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Abstract
One of the most difficult interactions to observe in nature is the relationship between a predator
and its prey. When direct observations are impossible, we rely on morphological classification
of prey remains, although this is particularly challenging among generalist predators whose
faeces contain mixed and degraded prey fragments. In this investigation, we used a polymerase chain reaction and sequence-based technique to identify prey fragments in the
guano of the generalist insectivore, the eastern red bat (Lasiurus borealis), and evaluate several
hypotheses about prey selection and prey defences. The interaction between bats and insects
is of significant evolutionary interest because of the adaptive nature of insect hearing against
echolocation. However, measuring the successes of predator tactics or particular prey defences
is limited because we cannot normally identify these digested prey fragments beyond order
or family. Using a molecular approach, we recovered sequences from 89% of the fragments
tested, and through comparison to a reference database of sequences, we were able to identify
127 different species of prey. Our results indicate that despite the robust jaws of L. borealis,
most prey taxa were softer-bodied Lepidoptera. Surprisingly, more than 60% of the prey
species were tympanate, with ears thought to afford protection against these echolocating
bats. Moths of the family Arctiidae, which employ multiple defensive strategies, were not
detected as a significant dietary component. Our results provide an unprecedented level of
detail for the study of predator–prey relationships in bats and demonstrate the advantages
which molecular tools can provide in investigations of complex ecological systems and foodweb relationships.
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Introduction
Although species’ interactions underlie many evolutionary
and ecological principles, observing and describing these
relationships can be challenging. This is particularly true
for predator–prey interactions (Agusti et al. 1999; Sheppard
et al. 2004). The relationship between insectivorous bats
and moths is a classic example of predator–prey adaptation.
Bats use echolocation to detect and track insect prey and
insects use hearing-based defences to detect and evade echolocating bats (Roeder 1967; Fenton & Fullard 1979). Some
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arctiid moths produce ultrasonic clicks in response to bat
echolocation calls and thus deter some bat attacks (Ratcliffe
& Fullard 2005; Ratcliffe et al. 2008) or advertise their unpalatability (Dunning 1968; Surlykke & Miller 1985) while other
arctiids mimic these aposematic signals (Ratcliffe et al. 2008).
The ‘allotonic frequency’ hypothesis (AFH) (Fullard 1987)
suggests that bats can counter these adaptations by producing echolocation calls outside the hearing range of moths,
potentially leading to a co-evolutionary arms race between bat
echolocation and moth hearing. The AFH also predicts that
bats calling within that threshold should have a diet devoid
of tympanate (eared) species (Schoeman & Jacobs 2003).
When direct observations of predation are impossible, we
use morphological classification of digested prey remains.
© 2009 Blackwell Publishing Ltd
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Since insectivores rapidly and thoroughly chew their food,
species-level identification of prey is extremely difficult. As
a result, published data about the diet of insectivorous bats
rarely provide identifications beyond order (see Table S1,
Supporting information). A number of generalizations about
bat hunting styles, predator preferences and prey defences
have been proposed but, in the absence of prey identifications, many are difficult to confirm. For instance, specific
evolutionary aspects of predator–prey relationships such as
prey size selection by predators or the effectiveness of arctiid
colouration and sound emission are difficult to assess if we
cannot identify specific prey species in guano or stomach
contents.
Molecular approaches provide new opportunities to characterize predator–prey relationships in complex food webs
from laboratory and field studies. These techniques primarily target trace materials (e.g. Zaidi et al. 1999) and have
now been applied to many target predator groups, including
wasps (Kasper et al. 2004), mosquitoes (Coulson et al. 1990;
Gokool et al. 1993), carnivore communities (Farrell et al. 2000),
marine vertebrates (Jarmin et al. 2002; Jarmin & Wilson 2004),
marine invertebrates (Blankenship & Yayanos 2005) and
captive species such as sea lions (Deagle et al. 2005). Even
ancient DNA contained in coprolites has been recovered
(Poinar et al. 1998; Hofreiter et al. 2000). Similar techniques
can also track secondary predation (Sheppard et al. 2005).
While trophic connections have been made using a variety
of molecular approaches (Symondson 2002; King et al. 2008),
substantial analytical limitations remain. In particular, many
techniques are taxon-specific (e.g. Bacher et al. 1999), requiring a priori knowledge of prey species. For instance, monoclonal antibodies (Symondson 2002) are best used to confirm
the predators of a target prey species rather than to reveal
the dietary complexity of generalist predators (e.g. Chen et al.
2000). Most existing antibody techniques are particularly
difficult to apply (and cost-prohibitive) for species that consume multiple prey taxa (Sheppard et al. 2004; King et al.
2008).
New approaches based on polymerase chain reaction
(PCR) are promising (Höss et al. 1992; Kohn & Wayne 1997;
Zaidi et al. 1999), but their application is complicated by
several factors. Multiple genetic markers have been employed
depending on the target group (reviewed by King et al. 2008);
however, this can increase the analytical complexity and
cost. For example, Scribner & Bowman (1998) required two
microsatellite loci to identify a limited number of bird species as prey of glaucous gulls, and could not identify further
taxonomic groups without additional markers. For this
reason, many studies have focused on detecting a few taxa,
potentially misrepresenting the importance of these prey and
distorting predator–prey relationships. For instance, more
than half of the stomach contents from macaroni penguins
were negative for the prey items targeted by molecular analysis (Deagle et al. 2007). In light of these limitations, we have
© 2009 Blackwell Publishing Ltd

