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Abstract
1.	 Bats are important but threatened insectivorous predators, making them a core 

group to consider when weighing the risks and benefits of insecticide use for 
combating pest outbreaks. Bats may benefit from open spaces created when in-
sect pests defoliate tree canopies. Applying insecticides could also make treated 
areas less attractive to bats by lowering insect availability and increasing canopy 
densities.

2.	 Here, we examined the effects of a one-time insecticide treatment of oak for-
est plots with tebufenozide under outbreak and non-outbreak scenarios of the 
forestry pest species Lymantria dispar in a full-factorial and well-replicated field 
experiment. The activity of all bats and of closed-, edge- and open-space foragers 
was measured at 44 plots over 3 years using autonomous acoustic bat recorders. 
We simultaneously estimated the biomass of available flying insect prey using 
light trapping and quantified changes in tree canopy density using satellite-based 
radar.

3.	 Contrary to our expectations, we found higher bat activity in insecticide-treated 
plots than in untreated plots, including plots with predicted L. dispar outbreaks. 
There was no overall prey reduction at treated plots. Moreover, the high canopy 
density, particularly at treated plots, likely promoted biomass of non-moth, non-
beetle flying insects. This suggests that bats, especially open-space foragers, 
responded to the increasing availability of other insects at treated plots with a 
higher canopy density, rather than to a decrease in prey availability.

4.	 Synthesis and applications: L. dispar drastically decreased the canopy density of 
outbreak plots, whereas insecticide treatment protected the tree canopy from 
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1  |  INTRODUC TION

Insect pests, such as defoliators, are a major challenge for forest man-
agement. Defoliating insects consume foliage and can result in wide-
spread tree mortality, among other effects (Davidson et al., 1999). 
The spongy moth Lymantria dispar (Linnaeus, 1758; Lepidoptera: 
Erebidae) feeds on more than 300 different woody plants as a cat-
erpillar, with a preference for oak (Boukouvala et al., 2022). L. dispar 
populations cycle between periods of low density interrupted by 
massive outbreaks resulting in completely defoliated forest cano-
pies. These outbreaks arguably make this species the most signifi-
cant defoliator of temperate deciduous forests in Europe and North 
America (Elkinton & Liebhold, 1990; Johnson et al., 2006).

Vertebrate predators such as bats can act as a natural pest 
control by exerting strong top-down control on low-density prey 
populations, but they are not capable of suppressing major pest 
outbreaks (Beilke & O'Keefe,  2023). Therefore, in cases of severe 
L. dispar outbreaks, insecticides are applied to the forest canopy to 
kill the caterpillars and protect trees from defoliation. Historically, 
insecticides used to control L. dispar were found to have direct lethal 
or sublethal effects on non-target species, including bats (Liebhold & 
McManus, 1999; O'Shea & Johnston, 2009) and were subsequently 
banned. In response, the insecticides used in forestry have moved 
towards substances with specific target groups and low or no toxic-
ity to vertebrates (Holmes & MacQuarrie, 2016). The regulation of 
insecticide treatment in Bavarian forests is overseen by the Bavarian 
State Institute of Forestry (LWF) and is only allowed in cases of 
high defoliation risk and in compliance with state guidelines (Leroy 
et al., 2021).

The insecticide Mimic® is approved for forestry use to man-
age lepidopteran pest outbreaks in Europe. It contains the active 
ingredient tebufenozide, which mimics a Lepidoptera-specific 
growth-regulating hormone and induces lethal moults in caterpillars 
(Retnakaran et al., 2001). Tebufenozide is considered to have a low 
mammalian toxicity, though there are indications that it may have 
haemotoxic effects (Durkin, 2004). Nevertheless, tebufenozide use 
in forests may indirectly affect lepidopteran consumers such as bats, 
as it kills a wide range of non-target Lepidoptera and may lead to a 

reduction in available prey (Leroy et  al.,  2023). Although bats are 
given particular importance when assessing the risks of insecticide 
use in Europe (Jones et al., 2009; Russo et al., 2016), they are par-
adoxically rarely considered in impact assessment studies (but see 
Sample et al., 1996) and are not adequately covered by current pes-
ticide risk assessment (EFSA Panel on Plant Protection Products and 
their Residues (EFSA) et al., 2019).

Central European bats vary in their ability to forage in complex 
three-dimensional forest habitats. Vegetation density is a major fac-
tor determining the activity of bats in different forest areas, with 
bat activity generally decreasing with increasing vegetation den-
sity (Adams et  al.,  2009; Müller et  al.,  2012). Based on their spe-
cific ecomorphological traits, particularly wing and ear shape and 
echolocation patterns, temperate bats can be grouped into three 
guilds: open-space, edge-space and closed-space foragers (Müller 
et al., 2013; Norberg et al., 1987). Among these guilds, only open-
space foragers exhibit a strong response to high local prey abun-
dances (Müller et al., 2012), explained by their ability to exchange 
information and fly long distances to ideal foraging sites (Safi & 
Kerth, 2007; for details see Supporting Information S1).

Lepidoptera are highly abundant in forests and are prey for many 
bat species, both as larvae and imagines (Galan et al., 2018; Safi & 
Kerth, 2007). Indeed, Central European bats are insectivorous and 
important predators of pest species (Ancillotto et al., 2022). Most 
bat species have varied diets, with small bats generally consuming 
small insects, whereas large bats consume insects of all sizes (Barclay 
& Brigham, 1991). Recent studies found aggregative bat responses 
(increased local activity) to outbreaking caterpillars in broadleaf for-
ests (Blažek et al., 2021) and moths in pine plantations (Charbonnier 
et al., 2014), showcasing both the importance of bats as predators 
in forest ecosystems (Beilke & O'Keefe, 2023) and their attraction 
to lepidopteran prey (Böhm et al., 2011; Kalka et al., 2008; Voigt & 
Kingston, 2016).

Forest canopies are valuable foraging spaces for bats (Adams 
et  al.,  2009; Blakey et  al.,  2016), as they harbour considerable 
insect diversity and biomass and are important habitats for noc-
turnal insects (Ober & Hayes, 2008). However, canopies are also 
targeted by defoliating pests, such as caterpillars of L. dispar. Thus, 

defoliation. However, bats were not promoted by lower canopy density, and there 
was no decrease in insect prey availability between plots. Bats continued to be 
active at forest plots treated with tebufenozide, which may be due to insect prey 
harboured in the denser tree foliage at these plots. Overall, we did not observe 
the expected strong negative response of bat activity to tebufenozide treatment 
when using acoustic bat monitoring. However, there may be other risks to con-
sider, such as pesticide exposure and food web alterations, which must be evalu-
ated using different methods.

K E Y W O R D S
bat conservation, bat prey, Chiroptera, forest management, insecticide, mixed oak forests, pest 
species, predators
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caterpillar outbreaks and the management thereof may indirectly 
affect foraging bats through the following two mechanisms: (1) a 
reduction in prey availability when insecticides are applied due to 
lethal effects on L. dispar and non-target caterpillars; (2) a reduc-
tion of canopy density by unmanaged caterpillar outbreaks due to 
tree defoliation, resulting in more open foraging spaces for bats 
(Leroy et al., 2021; Sample et al., 1996). Open-space foraging bats 
are expected to be more active with higher prey densities and 
open canopies in outbreak areas (Müller et al., 2012). Thus, bats 
may be affected by the use of insecticides to prevent defoliation, 
but both individual and combined effects of an L. dispar outbreak 
and tebufenozide application on forest bats have yet to be evalu-
ated (Brunk et al., 2019).

