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ABSTRACT

Background. Microplastics (MPs) are among the many ubiquitous environmental

contaminants of emerging concern for both aquatic and terrestrial species. Bats have
integral roles in aquatic-terrestrial food webs on almost every continent, are exposed to a
wide variety of environmental contaminants, and yet have received limited investigation
about the threat of MPs. While MPs have been detected in numerous bird species and
in bats of the Amazon, there are no published studies documenting the dietary MP

exposure of North American bats that consume many terrestrial and aquatic arthropods
or the possible adverse effects of exposure.

Methods. We chemically digested bat gastrointestinal tracts (GITs) to extract, quantify,
and characterize MPs that accumulated in insectivorous Eptesicus fuscus (big brown

bats). We quantified MPs in procedural blanks to account for background contamina-
tion in the lab for controls and compared concentrations in bat GITs to controls. We
measured the mass of bat carcasses, minus the brains, prior to necropsy to determine
body condition. We investigated the relationship between MP concentrations in bat

GITs to body condition to determine if higher concentrations indicated reduced bat
body condition using linear regression.

Results. Our results indicate that the ingestion of MPs by bats could lead to lower bat
mass, potentially related to poorer body condition or ability to store fat. The ability

to store and use fat is crucial for the survival of these migrating and cave-hibernating
species. Moreover, bats with higher fat stores are more likely to survive multiple stressors
such as the non-native fungal disease white-nose syndrome. This study will allow future
research to build off baseline information and further explore the effects of MPs to

individuals and populations of bats of conservation concern.

Subjects Conservation Biology, Ecotoxicology, Environmental Contamination and Remediation

Keywords Pollution, Threats, Microplastics, Conservation, Wildlife, Terrestrial, Insectivores,
Contaminants, Chiroptera , Sublethal

INTRODUCTION

Microplastics (MPs), or tiny plastic particles sized 1 pm-5 mm, are human-sourced
contaminants that are widespread and abundant in the environment (Hale et al., 2020;
Thacharodi et al., 2024). Nano- (<1 wm) and meso- (5-25 mm) sized plastic particles are
often grouped together with MPs in research studies (Correia et al., 2023). Considerable
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research on MPs has focused on uptake by aquatic organisms, but recent studies also show
that terrestrial organisms are exposed (Ayala et al., 2023; Carlin et al., 20205 Fackelmann
et al., 2023; Hoang & Mitten, 2022; Masid, Ardura ¢ Garcia-Vazquez, 2019; Sherlock et
al., 2022; Wayman et al., 2024; Weitzel et al., 2021; Winkler et al., 2020). Potential health
concerns related to MP exposure are numerous across taxa and include physiological
reactions to the constituents from which they are made, such as bisphenol A (BPA), a
known endocrine-disrupting compound (Flint et al., 2012). Emerging research indicates
that the physical properties of MPs are implicated in the disease plasticosis, diagnosed by
particles that embed in or change the structure of tissues (Charlton-Howard et al., 2023).
Microplastics have been associated with many sublethal effects in organisms including
reduced body condition (Welden ¢ Cowie, 2016), altered gut microbiomes (Fackelmann
et al., 2023), altered fatty acid composition (McCann Smith et al., 2024), organ damage
(Rivers-Auty et al., 2023), depressed immune systems, oxidative stress, and inhibited
growth (Osman et al., 2023).

Aerial insectivores are among the terrestrial organisms that are exposed to MPs. In
the last five years, numerous studies have documented MP exposure in birds (Carlin
et al., 2020; Fackelmann et al., 2023; Liu et al., 2023; Masid, Ardura & Garcia-Vazquez,
2019; Schutten et al., 2024; Tathet al., 2025; Teboul et al., 2021; Tokunaga et al., 2023;
Wayman et al., 2024). One published study documents exposure in multiple bat species
in the Brazilian Amazon (Correia et al., 2023). To date, no studies in the literature have
investigated MP exposure in North America (NA) insectivorous bats. Many of these bat
species are of conservation concern due to a myriad of threats, including habitat loss or
degradation, urbanization, agricultural intensification, wind turbine fatalities, and the
disease white-nose syndrome (WNS) (Cable, Willcox ¢» Leppanen, 2022; Frick, Kingston
& Flanders, 2020; Hoyt, Kilpatrick & Langwig, 2021; Korine et al., 2016; Kunz et al., 2007;
Put, Fahrig ¢ Mitchell, 2019). The objectives of this study were to (1) test a method for
extracting microplastics from bat stomach contents, (2) characterize and quantify MP
concentrations in bat gastrointestinal tracts, and (3) investigate the possible relationship
of MP concentrations with bat sex, age, and body condition.

MATERIALS & METHODS

Collection of samples for protocol testing

We received bat stomach contents collected during previous field studies as part of WNS
surveillance. At the time of collection, WNS was recently introduced to NA, and large
quantities of dead bats were found in caves. The samples used in this study were collected
from three locations in the Northeast USA: Bennington County cave, Vermont (n = 42),
Hampden County mine, Massachusetts (n = 25), and Warren County mine, New York,
USA (n = 25). We assume that they were all collected from sites by researchers and know
that they were all from a single species, Myotis lucifugus (little brown bat). The samples
were not collected for the purpose of studying microplastics and there was no protocol
in place to limit contamination at time of stomach content collection; therefore, we only
used these samples to modify a method of MP extraction and quantification and cannot
determine the source of MPs in these samples.
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Bat gastrointestinal tract (GIT) collection

We collected bat carcasses through public health monitoring programs in Tennessee, USA.
We received dead bats that had been collected throughout the state and submitted to
facilities in Knox and Davidson Counties. Bats were often submitted following human
or pet exposure and all were missing brain tissue from rabies tests that were performed.
None of these bats were tested for the presence of WNS. We chose Eptesicus fuscus (big
brown bat) as our study species because we had the highest number of carcasses of that
species. Bats were frozen at —20 °C, then thawed for three hours on the day of processing
and necropsied in a dedicated necropsy lab at the University of Tennessee College of
Veterinary Medicine to extract the full, intact gastrointestinal tracts (GIT) from esophagus
to anus. During necropsy, we placed bats on metal pans, necropsied them with small
metal scissors and scalpels, and stored all extracted organs in aluminum foil. We did not
rinse equipment during necropsy but kept organs intact to avoid contamination of the
internal organs. External contamination of organs was addressed in the microplastic lab
on the day of digestion (see below). We refroze each sample in labeled whirl pak bags until
further analysis. Unlike the collection method of the stomach content samples discussed
previously, this GIT collection protocol ensured reduced risk of MP contamination, thus
allowing us to test the dietary pathway of exposure.

