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“They turned then to the necessary animal life—burrowing creatures to open the soil and aerate it: kit fox, kangaroo 

mouse, desert hare, sand terrapin . . . and the predators to keep them in check: desert hawk, dwarf owl, eagle and 

desert owl; and insects to fill the niches these couldn’t reach: scorpion, centipede, trapdoor spider, the biting wasp and 

the wormfly . . . and the desert bat to keep watch on these.” 

 

 

 

– Frank Herbert, Dune, Appendix I  
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Dissertation Abstract 
 

The spread of infectious disease in wildlife represents an emerging threat to biodiversity. Particularly 

among predators, the effects of emerging infectious diseases not only include population declines and 

potential extirpation, but also can result in top-down effects on prey communities. In North America, 

several hibernating bat species face serious population declines due to the emergence of white-nose 

syndrome, a devastating disease caused by the fungal pathogen Pseudogymnoascus destructans. While 

arthropodivorous bats are often lauded for providing ecosystem services in the form of agricultural 

pest suppression, other regulatory effects on the arthropod food web as a whole have seldom been 

assessed. In light of the impending westward spread of white-nose syndrome and corresponding 

predicted bat population declines, this dissertation seeks to characterize the role of bats as top 

predators in the nocturnal arthropod food web and to assess the broader ecological consequences of 

disease-related bat population declines. Specifically, this research focuses on two common bat species, 

the little brown bat (Myotis lucifugus) and the big brown bat (Eptesicus fuscus), to explore the response of 

bats to changing prey abundance (Chapter 1), changes in bat foraging patterns over the past century 

(Chapter 2), top-down consequences of bat declines on arthropod communities (Chapter 3), and the 

possibility of the functional replacement of one bat species by another (Chapter 4). Overall, this 

dissertation demonstrates that the function of bats in the nocturnal arthropod food web is complex, 

and that declines among little brown bats in particular can have top-down effects which are unlikely 

to be ameliorated by other persisting bat species. As such, these results emphasize the necessity of 

promoting the conservation of bats and other aerial arthropodivores, while highlighting their 

importance as predators that influence their respective food webs. 
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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 predators. 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 spatio-temporal variation in prey 

consumption with quantitative prey availability estimated from intensive prey community sampling. 

We found that although quantitative prey availability fluctuated 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 community 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 availability, total dietary composition may reflect some degree of 

opportunistic foraging. Overall, our findings suggest that generalist predators can display strong prey 

preferences that persist despite quantitative changes in prey availability. 

 

Introduction 
 
Though capable of consuming many types of prey resources, generalist 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). Under the assumption that foraging is optimal, predator 
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preferences for certain prey are expected to maximize net energy gains, and consequently, 

consumption of non-preferred prey should be expected only when preferred prey are absent or low 

in abundance (Pulliam 1974; Schoener 1971). However, empirical studies often demonstrate patterns 

that deviate from optimal foraging, particularly for predators that consume mobile prey (Sih & 

Christensen 2001). Additionally, despite the importance of understanding how predator 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 (Thompson et al. 2012; Pringle 2020).  

For generalist predators, prey preferences can influence functional responses (sensu Holling 

1959a,b), although the relationship between prey consumption and prey availability may not 

necessarily resemble classic response types (Murdoch & Oaten 1975; Oksanen et al. 2001). For 

example, generalist predators foraging in multi-prey systems have been shown to consume prey 

irrespective 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 relationship 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 occurrence of individual specialization, even among 

the most archetypal 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 predators suggests that prey preferences can influence foraging 

patterns, perhaps to a greater extent than previously thought. 



4 

The manner in which prey preferences shape foraging behaviors has important implications 

for the extent to which generalist predators 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 stabilization 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 generalist 

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 obligate 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 relating prey preferences and prey abundance 

have used morphological methods that characterize predator diet composition by visual inspection of 

stomach contents or fecal material (Ralph et al. 1985; Whitaker et al. 2009). However, these methods 

are limited in taxonomic 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 resolution than other methods, providing a more 

comprehensive way to study the entire suite of prey resources consumed by generalist predators 
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(Jusino et al. 2019; Kaartinen et al. 2010; Zeale et al. 2011). Since the advent of these methods, many 

studies have described the diets of a wide range of taxa (Alberdi et al. 2019; Alberdi et al. 2020; Piñol 

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 diversity of prey 

resources than other methods 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 with 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 declines, 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 endeavor. 

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 et al. 2014a; Clare et al. 2014b; 

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 (Fenton 1980; Kurta & Baker 1990; Agosta 

2002; 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 with 
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quantitative prey abundance (Baroja et al. 2019; Krauel et al. 2018a; Krauel et al. 2018b; Weier et al. 

2019), but often included select prey groups of interest rather than intensively sampled prey 

communities (e.g., Vesterinen et al. 2016). For 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 spatio-temporal 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 respect to their 

relative abundance. As an exploratory analysis, we also assessed how dietary diversity related to 

underlying prey diversity 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. 
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Methods 
Bat guano collection 

 
Study sites were selected at 6 little brown and 4 big brown bat maternity roosts in southern Wisconsin 

(Supplementary Figure S1). These sites were located at state and county parks and privately-owned 

land, and were selected using the following criteria: 1) sites included a known maternity roost with 

bats of a visually confirmed species that consistently returned for several consecutive years; 2) sites 

were accessible and sampling requests were approved by land owners or managers; 3) habitat 

composition represented a gradient of agricultural and forest landcover; and 4) bat roosts were 

included in pre- and post-volancy 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 conditions 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/CropScape/). Within a 3km 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 non-invasively collected bat guano samples collected beneath roosts to allow 

simultaneous sample collection at multiple sites and to avoid disturbing bats during the breeding 

season. 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 

one week, with guano samples collected from late May to late August in 2015 (Julian weeks 24–35) 
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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 accordance with Wisconsin Department of Natural Resources guidelines, and experimental 

protocols were approved by the Wisconsin Natural History Inventory (NHI) Program and the 

University of Wisconsin-Madison.  

 

DNA extraction, PCR, and library preparation 

 
A subsample of 80mg (~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, Hilden, 

Germany), following the manufacturer’s protocols except for the following changes: 10mL ASL lysis 

buffer was added to 80mg guano, vortexed for 2 minutes, lysed an additional 5–10 minutes, and 

centrifuged at 10,000 RPM for 5 minutes before taking 1.8mL of the lysate. Additionally, 40µL of 

proteinase K was used per extraction instead of 10µL. Following DNA extraction, a 180 bp 

cytochrome oxidase C subunit 1 (COI) 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 available for HTAS of arthropodivore diets (Jusino 

et al. 2019). Primers were modified for HTAS by adding a unique barcode sequence and an Ion 

Torrent Xpress A adapter sequence on each forward primer, and an Ion 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 
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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 purified using a Zymo Select-A-

Size DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA). The concentration of each purified 

PCR product was quantified using a Qubit dsDNA High Sensitivity Assay with a Qubit Fluorometer 

(Invitrogen, Carlsbad, CA). Purified PCR products were then combined in equimolar amounts for a 

sequencing library with a final concentration of 2000pM. Libraries were sequenced with a 400bp Hi-

Q Kit on an Ion Torrent Personal Genome Machine next generation sequencing platform (PGM; 

ThermoFisher, Waltham, MA) with a 318 chip according to manufacturer’s recommendations. A total 

of three libraries were sequenced consisting of approximately 72 unique barcoded 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 potential batch effects 

(Alberdi et al. 2019).    

 

Bioinformatics & data processing 

 
Data from all three sequenced libraries were combined and processed cumulatively using AMPtk 

v1.4.0 (Palmer et al. 2018). Raw sequence data were de-multiplexed using the unique barcode index 

sequences, and forward and reverse primers were trimmed from the 180bp amplicon target. Measures 

for quality control included removal of reads shorter than 170bp or longer than 180bp and removal 

of samples with fewer than 4,000 reads. The DADA2 clustering algorithm (Callahan et al. 2016) was 

then used for de-noising and quality filtering with expected error trimming. The resulting amplicon 

sequence variants (ASVs) were clustered using the UCLUST algorithm employed in VSEARCH at 

97% similarity to generate operational taxonomic units (OTUs) approximating species-level taxonomy 

(Jusino et al. 2019). Demultiplexed sequences were mapped back onto these OTU representative 
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sequences, and the 34-member single copy arthropod mock community 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).  

Richness in bat diet was calculated as the total number of unique arthropod groups at different 

taxonomic levels (OTUs, species, genera, and families). To assess sufficiency of sampling intensity, 

accumulation 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 percent 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.  

 

Arthropod trapping & enumeration 

 
At each of the 10 aforementioned bat roost sites, arthropod communities 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 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 50–100m 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 
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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 30cm aluminum 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 aluminum lid was secured with bungee cords. An 18.6% 

diclorvos (2,2-dichlorovinyl dimethyl phosphate) insecticide strip (HotShot No-Pest Strip2, St. Louis, 

Missouri) 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 12V 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 following manner: large or noticeably 

unique specimens were first selected from the overall sample for identification, then the remaining 

sample was scanned for any specimens that were not homogenous through the entire sample, which 

were then also selected for separate identification. For samples containing very large numbers of 

individuals, the homogenous remainder was divided into a subsample 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 orders, all specimens were 

identified to the 32 most commonly detected groups (representing 95% of all captured arthropods), 

with remaining rare families identified as “other Order”, e.g., “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 library preparations were performed in separate laboratories in 

order to avoid cross contamination. 
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Statistical analyses 

 
Both read-based and presence-based taxonomy tables were used for describing dietary composition 

for each bat species. For statistical analyses comparing dietary differences between little brown and 

big brown bats, OTU tables were converted to presence/absence matrices. Interspecific dietary 

composition was initially 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 analyzed using Welch’s 

t-tests (with year-to-year comparisons constrained to Julian weeks 24-35 to account for differences in 

sampling season length).  

We used binary logistic regressions, coded as generalized linear 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 arthropod 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 represented within each arthropod 

taxonomic group represented the interaction effect, i.e.: 

 

Y=a+b1X1 + b2X1X2 + e 
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Where Y represents the binary presence/absence of an arthropod taxa group in a sample, X1 is the 

group, and X2 is the corresponding abundance of that particular group. Collection site, Julian week, 

and year were also included in the global model, and were then sequentially removed from the model 

when terms were not statistically significant as determined by 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 flexibility in foraging strategies and can glean 

non-flying prey such as Araneae (Kurta & Baker 1990; Ratcliffe & Johnson 2003). For interaction 

terms, the reported slope βint represents the slope of the interaction effect only, and OR represents the 

odds ratio of the main effect combined with the interaction. 

In order to test the influence of arthropod abundance on dietary 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 presence/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 corresponding to a guano sample from the 

same site and week, while regional abundance represents the mean abundance of an arthropod 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 et al. 

2019; Wickham et al. 2020). 
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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 1,747 arthropod OTUs were detected: 1,199 in little brown bat 

samples (68.6%) and 735 in big brown bat samples (42.1%). A total of 377 OTUs were detected in 

both bat species (21.5%). 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 (χ2=6, df=4, p=0.199). For both bat 

species, Hymenoptera and Araneae had the lowest percentages of OTUs identified beyond order, 

while Ephemeroptera had the highest percentages of OTUs identified beyond order (Supplementary 

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 which 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 sequence. 

The most commonly detected OTUs and families for each bat species, as measured by 

incidence, wPO, and RRA, are reported in Tables 2 and 3. Among little brown bats, a significantly 

higher richness of Araneae, Diptera, Hemiptera, and Lepidoptera families, genera, and species was 

detected, while significantly fewer Coleopteran families, genera, and species were detected in 

comparison to big brown bats (Figure 1a). At the OTU level, a significantly higher richness of Araneae, 

Diptera, Hemiptera, and other Arthropoda and significantly lower Coleoptera richness was detected 

among little brown bat samples (Figure 1a). There was no statistically significant interspecific 
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difference 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 family richness, 217 total 

families were predicted to be detected among little brown bat samples (95% CI=198, 259), and 173 

families were predicted to have been detected among big brown bat samples (95% CI=156, 210; 

Figure 1b). For little brown bat samples at the ordinal 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).  

Across all black-light samples, Trichoptera had the highest mean abundance (x̅ =645.4, 

IQR=103.5 to 743.2), followed by Diptera: Culicidae/Chironomidae (x̅=594.5, IQR=16 to 222), and 

other Coleoptera (x̅=243.3, IQR=13.3 to 236.8; Figure 2a). The same groups also had the highest 

mean percentages of the total sample abundance, with Trichoptera representing 21.6% of the total 

sample abundance on average (IQR=10.7 to 37.2%), followed by Diptera: Culicidae/Chironomidae 

(x̅=10.3, IQR=2.0 to 10.3%) and other Coleoptera (x̅=7.9, IQR=1.7 to 10.0%)  When grouped by 

orders, the next highest mean percentages of total sample abundance (after Trichoptera) were 

Coleoptera (x̅=23.2, IQR=7.8 to 33.6%) and Diptera (x̅=17.4, IQR=7.3 to 22.1%). Between years, 

there were significantly lower raw abundances of total Hemiptera (t96.86=2.64, p=0.01), Hymenoptera 

(t58.91=2.09, p=0.04), and Lepidoptera (t52.44=4.60, p<0.001) 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).  

For big brown bats, the model including collection site as variable performed significantly 

better than the null model (p<0.001) and was therefore retained as a predictor variable. For this 

analysis, 7 arthropod groups had a statistically significant positive main effect on the probability of 
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detection in diet and 8 arthropod groups had a statistically 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). For little brown bats, the model including Julian week as a variable performed significantly better 

than the null model (p=0.007) 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 interaction with abundance (p=0.015, βint =1.004, OR=0.308; p=0.020, βint=0.785, 

OR=0.609; p=0.042, βint =0.838, OR=1.96; p=0.037, βint =0.438, OR=1.11; Figure 3b).  

For big brown bats at the family level, local Coleoptera and local Lepidoptera abundance were 

significant vectors in the ordination (R2=0.197, p=0.012; R2=0.156, p=0.029), while local Hemiptera, 

local Hymenoptera, and regional Hemiptera were marginally significant vectors (R2=0.122, p=0.057; 

R2=0.101, p=0.100; R2=0.124, p=0.085; Figure 4). For big brown bats at the OTU level, week and 

local Lepidoptera abundance were marginally significant vectors (R2=0.161, p=0.065; R2=0.154, 

p=0.079; Figure 4). For little brown bat diets at the family level, local Hymenoptera, local Trichoptera, 

regional Hemiptera, and regional Trichoptera abundance were significant vectors (R2=0.121, p=0.038; 

R2=0.112, p=0.029; R2=0.108, p=0.048; R2=0.111, p=0.047), while week, local Hemiptera, and local 

total abundance were marginally significant vectors (R2=0.094, p=0.057; R2=0.100, p=0.055; 

R2=0.081, p=0.084; Figure 4). For little brown bats at the OTU level, local Coleoptera, local Diptera, 

local Trichoptera, local total, and regional Trichoptera abundance were significant vectors (R2=0.323, 

p=0.001; R2=0.277, p=0.001; R2=0.170, p=0.005; R2=0.306, p=0.001; R2=0.146, p=0.016), while 

regional Diptera and regional total abundance were marginally significant vectors (R2=0.095, p=0.078; 

R2=0.104, p=0.061; Figure 4).   



17 

 

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 consumed groups were slightly more 

likely to be consumed when they were more abundant, the statistical magnitude of these effects was 

generally small. Among both bat species, 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 necessarily 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 quantities (Brandon-Mong et al. 2015; Clarke et al. 2014; Piñol 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 consumption and the 

overall dietary composition in two highly generalist predators. 

 

Relating prey detection in bat diets with arthropod abundance 

 
Quantifying prey availability is difficult for generalists that consume hundreds or even thousands of 

prey items. All arthropod trapping methods carry biases and do not necessarily sample arthropod 

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 consistently abundant, as were certain groups within 

Diptera (namely, Culicidae/Chironomidae and other Diptera) and within Coleoptera (namely, 
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Carabidae, Staphylinidae, and other Coleoptera). Our results suggest that prey communities in this 

study system are generally not characterized by large resource pulses, at least among the taxa that are 

well represented by the arthropod trapping method used in this study. Despite the many challenges in 

relating prey abundance with generalist dietary composition, by sampling arthropod abundance 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 associate quantitative prey 

information with a non-invasive 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 separate study, passive acoustic monitoring indicated that bat 

foraging activity was high near black-light trap sampling locations (Chapter 3). Moreover, lactating 

female little brown bats have been shown to usually forage within 600m of the roost (Henry et al. 

2002). Thus, we conclude that there is a reasonable a priori expectation that bat diets could track 

spatio-temporal variation in arthropods present at arthropod sampling locations. Nevertheless, we 

acknowledge that our sampling design may not fully reflect arthropod communities for bats with large 

foraging ranges and we suggest that future studies could also incorporate tracking efforts (perhaps in 

non-breeding 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 available 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 measurement through trapping or survey 
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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 fecal 

samples due to differences in template 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 incorporating 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 

(Supplementary 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 combining Chironomidae and Culicidae 

(in the model with diet and abundance) 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 outweigh abundance in determining the probability of detection in bat diets, incorporating 

some measures of background prey abundance remains important for accurately estimating the 

preferences of a predator.  
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Despite potential limitations in estimating prey availability, our results provide strong evidence 

that changes in local prey abundance have little effect on the probability of prey detection in bat diets. 

