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Abstract

Contaminants can harm wildlife. However, measuring wildlife exposure to contaminants can be challenging due to
accessibility of species and/or sampling tissue matrices needed to assess wildlife health risks. For example, in bats and other
taxa that use roosts, collecting feces under colonies minimizes disturbance to species of conservation concern, but fecal
contaminant concentrations may not directly correlate with tissue contaminant concentrations. Thus, there is a need for
quantifying contaminant exposure relationships between sample matrices for initial risk assessments to address wildlife
health and conservation needs. Our goal was to assess the relationship between fecal and fur total mercury (THg)
concentrations. We collected paired feces and fur samples (n = 48) from Mexican free-tailed bats (Tadarida brasiliensis) in
summer 2023 in western Oklahoma at a maternity roost. At the individual level, we found no correlation between fecal and
fur THg. However, at the population level, fur THg concentrations were on average 6.06-times greater than fecal THg
concentrations. We conclude that although fecal THg cannot serve as a proxy of individual bat fur THg, population-level
differences could be used cautiously to estimate mean fur THg concentrations from under-roost feces and motivate
individual-level sampling to assess health impacts. We encourage continued research across other insectivorous bat species
and sites for determining THg relationships across tissues and initial risk assessments with minimal disturbance to species of
conservation concern when a contaminant point source is not yet known.
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Introduction

Exposure to high concentrations of potentially toxic ele-
ments such as mercury (Hg) can harm wildlife (Wolfe et al.
1998; Scheuhammer et al. 2007; Tan et al. 2009; Chételat
et al. 2020). For example, at elevated concentrations, Hg
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can reduce reproductive success, cause immunotoxicity, and
damage genetic material (Wolfe et al. 1998; Calao-Ramos
et al. 2021; Teitelbaum et al. 2022; Leaphart et al. 2025). To
determine how contaminant exposure affects wildlife
health, researchers must sample the appropriate tissue
matrix (e.g., fur, blood, feces) that best relates to the health
outcome of interest, as different matrices indicate different
contaminant exposure and/or bioaccumulation timelines
(Chételat et al. 2020). For example, Hg concentrations in fur
represent longer-term exposure (e.g., weeks to months
depending on molting cycles), while Hg concentrations in
feces represent more acute exposure/ingestion of Hg (e.g.,
days to weeks depending on metabolism and excretion
efficiency; Chételat et al. 2020). Some matrices can be
sampled using minimally invasive procedures that do not
require handling wildlife (e.g., collection of feces under bat
roosts) while sampling other matrices require handling and
disturbing (i.e., collecting fur), and therefore may not
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possible for species of conservation concern. There remains
a need to assess risks of long-term contaminant exposure
with minimal disturbance to sensitive wildlife species.

Bats are a highly diverse group of mammals that are of
special interest to conservation (Kunz and Fenton 2003).
Bats are important bioindicator species due to their long
lifespans (e.g., the oldest known wild bat was 41 years old;
Podlutsky et al. 2005), slow birth rates (one to two pups per
year; Wilkinson and South 2002), high mobility through
flight, diverse habitat use, and—for insectivorous bats—
feeding at high trophic levels (Jones et al. 2009; Zukal et al.
2015; Russo et al. 2021). In North America, many bats are
threatened by white-nose syndrome (Blehert et al. 2009;
Lorch et al. 2011), which has driven population declines of
multiple species (Frick et al. 2015; Cheng et al. 2021).
Exposure to contaminants such as Hg can increase indivi-
dual bat infection risk (Becker et al. 2021) and also shape
infection prevalence through diverse feedback loops (Cable
et al. 2021; Becker et al. 2024).

Depending on the bat species, collecting samples needed
to quantify health can be complicated (Giles et al. 2021),
particularly when aiming to measure contaminant con-
centrations. For example, sampling pooled bat feces or urine
under roosts or outside cave entrances may be most
appropriate for species of conservation concern to minimize
disturbance (Walker et al. 2016; Giles et al. 2021); however,
feces can only provide insight into short-term contaminant
exposure, and pooled sampling is not traceable to indivi-
duals. Estimating long-term contaminant exposure is better
measured by sampling fur, which is strongly correlated with
Hg concentrations in blood and indicative of age-related
bioaccumulation (Wada et al. 2010; Yates et al. 2014). In
cases where sampling fur from bats is disruptive to popu-
lation health (e.g. disturbance of threatened and endangered
species), researchers could collect under-roost fecal samples
as a preliminary screening assessment, and only use more
intrusive individual-level collection techniques, like fur
sampling, if contaminant concentrations in feces were high
enough to justify additional sampling. However, formal
methods for converting fecal contaminant concentrations to
contaminant concentrations in fur are lacking, hindering our
ability to rapidly identify bat health risks from under-roost
samples and, in turn, delaying conservation actions.

