expect a positive
influence of local heterogeneous shrub and tree encroachment on bat
occurrence and activity. However, dry grassland fragments, especially in
open and homogeneous agricultural areas, might often be isolated from
other main habitats for roosting and foraging or from structural
landscape features, such as hedgerows, that offer connectivity networks
as sonar guidelines, with higher prey availability and as possible
protection from predators (Verboom and Huitema, 1997). When
commuting through these kind of landscapes, open habitat adapted bat
species do not face major constraints, while others, which are adapted
to commuting and hunting closer to edges or cluttered vegetation, are
likely to reach a limit in how far they move through open areas (Frey-
Ehrenbold etal,, 2013). These sensory constrains and habitat associations
underline the necessity of a multi-scale approach when investigating the
use of dry grasslands by bats embedded in open agricultural landscapes.
After all, while local dry grassland conditions can offer abundant
resources for commuting and foraging, the features of the surrounding
landscape predominantly determine the accessibility of dry grassland
fragments (Boughey et al., 2011b; Kalda et al., 2015a,b; Froidevaux
etal., 2022).

A landscape should enable dispersal and support of a diverse species
pool by providing a variety of resources in non-crop habitats, which is
however usually limited in agriculturally intensified regions (Tscharntke
etal., 2005). It is therefore crucial to understand how remaining (semi-)
natural habitat fragments in farmland, such as dry grassland systems,
affect endangered species. The value of dry grassland fragments for
highly mobile protected bats is however still unknown. Identifying
which conditions at local and landscape scales are important for bats to
occur and forage on dry grasslands, adds evidence to the biodiversity
value of dry grassland fragments and contributes to informed decision
making for dry grassland management and bat conservation efforts. Our
study therefore focuses on investigating the use of dry grassland
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fragments by bats in context of features of local and landscape scales as
well as their interactions in an agriculturally rich region in Germany.
We described the local conditions of dry grasslands with structural
richness provided by shrubs and trees. In addition, we evaluated features
describing openness, homogeneity and connectivity of the surrounding
landscape as well as the availability of other main habitat types associated
with foraging and roosting of bat species. We hypothesized that a
combination of local and landscape effects as well as their interactions
determines the use of dry grasslands by bats. Specifically, we expected
that higher local structural richness on dry grassland fragments would
increase bat activity and foraging [as in forests in Jung et al. (2012)].
Furthermore, we predicted effects of landscape features [as in Heim et al.
(2015)] on use of dry grasslands by bats, and anticipated particularly the
edge and narrow space adapted bats to show greater accessibility
limitations (Frey-Ehrenbold et al., 2013). Most importantly however,
we expected that landscape features would influence the correlation of
bat activity with local structural richness [such as Froidevaux et al.
(2022)]. Lastly, we predicted a dominance shift of functional bat guilds
in bat assemblages above dry grasslands with changes in dry grassland
and landscape features [given their different habitat preferences as in
Schnitzler and Kalko (2001)].

2. Materials and methods
2.1. Study region

This study has been conducted on designated protected dry
grassland fragments (Figure 1) in the study region North-East
Brandenburg in Northeastern Germany. Brandenburg is characterized
by a comparatively low human population density. It is a young glacial
landscape with many wetlands. The district Uckermark (Statistical
Office Berlin-Brandenburg, 2020), where the majority of dry grassland
fragments from this study are located, consists of roughly 60 percent of
agricultural land (mainly used for cereal grains and a low proportion for
pastures). About a quarter of the landscape is covered by forest,
predominantly coniferous forests, followed by deciduous and a few
floodplain forests. Although there are some fragmented forest patches,
the majority of forests in the study region are rather continuous and
extensive. This also means that in-between, large areas are covered by
open land. The dry grassland fragments are typically rather small (in this
study: min. 2ha, max. 41 ha, mean 16ha) and sometimes long and
narrow, as they have been pushed to margins of agriculturally unusable
land (e.g., slopes). They are found on dry, nutrient poor and sun exposed
locations, reaching sub-continental extreme microclimatic conditions.
The prominent type of management to reduce shrub and tree
encroachment is grazing by sheep for a short period once a year.
Brandenburg carries great conservation responsibility, containing
Germany’s largest proportion of xeric sand calcareous and sub-pannonic
steppic grassland (Landesamt fiir Umwelt Brandenburg, 2022). The
latter type is dominating in the study region and is characterized by an
open landscape with a high number of vascular plants, mosses and
lichens. The dry grassland fragments chosen for this study showed a
range of cover of woody structures (e.g., shrubs, small trees) from none
up to 30%. These conditions are described as excellent to mediocre,
respectively, in conservation value (Landesamt fiir Umwelt Brandenburg,
2022) and underline the heterogeneity of dry grasslands. This is
especially relevant when seen in comparison to other grassland types
(pastures and meadows) in the surroundings, which are mainly used for
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cattle grazing and are usually very homogeneous and lacking structural
richness. Our dry grassland fragments differed not only in structural
compositions but also in embedment in the landscape (regarding for
example distances to other habitats).