As a notable exception, other Lepidoptera (a group representing 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 increasing abundance. Previous morphological 

studies have demonstrated 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 

availability is 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 opportunistic 

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 important to note that certain taxa (such as Ephemeroptera 

and Diptera: Limoniidae) were frequently detected in bat diets but seldom captured 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 probability of consumption, we found 

that both local and regional abundance 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, appeared to 
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have an effect only on the family-level community composition. These results suggest that although 

big brown bats may tend to consume prey that are intrinsically less variable in quantitative abundance, 

temporal changes may be more influential than local-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 availability and likely involves 

complex behaviors related to prey preferences. 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 physiological differences 

and high dispersal abilities (Kunz 1973; Barclay & Brigham 1991; Moosman et al. 2012).  We also 

found that arthropod predators such as spiders, predatory beetles, and lacewings, were somewhat 

common in the diets of both bat species. In combination 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 behavior or otherwise 

complicate the relationship between prey availability and prey consumption. The patterns observed in 

this study may also be influenced by some degree of individual-level specialization (Bolnick et al. 2002), 

as both little brown and big brown bats tend to have large maternity colonies (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 generalists may be more 

common than previously thought, particularly among predators that are highly mobile and that forage 

in species-rich systems.  
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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 et al. 2014a; Clare et 

al. 2014b). 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 reference 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 

frequently used for characterizing dietary composition. In this study, weighted presence-based and 

read-based measures were generally consistent, with a few notable 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 
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sensitive to contamination 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 highest 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 (Supplementary Figure S3). Additionally, an evaluation of the primer 

set used in this study showed that other frequently used primers (ZBJ, COI 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 desirable to bats 

(Whitaker 2004). In the context of the mock community 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 corresponded with the highest family-level mean RRA, but not with the family-level mean 

wPO. In contrast, for little brown bats, the OTU with the highest mean RRA did not correspond with 

the highest family-level mean RRA or wPO. These results suggest that, in addition to differences 

between richness-based, read-based, and presence-based metrics, considering the taxonomic level of 
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prey detected in dietary 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 categories likely do not correspond with 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 studies has been highlighted by several recent papers (e.g., Zinger et al. 2019, Jusino et al. 2019, 

Alberdi et al. 2019). However, comparatively 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 communities — as a solution for parameterizing the biases 

inherent to molecular methods, we also emphasize the serious need for considering how the resulting 

data can be interpreted in order to fit within an ecological framework. 
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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 geometr moths 
Lepidoptera Lasiocampidae lappet moths 
Lepidoptera micromoth micromoths 
Lepidoptera Noctuidae owlet moths 
Lepidoptera Sphingidae sphinx moths 
Neuroptera Chrysopidae & Hemerobiidae lacewings 
Opiliones none harvestmen 
Orthoptera none grasshoppers, crickets, katydids 
Parasitiformes none ticks & mites 
Plecoptera none stoneflies 
Trichoptera none caddisflies 
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Table 2a. Top arthropod OTUs detected in guano samples, MYLU 
OTU ID order family genus species incidence  mean wPO   mean RRA  
OTU12 Ephemeroptera Caenidae Caenis C. amica 42            0.014             0.059  
OTU13 Diptera Chironomidae Procladius  30            0.010             0.035  
OTU20 Hemiptera Corixidae Trichocorixa T. borealis 27            0.009             0.021  
OTU41 Diptera Psychodidae Psychoda P. alternata 25            0.008             0.006  
OTU7 Diptera Chironomidae Coelotanypus  22            0.008             0.027  
OTU143 Diptera Chironomidae   20            0.007             0.006  
OTU15 Lepidoptera Depressariidae Agonopterix A. robiniella 20            0.008             0.050  
OTU158 Lepidoptera Tortricidae Acleris A. semipurpurana 19            0.005             0.002  
OTU2 Diptera Chironomidae Tanypus  19            0.011             0.046  
OTU145 Ephemeroptera Caenidae Caenis C. amica 18            0.006             0.005  
OTU55 Diptera Chironomidae Cryptochironomus  18            0.005             0.006  
OTU22 Diptera Chironomidae Chironomus  17            0.006             0.015  
OTU30 Hymenoptera    17            0.007             0.019  
OTU1460 Hymenoptera Apidae Apis A. mellifera 16            0.005             0.001  
OTU503 Lepidoptera Tortricidae Proteoteras P. crescentana 16            0.003             0.000  
OTU120 Hymenoptera    15            0.004             0.004  
OTU150 Diptera Limoniidae Geranomyia  15            0.004             0.002  
OTU385 Diptera Chironomidae Glyptotendipes G. meridionalis 15            0.004             0.000  
OTU476 Diptera    15            0.004             0.000  
OTU654 Hymenoptera Apidae Apis A. mellifera 15            0.005             0.000  
        
Table 2b. Top arthropod OTUs detected in guano samples, EPFU 
OTU ID order family genus species incidence  mean wPO   mean RRA  
OTU9 Coleoptera Elateridae Melanotus M. similis 25            0.017             0.064  
OTU1 Trichoptera Hydropsychidae Potamyia P. flava 22            0.024             0.194  
OTU21 Coleoptera Elateridae Hemicrepidius H. memnonius 19            0.011             0.025  
OTU193 Coleoptera Carabidae Agonum A. placidum 16            0.008             0.002  
OTU1314 Coleoptera Elateridae Hemicrepidius H. memnonius 14            0.007             0.001  
OTU123 Coleoptera Carabidae Notiobia N.  terminata 13            0.006             0.002  
OTU148 Coleoptera Carabidae Harpalus H. pensylvanicus 13            0.006             0.005  
OTU282 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             0.000  
OTU629 Coleoptera Cantharidae Rhagonycha R. lignosa 12            0.006             0.000  
OTU1445 Diptera    11            0.005             0.000  
OTU255 Diptera Tipulidae Nephrotoma N. ferruginea 11            0.009             0.001  
OTU34 Diptera Sciaridae   11            0.007             0.007  
OTU38 Megaloptera Corydalidae Chauliodes C. pectinicornis 11            0.005             0.046  
OTU993 Coleoptera Elateridae Hemicrepidius H. memnonius 11            0.005             0.000  
OTU30 Hymenoptera    10            0.006             0.011  
OTU20 Hemiptera Corixidae Trichocorixa T. borealis 9            0.007             0.016  
OTU23 Coleoptera Pyrochroidae Dendroides D. canadensis 9            0.007             0.015  
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Figure Legends 
 
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 colors indicate bat species. C) Density distribution of relative read abundance, with 

colors indicating major arthropod orders. Transparent colors represent RRA, a read-based metric of 

relative abundance within a sample, while solid colors represent wPO, a presence-based metric of 

relative abundance within a sample. EPFU=big brown bat, MYLU=little brown bat. 

 

Figure 2. Characterizing arthropod prey communities using black-light traps. A) Log10 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 colors indicate 

major arthropod orders. B) Density distribution of the percentage of total sample abundance for major 

arthropod orders as a percent of the total arthropod abundance in black-light trap samples. C) Black-

light trap intra-ordinal community composition by Julian week in years 2015 & 2016. Colors represent 

major arthropod orders and groups and the shades of each color represents lower-level taxonomic 

groups within each category.  

 

Figure 3. Relationships between bat diets & 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, lines indicate 

the 95% confidence interval. The dotted line indicates zero, such that confidence intervals non-
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overlapping with zero suggest statistically meaningful model terms. Closed circles indicate overlap 

with zero, open triangles indicate non-overlap 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, lines indicate the 95% confidence interval. The dotted line indicates zero, such 

that confidence intervals non-overlapping with zero suggest statistically meaningful model terms. 

Closed circles indicate overlap with zero, open triangles indicate non-overlap with zero.  

 

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<0.05, while 

regular text indicates environmental vectors with p<0.10. Point symbols represent distinct sampling 

sites. EPFU=big brown bat, MYLU=little brown bat. 

 

Supplementary Figure S1. Map of study sites. EPFU=big brown bat, MYLU=little brown bat. 

 

Supplementary Figure S2. 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, 

without incorporating arthropod abundance information. Points indicate the estimate, lines indicate 
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the 95% confidence interval. The dotted line indicates zero, such that confidence intervals non-

overlapping with zero suggest statistically meaningful model terms.  

 

Supplementary Figure S3. Heatmap of arthropod mock communities across three sequencing runs. 

RRA=relative read abundance.  
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Figure 1 
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Figure 4 
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Supplementary Materials 
 

  

Supplementary Table S1: Total OTUs detected with number and percentage identified at each taxonomic level. 
Bat Species Arthropod order OTUs family % genus % species % 
MYLU         
 Araneae 37 20 54.1% 20 54.1% 20 54.1% 

 Coleoptera 138 98 71.0% 94 68.1% 83 60.1% 

 Diptera 498 412 82.7% 306 61.4% 185 37.1% 

 Ephemeroptera 25 22 88.0% 22 88.0% 21 84.0% 

 Hemiptera 81 62 76.5% 57 70.4% 48 59.3% 

 Hymenoptera 92 38 41.3% 32 34.8% 20 21.7% 

 Lepidoptera 258 214 82.9% 210 81.4% 192 74.4% 

 Trichoptera 33 25 75.8% 25 75.8% 25 75.8% 

 other Arthropoda 37 32 86.5% 32 86.5% 24 64.9% 

         
EPFU  OTUs family % genus % species % 

 Araneae 16 7 43.8% 7 43.8% 7 43.8% 

 Coleoptera 212 158 74.5% 156 73.6% 142 67.0% 

 Diptera 194 156 80.4% 122 62.9% 83 42.8% 

 Ephemeroptera 15 14 93.3% 14 93.3% 14 93.3% 

 Hemiptera 44 35 79.5% 34 77.3% 27 61.4% 

 Hymenoptera 54 20 37.0% 18 33.3% 9 16.7% 

 Lepidoptera 153 110 71.9% 109 71.2% 104 68.0% 

 Trichoptera 19 17 89.5% 17 89.5% 17 89.5% 

 other Arthropoda 28 23 82.1% 19 67.9% 15 53.6% 
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Supplementary Figure S3 
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Abstract 
 
Agricultural intensification has been linked with population declines and reduced diversity among 

arthropods and their predators. Despite conservation and habitat management implications, the 

effects of land-use change on the trophic relationships between nocturnal arthropod predators and 

their prey have seldom been described. To assess how arthropodivorous bats may have shifted their 

diets in response to land-use changes, we compared bulk δ13C and δ15N values from little brown and 

big brown bats collected in the Upper Midwestern region of the United States from 1898–2019. We 

also related isotopic niches with climate and landcover variables as an attempt to explain the 

mechanisms underlying changes in arthropodivorous bat diets over time. We found that interspecific 

isotopic niche overlap increased from 26% to 47% between historical and contemporary time periods. 

These changes were largely driven by shifts among contemporary big brown bats, which were 

isotopically more similar to little brown bats than to historical conspecifics.  Variance in stable isotope 

values was partly explained by the prevalence of grasses, forest, or open water, but not by the 

prevalence of agricultural cover (e.g., corn crops) on the landscape. Our results suggest that the 

isotopic niches of arthropodivorous bats have converged over time, which may reflect 

homogenization of prey resources driven by land-use changes. These findings highlight the 

importance of investigating how the loss of habitat diversity and corresponding declines in prey 

resources influence aerial arthropodivore populations, particularly as they decline from a myriad of 

other stressors. 

 

Introduction 
 
Ecosystems worldwide have experienced rapid changes due to anthropogenic activities. 

Understanding how practices such as increasingly intensive agriculture and the homogenization of 

habitats influence food webs is important for understanding the mechanisms underlying changes in 
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biological communities (Matson et al. 1997; Tilman et al. 2002; Tscharntke et al. 2005). Recent studies 

have also raised alarms regarding declines in arthropod populations, which are attributed to a range of 

causes including habitat loss, pesticide use, and climate change (Hallmann et al. 2017; Sánchez-Bayo 

& Wyckhuys 2019). Agricultural intensification and declines in prey availability, in turn, have been 

linked to population declines and reduced functional diversity among arthropod predators (Benton et 

al. 2002; Nebel et al. 2010; Spiller & Dettmers 2019). While some long-term datasets have provided 

insights regarding changes in arthropod communities over time, these types of data are unavailable 

for many regions and the influence of these changes on arthropod predators is less well understood, 

particularly within the nocturnal arthropod food web. 

The dietary niches of top predators reflect many of the underlying ecological processes in their 

respective food webs. Spatial and temporal variability in dietary niches can reflect shifts in interspecific 

competition, niche expansion, or niche compression in response to changing habitat and prey 

resources (Azevedo et al. 2006; Brickner et al. 2014; Manlick et al. 2017; Carbonell Ellgutter et al. 

2020). In other systems, some predators have expanded their diets to include different, human-

associated food resources in order to meet energy requirements (Murray et al. 2015; Kirby et al. 2016; 

Moss et al. 2016). Collectively, these studies demonstrate how quantifying dietary niche breadth and 

overlap among predators can signal their level of adaptability, while also providing insights for the 

development of predator-focused ecosystem restoration efforts (Ritchie et al. 2012). Previous work 

has often focused on apex consumers, which have displayed well-documented cascading effects in 

their respective food webs (Estes et al. 2011). Nevertheless, vertebrate arthropodivores also function 

as top predators in their food webs and can initiate trophic cascades (Mooney et al. 2010). For 

vertebrate arthropod predators such as bats and birds, narrower dietary niches have been associated 

with increased extinction risk (Julliard et al. 2004; Boyles & Storm 2007). However, the spatiotemporal 

variability of the dietary niches of vertebrate arthropod predators have been less frequently 
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investigated, despite the potential for using this information to clarify the mechanisms underlying 

population declines among these taxa. 

Several studies on vertebrate arthropodivores reflect the influences of human-modified 

landscapes on dietary niches, but most have focused on birds (Stanton et al. 2016; Michelson et al. 

2018). Approximately 70% of all bats are arthropodivores, which, in comparison to most 

arthropodivorous birds, are typically nocturnal and consume an entirely different suite of arthropod 

prey (Fenton & Fleming 1976). Studies on the contemporary diets of many common bat species have 

demonstrated the influences of habitat on bat diets by using both molecular and morphological 

methods (Agosta, 2002; Whitaker, 2004; Clare et al. 2014a; Clare et al. 2014b).  While agricultural 

intensification has generally demonstrated negative effects on bat activity, abundance, and species 

richness (Racey & Entwistle 2005; Williams-Guillén et al. 2016), certain arthropodivorous bat species 

not only persist in agriculturally-dominated habitats, but actually exploit agriculturally-associated prey 

and thereby provide valuable ecosystem services (Williams-Guillén et al. 2008; Kunz et al. 2011; 

McCracken et al. 2012). Nonetheless, comparatively little is known about the historical diets of 

arthropodivorous bats or how their contemporary foraging patterns may be constrained by the 

availability of prey resources.  

Stable isotope analyses have successfully been used to measure changes in animal foraging 

following anthropogenic habitat modification and to compare historical, contemporary, and even 

paleontological dietary composition using carbon and nitrogen isotopic ratios (Chamberlain et al. 

2005; Blight et al. 2015). In terrestrial habitats, δ13C values in animal tissues generally reflect the relative 

contributions of C3 and C4 plants at the base of the food web, with plants such as corn and other C4 

grasses having distinctly higher values of δ13C in comparison to other vegetation types (Ben-David & 

Flaherty 2012; Layman et al. 2012). Values of δ15N also reflect underlying resources as well as changes 

in trophic levels, with higher δ15N values roughly indicative of a higher trophic position (Ben-David 
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& Flaherty 2012; Layman et al. 2012). Isotopic values can be analyzed in multivariate space, and in 

doing so can approximate the Eltonian functional niche of a consumer. Isotopic niche metrics are not 

necessarily equivalent to trophic niches and do not necessarily reflect changes in the identity of the 

prey consumed by a predator (Hette-Tronquart, 2019). However, changes in isotopic values and 

isotopic niches can reflect large-scale changes in prey or in the plant materials consumed by prey, 

which percolate up through the food web and are ultimately incorporated into the tissues of predator 

in question and are therefore useful in quantifying changes in foraging patterns over time (Peterson & 

Fry 1987; Marshall et al. 2019).  

In order to assess whether and to what extent arthropodivorous bats may have shifted their 

dietary niches in the recent past, we compared bulk carbon and nitrogen isotopic ratios from little 

brown (Myotis lucifugus, Leconte 1831) and big brown bat (Eptesicus fuscus, Palisot de Beauvois 1796) 

hair collected in the Upper Midwestern region of North America over a 121-year period. We 

hypothesized that bat diets would reflect historical shifts in vegetation and would become more 

interspecifically similar over time. Due to the increasingly intensive corn-dominated agriculture in the 

study area, we predicted that δ13C values in bat tissues would increase and that interspecific isotopic 

niche overlap would increase over time. We also compared stable isotope values against climate and 

landcover variables in order to ascertain the potential mechanisms contributing to these changes. 

 

Methods 
 

Study area 

 
We sampled museum specimens and bat carcasses from part of the Upper Midwestern region of 

North America including Wisconsin, Illinois, and Iowa, between the time periods of 1898-2019. Prior 

to European occupation that began in the 1850s, Illinois, and Iowa, and southern Wisconsin were 
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dominated primarily by savanna, prairie, and deciduous forests, while areas north of the floristic 

tension zone in Wisconsin were dominated by coniferous forest, mixed deciduous-coniferous forest, 

and coniferous savanna (Iverson, 1988; Rhemtulla et al. 2007, 2009; Gallant et al. 2011). By the 1930s, 

much of the native vegetation in the southern part of this region was converted to agricultural land, 

with coniferous forest and savanna in the northern portion of Wisconsin largely converted to 

deciduous and mixed deciduous-coniferous forests (Rhemtulla et al. 2007). From the mid-1900s 

through the present, agricultural production (especially corn production) also became increasingly 

intensive (Kucharik & Ramankutty 2005).  

 

Sample collection & preparation 

 
Hair was sampled from 32 little brown and 47 big brown bat carcasses previously collected by the 

USGS National Wildlife Health Center and the Wisconsin Department of Natural Resources from 

2009–2019. Within this sample set, bone fragments were collected from 24 little brown and 40 big 

brown bat carcasses. Hair samples were also collected from 66 little brown and 26 big brown bat 

museum specimens from the University of Wisconsin-Madison Zoological Museum, the Field 

Museum, and the National Museum of Natural History, which were originally collected from 1898–

2008. Historical groups are defined as specimens collected between 1898–1973, while contemporary 

groups are defined as those collected between 1990–2019. From 1973–1990, few museum specimens 

were available (possibly related to the 1973 moratorium on bat banding in the United States), thus 

providing a natural split for the two groups (Ellison 2008). For little brown bats, samples collected 

prior to 1935 were also compared with samples collected after 1993 to assess the potential influence 

of sample grouping methods and to account for land-use changes that had already occurred by the 

mid-1930s.   
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To remove surface contaminants, hair samples were washed in a 2:1 chloroform:methanol 

solution with rinsing repeated three times. Bone fragments were decalcified by soaking in HCl for 48 

hours. Lipids were extracted from the remaining bone collagen by rinsing with ddH2O, followed by 

soaking in 2:1 chloroform:methanol for 12 hours, with the 2:1 solution replaced 3x and soaking 

repeated. Tissues were then dried in an oven at 60°C for 48 hours and homogenized using sterile 

dissection scissors. Homogenized samples were loaded into tin capsules at dry quantities ranging from 

0.4–1.2 mg (x̄ =0.8mg) for hair keratin and 0.4–2.0mg (x̄=1.4mg) for bone collagen. Sample material 

was sent to the University of New Mexico for δ13C and δ15N analysis on a Costech 4010 elemental 

analyzer (Valencia, CA) coupled with a Thermo Scientific Delta V mass spectrometer (Waltham, MA). 

Carbon and nitrogen stable isotope abundances are expressed as parts per mil using δX 

(‰)=(Rsample/Rstandard – 1) x 1000 (Ben-David & Flaherty 2012) relative to the international standards 

Vienna Peedee belemnite and atmospheric nitrogen, respectively. To correct for changes in carbon 

baselines due to emissions (i.e., the Suess effect, see Verburg 2007), δ13C values were corrected as per 

Farmer & Leonard 2011. 

 

Landcover & climate data 

 
To compare the potential influence of local landcover on stable isotope values, landcover composition 

data were derived for samples collected in Wisconsin with specific locality information that 

corresponded with available landcover data layers.  For these analyses, 27 historical samples (little 

brown bats collected 1903–1938) and 52 contemporary samples (little brown and big brown bats 

collected 2008–2019) met the aforementioned criteria. Historical landcover data were derived from a 

digitized version of Finley’s original vegetation of Wisconsin map, which was compiled from public 

land surveys conducted from 1832–1866 (Finely, 1976; see Schulte & Mladenoff 2001 for further 

details). Contemporary landcover composition data were derived from Wiscland 2.0, which represents 
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30m resolution landcover in the state of Wisconsin (https://dnr.wi.gov/maps/WISCLAND.html). 

