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BAT ACTIVITY ON GOLF COURSES ON THE DELMARVA PENINSULA

Megan Ann Wallrichs
Faculty Advisor: Kevina Vulinec, Ph.D.
ABSTRACT

Due to landscape modifications and chemical use, golf courses have earned a negative
reputation among some environmental groups, but their park-like landscapes may offer habitat
for some wildlife species, especially over other land use types. In this study, I monitored bat
activity using ultrasonic acoustic detectors in different small-scale habitats found on golf courses
on the Delmarva Peninsula. My objective was to evaluate if and how bats are using course
landscapes. I found differences in overall activity levels at the habitat level but not on different
golf courses. Areas with closed canopy and open understory that were managed had significantly
higher activity than other four habitats that reflected more natural habitats (open grass, dense
canopy forest fragment, and open canopy forest fragment). The open understory managed areas
also had significantly higher foraging activity than the other four habitats. Six of the eight bat
species thought to occur on the Delmarva Peninsula were recorded, but Eptesicus fuscus and
Lasiurus borealis dominated bat activity across all golf courses and habitats and had highest
activity in open understory managed habitat. These findings indicate that bats are using golf
courses on the Peninsula regularly as flyways and foraging grounds, and even substantially
disturbed areas are used extensively. This study adds to the growing body of literature that
positive partnerships can be created between wildlife and golf courses.
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Chapter I:

Introduction

Golf courses offer outdoor recreation opportunities in a park-like landscape. Despite the
“natural” appearance of golf course premises, courses across the globe are under scrutiny
because of the many real and perceived negative environmental effects associated with the
construction and maintenance of a course. However, in light of increased urbanization and
wildlife habitat loss, golf courses may offer one of the few development types that do provide
wildlife habitat. A variety of wildlife species can be found inhabiting golf courses and studies
have focused on investigating the potential for golf courses to serve as refuges across several
taxa. Urban-adapted species tend to thrive on courses, while disturbance-sensitive species
generally fare more poorly. Much of the literature has focused on the effects of golf courses on
birds but other studies have concentrated on insects, amphibians, and some small mammals.
There is a lack of information on the use of golf courses by bats (Order Chiroptera).
As an important insect predator, bats could potentially benefit from foraging and roosting
at golf courses. Many landscape features on golf courses mimic natural features that bats are
known exploit, yet little work has attempted to explore bats’ use of these manicured landscapes.
Bat populations face many threats and determining bats’ presence on golf courses and
investigating how they use the local landscape in order to maximize a golf course’s potential as a
habitat refuge, could be an important step towards their conservation. Additionally,
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greenskeepers may benefit from the pest control services that bats provide. Therefore, the
general objective of this study was to investigate if and how bats are using golf course
landscapes and to use the results to make management recommendations for more bat-friendly
golf courses.
Study Objectives
I.

Examine the effects of five small-scale golf course landscape variables (water
hazard, open grass, open understory managed, open understory natural, and dense
understory natural habitats) on 1) general bat activity, 2) foraging activity, 3)
species richness and 4) species-specific activity using acoustical survey methods.

Chapter II contains a thorough literature review on golf courses and wildlife, bat biology
and life history, and the use of acoustic surveys for bat research. Chapter III details the methods
used to accomplish the outlined objectives of this study. Chapter IV reports the results of the
study followed by a discussion of the results in Chapter V.
Although this project is limited in geographic scope to golf courses in Delaware, this
study is the first to investigate bats on golf courses and serves as a critical first step towards
understanding bat habitat use on golf courses. Golf courses across the United States share many
similar physical landscape features, and results from this study may be applicable to golf courses
in a range of ecological systems.
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Chapter II:

Literature Review

Golf Course History and Environmental Impact
It is generally thought that the game of golf began in Scotland with St. Andrews Golf
Club being described as the “birthplace of golf.” While the rules of the game have fundamentally
stayed the same, today’s golf courses are much different than St. Andrews and other historical
courses. The design of the first courses to be established was determined by the existing
landscape. Golfers took advantage of existing features (rolling hills, naturally short grass, or dirt
pits created by sheep herds) to create a diverse and challenging course (Stuller 1997). The
landscape was not specifically modified or manicured for playing purposes.
With the first major televised golf event in 1968, The Master’s Tournament forever
changed the way spectators, players, and golf course greenskeepers viewed golf course
aesthetics. Termed the “Augusta National Syndrome,” every golf course strove to mimic the
intensely manicured grounds at Augusta National Golf Course, the home of the annual Master’s
Tournament (Wheeler and Nauright 2006). Consequently, efforts associated with turf
maintenance and manicured landscapes have been detrimental to the environment.
Construction of a golf course is commonly associated with deforestation and major
clearing of natural vegetation, often being replaced by non-native plants (Winter et al. 2003,
Kuvan 2010). To provide a more challenging game, the golf course landscape is sometimes
3

disturbed and molded through considerable changes of topography and hydrology of the land
(Winter and Dillon 2005). Additionally, golf course construction is usually accompanied by
increased urbanization: housing developments, shopping malls, roads, and sometimes airports
(Kuvan 2005, Wheeler and Nauright 2006, Kuvan 2010). Urbanization is widely accepted as a
leading and persistent cause of habitat loss (Czech 2000, Czech et al. 2000, Marzluff 2001,
McIntyre 2001, McKinney 2002, Turner et al. 2004). Golf course construction and the
subsequent associated development have the potential to negatively impact many existing native
habitats.
After a golf course is constructed, necessary maintenance practices can have continued
adverse effects on the environment and place a strain on natural resources. Chemical application
has been a major primary concern of environmental scientists and citizens in the last few
decades. Golf courses regularly apply insecticides, herbicides, fungicides (classified here as
“pesticides”), and fertilizers to combat pests and promote turf grass growth. A 1982 study found
in the Mid-Atlantic region of the United State, golf courses were applying 1000 -1500+ pounds
(450-680+ kg) of pesticides per golf course per year (Cox 1991). In 1991, pesticide use per acre
on golf courses was seven times that of agricultural pesticide use and without the benefit of food
production (Attorney General Office of New York State 1991, Suzuki et al. 1998). In Southeast
Asia, it is purported that courses use 1500kg per golf course per year (Chatterjee 1993). In the
United States, Chamberlain (1995) estimated an average golf course will apply 22,680 kg of dry
and liquid chemicals annually. Results from a comprehensive survey conducted by the Golf
Course Superintendents Association of America reported a total of 101,096 tons of nitrogen and
36,810 tons of phosphate was applied to all U.S golf courses in 2006 (Golf Course
4