Here, we investigate the response of bats and their insect 
prey to a one-time application of the insecticide tebufenozide 
and L. dispar outbreaks in oak forests over a 3-year period, in a 
large-scale field experiment using a full-factorial design involving 
outbreak and non-outbreak plots that were either treated with 
tebufenozide or left untreated. Due to the dependence of Central 
European bats on insect prey and the strong negative effect of 
tebufenozide on caterpillars, as well as flight restriction associated 
with high canopy density, we tested the following hypotheses: 

(H1) tebufenozide treatment reduces the densities of moths and 
subsequently (H2) reduces the activity of their bat predators, and 
(H3) bat activity increases in severely defoliated forests due to 
reduced canopy density. Since the activity of open-space forag-
ers is typically dependent on local insect densities in accessible 
habitats, we predicted this guild to respond most strongly to prey 
availability and canopy density.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and experimental design

The study was conducted at 11 experimental blocks located within a 
2400-km2-area scattered with oak-dominated forests (Quercus robur 
L. and Quercus petraea Mattuschka) in Bavaria, Germany (Figure 1a, for 
details see Leroy et al., 2021). This region has a history of L. dispar out-
breaks, with two severe episodes in 1993/94 and 2004/2005 resulting 
in completely defoliated forest stands. L. dispar was not regarded as 
a forest pest prior to 1990 due to less frequent outbreaks affecting 
smaller areas (Leroy et al., 2021). All plots selected for this study had 
not been treated with insecticides for at least 8 years prior to 2019.

F I G U R E  1  Map of the study area within Germany (blue rectangle) showing forestry areas (green) and the studied forest blocks (blue 
ellipses) (a). The study design with four plot types (with/without insecticide treatment and risk of Lymantria dispar outbreak based on 
egg-mass counts) included within each forest block is shown in (b). (c) shows the timeline of the study over 3 years: First the outbreak risk 
prognosis of L. dispar, then insecticide treatment and monthly data sampling campaigns (bat recording and light trapping).
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In order to measure immediate and delayed effects of L. dis-
par outbreaks and insecticide applications, a full-factorial design 
was established and investigated over 3 years (Figure 1). The ex-
periment was aligned with an acute L. dispar outbreak phase pre-
dicted in 2019 and followed by 2 years of L. dispar decline, where 
populations naturally collapse due to starvation, viral or fungal 
disease, predation or parasitism (Boukouvala et  al.,  2022). Each 
experimental block included four structurally comparable forest 
plots, two of which had a high risk and two a low risk of signifi-
cant defoliation, as predicted by L. dispar egg-mass counts (Leroy 
et al., 2021; Figure 1b). The area of each plot was at least 6.7 ha 
(Leroy et al., 2021). One high-risk and one low-risk plot within each 
block were randomly selected for aerial treatment with the insec-
ticide formulation Mimic® (Spiess-Urania Chemicals, Hamburg, 
Germany; 240 g L−1 tebufenozide) at a nominal dose of 750 mL di-
luted in 50 L of water per ha (180 g tebufenozide applied per ha). 
Spraying was performed by helicopter between May 3rd and 23rd, 
2019. The insecticide treatment was successful and had strong 
effects on caterpillar density in the tree canopies, reducing the 
abundance of caterpillars to 18% of controls (Leroy et al., 2023). 
This caterpillar reduction translated into highly significant differ-
ences in the canopy foliage density, confirmed by terrestrial LiDAR 
and radar satellite data (Bae et al., 2022; Jacobs et al., 2022). The 
legal basis for the use of forest insecticides in Bavaria is provided 
by the Bavarian State Institute of Forestry (LWF). Approval has 
been applied for from the authority for all areas with Mimic treat-
ments and for insect moth sampling in all areas. Further details of 
the approval process can be found in Leroy et al. (2021). No ethical 
approval was required for this study.

2.2  |  Recording of bat activity

The recording of bat echolocation calls is a common, non-invasive 
method to evaluate the activity of bats at specific locations. We used 
the autonomous bat detectors ‘Batcorder 2.0’ and ‘Batcorder 3.0’ 
(ecoObs, Nuremberg, Germany) to record the call activity of bats. 
One batcorder was deployed at each plot for one continuous night 
during each monthly sampling campaign, for a total of 13 campaigns 
from April to August over the 3 years (Figure 1c). All four plots of 
each forest block were sampled on the same night during a sampling 
campaign to ensure comparability, given that bat activity can vary 
strongly between nights (Hayes,  1997) and all forest blocks were 
sampled within two to four nights. Batcorders were attached to a 
tree near the plot centre at a height of 1.5 m. The area around the 
recorders was mature oak mixed forests with an open understory. 
Bat calls were recorded from 1 h before sunset to 1 h after sunrise. 
We aimed to sample bats, together with potential nocturnal insect 
prey, under optimal weather conditions (i.e. high temperatures, low 
precipitation and low moonlight intensity) (Voigt et al., 2011). In rare 
cases, the sampling campaign was interrupted for a few nights due to 
rain or low temperatures (Figure 1c). Due to technical problems, we 
excluded 59 of 572 plot-trap nights from further analyses. However, 

these were randomly distributed among our predictors, as statisti-
cally confirmed (see Supporting Information: Table S2-1 and R code).

Recorded bat calls were automatically analysed with bcAnalyze 
(ecoObs, Nuremberg) and assigned to species or species groups 
(Supporting Information S1). The classified calls were then as-
signed to one of the three foraging guilds (edge, open and closed), 
if possible. A detailed description of the grouping is provided in the 
Supporting Information (Table S1-1). We used the total number of 
minutes containing recorded bat calls per night (minute count) as 
a measure of total bat activity to account for species-specific dif-
ferences in activity levels, as the total counts of recorded calls can 
bias results (for more details, including on the use of minute counts 
rather than ‘feeding buzzes’, see Supporting Information S2) (Hagen 
& Sabo, 2012; Hendel et al., 2024; Müller et al., 2012). Additionally, 
the calls of three species (Myotis alcathoe, Barbastella barbastellus 
and Pipistrellus pygmaeus) recorded in 2019 and 2020 were manually 
identified by an expert (co-author B.W.) using established criteria 
for audio-species identification (Supporting Information: Table  S1-
1). These species were selected as they are given special focus in 
regional decisions on L. dispar control by environmental and forestry 
agencies.

2.3  |  Sampling of nocturnal flying insects

The most effective way to sample the available flying insect prey 
in parallel to recording bats is still a matter of debate. We chose to 
use light traps alongside bat recording (572 individual trap nights) as 
they are efficient at sampling Lepidoptera, a focal group of our study 
and other important bat prey such as Diptera. To avoid potentially 
negative effects of light on some bat species, we placed the light 
traps >15 m away from the batcorder, as suggested by Froidevaux 
et  al.  (2018) and confirmed in earlier studies (Müller et  al.,  2012). 
For further information see Supporting Information S2. Fresh insect 
samples were sorted into moths (Lepidoptera), beetles (Coleoptera) 
and other insects (mostly Diptera, and some Hymenoptera and 
Heteroptera), then weighed.

2.4  |  Canopy density

While the four categories used for plot selection (outbreak/non-
outbreak × treated/untreated) were fixed, canopy density changed 
dynamically throughout the duration of our study, starting from 
leaf-off in April to different levels of defoliation and refoliation. 
Defoliation intensity was most pronounced in June 2019 at peak L. 
dispar caterpillar activity in untreated outbreak plots, where cater-
pillars consumed up to 97% of leaves (Hilmers et al., 2023, Figure S4-
1). To dynamically quantify the canopy foliage density along with our 
sampling of bats, we used the recently developed normalized canopy 
development index (NCDI) at a high temporal and spatial resolution. 
The NCDI was extracted from satellite-borne radar data (Sentinel-1) 
for each sampling night and plot (Bae et al., 2022).
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2.5  |  Statistical analysis

All statistical analyses were performed using R version 4.0.5. We 
fitted 10 separate models: (1) biomass of the three insect groups 
(moths, beetles and other insects), (2) activity of all bats and the 
three foraging guilds and (3) activity of the most common bat spe-
cies/groups and the three manually identified species (results are 
shown in Table S5-2), with the same structure (Response ~ sampling 
campaign + sampling campaign: outbreak status + sampling campaign: 
outbreak status: treatment status + (1|block/plot)). This model first 
controls for general differences between campaigns, which are 
highly affected by season. Second, it estimates the effect of the 
outbreak status (outbreak/non-outbreak) for each campaign, and 
third, it estimates the effect of the insecticide treatment (treated/
untreated) for each outbreak status in a specific campaign. Insect 
biomass was log-transformed and was tested with a linear mixed 
model (package ‘lme4’, Bates et al., 2015), with Gaussian error dis-
tribution using the same structure as above. Effects on bat ac-
tivity, typical count data, were tested using linear mixed models 
fitted as formulated above using the package ‘glmmTMB’ (Brooks 
et  al.,  2022) with a negative binomial error distribution. To ana-
lyse the activity of all bats and the three foraging guilds, we used 
the results of the automated call identification from all three sur-
vey years as response variables. Since tebufenozide was applied 
in May 2019, the treatment effect was dropped for the pre-spray 
campaign.

