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Effective management of endangered or threatened wildlife requires an understanding of
how foraging habitats are used by those populations. Molecular diet analysis of fecal
samples offers a cost-effective and non-invasive method to investigate how diets of
wild populations vary with respect to spatial and temporal factors. For the federally
endangered Indiana bat (Myotis sodalis), documenting its preferred food sources can
provide critical information to promote effective conservation of this federally endangered
species. Using cytochrome oxidase | amplicon sequence data from Indiana bat guano
samples collected at two roosting areas in Cypress Creek National Wildlife Refuge,
we found that dipteran taxa (i.e., flies) associated with riparian habitats were the
most frequently detected taxon and represented the majority of the sequence diversity
among the arthropods sampled. A select few arthropods from other taxa—especially
spiders—are also likely important to Indiana bat diets in this refuge. A supervised
learning analysis of diet components suggest only a small fraction of the frequently
detected taxa are important contributors to spatial and temporal variation. Overall,
these data depict the Indiana bat as a generalist consumer whose diet includes some
prey items associated with particular seasonal or spatial components, along with other
taxa repeatedly consumed throughout the entire foraging season. These molecular diet
analyses suggest that protecting foraging resources specifically associated with the
riparian habitat of Cypress Creek National Wildlife Refuge is essential to promote effective
Indiana bat conservation.

Keywords: animal diets, metabarcoding, cytochrome oxidase, myotis sodalis, bat diet

INTRODUCTION

The Indiana bat, Myotis sodalis, has the dubious distinction of being the first North American
bat listed under the Endangered Species Preservation Act (Udall, 1967). The historically broad
distribution of Indiana bats once spanned much of the eastern United States (Thomson, 1982),
however populations were dramatically reduced through decades of anthropogenic effects on
habitat and required regional and national efforts to mitigate declines (Brady et al., 1983; O’Shea
and Bogan, 2003; Lewis, 2007). Indiana bat populations appeared stable from the 1980s through
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the early 2000s (Thogmartin et al, 2012; King, 2019), but
the emergence of White-Nose Syndrome (WNS)—an infectious
disease caused by a fungal pathogen (Lorch et al., 2011; Warnecke
et al., 2012)—has decimated several bat species, resulting in near
complete loss of some species at particular hibernation sites
(Frick etal., 2010; Turner et al., 2011). WNS has been particularly
devastating to Indiana bats in the Northeastern U.S. (Thogmartin
et al., 2012; Jachowski et al., 2014; King, 2019), and populations
are currently concentrated primarily in just four states; Kentucky,
Missouri, Indiana, and Illinois populations constitute over 95% of
all Indiana bats detected in winter 2019 (King, 2019).

Effective bat conservation requires protecting critical
resources such as winter and summer habitats (Lewis, 2007;
Johnson and King, 2018). Importantly, these summer habitat
resources consist of both maternity colony sites as well as
foraging areas. Understanding the particular foraging habitats
used by bats from maternity colony roosts, for example, has
led to refined strategies by policy-holders to engage with land
managers (Johnson and King, 2018). However, Indiana bats
occupy distinct territories within a landscape and often travel
several kilometers between foraging habitats and roost sites
(Garner and Gardner, 1992; Murray and Kurta, 2004). Thus,
research that identifies preferences about roost site selection, for
example Jachowski et al. (2016), provides essential information
for guiding conservation practices, but does not fully convey the
habitat needs of the species. Understanding food preferences
may identify unique and additional required habitat in need
of protection.

Radio-telemetry has identified foraging preferences of Indiana
bats for forested areas in largely agricultural (Menzel et al,
2005; Womack et al,, 2013) and urban (Sparks et al., 2005)
landscapes. These studies highlight the growing importance of
protecting the increasingly fragmented forested environments
these bats use for both maternity colony roosts as well as foraging.
Nevertheless, telemetry data may underestimate the home range
used by Indiana bats (Womack et al., 2013) and discriminating
which parts of the landscape are required habitat for the primary
prey items is inherently challenging. For example, a bat may be
infrequently detected over water, but aquatic prey items may be
essential to the bat’s diet. Alternatively, diet analysis can offer
insights into the particular taxa consumed by the bat species, and
thus further refine which habitats are essential for foraging, and
therefore in greatest need of management and protection.

Previous studies using visual identification of arthropods in
bat guano suggest that Indiana bats are frequent consumers
of dipterans (flies), coleopterans (beetles), and lepidopterans
(moths and butterflies) (Sparks et al., 2005; Tuttle et al., 2006), as
well as trichopterans (caddisflies) in certain conditions (Murray
and Kurta, 2004). However, such studies are limited by the
number of samples analyzed and the specificity of the diet
components identified: manual inspection requires substantial
taxonomic expertise and time to classify arthropod contents.
Further, even expert visual identification of arthropods in bat
diets are typically limited to order or family-level specificity,
and can fail to identify some prey completely—particularly soft
bodied taxa (Kunz and Whitaker, 1983). The lack of precise
taxonomic identification of food items makes it challenging

to translate observations into detailed management strategies.
Fortunately, adopting a molecular approach to diet analysis
can provide the necessary taxonomic resolution to detail the
breadth and specificity of Indiana bat foraging behaviors, and
therefore give a more complete understanding of the habitat
needs of the species. Furthermore, this workflow scales efficiently
to hundreds or thousands of samples without requiring months
or years of time invested, and can provide detailed information
of arthropod diet composition regardless of the particular bat
species. This allows for a comprehensive evaluation of diet and
therefore foraging habitat requirements for many of the critically
endangered bat species in North America. In the case of the
Cypress Creek National Wildlife Refuge, this information can be
used to inform the particular habitats in most need of protection.

