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Acoustic Response of Bats to the Brood X Periodical Cicada
(Magicicada spp.) Emergence

Amber S. Litterer', Samuel R. Freeze', and W. Mark Ford*"

Abstract - Periodical cicada emergences can positively affect vertebrate reproduction and breeding
behavior, yet this response is not well studied for bats. We examined the acoustic response of 6 spe-
cies/phonic groups of bats in 2021 to the emergence of Brood X periodical cicadas, along the Po-
tomac River corridor, in Maryland and Virginia. Using a before-after-control-impact study design, we
deployed ultrasonic acoustic detectors during the summers of 2020—2022 within and just outside the
range of the cicada emergence to document bat response. We observed significantly more echoloca-
tion passes during the 2021 emergence and the year following within the range of cicadas, relative to
changes among years outside of the periodical cicada range. Our study demonstrates that periodical
cicadas may serve as a resource that causes an increase in bat activity.

Introduction

In 2021, the largest emergence of 17-year Magicicada spp. (periodical cicada) broods
occurred in portions of the eastern United States (Liebhold et al. 2013). The 3 species of
17-year periodical cicadas are Magicicada septendecim (Linnaeus), Magicicada cassinii
(Fisher), and Magicicada septendecula (Alexander and Moore). They are large, hard-bodied
insects that range in length and weight from 24 to 29 mm and 1.11 to 1.21 g, respectively
(Alexander and Moore 1962, Karban 2014). Much of their life cycle is spent belowground
feeding on tree roots as nymphs. Prior to their final molt, they emerge en masse in spring
once the soil temperature reaches 17°C; they then climb up trees to complete their life cycle
(Kritsky 2021b, Lloyd and Dybas 1966b, White and Lloyd 1975). Approximately 5 days
following the molting of individuals into the adult life stage, males start calling in unison at
50-90 dB to attract females (Cooley and Marshall 2004, Maier 1982, Williams and Smith
1991). Adults remain on the landscape for about 4-6 weeks following emergence, during
which mating and subsequent ovipositing by females occurs on tree branches (Cooley and
Marshall 2004). Eggs hatch weeks later and nymphs drop to the forest floor to burrow below
ground and feed on tree roots for the next 17 years (Kritsky 2021b, Marlatt 1907).

Over a million periodical cicadas can emerge per hectare; combined with their lack of
predator avoidance, this makes them an abundant prey source for many vertebrate species
(Cooley et al. 2009, Kritsky 2021b, Lloyd and Dybas 1966a, Oberddrster and Grant 2007,
Williams et al. 1993). Periodical cicada emergences can be considered a ‘resource pulse,’
an event of a large magnitude over an abbreviated period that increases the availability of
a resource (Yang et al. 2010). Despite their limited temporal presence on a landscape, an
emergence such as that of periodical cicadas can have far-reaching and long-lasting ecologi-
cal effects on soil nutrient deposition, acorn production, herbivory, and animal population
dynamics (Koenig et al. 2022; Koenig and Liebhold 2005; Krohne et al. 1991; Vandegrift
and Hudson 2009; Whitaker 2007; Yang 2004, 2008). For small mammals, periodical cicada
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emergences can lead to earlier breeding and higher reproductive success (Vandegrift and
Hudson 2009). Many species of insectivorous birds also increase recruitment and popula-
tion size during and following an emergence year, respectively (Koenig and Liebhold 2005).
Moreover, these effects can persist for several years (Koenig and Liebhold 2005).

Insectivorous bats are a potential, yet understudied, predator of periodical cicadas. Al-
though bats are nocturnal and periodical cicadas largely are diurnal, there is evidence that
bats will take advantage of this irregular, pulsed food resource. Periodical cicadas have
been found in guano of Eptesicus fuscus (Palisot de Beauvois) (Big Brown Bat) and Myotis
lucifugus (Le Conte) (Little Brown Bat) during emergence (Isenhour et al. 2024, Storm
and Whitaker 2008). Furthermore, bats are known to respond to pulsed resources. For ex-
ample, Tadarida brasiliensis (1. Geoffroy) (Brazilian Free-tailed Bats) will forage at higher
altitudes during periods of increased abundance of moths (Krauel et al. 2018). Among bats
foraging for emergent aquatic insects, activity was higher where insect mass from malaise
traps was greater (Fukui et al. 2006). Given this, a periodical cicada emergence will have
potential effects on bat populations or, at minimum, bat activity.