2.2. Acoustic monitoring

We used Batlogger (Batlogger A, Elekon AG, Luzern, Switzerland)
for repeated passive acoustic monitoring to assess bat activity above dry
grassland fragments. Batlogger microphones were mounted on poles in
the center of 12 designated study plots, which were intended for
vegetation assessment (see 2.4), two meters above the ground and at
least two meters away from larger trees to avoid strong echoes.
We mounted one Batlogger per dry grassland fragment due to their
small sizes, except on two larger fragments, where we used two plots
each (see Figure 1). The locations of the plots were chosen in field
depending on local structural conditions to cover the wide range of
structural compositions. Their centers, hence Batlogger locations, were
at least 500 m away from each other to prevent spatial autocorrelation
and at least 30 m away from adjacent habitat types (e.g., crop and forest)
to reduce edge effects. Note, however, that effects of other habitats were
accounted for in the following landscape analysis. Each Batlogger
sampled four nights (except at one plot, which was sampled three times
due to access restrictions) throughout the main bat activity season (five
plots in 2019, seven plots in 2020). Two sampling nights took place
between June - July and (one) two between August — October. This
resulted in 47 sampling nights. Recording started around 30 min before
sunset and continued until approximately 30 min after sunrise. For
triggering of sound recordings, we used the Crest Advanced setting that
ensured the recording of quiet bat calls and reduced sensitivity to
disturbing noise (Supplementary Datasheet S1). Sampling was avoided
in nights with prolonged rainfall, high wind speed (>BFT 4; Martin
et al,, 2017) and low temperatures <8°C. We also avoided recording
during sheep and cattle grazing, as movement of cattle can potentially
increase bat activity (Downs and Sanderson, 2010; Ancillotto
etal., 2017).

2.3. Bat identification and activity

We performed semi-automatic call analysis in the program
Batexplorer 2.1 (Elekon AG, Luzern, Switzerland) to assign recordings
with bat echolocation calls to species level or to an identifiable sonotype
(groups of bat species with very similar call structures). This was based
on a self-created list of identification criteria (Supplementary Table S1)
derived from various sources (Parsons and Jones, 2000; Russo and Jones,
2002; Pfalzer and Kusch, 2003; Obrist et al., 2004; Skiba, 2009; Barataud,
2020). All recordings were checked by hand to reduce misidentification
(Russo and Voigt, 2016). We analyzed recordings with sequences
containing two or more recognizable bat echolocation signals.
Non-identifiable bat calls were omitted from further analysis. We also
identified recordings with one or more feeding buzzes (distinct phases
with rapid, steep calls with a high frequency bandwidth) as indications
for insect prey encounter and therefore foraging activity. We grouped all
bat species/sonotypes into three functional bat guilds by similarities in
eco-morphological adaptations and in their preferred vegetation clutter
conditions of habitats (Schnitzler and Kalko, 2001; Zeale et al., 2012;
Dietz and Kiefer, 2016; Barataud, 2020): (i) open space guild (open
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habitats, high and fast flying bats with low maneuverability, narrowband
and low-frequency echolocation calls), (ii) edge space guild (uses
background cluttered habitats, such as forest edges, but is flexible in
open and clutter; bats with intermediate speed and maneuverability;
medium frequency echolocation calls with steep broadband and
narrowband components), and (iii) narrow space guild (uses cluttered
habitats close to vegetation; bats with low flight speed and high
maneuverability; steep broadband echolocation calls). For a measure of
habitat use of each guild, we took bat activity, which was defined by the
recorded number of minutes of one night per plot, in which we found
at least one echolocation recording (with a minimum of two calls) of the
respective bat guild (Miller, 2001). We did the same for recordings
including feeding buzzes as a measure of foraging activity. Feeding
buzzes were not sampled for bats from the narrow space guild, as they
mainly use gleaning and passive listening to find insects, instead of
feeding buzzes (Entwistle et al., 1996; Schnitzler and Kalko, 2001).

2.4. Local structural richness of dry
grasslands

From forest systems it is known, that higher three-dimensional
structural heterogeneity supports a higher number of bat species
and their activity (Adams and Law, 2011; Hanspach et al., 2012; Jung
etal., 2012; Starik et al., 2018). We thus used an index that describes
vertical as well as horizontal structural richness of the dry grassland
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plots. Therefore, we used the foliage height diversity index (FHD),
which was originally proposed by MacArthur and MacArthur
(1961) as a description of heterogeneity in vegetation layer coverage
and to predict bird species richness. It was later adapted in other
studies for birds (Wood et al., 2013) and for bat occurrence in forest
systems (Froidevaux et al., 2016). For calculating the FHD as a
measure of structural richness, we applied the Shannon-Wiener
Index [in R 4.0.3. by R Core Team (2020); package: vegan, Oksanen
et al., 2020; function: diversity], as proposed in Froidevaux et al.,
(2016). For that, we used cover values of foliage height classes:
ground 0-1m, shrub 1-5m, tree low 5-10 m, tree high >10 m. To
assess vegetation cover per height class, we did in-field vegetation
sampling of the study plots within a 25m radius around the
Batlogger locations. We identified the positions and average heights
of woody vegetation structures (shrubs and trees) that were taller
than 0.5m and drew the vegetation layout true to scale on a grid
map. For height estimation of larger trees, we used a tree-height-
measuring app (App: “Baumhohenmesser,” Foresttools, Gottingen,
Germany). In the following, looking at the drawn map and knowing
the heights of the woody vegetation, we estimated the amount of
square meters covered by woody vegetation in each defined height
class and then calculated the percentage of the total plot covered by
each height class. The FHD correlated positively with other
descriptives of the dry grassland plots (cover values of height classes
and total foliage cover) with Pearson coefficients from 0.8 and
higher [in R 4.0.3. by R Core Team (2020), package: Ggally, by
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Schloerke et al. (2021), function “ggcorr”]. We therefore considered
the FHD as an appropriate proxy for the description of local
structural richness.