Located in between the Ohio and Mississippi Rivers in
Southern Illinois, Cypress Creek National Wildlife Refuge
contains riparian bottomland hardwood forests—ideal summer
roosting habitats (Cable et al., 2020). In addition, it is within
8km of a large Indiana bat hibernaculum (Brown and Melius,
2014). However, concerns about habitat loss and limited roost
availability served as an impetus to evaluate if artificial roost
structures installed in the refuge would expand roosting use to
areas that were otherwise not suitable for maternity colonies
(Mangan and Mangan, 2017). Prior mist-netting and radio-
telemetry surveys of the region indicated that bats occupied a
particular stretch of riparian habitat surrounded by agricultural
landscapes (Mangan and Mangan, 2019a). In fact, this radio-
tracking led to confirmation of an Indiana bat occupying one of
Egner roosts, which served as an impetus for conducting this diet
work. These results indicated the area as suitable roosting habitat
for bat maternity colonies, but it was unclear whether or not the
same habitat was important for bat foraging.

DNA barcoding (or metabarcoding) provides a cost-effective
method to rapidly generate datasets rich with taxonomic
information (Valentini et al., 2009; Pompanon et al., 2012;
Alberdi et al., 2018, 2019; Nielsen et al., 2018). Molecular diet
analyses have been widely applied to a range of systems and
organisms, although the methodology is not without challenges
and biases (Nielsen et al., 2018; Alberdi et al., 2019). Early bat
diet studies using a molecular approach described greater breadth
and specificity of prey items consumed compared to traditional
microscopy (Clare et al., 2009; Zeale et al., 2011). While both in
silico (Clarke et al., 2014) and empirical (Hope et al., 2014) studies
have identified potential taxa that may be missed due to PCR
biases, recent modifications of primer sequences have resolved
many of the amplification issues for certain taxa (Jusino et al,
2019). Subsequent applications using this molecular method have
revealed key features of bat foraging in several Myotis species
that can be used to optimize management decisions regarding
habitat preservation. For instance, the genus or species-level
taxonomic resolution using these molecular methods indicates
prey specificity for Myotis septentrionalis (Dodd et al., 2012)
and M. daubentonii (Vesterinen et al., 2016); protections for the
habitats that sustain these prey items would ensure these bats
have available food resources.

Metabarcoding has improved both the specificity of bat diet
contents as well as potential spatial and temporal changes
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in foraging patterns. For example, studies of M. lucifugus
indicate that core dietary components can vary both by location
(Clare et al,, 2011) and season (Clare et al., 2014), suggesting
that incorporating diet information into conservation efforts
may require factoring in regional and temporal variation
into management considerations. However, metabarcoding diet
interpretations are complicated by whether or not a researcher
chooses to link the sequence data (i.e., counts of amplicons) to
species abundances (Alberdi et al., 2019; Deagle et al., 2019).
We conducted our diversity analyses using both abundance-
unweighted and weighted means to provide an example of how
the inclusion or exclusion of sequence count information can
potentially alter the subsequent inferences made from the data.

In addition, management policy would benefit by moving
beyond simple lists of prey items detected in batches of
guano, and evaluate if specific diet components are important
to particular classes of metadata. We applied a Random
Forest classifier—a supervised learning tool (a type of machine
learning)—to determine what bat diet components were most
important in predicting the location or site a sample was
collected. These data can assist in identifying whether the
same foraging areas are needed to be protected at all points
of the year, and whether or not particular locations are more
important for conservation with respect to Indiana bat foraging.
This form of supervised learning has been applied to a range
of 16S rRNA and ITS amplicon studies including identifying
origins of ballast water (Gerhard and Gunsch, 2019), predicting
taxonomic signatures of host fecal microbiomes (Roguet et al.,
2018), understanding maternal microbiome patterns associated
with preterm delivery (Dahl et al, 2017), and predicting
wine metabolite profiles (Bokulich et al., 2016). Rather than
summarizing the unique sequence variants of the data directly
(e.g., through ordination), important sequences are identified
in Random Forest classifiers by quantifying their relative
contribution to the predictive accuracy of a model (Breiman,
2001; Bokulich et al., 2018b).

Guano collected as part of this study afforded an opportunity
to provide the first molecular analysis of Indiana bat diets.
Indiana bats are one of several threatened or endangered species
in need of significant protections, and identifying trends in
foraging habits serve to complement ongoing efforts to identify
relevant habitat to preserve. The methods described herein offer
one such means to attain improved species protections based on
a detailed understanding of diet and foraging.

MATERIALS AND METHODS
Data Availability

Data, figures, and scripts applied are Available online at
the GitHub repository for this project: https://github.com/
devonorourke/mysosoup. Supplementary Tables 1-3 referred
to herein are available online at this repository in the
“Supplementary Material” directory. We provide additional
documentation for sequencing processing, database curation,
classification, and diversity estimates in a “docs” folder within
that GitHub repository—see the bioinformatics sections below
for links to each of these documents. Raw sequences for

this project are Available online at BioProject PRJNA548356.
Database files are stored in the Open Source Frameworks repo
of this project: https://osf.io/qjudw/. A Zenodo archive of this
repository is available for download here: https://zenodo.org/
badge/latestdoi/176534517.

Site Selection and Guano Collection

The Cache River Watershed comprises thousands of acres of
riparian wetland forests essential to Indiana Bat foraging and
roosting, and is contained within the current ~17,000 acre
Cypress Creek National Wildlife Refuge. The sampling sites
were on two tracts of land approximately three miles apart:
Hickory Bottoms and Egner (Figure 1). Each tract contained
four artificial Brandenbark™ roosting habitats (Adams et al,,
2015); installation of the structures was completed in 2014. These
tracts consist of agricultural land mixed with mature bottomland
forests containing live and standing dead trees or snags with
exfoliated bark or crevices suitable for Indiana bat roosts.
Both locations have adjacent riparian habitat, with Egner roosts
abutting the Cache River, and Hickory Bottoms abutting Cypress
Creek. Use of these structures by Indiana bats was determined
through fieldwork conducted in July and August 2016 at the
refuge using mist-netting, radio-telemetry, and acoustic surveys
(Mangan and Mangan, 2019a).