In addition to serving as an abundant food resource during a period of high energy re-
quirement, i.e., pregnancy and lactation, female bats that take advantage of the emergence
could have faster body weight recovery and reduced lactation stress, which in turn would
lead to faster fetal growth, development, and earlier parturition (Hoying and Kunz 1998,
Racey 1982, Racey and Swift 1981). During pregnancy, periods of low prey availability and
low ambient temperatures can cause fetal development to slow due to bats entering torpor;
additionally, timing of parturition can be based in part on insect availability (Arlettaz et al.
2001, Racey and Swift 1981). High insect abundance during lactation is nutritionally criti-
cal, as the physiological process cannot be interrupted once it begins (Racey 1982). It then
follows that earlier parturition gives juvenile bats a physiological advantage by allowing
them to achieve volancy sooner in the summer prior to the fall swarm and hibernation pe-
riods; earlier parturition has a positive effect on first year survival for juvenile bats (Frick
et al. 2010). Additionally, survival during hibernation could be increased by improved
body condition during mid-summer, leading to increased fat reserves (Kunz et al. 1998).
Little Brown Bats with higher fat stores going into hibernation show higher survival rates
from white-nose syndrome (Cheng et al. 2019). With wide-ranging population losses from
white-nose syndrome, periodical cicada emergences could be a brief, valuable resource that
positively affects local bat populations.

Using a before-after-control-impact study design, we tested whether total and individual
nightly bat passes for 6 species and phonic groups — grouping of species by echolocation
characteristics that can prevent unambiguous automated software identification — increased
at sites within the range of the Brood X periodical cicada emergence during 2021 and 1-year
post-emergence along the Potomac River corridor in central Maryland and northeastern Vir-
ginia. During the emergence, periodical cicadas were present from May to the end of June
(Kritsky 2021a). In this area, these dates coincide with primarily lactating and pregnant Big
Brown Bats and Lasiurus borealis (Miiller) (Eastern Red Bat), with the first lactating bats
appearing approximately 23 May and 28 May (Fig. 1), respectively (Deeley et al. 2022a).
Other than outliers, volant juvenile Big Brown and Eastern Red Bats in this region did not
appear until 28 June and 7 July, respectively, indicating that periodical cicadas would be
available primarily to adult bats (Fig. 1; Deeley et al. 2022a). As bat acoustic activity at
the local scale increases with insect abundance (Charbonnier et al. 2014), we hypothesized
that echolocation passes (henceforth, “passes”) for all species within the Brood X range
would increase during an emergence year, due to an abundance of a novel food source and
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potential immigration into the local population. We also hypothesized that species-specific
bat responses would be most apparent for large-bodied bat species believed more capable
of utilizing periodical cicadas as prey. Lastly, we posited that the emergence might manifest
itself as higher recruitment rates in the post-emergence year. For the purposes of our analy-
ses, we used higher passes as a surrogate for increased populations.

Field-site Description

We conducted our study at 4 locations: Prince William Forest Park (PRWI) in Virginia,
where no periodical cicada emergence occurred in 2021, and McKee-Beshers Wildlife Man-
agement Area (MB), Green Ridge State Forest (GR), and Prather’s Neck Wildlife Manage-
ment Area (PN) in Maryland, where the emergence did occur (Fig. 2). The 3 Maryland study
areas (MB, PN, and GR) border the Chesapeake and Ohio Canal National Historical Park
(CHOH). Prather’s Neck and GR are located in the Appalachian Ridge and Valley region,
whereas MB and PRWI are located in the Piedmont region to the east of the Appalachian
Mountains (Cleland et al. 2007). In general, the Ridge and Valley has a landscape charac-
terized by long linear ridges separated by broad valleys. The Piedmont is characterized by
rolling hills of low local relief (McNab et al. 2007).

Owing to old-field succession following acquisition by the National Park Service, forest
composition in PRWI is comprised of large Pinus virginiana Mill (Virginia Pine), Lirio-
dendron tulipifera Linnaeus (Tulip Poplar), Quercus spp. (oak), and Carya spp. (hickory)
although the midstory and understory is mainly comprised of shade-tolerant mesic species
such as Fagus grandifolia Ehrh (American Beech) (Schmit et al. 2023). Prince William For-
est Park has a mean ambient temperature during summer ranging from 17.8 to 25.7°C with

