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Abstract
Microcystis aeruginosa is a species of cyanobacteria capable of producing a
hepatotoxin called microcystin. As toxic M. aeruginosa overwinters in the sediments of
lakes, it is ingested by some mayfly larvae, such as those of Hexagenia spp., and thus
microcystin bioaccumulates in these insects. When Hexagenia emerge from lakes to
reproduce, they provide an abundant, albeit temporary, food source for many terrestrial
organisms such as bats. Little brown bats, Myotis lucifugus, likely feed opportunistically
on aquatic insects. To test if microcystin moves from aquatic to terrestrial ecosystems via
trophic transfer, we 1) tested bat feces for the presence of Hexagenia mayflies and 2)
tested bat livers and feces for microcystin. In June 2014, in correspondence with the
Hexagenia emergence, bat feces were collected from underneath a maternity roost near
Little Traverse Lake (Leelanau County, MI). On 20 and 27 June we caught 19 female M.
lucifugus, which were euthanized, and collected their livers and feces. DNA was
extracted from feces, amplified with a Polymerase Chain Reaction (PCR), and sequenced.
Concentrations of microcystin in liver tissue and feces were determined using an enzymelinked immunosorbent assay (ELISA) and liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Hexagenia were present in the diet of M. lucifugus and the
most likely source of microcystin. Our analyses reveal that microcystin was also present,
with higher concentrations in the bat feces than the livers. Additionally, histopathology
results of three bat livers with highest concentrations of microcystin show little to no
cytological damage from the toxin. From these data, it appears that M. lucifugus are not
highly affected by the ingestion of microcystin.
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Chapter 1

INTRODUCTION
Trophic interactions are defined by the transfer of energy between
trophic levels. However, at the aquatic-terrestrial interface, these interactions may
result in more than the movement of energy and nutrients between ecosystems.
Emerging aquatic insects have been shown to be important prey items for riparian
predators such as arthropods, birds, bats, reptiles, and amphibians (Baxter et al.
2005), but these aquatic insects have also been shown to be significant exporters
of contaminants to terrestrial ecosystems (Menzie 1980; Runck 2007; Cristol et al.
2008). Of these predators, bats may be particularly important in the movement of
aquatic subsidies, including contaminants, back to terrestrial ecosystems (Vander
Zanden and Sanzone 2004).
Many studies have focused on the movement of both organic and
inorganic contaminants from aquatic to terrestrial ecosystems, but few have
assessed the transfer of naturally occurring algal toxins, such as microcystin (MC),
into terrestrial ecosystems. As harmful algal blooms (HABs) increase in frequency
and intensity due to human alterations such as climate change (Paerl and Huisman
2008), eutrophication (Huisman et al. 2005; Paerl and Fulton 2006), and invasive
species (e.g., zebra mussels, Vanderploeg et al. 2001), it is increasingly important
that we understand the impact they may have on ecosystems. The effects that
HABs have on aquatic ecosystems and drinking water quality are well studied, but
few studies have focused on the movement of HAB-associated toxins into new
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ecosystems specifically via trophic interactions.
Aquatic insects such as Hexagenia mayflies (Ephemeroptera) have been
shown to contain high concentrations of MC at all life stages (Woller-Skar 2009;
Woller-Skar et al. 2015). Little brown bats, Myotis lucifugus, are a common bat
species in North America that consumes aquatic insects and may take advantage of
emergences of Ephemeroptera (Clare et al. 2011). Thus, predation of M. lucifugus
on Hexagenia may result in the trophic transfer of an algal toxin into the terrestrial
ecosystem. Since MC can be harmful to mammals (Sivonen and Jones 1999), it is
important to know what M. lucifugus are eating and if they are ingesting toxic
Hexagenia.
My thesis will consist of two chapters focusing on the trophic transfer of
microcystin from a freshwater lake to M. lucifugus specifically through Hexagenia
mayflies. In chapter one, I use cloning to analyze the diet of M. lucifugus during
mid-maternity season in order to determine what the bats are eating. Specifically, I
am looking for the presence of Hexagenia in the diet of M. lucifugus, since we
know this aquatic insect contains high concentrations of microcystin. This chapter
is a manuscript to be submitted for publication in Acta Chiropterologica. In
chapter three, I will quantify concentrations of microcystin in the livers and feces
of M. lucifugus using LC-MS/MS and ELISA to determine if the bats are exposed
to and bioaccumulating this toxin. Additionally, I will use histopathology to
determine if the bats are suffering from liver damage that may be attributable to
microcystin poisoning. Results from chemical analyses and histopathology will
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provide insight into the degree of toxicity of microcystin to M. lucifugus. This
chapter is a manuscript to be submitted for publication in PLoS ONE.

PURPOSE
The purpose of these studies is to determine if little brown bats (Myotis lucifugus)
are being exposed to microcystin through trophic transfer. Using molecular techniques, I
will determine if M. lucifugus are consuming Hexagenia mayflies, a potential source of
microcystin. I will then determine if there is microcystin present in the livers and feces of
M. lucifugus to better understand whether or not these bats are bioaccumulating this
toxin. Because bats are suffering population declines due to many threats such as whitenose syndrome, it is important to understand if there are other potential threats to local
populations of bats.

SCOPE
The scope of this study is limited to the time frame and location from which
samples were collected. Because microcystin production varies temporally and spatially,
bats may bioaccumulate different concentrations of microcystin and may be affected
differently at different times of the year and in different locations. This study is also
specific to one bat species and other species may be impacted differently. However,
because this is the first study to examine the bioaccumulation of microcystin in bat livers,
it provides insight into what other populations of bats may experience.

ASSUMPTIONS
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This study assumes that the bats sampled are representative of the population as a
whole. This study also assumes that concentrations of microcystin are distributed evenly
throughout the bats’ livers and feces since samples were divided for different uses (i.e.,
feces were divided for dietary and chemical analyses and livers were divided for
chemical and histopathological analyses). This study also assumes that microcystin
concentrations measured with these techniques are representative of the true
concentrations of microcystin present in each sample type.

RESEARCH QUESTIONS
1. Are M. lucifugus consuming Hexagenia mayflies?
2. Are M. lucifugus ingesting microcystin?
a. Is microcystin present in the livers and/or feces of M. lucifugus?
3. Do M. lucifugus livers show histopathological damage due to microcystin?

SIGNIFICANCE
This study is the first to determine if bats are ingesting microcystin specifically
through trophic transfer and if bats are affected by the bioaccumulation of microcystin in
their livers. Consequently, this study will determine if a naturally occurring algal toxin is
moving from an aquatic ecosystem into a terrestrial ecosystem via trophic interactions.
Although this study is limited in its scope, there are still implications for management of
local bat populations. Evidence of movement of this hepatotoxin may prompt managers
to dedicate more time, money, or resources to managing water quality in the area.
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ABSTRACT
Many chiropteran species are generalist predators that play key roles in
ecosystems around the world. It is important to understand the diets of insectivorous bats
in order to determine their potential impact on local insect populations. The little brown
bat, Myotis lucifugus, is one of the most common and widely distributed bats in North
America. Within the last decade, however, populations of M. lucifugus have suffered
severe population declines due to white-nose syndrome (WNS) in the eastern U.S. and
Canada. A large proportion of the M. lucifugus diet consists of aquatic insects,
particularly in summer when aquatic insect species may undergo mass emergences from
aquatic to terrestrial ecosystems. The purpose of this study is to determine which insect
species constitute the diet of M. lucifugus during mid-maternity season in Michigan’s
lower peninsula. Molecular analyses of M. lucifugus feces collected over a two-week
period revealed that these bats consume high proportions of Diptera, Ephemeroptera, and
Lepidoptera. On the first sampling date, over 80% of the M. lucifugus diet consisted of
Diptera and Ephemeroptera in approximately equal proportions. The second sampling
date revealed a significant shift in M. lucifugus diet to over 50% Lepidoptera. Among
these prey items were several lepidopteran pest species of agricultural and forest
industries as well as dipterans of human and domestic animal health concern. Such
characterizations of the M. lucifugus diet may lead to a better characterization of insects
that may experience decreased predation as WNS spreads throughout North America and
affects local bat populations.
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KEYWORDS: diet, dietary analysis, insect pests, little brown bats, Michigan, Myotis
lucifugus, predator-prey interactions, trophic interactions
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INTRODUCTION
Predator-prey interactions contribute to defining the structure and function of
ecosystems (Closs et al. 1999). Predators can impact the dynamics of prey populations
either directly or indirectly by influencing parameters such as survival and distribution
(Kalka et al. 2008; Williams-Guillén et al. 2008; Maine and Boyles 2015) and behavior
(Tuttle et al. 1982; Belwood and Morris 1987). For example, bats have been shown to
directly reduce the abundance of arthropods in a variety of ecosystems (Kalka et al. 2008;
Williams-Guillén et al. 2008; Maine and Boyles 2015), thereby exhibiting top-down
control on arthropod populations. Conversely, prey populations can affect the dynamics
of their predators through their own reproductive success (e.g., bats exploiting mass
emergences of insects; Lee and McCracken 2002), temporal dynamics (Lang et al. 2006;
McCracken et al. 2012), and spatial patterns (Rydell 1992; McCracken et al. 2012).
Optimal foraging theory predicts that predators maximize food intake during their time
spent feeding in order to minimize energy loss (Schoener 1971; Pyke et al. 1977); thus, if
prey densities are low, some predators may change their behavior to spend less time
foraging (Anthony et al. 1981). Consequently, dynamics of prey can have bottom-up
impacts by influencing a predator’s survival and reproductive success. Understanding
these top-down and bottom-up interactions allows managers to better predict an
ecosystem’s response to disturbance.
One major disturbance to ecosystems throughout the United States and Canada is
the novel fungal pathogen, Pseudogymnoascus (formerly Geomyces) destructans, which
causes white-nose syndrome (WNS) in bats (Lorch et al. 2011). This disease has resulted
in the deaths of millions of cave-roosting insectivorous bats and continues to spread
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throughout the continent (Turner et al., 2011, Coleman and Reichard, 2014). As
populations of bats continue to decrease due to WNS, their insect prey have fewer
potential predators and may therefore experience a relaxation of top-down control.
One species that has suffered significant population declines due to WNS is the
little brown bat, Myotis lucifugus (Frick et al., 2010; Langwig et al., 2015). This species
is distributed throughout most of North America (Jones et al., 1977) and feeds
opportunistically on aquatic insects (Belwood and Fenton, 1976; Clare et al., 2011) as
well as other abundant arthropods. High geographic variation in the diet of M. lucifugus
(Whitaker, 1972; Anthony and Kunz, 1977; Buchler, 1976; Clare et al., 2011, 2014)
suggests that they are selective opportunists (sensu Fenton and Morris, 1976) that take
advantage of variation in insect abundance and diversity. Several studies have shown
temporal dietary shifts toward insects such as ephemeropterans and dipterans that
correspond with mass emergences and swarms of these insects during summer (Buchler,
1976; Anthony and Kunz, 1977; Clare et al., 2011). Females face the additional
constraint of needing to increase food consumption during this time due to high energy
demand during pregnancy and lactation and therefore may become more selective in their
feeding preferences when reproductively active in summer (Anthony and Kunz, 1977;
Kurta et al., 1989). Because age, sex, and reproductive status may impact how Myotis
lucifugus exploit prey, it is not surprising that Clare et al. (2014) found high levels of
variation both spatially and temporally in the diet of M. lucifugus throughout Canada.
Due to ongoing population declines of WNS-affected species such as M. lucifugus
(Frick et al., 2010; Langwig et al., 2015), it is important to collect more information on
dietary variation across numerous sites in order to understand the impacts of bat
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population declines on insect abundance, community structure, and ultimately ecosystem
functioning. Only a few studies (Clare et al. 2011, 2014) have used molecular techniques
to determine the diet of this particular species. This study uses molecular techniques to
characterize the diet of female M. lucifugus in the northern lower peninsula of Michigan
(USA) during maternity season, a crucial time for adult and juvenile survival. We predict
that female M. lucifugus feed heavily on ephemeropteran species known to experience
mass emergences during this same time.