Environmental Profile Volume V 2012). For comparison, a total of 1.24 and 4.48 million tons of
nitrogen and phosphate, respectively, were used for crop production in 2006 (corn, cotton, wheat,
soybeans, and other) (USDA 2018). Pesticide runoff loads are a concern for the environment and
society, but will vary depending on initial application load, local climate, and grass surface type
(Haith and Duffany 2007).
Large-scale chemical applications of fertilizers and pesticides have been found to be
damaging to wildlife populations on and around golf courses. Stansley et al. (2001) found
chlordane (a popular underground turf treatment for termite control used until 1980s) responsible
for recurring poisonings of birds and bats, as they were consuming insects that had high
concentrations of chlordane in suburban areas with golf courses. Migratory waterfowl, such as
American widgeon and Canada geese, often forage on turf grasses and several mortality events
of these species have been associated with the application of such pesticides like diazinon
(Kendall et al. 1993, Zinkl et al. 1978). The role of organophosphate pesticides in avian
poisonings and deaths is well documented (Grue 1982, White et al. 1982, Henderson et al. 1994,
Fry 1995, Rainwater et al.1995, Mitra et al. 2011). An incident at Sapporo Kokusai Country Club
in Japan led to the death of over 90,000 fish after greenskeepers applied copper compounds to
the turf to prevent it from dying underneath the snow (Chatterjee 1993). Additionally, there have
been reports of non-fatal golf course pesticide poisonings in humans and elevated levels of brain,
lymphoma, prostate, and large intestine cancers in golf course superintendents (Edmondson
1987, Cox 1991, Chatterjee 1993, Kross et al. 1996). Furthermore, golf courses require
enormous amounts of water to keep the turf green and to fill water hazards (small to large ponds
created as obstacles in the game). The large water consumption of golf courses sometimes equals
5

or exceeds the water usage of the town itself (Platt 1994). In Southeast Asia, golf courses exceed
water use needed by local families, and the local governments are bearing the costs associated
with transporting the golf courses’ water supply (Chatterjee 1993). The proposal for a golf
course luxury resort to be built in a small Mexican town in the state of Morelos, estimated to
need 800,000 gallons of water per day for construction (five times that of the normal daily use of
its residents), led to riots and hostage situations (Hurriaga 1995). Golf courses in desert
environments must pump water in from outside sources. Several golf courses in the Palm
Springs, CA area draw in water from the already exhausted Colorado River Basin (Wheeler and
Nauright 2006).
Mitigating negative interactions between the environment and golf courses should be a
chief concern for both greenskeepers and environmental scientists as golf continues to increase
in popularity across the globe. Despite a small drop in the number of golfers in the 2000s, the
2010s saw an overall increase in the number of golfers with over 23 million golfers in the United
States, creating an $84.1 billion-dollar industry (SRI International for World Golf Foundation
2011, Ozawa et al 2016). Economic booms, rises of the middle class, social uses of golf to
solidify business relationships, and the inclusion of golf in the 2016 Olympic Games contribute
to expected trends of golfer increase worldwide (Futures Company for HSBC 2012). The United
States currently has over 15,000 golf courses, and there are over 40,000 courses worldwide, with
400-600 new courses being built each year in Canada and The U.S. (Knopper and Lean 2004,
2012 HSBC Report). According to the 2018 U.S. Golf Economy Report, there was a net decline
of 737 golf facilities from 2011 to 2016, but the construction of the surrounding golf
communities increased 18.5%. Given the number of existing golf courses and the continued
6

associated land development, and considering the park-like environment courses offer, it is
critical to continue research investigating how environmental scientists and private industry can
work together to ensure better outcomes for wildlife.
Golf Course Land Use and Wildlife Habitat Potential

Golf courses have the potential to play a key role in wildlife biodiversity conservation
(Terman 1997, Tanner and Gange 2005, Colding and Folke 2009). Golf courses account for
almost 930,00 hectares (2.3 million acres) of land in the U.S., comprising maintained turfgrass,
natural areas, water bodies, facility buildings, bunkers, and parking lots (Golf Course
Environmental Profile Phase II, Volume IV). According to the 2017 report released by the Golf
Course Superintendent Association of America, the average size of 18-hole golf course in the
United States in 2015 is 60ha (150 acres) of which 67% of the area is maintained turfgrass (Golf
Course Environmental Profile Phase II, Volume IV; Figure 2.1).
Many manicured golf courses offer a heterogeneous landscape consisting of a variety of
features. All courses generally feature 9-18 “holes” which consist of a tee, fairway, green, and
the “rough.” While the tee, fairway, and green are well established and distinguished by the way
they are maintained (short grass that is optimal for hitting a golf ball), the “rough” is anything
outside these favorable playing areas and can be tall grass, a pond or stream, small forested
areas, man-made sand traps or “bunkers”, or a combination of all these features. Different
shapes, lengths, and lay of the fairways and greens with different features of the rough all
contribute to the difficulty and enjoyment of the game and make each course unique. The
heavily-manicured short grasses on the tees, fairways, and greens, sandy bunkers, buildings, and
7

parking lots likely do not provide enough food, water, or shelter for wildlife and may not provide
suitable habitat for most wildlife Those features make up approximately 40% of the total course
landscape leaving 60% of the remaining landscape (forested fragment, man-made ponds, taller
grassed areas or “roughs”) to be developed or managed in such a way to promote wildlife
occupancy (Threlfall et al. 2017).

Figure 2.1 Percentage of land uses on a median-sized golf course in the United States in
2015. Asterisks indicate land use type that may provide potential wildlife habitat. Figure was
created using data from the 2017 GCSAA Golf Course Environmental Profile Report

In light of the negative attention golf courses have received from environmental scientists
in the last few decades regarding pesticide and water use, a multi-disciplinary meeting of golf
course superintendents, environmental scientists, and concerned citizens was held in 1995
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(Barton 2008). In the years after this meeting, more golf course managers and superintendents
have since implemented more environmentally friendly and sustainable practices and researchers
have begun to investigate golf courses’ potential to serve as wildlife refuges. Alongside this push
for more eco-friendly courses, several voluntary programs have been created through
conservation organizations, like the Audubon Society, that offer programs and guidelines for golf
courses that encourage increased wildlife inhabitance. Additionally, recognizing a lack of a
comprehensive national dataset of management practices across the U.S. the Golf Course
Superintendents Association of America (GCSAA) began to address this need in 2005 by
conducting large scale surveys of golf course superintendents about their course management
practices and have since published several reports summarizing their results. These reports have
focused on characterizing and quantifying physical features, water, nutrient pesticide, and energy
use at golf courses across the U.S. Data about environmental practices that golf course managers
have implemented was also collected.
The GSCAA report found that 29% of 18-hole golf courses participate in some type of
voluntary environmental stewardship program (GSCCA 2007). Whereas almost all courses have
made an environmental improvement to the land, courses involved in the stewardship program
have made significantly more improvements over a ten-year period (Golf Course Environmental
Profile Phase I). Constructing or improving wildlife habitat, reducing waste, recycling, and
improving chemical storage and irrigation systems are example of actions that golf courses have
reported as environmental improvements (GCSSA 2012). However, an updated survey in 2015
found that participation in stewardship programs remained the same with a significant decrease
in many types of environmental improvement (e.g. wetland restoration, erosion control, wildlife
9

habitat, stormwater retention), with budget and time restrictions being the most frequent grounds
for lack of participation (GSCCA 2017). Recycling was the only improvement that had an
increase in participation from 2005 to 2015 (38% to 53%, respectively) (GSCCA 2017).
While golf course vegetation is not always an equal replacement for natural landscapes
(especially if non-native plants are used), it may be more beneficial to wildlife than other types
of urban development that completely eradicate natural features. Many baseline studies have
shown that golf courses are able to support some wildlife species (Colding and Folke 2008). The
Canada goose (Branta canadensis) has been so successful at occupying some golf courses in
Delaware they have become a nuisance for greenskeepers and are strategically culled (J. Jacobs
pers. comm.). Bird diversity was similar on Kansas golf courses to the surrounding natural areas
but had lower relative abundance of most species (Terman 1997). Additional studies have
analyzed life history and fitness metrics of species on golf courses. Eastern bluebirds on golf
courses had lower reproductive rates at golf course sites than non-golf course sites in Virginia
but were able to successfully reproduce at higher rates than that of other disturbed systems
(Stanback and Seifert 2005, Cornell et al. 2011). Given the productivity of eastern bluebirds on
some golf courses, courses may even be able to serve as a population source, allowing bluebirds
to persist in the surrounding lower quality habitats (LeClerc et al 2005). Burrowing owls in
Washington are attracted to the short turfgrass on golf courses and have successfully nested in
artificial nest boxes placed away from maintained areas (Smith et al. 2005). Golf course ponds
provide suitable habitat for many species of semi-aquatic turtles in the western piedmont of
North Carolina (Failey et al. 2007). Different life history traits lead to variable rates of success of
a species’ ability to occupy a golf course habitat; thus, the potential of golf courses serving as a
10