Timeline of Emergence of Cicadas and Bat Maternity Season
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Figure 1. Timeline of reproductive phenology of Big Brown Bat (Eptesicus fuscus) and Eastern Red
Bat (Lasiurus borealis) in the mid-Atlantic region, compared with the earliest and latest recorded
chorusing dates of periodical cicadas (Magicicada spp.) during the 2021 Brood X Emergence in
Maryland. Periods of lactation and appearance of juveniles on the landscape within the mid-Atlantic
region are from sampling efforts of Deeley et al. (2022a).
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monthly summer rainfall ranging from 8.96 to 11.56 cm (National Centers for Environmen-
tal Information 2010). Green Ridge State Forest is comprised of second growth xeric oak-
hickory and Pinus spp. (pine) stands (Maryland Forest Service 2019). Green Ridge State
Forest has low summer rainfall averaging 8.05-10.21 ¢cm and mean summer temperatures
of 17.7-24.9°C (National Centers for Environmental Information 2010). Prather’s Neck
contains a mix of open fields and more mesic oak and Tulip Poplar forests with summer av-
erage temperatures ranging between 16.7 and 24.1°C and monthly summer rainfall between
7.98 and 10.24 cm (Maryland Department of Natural Resources 2023a, National Centers
for Environmental Information 2010). McKee-Beshers is a lowland floodplain along the Po-
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Figure 2. Location of acoustic detectors for bats during the summers of 2020-2022 at Green Ridge
State Forest, Prather’s Neck Wildlife Management Area, and McKee-Beshers Wildlife Management
Area, Maryland, and Prince William Forest Park, Virginia. Counties that have historical records for
Brood X Cicadas (Magicicada spp.) are outlined. Although Prince William County has historical re-
cords for Brood X cicadas, none emerged within the park itself. Cicada brood county records are from
the U.S. Forest Service (2017).
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tomac River, containing maintained wildlife food plots and bottomland forests with summer
monthly mean temperatures between 16.5 and 23.5°C and summer monthly rainfall ranging
between 8.66 and 10.56 cm (Maryland Department of Natural Resources 2023b, National
Centers for Environmental Information 2010).

Methods

Data collection

Bat acoustics. During summers (1 May—15 August) 2020-2022, we deployed 16 ul-
trasonic acoustic detectors (Song Meter SM4Bat ZC and Song Meter Mini Bat, Wildlife
Acoustics, Maynard, MA) and microphones (SMM-U1 and SMM-U2, Wildlife Acoustics)
at sites in PRWI (n = 7), MB (n = 1), GR (n = 6), and PN (n = 2; Fig. 2), with detector
number per site constrained by area size as we attempted to minimize spatial autocorrela-
tion within sites by keeping detectors >300 m apart (De La Cruz et al. 2024). The acoustic
detectors were set to record individual passes if the correct minimum frequency trigger was
met (>16 kHz) between 60 min before sunset and 60 min after sunrise (Gorman et al. 2021,
Loeb et al. 2015). We mounted microphones on extendable poles that were directed into
the flyway (Loeb et al. 2015). All sites were in road corridors, canopy gaps, field edges, or
over streams to facilitate the acquisition of high-quality echolocation passes (Loeb et al.
2015). We minimized variability by sampling at each detector location in all 3 years of this
study. We considered detectors within 100 m of each other in different years to be the same
detector site based on the liberal estimate of the effective microphone distance (Wildlife
Acoustics 2018).

We used Kaleidoscope Pro 5.4.7 with a Bats of North America 5.4.0 classifier under a
-1’ or liberal sensitivity setting (Wildlife Acoustics) to identify species presence and activ-
ity levels following U.S. Fish and Wildlife Service protocols (U.S. Fish and Wildlife Ser-
vice 2019). Ten species were considered: Aeorestes cinereus (Palisot de Beauvois) (North
American Hoary Bat), Big Brown Bat, Lasionycteris noctivagans (Le Conte) (Silver-haired
Bat), Eastern Red Bat, Myotis leibii (Audubon and Bachman) (Eastern Small-footed Bat),
Little Brown Bat, Myotis septentrionalis (Trouessart) (Northern Long-eared Bat), Myotis
sodalis Miller and G.M. Allen (Indiana Bat), Perimyotis subflavus (F. Cuvier) (Tricolored
Bat), and Nycticeius humeralis (Rafinesque) (Evening Bat) (Deeley et al. 2021, Johnson et
al. 2008). Our study sites were within the northern extent of the Evening Bat distribution
and Evening Bats were recently documented in small numbers at PRWI and CHOH (Deeley
et al. 2021, Watkins 1972).

Acoustic passes at each site and of each species identified by the software were grouped
into nightly totals. Nights without any acoustic call data during which detector log files
indicated operation were coded as ‘zero’ nights. To calculate bat passes for individual spe-
cies, we used the U.S. Fish and Wildlife Service’s maximum likelihood estimate (MLE)
threshold of P < 0.05 to ensure high identification certainty of passes. Nightly pass totals
that had an MLE P > 0.05 for any species were given a value of zero (U.S. Fish and Wildlife
Service 2023).

Periodical cicada acoustics. In summer 2021, we deployed 3 additional acoustic detec-
tors with attached microphones (Song Meter SM3 FS and SMM-U2, Wildlife Acoustics) at
MB, PN, and GR to record periodical cicadas (Fig. 2). Sites for these detectors were chosen
prior to the emergence and were placed alongside roads and streams in forested areas of
sufficient age to support periodical cicadas that were present during the last emergence
and subsequent egg laying (Kritsky 2021b). These detectors were scheduled to record for
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10-min increments every 3 h from sunrise to sunset to capture the peak calling periods of
periodical cicadas (Maier 1982, Williams and Smith 1991).

