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Bat Activity Correlates with Moth Abundance on an Urban
Green Roof

Dustin R. Partridge*", Kaitlyn L. Parkins?, Susan B. Elbin?, and J. Alan Clark'

Abstract - Global wildlife populations are in decline, in part, due to habitat loss resulting
from urbanization. Urban green roofs may mitigate such habitat loss by providing supple-
mental habitat for wildlife, including bats, which are more active over urban green roofs
than nearby traditional roofs. To better understand bat activity over urban green roofs, we
surveyed bats and arthropods on a 27,316-m? green roof planted with Sedum spp. in New
York City from June to August 2017. We found that Lasiurus borealis (Eastern Red Bat),
a species with a diet consisting mainly of moths, accounted for 88% of identified bat calls.
We collected over 15,000 arthropods of 16 taxa and found that moth abundance, while a
relatively small proportion of green roof arthropods, correlated positively with bat activity.
Our findings suggest that urban green roofs provide useable habitat for moths and other
arthropods and, consequently, bats may forage on green roofs when prey are available.

Introduction

Global vertebrate (Pimm and Raven 2000) and invertebrate (Sanchez-Bayo and
Wyckhuys 2019) populations are in decline, in part, due to habitat loss as a result
of urbanization (McKinney 2008, Sanchez-Bayo and Wyckhuys 2019, Tilman et
al. 2017). However, increasing green space in urban areas can help mitigate such
habitat loss and provide conservation benefits (Gibb and Hochuli 2002, Oliver et
al. 2011, Sandifer et al. 2015, Threlfall et al. 2015). Larger urban green spaces,
such as parks, increase biodiversity (Chong et al. 2014, Vergnes et al. 2012), and
connectivity between large green spaces allows for maintenance of urban wildlife
populations (Braaker et al. 2017, Kang et al. 2015, Vergnes et al. 2012). Even
relatively small urban green spaces, such as yards (Belaire et al. 2014, Lerman and
Warren 2011) and green roofs (Eakin et al. 2015, Parkins and Clark 2015, Partridge
and Clark 2018), can provide valuable conservation benefits.

The installation of green roofs, which are roofs covered with an impermeable
membrane, growing medium, and vegetation (Oberndorfer et al. 2007), is one
approach to increasing green space in urban areas. Green roofs provide multiple
environmental and economic benefits. For example, green roofs aid stormwater
management by reducing runoff quantity and pollutant load (Abualfaraj et al. 2018,
Gregoire and Clausen 2011), reducing energy use for heating and cooling (Alvizuri
etal. 2017), improving air quality (Speak et al. 2012), decreasing urban noise (Gal-
brun and Scerri 2017), and reducing urban heat-island effects (Santamouris 2014).
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Green roofs are usually designed with limited plant diversity but can nonetheless
provide habitat for a diverse array of animal species (Eakin et al. 2015, Maclvor and
Ksiazek 2015, Madre et al. 2013, Pall-Gergely et al. 2015, Parkins and Clark 2015,
Partridge and Clark 2018). For example, urban green roofs are habitat for abundant
and diverse arthropod communities (Joimel et al. 2018, Ksiazek-Mikenas et al.
2018, Partridge and Clark 2018, Starry et al. 2018) that are often similar in spe-
cies composition to ground-level habitats (Maclvor and Lundholm 2011), though
they are generally less diverse (Braaker et al. 2017, Maclvor and Lundholm 2011).
Urban green roofs are also habitat for numerous bird species (Eakin et al. 2015,
Partridge and Clark 2018, Washburn et al. 2016), especially insectivorous species,
with more birds found on green roofs than nearby comparable conventional roofs
(Partridge and Clark 2018). Insectivorous birds use green roofs more than conven-
tional roofs during both migration and the breeding season, possibly foraging on
arthropods there (Partridge and Clark 2018). Bats also use green roofs (Parkins and
Clark 2015, Pearce and Walters 2012), and as with arthropods and birds, bats use
green roofs more than nearby conventional roofs (Parkins and Clark 2015).