MATERIALS AND METHODS
Study Site and Sample Collection
Nineteen adult female M. lucifugus were caught on June 20, 2014 (N = 9) and
June 27, 2014 (N = 10) at a maternity roost in a barn near Little Traverse Lake (Leelanau
County, Michigan, USA; Fig 1). Bats returning from foraging were captured with a harp
trap (G7 Cave Catcher, Bat Conservation and Management) that was placed in the open
doorway of the barn. The trap was erected after adults left the roost to ensure that fecal
samples represented prey items captured on the night of sampling. Captured bats were
identified to species and held in cloth bags overnight (IACUC Approval # 14-08-A;
Michigan Scientific Collector Permit SC-1489). Approximately 10% of the feces
produced by each bat were subsampled and placed in 1.5 mL tubes with silica bead
desiccant (Fischer Scientific) and then frozen at -20 °C. Fresh feces were also collected
from roosting bats by placing aluminum foil directly underneath the roosting colony each
trap night. Feces that accumulated on the foil were collected the next day, placed in 1.5
mL tubes with silica bead desiccant, and then frozen at -20 °C.
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Molecular Methods
Intact fecal pellets were subsampled (as described above) from the feces produced
by the 19 captured bats after each was held in cloth bags individually, yielding 19
individual samples. Feces collected from underneath the roost were pooled separately for
each night and then divided into 7 subsamples per night, giving a total of 14 roost
samples. DNA was extracted from these fecal samples using a PowerFecal® DNA
Isolation Kit (MOBIO) according to the manufacturer’s protocol.
After extraction, a portion of the mitochondrial cytochrome oxidase I gene was
amplified via polymerase chain reaction (PCR) using LCO1490 and HCO2198 primers
(Folmer et al., 1994) that yielded a fragment of approximately 650 bp. Each PCR was
carried out using illustra PuReTaq Ready-to-go PCR beads (GE Healthcare Life
Sciences) with 5 mM forward primer, 5 mM reverse primer, and 1 µL of template DNA
in a 25 µL reaction. The thermal cycling conditions of this PCR were as follows: 10 min
at 95 °C followed by 35 cycles of 1 min at 95 °C, 1 min at 48 °C, and 1.5 min at 72 °C
with a final extension step at 72 °C for 7 min. All PCRs were visualized on a 1.5%
agarose gel.
All PCRs that showed visible bands of the expected size were used as template
DNA in a second PCR with the primers ZBJ-ArtF1c and ZBJ-ArtR2c (Zeale et al., 2011),
using the same PCR profile as above and yielding a product of approximately 157 bp.
Each PCR was carried out using 1 µL of product from the first PCR in a 25 µL reaction.
All PCRs were again visualized on a 1.5% agarose gel. Samples with positive
amplification success were cleaned using the QIAquick Gel Extraction Kit (Qiagen)
according to the manufacturer’s protocol to excise fragments of approximately 157 bp.
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The PCR products were cloned using the TOPO TA Cloning Kit (Life
Technologies). Ligation was performed according to the manufacturer’s protocol and
using 4 µL of PCR product with a 3’-A overhang. Transformations were carried out using
half the manufacturer’s recommended amount of competent cells and SOC media.
Colonies were selected using β-galactosidase blue/white screening and picked colonies
were suspended in 20 µL of dH20. Ligated plasmids were liberated by incubating the
suspended cells at 95°C for 10 min. The cell lysate (2 µL) was used directly as template
in a 24 µL PCR that contained 4.8 µL 10X PCR Buffer (with 15mM MgCl2; Empirical
Bioscience), 1.16 µL 25mM MgCl2, 0.48 µL dNTPs, 1 µL of forward primer, 1 µL of
reverse primer (Zeale et al., 2011), 2 U Taq (Empirical Bioscience), and 1 µL BSA and
followed the thermal profile of Zeale et al. (2011). PCRs of positive clones were
visualized on a 1.5% agarose gel.
Products consisting of only one band at the target size (~157 bp) were cleaned
using ExoSAP-IT (Affymetrix) according to the manufacturer’s instructions.
Appropriately-sized products from PCRs with multiple bands were excised using a
QIAquick Gel Extraction Kit (QIAGEN). Cleaned products were sent to the University of
Arizona Genetics Core for unidirectional sequencing with either the forward or reverse
primer. Following Zeale et al. (2011) and Clare et al. (2009), 16 clones were sequenced
for each sample (accession numbers to be provided with manuscript acceptance).

Analysis of Sequence Data
Sequence data were compiled, aligned, and edited in Sequencher v.5.1
(GeneCodes). Samples that were sequenced with the reverse primer (ZBJ-Art R2c; Zeale
et al., 2011) were reverse complemented to align with rest of the sequences. Query
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sequences were then compared to known reference sequences in the Barcode of Life Data
Systems (Ratnasingham and Hebert, 2007). Molecular Operational Taxonomic Units
(MOTUs) were determined by creating contigs in Sequencher 5.1 using the criteria of a
98% match and 100 bp overlap. Due to the short length of the isolated fragments (~157
bp), some MOTUs had ≥98.5% matches to multiple species or genera. Thus, we
categorized database matches as 1a = true species match (≥99%); 1b = good species
match (≥98%); 2 = match to multiple species or genera, only one of which is located in
sampling region; 3 = match (≥98%) to multiple species or genera, most conservative
taxonomy kept (Krüger et al., 2014).
Because prey cannot be directly quantified as the number of individuals of each
insect species consumed from our data (Clare, 2014), we defined the occurrence of prey
species by its presence in an individual sample. Proportion of the diet was calculated by
dividing the number of occurrences of a taxon by the total number of occurrences of all
prey items detected in a sample (frequency of occurrence). For each sampling night,
combining both individual and roost samples, the Shannon-Weiner Index (H’) was
calculated following the method of Razgour et al. (2011).

Statistical Analyses
To determine if there was a difference in the number of species detected in the
feces between the two sampling dates (June 20 and June 27) and between the two sample
types (feces collected from individuals and from the roost), data for the number of
species were checked for homoscedasticity and normality using Bartlett’s and ShapiroWilk’s tests, respectively. Despite transformations, our data were not normal and had
unequal variance; therefore we used non-parametric tests. We used Mann-Whitney tests

	
  

24	
  

to determine whether the number of prey species detected in feces differed by sampling
date or by types of fecal samples.

RESULTS
Sequence Processing
Of the 528 clones that were sequenced, 485 (92%) produced readable sequences.
Of these readable sequences, 356 (73%) were identified to genus or species yielding 78
MOTUs, 35 (45%) of which were identified to species level and six (8%) to the genus
level (Table 1). No sequences yielded non-target taxa (e.g., bat, bacteria, or fungus),
likely due to the specificity of the Zeale et al. (2011) primers. Apart from one roost
sample that did not give any sequences that could be identified to order or family level
with confidence, identifiable prey items per sample ranged from 1 to 6 with a mean of
2.41 identified taxa (SD ± 1.34). The average number of prey taxa per sample reported
here is similar to that of Alberdi et al. (2012) who found an average of 2.75 (SD ± 1.6,
range 1-8) taxa per sample.
There was no significant difference in the number of prey items detected in M.
lucifugus feces between the two sampling dates (U = 104.5, P = 0.25). Likewise, there
was no significant difference in the number of prey items detected in feces from
individually caught M. lucifugus versus feces collected from underneath the roost (U =
182.5, P = 0.064).

Diet of M. lucifugus
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From the 16 samples collected on June 20 (9 individual and 7 roost samples), we
identified 18 MOTUs belonging to 3 different orders, 14 of which could be identified to
species level. Detectable prey items in the M. lucifugus diet on the first sampling date (H’
= 4.5) included members of the orders Diptera (40.6%), Ephemeroptera (43.8%), and
Lepidoptera (15.6%, Fig. 2). From the 17 samples collected on June 27 (10 individual
and 7 roost samples), we identified 27 MOTU’s belonging to 5 orders, 24 of which could
be identified to species level. On the second sampling date, the diversity of detected prey
items (H’ = 3.1) was dominated by Lepidoptera (52.4%), Diptera (21.4%), and
Ephemeroptera (19%), while Coleoptera and Trichoptera constituted a relatively minor
component of the diet (4.8% and 2.4%, respectively; Fig. 2). Overall, Diptera and
Lepidoptera were represented by a large number of species (at least 14 and 18 species,
respectively). Ephemeroptera had a high frequency of occurrence, but relatively low
species diversity (3 confirmed species).

DISCUSSION
Our data demonstrate significant variation in the diet of M. lucifugus over a short
time interval. In the span of seven days, the diet shifted from mostly Diptera and
Ephemeroptera to primarily Lepidoptera. This variation suggests that M. lucifugus take
advantage of temporal shifts in the local abundance of insects. Lee and McCracken
(2005) showed high variation in the diet of the Brazilian free-tailed bat (Tadarida
brasiliensis) from dusk to dawn hours, showing that other species of bats also take
advantage of locally abundant insect emergences.
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The decrease in Shannon-Weiner Diversity index from June 20 (H’ = 4.5) to June
27 (H’ = 3.1) suggests that the diet of M. lucifugus was more functionally diverse and
even on the first sampling date. Although a greater number of species were detected in
the diet of M. lucifugus on June 27, the higher Shannon-Weiner diversity index on June
20 is likely due to the evenness of species detected in the diet on that sampling date. This
change in diversity also shows that M. lucifugus individuals exhibit high levels of dietary
flexibility. Overall, our results show that pooling data from different sampling dates, even
when they are separated by a short time period, can obscure changes in the diversity of
the diet of M. lucifugus.
Our study identified the same five orders of insects that Clare et al. (2011, 2014)
found most frequently in the diet of M. lucifugus. We also found patterns of abundance
similar to those of Clare et al. (2011), whose dietary analysis of M. lucifugus showed that
the proportion of Diptera decreased throughout the maternity season while the proportion
of Lepidoptera increased over the same time interval. Like Clare et al. (2011), but unlike
Clare et al. (2014), we found high proportions of Ephemeroptera in the bats’ diet during
the mid-maternity season (defined by Clare et al. (2011) as June 16-July 18). Because the
sampling sites used by Clare et al. (2011) in southwestern Ontario were less than 400 km
from our site, we expected to see similar results. Clare et al. (2014), however, sampled
from M. lucifugus across Canada in locations varying widely in ecosystem, temperature
and precipitation; differences with our study may thus reflect differences in the available
insect fauna. However, while Clare et al. (2011, 2014) sampled approximately every 7
days, those samples were pooled for each part of the maternity season (early, mid, and
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late), which may have obscured more fine-scaled variation in the diet of M. lucifugus
over the short timespans explored here.
Although only 3 MOTUs of Ephemeroptera were identified in the diet of M.
lucifugus, this order made up over a third of the diet on June 20, which corresponded with
the peak of the Hexagenia emergence (Corkum et al., 2006). Hexagenia limbata was the
most frequently occurring prey species on June 20 at levels that exceeded the single-date
occurrence of any other prey item in our study. Although no H. limbata were detected in
the diet of M. lucifugus on June 27 (possibly due to the end of the emergence of this
insect species; Corkum et al., 2006), these data suggest that while H. limbata are
emerging, they are a commonly consumed prey item. Another mayfly, Stenonema
femoratum, was one of the most frequently consumed species on both dates.
Ephemeroptera have transient emergences en masse, which appear to result in an
abundant, but brief, food source for M. lucifugus.