We reviewed all audio files to determine initial and final dates of periodical cicada
chorusing and used the minimum (23 May 2021; numerical day 143) and maximum (3
July 2021; numerical day 184) dates as a proxy for the period in which a significant por-
tion of the periodical cicada population was active on the landscape. As most males in an
area emerge in a 6-day span and begin calling approximately 5 days after molting, chorus-
ing indicates that a significant portion of the periodical cicada population is present on
the landscape (Maier 1982, Williams et al. 1993). We visited each bat detector site once
during the emergence to confirm the presence or absence of periodical cicadas. Maryland
sites MB, GR, and PN (in), fell within the Brood X emergence whereas PRWI (out) in
Virginia fell outside the emergence.

Statistical analyses

We examined the changes in bat echolocation activity during the days periodical cicadas
were present on the landscape and during the days periodical cicadas were absent on the
landscape the year prior to and after the emergence. We modeled the interaction among
years (2020, 2021, and 2022) and periodical cicada range (in or out), numerical day of the
year, and the quadratic polynomial numerical day of the year, nightly precipitation, and the
random effect of detector site on our response variable of total nightly bat passes using a
generalized linear mixed model with a negative binomial distribution using R version 4.2.1
(R Core Team 2022) and the package g/lmmTMB (Brooks et al. 2017). We included the
quadratic polynomial numerical day of the year as bat activity often will show a curvilinear
pattern rising to a peak in mid-summer and then decline thereafter (Reynolds et al. 2016,
Gorman et al. 2021). To calculate nightly precipitation, we gathered hourly precipitation
from the nearest airport station to each study area using the lowa Environmental Mesonet
and the package riem (Salmon 2022). Hourly precipitation was then converted to total
nighttime precipitation. We took a subset of all nightly acoustic passes, including only those
from numerical days 143—184, which were the dates of first and last chorusing in 2021. This
allowed for a before-after-control-impact assessment.

We fit an all-species model and a model for each of the following 6 species and phonic
groups: Big Brown/Silver-haired Bat, Myotis spp., North American Hoary Bat, Tricolored
Bat, Eastern Red Bat, and Evening Bat. We combined the Big Brown Bat and Silver-haired
Bat into 1 group owing to their high rate of inter-specific misclassification (U.S. Fish and
Wildlife Service 2019). Additionally, because of white-nose syndrome, Indiana Bats, East-
ern Small-footed Bats, Northern Long-eared Bats, and Little Brown Bats often generate
nightly echolocation pass numbers insufficient to overcome similar interspecific misclassifi-
cations rates; consequently, we created a Myotis spp. phonic group (Beilke et al. 2021, Hoyt
et al. 2021, Russo et al. 2018). For the all-species model, all nightly bat passes (excluding
noise and no ID files) were examined as our response variable, regardless of MLE P-value,
due to our interest in total bat passes and not just those identifiable to species. For individual
species and the 2 phonic groups, we only included high confidence passes from nights with
low MLE scores for our response variable. We considered a bat pass to be a single call file.
We also fit all nested models and used the small-sample corrected Akaike Information Cri-
terion (4/Cc) to evaluate the best fit model within 2 47/Cc units using the package A/Ccmo-
davg (Mazerolle 2023). If multiple models were within 2 47/Cc units, the most parsimonious
model was selected as the top model. For all models, we checked for overdispersion using
the package performance (Lidecke et al. 2021) and used the likelihood ratio test between
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our top model and the null model to determine if the model was superior to the null model.
We visually assessed the residuals of our model to confirm they met assumptions and were
random. We predicted nightly bat passes for each species and phonic group model using
base R and plotted all models using ggplot2 (Wickham 2016).

Results

In 2021, Brood X periodical cicadas were confirmed in GR, PN, and MB through both
visual assessment and acoustic recordings. Although these cicadas emerged in 2021 in the
western and northern portions of Prince William County, Virginia, they were absent from all
of PRWI, allowing us to retain that study area as a control (C. Smith, Department of Envi-
ronmental Science and Policy, George Mason University, Fairfax, VA, USA, pers. comm.,
2023). Not all impacted study areas had the same chorusing date ranges; the earliest chorus-
ing dates ranged from 23 to 31 May 2021 and last chorusing dates ranged from 29 June to
3 July 2021. These dates coincided with numerous reports of periodical cicadas emerging
in Maryland during the first 2 weeks of May, with chorusing occurring across their range
by 18 May 2021 (Kritsky 2021a). Moreover, periodical cicadas from this brood in southern
Ohio were last reported chorusing on 2 July 2021 (Kritsky 2021a). The earliest recorded
periodical cicada chorusing occurred on 23 May 2021 in PN, and the last recorded chorusing
occurred on 3 July 2021 in PN. In contrast, periodical cicadas in GR and MB were recorded
from 31 May to 29 June 2021 and 25 May to 30 June 2021, respectively.

From 23 May to 3 July (numerical days 143—184) of 2020-2022, we acoustically record-
ed 1579 nights of bat activity across 16 sites. We detected all 6 species and phonic groups
of bats each year and at all sites within and outside the periodical cicada range.