Extraction of microplastics

We adapted methods previously used to extract MPs from GITs of birds of prey (Carlin et
al., 2020). We rinsed each intact GIT sample with pure deionized water (DI water) twice
to remove external microplastics. This step was not conducted with the stomach contents
samples as that would have washed away all the material. A solution of potassium hydroxide
(KOH) was prepared from pellets (Macron Fine Chemicals, Batch No. 0000271176) and
deionized water so that the concentration was 10% KOH. The KOH was not filtered so
as not to introduce MPs from the container that it would be filtered into in an additional
step. Instead, the solution was used in both tissue digestion and the processing of blanks
to quantify contamination (see below). We weighed each GIT sample and digested tissues
in the KOH solution and placed them on a shaker at 180 revolutions per minute (RPM)
speed for 24 h. The amount of KOH used for each sample was determined by using an
analytical scale to weigh the GIT sample and aimed to add 3 times the weight in KOH. All
GITs were fully submerged in KOH despite the small volumes of solutions used. Samples
remained in the KOH solution for 3—12 days depending on tissue digestion success. While
Carlin et al. (2020) applied heat to the digestion of GITs of large birds of prey, we found
during protocol testing that applying heat during digestion was not required, possibly
due to the small sample mass of bat GITs. We used a glass vacuum filter system and
glass membrane filters (Whatman, grade GF/F borosilicate glass microfiber filters, 47 mm
diameter, 0.42 mm thickness) to separate out undigested from digested material. We
originally used filters with a 2.7 pm pore size for stomach content samples but determined
that a smaller pore size could be used compared to those used for large birds (Carlin et al.,
2020) so we modified the protocol to use 0.7 pm pore size for GIT samples. We stored
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samples on the glass filters in closed glass petri dishes in a dark filing cabinet until we
counted particles in subsequent steps.

Limiting and quantifying contamination

To avoid introducing contamination to samples, all benches were wiped down at the
beginning of each session with paper towels and DI water. We wore 100% white cotton lab
coats, covered all samples with aluminum foil while processing, and rinsed all glassware
with pure DI water. We incorporated two procedural blanks every digestion session in the
lab to quantify background contamination following the same procedures that we used to
digest tissue samples (rinsing glassware, adding 10% KOH, filtering through vacuum filter,
storing filters in petri dishes, and counting and characterizing particles). The procedural
blanks only contained the average amount of KOH solution (in grams using an analytical
scale) that was added to the previous ten GIT samples and did not contain any tissues. We
attempted to limit the number of people in the lab, but it was a shared space, and we could
not always control lab use.

Counting and characterizing microplastics

We examined each glass filter under a microscope (Motic, Model SMZ-171) and scanned
left-to-right and up-to-down. We scanned on multiple magnification settings ranging 7.5—
50X to count particles of various sizes. We placed a dot, made with a fine tipped marker,
beside every piece of plastic to avoid counting particles more than once. We characterized
each particle type based on the type and color (Carlin et al., 2020; Rodriguez-Seijo ¢ Pereira,
2017). We used a hot needle method to determine if some particles were plastics. First, we
would heat the needle with a flame and place it on the edge of a particle. If it melted or bent
with heat, we classified it as an MP. If it did not melt or bend, we applied pressure to the
particle with the needle. If the particle broke under pressure, we did not classify the particle
as an MP. Chitinous insect parts that remained post-digestion were not classified as MPs.
They did not melt or bend with heat, and they would often shatter under needle pressure.
Although the hot needle method is sometimes considered outdated now, it has been used
for nearly a decade and was a common method at the time of this study (De Witte et al.,
2014). If we were not sure about a particle, we were conservative and did not classify it as
an MP. We also recorded the color of each particle, as color is often characterized in MP
research (Carlin et al., 2020; Masid, Ardura & Garcia-Vazquez, 2019). We used a Moticam
X3 camera and software to take pictures and measure the longest side of a subset of particles
per sample.

Microplastics and age, sex, and body condition

We calculated MP concentration by taking the number of particles divided by the mass of
the GIT tissue plus the added KOH solution. Microplastic concentration for procedural
blanks (i.e., controls) were the number of particles divided by the mass of the KOH solution
only. We log transformed MP concentrations from GITs to normalize the data for use in
the statistical analysis but report raw concentrations in the results. We used analysis of
variance (ANOVA) to test if MP concentrations in bat samples were significantly different
than control samples. We used ANOVA to also determine if MP concentrations varied
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Table 1 Summary table of microplastics (MPs) found in the gastrointestinal tracts (GITs) of big
brown bats (Eptesicus fuscus). Samples were collected from 15 counties in Tennessee, United States
of America in years 2019 and 2020, and procedural blanks (i.e., control samples). Concentrations are
reported as number of MPs divided by the mass of the tissue sample (g) plus KOH solution (g) for the
GITs and number of MPs divided by the KOH solution (g) for procedural blanks.