2.5. Landscape features

For the landscape analysis, we considered landscape features that are
of known relevance for bats and would aid in describing the landscape in
terms of openness, homogeneity, connectivity and availability of resources
for bats. We thus included forests and urban areas, as important roosting
and foraging habitats (e.g., Dietz and Kiefer 2016), as well as water bodies,
offering valuable foraging sites especially in open land (e.g., Heim et al.,
2018). We also considered woody features (e.g., hedges, tree lines and
small woodland patches), as important connectivity features for many bat
species using them for sonar guidance, protection and foraging (e.g.,
Verboom and Huitema, 1997). In addition, we included open land,
consisting of pastures and predominantly cropland, known to negatively
affect bat activity (e.g., Put et al., 2019). Lastly, we considered patchiness
of the landscape as a measure for homogeneity. A homogeneous landscape,
with less patches, can be detrimental for some bat species (e.g., Mendes
etal,, 2017) as it provides less heterogeneous niches and edge habitats for
commuting and hunting (Ethier and Fahrig, 2011). The landscape features
and the used measurements can be found in Table 1. To derive
measurements of landscape features we performed landscape analysis
(Supplementary image S1) within a 200 m radius around the Batlogger
position using the geographic information system QGIS 3.16.3 (QGIS
Development Team, 2021). We adapted a 200 m radius, as this distance has
already shown significant effects of landscape features on bat activity and
species composition, for example in Heim et al. (2015). We used layers
with detailed landscape data (spatial data: ATKIS-Basis-DLM, source:
“GeoBasis-DE/LGB, dl-de/by-2-0, 2021). The categories of the landscape

10.3389/fevo.2023.995133

layers were then reclassified into broader categories: urban area, water
body, forest and open land (pastures + cropland; Supplementary Table S2)
and used for subsequent spatial analysis in QGIS. Furthermore, we used
a high-resolution layer of woody features, which consisted of patchy, linear
and additional woody structures, such as hedges and tree lines (spatial
data: Small Woody Features 2015, source: “European Union, Copernicus
Land monitoring Service, 2020). Woody features directly connected to
forest were reclassified as forest when they were protruding not more than
5m from the forest. Further, we corrected major misclassification errors
in landscape categorizations by checking in the field. We then calculated
within the 200m radius the cover of forest, open land (pastures +
cropland) and woody features in percentage. Additionally, we counted the
number of landscape patches regardless of their types within the 200m
radius. Separate patches could be for example landscape features distinct
from their surroundings (e.g., forest or woody patches) or when divided
by paths or roads (e.g., separate fields of crop or pastures). Lastly,
we measured the linear distances from the Batlogger locations to the
nearest urban areas, woody features and water bodies. We checked all
variables for collinearity and found Pearson coeflicients only between —0.6
and 0.6, indicating no notable correlations [in R 4.0.3. by R Core Team
(2020), package: Ggally, by Schloerke et al. (2021), function “ggcorr”].

2.6. Statistical analysis

The following statistical analyses were performed in R (version 4.0.3,
R Core Team, 2020).

2.6.1. Modeling responses to local and landscape
features

To assess whether bat activity and foraging of each functional guild
responded to increased structural richness (FHD) of dry grassland

TABLE 1 Final choice of local and landscape features and their abbreviations used for further analysis.

Abbreviation

Local & Landscape features

Relevance for bats found in:

Measurements

Dry grassland (r =25m)
Foliage height diversity (structural richness) FHD Froidevaux et al. (2016)

Landscape (r=200m)

Forest: For Fuentes-Montemayor et al. (2013); Heim et al. (2015, 2018); Kalda et al. (2015b);
Percentage cover Treitler et al. (2016)
Open land (pastures + cropland): Open Put et al. (2019)
Percentage cover
Patches: Patch Mendes et al. (2017)
Counted number
Urban area: DistUrb Fuentes-Montemayor et al. (2013); Heim et al. (2015)
*Distance
Water bodies: DistWat Downs and Racey (2006); Stahlschmidt et al. (2012); Fuentes-Montemayor et al. (2013);
*Distance Heim et al. (2015, 2018); Mendes et al. (2017)
Woody features: ‘Wood Verboom and Huitema (1997); Downs and Racey (2006); Boughey et al. (2011b);
Percentage cover DistWood Frey-Ehrenbold et al. (2013); Kelm et al. (2014); Heim et al. (2015); Kalda et al. (2015a);
*Distance Toffoli (2016)

Right column shows examples of literature where the landscape variable has shown a relevance for bats. *Distances were also measured when reaching outside of the 200 m radius.
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TABLE 2 List of identified species/sonotypes in their associated functional
guilds and the accumulated number of activity/foraging minutes based on
47 sampling nights.