While arthropods, birds, and bats use urban green roofs as habitat, relationships
between co-occurring species on green roofs are not frequently studied. For ex-
ample, while bat activity is higher over green roofs than comparable conventional
roofs, the ecological driver of this higher activity is not understood. Insectivorous
predators, such as bats and birds, may be more active on green roofs due to the high-
er abundance of arthropods (Parkins and Clark 2015, Partridge and Clark 2018);
however, this predicted relationship has not yet been demonstrated. Insectivorous
bat species, such as Lasiurus borealis Miiller (Eastern Red Bat), frequently prey
on moths (Lepidoptera), and the abundance of moth-foraging bats can depend on
local moth abundance (Dodd et al. 2008, Sierro and Arlettaz 1997, Wickramasinghe
et al. 2004). Moth abundance, in turn, can predict bat activity (Wickramasinghe et
al. 2004, Zeale et al. 2012). Consequently, preserving or introducing moth habitat
benefits bat populations (Arrizabalaga-Escudero et al. 2015, Dodd et al. 2008,
Wickramasinghe et al. 2004). Installation of urban green roofs can create new moth
habitat (Partridge and Clark 2018) and thereby potentially create bat habitat.

Five species of bats have been regularly recorded in New York City: Eastern
Red Bat, L. cinereus Palisot de Beauvois (Hoary Bat), L. noctivagans Le Conte
(Silver-haired Bat), Perimyotis subflavus F. Cuvier (Tricolored Bat), and Eptesicus
fuscus Palisot de Beauvois (Big Brown Bat) (Parkins et al. 2016). These same spe-
cies use (i.e., vocalize over) New York City green roofs (Parkins and Clark 2015).
In addition, a sixth species, Myotis lucifugus Le Conte (Little Brown Bat), has
more recently been recorded in large parks in New York City (J.A. Clark, unpubl.
data).The Eastern Red Bat is the most active species over New York City green
roofs in the summer, accounting for up to 66% of bat vocalizations (Parkins and
Clark 2015).

Bat species in New York City have similar diets, and all species are known to
consume moths, Diptera (flies), Coleoptera (beetles), Orthoptera (crickets and
grasshoppers), Hemiptera (true bugs), Hymenoptera (wasps and bees), Araneae (spi-
ders), and Neuroptera (lacewings) (Arrizabalaga-Escudero et al. 2015, Barclay and
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Coleman 2013, Cravens et al. 2018, Dixon 2012, Kriiger et al. 2014) with some vari-
ation in percent composition of each species’ diet. Moths, however, are an especially
important food source for all New York City bat species (Clare et al. 2009, Cravens
et al. 2018, Howard et al. 2012, Jesika et al. 2010), and moths are common on New
York City green roofs (Partridge and Clark 2018). Thus, moths on urban green roofs
have the potential to act as a food source for bats, particularly Eastern Red Bats,
whose diet is largely composed of moths (Clare et al. 2009, Whitaker 1972), espe-
cially under nocturnal urban artificial light conditions (Cravens et al. 2018). Both
bats and moths are found on green roofs, and, although the presence of moths could
help explain the higher levels of bat activity on green roofs, no study to date has ex-
amined the relationship between moth abundance and bat activity on green roofs.

To better understand the relationship between bats and their arthropod prey on
urban green roofs, we surveyed both bat and arthropod communities on a large
Sedum green roof in New York City and compared overall bat activity with over-
all arthropod abundance. Because bats consume only a relatively small subset of
arthropod species, we predicted that bat activity would not correlate with overall
arthropod abundance; however, we predicted that bat activity would correlate posi-
tively with moth abundance. Because the Eastern Red Bat is the most common local
bat species, we also examined how only Eastern Red Bat activity would correlate
with both overall arthropod abundance as well as with moth abundance.

Field Site Description and Methods

Site

We surveyed the north side of the Jacob K. Javits Convention Center green roof
(Javits green roof), located at 655 W. 34th Street, New York, NY (Fig. 1). The Javits
green roof is located ~50 m from the Hudson River in a highly urbanized area with
little surrounding green space, with the exception of trees planted in traffic medians
along the West Side Highway and the High Line Park to the south. The 27,316-m?
Javits green roof is extensive and planted with Sedum species (Fig. 1), plants that
are relatively tolerant of the drier and windier conditions found on green roofs.