In addition to testing effects of the insecticide and outbreak 
treatments, we fitted another generalized mixed model to investi-
gate the relationship between the different insect groups, the ac-
tivity of bat guilds and the canopy foliage density of the plots (Bat 
activity ~ sampling campaign + bat guild + bat guild: moth biomass + bat 
guild: other biomass + bat guild: beetle biomass + bat guild:NCDI + 
(1 | block/plot)) using log-transformed insect biomass (moths, bee-
tles and others) and canopy foliage density (NCDI) as predictors. 
Here we computed group-specific fixed effects in one model with 
shared random effects, following the common practice in mixed ef-
fects models for multiple outcomes (see e.g. Beudert et al., 2015; 
Gueorguieva, 2001; Müller et al., 2012). This approach is a parsimo-
nious compromise between estimating the same random structure 
three times (the three groups) and a model where the correlation be-
tween the three random effects is estimated separately. Moreover, 
this approach ensures comparability of the fixed effects across 
groups in non-collapsible models, because one conditions on the 
same random effects. Lastly, a model investigating potential effects 
of canopy density (NCDI) on insect biomass was fitted. To account 
for the nested structure of our study design, we incorporated a 
full-factorial design and block as a random effect in all models. We 
considered a significant effect to be below p = 0.05 and a marginally 
significant effect below p = 0.1. To visually check the assumptions 
of our models, we used the function check_model in the package 
‘performance’ (Lüdecke et  al.,  2021), which supported our major 
assumptions.

3  |  RESULTS

3.1  |  Nocturnal insect biomass

There was no significant difference in adult moth biomass (all sam-
pled species, not limited to L. dispar) between outbreak and non-
outbreak plots at any time point of the sampling campaign (Figure 2b, 
Table  S5-1). Beetle biomass was higher in outbreak plots than in 
non-outbreak plots in June 2019 (p = 0.02), while the biomass of 
other insects was higher in outbreak plots in August 2020 (p = 0.03). 
Plots sprayed with tebufenozide had lower adult moth biomass than 
unsprayed plots in June 2020 (p = 0.04). While beetle biomass de-
creased with increasing canopy density (NCDI) (p = 0.003), we found 
a significant and strong positive relationship between the biomass 
of other insects and canopy density (p < 0.001, Figure 3, Table S5-4). 
Overall, our results show both a weak effect of the outbreak and a 
delayed, negative effect of tebufenozide treatment on total noctur-
nal flying insect biomass.

3.2  |  Bat activity

Over the three study years, more than 430,000 bat calls were re-
corded, totalling approximately 28,000 min of activity. Edge-space 
foragers were most frequent with approximately 20,000 min of ac-
tivity, 75% of which could be assigned to P. pipistrellus. Open-space 
foragers, accounting for 3000 min, were 10 times more active than 
closed-space foragers, which accounted for 300 min of recorded 
activity.

3.3  |  Effects of insecticide and L. dispar outbreak 
on bat activity

Only the edge-space foraging bats showed a significant difference 
in activity between outbreak and non-outbreak plots (Figure  2a, 
Table S5-1). They were more active in non-outbreak than outbreak 
plots in August 2019, shortly after defoliation, but were, in contrast, 
more active in outbreak plots in July 2020, 1 year after defoliation. 
Effects of insecticide treatment on bat activity were mainly seen in 
outbreak plots. We found higher bat activity in treated outbreak plots 
for all bats (p < 0.001; July 2019), as well as for open-space foragers 
(multiple sampling nights across all 3 years, Table  S5-1), and edge-
space foragers (July and August 2019, see Table S5-1). Only in August 
2019 did we find a significant negative effect of insecticide treatment 
on the activity of all bats in outbreak plots (p = 0.049; Figure 2a). In 
non-outbreak plots, the overall difference between the activity in 
sprayed and unsprayed plots was lower, with only a higher activity 
of open foragers in sprayed plots in August 2020 (p = 0.01) and lower 
activity of edge foragers in sprayed plots in July 2021 (p = 0.03). For 
closed-space foragers, we found no significant effects of outbreak 
nor insecticide treatment (Figure 2a, Table S5-1). We found 14 nights 
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2182  |    HOCHREIN et al.

with marginally significant effects (p < 0.1) of the tebufenozide treat-
ment on bat activity, with eight nights showing slightly higher and 
six nights showing slightly lower bat activity on treated plots than 
untreated plots (Table  S5-1). Overall, these results demonstrate 

weak effects of the outbreak on bat activity, and that bat activity 
was higher in tebufenozide-treated outbreak plots. A more detailed 
analysis of the activity of the three manually identified species did 
not reveal any decrease on treated plots (Table S5-2).

F I G U R E  2  Results of bat and insect surveying at oak forest plots in a full-factorial design, comparing effects of Lymantria dispar outbreak 
vs. non-outbreak and insecticide treatment versus untreated. The upper plots (a) show the number of minutes containing activity of different 
bat guilds and the lower plots (b) show nocturnal insect biomass on a log scale. Plots from top to bottom: All bat species, edge foragers, open 
foragers, closed foragers, moths, beetles and other insects (Others). Data were collected during repeated sampling campaigns across three 
consecutive years. The application of a tebufenozide-containing insecticide to treated forest plots in 2019 is shown in yellow. Asterisks 
indicate significant effects (p < 0.05), determined using generalized linear mixed models (for complete model results, see Table S5-1).

** *

*** ** ** *

**** * * * *

All
Edge

O
pen

C
losed

1

10

100

1000

1

10

100

1000

1

10

100

1

3

10

ba
t a

ct
iv

ity
 [m

in
ut

e 
co

un
ts

]

*

*

*

M
oths

Beetles
O

thers

April May June July August April May June July August April May June July August

3
10
30

100

1

3

10

30

1

10

100

2019                                 2020                                 2021
Sessions/Year

In
se

ct
 b

io
m

as
s 

[g
]

(a)

(b)

 13652664, 2025, 9, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70104 by C

zech A
gricultural U

niversity, W
iley O

nline L
ibrary on [03/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  2183HOCHREIN et al.

3.4  |  Effects of insect biomass and canopy density 
on bat activity

In-depth analyses of the relationship between bat activity and po-
tential prey biomass showed that edge- and open-space foragers 
were more active in plots with a lower biomass of moths, while 
open-space foragers were more active in areas with a high biomass 
of other insects (mainly Diptera) (Table 1). The activity of open- and 
edge-space foragers was higher at plots with more beetle biomass 
(Table  1). Closed-space foragers were more active at sites with 
higher canopy density (Table  1). These results indicate that prey 
biomass had both positive (beetles and other non-moth insects) and 
negative (moths) effects on bat activity and that canopy density had 
positive effects on the activity of closed-space foraging bats.