Guano was collected at each of the eight roosts June 21,
July 27, and September 15, 2017. These dates correspond to
the periods prior to or during parturition and weaning in June
and July respectively, and in September during expected fall
migration. Plastic sheets were placed at the base of each roost
the night prior to collection and replaced with new sheets before
the next collection date. Up to ten guano pellets were obtained
at each roost at each date using sterile forceps and were stored
individually in microcentrifuge tubes. All guano was sent to
the University of New Hampshire and stored at —80°C until
DNA extraction. We limited our analyses to single-pellet guano
samples, although bulk samples of guano containing many pellets
were also collected.

DNA Extraction

Guano pellets were extracted using the Qiagen DNeasy PowerSoil
kits (Qiagen, Hilden, Germany) following manufacturer
guidelines. Two 96-well plates were used to process 175
individual pellets and included either 5 or 9 negative control
wells. The remaining 41 individual pellets were processed with
single tube extractions using the same kit chemistry. All samples
were eluted with 100 WL of elution buffer.

Metabarcoding

Concentrations of guano extract DNA were estimated with a
Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA,
USA) to guide the appropriate volumes of sample to add
for subsequent normalization with SequalPrep plates following
manufacturer guidelines (Applied Biosystems, Foster City, CA,
USA). Highly concentrated samples were diluted so that
samples were standardized to ~2 ng/uL prior to normalization.
Normalized DNA was used as input for our overlap extension
PCR method that targets arthropod COI fragments. Arthropod
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FIGURE 1 | Collection sites within Cypress Creek National Wildlife Refuge (CCNWR), which is situated in southern lllinois and consists of ~17,000 acres of wetland,
forested, and grassland habitats. The Cache River Unit comprises just 1,136 acres of riparian wetland forests essential to Indiana Bat foraging and roosting. Guano
was collected from two locations ~3 miles apart: Hickory Bottoms (Hickory) and Egner. Each collection area contained 4 artificial roosting habitats, depicted as points

Community.

on each inset map. Sources: Google, ESRI, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User

COI gene fragments are targeted for amplification using primers
detailed in Cable et al. (2020). We modified the original primer
sequences to preserve the COI-specific regions, but added 5’
extensions of 17 and 19 bp, respectively. The constructs below
illustrate these additional tails (bold underlined bases) as part
of the modified oligos using the original Jusino sequences
(not underlined):

UT-ANML-LCO1490: 5'-ACCCAACTGAATGGAGC
GGTCAACAAATCATAAAGATATTGG-3'

UT-ANML-CO1-CFMRa: 5-ACGCACTTGACTTGTCTTC
GGWACTAATCAATTTCCAAATCC-3'.

Samples were amplified in 15 pL reactions, with 3 uL of
normalized guano DNA extract added to 12 pnL of solution
containing 0.2 M of the forward and reverse primers, 0.16
png/wL BSA, 0.03 U/pL Platinum Taq, 0.2 mM dNTPs, 1.5mM
MgCl2, and 1.5 pL of 10X buffer (Invitrogen, Carlsbad, CA,
USA). Thermal cycler settings for the reaction consisted of an
initial 5min denaturation at 94°C, followed by 5 cycles of 60s
at 94°C, 90 s at 45°C, and 90 s at 72°C; an additional 35 cycles of
60s at 94°C, 90's at 50°C, and 60 at 72°C; and finally a 10 min
extension at 72°C.

PCR reactions were subjected to a 1X AMPure XP bead
cleanup (Agilent Technologies, Santa Clara, CA, USA) and 10 uL
of the concentrated solution was normalized in SequalPrep plates

(Applied Biosystems, Foster City, CA, USA). These normalized
PCR products were then subject to a second amplification using
custom oligos that contained the requisite Illumina adapters,
a distinct 8mer barcode, and the complementary sequence to
overlap with the 5 terminus of the amplicon. The example below
illustrates an example of these constructs, where the underlined
portion represents an 8mer barcode, with the Illumina adapters
upstream of the barcode, and the complementary overlap
downstream from the barcode (in bold) to facilitate polymerase
extension of the original PCR product:

Indexed-UT1-example_pairla:
5'-AATGATACGGCGACCACCGAGATCTACACCACACAAA
GCTGGTCATCGTACCCAACTGAATGGAGC-3'

Indexed-UT1-example_pairlb:

5'-CAAGCAGAAGACGGCATACGAGATTTTGTGTG
AGTCAGTCAGCCACGCACTTGACTTGTCTTC-3'.

We added 2 pL of normalized PCR products (from the
initial amplification) with 0.4 uM of each index primer in 25
mwL reaction volumes using KAPA HiFi HotStart ReadyMix
(KAPA Biosystems, Wilmington, MA, USA). Reaction conditions
consisted of a 2 min denaturation at 98°C, followed by 10 cycles
of 30s at 98°C, 20s at 60°C, and 30s at 72°C, and a final
extension for 5min at 72°C. These final PCR products were
subject to another 1X bead cleanup and normalization following
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the same methods described above. We created the final library
by pooling 10 L of normalized PCR products into a single tube
and concentrated to 40 pL with a 1X bead cleanup.

Library concentration was quantified by qPCR using the
KAPA ROX Low Complete Kit (KAPA Biosystems, Wilmington,
MA, USA). An Illumina MiSeq sequencer (Illumina, San Diego,
CA, USA) with v3 chemistry generated 600 cycles of 2 x 300 bp
paired-end reads.

Bioinformatics

Sequence Denoising and Filtering

Demultiplexed sequences were trimmed using Cutadapt v.1.18
(Martin, 2011) using “-m 100 -trimmed-only” parameters
to retain only sequences at least 100 base pairs in length
and with a detectable primer sequence. Trimmed reads were
imported into a QIIME 2 v2019.10 environment (Bolyen
et al, 2019) and representative sequences were identified
using DADA2 v1.6.0 (Callahan et al., 2016) via the q2-dada2
QIIME 2 plugin function “qiime dada2 denoise-paired” that
included retaining only the first 175 bases of the forward
and reverse sequences via the “—p-trunc-len” parameter. Full
details regarding sequence processing commands are described
here: https://github.com/devonorourke/mysosoup/blob/master/
docs/sequence_processing.md.