Sample type MP count Total count MP concentration Total MP
(n) (mean % SD) (n) (range) (n/gram) concentration
(mean £ SD) (n/gram)
(range)
GITs (1 = 26) 22.1425.6 574 (1-112) 7.5+ 10.9 194.3 (0.3-54.6)
Controls (n = 10) 2.8+1.7 28 (1-6) 1.2+£0.5 11.6 (0.4-2.0)

by age and sex. We graphed body mass and MP concentrations by collection month to
investigate seasonal patterns of MP concentrations and bat mass. We fit a linear regression
model in R version 4.3.2 to determine if MP GIT concentration had a relationship with bat
mass, a proxy for estimating fat stores (McGuire et al., 2018). Bat mass was the dependent
variable and MP concentration was the independent variable.

RESULTS

Protocol testing with bat stomach contents

Methods used previously for extracting MPs from GITs of birds of prey (Carlin et al., 2020)
and adapted for this study extracted 306 MPs from 85 of the 92 M. lucifugus stomach
contents. Fibers made up over half of the observed plastics (56%), followed by fragments
(35%), films (4%), foams (3%), and fiber bundles (2%). Blue particles made up over
half of the observed plastics (56%), followed by clear (16%), and red particles (12%).
The remaining 16% included black, brown, gray, green, pink, purple, white, and yellow
particles. This determined that the method was appropriate for extracting different particle
types from bat samples, that applying heat during the digestion was not necessary, and that
a smaller pore size filter could be used in subsequent steps with GITs.

Microplastics concentrations and characterizations

We extracted 608 plastic particles from 26 E. fuscus GITs collected from 15 Tennessee
counties (Fig. 1) and 28 plastic particles from 10 control samples. The average MP
concentration in GITs was 7.5 n/g & 10.9 SD (Table 1). The majority of microplastics were
fibers (n = 574; 94%; Fig. 2). We also identified nine fiber bundles, 16 fragments, seven
films, and two spheres. We identified 26 fibers and two foams in our 10 control samples.
Control samples had an average MP concentration of 1.2 n/g 4 0.5 SD (Table 1). All plastics
in control samples were clear fibers (64%), blue fibers (18%), purple fibers (11%), or blue
foams (7%). The most abundant MPs in GIT samples were clear fibers (52%), blue fibers
(35%), red fibers (8%), purple fibers (2%), blue fragments (1%), clear fiber bundles (1%),
and white films (1%). We also identified fibers of other colors and other plastics occurring
in smaller numbers. To be conservative in our estimates of MPs, we only used fibers in the
statistics because they were the easiest to tell apart from natural material and were the most
frequent type occurring in bat samples.
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Figure 1 Map of 15 Tennessee (TN) counties and the average number of microplastics extracted from
gastrointestinal tracts (GITs) from bats collected in 2019 and 2020.
Full-size Gal DOI: 10.7717/peer;j.19740/fig-1

Figure 2 Microscopic images of plastic particles extracted from gastrointestinal tracts of big brown
bats (Eptesicus fuscus) collected in 2019 and 2020 in Tennessee, USA. (A) Fiber bundle with clear, red,
and blue fibers, (B) blue fiber, (C) three clear fibers, and (D) a red fiber extracted from bat gastrointestinal
tracts. Each black arrow points to a fiber. The purple marker used when counting plastics is visible in all
four photos. Photos were taken with Motic Images Plus 3.0.

Full-size &al DOI: 10.7717/peerj.19740/fig-2
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Table 2 Mean and standard deviation values for microplastic (MP) concentrations (number of MPs
divided by sample and KOH mass (g)) in big brown bat (Eptesicus fuscus) gastrointestinal tracts. Sam-
ples were collected from 15 counties in Tennessee, United States in years 2019 and 2020. The number in
parentheses indicates sample size.

Sex Juvenile Adult Unknown All

Male 35408 (3) 13.1 % 16.0 (10) 10.9 & 14.5 (13)
Female 6.7+ 5.7 (4) 29+2.6(8) 2.6 (1) 4.0 £3.9 (13)
All 53+4.4(7) 8.6+ 12.8 (18) 2.6 (1)

Microplastics and age, sex, and body condition

Microplastic concentrations were significantly higher in GIT samples than control samples
(Table 1; p=10.01). Concentrations were not significantly higher in males (n = 13) than
females (n = 13) in the ANOVA analysis (p = 0.08). Higher concentrations in adults (n
= 18) compared with juveniles (n = 7) were also not significant (Table 2; p=10.96). The
linear model determined that MP fiber concentrations in the GIT had a significant negative
association with bat body condition, with lower body mass associated with higher GIT MP
concentrations (Fig. 3; p=0.007, adjusted r? =0.23, F; o4 = 0.72 [Bat mass = 15.77—1.37
* log (MP concentration)]).

Eptesicus fuscus were collected in April (n = 1), May (n = 8), June (n = 4), July
(n=15), August (n = 3), September (n = 1), and November (n = 4). We did not compare
body mass and MP concentrations across months statistically due to limited sample size.
Mean bat body mass appeared similar in all months (12.4-14.1 g range) except November
(17.5 g & 3.7 SD; Fig. 4). Microplastic concentrations appeared lowest in April (0.7 n/g),
but the sample size was a single bat. May appeared to have the highest MP concentrations
(11.7 n/g & 18.3 SD; Fig. 4).