4  |  DISCUSSION

4.1  |  Delayed effect of tebufenozide on moth 
biomass

Our first hypothesis (reduction of moths at treated sites) was 
supported, as adult moth biomass was reduced by tebufenozide 
treatment. This reduction was not immediately observable in the 
year of treatment but instead occurred in the following summer 
(Figure 2). Parallel studies also indicate that tebufenozide application 

substantially reduced caterpillar biomass and abundance during the 
peak caterpillar period of most moth species in 2019 and 2020 
(Hochrein et al., 2022; Leroy et al., 2023). However, we did not see 
an effect on the overall biomass of adult moths in the year of treat-
ment. The difference between caterpillars and adult moths may be 
partly explained by the immigration of other adult moths from ad-
joining unsprayed forests, specifically by highly mobile and supera-
bundant male L. dispar (Leroy et al., 2021). These males dominated 
moth samples in 2019, resulting in roughly equivalent total moth 
abundances and biomass between treatments. It is important to 
note that the localized application of tebufenozide, as done in our 
study, is a realistic scenario as this is the common practice in the 
mostly small-scale mixed oak forests in Germany. Thus, the immigra-
tion of moths from nearby unsprayed areas can be expected as they 
would not be eliminated by the local spraying.

The vast majority of oak-dwelling Lepidoptera are univoltine and 
pupate throughout the summer. Thus, insecticide effects on these 
species would only be detected in the post-treatment year when the 
larvae affected by insecticides the year before fail to mature and lay 
eggs. This is consistent with our finding of a significant reduction 
of moth biomass on June 2020. Nevertheless, our observed effect 
in adult moths does not nearly reflect the magnitude of caterpillar 
suppression reported in Leroy et al.  (2023). This was likely diluted 
in our study by variation in adult phenology among spring-feeding 
Lepidoptera.

The moth communities appeared to recover after 2 years follow-
ing treatment, which is also indicated by the biomass of adult moths 

F I G U R E  3  Relationship between biomass (log transformed) of 
nocturnal flying insects and the canopy density of oak forest plots. 
The results of a generalized linear mixed model are shown, with 
insect biomass (log-transformed) as the response variable and trap 
night, insect group and canopy density (NCDI) as fixed effects (for 
full model see Table S5-4). Significant correlations (p < 0.05) are 
shown with solid regression lines and non-significant results with 
dashed lines.

TA B L E  1  Results of a generalized linear mixed model with bat 
activity as the response variable and trap night, bat foraging guild 
(closed, edge, open), insect biomass (moths, beetles, other insects) 
and canopy density as fixed effects. Reported results are controlled 
for variation among year, sampling campaign and bat guilds (for 
these effects see full model Table S5-3).

Predictor z-value p-value

Moth biomass

Closed: moths 1.627 0.103

Edge: moths −3.436 0.001

Open: moths −2.476 0.013

Other insect biomass

Closed: other insects −0.709 0.478

Edge: other insects 0.327 0.744

Open: other insects 2.289 0.022

Beetle biomass

Closed: beetles −1.571 0.116

Edge: beetles 2.173 0.029

Open: beetles 2.581 0.009

Canopy density

Closed: canopy density 2.806 0.005

Edge: canopy density 0.194 0.845

Open: canopy density 0.979 0.327
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and caterpillars of canopy species (Leroy et  al.,  2023). However, 
more detailed community-level surveys of moth families known to 
be most vulnerable to insecticide application, such as Geometridae 
and Noctuidae (Leroy et al., 2019), would be required to confirm a 
recovery and not replacement by more tolerant moth species, as 
seen in Btk application in oak forests by Miller  (1990). In contrast 
to effects on moths, there was no reduction in the biomass of other 
insects in treated areas, as expected given the Lepidoptera-specific 
action of tebufenozide.

Each sampling method is biased towards certain taxa. Given 
that we expected the strongest effects of both the L. dispar out-
break and insecticide treatment to be in Lepidopterans, we chose 
to sample potential bat prey with light trapping. Light trapping is 
well-suited for sampling nocturnal flying prey commonly hunted by 
most insectivorous bats, namely nocturnal Diptera and Lepidoptera 
(Galan et al., 2018; Müller et al., 2012; Safi & Kerth, 2004; Sleep & 
Brigham, 2003). In addition, light trapping has been used in previous 
studies investigating effects of Lepidoptera-specific insecticides in 
forests (Sample et al., 1996) and allows our results to be compara-
ble. By trapping on the same night as the bat recording, we could 
account for the strong variation in bat and insect activity that may 
occur between nights. We also minimized the bias of light trapping 
on bat activity with an appropriate distance between the traps and 
recorders (Froidevaux et al., 2018; Müller et al., 2012). However, it 
should be noted that we did not evaluate all possible bat prey, as 
other taxa preferred by specific bat species (such as Araneae con-
sumed by Myotis emarginatus or Carabidae by Myotis myotis) are not 
captured with this method.

4.2  |  The impact of L. dispar outbreak and 
tebufenozide use on foraging bats

We reject our second hypothesis (reduction of bat activity at 
insecticide-treated sites) as we generally observed higher bat ac-
tivity in sprayed plots than in unsprayed controls (Figure 2). This 
effect persisted across all years and was most pronounced in plots 
with high L. dispar densities in 2019 and among open-space forag-
ing bats. Although L. dispar caterpillars were superabundant dur-
ing spring 2019 (Hochrein et al., 2022; Leroy et al., 2021), we did 
not find signs of an aggregative response in foraging bats to this 
resource pulse. According to Blažek et  al.  (2021), who found an 
aggregative bat response to two outbreaking moths (Operophtera 
brumata and Erannis defoliaria), systematic foraging on caterpillars 
can be mainly expected for gleaning bats with the ability to for-
age in dense vegetation (Andreas et al., 2012). Some gleaning spe-
cies such as Plecotus spp. emit quiet calls and are less frequently 
recorded than other species, and their response may have been 
missed in our study. However, bats may have avoided the cater-
pillars as, in contrast to the species in Blažek et  al.  (2021), the 
hairy L. dispar caterpillars may be less attractive prey for bats, as 
shown for birds (Krištín & Patočka, 1997). Moreover, closed-space 
foragers that are adapted to gleaning caterpillars in general lack 

aggregative response behaviour to high insect densities (Müller 
et al., 2012; Safi & Kerth, 2007).

Contrary to closed-space foragers, open-space foragers ac-
tively search for locally high prey densities in open spaces (Müller 
et  al.,  2012). They could be attracted by an L. dispar outbreak, as 
has been observed for outbreaks of the pine processionary moth 
Thaumetopoea pityocampa (Charbonnier et al., 2014). Nevertheless, 
there were no differences in the biomass of adult moths at 
insecticide-treated plots in 2019, only briefly in 2020. Thus, our 
prediction of elevated bat activity in untreated outbreak plots with 
higher prey densities could not be supported. Accordingly, there 
were no differences in the activity of any foraging guild at the sea-
sonal peak of the L. dispar flight period in July 2019. Furthermore, 
there was no response of bat activity to the insecticide-induced re-
duction of moth biomass in June 2020. Contrary to our expectation, 
we observed elevated bat activity in treated outbreak plots across 
all 3 years.

At first glance, higher bat activity in sprayed plots could indi-
cate that bats required more foraging flights to meet their nutri-
tional needs, as described by Banko et  al.  (2022). However, spray 
areas were small (ca. 5 ha) in our study, making it highly unlikely 
that bats would remain in the low-quality sprayed plots and not fly 
to unsprayed plots a few hundred metres away. Furthermore, re-
duced prey availability is unlikely to explain the elevated activity of 
open-space foragers in sprayed plots, which are known to fly many 
kilometers per night and exploit areas with abundant prey (Safi & 
Kerth, 2007). Accordingly, given the overall equal availability of prey 
among all study plots, we should also have detected equal bat activ-
ities in both outbreak and treatment statuses. Since this was not the 
case, our results show that the sampled prey biomass alone cannot 
explain the activity of bats, and that other drivers such as vegetation 
structure likely play a role.