Total numbers of minutes

Species/sonotypes

Activity Foraging
Open space guild
Eptesicus serotinus 177 3
Nyctaloid 424 23
Nyctalus leisleri 139 6
Nyctalus noctula 2,278 215
Edge space guild
Barbastella barbastellus 2 0
Pipistrellus high 177 15
Pipistrellus low 168 7
Pipistrellus nathusii 1,180 49
Pipistrellus pipistrellus 784 56
Pipistrellus pygmaeus 923 107
Narrow space guild
Myotis myotis 11 0
Myotis spp. 215 2
Plecotus spp. 39 0
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FIGURE 2
Nightly activity minutes of bat guilds (open, edge, and narrow space)
counted during 47 nights on 12 dry grassland plots.

plots, as well as to landscape features and/or the interaction of both,
we applied information-theoretic model selection with generalized
linear mixed models (R package: glmmTMB, Brooks et al., 2017). This
approach was chosen over an a priori set of candidate models, as
we expected all predictors to have effects on bat activity and foraging
to some extent (see “Landscape features”) and it allowed us to find the
most explanatory set of predictors (Bolker et al., 2009; Frey-Ehrenbold
etal, 2013; Kalda et al., 2015a; Mendes et al., 2017). We used a negative
binomial link due to overdispersion. FHD and landscape features were
taken as fixed effects and mean nightly temperatures and the IDs of the
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dry grassland plots were taken as random effects. All predictors were
scaled using the scale function (Becker et al., 1988). We conducted
stepwise forward selection while keeping FHD in every model and in
a stepwise manner adding landscape features as main effects and then
as interaction terms with FHD, looking for the model with the best AIC
value indicating the most parsimonious model
(Supplementary Table S3). We chose forward selection for the following
reasons: first, to reduce the risk of convergence issues due to overly
complex models; secondly, to mirror our research questions approach,
by initially testing for effects of dry grassland structural richness and
then adding features from the broader landscape scale. Model selection
was performed for all guilds and their activity as well as their foraging

activity (except for the narrow space guild).

2.6.2. Functional composition of bat assemblages

From the cumulative total bat activity of all three functional guilds
per night and plot, we calculated the percentages of nightly activity per
guild. From there we derived the median activity per dry grassland plot
for each guild. This made the dry grassland plots comparable in their
proportions of functional guild activity counts. To investigate the
proportional differences on dry grassland fragments we performed
non-metric multidimensional scaling (NMDS in R package: vegan;
function: metaNMDS, Oksanen et al, 2020). We then applied
environmental fitting of the dry grassland and landscape features onto
the ordination (R package: vegan, Oksanen et al., 2020; function: envfit)
to investigate their potential to explain proportional changes of bat
assemblages between dry grassland plots. Results were supported by
using permutational multivariate analysis of variance [PERMANOVA
in R package: vegan, Oksanen et al., 2020; function: adonis, based on
Anderson (2001)].

3. Results
3.1. General results

At 12 dry grassland plots, during a total of 47 sampling nights,
we found 13 bat species/sonotypes that we had grouped into the three
functional guilds (Table 2) and 5,488 minutes with echolocation activity
of one or more bat species/sonotypes. Bats were active during 19% of
the total recording time (28,560 min) in which one or more bats could
have been recorded. Per night at a plot, we counted on average almost
2hours of bat activity (mean: 117 min). Eight percent of activity minutes
contained feeding buzzes of one or more bat species/sonotypes from the
open and edge space guild, indicating foraging activity. Nightly activity
(Figure 2) mainly consisted of the open and the edge space guild.
Activity of bats from the narrow space guild was generally much lower.
The activity of the open space guild was dominated by Nyctalus noctula
(75%). The edge space guild showed shared dominances of Pipistrellus
nathusii (37%), Pipistrellus pygmaeus (29%) and Pipistrellus pipistrellus
(23%). Lastly, the Myotis group (81%) formed the largest part of the
narrow space guild. Each dry grassland plot was visited by an average of
11 bat species/sonotypes throughout the year, with a nightly mean of
eight, indicating a regular use by a high proportion of the recorded bat
species/sonotypes. Additionally, we recorded at least three species/
sonotypes of higher conservation concerns according to the German
Red List (Meinig et al., 2020): Eptesicus serotinus (threatened) on 11
plots, Plecotus spp. (threatened) on 9 plots and Barbastella barbastellus
(highly threatened) on one plot.
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3.2. Responses to local and landscape
features

Model selections revealed that a combination of both local (plot
level) and landscape scales, and especially their interactions, is important
for explaining activity (Table 3) and foraging (Table 4) of bat functional
guilds at the dry grasslands.

Bats from the edge space guild showed strong associations with
local structural conditions. Their activity generally increased
significantly with higher structural richness (FHD), regardless of
landscape interactions. We also found significant additive effects of
features on the landscape scale on edge space bats. They foraged
more above dry grassland plots when water bodies were closer by,
indicating associations with other main habitat types. However, they
were more active on dry grasslands plots when there was less forest
in the surrounding and their foraging activity increased with greater
distances to woody features (Figure 3), suggesting an increased use
of dry grasslands when other habitat sources are less available.
Activity of bats from the narrow space guild decreased at dry
grassland plots further away from woody features (Figure 3), showing
a stronger accessibility limitation.