DISCUSSION

Emerging research on MPs has demonstrated that they are ubiquitous environmental
contaminants. We show in this study that insectivorous bats are no exception to the
terrestrial wildlife species that ingest MPs. To our knowledge, this is the first study to
document dietary exposure routes of MPs to bats in North America; however, other
studies have similar findings in 25 bat species captured in the Brazilian Amazon (Correia
et al., 2023) and it is likely a global issue. The MP concentrations that we detected in
bat GITs were comparable to GITs of migratory birds and nestling birds in Wisconsin
and Illinois, USA (Hoang ¢» Mitten, 2022). The presence of MPs in GITs suggests that
bats are exposed from their insectivorous prey, by contaminated drinking water, or by
incidental or intentional ingestion of particles suspended in the air. All are possible
explanations as ontogenic transfer of MPs from aquatic-to-terrestrial systems through
metamorphosis has been documented in arthropods (Al-Jaibachi, Cuthbert ¢ Callaghan,
2019; Grgic et al., 2023; Yildiz et al., 2022). Considering that bats are known to consume
a variety of arthropods (Deeley et al., 2023; Maslo et al., 2022), exposure via prey items is
possible. Moreover, environmental MPs in freshwater systems and the air are abundant
and widespread, thus available for uptake (O’Brien et al., 2023; Thacharodi et al., 2024).
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Figure 3 Plot showing the linear relationship between the log-transformed microplastics concentra-
tions (n particles/gram tissue) in the gastrointestinal tracts of big brown bats (Eptesicus fuscus) and bat
mass of whole carcass bat minus brains (grams). Samples were collected from 15 counties in Tennessee,
USA in years 2019 and 2020. The line shows the fit linear model (Body mass = 15.77-1.37 (log (MP con-
centration)); F1,24 = 8.72, p = 0.007, adjusted * = 0.23) and the gray shading is the 95% confidence in-
terval. There is a significant relationship between microplastics concentrations and bat mass.

Full-size Gl DOL: 10.7717/peerj.19740/fig-3

Bats visit water sources for foraging and drinking purposes (Kalcounis-Rueppell et al.,
2007; Rydell et al., 2022), thus, drinking water could be a route of exposure. Bats might also
ingest microplastics during grooming as they can with other contaminants (Pitt et al., 2014;
Racey & Swift, 19865 Shore et al., 1991). Microplastic pollution in the air might also have
substantial influence on bat exposure, as MPs are abundant in the atmosphere (O’Brien
et al., 2023) and bats use the aerosphere to forage. Future research could explore MP
concentrations in arthropods that are known bat prey sources, surface water and air from
foraging and drinking areas, and concentrations in bat organs and bat guano to understand
accumulation patterns. The effects of MP air pollution on bats could be important to
understand, especially if bats confuse plastics for prey items or if the suspended particles
interfere with bat echolocation ability. Similar misperceptions of acoustic signals associated
with marine debris that are hypothesized to influence foraging by echolocating cetaceans
(Merrill et al., 2024) might apply to aerial echolocating species.
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Figure 4 Bar graph showing the mean bat body mass (grams) and microplastics concentrations
(number of particles per gram of tissue) in gastrointestinal tracts of 26 big brown bats (Eptesicus
fuscus). Samples were collected from 15 counties in Tennessee, USA in years 2019 and 2020. The error
bars indicate the standard deviation when there was more than one sample. Sample sizes are as follows:
April (n = 1 bat), May (n = 8), June (n = 4), July (n = 5), August (n = 3), September (n = 1), and
November (n = 4).

Full-size Gl DOI: 10.7717/peer;j.19740/fig-4

Studies that are able to collect fresh bat carcasses that have not yet been frozen could
assess histopathology of gastrointestinal tracts to determine if bats experience plasticosis
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(Charlton-Howard et al., 2023). Additionally, studies on the potential role that plasticosis
may have in nutrient absorption and fat storage in bats would be highly valuable. If plastics
damage cells in GITs, it might make it more difficult for bats to absorb nutrients. For
example, celiac disease in humans can compromise the structural integrity of the intestinal
lining and inhibit nutrient and vitamin absorption (Garcia-Manzanares ¢ Lucendo, 2011).

There is not yet evidence indicating bats selectively consume microplastics based on
color. Most of the fibers found in the stomachs, intestines, and lungs of Amazon vampire
bats were white or clear (Alencastre-Santos et al., 2025). White and clear fibers might be
prevalent because many items contributing to microplastic pollution are white or clear
before they degrade; however, we are likely also observing the outcome of the degradation
of pigments. Over time, colored microplastics are likely to lose pigmentation (Zhao et al.,
2022). Therefore, less pigmented or unpigmented microplastics will likely always make up
some proportion of samples, except where microplastic pollution is recent and pigments
have not degraded. Additionally, bleaching during bat food digestion with stomach acid
or sample digestion in the lab with the KOH could also be an explanation (Lee et al.,
2022). While MPs are abundant in the environment, there may be seasonal patterns of
bat exposure. For example, bats may not be exposed during hibernation when they limit
foraging activities. We were unable to test any seasonal patterns of MP GIT exposure with
the limited data; however, we anecdotally noticed that lower MP concentrations may occur
during the time immediately post-hibernation and the largest concentrations may occur
post-migration and during the early pregnancy period. It is also possible that weather
events could alter exposure, as flooding can increase MPs up to 14 times (Giindogdu et al.,
2018). This warrants additional research into seasonal patterns of exposure and influence of
severe weather events, as bats may be more vulnerable to contaminants and other stressors
during periods of high energy expenditure and prey consumption.

It is also possible that not all sympatric insectivorous bat species are exposed to MP
equally. It is likely that species traits and geographic factors such as foraging behaviors (i.e.,
foraging mostly over water sources versus terrestrial areas) and proximity to contaminated
sites and urban areas would also influence MP exposure. Epfesicus fuscus is an urban-
adapted bat species, and we received carcasses from programs where the initial source
was a direct human-wildlife interaction. Therefore, the bats in this dataset may be more
exposed to anthropogenic disturbance and urban development, and, thus, may have higher
MP concentrations than bats foraging in less-developed areas. Future studies that use lethal
methods or analyze guano from live-captured bats could potentially alleviate some of the
bias and achieve a more random sample.