refuge should be evaluated on a species-specific basis (Hodgkison et al. 2007). Many bird,
insect, amphibian, reptile, and small mammal species have been studied in the context of golf
courses, but at the time of this study, little attention has been focused on bats (Chiroptera).
Bat (Chiroptera) Biology and Conservation Status
Bats are a diverse and ubiquitous group of volant mammals. With over 1200 species
worldwide, they compose one-fifth of the known mammalian species, and within the United
States there are 47 species with
diverse life-histories (Harvey et
al. 2011).
In the Northeast and MidAtlantic region of the United
States there are twelve species,
and eight of these species are
known within Delaware (Figure
2.2): Lasiurus borealis (Eastern
red bat), Lasiurus cinereus (hoary
bat), Lasionycteris noctivagans
(silver haired bat), Eptesicus
fuscus (big brown bat), Myotis
lucifugus (little brown bat),
Myotis septentrionalis (northern
long-eared bat), Perimyotis

Figure 2.2 Location of Delaware on the mid-Atlantic
coast, USA
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subflavis (tri-colored bat, formerly known as Pipistrellus subflavis, the eastern pipestrelle), and
Nycticeius humeralis (evening bat). These eight species can be divided into two groups: cave
bats or tree bats. Cave bats are species that hibernate in caves over winter and form large
maternity colony roosts away from their hibernacula in the summer, while adult male cave bats
tend to roost alone or in small bachelor colonies. (Kunz 1982). They may also form maternity
colonies in tree cavities, bat boxes, bridges, or other man-made structures. Tree bats are highly
migratory and mostly solitary species that may hibernate under certain conditions (Cryan et al.
2003). These species typically are found roosting alone or in small family groups under loose
bark or in clusters of leaves on a tree (Shump and Shump 1982, Barclay et al. 1988).
Delaware
Both cave bats and tree bats in the Northeast and Mid-Atlantic are insectivorous. Bats are
the primary predator of night flying insects (Anthony and Kunz 1977, Cleveland et al. 2006).
Coleoptera and Lepidoptera make up the majority of insectivorous bat diets (Black 1974). While
bats eat a variety of insect species, bat morphology and foraging strategies have been shown to
affect prey preference (Belwood and Fenton 1976; Fenton and Morris 1976, Feldhammer et al.
2009). Feldhammer et al. (2009) established a relationship between mean body mass of bats and
prey hardness, where larger bats, such as E. fuscus, tended to eat mostly coleopterans. In
southern Indiana, L. borealis were shown to prefer primarily lepidopterans, N. humeralis prefer
coleopterans, P. subflavus prefer trichopterans, and M. lucifugus and M. septentrionalis prefer
Lepidoptera and Coleoptera. Coleoptera, Lepidoptera, and Hemiptera are among the top
preferred insects of N. humeralis (Whitaker Jr and Clem 1992). Regional and temporal
differences will also affect prey preference flexibility and availability in insectivorous bats.
While many studies show E. fuscus to be primarily a beetle-consumer, a colony on the
12

Pennsylvania/Delaware border was found to eat almost exclusively dipteran species (Black 1974,
Balke et al. unpublished data).
As insectivores, bats are critical biological pest control agents (Kunz et al. 2011). Their
pest control services are not only beneficial to human comfort and safety but have been
estimated to be worth up to 57 billion US dollars to the agriculture industry annually (Boyles et
al. 2011). Maine and Boyles (2015) conducted exclusion studies on corn fields and found that the
presence of bats significantly reduced the number of pests and the presence of pest-associated
fungi, resulting in an estimated 1 billion US dollars’ worth of ecosystem services each year in
corn production alone. A maternity colony of one million Brazilian free-tailed bats (Tadarida
brasiliensis) can consume up to 8.4 metric tons of insects per night (Kunz et al. 1995). Kurta et
al. (1989) estimated a 7.9g lactating female M. lucifugus can consume over 100% of her
bodyweight in one night of foraging. Other native Delaware bat species such as E. fuscus, L.
noctivagans, and L. cinereus can eat up to 25% of their weight in insects each night (Coutts et al
1973). In Delaware, it is estimated that bat pest control services are worth up to 17 million US
dollars annually (Boyles et al. 2011). When referring to pest-control services of bats, it has often
been reported that bats eat a large number of mosquitos (Order: Diptera), but there have not been
many studies to support this statement. However, a recent study found that some species are
eating more mosquitos than previously thought (Wray et al. 2018). Bats are also considered to be
potential indicators of ecosystem integrity and important for maintaining forest health and
potentially contribute to nutrient transport (Marcot 1996, Agosta 2002, Jones et al 2009).
In the last decade, bat conservation in the United States has become a top priority for
many wildlife biologists. Bats in the United States face many novel problems that threaten their
13

populations’ existence. In 2006, an emerging fungal disease caused by Psuedogymnoascus
destructans or Pd (formally known as Geomyces destructans or Gd), referred to as white-nose
syndrome (WNS), was discovered (Blehart et al. 2009, Lorch et al. 2011). Since its discovery in
Howe’s Cave near Albany, New York in 2006, the disease has quickly spread throughout most
of the Northeastern and Eastern United States; continuing with an unknown trajectory (Figure
2.3). At the end of the 2017-2018 hibernating season, WNS was present in 33 states in the US
and 7 Canadian provinces affecting at least 11 species of bats (White-nose Syndrome Response
Team 2018). White-nose syndrome seems to primarily affect cave bat species. Some tree bats
have tested positive for Pd but have not been documented exhibiting any symptoms of whitenose syndrome. Cave bats’ aggregating behavior while hibernating in cold, dark, and humid
caves makes them an excellent target for Pd, a saprophytic psychrophilic fungus (Frick et al
2010, Turner et al. 2011). The spread of the disease is suspected to be primarily through bat-tobat contact, and the extent of the role of humans or other animals in its spread is not fully
understood (Turner et al. 2011). An isolated instance of a Pd positive little brown bat in
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Washington state (1300 miles from the nearest detection in Nebraska) complicates our
understanding of the pathogen spread (Lorch et al. 2016).
Since its discovery the United States Fish and Wildlife Service (USFWS) has estimated a
loss of at least 5.5-6.7 million bats to WNS, with no guarantee of recovery in the next century