Because 7 of the 15 control samples (from 96-well plate
DNA extractions) retained denoised sequences, we investigated
whether the sequence variants present in control samples were
due to contamination either through DNA extraction or PCR
amplification. We found no evidence of systemic contamination,
and removed the negative control samples from subsequent
analysis. We justify this decision using the strategies discussed
here: https://github.com/devonorourke/mysosoup/blob/master/
docs/contamination_investigations.md.

Construction of Databases for Taxonomic
Classification
The primers used in this study were shown previously to amplify
bat COI (Jusino et al., 2019). To identify which bats contributed
the guano collected in the experiment, we created a host database
consisting of sequences derived from all known bat species
in the region. In addition, we included all other known host
reference sequences from other guano-related projects in our lab
as a precaution for potential cross contamination (ultimately no
unexpected host sequences were detected). Full details regarding
host database design are documented here: https://github.com/
devonorourke/mysosoup/blob/master/docs/host_database.md.
A second (larger) database was constructed as an additional
method to identify any bat DNA missing from our smaller
custom database, as well as to classify all other sequence features
present in our dataset. We collected reference sequences and
associated taxonomy information from two resources: BOLD
(Ratnasingham and Hebert, 2007) and a GenBank-derived
dataset curated by Terri Porter (Porter and Hajibabaei, 2018).
Reference sequences included COI records from arthropod,
chordate, and other animal taxa, as well as fungal, protist, and
other microeukaryote COI records. We dereplicated the initial
collection of sequences, then applied a Least Common Ancestor

(LCA) process using a consensus approach to classify records that
shared identical sequence information but differed with respect
to taxonomic information. Additional filters included discarding
references with non-standard [UPAC DNA characters, removing
sequences <100 bp, and retaining only references that contained
at least family-level names. The final dataset included 2,181,331
distinct sequences. The construction of this database is described
here: https://github.com/devonorourke/mysosoup/blob/master/
docs/database_construction.md.

Taxonomic Classification

We identified host sequences using a combination of alignment
and machine learning approaches to independently confirm what
bat species contributed to the guano in this experiment. The
denoised representative sequences were initially aligned to our
custom host database of bat sequences using VSEARCH (Rognes
et al, 2016) to identify and separate host ASVs from non-
host ASVs. Candidate matches were subsequently queried with
NCBI BLAST (Camacho et al., 2009) to confirm host identities.
We then used our larger COI database as a third means with
which to discriminate among host and non-host sequences.
Sequence features were classified using two methods available
through the QIIME 2 plugin q2-feature-classifier (Bokulich
et al., 2018a,b): first, a VSEARCH global alignment approach
followed by least common ancestry taxonomy assignment with
“qiime feature-classifier classify-consensus-vsearch’; and second,
a supervised learning naive Bayes classifier with “qiime feature-
classifier classify-sklearn.” All methods identified a common
set of bat-associated ASVs from the original dataset, and were
used to determine the proportion of the various bat species
detected in the guano. Importantly, we found that nearly all
sequence data classified as host DNA belonged to M. sodalis, the
species we expected from previous (Mangan and Mangan, 2019a)
and subsequent (Mangan and Mangan, 2019b) surveillance
work that concluded that the Indiana bat was the primary
occupant of the artificial roosts where guano was collected. We
discarded samples from our analyses for instances in which
a bat host other than M. sodalis was assigned specifically to
that sample.

For our diet analyses, representative sequences were further
clustered with “qiime vsearch cluster-features-de-novo” using
a 98.5% identity. Clustered sequence variants were classified
using a hybrid approach that involved assigning taxonomic
names using both naive Bayes and VSEARCH+LCA classifier
methods in q2-feature-classifier. This approach prioritizes those
records with exact alignments first using VSEARCH (those
taxa with 100% identity and at least 94% coverage), and any
clustered sequence variants that remained unclassified following
this initial alignment are then classified using the naive Bayes
method approach. Only those clustered sequences assigned to
the Arthropoda phylum, with at least family-level taxonomic
names, were retained for diversity estimates and supervised
learning analyses.

Full details describing the host identification methods
are described here: https://github.com/devonorourke/mysosoup/
blob/master/docs/classify_sequences.md.
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Diversity Estimates

We used several different approaches to generate diversity
estimates, with careful attention to the suitability of the
estimator in relation to the data type, making sure comparisons
controlled for factors such as sequencing depth, and correcting
for multiple comparisons. The dietary components identified
as representative sequence clusters were rarefied to 10,000
sequences per sample for diversity estimates. Observed richness
and Shannon’s entropy values were calculated for these
representative sequence clusters. Because the subsequent values
did not follow a normal distribution (p-values <0.01 using
Shapiro-Wilks test), we applied a Kruskal-Wallis non-parametric
test to compare whether there were differences between groups
collected in particular Site + Month combinations (e.g., Egner
in June, Egner in July, Hickory in September, etc.). Significance
values of pairwise differences were calculated using a Wilcoxon
rank sum test, using a Benjamini-Hochberg correction for
multiple testing.

Community composition among diet components was
assessed using two different approaches: one using a presence-
absence analysis of the sequence variants detected in each
sample, and one incorporating the abundance information
associated with the counts of sequence variants. Specifically,
dissimilarities in composition of representative sequence variants
were evaluated with non-phylogenetic binary (Dice-Sorensen)
and abundance-weighted (Bray-Curtis) distances, as well as
phylogeny-weighted binary and abundance-weighted distances.
We explored these dissimilarities using Principal Coordinates
Analysis, visualizing the first two principal components for each
distance metric. Main effects of site and month on community
composition were tested using the Vegan “Adonis” function; we
also performed an analysis of multivariate homogeneity of group
dispersions with the Vegan “betadisper” function.

Full details describing associated sequence processing, and
associated R scripts used in generating the figures and data tables
presented herein are described here:

https://github.com/devonorourke/mysosoup/blob/master/
docs/diversity_workflow.md.

