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Abstract

Although most predators are generalists, the majority of studies on the association
between prey availability and prey consumption have focused on specialist preda-
tors. To investigate the role of highly generalist predators in a complex food web,
we measured the relationships between prey consumption and prey availability in
two common arthropodivorous bats. Specifically, we used high-throughput amplicon
sequencing coupled with a known mock community to characterize seasonal changes
in little brown and big brown bat diets. We then linked spatiotemporal variation in
prey consumption with quantitative prey availability estimated from intensive prey
community sampling. We found that although quantitative prey availability fluctu-
ated substantially over space and time, the most commonly consumed prey items
were consistently detected in bat diets independently of their respective abundance.
Positive relationships between prey abundance and probability of consumption were
found only among prey groups that were less frequently detected in bat diets. While
the probability of prey consumption was largely unrelated to abundance, the com-
munity structure of prey detected in bat diets was influenced by the local or regional
abundance of prey. Observed patterns suggest that while little brown and big brown
bats maintain preferences for particular prey independently of quantitative prey avail-
ability, total dietary composition may reflect some degree of opportunistic foraging.
Overall, our findings suggest that generalist predators can display strong prey prefer-

ences that persist despite quantitative changes in prey availability.

KEYWORDS
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Under the assumption that foraging is optimal, predator preferences

Though capable of consuming many types of prey resources, gener-
alist predators are often selective. Predator preference, that is, any
deviation from a random sampling of available prey, is a particularly
useful measure for describing which prey resources are sought out or

avoided by a selective predator (Chesson, 1978; Manly et al., 1972).

for certain prey are expected to maximize net energy gains, and con-
sequently, consumption of nonpreferred prey should be expected
only when preferred prey are absent or low in abundance (Pulliam,
1974; Schoener, 1971). However, empirical studies often demon-
strate patterns that deviate from optimal foraging, particularly for

predators that consume mobile prey (Sih & Christensen, 2001).
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Additionally, despite the importance of understanding how preda-
tor preferences influence their role in food webs, many generalist
predators lack detailed descriptions of the prey that they consume,
and even fewer have corresponding information on their responses
to fluctuating resource availability (Pringle, 2020; Thompson et al.,
2012).

For generalist predators, prey preferences can influence func-
tional responses (sensu Holling, 1959a,1959b), although the rela-
tionship between prey consumption and prey availability may not
necessarily resemble classic response types (Murdoch & Oaten,
1975; Oksanen et al., 2001). For example, generalist predators for-
aging in multiprey systems have been shown to consume prey ir-
respective of changing availability or even reduce the consumption
of increasing prey as a result of preferences related to nutritional
demands, energy requirements or ease of prey capture (Baudrot
et al., 2016; Chesson, 1984; Dale et al., 1994). Therefore, the re-
lationship between prey consumption and quantitative availability
in generalist predators can be highly context-dependent (Novak
et al., 2017; Preston et al., 2018; Symondson et al., 2002). The oc-
currence of individual specialization, even among the most arche-
typal generalist predators, also suggests that prey preferences are
not necessarily static over time or between conspecifics (Bolnick
et al,, 2002; Panzacchi et al.,, 2008; Sacks & Neale, 2002; Woo
et al., 2008). Recent studies have provided additional evidence that
generalist predators may display consistent selectivity despite low
preferred prey availability or abundant alternative prey (Krey et al.,
2017; Ritger et al., 2020; Roubinet et al., 2018; Whitney et al., 2018).
Overall, the growing body of empirical studies on generalist preda-
tors suggests that prey preferences can influence foraging patterns,
perhaps to a greater extent than previously thought.

The manner in which prey preferences shape foraging behaviours
has important implications for the extent to which generalist pred-
ators exert top-down effects on prey communities and ecosystems.
Previous studies that have characterized generalist predators in
terms of biocontrol potential, responses to habitat loss and stabiliza-
tion of food webs have yielded conflicting results. In some studies,
generalist predators have been shown to decrease pest populations,
persist in fragmented habitat or increase food web stability, while
others have demonstrated the opposite (Prugh, 2005; Ryall & Fahrig,
2006; Snyder & Wise, 1999; Symondson et al., 2002). As general-
ist predators thus have unpredictable effects on their food webs,
which can also change both spatially and temporally, continuing to
develop and test predictions regarding their responses to changing
prey communities remains essential for both theoretical and applied
ecology.

Among generalist predators, arthropodivorous vertebrates are
unique as they usually consume many more prey types than obli-
gate carnivores while maintaining much higher energy requirements
than predaceous arthropods. Moreover, exclusion studies have
demonstrated that arthropodivorous vertebrates can have a range
of both direct and indirect effects on their respective food webs
(Mooney et al., 2010). The mechanisms governing these responses
are less well understood, partly due to the difficulties in defining the

full suite of prey resources that are consumed by these predators.
Among terrestrial arthropodivorous vertebrates, most studies relat-
ing prey preferences and prey abundance have used morphological
methods that characterize predator diet composition by visual in-
spection of stomach contents or faecal material (Ralph et al., 1985;
Whitaker et al., 2009). However, these methods are limited in taxo-
nomic resolution and prey remains are often damaged or degraded,
particularly for soft-bodied arthropods.

Newer techniques such as high-throughput amplicon sequencing
(HTAS) can characterize animal diets at a much finer taxonomic res-
olution than other methods, providing a more comprehensive way
to study the entire suite of prey resources consumed by generalist
predators (Jusino et al., 2019; Kaartinen et al., 2010; Zeale et al.,
2011). Since the advent of these methods, many studies have de-
scribed the diets of a wide range of taxa (Alberdi et al., 2019, 2020;
Pifiol et al., 2014; Pompanon et al., 2012; Wray et al., 2018). These
types of studies collectively represent an important first step in
describing animal diets, especially for those that use a broader di-
versity of prey resources than other methods that are capable of
detecting. For arthropodivorous vertebrates in particular, studies
using molecular methods have generated a wealth of detailed data
on dietary composition and dietary breadth, and relating these data
to underlying prey abundance can reveal key insights into predator
foraging (e.g. Arrizabalaga-Escudero et al., 2019; Vesterinen et al.,
2016). As many arthropodivorous vertebrates, particularly birds and
bats, are currently threatened due to habitat loss, arthropod de-
clines and disease, among other factors (Nebel et al., 2010; O'Shea
et al., 2016; Rioux Paquette et al., 2014; Spiller & Dettmers, 2019),
fully characterizing their resource requirements also represents a
timely endeavour.

Bats have been the subject of benchmark studies on the use
of molecular methods for characterizing the diets of generalist
predators (Clare et al., 2011; Clare, Symondson, & Broders, 2014;
Clare, Symondson, & Fenton, 2014; Razgour et al., 2011), largely
due to interest in the potential ecosystem services they provide in
the form of agricultural pest reduction (Boyles et al., 2011; Kunz
et al., 2011). The diets of two common North American bats—the
little brown (Myotis lucifugus, Leconte 1831) and big brown bat
(Eptesicus fuscus, Palisot de Beauvois 1796)—have been especially
well described using both molecular and morphological methods,
and as such, these species serve as a useful model for studying
generalist arthropodivore foraging. The preferred prey of little
brown and big brown bats, respectively, are frequently reported
as small aquatic insects and beetles (Agosta, 2002; Fenton, 1980;
Kurta & Baker, 1990; Moosman et al., 2012), though little brown
bats have been observed switching to opportunistic foraging in
response to changing prey abundances (Anthony & Kunz, 1977,
Belwood & Fenton, 1976; Burles et al., 2008). Several molecular
studies on other bat species have related prey consumption to
quantitative prey abundance (Baroja et al., 2019; Krauel, Brown,
et al., 2018; Krauel, Ratcliffe, et al., 2018; Weier et al., 2019), but
often included select prey groups of interest rather than inten-
sively sampled prey communities (e.g. Vesterinen et al., 2016). For



WRAY ET AL.

857
MOLECULAR ECOLOGY VA LEYJ—

little brown and big brown bats, however, dietary composition
data from molecular methods have not yet been connected with
underlying prey abundance information.

In this study, we characterized how prey consumption by two
generalist arthropod predators, the little brown and big brown
bat, changes in response to quantitative spatiotemporal variation
in prey resources. We hypothesized that highly mobile generalist
predators would display preferences for certain prey and that the
probability of consuming most prey groups would not increase as
a direct function of increasing abundance. We predicted that for
both little brown and big brown bats, the probability of detecting
prey in guano samples would not increase as a direct function of
increasing quantitative prey availability as measured by arthropod
traps. We tested these predictions by comparing HTAS dietary
data from guano samples with quantitative arthropod abundance
estimated from black-light traps that captured arthropods during
the same time periods at locations near bat maternity roosts. From
these analyses, we inferred which prey were preferred with re-
spect to their relative abundance. As an exploratory analysis, we
also assessed how dietary diversity related to underlying prey di-
versity and how regional or local arthropod abundance influenced
dietary composition. Overall, both bat species appeared to exhibit
strong preferences for certain prey groups, and the quantitative
availability of most prey groups was unrelated to the probability

of detection in bat guano samples.

2 | MATERIALS AND METHODS

2.1 | Batguano collection

Study sites were selected at 6 little brown and 4 big brown bat ma-
ternity roosts in southern Wisconsin (Figure S1). These sites were
located at state and county parks and privately owned land, and
were selected using the following criteria: (a) sites included a known
maternity roost with bats of a visually confirmed species that con-
sistently returned for several consecutive years; (b) sites were ac-
cessible and sampling requests were approved by land owners or
managers; (c) habitat composition represented a gradient of agricul-
tural and forest land cover; and (d) bat roosts were included in pre-
and postvolancy bat count efforts conducted by volunteers as part
of other state-wide monitoring efforts. Based on emergence counts
from previous surveys in 2015, big brown bat colonies ranged from
approximately 28-287 individuals, while little brown bat colonies
ranged from approximately 89-446 individuals. Landscape condi-
tions at these study sites included a range of habitat types, which
were assessed using the USDA National Agricultural Statistics
Service Cropland Data Layer (https://nassgeodata.gmu.edu/CropS
cape/). Within a 3-km radius, the average landscape composition
was 33% agricultural (ranging from 7.9 to 58%), 30% forest (ranging
from 3.0 to 63%), 20% grass or pasture (ranging from 4.4 to 42%)
and 11% wetland or open water (ranging from 0.15 to 40%). All sites
were located near bodies of water (including small ponds, lakes and

streams of varying sizes), which are common throughout the study
area.