Figure 2.3 Spread map of white-nose syndrome across the United States and
Canada since 2006. Map from www.whitenosesyndrome.org. Accessed 2/7/2019
and even potential regional extinction of the once common M. lucifugus (Frick et al 2010,
USFWS 2012). White-nose syndrome seems to severely disrupt normal physiological processes
in the hibernating bat, yet the exact cause of mortality is still unknown (Blehert et al. 2009,
Cryan et al 2010). Symptoms of white-nose syndrome include increased arousals during winter
hibernation, wing damage, visible white “fuzz” around the head and muzzle, dehydration, and
15

depleted stores of body fat (Blehert et al. 2009, Cryan et al. 2010, Reeder et al. 2012, Cryan et al.
2013).
Wind turbines present another recent threat to bat populations. With the increased
popularity of wind as an alternative energy source, there has been an unexpectedly high number
of bat fatalities occurring at wind energy facilities across the US (Kunz et al. 2007a and Kunz et
al. 2007b). It is estimated that wind turbines in the United States kill hundreds of thousands of
bats annually (Hayes 2013). In contrast to white-nose syndrome, wind turbine fatalities largely
affect the highly migratory tree bat species, as wind energy facilities are often placed along
important fly-ways (e.g. ridge tops, coastal areas) that bats use during migration, but arearesident bats may also be affected (Cryan and Barclay 2009). Many hypotheses have been put
forward as to why bats are much more affected by these turbines than birds, but a consensus
among scientists has not yet been reached. Turbines may appear as a lekking structure, a
potential roosting site, or may simply be a curiosity to passing bats (Horn et al. 2008, Cryan and
Barclay 2009). Mortality has been shown to occur from blunt physical trauma from the blade and
from pulmonary barotrauma (fatal tissue damage to lung structures due to rapid changes in airpressure near the fast spinning turbine blades) (Baerwald 2008, Cryan and Barclay 2009,
Grodsky et al. 2011). Some have suggested that barotrauma is not as prevalent as previous
studies have suggested and traumatic injury from the turbine blades is likely the leading cause of
bat mortality at wind farms (Capparella et al. 2012). Regardless of how bats are being killed by
turbines, the high number of bats being killed by wind turbines is of great concern for
conservationists.

16

Bats and Golf Courses
Habitat destruction and fragmentation is one of the top threats to most wildlife, including
bats, and golf courses may offer a novel opportunity for the conservation of bats by providing
suitable habitat (Tilman 1994). Golf courses offer many local landscape features that may be
attractive to bats. Many species of bats have shown preference for hard tree line edge habitats
that encourage successful foraging and commuting (Walsh and Harris 1996, Morris et al. 2010,
Wolcott and Vulinec 2012). Tree lines edges are a ubiquitous feature on many golf courses that
are manicured and designed to enhance game play difficulty. Lasiurus. cinereus show preference
for foraging high over large open grass patches (Gruver 2002), features that are prominent on
every golf course. Vindigni et al (2009) found that modified water sources in managed
landscapes are important water and insect prey sources for bats. Higher levels of E. fuscus
activity have been found near standing water (Krusic and Neefus 1996). Water hazards (manmade ponds created to add difficulty to the golf game) are another prevalent feature of golf
courses that could provide a source of drinking water and foraging for bats. Additionally, many
golf courses have partially unmaintained patches of forest, which may contain suitable day roosts
for tree bats and/or cave bats forming maternity colonies. The availability of suitable day roosts
is an important factor for bat habitat selection (Kunz 1982, Agosta 2002, Kalcounis-Rueppell et
al. 2005, Limpert et al. 2007). Conserving and properly managing these areas that potentially
contain day roosts may promote higher bat occupancy on golf courses. Recently, the endangered
Eumops floridanus, Florida bonneted bat, was observed on a roosting in a tree on a golf course in
Florida (Gore et al. 2015).
The combination of these features suggests a high potential for golf courses to provide
roosting and foraging opportunities for bats and help mitigate the problem of habitat destruction.
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Additionally, bats may provide valuable pest control services that could optimally result in the
reduction of chemical use. Despite this potential, I could find no study that has quantified bat
activity or habitat use on golf courses.
Acoustic surveys as a method to study bats
Bats’ elusive nocturnal and aerial behaviors make them an inherently difficult organism
to study. Additionally, the sounds bats make are most often outside of the audible range of
humans (ultrasonic, approximately >20kHz). In the last two decades, technology for recording
bat sounds has improved tremendously and has been increasingly used in studies to measure
relative bat activity by recording bat echolocation sounds as they fly through the landscape
(O’Farrell et al. 1999, Ochoa et al. 2000, Miller 2001, Flaquer et al 2007). These specialized
acoustic monitoring devices (hereafter ‘bat detectors’) use microphones that detect and record
high frequency sounds. The bat detectors I used in this project record sound in full-spectrum.
Full-spectrum bat detectors record bat echolocation calls that are stored as hi-fidelity signals that
retain all the original information of the signal, including information regarding power spectrum
and temporal characteristics of the recording (Brigham et al. 2004). Compared to other types of
recording, full-spectrum allows for improved recording in noisy environments.
Bat echolocation sounds are emitted as a series of short high-frequency pulses as the bat
is flying. Bat detectors are configured to be triggered by a high-frequency noise that is a certain
threshold above the ambient noise. Once the high-frequency signal is detected (e.g. bat
echolocation), the detector will record a sound file of the high-frequency noise until the signal is
not detected for a defined amount of time (settings are configured by user; North American Bat
Protocol for Bat Monitoring recommends 2 seconds) or the maximum file length has been
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reached (15s max file length recommended for bat monitoring). In this detector configuration
each file is considered a “bat pass,” (Loeb et al 2015) while an individual pulse may be referred
to as a “bat call” (Figure 1.4).
Bat acoustic monitoring is generally broken down into two types: active and passive
monitoring. An active acoustic survey (also referred to as mobile survey) requires an acoustic
monitoring device to record as a surveyor travels along a pre-determined route at approximately
20 miles per hour during fair-weather nights (little wind and rain). The surveyor can travel by
vehicle or vessel, with vehicle travel being the most common method used to conduct mobile
surveys. The length of active surveys will vary based on available routes to safely survey and
will depend on the monitoring needs or research question. The speed at which the surveyor is
travelling, allows each recorded bat pass to be considered an individual bat (Loeb et al. 2015).
From these data, population trends can be calculated from repeated surveys across years (if
surveys are conducted at approximately the same time each year). If mobile surveys are
conducted multiple times throughout the year, seasonal differences in activity and abundance can
be measured. Active acoustic surveys are biased toward detecting bat species that are more
common and more commonly tend to use road-ways as flight paths. Active acoustic surveys
often miss rare or more cryptic species (Coleman et al. 2014, Braun de Torrez et al. 2017).
Passive acoustic monitoring involves a bat detector placed at a stationary point and left to
record with no user present. The length of time the acoustic monitor is left to record is
determined by the monitoring needs or research question. Determining population trends is not
possible using passive acoustic data. Unlike the active acoustic surveys, each bat pass cannot be
considered an individual bat as a single individual may fly repeatedly over the bat detector
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throughout the night. Passive acoustic monitoring, instead, allows biologists to measure relative
activity, and look at temporal and seasonal activity trends.
In addition to the number of bat passes indicating activity levels, an examination of call
structure can also inform us about behavior. A foraging bat will generally have three parts to an
echolocation sequence: search phase, approach phase, and terminal phase or feeding “buzz”
(Figure 1.4). During the search phase, a bat is searching for prey in its environment by emitting
pulses at a general rate of one pulse per wing beat (Griffin et al. 1960, Britton et al. 1997, Jones
1999). After the detection of an insect, the pulse rate increases to several pulses per wing beat
allowing a bat to get closer to their prey without overlapping the pulse and echo; this change in
pulse rate facilitates greater information retrieval (Britton et al. 1997, Kalko and Schnitzler
1989). At the end of the approach phase, a terminal buzz is emitted. A terminal buzz is a rapid
succession of broadband pulses, giving the bat position information immediately before it
attempts to capture its prey, that when made audible to the human ear resembles a “buzz” or
“zip” sound (Fenton and Bell 1979).
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approach phase

search phase
terminal phase

Figure 2.4 Spectrogram of a bat pass with the three phases of a bat call sequence: search
phase, approach phase, and terminal phase or “feeding buzz.” White arrow indicates an
individual echolocation pulse.
Search phase pulses are used in species identification. Despite bats exhibiting major
plasticity in their call structure (often sharing many call characteristics with other species),
improvements in technology allow us to measure call parameters (e.g., minimum frequency,
maximum frequency, duration) quantitatively and successfully attribute them to species using a
combination of commercially available classifiers and manual identification based on the
parameters (Fenton and Bell 1981, Obrist 1995, O’Farrell et al. 1999, Szewczak 2004, Britzke et
al. 2011).
Summary
While the gameplay of golf has remained largely the same, golf course management has
drastically evolved over the last half-century. Environmental impacts from intensive
management activities have drawn criticisms from environmentalists and conservation biologists.
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With more environmentally-friendly management practices that have been implemented on some
golf courses over the last few decades, golf courses have the capacity to successfully support a
variety of wildlife (especially more urban-adapted species). Using acoustical survey methods,
this project aims to explore the relationship between bat activity on golf courses in Delaware.
Study Objectives
I.