Core Features and Supervised Learning
Non-rarefied clustered sequence data was filtered to identify
those variants present in at least 10% (20 or more) of guano
samples using the QIIME?2 “feature-table core-features” function.
These core sequence variants were used in a custom R script
to generate the summary figure and tables comparing the
frequency of occurrence and sequence abundances for each OTU
among samples.

These “core” sequence features were used in the subsequent
supervised learning approach via the QIIME 2 “classify-samples-
ncv” pipeline (part of the q2-sample-classifier (Pedregosa et al.,
2011; Bokulich et al., 2018b) plugin) to train Random Forest
classifiers. This nested cross-validation approach works in a
similar fashion to standard splitting of data into testing and
training subsets, but repeats the testing/training process k-times.
In reshuffling the data we ensure that all sequence features
are tested for relative importance to a model. Three classifiers
were built and tested: a model for site, a model for month,

and a model for site + month metadata classes. We increased
the number of decision trees available to the model from the
default (100) to 1,000 estimators, with the intention of improving
the predictive accuracy. In addition, we selected an option to
identify optimal feature selection (-p-parameter-tuning) which
automatically selects the number of features considered during
node splits on a given decision tree. Complete details for QIIME
functions and associated R scripts visualizing the output are
documented here:
https://github.com/devonorourke/mysosoup/blob/master/

docs/diversity_workflow.md.

Additional software

Figures and statistical analyses were performed in R (R Core
Team, 2018) using multiple libraries (Paradis et al, 2004;
Wickham, 2007, 2017, 2018, 2019; Chamberlain and Szocs, 2013;
Kahle and Wickham, 2013; Chamberlain et al.,, 2014; Lumley,
2016; Ren and Russel, 2016; Wilke, 2017; Bates and Maechler,
2018; Bisanz, 2018; Garnier, 2018; Kassambara, 2018; Ogle et al.,
2018; Pedersen and Crameri, 2018; Slowikowski, 2018; Graves
et al., 2019; Oswaldo, 2019; Pedersen and Robinson, 2019;
Wickham et al., 2020). QIIME 2 plugins for data processing and
diversity analyses were also utilized (McKinney, 2010; Price et al.,
2010; McDonald et al., 2012; Weiss et al., 2017; Robeson et al.,
2020).

RESULTS

We applied a metabarcoding technique to amplify arthropod
COI gene fragments and generated sequence data from hundreds
of bat guano samples collected at artificial roosts erected at
two locations in the Cypress Creek National Wildlife Refuge
during the summer of 2017 (Figure 1). Although the primers
used to amplify COI fragments were designed for arthropod
sequences, other COI sequences such as host DNA often amplify
as well. Thus, we first identified and separated host from non-
host sequence variants. In 144 of our 196 single-pellet samples
sequence variants classified exclusively to one of three bat species:
Indiana bat (M. sodalis), little brown bat (M. lucifugus), and
evening bat (Nycticeius humeralis) (Supplementary Table 1).
The vast majority of these were classified as Indiana bat (137
samples), with rare detections of little brown bat (5 samples) and
evening bat (2 samples). Those seven samples classified uniquely
to little brown and evening bats were disarded from our diet
analyses. In addition, 11 samples contained sequence variants
from two or more species, all of which included the Indiana
bat; these were included in the diet analysis. We included guano
samples that lacked host classification, as many samples did not
generate any host sequences. These findings corroborate previous
field observations (Mangan and Mangan, 2017, 2019a) that while
other species transiently occupy similar roosts, the Indiana bat is
the primary occupant of the colonies where guano was collected.
We acknowledge that a minor fraction of arthropod data may
have come from the diet of a bat species other than Indiana bat.
The breadth of arthropod taxa detected across all samples
was substantial, with 1,070 unique sequence clusters classified to
19 arthropod orders among the 189 guano samples. However,
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TABLE 1 | Eight arthropod orders detected in at least 10% of samples.

Arthropod order Fraction of samples Fraction of OTUs in

with order detected dataset

Diptera 98.4 37.1
Lepidoptera 94.2 23.2
Araneae 92.6 8.3
Hemiptera 66.7 8.4
Coleoptera 51.9 8.1

Psocodea 37.0 1.9
Trichoptera 22.2 0.7
Ephemeroptera 14.8 0.4

Fraction of samples with order detected required at least one OTU classified to that
arthropod order to be present in a sample (but multiple OTUs of the same order may
be present). The fraction of OTUs for each arthropod order are relative to the entire 1,070
sequence clusters classified to all arthropods in the dataset.

a particular subset of arthropods was much more likely to
be observed than others. Eight orders of arthropods were
identified in more than 10% of samples: Araneae, Coleoptera,
Diptera, Ephemeroptera, Hemiptera, Lepidoptera, Psocodea, and
Trichoptera (Table 1). Among these taxa, just two arthropod
orders represented more than half of all sequence clusters.
OTUs are defined as the most abundant exact sequence variant
observed in our data amongst all exact sequences within a
98.5% identity threshold. Diptera (397 OTUs representing over
37% of all classified taxa) and Lepidoptera (248 OTUs, 23%
of taxa). Interestingly, the number of distinct sequence clusters
classified to a particular order did not necessarily correlate with
frequency of detection. Thus, while flies and moths were detected
in the most samples and contained the greatest number of
unique sequence clusters, nearly as many samples contained
other detectable orders, but those particular orders contained
far fewer distinct sequence clusters within that particular group.
Spiders, for example, were detected in 175 samples (92%) despite
representing only ~8% of all arthropod sequence clusters.
Despite generating a taxonomically broad collection of
arthropod amplicons, only a small fraction of these were
routinely identified. Just 56 of the 1,070 arthropod sequence
clusters were identified in at least 10% of our samples, with
several OTUs containing common taxonomic labels (Table 2).
Among these “core” sequence clusters, two-thirds were classified
as dipteran (37 OTUs). These dipteran OTUs are dominated by
taxa known to inhabit the native riparian habitat. For example,
we detected limoniid craneflies such as Epiphragma solatrix (112
samples) and Erioptera caliptera (101 samples), and tipulids
such as Nephrotoma ferruginea (76 samples). Mosquitoes such
as Culex erraticus (121 samples) and Coquillettidia perturbans
(58 samples) were also frequently detected. While the majority
of the core sequence clusters were classified as flies, an orb-
weaving spider classified to the genus Eustala was the most
frequently detected sequence cluster in the entire dataset (146
samples). Non-dipteran core OTUs were distributed among
seven arthropod orders with just three orders containing more
than one representative sequence cluster: Araneae (7 OTUs),