A caveat of this study is that methods in microplastic identification and classification
have since evolved beyond the methods used at the time of this study. For example, there
are now many suggestions to improve the hot needle method (Beckingham et al., 2023).
Additionally, Fourier Transformed Infrared Spectroscopy (FTIR) or Raman spectroscopy
are the standard now for more sophisticated MP identification and characterization. We
had planned to use spectroscopy, but equipment failure led us to use more primitive
methods of relying solely on microscopy. Nevertheless, these methods were effective in
establishing baseline information.
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Our most interesting finding was that higher GIT MP concentrations were associated
with bats having lower mass, a proxy for fat reserves (McGuire et al., 2018). The model
explained 23% of the variation of bat mass with MP concentration; however, we caution
that we had a limited sample, and there are likely other factors that influence bat mass.
Regardless, our findings indicate that this topic should be explored further. Future studies
with larger sample sizes could calculate the limits of detection (LOD) and quantification
(LOQ) and explore these and other questions further. Fat storage is a crucial resource
for species that migrate and hibernate. Fat storage is even related to disease survival
probability, as bats that hibernate and are infected with the non-native pathogen that
causes white-nose syndrome are more likely to survive the winter if they start off with
higher fat reserves (Cheng et al., 2019; Perry ¢ Jordan, 2020). Our finding warrants future
research exploring this possible relationship between higher MP GIT concentrations and
bat mass, on how MPs might block the GIT, inhibit metabolic processes, or the possibility
that MP consumption fills the bat with non-nutritional volume and mass that cannot add
to body mass and fat stores. The sublethal effects are difficult to study, but could be crucial
if MPs remain abundant and persistent contaminants in the environment. Moreover,
research on remediation and restoration of aquatic systems and how this might benefit
bats and other wildlife would be valuable to future conservation efforts to help recovery of
species impacted by emerging environmental contaminants.

CONCLUSIONS

This study provided evidence that insectivorous bats are exposed to microplastics.
Moreover, concentrations in the GIT may influence bat health condition. For example,
MP GIT concentrations had a significant influence on bat mass. Future research could
investigate the role of MPs in arthropods, drinking water, and particles suspended in the
air column in bat ingestion and uptake. Understanding how pollution and environmental
contaminants affect bats is critical for monitoring bat populations globally.

ACKNOWLEDGEMENTS

We acknowledge the help of our lab technicians, Victoria Villanueva, Cheyenne Mireles,
and Christopher Fisher. Thank you to Jonathan Reichard for providing the bat stomach
content samples. Thanks also to Michael McKinney for sharing his lab space for us to
perform the experiments and Richard Gerhold and Eliza Baker for teaching us necropsy
techniques.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the United States Fish and Wildlife Service (F20AP12217).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 11/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.19740

Peer

Grant Disclosures
The following grant information was disclosed by the authors:
United States Fish and Wildlife Service: F20AP12217.

Competing Interests

Although Christy Leppanen was an FDA/CTP employee, this work was not done as part
of her official duties. This publication reflects the views of the author and should not be
construed to reflect the FDA/CTP’s views or policies.

Author Contributions

e Ashleigh B. Cable conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

e Emma V. Willcox conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

e Leah N. Crowley performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.

e Christy Leppanen conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data for individual bats and the R code used for analysis and figures is available
in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.19740#supplemental-information.

REFERENCES

Al-Jaibachi R, Cuthbert RN, Callaghan A. 2019. Examining effects of ontogenic
microplastic transference on Culex mosquito mortality and adult weight. Science of
the Total Environment 651:871-876 DOI 10.1016/].scitotenv.2018.09.236.

Alencastre-Santos AB, Silva DMR, Ribeiro-Brasil DRG, Correia LL, Garcia MG, Vieira
TB. 2025. Microplastic contamination in Amazon Vampire Bats (Desmodontinae:
Phyllostomidae). Diversity 17(1):31 DOI 10.3390/d17010031.

Ayala F, Zeta-Flores M, Ramos-Baldarrago S, Tume-Ruiz J, Rangel-Vega A,

Reyes E, Quinde E, De-la Torre GE, Lajo-Salazar L, Cardenas-Alayza S.
2023. Terrestrial mammals of the Americas and their interactions with plas-
tic waste. Environmental Science and Pollution Research 30(20):57759-57770
DOI 10.1007/s11356-023-26617-x.

Beckingham B, Apintiloaiei A, Moore C, Brandes J. 2023. Hot or not: systematic review
and laboratory evaluation of the hot needle test for microplastic identification.
Microplastics and Nanoplastics 3(1):8 DOT 10.1186/s43591-023-00056-4.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 12/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.19740#supplemental-information
http://dx.doi.org/10.7717/peerj.19740#supplemental-information
http://dx.doi.org/10.7717/peerj.19740#supplemental-information
http://dx.doi.org/10.1016/j.scitotenv.2018.09.236
http://dx.doi.org/10.3390/d17010031
http://dx.doi.org/10.1007/s11356-023-26617-x
http://dx.doi.org/10.1186/s43591-023-00056-4
http://dx.doi.org/10.7717/peerj.19740

Peer

Cable AB, Willcox EV, Leppanen C. 2022. Contaminant exposure as an additional
stressor to bats affected by white-nose syndrome: current evidence and knowledge
gaps. Ecotoxicology 31(1):12-23 DOI 10.1007/s10646-021-02475-6.

Carlin J, Craig G, Little S, Donnelly M, Fox D, Zhai L, Walters L. 2020. Microplastic
accumulation in the gastrointestinal tracts in birds of prey in central Florida, USA.
Environmental Pollution 264:114633 DOT 10.1016/j.envpol.2020.114633.

Charlton-Howard HS, Bond AL, Rivers-Auty J, Lavers JL. 2023. ‘Plasticosis’: charac-
terising macro- and microplastic-associated fibrosis in seabird tissues. Journal of
Hazardous Materials 450:131090 DOI 10.1016/j.jhazmat.2023.131090.

