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Abstract
The habitats in which bat species may most effectively forage are often determined by
species-specific differences in wing morphology and echolocation call structure. Habitat edges
are important for bat navigation and foraging, but no study to date has examined the depth of
edge influence (DEI--the extent of quantifiable change in activity with distance from an edge) for
bats. I predicted that DEI would vary with species-specific differences in wing structure and
echolocation call characteristics. Additionally, because different habitats may be required to
fulfill species’ foraging and roost requirements, I predicted that bat activity would be highest in
areas with a moderate amount of forest cover. I acoustically sampled at eight sites in Ontario a
minimum of ten times each between June 2010 and August 2011. Regardless of wing
morphology and call structure, bat activity was highest at the edge for all species. The DEI of all
species was 40 m into both the edge and forest. These results will be useful for determining
proper placement of microphones in future acoustic studies, and may inform effective
management decisions.

Keywords: edge effects, Ontario, ecomorphology, bat habitat use, acoustic monitoring, percent
forest cover
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1. Introduction
Studies in landscape ecology investigate the physical relationships and associations of
habitats and organisms within a landscape (Forman 1995). Ecologically, landscapes are
composed of three primary elements: patches, edges, and corridors. Patches are individual
sections of distinct habitat in the landscape, while corridors form the physical links between
remnant habitat patches. Edges are formed by the interface of two or more habitat types (Krebs
2008), but due to their unique characteristics, they are often studied as a distinct habitat type
(Fenton 1990; Verboom 1998; Grindal and Brigham 1999). Together, the geometric
configuration of patches, edges, and corridors form the landscape matrix (Forman 1995).
The pattern of the landscape matrix directly affects species richness (Law and Anderson
1999; Holland and Fahrig 2000; Gagné and Fahrig 2007). Furthermore, the landscape pattern
affects population size by altering access to resources (Andrén 1995; Fletcher et al. 2007) and
potential mates (Banks et al. 2007). Understanding species’ relationships with the landscape is
necessary for effective conservation and land management plans, but interactions between
species and the landscape are often under studied (Duchamp et al. 2002). This is particularly true
for bats, which are highly mobile and nocturnal animals. Therefore, I focused my thesis on the
effects forest edges and percent forest cover have on the activity of bat species in Ontario.
1.0 Bats on the landscape
Ecomorphology is the study of the relationship between 1) morphology, the physical
features of an organism, and 2) ecology, the relationship between an organism and its
environment. Morphology impacts species’ efficiency in different habitats, while the habitats
present may, over time, impact species’ morphology (Motta and Kotrschal 1992). Bats possess
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different wing designs that affect flight speed and maneuverability (Norberg and Rayner 1987)
and use echolocation calls with species-specific shapes, intensities, and durations to detect both
obstacles and prey when moving across the landscape (Fenton et al. 1995). Therefore, bats’
ecomorphological relationships are strongly influenced by wing and echolocation call structures
(Aldridge and Rautenbach 1987; Chrome and Richards, 1988; Müller et al. 2011; Lee et al.
2012), and the diversity of habitat structure has resulted in species which are specialized to
forage in different landscape situations.
The combination of specialized echolocation and wing characteristics forms three
primary guilds, or functional groups, of bats that may differentially use three habitats: open
areas, cluttered areas, and edges (Fenton, 1990; Figure 1). Bats that forage for insects in cluttered
areas generally have low-intensity, broadband calls (calls covering a wide range of frequencies),
with a short duration (Caceres and Barclay 2000). Broadband calls provide precise range
resolution of prey targets, as well as information about target size and shape (Simmons 1973),
but are subject to greater atmospheric attenuation than lower frequency signals, and constrain the
range of prey detection (Lawrence and Simmons 1982). Furthermore, bats that forage in
cluttered areas typically have wings with low aspect ratios (wingspan2 / wing area) and low wing
loading (body mass / wing area) (Norberg and Rayner 1987), which allow for energy-intensive,
highly maneuverable flight in cluttered areas (Fenton 1990).
In contrast, bats that forage for insects in open areas typically have high-intensity, long
duration and low-frequency narrowband calls (Fenton 1990). Low frequency, high intensity calls
minimize the effects of atmospheric attenuation (Lawrence and Simmons 1982), but provide
relatively lower spatial resolution (Simmons 1973). Bats that forage in open areas typically have
wings with high aspect ratios and high wing loading, which results in fast, efficient flight and
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allows them to cover long distances efficiently (Norberg and Rayner 1987; Fenton 1990).