4.3  |  The role of canopy density in prey 
availability and bat activity

Our investigation of the temporal and spatial variation in canopy 
density suggests that the availability of non-moth insects is criti-
cal for open- and edge-space foragers. Only closed-space and not 
open- and edge-space foragers tended to show a positive but non-
significant response to moth biomass, similar to Kolkert et al. (2020). 
Closed-space foragers were also more active with increasing can-
opy density. Differences in prey biomass and bat activity among 
our plots were most likely the result of habitat alterations such as 
canopy density modulated by L. dispar outbreaks and insecticide ap-
plications. One reason for the reduced activity of bats in plots with 
high moth biomass could be that bats preferred plots with non-moth 
prey, where fewer moths were present. Rather than implying that 
bats avoided plots with more moths, increased bat activity may even 
explain the lower biomass of moths captured at those plots, as the 
nocturnal flight duration of moths with an ability to hear bat calls can 
be reduced by active bats (Russo et al., 2018).
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While it appears that canopy density had a positive effect on 
closed-space foragers, the reduction of canopy density by L. dispar 
did not promote open-space foragers, contrary to our expectations. 
We therefore partially reject our third hypothesis (increased bat 
activity in defoliated sites). Instead, bats were more active at sites 
with non-moth insects, which had a higher biomass at plots with high 
canopy density. Blakey et al. (2017) described a trade-off between 
canopy cover and food, where prey is generally more important for 
decisions about foraging habitats, while cover is sought to be max-
imized. Similar to a study in a temperate deciduous forest in China 
(Wang et  al.,  2010), food availability of flying insects was mostly 
equal in all our plots, which enabled bats to choose the plots with 
maximum cover. In our study, the insecticide-treated plots had the 
highest canopy cover, which was associated with a higher availability 
of other insects and may indirectly explain the higher bat activity. It 
is important to note that bats generally have a low prey specificity 
and may prey-switch, which in this case may have been a switch to 
dipteran prey (see Safi & Kerth, 2004). Additional factors that we did 
not evaluate may also drive bat activity in forests, such as proximity 
to roosts.

4.4  |  Possible consequences of insecticide use on 
forest bats

While we did not find an outright negative effect of tebufenozide 
treatment on bat activity and prey in our well-replicated experi-
mental study, our results do not indicate that the use of tebufe-
nozide is beneficial to bats. Our experiment was designed to 
evaluate possible indirect effects through changes in prey avail-
ability and activity of bats based on acoustic monitoring (see 
Supporting Information  S2 for discussion of limitations). Rather 
than an expected decrease in Lepidoptera prey at the treated sites 
and subsequent decrease in bat activity, we observed that overall 
prey availability was only subtly affected, and that bats were still 
active at sprayed sites, though there was a significant reduction 
in Lepidopteran caterpillars by the insecticide application (Leroy 
et al., 2023). Thus, we can conclude that bats continued to use the 
sprayed sites.

Possible consequences for bats include the observed reduction 
in adult moth biomass in June 1 year after the insecticide treatment. 
Early summer is a critical foraging season for bats, as females are 
lactating and have high energetic requirements during this time 
(Encarnação & Dietz,  2006). A lack of moths available during this 
period may negatively affect the reproductive success of moth-
dependent species such as B. barbastellus or Plecotus spp. Bats may 
also be directly affected by tebufenozide, which was not evaluated 
in this study. While this insecticide is considered relatively safe for 
mammals, the standard toxicity testing mainly originates from rat 
and dog studies and may not be applicable to bats. Bats have not 
been adequately covered by the pesticide risk assessment in Europe 
(EFSA Panel on Plant Protection Products and their Residues (EFSA) 
et al., 2019) and are unique due to their long lifespans, high energetic 

requirements and hibernation or migratory habits, all of which can 
make them especially vulnerable to stressors (Jones et al., 2009). As 
studies evaluating direct effects of tebufenozide on bats do not cur-
rently exist, caution should always be used when applying pesticides 
to bat habitats.

5  |  CONCLUSIONS

In this field experiment investigating the effects of L. dispar out-
breaks and subsequent one-time tebufenozide treatments on bat 
activity in oak forests, we found new insights, as bat responses to 
both treatments were unexpected. Overall, the insecticide treat-
ment led to only minor changes in nocturnal insect prey availability. 
However, bats were more active in areas with insecticide treat-
ment and L. dispar outbreaks. Closed-space foraging bats were 
more active in forests with high canopy density, while open- and 
edge-space foragers were more active at plots with high densities 
of non-moth prey. Our results indicate that canopy density may be 
a key factor for prey availability. Additionally, the application of 
tebufenozide may have reduced prey for lepidopteran specialists 
at important time points, but did not have a clear overall effect 
on bat activity at sprayed plots. This study represents a strong 
step in investigating the effects of L. dispar outbreaks and insecti-
cide treatment on bats using acoustic recording, one of the most 
widespread methods for monitoring bats. Although non-invasive 
and effective, acoustic data and prey density estimates do not 
exclude potential negative effects of insecticide applications on 
bats. Here, further methods are required to assess indirect or di-
rect effects of insecticide application on health, reproduction or 
use of roosts in bats.

AUTHOR CONTRIBUTIONS
Jörg Müller and Sophia Hochrein perceived the idea for this manu-
script. Jörg Müller, Wolfgang W. Weisser, Benjamin M. L. Leroy, 
Sebastian Seibold and Sophia Hochrein designed the concept of 
the study. Sophia Hochrein and Bernadette Wimmer conducted the 
field work and bat identification; Sophia Hochrein, Jörg Müller and 
Soyeon Bae analysed the data; Sophia Hochrein, Jörg Müller, Maike 
Huszarik and Andrew Liebhold wrote the manuscript. All authors 
commented on the manuscript.

ACKNOWLEDG EMENTS
This research was supported by grant number Z073 administered 
by the Bavarian State Ministry for Food, Agriculture and Forests. 
A.M.L. was supported by OP RDE grant EVA4.0 (CZ.02.1.01/0.0/
0.0/16_019/0000803). We thank Paula Prucker, Bianca Reilmeir, 
Saskia Schmidt, Chantal Siggelkow, Mona El Gaa, Ruth Pickert, Lea 
Heidrich, Janina Lorz, Katharina Kallnik and many student helpers 
for their essential contribution to sampling effort.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflict of interest to declare.

 13652664, 2025, 9, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70104 by C

zech A
gricultural U

niversity, W
iley O

nline L
ibrary on [03/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2186  |    HOCHREIN et al.

DATA AVAIL ABILIT Y S TATEMENT
Data and code available via the Figshare Digital Repository https://​
doi.​org/​10.​6084/​m9.​figsh​are.​24420​139.​v1 (Hochrein, 2025).

S TATEMENT OF INCLUSION
Our study was co-designed with stakeholders (forest owners, for-
est and environmental authorities in Bavaria). The study brings to-
gether authors from North America and Europe, including scientists 
from academia and applied conservation. All authors were engaged 
early on with the research and study design to ensure that the di-
verse sets of perspectives they represent were considered from the 
onset. Whenever relevant, literature published by scientists from 
the region was cited, including relevant work published in the local 
language.