Cheng TL, Gerson A, Moore MS, Reichard JD, DeSimone J, Willis CK, Frick WF,
Kilpatrick AM. 2019. Higher fat stores contribute to persistence of little brown bat
populations with white-nose syndrome. Journal of Animal Ecology 88(4):591-600
DOI10.1111/1365-2656.12954.

Correia LL, Ribeiro-Brasil DRG, de Meloe Silva D, Garcia MG, Alencastre-Santos
AB, Vieira TB. 2023. The first record of ingestion and inhalation of micro- and
mesoplastics by Neotropical bats from the Brazilian Amazon. Acta Chiropterologica
25(2):371-383 DOT 10.3161/15081109ACC2023.25.2.015.

Deeley S, Kang L, Michalak P, Hallerman E, Ford WM. 2023. DNA metabarcoding-
based evaluation of the diet of big brown bats (Eptesicus fuscus) in the Mid-Atlantic
Region. Northeastern Naturalist 29(4):454-473 DOI 10.1656/045.029.0405.

De Witte B, Devriese L, Bekaert K, Hoffman S, Vandermeersch G, Cooreman K,
Robbens J. 2014. Quality assessment of the blue mussel (Mytilus edulis): comparison
between commercial and wild types. Marine Pollution Bulletin 85(1):146—155
DOI 10.1016/j.marpolbul.2014.06.006.

Fackelmann G, Pham CK, Rodriguez Y, Mallory ML, Provencher JF, Baak JE, Sommer
S. 2023. Current levels of microplastic pollution impact wild seabird gut micro-
biomes. Nature Ecology & Evolution 7(5):698-706 DOI 10.1038/541559-023-02013-z.

Flint S, Markle T, Thompson S, Wallace E. 2012. Bisphenol A exposure, effects, and
policy: a wildlife perspective. Journal of Environmental Management 104:19-34
DOI 10.1016/j.jenvman.2012.03.021.

Frick WF, Kingston T, Flanders J. 2020. A review of the major threats and challenges to
global bat conservation. Annals of the New York Academy of Sciences 1469(1):5-25
DOI10.1111/nyas.14045.

Garcia-Manzanares A, Lucendo AJ. 2011. Nutritional and dietary aspects of celiac dis-
ease. Nutrition in Clinical Practice 26(2):163—173 DOI 10.1177/0884533611399773.

Grgic I, Cetinic KA, Karacic¢ Z, Previsi¢ A, Rozman M. 2023. Fate and effects of
microplastics in combination with pharmaceuticals and endocrine disruptors in
freshwaters: insights from a microcosm experiment. Science of the Total Environment
859:160387 DOI 10.1016/j.scitotenv.2022.160387.

Giindogdu S, Cevik C, Ayat B, Aydogan B, Karaca S. 2018. How microplastics quantities
increase with flood events? An example from Mersin Bay NE Levantine coast of
Turkey. Environmental Pollution 239:342-350 DOI 10.1016/j.envpol.2018.04.042.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 13/16


https://peerj.com
http://dx.doi.org/10.1007/s10646-021-02475-6
http://dx.doi.org/10.1016/j.envpol.2020.114633
http://dx.doi.org/10.1016/j.jhazmat.2023.131090
http://dx.doi.org/10.1111/1365-2656.12954
http://dx.doi.org/10.3161/15081109ACC2023.25.2.015
http://dx.doi.org/10.1656/045.029.0405
http://dx.doi.org/10.1016/j.marpolbul.2014.06.006
http://dx.doi.org/10.1038/s41559-023-02013-z
http://dx.doi.org/10.1016/j.jenvman.2012.03.021
http://dx.doi.org/10.1111/nyas.14045
http://dx.doi.org/10.1177/0884533611399773
http://dx.doi.org/10.1016/j.scitotenv.2022.160387
http://dx.doi.org/10.1016/j.envpol.2018.04.042
http://dx.doi.org/10.7717/peerj.19740

Peer

Hale RC, Seeley ME, La Guardia MJ, Mai L, Zeng EY. 2020. A global perspective on
microplastics. Journal of Geophysical Research: Oceans 125(1):e2018]C014719
DOI 10.1029/2018]C014719.

Hoang TC, Mitten S. 2022. Microplastic accumulation in the gastrointestinal tracts of
nestling and adult migratory birds. Science of the Total Environment 838:155827
DOI 10.1016/j.scitotenv.2022.155827.

Hoyt JR, Kilpatrick AM, Langwig KE. 2021. Ecology and impacts of white-nose syn-
drome on bats. Nature Reviews Microbiology 19(3):196-210
DOI10.1038/s41579-020-00493-5.

Kalcounis-Rueppell MC, Payne VH, Huff SR, Boyko AL. 2007. Effects of wastewater
treatment plant effluent on bat foraging ecology in an urban stream system.
Biological Conservation 138(1):120-130 DOI 10.1016/j.biocon.2007.04.009.

Korine C, Adams R, Russo D, Fisher-Phelps M, Jacobs D. 2016. Bats and water:
anthropogenic alterations threaten global bat populations. In: Voigt C, Kingston
T, eds. Bats in the anthropocene: conservation of bats in a changing world. Cham:
Springer, 215-241 DOI 10.1007/978-3-319-25220-9_8.

Kunz TH, Arnett EB, Erickson WP, Hoar AR, Johnson GD, Larkin RP, Strickland MD,
Thresher RW, Tuttle MD. 2007. Ecological impacts of wind energy development
on bats: questions, research needs, and hypotheses. Frontiers in Ecology and the
Environment 5(6):315-324 DOI 10.1890/1540-9295(2007)5[315:EIOWED]2.0.CO;2.

Lee HB, Lee KS, Kim SJ, Choi BI, Go BR, Rhu CJ, Han TH. 2022. Effect of chemical
agents on the morphology and chemical structures of microplastics. Polymers
14(20):4353 DOI 10.3390/polym14204353.