Bat acoustic surveys

To track bat activity, we installed a single Song Meter SM3BAT acoustic ultra-
sonic bat recorder (Wildlife Acoustics, Maynard, MA) near the center of the north
side of the roof (Fig. 1) on 1 June 2017 and recorded nightly through 30 August
2017. The recorder was programmed to automatically record bat vocalizations
(calls) throughout the night, from civil twilight to civil dawn. We set the recorders
with a 192 kHz sample rate, 12 kHz digital high-pass filter, 18 dB trigger level, 36
db gain, and the mic bias off. We used a 2.0-sec trigger window minimum and an
8.0-sec maximum to create individual sound files of an appropriate length for the
acoustic analysis software.

We analyzed sound files for all nights that coincided with the 48-hour arthro-
pod sampling periods described below (Table 1). Sound files were passed through
SonoBat Batch Scrubber Utility 5.2 (DND Design, Arcata, CA) using default
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settings to remove the majority of files that did not contain bat calls. We defined
a bat call as a sound file with 2 or more pulses (Kalcounis et al. 1999, White and
Gehrt 2001).

rim—l
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City, NY. Bat activity and arthropod abundance was surveyed on the north side of the green
roof (area within dashed line) from June through August 2017. * Indicates the location of
the single Song Meter SM3BAT acoustic ultrasonic bat recorder.

Table 1. Arthropods collected on the Jacob K. Javits Convention Center green roof using bowl, sticky,
and pitfall traps. Traps were deployed for 48-hour periods from June through August 2017. Units are
individuals/trap. UID = unidentified taxa.

Date

Taxa 6/8 6/16 6/22 6/28 7/13 7/27 8/11 8/30
Acari 0.02 0.02 0.04 0.02 - 0.37 0.03 -
Coleoptera 0.06 0.16 0.05 0.19 0.27 0.95 0.21 0.78
Collembola 1.30 0.55 0.37 0.14 0.73 1.61 0.10 0.41
Diptera 4.55 2.59 4.25 4.88 9.42 5.12 6.59 6.63
Hemiptera 0.23 3.90 3.46 3.62 5.56 0.78 0.38 2.83
Hymenoptera 0.13 2.33 1.16 0.76 2.40 1.76 0.79 1.02
Lepidoptera 0.13 0.51 0.05 0.03 0.16 0.10 0.51 8.07
Orthoptera - 0.02 - - 0.02 - 0.05 0.10
Thysanoptera 0.70 4.14 4.35 3.55 5.11 5.73 4.26 3.44
Neuroptera - - - 0.02 - - 0.15 0.02
Araneae 0.15 0.12 0.05 0.10 0.67 0.34 0.31 0.05
Formicidae 0.02 0.14 0.05 0.05 0.00 0.10 0.21 0.07
Zygentoma - - - - - - 0.03

UID - - - - 0.02 - - -
Phthiraptera 0.04 - - 0.02 - - - -
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Due to high levels of regular, high-frequency ambient noise that is character-
istic of urban settings, we then visually inspected sound files on a time-frequency
sonogram to manually eliminate files missed by the acoustic software program that
contained only non-bat noise. Sound files containing bat calls were then classified
to the species level using Sonobat 3.1.1 NNE (DND Design, Arcata, CA); we clas-
sified bat calls that could not be identified to the species level as “unidentified”.
If >2 bat pulses were recorded at the same time in a file, the file was visually in-
spected, and both calls were counted. We did not determine if calls were feeding
buzzes or search phase due to the difficulty distinguishing between the two in an
urban setting and the likelihood of the recorder missing a feeding buzz (McCracken
et al. 2008, Parkins and Clark 2015).

Arthropod sampling

To survey arthropod abundance, we used 4 trap types. We deployed bowl, pitfall,
and sticky traps for 48-hour periods; these traps types are commonly used to sample
a variety of both flying and crawling arthropods (Braaker et al. 2017, Eymann et
al. 2010, Weseloh 1986), with the goal of collecting a general sample of the ar-
thropod community on the green roof. We also deployed a Townes style malaise
trap (MegaView Science®, Taiwan) from sunset to sunrise to sample arthropods on
3 occasions. Malaise traps are commonly used to sample night-flying arthropods,
and our goal was to investigate their feasibility as a survey tool for future studies
of arthropods on green roofs.