Mexican free-tailed bats (Tadarida brasiliensis), a
common insectivorous bat across North America, migrate
long-distances annually in spring and fall between northern
and southern portions of their range (Wilkins 1989). These
bats are highly valuable to conservation due to the eco-
system services they provide throughout their range. T.
brasiliensis provide important nutrient transfer to soils
across the USA and Mexico from their guano, particularly
in the USA where they form large maternity colonies in
spring and summer (thousands to millions of individuals;
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Bernardo and Cockrum 1962). In the USA, T. brasiliensis
eat up to 79% of their body weight in agricultural pests
(about 8.1 g of insects per individual) each night during
peak lactation (Kunz et al. 1995), saving up to $1.7 million
in agricultural pest control each year (Cleveland et al.
2006). Finally, T. brasiliensis are valuable to the ecotourism
industry, with public viewing of nightly maternity colony
emergence throughout the southwestern USA estimated to
bring in over $6.5 million to local economies (Bagstad and
Wiederholt 2013), highlighting their high intrinsic and
monetary value to the public.

In this study, we assessed the individual- and population-
level relationships between total Hg (THg) concentrations
in feces and fur of T. brasiliensis. We predicted that THg
concentrations in fur and feces would be positively asso-
ciated but would be greater in fur, owing to differences in
bioaccumulation timelines associated with repetitive tissue
turnover (fur) versus excretion (feces). Our aim was to
inform whether fecal Hg could serve as an initial substitute
for estimating fur Hg, such as in cases where under-roost
sampling is the primary option for quantifying contaminants
in bat populations.

Materials and methods
Study site and bat capture

As part of a larger study of bat migration, immunity, and
infection (Becker et al. 2025), we quantified Hg con-
centrations in 7. brasiliensis at the Selman Bat Cave in
Woodward County, Freedom, Oklahoma, USA. We cap-
tured 48 bats on 16 June, 17 June, and 18 July 2023. Bats
were captured with hand nets upon emergence and tem-
porarily held in individual cloth bags. Because most T.
brasiliensis arrive at Selman Bat Cave in April following
migration from Mexico (Glass 1982), capturing bats in June
and July ensured (1) bats were foraging within the local
landscape for multiple months and (2) fur had grown during
their summer residency (Constantine 1957; Fraser et al.
2013). From each bat, we collected paired samples of 1-2
fecal pellets (opportunistically collected from bat holding
bags) and fur trimmed from the mid-dorsal region. We
weighed each individual to the nearest gram and identified
bats by sex, reproductive status (i.e., non-reproductive,
testes descended, pregnant, lactating, and post-lactating),
and age (i.e., juvenile, subadult, and adult; Morgan et al.
2019). All bats were released after sampling. Feces per
individual were stored in 1 mL 95% ethanol in a portable
—20 °C cooler, and individual fur samples were stored in
1.5 mL microcentrifuge tubes at room temperature. Samples
were transported to the University of Oklahoma and stored
at the same temperatures until processing.
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THg analyses

At the University of Oklahoma, we prepared individual fur
samples to perform THg analyses (MeHg and inorganic Hg
combined). The mass of fur used ranged from 0.8-4.9 mg,
with over 75% of samples having at least 4mg fur
(11 samples had smaller volumes). Once weighed, fur
samples were heat treated at 60 °C for 30 min.

At Texas Christian University, feces and fur samples
were further dried in a 60 °C drying oven for at least 48 h.
All fecal and fur samples were analyzed for THg using
direct Hg analysis (Nippon MA-3000, NIC), which uses
thermal decomposition, gold amalgamation, and atomic
absorption spectroscopy (US Environmental Protection
Agency 1998). The analyzer was calibrated using a liquid
standard (AGS Scientific) and quality assurance included
solid reference samples (National Research Council of
Canada Institute for National Measurement Standards) and
duplicate samples. Reference samples (TORT-3 and PACS-
2) were analyzed every 20 samples, and the mean recovery
percentage for TORT-3 was 99.1+£2.42% (n=13). The
mean recovery percentage for PACS-2 was 98.9 +£5.74%
(n=13). Duplicate samples of fur were analyzed every
20 samples, and the mean relative percent difference was
1.86+1.78% (n=06). Duplicate samples of feces were
analyzed every 20 samples, and the mean relative percent
difference was 7.59 +3.24% (n = 2). The limit of detection
was determined by utilizing the measured limit of blank and
test replicates of a sample known to contain a low con-
centration of analyte (Armbruster and Pry 2008). All sam-
ples were above the limit of detection of 0.02 ng THg.

Statistical analyses

For statistical analyses (and forthcoming results), we
included all adults, juveniles, and unknown demographic
bats. The sampling period represents the reproductive sea-
son where body mass is highly variable due to varying
energy requirements throughout female reproduction and
juvenile growth, such that body mass would not directly
reflect food intake (Kunz et al. 1995; Kunz and Robson
1995) and, thus, Hg bioaccumulation. Additionally, while
insectivorous bats differ in THg concentrations between
ages and reproductive statuses (Yates et al. 2014; Kieffer
et al. 2023), sample sizes were not evenly distributed for
direct comparisons. Similarly, analysis of all bats is com-
parable to what would be included in true under-roost
sampling, where bat identity is not known.