attempted to use a single marker analytical technique for the
dietary analysis of insectivorous bats that can be employed
in natural settings to survey prey diversity across the full
range of feeding behaviours — from specialist to generalist
— and that can identify both unexpected and expected prey.
Comparing sequences recovered from prey items with a
reference database is an advantage in the study of predator–
prey relationships because it requires no a priori knowledge
of prey identity. If the reference database is comprehensive,
both expected and unexpected prey will be diagnosed with
similar efficiency. Since DNA fragments rapidly degrade
during digestion (Zaidi et al. 1999), studies need to target
small, fast-evolving multicopy gene regions (Symondson
2002). Despite occasional pseudogenes (Bensasson et al. 2001),
mitochondrial DNA has emerged as a likely target since it
has high copy number and sufficient variation to allow
species-level diagnosis (Hebert et al. 2003). Until recently,
the lack of a comprehensive reference sequence database
represented the primary barrier to such analysis (Hadrys
et al. 1992). However, databases of mitochondrial sequence
information from vouchered specimens are rapidly expanding for standardized gene regions (Ratnasingham & Hebert
2007) and can be used to retrieve identifications for unknown
sequences. Vouchered databases are particularly advantageous for these analyses because they provide an extra level
of taxonomic precision to the identification of unknowns.
In this investigation, we employ molecular techniques to
describe the diet of the eastern red bat, Lasiurus borealis, and
to test several existing hypotheses about the prey of these
bats. While PCR and sequence-based approaches for dietary
analyses are not novel (Symondson 2002; King et al. 2008),
they have not previously been applied to bats. Eastern red
bats range across most of eastern North America where
they frequently forage in concentrations of insects around
streetlights (Acharya & Fenton 1999). The diet of these bats is
particularly interesting because of both morphological and
behavioural peculiarities in their hunting style. First, although they have extremely robust jaws (Freeman 1981) similar
to Coleoptera specialists, previous morphological dietary
data indicate that these bats eat a range of prey (Ross 1961;
Whitaker 1972) and may specialize on moths (Acharya 1995;
Hickey et al. 1996; Acharya & Fenton 1999) which are softerbodied. Furthermore, eastern red bats emit echolocation calls
between 30 and 65 kHz (Obrist 1995), making them audible
to tympanate insects, including moths on which they are
thought to specialize.
We used a PCR-based approach to obtain COI sequences
from prey items recovered from the guano of eastern red bats
and match these sequences against a reference library to
identify their origin. We use these data to test three predictions about the diet of eastern red bats: (i) populations in
southern Ontario eat mainly moths; (ii) they more often eat
earless than eared moths in keeping with the predictions of
the allotonic frequency hypothesis; and (iii) their diet includes
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Fig. 1 Traditional dietary analysis requires morphological identification of arthropod parts that survive digestion such as the leg ‘A’. In most
cases, identification beyond order or family is impossible. By contrast, DNA may survive in the smallest fragments (B–D) and allow their
identification to a species-level.

relatively small numbers of arctiids that click and use real
or mimicked aposematic signals in response to bat attacks.