Bowl traps were plastic 355-ml bowls in a school-bus yellow color, 17.8 cm
in diameter and 5.58 cm deep. We secured the bowl traps to the roof by inserting
3 bamboo stakes through the edge of the bowl into the substrate. Each bowl was
then partially filled with a solution consisting of 300 ml of water, 4 ml of detergent
(Colgate-Palmolive Company, New York, NY) to act as a surfactant, and 3 g of
table salt (NaCl) to act as a preservative. Sticky traps were 2-sided, yellow sticky
traps (Seabright Laboratories, Emeryville, CA) measuring 7.6 cm by 12.7 cm. We
set sticky traps to stand horizontally with wire stakes ~2.5 cm above the vegetation
at that sampling location. Pitfall traps were constructed of plastic drinking cups
(Dixie® 148-ml, clear plastic). Each pitfall trap was buried in the substrate so that
the surface of the cup was flush with the surface of the substrate. We filled pitfall
traps with the same solution as the bowl traps. The Townes style malaise trap had
black walls and a white roof with a single collector filled with 70% ethanol. We
secured the malaise trap to the roof using ropes, stakes, and cinderblocks.

For the bowl, pitfall, and sticky traps, we randomly selected 30 sampling loca-
tions. One trap of each type was deployed at each sampling location. We conducted
a total of eight 48-hour samples (Table 1): weekly 48-hour sampling from 1 June 1
through 15 July 2017 and bi-weekly sampling from 9 July to 30 August 2017. Larus
argentatus Pontoppidan (Herring Gull) nesting on the roof destroyed many traps be-
fore samples could be retrieved. We noted all destroyed traps and recorded the total
number of traps successfully collected after each sampling effort.

We deployed the malaise trap 3 times in August. Malaise traps cannot be de-
ployed under windy conditions, especially on a green roof, and we avoided nights
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with precipitation forecasted. The malaise trap was deployed in the same location
in the center of the north roof during each sampling effort.

At the end of the sampling period, we removed arthropods from the bowl, pitfall,
and malaise traps and stored them in 70% ethanol until identification. Sticky traps
were placed in labeled plastic bags and stored in a standard freezer. We identified
hexapods, isopods, and spiders to order and all other arthropods to subclass or class
using a stereoscopic microscope and Borror and Delongs Introduction to the Study
of Insects, 7" Edition (Johnson and Triplehorn 2005).

Data analysis

Only data from nights with both arthropod sampling and bat surveys were in-
cluded in our analyses (eight 48-hour sampling efforts over 16 nights; Table 1). We
calculated arthropod abundance as the total number of arthropods collected during a
sampling effort divided by the number of traps collected at the end of the sampling
period for (1) all arthropods and (2) moths. We calculated bat activity, to the species
level where possible, using the total number of bat calls for the 2 nights associated
with the 48-hour arthropod samples. We used SPSS (Version 25, IBM) to calculate a
Pearson correlation coefficient with alpha set at 0.05 to test for correlations between
arthropod abundance and bat activity. Results are given £+ SD.

Results

Bat acoustic aurveys

We recorded a total of 38 sound files over 16 recording nights: 35 were identi-
fied as bat calls, and 3 were false triggers due to background noise. We recorded 3
species: Eastern Red Bat, Big Brown Bat, and Silver-haired Bat. We identified 73%
(25/35) of calls to species. Eastern Red Bats accounted for 63% (22/35) of all calls
and 88% (22/24) of calls identified to species. The activity of all bat species varied
from O calls/48 hours to 20 calls/48 hours, peaking on 30 August 2017 (Fig. 2).

Arthropod surveys

We collected 15,276 arthropods representing 16 taxa from bowl, pitfall, and
sticky traps and an additional 290 arthropods representing 6 taxa from the malaise
trap. The most abundant taxa collected from bowl, pitfall, and sticky traps were
flies (10.26 + 2.31 individuals/trap), Collembola (springtails; 3.88 + 0.55 individu-
als/trap), Thysanoptera (thripes; 3.75 £+ 1.88 individuals/trap), and true bugs (3.27
+ 1.91 individuals/trap); moths were less abundant (0.74 + 2.63 individuals/trap)
(Table 1).