We chose to use noninvasively collected bat guano samples col-
lected beneath roosts to allow simultaneous sample collection at
multiple sites and to avoid disturbing bats during the breeding sea-
son. Bat guano was collected weekly, with fresh pellets assumed to
represent the weekly prey consumption of a bat colony at each given
roost. Bat species were confirmed visually each week, and pellet
identity was also confirmed based on size. Clean plastic sheets were
placed under each roost for 1 week, with guano samples collected
from late May to late August in 2015 (Julian weeks 24-35) and mid-
May to early September in 2016 (Julian weeks 23-37). Samples were
initially stored at ~20°C and then transferred to -80°C for long-term
storage. All sample collection methods were carried out in accor-
dance with Wisconsin Department of Natural Resources guide-
lines, and experimental protocols were approved by the Wisconsin
Natural History Inventory (NHI) Program and the University of
Wisconsin-Madison.

2.2 | DNA extraction, PCR and library preparation
A subsample of 80 mg (~8 pellets) was selected from each guano
sample for genetic analyses. DNA was extracted from each
guano subsample using a QIAGEN DNA Stool Mini Kit (QIAGEN),
following the manufacturer's protocols except for the follow-
ing changes: 10 ml ASL lysis buffer was added to 80 mg guano,
vortexed for 2 min, lysed for an additional 5-10 min and cen-
trifuged at 9391 g for 5 min before taking 1.8 ml of the lysate.
Additionally, 40 ul of proteinase K was used per extraction in-
stead of 10 pl. Following DNA extraction, a 180-bp cytochrome
oxidase C subunit 1 (COIl) amplicon, the DNA barcode region
generally used for arthropods, was amplified using the ANML
primer pair (FWD: GGTCAACAAATCATAAAGATATTGG; REV:
GGWACTAATCAATTTCCAAATCC) according to Jusino et al.
(2019). This primer pair was previously validated and was shown
to have less taxonomic bias than any other primers currently avail-
able for HTAS of arthropodivore diets (Jusino et al., 2019). Primers
were modified for HTAS by adding a unique barcode sequence and
an lon Torrent Xpress A adapter sequence on each forward primer,
and an lon Torrent Express trP1 adapter on the reverse primer. To
overcome issues with amplification, sample DNA templates were
tested at full concentration, then tested at serial dilutions of 1:10,
1:20 and 1:40. For each sequencing library, a single-copy mock
community of 34 known arthropod constituents was separately
amplified under the same PCR conditions as a positive control
(Jusino et al., 2019). Negative controls for each DNA extraction
batch and for each PCR master mix were also tested and visualized
on a 2% agarose gel. These negative controls did not demonstrate
visible bands.

For library preparation, all PCR products were individually pu-
rified using a Zymo Select-A-Size DNA Clean & Concentrator Kit
(Zymo Research). The concentration of each purified PCR product
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was quantified using a Qubit dsDNA High Sensitivity Assay with a
Qubit Fluorometer (Invitrogen). Purified PCR products were then
combined in equimolar amounts for a sequencing library with a final
concentration of 2000 pM. Libraries were sequenced with a 400 bp
Hi-Q Kit on an lon Torrent Personal Genome Machine next-gener-
ation sequencing platform (PGM; Thermo Fisher) with a 318 chip
according to manufacturer's recommendations. A total of three li-
braries were sequenced consisting of approximately 72 unique bar-
coded samples each. Samples from different sites were processed
in a randomized order, and samples from both bat species were also
extracted, amplified and sequenced together in order to reduce po-
tential batch effects (Alberdi et al., 2019).

2.3 | Bioinformatics

Data from all three sequenced libraries were combined and pro-
cessed cumulatively using AMPtk v1.4.0 (Palmer et al., 2018).
Raw sequence data were demultiplexed using the unique barcode
index sequences, and forward and reverse primers were trimmed
from the 180-bp amplicon target. Measures for quality control
included removal of reads shorter than 170 bp or longer than
180 bp and removal of samples with fewer than 4,000 reads. The
DADAZ2 clustering algorithm (Callahan et al., 2016) was then used
for denoising and quality filtering with expected error trimming.
The resulting amplicon sequence variants (ASVs) were clustered
using the UCLUST algorithm employed in VSEARCH at 97% simi-
larity to generate operational taxonomic units (OTUs) approximat-
ing species-level taxonomy (Jusino et al., 2019). Demultiplexed
sequences were mapped back onto these OTU representative
sequences, and the 34-member single-copy arthropod mock com-
munity was used to account for barcode switching (also referred
to as index bleed). OTUs were then assigned taxonomy using the
built-in curated COI database in AMPtk, and all OTUs that were
not designated as arthropods or identified beyond Arthropoda
were manually removed (n = 153 OTUs).

2.4 | Data preparation

Richness in bat diet was calculated as the total number of unique ar-
thropod groups at different taxonomic levels (OTUs, species, genera
and families). To assess sufficiency of sampling intensity, accumula-
tion curves for total family-level richness with extrapolations were
created for both bat species using the R package INEXT' (Hsieh et al.,
2016). Following taxon assignments and clustering, OTU tables were
aggregated at the family, genus and species levels. For comparison
with black-light trap data, OTU tables were also aggregated into the
same focal groups (Table 1). Weighted per cent of occurrence (wPO,
a presence/absence-based metric where read counts are converted
to binary responses) and relative read abundance (RRA, a read-based
metric that incorporates the total number of DNA sequence counts)
were calculated following Deagle et al., 2019.

TABLE 1 Focal families for black-light and guano samples

Order Subgroup Common name
Araneae None Spiders
Coleoptera Carabidae Ground beetles
Coleoptera Coccinellidae: Harmonia Lady beetles
Coleoptera Elateridae Click beetles
Coleoptera Hydrophilidae Water
scavenger
beetles
Coleoptera Scarabaeidae Scarab beetles
Coleoptera Scarabaeidae: Phyllophaga June beetles
Coleoptera Silphidae Carrion beetles
Coleoptera Staphylinidae Rove beetles
Diptera Culicidae & Chironomidae Mosquitoes &
midges
Diptera Muscidae House flies
Diptera Sarcophagidae Flesh flies
Diptera Syrphidae Hover flies
Diptera Tachinidae Tachinid flies
Hemiptera Cicadellidae Leafhoppers
Hemiptera Corixidae Water boatmen
Hemiptera Miridae Plant bugs
Hymenoptera Braconidae Braconid wasps
Hymenoptera Formicidae Ants
Hymenoptera Ichneumonidae Ichneumonid
wasps
Lepidoptera Arctiidae Tiger moths
Lepidoptera Geometridae Geometer
moths

Lepidoptera

Lasiocampidae

Lappet moths

Lepidoptera Micromoth Micromoths
Lepidoptera Noctuidae Owlet moths
Lepidoptera Sphingidae Sphinx moths
Neuroptera Chrysopidae & Lacewings
Hemerobiidae
Opiliones None Harvestmen
Orthoptera None Grasshoppers,
crickets,
katydids
Parasitiformes None Ticks & mites
Plecoptera None Stoneflies
Trichoptera None Caddisflies
2.5 | Arthropod trapping and enumeration

At each of the 10 aforementioned bat roost sites, arthropod com-
munities were sampled weekly to quantify the available prey
at each site during the same time interval when guano samples
were collected. Black-light traps were used to collect night-flying
arthropods that are presumed to form the majority of the prey
consumed by arthropodivorous bats that usually forage by aerial
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hawking, such as the two species in this study. Black-light traps
were placed in open areas away from main roads or paths at a
distance of 50-100 m from each of the bat maternity roost sites.
Any vegetation surrounding the black-light trap was cleared
weekly to prevent obscuration of the trap. The immediate areas
of black-light trap placement included a range of vegetation such
as cropland (e.g. alfalfa and corn), grassland (e.g. idle grazing land
or restored prairie) or near forest edges. Traps were not placed
in forest interiors to avoid blocking or reducing the visibility of
the lights. Black-light traps consisted of a 3.5 gallon polypropylene
bucket with a 30-cm aluminium funnel and mesh collecting bag
(BioQuip Universal Light Trap, catalog number 2851). A 12-watt
U-shaped bulb was affixed between three clear acrylic vanes on
top of the funnel, and an aluminium lid was secured with bungee
cords. An 18.6% dichlorvos (2,2-dichlorovinyl dimethyl phosphate)
insecticide strip (Hot Shot No-Pest Strip2) was affixed inside the
bucket. Pest strips were changed every 4 weeks to ensure equally
high potency over time. Black-light traps were powered by a 12 V
sealed lead acid battery, which was recharged by an attached 45-
watt solar panel. Traps were turned on automatically from 20:00
through 5:00 for a consecutive 3-night period for each sampling
week. Samples were collected, and traps were reset weekly from
mid-May to late August in 2015 and mid-May to early September
in 2016.

Arthropod samples were identified by microscope in the follow-

ing manner: large or noticeably unique specimens were first selected

from the overall sample for identification, and then, the remaining
sample was scanned for any specimens that were not homogenous
through the entire sample, which were then also selected for sep-
arate identification. For samples containing very large numbers of
individuals, the homogenous remainder was divided into a subsam-
ple for identification, then extrapolated based on the portion taken
to obtain an estimate of the whole sample quantity. The selected
specimens and subsamples were identified to order; and within or-
ders, all specimens were identified to the 32 most commonly de-
tected groups (representing 95% of all captured arthropods), with
remaining rare families identified as ‘other Order’, for example ‘other
Coleoptera’ (Table 1). Samples that were damaged or degraded were
identified to the lowest taxonomic level possible. Enumeration of
identified arthropods was conducted by visual counting with the use
of a multiple unit tally counter. Arthropod identifications and DNA li-
brary preparations were performed in separate laboratories in order
to avoid cross-contamination.