Figure 1: Echolocation and morphological characteristics associated with each of three habitat
types. Calls are depicted as spectograms. Figure adapted from Fenton, 1990, with permission.
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Finally, species that forage in edge habitats are expected to have intermediate traits
compared to open and cluttered habitat specialists. Edge specialist echolocation calls are
typically high-intensity calls with a mix of narrowband and broadband components. Their wings
typically have a relatively high aspect ratio with low wing loading, allowing for energy efficient,
maneuverable flight (Fenton 1990).
1.1 Impacts of morphology on edge activity
When species composition at the edge of a habitat patch differs significantly from that of
the patch interior, this phenomenon is referred to as edge influence (Ries et al. 2004). Varying
activity and abundance may persist several kilometers into adjoining patches (Berthinussen and
Altringham 2011), although most species are affected on a scale of 120 m or less (Li et al. 2007).
This extent of quantifiable change in activity with distance from an edge is referred to as the
depth of the edge influence (DEI). Although DEI occurs at all edges, DEI is greatest between
adjacent habitats which have a high degree of contrast. At the interface between a forest and a
field, the degree of contrast is affected by canopy height, cover, and aspect, or cardinal position,
which further affects the amount of sunlight, wind, and rain that the edge receives (Ries et al.
2004; Harper et al. 2005).
Multiple studies have noted increased activity along forest edges for one or more bat
species (Limpens et al. 1989; Limpens and Kapteyn 1991; Grindal and Brigham 1999; Morris et
al. 2010; Ethier and Fahrig 2011; Müeller et al. 2012). Bats may benefit from linear elements
such as wooded edges both when foraging and commuting: forested edges provide habitat for
insects, and may also serve as landmarks along the way to foraging grounds. Additionally, on
nights with bright light or wind, edges may offer bats the same energetic protection that they
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offer to their insect prey, while also protecting them from opportunistic birds of prey and
avoiding the energy costs associated with navigating around clutter inside the forest (Verboom
and Huitema 1997). Morphology and echolocation call characteristics should strongly influence
the DEI of bat species, but to date, no study has evaluated this.
1.2 Percent forest cover
Percent forest cover indicates the amount of land that is covered by trees over a given
landscape scale. Throughout Canada, percent forest cover is in a constant state of flux, as
intensive agricultural practices and urban and industrial development result in deforestation, but
abandoned farm land is reverting into forested areas (Masek et al. 2011). Natural roosts for bat
species in Ontario are trees, specifically, either in foliage, under exfoliating bark, or in hollows
(Fraser et al. 2007). Decreasing the percent forest cover results in fewer suitable roosting sites
and therefore, fewer residents (Jung et al. 1999; Gorreson and Willig 2004; Magness et al. 2006).
While forest habitats offer important roost sites to bats, for foraging, many species
require open spaces, edges, and water (Grindal and Brigham 1999; Fenton and Bogdanowicz
2002). To reduce energetic requirements associated with long distance flight, bats benefit from
roosting as close as possible to foraging grounds (Barclay 1981). Consequently, the highest
populations of bats should be present in areas where there is both roost and foraging habitat
(Dunning et al. 1992).
The effects of percent forest cover on bat activity were previously studied in Ontario by
Ethier and Fahrig (2011), who found significant linear relationships between forest cover and bat
activity at several spatial scales, from 1 to 5 km, for roughly half of all species. However,
because bats have both foraging and roosting needs in differing habitats, I expect a non-linear
relationship between bat activity and forest cover over a broader range of sites.
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1.3 Goals and predictions
In my thesis I explored how bats use forested edges, and how activity levels differ with
changes in landscape composition. The main goals of my study were to 1) determine the DEI for
bat species along a forest-agriculture interface and 2) determine and model the relationship
between overall bat activity and the percent forest cover of the surrounding habitat.
In Ontario, there are eight species of bats. Due to the relative rarity of the small footed
bat (Myotis leibii), and lack of a well established call library for this species, it will be excluded
from the study. The remaining seven species, the northern long-eared bat (Myotis
septentrionalis), hoary bats (Lasiurus cinereus), silver haired bats (Lasionycteris noctivagans),
eastern red bats (Lasiurus borealis), little brown bats (Myotis lucifugus), tri-colored bats
(Perimyotis subflavus) and big brown bats (Eptesicus fuscus) will be considered in this study.
These seven species may be classified into one of the three habitat groupings, based on their
echolocation call and morphological characteristics (Table 1).
I hypothesized that bat activity levels would vary systematically across edge habitat and
that both the direction of this variation and the DEI would differ among the three guilds. I
investigated this hypothesis by testing the following three predictions: 1) M. septentrionalis
would have a very narrow DEI into the field, and heightened activity in the forest interior 2) L.
cinereus would exhibit the highest activity in primarily open areas, with decreasing activity
levels closer to the edge and within the forest and 3) L. borealis, L. noctivagans, M. lucifugus, P.
subflavus, and E. fuscus, which mix narrowband and broadband components in their calls, would
exhibit the highest relative call numbers at the forest edge, with activity gradually decreasing as
the distance increases into the forest and field interiors.
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Secondly, I hypothesized that percent forest cover would directly affect the levels of bat
activity at each site. Because the largest population should be supported in areas with the
greatest availability to both roost and foraging habitats, I predicted that overall bat activity levels
would peak in areas with a moderate percent forest cover, and decrease in areas with extremely
high or low percent forest cover.
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Table 1: Echolocation call parameters and morphological characteristics for seven bat species in Ontario. All wing loading and aspect
ratios are taken from Norberg & Rayner (1987). References for call parameters are given in the footnote.
Species