Materials and methods
Sample collection
Mist nets were used to capture 56 eastern red bats foraging
at streetlights in Pinery Provincial Park from June to
September of 2005 and 2007. Each bat was held in a clean
cloth bag for 5–30 min before release. All guano produced
was frozen within 10 h of collection and kept frozen (up to
2 years). We sexed each bat and estimated its age as adult or
subadult (young of the year) by checking for ossification of
the metacarpal–phalangeal epiphyses (Davis & Hitchcock
1965).

Sampling, DNA isolation, amplification and sequencing
Each guano pellet was soaked in 95% ethanol for 12 h and
then fragmented in ethanol under a dissecting microscope
(Fig. 1). Prey items (legs, wings, antennae, eye cases, exoskeletal fragments, eggs) were isolated from each piece of guano
and stored separately within 96-well plates containing
ethanol. Ethanol was evaporated from the plates in a 56°C
incubator for 60 min before 45 μL of lysis buffer plus 5 μL
of proteinase K were added to each well. The samples were
again incubated at 56°C for 12–18 h before DNA was extracted using an automated glass fibre technique (Ivanova
et al. 2006). A 648-bp target region of the mitochondrial cytochrome oxidase c subunit 1 (COI) gene (Hebert et al. 2003)
was subsequently amplified using the primers LepF1 and
LepR1 following Hebert et al. (2004) and unidirectionally
sequenced using LepF1.

Sequence identification
Sequences were compared against approximately 127 000
reference sequences derived from North American arthropods that were present in the Barcode of Life Data System
(Ratnasingham & Hebert 2007) in February 2008. Sequence
matching followed the ‘strict’ method outlined by Ross et al.
(2008). Sequences that perfectly matched a reference sequence
without a close match to any other arthropod were identified
as deriving from that species. In the absence of an exact match
(due to low quality or incomplete sequences), species-level
identifications were based on sequence identity of at least 99%
to reference sequences and no equivalent similarity to other
species. When a sequence matched members of a known
genus, but could not be unequivocally identified due to
incomplete taxonomic coverage in the reference database
(e.g. no species-level identification for a reference sequence),
we made a genus-level identification. Higher-level identifications were made based on known taxonomy as indexed
in BOLD.

Analyses
Prey operational taxonomic units (OTUs) identified from the
eastern red bat guano were compared to the OTUs identified
in prior studies of feeding behaviour (defined as OTUs per
number of bat stomach or guano samples). Frequency histograms of the number of OTUs recovered per bat and the
recovery of specific OTUs were plotted. Additionally, a
species accumulation curve with 95% confidence intervals
(based on 50 random resampling efforts) was calculated for
these data in EstimateS (Colwell 2006).
The number of identified species of each insect family was
compared to insect seasonal abundance data for the study
© 2009 Blackwell Publishing Ltd
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Fig. 2 Results of molecular dietary analysis: (a) the frequency of recovery of particular prey species in guano pellets from 56 eastern red
bats; (b) Accumulation curve of prey species from guano with increased sampling intensity. Dashed lines indicate 95% confidence intervals
(data resampled 50 times). (c) Number of prey items detected in the guano of each of 56 eastern red bats.

location (Acharya 1995). The richness (number of species–
alpha level diversity) of captures per night over the season
was compared between gender and age classes, and size
estimates (total body length and forewing length) for prey
species were obtained from the literature (Handfield 1999)
and southwestern Ontario insect collections. Pearson’s correlation co-efficient was calculated to assess the relationship
between capture diversity of age and gender classes of bats
and season (measured in absolute days). In subadult bats,
absolute day of the year is interpreted as a proxy for increased
age. Mann–Whitney U-tests (for small sample sizes) and a twotailed T-test (for larger samples) were employed to compare
the richness of identified captures and the geometric mean
size of these prey (wing tip to wing tip, body length — obtained
from available literature and insect collections) between
males and females and between subadult and adult bats.
Presence/absence records for predator evasion adaptations
of the ingested prey were used to assess defensive abilities.

Results

to species-level (Hajibabaei et al. 2006). Comparisons with
the reference database allowed identification of 78% of these
sequences to species or genus. The remaining 22% showed
sequence similarity to bacteria, fungi, or were unidentifiable
because nothing similar was represented in the database or
because there was cross-contamination resulting in chimeric
sequences. From these sequences, we identified 127 species
of prey (125 insects and 2 spiders; Table 1). Most prey species
were identified only once (Fig. 2a) and a species accumulation
curve (Fig. 2b) indicates that these 127 prey species represent
only a fraction of the total diet. Individual bats had a mean
of 3.5 (SE ± 0.22, range 1–7) identifiable prey species in their
guano (Fig. 2c). Most prey species were Lepidoptera (16
families represented), but Coleoptera, Diptera, Ephemeroptera and Hymenoptera were also identified. Hemiptera,
Neuroptera and Trichoptera were likely present based on
sequence similarities to members of these orders although
identifications were not possible given the incompleteness of the reference database. In addition to invertebrate
sequences, 3% of the sequences recovered with primer set
LepF1/LepR1 derived from L. borealis.