We performed all statistical analyses and data visuali-
zation in the statistical environment R version 4.3.1 ‘Beagle
Scouts’ (R Core Team 2023). All data visualizations were
created using the package ggplot2 (Wickham 2016). We
created a generalized linear mixed effects model (GLMM)

with a Gamma family and log link, using the function
glmer() from the Ime4 package (Bates et al. 2015), to first
test for a relationship between individual fecal and fur THg
concentrations (ug/g dry). The GLMM was fit to fur THg
concentrations as a function of fecal THg concentrations,
with sample date as a random effect. We used Type II
ANOVA tests with the function Anova() from the car
package (Fox and Weisberg 2019) and obtained marginal
and conditional R? using the function r.squaredGLMM()
from the MuMIn package (Bartoni 2023).

To next determine differences between paired bat fecal and
fur Hg concentrations at the population level, we created
another GLMM with a Gamma family and log link. This
GLMM was fit to THg concentrations (ug/g dry) as a function
of sample matrix (feces or fur). with random effects of indi-
vidual bat and date of sample collection. We tested differences
between paired samples using a Type I ANOVA, and we
used the emmeans package and its self-titled function to obtain
estimated marginal means of fur and fecal THg (Lenth 2021).
We again obtained marginal and conditional R>.

Results

We captured 48 T. brasiliensis representing 44 females (five
non-reproductive, nine pregnant, 25 lactating, five post-
lactating), three males (all non-reproductive juveniles), and
one bat whose demographics were unknown. Of the cap-
tured bats that were female, two were juveniles, one was a
subadult, and 41 were adults. We captured most bats for
paired feces and fur samples during June (18 June 2023:
n=12; 19 June 2023: n=13), with the remaining bats
sampled on 18 July 2023 (n =22). Regardless of sample
matrix, the average THg concentration was less than 1 pg/g
dry (mean = SE; 0.66 + 0.09 ug/g dry).

Fecal THg ranged from 0.10-0.43 pg/g dry, while fur THg
ranged from 0.39-2.12 pg/g dry. We did not find a rela-
tionship between individual fecal and fur THg concentrations
(13=026, P=0.61, R%,=0.006, R: =0.14; Fig. 1).
However, when comparing mean THg concentrations across
sample matrices at the population level, our GLMM indi-
cated significant differences (ley 4s7=1764.12, P<0.001,
R%,=0.83, R%. =0.88; Fig. 2), with concentrations in bat
fur being 6.06-times greater than those in feces (marginal
mean [lower CI, upper CIJ; feces: 0.18 [0.16, 0.20] pg/g dry,
fur: 1.09 [0.95, 1.25] pg/g dry, feces/fur contrast: 0.16 +0.01
[0.14, 0.18] pg/g dry).

Discussion

Determining relationships between short- and long-term
contaminant exposure for initial risk assessment can benefit
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Fig. 1 No relationship between individual fecal and fur THg con-
centrations (dry weight) in 7. brasiliensis

2.0

THg Concentration (1g/g)
5

0.0

T :
Feces Fur

Fig. 2 THg concentrations (dry weight) in 7. brasiliensis fur were six-
times greater than those in feces. Fecal and fur samples were paired
with each individual, as represented by lighter colored points and lines.
Estimated marginal means and 95% confidence intervals of THg
concentrations are represented in thicker black points and corre-
sponding lines

wildlife research and conservation. Pooled samples col-
lected indirectly and representing short-term exposure, such
as feces obtained under roosts, can cause less disturbance to
threatened species than samples requiring direct capture,
such as fur. Using paired samples from individual 7. bra-
siliensis in the Great Plains of the United States, we did not
find a relationship between individual fecal and fur THg
concentrations. However, considering population-level
means, THg concentrations in bat fur were on average
six-times greater than THg concentrations in feces, despite
high variability between individual fecal and fur THg
concentrations. While these results suggest that THg con-
centrations in feces cannot be used to predict an individual
bat’s fur THg concentration, biologists could cautiously
estimate average fur THg concentrations from average fecal
THg concentrations to guide initial risk assessment (e.g.,
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from under-roost fecal samples to determine if individual-
level health assessment is warranted). However, given the
high variability of fecal and fur THg across individuals, we
would only suggest such population-level estimates be used
in cases where under-roost sampling of feces is preferable to
direct capture for species of concern and when funding for
individual sampling is initially unavailable.

We did not detect an individual-level relationship in THg
concentrations between sample matrices. We attribute this
to the greater variability observed in fur THg. First, THg
concentrations in fur represent longer-term accumulation
timelines than feces (Chételat et al. 2020). The build-up of
fur THg concentrations over time will depend on an indi-
vidual’s foraging area preference, which can be highly
variable within the known foraging distance of 40 km for T.
brasiliensis (Davis et al. 1962), as opposed to the few
foraging nights represented by fecal THg. Second, our
sample included adult (n=41), subadult (n=1), and
juvenile bats (n =5). While sample sizes for subadults and
juveniles did not allow for statistical comparisons, different
age groups could introduce greater variation in fur THg
(Yates et al. 2014). Third, juvenile fur growth occurs in late
summer, while there may be more variability in adult and
subadult molt and fur growth timing (Fraser et al. 2013).
We sampled T. brasiliensis during two months in which
both adults and juveniles grow fur and thus should represent
bioaccumulation. We also accounted for seasonal effects by
including sampling date as a random effect. Increasing
paired sampling could detect the expected positive corre-
lations between fecal and fur THg and better identify dif-
ferential relationships between age classes and molt timing
across the summer maternity season.