The abundance of all arthropod taxa collected from bowl, pitfall, and sticky traps
per sampling effort varied from 7.34 to 24.36 individuals/trap. Moth abundance
varied from 0.03 to 8.07 individuals/trap (Fig. 2), accounted for just 2.80% of the
arthropods collected over the sampling season, and varied from 0.03% to 34.40%
of the arthropods collected in a single 48-hour sampling period.

Malaise traps collected only flying taxa that are typically bat prey (including
moths, flies, beetles, crickets and grasshoppers, true bugs, wasps and bees, and
lacewings). The number of arthropods collected increased each sampling effort,
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with 43 individuals collected on 2 August, 77 individuals collected on 11 August,
and 177 individuals collected on 21 August (Table 2). Moths accounted for 14%,
34%, and 98% of the collections on the 2™, 11™, and 21% of August, respectively.

Correlations
Overall bat activity, which included all bat species, was not correlated with
arthropod abundance (r = 0.62, P = 0.102). Nor was bat activity correlated
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Figure 2. Bat activity and moth abundance on the Jacob K. Javits Convention Center green
roof from June through August 2017. Moth abundance indicates the number of moths per
trap collected in bowl, pitfall, and sticky traps over a 48-h sampling period. Bat activity
indicates number of bat calls/48-h sampling period. All bats species included Lasiurus
borealis (Eastern Red Bat), L. noctivagans (Silver-haired Bat), and Eptesicus fuscus (Big
Brown Bat). Significant (P < 0.05) correlations (Pearson’s correlation coefficient) are indi-
cated by * and °.

Table 2. Arthropods collected on the Jacob K. Javits Convention Center green roof using a malaise
trap. Arthropods were collected using a Townes style malaise trap on 3 nights in August 2017. The
malaise trap was set at sunset and retrieved at sunrise. Numbers in parentheses are the percent com-
position of the total number of arthropods collected in given night.

Date Coleoptera Diptera Hemiptera Hymenoptera Lepidoptera Neuroptera Total
8/2/2017 - 8 (18.60%) 14 (32.56%) - 6 (13.95%) 15(34.88%) 43
8/11/2017 1(1.30%) 8 (10.39%) 34 (44.16%) 2 (2.60%) 26 (33.77%) 6(7.76%) 77
8/21/2017 - - 3 (1.76%) - 166 (97.65%) 1(0.59%) 170
Total 1(0.34%) 19 (6.55%) 48 (16.55%) 2(0.69%) 198 (68.28%) 22 (7.59%) 290
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with arthropod abundance when considering only Eastern Red Bats (» = 0.59, P =
0.12). However, activity of bats overall and Eastern Red Bats did both correlate
positively (= 0.90, P =0.002; » = 0.87, P = 0.006; respectively) when considering
only moth abundance (Fig. 2).

Discussion

The arthropod community on the Javits green roof is diverse and abundant and,
as with other green roofs, changes seasonally (Partridge and Clark 2018). Bats are
also active on the Javits green roof, with species composition and nightly activity
levels comparable to other green roofs in New York City (Parkins and Clark 2015).

As predicted, we found that bat activity on the Javits green roof correlated
positively with moth abundance but not with overall arthropod abundance. While
the conservation value of green roofs for bats is still not fully understood (Wil-
liams et al. 2014), we provide additional support for the prediction that bats are
using urban green roofs for foraging (Parkins and Clark 2015), with bats calibrat-
ing their foraging activity on green roofs with the relative abundance of moths—
their preferred prey.

We assessed bat use of green roofs by recording and calculating bat activity,
which we measured as the number of bat calls recorded and not a count of the
number of bats present at a site. Similar to other surveys conducted on green roofs
in New York City (Parkins and Clark 2015), we used bat calls as a proxy for forag-
ing activity, since foraging calls are difficult to record with the background noise
found in urban environments (Fukui et al. 2006). Our comparison of bat activity to
arthropod abundance demonstrates that, at least on the Javits green roof, bats use
urban green roofs as foraging habitat when moth prey are present.