Lepidoptera (5 OTUs) and Psocodea (2 OTUs). These molecular-
level data suggest Indiana bats in the Cypress Creek National
Wildlife Refuge routinely eat a diverse assortment of flies, along
with a particular few representative species of other arthropods,
and especially orb-weaving spiders in the genus Eustala.

We calculated the observed richness and Shannon’s entropy of
samples to investigate whether diet components were associated
with the site and date a sample was collected (Figure 2). We
applied a Kruskal-Wallis test to determine if the mean rank sums
of diversity estimates of each site-date group varied, and found
a significant difference for observed richness [H(5) = 25.389,
p < 0.001], but not for Shannon’s entropy [H(5) = 2.174, p =
0.825]. A Wilcoxon signed-rank test was applied to determine
pairwise differences of the site-date group diversity estimate.
Observed richness was higher among samples collected at Egner
in June than either site in September, however, no differences
in Shannon’s diversity were detected among any site-date pair
(Figure 2).

We next explored how community composition varied
among site+date groups, and evaluated the effect of using
abundance and/or phylogenetic-weighted metrics. Using
a multifactorial PERMANOVA (Adonis) to test for group
differences in spatial median, we found significant effects (p <
0.01) for both site and date using every distance metric evaluated:
Dice-Sorensen (non-abundance, non-phylogenetic), Bray-Curtis
(abundance-weighted, non-phylogenetic), unweighted UniFrac
(non-abundance, phylogenetic-weighted), and  weighted
UniFrac (abundance-weighted, phylogenetic-weighted)
(Supplementary Table 2). We also tested for dispersion
differences for each group using a univariate ANOVA,
PERMDISP (betadisper), and found that the effect of site
(p = 0.462) but not date (p < 0.001) were non-significant for
weighted UniFrac. Group dispersions for all other metrics were
significant at a threshold of p < 0.01, while the effect of date on
dispersions of Bray-Curtis distances was marginally higher at p
= 0.048 (Supplementary Table 3). Because we used a balanced
design, these results suggest that month and site variability in
community composition occur both because of spatial group
median and dispersion differences for unweighted-abundance
metrics. However, the non-significant dispersion result for the
Weighted UniFrac group dispersion for the effect of site suggest
that there are true compositional differences between collection
sites. A Principal Coordinates Analysis of these distance
measures indicate that these abundance-weighted metrics
provided the greatest proportion of variance in the first two
principal component axes (Figure 3), with samples associating
more by site than by date. Nevertheless, the relatively small
proportion of variation shown in these ordinations also support
the notion that many of the prey items that bats consume are
present throughout the entire sampling period of the study, thus
the overall impact of month or site differences appear minor.

A supervised learning regime was applied to the core sequence
clusters by training Random Forest classifiers to each group
(site, date, or site-date). For each group, we determined the
accuracy of the model (that is, how often did a sample get
assigned to its expected group), as well as calculated the relative
importance of each OTU in building the model (OTUs with the
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TABLE 2 | Taxonomic information assigned to prevalent sequence clusters (OTUs) detected in Indiana bat guano.

Order Family Genus Species Samples detected
Araneae Araneidae Eustala sp. 142
Araneae Tetragnathidae Tetragnatha elongata 34
Araneae Araneidae Eustala cepina 33
Araneae Anyphaenidae Anyphaena pectorosa 27
Araneae Theridiidae Theridion albidum 24
Araneae Tetragnathidae Leucauge venusta 22
Araneae Araneidae Neoscona Neoscona sp. 1GAB 21
Coleoptera Ptilodactylidae Ptilodactyla sp. 35
Diptera Culicidae Undetermined sp. 133
Diptera Limoniidae Undetermined sp. 130
Diptera Limoniidae Rhipidia sp. 120
Diptera Culicidae Culex erraticus 118
Diptera Limoniidae Epiphragma solatrix 110
Diptera Limoniidae Erioptera caliptera 101
Diptera Chironomidae Chironomus sp. 91
Diptera Limoniidae Erioptera parva 88
Diptera Chironomidae Undetermined sp. 77
Diptera Chironomidae Glyptotendipes sp. 68
Diptera Tipulidae Nephrotoma ferruginea 67
Diptera Limoniidae Helius flavipes 63
Diptera Culicidae Coquillettidia perturbans 49
Diptera Culicidae Uranotaenia sapphirina 49
Diptera Chironomidae Glyptotendipes meridionalis 48
Diptera Limoniidae Metalimnobia triocellata 48
Diptera Tabanidae Tabanus similis 36
Diptera Chaoboridae Chaoborus punctipennis 35
Diptera Culicidae Culex territans 34
Diptera Tabanidae Undetermined sp. 34
Diptera Chironomidae Axarus festivus 31
Diptera Dolichopodidae Undetermined sp. 30
Diptera Psychodidae Undetermined sp. 28
Diptera Tipulidae Nephrotoma okefenoke 26
Diptera Tipulidae Tipula sp. 22
Diptera Limoniidae Gonomyia sp. 20
Diptera Limoniidae Pseudolimnophila luteipennis 20
Ephemeroptera Heptageniidae Stenacron interpunctatum 27
Hemiptera Flatidae Undetermined sp. 24
Lepidoptera Tineidae Acrolophus mortipennella 49
Lepidoptera Tortricidae Clepsis peritana 28
Lepidoptera Tortricidae Choristoneura sp. 27
Lepidoptera Gelechiidae Coleotechnites florae 20
Lepidoptera Oecophoridae Inga sparsiciliella 20
Psocodea Psocidae Metylophorus novaescotiae 51
Psocodea Psocidae Blaste Blaste sp. 2KUEM 20
Trichoptera Hydropsychidae Potamyia flava 24