Fecal and fur THg concentrations measured here are
similar to concentrations found in other 7. brasiliensis
populations as well as other insectivorous bat species in
North America. When averaged, our THg concentrations
from T. brasiliensis feces and fur were 0.18 pg/g dry and
1.09 pg/g dry, respectively. In the northeastern USA, nine
species of insectivorous bats had THg concentrations in fur
below 1pug/g (Yates et al. 2014). T. brasiliensis across
multiple sites in Texas averaged fur THg concentrations
below 2pg/g (Korstian et al. 2018; Parker et al. 2024).
Pooled feces collected in Florida under bat boxes mostly
occupied by T. brasiliensis, and collected in caves domi-
nated by southeastern myotis (Myotis austroriparius), also
had average THg concentrations below 1 pg/g (Edwards
et al. 2019). Additionally, feces collected below big brown
bat (Eptesicus fuscus) roosts in Colorado had THg con-
centrations below 0.3 ug/g (O’Shea et al. 2001). Fur THg
values here are also comparable to fur THg concentrations
in E. fuscus captured at reference sites in the eastern USA
(Wada et al. 2010). Similar to these reference values, we are
not aware of any immediate point source of Hg in the study



A paired analysis of mercury among non-invasive tissues in Mexican free-tailed bats (Tadarida. ..

region, such that THg concentrations in Great Plains T.
brasiliensis are likely reflective of atmospheric deposition
(Korstian et al. 2018; Chételat et al. 2018). While our THg
concentrations in 7. brasiliensis feces and fur are relatively
low, there could still be concern for adverse health effects
associated with Hg exposure. Wildlife managers could
make decisions regarding a potential THg thresholds for
initial risk assessment with under-roost fecal sampling to
determine when more invasive fur and health sampling
outweighs disturbance risk, particularly for species of con-
servation concern.

The magnitude of difference between mean fur and fecal
THg presented here (an approximately six-fold increase
within a confidence margin of 5.94—6.25) could be used as a
conversion factor to estimate average fur THg from average
fecal THg collected under bat roosts for initial risk assess-
ment, but calculated estimates should be cautiously inter-
preted. We recognize that the high dispersion of individual-
level data from population-level differences is important for
making informed decisions regarding follow-up monitoring
strategies. Thus, converted estimates for under-roost fecal
THg could still bring uncertainty.

In mammals, lethal effects of Hg toxicity typically occur
above concentrations of 10 ug/g in tissues such as brain,
liver, kidney, and fur (Wolfe et al. 1998; Shore et al. 2011;
Nam et al. 2012; Dietz et al. 2021). Thus, a threshold of
estimated fur THg around 10 pg/g following under-roost
fecal assessment and conversion of mean concentrations by
a population-level factor of six (within the 95% confidence
interval of 5.94-6.25) could indicate a need for direct health
assessment and/or conservation action. However, rough
estimates from population-level results should be used
cautiously, as the magnitude of difference between average
fecal and individual minimum and maximum fur values
ranged between 2.17- and 11.78-times. Non-lethal (but still
adverse) thresholds of Hg exposure below 10 ug/g are also
reported in mammals and bats specifically. For example,
Neotropical bat cellular immunity and bacterial killing
ability were negatively correlated with fur THg concentra-
tions below 10 ug/g (Becker et al. 2017, 2021). Addition-
ally, in some Neotropical bats, the probability of infection
with blood bacteria was associated with higher fur THg,
even when concentrations were as low as 0.3 ug/g (Becker
et al. 2021). Neotropical bats with spleen and liver THg
concentrations between 0.23-0.25 pg/g also had elevated
micronuclei intensities in red blood cells (Calao-Ramos
et al. 2021), representing genotoxic effects of contaminants
(Samanta and Dey 2012; Sandoval-Herrera et al. 2021). All
our THg concentrations were below 2.2 ug/g dry (maximum
fecal THg: 0.43 pg/g dry; maximum fur THg: 2.12 pg/g
dry). To help determine non-lethal thresholds of Hg expo-
sure that may have adverse health effects, future research
priorities should include both captive toxicity trials and field

experiments assessing immunity, infection, and genotoxic
correlates of Hg exposure in this and other insectivorous bat
species important to conservation.

We collected paired samples from individuals at capture
and did not perform under-roost sampling for bat feces.
However, we still suggest under-roost sampling is an
applicable method for initial risk assessment from these
data. Our mean fecal THg concentrations were similar to
concentrations collected under roosts for 7. brasiliensis and
other North American bat species in different locations
(O’Shea et al. 2001; Edwards et al. 2019). To ensure future
risk assessment methods would be similar to individual
sample collection presented here, we recommend managers
use stratified sampling methods suggested for under-roost
sampling for pathogen surveillance (Giles et al. 2021). We
recommend placing multiple cloth sheets or tarps randomly
under roosts or at cave entrances to collect feces when bats
return from foraging, maximizing the number of sheets
versus sheet size depending on the environmental condi-
tions and sampling area. Using cloth sheets limit Hg con-
tamination from soils since feces would not be collected
directly from the ground. Combining the collection of pel-
lets for each sheet could then be considered an individually
pooled fecal sample for the roost, which would be stored in
95% ethanol and samples completely dried prior to THg
analyses (as we did here). If managers cannot deploy sheets/
tarps, we recommend sampling the top layer of fecal sub-
strates under the roost, as outlined in O’Shea et al. (2001) to
minimize soil Hg contamination. Samples could then be
analyzed for THg, and values could be averaged to guide
further decisions about whether individual bat sampling is
warranted for assessing bat health relative to the risks from
roost disturbance.