For all functional guilds, we found significant interaction effects of
local structural richness in combination with landscape features
describing openness, homogeneity and availability of main habitats. The
activity of open and narrow space bats (Table 3) as well as the foraging
activity of open and edge space bats (Table 4) increased above dry
grassland plots with more local structural richness, when they were

10.3389/fevo.2023.995133

surrounded by a higher percentage of open land (pastures and cropland).
In less open landscapes, structural richness was less important for the
open space guild (Figures 4A,B) and the narrow space guild (Figure 4D),
while in the foraging activity of the edge space guild, the effect was still
positive but less prominent (Figure 4C). Additionally, edge space bat
foraging increased on structurally richer dry grassland plots, when the
number of patches in the surrounding decreased (Figure 5). Lastly,
structurally richer dry grassland plots were used more by open space
bats (increase in activity and foraging) and foraged more by edge space
bats, when urban areas were further away.

3.3. Functional compositions of bat
assemblages

Non-metric multidimensional scaling separated dry grassland plots
based on the median percentage of nightly activities of the function
NMDS: k=2, stress=0.006,
Supplementary Table 54). Environmental fitting including local and

guilds (Figure 6; perm=999,
landscape features showed that the structural richness (FHD)
significantly explained separation of dry grassland plots along the y-axis
(r*=0.68, p=0.010). Especially the activity proportion of edge space
guild increased with higher structural richness. This was supported by
PERMANOVA (FHD: #*=0.54, p=0.022,

Supplementary Table S5) and suggests that structural composition of

results of the

dry grassland fragments influences assemblage composition of bats.
Landscape features did not show significant effects.

TABLE 3 Results of bat guild activity predictions from the forward selections of generalized linear mixed models (GLMM) with negative binomial links based

on selection of the best Akaike's information criterion (AIC).

GLMM model Parameter Estimate Standard error Z value Pr(>|z|)

Open space guild (Intercept) 3.1427 0.2767 11.360 sl

activity

AIC: 468.1 FHD —0.1365 0.1291 —1.057 n.s.
Open 0.1408 0.1343 1.048 n.s.
DistUrb 0.6843 0.1945 3.518 ok
Wood —0.3267 0.1907 -1.713
FHD*Open (Figure 4) 1.1413 0.2499 4.567 ok
FHD*DistUrb 0.9694 0.2784 3.482 ok

Edge space guild activity | (Intercept) 3.8142 0.2088 18.264 ke

AIC: 459.6 FHD 0.3939 0.1656 2.379 *
For —0.5750 02398 ~2398 *

Narrow space guild (Intercept) 0.88980 0.27875 3.192 ok

activity

AIC: 257.4 FHD 0.40062 0.28511 1.405 n.s
Open 0.14072 0.15188 0.927 n.s
DistWood (Figure 3) —0.76303 0.28555 —2.672 ok
Patch 0.05497 0.26329 0.209 n.s
FHD*Patch (Figure 4) 1.10942 0.31057 3.572 HoAE
FHD*Patch 0.64107 0.37177 1.724

Listed are the final models for activities of open, edge and narrow space guilds based on 47 nights at 12 grassland dry grassland plots and the habitat and landscape features (refer to Table 1).
Positive estimate values (+) indicate positive effects and negative values (—) negative effects. n.s., non-significant; °p <0.1; * p <0.05; *¥p <0.01; ***p<0.001.

Frontiers in Ecology and Evolution

07

frontiersin.org



https://doi.org/10.3389/fevo.2023.995133
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Ewert et al.

TABLE 4 Results of bat guild foraging activity predictions from the forward selections of generalized linear mixed models (GLMM) with negative binomial

links based on selection of the best Akaike's information criterion (AIC).

10.3389/fevo.2023.995133

GLMM model Parameter Estimate Standard error Z value Pr(>|z])

Open space guild foraging (Intercept) 0.76786 0.42613 1.802

AIC:252.1 FHD —0.04104 0.35316 —0.116 n.s.
Open 0.59091 0.29060 2.033 *
DistUrb 0.74269 0.35610 2.086 *
FHD*Open (Figure 4) 1.47709 0.60054 2.460 *
FHD*DistUrb 1.10715 0.55029 2.012 *

Edge space guild foraging (Intercept) —0.4091 2.1632 —0.189 n.s.

AIC: 221.8 FHD —2.3540 2.3254 —-1.012 n.s
DistWat —3.4008 0.9687 —3.511 ok
DistUrb 0.9301 0.9068 1.026 n.s
Open 1.2013 0.2157 5.568 ok
Patch —3.9534 0.7601 —5.201 ok
DistWood (Figure 3) 2.3413 1.1500 2.036 *
FHD*DistUrb 3.4652 1.3265 2.612 ok
FHD*Open (Figure 4) 4.0477 0.7864 5.147 otk
FHD*Patch (Figure 5) —-8.9213 1.8411 —4.846 ek
FHD*DistWood 1.9979 1.8752 1.065 n.s

Listed are the final models for foraging activities of open, edge and narrow space guilds based on 47 nights at 12 grassland dry grassland plots and the habitat and landscape features (refer to
Table 1). Positive estimate values (+) indicate positive effects and negative values (—) negative effects. n.s., non-significant; “p <0.1; *p <0.05; **p <0.01; ***p <0.001.