Buffers were placed around sample collection location and the corresponding landcover was extracted 

within each buffer. We chose buffers with a 5km radius to account for the maximum foraging 

distances for both bat species and to capture the broader-scale landcover influences on arthropod 

communities. In order to visualize landcover changes and to compare between sample collection 

localities in historical and contemporary time periods, we aggregated vegetation classes into similar 

broad-scale categories and calculated the percentage of total landcover for each category within the 

designated 5km buffer area (Fig. 1, Table S1a–b). To assess the potential influence of collection year 

and corresponding climate variables, which can influence isotopic baselines of vegetation, climate data 

for total annual precipitation and average annual temperature were also derived for the Upper 

Midwestern region from the United States Climate Divisional Database via the National Ocean and 

Atmospheric Administration Statewide Time Series Dataset 

(https://www.ncdc.noaa.gov/cag/national/time-series). 

 

Statistical analysis 

 
Unpaired group means for isotope values were compared using a 95% confidence interval with 5,000 

bootstrap resamples calculated using the R package “dabestr” (Ho et al. 2019). Metrics such as isotopic 

niche breadth can be measured in bivariate δ-space, which allow for the estimation of inter- and intra-

specific dietary niche breadth and overlap (Newsome et al. 2007; Flaherty & Ben-David 2010). To 

assess different metrics of isotopic niche breadth, we used total area (TA), standard ellipse area (SEA), 

corrected standard ellipse area (SEAc), and 95% maximum likelihood ellipse area. We also estimated 

niche overlap by using maximum likelihood fitted ellipses with the overlap prediction interval scaled 

to 95%. All isotopic niche metrics were calculated using the R package “SIBER” (Jackson et al. 2011).  
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Due to low resolution in the historical vegetation data layer, we separated data into categories 

to compare samples collected in areas dominated by forest with samples collected in areas dominated 

by prairie and savanna. One sample collection area was evenly covered by both landcover types and 

was therefore excluded. Stable isotope values for these groups were compared using unpaired group 

mean differences. We also estimated historical and contemporary interspecific habitat overlap of 

landcover using the “nicheoverlap” function in the R package “indicspecies” (De Caceres & Jansen 

2016), for which we included all available landcover variables from the Finley map (n=16 categories, 

Table S1a) and from the Wiscland 2.0 level 2 data layer (n=14 categories, Table S1c).   

We assessed the importance of landcover and climate variables as predictors of stable isotope 

values using separate generalized linear models. For landcover models, which included only the subset 

of samples for which specific locality information was available (n=52), we used bat species and the 

interaction between bat species and the percentage of cool-season (C3) grass, warm-season (C4) grass, 

continuous corn, developed/urban area, forest, open water, pasture, and wetland as predictor variables 

(Table S2). For climate models, which included all samples for which the zone of collection were 

available (n=163), we used bat species and the interaction between bat species and year, Julian week, 

collection zone (i.e., north or south of the floristic tension zone), average annual temperature, and 

total annual precipitation as predictor variables. Both response and continuous predictor variables 

were standardized based on the mean and standard deviation, calculated in the R package “effsize” 

(Torchiano 2020). We tested all variables for correlation and found that year, Julian week, and 

precipitation had Pearson’s correlation coefficients r>0.5, so these terms were restricted from 

occurring in the same models. To avoid potential issues with variance-inflation, landcover models 

were also restricted to a maximum of four terms. We compared submodels using Akaike’s information 

criteria with a small sample size bias correction term (AICc). Model averaging and calculation of effect 

sizes with 95% confidence intervals were performed using the R package “MuMIn” (Bartoń,  2015). 
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Results 
 
For little brown bats, δ13C values from historical samples were higher than contemporary samples but 

δ15N values did not differ between periods, whereas historical big brown bat samples had lower values 

δ13C and δ15N in comparison to contemporary samples (Table 1a). These patterns were also consistent 

on a continuous time scale, with δ13C values increasing for little brown bats (β=0.018, p<0.001) and 

both δ13C and δ15N values decreasing for big brown bats (β=0.012, p=0.09; β=–0.019, p=0.005, 

respectively) over time (Fig. 2a).  

For little brown bat samples, both historical and contemporary ellipse area metrics were larger 

than for big brown bat samples (Fig. 2b). Between time periods, ellipse area metrics were similar for 

little brown bat samples, while contemporary big brown bat samples had larger ellipse area metrics 

than historical big brown bat samples (Table 1b). For little brown bats the 95% ML ellipse overlap 

between historical and contemporary samples was 78.24%, while for big brown bats the 95% ML 

ellipse overlap between historical and contemporary samples was 32.72%. Interspecifically, the 95% 

ML ellipse overlap was 25.94% for historical samples and 47.10% for contemporary samples. 

For both bat species, bone collagen had higher δ13C values (x̅bone=–22.4 ± 1.82‰; x̅hair= –23.9 

± 2.02‰) and δ15N values (x̅bone=11.0 ± 2.46‰; x̅hair= 9.52 ± 2.34‰) in comparison to hair keratin. 

The mean (± SD) tissue-to-tissue differences in δ13C for little brown and big brown bats were 1.72 ± 

1.12‰ and 1.26 ± 0.93‰, respectively. The mean tissue-to-tissue differences in δ15N for little brown 

and big brown bats were 1.83 ± 0.97‰ and 1.25 ± 0.91‰, respectively, which likely represent tissue-

specific differences in fractionation. Ellipse area metrics for little brown bat samples were larger for 

hair than for bone, while ellipse area metrics for big brown bat samples were similar for hair and bone 

(Table 1c). The 95% ML ellipse overlap between little brown and big brown bats were 37.1% and 

43.1% for bone and hair samples, respectively (Figure 2c).  
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For little brown bat samples collected prior to 1940, samples collected in areas historically 

dominated by savanna and prairie were on average higher by 2.6‰ for δ15N values in comparison to 

samples collected in areas dominated by forest (95% CI=1.18, 3.87‰). For these samples, δ13C values 

were not significantly different between habitat types (Unpaired mean difference=0.586‰, 95% CI=–

1.09, 3.24‰). For contemporary samples with available locality information, the interspecific overlap 

in habitat resources was 93.4% (95% CI=86.3, 98.3%), whereas the interspecific overlap in habitat 

resources for the same sites in the historical time period was 85.3% (95% CI=59.8, 97.5%). All of the 

top contemporary landcover models for δ13C included the percentage of C4 grass, with other 

competing models (determined by ΔAIC) including combinations of the percentage of C3 grass, 

pasture, and corn (Fig. 3a, Table 2). The top contemporary landcover models for δ15N included the 

percentage of forest and open water, with competing models including combinations of the 

percentage of pasture, urban/developed areas, and wetland (Fig. 3a, Table 2). The top climate models 

for both δ13C and δ15N included year and the zone of collection, with competing models for δ15N 

including year or week (Fig. 3b, Table 2). For both landcover and climate models, the standardized 

effect sizes differed by bat species (Fig. 3).  

 

Discussion 
 
Historical shifts in animal diets have been previously investigated to assess their potential for adapting 

to a changing landscape. While other studies have used stable isotopes to study bats in the context of 

niche overlap, migration, and paleontological diet (e.g., Cryan et al. 2004; Wurster et al. 2010; Broders 

et al. 2014), our study represents the first attempt to connect recent historical shifts in bat diets, as 

inferred by stable isotopes, with temporal, climatic, and landcover variables that potentially explain 

the mechanisms underlying the observed changes. Overall, our results indicate that little brown and 

big brown bat isotopic niches have converged over time and further analyses suggest that the observed 
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shifts in bat dietary niches are at least partially driven by anthropogenically-associated changes in 

landcover. 

The prevalence and production intensity of corn, a C4 grass, increased dramatically over time 

in our study area. Since C4 grasses have distinct isotopic signatures that are higher in δ13C in 

comparison to other vegetation types, we expected that δ13C values in tissues from arthropodivorous 

bats would also increase over time. However, while δ13C values among contemporary little brown bats 

were higher than historical little brown bats, δ13C values among contemporary big brown bats were 

lower than historical big brown bats. For little brown bats on a local scale, higher values of δ13C were 

not associated with the percentage of corn, but rather, with the percentage of other C4 grasses. The 

C4 grass variable used in this study, which primarily includes native warm-season grass species but can 

also include various native forbs, may therefore contribute to higher dietary diversity among little 

brown bats, despite corn constituting a larger percentage of the total area. These results also suggest 

that the loss of historical savanna and prairie habitats, which include both C3 and C4 plants and are 

well documented to support diverse arthropod assemblages (Whiles & Charlton 2006), may be related 

to the increasing homogenization of bat isotopic niches over time. This interpretation is consistent 

with previous studies, which have shown that even in areas where bats do feed on agriculturally-

associated arthropods, native vegetation provides more consistent prey resources (Davidai et al. 2015). 

As such, the observed interspecific convergence in δ13C values may reflect an increasing reliance on 

isotopically similar prey associated with remnant natural vegetation that is less common in this area. 

Our study demonstrates that broader isotopic niches are not necessarily associated with greater 

flexibility. While narrower in comparison to little brown bats, the isotopic niches of big brown bats 

shifted more substantially over time. Common prey items for big brown bats typically include 

predaceous arthropods, such as staphylinid and carabid beetles (Agosta 2002; Clare et al. 2014b), which 

may suggest that the observed decline in δ15N values over time represents some degree of trophic 
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downgrading. These results are consistent with a previous study that demonstrated DDT-related 

severe declines in beetle populations from the 1940s through the 1960s were reflected in declining 

δ15N values present in chimney swift feathers (Nocera et al. 2012).  In our study, higher percentage of 

forest corresponded with lower δ15N values in big brown bats. Nitrogen deposition from 

anthropogenic inputs is also associated with higher δ15N values among aquatic and riparian arthropods 

in this study region, although the overall effects of shifting δ15N baselines are associated with 

decreasing δ15N on a broader scale (Diebel & Vander Zanden 2009; Holtgrieve et al. 2011). Therefore, 

forest habitat may be associated with lower nitrogen deposition, which could further explain the 

relationships between increasing percentage of forest and decreasing δ15N values for big brown bats 

as well as the relationships between increasing percentage of open water and increasing δ15N values 

for little brown bats.  

We attempted to further explain the mechanism behind changes in isotopic niche breadth and 

overlap in little brown and big brown bats by connecting isotope values with corresponding climate 

and temporal variables. Higher annual precipitation was associated with slightly higher values of δ13C 

among little brown bats, which is consistent with previous studies that have documented little brown 

bat exploitation of aquatic insects and dietary composition associations with precipitation (Whitaker 

2004; Moosman et al. 2012). However, seasonal or spatial variables such as the zone of collection, 

year, and Julian week were generally better predictors of the isotope signatures present in bat tissues 

than climate variables such as precipitation and temperature. These results are likely related to the 

climate of the Upper Midwest region, which experienced decreasing annual precipitation from the late 

1800s through the 1930s followed by an increase through the present, but typically includes frequent 

summer rainfall (Andresen et al. 2012). While the effects of climate and vegetation are interrelated and 

therefore remain difficult to disentangle, these results further support our conclusion that the observed 
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shifts in bat isotopic niches are more immediately related to changes in vegetation, rather than to shifts 

in isotopic baselines.  

By comparing stable isotope values from different tissues from the same individuals, we 

demonstrate that seasonal isotopic niches (represented by hair keratin) and long-term isotopic niches 

(represented by bone collagen) were reasonably consistent for both bat species. For big brown bats, 

the isotopic niche breadth estimated from hair keratin and bone collagen were similar. For little brown 

bats, the isotopic niche breadth from hair keratin was slightly broader, suggesting that this species may 

have some degree of seasonal isotopic variation in their diet. In comparison to the interspecific niche 

overlap calculated from bone samples, the interspecific niche overlap calculated from hair samples 

was higher by 6%, suggesting that calculating niche overlap from hair samples may slightly 

overestimate longer-term interspecific niche overlap. The tissue-specific differences in δ13C and δ15N 

values from this study were also similar to previously published reports (O'Connell et al. 2001; 

O'Regan et al. 2008). While sampling of historical bone tissue for small-bodied species is overly 

destructive and therefore impractical for the use of museum specimens, the observed similarity in 

niche breadth and overlap present in hair keratin and bone collagen from the same individuals suggests 

that at the population level, hair keratin can still adequately reflect niche breadth and overlap as 

inferred from bulk stable isotope values. 

Multiple recent studies on other predators have demonstrated the effects of human-mediated 

land-use changes on isotopic niches (e.g., Hobart et al. 2019; Manlick et al. 2019). For arthropodivores 

and other highly generalist species, studies using bulk stable isotopes can be more difficult since mixing 

models may be impossible or unreasonable to develop if prey are not isotopically differentiable. 

Methodological limitations related to baselines shifts in atmospheric δ13C and δ15N values also 

influence how stable isotope data should be interpreted (Casey & Post 2011; Shipley & Matich 2020). 

While modern changes in δ13C baselines due to carbon emissions have been fairly well quantified and 



64 

can be corrected for mathematically, baseline shifts of δ15N values, which can be affected by nitrogen 

deposition as well as other processes such fire and grazing, are less straightforward. With newer tools 

such as compound-specific stable isotope analyses, it may be possible to better understand changes in 

the trophic ecology of arthropodivores (e.g., Campbell et al. 2017). Nonetheless, we propose that 

future studies using stable isotopes as well as other methods such as DNA-based diet analysis continue 

to consider how contemporary patterns in bat foraging may be constrained by anthropogenically-

driven habitat changes in the recent past. 

The result from this study have several key implications for applied ecology. In temperate 

areas, the acquisition of adequate food resources is particularly crucial for winter survival in 

hibernating bats, and body condition has also been shown to influence white-nose syndrome survival 

(Speakman & Racey 1989; Jonasson & Willis 2011; Cheng et al. 2019). For little brown bats and other 

small-bodied hibernating bats, which suffer particularly high mortality from white-nose syndrome 

(Frick et al. 2010; Frank et al. 2014), understanding how reliance on arthropods in a homogenous 

landscape, presumably with lower abundance and diversity of prey, may influence survival and 

reproduction also remains an important future question in bat conservation. In addition to reflecting 

underlying arthropod communities, characterizing changes in arthropodivorous bat diets over time 

therefore has clear conservation implications for the support of arthropods and their predators. For 

example, our results suggest that the loss of landcover diversity is related to increasingly interspecific 

dietary niche overlap, which warrants future investigation into the potential benefits of restoring 

historically prevalent habitat such as savanna and prairie. Although it has been previously shown that 

natural habitats promote bat activity in several agriculturally-dominated systems (e.g., Kelly et al. 2016; 

Kahnonitch et al. 2016; Olimpi & Philpott 2018), further defining region- and species-specific habitat 

and prey requirements may provide actionable conservation management solutions for mitigating bat 

population declines. Since aerial arthropodivores, including bats and birds, face many conservation 
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challenges on a global scale, continuing to investigate the effects of legacies of land-use change will 

lead to a better understanding of factors that constrain contemporary populations of these threatened 

taxa.  
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Table 1a. Unpaired mean difference and 95% confidence intervals for bat hair from different time periods. 

 δ13C (‰) δ15N (‰) 

 x̅contemp –x̅hist lower CI upper CI x̅contemp – x̅hist lower CI upper CI 

EPFU, contemporary vs. historical (pre-1973) –0.93 –1.71 –0.08 –1.25 –1.99 –0.51 

MYLU, contemporary vs. historical (pre-1973) 1.27 0.38 2.15 –0.64 –1.56 0.29 

MYLU, contemporary vs. historical (pre-1935) 1.52 0.53 2.52 –0.34 –1.29 0.63 

 

  

Table 1b. Area metrics for hair (carcasses and museum specimens) 

 n TA SEA SEAc 95% ML ellipse area 

EPFU, historical 19 17.25 6.36 6.74 40.35 

EPFU, contemporary 54 38.30 9.60 9.79 58.59 

MYLU, historical 65 77.40 15.64 15.89 95.15 

MYLU, contemporary 33 45.39 15.08 15.56 93.18 

   

Table 1c. Area metrics for paired hair/bone samples from the same individuals (carcasses only) 

 
n TA     SEA SEAc 95% ML ellipse area 

EPFU, bone 40 38.89 10.45 10.72 64.21 

EPFU, hair 40 34.11 9.44 9.69 57.99 

MYLU, bone 24 26.69 9.76 10.20 61.09 

MYLU, hair 24 38.85 14.26 14.91 89.26 



77 

Table 2. Model averaging results for the top 5 models for each analysis. 

Landcover models (n=52) logLik AICc Δ weight 

δ13C ~ species+species:C3 grass+species:C4 grass -58.07 132.69 0 0.2 

δ13C ~ species+species:C4 grass -60.82 132.94 0.25 0.18 

δ13C ~ species+species:corn+species:C4 grass -58.2 132.94 0.25 0.18 

δ13C ~ species+species:pasture+species:C4 grass -59.3 135.14 2.45 0.06 

δ13C ~ species+species:forest+species:C4 grass -59.63 135.81 3.12 0.04 

δ15N ~ species+species:open water+species:pasture+species:forest -49.32 120.92 0 0.34 

δ15N ~ species+species:open water+species:developed+species:forest -50.32 122.93 2.01 0.12 

δ15N ~ species+species:open water+species:forest+species:wetland -50.52 123.32 2.4 0.1 

δ15N ~ species+species:open water+species:forest -53.71 123.96 3.05 0.07 

δ15N ~ species+species:forest+species:wetland+species:C4 grass -50.87 124.02 3.11 0.07 

     

Climate & temporal models (n=163) logLik AICc Δ weight 

δ13C ~ species+species:year+species:zone -188.7 392.12 0 0.7 

δ13C ~ species+species:precip+species:zone -190.51 395.74 3.63 0.11 

δ13C ~ species+species:temp+species:year+species:zone -188.52 396.22 4.11 0.09 

δ13C ~ species+species:year -193.43 397.25 5.13 0.05 

δ13C ~ species+species:precip+species:temp+species:zone -190.22 399.61 7.49 0.02 

δ15N ~ species+species:zone -200.64 411.66 0 0.35 

δ15N ~ species+species:year+species:zone -198.8 412.32 0.66 0.26 

δ15N ~ species+species:week+species:zone -199.5 413.72 2.06 0.13 

δ15N ~ species+species:precip+species:zone -199.92 414.55 2.89 0.08 

δ15N ~ species+species:temp+species:zone -200.11 414.94 3.28 0.07 
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Figure Legends 
 
Figure 1. Historical and contemporary landcover composition in Wisconsin, USA. Map inset shows 

the location of the total study area within the continental United States, with Wisconsin shaded in 

dark gray and Iowa and Illinois in light gray. (a) Historical vegetation from 1832-1866, adapted from 

Finley 1976. Open circles on map indicate 5km buffers surrounding the collection sites for little brown 

bat samples collected prior to 1940 (n=27 samples). (b) Contemporary vegetation from 2011–2019, 

adapted from Wiscland 2.0. Open circles on map indicate landcover within 5km buffers surrounding 

the collection sites for little brown and big brown bat samples collected from 2008-2019 (n=52 

samples). The bar plots below each map shows the ranges and median values of major landcover 

categories within buffers, separated by bat species. EPFU=big brown bat, MYLU=little brown bat. 