Each line represents uniquely classified taxa among the 56 distinct OTUs detected in at least 10% of samples. OTUs with redundant taxonomic assignment were grouped together, and
sorted by taxonomic order with the most frequently detected taxa shown first.

greatest importance are those that best discriminate samples for
a grouping variable). All three classifier models were successful
in predicting a sample’s grouping variable from the 56 core

OTUs. The model correctly predicted a sample’s collection month
more than 85% of the time (Figure4A), as well as the site
for 75% of samples (Figure 4B), and the specific site+date for
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FIGURE 2 | Species richness as measured by observed richness and Shannon’s entropy. Significant differences between groups of samples collected at each
site-date (Egner, “EN”; Hickory Bottoms, “HB”) represented by distinct lettered values.

July-HB Sept-EN Sept-HB

77% of samples (Figure4C). Most of these core OTUs do
not play a significant role in discriminating samples between
the site and date groups, as represented by their low relative
importance to each model (Figure 4D). More than 50% of the
overall importance to each model was accounted for by a few
sequence clusters: 11 OTUs for site-date, 10 OTUs for site,
and just 8 OTUs for date. These highly discriminant OTUs
spanned a broad range of taxa, despite dipteran sequences
dominating the overall dataset with respect to detections per
sample and sequence cluster richness. For example, a barklice
species, Metylophorus novaescotiae (OTU-1 in Figure 4D), was
the most important sequence cluster for September samples at
both sites (in fact, it had the highest individual importance score
of any OTU for any model). A moth, Acrolophus mortipennella

(OTU-2), was indicative of samples collected at both sites in
June. A net spinning caddisfly, Potamyia flava (OTU-43), was the
strongest indicator of a sample originating from the Hickory site.
Dipteran sequence clusters were also relevant at discriminating
between sampling date or site. For example, sequence clusters
classified to Glyptotendipes (OTUs 19 and 33) predicted the
sampling site, while a pair of mosquitoes, Uranotaenia sapphirina
(OTU-4) and Culex erraticus (OTU-7) were discriminant for
sampling date. Notably, the remaining core OTUs that failed
to discriminate site or sampling month does not suggest
their lack of importance to the Indiana bat diet—they simply
share similar detection frequencies and sequence abundances
frequencies, and therefore do not help the model differentiate a
grouping variable.
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DISCUSSION

Much of existing bat conservation policy in North America
focuses on identifying and conserving winter hibernacula and
summer maternity roosts. With the decline of insects globally,
and the direct impact on aerial insectivores such as bats, the
need to connect diet and foraging to habitat needs is clear.
For the Indiana bat specifically, a framework to understand the
particular resources essential for foraging habitats is still being
developed. We found that the molecular techniques applied
herein offer a rapid and cost-effective solution that is capable

of achieving a greater taxonomic resolution of bat diets than
previous morphological estimates. Collectively, these molecular
data indicate Indiana bats are generalist predators, confirming
earlier morphological analyses of guano contents that this bat
species’ diet consists of Coleoptera, Diptera, and Lepidoptera.
However, we observed dipteran taxa as the largest proportion
of fecal content using molecular methods, while most of the
morphological analyses suggest Indiana bat guano consists of
coleopteran and lepidopteran taxa [see Figure 1 in Sparks et al.
(2005) for a review]. This disparity was also depicted in a survey
conducted in Shawnee National Forest—just 20 miles east of our
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FIGURE 4 | Supervised learning of core sequence clusters (OTUs) using Random Forest classifiers. Confusion matrices illustrate model accuracy, showing the
number of samples predicted for each group: (A) sampling month; (B) sampling site (Egner, “EN”; Hickory Bottoms, “HB”); (C) sampling site and month. Overall
accuracy for each model shown at top of confusion matrix. The relative importance of each OTU, for each model, is shown in (D), along with the proportion of
sequences comprised of that OTU for each sample, defined by its sampling site and month.

location—suggesting that Indiana bats consume largely moths
and beetles (Feldhamer et al., 2009). While it is probable that
these differences are partly due to prey availability in the different
sites, it is also likely that the interpretation of Indiana bat diet is
influenced by the analytical tools applied.

Guano samples were collected in June, July, and September—
periods aligning with the timing of parturition, weaning, and fall
migration, respectively (Humphrey et al., 1977). Previous visual
identification of Indiana bat guano contents from maternity
colonies in Indiana demonstrated temporal shifts in diet, with
increasing lepidopterans and decreasing trichopterans from
June through August (Brack, 1983). Likewise, molecular diet
analyses of Little brown bat maternity colonies demonstrated

seasonal changes in diet (Clare et al., 2011), progressing from
dipteran to lepidopteran taxa from May through September.
However, we found little evidence of substantial change in diet
composition across the foraging season. Instead, particular taxa
were detected throughout the entire foraging season: Culicidae,
Limoniidae, and Chironomidae families in the dipteran order, as
well as an orb-weaving spider in the genus Eustala. The lack of
seasonal turnover in the most frequently detected prey is likely
a consequence of the proximity of the roost sites to the Cache
River, and a reflection of the robust aquatic dipteran taxa available
throughout the foraging season. It appears that positioning these
artificial roosts within a riparian habitat—a preferred landscape
for Indiana bat maternity colonies (Humphrey et al., 1977;
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Garner and Gardner, 1992) but not necessarily male Indiana bats
(LaVal et al., 1977)—is both sufficient for recruiting Indiana bats
as well as promoting local foraging.