For all bat activity during the days of the Brood X emergence for the years 2020—
2022, there were 3 models within 2 A/Cc, but the most parsimonious model included the
random effect of detector site and the predictor variables of precipitation and the inter-
action between periodical cicada range and year (Table 1). Although we chose the most
parsimonious model within 2 4/Cc as our top model, we show all models within 4 A/Cc
as they have some empirical support (Table 1). Overall, there was a significantly lower
number of bat passes recorded within the range of periodical cicadas compared with

Table 1. AICc (Akaike information criteria, corrected for small sample sizes) table for models of all
species nightly bat activity at sites within and outside of the cicada emergence during the summers of
2020-2022. The null model and all generalized linear mixed models with 4/Cc < 4 of the top model
are included. Twenty-eight models and a null model were evaluated. Parks within the range of the
2021 Brood X Cicada (Magicicada spp.) emergence (in) were in Maryland and included Green Ridge
State Forest, McKee-Beshers Wildlife Management Area, and Prather’s Neck Wildlife Management
Area. Prince William Forest Park in Virginia was outside of the range of the 2021 Brood X Cicada
emergence (out). A/Cc score, delta 4/Cc, and model weights are shown. The asterisk denotes an
interaction. Predictor variables included the random effect of detector location and the fixed effects
of precipitation, numerical day, quadratic numerical day, cicada range, and year.

Model AICc AAICc Weight
(1/Detector) + Day + Precipitation + Cicada Range * Year 19809.02 0.00 0.37
(1/Detector) + Precipitation + Cicada Range * Year 19809.28 0.26 0.33
(1|Detector) + Day?* + Day + Precipitation + Cicada Range * Year  19809.46 0.43 0.30
Null model 20118.02 308.99 0
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outside the range (P < 0.001). However, bat passes within the range were significantly
higher the year during and the year following emergence (P < 0.001; Table 2, Fig. 3).
For each of the 6 species and phonic groups, the top models within 2 4/Cc examining
acoustic activity during the numerical days 143—184 of the Brood X emergence for the years
2020-2022 all included the random effect of detector site and the interaction between peri-
odical cicada range and year (Table 3). The top model for the Evening Bat included numeric
day as a predictor variable and the top models for the Eastern Red Bat, North American

Table 2. Model output for the top and most parsimonious generalized linear mixed model of all
bat activity is shown for years 2020-2022 and days 143—184. The model includes the response of
total nightly bat passes to the interaction between cicada range and year plus nightly precipitation
for 2020-2022 (Passes ~ (1|Detector) + Cicada Range * Year + Precipitation). Detector sites were
at Green Ridge State Forest, McKee-Beshers Wildlife Management Area, Prather’s Neck Wildlife
Management Area in Maryland and Prince William Forest Park in Virginia. The coefficient values
(B), standard errors (SE), and probability (P) are shown. Range (in) refers to areas that were within
the 2021 Brood X periodical cicada emergence. The asterisk denotes an interaction. The numeric day
was scaled by dividing the centered values by their standard deviation.

All Bat Passes

Variable B SE P
Intercept® 5.46 032  <0.001
Range (in) -1.97 0.44 <0.001
Year (2021) -0.85 0.10  <0.001
Year (2022) -0.27 0.11 0.01
Precipitation -0.56 0.05 <0.001
Range (in) * Year (2021) 2.75 0.20 <0.001
Range (in) * Year (2022) 2.90 0.20 <0.001

“Intercept is for Range (out) and Year (2020).
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Table 3. AICc (Akaike information criteria, corrected for small samples sizes) table for models of
nightly bat activity for each species/phonic group at sites within and outside of the cicada emergence
during the summers of 2020-2022. The null model and all generalized linear mixed models with
AICc < 4 of the top model are included. Twenty-eight models and a null model were evaluated. Parks
within the range of the 2021 Brood X cicada (Magicicada spp.) emergence (in) were in Maryland and
included Green Ridge State Forest, McKee-Beshers Wildlife Management Area, and Prather’s Neck
Wildlife Management Area. Prince William Forest Park in Virginia was outside of the range of the
2021 Brood X cicada emergence (out). A/Cc score, delta A/Cc, and model weights are shown. The
asterisk denotes an interaction. Predictor variables included the random effect of detector location
and the fixed effects of precipitation, numerical day, quadratic numerical day, cicada range, and year.