 

Figure 2. Stable isotope values present in bat tissues. (a) Changes in δ13C and δ15N values over time 

for hair keratin from bat specimens collected in Wisconsin, Iowa, and Illinois, USA, 1898-2019 

(n=171). (b) 95% maximum likelihood ellipses for historical (n=84) and contemporary (n=87) hair 

keratin. (c) 95% maximum likelihood ellipses for contemporary bone collagen and hair keratin. Gray 

lines indicate tissue sample pairs from the same individual specimens (n=64). EPFU=big brown bat, 

MYLU=little brown bat. 

 

Figure 3. Influences of landcover, climate, and temporal variables as predictors of observed variation 

in δ13C and δ15N values from bat hair samples. (a) Landcover models for the subset of contemporary 

samples with available specific collection locality information (n=52). (b) Climate and temporal models 

for historical and contemporary samples with available year, Julian week, and collection zone 

information (n=163). Standardized effect sizes represent the model-averaged slope and 95% 

confidence interval associated with each variable. Open triangles indicate non-overlap with zero, 
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closed circles indicate overlap with zero. Purple indicates positive mean effect size and red indicates 

negative mean effect size. EPFU=big brown bat, MYLU=little brown bat. 
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Figure 3 
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Supplementary Materials 
 

Table S1. Historical & contemporary landcover categories used to compare habitat changes between time periods. 
(a). Historical landcover categories: Finley 1976 

Variable Class ID Definition 
Forest 1 White spruce, balsam fir, tamarack, white cedar, white birch, aspen 
 2 Beech, hemlock, sugar maple, yellow birch, white pine, red pine 
 3 Hemlock, sugar maple, yellow birch, white pine, red pine 
 4 Sugar maple, yellow birch, white pine, red pine 
 7 Aspen, white birch, pine 
 8 Beech, sugar maple, basswood, red oak white oak, black oak 
 9 Sugar maple, basswood, red oak, white oak, black oak 
Open Water 97 Open water 
Wetland 14 Swamp conifers: white cedar, black spruce, tamarack, hemlock 
 15 Lowland hardwoods: willow, soft maple, box elder, ash, elm, cottonwood, river 

birch 
 16 Marsh and sedge meadow, wet prairie, lowland shrubs 
Savanna 6 Jack pine, scrub (Hill’s), oak forests & barrens 
 10 Oak: white oak, black oak, bur oak 
 11 Oak openings: bur oak, white oak, black oak 
Brush 13 Brush 
Prairie 12 Prairie 

(b). Contemporary landcover categories: Wiscland 2.0, Level 1 
Variable Class ID Definition 
Forest 4000 Upland area with woody perennial plants, the trees reaching a mature height of 

>6 feet with definite crown (closure of ≥10%). 
Agriculture 2000 Land under cultivation for food or fiber.  
Grass/Pasture 3000 Non-cultivated herbaceous vegetation dominated by perennial grasses.  
Open Water 5000 Areas of water with no vegetation present. 
Wetland 6000 Water at, near, or above the land surface long enough to be capable of 

supporting aquatic or hydrophytic vegetation, with wet soils.  
Urban/Developed 1000 Structures/areas associated with intensive human activity and land use.  

(c). Contemporary landcover categories: Wiscland 2.0, Level 2 
Variable Class ID Definition 
Developed, High 1100 ≥50% solid impervious cover of man-made materials.  
Developed, Low 1200 ≥25% but <50% solid impervious cover of man-made materials. 
Forage Grassland 3100 Perennial herbaceous vegetation used for livestock forage/grazing.  
Idle Grassland 3200 Perennial herbaceous vegetation NOT for livestock forage/grazing.  
Coniferous Forest 4100 Canopies with distinct crown closure ≥67% coniferous tree group. Broad-

leaved deciduous species group <33% of canopy. Examples: jack pine, red 
pine, white spruce, hemlock, tamarack.  

Deciduous Forest 4200 Canopies with distinct crown closure ≥67% broad-leaved deciduous tree group. 
Coniferous species group <33% of canopy. Examples: aspen, oak, maple, 
birch, balsam poplar.  

Mixed Forest 4300 Canopy with distinct crown closure, ≤67% coniferous or deciduous.  
Open Water 5000 Areas of water with no vegetation present. 
Aquatic Herbaceous 6100 Floating herbaceous plants growing entirely on or in a water body and covering 

≥30% of the area. 
Wet Meadow 6200 Herbaceous plants above the surface of water or wet soil covering ≥30%. 
Lowland Scrub/Shrub 6300 ≥30% woody vegetation, <20 feet tall, tree cover <10%, in wetland areas.  
Forested Wetland 6400 Wetlands dominated by woody perennial plants, canopy cover >10%, trees 

reaching a mature height ≥20 feet, and covering ≥30% of the area.  
Barren 7000 Land of limited ability to support life, <33% vegetation or other cover.  
Shrubland 8000 Vegetation with a persistent woody stem, low growth of ≤20 feet, coverage 

≥33%, <10% tree cover interspersed.  
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Table S2. Summary & accuracy assessment of Wiscland 2.0 variables used in landcover model.  
Class 
ID 

Level Variable Definition Precision 
(%) 

Recall 
(%) 

F  
(1.0) 

AUC 

1000 1 Urban/Developed Structures/areas associated with 
intensive human activity and land use. 

90.7 97.8 0.94 0.99 

2120 3 Continuous Corn Corn grain or corn silage grown every 
year in a 6-year rotation. 

NA NA NA NA 

3120 3 Pasture Lands covered by herbaceous 
vegetation, primarily perennial grasses, 
used for grazing livestock. Kentucky 
bluegrass is the most common pasture 
grass, but many other grass species are 
grazed. Forbs (red and white clover, 
yarrow, dandelion, common and giant 
ragweed, common mullein, wild carrot, 
thistles) may be present. 

76.4 85.9 0.81 0.93 

3210 3 Cool-season grass 
(C3) 

Lands covered primarily by grasses and 
forbs, >80% of grasses are cool-season 
varieties, and <5% shrubs/woody 
vegetation cover. May be fields planted 
for wildlife/conservation purposes or 
old/idle fields. 

55.0 56.8 0.56 0.78 

3220 3 Warm-season grass 
(C4) 

Lands covered primarily by grasses and 
forbs, >80% of grasses are native 
warm-season varieties, and <5% 
shrubs/woody vegetation cover. Fields 
may be heavily grass-dominated, or can 
contain forbs. Common grasses: big and 
little bluestem, switchgrass, indiangrass, 
side-oats grama. Common native forbs: 
yellow coneflower, bee balm, 
spiderwort, oxeye and round-headed 
bush clover. 

62.3 90.1 0.74 0.95 

4000 1 Forest Upland area with woody perennial 
plants, the trees reaching a mature 
height of >6 feet with definite crown 
(closure of ≥10%). 

84.2 95.0 0.89 0.95 

5000 1 Open Water Areas of water with no vegetation 
present. 

98.7 97.4 0.98 0.99 

6000 1 Wetland Water at, near, or above the land surface 
long enough to be capable of 
supporting aquatic or hydrophytic 
vegetation, with wet soils. 

98.2 91.7 0.95 0.95 
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ABSTRACT 

Widespread declines of predators provide a powerful way to understand their influences on prey 

populations. In North America, white-nose syndrome has resulted in precipitous declines in 

hibernating bat populations, raising the question of whether these declines relieve top-down pressure 

and manifest in changes in arthropod abundance. The severe decline of little brown bats (Myotis 

lucifugus), in particular, provides a natural predator-removal experiment which may clarify the 

influences of bats on arthropod prey. During the summer period from 2015–2018, we performed 

intensive arthropod black-light trapping surveys, passive ultrasonic acoustic monitoring, and roost 

emergence counts at little brown and big brown bat (Eptesicus fuscus) maternity roosts in Wisconsin, 

USA. From 2015 to 2018, little brown bat populations at maternity roosts declined by 95%, with 

corresponding high-frequency acoustic activity declining by 79.1%. In comparison, big brown bat 

populations declined by 37.8%, but corresponding low-frequency acoustic activity did not decline. 

Total arthropod abundance declined consistently over the four-year period, which included declines 

within all major arthropod orders. Based on linear mixed effects models, certain groups of arthropods 

declined less over time at sites with bat maternity roosts compared to sites far from roosts with less 

bat activity. These results suggest that white-nose syndrome-related population declines in bats release 

predation pressure on some of their arthropod prey, although in this study the effects of bat declines 

did not outweigh the declining trend in arthropod abundance. Overall, this study provides evidence 

that bats have measurable top-down effects on arthropod abundance. 

 

Significance statement 

Our study is the first to examine the top-down ecological consequences of disease-related bat declines 

on the nocturnal arthropod food web. While we expected that arthropods would increase following 

bat declines, we found substantial decreases in arthropod abundance across all major orders over the 
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study period. However, total arthropod abundance and the abundance of certain arthropod groups 

declined less over time at sites near little brown bat roosts in years after little brown bat population 

declines. Collectively, these results demonstrate that disease-related declines in arthropodivorous bat 

populations have ecological consequences that include arthropod prey release on a local scale.  

 

Introduction 
 
Infectious diseases that impact predators can affect biological communities and ecosystems indirectly 

through trophic cascades (Ostfeld and Holt 2004; Collinge et al. 2008). While disease-related mortality 

events among some predators have demonstrated cascading effects on their respective ecosystems 

(Lindström et al. 1994; Montecino-Latorre et al. 2016), the effects of disease-related mortality in highly 

generalist predators is comparatively less well understood. Unlike specialist taxa with strong prey 

linkages, the effects of generalist predator loss on biological communities may be weaker and less 

predictable (Polis and Strong 1996; Jiang & Morin 2005). Nevertheless, despite their wider dietary 

niche breadth and reticulate trophic linkages, generalist predators can have important, yet complex, 

top-down effects on prey populations in some systems (Symondson et al. 2002; Finke & Denno 2005; 

Mooney et al. 2010). For example, exclusion experiments involving generalist predators have 

demonstrated increases in prey herbivory despite apparently weak interactions between predators and 

their prey (Carter & Rypstra 1995; Moran & Hurd 1997; Strong et al. 2000). In contrast, other studies 

have shown that the exclusion of generalist predators can lead to decreases in prey herbivory via the 

release of other predators (Snyder & Ives 2001; Finke & Denno 2003; Hunt-Joshi et al. 2005).  Biases 

inherent in common methods for studying predator-prey relationships, such as those associated with 

exclusion experiments, food-web modeling, and determination of diet composition can also be 

difficult to disentangle within increasingly complex systems [e.g.,  Williams et al. (2002); Braley et al. 

(2010); Perillo et al. (2015)]. Thus, the ecological consequences of generalist predator loss — whether 
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due to disease or other factors — remain largely uncertain and difficult to predict without empirical 

evidence. 

 While disease-related losses in biodiversity can have conservation, public health, and economic 

consequences (Keesing et al. 2010; Estes et al. 2011; Dirzo et al. 2014), disease-related predator 

declines also provide novel opportunities for understanding the trophic effects of predators (Trewby 

et al. 2007). As infectious diseases often affect predator populations quickly, they can generate 

ecosystem-level changes on time scales that are tractable to assess. Additionally, when the disease in 

question is specific to a single host or a similar group of hosts, the effects of the exclusion of one 

predator (or a group of predators) can be detected without necessarily being confounded by 

environmental variables or by the unintentional exclusion of other predators. Indeed, several recent 

wildlife disease outbreaks, including infectious cancer in Tasmanian devils, white-nose syndrome 

(WNS) in North American bats, and wasting disease in sea stars meet these criteria (Bates et al. 2009; 

Frick et al. 2010; Hollings et al. 2016). Natural experiments using disease-related declines can also be 

affected by other factors such as changes in foraging behaviors or nutritional demands (Fenton and 

Rands 2006; Venesky et al. 2009). Nonetheless, treating disease-related population declines as a natural 

exclusion experiment for investigating top-down trophic effects, particularly among complex systems 

and/or generalist predators, offers unique circumstances for studying the influences of predators in 

their respective food webs. 

 The emergence and spread of white-nose syndrome (WNS) in North America currently threaten 

hibernating bats on a continent-wide scale (Frick et al. 2010). WNS results from infection with the 

fungus Pseudogymnoascus destructans, which causes torpid bats to increase their arousal, metabolism, and 

rates of evaporative water loss, thereby depleting energy and fluid reserves (Reeder et al. 2012; Willis 

2015; McGuire et al. 2017). Since the initial detection of WNS in 2006, millions of bat deaths have 

been reported (Dzal et al. 2011). Despite habits that are often generalist and that include consumption 
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of predaceous arthropods, previous studies have shown that arthropodivores, including bats, can 

suppress arthropod herbivory, reduce plant damage, and indirectly increase the biomass of vegetation 

(Mooney et al. 2010). In agricultural areas, arthropodivorous bats in particular can limit herbivory and 

thereby increase crop yields via predation of crop pests (Kalka et al. 2008; McCracken et al. 2012). 

The natural pest suppression provided by bats has been valued nationally at $3.7–53 billion per year 

(Boyles et al. 2011). Though WNS has already led to local extirpation events across much of eastern 

North America (Frick et al. 2015), the potential loss of these ecosystem services and other top-down 

effects of arthropod predator declines have not been thoroughly assessed. Predicted declines among 

bat populations in key agricultural areas, such as the Upper Midwestern region of the United States, 

provide a particularly useful study system for answering questions related to the role of disease as a 

cause of rapid predator population declines and the potential top-down effects of generalist predator 

declines on complex prey communities.  

 Leveraging expected WNS-induced declines in bat populations in Wisconsin, we hypothesized 

that bats as generalist predators exert top-down effects on populations of their prey and thus shape 

arthropod communities. WNS was detected in Wisconsin in 2014 and consequent declines in bat 

populations were predicted to occur over the following 4–5 years (Wilder et al. 2011). Little brown 

bats (Myotis lucifugus, Leconte 1831) have been documented to experience severe mortality from white-

nose syndrome, often in excess of 90%, whereas big brown bats (Eptesicus fuscus, Palisot de Beauvois 

1796) are typically more resistant with much lower mortality rates (Frick et al. 2010; Frank et al. 2014). 

As such, we designed a quasi Before-After-Control-Impact study (sensu Green 1979) to test our 

hypothesis by comparing arthropod abundance with little brown and big brown bat activity 

throughout the summers of 2015–2018 (Figure 1). Specifically, we quantified the effects of expected 

bat declines on annual arthropod abundance by conducting intensive arthropod sampling at paired 

subsites near and far from large bat maternity roosts, with high and comparatively lower bat activity, 
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respectively (Figure 1A). We predicted that as little brown bat populations declined substantially from 

WNS, the abundance of their most common prey items would increase at roost subsites relative to 

paired control subsites with lower bat activity (Figure 1B & 1C).  In contrast, we predicted that since 

big brown bat populations were expected to decline to a much lesser extent, changes in the abundance 

of prey consumed by big brown bats would be relatively similar between roost subsites and paired 

control subsites with lower bat activity.  

 

Results and Discussion 
 
Changes in bat roost size and acoustic activity between 2015–2018 followed our predictions that 

declines in little brown bat populations and corresponding high-frequency acoustic activity would be 

substantial, while declines in big brown bat populations and corresponding low-frequency activity 

would be comparatively less severe. Roost counts for little brown bats declined by 95.0% from an 

average of 232.8 bats per roost in 2015 (ranging from 118–409 bats) to an average of 11.6 bats per 

roost in 2018 (ranging from 0–50 bats), with two roosts abandoned (Figure 2A). Acoustic surveys 

confirmed the results of visual observations at roosts, as the mean number of high-frequency pulses 

declined by 79.1% (p<0.001) while the number of low-frequency pulses did not change significantly 

(Figure 2B). Observed rates of high-frequency activity declines were consistent with a previous study 

in New York state, which found a 78% decline in little brown bat acoustic activity (Dzal et al. 2011). 

Since its initial detection in Grant County, Wisconsin in 2014, white-nose syndrome was considered 

to have spread through the most of the southern portion of the state by 2015, and by 2016 was 

specifically confirmed or suspected in the counties in which 9 of 10 study sites were located (Lorch et 

al. 2016; Survey 2020). The observed declines in this study can therefore be largely attributed to effects 

from white-nose syndrome, which particularly afflicts little brown bats as well as other high-frequency 

echolocating bats in the study area, such as tri-colored and northern long-eared bats, although big 
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brown bats can also be affected to a lesser extent (Frick et al. 2010; Frank et al. 2014). Roost counts 

for big brown bats declined by 37.8% from an average of 152.8 bats per roost in 2015 (ranging from 

22–428 bats) to an average of 95 bats per roost in 2018 (ranging from 30–180 bats; Figure 2A), but 

trends were influenced by declines at a single large roost and may therefore be partially related to bat 

movement rather than disease. Overall, the observed trends in this study are consistent with previous 

studies in eastern North America and highlight the escalating losses of hibernating bats as WNS 

continues to spread across the continent (Frick et al. 2010; Frick et al. 2015).  

We found that arthropod abundance did not increase over time but rather, showed declining 

trends in all major arthropod orders, with total arthropod abundance declining by nearly 50% between 

2015 and 2018 (p<0.001; Table 1). Trichoptera, Coleoptera, and Diptera were the most abundant 

orders and tended to decline less over time, whereas less abundant orders such as Lepidoptera, 

Hymenoptera, and Hemiptera declined more substantially (p<0.001 for all major arthropod orders; 

Table 1). In light of several recent studies raising alarms regarding arthropod declines resulting from 

a variety of factors such as insecticide use, climate change, and habitat disturbances (Hallmann et al. 

2017; Sánchez-Bayo and Wyckhuys 2019; Seibold et al. 2019), the observed declining trend in 

abundance could represent a true decline in arthropods. However, arthropod populations tend to 

fluctuate cyclically, and the 4-year length of our study period may not capture the full cycle of shifts 

in arthropod abundance (Thomas et al. 2019; Montgomery et al. 2020). While declines were detected 

among all major orders between 2015 and 2018, not all groups declined consistently between years, 

and some groups such as Coleoptera experienced increases between certain years. As such, these 

trends may reflect some artefact of cyclical arthropod population fluctuations (Shortall et al. 2009). 

Intensive weekly sampling of arthropod communities conducted in this study could also have 

influenced the observed trends, though we assumed that these effects would be consistent between 

control and treatment subsites. Nonetheless, using paired sampling subsites with similar landscape 
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composition, weather, and land treatment practices at control and treatment subsites provides a study 

framework such that the primary difference between treatment and control subsites is related to the 

presence of large bat maternity roosts and corresponding higher bat activity, which we also confirmed 

via passive acoustic monitoring. As such, our study represents one of the most thorough attempts to 

characterize the relationships between bat activity and arthropod abundance.  