Examine the effects of five small-scale golf course landscape variables (water
hazard, open grass, open understory managed, open understory natural, and dense
understory natural habitats) on 1) overall bat activity, 2) bat foraging activity, 3)
species richness and 4) species-specific activity using acoustical survey methods.

I predict that bat activity and richness will be higher in the open understory natural and
dense understory natural habitats, as they more closely reflect the natural habitats that many
species of bat prefer. I also predict that foraging activity will be highest at water hazard habitats,
as the man-made ponds may have higher levels of insect activity for increased foraging
opportunities.
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Chapter III:

Research Methods

Site Selection
Four golf courses were chosen
across Delaware using aerial imagery to
identify courses had similar small-scale
landscape characteristics (e.g. amount of
wooded areas present on the course,
number of water hazards). Once the
prospective sites were chosen, I visited
each golf course and met with the
greenskeepers of each course to explain the
project and request their involvement in the
study. All golf courses queried agreed to be
a part of the project: Deerfield Golf and
Tennis Club (Newark, DE), Frog Hollow
Golf Club (Middletown, DE), Garrisons
Lake Golf Club (Smyrna, DE), and Sussex
Pines Country Club (Georgetown, DE)

Figure 3.1. Map of the locations of golf
courses used in the study Delaware, USA.
Dark gray areas indicate forest cover and light
gray areas indicate developed or agricultural
land.
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(Figure 3.1). The fours golf courses ranged in size from 62-139Ha, with an average size of
87.25Ha.
After establishing and visiting each golf course site I chose five visually distinguishable
small-scale landscape areas to be studied (hereafter referred to as Habitats, Table 3.1), that were
represented on all five courses: water hazard, open grass, open understory managed, open
understory natural, and dense understory natural. Water hazards were defined as a man-made or
natural water features. Open grass areas were areas where grasses grew mostly unmaintained
(0.5-0.75m), but occasionally mowed (0.1m). Open understory managed areas were defined as
areas where the ground was manicured in some way (mowed or mulched ground) often
accompanied by a golf cart path and a closed high canopy cover with no understory, achieved by
trimming low branches. Open understory natural areas were defined as forest fragments that
were left to grow naturally and had a fairly open mid-understory. Dense understory natural areas
were also forest patches left to grow naturally but tended to be younger forest patches with
Table 3.1 Habitat site description of habitats sampled at each golf course
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higher amounts of clutter in the low- to mid-understory. I chose these five areas as the main
focus of the study because they are more representative of natural landscapes and can be more
easily managed or altered than the already established fairways and greens on golf courses.
Acoustic Surveys
To capture the peak summer activity, in June and July of 2011, I visited one golf course a
night for a total of 6 nights per golf course and placed a Wildlife Acoustics (Massachusetts,
USA) SM2BAT bat detector (192kHz) paired with an omnidirectional SMX-US microphone at
each microhabitat. Each microphone was positioned 2m off the ground with a metal conduit pole
and angled at slightly less than 90° to prevent signal interference, capture as many bat passes as
possible, and prevent microphone damage from unexpected rain events (Patriquin and Barclay
2003, Wildlife Acoustics SM2BAT User Manual). Surveys were only conducted on fair weather
nights. I canceled surveys during heavy rain and high winds as both are known to affect bats’
normal flight behavior (Voigt et al. 2011) and can reduce or permanently damage microphone
sensitivity. Bat detectors were programed to begin recording at sunset and to record for four
hours to capture the first peak of nightly bat activity (Hayes 1997). Detectors recorded fullspectrum files with a file length limit of 15 seconds. Files were compressed in the Wildlife
Acoustics proprietary .WAC file format. Detector settings can be found in Table 2.2.
Bat echolocation files were processed using SonoBat™ (v. 3.8.6), a software specific for
viewing, parameterizing and identifying recorded bat passes. To be included in the analysis, the
recorded acoustic file containing a bat pass did not exceed 15s and contained a sequence of ≥ 2
bat echolocation pulses, separated by <1s (Fenton 1970). The number of files containing bat
passes recorded each survey period (4-hour period after sunset) was used as an index of bat
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activity. Any recorded files that did not contain a bat pass were considered noise and removed
from analysis (e.g. insect noise, electrical interference). Any night where the full period of
recording did not occur (e.g. because of inclement weather or detector failure) was also removed
from analysis.
All files containing a bat pass were visually inspected for the presence of feeding buzzes.
The total number of feeding buzzes was recorded for each survey night at each habitat. If
multiple feeding buzzes were present in one bat pass, all buzzes were included. The number of
feeding buzzes recorded each survey period was used as an index of bat foraging activity.
Species were identified using the automated species identification algorithm feature of
SonoBat 3.8.6. The automated classifier measures 72 different parameters from the recorded bat
pulses (e.g. characteristic frequency – frequency at the flattest part of the pulse, frequency
maximum and minimum, pulse duration, etc.). and makes an identification decision based on a
reference library of known species call parameters using a discriminate probability function. All
bat passes that were identified to a species were manually vetted to confirm that the software
made a reasonable species choice. The elasticity of bat echolocation calls prohibits a single pulse
to be used for species identification. To be included in the species-specific analysis, the recorded
acoustic file containing a bat pass did not exceed 15s and contained a sequence of ≥ 3 bat
echolocation pulses, separated by <1s (Fenton 1970). I used the reference library of known calls
provided with SonoBat™ software along with guidance documents that described common bat
call characteristics for identification (Humboldt State University Bat Lab 2011). Pulse shape,
characteristic frequency, pulse duration, frequency maximum and minimum were the primary
characteristics considered when vetting calls. Unidentified bat passes were labeled as “NoID.”
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Given the plasticity of bat echolocation call structure and many factors affecting the quality of
the recording (e.g., abiotic environmental conditions, bat flight directions, bat proximity to the
microphone, etc.), identifying all recorded call files to a species level is not achievable (Reichert
et al. 2018).
I quantified the following metrics per survey night (4-hour period) to evaluate the effect
of habitat on bats using golf courses: 1) total activity levels (total number of files containing bat
passes), 2) foraging activity (total number of feeding buzzes), 3) species-specific activity (total
number of bat passes from each species), and 4) species richness (total number of species
identified).
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Table 3.2 Detector settings configured for the Wildlife Acoustics SM2BAT.
Detectors were set based on recommendations from the Wildlife Acoustics
SM2BAT User User Guide
(https://www.wildlifeacoustics.com/images/documentation/Song-Meter-SM2BatSuppement.pdf)
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I used the statistical program R (v.3.5.0, R Core Team 2018) with Rstudio (v.1.1.463
RStudio Team 2016) for all statistical analyses. I constructed generalized linear mixed effects
models (GLMMs; function glmer, R package lme4, Bates et al. 2012) for each response variable
(total activity, foraging activity, species-specific activity, and species richness per survey night)
with habitat as a fixed effect and detector site nested within golf course as a random effect. I
tested the effect of categorical predictors (i.e., golf course, habitat) by comparing 2 nested
models (one with and one without the categorical variable) using a likelihood ratio test (LRT,
function anova, R Stats package). I first tested for an effect of golf course on each response
variable, but because it was not significant for most metrics, I included it as a random effect to
account for any potential differences in activity across courses. If the categorical predictor
variable was significant, I then used post-hoc Tukey contrasts for multiple comparisons to test
pair-wise comparisons among the habitats with p-values adjusted with a Bonferonni correction
(function glht, R package multcomp).
This modeling framework accounted for the non-independent observations of repeated
survey nights at each detector site in each golf course (Braun de Torrez 2017). Standard
diagnostics of the distribution of all response variables showed that the data was right skewed,
therefore a Poisson distribution for count data was used in all models. A Poisson distribution was
selected over a Gaussian distribution with a natural log transformation because Poisson is able to
handle 0-values in the response variables (present in the foraging and several of the less common
species-specific activity datasets).
Along with habitat, several combinations of biologically relevant temporal and spatial
variables were included as covariates to determine the best model for predicting activity levels
29