Species/Phonic ~ Model AlCc AAICc  Weight
Group
Big Brown/Sil-  (1|Detector) + Day + Precipitation + Cicada Range * Year 14078.40 0 0.71
Ver-hal.red Bat (1|Detector) + Day + Day? + Precipitation + Cicada 14080.22  1.82 0.29
(Eptesicus fus- Range * Year
cus - Lasionyc-
teris noctiva- Null model 14154.16  75.76 0
gans)
Eastern Red Bat  (1|Detector) + Precipitation + Cicada Range * Year 13008.67 0O 0.64
(L“ls_"’;ms bo- " (1|Detector) + Day + Precipitation + Cicada Range * Year 13010.67 2.0 0.24
realis
(1|Detector) + Day + Day? + Precipitation + Cicada 13012.02  3.34 0.12
Range * Year
Null model 13223.60 21492 0
North American  (1|Detector) + Precipitation + Cicada Range * Year 7409.16 0 0.41
Zoary Bat (1|Detector) + Day + Precipitation + Cicada Range * Year 7410.76 1.60 0.18
eorestes
cinereus) (1Detector) + Day + Day? + Precipitation + Cicada 7411.01 1.85 0.16
Range * Year
Null model 7421.61 12.45 0
Myotis spp. (1|Detector) + Precipitation + Cicada Range * Year 12819.11 0 0.56
(1|Detector) + Day + Precipitation + Cicada Range * Year 12820.52  1.41 0.28
(1|Detector) + Day + Day?* + Precipitation + Cicada
Range * Year 12821.57 2.46 0.16
Null model 13019.15  200.04 0
Evening Bat (1|Detector) + Day + Cicada Range * Year 5294.23 0 0.43
ElNy ctice;z:u)s (1|Detector) + Day + Precipitation + Cicada Range * Year 5294.95 0.73 0.30
umeralis
(1|Detector) + Day + Day” + Cicada Range * Year 5296.22 1.99 0.16
(1|Detector) + Day + Day? + Precipitation + Cicada
Range * Year 5296.94 2.71 0.11
Null model 5326.04 31.82 0
Tricolored Bat  (1|Detector) + Day + Precipitation + Cicada Range * Year 6811.31 0 0.52
(Perimyotis (1|Detector) + Day + Day? + Precipitation + Cicada
subflavus) Range * Year 681257 126 028
(1|Detector) + Precipitation + Cicada Range * Year 6813.46 2.15 0.18
Null model 6866.69 55.38 0
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Hoary Bat, and Myotis spp. included precipitation as a predictor variable (Table 3). The top
models for the Tricolored Bat, and Big Brown Bat/Silver-haired Bat phonic group included
numeric day and precipitation as predictor variables (Table 3). For all individual species
and phonic groups, bat passes increased the year during and year after emergence within
the range of periodical cicadas compared to the year prior to emergence (P < 0.002; Table
4, Figs. 3—4). Rain had a significant and negative effect on the number of bat passes for all
species and phonic groups, not including the Evening Bat top model that did not include
precipitation (P < 0.002; Table 4).

Big Brown/Silver-Haired Bat North American Hoary Bat Myotis spp.
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Figure 4. Predicted nightly bat passes with 95% confidence intervals for individual species/phonics
groups are plotted for years 2020-2022 during the numeric days 143—184. For all models, the mean
number of predicted nightly bat passes for each year and range are shown. Species include Big Brown/
Silver-haired Bats (Eptesicus fuscus - Lasionycteris noctivagans) North American Hoary Bats (4eores-
tes cinereus), Myotis spp., Eastern Red Bats (Lasiurus borealis), Evening Bats (Nycticeius humeralis),
and Tricolored Bats (Perimyotis subflavus). Sites within (in) the Brood X periodical cicada range
(Magicicada spp.) include Green Ridge State Forest, McKee-Beshers Wildlife Management Area, and
Prather’s Neck Wildlife Management Area, Maryland and sites outside (out) include Prince William
Forest Park, Virginia.
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Table 4. Model outputs for the top and most parsimonious generalized linear mixed models for each
species or phonic group is shown for years 2020-2022 and days 143—-184. All models include the re-
sponse of low maximum likelihood estimate nightly passes. Detector sites were at Green Ridge State
Forest, McKee-Beshers Wildlife Management Area, Prather’s Neck Wildlife Management Area in
Maryland, and Prince William Forest Park in Virginia. The coefficient values (f), standard errors (SE),
and probability (P) are shown. Range (in) refers to areas that were within the 2021 brood X cicada
(Magicicada spp.) emergence. The asterisk denotes an interaction. The numerical day was scaled by
dividing the centered values by their standard deviation.

Species/Phonic Group Variable B SE P

Passes ~ (1|Detector) + Day + Precipitation + Range * Year

Big Brown/Silver-haired Bat Intercept® 4.02 042 <0.001

(Eptesicus fuscus- Lasionycteris noctivagans) Day 016 004 <0.001
Range (in) -1.96  0.60  0.001
Year (2021) -049  0.15  <0.001
Year (2022) -0.15  0.16  0.328
Precipitation -0.56  0.08  <0.001

Range (in) * Year (2021) 193  0.29 <0.001
Range (in) * Year (2022) 1.86 0.29 <0.001