2.6 | Statistical analyses

Both read-based and presence-based taxonomy tables were used
for describing dietary composition for each bat species. For statisti-
cal analyses comparing dietary differences between little brown and
big brown bats, the OTU table (Table S2) was converted to a pres-

ence/absence matrix. Interspecific dietary composition was initially

TABLE 2A Top OTUs detected in guano samples, little brown bat (Myotis lucifugus)

Mean Mean
OTU ID Order Family Genus Species Incidence wPO RRA
OTU12 Ephemeroptera Caenidae Caenis Caenis amica 42 0.014 0.059
OTU13 Diptera Chironomidae Procladius 30 0.01 0.035
OTU20 Hemiptera Corixidae Trichocorixa Trichocorixa borealis 27 0.009 0.021
OTU41 Diptera Psychodidae Psychoda Psychoda alternata 25 0.008 0.006
OoTuU7 Diptera Chironomidae Coelotanypus 22 0.008 0.027
OTU143 Diptera Chironomidae 20 0.007 0.006
OTU15 Lepidoptera Depressariidae Agonopterix Agonopterix robiniella 20 0.008 0.05
OTU158 Lepidoptera Tortricidae Acleris Acleris semipurpurana 19 0.005 0.002
OTuU2 Diptera Chironomidae Tanypus 19 0.011 0.046
OTU145 Ephemeroptera Caenidae Caenis Caenis amica 18 0.006 0.005
OTUS55 Diptera Chironomidae Cryptochironomus 18 0.005 0.006
OoTuU22 Diptera Chironomidae Chironomus 17 0.006 0.015
OTU30 Hymenoptera 17 0.007 0.019
OTU1460 Hymenoptera Apidae Apis Apis mellifera 16 0.005 0.001
OTU503 Lepidoptera Tortricidae Proteoteras Proteoteras crescentana 16 0.003 <0.001
OTU120 Hymenoptera 15 0.004 0.004
OTU150 Diptera Limoniidae Geranomyia 15 0.004 0.002
OTU385 Diptera Chironomidae Glyptotendipes Glyptotendipes 15 0.004 <0.001
meridionalis

OTU476 Diptera 15 0.004 <0.001
OTU654 Hymenoptera Apidae Apis Apis mellifera 15 0.005 <0.001
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TABLE 2B Top OTUs detected in guano samples, big brown bat (Eptesicus fuscus)

Mean Mean
OTUID Order Family Genus Species Incidence wPO RRA
oTU9 Coleoptera Elateridae Melanotus Melanotus similis 25 0.017 0.064
OTuU1 Trichoptera Hydropsychidae Potamyia Potamyia flava 22 0.024 0.194
0oTu21 Coleoptera Elateridae Hemicrepidius Hemicrepidius memnonius 19 0.011 0.025
OTU193 Coleoptera Carabidae Agonum Agonum placidum 16 0.008 0.002
0OTU1314 Coleoptera Elateridae Hemicrepidius Hemicrepidius memnonius 14 0.007 0.001
OTU123 Coleoptera Carabidae Notiobia Notiobia terminata 13 0.006 0.002
0oTU148 Coleoptera Carabidae Harpalus Harpalus pensylvanicus 13 0.006 0.005
0OTU282 Coleoptera Carabidae Harpalus 13 0.007 0.001
OTU204 Coleoptera 12 0.006 0.001
OTU3 Diptera Limoniidae 12 0.008 0.051
OTU429 Hymenoptera Ichneumonidae Enicospilus 12 0.006 <0.001
OTU629 Coleoptera Cantharidae Rhagonycha Rhagonycha lignosa 12 0.006 <0.001
0OTU1445 Diptera 11 0.005 <0.001
OTU255 Diptera Tipulidae Nephrotoma Nephrotoma ferruginea 11 0.009 0.001
OTU34 Diptera Sciaridae 11 0.007 0.007
OTU38 Megaloptera Corydalidae Chauliodes Chauliodes pectinicornis 11 0.005 0.046
OTU993 Coleoptera Elateridae Hemicrepidius Hemicrepidius memnonius 11 0.005 <0.001
OTU30 Hymenoptera 10 0.006 0.011
OTU20 Hemiptera Corixidae Trichocorixa Trichocorixa borealis 9 0.007 0.016
OTuU23 Coleoptera Pyrochroidae Dendroides Dendroides canadensis 9 0.007 0.015

assessed using a two-way ANOVA including bat species (with little
brown bats as the reference group), prey order, and the interaction
between bat species and prey order as independent variables, and
the OTU richness within a family as the dependent variable. To test
for overall trends in prey communities, differences in prey group
abundances were analysed using Welch's t tests (with year-to-year
comparisons constrained to Julian weeks 24-35 to account for dif-
ferences in sampling season length).

We used binary logistic regressions, coded as generalized lin-
ear models (GLMs) with a logit link function, to test for potential
relationships between the abundance of arthropod taxa and their
probability of detection in bat diets, conducting separate analyses
for the two bat species. The putative presence/absence of an arthro-
pod taxa group was treated as the dependent variables, while the
same arthropod taxa group and its respective abundance in given
black-light trap were treated as the independent variables. Samples
with arthropod abundance in excess of 10,000 individuals from the
same arthropod group were excluded, and the remaining arthropod
abundance data were normalized using a log base 10 transformation.
A global model was structured such that the arthropod taxa group
represented the main effect, while the respective abundance rep-
resented within each arthropod taxonomic group represented the
interaction effect, that is:

Y=a+b, Xy +bX. X, +e

where Y represents the binary presence/absence of an arthropod taxa
group in a sample, X, is the group, and X, is the corresponding abun-
dance of that particular group. Collection site, Julian week, and year
were also included in the global model, and were then sequentially re-
moved from the model when terms were not statistically significant as
determined by the Wald tests. Araneae was chosen as the reference
variable for arthropod groups because this group was neither common
nor rare in black-light traps or in the diets of both bat species in this
study, and the reported positive and negative effects are relative to
this group. Little brown and big brown bats are typically thought to
forage primarily by aerial hawking, although both display some flexibil-
ity in foraging strategies and can glean nonflying prey such as Araneae
(Kurta & Baker, 1990; Ratcliffe and Dawson, 2003). For interaction

terms, the reported slope f. . represents the slope of the interaction

int
effect only, and OR represents the odds ratio of the main effect com-
bined with the interaction.

To assess the relationships between dietary diversity and un-
derlying prey abundance, we compared Hill numbers in bat guano
samples with Hill numbers in corresponding black-light trap sam-
ples. For both bat guano and black-light trap samples, Hill numbers
were calculated based on relative abundance following Alberdi &
Gilbert, 2019 and were assessed at the orders of diversity for g = 0
(richness), g = 1 (Shannon diversity) and g = 2 (Simpson diversity).
To compare the similarities between bat diet composition, we also
calculated family-level Sgrenson turnover using the R package ‘veg-
etarian’ (Charney & Record, 2015). Turnover was calculated for both
read-based (RRA) and presence-based (WPQ) metrics for all samples
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FIGURE 1 Characterization of bat diets using HTAS. (a) Comparison of within-order richness at family, genus, species and OTU taxonomic
levels. Black bar represents the median, boxes represent the interquartile range (IQR), whiskers represent minimum and maximum

values, and shades indicate the taxonomic level for each major arthropod order. (b) Interpolated and extrapolated accumulation curves

for family-level taxonomic richness. Solid lines represent interpolation, dotted lines represent extrapolation, and colours indicate bat
species. (c) Density distribution of relative read abundance, with colours indicating major arthropod orders. Transparent colours represent
RRA, a read-based metric of relative abundance within a sample, while solid colours represent wPO, a presence-based metric of relative
abundance within a sample. EPFU, big brown bat (Eptesicus fuscus), MYLU, little brown bat (Myotis lucifugus) [Colour figure can be viewed at

wileyonlinelibrary.com]

cumulatively and for samples aggregated by the time period of sam-
ple collection and by collection site.

In order to test the influence of arthropod abundance on di-
etary variation, we conducted a constrained ordination using the R
package ‘vegan’ (Oksanen et al., 2019). Specifically, we performed a
redundancy analysis (RDA) separately for each bat species on pres-
ence/absence matrices at the family and OTU levels. RDA scores
were extracted, and linear explanatory variables (including week,
year and arthropod abundances at the local and regional scales)
were then fit onto the ordination as environmental vectors using
the ‘envfit’ function. For these analysis, local abundance represents
the abundance of an arthropod group in a black-light sample cor-
responding to a guano sample from the same site and week, while
regional abundance represents the mean abundance of an arthro-
pod group aggregated across sites for each week. All analyses were
conducted in R (R Core Team, 2020) with additional R packages used
for data processing and visualization including ‘dplyr’, ‘tidyverse’,
‘ggplot2’, ‘reshape2’ and ‘wesanderson’ (Ram & Wickham, 2018;
Wickham, 2020; Wickham, Chang, et al., 2020; Wickham, Francois,
et al., 2020; Wickham et al., 2019).