Identification of prey
At least 109 bp of clean sequence was obtained from 89%
of the 896 arthropod fragments subsampled from Lasiurus
borealis guano, offering the possibility of their identification
© 2009 Blackwell Publishing Ltd

Resource partitioning
We found no significant difference in the alpha level diversity
of insects captured or mean prey size (of available vouchers
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Table 1 List of 127 arthropod prey species identified in the guano of 56 eastern red bats using COI sequence analysis. Species highlighted
use hearing based defenses tuned to the echolocation calls from hunting bats
Class

Order

Family

Genus ID

Species ID

Arachnida

Araneae

Insecta

Coleoptera

Araneidae
Philodromidae
Carabidae
Elateridae
Drosophilidae
Caenidae
Chrysopidae
Formicidae
Ichneumonidae
Acrolophidae
Amphisbatidae

Neoscona
Philodromus
Amara
Hemicrepidius
Melanotus
Drosophila
Caenis
Chrysoperla
Lasius
Enicospilus
Amydria
Machimia

Arctiidae

Haploa

Neoscona sp.
Philodromus rufus
Amara sp.
Hemicrepidius memnonius
Melanotus sp.
Drosophila sp.
Caenis sp.
Chrysoperla sp.
Lasius sp.
Enicospilus purgatus
Amydria effrentella
Machimia sp.
Machimia tentoriferella
Haploa confusa
Haploa sp.
Phragmatobia sp.
Blastobasis glandulella
Pigritia sp.
Chrysoteuchia topiarius
Crambus albellus
Crambus praefectellus
Fumibotys fumalis
Microcrambus elegans
Parapediasia teterrellus
Pyrausta bicoloralis
Udea rubigalis
Antaeotricha leucillana
Pseudotelphusa sp.
Xenolechia ontariensis
Campaea perlata
Caripeta sp.
Ennomos subsignaria
Euphyia unangulata
Eupithecia absinthata
Macaria sp.
Nematocampa sp.
Pero ancetaria
Phaeoura quernaria
Prochoerodes lineola
Malacosoma americana
Tolype velleda
Euclea delphinii
Isa textula
Lymantria dispar
Orgyia sp.
Abagrotis alternata
Abagrotis sp.
Agrotis ipsilon
Amphipoea velata
Anagrapha falcifera
Apamea amputatrix
Apamea devastator
Apamea plutonia
Archanara sp.
Baileya australis
Caenurgina crassiuscula
Catocala cerogama
Catocala ilia
Catocola sp.
Celaena reniformis
Cosmia calami
Cosmia sp.
Eucirroedia pampina

Diptera
Ephemeroptera
Neuroptera
Hymenoptera
Lepidoptera

Coleophoridae
Crambidae

Elachistidae
Gelechiidae
Geometridae

Lasiocampidae
Limacodidae
Lymantriidae
Noctuidae

Phragmatobia
Blastobasis
Pigritia
Chrysoteuchia
Crambus
Fumibotys
Microcrambus
Parapediasia
Pyrausta
Udea
Antaeotricha
Pseudotelphusa
Xenolechia
Campaea
Caripeta
Ennomos
Euphyia
Eupithecia
Macaria
Nematocampa
Pero
Phaeoura
Prochoerodes
Malacosoma
Tolype
Euclea
Isa
Lymantria
Orgyia
Abagrotis
Agrotis
Amphipoea
Anagrapha
Apamea

Archanara
Baileya
Caenurgina
Catocala

Celaena
Cosmia
Eucirroedia
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Table 1 Continued
Class