Caveats
It is important to note that this type of molecular diet analysis through cloning is
only semi-quantifiable in that we cannot determine the precise number of any given prey
item consumed. We identified similar numbers of prey taxa at the species or genus level
in bat feces (35 taxa) as did Zeale et al. (2011; 37 taxa) and Alberdi et al. (2012; 34 taxa),
both of whom used similar techniques to determine the diets of temperate insectivorous
bats. Although some authors (Deagle et al., 2005; Zeale et al., 2011) have shown that the
use of cloning yields proportions that roughly correspond with dietary proportions
through feeding trials, this may vary by predator and prey taxa. Results of this type of
molecular analysis may also be influenced by differential survival of hard parts of prey
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items (Rabinowitz and Tuttle, 1982) or prey DNA (Deagle and Tollit, 2007) or by
competition during PCR due to the choice of primers, particularly the use of the
LCO1490 and HCO2198 primers to amplify degraded DNA (Folmer et al., 1994).
In addition, not all insect orders are equally represented within the BOLD
database. For example, lepidopterans tend to be highly represented; this
overrepresentation may result in higher levels of observed lepidopteran species diversity
in bats’ diets. We were able to obtain higher resolution of lepidopterans than any other
order, which may be a result of this increased representation. Biases in barcoding
libraries may inhibit our ability to identify all prey taxa in the diet of M. lucifugus and
increase the chance of type II error. Though sequences were called using BOLD, we also
compared each sequence using the blast function in GenBank. Generally, GenBank
yielded similar results to BOLD, but had higher sequence matches to a few dipteran and
ephemeropteran species. This difference may have resulted in slightly different
proportions of each insect order consumed.
Because we subsampled the feces taken from each individual bat, it is possible
that not all prey items were detected. Furthermore, our analyses were limited by the
number of clones sequenced per sample. Although the number of prey species we
detected corresponded with other studies that analyzed bat diets using cloning (Zeale et
al., 2011; Alberdi et al., 2012), studies using next generation sequencing (NGS)
techniques have been able to identify approximately twice as many prey taxa (Bohmann
et al., 2011; Razgour et al., 2011; Clare et al., 2014; Krüger et al., 2014). Thus, NGS
appears to be better at capturing dietary α-diversity.

Myotis lucifugus as a predator of pest insects
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We identified several notable constituents within the diet of M. lucifugus. Among
these insects are two species of mosquito (Aedes vexans and Ochlerotatus canadensis;
Diptera) that have been shown to be carriers of West Nile Virus (CDC, 2012), a zoonotic
disease that has caused almost 2,000 human fatalities since 1999 (CDC, 2015). These
mosquitos are also potential vectors of Eastern Equine Encephalitis virus (Vaidyanathan
et al., 1997) and dog heartworm (Dirofilaria immitis; Ledesma and Harrington, 2011).
Additionally, several species of agricultural and forestry pest insects were identified in
our analyses as prey items of M. lucifugus. Chrysoteuchia topiarias (cranberry girdler;
Lepidoptera: Crambidae) has been shown to feed on and cause significant damage to
cranberries, Douglas fir, and turfgrass (Kamm et al., 1990). Choristoneura rosaceana
(oblique banded leaf roller; Lepidoptera: Tortricidae) feeds on many fruiting plants, and
causes significant economic losses to apple orchards (Ahmad et al., 2002). The removal
of natural predators through the use of pesticides and the evolution of insecticide
resistance in some strains of C. rosaceana has caused large outbreaks of this formerly
minor pest, particularly in Michigan (Ahmad et al., 2002). Choristoneura fumiferana
(spruce budworm; Lepidoptera: Tortricidae) is a softwood defoliator and has contributed
to the loss of millions of hectares of North American spruce-fir forests, on which the
paper industry depends (Miller and Rusnock, 1993). Similarly, Phyllobius oblongus
(European snout beetle; Coleoptera: Curculionidae), an invasive weevil in the Great
Lakes region, feeds on the roots and leaves of many hardwood species including, but not
limited to, maple, birch, and many fruit trees, berries and shrubs (Pinski et al., 2005).
Clare et al. (2011) also found P. oblongus in the diet of M. lucifugus in southern Ontario.
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Our results provide further evidence that bats such as M. lucifugus provide
valuable ecosystem services. By consuming pests and thus reducing and delaying the
application of pesticides, insectivorous bats have been estimated to provide services
valued at $22.9 billion/year to agriculture in the United States alone (Boyles et al., 2011).
However, this estimate does not include the value that bats have within forest
ecosystems, and thus does not incorporate the impact they may have on reducing
populations of forestry pest insects such as C. fumiferana. Bats have been shown to play
a significant role in reducing herbivory and/or limiting arthropods in agricultural (Maine
and Boyles, 2015), agroforest (Williams-Guillén et al., 2008), and tropical forest (Kalka
et al., 2008) ecosystems. Because insectivorous bats exhibit top-down control of
agricultural pest insects and arthropod vectors of human disease, these arthropods may
experience a release from predation if WNS-affected bat species continue to experience
population declines.

Impacts of Aquatic Prey on Bats
Although bats have significant top-down impacts on ecosystems, insect
populations may have bottom-up effects on their predators as well. A large proportion of
the diet of M. lucifugus consists of aquatic insects from the orders Diptera and
Ephemeroptera. Insects in these orders are often used as environmental indicators
because they can take up, tolerate, and transfer trace metals (Hare, 1992) and other
environmental contaminants, such as polychlorinated biphenyls (PCBs; Walters et al.,
2008), from the water to their terrestrial predators. Contaminants such as DDT have been
shown to cause mortality in bats (Clark, 2001), although the source of this contaminant
was unclear. Both Kannan et al. (2010) and Secord et al. (2015) found high
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concentrations of several contaminants of emerging concern (CECs) in the tissues of dead
or moribund bats affected by WNS. After Park and Cristinacce (2006) found that sewage
treatment plants were significant foraging sites for bats, Park et al. (2009) showed that
insects at these sites also had high concentrations of CECs, thus demonstrating possible
trophic transfer of these environmental toxins.
Compared to other mammals of the same size, bats live approximately three times
longer (Austad and Fischer, 1991) and have increased metabolic rates and high rates of
food intake (Clark and Shore, 2001), likely as a result of the high energetic demands of
flight. Increased longevity, metabolism, and food consumption may increase the
susceptibility of bats to toxins in the environment. Furthermore, lactating females
consume more prey due to the high energetic demands of milk production (Anthony and
Kunz, 1977; Kurta et al., 1989). Because parturition of M. lucifugus is synchronous with
emergences of aquatic Diptera and Ephemeroptera, the summer months may expose these
bats and their developing offspring to additional health risks. Future work should
examine the impacts of trophic transfer of aquatic toxins to bat populations.

Conclusions
Many bats in North America are facing anthropogenic threats such as habitat loss
and fragmentation, and increased mortality due to wind turbines (Arnett and Baerwald,
2013). In addition, the fungal disease WNS has caused up to 90% mortality in several
species of hibernating bats in eastern North America (Turner et al., 2011; Coleman and
Reichard, 2014; Langwig et al., 2015). This study shows that the loss of M. lucifugus
may have locally specific impacts on insect communities. Many agricultural and forestry
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pests may be released from predation, which is likely to exacerbate the economic impact
of these insects. Thus, it is crucial that we manage M. lucifugus both in areas affected by
WNS and those that have not yet been impacted.
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TABLE 1. Prey items detected in the diet of M. lucifugus. Occurrence refers to the
presence or absence of a species in a sample. The confidence levels from Krüger et al.
(2014) indicate 1a = true species match (≥99%), 1b = good species match (≥98%), 2 =
species match to multiple species or genera, but only one is located in the sampling
region, 3 = match (≥98%) to multiple species or genera, most conservative taxonomy
kept and considered provisional.

Order
Coleoptera
Diptera

Ephemeroptera

Lepidoptera

Family
Ptinidae
Curculionidae
Chaoboridae
Chironomidae
Chironomidae
Culicidae
Culicidae
Hybotidae
Muscidae
Psychodidae
Sciaridae
Sphaeroceridae
Tachinidae
Tipulidae
Tipulidae
Tipulidae
Tipulidae
Caenidae
Caenidae
Ephemeridae
Heptageniidae
Heptageniidae
Heptageniidae
Blastobasidae
Crambidae
Depressariidae
Depressariidae
Gelechiidae
Gelechiidae
Gelechiidae

	
  

Species
Eucrada humeralis
Phyllobius oblongus
Chaoborus punctipennis
Paracladopelma winnelli
Pseudochironomus sp.
Aedes vexans
Ochlerotatus canadensis
Platypalpus major
Helina depuncta
Psychoda cinerea
Scatopsciara atomaria
Leptocera erythrocera
Cryptomeigenia sp.
Tipula entomophthorae
Tipula hermannia
Tipula sp.
Tipula monticola
Caenis sp.
Caenis youngi
Hexagenia limbata
Stenonema femoratum
Stenonema sp.
Unknown sp.
Holcocera chalcofrontella
Chrysoteuchia topiarius
Agonopterix
pulvipennella
Psilocorsis quercicella
Chionodes mediofuscella
Chionodes praeclarella
Glauce pectenalaeella
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1
1
1
1
3
3
1
2
3
3
3
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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2
1
2
3
6
6
4
4
8
2
1
1
1
2
2
1
1
1

1
1
2

2
3

1
2
2
3
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Gelechiidae
Gracillariidae
Gracillariidae
Tortricidae
Tortricidae

Trichoptera

	
  

Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Leptoceridae

Pseudotelphusa
quercinigracella
Xenolechia ontariensis
Caloptilia bimaculatella
Caloptilia packardella
Choristoneura conflictana
Choristoneura
fractivittana
Choristoneura fumiferana
Choristoneura parallela
Choristoneura rosaceana
Clepsis virescana
Eucosma sp.
Triaenodes injustus
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FIGURE CAPTIONS

FIG 1. Map of Little Traverse Lake in Leelanau County, Michigan. The sampled Myotis
lucifugus roost is indicated with a star next to Little Traverse Lake (44.923580, 85.821265).

FIG 2. Frequency of occurrence of each order found in the diet of M. lucifugus on each
sampling day.
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FIG. 1.
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FIG. 2
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Abstract
Microcystis aeruginosa is a species of cyanobacteria that is capable of producing a
hepatotoxin called microcystin. When toxic M. aeruginosa overwinters in the sediments
of lakes, it may be ingested by some aquatic insects, such as the nymphs of Hexagenia
spp. mayflies, and thus bioaccumulate in these insects. When Hexagenia subimagos and
imagos emerge from lakes to reproduce, they provide an abundant, albeit temporary, food
source for many terrestrial organisms including bats. Little brown bats, Myotis lucifugus,
have been shown to feed opportunistically on aquatic insects including Hexagenia. To
test whether microcystin moves from aquatic to terrestrial ecosystems via trophic
transfer, we tested bat livers and feces for microcystin. In June 2014, coincident with the
local Hexagenia emergence, bat feces were collected from underneath a maternity roost
near Little Traverse Lake (Leelanau County, Michigan, USA). On 20 and 27 June we
caught 19 female M. lucifugus, and collected their livers and feces. We measured
concentrations of microcystin in the liver tissue and feces using an enzyme-linked
immunosorbent assay (ELISA) and liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Our analyses reveal that microcystin was present at high
concentrations in the bat feces, but not the livers. Additionally, histopathological
examination of three bat livers with the highest concentrations of microcystin show little
to no cytological damage from the toxin. From these data, it appears that M. lucifugus
may not be immediately affected by the ingestion of microcystin. Future work should
examine whether bats suffer delayed physiological effects from ingestion of microcystin,
either by ingesting contaminated insects or by drinking microcystin-tainted water during
or after late summer blooms of M. aeruginosa.
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Introduction
As blooms of cyanobacteria become more common in freshwater ecosystems due
to global climate change [1], eutrophication [2,3] and invasive species (e.g., zebra
mussels [4]), these harmful algal blooms pose a threat to both aquatic and terrestrial
ecosystems. Several genera of cyanobacteria produce neurotoxins and hepatotoxins that
have resulted in poisonings of both humans and animals [5]. Microcystis aeruginosa is a
species of cyanobacteria that is typically found in phosphorus-rich (eutrophic) fresh water
[6]. However, research conducted in Michigan lakes has shown that invasive zebra
mussels can promote the growth of M. aeruginosa [4], particularly in nutrient-poor
(oligotrophic) basins [7]. Filtering by zebra mussels reduces chlorophyll and total
phosphorus [8], consequently limiting nutrients in the water. Zebra mussels consume
algal species and reduce their population sizes, giving Microcystis spp. a competitive
advantage because the zebra mussels selectively reject these toxic species [4]. As a result
of this advantage, M. aeruginosa can form unsightly blooms that reflect rapid increases in
their population density, and result in decreases in water transparency and increases in
foam production [6].
In addition to forming blooms, M. aeruginosa is capable of producing a
hepatotoxin called microcystin. This algal toxin has been shown to cause vomiting, skin
irritation, liver cancer, and even death in humans, pets, livestock, and various aquatic
organisms [5,9]. Microcystin has been found to bioaccumulate in many aquatic
organisms including zooplankton, crustaceans, mussels, and fish [10–13]. Of the few
species of aquatic insects that have been tested for microcystin, Woller-Skar [6] found the
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highest concentrations of microcystin in species of Hexagenia, which are burrowing
mayflies.
After hatching, Hexagenia nymphs burrow in the sediments of freshwater sources
[14]. While the nymphs overwinter in the lake sediments, they consume detritus and
algae [14]. There, the nymphs likely ingest toxic M. aeruginosa, which also overwinters
in lake sediments [15]. Hexagenia spend 1-2 years as nymphs, then move to the surface
of the water and within a few days, undergo their first molt to become subimagos
(subadults [16]). Shortly thereafter, the subimagos undergo a second molt to become
imagos (adults [14]). The imagos mate during flight, and the females lay their eggs in the
water to produce a new generation (cohort) and then die [16].
Throughout their lives, these mayflies are a part of the aquatic food web by both
consuming and being consumed by aquatic organisms. However, the subimagos and
imagos are also part of the terrestrial food web as potential prey for organisms such as
birds and bats. Although this terrestrial existence is brief, lasting only a few weeks, it
provides copious amounts of food for insectivorous animals. Thus, Hexagenia serves as a
link between aquatic and terrestrial food webs and therefore has the potential to transfer
aquatic toxins such as microcystin to terrestrial insectivores including bats.
One of the most common bats in Michigan is the little brown bat, Myotis
lucifugus. Little brown bats feed opportunistically on aquatic insects such as mayflies and
chironomid flies [17–20]. Although M. lucifugus do not feed exclusively on aquatic
insects, a dietary analysis in southwestern Ontario found that approximately 66% of the
diet of little brown bats consisted of mayflies (Ephemeroptera) during the summer
maternity season [19]. Similarly, Jones et al. [20] found that little brown bats in Michigan
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had diets consisting of over 50% aquatic insects, including Hexagenia. Due to their
reliance on aquatic insects, little brown bats may be at particular risk of exposure to
aquatic ecosystem toxins. Furthermore, the timing of parturition in M. lucifugus
corresponds to the mass emergences of many aquatic insects. Lactating females consume
more insects than non-reproductive females or males [18], further increasing the
likelihood of toxin ingestion.
Here, we use chemical and histopathological analyses of M. lucifugus livers and
feces to determine whether the bats are ingesting microcystin by consuming
contaminated insects. We hypothesize that 1) microcystin is present in both bat livers and
feces, and 2) high levels of microcystin are associated with liver damage in wild bat
populations. From these results, we can more fully understand the health risks facing
little brown bats, and determine whether new management strategies are required to
address these risks.