In this study, fecal and fur THg are representative of T.
brasiliensis in the Great Plains, USA, with no known Hg
point source near our sampling site. THg values in this
study are also relatively low, and further research at this site
could determine sublethal correlates to bat health in relation
to individual THg concentrations. Thus, our assessment
may be conditional to similar sites, species, and landscapes
with lower THg exposure than bats foraging at sites with
higher Hg exposure and risks. For example, insectivorous
bats in Malaysia captured near a hydroelectric plant had fur
THg concentrations up to 9.5ug/g (Syaripuddin et al.
2014). Additionally, at a gold mining site in Peru, the
highest individual bat fur THg concentration was 8.67 ug/g
(Moreno-Brush et al. 2018). E. fuscus foraging near a river
in Virginia, USA, had a mean fur THg concentration of
28 ug/g at downstream contaminated sites (Wada et al.
2010). In all these examples, individual- and population-
level differences between fecal and fur THg could be much
greater than our reported values due to known point
sources.
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Conclusion

Understanding how contaminant concentrations relate
across sampling matrices can inform diverse applications in
wildlife conservation research and management. Our study
examined both individual- and population-level relation-
ships between fecal and fur THg concentrations in a com-
mon insectivorous bat species. Population-level estimates
may enable researchers to extrapolate fur concentrations
only when fecal samples are the most logistically feasible
option for initial risk assessments. Researchers and wildlife
managers could use this conversion factor across other
insectivorous bat species and sites when species of con-
servation concern require initial screening-level risk
assessment sampling with minimal disturbance; however,
we would recommend careful interpretation of calculated
fur estimates due to the dispersion of individual fur data.
Future research should continue to investigate THg rela-
tionships across tissue types, and include quantifying
immune and infection correlates to identify the health
implications of contaminant exposure and evaluate needs
for conservation action.

Data availability

All data and R code used for analyses are available on MCS’
Github page (username: simonimc; https://github.com/
simonimc/Tadarida_brasiliensis_paired_fecal_fur_THg).

Acknowledgements We thank the Oklahoma Department of Wildlife
Conservation for site access and the Selman Living Laboratory for
fieldwork support. We also thank Lauren Lock, Jaleel Zubayr, and
Drake Johnston for assistance in the field and with sample preparation
at the University of Oklahoma.

Author contributions MCS: Conceptualization, Methodology, Formal
analysis, Investigation, Data Curation, Writing - Original Draft,
Writing - Review & Editing, Visualization, Project administration;
KW: Data Curation, Investigation, Writing - Review & Editing; KED:
Investigation, Writing - Review & Editing; MA: Investigation, Writing
- Review & Editing; BD: Investigation, Writing - Review & Editing;
MMC: Data Curation, Investigation, Writing - Review & Editing,
DJB: Conceptualization, Methodology, Formal analysis, Writing -
Review & Editing, Supervision.

Funding This work was supported by the National Institute of
General Medical Sciences of the National Institutes of Health
(P20GM134973) and the Research Corporation for Science
Advancement (RCSA). This work was conducted as part of Suba-
ward No. 29018, part of a USDA Non-Assistance Cooperative
Agreement with RCSA Federal Award No. 58-3022-0-005. MCS
was supported by an appointment to the Intelligence Community
Postdoctoral Research Fellowship Program at University of Okla-
homa administered by Oak Ridge Institute for Science and Educa-
tion through an interagency agreement between the U.S. Department
of Energy and the Office of the Director of National Intelligence.
DJB was also supported by the Edward Mallinckrodt, Jr.
Foundation.

@ Springer

Compliance with ethical standards

Ethics approval This study was performed in line with the approval
from the University of Oklahoma Institutional Animal Care and Use
Committee (2022-0198) and scientific collections permitted by the
Oklahoma Department of Wildlife and Conservation (10567389).

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Armbruster DA, Pry T (2008) Limit of blank, limit of detection and
limit of quantitation. Clin Biochem Rev 29:S49-S52.

Bagstad KJ, Wiederholt R (2013) Tourism values for Mexican free-
tailed bat viewing. Hum Dimens Wildl 18:307-311. https://doi.
org/10.1080/10871209.2013.789573.

Bartort K (2023) MuMIn: Multi-Model Inference. R package version
1.48.4, https://CRAN.R-project.org/package=MuMIn

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48.

Becker D, Dyer K, Lock L, et al (2025) Geographically widespread and
novel hemotropic mycoplasmas and bartonellae in Mexican free-
tailed bats and sympatric North American bat species. mSphere
10:e00116-24. https://doi.org/10.1128/msphere.00116-24

Becker DJ, Chumchal MM, Bentz B et al. (2017) Predictors and
immunological correlates of sublethal mercury exposure in
vampire bats. R Soc Open Sci 4:170073.