Order

Family

Genus ID

Species ID

Euxoa
Feltia
Hypena

Euxoa tessellata
Feltia sp.
Hypena manalis
Hypena scabra
Hypena sordidula
Hypena sp.
Idaea dimidiata
Idia sp.
Lacanobia subjuncta
Leucania lapidaria
Leucania pseudargyria
Melanchra adjuncta
Mythimna unipuncta
Nigetia formosalis
Noctua pronuba
Oncocnemis sp.
Orthodes majuscula
Panopoda rufimargo
Panthea pallescens
Peridroma saucia
Polia detracta
Polia sp.
Protorthodes sp.
Pseudohermonassa bicarnea
Renia discoloralis
Renia flavipunctalis
Renia sp.
Sunira bicolorago
Thysania sp.
Xestia smithii
Zanclognatha sp.
Datana drexelii
Heterocampa umbrata
Lochmaeus manteo
Nadata gibbosa
Oligocentria lignicolor
Peridea angulosa
Symmerista canicosta
Symmerista sp.
Acrobasis sp.
Aphomia terrenella
Canarsia ulmiarrosorella
Dioryctria banksiella
Dolichomia olinalis
Ephestia elutella
Ephestia sp.
Plodia interpunctella
Pococera asperatella
Pyralis farinalis
Darapsa myron
Paonias excaecata
Aethes atomosana
Archips cerasivorana
Archips semiferanus
Argyrotaenia quercifoliana
Choristoneura pinus
Clepsis virescana
Cydia sp.
Epinotia nisella
Epinotia sp.
Gymnandrosoma
punctidiscanum
Olethreutes atrodentana
Olethreutes sp.

Idaea
Idia
Lacanobia
Leucania
Melanchra
Mythimna
Nigetia
Noctua
Oncocnemis
Orthodes
Panopoda
Panthea
Peridroma
Polia
Protorthodes
Pseudohermonassa
Renia

Notodontidae

Pyralidae

Sphingidae
Tortricidae

Sunira
Thysania
Xestia
Zanclognatha
Datana
Heterocampa
Lochmaeus
Nadata
Oligocentria
Peridea
Symmerista
Acrobasis
Aphomia
Canarsia
Dioryctria
Dolichomia
Ephestia
Plodia
Pococera
Pyralis
Darapsa
Paonias
Aethes
Archips
Argyrotaenia
Choristoneura
Clepsis
Cydia
Epinotia
Gymnandrosoma
Olethreutes
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Fig. 3 The proportional representation of
each moth family (based on the number of
species identified) recovered through genetic
analysis of insect parts in guano (2005 and
2007) and morphological analysis of arthropod wings found under hunting bats (1992
and 1993) compared to local insect abundance estimates (1992 and 1993) (other = nonlepidopteran species).

for measurement) between female and male or between adult
and subadult eastern red bats, and no correlations (2005
subadults excluded, n = 3) with richness of captures across
the season. Pooling subadults from both field seasons did
not demonstrate a significant relationship between capture
richness and time (r = 0.41 P = 0.28).
The number of representative species by moth family was
similar to morphological analysis of wings left after feeding
conducted by Acharya (1995) on L. borealis at the same location
(Fig. 3) but genetic identification recovered twice as many
(n = 16) families of Lepidoptera as morphological analysis
(n = 8) and all eight additional families were the rarest
representatives (by number of species) in the guano (Fig. 3).

Predator–prey interactions
Most recovered insects were species known to employ
some form of hearing-based defence against bats. Notably, more than 60% appear to have ears capable of hearing
the echolocation hunting calls of L. borealis (Table 1). Despite their noted abundance in the park in previous years
(Acharya 1995; Skevington et al. 2001), we only detected
one arctiid in the bats’ diets. The exception, a single
Haploa confusa, sequesters a toxin from the plants it eats
(Lindroth 1987), has ears and emits noise in response to
bat calls (J. Fullard, personal communication, University
of Toronto at Mississauga, Mississauga).

Prey of special interest
Among the diet were several economically important pest
species, including defoliators such as gypsy moths (Lymantria

dispar) and tent caterpillars (genus Malacosoma) as well as
cutworms, orchard and garden pests (e.g. Cydia, Acrobasis;
and Noctua pronuba) and forest pests such as coneworms
(genus Dioryctria).