Methods
Study site and sample collection
All samples were collected near Little Traverse Lake (Leelanau County,
Michigan, USA, Fig. 1). Zebra mussels were introduced into this lake during the mid1990’s and have been established since the early 2000’s [6]. Since the establishment of
zebra mussels, M. aeruginosa has become the dominant algal species with blooms each
year in August-September [6]. During and after bloom events, this lake has been shown
to have concentrations of total microcystin (MC-eq) exceeding the World Health
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Organization’s guidelines for safe drinking water (1 µg/L or 1 ppb; [6, 21]). Furthermore,
Hexagenia emerging from this lake have been shown to have high concentrations of
microcystin at the nymph stage [6] and volant stages (subadult and adult, [22]. Because
M. lucifugus have been shown to reduce their home-range during summer due to
reproduction [23], it is likely that bats from a maternity colony peripheral to Little
Traverse Lake will feed on the aquatic insects emerging from this body of water.
A total of 19 M. lucifugus were collected on June 20 (N = 9) and 27 (N = 10) of
2014. After adult bats had left the roost, all exits to the barn were blocked off and a harp
trap was placed in the open doorway to catch bats returning from foraging. Captured M.
lucifugus were identified and placed individually in cotton bags. After being held
overnight, individuals were humanely euthanized with isoflurane followed by cervical
dislocation (IACUC Approval #14-08-A, Michigan Scientific Collector Permit
#SC1498). Approximately half of the liver tissue was placed in foil and stored at -20 °C
for microcystin analysis. Approximately 10% of the feces from each bat were placed in
1.5 mL tubes with silica beads for dietary analysis [20]. The remaining feces were placed
in individual foil packets for analysis of microcystin. Fresh feces were also collected
from roosting bats by placing foil directly underneath the roosting colony each trap night.
Feces accumulated on the foil were collected the next day. Approximately half of the
feces from the roosting colony were used for microcystin analysis and half were used for
dietary analysis [20].
Hexagenia mayflies were collected June 21 and 28, 2014, by hanging a black
light in front of a white sheet [24]. Attracted subimagos and imagos were picked off the
sheet or nearby ground, placed in foil, and frozen at -20 °C.
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Ethics statement
Bats were captured under Michigan Scientific Collector Permit #SC1498.
Captured individuals were humanely euthanized with isoflurane followed by cervical
dislocation in accordance with guidelines of the GVSU Institutional Animal Care and
Use Committee (IACUC Approval #14-08-A).

Microcystin analysis
Livers and feces from the 19 individual M. lucifugus and fresh feces from the
roosting bats were freeze-dried (Labco Lyophilizer) for 24-48 hrs at -53 °C (pressure =
0.002 mbar). Liver tissue and fecal samples were then ground with a mortar and pestle
and weighed to approximately 100 mg. Because most of the samples weighed less than
100 mg, livers and feces from 2-4 individuals were pooled to decrease the probability of
false negatives for microcystin. To serve as positive controls, nine fecal samples and two
pooled liver samples were spiked with 0.2 µg of nodularin after initial processing to
determine recovery rates of the following extraction method. The 100 mg of tissue or
feces were added to a centrifuge tube with 5 mL of 80% MeOH, then sonicated on ice for
two 30-second pulses with 30 seconds between pulses. Samples were stored at -20 °C for
30 min, then centrifuged for 15 min at 14,000 rpm and -5 °C. The supernatant was
decanted into an 8 mL glass tube using a glass pipet and speed vacuumed until dry.
Samples were reconstituted in 1 mL of 80% MeOH and vortexed for 20 seconds, then
stored at -20 °C for 30 min. After cold storage, samples were centrifuged for 10 min at
3,000 rpm at room temperature. The supernatant was transferred to a 1 mL autosampler
vial and kept at -20 °C until analysis.
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Liquid chromatography with tandem mass spectrometry (LC-MS/MS) was used
to quantify MC-LR, the most toxic and commonly reported variant [9,25], in our bat liver
and fecal samples. MC-LR was detected in the samples using the transitions m/z
995.2à107.0; 134.5; 155.0, where MC-LR was quantified using the 107.0 m/z ion and
confirmed using the 134.5 m/z and 155.0 m/z ions. Positive controls had the correct
retention time (13.35 min) for nodularin and transitions m/z 825.2à135.4; 163.4; 226.4.
In addition to LC-MS/MS, enzyme-linked immunosorbent assay (ELISA) was
used to quantify total MC (MC-eq) concentrations in Hexagenia, bat liver, and fecal
samples with the QuantiPlate Kit for Microcystins (Envirologix). ELISA also has a much
lower limit of detection (0.06 ppb) than LC-MS/MS (average limit of detection = 149.8
ppb), and is therefore more likely to detect lower concentrations of microcystin,
especially given the small size of each sample. The increased sensitivity protocol was
used for all bat liver and fecal sample extractions, which were diluted 1:16 to decrease
the MeOH concentrations from 80% to 5%. All samples not spiked with nodularin were
run in duplicate, triplicate, or quadruplicate to test the replicability of the ELISA. We
then took the mean of these readings as the final concentration for each sample. Any
replicate that yielded results differing by an order of magnitude or more were excluded
from the mean. In order to test the recovery rates of ELISA, we also ran three positive
controls of 0.5 ppb MC-LR standard in 5% MeOH. Optical density was determined at
450 nm on an iMark microplate reader (BioRAD).

Negative controls
Although ELISA is useful in detecting low concentrations of MC, samples
extracted from tissues (as opposed to water or algal samples) can have matrix effects that
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may lead to false positives for samples with MC concentrations below 6 ppb [26,27]. To
avoid false positives due to matrix effects, we used negative controls for bat liver and
fecal samples that were attained opportunistically. Because livers from captive-bred M.
lucifugus were not available, we used livers from two North American vespertilionid bats
(Eptesicus fuscus and Nycticeius humeralis) that were raised in captivity and therefore
not exposed to MC. We also obtained feces from a colony of M. lucifugus that had been
kept in captivity for approximately 8 months before the feces were collected. All bats
used in the negative controls consumed mealworms and/or wax worms and drank tap or
deionized water while in captivity, thereby minimizing the chance of exposure to MC.

Statistical analyses
To test for significant differences among the concentrations of MC-eq in each
sample type, we initially tested the data for homoscedasticity and normality using
Bartlett’s and Shapiro-Wilk’s tests respectively. We log-transformed the data to make it
normal with equal variance, therefore allowing the use of parametric tests. We used an
ANOVA to test for significant differences among the concentrations of MC in each
sample type, then used Tukey’s honest significant difference (HSD) post-hoc test to
determine which groups differed from each other.

Histopathology
Halves of livers from three individuals with the highest concentrations of
microcystin (measured via ELISA) were tested to determine if M. lucifugus livers showed
physical signs of damage consistent with exposure to microcystin. Liver tissue was stored
in RNAlater and was washed with PBS then fixed in 10% buffered formalin before
processing for histopathological analysis using the standard protocol from [28]. Briefly,
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tissue samples were dehydrated, embedded in paraffin, sectioned at 5 µm, and stained
with hematoxylin and eosin for light microscopic examination.

Results
Controls
Mean extraction efficiencies from the samples spiked with nodularin were
107.3% (± 10.8) for feces and 106.0% (± 21.1) for livers, and therefore did not warrant
correction of MC concentrations with LC-MS/MS. Positive controls of MC-LR yielded a
mean recovery rate of 90.1% (± 44.3), and therefore also did not warrant correction of
MC concentrations for ELISA results.

Microcystin Concentrations
LC-MS/MS
All bat liver and fecal samples contained concentrations of MC-LR below the
detectable limit of LC-MS/MS except for one liver. This liver yielded a concentration of
93.6 ppb MC-LR. However, while the quantification ion of MC-LR was present in this
single liver sample, neither confirmation ion for MC-LR was present; thus, this result was
determined to be a false positive.

ELISA
All samples, including the negative controls, contained concentrations of MC
within the limit of detection of the ELISA (Fig. 2). Concentrations of MC in individual
Hexagenia ranged from approximately 31.2- 636.4 ppb with a mean concentration of
152.8 ppb (± 125.4; Fig. 2). Feces collected from each individual bat contained a mean
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MC-eq concentration of 107.7 ppb (± 16.8; Fig. 2) and the feces collected from
underneath the roost contained a mean of 61.7 ppb MC-eq (± 22.9; Fig. 2). However,
livers from M. lucifugus contained a much lower concentration of MC-eq than the feces
with a mean of 14.1 ppb MC-eq (± 7.8; Fig. 2). Similarly, the negative controls for both
feces (µ = 8.2 ± 4.3; Fig. 2) and livers (µ = 19.6 ± 9.0; Fig. 2) contained very low
concentrations of MC-eq, although they fell within the limit of detection of the ELISA.
The ANOVA revealed significant differences in MC-eq concentrations among
sample types (F = 44.3, P < 2 x 10-16). Tukey’s HSD (Table 1) showed no significant
difference between the feces collected from individuals and feces collected from
underneath the roosting colony (P = 0.534). Concentrations of MC-eq in Hexagenia were
not significantly different from those found in the feces collected from individuals (P =
0.999), but were significantly higher from all other sample types, including feces
collected from underneath the roosting colony (P = 4.17 x 10-3). Concentrations of MCeq in feces collected from underneath the roost and feces from individuals were
significantly greater than concentrations of MC-eq detected in the livers of M. lucifugus
(P = 1.4 x 10-6 and P = 5.6 x 10-6, respectively). Furthermore, there were no significant
differences between the concentrations of MC-eq in the livers collected from M.
lucifugus and either the negative control livers (P = 0.867) or the negative control feces
(P = 0.452). The negative controls (livers and feces) were also not significantly different
from each other (P = 0.077).
Table 1: P-values from Tukey’s HSD pairwise comparisons of mean concentrations of
MC-eq.