ORCID
Andrew M. Liebhold   https://orcid.org/0000-0001-7427-6534 
Benjamin M. L. Leroy   https://orcid.org/0000-0001-6007-7948 
Wolfgang W. Weisser   https://orcid.org/0000-0002-2757-8959 
Jörg Müller   https://orcid.org/0000-0002-1409-1586 

R E FE R E N C E S
Adams, M. D., Law, B. S., & French, K. O. (2009). Vegetation structure in-

fluences the vertical stratification of open- and edge-space aerial-
foraging bats in harvested forests. Forest Ecology and Management, 
258, 2090–2100. https://​doi.​org/​10.​1016/j.​foreco.​2009.​08.​002

Ancillotto, L., Rummo, R., Agostinetto, G., Tommasi, N., Garonna, A. P., 
Benedetta, F., Bernardo, U., Galimberti, A., & Russo, D. (2022). 
Bats as suppressors of agroforestry pests in beech forests. Forest 
Ecology and Management, 522, 120467. https://​doi.​org/​10.​1016/j.​
foreco.​2022.​120467

Andreas, M., Reiter, A., & Benda, P. (2012). Dietary composition, re-
source partitioning and trophic niche overlap in three Forest 
foliage-gleaning bats in Central Europe. Acta Chiropterologica, 14, 
335–345. https://​doi.​org/​10.​3161/​15081​1012X​661657

Bae, S., Müller, J., Förster, B., Hilmers, T., Hochrein, S., Jacobs, M., 
Leroy, B. M. L., Pretzsch, H., Weisser, W. W., & Mitesser, O. (2022). 
Tracking the temporal dynamics of insect defoliation by high-
resolution radar satellite data. Methods in Ecology and Evolution, 
13(1), 121–132. https://​doi.​org/​10.​1111/​2041-​210X.​13726​

Banko, P. C., Peck, R. W., Yelenik, S. G., Paxton, E. H., Bonaccorso, F., 
Montoya-Aiona, K., Hughes, R. F., & Perakis, S. (2022). Hypotheses 
and lessons from a native moth outbreak in a low-diversity, tropical 
rainforest. Ecosphere, 13, e3926. https://​doi.​org/​10.​1002/​ecs2.​3926

Barclay, R. M. R., & Brigham, R. M. (1991). Prey detection, dietary niche 
breadth, and body size in bats: Why are aerial insectivorous bats so 
small? The American Naturalist, 137(5), 693–703.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Beilke, E. A., & O'Keefe, J. M. (2023). Bats reduce insect density and de-
foliation in temperate forests: An exclusion experiment. Ecology, 
104(2), e3903. https://​doi.​org/​10.​1002/​ecy.​3903

Beudert, B., Bässler, C., Thorn, S., Noss, R., Schröder, B., Dieffenbach-
Fries, H., Foullois, N., & Müller, J. (2015). Bark beetles increase 
biodiversity while maintaining drinking water quality. Conservation 
Letters, 8, 272–281. https://​doi.​org/​10.​1111/​conl.​12153​

Blakey, R. V., Law, B. S., Kingsford, R. T., & Stoklosa, J. (2017). Terrestrial 
laser scanning reveals below-canopy bat trait relationships with 

forest structure. Remote Sensing of Environment, 198, 40–51. 
https://​doi.​org/​10.​1016/j.​rse.​2017.​05.​038

Blakey, R. V., Law, B. S., Kingsford, R. T., Stoklosa, J., Tap, P., & Williamson, 
K. (2016). Bat communities respond positively to large-scale thin-
ning of forest regrowth. Journal of Applied Ecology, 53, 1694–1703. 
https://​doi.​org/​10.​1111/​1365-​2664.​12691​

Blažek, J., Konečný, A., & Bartonička, T. (2021). Bat aggregational re-
sponse to pest caterpillar emergence. Scientific Reports, 11, 13634. 
https://​doi.​org/​10.​1038/​s4159​8-​021-​93104​-​z

Böhm, S. M., Wells, K., & Kalko, E. K. V. (2011). Top-down control of her-
bivory by birds and bats in the canopy of temperate broad-leaved 
oaks (Quercus robur). PLoS One, 6(4), e17857. https://​doi.​org/​10.​
1371/​journ​al.​pone.​0017857

Boukouvala, M. C., Kavallieratos, N. G., Skourti, A., Pons, X., Alonso, C. 
L., Eizaguirre, M., Fernandez, E. B., Solera, E. D., Fita, S., Bohinc, T., 
Trdan, S., Agrafioti, P., & Athanassiou, C. G. (2022). Lymantria dis-
par (L.) (Lepidoptera: Erebidae): Current status of biology, ecology, 
and management in Europe with notes from North America. Insects, 
13(9), 854. https://​doi.​org/​10.​3390/​insec​ts130​90854​

Brooks, M., Bolker, B., Kristensen, K., Maechler, M., Magnusson, A., 
McGillycuddy, M., & Skaug, H. (2022). “glmmTMB: Generalized 
linear mixed models using template model builder”. https://​github.​
com/​glmmT​MB/​glmmTMB

Brunk, I., Sobczyk, T., & Roth, M. (2019). Pest control in German for-
ests: General patterns of biodiversity and possible impacts of Btk, 
diflubenzuron and lambda-Cyhalothrin on non-target arthropods, 
birds and bats—A literature review. Journal of Forest and Landscape 
Research, 4(1), 1–26. https://​doi.​org/​10.​13141/​​jflr.​v4i1.​1005

Charbonnier, Y., Barbaro, L., Theillout, A., & Jactel, H. (2014). Numerical 
and functional responses of forest bats to a major insect Pest in 
pine plantations. PLoS One, 9, e109488. https://​doi.​org/​10.​1371/​
journ​al.​pone.​0109488

Davidson, C. B., Gottschalk, K. W., & Johnson, J. E. (1999). Tree mortality 
following defoliation by the European gypsy moth (Lymantria dis-
par L.) in the United States: A review. Forest Science, 45(1), 74–84. 
https://​doi.​org/​10.​1093/​fores​tscie​nce/​45.1.​74

Durkin, P. (2004). Control/eradication agents for the gypsy moth—Risk 
comparison—Final report. SERA Technical Reports, 04-43-05-08d, 
(4-1–4-37). US Department of Agriculture, Forest Service, Forest 
Health Protection.

EFSA Panel on Plant Protection Products and their Residues (EFSA), 
Hern'andez-Jerez, A., Adriaanse, P., Aldrich, A., Berny, P., Coja, 
T., Duquesne, S., Gimsing, A., Marina, M., Millet, M., Pelkonen, 
O., Pieper, S., Tiktak, A., Tzoulaki, I., Widenfalk, A., Wolterink, G., 
Russo, D., Streissl, F., & Topping, C. (2019). Scientific statement on 
the coverage of bats by the current pesticide risk assessment for 
birds and mammals. EFSA Journal, 17, e05758.

Elkinton, J. S., & Liebhold, A. M. (1990). Population dynamics of gypsy 
moth in North America. Annual Review of Entomology, 35, 571–596. 
https://​doi.​org/​10.​1146/​annur​ev.​ento.​35.1.​571

Encarnação, J. A., & Dietz, M. (2006). Estimation of food intake and in-
gested energy in Daubenton's bats (Myotis daubentonii) during preg-
nancy and spermatogenesis. European Journal of Wildlife Research, 
52, 221–227. https://​doi.​org/​10.​1007/​s1034​4-​006-​0046-​2

Froidevaux, J. S. P., Fialas, P. C., & Jones, G. (2018). Catching insects while 
recording bats: Impacts of light trapping on acoustic sampling. 
Remote Sensing in Ecology and Conservation, 4(3), 240–247. https://​
doi.​org/​10.​1002/​rse2.​71

Galan, M., Pons, J.-B., Tournayre, O., Pierre, É., Leuchtmann, M., Pontier, 
D., & Charbonnel, N. (2018). Metabarcoding for the parallel identi-
fication of several hundred predators and their prey: Application to 
bat species diet analysis. Molecular Ecology Resources, 18(3), 474–
489. https://​doi.​org/​10.​1111/​1755-​0998.​12749​

Gueorguieva, R. (2001). A multivariate generalized linear mixed model 
for joint modelling of clustered outcomes in the exponential family. 