and species richness: mean temperature, mean humidity, mean wind speed, distance to closest
water body, distance to the closest agricultural field. To determine the best model, I used the
second order Akaike Information Criterion (AICc) for small sample sizes. If the difference
between AICc values was ≤ 2, models were considered to be equivalent, and the model with the
fewest parameters was chosen. To compare models, parameters were estimated using maximum
likelihood and Laplace approximations (Bolker et al. 2009, Pinheiro et al. 2012).
Graphical analysis was performed in Microsoft Excel 2016.
Mist-netting
For further validation of bat species present at the golf courses, I used standard bat mistnetting techniques to physically capture bats at each golf course one time in 2010 and 2011. I
used two sets of triple-high mist-net poles with 3 stacked 6meter mist-nets (Avinet, Inc.). The
nets were placed non-randomly at locations on the golf course that were likely to improve
capture rate (e.g. forested corridors with closed canopies, near sources of drinking water). Nets
were opened 15 minutes before sunset and checked every 10-15 minutes for four hours. If a bat
was captured, I documented the following demographic data: species, sex, age, reproductive
status, weight, forearm length, and noted wing damage according the U.S. Fish and Wildlife’s
wing damage index (Reichard and Kunz 2009). Bat demographic data can indicate general health
of the individual bats. Bats were released within 30-minutes of initial capture. After each mistnetting session, I decontaminated all mist-netting equipment following the most up-to-date U.S.
Fish and Wildlife protocols, to prevent accidental spread of Pd (USFWS 2010).
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Chapter IV:

Results
Acoustic Surveys
Each golf course was visited 6 times throughout June and July of 2011, but some nights
were excluded from analysis because inclement weather (high winds, thunderstorms) or
equipment failure prevented a full survey period from being recorded. A total of 272 detector
hours were recorded (68 survey nights * 4 hours of recording/survey night) across all four
courses (Deerfield Golf and Tennis Club, Frog Hollow Golf Club, Garrisons Lake Golf Club,
Sussex Pines Country Club; Table 4.1). I visually inspected all recorded files to verify they
contained a bat pass and removed any files that were considered noise (e.g. insect noise,
electrical interference) from analysis. A total of 6899 (bat passes were recorded across all golf
courses and habitats (Table 4.2).
Overall Bat Activity
The model that best explained overall bat activity (number of bat pass files per survey
night) included habitat, mean temperature, mean humidity, and mean wind speed (Table 4.3,
Table 4.4). In the pairwise comparisons, open understory managed habitat had significantly more
bat activity (244.33 ± 72.92) than the open understory natural (43.7 ± 18.59; z = -3.32, p =
0.004) and open grass habitats (40.85 ± 15.11; z = 3.54 p = 0.002; Table 4.5 Figure 4.1A). No
other pairwise comparisons were statistically significant.
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Foraging Activity
The best model for predicting foraging activity (number of feeding buzzes per recording
night) included both habitat and mean temperature (Table 4.3). Foraging activity significantly
increased as temperature increased (Table 4.4). Pairwise comparisons showed significantly
higher foraging activity in the open understory managed habitats (7.6 ± 2.82) than in the open
grass (0.38 ± 0.18; z = 3.6,1 p = 0.002) and open understory natural (1 ± 0.49; z = -2.89, p =
0.03; Table 4.5, Figure 4.1B)
Table 4.1 Total number of acoustic survey nights per golf course and habitat. Each golf
course was visited 6 times through June and July 2011. Survey nights included in this table
included nights where detectors recorded successfully for the full 4-hour survey period at
all and/or some of the habitats. A “1” indicates a full survey night. A “0” indicates an
incomplete survey night due to detector failure. Dates where surveys were canceled
because of inclement weather were not included in this table.
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Table 4.2 Total bat activity and species-specific activity by habitat and by golf course.
Total number of files and percentage of recorded files are reported. Species percentages
represent total number of species-specific calls per the number of identified calls.
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Figure 4.3 Selection of generalized linear mixed-effects models (GLMMs; Poisson
distribution) to explain overall bat activity, foraging activity, species richness, and
species-specific activity per survey night on golf courses in Delaware. For each activity
dataset, the top three models are listed or only models with a total cumulative Akaike
weight (ωi) ≥ 0.95 are listed. The top model selected was the model with the lowest AICc
score. If the difference between AICc scores was ≤ 2, models were considered to be
equivalent, and the model with the fewest parameters was selected. Categorical predictor
variables are habitat (dense understory natural, open grass, open understory managed,
open understory natural, and water hazard). Continuous predictor variables are mean
temperature (mean temp), mean humidity, and mean wind speed (mean wind).
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Figure 4.4 Best generalized linear mixed-effect models (GLMMs; Poisson distribution)
to explain bat activity and species richness per survey night on golf courses in
Delaware reported. Categorical predictor variables are habitat (dense understory
natural, open grass, open understory managed, open understory natural, and water
hazard). Continuous predictor variables are mean temperature (mean temp), mean
humidity, and mean wind speed (mean wind).
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Table 4.5 Pairwise comparisons among habitats. If habitat was a significant predictor
variable in the top GLMM, I used post-hoc Tukey contrasts for multiple comparisons with pvalues adjusted with a Bonferonni correction. Only significant pairwise comparisons are
included.
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Figure 4.1 Differences in A) overall bat activity (number of bat pass files per
survey night) and B) foraging activity (# of feeding buzzes detected per survey
night)) between habitats on golf courses in Delaware in June and July 2011. Yaxes are in the log scale.
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Species Richness and Species Composition
SonoBat (3.8.6) identified 46.8% (n = 3228) of all passes to a species and 53.2% (n =
3671) remained unidentified (NoID) (Table 4.2). Six species were identified from the files across
all four golf courses and all habitats: Myotis lucifigus (little brown bat), Eptesicus fuscus (big
brown bat), Lasiurus borealis (red bat), L. cinereus (hoary bat), Nycticieus humeralis (evening
bat), and Perimyotis subflavus (tricolored bat).
The top model to explain species richness (number of species detected per survey night
per detector) included only the categorical predictor habitat, but in pairwise comparisons there
was not an effect of habitat. Six species were detected at every golf course, except for Sussex
Pines Country Club where L. cinereus was not detected over any of the survey nights. The same
six species were detected at every habitat type (Table 4.6).
Eptesicus fuscus and L. borealis were the most commonly identified calls for all golf
courses and accounted for 45% and 40% of all identified calls, respectively (Table 4.2).
Nycticieus humeralis accounted for 10% of the identified calls. Lasiurus cinereus, M. lucifugus,
and P. subflavus were the least identified species across all golf courses with only 2%, 1%, and
3%, respectively, of the bat passes identified to those species (Table 4.2).
Lasiurus borealis was the most commonly identified species in the Dense Understory
Natural habitat (68% of the identified calls) and Open Understory Managed habitat (45% of the
calls; Figure 4.2). Eptesicus fuscus was the most commonly identified species in the Open Grass
(68%) and Water Hazard (65%) habitats. In the Open Understory Natural habitat, E. fuscus and
L. borealis made up approximately the same amount of the identified calls (40% and 38%,
respectively). Occurring less frequently, N. humeralis was identified more often in the Open
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Understory Natural and Open Understory Managed habitats (16% and 13% of identified calls)
than in the other three habitat types. Perimyotis subflavus, L. cinereus, and, M. lucifugus, made
up the smallest proportion of identified calls, ranging from 0.15% to 7% across species and
Table 4.6 Number of survey nights (4-hour survey period) each species was detected at each
golf course and habitat type in Delaware in June and July 2011.