Histopathology
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Histopathology of the livers revealed minimal changes, specifically dilation of
sinusoids around central veins, in all three samples that could potentially be attributed to
MC exposure. However, these changes are non-specific and may be caused by hepatic
congestion, which can commonly occur in “healthy” animals.

Discussion
Our hypotheses were that 1) microcystin is present in both bat livers and feces,
and 2) high levels of microcystin are associated with liver damage in wild bat
populations. The presence of MC-eq in bat feces, but not their livers, suggests that M.
lucifugus are exposed to this toxin, but are not bioaccumulating it. Consequently, it is not
surprising that histopathology showed little to no damage in the livers.

ELISA vs LC-MS/MS
All samples contained concentrations of microcystin within the limit of detection
of the ELISA, but no samples, even those with highest concentrations of microcystin
(127.0 ppb), were within the detectable limit of the LC-MS/MS, which had an average
limit of detection of 149.8 ppb. This discrepancy is likely due to the fact that only one
congener, MC-LR, was measured with LC-MS/MS, whereas ELISA measures all
congeners of microcystin (MC-eq). MC-LR may be present in these samples, but not in
high enough concentrations to be detected with the LC-MS/MS method. It is likely that
another congener or congeners constitute the majority of microcystin present in these
samples.

Are M. lucifugus bioaccumulating microcystin?
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Because there was no significant difference between the concentrations of MC-eq
in the livers collected from M. lucifugus and the negative control livers, we can conclude
that there is likely little to no MC-eq in the M. lucifugus livers. Rather, the non-zero
values measured by ELISA are likely a result of matrix effects from the liver tissue itself.
Conversely, the feces collected from individual M. lucifugus and from underneath the
roosting colony contained significantly higher concentrations of MC-eq than the negative
control feces. The low positive results from the negative control indicate the presence of
matrix effects with this sample type, but the significant differences between the negative
control feces and the feces from M. lucifugus show that there are relatively high
concentrations of MC-eq in M. lucifugus feces. The presence of high concentrations of
MC-eq in M. lucifugus feces confirms that these bats were exposed to this toxin.
However, the higher concentrations of MC-eq present in the M. lucifugus feces compared
to the livers indicate that M. lucifugus are excreting more MC-eq than they are
accumulating. Furthermore, the nonspecific nature of the liver damage found in the
histopathology of the livers indicates that while this population of M. lucifugus was
exposed to MC, it is likely that they are not accumulating high concentrations of the toxin
in the liver and are therefore impacted only minimally, if at all.

Route of microcystin exposure
Because Jones et al. [20] showed that Hexagenia are a common prey item of M.
lucifugus during this insect’s emergence and Woller-Skar et al. [22] confirmed that volant
Hexagenia contain high concentrations of MC-eq, we can infer that Hexagenia are a
likely source of MC-eq in M. lucifugus. Thus, we can conclude that M. lucifugus were
exposed to MC through trophic transfer. The concentrations of MC-eq found in
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Hexagenia and M. lucifugus feces in this study are similar to, but lower than those found
by Woller-Skar et al. [22]. This apparent decrease in MC-eq concentrations in these two
sample types may be attributable to different extraction methods used, or natural annual
variation in MC production.
However, Hexagenia may only be one route of MC exposure for M. lucifugus. We
also detected MC-eq in fecal samples of M. lucifugus in which no Hexagenia were
detected. This could be attributable to false negatives in the dietary analysis (i.e., these
bats were consuming Hexagenia, but this prey item was not detected during the dietary
analysis). The presence of MC-eq without Hexagenia could also indicate that M.
lucifugus were consuming other prey items that contain MC-eq. Woller-Skar [6] showed
that chironomid nymphs (Order Diptera) can also bioaccumulate MC-eq, although to a
much lesser extent than Hexagenia mayflies. Although MC has not yet been confirmed in
adult chironomids, we found that M. lucifugus were consuming two species of these nonbiting midges. Furthermore, over half of the diet of M. lucifugus consisted of aquatic
insects. However, because we sampled a maternity colony next to Little Traverse Lake, it
is more likely that these bats were eating toxic aquatic insects as opposed to M. lucifugus
that may be roosting further from our sampling site. Not all aquatic insects have been
tested for MC, but benthic insects are more likely to contain MC since M. aeruginosa
overwinters in lake sediments [15].
Jones et al. [20] found that Hexagenia were the most frequently occurring prey
item in the diet of M. lucifugus overall, but no Hexagenia were detected in feces collected
on the second sampling date (27 June). This absence could be a false negative, it could be
due to decreasing numbers of Hexagenia in the environment causing bats to find
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alternative MC-contaminated prey items, or it could be due to conditioned taste aversion
of M. lucifugus to Hexagenia. If consuming toxic Hexagenia mayflies makes M.
lucifugus exhibit symptoms of illness, as microcystin does in other mammals, it is
possible that these bats may avoid or decrease consumption of microcystin-laden insects.
Conditioned taste aversion has been documented in one other species of bat, Carollia
perspicillata [29]. However, Jones et al. [20] did not collect available insects to test for
prey selectivity for or against Hexagenia relative to other insects, and we consider that
the lack of Hexagenia in the feces of M. lucifugus on 27 June is more likely due to the
decrease in Hexagenia in the environment or to false negatives.
Although we did not test the water column for the presence of MC-eq, it is
unlikely that M. lucifugus are ingesting this toxin through drinking water. Woller-Skar [6]
showed that concentrations of MC-eq at the surface of Little Traverse Lake (where bats
would be skimming water to drink) had little to no MC-eq before blooms of M.
aeruginosa.

How toxic are Hexagenia to M. lucifugus?
During a 13-week study using mice, Fawell et al. [30] determined that daily oral
dosages of 40 µg MC-LR per kg of bodyweight (=40 ppb) was the No Observed Adverse
Effect Level (NOAEL; where there are clearly no signs of pathological changes in the
liver). This study resulted in the WHO guideline for a tolerable daily intake (TDI) of 0.04
µg MC-LR per kg of bodyweight (= 0.04 ppb) for humans. Almost all Hexagenia
individuals contained concentrations of MC that exceed the NOAEL in mice. Moreover,
average measurements of MC (= 152 ppb) in Hexagenia mayfly not only exceeded this
NOAEL, but more than tripled this guideline. However, techniques used by Jones et al.
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[20] do not provide quantitative data on the number of individual Hexagenia consumed
by each bat; therefore, it is not possible to approximate the quantity of MC-eq to which
these bats were exposed.
Fawell et al. [30] also showed that exposure to 200 ppb over the same time period
resulted in minor observed effects in the liver and only in a few animals. This minimaleffect level more closely mimics the exposure that M. lucifugus would have by ingesting
one individual Hexagenia per night that contains average concentrations of MC-eq.
However, M. lucifugus are likely consuming many Hexagenia over a shorter time period
than the mice tested by Fawell et al. [30].
It has been estimated that lactating M. lucifugus may eat more than their body
mass in insects each night to cope with the metabolic demand of reproduction. Thus,
during this time of increased energy demands, it is reasonable that the M. lucifugus in this
study were likely consuming large quantities of Hexagenia. However, Hexagenia were
not found in all fecal samples, suggesting that levels of MC exposure may vary
considerably among bats and across time. It is also important to note that we did not do
an emergence count and, therefore, we cannot estimate the proportion of the colony
sampled. Additionally, we were only able to make observations on individual bats that
were alive and roosting in this maternity colony. If individuals that feed primarily or
exclusively on Hexagenia or other toxic aquatic insects became ill or died away from the
roost, they would not have been sampled for this study, which may bias assessments of
the extent to which M. lucifugus are impacted by microcystin.

Impact of microcystin on bats
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The degree of susceptibility, or even resistance, to MC varies highly among
species as well as by the MC congener [31]. Our data show that bats are being exposed to
MC, but that they are excreting more microcystin in their feces than they are
accumulating in the liver. It is possible that bats have a physiological mechanism for
detoxification that prevents or slows the rates of absorption or accumulation of
microcystin, or that bats aren’t ingesting enough microcystin to cause liver damage. It is
also possible that the low hydrophobicity of MC-LR [32] makes this congener more
likely to be excreted rather than bioaccumulated [33]. Although mass mortalities of bats
from microcystin have not been recorded, this toxin may have some physiological impact
on bats that may increase vulnerability of bats to predators, parasites, or disease [34].
Currently, North American bats are experiencing several threats of mortality. The
spread of white-nose syndrome and an increase in wind turbine facilities has led to
population declines in many bat species [35,36]. In addition, insectivorous bats are more
susceptible to ingesting environmental toxins than other organisms due to their longevity
relative to mammals of similar size, and higher metabolic rates associated with the ability
of flight [37]. It has been shown that bats are at risk of ingesting environmental pollutants
such as mercury and polychlorinated biphenyls (PCBs) through the consumption of
aquatic insects [38]. Although there are several studies that have analyzed the
bioaccumulation of environmental contaminants such as polybrominated diphenyl ethers
(PBDEs) and the insecticide DDT in bats [39–41], to date, only one study has assessed
whether or not bats bioaccumulate naturally occurring toxins, particularly the secondary
metabolites of cyanobacteria that may bioaccumulate in many aquatic organisms such as
those that serve as prey items for bats. The single documented case of mass mortality of
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bats due to a cyanotoxin was attributed to Anatoxin-a, a neurotoxin produced by
Anabaena flos-aquae [42], although it is unclear whether the toxin was ingested while
drinking contaminated water or from consuming insects. Even though mass mortalities
due to algal toxins may be rare, water quality can impact the health of bats and should
therefore be monitored for both inorganic and organic toxins.

Future work
More in depth dietary analyses, such as those using next generation sequencing
(NGS) techniques, would be useful in providing more data on which species of insects
the bats in this area are consuming. Because NGS yields millions of sequence reads, it
reduces the likelihood of false negatives in dietary analyses, a potential limiting factor in
this study.
In order to monitor the movement of microcystin through an ecosystem, other
emerging aquatic insects, particularly those with benthic life stages, should be tested for
microcystin, as they may provide alternative routes for this toxin to be transferred to
terrestrial organisms. For bats in particular, feces from nearby roosting colonies should be
tested over a longer time period. In this study, feces were collected before a bloom event,
but microcystin concentrations in lakes have been shown to be the highest during and
right after blooms. It is important to test if the bats are ingesting more microcystin over
time or if major insect emergences, such as those of Hexagenia, are the only relatively
short time periods during which bats are exposed to microcystin. Because North
American bats are presently facing so many threats, it is essential that we understand all
possible threats to their health.
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Figure Legends

Fig 1: Map of Little Traverse Lake in Leelanau County, Michigan from Jones et al.
[20].The sampled Myotis lucifugus roost is indicated with a star next to Little Traverse
Lake (44.923580, -85.821265).

Fig 2: Boxplot showing the median concentrations of MC-eq in each sample type as
measured with ELISA, including interquartile range. Outliers are shown with open
circles. Significant differences in mean concentrations of MC-eq are denoted by letters
above boxes. Red dashed line represents the NOAEL for mice (40 ppb, [21]) and the
dashed blue line represents the TDI for humans (0.04 ppb, [29]). Samples from M.
lucifugus are denoted “Mylu.”
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Table 1: P-values from Tukey’s HSD pairwise comparisons of mean concentrations of
MC-eq.