3 | RESULTS

3.1 | Sequencing results

A total of 105 little brown bat samples (62.5%, n = 168) and 59 big
brown (62.8%, n = 94) bat samples were successfully amplified. A
total of 1,594 arthropod OTUs were detected in bat samples: 1,199
in little brown bat samples (75.2%) and 735 in big brown bat sam-
ples (46.1%). A total of 340 OTUs were detected in both bat spe-
cies (21.3%). For little brown bats, 923 OTUs were identified to the
family level (77.0%), 798 to the genus level (66.6%) and 618 to the
species level (51.5%). For big brown bats, 540 OTUs were identified
to the family level (73.5%), 496 to the genus level (67.5%) and 418 to
the species level (56.9%). Between little brown and big brown bats,
there was not a statistically significant difference in the number of
OTUs identified at different taxonomic levels (4% = 6, df = 4, p = .199).
For both bat species, Hymenoptera and Araneae had the lowest per-
centages of OTUs identified beyond order, while Ephemeroptera
had the highest percentages of OTUs identified beyond order (Table
S1). For the insect mock community, all 34 known arthropods were
recovered and identified. Our mock community includes 2 mock
members that have known sequence variants that are included in
the mock (Jusino et al., 2019), and those variants cluster with the

originating sequence. Three additional OTUs were also detected,
for which two were identified as separate variants of a known mock
community member (Apis mellifera), and the other was detected
at very low reads (n = 3 reads) and likely represents a chimeric se-
quence (Table S2).

3.2 | Batdiet composition

The most commonly detected OTUs and families for each bat spe-
cies, as measured by incidence, wPO, and RRA, are reported in
Tables 2a and 2b and 3, and in Table S3a-c. Among little brown bats,
a significantly higher richness of Araneae, Diptera, Hemiptera and
Lepidoptera families, genera and species was detected, while sig-
nificantly fewer Coleopteran families, genera and species were de-
tected in comparison with big brown bats (Figure 1a; Table S4). At
the OTU level, a significantly higher richness of Araneae, Diptera,
Hemiptera and other Arthropoda and significantly lower Coleoptera
richness were detected among little brown bat samples (Figure 1a;
Table S4). There was no statistically significant interspecific differ-
ence in the richness of Ephemeroptera, Hymenoptera or Trichoptera
at any of the taxonomic levels. A total of 181 and 142 arthropod
families were detected and identified in little brown and big brown
bat samples, respectively. Using an asymptotic estimate of total fam-
ily richness, 217 total families were predicted to be detected among
little brown bat samples (95% ClI = 198, 259), and 173 families were
predicted to have been detected among big brown bat samples (95%
Cl = 156, 210) (Figure 1b). For little brown bat samples at the ordi-
nal level, Diptera had the highest mean wPO and RRA (Figure 1c).
Lepidoptera had the next highest mean wPO, while Coleoptera had
the next highest mean RRA. For big brown bats at the ordinal level,
Coleoptera had the highest mean wPO and RRA, while Diptera had
the next highest mean wPO and mean RRA (Figure 1c).

3.3 | Arthropod abundance in black-light traps

Across all black-light samples, Trichoptera had the highest mean
abundance (x = 645.4, IQR = 103.5-743.2), followed by Diptera:
Culicidae/Chironomidae (x = 594.5, IQR = 16-222) and other
Coleoptera (x = 243.3, QR = 13.3-236.8; Figure 2a). The same groups
also had the highest mean percentages of the total sample abun-
dance, with Trichoptera representing 21.6% of the total sample abun-
dance on average (IQR = 10.7-37.2%), followed by Diptera: Culicidae/

Chironomidae (x = 10.3, IQR = 2.0-10.3%) and other Coleoptera
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FIGURE 2 Characterizing arthropod prey communities using black-light traps. (a) Log,, abundance of focal arthropod groups in black-light
traps. Black bar represents the median, boxes represent the interquartile range (IQR), whiskers represent minimum and maximum values, and
colours indicate major arthropod orders. (b) Density distribution of the percentage of total sample abundance for major arthropod orders

as a per cent of the total arthropod abundance in black-light trap samples. (c) Black-light trap intra-ordinal community composition by Julian
week in years 2015 and 2016. Colours represent major arthropod orders and groups, and the shades of each colour represent lower-level
taxonomic groups within each category [Colour figure can be viewed at wileyonlinelibrary.com]
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(x = 7.9, IQR = 1.7-10.0%) When grouped by orders, the highest
mean percentages of total sample abundance were Coleoptera
(x = 23.2, IQR = 7.8-33.6%), Trichoptera and Diptera (x = 17.4,
IQR = 7.3-22.1%). Between years, there were significantly lower raw
abundances of total Hemiptera (t,, 5, = 2.64, p = .01), Hymenoptera
(tsg 91 = 2.09, p = .04) and Lepidoptera (t;,,, = 4.60, p < .001) in 2016.
Qualitatively, prey communities were seldom dominated by any one
particular taxonomic group (Figure 2b), although groups were highly

variable overall and changed from week to week (Figure 2c).

3.4 | Relating dietary composition with
arthropod abundance

3.4.1 | Bigbrown bats (Eptesicus fuscus):
logistic regression

For big brown bats, the model including collection site as variable
performed significantly better than the null model (p <.001) and was
therefore retained as a predictor variable. For this analysis, 7 arthro-
pod groups had a statistically significant positive main effect on the
probability of detection in diet and 8 arthropod groups had a statisti-
cally significant negative main effect on the probability of detection
in diet (Figure 3a). None of the groups had a statistically significant
interaction with its respective abundance after accounting for the

main effect of arthropod group identity (Figure 3b).

3.4.2 | Little brown bats (Myotis lucifugus):
logistic regression

For little brown bats, the model including Julian week as a variable
performed significantly better than the null model (p = .007) and
was therefore retained as a predictor variable. For this analysis, 3
arthropod groups had a statistically significant positive main effect
on the probability of detection in diet and 17 arthropod groups has
a statistically significant negative main effect on the probability
of detection in diet (Figure 3a). Corixidae, other Hemiptera, other
Lepidoptera and Trichoptera had a marginally significant interac-
tion with abundance (p = .015, 8, , = 1.004, OR = 0.308; p = .020,
B = 0.785, OR = 0.609; p = .042, g, . = 0.838, OR = 1.96; p = .037,
fie = 0.438, OR = 1.11; Figure 3b).

3.4.3 | Diversity metrics

Big brown bats had higher rates of turnover than little brown bats
for all samples overall and for samples aggregated by time and col-
lection site, which was consistent for all orders of diversity and for
both RRA and wPO (Table 4). For both bat species, turnover aggre-
gated by site was also higher than turnover aggregated by time pe-

riod (Table 4). We found no relationship between the Hill numbers

calculated from bat guano samples and the Hill numbers calculated
from corresponding black-light trap samples, which was consistent

for all orders of diversity (Figure 3c).

3.4.4 | Influences of local and regional abundances
on dietary composition

For big brown bats at the family level, local Coleoptera and local
Lepidoptera abundances were significant vectors in the ordina-
tion (R? = 1197, p = .012; R? = .156, p = .029), while local Hemiptera,
local Hymenoptera and regional Hemiptera were marginally sig-
nificant vectors (R? = .122, p = .057; R? = .101, p = .100; R? = .124,
p = .085; Figure 4a). For big brown bats at the OTU level, week and
local Lepidoptera abundances were marginally significant vectors
(R?* = 161, p = .065; R? = .154, p = .079; Figure 4b). For little brown
bat diets at the family level, local Hymenoptera, local Trichoptera,
regional Hemiptera and regional Trichoptera abundances were sig-
nificant vectors (R? = .121, p = .038; R? = .112, p = .029; R? = .108,
p =.048; R? = 111, p = .047), while week, local Hemiptera and local
total abundances were marginally significant vectors (R? = .094,
p =.057; R? = 100, p = .055; R? = .081, p = .084; Figure 4a). For little
brown bats at the OTU level, local Coleoptera, local Diptera, local
Trichoptera, local total and regional Trichoptera abundances were
significant vectors (R? = .323, p = .001; R? = .277,p = .001; R? = .170,
p = .005; R? = .306, p = .001; R? = .146, p = .016), while regional
Diptera and regional total abundances were marginally significant
vectors (R? =.095, p = .078; R? = .104, p = .061; Figure 4b).

4 | DISCUSSION

The results from this study support our hypothesis that generalist
predators would display preferences for certain prey and that the
local abundance of a prey group would not strongly influence the
probability of its consumption. Although some less commonly con-
sumed groups were slightly more likely to be consumed when they
were more abundant, the statistical magnitude of these effects was
generally small. We also found no evidence of correlation between
dietary diversity and underlying prey diversity. Among both bat spe-
cies, we found that prey abundance influenced community-level
dietary composition, suggesting that bats do adjust their foraging
patterns in response to changing prey resources, though not nec-
essarily as a direct response to increasing quantitative abundance
of a particular prey resource. As the dietary data resulting from
HTAS cannot necessarily be extrapolated to represent prey quan-
tities (Brandon-Mong et al., 2015; Clarke et al., 2014; Pifiol et al.,
2015), our results are not a true estimation of a functional response.
Nonetheless, as described below, this study provides insights into
how changes in prey abundance affect the probability of prey con-
sumption and the overall dietary composition in two highly general-

ist predators.
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4.1 | Relating prey detection in bat diets with
arthropod abundance

Quantifying prey availability is difficult for generalists that con-
sume hundreds or even thousands of prey items. All arthropod
trapping methods carry biases and do not necessarily sample ar-
thropod communities evenly (Kirkeby et al., 2013; Kremen et al.,
1993). In this study, we characterized arthropod communities by
comparing the raw abundance of groups, the percentage of total
sample abundance and the intra-order proportional abundance
of each group. Overall, we found that the night-flying arthropod
communities in this study system were highly variable, but seldom
dominated by a single arthropod group. Trichoptera were consist-
ently abundant, as were certain groups within Diptera (namely,
Culicidae/Chironomidae and other Diptera) and within Coleoptera
(namely Carabidae, Staphylinidae and other Coleoptera). Our re-
sults suggest that prey communities in this study system are gen-
erally not characterized by large resource pulses, at least among
the taxa that are well represented by the arthropod trapping
method. Despite the many challenges in relating prey abundance
with generalist dietary composition, by sampling arthropod abun-
dance near bat roosts and comparing the relative abundance of
each group with the probability of its detection in guano samples,
our study represents one of the most intensive efforts to associ-
ate quantitative prey information with a noninvasive HTAS-based
diet study.