Guild

Minimum frequency
(kHz)
27

Wing loading
(kg/m2)
9.4

Aspect ratio

Edge

Call duration
(ms)
7

Eptesicus fuscus 1
Lasiurus borealis 2

Edge

8-10

30-33

14.0

6.7

Lasiurus cinereus 2

Open

10

17-18

16.5

8.1

Lasionycteris noctivagans 3

Edge

8

27

8.2

6.6

Myotis lucifugus 4

Edge

4-6

40

7.5

6.0

Closed

1-2

40-60

6.8

6.4

Edge

4-6

37

5.6

6.2

Myotis septentrionalis 5, 6
Perimyotis subflavus 7

6.4

1- Betts (1998); 2- Obrist (1995); 3- Betts (1998); 4- Mukhida et al. (2004); 5- Faure et al. (1993); 6- Caceres and Barclay (2000); 7MacDonald et al. (1994).
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2. Methods
2.0 Site selection
I collected my data at eight sites in Renfrew and Lanark counties, in Ontario, Canada; the
habitat there is a combination of fertile farmland in the north, and large tracts of secondary
growth forest in the south. Based on published foraging ranges of bats in Ontario (Henry et al.
2002; Walters et al. 2007), I expected bat species’ foraging ranges to fall within 3-5 km.
Therefore, I defined a landscape as the area within a 5.0 km radius of each study site, and
calculated the percentage of forest cover at each site within a 3.0, 3.5, 4.0, 4.5, and 5.0 km radius
from the central study edge. Additionally, I included 1.0 and 2.5 km scales to examine the
possibility of finer scale landscape responses (Appendix II).
I used the Ontario Ministry of Natural Resources’ Digital Raster Acquistion Project for
the East (DRAPE) aerial imagery on ArcGIS 9.3 (ESRI 2006) to identify large patches with well
delineated, or hard, edges for study sites. In order to avoid the effects of multiple edges, I
excluded sites with forest or field patches less than 100 m deep. I also excluded sites with greater
than 1% combined wetland and water cover at any spatial scale, to control for the confounding
effect of increased bat activity associated with feeding over water. Additionally, in order to
control for variation in magnitude of effect due to differences in aspect, I selected sites with
south-facing edges at the central patch.
To maintain patch-level similarity across study sites, I used the Ontario Ministry of
Natural Resources’ Forest Resource Inventory data to determine the composition of tree species
and year of last forest harvest for each site. I selected only mixed deciduous/coniferous stands
over seventy years old with adjacent fields of hay or pasture as study sites. In total, I selected
eight sites (Figure 2) with a range of 10.2- 85.9 percent forest cover at a 5.0 km scale (Table 2).
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Figure 2: Relative location of thesis sites within Renfrew and Lanark Counties, Ontario, Canada. I collected recordings at each of
eight field sites. Sites are numbered in order of increasing forest cover at a 5.0 km scale. Circles represent 1.0, 2.5, 3.0, 3.5, 4.0, 4.5,
and 5.0 km landscape scales evaluated around each site.
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Table 2: Forest cover (%) in each of six surrounding spatial scales for all sites.