Passes ~ (1|Detector) + Precipitation + Range * Year

Eastern Red Bat Intercept® 3.57 042 <0.001

(Lasiurus borealis) Range (in) 270 060 <0001
Year (2021) -1.19 0.15 <0.001
Year (2022) -0.44 0.16 0.006
Precipitation -0.70  0.09 <0.001

Range (in) * Year (2021)  3.71 0.31 <0.001
Range (in) * Year (2022) 393 031 <0.001

Passes ~ (1|Detector) + Precipitation + Range * Year

North American Hoary Bat Intercept” 1.77  0.54  0.001
(Aeorestes cinereus) Range (in) 2064 079 0417
Year (2021) -0.47 027 0.086
Year (2022) -0.29  0.31 0.341
Precipitation -0.60 0.16 0.002

Range (in) * Year (2021) 1.54  0.49  0.002
Range (in) * Year (2022 1.64  0.50 0.001

Passes ~ (1|Detector) + Precipitation + Range * Year

Myotis spp. Intercept® 352 041 <0.001
Range (in) -1.68 0.60  0.005
Year (2021) -144  0.17  <0.001
Year (2022) -0.90 0.18  <0.001
Precipitation -0.81 0.11  <0.001

Range (in) * Year (2021)  3.31 0.33  <0.001
Range (in) * Year (2022) 3.89 035 <0.001
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Table 4. Continued.

Species/Phonic Group Variable B SE P

Passes ~ (1|Detector) + Day + Range * Year

Evening Bat Intercept® 1.19 1.01  0.239

(Nycticeius humeralis) Day 062 016 <0001
Range (in) -5.17  1.62  0.001
Year (2021) -0.69 0.73  0.346
Year (2022) 078 053  0.139

Range (in) * Year (2021)  6.61 1.26  <0.001
Range (in) * Year (2022)  6.03 1.14  <0.001

Passes ~ (1|Detector) + Day + Precipitation + Range * Year

Tricolored Bat Intercept® 1.86 094 0.048

(Perimyotis subflavus) Day 020 010  0.041
Range (in) -1.79 138  0.19
Year (2021) -1.79 039  <0.001
Year (2022) -0.24 040  0.540
Precipitation -0.89 029  0.002

Range (in) * Year (2021)  3.61 0.75 <0.001
Range (in) * Year (2022) 3.39  0.82  <0.001

“Intercept is for Range (out) and Year (2020).

Discussion

We saw a significant increase in bat acoustic activity in both total activity and across
all observed bat species and phonic groups within the range of Brood X periodical cicadas
the year during and year following emergence compared to the year prior to emergence. In
contrast, total echolocation passes outside the emergence area decreased from 2020 to 2021
and did not significantly change from 2021 to 2022. This suggests that bats were responding
to the periodical cicada emergence itself. Although acoustic detections of bats have biases
that limit inference, i.e., variable detection probabilities (Adams et al. 2012), changes in
activity are used broadly as a surrogate for population responses (Evans et al. 2021, Lintott
etal. 2013). Therefore, this increase in acoustic activity during and following the emergence
suggests an increase in local bat populations.

Bats have shown significant responses to other insect emergences with greater aggre-
gations and intake occurring at sites experiencing outbreaks of Choristoneura freemani
Razowski (Western Spruce Budworm) (Blazek et al. 2021, Wilson and Barclay 2006). In-
creases in feeding buzzes of generalist bat species in response to increased pest moth avail-
ability also has been observed (Charbonnier et al. 2014). Although fecal samples were not
collected during our study to confirm consumption of periodical cicadas, consumption by
Big Brown Bats has been documented in other emergence years (Storm and Whitaker 2008)
and annual Cicadidae (true cicada) consumption occurs in non-periodic cicada emergence
years in our study area (Deeley et al. 2022b). Isenhour et al. (2024) found Magicicada spp.
DNA from the Brood X emergence in the feces of Little Brown Bats north of our study area,
in central Pennsylvania. This indicates that smaller bat species can consume these large prey
items. Moreover, examples of prey within the size range of periodical cicadas are common
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in the literature for several species. Evening Bats consume Lepidopteran agricultural pests
with body lengths ranging from 27 to 34 mm (Hughes et al. 2021) and Little Brown Bats are
known to feed on species such as Parcoblatta pensylvanica (De Greer) (Pennsylvania Wood
Cockroach), with a body length of 16.8-24.5 mm for flighted males, and Chauliodes pec-
tinicornis (L.) (Summer Fishfly) with a body size of 21-46 mm (Blatchley 1920, O’Rourke
et al. 2022, Rasmussen and Pescador 2002). As periodical cicadas are slower flyers than
annual cicadas and have limited predator-avoidance strategies, insectivorous bats on the
landscape could easily prey on periodical cicadas via hawking or gleaning (Oberddrster and
Grant 2007). Because flight activity of periodical cicadas largely is diurnal, this suggests
that bats may employ gleaning to prey on these insects at night. The species in our study
area, Big Brown Bats, Eastern Red Bats, Little Brown Bats, and Northern Long-eared Bats,
have been documented using gleaning behavior (Arh 2009, Jarzonbek 2009, Ratcliffe and
Dawson 2003).