Liu W, Chen X, Liang T, Mu T, Ding Y, Liu Y, Liu X. 2023. Varying abundance of
microplastics in tissues associates with different foraging strategies of coastal
shorebirds in the Yellow Sea. Science of the Total Environment 866:161417
DOI 10.1016/j.scitotenv.2023.161417.

Masia P, Ardura A, Garcia-Vazquez E. 2019. Microplastics in special protected areas
for migratory birds in the Bay of Biscay. Marine Pollution Bulletin 146:993—-1001
DOI 10.1016/j.marpolbul.2019.07.065.

Maslo B, Mau RL, Kerwin K, McDonough R, McHale E, Foster JT. 2022. Bats provide a
critical ecosystem service by consuming a large diversity of agricultural pest insects.
Agriculture, Ecosystems & Environment 324:107722 DOI 10.1016/j.agee.2021.107722.

McCann Smith E, Bartosova Z, Wagner M, Jaspers VLB, Monclis L. 2024. Expo-
sure to microplastics affects fatty acid composition in the Japanese quail de-
pending on sex and particle size. Science of the Total Environment 912:169019
DOI 10.1016/j.scitotenv.2023.169019.

McGuire LP, Kelly LA, Baloun DE, Boyle WA, Cheng TL, Clerc J, Fuller NW,

Gerson AR, Jonasson KA, Rogers EJ, Sommers AS, Guglielmo CG. 2018.
Common condition indices are no more effective than body mass for estimat-
ing fat stores in insectivorous bats. Journal of Mammalogy 99(5):1065-1071
DOI 10.1093/jmammal/gyy103.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 14/16


https://peerj.com
http://dx.doi.org/10.1029/2018JC014719
http://dx.doi.org/10.1016/j.scitotenv.2022.155827
http://dx.doi.org/10.1038/s41579-020-00493-5
http://dx.doi.org/10.1016/j.biocon.2007.04.009
http://dx.doi.org/10.1007/978-3-319-25220-9_8
http://dx.doi.org/10.1890/1540-9295(2007)5[315:EIOWED]2.0.CO;2
http://dx.doi.org/10.3390/polym14204353
http://dx.doi.org/10.1016/j.scitotenv.2023.161417
http://dx.doi.org/10.1016/j.marpolbul.2019.07.065
http://dx.doi.org/10.1016/j.agee.2021.107722
http://dx.doi.org/10.1016/j.scitotenv.2023.169019
http://dx.doi.org/10.1093/jmammal/gyy103
http://dx.doi.org/10.7717/peerj.19740

Peer

Merrill GB, Swaim ZT, Benaka IG, Bishop AL, Kaney NA, Kuhlman S, Matheson JC,
Menini E, Goh S, Lei S, Nowacek DP. 2024. Acoustic signature of plastic marine
debris mimics the prey items of deep-diving cetaceans. Marine Pollution Bulletin
209:117069 DOI 10.1016/j.marpolbul.2024.117069.

O’Brien S, Rauert C, Ribeiro F, Okoffo ED, Burrows SD, O’Brien JW, Wang X, Wright
SL, Thomas KV. 2023. There’s something in the air: a review of sources, prevalence
and behaviour of microplastics in the atmosphere. Science of the Total Environment
874:162193 DOI 10.1016/j.scitotenv.2023.162193.

Osman Al, Hosny M, Eltaweil AS, Omar S, Elgarahy AM, Farghali M, Yap P-S, Wu
Y-S, Nagandran S, Batumalaie K, Gopinath SCB, John OD, Sekar M, Saikia
T, Karunanithi P, Hatta MHM, Akinyede KA. 2023. Microplastic sources,
formation, toxicity and remediation: a review. Environmental Chemistry Letters
21(4):2129-2169 DOI 10.1007/s10311-023-01593-3.

Perry RW, Jordan PN. 2020. Survival and persistence of tricolored bats hibernating in
Arkansas mines. Journal of Mammalogy 101(2):535-543
DOI 10.1093/jmammal/gyaa016.

Pitt WC, Witmer GW, Jojola SM, Sin H. 2014. Potential citric acid exposure and toxicity
to Hawaiian hoary bats (Lasiurus cinereus semotus) associated with Eleutherodactylus
frog control. Ecotoxicology 23(3):429-436 DOI 10.1007/s10646-014-1208-8.

Put JE, Fahrig L, Mitchell GW. 2019. Bats respond negatively to increases in the amount
and homogenization of agricultural land cover. Landscape Ecology 34:1889-1903
DOI 10.1007/s10980-019-00855-2.

Racey PA, Swift SM. 1986. The residual effects of remedial timber treatments on bats.
Biological Conservation 35:205-214 DOT 10.1016/0006-3207(86)90064-9.

Rivers-Auty J, Bond AL, Grant ML, Lavers JL. 2023. The one-two punch of plastic
exposure: macro- and micro-plastics induce multi-organ damage in seabirds. Journal
of Hazardous Materials 442:130117 DOI 10.1016/j.jhazmat.2022.130117.

Rodriguez-Seijo A, Pereira R. 2017. Chapter 3 - morphological and physical charac-
terization of microplastics. In: Rocha-Santos TAP, Duarte AC, eds. Comprehensive
analytical chemistry series. vol. 75. Elsevier, 49—66 DOI 10.1016/bs.coac.2016.10.007.

Rydell J, Russo D, Sewell P, Seamark ECJ, Francis CM Fenton SL, Fenton MB. 2022.
Bat selfies: photographic surveys of flying bats. Mammalian Biology 102(3):793-809
DOI 10.1007/542991-022-00233-7.

Schutten K, Chandrashekar A, Dougherty L, Stevens B, Parmley EJ, Pearl D,
Provencher JF, Jardine CM. 2024. How do life history and behaviour influence
plastic ingestion risk in Canadian freshwater and terrestrial birds? Environmental
Pollution 347:123777 DOI 10.1016/j.envpol.2024.123777.