Site
Number

1.0

Forest Cover in Surrounding km (%)
2.5
3.0
3.5
4.0

4.5

5.0

Coordinates

1

13.1

12.2

10.3

9.4

8.7

8.8

10.2

45°22’57”N, 76°18’09”W

2

23.6

20.9

24.0

27.0

30.1

31.9

33.0

45°31’32”N, 76°51’10”W

3

23.5

20.8

25.6

28.7

31.9

35.5

38.4

45°26’20”N, 76°28’17’’W

4

56.2

51.9

52.0

52.7

52.4

52.6

52.9

45°30’43”N, 77°09’22’’W

5

77.3

62.3

60.2

59.8

59.3

61.4

60.3

45°28’25”N, 76°57’50”W

6

52.4

56.2

58.1

58.8

60.6

61.4

61.5

45°26’53”N,76°46’14”W

7

64.9

68.4

69.7

69.7

72.3

57.1

73.9

45°20’17”N, 76°53’12”W

8

73.9

87.3

86.4

85.2

85.6

85.9

85.9

45°20’51”N, 77°19’04”W
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2.1 Activity monitoring
I collected data from each site on a rotating basis and monitored each site a minimum of
three nights per month from June-August in both 2010 and 2011. Furthermore, I only collected
data on non-rainy nights, because rain negatively affects bat activity levels (Hayes 1997). I
placed a data-logging Kestrel 4000 (Nielson-Kellerman, Pennsylvania, USA) on the tripod 20 m
into the field to record wind speed, barometric pressure, temperature, and humidity at ten-minute
intervals throughout the night.
I used an acoustic bat detector, the batcorder 2.0 (ecoObs, Nürnberg, Germany) to record
echolocation calls. Batcorders are programmable recorders that use an algorithm-linked
triggering mechanism to record bat calls onto secure digital high capacity (SDHC) cards. The
sampling rate of a batcorder is 500 kHz, so it is able to record sounds up to 250 kHz.
Echolocation calls recorded by bat detectors cannot distinguish between individual bats (Kunz et
al. 1996), but the total number of echolocation calls may be used as a proxy for the overall
activity of a species at a given location.
At each site, I deployed eight batcorders along a transect line, perpendicular to the forest
edge. To minimize the effects of multiple edges, I placed the transect at the middle of each forest
patch. In 2010, I conducted preliminary fieldwork to determine the optimal spacing for the
recording transect. I tried spacing the detectors 10 m, 15 m, 20m, 30 m, and 40 m apart, and
found that a spacing of 20 m provided the most information about edge effects and peak activity
with minimal recording overlap between detectors. I placed the detectors on tripods 1.67 m
above the ground, with microphones oriented at 45 degrees above horizontal, parallel to the
forest edge. Each night, I set the batcorders to record echolocation calls from sunset to sunrise.
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During the preliminary field season, I placed five batcorders along the transect, with one
batcorder 20 m inside the forest, and 4 batcorders in the field, extending to 60 m. For the second
field season, increased equipment availability allowed me to expand my transect; I placed two
additional batcorders in the forest at 40 and 60 m from the edge, and one more in the field at 80
m from the edge (Figure 3). I moved forest microphones away from large trees, up to two meters
from the transect line to avoid sound attenuation (Patriquin et al. 2003).
Four adjustable parameters affect the batcorder’s triggering algorithm: quality, threshold,
critical frequency, and posttrigger. The quality value determines which sounds in the
environment are interpreted as possible bat echolocation calls. Higher values reduce the amount
of extraneous noise that is interpreted as echolocation calls. I set my quality to 40, which is the
second highest setting, and filters out the majority of non-call noises. The threshold value
influences the sensitivity of the microphone, and is similar to the gain setting on other bat
detectors. Lower settings trigger the batcorders to record in response to softer sounds, and
effectively extend the recording radius. I set my threshold to the lowest setting, -36 dB, or 1.6%