Becker DJ, Sandoval-Herrera NI, Simonis MC, Sanchez CA (2024)
Bioaccumulation and foraging behavior. In: Russo D, Fenton MB
(eds) A natural history of bat foraging: evolution, physiology,
ecology, behavior, and conservation. Academic Press, London.

Becker DJ, Speer KA, Korstian JM et al. (2021) Disentangling inter-
actions among mercury, immunity and infection in a neotropical
bat community. J Appl Ecol 58:879-889. https://doi.org/10.1111/
1365-2664.138009.

Bernardo VR, Cockrum EL (1962) Migration in the guano bat
Tadarida brasiliensis mexicana (Saussure). J] Mammal 43:43-64.
https://doi.org/10.2307/1376879.

Blehert DS, Hicks AC, Behr M et al. (2009) Bat white-nose syndrome:
an emerging fungal pathogen?. Science 323:227. https://doi.org/
10.1126/science.1163874.

Cable AB, Willcox EV, Leppanen C (2021) Contaminant exposure as
an additional stressor to bats affected by white-nose syndrome:
current evidence and knowledge gaps. Ecotoxicology. https://doi.
org/10.1007/310646-021-02475-6


https://github.com/simonimc/Tadarida_brasiliensis_paired_fecal_fur_THg
https://github.com/simonimc/Tadarida_brasiliensis_paired_fecal_fur_THg
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/10871209.2013.789573
https://doi.org/10.1080/10871209.2013.789573
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1128/msphere.00116-24
https://doi.org/10.1111/1365-2664.13809
https://doi.org/10.1111/1365-2664.13809
https://doi.org/10.2307/1376879
https://doi.org/10.1126/science.1163874
https://doi.org/10.1126/science.1163874
https://doi.org/10.1007/s10646-021-02475-6
https://doi.org/10.1007/s10646-021-02475-6

A paired analysis of mercury among non-invasive tissues in Mexican free-tailed bats (Tadarida. ..

Calao-Ramos C, Gaviria-Angulo D, Marrugo-Negrete J et al. (2021)
Bats are an excellent sentinel model for the detection of genotoxic
agents. Study in a Colombian Caribbean region. Acta Trop
224:106141. https://doi.org/10.1016/j.actatropica.2021.106141.

Cheng TL, Reichard JD, Coleman JTH et al. (2021) The scope and
severity of white-nose syndrome on hibernating bats in North
America. Conserv Biol 35:1586-1597. https://doi.org/10.1111/
cobi.13739.

Chételat J, Ackerman JT, Eagles-Smith CA, Hebert CE (2020)
Methylmercury exposure in wildlife: A review of the ecological
and physiological processes affecting contaminant concentrations
and their interpretation. Sci Total Environ 711:135117. https://
doi.org/10.1016/j.scitotenv.2019.135117.

Chételat J, Hickey MBC, Poulain AJ et al. (2018) Spatial variation of
mercury bioaccumulation in bats of Canada linked to atmospheric
mercury deposition. Sci Total Environ 626:668—677. https://doi.
org/10.1016/j.scitotenv.2018.01.044.

Cleveland CJ, Betke M, Federico P et al. (2006) Economic value of the
pest control service provided by Brazilian free-tailed bats in
south-central Texas. Front Ecol Environ 4:238-243. https://doi.
org/10.1890/1540-9295(2006)004[0238:EVOTPC]2.0.CO;2.

Constantine DG (1957) Color variation and molt in Tadarida brasi-
liensis and Myotis velifer. ] Mammal 38:461-466. https://doi.org/
10.2307/1376398.

Davis RB, Herreid CF, Short HL. (1962) Mexican free-tailed bats in
Texas. Ecol Monogogr 32:311-346.

Dietz R, Fort J, Sonne C et al. (2021) A risk assessment of the effects
of mercury on Baltic Sea, Greater North Sea and North Atlantic
wildlife, fish and bivalves. Environ Int 146:106178. https://doi.
org/10.1016/j.envint.2020.106178.

Edwards A, Swall J, Jagoe C (2019) Mercury concentrations in bat
guano from caves and bat houses in Florida and Georgia. Va J Sci
70:1-13. https://doi.org/10.25778/EDS6-6M78.

Fox, J, Weisberg, S, 2019. An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks, CA.

Fraser EE, Longstaffe FJ, Fenton MB (2013) Moulting matters: the
importance of understanding moulting cycles in bats when using
fur for endogenous marker analysis. Can J Zool 91:533-544.
https://doi.org/10.1139/cjz-2013-0072.

Frick WF, Puechmaille SJ, Hoyt JR et al. (2015) Disease alters mac-
roecological patterns of North American bats. Glob Ecol Bio-
geogr 24:741-749. https://doi.org/10.1111/geb.12290.

Giles JR, Peel AJ, Wells K et al. (2021) Optimizing noninvasive
sampling of a zoonotic bat virus. Ecol Evol 11:12307-12321.
https://doi.org/10.1002/ece3.7830.

Glass BP (1982) Seasonal movements of Mexican freetail bats
Tadarida brasiliensis mexicana banded in the great plains.
Southw Nat 27:127-133. https://doi.org/10.2307/3671136.