Perfectly sampling the entire suite of prey available to a colony
of bats is impossible given large home and foraging range sizes, the
diversity of available prey, and the range of different habitats those
prey occupy. In this study, bats were observed flying near black-light
trap locations during roost emergence counts, and as part of a sep-
arate study, passive acoustic monitoring indicated that bat foraging
activity was high near black-light trap sampling locations (Wray et al.
unpublished data). Moreover, lactating female little brown bats have
been shown to usually forage within 600 m of the roost (Henry
et al., 2002). Thus, we conclude that there is a reasonable a priori
expectation that bat diets could track spatiotemporal variation in
arthropods present at arthropod sampling locations. Nevertheless,
we acknowledge that our sampling design may not fully reflect ar-
thropod communities for bats with large foraging ranges and we
suggest that future studies could also incorporate tracking efforts
(perhaps in nonbreeding bats or in populations that are not currently

threatened) or could conduct sampling in multiple habitat types at
various distances from bat roosts. We also acknowledge that black-
light trap samples cannot capture the total spectrum of prey avail-
able for a highly mobile predator. The data resulting from arthropod
communities as captured by black-light traps and prey communities
present in diets as detected by HTAS are difficult to compare, and
subsequent research efforts may consider incorporating additional
HTAS analyses for prey communities. However, such studies would
still require some measure of quantitative prey abundance mea-
surement through trapping or survey efforts, since HTAS data are
semi-quantitative (Deagle et al., 2019; Jusino et al., 2019; Palmer
et al., 2018). Using HTAS for both prey and diet communities would
also necessitate additional measures (such as processing in separate
laboratories) to avoid issues with contamination and may require
further evaluation of potential amplification biases between prey
community samples and faecal samples due to differences in tem-
plate quality.

Classical measures of preference dictate that determining which
prey are preferred requires information on both prey consumption
and prey abundance, availability or density (Chesson, 1978, 1983;
Rapport & Turner, 1970). In this study, we found that after incorpo-
rating prey abundance, the interaction between prey group identity
and prey abundance was not statistically significant for most prey
groups, though the magnitude of the statistical effect size of prey
group identity was influenced by abundance. For example, the effect
size of the highest ranked categories for both bat species based on
diet information alone decreased slightly after accounting for their
respective abundance (Figure S2). Among both bat species, although
several different prey groups had the largest effect sizes based on
diet alone, other Diptera had the largest effect size when including
abundance. These results, however, could be an artefact of either
the grouping of Diptera taxa or the low abundance of Limoniidae in
black-light trap samples. Alternatively, among little brown bats, both
Chironomidae (in the model with diet only) and the group combin-
ing Chironomidae and Culicidae (in the model with diet and abun-
dance) maintained large effect sizes, although the Chironomidae/
Culicidae group was among the most abundant arthropod groups
present in black-light trap samples. Overall, the results from this
study demonstrate that while prey identity generally appears to out-
weigh abundance in determining the probability of detection in bat
diets, incorporating some measures of background prey abundance

FIGURE 3 Relationships between bat diets and local arthropod prey abundance and diversity. (a) Binary logistic regression main effects
of arthropod group identity as predictors of the probability of detection (presence/absence) of arthropod prey in bat guano samples.
Points indicate the estimate, and lines indicate the 95% confidence interval. The dotted line indicates zero, such that confidence intervals
nonoverlapping with zero suggest statistically meaningful model terms. Closed circles indicate overlap with zero, open triangles indicate
nonoverlap with zero. (b) Binary logistic regression interaction effects between arthropod group identity and quantitative arthropod
abundance as predictors of the probability of detection in guano samples after accounting for the main effect of group identity. Points
indicate the estimate, and lines indicate the 95% confidence interval. The dotted line indicates zero, such that confidence intervals
nonoverlapping with zero suggest statistically meaningful model terms. Closed circles indicate overlap with zero, open triangles indicate
nonoverlap with zero. (c) Generalized linear model (GLM) regression of Hill numbers in black-light trap samples as predictors of Hill numbers
in bat guano samples, estimated at different orders of diversity measures (q). EPFU = big brown bat (Eptesicus fuscus), represented by light
blue circles in panel C; MYLU = little brown bat (Myotis lucifugus), represented by red triangles in panel C [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 4 Family-level Sgrensen turnover rates of read-based (RRA) and incidence-based (wPQ) bat diet composition for all samples and
for samples aggregated by collection site and time (i.e. the week and year of sample collection).

RRA wPO
q=0 q=1 q=2 q=0 q=1 q=2
All samples EPFU 0.166 0.112 0.095 All samples EPFU 0.166 0.068 0.047
MYLU 0.108 0.074 0.057 MYLU 0.108 0.039 0.018
Site EPFU 0.310 0.220 0.248 Site EPFU 0.310 0.113 0.058
MYLU 0.197 0.185 0.184 MYLU 0.197 0.081 0.038
Time EPFU 0.207 0.149 0.167 Time EPFU 0.207 0.097 0.082
MYLU 0.139 0.099 0.083 MYLU 0.139 0.057 0.033

The order of the diversity measure is represented by g.

Abbreviations: EPFU, big brown bat (Eptesicus fuscus); MYLU, little brown bat (Myotis lucifugus).

remains important for accurately estimating the preferences of a
predator.

Despite potential limitations in estimating prey availability, our
results provide strong evidence that changes in local prey abun-
dance have little effect on the probability of prey detection in bat
diets. As a notable exception, other Lepidoptera (a group repre-
senting Lepidoptera not belonging to the focal groups of the study
or not identified beyond the ordinal level) were more likely to be
detected in little brown bat guano samples as a function of in-
creasing abundance. Previous morphological studies have demon-
strated that little brown bats can switch between opportunistic
and selective foraging depending on seasonality and reproductive
stage (Anthony & Kunz, 1977; Belwood & Fenton, 1976; Burles
et al., 2008). Indeed, the focal species of this study are highly
mobile predators in a complex system with many alternative prey
resources, and thus, their responses to changing resource avail-
ability are difficult to predict without corresponding foraging
movement information such as radio-tracking data (e.g. Almenar
et al., 2013). Bats have also been documented employing oppor-
tunistic foraging around objects, such as lights and even animals,
that attract arthropods (Palmer et al., 2019; Rowse et al., 2016),
suggesting the possibility that black-light traps may have an effect
on bat foraging or on prey community sampling. It is also import-
ant to note that certain taxa (such as Ephemeroptera and Diptera:
Limoniidae) were frequently detected in bat diets but seldom cap-
tured in black-light traps, likely because they are not particularly
attracted to the type of trap used in this study.

While prey abundance was generally unrelated to the proba-
bility of consumption, we found that both local and regional abun-
dances had influences on the community-level dietary composition
of both bat species. These results varied slightly depending on the
taxonomic levels that were assessed. For big brown bats, OTU-level
dietary composition appeared to be less influenced by temporal
factors or arthropod group abundance, while family-level dietary
composition appeared to be more strongly influenced by the local
or regional abundance of several groups. In contrast, little brown bat
dietary composition was influenced by combinations of local and
regional arthropod abundances, many of which were consistent at

both taxonomic levels. The effect of Julian week, in contrast, ap-
peared to have an effect only on the family-level community com-
position. These results suggest several processes, particularly in the
light of measurements of turnover. First, the dietary composition of
big brown bats had higher overall turnover, despite displaying less
clear responses to changing arthropod abundance. However, the
overall arthropod community sampling results from this study sug-
gest that big brown bats tend to consume prey that are intrinsically
less variable in quantitative abundance. Second, turnover calcula-
tions indicated that the dietary composition of both bat species was
more similar when aggregated by site than when aggregated by time,
indicating that temporal changes may be more influential than lo-
cal-scale spatial changes in prey availability.

Our findings demonstrate that little brown and big brown bats
can adjust their foraging strategies in response to changes in prey
communities, but that the probability of detecting prey in their diets
does not increase directly as a function of quantitative prey avail-
ability and likely involves complex behaviours related to prey prefer-
ences. Despite interspecific differences in total dietary composition,
both bat species displayed strong preferences for particular prey.
These patterns are consistent with previous studies, suggesting
that these bat species are usually not limited by prey availability and
do not compete directly with each other, likely due to their physio-
logical differences and high dispersal abilities (Barclay & Brigham,
1991; Kunz, 1973; Moosman et al., 2012). We also found that ar-
thropod predators such as spiders, predatory beetles and lacewings
were somewhat common in the diets of both bat species. In com-
bination with their apparent selectivity, foraging at a high trophic
level suggests that these bat species could have both consumptive
and nonconsumptive effects on arthropod communities, which may
consequently alter prey behaviour or otherwise complicate the re-
lationship between prey availability and prey consumption. The
patterns observed in this study may also be influenced by some de-
gree of individual-level specialization (Bolnick et al., 2002), as both
little brown and big brown bats tend to have large maternity colo-
nies (Fenton, 1980; Kurta & Baker, 1990), and the sampling design
of this study represents colony-level diet composition. Overall, our
results provide additional evidence that selective predation among
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FIGURE 4 Influences of temporal variables and arthropod abundance on the composition of bat diets. Local abundance represents the

abundance of arthropod groups at a site in a particular week and year, while regional abundances represent the abundance of arthropod
groups at all sites in a particular week and year. (a) Redundancy analysis (RDA) plots based on family-level presence/absence matrices,
with overlaid statistically significant and marginally significant environmental vectors. (b) RDA plots based on OTU level presence/absence
matrices, with overlaid statistically significant and marginally significant environmental vectors. Bold text indicates environmental vectors
with p < .05, while regular text indicates environmental vectors with p < .10. Point symbols represent distinct sampling sites. EPFU, big
brown bat (Eptesicus fuscus), MYLU, little brown bat (Myotis lucifugus) [Colour figure can be viewed at wileyonlinelibrary.com]

generalists may be more common than previously thought, particu-
larly among predators that are highly mobile and that forage in spe-

cies-rich systems.