4. Discussion

Loss of (semi-) natural habitats and ecosystem changes are
consequences of agricultural intensification, which is globally
identified as the major cause of the current biodiversity crisis (Burns
et al., 2016; Young et al., 2016; Diaz et al., 2019; Raven and Wagner,
2021). The presence of non-crop habitats in intensified agro-
ecosystems is crucial to enable occurrence and dispersal of a variety
of organisms that are necessary to sustain a resilient species pool and
associated ecosystem services (Tscharntke et al., 2005; Fischer et al.,
2006). In this study we focused on fragmented, protected European
semi-natural dry grasslands, which are known for a very high plant
biodiversity (Dengler et al., 2012; Wilson et al., 2012) and a rich
insect fauna (Wallis de Vries and Van Swaay, 2009; Rasran et al.,
2018; Schuldt et al., 2019). An increased value has been particularly
proven for small dry grassland fragments in agro-ecosystems, locally
(Rosch et al,, 2015; Dedk et al., 2020) and in exchange with the
surrounding landscape (Tscharntke et al., 2002; Duelli and Obrist,
2003; Lindborg et al., 2014; Zulka et al., 2014). However, their
importance for highly mobile species, such as bats, is not yet
understood, even though many bat species face challenges of
agricultural intensification, such as habitat and connectivity losses
(Browning et al., 2021) and when moving through open land (Frey-
Ehrenbold et al., 2013). Revealing which local structural conditions
and landscape features as well as their interactions increase
commuting and foraging of bats on dry grassland fragments, is of
utmost importance for bat conservation and for evidence-based
decision making in management and conservation efforts of dry
grasslands. Our results shed light onto the importance of dry
grassland fragments for bats in a farmland-dominated region in
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Germany in relation to local vegetation structural richness and the
availability of other important habitats. This is especially relevant in
agriculturally rich regions, where other non-crop habitats are
reduced (Burns et al., 2016) or more distant. We show regular
visitations by a relatively high number of bat species/sonotypes
throughout the year, also by species/sonotypes of higher conservation
concern. Our results clearly show, that dry grassland use by bats is
determined by local structural richness, the features of the
surrounding landscape and the interaction of both.

4.1. Local and landscape features determine
dry grassland use

As predicted, our results show additive effects of local and
landscape features on dry grassland use by bats. This is in accordance
with findings of other studies that highlighted the influence of
landscape features at different scales on bat occurrence and their
activities (Boughey et al., 2011a; Kalda et al., 2015b; Heim et al.,
2017; Mendes et al., 2017).

Bats from the edge space guild appeared to be the most
responsive to local conditions of dry grassland fragments. Their
activity above dry grassland plots generally increased with a higher
structural richness, hence more heterogeneous shrubs and trees. This
is corroborated by findings of previous studies, showing that edge
space bats prefer moving along structural features (Verboom and
Huitema, 1997; Downs and Racey, 2006; Toffoli, 2016), specifically
close to taller trees (Froidevaux et al., 2022) and it suggests that
structurally richer dry grasslands have a higher value than very open
ones, for edge space bats commuting in relatively open agricultural
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FIGURE 3
Effect plot for the predicted effects of distance to woody features
(scaled) on (A) edge space guild foraging and (B) narrow space guild
activity.

landscapes settings. When looking at landscape features, edge space
bats were more active above dry grassland plots when less forest was
available in the surrounding, and they foraged more at dry grassland
plots when woody features (such as hedgerows) were further away.
This is opposite to findings of other studies that show higher activity
of the edge space bats (such as Pipistrellus species) close to forest
(Davidson-Watts et al., 2006), forest edges (Heim et al., 2018) and
woody features (Verboom and Huitema, 1997; Downs and Racey,
2006; Frey-Ehrenbold et al., 2013). However, the latter studies also
highlight that Pipistrellus species can cover greater distances in open
land away from favorite habitats to reach other favorable land
patches. According to Kelm et al. (2014), the biggest activity drop of
Pipistrellus species away from structural edges into open land is
usually within the first 50 m. Since we show increased activity at dry
grassland plots away from woody features (here average distance:
44 m) and with less surrounding forest cover, we propose that dry
grassland fragments are possibly favorable habitats for bats from the
edge space guild (see also Davidson-Watts et al., 2006 for Pipistrellus
species in unimproved grasslands) and potentially fulfill an
important function for commuting and foraging. These results are
not supporting our expectation of accessibility limitations for edge
space bats, although this could possibly become the case in regions
where dry grasslands fragments are too isolated from other
connecting landscape features (Frey-Ehrenbold et al., 2013). In
contrast, but as expected, the narrow space guild exhibited stronger
accessibility restrictions by showing reduced activity on dry
grassland plots further away from woody features. This is in
accordance with findings from Frey-Ehrenbold et al. (2013) showing
the greatest limitations in open land for the narrow space bats of the
Mpyotis and Plecotus groups. Therefore, isolated dry grasslands
fragments might eventually fall out of their reach, if they are beyond
their accessibility threshold.

Our results also highlight the importance of other habitat types in
the landscape. Edge space bats foraged more on dry grassland plots
closer to waterbodies. The high value of the latter for various bat species
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as foraging ground has been supported by other studies before
(Stahlschmidt et al., 2012; Kalda et al., 2015a; Heim et al., 2018).
Wetlands are also among the most preferred habitats for the edge space
bat species Pipistrellus pipistrellus and Pipistrellus pygmaeus (Davidson-
Watts et al., 2006; Dietz and Kiefer, 2016).