Jones G, Jacobs DS, Kunz TH et al. (2009) Carpe noctem: the
importance of bats as bioindicators. Endanger Species Res
8:93-115. https://doi.org/10.3354/esr00182.

Kieffer L, Sgras R, Ciesielski TM, Stawski C (2023) Species and
reproductive status influence element concentrations in bat fur.
Environ Pollut 333:122092. https://doi.org/10.1016/j.envpol.
2023.122092.

Korstian JM, Chumchal MM, Bennett VJ, Hale AM (2018) Mercury
contamination in bats from the central United States. Environ
Toxicol Chem 37:160-165. https://doi.org/10.1002/etc.3940.

Kunz, TH, Fenton, MB, 2003. Bat ecology. University of Chicago
Press, Chicago, Illinois.

Kunz TH, Robson SK (1995) Postnatal growth and development in the
Mexican free-tailed bat (Tadarida brasiliensis mexicana): birth
size, growth rates, and age estimation. J] Mammal 76:769-783.
https://doi.org/10.2307/1382746.

Kunz TH, Whitaker JO, Wadanoli MD (1995) Dietary energetics of
the insectivorous Mexican free-tailed bat (Tadarida brasiliensis)

during pregnancy and lactation. Oecologia 101:407-415. https:/
doi.org/10.1007/BF00329419.

Leaphart JC, Chinn SM, Beasley JC (2025) Impact of developmental
methylmercury exposure on avian embryonic development,
hatchling growth, and survival. Environ Toxicol Chem
44:432-443. https://doi.org/10.1093/etojnl/vgae032.

Lenth R (2021) emmeans: estimated marginal means, aka least-squares
means. R package version 1.10.2. https://CRAN.R-project.org/pa
ckage=emmeans.

Lorch JM, Meteyer CU, Behr MJ et al. (2011) Experimental infection
of bats with Geomyces destructans causes white-nose syndrome.
Nature 480:376-378. https://doi.org/10.1038/nature10590.

Moreno-Brush M, Portillo A, Brindel SD et al. (2018) Mercury
concentrations in bats (Chiroptera) from a gold mining area in the
Peruvian Amazon. Ecotoxicology 27:45-54. https://doi.org/10.
1007/s10646-017-1869-1.

Morgan CN, Ammerman LK, Demere KD et al. (2019) Field identi-
fication key and guide for bats of the United States of America.
Occas Pap Tex Tech Univ Mus 360:360.

Nam D-H, Yates D, Ardapple P et al. (2012) Elevated mercury
exposure and neurochemical alterations in little brown bats
(Myotis lucifugus) from a site with historical mercury con-
tamination. Ecotoxicology 21:1094-1101. https://doi.org/10.
1007/s10646-012-0864-9.

O’Shea TJ, Everette AL, Ellison LE (2001) Cyclodiene insecticide,
DDE, DDT, arsenic, and mercury contamination of big brown
bats (Eptesicus fuscus) foraging at a colorado superfund site.
Arch Environ Contam Toxicol 40:112-120. https://doi.org/10.
1007/s002440010153.

Parker MC, Fritts SR, Weaver SP et al. (2024) Inter- and intraspecific
variability of total mercury concentrations in bats of Texas
(USA). Environ Res 259:119570. https://doi.org/10.1016/].
envres.2024.119570.

Podlutsky AJ, Khritankov AM, Ovodov ND, Austad SN (2005) A new
field record for bat longevity. J Gerontol A Biol Sci Med Sci
60:1366—1368. https://doi.org/10.1093/gerona/60.11.1366.

R Core Team., 2023. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria.

Russo D, Salinas-Ramos VB, Cistrone L et al. (2021) Do we need to
use bats as bioindicators. Biology 10:693. https://doi.org/10.
3390/biology 10080693.

Samanta S, Dey P (2012) Micronucleus and its applications. Diagn
Cytopathol 40:84-90. https://doi.org/10.1002/dc.21592.

Sandoval-Herrera N, Paz Castillo J, Herrera Montalvo LG, Welch
Jr. KC (2021) Micronucleus test reveals genotoxic effects in bats
associated with agricultural activity. Environ Toxicol Chem
40:202-207. https://doi.org/10.1002/etc.4907.

Scheuhammer AM, Meyer MW, Sandheinrich MB, Murray MW
(2007) Effects of environmental methylmercury on the health of
wild birds, mammals, and fish. Ambio 36:12—18.

Shore RF, Pereira MG, Walker LA, Thomas DR (2011) Mercury in
nonmarine birds and mammals. In: Beyer WN, Meador JP (eds)
Environmental contaminant in biota: interpreting tissue con-
centrations, 2nd edn. CRC Press, Boca Raton, Florida.

Syaripuddin K, Kumar A, Sing K-W et al. (2014) Mercury accumu-
lation in bats near hydroelectric reservoirs in Peninsular Malaysia.
Ecotoxicology 23:1164-1171. https://doi.org/10.1007/s10646-
014-1258-y.

Tan SW, Meiller JC, Mahatfey KR (2009) The endocrine effects of
mercury in humans and wildlife. Crit Rev Toxicol 39:228-269.
https://doi.org/10.1080/10408440802233259.