Sherlock C, Fernie KJ, Munno K, Provencher J, Rochman C. 2022. The potential of
aerial insectivores for monitoring microplastics in terrestrial environments. Science
of the Total Environment 807:150453 DOI 10.1016/j.scitotenv.2021.150453.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 15/16


https://peerj.com
http://dx.doi.org/10.1016/j.marpolbul.2024.117069
http://dx.doi.org/10.1016/j.scitotenv.2023.162193
http://dx.doi.org/10.1007/s10311-023-01593-3
http://dx.doi.org/10.1093/jmammal/gyaa016
http://dx.doi.org/10.1007/s10646-014-1208-8
http://dx.doi.org/10.1007/s10980-019-00855-2
http://dx.doi.org/10.1016/0006-3207(86)90064-9
http://dx.doi.org/10.1016/j.jhazmat.2022.130117
http://dx.doi.org/10.1016/bs.coac.2016.10.007
http://dx.doi.org/10.1007/s42991-022-00233-7
http://dx.doi.org/10.1016/j.envpol.2024.123777
http://dx.doi.org/10.1016/j.scitotenv.2021.150453
http://dx.doi.org/10.7717/peerj.19740

Peer

Shore RF, Myhill DG, French MC, Leach DV, Stebbings RE. 1991. Toxicity and
tissue distribution of pentachlorophenol and permethrin in pipistrelle bats ex-
perimentally exposed to treated timber. Environmental Pollution 73(2):101-118
DOI10.1016/0269-7491(91)90017-q.

Tath HH, Parmaksiz A, Uztemur A, Altunisik A. 2025. Microplastic accumula-
tion in various bird species in Turkey. Environmental Toxicology and Chemistry
44(2):386-396 DOI 10.1093/etojnl/vgae061.

Teboul E, Orihel DM, Provencher JF, Drever MC, Wilson L, Harrison AL. 2021.
Chemical identification of microplastics ingested by Red Phalaropes (Phalaropus
fulicarius) using Fourier Transform Infrared spectroscopy. Marine Pollution Bulletin
171:112640 DOI 10.1016/j.marpolbul.2021.112640.

Thacharodi A, Meenatchi R, Hassan S, Hussain N, Bhat MA, Arockiaraj J, Ngo HH, Le
QH, Pugazhendhi A. 2024. Microplastics in the environment: a critical overview on
its fate, toxicity, implications, management, and bioremediation strategies. Journal of
Environmental Management 349:119433 DOI 10.1016/j.jenvman.2023.119433.

Tokunaga Y, Okochi H, Tani Y, Niida Y, Tachibana T, Saigawa K, Katayama K,
Moriguchi S, Kato T, Hayama S-1. 2023. Airborne microplastics detected in the
lungs of wild birds in Japan. Chemosphere 321:138032
DOI 10.1016/j.chemosphere.2023.138032.

Wayman C, Gonzélez-Pleiter M, Fernandez-Pinas F, Sorribes EL, Fernandez-Valeriano
R, Lopez-Marquez I, Gonzalez-Gonzalez F, Rosal R. 2024. Accumulation of
microplastics in predatory birds near a densely populated urban area. Science of the
Total Environment 917:170604 DOI 10.1016/j.scitotenv.2024.170604.

Weitzel SL, Feura JM, Rush SA, Iglay RB, Woodrey MS. 2021. Availability and as-
sessment of microplastic ingestion by marsh birds in Mississippi Gulf Coast tidal
marshes. Marine Pollution Bulletin 166:112187
DOI 10.1016/j.marpolbul.2021.112187.

Welden NAC, Cowie PR. 2016. Long-term microplastic retention causes reduced
body condition in the langoustine, Nephrops norvegicus. Environmental Pollution
218:895-900 DOI 10.1016/j.envpol.2016.08.020.

Winkler A, Nessi A, Antonioli D, Laus M, Santo N, Parolini M, Tremolada P. 2020.
Occurrence of microplastics in pellets from the common kingfisher (Alcedo atthis)
along the Ticino River, North Italy. Environmental Science and Pollution Research
27(33):41731-41739 DOI 10.1007/s11356-020-10163-x.

Yildiz D, Yal¢in G, Jovanovié B, Boukal DS, Vebrova L, Riha D, Stankovic J, Savic-
Zdrakovié D, Metin M, Akyiirek YN, Balkanli D, Filiz N, Milosevi¢ D, Feuchtmayr
H, Richardson JA, Beklioglu M. 2022. Effects of a microplastic mixture differ across
trophic levels and taxa in a freshwater food web: in situ mesocosm experiment.
Science of the Total Environment 836:155407 DOI 10.1016/j.scitotenv.2022.155407.

Zhao X, Wang J, YeeLeung KM, Wu F. 2022. Color: an important but overlooked
factor for plastic photoaging and microplastic formation. Environmental Science &
Technology 56(13):9161-9163 DOI 10.1021/acs.est.2c02402.

Cable et al. (2025), PeerdJ, DOI 10.7717/peerj.19740 16/16


https://peerj.com
http://dx.doi.org/10.1016/0269-7491(91)90017-q
http://dx.doi.org/10.1093/etojnl/vgae061
http://dx.doi.org/10.1016/j.marpolbul.2021.112640
http://dx.doi.org/10.1016/j.jenvman.2023.119433
http://dx.doi.org/10.1016/j.chemosphere.2023.138032
http://dx.doi.org/10.1016/j.scitotenv.2024.170604
http://dx.doi.org/10.1016/j.marpolbul.2021.112187
http://dx.doi.org/10.1016/j.envpol.2016.08.020
http://dx.doi.org/10.1007/s11356-020-10163-x
http://dx.doi.org/10.1016/j.scitotenv.2022.155407
http://dx.doi.org/10.1021/acs.est.2c02402
http://dx.doi.org/10.7717/peerj.19740