We did not find independent effects of local structural richness
on bats from the open and the narrow space guild, but only in
interaction with landscape features, indicating that for these bats
surrounding conditions determine the importance of dry grasslands
and their structures (discussed below). We also did not find
significant effects of surrounding forest cover on bat activity and
foraging in the open and narrow space guilds, even though other
studies have shown positive associations of several bat species with
forest proximity (Frey-Ehrenbold et al., 2013; Treitler et al., 2016)
and cover (Boughey et al., 2011a; Heim et al., 2015; Mendes et al.,
2017). We suppose that changes in the overall low forest cover in the
200m radius (mean: 7%) were irrelevant for the fast flying
open space bats and that the long distances (mean: 153 m) excluded
many woodland dwelling narrow space species, keeping their
activity low.

Our results here indicate the use of dry grasslands by bats in relation
to local conditions and to availability of other main bat habitats and
landscape features, which mainly affected bats from the edge and narrow
space guild. While dry grassland fragments appear beneficial for
commuting and foraging of bats from the edge space guild, especially
when containing heterogeneous vegetation structures, narrow space bats
show a dependency on higher connectivity to other structural landscape
features (such as hedgerows). Our findings therefore also underline the
necessity of connectivity networks and corridors in open farmland
(Rosenberg et al., 1997) and the availability of other important habitats
(Heim et al, 2015) to facilitate bat dispersal and provide
additional resources.

4.2. Landscape setting determines the
importance of local conditions for bats

We furthermore confirmed our prediction that landscape
features would influence the correlations with local structural
conditions and therefore determine dry grassland use. Key findings
in this study are the impacts of the amount of open land (pastures
and cropland) and of the number of landscape patches on the bat
activity correlation with local structural richness. Bats used
structurally richer dry grassland plots more for commuting and/or
foraging, when the surroundings were more open (all guilds) and
less patchy, hence more homogeneous (edge space guild). Both
parameters, openness and homogeneity of landscapes, are of special
importance, since they usually are negative consequences of
agricultural intensification (Matson et al., 1997; Stoate et al., 2001;
Tilman et al., 2001; Jongman, 2002; Burns et al., 2016). They very
likely determine resource availability for bats in the landscape due
to the following reasons: A higher amount of open farmland means
the reduction of other main non-crop habitats, necessary for
commuting and foraging. Similarly, homogeneous landscapes with
less patches usually contain fewer crop types with reduced insect
diversity (Olimpi and Philpott, 2018), and fewer habitat edges
(Ethier and Fahrig, 2011). Consequently, previous studies have
found decreasing bat activities of several bat species in farmland
with greater amounts of open agricultural land (Put et al., 2019),
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values are represented by the first and third quartile of the open land data (scaled) respectively.

above improved meadows and pastures when further away from
other important habitats (Heim et al., 2015; Treitler et al., 2016), and
with less landscape heterogeneity (Monck-Whipp et al., 2018;
Froidevaux et al., 2022). The latter especially facilitates edge bats
movement (Mendes et al, 2017), which could explain why
patchiness only appeared in results for the edge guild. Despite the
just named known negative effects of a high amount of open
farmland and heterogeneity loss, we found locally increased bat
activity and foraging above dry grassland plots, when these provided
higher structural richness. This is also contrary to findings of
Froidevaux et al. (2022), who showed that local features become
more relevant for many bat species only when the landscape is more
heterogeneous. We therefore argue that the value of dry grassland
fragments with diverse shrub and tree vegetation in intensive
farmland increases, when the surrounding landscape becomes more
unfavorable. For that, we provide the following explanations: first,
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the higher richness in vegetation structures can offer more niches,
aiding a high variety of bat species with different sensory
requirements and habitat adaptations, as it is known from forest
systems (Adams and Law, 2011; Hanspach et al., 2012; Jung et al.,
2012; Miiller et al., 2013; Froidevaux et al., 2016; Blakey et al., 2017;
Starik et al., 2018). Secondly, dry grasslands contain a rich insect
fauna (Wallis de Vries and Van Swaay, 2009; Rasran et al., 2018) as
potential food sources. The presence of more and denser vertical
woody vegetation structures, such as trees, can further increase
insect abundance (Miiller et al., 2012; Fuentes-Montemayor et al.,
2013), especially in agricultural regions [such as at trees and
hedgerows in Griiebler et al. (2008)]. In the surrounding landscape,
certain types of farmland, such as orchards or vineyards, could also
provide diverse vegetation structures. Additionally, even open
cropland can offer occasional plentiful insect food sources for bats.
However, the latter is usually ephemeral and depending on crop
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the activity compositions of functional bat guilds (indicated by stars).
Environmental fitting was used to find explanatory variables for
differences in guild composition. The significant variable (FHD) is
represented as a vector.

growth and season (Heim et al., 2016, 2017; Stahlschmidt et al.,
2017). Moreover, in conventional farmland, feeding on insects will
lead to direct contamination of bats with pesticides (Stahlschmidt
and Briihl, 2012; Stahlschmidt et al., 2017). Dry grasslands on the
other hand, as semi-natural habitats, can provide stable food
supplies for bats throughout the growing season (Davidai et al.,
2015) and thus buffer negative effects of intensive farming practices.
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We additionally found prominent interaction effects of distance to
urban areas and local dry grassland conditions in the open space
(activity and foraging) and edge space (foraging) guild, as their use of
dry grassland plots increased with higher structural richness and with
greater distance to urban areas. It is known that some species especially
from open and edge space guilds regularly utilize urban areas for
roosting and foraging (Jung and Threlfall, 2018) and that the proximity
to anthropogenic areas can positively affect bat species occurrence and
activity in grasslands nearby (Heim et al., 2015). Our study region
contained mainly rural, low-density settlements, which have great
potential as roosting or feeding sites (Gehrt and Chelsvig, 2004; Dixon,
2012). We therefore argue, that structurally richer dry grasslands
increase in value when further away from such urban sites.