Hexagenia
Feces
(Roost)
Feces
(Individuals)
M. lucifugus
Livers
Livers
(Negative
Control)

	
  

Feces
(Roost)

Feces
(Individuals)
1.0
0.53

M.
lucifugus
Livers
< 1.0 x 10-7
1.4 x 10-6

Livers
(Negative
Control)
< 1.0 x 10-7
7.2 x 10-4

Feces
(Negative
Control)
< 1.0 x 10-7
< 1.0 x 10-7

4.2 x 10-3
-

-

5.6 x 10-6

2.9 x 10-4

1.0 x 10-7

-

0.87

0.45

-

0.077
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Fig. 1
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Fig. 2.
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Chapter 4

Extended Literature Review
INTRODUCTION
Trophic interactions are the transfer of energy between trophic levels, but at the
aquatic-terrestrial interface, these interactions may result in more than the movement of
energy and nutrients between ecosystems. Emerging aquatic insects are important prey
items for riparian predators (Baxter et al. 2005), but they can also facilitate the export of
contaminants to terrestrial ecosystems (Menzie 1980; Runck 2007; Cristol et al. 2008).
Although many studies have focused on the movement of both organic (e.g., pesticides)
and inorganic contaminants (e.g., metals and other toxic elements) from aquatic to
terrestrial ecosystems, few have assessed the transfer of naturally occurring algal toxins
into terrestrial ecosystems. As harmful algal blooms (HABs) increase in frequency and
intensity due to human alterations such as climate change (Paerl and Huisman 2008),
eutrophication (Huisman et al. 2005; Paerl and Fulton 2006), and invasive species (e.g.
zebra mussels; (Vanderploeg et al. 2001), it is increasingly important that we understand
the impact they may have on ecosystems.
Microcystis aeruginosa is a species of cyanobacteria responsible for many HABs
since it produces a hepatotoxin, microcystin (MC, Chorus and Bartram 1999). This toxin
can bioaccumulate in emerging aquatic insects that may then become toxic prey for
riparian predators such as bats. Little brown bats, Myotis lucifugus, are a common bat
species in North America that consumes aquatic insects and may take advantage of
emergences of Ephemeroptera. Mass emerging Hexagenia mayflies (Ephemeroptera)
have been shown to contain high concentrations of microcystin (Woller-Skar et al. 2015).
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Thus, predation of M. lucifugus on Hexagenia may result in the trophic transfer of an
algal toxin into the terrestrial ecosystem. This literature review gives detailed background
information on methods of dietary analyses in insectivorous bats with special focus on
the diet of M. lucifugus, current knowledge of how HABs affect bats, production and
toxicity of microcystin, and the examined route of exposure (Hexagenia mayflies) of
microcystin to M. lucifugus.

DIETARY ANALYSIS OF INSECTIVOROUS BATS
Because bats are volant and forage at night, direct observation of prey
consumption is difficult or impossible. Therefore, examination of gut contents or feces
has become the standard approach to determining the diets of insectivorous bats. There
are a variety of techniques that can be used to identify prey taxa in the gut and fecal
content of these species. There are three main methods that have been used to identify
prey taxa, each of which has strengths and weaknesses. Traditional methods of dietary
analysis involve visual identification of hard insect parts in feces or stomach contents.
This type of analysis allows us to broadly understand which types of insects are
consumed by bats, but does not identify the exact species that are consumed. Modern
molecular techniques enable identification of prey items to species level by targeting
insect DNA present in the bat feces. These molecular techniques use the polymerase
chain reaction (PCR) to amplify insect DNA, which is then sequenced at a specific
“barcoding” region and compared to voucher sequences of known species in online
databases (Hebert et al. 2003, 2004). Unlike visual identification of insects, the use of
barcoding can distinguish among morphologically cryptic taxa or degraded specimens.
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However, not all insects are represented in online databases and these techniques can be
costly. There are also studies that use a combination of both traditional and molecular
techniques, which have some of the strengths and weaknesses of each type of analysis.
Here I will provide a brief review of visual and molecular analyses of the diet of
insectivorous bats, using Myotis lucifugus as the primary example, and discuss the
strengths and weaknesses of various approaches.

DIET OF M. LUCIFUGUS BASED ON VISUAL ANALYSIS OF GUT CONTENT OR
FECES

Traditionally, gut and fecal analyses have been conducted by visual identification
of hard, undigested insect parts under a dissecting scope. Due to incomplete digestion,
analyses of stomach contents allow for greater levels of confidence by identifying more
intact ingested prey items compared with fecal samples (Pine 1969; Easterla and
Whitaker 1972; Whitaker 1972; Kunz 1974; Buchler 1976). However, this technique
requires the animals to be euthanized, and is therefore not preferable, particularly for
threatened or endangered species. By comparing the stomach contents of the bats to the
available insect fauna, Buchler (1976) was able to determine that M. lucifugus exhibit
selectivity towards locally available aquatic insects. For example, during mayfly
emergences, M. lucifugus shifted their diets from primarily Diptera (true flies) to almost
exclusively Ephemeroptera (>80% of insects detected in the stomach contents), even
though mayflies made up only 4% of available insects.
Unlike analyses of gut content, fecal analyses can be completely non-invasive
(Rabinowitz and Tuttle 1982; Kunz and Whitaker 1983), as the samples can be collected

	
  

80	
  

from underneath bat roosts or by holding bats in bags temporarily. One drawback,
however, is that prey items in feces are less intact after mastication and digestion; thus,
prey items may be more difficult to identify, and soft-bodied prey such as Ephemeroptera
may be underrepresented (Kunz and Whitaker 1983). Due to the ease of collection of
guano, several studies have focused on fecal pellets of M. lucifugus to determine this
species’ diet. By comparing insects found in M. lucifugus feces to insects in malaise
traps, Belwood and Fenton (1976) showed that M. lucifugus are opportunistic feeders that
feed heavily on swarms of readily available aquatic insects, primarily chironomid midges
(Diptera). Likewise, Anthony and Kunz (1977) found a high diversity of insects
consumed by M. lucifugus including Diptera, Coleoptera, Lepidoptera, Trichoptera,
Ephemeroptera, Neuroptera, Homoptera, and Hymenoptera, many of which are aquatic.
However, M. lucifugus were more likely to be selective when a higher diversity of insects
were available, shown by a shift in diet from primarily Diptera to Ephemeroptera and
Coleoptera (Anthony and Kunz 1977).
One drawback to these types of analyses is that is it often difficult for nonentomologists to find and identify insect body parts correctly, and the effects of digestion
can result in biases and incomplete characterizations of a bat’s diet. Even in the best
circumstances, the parts of prey left behind after digestion are typically identifiable only
to order or family (Clare et al. 2009).

MOLECULAR TECHNIQUES FOR DIETARY ANALYSIS USING BARCODING
Molecular techniques present an alternative approach for characterizing the diet of
insectivorous bats when coupled with mitochondrial barcoding. DNA barcoding is based
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on the idea that every species can be identified from one particular region of their DNA.
Mitochondrial DNA, as opposed to nuclear DNA, is used for barcoding in animals
because of its unimodal inheritance and lack of recombination (Saccone et al. 1999). In
addition, mtDNA is ideal for fecal analyses in particular because of both its circular
shape and abundance relative to nuclear DNA (approximately 100 times more numerous;
Avise 1994), which makes it more likely for copies of mtDNA to survive mastication and
digestion. DNA barcoding in animals uses an approximately 650 bp region of the
cytochrome oxidase I (COI) gene. COI is used because it is a highly conserved (Lynch
and Jarrell 1993) protein coding region (Brown 1985) with robust universal primers
(Folmer et al. 1994) and strong phylogenetic signal (Hebert et al. 2003). The COI region
currently has the largest database of sequences available and thus has become the locus of
choice for animal barcoding. The region of COI targeted by the universal LCO1490/
HCO2198 primers (Folmer et al. 1994) has been shown to be effective in making
species-level identifications (Hebert et al. 2003). Once sequenced, DNA amplified with
these primers can be entered into an online database such as BOLD (Barcode of Life
Database, Ratnasingham and Hebert 2007) or GenBank and compared to sequences from
vouchered specimens.
Mitochondrial DNA fragments larger than 300 bp can be difficult to recover in
highly degraded samples such as feces and stomach contents (Deagle et al. 2006); thus,
many studies have utilized “mini-barcodes” which are mtDNA fragments typically 100200 bp in length (e.g., Hebert et al. 2004; Meusnier et al. 2008; Zeale et al. 2011).
Hajibabaei et al. (2006) showed that mini-barcodes can accurately differentiate
interspecific variation, and consequently, are sufficient to distinguish among arthropod
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species present in bat feces, for example. As with all methods, there are some limitations.
Short sequences have an increased likelihood of showing high similarity to other
sequences, thereby increasing the chance of false positives; it is therefore best to use
conservative identification criteria when identifying species using mini-barcodes. The
length and location of mini-barcodes can impact their ability to discriminate among
species (Hajibabaei et al. 2006). Within the last five years, the most commonly used
mini-barcode to identify insect prey in bat feces is delimited by the ZBJ-Art primers
(Zeale et al. 2011). These primers do not amplify non-target DNA such as bacterial,
fungal, or bat DNA, and have been shown to have good coverage of prey items of
insectivorous bats in Africa, Europe, and North America (Bohmann et al. 2011; Clare et
al. 2011, 2013, 2014; Krüger et al. 2014, Razgour et al. 2011; Vesterinen et al. 2013,
2016).

COMBINING TRADITIONAL AND MODERN DIETARY ANALYSIS TECHNIQUES
Since fragments of many different insects can be present in one fecal sample, the
DNA from each prey item must be separated before it can be sequenced. This can be
done mechanically by using traditional methods of pulling out insect parts or molecularly
after DNA has been amplified with barcoding primers. Some studies have used a
combination of morphological and molecular techniques to identify prey items in bat
feces. Clare et al. (2009) was one of the first to combine the two techniques. They used a
dissecting microscope to pick out insect fragments from the feces of eastern red bats
(Lasiurus borealis), then extracted DNA from these fragments, and identified the prey
items to species by comparing COI mini-barcoding sequences to BOLD (Clare et al.
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2009). Clare et al. (2011) used the same technique to identify arthropod prey in the diet
of M. lucifugus. These authors were able to get identifiable sequence data from
approximately 66 prey taxa and of these, 39 were confidently identified to species level.
Clare et al. (2011) showed that aquatic insects constituted a large proportion of the M.
lucifugus diet, confirming what previous traditional and molecular studies found
(Belwood and Fenton 1976; Buchler 1976; Anthony and Kunz 1977). Notably, this study
detected a temporal shift in M. lucifugus food habits from primarily Diptera in the early
maternity season to mainly Ephemeroptera in mid-maternity season, corresponding with
ephemeropteran emergences. Overall, the M. lucifugus diet comprised about 30%
Ephemeroptera. The authors also detected spatial differences in diet where M. lucifugus
in forest roosts had higher dietary richness than those in agricultural roosts. This study is
valuable in discovering what M. lucifugus consume during a critical time period in their
life history.
Although this hybrid approach is cheaper than strictly molecular methods, it is
more time consuming and requires expertise in being able to find arthropod fragments in
feces. The number and condition of insect fragments that may be extracted from the fecal
pellets also limits these analyses. Like strictly visual methods, this technique is also
susceptible to false negatives since soft-bodied insects may have been more thoroughly
digested and, therefore, distinguishable parts from those insects may be missed during
dissection (Kunz and Whitaker 1983).

