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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 3years 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 | INTRODUCTION

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

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.

bat conservation, bat prey, Chiroptera, forest management, insecticide, mixed oak forests, pest

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; Midiller 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 (Miiller
et al., 2013; Norberg et al., 1987). Among these guilds, only open-
space foragers exhibit a strong response to high local prey abun-
dances (Mdiller 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 (Blazek 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 (Bohm 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,
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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 (Mdller 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:
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(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 | MATERIALS AND METHODS
2.1 | Study area and experimental design

The study was conducted at 11 experimental blocks located within a
2400-km?-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.

(b) 7)) \7&
g ‘ B "/ )
2 S S
D High (T ey, " M,
o Yo S/
s o2 2
X~
@ A
O Low{ | M | |
8 N4 ) 4
5
@)

Untreated Treated
Insecticide treatment

(e)

. Outbreak risk prognosis
Insecticide treatment
. Sampling campaign

l¢0Zz 0c0c 6102

25 50 75 100 125 150 175 200 225
Day of Year

FIGURE 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 3years: 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 3years (Figure 1). The ex-
periment was aligned with an acute L. dispar outbreak phase pre-
dicted in 2019 and followed by 2years 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; 240gL'1 tebufenozide) at a nominal dose of 750 mL di-
luted in 50L of water per ha (180g 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 3years (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 1.5m. The area around the
recorders was mature oak mixed forests with an open understory.
Bat calls were recorded from 1h before sunset to 1h 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; Miiller 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 >15m away from the batcorder, as suggested by Froidevaux
et al. (2018) and confirmed in earlier studies (Mller 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 x 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 $5-2), with the same structure (Response ~sampling
campaigh + 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 ‘Ime4’, 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 ‘gImmTMB’ (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; Miiller 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’ (Ludecke et al., 2021), which supported our major

assumptions.
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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 | Batactivity

Over the three study years, more than 430,000 bat calls were re-
corded, totalling approximately 28,000min 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 300min 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, 1year 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 3years, 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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FIGURE 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).

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).

85UB017 SUOLUIOD 9AITE.1D) 9(cedl|dde aupy Ag peusencb ae sejoie YO 8sn Jo Sa|nJ 10} Al aUljuQ 4|1/ UO (SUO N IPUCO-pUE-SWIBIALIOY A8 |1 Akeq 1 pul|uo//:Sdny) SUoNIPUOD pue swe | 8u18es *[6202/60/€0] Uo Ariqiauluo A(Im ‘Aiseaun eimnouby yoez Ad vOTOL ¥992-G9ET/TTTT 0T/ I0p/W0D Ao Ariqipuljuo s eunoaqy/sdny Wwoly pepeojumoq ‘6 'S20z ‘799259€T



HOCHREIN ET AL.

1 1 1

1 1
Insects = Others

5

| -4

| -3
5 | -2
2 O CEN i Sasiutta O 1
B
£ | -0
=
o Insects = Beetles Insects = Moths
a5
©
@ 47 | —
)
£ 34 . ‘ ; _

2 -
1 e i

0 - —

1.0 11 12

o4
Canopy density (NCDI)

FIGURE 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.

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
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TABLE 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

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
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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; Miiller 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; Miller 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 | Theimpact 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 Blazek 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 Blazek et al. (2021), the
hairy L. dispar caterpillars may be less attractive prey for bats, as
shown for birds (Kristin & Patocka, 1997). Moreover, closed-space
foragers that are adapted to gleaning caterpillars in general lack

aggregative response behaviour to high insect densities (Miller
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 (Miller
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 3years.

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. 5ha) 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 | Therole 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 1year 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
(Encarnacao & 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)
etal., 2019) and are unique due to their long lifespans, high energetic
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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.
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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.

Table S1-1. Classification of bat species and groups into foraging
guilds (edge, closed, open). Bat genera or groups consisting of
species from different guilds were not assigned a guild (mix).
Supporting Information S2. Further information about the
recordings of bat calls.

Table S2-1. Incorrect setting of frequencies or malfunction of
recorders that occurred over all three years. Trap-nights with
malfunction or incorrect setting were excluded from all analyses.
Supporting Information S3. Further information about light trapping.
Figure S3-1. Light trap hanging from a branch at the study sites
centroid. Top down, the trap consisted of a transparent plastic
rain protection, a fluorescent tube, a funnel and a bucket filled
with evaporating chloroform from a soaked wick. The light tube
is connected to a light sensor and storage battery for automatic
activation at dusk.

Supporting Information S4. Further information about foliage
density throughout the study.

Figure S4-1. Canopy density, quantified by normalized canopy
development index (NCDI) extracted from Sentinel-1 radar data
over all three study years, shown for each date of monthly insect
sampling (light-trapping) and bat recording.

Supporting Information S5. Results of statistical models.

Table S5-1. Z-scores for the linear mixed effects models testing for
the impact of L. dispar outbreak and insecticide treatment on bat
activity and biomass of insects in each trap-night in all three study
years (Figure 2 in main manuscript).

Table S5-2. Z-scores for the linear mixed effects models testing for
the impact of L. dispar outbreak and insecticide treatment on bat
activity of manually identified species and species or species groups
with a total of >1000 active minutes in all three study years. N is the
number of recorded activity minutes.

Table S5-3. Model output with p-values and z-scores for the linear
mixed effects models testing for the impact of insect biomass and
foliage density (NCDI) on the activity of three foraging guilds of bats
(edge, open and closed foragers).

Table S5-4. Z-scores and p-values of a generalized linear mixed
model using glmmTMB with insect biomass of all three fractions
(moths, beetles and others, log-transformed) as response variable
and sampling campaign, insect fraction and NCDI (foliage density)
as fixed effects (Insect biomass (log-transformed)~sampling
campaign + fraction + fraction:NCDI + (1|block/plot)).
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