of the microphone’s maximum amplitude, in order to extend the recording range as far as
possible. The posttrigger value defines the amount of time that is allowed to pass between two
consecutive calls without ending the recording. I set my posttrigger to the highest possible
setting, 800 ms, to maximize the number of sub-threshold calls recorded. I found that this set of
recording settings maximized the amount of echolocation calls that I recorded (Appendix III).
Finally, the critical frequency sets the minimum frequency that will register as a bat call. I set my
critical frequency value at 16 kHz, in order to avoid recording too many ultrasonic insect noises
or missing too many low frequency bat calls.
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Figure 3: Position of detectors around a central forest patch. Detectors (stars) were placed 20 m
apart along a transect perpendicular to the forest edge (forest is represented by grey polygon).
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2.2 Vegetation measurements
To quantify the degree of contrast between forest sites, microphones, and edges, I
measured canopy cover at the location of each forest microphone using a densiometer. To
determine if the openness of the forest differed as either a function of site or distance from the
edge, I used an analysis of covariance (ANCOVA) in SPSS (SPSS, Inc., Chicago, IL). To
determine if the severity of each edge differed between sites, I used a 2- way ANOVA and
looked for an interaction between density at edge and the first interior microphone and site. For
both the ANCOVA and ANOVA, I ran a Tukey’s post-hoc test to determine which sites were
significantly different from one another.
2.3 Call analysis
I used an automated detection algorithm in the software package callViewer18
(Skowronski and Fenton 2008) to identify the number of calls in each file, as well as the
minimum and maximum frequencies, frequency with most energy, and duration of each call. In
Excel 2007 (Microsoft, Redmond, WA), I applied filters to remove insect noises and other
sounds lacking the characteristics of Ontario bat calls from the final output (Table 3).
Additionally, I manually examined 5% of all call files, selected at random, to ensure that
callViewer18 was accurately identifying calls. I identified species using a quadratic discriminant
function analysis script (Amanda Adams, pers. comm., applied in R version 2.13.1 (R
Development Core Team 2011). Jack-knife, leave one out classification rates on the discriminant
function data for each species were as follows: E. fuscus 88.00%; M. lucifugus 90.00%;
L.cinereus 90.38%; L. borealis 87.93%; P. subflavus 90.48%; L. noctivagans 88.00%; and M.
septentrionalis 90.91%.
I checked 100 calls per species to check the accuracy of the discriminant function
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analysis’s classification of my data. I found that within the same file, calls with classifications of
E. fuscus and L. noctivagans were commonly mixed together. These species are commonly
grouped together in echolocation call literature because they have very similar call structures
(Betts 1998), so I decided to pool the data.
Similarly, I found that calls of P. subflavus and L. borealis were unreliably classified as
one another, but the echolocation call structure of these bats are quite different and it did not
make sense to pool the two species, so I decided to remove these species from further analysis.
Thus, for the remainder of this manuscript, I will only be examining four species: L. cinereus, M.
lucifugus, M. septentrionalis, and E. fuscus / L. noctivagans, which I will refer to as a single
species.
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Table 3: Filter parameters for removing extraneous noise.
Call characteristic