habitat (Table 4.2, Figure 4.3)
Species Specific Activity
Eptesicus fuscus
The best model to explain E. fuscus activity included predictor variables of mean
temperature, mean wind, and habitat (Table 4.3). Activity increased with a decrease in mean
temperature and increase in mean wind speed (Table 4.4). Pairwise comparisons showed
significant differences in habitat (Table 4.5). Open understory managed habitat had significantly
higher E. fuscus activity (44.53 ± 13.14) than open understory natural (7.4 ± 2.97; z =-5.07, p <
0.001), open grass (12.62 ± 4.02; z = 3.92, p <0.001), and dense understory natural habitats (4.67
± 2.18; z = 6.11, p < 0.001, Table 4.3, Figure 4.3A). The water hazard habitat also had
significantly more E. fuscus activity (31.67 ± 13.39) than the dense natural (4.67 ± 2.18; z =
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4.73, p < 0.001) and open understory natural habitats (7.4 ± 2.97; z = 3.67, p = 0.002, Table 4.5,
Figure 4.3A)
Lasiurus borealis
Habitat, mean temperature, and mean wind were included in the best model to predict
activity levels of L. borealis (Table 4.3). In pairwise comparisons, activity was significantly
higher at the open understory managed habitat (52.53 ± 19.03) than the open understory natural
(7.00 ± 4.30; z = 2.92, p = 0.03) and open grass habitat (3.77 ± 2.48; z = 3.52, p = 0.003; Table
4.5, Figure 4.3B).
Lasiurus cinereus
Mean wind speed was the best predictor of L. cinereus activity (Table 4.3). Activity
increased with mean wind speed (Table 4.4). In the pairwise comparisons, there were no
significant differences in L. cinereus activity between habitats (Figure 4.3C).
Myotis Lucifugus
The best model for predicting activity of M. lucifugus was mean temperature, wind speed,
and habitat (Table 4.3). However, in pairwise comparisons, the effect of habitat was not
significant (Figure 4.3D).
Nycticeius humeralis
Habitat, mean temperature, mean humidity, and mean wind speed were included in the
best model for predicting N. humeralis activity (Table 4.3). There was no significant effect of
habitat on activity of N. humeralis (LRT, χ2=5.76, df = 4, p = 0.218, Figure 4.3E).
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Periomytois subflavus
The best predictor of P. subflavus activity was mean humidity (Table 4.3). There was no
significant effect of habitat on activity of P. subflavus (LRT, χ2=3.2, df = 4, p = 0.525, Figure
4.3F).
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Figure 4.2 Species composition of identified bat passes between habitats on golf courses in
Delaware recorded in June and July 2011. Six species were identified and detected in all five
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Figure 4.3 Differences in species-specific activity (number of identified calls per survey
night) between golf course habitats recorded in Delaware in June and July 2011.Y-axes
are in log scale.
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Mist-Netting Surveys
Each golf course was netted with two triple-high 6m mist-net pole sets one time in 2010
and 2011 for a total of 192 net hours (6 6m nets * 4-hour net session * 8 nights) or 720 m2 of net
effort (6m net length * 2.5m net height * 3 nets per pole set * 2 pole sets * 8 net nights). Fiftyfour bats were captured and fifty were able to be identified to species. Three species were
identified: E. fuscus, L.s borealis, and P. subflavus. Four bats escaped from the net before an
identification could be made.
Table 4.7 Species captured at each golf course in Delaware. Golf courses were mistnetted one time each in the summer of 2010 and 2011 for a total of 192 net hours or
720m2 of net effort. Unknown (unknwn) bats were bats that escaped the mist-net before
identification could be made.
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Chapter V:

Discussion

Effects of Golf Course Habitat on Overall Bat and Foraging Activity
In this study, I confirmed that many species of bats are using and foraging on a variety of
habitats on golf courses in Delaware. Contrary to my predictions, significantly more bat activity
occurred in the open understory managed habitats than the habitats the more closely reflected
natural habitats (dense understory natural, open grass, and open understory natural). However,
bats tend to use habitats that serve as flight corridors (e.g. hard tree line edges) and the open
understory managed habitats provide vegetative structures that allow for easy flight (lack of low
hanging branches) while offering some protection from potential predators by having an
enclosed canopy (Agosta 2002, Hein 2009, Vaugh et al 1997, Wolcott and Vulinec 2012).
Similarly, managed chestnut orchards (lack of dense undergrowth, closed canopy) in Switzerland
had increased bat foraging activity and species richness compared to unmanaged chestnut
orchards where the undergrowth was denser (Obrist et al. 2011). Also contrary to my predictions
that the water hazard habitat would have the most foraging activity, foraging activity was highest
in the open understory managed habitats. Foraging bats may also benefit from the insects
disturbed by regular mowing of areas underneath this high canopy (Vandevelde et al. 2014).
Although in this study we did not sample non-golf course habitats, overall bat activity levels
were comparable with other studies of regional habitats other than golf courses. In this study, we
found 25.7 average passes/hour (This was calculated by dividing the total bat passes recorded by
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the 4-hour recording period), with a minimum of 0.25 and a maximum of 258 for all habitats. In
Bombay Hook National Wildlife Refuge, one of the most undisturbed areas on the Peninsula,
peak passes/hour were 140, with an average of around 5 passes/hour throughout the night (Fox
2007). McGowan and Hogue (2016) found an average of 65 passes/hour with active point-count
transect surveys and 3.4 passes/hour for passive surveys. Wolcott and Vulinec (2012) found an
average of 80.7 passes/hour combining recordings from the edges and in the middle of
agricultural fields. However, these comparisons are limited and must be drawn carefully as the
equipment used was different in all four studies. Different detectors and microphones have
variable detection rates and can affect the variation in the amount and quality of the datasets
(Adams et al. 2012). Additionally, only the Bombay Hook study (2007) and the passive detectors
used by McGowan and Hogue (2016) looked at full nights. This study, Wolcott and Vulinec
(2012), and McGowan and Hogue (2016) active transects examined peak activity time (directly
after sunset for about 4 hours) therefore potentially overinflating nightly bat activity per hour
measurements.
Other studies on golf courses documented similar diversity of bird species on golf courses as
adjacent natural areas, but in lower numbers (Terman 1997). Birds and some insects showed
higher species richness and abundance on golf courses than surrounding farmland (Tanner and
Gange 2004). Higher insect abundance on golf courses may offer more foraging opportunities for
bats.
Species Richness and Composition
Golf course or habitat did not have any significant effect on species richness per survey
night. All six species were detected across all habitats and most golf courses (Sussex Pines
lacked any identified detections of L. cinereus). This lack of effect is likely due to a small
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number of species in Delaware (8 species) and sampling occurring in a relatively small area (golf
course size averaged 87.25ha). In this study, the species-richness metric did not consider relative
activity levels as it only counted a species as present or absent on a given survey night. The
species-specific activity levels may be a better indication of habitat use by each species.
The dominance of E. fuscus and L. borealis in the acoustic data set suggest either that they
are more abundant than other species or are more commonly detected in urban and altered areas.
Additionally, the calls of these species may be more easily detected and identified by acoustic
survey methods. Eptesicus fuscus and L. borealis had the highest activity levels in the open
understory managed habitat. In addition to attractive flight corridors, these large-boled trees in
this habitat may provide roosting opportunities (e.g., leaf clusters in hardwoods for L. borealis or
tree cavities for E. fuscus) Mist-netting captures from the golf courses corroborate that E. fuscus
and L. borealis may be more abundant or commonly caught in these areas (Sturgis and Vulinec,
unpublished).
The observed lower presence of other species may be explained by life history differences or
by limitations of our survey methods. Lower acoustic detection and capture rates of the cave bat
species (M. lucifugus, P. subflavus) may be because of regional population declines due to white
nose syndrome (Ford et al. 2011). The endangered Myotis septentrionalis is an uncommon
species in Delaware, restricted to the northern portions of the state, and was not identified in any
of the recorded calls. The lack of detection of Lasionycteris noctivigans is not surprising given
that it has been rarely documented in Delaware.
The lack of observable effect of habitat on some species activity (L. cinereus, M. lucifugus,
N. humeralis, and P. subflavus) may be a lack of preference for these species. However, trends of
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greater use in some habitats were observed, and the lack of effect is more likely the result of
small sample size.
Mist-net and acoustical sampling each have their own biases and are best when used in
conjunction with one another (Kuenzi and Morrison 1998, O’Farrell and Gannon 1999). Mistnetting capture often misses high-flying bat species (e.g., L. cinereus or L. noctivigans).
Acoustical sampling methods frequently miss quiet echolocating (low intensity) bat species that
typically glean insects from trees (e.g. M. septentrionalis). In this study, mist-netting on golf
courses typically occurred in areas along hard tree line edges that served as bat flight corridors.
Water sources are ideal locations to catch other bats not typically caught in nets because even
high-flying bats need to drink water but netting over water was largely avoided in this study due
to logistics of setting mist-nets over deep-water hazards. Catching only three species (E. fuscus,
L. borealis¸ and P. subflavus) across the golf courses was not unexpected given the habitats
sampled and inherent mist-netting biases. Mist-netting in combination with acoustic sampling
may not be as important in areas, such as Delaware, where species diversity is relatively low.
Netting is nevertheless often recommended because it allows researchers to collect demographic
and general body condition data that is not possible to assess through acoustical methods alone
Explaining the Effect of Climatic Variables on Bat Activity
While the purpose of my study was to look at the effect of golf course habitat on bat
activity, I included biologically relevant environmental variables as covariates to account for
variation in bat activity. Mean temperature was an important covariate in predicting overall
activity, foraging activity, and species-specific activity of E. fuscus, L. borealis, M. lucifugus,
and N. humeralis. All the relationships were positive, except for E. fuscus, whose activity levels
increased as mean temperature decreased. Positive relationships between temperature and bat
48

activity are well documented in the literature (Hayes 1997, Erickson and West 2002, Agosta et
al. 2005, Wolbert et al 2014). Low temperatures are generally associated with decreased insect
activity (Mellanby1939). Decreased activity of the bats’ food source (insects) may result in lower
activity levels of bats as they choose to forage for a shortened period of time or not at all
(Anthony et al 1981). In this study, I conducted surveys only in June and July when temperatures
are relatively warm and stable and should not result in significantly reduced levels of insect
activity.
One initially puzzling result from this study was the positive relationship between mean
wind speed and bat activity. Mean wind speed was an important factor in predicting overall
activity and activity of E. fuscus, L. cinereus, M. lucifugus, and N. humeralis. Increased wind
speeds are typically associated with decreased bat activity as it increased the difficulty of flight
(O’Farrell and Bradley 1970, Verboom and Spoelstra 1999). However, Verboom and Spoelstra
(1999) found increased activities of bats along treelines during times of high winds. In this study,
mean wind speed was not taken directly at each habitat, rather from a nearby weather station to
indicate overall weather patterns rather than site specific metrics. I suggest that bats may be
using the treelined edges of the open understory managed habitats as protected flight corridors
during times of increased wind speeds.
Conservation Implications
This study highlights the conservation potential of highly disturbed habitats, golf courses, to
function as alternative habitats for bats. In particular, open understory managed habitats had
higher overall bat activity, foraging activity, and some species-specific activity, indicating that
this habitat is a feature that bats are using more than other habitats on the golf courses in
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Delaware. Rather than being barren of wildlife, golf courses can be opportunities to conserve
and protect animals if managed appropriately. Based on my data, I suggest two management
options that may encourage bat activity on golf courses. I suggest:
1) Stands of large-boled trees with maintained undergrowth, i.e. grass and trimmed lower tree
limbs, are favored by bats for commuting and foraging. These areas also allow golf cart passage
and are attractive and park-like to many people. These areas should be kept as maintained
wooded areas, and minimal pesticide use should be encouraged
2) Water hazards provide a source of drinking water for bats but may also present problems.
Pesticide and fertilizer run-off from the course turf may decrease water quality and be potentially
harmful to imbibing animals. In light of this, it is recommended golf course managers attempt to
ensure proper pesticide application to minimize run-off. Greenskeepers and golf course managers
already do this on many courses, but this study adds bat conservation as another important reason
to continue these practices.
Although not addressed in this study, other management options that may promote bat use of
golf courses include:
1) Leaving patches of forest may afford bats increased potential of day roosts (Limpert et al.
2007) and for golfers, heighten the challenge of the game.
2) Creating and maintaining a golf course with more heterogeneous landscapes may increase
bat diversity on a golf course by providing landscape features that are attractive to certain
species.
As more golf courses expand over the globe, similar measures can be tailored to the
biome and local ecosystem so that golf courses can provide conservation opportunities for
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numerous wildlife species. While developed and maintained landscapes are not a substitute for
natural habitat, some of these disturbed areas can be beneficial to bats. Similar to peregrine
falcons (Falco peregrinus) and other wildlife living in urban and suburban landscapes, many bat
species can adapt to human landscaping. Patches of forest and buildings may serve as roosts and,
as we have shown in this study, even heavily maintained parts of golf courses can provide
foraging and commuting opportunities for bats.
This study was restricted to Delaware and was small in scope but is the first to examine
bat activity on golf courses and serves as a first step in understanding bat habitat use on these
landscapes. While open understory managed habitats had the highest overall bat and foraging
activity, I did not compare these to non-golf course habitats. I suggest additional research in
comparative acoustic surveys in habitats on and off golf courses with an increased amount of
survey nights and expanded time frame to be able to also look at seasonal differences in activity.
Additional studies to locate day-roosts of bats captured on golf courses can increase our
knowledge of how bats are using golf courses as habitat (i.e., feeding, commuting, and/or
roosting). Diet studies of bats captured on the golf course may also provide insight on what
insects (especially turf grass pests) bats are eating on golf courses and be helpful in determining
the economic value of bats as pest control agents to greenskeepers and golf course managers.
This study, in addition to further research, opens the door for golf courses to mitigate some of the
effects of habitat loss and fragmentation on bat populations.
.
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