PURELY MOLECULAR TECHNIQUES FOR DIETARY ANALYSES
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Unlike the methods of Clare et al. (2009, 2011), there are two completely
molecular techniques that have been used to isolate the DNA of different insects after
extraction and PCR: cloning and next-generation sequencing (NGS). These techniques do
not require insect fragments to be picked out of feces visually. Cloning exploits the
bacteria Escherichia coli, each cell of which is transformed with a plasmid containing
one fragment of the amplified insect DNA. Because each colony contains a different
fragment of insect DNA, the proportion of clones has been shown to roughly correspond
with dietary proportions (Deagle et al. 2005). Therefore, dietary analyses from cloning
may be semi-quantifiable in that relative proportions of insect prey in the diet may be
estimated. In the same way that visual analyses of fecal pellets are limited by the number
of insect fragments selected, cloning is also constrained by the number of clones selected,
and may fail to detect rare species (Alberdi et al. 2012).
Zeale et al. (2011) assessed the dietary breadth of three species of insectivorous
bats that exploit different dietary niches. The authors compared the results of
morphological identification of prey from bat feces to the results from cloning (selecting
16 clones/sample) and found that there was general agreement between the
morphological and molecular techniques, but that cloning allowed higher taxonomic
resolution of the bats’ diets. Similarly, Alberdi et al. (2012) used cloning to assess the
foraging ecology of the European insectivorous bat Plecotus macrobullaris. These
authors selected 20 colonies per sample and used a rarefaction analysis to show that the
number of clones/sample was sufficient to detect all prey present. Although this method
detected 54 operational taxonomic units (OTUs), it is still possible that not all prey items
were detected, particularly those that may be rare or less abundant.
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DIETARY ANALYSES USING NEXT GENERATION SEQUENCING
Next generation sequencing (NGS) is not limited by the selection of hard body
parts for visual inspection or of clones for sequencing, but rather yields millions of
individual sequence reads in just one run. Consequently, NGS platforms are rapidly
replacing cloning techniques as they become more cost effective and faster than both
cloning and traditional analyses. Recent dietary studies using NGS have increased our
understanding of resource partitioning (Bohmann et al. 2011; Razgour et al. 2011;
Emrich et al. 2014), niche differentiation (Krüger et al. 2014), and predator-prey
dynamics (Vesterinen et al. 2013). Studies using NGS to assess the composition of bat
diets have yielded datasets of approximately 36,000 (Bohmann et al. 2011) to over
90,000 (Razgour et al. 2011) high quality sequence reads and identified approximately
100 (Razgour et al. 2011; Krüger et al. 2014) to over 200 (Bohmann et al. 2011; Clare et
al. 2014) molecular OTUs (MOTUs). Although Coutts et al. (1973) found, using
traditional visual analyses, that one fecal pellet typically contains either one large insect
or several smaller ones, Bohmann et al. (2011) found DNA from as many as 52 unique
haplotypes in a single fecal pellet using NGS.
Recently, Clare et al. (2014) used NGS to measure temporal and spatial variation
in the diet of M. lucifugus across Canada during the reproductive season. Their analyses
identified 211 MOTUs in the diet of M. lucifugus constituting approximately 45%
Lepidoptera, 34% Diptera, 11% Ephemeroptera, 6% Trichoptera, 4% Coleoptera, as well
as 5 minimally represented orders with only 1 or 2 species found. Some of the most
commonly consumed prey items were mayflies in the genus Caenis, which were found in
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about 50% of the fecal samples. With all locations pooled, Clare et al. (2014) found that
there was a temporal shift in the diet of M. lucifugus from primarily Diptera in the early
season (during pregnancy) to Lepidoptera as the summer progressed, while levels of
Ephemeroptera, Coleoptera, and Trichoptera remained stable throughout the summer.
Although Clare et al. (2011) saw a shift from Diptera to Ephemeroptera using hybrid
techniques, that pattern was not seen by Clare et al. (2014) in any location, even at sites
that were sampled for both studies, although this may be due to differences in
methodology. Clare et al. (2014) also found a significant decrease in dietary richness
through the progression of summer, unlike Anthony and Kunz (1977) who saw no
temporal change in diversity. Furthermore, Clare et al. (2014) found significant spatial
variation in diet. The finding of both temporal and spatial variation in the diet of M.
lucifugus confirms that this species takes advantage of aquatic insects that are locally
abundant. Consequently, population declines of M. lucifugus due to white-nose syndrome
(WNS, Frick et al. 2010) may have regionally specific consequences on insect
populations.

QUANTIFICATION OF DIET
In visually-based dietary analyses where hard insect parts are used to characterize
and quantify diet, the proportional representation of each insect taxon has been based on
a reconstruction of parts using the minimum number possible (e.g., four antennae found
could belong to four individuals, but is presumed to represent two individuals (Buchler
1976). Kunz and Whitaker (1983) tested the efficacy of this quantification method by
using M. lucifugus in feeding trials. Based on both volume (portion of feces that contains
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a particular prey item) and frequency (proportion of animals in which a prey item was
detected), the four most common prey taxa were identified in order of importance (i.e.,
taxa that constitute the largest proportions of the diet), demonstrating that fecal analyses
can yield “reasonable estimates” of food habits by M. lucifugus. Nevertheless, there are
still some sources of error that may prevent extrapolation of food habits between age, sex,
or reproductive classes. Therefore, Kunz and Whitaker (1983) suggested that quantified
results should be interpreted with caution. For example, some bats may cull parts of their
insect prey before ingestion. Therefore, if a bat consumes the body of an insect, but few
or no legs or antennae, the representation of that prey item may be underestimated.
Likewise, soft-bodied insects may be underrepresented as they are not fully sclerotized
and may be more easily digested, leaving fewer parts behind to be included in fecal
analyses.
In molecular analyses using cloning, the number of clones that contain DNA of a
certain prey item has been shown to roughly correspond to the mass of the prey item
consumed (Deagle et al. 2005). Thus, the number of clones can be used to provide semiquantitative data on prey items at least in relative proportion to other prey consumed.
However, due to biases in DNA survival during digestion (Deagle and Tollit 2007),
quantification of prey items in feces is limited.
In their NGS-based analyses, Clare et al. (2014) determined that species level and
ordinal level analyses reveal different patterns, thus it is important to identify MOTUs to
species level whenever possible. These authors quantified dietary proportions by looking
at the presence or absence of a MOTU in a sample (i.e., frequency of occurrence) and
defining the proportions as the frequency of occurrences of an order out of the total
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number of occurrences. Unlike morphological sampling, NGS does not allow for the
assumption of independence of each haplotype, but does maximize the diversity of prey
recovered (Clare et al. 2014). Independence cannot be assumed because multiplex
identifier (MID) tags, primers, adaptors, and sequencing direction can influence sequence
yield. Even using the same PCR product in different runs can yield different results
(Pompanon et al. 2012; Deagle et al. 2013). Bohmann et al. (2011) suggested that it is
not possible to truly quantify the number of insects eaten by individual bats or to
determine proportions of insect prey because dietary proportions are quantified using the
presence or absence of MOTUs. Clare et al. (2014) also found that molecular methods
may overrepresent rare items and underestimate the importance of common items, since
both are quantified as presence or absence in a sample. Furthermore, richness in an order
is not always related to abundance. For example, mayflies have mass emergences and are
highly abundant, but not particularly diverse and thus can be underrepresented in
molecular analyses (Clare et al. 2014).
Dietary analyses produced through NGS may provide some quantitative
measurements on the abundance or mass of prey items consumed by using the number of
times a sequence is produced. However, there are no studies to date that have compared
the number of sequences produced by NGS techniques to the mass of prey items
consumed. In order to compensate for this lack of clarity, some studies have compared
NGS results to morphological analyses. Razgour et al. (2011) found that there were no
significant differences in prey proportions between morphological and molecular diet
analysis although the morphological analysis showed some orders of prey not present in
the molecular analysis and vice versa. Similarly, Krüger et al. (2014) found high overlap
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between morphological and NGS methods in determining dietary proportions, but found
minor differences between the two techniques. Prey-specific biases in both hard body
part and DNA survival (Deagle and Tollit 2007) may result in soft bodied insects being
underrepresented in both morphological and molecular techniques of identifying prey,
making quantification difficult. However, differential survival of DNA does not
necessarily mean that there will be quantification biases using presence/absence data
(Deagle and Tollit 2007), provided that a sufficient number of DNA fragments are
examined.
Understanding the diet of a species can answer many ecological questions such as
resource partitioning and niche overlap in sympatric or cryptic species, interspecific
competition, the impact of land use on foodwebs, and ecosystem responses to
disturbance. Like Clare et al. (2011, 2014) used the diet of M. lucifugus to make
inferences about habitat quality, we can also use information on the diet of bats to further
our knowledge of the trophic transfer of environmental toxins.

IMPACT OF PREY ON BATS
Bats have high metabolic rates due to their size and flight habits, and require
higher levels of food intake; thus, bats may be more exposed to environmental toxins via
trophic transfer (Secord et al. 2015). Moreover, females must increase food consumption
due to increase in energy demand during reproduction (Anthony and Kunz 1977; Kurta et
al. 1989) and may be at additional risk for consuming these toxins. Globally, many bat
species have been exposed to organic contaminants such as pesticides and industrial
compounds, as well as inorganic contaminants like heavy metals and other toxic elements
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(O’Shea and Johnston 2009). Studies have demonstrated the bioaccumulation of mercury
(Baron et al. 1999; Little et al. 2015) in M. lucifugus as well as pesticides (Clark 1988)
via trophic transfer from aquatic insects. Clark (2001) showed that the use of DDT
(dichlorodiphenyltrichloroethane) was responsible for major population declines of
Tadarida brasiliensis at Carlsbad Cavern, New Mexico between 1955 and 1971. The
local population of T. brasiliensis plummeted from over 8 million in 1936 to under
40,000 by 1967 most likely due to DDT (Constantine 1967, Clark 2001).
Recently, several studies have focused on the bioaccumulation of toxins and
contaminants that may affect immunological or other physiological functions and
ultimately the survival of bats that are susceptible to white-nose syndrome (WNS).
Kannan et al. (2010) found that all bat carcasses contained PBBs (polybrominated
biphenyl) and many samples contained high levels of PCBs (polychlorinated biphenyl),
PBDEs (polybrominated diphenyl ether), DDT, and chlordanes. PCBs have been shown
to cause changes in biochemistry and behavior and can reduce the survival of young
(Clark and Stafford 1981). Specimens collected for this study had some of the highest
levels of PBDEs reported in wildlife (Kannan et al. 2010). Many of the chemicals
detected in these bats can have synergistic and/or additive harmful effects (Kannan et al.
2010).
Similarly, Secord et al. (2015) analyzed carcasses of a few species of common
bats, including M. lucifugus, in the northeastern U.S. for contaminants of emerging
concern (CECs). Although the use and concentration of many “legacy contaminants”
such as PCBs and organochloride pesticides have decreased since the 1970s (Bayat et al.
2014), there has been an increase in new types of contaminants being introduced into the
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environment such as pharmaceuticals, antibiotics, detergents, plasticizers, PBDEs, and
many others. Park and Cristinacce (2006)found that sewage-treatment filter beds are
important foraging sites for insectivorous bats. Aerial invertebrates caught in these
locations contained relatively high concentrations of estrogenic compounds (Park and
Cristinacce 2006). Secord et al. (2015) found 25 types of CECs in the carcasses. Almost
all bat carcasses had bioaccumulated at least one type of antibiotic. Recent work
(Cornelison et al. 2014; Hoyt et al. 2015) has shown probiotic inhibition of
Pseudogymnoascus destructans (the causative fungal agent of WNS); thus, antibiotics
may hinder a bat’s natural defenses to the fungus. They also found that the highest
average concentrations of CECs found were bisphenol A and PBDEs, both of which have
been shown to inhibit immune function in mammals (Thuvander and Darnerud 1999;
Vandenberg et al. 2013). Many of the CECs detected in this study can affect hibernation
and immune function in bats, which may also make them more susceptible to WNS.

BATS AND ALGAL TOXINS
Though there has been extensive research on inorganic and organic CECs, there is
only one record of bats being affected by naturally occurring toxins. Pybus et al. (1986)
documented a mass mortality event of bats due to an algal toxin. In Alberta, Canada, over
a thousand bats were found dead floating in a lake with green slime. This slime was
determined to be Anabaena flos-aquae, which is capable of producing a neurotoxin called
anatoxin-a. This toxin was found in high concentration in the bat carcasses. However, it
is not clear if the bats ingested this toxin through contaminated drinking water or
contaminated prey.
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To date, only one published study has analyzed whether or not bats are exposed to
microcystin. Feces from little brown bats (Myotis lucifugus) were shown to contain
concentrations of MC similar to those found in volant Hexagenia from the same area
(Woller-Skar et al. 2015). On average, both Hexagenia mayflies and M. lucifugus feces
contained over 200 ppb (dry weight). This suggests that these bats are ingesting MC
through trophic interactions. However, it remains to be seen whether or not bats exposed
to MC are bioaccumulating this algal toxin in the liver.