 13652664, 2025, 9, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70104 by C

zech A
gricultural U

niversity, W
iley O

nline L
ibrary on [03/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.6084/m9.figshare.24420139.v1
https://doi.org/10.6084/m9.figshare.24420139.v1
https://orcid.org/0000-0001-7427-6534
https://orcid.org/0000-0001-7427-6534
https://orcid.org/0000-0001-6007-7948
https://orcid.org/0000-0001-6007-7948
https://orcid.org/0000-0002-2757-8959
https://orcid.org/0000-0002-2757-8959
https://orcid.org/0000-0002-1409-1586
https://orcid.org/0000-0002-1409-1586
https://doi.org/10.1016/j.foreco.2009.08.002
https://doi.org/10.1016/j.foreco.2022.120467
https://doi.org/10.1016/j.foreco.2022.120467
https://doi.org/10.3161/150811012X661657
https://doi.org/10.1111/2041-210X.13726
https://doi.org/10.1002/ecs2.3926
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/ecy.3903
https://doi.org/10.1111/conl.12153
https://doi.org/10.1016/j.rse.2017.05.038
https://doi.org/10.1111/1365-2664.12691
https://doi.org/10.1038/s41598-021-93104-z
https://doi.org/10.1371/journal.pone.0017857
https://doi.org/10.1371/journal.pone.0017857
https://doi.org/10.3390/insects13090854
https://github.com/glmmTMB/glmmTMB
https://github.com/glmmTMB/glmmTMB
https://doi.org/10.13141/jflr.v4i1.1005
https://doi.org/10.1371/journal.pone.0109488
https://doi.org/10.1371/journal.pone.0109488
https://doi.org/10.1093/forestscience/45.1.74
https://doi.org/10.1146/annurev.ento.35.1.571
https://doi.org/10.1007/s10344-006-0046-2
https://doi.org/10.1002/rse2.71
https://doi.org/10.1002/rse2.71
https://doi.org/10.1111/1755-0998.12749


    |  2187HOCHREIN et al.

Statistical Modelling, 1(3), 177–193. https://​doi.​org/​10.​1177/​14710​
82X01​00100302

Hagen, E. M., & Sabo, J. L. (2012). Influence of river drying and insect 
availability on bat activity along the San Pedro River, Arizona (USA). 
Journal of Arid Environments, 84, 1–8.

Hayes, J. P. (1997). Temporal variation in activity of bats and the design 
of echolocation-monitoring studies. Journal of Mammalogy, 78(2), 
514–524. https://​doi.​org/​10.​2307/​1382902

Hendel, A.-L., Douma, J. C., Klingenfuß, S., Pereira, J. M. C., Ruppert, L., 
Spînu, A. P., Frey, J., Denter, M., Liu, X., Storch, I., Klein, A. M., & 
Braunisch, V. (2024). Disentangling direct and indirect effects of 
forest structure on biodiversity: Bottom-up and top-down effects 
between forestry, bats and their insect prey. Journal of Applied 
Ecology, 62(1), 93–105. https://​doi.​org/​10.​1111/​1365-​2664.​14822​

Hilmers, T., Leroy, B. M. L., Bae, S., Hahn, W. A., Hochrein, S., Jacobs, M., 
Lemme, H., Müller, J., Schmied, G., Weisser, W. W., & Pretzsch, H. 
(2023). Growth response of oaks to insect defoliation: Immediate 
and intermediate perspectives. Forest Ecology and Management, 
549, 121465. https://​doi.​org/​10.​1016/j.​foreco.​2023.​121465

Hochrein, S. (2025). Bat response to experimental insecticide application 
against a defoliating moth in mixed oak forests. figshare. Dataset. 
https://​doi.​org/​10.​6084/​m9.​figsh​are.​24420​139.​v1

Hochrein, S., Mitesser, O., Liebhold, A. M., Weisser, W. W., Leroy, B. M. L., 
Pretzsch, H., Hilmers, T., Rabl, D., & Müller, J. (2022). Response of 
cavity nesting birds to Lymantria dispar (Lepidoptera) and aerial spray-
ing—An experimental approach. Forest Ecology and Management, 
524, 120520. https://​doi.​org/​10.​1016/j.​foreco.​2022.​120520

Holmes, S. B., & MacQuarrie, C. J. K. (2016). Chemical control in for-
est pest management. The Canadian Entomologist, 148, 270–295. 
https://​doi.​org/​10.​4039/​tce.​2015.​71

Jacobs, M., Hilmers, T., Leroy, B. M. L., Lemme, H., Kienlein, S., Müller, J., 
Weisser, W. W., & Pretzsch, H. (2022). Assessment of defoliation 
and subsequent growth losses caused by Lymantria dispar using ter-
restrial laser scanning (TLS). Trees, 36, 819–834. https://​doi.​org/​10.​
1007/​s0046​8-​021-​02255​-​z

Johnson, D. M., Liebhold, A. M., & Bjørnstad, O. N. (2006). Geographical 
variation in the periodicity of gypsy moth outbreaks. Ecography, 29, 
367–374. https://​doi.​org/​10.​1111/j.​2006.​0906-​7590.​04448.​x

Jones, G., Jacobs, D., Kunz, T. H., & Racey, P. (2009). Carpe noctem: The 
importance of bats as bioindicators. Endangered Species Research, 8, 
93–115. https://​doi.​org/​10.​3354/​esr00182

Kalka, M. B., Smith, A. R., & Kalko, E. K. V. (2008). Bats limit arthropods 
and herbivory in a tropical forest. Science, 320(5872), 71. https://​
doi.​org/​10.​1126/​scien​ce.​1153352

Kolkert, H., Smith, R., Rader, R., & Reid, N. (2020). Insectivorous bats 
foraging in cotton crop interiors is driven by moon illumination and 
insect abundance, but diversity benefits from woody vegetation 
cover. Agriculture Ecosystems & Environment, 302, 107068. https://​
doi.​org/​10.​1016/j.​agee.​2020.​107068

Krištín, A., & Patočka, J. (1997). Birds as predators of Lepidoptera: 
Selected examples. Biologia, 52, 319–326.

Leroy, B. M. L., Gossner, M. M., Lauer, F. P. M., Petercord, R., Seibold, S., 
Jaworek, J., & Weisser, W. W. (2019). Assessing insecticide effects 
in forests: A tree-level approach using unmanned aerial vehicles. 
Journal of Economic Entomology, 112(6), 2686–2694. https://​doi.​
org/​10.​1093/​jee/​toz235

Leroy, B. M. L., Lemme, H., Braumiller, P., Hilmers, T., Jacobs, M., 
Hochrein, S., Kienlein, S., Müller, J., Pretzsch, H., Stimm, K., Seibold, 
S., Jaworek, J., Hahn, W. A., Müller-Kroehling, S., & Weisser, W. W. 
(2021). Relative impacts of gypsy moth outbreaks and insecticide 
treatments on forest resources and ecosystems: An experimental 
approach. Ecological Solutions and Evidence, 2(1), e12045. https://​
doi.​org/​10.​1002/​2688-​8319.​12045​

Leroy, B. M. L., Rabl, D., Püls, M., Hochrein, S., Bae, S., Müller, J., Hebert, 
P. D. N., Kuzmina, M. L., Zakharov, E. V., Lemme, H., Hahn, W. 