4.2 | Implications for HTAS studies on
predators of arthropods

The diets of both bat species contained many taxonomic groups,
but Diptera and Coleoptera had the highest OTU, species, genus
and family richness among little brown and big brown bat guano
samples, respectively. A higher taxonomic richness of prey items
was detected in little brown bat diets in comparison with big brown
bat diets, with accumulation curves indicating that sample sizes
in this study were sufficient for drawing comparisons between
bat species. These results are generally consistent with previous
studies that used both molecular and morphological methods (e.g,

Agosta, 2002; Anthony & Kunz, 1977; Belwood & Fenton, 1976;
Burles et al., 2008; Clare, Symondson, & Broders, 2014; Clare,
Symondson, & Fenton, 2014). Notably for both bat species, the
percentage of OTUs identified to the species, genus and family
levels were highly variable within different arthropod orders. For
example, while Diptera: Chironomidae had the highest richness of
OTUs, this family is highly speciose and well represented in refer-
ence databases. Despite ever-increasing database building efforts,
arthropods still tend to have fewer reference sequences identified
beyond the ordinal level, and often retain incomplete or unresolved
taxonomy (Hebert et al., 2016; Stork, 2018). Thus, using HTAS for
dietary studies in a highly generalist predator that consumes prey
from underrepresented taxonomic groups represents a unique
challenge from several perspectives.

While the taxonomic richness of prey items can serve as a
proxy of underlying functional or genetic diversity, read-based and
presence-based metrics (e.g. RRA and wPO, respectively) are also
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frequently used for characterizing dietary composition. In this study,
weighted presence-based and read-based measures were generally
consistent, with a few exceptions. For example, Lepidoptera tended
to have a mean RRA that was much lower than the mean wPO for
both bat species. Similarly, the mean RRA for Diptera tended to be
lower than the mean wPO for big brown bats. These differences
may be attributed to biases inherent to occurrence-based metrics,
which can potentially overestimate the importance of food items
consumed in low quantities and can be highly sensitive to contami-
nation issues (Deagle et al., 2019; Lamb et al., 2019). In contrast, we
found that among big brown bat guano samples an OTU assigned to
Potamyia flava (Trichoptera: Hydropsychidae) had a mean RRA that
was more than three times higher than the OTU with the next high-
est mean RRA. The same OTU was also detected among little brown
bat guano samples, but did not have an unusually high mean RRA,
and other members of the mock community in the order Trichoptera
did not have unusually high reads (Figure S3). Additionally, an eval-
uation of the primer set used in this study showed that other fre-
quently used primers (ZBJ, COIl L/H) did not detect P. flava (Jusino
et al., 2019). The high mean RRA of this prey item among big brown
bat guano samples could also be driven by instances where few total
prey items were detected. However, other studies have noted that
Trichoptera, which often emerge en masse, may be particularly de-
sirable to bats (Whitaker, 2004). In the context of the mock com-
munity and ecological background information, the read-based
metrics associated with Potamyia flava in big brown bat diets could
potentially reflect some degree of biomass within guano samples.
Although read-based metrics can be highly sensitive to recovery and
PCR biases, and as such, their value remains only semi-quantitative
(Deagle et al., 2019; Jusino et al., 2019; Palmer et al., 2018), these
results nonetheless demonstrate the utility of mock communities for
comparing and contextualizing both read-based and presence-based
metrics.

When comparing our results with previous morphological and
molecular studies, the importance of defining taxonomic levels was
readily apparent. For example, we found that for both bat species,
the OTU with the highest raw incidence did not belong to the family
with the highest raw incidence. Similarly, for big brown bats the OTU
with the highest mean wPO and mean RRA at the OTU level corre-
sponded to the highest family-level mean RRA, but not to the fam-
ily-level mean wPO. In contrast, for little brown bats, the OTU with
the highest mean RRA did not correspond to the highest family-level
mean RRA or wPO. These results suggest that, in addition to dif-
ferences between richness-based, read-based and presence-based
metrics, considering the taxonomic level of prey detected in di-
etary samples can also influence the interpretation of HTAS data.
Strategies such as aggregating prey categories at higher taxonomic
levels or assigning trait-based functional analyses may provide better
approximations of prey resource states (e.g. Arrizabalaga-Escudero
et al., 2019), as the high resolution of most OTU-based prey catego-
ries likely do not correspond to how prey are actually distinguished

by predators.

Comparing dietary composition with prey availability in many
highly generalist species, including arthropodivorous vertebrates,
remains challenging, particularly when connecting the different data
types resulting from both molecular methods and capture-based
studies. However, as this study demonstrates, the most frequently
consumed prey and the preferred prey are not necessarily the same,
and some measure of underlying prey availability must be quantified
in order to accurately determine when predation is selective. The
need for improved practices among DNA barcoding for dietary stud-
ies has been highlighted by several recent papers (e.g. Alberdi et al.,
2019; Jusino et al., 2019; Zinger et al., 2019). However, compara-
tively fewer studies have provided guidelines for the interpretation
of data in terms of understanding ecological processes. While we
encourage the use of robust positive controls—such as mock com-
munities—as a solution for parameterizing the biases inherent to mo-
lecular methods, we also emphasize the serious need for considering
how the resulting data can be interpreted in order to fit within an
ecological framework.

ACKNOWLEDGEMENTS

The authors thank Brenna Decker, Erin Green, Emma Pelton and
Michael Stocking for designing and building the solar-powered black-
light traps. We thank Mike & Jane Balch, Rhonda Enge, Marci & Jim
Hess, Elaine Horn, Gary Jansen, Phillip Kerl and Elaine Swanson for
their contributions to sample collection for this project. We thank
John Arthur, Kathleen Gruentzel, Heather Kaarakka, Darren Marsh
and J. Paul White for assistance coordinating sampling at state and
county parks. We also thank three anonymous reviewers for their
helpful comments and assistance with improving early versions of
this manuscript. The authors dedicate this paper to Ronald Leslie
Kerl, a University of Wisconsin alumnus and community scien-
tist who participated in this project and devoted his life to science

education.

AUTHOR CONTRIBUTIONS

MZP, CG and DLL designed the study. AKW and JMK performed
field and laboratory work. MAJ provided the arthropod mock com-
munity. MAJ, MTB, JMP and AKW conducted sequencing and bio-
informatics processing. AKW analysed the data and created figures.
AKW and MZP wrote the manuscript. All authors reviewed and ed-
ited the manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly avail-
able in SRA at https://dataview.ncbi.nlm.nih.gov/object/PRINA
6685267?reviewer=rfk77a%krsl4d12chvpl19sh7d.
PRINA668526.

Accession  no.

ORCID

Amy K. Wray & https://orcid.org/0000-0001-9685-8308
Michelle A. Jusino " https://orcid.org/0000-0002-3284-4254
Jonathan M. Palmer "= https://orcid.org/0000-0003-0929-3658


https://dataview.ncbi.nlm.nih.gov/object/PRJNA668526?reviewer=rfk77a9krsl4d12chvpl19sh7d
https://dataview.ncbi.nlm.nih.gov/object/PRJNA668526?reviewer=rfk77a9krsl4d12chvpl19sh7d
https://orcid.org/0000-0001-9685-8308
https://orcid.org/0000-0001-9685-8308
https://orcid.org/0000-0002-3284-4254
https://orcid.org/0000-0002-3284-4254
https://orcid.org/0000-0003-0929-3658
https://orcid.org/0000-0003-0929-3658

WRAY ET AL.

REFERENCES

Agosta, S. J. (2002). Habitat use, diet and roost selection by the big
brown bat (Eptesicus fuscus) in North America: A case for conserv-
ing an abundant species. Mammal Review, 32, 179-198.

Alberdi, A., Aizpurua, O., Bohmann, K., Gopalakrishnan, S., Lynggaard, C.,
Nielsen, M., & Gilbert, M. T. P. (2019). Promises and pitfalls of using
high-throughput sequencing for diet analysis. Molecular Ecology
Resources, 19, 327-348.

Alberdi, A., & Gilbert, M. T. (2019). A guide to the application of Hill num-
bers to DNA-based diversity analyses. Molecular Ecology Resources.,
19,804-817.

Alberdi, A., Razgour, O., Aizpurua, O., Novella-Fernandez, R., Aihartza,
J., Budinski, 1., Garin, I., Ibaiez, C., Izagirre, E., Rebelo, H., Russo,
D., Vlaschenko, A., Zhelyazkova, V., Zrnci¢, V., & Gilbert, M. T. P.
(2020). DNA metabarcoding and spatial modelling link diet diver-
sification with distribution homogeneity in European bats. Nature
Communications, 11, 1-8.

Almenar, D., Aihartza, J., Goiti, U., Salsamendi, E., & Garin, |. (2013).
Hierarchical patch choice by an insectivorous bat through prey
availability components. Behavioral Ecology and Sociobiology, 67,
311-320.

Anthony, E. L., & Kunz, T. H. (1977). Feeding strategies of the little brown
bat, Myotis lucifugus, in southern New Hampshire. Ecology, 58,
775-786.

Arrizabalaga-Escudero, A., Merckx, T., Garcia-Baquero, G., Wahlberg, N.,
Aizpurua, O., Garin, I., Goiti, U., & Aihartza, J. (2019). Trait-based
functional dietary analysis provides a better insight into the forag-
ing ecology of bats. Journal of Animal Ecology, 88, 1587-1600.

Barclay, R. M., & Brigham, R. M. (1991). Prey detection, dietary niche
breadth, and body size in bats: why are aerial insectivorous bats so
small? The American Naturalist, 137, 693-703.

Baroja, U., Garin, 1., Aihartza, J., Arrizabalaga-Escudero, A., Vallejo, N.,
Aldasoro, M., & Goiti, U. (2019). Pest consumption in a vineyard
system by the lesser horseshoe bat (Rhinolophus hipposideros). PLoS
ONE, 14,e0219265.