Declining little brown bat activity and abundance due to WNS appeared to influence yearly 

changes in arthropod abundance. Mean total arthropod abundance were reasonably similar at control 

and treatment subsites in each of the four years (Figure 3A). However, after accounting for site-level 

variance using linear mixed effects models, some groups of arthropods were more abundant at subsites 

with little brown bat roosts relative to control subsites with lower levels of bat activity as disease-

related bat declines progressed (Figure 3B). For several arthropod groups, post hoc tests indicated 

significant pairwise differences between treatment and control sites, which tended to occur during the 

latter years of the study after little brown bats declined in abundance (Figure 3B). Specifically, total 

arthropod abundance was higher at little brown bat treatment subsites in comparison to paired control 

subsites in 2016, and this trend was largely driven by higher abundance among Diptera, especially 

Chironomidae/Culicidae, which were also higher at little brown bat treatment subsites in 2017 (Figure 

3B). Chironomid midges are among the most common prey of little brown bats (Belwood & Fenton 

1976; Anthony & Kunz 1977; Clare et al. 2011, Clare et al. 2014a), and as such, their relative increases 

at little brown bat treatment subsites following bat declines may indicate a release of predation 

pressure. The lack of difference between control and treatment subsites in 2018 suggests that these 

trends do not necessarily persist in the longer term or may be irregular between years, which could be 

due to the presence of other predators capable of capitalizing on increases in local arthropod 

abundances. At little brown bat treatment subsites, total Hymenoptera were also lower in abundance 

in 2015 but were similar between treatment and control subsites in later years, while micromoths were 
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lower in abundance in 2018 and Noctuidae were lower in abundance in 2015 and 2017 (Figure 3B). 

Although little brown bats consume hymenopterans such as flying ants and Braconid wasps (which 

were the most common hymenopterans captured in black-light traps), as well as moths in the family 

Noctuidae, these groups are not typically among the arthropods most frequently detected in little 

brown bat diets and are not generally considered preferred prey (Anthony & Kunz 1977; Clare et al. 

2011). In contrast, micromoths are more frequently consumed by little brown bats in certain regions 

(Whitaker & Lawhead 1992), but the lower abundance of micromoths in 2018 does not follow the 

prediction of increasing prey abundance in response to disease-related little brown bat declines. As 

such, while the trends observed in Diptera and specifically in Chironomidae/Culicidae at little brown 

bat sites may reflect a causative relationship between bat declines and changing arthropod abundance, 

the mechanisms underlying the observed differences in other arthropod groups are less clear. Overall, 

these results provide evidence that on a local scale, WNS-related declines among little brown bats 

appear to have top-down influences leading to an increase in the relative abundance of their most 

common prey. 

Although big brown bat roost sizes did not decline, and low-frequency acoustic activity did 

not decline to the same extent as little brown bats, we also observed temporal changes in the 

differences between big brown bat control and treatment subsites that may suggest potential complex 

mechanisms underlying the influences of bats on arthropod abundance. For big brown bats, post hoc 

tests from linear mixed effects models demonstrated total arthropod abundance was higher at 

treatment subsites in comparison to paired control subsites in 2018, a trend largely driven by 

Hemiptera and Trichoptera, which were also more abundant at big brown bat treatment subsites in 

2017 (Figure 3B). Micromoths and were less abundant at big brown bat treatment subsites in 2015, 

while Noctuidae were less abundant in 2017 (Figure 3B). However, for instances where big brown bat 

control and treatment subsites differed, the overlap between the confidence intervals from other years 
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remained similar, which suggests that the subsite-specific differences did not change drastically over 

time. Since big brown bats consume micromoths, the lack of difference in micromoth abundance 

between big brown bat control and treatment subsites in later years may reflect a similar indirect release 

of predation pressure, although the observed trend among Noctuidae is less clear since these moths 

are seldom reported in the diets of big brown bats (Agosta 2002; Clare et al. 2014b). Although little 

brown and big brown bats typically consume different prey, big brown bats have been previously 

reported to consume more dipteran and lepidopteran prey in regions with higher interspecific 

competition (Moosman et al. 2012), and one study suggested that big brown bats are at least partially 

capable of expanding their dietary niches following WNS-related declines in little brown bat 

populations (Morningstar et al. 2019). Although study sites included in the analyses met the a priori 

assumptions of having higher bat activity in the respective frequency group for the species of bat 

present at a given treatment subsite, background bat activity also remained high at all subsites. We 

observed increases in low-frequency acoustic activity at three of the five little brown bat sites, which 

may further suggest that big brown bats or other low-frequency echolocating bats increased their 

activity at sites formerly dominated by little brown bats and other high-frequency echolocating bats 

(Supplementary Figure S1). Due to the flexible foraging strategies of big brown bats, combined with 

their propensity to travel long distances while foraging (Brigham 1991; Henry et al. 2002), the 

influences of big brown bats on arthropod abundance following disease-related declines in other 

species are likely complex and may involve indirect interactions that are difficult to quantify. Despite 

the difficulties associated with detecting changes in prey abundance and relating these changes with 

declines in some bat species as well as changes in the behaviors of other bat species, this study provides 

evidence that WNS in bats can have top-down effects on arthropod abundance that involve direct 

prey release, as in the case of little brown bats, and potentially other effects such as altered foraging 

patterns as in the case of big brown bats.  
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Complex interactions between generalist predators and their prey are difficult to characterize 

due to methodological limitations. For example, acoustic autoclassification software lacks the ability 

to distinguish between multiple bats echolocating and a single bat echolocating frequently, while 

accurately identifying calls of different species also remains challenging (Lemen et al. 2015). In our 

study area little brown and big brown bats are by far the most frequently captured, but the true 

population sizes of all bat species in the area are not well known (Huebschman 2019). While estimates 

of low-frequency acoustic activity may not be directly attributable to big brown bats and likely include 

other low-frequency echolocating bats that are present throughout the study area, the emergence 

counts conducted as part of this study suggest that big brown bats are likely the most abundant species 

at their respective study subsites. Additionally, our study is not a true exclusion experiment, as 

background bat activity remained present at all subsites since other bat species occur in the area, and 

other predators such as arthropodivorous birds are also present. As volant organisms, bats are also 

capable of travelling long distances to reach foraging habitats, potentially as a way to exploit temporal 

changes in arthropod abundance (Brigham 1991). As such, linking the effects of disease-related bat 

declines with local-scale differences in arthropod abundance at sites near and far from bat roosts 

remains challenging. Like all arthropod survey methods, black-light trap sampling methods carry 

biases in terms of which arthropods are most attracted, and as such do not perfectly reflect the 

abundance of all arthropod taxa (Kremen et al. 1993; Kirkeby et al. 2013). Nonetheless, this study 

represents one of the most comprehensive attempts to characterize the influences of bats on 

arthropod abundance and provides a framework for future studies that may seek to evaluate the 

trophic consequences of disease-related bat declines. 

The effects of predators on prey communities have been well documented in many systems, 

but few studies have focused on vertebrate predators of arthropods. In some systems, the loss or 

decline of predators due to disease has been shown to directly result in prey community changes, such 
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as increases in prey abundance or shifts in trophic control (Ostfeld & Holt 2004; Wilmers et al. 2006; 

Hollings et al. 2016). Though arthropodivorous bats are small-bodied, the total biomass of arthropods 

consumed by bats is substantial (Morrison & Lindell 2012), and the loss of millions of bats from WNS 

thus represents a biomass displacement that could have regional effects on the nocturnal arthropod 

food web. For example, Boyles et al. (2011) estimated that the loss of one million little brown bats 

would represent between 660 and 1320 fewer metric tons of insects consumed each year. Due to the 

amounts of arthropods collectively consumed by bat species assemblages, rapid declines in bat 

populations could have other unexpected top-down consequences. Both little brown and big brown 

bats forage at a high trophic level, consuming predatory beetles, spiders, lacewings, and parasitoid 

wasps, among other arthropods (Chapter 1). As such, their influences on arthropod abundance are 

likely complex, and bat declines may not directly lead to prey release, but rather could influence 

arthropod abundance via nonconsumptive effects or release of other predators, such as predatory 

arthropods or other aerial arthropodivores. Though the effects of arthropod predator declines remain 

difficult to quantify, with many other factors such as climate change, pesticide use, and habitat loss as 

potential confounding variables, considering the ecosystem impacts of bat declines as well as declines 

among other aerial arthropodivores remains a timely endeavor. 

 
Conclusions 

 
We found that the effects of bat declines interacted with yearly arthropod declines, most notably with 

total arthropod abundance declining less at little brown bat roost sites in the first year following WNS-

related declines. In light of the evidence of substantial little brown bat declines, the relative increases 

in Diptera — the most common prey of little brown bats —in particular suggests that the observed 

differences between treatment and control subsites in the later years of the study may be related to 

some level of predation pressure release. The results from big brown bat treatment subsites also 
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suggest that top-down effects of bat predation on arthropods could involve changes in foraging 

patterns among bat species that are less severely afflicted by WNS.  However, the question of whether 

and to what extent big brown bats (or other bat species) are capable of filling the trophic niche of little 

brown bats remains largely unanswered. Additionally, the influence of arthropod abundance on bat 

survival remains unknown. While body condition has been directly related to survival from white-nose 

syndrome (Jonasson & Willis 2011; Cheng et al. 2019), few studies have examined how arthropod prey 

availability may influence the ability of bats to acquire adequate nutrition prior to hibernation. These 

questions may be particularly important for bats at northern latitudes, where hibernation periods tend 

to be much longer, although connectivity between summer roost sites and hibernacula have also 

seldom been examined for many bat species. Considering the observed arthropod declines in this 

study and in other broader-scale studies, further investigation of potential comorbidities between prey 

abundance, body condition, and WNS severity may be warranted. We also suggest that future studies 

examining the influence of bats on arthropod abundance may consider adopting a broader spatial and 

temporal scale or incorporate bat movement and capture data. 

 

Methods 
Study species 

 
Little brown and big brown bats are among the most common bat species in North America (Fenton 

1980; Kurta & Baker 1990). Little brown bats are high-frequency echolocators that tend to be 

generalist in their foraging habits, mostly consuming aquatic insects — particularly those with 

swarming behaviors (such as chironomid midges) — though they also consume terrestrial prey 

(including moths, true bugs, beetles, and spiders) and may adjust their foraging behaviors depending 

on availability (Buchler 1976; Whitaker & Lawhead 1992; Clare et al. 2014a). In contrast, big brown 

bats are low-frequency echolocators and are often referred to as “beetle specialists” but are well known 
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to consume a variety of other arthropods such as flies, caddisflies, true bugs, and moths (Kunz & 

Whitaker 1983; Agosta 2002; Clare et al. 2014b). We selected little brown bats as a focal study species 

because, prior to WNS-related declines, they were the most abundant bat species in the study region 

(Huebschman 2019). We selected big brown bats as a second focal study species because they are also 

abundant but were expected to decline less from WNS (based on previous population trends observed 

in the eastern region of North America, e.g., Frick et al. 2015), thus allowing for a comparative analysis 

of the effects of disease-related bat declines in differentially afflicted species. Both little brown and big 

brown bats also frequently form large maternity roosts within human-built structures, which allows 

for ease of detection and monitoring between years.   

 

Study area 

 
Study sites were selected at 10 bat maternity roosts in southern Wisconsin (Figure 4A). Each site 

consisted of a subsite located 50–100m away from a known bat maternity roost (hereafter referred to 

as a “treatment”), and an additional subsite located 3–10km from each respective bat roost (hereafter 

referred to as a “control”). To confirm the identity of bat species at each treatment subsite presence 

and to estimate the abundance and population trends, roost emergence counts were conducted during 

Julian weeks 24–25 and weeks 29–30, roughly corresponding to the pre- and post-volancy periods for 

bat pups for each year of the study. Roost counts were conducted by standard visual surveys with 

observers stationed at bat emergence points at sundown prior to bat emergence, with counts 

continued until no more bats emerged or until the sky was too dark to distinguish bats visually. These 

surveys were conducted as part of a state-wide community science-based monitoring initiative, and 

counts were averaged between each survey time period.  

For each bat roost subsite, paired control subsites were selected such that immediate landscape 

composition was similar to treatment subsites but with comparatively lower levels of bat activity due 
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to the distance outside of the expected core foraging areas of each maternity roost, which was then 

confirmed via acoustic activity indexing (see below). Landscape composition for paired sites were 

compared by assessing major landcover categories derived from the USDA CropScape Cropland Data 

Layer (https://nassgeodata.gmu.edu/CropScape/). To capture the surrounding landcover 

composition within relevant ranges of bat foraging distances, we placed 3km buffers around each 

subsite and extracted the corresponding landcover data (Figure 4B). Based on a paired t-test, there 

was no statistically significant difference in landcover percentage between control and treatment 

subsites (p>0.05 for all categories).  

 

Black-light trapping for arthropod communities 

 
Arthropod communities at each of the 20 subsites were sampled weekly. Black-light traps were used 

to collect night-flying moths and other arthropods that are presumed to form the majority of prey in 

the diet of arthropodivorous bats. Black-light trapping protocols followed Chapter 1, with traps turned 

on automatically from 20:00 through 5:00 for a consecutive 3-night period (Thursday–Saturday) 

during each sampling week. Samples were collected and traps were reset weekly from late May to late 

August in 2015 and mid-May to early September in 2016–2018. A total of 864 black-light trap samples 

were collected from 2015–2018.  

Insect and arthropod samples were identified and counted (or estimated via subsampling and 

extrapolation) by microscope, also following Chapter 1. Briefly, arthropods were identified to order; 

and within orders, all specimens were identified to the 43 most commonly detected groups 

(representing 95% of all captured arthropods), with remaining rare families identified as “other 

Order”, e.g., “other Coleoptera”. Samples that were damaged or degraded were identified to the lowest 

taxonomic level possible. Overall, we captured, identified, and enumerated a total of 2,003,493 

arthropods. The most commonly captured arthropod orders were Coleoptera, Diptera, Hemiptera, 
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Hymenoptera, Lepidoptera, and Trichoptera, hereafter referred to as major arthropod orders (Figure 

4C). On average, the most abundant arthropod groups were Trichoptera (caddisflies, x ̄ =641.2, 

IQR=46.5–668), followed by Diptera (flies): Chironomidae and Culicidae (midges and mosquitoes, 

x ̄=495.8, IQR=10–172.5) and other Coleoptera (beetles, x ̄ =177.6, IQR=10–177; Figure 4C). Over 

the course of the study (2015–2018) there was an overall decline in mean total arthropod abundance 

by 48.9% (Table 1, Figure 4D). This trend also held true for all major orders, with declines between 

2015 and 2018 ranging from –15.7% for total Diptera to –92.7% for total Hymenoptera (Table 1, 

Figure 4D).  

 

Indexing bat activity with passive acoustic recording 

 
Bat activity was indexed by deploying Songmeter SM3ZC passive acoustic recording devices (Wildlife 

Acoustics, Maynard, MA) at all treatment and control subsites (n=20 subsites). Recordings occurred 

nightly from sunset to sundown every day of each week during the summer period (late May-early 

September), yielding a total of 6,245 recording nights. Raw acoustic data were processed in batches 

using Kaleidoscope PRO version 4.1.0 (Wildlife Acoustics, Maynard, MA). Autoclassification 

identifications used the built-in Bats of North America database version 4.1.0, with region set to 

Wisconsin. This includes classification for the seven bat species found throughout the state: the big 

brown (Eptesicus fuscus), Eastern red (Lasiurus borealis), hoary (Lasiurus cinereus), silver-haired (Lasionycteris 

noctivagans), little brown (Myotis lucifugus), Northern long-eared (Myotis septentrionalis), and tri-colored bat 

(Perimyotis subflavus). Signal parameters were set between 8–120 kHz and 2–500 ms, with a maximum 

inter-syllable gap of 500 ms and a minimum of 2 pulses.  

Post-processing, data batches were combined and cleaned in R Studio version 1.3.1056 (R 

Core Team, 2020). To avoid noise contamination and potential bat attraction effects, we removed all 

days during which black-light traps were on (Thursday, Friday, and Saturday). Next, we aggregated 
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data into high and low-frequency groups to account for the inherent shortcomings of 

autoclassification software (Lemen et al. 2015). For this dataset, 88.6% of high-frequency group pulses 

were initially autoclassified as little brown bat calls, while 54.2% of low-frequency were initially 

autoclassified as big brown bat pulses. Hoary bats accounted for 41% of autoclassified low-frequency 

pulses, although this species is seldom captured in the state. Although hoary bats are likely 

underrepresented by capture surveys due to their high-altitude foraging habits, they may be 

overrepresented by acoustic surveys due to their lower-frequency calls, which can be detected from 

greater distances than other bat calls, or due to the high variability of their calls which can be confused 

with other species (O’Farrell et al. 2000; Huebschman 2019). Nonetheless, while estimates of low-

frequency acoustic activity may not be directly attributable to big brown bats and include other low-

frequency echolocating bats that are present throughout the study area, corresponding emergence 

counts suggest that big brown bats are likely the most abundant species at their respective study 

subsites. As such, pulses identified as hoary, silver-haired, and big brown bats were combined into the 

low-frequency group category, while pulses identified as little brown, Eastern red, little brown, 

Northern long-eared, and tri-colored bats were combined into the high-frequency group category. 

These groupings yielded a final total of 1,460,540 identified low-frequency pulses and 2,109,930 

identified high-frequency pulses. The number of high-frequency and low-frequency pulses were then 

aggregated by subsite, year, and Julian week, with the arithmetic mean taken to account for uneven 

sampling nights 

 

Statistical analyses 

 
As an evaluation of the a priori assumption that subsites close to roosts (i.e., “treatment”) had higher 

bat activity than subsites far from roosts (“controls”), we compared the amount of acoustic activity at 

paired subsites for the frequency category corresponding to the type of bat roost present (i.e., high-
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frequency activity for little brown bat sites and low-frequency activity for big brown bat sites). We 

tested for differences at each paired treatment and control subsites using Wilcoxon signed-rank tests, 

which indicated that 9 out of 10 sites had significantly higher overall bat activity for the expected 

frequency group at the treatment subsite in comparison to the control subsite (Supplementary Figure 

S2). One site (site D) had higher low-frequency bat activity at the control subsite in comparison to the 

treatment subsite and was therefore excluded from all subsequent analyses involving comparisons 

between control and treatment subsites (Supplementary Figure S2). To determine how bat activity 

changed over time, yearly differences between the total number of high-frequency and low-frequency 

pulses were also assessed using unpaired Wilcoxon rank sum tests. 

We used linear mixed effects models with count data transformed using a log(x+1) 

transformation to preserve information present among zero values in order to assess whether 

arthropod abundance differed at treatment versus control sites over time. Since arthropod count data 

for most groups had high variance, this approach was chosen for its robustness under a wide range of 

conditions (Ives 2015). Samples with total arthropod abundance in the lowest 0.5 percentile, which 

had fewer than 63 individual arthropods present (n=44 samples), were excluded from analyses since 

these low sample abundances could indicate partial trap failure, tampering or sample removal by 

terrestrial predators, or poor weather conditions, resulting in 740 total remaining samples included in 

analyses. Separate models were created for total arthropod abundance, the abundance of major 

arthropod orders, and the abundance of five arthropod groups that were among the most common in 

black-light traps and which are known to occur in bat diets. These five groups included 

Chironomidae/Culicidae (Diptera), Carabidae (Coleoptera), Corixidae (Hemiptera), micromoths 

(Lepidoptera), and Noctuidae (Lepidoptera).  For all models, fixed effects included year, bat species, 

(i.e., whether sites were classified as little brown or big brown bat sites), treatment (i.e., the identity of 

a subsite as near versus far from a known bat maternity roost), and the interactions between year, bat 
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species, and treatment. To account for repeated sampling, we used site and the time period of sampling 

(i.e., the week and year of sample collection) nested within a site as random intercepts. Since yearly 

trends were not necessarily linear, we treated year as a factor variable. Model assumptions (linearity, 

homogeneity of variance, normal distribution of residuals) were also tested and we confirmed that 

these assumptions were met (model outputs are available in Supplementary Table S1). We then used 

post hoc Tukey tests for each model to determine pairwise contrasts between different levels of fixed 

predictor variables, specifically, testing for differences between paired control and treatment subsites 

for each bat species within each year. Statistical analyses were performed and 95% confidence intervals 

for coefficients were calculated using the R packages “lmerTest”,“lme4”, “lsmeans” and “emmeans” 

(Bates et al. 2007; Kuznetsova et al. 2017; Lenth 2018; Lenth et al. 2018).  