Discussion
In this investigation, we used a PCR-based analysis to characterize the diets of eastern red bats, a generalist predator,
and we used these data to test three predictions about prey
selection and prey defences. These molecular methods are
arguably the only practical means to infer generalist diets
(Kohn & Wayne 1997; Symondson 2002), particularly in predators that hunt cryptically and thoroughly chew and digest
their food. Bats chew their insect prey much more than some
other insectivores, such as birds, leaving few identifiable
fragments in the gastro-intestinal tract or in guano (Fig. 1).
Our results demonstrate that DNA from insect prey regularly
survives digestion and that PCR can be employed with low
levels of cross-contamination. Our detection of a wide range
of prey taxa demonstrates that this approach can be a powerful tool for analysing food web relationships and complex
species interactions.
Many previous cases where faeces were used for DNA
extraction (Höss et al. 1992; Tikel et al. 1996; Kohn & Wayne
1997; Whittier et al. 1999) focused on tracking the animal
that produced the sample (e.g. Kohn et al. 1999; Garnier et al.
2001), rather than reconstructing diet (although prey have
been identified in owl pellets; Taberlet & Fumagalli 1996, and
some studies have done both; Reed et al. 1997). Most studies
have also focused on analysing very fresh (1 day old) digested
materials (Zaidi et al. 1999; Sheppard et al. 2004). Our ability
© 2009 Blackwell Publishing Ltd
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to extract DNA from samples that were not used immediately
(but stored in freezers) suggests that faecal material retains
a prey signature much longer than expected (Sheppard et al.
2004). Our analysis was undoubtedly aided by targeting short
mitochondrial regions present in high copy number rather
than nuclear regions (Zaidi et al. 1999; Symondson 2002;
Agusti et al. 2003). Thorough mastication by eastern red bats
makes most remaining insect fragments very difficult, if not
impossible, to identify morphologically (Fig. 1), but the hard
exoskeleton of arthropods may provide some protection to
DNA. We observed a very low level of contamination from
bat-derived sequences (~3%) which is not surprising as this
primer pair shows little affinity for the eastern red bat COI
sequence. Higher levels of contamination would be expected
for other predator species requiring novel primer designs.
Our dietary analysis of Lasiurus borealis generally confirms
morphological-based analyses that had indicated these bats
prey heavily on moths (Ross 1961; Whitaker 1972), although
they eat a wide taxonomic range of prey. Our identifications
are highly robust and our acceptances of identifications are
likely conservative. Since many species have sequence
variation > 1% at this locus, our criteria to only accept an
identification if it is > 99% identical to a known reference is
more likely to cause type II than type I errors.
A number of our sequences could not be identified because
we currently lack references in the database. Even if all unidentified prey fragments were non-lepidopteran, at most,
non-lepidopteran prey would represent < 40% of the prey
fragments we sampled. Although we have no evidence to
support a bias in the preservation of recoverable DNA in
guano, it would be reasonable to predict that larger, hardbodied items would be more likely to survive digestion. Our
detection of mostly small soft-bodied items suggests that if
this bias exists at all, our estimation of > 60% lepidopteran
prey would actually be an underestimate, and the relationship even more dramatic than we suggested here. The high
proportion of soft prey is consistent with previous analyses
but does not explain the robust jaws of eastern red bats.
We detected Ephemeroptera, Neuroptera, and possibly
Trichoptera in the diet, taxa not previously reported as prey
of L. borealis. These groups are generally small-bodied species
that could easily be missed during morphological assessments because of their degree of degradation. All prey species
could have been caught in flight by aerial hawking, including the spiders, which could have been suspended on webs.
Unlike previous reports (Jackson 1961; Ross 1961), we found
no evidence of grasshoppers, crickets, or other primarily
ground-dwelling species in the faeces.
The number of species we identified in each moth family
was similar to previous estimates of prey abundance from
the same location (Acharya 1995). Two notable deviations
were species in the families Tortricidae and Arctiidae.
Tortricids were the most commonly identified group in the
previous dietary analysis reflecting their extreme local abund© 2009 Blackwell Publishing Ltd