Baudrot, V., Perasso, A., Fritsch, C., Giraudoux, P., & Raoul, F. (2016). The
adaptation of generalist predators' diet in a multi-prey context: in-
sights from new functional responses. Ecology, 97, 1832-1841.

Belwood, J. J., & Fenton, M. B. (1976). Variation in the diet of Myotis lu-
cifugus (Chiroptera: Vespertilionidae). Canadian Journal of Zoology,
54,1674-1678.

Bolnick, D. I., Svanback, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey,
C. D., & Forister, M. L. (2002). The ecology of individuals: Incidence
and implications of individual specialization. The American
Naturalist, 161, 1-28.

Boyles, J. G., Cryan, P. M., McCracken, G. F, & Kunz, T. H. (2011).
Economic importance of bats in agriculture. Science, 332, 41-42.

Brandon-Mong, G.-J., Gan, H.-M,, Sing, K.-W., Lee, P.-S., Lim, P-E., &
Wilson, J.-J. (2015). DNA metabarcoding of insects and allies:
an evaluation of primers and pipelines. Bulletin of Entomological
Research, 105, 717-727.

Burles, D. W., Brigham, R. M., Ring, R. A., & Reimchen, T. E. (2008). Diet
of two insectivorous bats, Myotis lucifugus and Myotis keenii, in rela-
tion to arthropod abundance in a temperate Pacific Northwest rain-
forest environment. Canadian Journal of Zoology, 86, 1367-1375.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A.,
& Holmes, S. P. (2016). DADAZ2: High-resolution sample inference
from Illumina amplicon data. Nature Methods, 13, 581.

Charney, N., & Record, S. (2015). Jost diversity measures for community
data. Package ‘vegetarian’. R package version 1.2.

Chesson, J. (1978). Measuring preference in selective predation. Ecology,
59,211-215.

Chesson, J. (1983). The estimation and analysis of preference and its re-
lationship to foraging models. Ecology, 64, 1297-1304.

871
MOLECULAR ECOLOGY VA LEYJ—

Chesson, P. L. (1984). Variable predators and switching behavior.
Theoretical Population Biology, 26, 1-26.

Clare, E. L., Barber, B. R., Sweeney, B. W., Hebert, P. D. N., & Fenton,
M. B. (2011). Eating local: Influences of habitat on the diet of little
brown bats (Myotis lucifugus). Molecular Ecology, 20, 1772-1780.

Clare, E. L., Symondson, W. O. C., Broders, H., Fabianek, F., Fraser, E. E.,
Mackenzie, A., Boughen, A., Hamilton, R., Willis, C. K. R., Martinez-
Nunez, F., Menzies, A. K., Norquay, K. J. O., Brigham, M., Poissant,
J., Rintoul, J., Barclay, R. M. R., & Reimer, J. P. (2014). The diet of
Myotis lucifugus across Canada: assessing foraging quality and diet
variability. Molecular Ecology, 23, 3618-3632.

Clare, E. L., Symondson, W. O. C., & Fenton, M. B. (2014). An inordinate
fondness for beetles? Variation in seasonal dietary preferences of
night-roosting big brown bats (Eptesicus fuscus). Molecular Ecology,
23,3633-3647.

Clarke, L. J., Soubrier, J., Weyrich, L. S., & Cooper, A. (2014). Environmental
metabarcodes for insects: In silico PCR reveals potential for taxo-
nomic bias. Molecular Ecology Resources, 14, 1160-1170.

Dale, B. W., Adams, L. G., & Bowyer, R. T. (1994). Functional response of
wolves preying on barren-ground caribou in a multiple-prey eco-
system. Journal of Animal Ecology, 63, 644-652.

Deagle, B. E., Thomas, A. C., Mclnnes, J. C., Clarke, L. J., Vesterinen, E.
J., Clare, E. L., Kartzinel, T. R., & Eveson, J. P. (2019). Counting with
DNA in metabarcoding studies: How should we convert sequence
reads to dietary data? Molecular Ecology, 28, 391-406.

Fenton, M. B., & Barclay, R. M. R. (1980). Myotis lucifugus. Mammalian
Species, 142, 1-8.

Hebert, P. D., Ratnasingham, S., Zakharov, E. V. et al (2016). Counting
animal species with DNA barcodes: Canadian insects. Philosophical
Transactions of the Royal Society B: Biological Sciences, 371, 20150333.

Henry, M., Thomas, D. W., Vaudry, R., & Carrier, M. (2002). Foraging dis-
tances and home range of pregnant and lactating little brown bats
(Myotis lucifugus). Journal of Mammalogy, 83, 767-774.

Holling, C. S. (1959a). The components of predation as revealed by a
study of small-mammal predation of the European pine sawfly. The
Canadian Entomologist, 91, 293-320.

Holling, C. S. (1959b). Some characteristics of simple types of predation
and parasitism. The Canadian Entomologist, 91, 385-398.

Hsieh, T., Ma, K., & Chao, A. (2016). INEXT: an R package for rarefaction
and extrapolation of species diversity (H ill numbers). Methods in
Ecology and Evolution, 7, 1451-1456.

Jusino, M. A., Banik, M. T., Palmer, J. M., Wray, A. K., Xiao, L., Pelton, E.,
Barber, J. R., Kawahara, A. Y., Gratton, C., Peery, M. Z., & Lindner,
D. L.(2019). An improved method for utilizing high-throughput am-
plicon sequencing to determine the diets of insectivorous animals.
Molecular Ecology Resources, 19, 176-190.

Kaartinen, R., Stone, G. N., Hearn, J., Lohse, K., & Roslin, T. (2010).
Revealing secret liaisons: DNA barcoding changes our understand-
ing of food webs. Ecological Entomology, 35, 623-638.

Kirkeby, C., Graesbgll, K., Stockmarr, A., Christiansen, L. E., & Badker, R.
(2013). The range of attraction for light traps catching Culicoides
biting midges (Diptera: Ceratopogonidae). Parasites & Vectors, 6, 67.

Krauel, J. J., Brown, V. A., Westbrook, J. K., & McCracken, G. F. (2018).
Predator-prey interaction reveals local effects of high-altitude in-
sect migration. Oecologia, 186, 49-58.

Krauel, J. J., Ratcliffe, J. M., Westbrook, J. K., & McCracken, G. F. (2018).
Brazilian free-tailed bats (Tadarida brasiliensis) adjust foraging
behaviour in response to migratory moths. Canadian Journal of
Zoology, 96, 513-520.

Kremen, C., Colwell, R. K., Erwin, T. L., Murphy, D. D., Noss, R. F., &
Sanjayan, M. A. (1993). Terrestrial arthropod assemblages: their use
in conservation planning. Conservation Biology, 7, 796-808.

Krey, K. L., Blubaugh, C. K., Chapman, E. G., Lynch, C. A, Snyder, G. B,,
Jensen, A. S., Fu, Z., Prischmann-Voldseth, D. A., Harwood, J. D., &



WRAY ET AL.

872
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Snyder, W. E. (2017). Generalist predators consume spider mites de-
spite the presence of alternative prey. Biological Control, 115,157-164.

Kunz, T. H. (1973). Resource utilization: temporal and spatial components
of bat activity in central lowa. Journal of Mammalogy, 54, 14-32.

Kunz, T. H., Braun de Torrez, E., Bauer, D., Lobova, T., & Fleming, T. H.
(2011). Ecosystem services provided by bats. Annals of the New York
Academy of Sciences, 1223, 1-38.

Kurta, A., & Baker, R. H. (1990). Eptesicus fuscus. Mammalian Species,
356, 1-10.

Lamb, P. D., Hunter, E., Pinnegar, J. K., Creer, S., Davies, R. G., & Taylor,
M. I. (2019). How quantitative is metabarcoding: A meta-analytical
approach. Molecular Ecology, 28, 420-430.

Manly, B. F., Miller, P., & Cook, L. M. (1972). Analysis of a selective preda-
tion experiment. The American Naturalist, 106, 719-736.

Mooney, K. A, Gruner, D. S., Barber, N. A., Van Bael, S. A., Philpott, S.
M., & Greenberg, R. (2010). Interactions among predators and the
cascading effects of vertebrate insectivores on arthropod commu-
nities and plants. Proceedings of the National Academy of Sciences,
107, 7335-7340.

Moosman, P. R., Thomas, H. H., & Veilleux, J. P. (2012). Diet of the wide-
spread insectivorous bats Eptesicus fuscus and Myotis lucifugus
relative to climate and richness of bat communities. Journal of
Mammalogy, 93, 491-496.

Murdoch, W. W.,, & Oaten, A. (1975). Predation and population stability.
In A. MacFayden (Ed.). Advances in Ecological Research (pp. 1-131).
Academic Press.

Nebel, S., Mills, A., McCracken, J., & Taylor, P. (2010). Declines of aerial
insectivores in North America follow a geographic gradient. Avian
Conservation and Ecology, 5(2), 1.

Novak, M., Wolf, C., Coblentz, K. E., & Shepard, I. D. (2017). Quantifying
predator dependence in the functional response of generalist pred-
ators. Ecology Letters, 20, 761-769.

Oksanen, J., Blanchet, F. G., Friendly, F., Kindt, R., Legendre, P., McGlinn,
D., Minchin, P.R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H., Szoecs, E., & Wagner, H. (2019). vegan: Community Ecology
Package. R package version 2.5-6.

Oksanen, T., Oksanen, L., Schneider, M., & Aunapuu, M. (2001).
Regulation, cycles and stability in northern carnivore-herbivore
systems: back to first principles. Oikos, 94, 101-117.

O'Shea, T. J., Cryan, P. M., Hayman, D. T. S., Plowright, R. K., & Streicker,
D. G. (2016). Multiple mortality events in bats: a global review.
Mammal Review, 46, 175-190.