Additional tools used for data processing and data visualization included the R packages 

“dplyr”, “ggplot2”, “maps”, “reshape2”, “tidyverse”, and “wesanderson” (Ram & Wickham 2018; 

Wickham 2019; Wickham et al. 2020; Wickham et al. 2020a,b) and SankeyMATIC (Bogart 2018). 
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Table 1. Arthropod abundance, Julian weeks 25-34       
group year total x̅ x̅t2 – x̅t1 % p x̅t4 – x̅t1 % p 
total Arthropoda 2015 442760 3513.97       
 2016 498931 2585.13 -928.83 -26.4% <0.001    
 2017 356695 1981.64 -603.50 -23.3% 0.05    
 2018 326821 1795.72 -185.92 -9.4% 0.20 -1718.25 -48.9% <0.001 
total Coleoptera 2015 129007 1023.87       
 2016 158279 820.10 -203.77 -19.9% <0.001    
 2017 76551 425.28 -394.82 -48.1% <0.001    
 2018 117219 644.06 218.78 51.4% 0.18 -379.80 -37.1% <0.001 
total Diptera 2015 69552 552.00       
 2016 122647 635.48 83.48 15.1% <0.001    
 2017 99203 551.13 -84.35 -13.3% 0.16    
 2018 84698 465.37 -85.75 -15.6% <0.001 -86.63 -15.7% <0.001 
total Lepidoptera 2015 29978 237.92       
 2016 17718 91.80 -146.12 -61.4% <0.001    
 2017 14044 78.02 -13.78 -15.0% <0.001    
 2018 10003 54.96 -23.06 -29.6% <0.001 -182.96 -76.9% <0.001 
total Hemiptera 2015 86862 689.38       
 2016 57138 296.05 -393.33 -57.1% <0.001    
 2017 31695 176.08 -119.97 -40.5% 0.05    
 2018 24687 135.64 -40.44 -23.0% <0.001 -553.74 -80.3% <0.001 
total Hymenoptera 2015 30667 243.39       
 2016 7985 41.37 -202.02 -83.0% 0.02    
 2017 4775 26.53 -14.85 -35.9% 0.08    
 2018 3236 17.78 -8.75 -33.0% <0.001 -225.61 -92.7% <0.001 
total Trichoptera 2015 95068 754.51       
 2016 132908 688.64 -65.87 -8.7% 0.08    
 2017 129362 718.68 30.04 4.4% 0.09    
 2018 86048 472.79 -245.89 -34.2% 0.04 -281.72 -37.3% <0.001 
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Figure Legends 
 
Figure 1. Conceptual diagram. A) Study site design, with passive acoustic monitors and black-light 

traps located near and far from bat roosts in order to quantify bat acoustic activity and arthropod 

abundance, respectively. B) Predictions for bat population declines following detection of white-nose 

syndrome (WNS) in Wisconsin in 2014. C) Predictions for arthropod abundance at treatment and 

control subsites following the expected declines in bat populations. EPFU=big brown bat, 

MYLU=little brown bat. Diagram not to scale.  

 

Figure 2. Bat population size, acoustic activity estimations, and total arthropod abundance. A) 

Spatially-arranged changes in roost size by year, determined as the mean value of pre- and post-volancy 

roost emergence counts. EPFU=big brown bat, MYLU=little brown bat. B) Total nightly identified 

pulses at all study sites, 2015–2018. High-frequency group (HFG) corresponds to little brown bats, 

low-frequency group (LFG) corresponds to big brown bats. Bars indicate median values, while 

boxplots indicate the interquartile range and whiskers indicate the full range of values. Half-violin 

plots indicate the distribution of observed values. Points are jittered for visibility. EPFU=big brown 

bat, MYLU=little brown bat.  

 

Figure 3. A) Total arthropod abundance and changes over time for bat roost subsites and paired 

control subsites. Closed shapes represent treatment subsites, while open shapes represent control 

subsites. Colored points and lines indicate mean values for all subsites in total, while gray points and 

lines indicate mean values for each subsite.  Points indicate the mean abundance within a subsite type 

in a given year, while bars indicate one standard deviation from the mean. Points are jittered for 

visibility. B) Results from linear mixed effects models, demonstrating the estimate and 95% confidence 

intervals of pairwise contrasts (between treatments and controls) from post hoc testing. EPFU 
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indicates paired treatment and control subsites with a big brown bat roost, MYLU indicates paired 

treatment and control subsites with a little brown bat roost. Shaded gray areas indicate years after 

WNS-related little brown bat declines were detected. Closed circles indicate overlap with zero, while 

open triangles indicate nonoverlap with zero which suggests a statistically meaningful effect. 

EPFU=big brown bat, MYLU=little brown bat. 

 

Figure 4. Summary of study site characteristics. A) Map of maternity roost locations in Wisconsin, 

USA, with lines indicating county boundaries. Inset shows position of study area within the continental 

United States (with Wisconsin shaded in gray). B) Landcover composition comparisons between 

paired treatment and control subsites at a 3km scale. C) Sankey diagram of the total abundance of 

arthropods identified by microscope. D) Yearly abundance of total arthropods and major arthropod 

orders, 2015–2018. Bars indicate the median values, while boxplots indicate the interquartile range 

and whiskers indicating the full range of values. Half-violin plots indicate the distribution of observed 

values. EPFU=big brown bat, MYLU=little brown bat.  

 

Supplementary Figure S1. Mean weekly identified pulses at all paired study sites, 2015–2018. High-

frequency group (HFG) corresponds to little brown bats, low-frequency group (LFG) corresponds to 

big brown bats. Bars indicate median values, while boxplots indicate the interquartile range and 

whiskers indicate the full range of values. Points are jittered for visibility. EPFU=big brown bat, 

MYLU=little brown bat. 

 

Supplementary Figure S2. Validating site assumptions of higher acoustic activity at treatment subsites. 

EPFU=big brown bat, MYLU=little brown bat. 
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Figure 3 
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Supplementary Materials 

 
Table S1. Coefficients for linear mixed effects models. Statistically significant model terms highlighted in bold.  

 Est SE df t value p   Est SE df t value p 
Arthropoda  micromoth 
Intercept 7.812 0.250 71.63 31.249 <0.001  Intercept 4.101 0.328 85.23 12.499 <0.001 
year2 -0.813 0.267 632.77 -3.041 0.002  year2 -0.750 0.355 723.76 -2.115 0.035 
year3 -0.741 0.275 620.97 -2.689 0.007  year3 -0.731 0.363 718.98 -2.011 0.045 
year4 -1.082 0.270 618.99 -4.011 <0.001  year4 -1.382 0.356 718.52 -3.887 <0.001 
MYLU 0.242 0.337 72.76 0.718 0.475  MYLU 0.734 0.446 89.38 1.645 0.103 
tx 0.182 0.219 372.96 0.828 0.408  tx -0.942 0.380 404.09 -2.478 0.014 
year2:MYLU -0.268 0.356 645.06 -0.753 0.452  year2:MYLU -0.652 0.475 724.87 -1.373 0.170 
year3:MYLU -0.266 0.375 648.96 -0.710 0.478  year3:MYLU -0.811 0.500 724.04 -1.623 0.105 
year4:MYLU -0.708 0.365 640.74 -1.943 0.052  year4:MYLU -0.689 0.485 722.61 -1.422 0.155 
year2:tx -0.054 0.264 363.23 -0.205 0.838  year2:tx 0.886 0.461 390.68 1.923 0.055 
year3:tx 0.089 0.273 361.90 0.327 0.744  year3:tx 0.518 0.476 387.10 1.089 0.277 
year4:tx 0.261 0.268 363.05 0.974 0.331  year4:tx 1.063 0.467 388.57 2.274 0.024 
MYLU:tx -0.597 0.305 418.53 -1.956 0.051  MYLU:tx 0.318 0.514 456.79 0.618 0.537 
year2:MYLU:tx 0.761 0.363 395.22 2.095 0.037  year2:MYLU:tx -0.290 0.621 425.41 -0.467 0.641 
year3:MYLU:tx 0.572 0.378 392.43 1.513 0.131  year3:MYLU:tx -0.340 0.648 422.38 -0.525 0.600 
year4:MYLU:tx 0.343 0.371 394.73 0.923 0.357  year4:MYLU:tx -1.101 0.635 424.29 -1.734 0.084 
Coleoptera  Noctuidae 
Intercept 6.760 0.331 42.49 20.441 <0.001  Intercept 1.932 0.217 191.51 8.907 0.000 
year2 -1.245 0.323 598.40 -3.851 <0.001  year2 -0.193 0.255 703.76 -0.755 0.450 
year3 -0.891 0.334 586.90 -2.670 0.008  year3 -0.460 0.262 695.51 -1.756 0.080 
year4 -0.925 0.327 584.80 -2.826 0.005  year4 -0.704 0.256 694.40 -2.747 0.006 
MYLU -0.512 0.444 42.52 -1.153 0.255  MYLU 0.183 0.295 198.66 0.620 0.536 
tx 0.224 0.241 362.70 0.930 0.353  tx -0.285 0.255 388.62 -1.120 0.263 
year2:MYLU 0.302 0.430 613.00 0.702 0.483  year2:MYLU -0.239 0.341 708.07 -0.699 0.485 
year3:MYLU -0.110 0.452 617.60 -0.243 0.808  year3:MYLU 0.024 0.359 708.53 0.067 0.947 
year4:MYLU -0.293 0.441 608.80 -0.666 0.506  year4:MYLU -0.171 0.349 704.75 -0.490 0.625 
year2:tx -0.125 0.290 354.50 -0.430 0.667  year2:tx 0.261 0.308 375.84 0.846 0.398 
year3:tx -0.202 0.298 353.70 -0.676 0.500  year3:tx -0.134 0.318 372.86 -0.421 0.674 
year4:tx -0.001 0.293 354.70 -0.003 0.998  year4:tx 0.401 0.312 374.27 1.283 0.200 
MYLU:tx -0.629 0.338 402.30 -1.864 0.063  MYLU:tx -0.340 0.348 442.24 -0.978 0.329 
year2:MYLU:tx 0.335 0.400 382.90 0.836 0.404  year2:MYLU:tx 0.413 0.418 411.71 0.989 0.323 
year3:MYLU:tx 0.573 0.417 380.40 1.375 0.170  year3:MYLU:tx 0.379 0.436 408.55 0.870 0.385 
year4:MYLU:tx 0.635 0.409 382.50 1.553 0.121  year4:MYLU:tx 0.093 0.427 410.72 0.218 0.828 
Carabidae  Hemiptera 
Intercept 5.162 0.345 219.54 14.944 <0.001  Intercept 6.013 0.240 311.29 25.085 <2.00E-16 
year2 -1.371 0.415 619.26 -3.305 0.001  year2 -1.110 0.294 651.08 -3.771 <0.001 
year3 -0.760 0.428 608.09 -1.777 0.076  year3 -1.281 0.303 640.37 -4.225 <0.001 
year4 -1.209 0.419 606.32 -2.885 0.004  year4 -2.126 0.297 638.71 -7.162 <0.001 
MYLU -0.351 0.465 223.10 -0.755 0.451  MYLU 0.071 0.324 317.97 0.220 0.826 
tx -0.289 0.325 372.33 -0.890 0.374  tx -0.031 0.253 380.20 -0.124 0.902 
year2:MYLU -0.009 0.553 632.84 -0.016 0.987  year2:MYLU -0.161 0.393 662.24 -0.410 0.682 
year3:MYLU -0.327 0.581 637.23 -0.563 0.573  year3:MYLU -0.198 0.413 665.93 -0.478 0.632 
year4:MYLU -0.288 0.566 629.37 -0.509 0.611  year4:MYLU -0.231 0.402 659.06 -0.575 0.566 
year2:tx 0.189 0.391 363.53 0.484 0.629  year2:tx -0.034 0.305 369.84 -0.112 0.911 
year3:tx 0.009 0.403 361.91 0.021 0.983  year3:tx 0.229 0.315 367.62 0.727 0.468 
year4:tx 0.174 0.397 362.88 0.438 0.661  year4:tx 0.420 0.310 368.74 1.356 0.176 
MYLU:tx -0.200 0.454 415.36 -0.440 0.660  MYLU:tx -0.091 0.351 428.57 -0.261 0.794 
year2:MYLU:tx 0.164 0.539 393.63 0.305 0.761  year2:MYLU:tx 0.299 0.418 403.11 0.715 0.475 
year3:MYLU:tx 0.231 0.561 391.07 0.412 0.681  year3:MYLU:tx -0.029 0.436 400.21 -0.066 0.947 
year4:MYLU:tx 0.595 0.551 392.94 1.080 0.281  year4:MYLU:tx -0.136 0.428 402.21 -0.319 0.750 
Diptera  Corixidae 
Intercept 5.240 0.352 29.88 14.880 <0.001  Intercept 4.464 0.393 36.81 11.372 <0.001 
year2 -0.207 0.312 690.26 -0.662 0.508  year2 -1.397 0.370 630.93 -3.772 <0.001 
year3 0.184 0.320 680.49 0.575 0.565  year3 -1.355 0.382 619.12 -3.550 <0.001 
year4 -1.059 0.314 679.11 -3.378 0.001  year4 -1.573 0.374 617.09 -4.205 <0.001 
MYLU 0.391 0.476 30.73 0.822 0.417  MYLU -0.789 0.528 37.23 -1.494 0.144 
tx 0.181 0.301 379.89 0.599 0.549  tx 0.031 0.301 373.60 0.102 0.919 
year2:MYLU -0.722 0.417 695.67 -1.731 0.084  year2:MYLU 0.893 0.494 643.29 1.807 0.071 
year3:MYLU -0.969 0.439 696.86 -2.206 0.028  year3:MYLU 0.977 0.519 647.17 1.882 0.060 
year4:MYLU -0.529 0.426 691.64 -1.242 0.215  year4:MYLU 0.743 0.505 638.80 1.469 0.142 
year2:tx -0.335 0.364 367.35 -0.920 0.358  year2:tx 0.179 0.363 364.02 0.494 0.622 
year3:tx -0.083 0.376 365.10 -0.222 0.824  year3:tx 0.315 0.374 362.85 0.842 0.401 
year4:tx 0.136 0.369 366.55 0.368 0.713  year4:tx -0.007 0.368 364.01 -0.019 0.985 
MYLU:tx -0.295 0.413 432.94 -0.716 0.474  MYLU:tx 0.284 0.420 418.42 0.678 0.498 
year2:MYLU:tx 1.241 0.495 403.35 2.507 0.013  year2:MYLU:tx -0.695 0.499 395.64 -1.392 0.165 
year3:MYLU:tx 1.108 0.516 400.23 2.149 0.032  year3:MYLU:tx -1.004 0.520 392.87 -1.933 0.054 
year4:MYLU:tx 0.316 0.506 402.74 0.625 0.532  year4:MYLU:tx -0.056 0.510 395.23 -0.110 0.913 
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Table S1 (continued) 
Chironomidae  Hymenoptera 
Intercept 3.983 0.501 29.67 7.956 0.000  Intercept 2.940 0.315 82.40 9.326 <0.001 
year2 0.146 0.443 685.56 0.330 0.742  year2 -0.160 0.341 699.32 -0.469 0.639 
year3 0.964 0.455 675.11 2.121 0.034  year3 -0.708 0.351 690.68 -2.020 0.044 
year4 -1.101 0.445 673.61 -2.474 0.014  year4 -1.209 0.343 689.50 -3.524 <0.001 
MYLU 0.370 0.676 30.49 0.547 0.589  MYLU 1.616 0.428 85.76 3.776 <0.001 
tx 0.263 0.424 369.99 0.619 0.536  tx 0.332 0.337 389.37 0.986 0.325 
year2:MYLU -0.664 0.592 691.58 -1.122 0.262  year2:MYLU -1.653 0.457 703.82 -3.618 <0.001 
year3:MYLU -1.056 0.623 692.99 -1.696 0.090  year3:MYLU -1.543 0.481 704.54 -3.210 0.001 
year4:MYLU -0.574 0.605 687.28 -0.950 0.343  year4:MYLU -1.388 0.467 700.28 -2.975 0.003 
year2:tx -0.655 0.513 357.56 -1.277 0.203  year2:tx -0.496 0.407 376.65 -1.217 0.224 
year3:tx -0.252 0.529 355.38 -0.477 0.634  year3:tx -0.434 0.420 374.01 -1.033 0.302 
year4:tx 0.077 0.520 356.82 0.148 0.883  year4:tx -0.165 0.413 375.45 -0.401 0.689 
MYLU:tx -0.157 0.582 423.09 -0.269 0.788  MYLU:tx -1.468 0.460 442.65 -3.192 0.002 
year2:MYLU:tx 1.529 0.697 393.56 2.192 0.029  year2:MYLU:tx 1.759 0.553 412.57 3.183 0.002 
year3:MYLU:tx 0.829 0.727 390.42 1.140 0.255  year3:MYLU:tx 2.029 0.576 409.44 3.524 0.000 
year4:MYLU:tx 0.117 0.713 392.96 0.164 0.870  year4:MYLU:tx 1.338 0.565 411.78 2.368 0.018 
Lepidoptera  Trichoptera 
Intercept 4.916 0.258 51.00 19.028 <0.001  Intercept 5.344 0.343 139.33 15.579 <0.001 
year2 -0.627 0.259 715.41 -2.421 0.016  year2 0.051 0.395 652.05 0.129 0.897 
year3 -1.037 0.265 709.27 -3.908 <0.001  year3 -0.207 0.407 640.89 -0.508 0.612 
year4 -1.620 0.260 708.56 -6.238 <0.001  year4 -0.819 0.399 639.09 -2.054 0.040 
MYLU 0.431 0.351 53.17 1.230 0.224  MYLU 0.927 0.463 142.68 2.001 0.047 
tx -0.175 0.268 402.05 -0.652 0.515  tx 0.664 0.341 381.89 1.950 0.052 
year2:MYLU -0.445 0.347 717.54 -1.284 0.199  year2:MYLU -0.647 0.528 662.64 -1.225 0.221 
year3:MYLU -0.296 0.365 717.32 -0.811 0.417  year3:MYLU -0.361 0.555 666.00 -0.651 0.515 
year4:MYLU -0.261 0.354 714.83 -0.738 0.461  year4:MYLU -1.068 0.540 658.73 -1.978 0.048 
year2:tx 0.093 0.325 388.82 0.286 0.775  year2:tx -0.514 0.411 371.39 -1.252 0.211 
year3:tx -0.012 0.335 385.73 -0.035 0.972  year3:tx -0.117 0.424 369.61 -0.276 0.783 
year4:tx 0.431 0.329 387.20 1.311 0.191  year4:tx -0.076 0.416 370.82 -0.181 0.856 
MYLU:tx -0.296 0.364 455.17 -0.812 0.417  MYLU:tx -0.950 0.472 430.10 -2.013 0.045 
year2:MYLU:tx 0.397 0.439 424.26 0.906 0.366  year2:MYLU:tx 0.933 0.563 404.83 1.658 0.098 
year3:MYLU:tx 0.161 0.457 421.20 0.353 0.725  year3:MYLU:tx 0.181 0.586 401.92 0.309 0.758 
year4:MYLU:tx -0.199 0.449 423.35 -0.444 0.658  year4:MYLU:tx 0.341 0.576 404.19 0.592 0.554 
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ABSTRACT 
 

Understanding the potential for persisting species to fill the role of extirpated or declining species 

remains a central focus of restoration ecology. In North America, bats are currently threatened on a 

continent-wide scale by the emergence and spread of white-nose syndrome (WNS), a devastating 

disease resulting from infection with the fungus (Pseudogymnoascus destructans). WNS was initially 

detected in Wisconsin in March 2014 and was predicted to cause precipitous declines among 

Wisconsin bats — all of which are arthropodivores — within the subsequent four to five years. We 

tested whether big brown bats, which exhibit some resistance to WNS, can partially fill the functional 

role of other bat species following WNS-related declines. Specifically, we performed high-throughput 

amplicon sequencing of little brown (Myotis lucifugus) and big brown bat (Eptesicus fuscus) guano samples 

collected at maternity roosts from 2015–2018 and compared changes in diet composition before 

versus after WNS-related bat population declines. Overall, we found that both little brown and big 

brown bat dietary niches contracted following substantial WNS-related declines in little brown bat 

populations, but interspecific overlap did not change. We also found that following bat population 

declines, the incidence and taxonomic richness of agricultural pest taxa detected in diet samples 

decreased for both bat species. The results of this study demonstrate that big brown bats do not 

necessarily expand their dietary niches following population declines among other bat species, which 

suggests that the functional role of little brown bats is ecologically distinct. As such, this study 

emphasizes the importance of developing conservation strategies to mitigate population declines 

among bat species that are severely impacted by WNS as well as among other declining generalist 

predators. 
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Introduction 
 
Species tend to diverge and specialize over long periods of time, but generalist habits can be an asset 

in eras dominated by change. On an evolutionary scale, specialization can lead to speciation, yet the 

persistence of generalism can buffer species against extinction and facilitate persistence (Dennis et al. 