A., Hilmers, T., Jacobs, M., Kienlein, S., Pretzsch, H., Heidrich, L., 
Seibold, S., Roth, N., Vogel, S., … Weisser, W. W. (2023). Traits-
mediated responses of caterpillar communities to spongy moth 
outbreaks and subsequent tebufenozide treatments. Ecological 
Applications, 33(6), e2890. https://​doi.​org/​10.​1002/​eap.​2890

Liebhold, A., & McManus, M. (1999). The evolving use of insecticides in 
gypsy moth management. Journal of Forestry, 97(3), 20–23. https://​
doi.​org/​10.​1093/​jof/​97.3.​20

Lüdecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D. 
(2021). Performance: An R package for assessment, comparison 
and testing of statistical models. Journal of Open Source Software, 
6(60), 3139. https://​doi.​org/​10.​21105/​​joss.​03139​

Miller, J. C. (1990). Field assessment of the effects of a microbial pest 
control agent on nontarget lepidoptera. American Entomologist, 
36(2), 135–140. https://​doi.​org/​10.​1093/​ae/​36.2.​135

Müller, J., Brandl, R., Buchner, J., Pretzsch, H., Seifert, S., Strätz, C., Veith, 
M., & Fenton, B. (2013). From ground to above canopy—Bat activity 
in mature forests is driven by vegetation density and height. Forest 
Ecology and Management, 306, 179–184. https://​doi.​org/​10.​1016/j.​
foreco.​2013.​06.​043

Müller, J., Mehr, M., Bässler, C., Fenton, M. B., Hothorn, T., Pretzsch, H., 
Klemmt, H. J., & Brandl, R. (2012). Aggregative response in bats: 
Prey abundance versus habitat. Oecologia, 169, 673–684. https://​
doi.​org/​10.​1007/​s0044​2-​011-​2247-​y

Norberg, U. M., Rayner, J. M. V., & Lighthill, M. J. (1987). Ecological 
morphology and flight in bats (Mammalia; Chiroptera): Wing ad-
aptations, flight performance, foraging strategy and echolocation. 
Philosophical Transactions of the Royal Society, B: Biological Sciences, 
316, 335–427. https://​doi.​org/​10.​1098/​rstb.​1987.​0030

Ober, H. K., & Hayes, J. P. (2008). Influence of forest riparian vegeta-
tion on abundance and biomass of nocturnal flying insects. Forest 
Ecology and Management, 256(5), 1124–1132. https://​doi.​org/​10.​
1016/j.​foreco.​2008.​06.​010

O'Shea, T., & Johnston, J. J. (2009). Environmental contaminants and 
bats: Investigating exposure and effects. In T. H. Kunz & S. Parsons 
(Eds.), Ecological and behavioral methods for the study of bats (pp. 
500–528). Johns Hopkins University Press.

Retnakaran, A., Gelbic, I., Sundaram, M., Tomkins, W., Ladd, T., Primavera, 
M., Feng, Q., Arif, B., Palli, R., & Krell, P. (2001). Mode of action of 
the ecdysone agonist tebufenozide (RH-5992), and an exclusion 
mechanism to explain resistance to it. Pest Management Science, 
57(10), 951–957. https://​doi.​org/​10.​1002/​ps.​377

Russo, D., Billington, G., Bontadina, F., Dekker, J., Dietz, M., Gazaryan, S., 
Jones, G., Meschede, A., Rebelo, H., Reiter, G., Ruczyński, I., Tillon, 
L., & Twisk, P. (2016). Identifying key research objectives to make 
European forests greener for bats. Frontiers in Ecology and Evolution, 
4, 87. https://​doi.​org/​10.​3389/​fevo.​2016.​00087​

Russo, D., Bosso, L., & Ancillotto, L. (2018). Novel perspectives on bat 
insectivory highlight the value of this ecosystem service in farm-
land: Research frontiers and management implications. Agriculture, 
Ecosystems & Environment, 266, 31–38. https://​doi.​org/​10.​1016/j.​
agee.​2018.​07.​024

Safi, K., & Kerth, G. (2004). A comparative analysis of specialization and 
extinction risk in temperate-zone bats. Conservation Biology, 18(5), 
1293–1303. https://​doi.​org/​10.​1111/j.​1523-​1739.​2004.​00155.​x

Safi, K., & Kerth, G. (2007). Comparative analyses suggest that informa-
tion transfer promoted sociality in male bats in the temperate zone. 
American Naturalist, 170(3), 465–472. https://​doi.​org/​10.​1086/​
520116

Sample, B. E., Butler, L., Zivkovich, C., Whitmore, R. C., & Reardon, 
R. (1996). Effects of bacillus thuringiensis berliner var. kurstaki 
and defoliation by the gypsy moth [Lymantria dispar (L.) 
(Lepidoptera:Lymantriidae)] on native arthropods in west virginia. 
The Canadian Entomologist, 128(4), 573–592. https://​doi.​org/​10.​
4039/​Ent12​8573-​4

 13652664, 2025, 9, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70104 by C

zech A
gricultural U

niversity, W
iley O

nline L
ibrary on [03/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1177/1471082X0100100302
https://doi.org/10.1177/1471082X0100100302
https://doi.org/10.2307/1382902
https://doi.org/10.1111/1365-2664.14822
https://doi.org/10.1016/j.foreco.2023.121465
https://doi.org/10.6084/m9.figshare.24420139.v1
https://doi.org/10.1016/j.foreco.2022.120520
https://doi.org/10.4039/tce.2015.71
https://doi.org/10.1007/s00468-021-02255-z
https://doi.org/10.1007/s00468-021-02255-z
https://doi.org/10.1111/j.2006.0906-7590.04448.x
https://doi.org/10.3354/esr00182
https://doi.org/10.1126/science.1153352
https://doi.org/10.1126/science.1153352
https://doi.org/10.1016/j.agee.2020.107068
https://doi.org/10.1016/j.agee.2020.107068
https://doi.org/10.1093/jee/toz235
https://doi.org/10.1093/jee/toz235
https://doi.org/10.1002/2688-8319.12045
https://doi.org/10.1002/2688-8319.12045
https://doi.org/10.1002/eap.2890
https://doi.org/10.1093/jof/97.3.20
https://doi.org/10.1093/jof/97.3.20
https://doi.org/10.21105/joss.03139
https://doi.org/10.1093/ae/36.2.135
https://doi.org/10.1016/j.foreco.2013.06.043
https://doi.org/10.1016/j.foreco.2013.06.043
https://doi.org/10.1007/s00442-011-2247-y
https://doi.org/10.1007/s00442-011-2247-y
https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.1016/j.foreco.2008.06.010
https://doi.org/10.1016/j.foreco.2008.06.010
https://doi.org/10.1002/ps.377
https://doi.org/10.3389/fevo.2016.00087
https://doi.org/10.1016/j.agee.2018.07.024
https://doi.org/10.1016/j.agee.2018.07.024
https://doi.org/10.1111/j.1523-1739.2004.00155.x
https://doi.org/10.1086/520116
https://doi.org/10.1086/520116
https://doi.org/10.4039/Ent128573-4
https://doi.org/10.4039/Ent128573-4


2188  |    HOCHREIN et al.

Sleep, D. J. H., & Brigham, R. M. (2003). An experimental test of clutter 
tolerance in bats. Journal of Mammalogy, 84(1), 216–224. https://​
doi.​org/​10.​1644/​1545-​1542(2003)​084<​0216:​AETOC​T>​2.0.​CO;​2

Voigt, C., & Kingston, T. (2016). Bats in the Anthropocene: Conservation 
of bats in a changing world. In Bats in the Anthropocene: Conservation 
of bats in a changing world. Springer Cham. https://​doi.​org/​10.​1007/​
978-​3-​319-​25220​-​9

Voigt, C. C., Schneeberger, K., Voigt-Heucke, S. L., & Lewanzik, D. (2011). 
Rain increases the energy cost of bat flight. Biology Letters, 7(5), 
793–795. https://​doi.​org/​10.​1098/​rsbl.​2011.​0313

Wang, J., Gao, W., Wang, L., Metzner, W., Ma, J., & Feng, J. (2010). 
Seasonal variation in prey abundance influences habitat use by 
greater horseshoe bats (Rhinolophus ferrumequinum) in a temper-
ate deciduous forest. Canadian Journal of Zoology, 88(3), 315–323. 
https://​doi.​org/​10.​1139/​Z10-​005

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Supporting Information S1. Further information about the three bat 
foraging guilds.
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