Palmer, J. M., Jusino, M. A, Banik, M. T., & Lindner, D. L. (2018). Non-
biological synthetic spike-in controls and the AMPtk software pipe-
line improve mycobiome data. PeerJ, 6, e4925.

Palmer, M. S., Krueger, J., & Isbell, F. (2019). Bats join the ranks of ox-
peckers and cleaner fish as partners in a pest-reducing mutualism.
Ethology, 125, 170-175.

Panzacchi, M., Linnell, J., Odden, J., Odden, M., & Andersen, R. (2008).
When a generalist becomes a specialist: patterns of red fox pre-
dation on roe deer fawns under contrasting conditions. Canadian
Journal of Zoology, 86, 116-126.

Pifol, J., Mir, G., Gomez-Polo, P., & Agusti, N. (2015). Universal and
blocking primer mismatches limit the use of high-throughput DNA
sequencing for the quantitative metabarcoding of arthropods.
Molecular Ecology Resources, 15, 819-830.

Pifiol, J., San Andrés, V., Clare, E., Mir, G., & Symondson, W. (2014). A
pragmatic approach to the analysis of diets of generalist predators:
The use of next-generation sequencing with no blocking probes.
Molecular Ecology Resources, 14, 18-26.

Pompanon, F., Deagle, B. E., Symondson, W. O. C., Brown, D. S., Jarman, S.
N., & Taberlet, P. (2012). Who is eating what: diet assessment using
next generation sequencing. Molecular Ecology, 21, 1931-1950.

Preston, D. L., Henderson, J. S., Falke, L. P, Segui, L. M., Layden, T. J.,
& Novak, M. (2018). What drives interaction strengths in complex

food webs? A test with feeding rates of a generalist stream preda-
tor. Ecology, 99, 1591-1601.

Pringle, R. M. (2020). Untangling Food Webs. In A. Dobson, D. Tilman,
& R. D. Holt (Eds.), Unsolved Problems in Ecology (pp. 225-238).
Princeton University Press.

Prugh, L. R. (2005). Coyote prey selection and community stability during
a decline in food supply. Oikos, 110, 253-264.

Pulliam, H. R. (1974). On the theory of optimal diets. The American
Naturalist, 108, 59-74.

R Core Team (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ralph, C. P, Nagata, S. E., & Ralph, C. J. (1985). Analysis of droppings
to describe diets of small birds. Journal of Field Ornithology, 56,
165-174.

Ram, K., & Wickham, H. (2018). wesanderson: A Wes Anderson palette gen-
erator. R package version 0.3.6.

Rapport, D. J., & Turner, J. E. (1970). Determination of predator food
preferences. Journal of Theoretical Biology, 26, 365-372.

Ratcliffe, J. M., & Dawson, J. W. (2003). Behavioural flexibility: the lit-
tle brown bat, Myotis lucifugus, and the northern long-eared bat,
M. septentrionalis, both glean and hawk prey. Animal Behaviour, 66,
847-856.

Razgour, O., Clare, E. L., Zeale, M. R. K., Hanmer, J., Schnell, I. B.,
Rasmussen, M., Gilbert, T. P., & Jones, G. (2011). High-throughput
sequencing offers insight into mechanisms of resource partitioning
in cryptic bat species. Ecology and Evolution, 1, 556-570.

Rioux Paquette, S., Pelletier, F., Garant, D., & Bélisle, M. (2014). Severe
recent decrease of adult body mass in a declining insectivorous bird
population. Proceedings of the Royal Society B: Biological Sciences,
281, 20140649.

Ritger, A. L., Fountain, C. T., Bourne, K., Martin-Fernandez, J. A., &
Pierotti, M. E. (2020). Diet choice in a generalist predator, the in-
vasive lionfish (Pterois volitans/miles). Journal of Experimental Marine
Biology and Ecology, 524, 151311.

Roubinet, E., Jonsson, T., Malsher, G., Staudacher, K., Traugott, M.,
Ekbom, B., & Jonsson, M. (2018). High redundancy as well as com-
plementary prey choice characterize generalist predator food webs
in agroecosystems. Scientific Reports, 8, 1-10.

Rowse, E., Lewanzik, D., Stone, E., Harris, S., & Jones, G. (2016). Dark
matters: the effects of artificial lighting on bats. In C. C. Voight & T.
Kingston (Eds.). Bats in the Anthropocene: Conservation of Bats in a
Changing World (pp. 187-213). Springer.

Ryall, K. L., & Fahrig, L. (2006). Response of predators to loss and
fragmentation of prey habitat: a review of theory. Ecology, 87,
1086-1093.

Sacks, B. N., & Neale, J. C. (2002). Foraging strategy of a generalist pred-
ator toward a special prey: coyote predation on sheep. Ecological
Applications, 12, 299-306.

Schoener, T. W. (1971). Theory of feeding strategies. Annual Review of
Ecology and Systematics, 2, 369-404.

Sih, A., & Christensen, B. (2001). Optimal diet theory: when does it work,
and when and why does it fail? Animal Behavior, 61, 379-390.
Snyder, W. E., & Wise, D. H. (1999). Predator interference and the es-
tablishment of generalist predator populations for biocontrol.

Biological Control, 15, 283-292.

Spiller, K. J., & Dettmers, R. (2019). Evidence for multiple drivers of aerial
insectivore declines in North America. The Condor, 121, 1-13.
Stork, N. E. (2018). How many species of insects and other terrestrial
arthropods are there on Earth? Annual Review of Entomology, 63,

31-45.

Symondson, W., Sunderland, K., & Greenstone, M. (2002). Can gener-
alist predators be effective biocontrol agents? Annual Review of
Entomology, 47, 561-594.

Thompson, R. M., Brose, U., Dunne, J. A., Hall, R. O., Hladyz, S., Kitching,
R. L., Martinez, N. D., Rantala, H., Romanuk, T. N., Stouffer, D. B.,



WRAY ET AL.

& Tylianakis, J. M. (2012). Food webs: reconciling the structure and
function of biodiversity. Trends in Ecology & Evolution, 27, 689-697.

Vesterinen, E. J., Ruokolainen, L., Wahlberg, N., Pena, C., Roslin, T., Laine,
V. N., Vasko, V., Saaksjarvi, I. E., Norrdahl, K., & Lilley, T. M. (2016).
What you need is what you eat? Prey selection by the bat Myotis
daubentonii. Molecular Ecology, 25, 1581-1594.

Weier, S. M., Moodley, Y., Fraser, M. F,, Linden, V. M. G., Grass, I.,
Tscharntke, T., & Taylor, P. J. (2019). Insect pest consumption by
bats in macadamia orchards established by molecular diet analyses.
Global Ecology and Conservation, 18, e00626.

Whitaker, J. O. (2004). Prey selection in a temperate zone insectivorous
bat community. Journal of Mammalogy, 85, 460-469.

Whitaker, J. O., McCracken, G. F., & Siemers, B. M. (2009). Food habits
analysis of insectivorous bats. In T. H. Kunz, & S. Parsons (Eds.),
Ecological and Behavioral Methods for the Study of Bats (pp. 567-
592). The Johns Hopkins University Press.

Whitney, T. D., Sitvarin, M. |., Roualdes, E. A, Bonner, S. J., & Harwood, J.
D. (2018). Selectivity underlies the dissociation between seasonal
prey availability and prey consumption in a generalist predator.
Molecular Ecology, 27, 1739-1748.

Wickham, H. (2020). reshape2: Flexibly reshape data: a reboot of the re-
shape package. R package version 1.4.4.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois,
R., Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M.,
Pedersen, T., Miller, E., Bache, S., Miiller, K., Ooms, J., Robinson, D.,
Seidel, D., Spinu, V,, ... Yutani, H. (2019). Welcome to the Tidyverse.
Journal of Open Source Software, 4, 1686.

Wickham, H., Chang, W., Henry, L., Takahashi, K., Wilke, C., Woo, K.,
Yutani, H., & Dunnington, D. (2020). Package ‘ggplot2’. Create
Elegant Data Visualisations Using the Grammar of Graphics. R Package
version 3.3.2.

Wickham, H., Francois, R., Henry, L., & Miiller, K. (2020). dplyr: A Grammar
of Data Manipulation. R package version 1.0.0.

873
MOLECULAR ECOLOGY VA LEYJ—

Woo, K. J., Elliott, K. H., Davidson, M., Gaston, A. J., & Davoren, G. K.
(2008). Individual specialization in diet by a generalist marine pred-
ator reflects specialization in foraging behaviour. Journal of Animal
Ecology, 77, 1082-1091.

Wray, A. K., Jusino, M. A, Banik, M. T., Palmer, J. M., Kaarakka, H., White,
J. P, Lindner, D. L., Gratton, C., & Peery, M. Z. (2018). Incidence and
taxonomic richness of mosquitoes in the diets of little brown and
big brown bats. Journal of Mammalogy, 99, 668-674.

Zeale, M. R., Butlin, R. K., Barker, G. L., Lees, D. C., & Jones, G. (2011).
Taxon-specific PCR for DNA barcoding arthropod prey in bat fae-
ces. Molecular Ecology Resources, 11, 236-244.

Zinger, L., Bonin, A., Alsos, |. G., Balint, M., Bik, H., Boyer, F., Chariton,
A. A, Creer, S., Coissac, E., Deagle, B. E., De Barba, M., Dickie, I.
A., Dumbrell, A. J., Ficetola, G. F., Fierer, N., Fumagalli, L., Gilbert,
M. T. P, Jarman, S., Jumpponen, A, ... Taberlet, P. (2019). DNA me-
tabarcoding—Need for robust experimental designs to draw sound
ecological conclusions. Molecular Ecology, 28(8), 1857-1862.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Wray AK, Peery MZ, Jusino MA, et
al. Predator preferences shape the diets of arthropodivorous
bats more than quantitative local prey abundance. Mol Ecol.
2021;30:855-873. https://doi.org/10.1111/mec.15769



https://doi.org/10.1111/mec.15769