2011; Loxdale et al. 2011). Generalism has been associated with reduced extinction risk, and species 

with flexible resource requirements and are often better able to adapt to the rapidly changing 

environments of the Anthropocene (Boyles & Storm, 2007; Colles et al. 2009; Purvis et al. 2000). As 

certain species decline, the question of whether other species can serve as ecological replacements to 

maintain interaction networks has also been raised (Parker et al. 2010; Rubenstein et al. 2006; 

Tylianakis et al. 2010). In some examples, ecological replacement has included intentional 

introductions for ecosystem restoration (e.g., Wingate 1982; Hunter et al. 2013), while other studies 

have documented unintentional introductions or range expansions that involve one species filling the 

vacant trophic niches left behind by another (e.g., Nowak 2002; Carlsson et al. 2010; Tompkins et al. 

2003). In light of global predator declines and recent emphases on the role of predators in restoration 

ecology (e.g., Estes et al. 2011; Ritchie et al. 2012), the question of whether and to what extent 

surviving predators may be capable of filling the vacant functional roles of extirpated predators 

remains largely unanswered. As such, assessing the equivalency of similar predator species therefore 

represents an important first step for conservation strategies focused on preserving ecosystem 

functioning.  

Vertebrate arthropodivores are declining globally due to a myriad of factors, including habitat 

loss and degradation, disease, and declines in arthropod prey (Nebel et al. 2010; Nocera et al. 2012; 

O'Shea et al. 2016; Spiller & Dettmers, 2019). Given that vertebrate arthropodivores have been shown 

to have top-down influences on prey, the effects of declining populations may, consequently, have 

cascading effects on their respective food webs (Mooney et al. 2010). Declines among aerial vertebrate 
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arthropodivores, such as birds and bats, have been of particular interest due to their high energy 

requirements that necessitate consumption of large quantities of arthropods (Boyles & Willis 2010; 

Kelly et al. 2013; Nyffeler et al. 2018), which may result in disproportionate influences on the 

arthropod food web. Some aerial arthropodivores also function as natural enemies of arthropod pests, 

thereby providing valuable ecosystem services (Boyles et al. 2011; Kunz et al. 2011; Maas et al. 2016). 

Though many aerial arthropodivores are currently in decline, others persist and even appear to be 

expanding their ranges (McCracken et al. 2018; Williams-Guillén et al. 2016). Despite their frequent 

generalist foraging habits, aerial insectivores can display strong levels of dietary niche partitioning 

(Kent & Sherry 2020; Patterson et al. 2003), and therefore, fill distinct ecological roles that may not 

be easily replaced by other sympatric species. However, understanding whether persisting taxa are able 

to compensate for the functional roles of other declining populations has seldom been determined 

among aerial arthropodivores, largely due to methodological challenges associated with characterizing 

resource requirements prior to population declines. 

Anatomical and physiological constraints often limit the foraging of generalist predators. In 

contrast to most systems where larger body size is competitively advantageous, among 

arthropodivorous bats small body size provides a competitive advantage by increasing agility during 

flight, which in turn means that a smaller bat can consume small prey items that a larger bat cannot 

catch, while also being able to capture larger prey (Aguirre et al. 2003; Barclay & Brigham 1991). 

Indeed, certain bat species are capable of consuming prey larger than their own body size and will 

occasionally land and consume the preferred parts of the prey while discarding the rest (O'Shea & 

Vaughan 1977; Santana & Cheung 2016). Since arthropodivorous bats largely rely on echolocation 

while hunting, certain echolocation frequencies are also adapted for acquiring specific prey, and 

echolocation may play a role in limiting dietary niche breadth (Arbour et al. 2019). For example, bats 

that use lower-frequency echolocation are typically more adept at capturing larger prey, while bats that 
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use higher-frequency echolocation are better at capturing smaller prey (Denzinger & Schnitzler 2013; 

Jones & Holderied 2007). Such physiological constraints are generally considered to be more 

important determinants of bat trophic niches than direct competition with other bats in similar guilds 

(Schoeman & Jacobs 2011). As such, the morphological constraints that shape bat foraging strategies 

casts further doubt on the potential for ecological equivalency among species with differing 

morphology.  

In North America, many hibernating bat species have undergone precipitous declines due to 

white-nose syndrome (WNS), a fungal disease first detected in 2006 (Frick et al. 2016). These 

population declines present a unique circumstance under which fundamental ecological questions 

about the role of arthropodivorous bats as predators may be answered. In eastern North America 

where WNS has been present for over a decade, little brown bats have declined in excess of 90%, 

leaving some regions locally extirpated (Frick et al. 2016). Comparatively, other common bat species 

such as big brown bats experience infection from white-nose syndrome yet have declined with much 

less severity (Frank et al. 2014; Frick et al. 2010). Big brown bats are often noted to persist in human-

dominated habitats, readily utilizing built structures such as bat houses and barns (Voigt et al. 2016). 

Additional studies have shown that in the past century, big brown bat dietary niches have shifted 

substantially, with a convergence upon the niches of other species such as little brown bats (Chapter 

2). These observed patterns, combined with their apparent resistance of big brown bats to white-nose 

syndrome, raises the question of whether big brown bats are capable of partially or fully adopting the 

open niche spaces left behind by declines among other arthropodivorous bats.  

In this study, we quantified changes in dietary composition and niche overlap in two generalist 

arthropodivorous bat species following the rapid, WNS-induced decline of one species and the 

persistence of another. Specifically, we tested whether declines in little brown bats would lead to niche 

expansion among big brown bats by comparing changes in overall diet composition and prevalence 
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of known agricultural pests as measured using high-throughput amplicon sequencing (HTAS) 

methods. We hypothesized that due to physiological constraints, big brown bats would be unable to 

adopt the dietary niche space formerly occupied by little brown bats. Under this hypothesis, we 

predicted that big brown bats would not expand their dietary niche to include more small-bodied 

arthropods following declines in little brown bats resulting from WNS. We also predicted that 

following declines in little brown bats, the incidence and taxonomic richness of agricultural pest taxa 

detected in big brown bat guano samples would not increase. Overall, our hypotheses were partially 

supported, and we found that prior to WNS-related bat declines, the dietary niches of little brown and 

big brown bats already overlapped somewhat, and while niche breadth decreased for both bat species, 

interspecific niche overlap did not change. We also found that following WNS-related declines, both 

bat species consumed a lower richness and incidence of agricultural pest taxa.  

 

Methods 
Bat guano collection & detection of arthropod DNA 

 
We collected bat guano samples weekly at 5 little brown and 5 big brown bat roosts, including one 

site with a little brown bat colony present in a bat house and a big brown bat colony present in a 

nearby barn. We collected guano by placing a clean plastic sheet under each roost for one week, with 

samples collected weekly at all sites for the duration of the summer from 2015–2018 (late May–late 

August). Following collection, samples were stored on ice during transport and subsequently kept at 

–80°C for long-term storage. Additional samples were collected by citizen scientists at 3 or 4 time 

periods during the summer from 2015–2018, yielding an additional two little brown and two big brown 

roost sites (Figure 1A). These samples were initially stored at –20°C, then shipped overnight on ice 

and kept at –80°C for long-term storage. The identity of bat species was confirmed by directly 

observing bats and by comparing guano pellet size at the time of collection. The number of bats per 
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roost was also estimated via emergence counts conducted as part of the Wisconsin Bat Program’s 

Great Wisconsin Bat Count. These counts occurred at least twice per year in the early and late summer, 

which approximately corresponds to the pre- and post-volancy reproductive periods. Approximately 

30 minutes before sunset, volunteers positioned themselves near bat roosts and counted bats as they 

emerged. In 2015, little brown bat colonies had an average of 210 bats per roost (ranging from 94–

409 bats), while big brown bat colonies had an average of 137 bats per roost (ranging from 21–428 

bats). By 2018, little brown bat colonies declined to an average of 19 bats per roost (ranging from 0–

50 bats), while big brown bat colonies declined to an average of 76 bats per roost (ranging from 26–

180 bats). Overall, the total average number of little brown bats per year was 1,015.7 in the first two 

years, and 119.9 in the second two years, representing a decline of –88.2%. The total average number 

of big brown bats per year was 928.7 in the first two years, and 542.3 in the second two years, 

representing a decline of –41.6%. All sample collection and animal observation methods were carried 

out in accordance with guidelines of the Wisconsin Department of Natural Resources and the 

American Society of Mammalogists (Sikes 2016). Experimental protocols were approved by the 

Wisconsin Natural History Inventory (NHI) Program and the University of Wisconsin-Madison 

College of Agricultural and Life Sciences (CALS) Animal Care and Use Committee (ACUC).  

 

Sequencing arthropod COI isolated from bat guano 

 
DNA extraction, PCR, and high throughput amplicon sequencing followed Jusino et al. 2019 with the 

same modifications presented in Chapter 1. Briefly, DNA was extracted from bat guano using a 

Qiagen DNA Stool mini kit (Qiagen Inc. Germantown, Maryland), with a 180-bp region of the COI 

subunit c amplified using PCR with ANML primers (Jusino et al., 2019). Thermocycler parameters 

followed Hebert et al. 2003, with the exception of the final extension at 72°C increased from 5 to 7 

minutes. A mock community of 34 known arthropod constituents was also amplified under the same 
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conditions as a positive control (Jusino et al. 2019). PCR products were purified using a Zymo Select-

a-Size kit (Zymo, Irvine, California), and five total equimolar libraries were constructed with 

approximately 72 samples per library. Negative and positive controls were included, and samples were 

processed in a randomized order to reduce potential batch processing biases. Sequencing was 

performed on an Ion Torrent Personal Genome Machine platform (PGM; ThermoFisher Scientific, 

Inc., Santa Fe, New Mexico) according to the manufacturer’s recommendations with an Ion PGM 

318v2 chip. Raw sequence data were then processed using AMPtk (Palmer, Jusino, Banik, & Lindner, 

2018). This data processing procedure includes de-multiplexing using unique barcode index sequences, 

stripping of forward and reverse primers, and quality filtering and denoising with the DADA2 

algorithm (Callahan et al. 2016). Operational taxonomic units were clustered at 97% similarity, 

generating an OTU table of demultiplexed sequencing reads. Taxonomy was then assigned using the 

built-in COI database in AMPtk v1.4.2 (Palmer et al. 2018), which resulted in a total of 1,786 OTUs. 

All OTUs were identified to phylum, class, and order, with 87.4% identified to family, 74.8% identified 

to genus, and 56.9% identified to species. Following taxonomy assignment, we removed all OTUs 

that were not identified as insects or arachnids, (n=36 OTUs), as well ectoparasites including 

Mesostigmata, Trombidiformes, Sarcoptiformes, and Siphonatera, which do not represent prey items 

(n=87 OTUs).   

 

Statistical analyses 

 
Post-processing, OTU tables were converted into weighted percent occurrence (wPO), a presence-

based metric, and relative read abundance (RRA), a read-based metric, following Deagle et al. (2019). 

Within major arthropod orders (Araneae, Coleoptera, Diptera, Ephemeroptera, Hemiptera, 

Hymenoptera, Lepidoptera, and Trichoptera), we compared mean values of wPO and RRA in samples 

collected between 2015–2016 with samples collected between 2017–2018 using separate Wilcoxon 
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rank-sum tests for each measure and for each bat species. We then aggregated OTU tables at the 

family level for the estimation of niche metrics. We calculated niche breadth as Levin’s adjusted niche 

breadth, Ba, and calculated niche overlap as Pianka’s measure of niche overlap, Ojk, which provides a 

symmetrical estimate of the niche overlap between two species (Hurlbert 1978; Levins 1968; 

MacArthur & Levins 1967). To visualize diet communities in multivariate space, we performed non-

metric multidimensional scaling (NMDS) using the metaMDS function with a modification of the 

raupcrick function as described by Chase et al. 2011, which were performed separately for 

presence/absence matrices at the OTU and family levels. For both levels, we excluded any taxon 

groups that were not detected at least 5 times in order to reduce the influences of infrequently detected 

diet items. To assess whether the bat diet communities differed by species, time period, collection site, 

and Julian week, we used nonparametric PERMANOVA tests performed by the “adonis” function 

with 999 replicates and assessed the influences of dispersion using the “betadisper” function to 

separately test each predictor variable. We also searched taxonomy tables for certain arthropod taxa 

that are known agricultural pests in the study area. To compare incidence and taxonomic richness of 

pest taxa detected in samples collected between 2015–2016 with samples collected between 2017–

2018, we used chi-squared tests and Welch’s t-tests, respectively, which were conducted separately for 

each bat species. All analyses were performed in R, with multivariate analyses conducted using the R 

package “vegan” (Oksanen et al. 2013). Additional packages used for data processing and visualization 

include “dplyr”, “ggplot2”, “tidyverse”, “wesanderson”, and “reshape2 (Ram and Wickham 2018; 

Wickham 2020; Wickham et al. 2019; Wickham et al. 2020).  

 

Results 
 
A total of 173 little brown and 142 big brown bat samples were successfully amplified. Overall, 1,663 

arthropod prey OTUs were detected representing 19 orders, 221 families, 703 genera, and 891 species. 
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A total of 1,334 OTUs were found among little brown bats and 865 OTUs were found among big 

brown bats, of which 536 OTUs were shared between both. The most commonly detected prey 

families for little brown bats, as measured by incidence, were Diptera: Chironomidae, followed by 

Lepidoptera: Tortricidae and Diptera: Limoniidae. For big brown bats, the most commonly detected 

prey families were Coleoptera: Elateridae, Diptera: Limoniidae, and unidentified Coleoptera 

(Supplementary Table S1). The most common prey, as measured by wPO and RRA, were fairly 

consistent, except for big brown bats where Trichoptera: Hydropsychidae had a much higher RRA 

than wPO (Supplementary Table S1).  

We found that little brown and big brown bat dietary composition were distinct, but 

intraspecific dietary composition did not change substantially between pre- and post-WNS time 

periods for either bat species. Little brown bats diets contained a higher richness of Diptera, 

Lepidoptera, and Hemiptera, and big brown bat diets contained a higher richness of Coleoptera, which 

is consistent with previous studies (e.g., Chapter 1). The RRA and wPO within arthropod orders 

differed by bat species but remained similar between time periods within each bat species (Figure 1B, 

Supplementary Table S2). In the later time period, significantly more Diptera and fewer Hemiptera 

and Hymenoptera were detected in big brown bat diets, though these effects differed between wPO 

and RRA measurements (Figure 1B, Supplementary Table S2). For little brown bats, significantly more 

Diptera and more Trichoptera, as well as fewer Hemiptera and fewer Ephemeroptera were detected 

after declines from WNS, though these effects differed between wPO and RRA (Figure 1B, 

Supplementary Table S2). The arthropod families most commonly detected for each species also 

remained similar between time periods, as ranked by wPO (Table 1). 

In general, little brown and big brown bats showed differences in dietary niche breadth, but 

the observed patterns did not change substantially between the pre- and post-WNS time periods. Little 

brown bats displayed higher niche breadth in comparison to big brown bats, and total interspecific 
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niche overlap was 0.281. For both bat species, niche breadth from samples collected in 2015–2016 

was higher than niche breadth from samples collected in 2017–2018. Little brown bat niche breadth 

decreased by 24.2% between time periods, while big brown bat niche breadth decreased by 34.6% 

between time periods. Interspecific niche overlap was similar between time periods, increasing by only 

2.3% from 0.281 to 0.288 in the post-WNS time period. NMDS plots also showed that diet 

composition differed more between species than between time periods. PERMANOVA 

demonstrated that species was the best predictor of variation at the family and OTU levels (Figure 

2A, Table 3). At both the family and OTU levels, Julian week was also a significant predictor of 

variation, while collection site and time period were also significant predictors at the OTU level (Figure 

2A, Table 3). At both the family and OTU levels, there were significant differences in multivariate 

dispersion between bat species and between collection sites, and at the OTU level there were also 

significant differences in multivariate dispersion between time periods and Julian week (Figure 2A, 

Table 3). These results suggest that while bat species identity was the most important factor in 

determining diet community structure and dispersion, other factors were also influential, particularly 

at the OTU level.  