It is unclear whether the relatively higher proportion of
dipteran and aranean-classified sequence counts are a reflection
of foraging preference (i.e., biomass of prey) or an artifact
of experimental design. Incorporating abundance information
into fecal analyses is challenging for several reasons, including
different digestion rates of arthropod prey or DNA extraction
biases (Deagle et al., 2019). Observed differences in sequencing
depths can also be impacted by the particular molecular tools
applied. For example, in silico analyses (Clarke et al., 2014) and
empirical tests (Braukmann et al, 2019; Jusino et al., 2019)
suggest that primer choice can influence observed taxonomic
diversity, as can the various choices of sequencing platform
and depth of coverage (Braukmann et al., 2019), or sequence
processing software (O’Rourke et al., 2020). Nevertheless, the
primers we employed in this experiment were previously tested
using biological mock communities and indicated only minor
bias among particular arthropod orders [see Figure 1 in Jusino
et al. (2019)]. Interestingly, these previously reported biases
lead to marginally greater identification of coleopteran and
lepidopteran sequences rather than dipteran, making it unlikely
that our frequently detected spider and fly sequences are a result
of preferential template binding. Thus, it does not appear that the
relatively large fraction of fly and spider taxa we detected is due
to a particular molecular bias.

Furthermore, we observed high proportions of sequences for
individual samples among multiple core arthropod orders
including OTUs classified to Araneae, Ephemeroptera,
Lepidoptera, Psocodea, and Trichoptera (Figure 4D). Therefore,
both in terms of sequence abundances and in terms of frequency
of detection, the core prey items identified in these Indiana
bats are congruent. Additionally, while our study may differ in
prevalence of the most frequently detected arthropod orders, our
work concurs with previous diet studies (for a helpful summary,
see Lewis, 2007) describing Indiana bats as engaging in aerial
foraging activity. Interestingly, this likely applies even to the
prevalent spider detected in our study, which was classified to
the genus, Eustala, and is known for ballooning behavior (Bell
et al., 2005). Perhaps, as has been previously suggested in other
bat species (Segura-Trujillo et al., 2016; Wray et al., 2020), these
Indiana bats are more aptly characterized as arthropodivores.

Despite these molecular tools confirming and expanding the
historical understanding of Indiana bat diets, using these data
to inform actionable management practices requires further
consideration regarding whether or not the relative abundances
of sequences are applied in the analysis. In a presence-
absence context, we find significant differences with respect to
observed richness between sampling sites and dates, whereas
an abundance-based measure of diversity via Shannon’s entropy
suggested no such difference (Figure 2). If the management goal
was to identify priority conservation sites to optimize foraging
success, and we considered optimal locations in areas where
a more diverse set of taxa are available, the two frameworks
may lead to alternative actions. A presence-absence context
would suggest placing greater priority on sites in the Egner
tract over the Hickory Bottoms tract (i.e., Egner had higher

overall observed richness for each sampling month). However, a
relative abundance context indicates that all sites and locations
are equally useful, and no additional prioritization would be
necessary. Incorporating abundance information was also a
relevant factor when interpreting whether sampling site or date
affects community composition. A greater proportion of variance
was captured in the first two principal component axes when
abundance information was applied (Figure 3). Analyzing these
data in a presence-absence context would again imply significant
site and date differences, whereas abundance-based measures
point to far greater overlap in spatial and temporal dimensions.

However, these data are interpreted, our molecular diet
analysis concurs with earlier work advocating for the protection
of the wetland and riparian habitat of the Cypress Creek
National Wildlife Refuge because of its critical role in supporting
Indiana bat foraging [in particular, see Chapter 4 of Brown
and Melius (2014)]. The artificial roosts used in this study
were positioned between aquatic and agricultural environments
(Figure 1), thus it was possible that a variety of taxa found in
both landscapes might be routinely detected in our data. Instead,
the majority of the Indiana bat samples contained dipterans
like craneflies, mosquitoes, and non-biting midges, as well as
caddisflies, mayflies, and other aquatic invertebrates known to
inhabit the Cache River area. Furthermore, these core taxa—
sequence clusters identified in at least 10% of samples—are
dominated by aquatic insects (Figure 4D). Few of these core diet
components were important to the supervised learning models
built to classify samples to a particular site or date, indicating that
there is an extensive dietary overlap in both season and location
among these regularly consumed taxa (Figure 4D). Notably, the
sequence clusters important to a given model often fit an expected
life history for the organism. For example, populations of barklice
M. novaescotiae are known to build throughout the season and
emerge as adults on the wing in large cohorts in late summer (M.
Jeffords, Personal communication).

Because our study did not conduct insect trapping at the time
of guano collection it is unclear to what extent differences in
spatial or temporal variability are due to selective foraging or
prey availability. Clarifying such distinctions can further inform
management criteria. For example, if these Indiana bats are
largely selective toward particular aquatic taxa, those aquatic
habitats are likely of conservation interest. Yet thoroughly
sampling the available prey—particularly for a mobile and
generalist consumer like the Indiana bat—is an intensive task
that was beyond the scope of our study. Nevertheless, our
molecular methods have identified a broad range of taxa that
can assist future studies when determining what trap types are
necessary to accurately capture the true extent of abundance and
distribution of available prey. Indeed, a recent molecular diet
study of the Little brown bat, M. lucifugus, found prey abundance
was generally unrelated to prey consumption (Wray et al., 2020),
however the authors note that their black-light trapping method
likely was unable to attract certain taxa. Given the propensity
for these Indiana bats to consume orb-weaving spiders, as
well as some dipteran (e.g., Limoniidae) and ephemeropteran
species, a combination of trap types are likely necessary to
properly survey the prey items available to Indiana bats in
Cypress Creek.
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As with many wildlife conservation challenges, the best plans
will have strong partnerships with a variety of stakeholders
(Mosher et al., 2020). Molecular methods are a valuable addition
to understanding the foraging requirements of the Indiana bat,
but are most valuable when contextualized with contributions
from land managers, field ecologists, and wildlife experts. We
hope our wet bench and bioinformatic methods offer a template
to bring the molecular tools into the discussion of future
conservation management plans.
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