Teitelbaum CS, Ackerman JT, Hill MA et al. (2022) Avian influenza
antibody prevalence increases with mercury contamination in
wild waterfowl. Proc Biol Sci 289:20221312. https://doi.org/10.
1098/rspb.2022.1312.

@ Springer


https://doi.org/10.1016/j.actatropica.2021.106141
https://doi.org/10.1111/cobi.13739
https://doi.org/10.1111/cobi.13739
https://doi.org/10.1016/j.scitotenv.2019.135117
https://doi.org/10.1016/j.scitotenv.2019.135117
https://doi.org/10.1016/j.scitotenv.2018.01.044
https://doi.org/10.1016/j.scitotenv.2018.01.044
https://doi.org/10.1890/1540-9295(2006)004[0238:EVOTPC]2.0.CO;2
https://doi.org/10.1890/1540-9295(2006)004[0238:EVOTPC]2.0.CO;2
https://doi.org/10.2307/1376398
https://doi.org/10.2307/1376398
https://doi.org/10.1016/j.envint.2020.106178
https://doi.org/10.1016/j.envint.2020.106178
https://doi.org/10.25778/EDS6-6M78
https://doi.org/10.1139/cjz-2013-0072
https://doi.org/10.1111/geb.12290
https://doi.org/10.1002/ece3.7830
https://doi.org/10.2307/3671136
https://doi.org/10.3354/esr00182
https://doi.org/10.1016/j.envpol.2023.122092
https://doi.org/10.1016/j.envpol.2023.122092
https://doi.org/10.1002/etc.3940
https://doi.org/10.2307/1382746
https://doi.org/10.1007/BF00329419
https://doi.org/10.1007/BF00329419
https://doi.org/10.1093/etojnl/vgae032
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1038/nature10590
https://doi.org/10.1007/s10646-017-1869-1
https://doi.org/10.1007/s10646-017-1869-1
https://doi.org/10.1007/s10646-012-0864-9
https://doi.org/10.1007/s10646-012-0864-9
https://doi.org/10.1007/s002440010153
https://doi.org/10.1007/s002440010153
https://doi.org/10.1016/j.envres.2024.119570
https://doi.org/10.1016/j.envres.2024.119570
https://doi.org/10.1093/gerona/60.11.1366
https://doi.org/10.3390/biology10080693
https://doi.org/10.3390/biology10080693
https://doi.org/10.1002/dc.21592
https://doi.org/10.1002/etc.4907
https://doi.org/10.1007/s10646-014-1258-y
https://doi.org/10.1007/s10646-014-1258-y
https://doi.org/10.1080/10408440802233259
https://doi.org/10.1098/rspb.2022.1312
https://doi.org/10.1098/rspb.2022.1312

M. C. Simonis et al.

US Environmental Protection Agency (1998) EPA Method 7473 (SW-
846): mercury in solids and solutions by thermal decomposition,
amalgamation, and atomic absorption spectrophotometry. Revi-
sion 0. Washington, DC.

Wada H, Yates DE, Evers DC et al. (2010) Tissue mercury con-
centrations and adrenocortical responses of female big brown bats
(Eptesicus fuscus) near a contaminated river. Ecotoxicology
19:1277-1284. https://doi.org/10.1007/s10646-010-0513-0.

Walker FM, Williamson CHD, Sanchez DE et al. (2016) Species from
feces: order-wide identification of chiroptera from guano and
other non-invasive genetic samples. PLoS ONE 11:e0162342.
https://doi.org/10.1371/journal.pone.0162342.

Wickham H (2016) ggplot2: elegant graphics for data analysis.
Springer-Verlag, New York

@ Springer

Wilkins KT (1989) Tadarida brasiliensis. Mamm Species 331:1-10.
https://doi.org/10.2307/3504148.

Wilkinson GS, South JM (2002) Life history, ecology and longevity in
bats. Aging Cell 1:124-131.

Wolfe MF, Schwarzbach S, Sulaiman RA (1998) Effects of mercury
on wildlife: a comprehensive review. Environ Toxicol Chem
17:146-160. https://doi.org/10.1002/etc.5620170203.

Yates DE, Adams EM, Angelo SE et al. (2014) Mercury in bats from
the northeastern United States. Ecotoxicology 23:45-55. https://
doi.org/10.1007/s10646-013-1150-1.

Zukal J, Pikula J, Bandouchova H (2015) Bats as bioindicators of
heavy metal pollution: history and prospect. Mamm Biol
80:220-227. https://doi.org/10.1016/j.mambio.2015.01.001.


https://doi.org/10.1007/s10646-010-0513-0
https://doi.org/10.1371/journal.pone.0162342
https://doi.org/10.2307/3504148
https://doi.org/10.1002/etc.5620170203
https://doi.org/10.1007/s10646-013-1150-1
https://doi.org/10.1007/s10646-013-1150-1
https://doi.org/10.1016/j.mambio.2015.01.001

	A paired analysis of mercury among non-invasive tissues in Mexican free-tailed bats (Tadarida brasiliensis) to inform conservation monitoring
	Abstract
	Introduction
	Materials and methods
	Study site and bat capture
	THg analyses
	Statistical analyses

	Results
	Discussion
	Conclusion
	Publisher&#x02019;s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Acknowledgements
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