ance, but we rarely encountered them in our molecular analysis. Tortricids can show large fluctuations in populations,
and this may explain their absence in our sample. Arctiids
were also a minor dietary component for L. borealis although
they are abundant in the park (Acharya 1995; Skevington
et al. 2001). We were unable to conduct an insect survey
concurrently with guano collection, and therefore, we are
relying on past surveys for a comparable data set in our
analysis; however, arctiids are easy to recognize in the field,
and anecdotally, there were many in the park and at the
lights during the course of this survey. It is unlikely that our
failure to detect these groups is due to a lack of primerbinding affinity. The primers we used to amplify insect DNA
have shown broad application to insects (including tortricids and arctiids), other invertebrates and many vertebrates
(Clare et al. 2007; Ivanova et al. 2007). Our failure to detect
arctiids is more likely an accurate portrayal of their absence
as prey and is consistent with the predictions of the allotonic
frequency hypothesis (Fullard 1987) and with the observations of Acharya (1995). Arctiids use a combination of
defences to detect and avoid bats which may afford greater
protection against predation. Unlike silent species of moths,
sound-emitting arctiids do not reduce their flight time in
the presence of echolocation calls (Ratcliffe et al. 2008). The
consistent under-representation of Arctiidae in the diet of
L. borealis may confirm a successful adaptive combination of
defences in this group of moths whose anti-predator adaptations have been well studied (Dunning 1968; Fenton & Fullard
1979; Surlykke & Miller 1985; Fullard et al. 1994; Ratcliffe &
Fullard 2005; Ratcliffe et al. 2008).
Despite reported sex- and age-biased resource use by
sympatric species (Belwood & Fenton 1976; Hamilton & Barclay 1998), we found no evidence of resource partitioning by
age or gender based on size of insect or the diversity of insects
caught. Size probably plays a substantial role in interspecific
resource partitioning (Hickey et al. 1996) but further intraspecific partitioning in L. borealis may not be adaptive in this
community of eight species of insectivorous bats. While the
richness of the diet of subadults did not significantly increase
with season (r = 0.41, P = 0.28), the sample size was small.
We suggest future work should concentrate on the transition point from a purely milk diet to an arthropod diet to
consider this relationship in more detail.
Most of the prey species we identified had tympanate
ears and should have been able to detect and avoid these
bats (Schoeman & Jacobs 2003) whose echolocation calls
(Obrist 1995) are well within their range of hearing. The
prevalence of these tympanate moths in our dietary analysis
shows that L. borealis is not constrained by this defensive
strategy. Svensson et al. (2003) suggested that moths have a
two-part defensive mechanism for diel flight activity. If
moths flying near lights are in their daytime defensive
mode, they may be vulnerable to hunting bats. In this case,
the high proportion of eared moths in our analysis may
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from a complete sampling effort, a conclusion supported by
the species accumulation curve (Fig. 2b).
Interactions among species are complex, dynamic relationships which form the architecture of ecosystem functioning.
Because it is easier to count than to characterize, cataloguing
species diversity has naturally outstripped our understanding of the ecological networks connecting taxa (McCann
2007). The present study demonstrates a mutualism between
these endeavours; species libraries derived from molecular
efforts to catalogue diversity can provide a whole new level
of resolution to our understanding of the evolutionary and
ecological principles underlying food web relationships.
Fig. 4 The relationship between the identification of prey operational
taxonomic units (OTU) and sampling intensity in the present study
(Η) and previous publications (see Table S1). There is a slight increase
in identified OTUs with increased sampling intensity while this
study (*) identified many more OTUs (127 species) with a small
sample size (n = 56).

indicate a contingency-based strategy for both moths and
hunting bats. Bats that hunt at streetlights may be exploiting the strategic switch employed by the insects, while bats
hunting away from lights could be more constrained by the
AFH. This may explain why lights, like those at our study
site, that attract insects are often places where many bats
forage (Hickey & Fenton 1990). The evolutionary relationship between L. borealis and moth prey could involve a
reciprocal change invoked in a true arms race, or asymmetrical adaptations that fit the ‘life-dinner principle’ (Dawkins
& Krebs 1979).
Like all dietary analyses, secondary predation represents
a potential and unavoidable source of error (Harwood et al.
2001; Sheppard et al. 2005). Additionally, PCR- and
sequence-based techniques are normally limited to presence/absence data. However, it is possible to use the
appearance of the same prey species in multiple individual
predators as a proxy for abundance measures and quantitative PCR could provide abundance estimates for targets of
interest such as the pest species (e.g. gypsy moths and tent
caterpillars) we identified here. The PCR-based analysis
used in this study requires little training and relatively inexpensive equipment. The identification of prey sequences
requires a comprehensive reference database, but major
campaigns are underway to create these resources.
Although not the primary reason for their construction,
using these resources to identify unknowns will be a significant spin-off application for molecular ecological research.
The precision of our analysis greatly exceeds previous analytical methods applied to bats. To the best of our knowledge, our list of 127 prey species (Table 1) is the largest
dietary list ever produced in a single study of an insectivorous bat species, although we examined fewer samples than
many previous studies (Fig. 4). However, most species were
only detected once (Fig. 2a), suggesting that this is still far
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