Bat activity correlating positively with moth abundance was likely driven by
the high proportion of Eastern Red Bat calls in our sample (63% of all calls). The
proportion of Eastern Red Bat calls on the Javits green roof is similar to other New
York City green roofs, where Eastern Red Bats account for up to 66% of calls (Par-
kins and Clark 2015). Thus, we chose to also evaluate the data using only Eastern
Red Bat activity. As noted earlier, Eastern Red Bats forage heavily on moths (Carter
et al. 2004, Clare et al. 2009, Cravens et al. 2018), especially under conditions with
artificial light (Cravens et al. 2018), such as in New York City. Bat species other
than Eastern Red Bats that are foraging on the Javits green roof may forage more
heavily on non-moth prey, but these bat species were too infrequent during our
survey to fully assess their relationship with the arthropod community.

To look for other interactions between bats and potential prey beyond our initial
predictions, we performed a post-hoc analysis testing for a correlation between bat
activity and all known bat prey arthropods, other than moths (i.e., flies, beetles,
crickets and grasshoppers, true bugs, wasps and bees, spiders, and lacewings). Us-
ing a Pearson correlation coefficient with alpha set at 0.05 we found that overall
bat activity also correlated positively with beetle abundance (» = 0.76, P = 0.026)
as well as cricket and grasshopper abundance (» = 0.76, P = 0.028), both orders
which are active at night., both orders which are active at night. This finding may
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be a result of our small sample size, but it demonstrates the potential importance of
other bat-prey arthropods for foraging bats on urban green roofs. The relationship
between bat activity and other non-moth arthropods should be explored further.

Bat and moth activity changes seasonally, both due to life history (e.g., breed-
ing, winter, and migration), but also possibly due to weather (Barclay and Coleman
2013, O’Donnell 2000, Wolbert et al. 2014). We expect the bat—-moth dynamic we
found during the summer to be different during spring, fall, and winter. In spring
and fall, many bat species, including the Eastern Red Bat, migrate. As migratory
bats pass through New York City, we would expect an increase in the numbers of
bats (Parkins et al. 2016). This increase in bat activity, including Eastern Red Bat
activity, could be due to the additional presence of arriving migrants. However,
migrating bats have different physiology and foraging strategies than resident bats
(Kriiger et al. 2014, McGuire and Guglielmo 2009, McGuire et al. 2013, Parkins
and Clark 2015), with migrating bats using different habitats than resident bats
(Kriiger et al. 2014). Little is known about how migratory bats use urban environ-
ments and green roofs, and the relationship between migrating bats and their prey
on urban green roofs should also be investigated.

To further explore the relationships between urban bats and their prey, we rec-
ommend using focused night sampling for arthropods. Our experimental use of a
malaise trap demonstrated the potential value of trapping methods that are more fo-
cused, resulting in the collection of flying taxa that are more likely to constitute bat
prey than arthropods collected in bowl, sticky, and pitfall traps. Similar methods,
such as light traps, have been used to examine bat prey availability in non-urban
environments (e.g., Wolbert et al. 2014). However, since moths accustomed to long-
term light pollution may be less responsive to light traps (Altermatt and Ebert 2016)
and since urban green roofs are often illuminated by nearby buildings, unlit malaise
traps may be more effective at sampling the nocturnal arthropod community.

Conclusion

To our knowledge, this study is the first examination of the relationship be-
tween insectivorous predators and their prey on an urban green roof. Our study
examines a single site over the course of 1 season, but it demonstrates a potential
interaction between predator and prey that has been proposed in previous studies of
urban green roofs (Parkins and Clark 2015, Partridge and Clark 2018). Additional
research is needed to more fully understand bat use of green roofs, but results from
our study site indicate that arthropods on urban green roofs may attract bats, with
moth-consuming bats using urban green roofs more when their preferred prey is
available. Thus, information about arthropod community dynamics on green roofs
can provide essential information about how we can design foraging habitat for bats
in urban landscapes.

While green roofs should not be considered a substitute for ground-level habi-
tats, they can provide additional habitat for wildlife in urban areas generally lacking
green space. The benefits of green roofs are only beginning to be understood, and
city planners, architects, building owners, and wildlife conservationists need to

85



2020 Northeastern Naturalist Vol. 27, No. 1
D.R. Partridge, K.L. Parkins, S.B. Elbin, and J.A. Clark

consider the role of green roofs when addressing the negative impacts of urbaniza-
tion on wildlife.
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