The size of the periodical cicada is not the only limiting factor for consumption by bats.
The bite force needed to consume different insects is affected by the size and taxon of the
insect and the robustness of the bat skull (Freeman 1981, Freeman and Lemen 2007). He-
miptera (true bugs), which includes periodical cicadas, have a wide-ranging hardness index,
but one that generally is ranked between Coleoptera (beetles) and Lepidoptera (butterflies
and moths) (Freeman 1981, Freeman and Lemen 2007). Big Brown Bats and Evening Bats
consume much more Coleoptera (Feldhamer et al. 2009, Long et al. 2013, Whitaker 1995,
Whitaker and Clem 1992), whereas Lasiurines consume more Lepidoptera, although their
skull and jaw morphology allows them to consume harder prey (Feldhamer et al. 2009, Free-
man 1981).

The timing of the emergence in 2021 coincided with the timing of pregnancy and lacta-
tion of Big Brown and Eastern Red bats along the CHOH (Deeley et al. 2022a). As increased
prey availability during pregnancy possibly led to earlier parturition and subsequent earlier
lactation, bat foraging activity, as measured by acoustic detection, could have increased dur-
ing the periodical cicada emergence in 2021 (Arlettaz et al. 2001, Reynolds and Kunz 2000).
This pattern has been observed in Brazilian Free-tailed Bats following the movements and
migrations of Helicoverpa zea (Boddie) (Corn Earworm Moth) during pregnancy, lactation,
and fall migration (McCracken et al. 2012). Overall, many temperate-zone insectivorous
bats have flexible diets that allow shifts in response to ephemeral resources (Wilson and
Barclay 2006). Additionally, with the potential for earlier volancy leading to higher first-
year survival, the increase in acoustic activity the year following emergence could be due
to recruitment into the population (Frick et al. 2010). For other vertebrates, movement into
an area following a resource pulse is well-documented (Yang et al. 2010). Some individuals
and/or their offspring possibly took advantage of this resource pulse and then returned to the
landscape the following year, thereby causing the year post-emergence to have continued
higher levels of bat activity. Regional changes, such as an emigration from the cicada-absent
nearby landscape, could have contributed to the increased activity within the cicada range.

Beyond food availability, periodical cicadas also affect the architecture of the forest
through ovipositing of eggs, which subsequently damage branches and cause the wilting of
leaves (Smith and Linderman 1974). Ovipositing occurs in various tree species, and injuries
to branches can occur the year of or the year after emergence, depending on the species
(Smith and Linderman 1974). Positive responses to insect-derived changes in forest struc-
ture have been documented in Barbastella barbastellus (Schreber) (European Barbastelle)
that exclusively formed maternity colonies in spruce trees previously killed by Ips typogra-
phus L. (European Spruce Bark Beetle) (Kortmann et al. 2018). For species that roost in
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dead foliage, such as the Lasiurines and the Tricolored Bat, the increase in echolocation
passes could result from immigration into an area with more suitable roost availability
(Carter and Menzel 2007, Kunz and Lumsden 2003, Newman et al. 2021).

Bats in the mid-Atlantic are experiencing numerous population stressors such as white-
nose syndrome, wind-energy development, and forest fragmentation (Hayes 2013, Hoyt et
al. 2021). Although periodical cicadas disappear from the landscape before dispersion and
migration of bats to hibernacula, increased food availability during the reproductive period
may improve bat body condition that, in turn, might contribute to higher survival during
hibernation when exposure to white-nose syndrome occurs. For example, to counteract the
effects of white-nose syndrome, researchers have artificially increased food resources dur-
ing critical pre-hibernation foraging periods for bats, which has improved body condition
before hibernation, leading to increased survival (Cheng et al. 2019, Frick et al. 2023).

Our research demonstrates a positive response of bats to the periodical cicada emer-
gence, indicative of at least a short-term regional increase in activity. This response is
consistent with other vertebrates presented with a periodical cicada emergence (Koenig and
Liebhold 2005). Although 1 study found that within-year activity of Big Brown and North
American Hoary Bats did not change during an emergence (Proudman et al. 2024), we found
activity among years to be significantly different. Overall, resource pulses such as periodi-
cal cicada emergences appear to elicit a measurable response by mid-Atlantic bat species
beyond the ephemeral presence of the insects on the landscape. As emergences from 15
distinct broods occur across much of the eastern United States, future and long-term stud-
ies could contribute to our understanding of whether the effects on activity, movement, and
then potentially population and body condition were causal or merely correlative. Increased
long-term site monitoring of bats through efforts such as the North American Bat Monitor-
ing Program (Loeb et al. 2015) that will overlap in space and time with the various cicada
broods at local and regional scales may be an avenue to validate our conclusions.
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