Several agricultural pests were detected in bat guano samples, which were most commonly 

detected in little brown bat samples collected prior to WNS-related declines. Cumulatively, we 

detected at least one agricultural pest taxa in 45.1% of little brown bat samples and in 33.8% of big 

brown samples. For little brown bats, this percentage decreased from 53.3% to 15.8% between the 

two time periods, while for big brown bats this percentage decreased from 43.2% to 23.6% between 

the two time periods. The most commonly detected agricultural pest taxa for little brown bats was 

Agrotis ipsilon, which was detected in 13% of all samples, while the most commonly detected 

agricultural pest taxa for big brown bats was Phyllophaga anxia, which was detected in 8% of all samples. 

For both bat species, the incidence of most individual pest taxa also declined between time periods 
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(Figure 2B). The difference in the number of samples with at least one agricultural pest taxa present 

between time periods was statistically significant for little brown bats (χ2=15.4, df=1, p<0.001) and for 

big brown bats (χ2=5.31, df=1, p=0.021). Little brown bats had an average of 0.54 pest taxa per sample 

(ranging from 0–4 pest taxa per sample), while big brown bats had an average of 0.45 pest taxa per 

sample (ranging from 0–3 pest taxa per sample). For little brown bats, the average richness of pest 

taxa per sample was significantly higher in the first time period (x̅ =0.89±0.17) in comparison to the 

second time period (x̅ =0.18±0.15, t136.61=6.19, p<0.001). For big brown bats, the average richness of 

pest taxa per sample was also significantly higher in the first time period (x̅ =0.61±0.19) in comparison 

to the second time period (x̅ =0.29±0.15, t133.18=2.61, p=0.01).  

 

Discussion 
 
Overall, our findings suggest that big brown bats cannot function as ecological replacements for 

rapidly declining little brown bats. In this study, we tested whether the effects of bat population 

declines influenced changes in dietary composition, interspecific niche overlap, and the amount of 

agricultural pest taxa consumed. We found that both little brown and big brown population sizes 

declined, with little brown bats declining to a much greater extent than big brown bats, which followed 

our a priori assumptions. In the time period after WNS-related bat population declines, the dietary 

composition of bats did not change substantially, nor did dietary overlap increase, although the niche 

breadth of both bat species decreased. Though little brown and big brown bats exhibited some niche 

overlap prior to WNS-related declines, the lack of changes in dietary composition and niche overlap 

suggests that little brown and big brown bats are complementary predators with differing dietary 

niches. Additionally, the observed decline in niche breath may suggest that both bat species display 

some degree of individual specialization (Bolnick et al., 2002, 2003), with the individuals within a 

population consuming different prey resources that ultimately contribute to a broader population-
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level dietary niche. These results are consistent with one previous study which also suggested that big 

brown bat dietary niche breadth may be driven by individual specialization (Cryan et al. 2012). 

Although there is previous evidence of within-population dietary variation in arthropodivorous bats 

(Johnston & Fenton 2001), the contributions of individuals to population-level dietary breadth has 

seldom been fully explored.  

While niche breadth decreased for both bat species, niche overlap did not change. In fact, 

niche overlap was somewhat high (0.281) in the first time period prior to WNS-related declines in bat 

populations. These results are also consistent with a previous study using stable isotopes (Chapter 2), 

which demonstrated that little brown and big brown bat isotopic niches have converged over the past 

century, with contemporary isotopic niches overlapping by 47%. The observed level of overlap 

suggests that little brown and big brown bats share some similar resources, but that the quantity of 

similar resources consumed did not necessarily change in response to WNS-related declines. One 

previous study, which compared pre- and post-WNS dietary composition based on stomach contents 

of bats collected at different sites, found that overlap in dietary composition did increase following 

WNS-related bat declines (Morningstar et al. 2019). However, in light of the observed variation 

between sites and between weeks, particularly at the OTU level, as well as the known high spatial and 

temporal turnover in the diets of both bat species (Wray et al. in revision), the comparison of individual 

bat diets may not be appropriate if collected at different sites or during different time periods (e.g., 

pre- and post-WNS). Additionally, the aforementioned study also concluded that increasing niche 

overlap may suggest increasing interspecific competition between bat species. However, just as co-

occurrence does not necessarily imply ecological interactions (Blanchet et al. 2020), increasing niche 

overlap does not necessarily imply increasing competition. Indeed, the principle of competition relies 

on the supposition that resources shared by two species must be limiting in order for competition to 

occur, and coexistence has been shown to persist under many cases where the assumptions of 
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competitive exclusion are not met (Chase et al. 2002; Holt 1977). As such, our results suggest that 

WNS-related declines in little brown bats likely do not lead to increases in niche overlap in this study 

area, but rather demonstrates that interspecific niche overlap between little brown and big brown bats 

has remained fairly consistent in recent history despite rapid changes in population size and increasing 

dietary overlap over the past century.  

While big brown bats share some prey resources with little brown bats, the results of this study 

suggest that they do not readily adopt the assumed open dietary niche space left behind following little 

brown bat declines. These results support our hypothesis as well as previous research which suggests 

that big brown bat foraging is limited by intrinsic factors such as body size and echolocation. Indeed, 

little brown and big brown bats diverged from each other more than 20 million years ago (Lack & 

Van Den Bussche 2010) and are differentially adapted for foraging on different prey types. In this 

study, we did not quantify the influences of prey availability, although other studies have detected 

declining arthropod abundance in this region (Chapter 3) and globally (Hallmann et al. 2017; Sánchez-

Bayo & Wyckhuys 2019; Seibold et al. 2019). Previous studies have shown that these bat species 

maintain strong prey preferences independently of changing prey availability (Wray et al. in revision), 

and the lack of increasing niche overlap following little brown bat declines also suggests that prey 

availability is unlikely to be a limiting factor in determining bat dietary niche overlap. Nonetheless, 

other factors, such as habitat or roost availability, could represent limiting factors where the larger 

body size of big brown bats may provide a competitive advantage over smaller-bodied species such as 

little brown bats (Agosta 2002). For example, in this study we observed complete roost abandonment 

at two little brown bat roost sites by 2018, and we posit that if these roosts were later adopted by big 

brown bats, it is unlikely that little brown bats could reoccupy them upon population recovery. As 

such, further exploration into the potential competition between little brown and big brown bats for 
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roost space or other habitat requirements are warranted and may potentially be more important than 

limitations due to food resources.  

This study is the first to characterize the functional role of bats as predators with the goal of 

assessing whether widespread, flexible, and comparatively successful sympatric species have the 

potential to serve as ecological replacements for other declining species. While big brown bats likely 

cannot fill the trophic role of little brown bats, possibly due to morphological constraints, other bat 

species may be more similar to the little brown bat and could more effectively serve as ecological 

replacements. However, most of these more similar species, such as other species in the genus Myotis, 

also experience severe declines due to WNS. (Frick et al. 2016). Species that are not affected by WNS, 

such as migratory bats, are also less abundant and do not cluster in large colonies in this study region 

(Huebschman 2019), and as such may not influence prey communities in the same manner. While 

other studies have demonstrated the successful reintroductions of extirpated predators leading to 

restoration of ecosystem functioning (e.g., Mittelbach et al. 1995; Ripple & Beschta 2012 ), such efforts 

often rely on the possibility of ex situ conservation strategies such as captive breeding or translocation 

— none of which have ever successfully been implemented with little brown bats or other bat species 

severely affected by WNS (Davy & Whitear 2016). As such, it is unlikely that the functional role of 

the little brown bat can be restored either naturally or through conservation intervention. Further, 

several other bat species have been severely impacted by WNS and are expected to face extirpation in 

many regions (Frick et al. 2010; Thogmartin et al. 2013). The growing body of evidence regarding the 

function of arthropodivorous bats as ecologically important predators thus raises concerns regarding 

potential top-down consequences of WNS-related bat declines. Overall, the findings of this study 

highlight the importance of continuing to support little brown bat recovery, while also emphasizing 

the need for conservation of bats and other aerial arthropodivores in general due to the probability 

that each species serves a unique ecological role that cannot necessarily be filled by another.  
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Table 1. Top 20 prey items of big brown and little brown bats, ranked by weighted percent occurrence (wPO) for each time 
period. Changes in top prey are highlighted in bold.  

EPFU, 2015–2016  EPFU, 2017–2018 
order family mean wPO  order family mean wPO 
Coleoptera Elateridae 0.0527  Trichoptera Hydropsychidae 0.089 
Trichoptera Hydropsychidae 0.0524  Coleoptera Scarabaeidae 0.070 
Coleoptera Carabidae 0.0498  Coleoptera Elateridae 0.070 
Coleoptera unidentified 0.0469  Diptera Limoniidae 0.064 
Diptera Limoniidae 0.0459  Coleoptera Carabidae 0.044 
Lepidoptera Tortricidae 0.0376  Coleoptera unidentified 0.044 
Ephemeroptera Heptageniidae 0.0366  Megaloptera Corydalidae 0.043 
Diptera Chironomidae 0.0330  Diptera Chironomidae 0.040 
Coleoptera Scarabaeidae 0.0305  Lepidoptera Tortricidae 0.036 
Coleoptera Pyrochroidae 0.0269  Coleoptera Pyrochroidae 0.030 
Coleoptera Cerambycidae 0.0262  Diptera unidentified 0.024 
Hemiptera Miridae 0.0241  Diptera Tipulidae 0.023 
Diptera Tipulidae 0.0222  Coleoptera Hydrophilidae 0.021 
Coleoptera Hydrophilidae 0.0213  Hemiptera Cicadellidae 0.019 
Diptera unidentified 0.0196  Coleoptera Cerambycidae 0.017 
Hymenoptera Ichneumonidae 0.0180  Hemiptera Miridae 0.015 
Megaloptera Corydalidae 0.0167  Diptera Culicidae 0.014 
Lepidoptera Tineidae 0.0148  Coleoptera Tenebrionidae 0.014 
Trichoptera Leptoceridae 0.0135  Ephemeroptera Heptageniidae 0.012 
Coleoptera Tenebrionidae 0.0128  Hymenoptera Ichneumonidae 0.012 

       
MYLU, 2015–2016  MYLU, 2017–2018 

order family mean wPO  order family mean wPO 
Diptera Chironomidae 0.0744  Diptera Chironomidae 0.086 
Lepidoptera Tortricidae 0.0387  Lepidoptera Tortricidae 0.049 
Diptera Limoniidae 0.0337  Coleoptera Elateridae 0.044 
Coleoptera Elateridae 0.0337  Trichoptera Hydropsychidae 0.043 
Diptera unidentified 0.0285  Diptera Culicidae 0.032 
Lepidoptera Gelechiidae 0.0268  Lepidoptera Gelechiidae 0.031 
Ephemeroptera Caenidae 0.0259  Lepidoptera Depressariidae 0.031 
Hemiptera Miridae 0.0251  Diptera unidentified 0.028 
Trichoptera Hydropsychidae 0.0240  Araneae unidentified 0.025 
Trichoptera Leptoceridae 0.0207  Coleoptera Scarabaeidae 0.025 
Hemiptera Corixidae 0.0193  Coleoptera Dermestidae 0.024 
Diptera Tipulidae 0.0184  Diptera Tipulidae 0.023 
Ephemeroptera Heptageniidae 0.0182  Araneae Theridiidae 0.021 
Lepidoptera Depressariidae 0.0176  Coleoptera unidentified 0.021 
Diptera Culicidae 0.0175  Diptera Limoniidae 0.019 
Diptera Psychodidae 0.0166  Diptera Chaoboridae 0.019 
Hymenoptera Ichneumonidae 0.0155  Ephemeroptera Heptageniidae 0.018 
Diptera Cecidomyiidae 0.0154  Coleoptera Carabidae 0.018 
Lepidoptera Tineidae 0.0148  Diptera Tachinidae 0.017 
Coleoptera Carabidae 0.0140  Lepidoptera Crambidae 0.015 
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Table 2. Family-level niche breadth and overlap for little brown and big brown bats. 
time B, MYLU Ba, MYLU B, EPFU Ba, EPFU overlap, Ojk 
2015–2018 51.3252 0.2207 35.8268 0.1527 0.2813 
2015–2016 52.1028 0.2241 42.0538 0.1801 0.2811 
2017–2018 39.7123 0.1698 27.8405 0.1177 0.2876 

 
 
 
 

Table 3. PERMANOVA and Betadisper test results. 
Family-level PERMANOVA   Betadisper 
term Df Sums Of Sqs Mean Sqs F R2 p  F p 
Species 1 2.42 2.416 13.97 0.052 0.01  15.89 <0.001 
Site 12 2.83 0.236 1.36 0.061 0.14  1.89 0.04 
Time 1 0.29 0.286 1.65 0.006 0.24  0.01 0.92 
Week 1 0.68 0.682 3.94 0.015 0.03  0.99 0.47 
Residuals 233 40.3 0.173  0.866     
Total 248 46.52   1     
          
OTU-level PERMANOVA  Betadisper 
term Df Sums Of Sqs Mean Sqs F R2 p  F p 
Species 1 10.12 10.124 62.14 0.117 0.01  16.4 <0.001 
Site 13 32.25 2.481 15.22 0.371 0.01  3.17 <0.001 
Time 1 2.20 2.202 13.51 0.025 0.01  3.98 0.047 
Week 1 2.00 2.004 12.30 0.023 0.01  2.90 <0.001 
Residuals 247 40.25 0.163  0.464     
Total 263 86.82   1     
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Figure Legends 
 

Figure 1. Characterization of study sites and bat dietary composition. A) Map of study locations with 

points indicating the relative size of roosts. Inset shows location of study sites within the continental 

United States. B) Ordinal level dietary composition between time periods for each bat species. 

EPFU=big brown bat, MYLU=little brown bat. 

 

Figure 2. Changes in bat dietary composition over time. A) NMDS plot of family-level and OTU-level 

dietary communities with 80% confidence interval ellipses. Solid lines indicate the first time period 

(2015–2016), while dashed lines indicate the second time period (2017–2018). Shapes indicate bat 

species. B) Heatmap of agricultural pest taxa detected in bat guano samples. Values indicate the 

percentage of guano samples for which each agricultural pest was detected. EPFU=big brown bat, 

MYLU=little brown bat.  
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Figure 2 
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Supplementary Materials 
 
Supplementary Table S1. Top 20 prey families by incidence, RRA, and wPO, 2015–2018 

MYLU 
order family incidence mean RRA mean wPO 

Diptera Chironomidae 138 0.2132 0.0770 
Lepidoptera Tortricidae 93 0.0369 0.0410 
Diptera Limoniidae 78 0.0359 0.0305 
Coleoptera Elateridae 75 0.0574 0.0360 
Diptera unidentified 71 0.0133 0.0284 
Lepidoptera Gelechiidae 58 0.0153 0.0278 
Ephemeroptera Caenidae 53 0.0439 0.0221 
Hemiptera Miridae 51 0.0106 0.0216 
Lepidoptera Depressariidae 50 0.0494 0.0204 
Trichoptera Hydropsychidae 49 0.0830 0.0281 
Diptera Culicidae 46 0.0279 0.0207 
Diptera Tipulidae 44 0.0029 0.0193 
Hemiptera Corixidae 41 0.0215 0.0170 
Trichoptera Leptoceridae 40 0.0157 0.0168 
Ephemeroptera Heptageniidae 39 0.0165 0.0182 
Diptera Psychodidae 37 0.0281 0.0146 
Hymenoptera Ichneumonidae 34 0.0017 0.0134 
Coleoptera unidentified 32 0.0022 0.0136 
Coleoptera Carabidae 31 0.0132 0.0148 
Diptera Ceratopogonidae 30 0.0010 0.0102 

     
EPFU 

order family incidence mean RRA mean wPO 
Coleoptera Elateridae 83 0.1600 0.0609 
Diptera Limoniidae 71 0.1000 0.0547 
Coleoptera unidentified 70 0.0099 0.0453 
Coleoptera Carabidae 67 0.0176 0.0472 
Trichoptera Hydropsychidae 65 0.1963 0.0701 
Coleoptera Scarabaeidae 56 0.0751 0.0493 
Lepidoptera Tortricidae 54 0.0301 0.0368 
Diptera Chironomidae 45 0.0628 0.0364 
Coleoptera Pyrochroidae 43 0.0201 0.0284 
Diptera Tipulidae 42 0.0044 0.0226 
Coleoptera Cerambycidae 36 0.0070 0.0219 
Hemiptera Miridae 35 0.0103 0.0196 
Coleoptera Hydrophilidae 33 0.0256 0.0211 
Ephemeroptera Heptageniidae 32 0.0435 0.0249 
Megaloptera Corydalidae 30 0.0576 0.0292 
Hymenoptera Ichneumonidae 27 0.0040 0.0151 
Diptera unidentified 26 0.0050 0.0218 
Coleoptera Tenebrionidae 21 0.0032 0.0135 
Hemiptera Cicadellidae 21 0.0004 0.0130 
Coleoptera Silphidae 21 0.0012 0.0100 
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Supplementary Table S2.  Differences in ordinal-level dietary composition between time periods. 
Statistically significant results, as determined by Wilcoxon rank sum tests, highlighted in bold.  
measure order bat species x̅2015–2016 x̅2017–2018 p 

RRA Araneae EPFU 0.0083 0.0061 0.2561 
wPO Araneae EPFU 0.0332 0.0195 0.2287 
RRA Coleoptera EPFU 0.3121 0.3402 0.9050 
wPO Coleoptera EPFU 0.1796 0.2308 0.1017 
RRA Diptera EPFU 0.2160 0.2595 0.7765 
wPO Diptera EPFU 0.1546 0.2200 0.0369 
RRA Ephemeroptera EPFU 0.0745 0.0283 0.1632 
WPO Ephemeroptera EPFU 0.0673 0.0500 0.3386 
RRA Hemiptera EPFU 0.0353 0.0062 0.0007 
wPO Hemiptera EPFU 0.1179 0.0673 0.0044 
RRA Hymenoptera EPFU 0.0344 0.0096 0.0033 
wPO Hymenoptera EPFU 0.0782 0.0407 0.0070 
RRA Lepidoptera EPFU 0.0542 0.0915 0.4805 
wPO Lepidoptera EPFU 0.1474 0.1294 0.3697 
RRA Trichoptera EPFU 0.1953 0.2005 0.3657 
wPO Trichoptera EPFU 0.1216 0.1361 0.6359 
RRA Araneae MYLU 0.0137 0.0404 0.1692 
wPO Araneae MYLU 0.0592 0.0909 0.3413 
RRA Coleoptera MYLU 0.0974 0.1991 0.4254 
wPO Coleoptera MYLU 0.1410 0.1532 0.9912 
RRA Diptera MYLU 0.4473 0.3307 0.0691 
wPO Diptera MYLU 0.1846 0.2216 0.0325 
RRA Ephemeroptera MYLU 0.0826 0.0257 0.0304 
wPO Ephemeroptera MYLU 0.0879 0.0579 0.0671 
RRA Hemiptera MYLU 0.0511 0.0313 0.0029 
wPO Hemiptera MYLU 0.1243 0.0792 0.0051 
RRA Hymenoptera MYLU 0.0277 0.0522 0.2605 
wPO Hymenoptera MYLU 0.0840 0.0673 0.0983 
RRA Lepidoptera MYLU 0.1667 0.1754 0.4127 
wPO Lepidoptera MYLU 0.1586 0.1716 0.8280 
RRA Trichoptera MYLU 0.1011 0.1189 0.0461 
wPO Trichoptera MYLU 0.0916 0.0694 0.0821 

 