WHAT IS MICROCYSTIN?
Microcystin (MC) is a secondary metabolite produced by cyanobacteria
(Carmichael 1992). This naturally occurring hepatotoxin is produced by several genera of
cyanobacteria including Microcystis, Planktothrix, Anabaena, Hapalosiphon (terrestrial),
Nostoc, and Anabaenopsis (Carmichael et al. 1988), but was named for the first species
in which it was found (Microcystis aeruginosa, Chorus and Bartram 1999). Microcystin
occurs globally (Sivonen and Jones 1999, Zurawell et al. 2005) most commonly in fresh
water, but has also been found in marine environments (Chorus and Bartram 1999).
Microcystin is a cyclic heptapeptide with the structure cyclo (D-Ala-L-X-DMeAsp-L-Z-Adda-D-Glu-Mdha), where MeAsp is D-erythro-b-methylaspartic acid,
Mdha is N-methyldehydroalanine, Adda is 2S, 3S, 8S, 9S-3-amino-9-methoxy-2, 6, 8trimethyl-10-phenyldeca-4E, 6E-dienoic acid, and X and Z are variable L-amino acids
(Carmichael et al. 1988). The Adda and Mdha groups bind to and inhibit protein
phosphatases, making microcystin toxic to animals (MacKintosh et al. 1995). The
structural variation in the X and Z amino acid groups results in different congeners of
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microcystin. To date, over 80 congeners of microcystin have been found (Hoeger et al.
2005). The type of congener determines how toxic the molecule is, as the polarity
influences the ease with which the toxin can pass through the bile acid transport system
(Gorham and Carmichael 1988). Microcystin-LR (MC-LR; leucine in the X position and
arginine in the Z position) is the most common and most toxic congener (Mirura et al.
1989; Sivonen and Jones 1999). Other common congeners with similar toxicological
effects are MC-RR, MC-LA, and MC-YR (Yoshizawa et al. 1990). High chemical
stability and water solubility allow MC to persist in the environment, thus increasing
potential exposure to many organisms (Sivonen and Jones 1999).

TOXICOLOGICAL EFFECTS OF MICROCYSTIN
After an organism ingests MC, this toxin cannot penetrate cell membranes
(Zurawell et al. 2005), therefore the toxin targets the liver through the bile acid transport
system which actively transports peptides and biliary acids into hepatocytes (Gorham and
Carmichael 1988). Once MC penetrates liver cells, the cells undergo apoptosis (Hooser
2000), which leads to bleeding, degredation of sinusoidal structure and architecture,
(Falconer et al. 1981; Runnegar and Falconer 1982), and oxidative stress in the liver
(Smith et al. 2008). This architectural breakdown in the liver, and hepatocellular necrosis
results in increased blood flow and enlargement of the liver which in turn decreases
systemic arterial blood flow, ultimately resulting in death from hypovolemic shock in
vertebrates (Zurawell et al. 2005). In addition to liver damage, Ueno et al. (1996) found a
significant correlation between MC intake and high cancer rates in humans in China.
However, there is not enough evidence to consider MC to be carcinogenic (Butler et al.
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2009). Although the rate of metabolism of and the degree of resistance to MC depends on
the species that is exposed to this toxin (Schmidt et al. 2014), MC has been shown to be
more toxic to terrestrial mammals than to aquatic organisms (Sivonen and Jones 1999).

MICROCYSTIN POISONING

In a short-term study using mice, Fawell et al. (1999) found that oral doses of
2,000 µg MC-LR per kg of body weight (ppb) resulted in maternal toxicity that included
both macroscopic changes in the liver and death of several individuals. Fetuses did
exhibit lower weight and delayed ossification, but there was no evidence of fetal lethality,
teratogenicity, or treatment-related physical abnormalities. With regards to
developmental toxicity, a clear no observed adverse effect level (NOAEL) was
determined at 600 ppb. In their long-term study spanning 13 weeks, doses of 200 ppb
resulted in minimal effects with few changes in the livers of few animals. A clear
NOAEL of MC-LR for pathological changes in mouse liver was determined at 40 ppb.
This study confirmed that the World Health Organization’s recommendation for MC-LR
levels in safe drinking water (1 ppb) was adequate. This long term, clear NOAEL was
used to create a tolerable daily intake (TDI) for humans over a lifetime at 0.04 ppb
(Sivonen and Jones 1999).
Although ingestion of MC typically results in minor symptoms such as nausea,
vomiting, and diarrhea (WHO 2003), there has been one documented case involving
multiple human fatalities due to MC (Jochimsen et al. 1998; Carmichael et al. 2001;
Azevedo et al. 2002). In 1996, over one hundred patients were exposed to MC while
receiving dialysis in Brazil. The use of untreated water led to the death of over 50
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patients. Contaminated water can be a health threat to humans and many other organisms,
but it is not the only route of exposure of wildlife to MC.

TROPHIC TRANSFER OF MC
Intoxication due to MC has been documented in many animals such as livestock,
dogs, deer, and aquatic organisms such as freshwater turtles, waterfowl, and fish
(Roegner et al. 2014). However, not all poisoning occurs directly from drinking
contaminated water. There has been much debate as to whether or not MC
bioaccumulates or biodilutes in food webs. Kozlowsky-Suzuki et al. (2012) used a metaanalysis of 42 studies and found that, in general, MC tends to biodilute in food webs
rather than bioaccumulate, but this trend is species-dependent. Zooplankton and
zooplanktivorous fish show potential for biomagnification of MC. Kozlowski-Suzuki et
al. (2012) also found that several factors influence the bioaccumulation of MC. For
example, the availability of alternative nontoxic prey items may influence the
accumulation of MC, possibly decreasing the intake of toxic prey. Similarly, the length of
exposure impacts the accumulation of MC.
To date, few studies have focused on the trophic transfer of MC between
ecosystems. Livestock and pets have been reported most frequently with MC poisoning
from drinking contaminated water, but not through the ingestion of contaminated food
sources. Fewer examples are known from natural systems. Miller et al. (2010) found that
MC moved from freshwater lakes into Monterey Bay, California, resulting in the death of
several sea otters. Once in marine water, high concentrations of MC bioaccumulated in
invertebrates such as snails, crabs, and several species of bivalves, which are food
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sources for sea otters. The affected sea otters showed symptoms of hepatocellular
vacuolation, apoptosis, necrosis and hemorrhage consistent with MC intoxication,
whereas two captive sea otter livers did not. Furthermore, chemical testing using liquidchromatography with tandem mass spectrometry (LC-MS/MS) showed that the sea otter
livers contained concentrations of MC ranging from 1.36-104.46 ppb wet weight.
Although these sea otters were impacted by MC found in a marine environment, Miller et
al. (2010) were able to trace the toxin back to a freshwater lake that frequently has large
blooms of M. aeruginosa.

MICROCYSTIS AERUGINOSA
Microcystin can impact wildlife both in the water column and in the sediments of
lakes. How and when this toxin is bioaccumulated by other organisms depends on the life
cycle of M. aeruginosa, one of the principal producers of MC. The annual life cycle of M.
aeruginosa is divided into four main stages (Ihle et al. 2005). In the spring, M.
aeruginosa cells move from the benthic zone to the pelagic zone. During the summer,
these cells then experience population growth that results in bloom formation. The length
and timing of these blooms depends on a combination of biological, chemical, and
physical factors such as lake depth, stratification, and temperature, resulting in large
annual fluctuations in levels of this cyanobacteria and its toxins (Sivonen and Jones
1999). In natural settings, many strains of M. aeruginosa may produce different
combinations of MC congeners (Sivonen and Jones 1999).
Blooms of M. aeruginosa may be exacerbated by human alterations including
eutrophication, climate change (Paerl and Huisman 2008), and invasive species such as
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zebra mussels. Established populations of zebra mussels change aquatic communities via
filter feeding (Bastviken et al. 1998). Zebra mussels consume and remove algal species
that compete with M. aeruginosa (Fahnenstiel et al. 1995; Vanderploeg et al. 2001), but
selectively reject M. aeruginosa (Vanderploeg et al. 2001). There is high spatial and
temporal variation in MC production. MC production is regulated at the genetic, cellular,
and population level (Zurawell et al. 2005).
In late summer and early autumn, living M. aeruginosa cells sink to the benthic
zone and return to the sediment. Typically, MC is contained within the cells of M.
aeruginosa and is released when a cell lyses (Sivonen and Jones 1999). Vegetative cells
of M. aeruginosa then overwinter in lake sediments where they may be ingested by other
organisms overwintering in sediments. One benthic invertebrate that is particularly
susceptible to ingesting overwintering cells of M. aeruginosa is the burrowing mayfly,
Hexagenia.

LIFE CYCLE OF HEXAGENIA
Hexagenia mayflies are widely distributed throughout North and South America
(Edmunds et al. 1976). In the Great Lakes region, the most commonly occurring species
are H. limbata, H. rigida (Corkum et al. 1997), and H. bilineata (Cochran 1992; Cochran
and Kinziger 1997). The species in this genus are characterized by large, synchronous
emergences of adults in spring and summer (Hunt 1953). Hexagenia spend the majority
of their lives (1-2 years), as nymphs that burrow into the sediments of lakes. In the Great
Lakes region, populations of Hexagenia spend two years as nymphs and populations
consist of two overlapping cohorts. As the nymphs overwinter in sediment, they feed on
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detritus and algae (Hunt 1953) from which they may ingest toxic M. aeruginosa. They
may also be exposed to microcystin as they move water through their burrows with their
gills.
Once mature, nymphs come to the surface of the lake where they molt into
subimagos (subadults, Hunt 1953). Within a day or two, subimagos molt again into
sexually mature imagos (adults) which swarm to mate (Hunt 1953). Females deposit their
eggs on the surface of the water, and spent imagos die within a few hours of mating
(Hunt 1953). The eggs sink to the lake sediment and hatch after several weeks (Edsall
2001). As volant subimagos and imagos, Hexagenia may be a potential food source for
terrestrial animals that did not have access to them in their aquatic life stages.
Their unique life history make this aquatic insect highly susceptible to
bioaccumulating MC. Individual Hexagenia mayflies have been shown to contain high
concentrations of MC at the nymph (Woller-Skar 2009) and volant stages (Woller-Skar et
al. 2015) of their life cycle. In Little Traverse Lake (Leelanau County, Michigan, USA),
Hexagenia nymphs have been shown to contain over 80,000 ppb MC-eq while volant
(both subadult and adult) Hexagenia contain an average of 200 ppb MC-eq (Woller-Skar
et al. 2015). Thus, these emerging aquatic insects can potentially move high
concentrations of MC from freshwater lakes to terrestrial ecosystems when they are
consumed by terrestrial predators.

CONCLUSIONS AND FUTURE DIRECTIONS
This study is the first to show that M. lucifugus are ingesting microcystin through
trophic transfer and that M. lucifugus are excreting most of this toxin, rather than
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bioaccumulating it in the liver. Consequently, this study shows that Hexagenia mayflies
are one route of transfer of this naturally occurring algal toxin from a freshwater
ecosystem into a terrestrial ecosystem. It is interesting that M. lucifugus do not seem to
bioaccumulate microcystin in their livers. From these results, it appears that M. lucifugus
populations are only minimally affected by microcystin if at all. Future research should
focus on depuration rates of MC in bats to determine if bats are unique in their ability to
excrete rather than bioaccumulate this hepatotoxin. To monitor the health of bat
populations, future work should focus on quantifying MC in bat feces throughout the
year. There may be temporal shifts in MC accumulation in their feces that may indicate
when bats are at the greatest risk for MC poisoning. It would also be interesting to
monitor insect diversity in tandem with dietary analyses of bat feces to determine if they
are avoiding toxic prey. Furthermore, future work should also focus on measuring MC
concentrations in other emerging aquatic insects that may also be prey for riparian
predators like M. lucifugus and, therefore, potential routes of trophic transfer of
microcystin. Additionally, researchers should determine other potential terrestrial
receptors of this toxin such as birds, reptiles, and amphibians. Research documenting the
movement of this algal toxin through ecosystems may provide insight into the
interconnectedness of ecosystems and may help predict ecosystem responses to
disturbance such as trophic cascades.
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