Our results here could only be obtained by investigating interaction
terms of landscape and local features. As other studies suggested, effects
of landscape conditions on bats at a broader scale are usually dominant
over local conditions (Kalda et al., 2015a,b) but interaction terms can
reveal scenarios where local features become relevant. Hence, the
availability of resources for commuting and foraging provided by the
surroundings determine the importance of local features. We thus
conclude that in simpler and more open agricultural regions, structurally
richer dry grasslands are favored by bats over less structured ones.

4.3. Functional guild assemblages shift with
local features

In accordance to our prediction, we found that local structural
conditions on dry grasslands change bat guild activity compositions.
Our results show a proportional shift from open space to edge space
guild activity with higher structural richness of plots. This again
highlights the previously discussed positive affinity of edge space bats
with structurally richer dry grasslands, which makes them the
dominating guild, when diverse shrubs and trees are available. This
corroborates the results of Davidson-Watts et al. (2006), who found that
(scrubby) grasslanda are among favored habitat types for Pipistrellus
pipistrellus and P. pygmaeus. We did not clearly see dominance changes
along the structural richness gradient in the narrow space guild, which
seems counterintuitive given their affinity to vegetation clutter. The
activity of the narrow space guild however was generally low, which
might have been caused by the overall open character of the landscape,
and proportional changes were likely to be minor, compared to the other
dominant guilds.

Heim et al. (2015) found shifts in species composition above
pastures and meadows in correlation with cover of and distances to
landscape features in a 200 m radius. In contrast, we did not find any
explanation for shifts of bat assemblages by any landscape features. Here
the limited sample size of dry grassland plots embedded in not extremely
varying landscapes (given that most dry grassland fragments are located
in farmland), might have obscured possible evidences.

4.4. Conclusion and further applications

To our knowledge, we show for the first time the importance of
European dry grassland fragments for bats under certain local and
landscape compositional conditions in an agriculturally rich region
in Germany. While we confirm a constant use of dry grasslands by a
high number of bat species/sonotypes throughout the season, we also
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show that effects of local and surrounding landscape features on bat
activity and foraging vary between functional bat guilds. Nonetheless,
our study emphasizes for all bat guilds the significant value of dry
grasslands with increased local structural richness in unfavorable,
open and homogeneous farmland. We thus argue that dry grassland
fragments especially with heterogeneous shrub and tree vegetation
have a high potential as stepping stones for bats in intensive
agricultural regions. By that means, we underline the necessity of
heterogeneity on different spatial scales for biodiversity in such
landscapes (Benton et al., 2003). Our findings are of high ecological
importance and conservation concern, as many bat species are facing
increased challenges in agriculturally intensified regions through
habitat and connectivity loss (Browning et al,, 2021), but are
providing important services as insect pest control (Cleveland et al.,
2006; Kalka and Kalko, 2006; Kalka et al., 2008; Williams-Guillén
et al., 2008). With our results, we add evidence to the high
biodiversity value of European dry grassland fragments in
agricultural regions, which was previously mainly shown for plants
(Lindborg et al., 2014; Dedk et al., 2020) and insects (Tscharntke
et al., 2002; Duelli and Obrist, 2003; Rosch et al., 2015). Lastly, our
findings contribute to informed decision making for dry grassland
management and bat conservation.

For further applications, we highlight the importance of careful
considerations before removal of heterogeneous shrub and tree
vegetation on dry grassland fragments. This is contradicting the current
management goals of dry grasslands, aiming to reduce shrub and tree
encroachment. However, in this study we showed positive correlations
of bat activity with increased structural richness, while the maximum
structural richness corresponded with a rather low foliage cover of 25%
(summed up cover of shrub and tree foliage), which is still equivalent to
a mediocre management state for the dry grassland types found in
Brandenburg, Germany (Landesamt fiir Umwelt Brandenburg, 2022).
We thus propose considering leaving heterogeneous shrubs and trees on
dry grassland fragments particularly in open, homogenous and
intensively used agricultural regions, while this appears less important
in heterogeneous landscapes. In line with previous studies, we highlight
the need of connectivity networks (such as hedgerows) in landscapes to
allow accessibility of edge and narrow space bat species (Frey-Ehrenbold
etal, 2013; Heim et al., 2015). More importantly, we strongly advise to
co-evaluate interactions of local and landscape features, as this leads to
a better understanding of the landscape settings that determine the
importance of dry grassland conditions for bats. Finally, we encourage
more research on the relevance of these habitat types for single bat
species, in different regions and subsequently also for other
non-target organisms.
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