Filter parameters

Duration (ms)

< 1, > 25

Frequency (kHz)

< 17, > 50

Combination frequency (kHz) and duration (ms) filter

< 33 kHz; < 3 ms

Harmonic number

>1

17

2.4 Species activity modeling
I conducted all statistical modeling using R. I used a combination of Cleveland dotplots
and boxplots to detect outliers, which I removed from the data set. At two sites, there were forest
microphones that recorded no calls across any of my recording nights, so I removed these two
microphones from the data set. In total, I removed 16 data points from the data set. I checked
each variable’s distribution for normality by visually inspecting frequency. The distribution of
percent humidity was initially skewed, so I applied an arcsin transformation. I checked for
violations of independence between covariates using Pearson’s R2 correlation coefficient, and
excluded forest density and forest cover because of high correlations to microphone position
(r=0.73 and r=0.87, respectively). My raw count data was right skewed and demonstrated
violations in homogeneity, so I applied natural log transformations to normalize the data. To
avoid undefined values for zeros, I applied ln(x +.5) to the data for M. septentrionalis and E.
fuscus / L. noctivagans, and ln(x +1) to the data for L. cinereus and M. lucifugus.
My data demonstrated non-linear patterns (Appendix IV), so I used the mgcv package
(Wood 2006) in R to apply a separate general additive model to model each species’ activity
levels. General additive models do not produce an equation for overall activity, but instead, fit
smoothing curves that model the non-linear trends in the response variable. General additive
models, like linear models, allow for the inclusion of multiple variables and calculate ANOVAs
to identify significance (Zuur 2010).
I used backwards model selection, which is a stepwise model selection process in which
the variable with the highest p-value is dropped in each subsequent round. In my original model
for each species, I included eight possible explanatory variables: microphone position, humidity,
pressure, temperature, windspeed, Julian date, and year. I continued until all variables were
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significant at p < 0.05. To isolate the effect of percent forest cover, I then held all other variables
constant and ran 7 complete models for each species, each of which isolated a separate spatial
scale for forest cover.
I used Akaike’s Information Criterion (AIC) as a measure for determining the spatial
scales of best fit. I determined the ∆i value for each model, where ∆i = AICi – AICminimum. I
considered all candidate models with a ∆i ≤ 2 to have substantial support (Burnham and
Anderson 2004).
To compare the depth of edge influence in the forest and field among species, I used Plot
Digitizer (Free Software, Inc., Boston, MA) to identify the coordinate along each species’
smoothing curve at the location of each microphone. I calculated the mean value and standard
deviation of the values at all forest microphones and all field microphones, and I calculated the
change in activity influence between the edge and field, and the edge and forest, as well as the
overall average change between forest and field.
3. Results
I detected all four species at all eight sites. After removing outliers, I included 426
recording nights from individual microphones in my models. The total number of calls included
in the final models ranged from 200,290 calls from L. cinereus to 16,363 calls from M. lucifugus
(Table 4). The number of supported models ranged from three for M. septentrionalis to one for
E.fuscus / L. noctivagans and M. lucifugus (Table 5). Both distance from the edge and Julian date
were significant predictors of activity levels in all species’ models (p <0.05). Year significantly
affected the activity of M. lucifugus (p < 0.05).
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Table 4: Number of total calls included in final models for each of four bat species.
Species

Number of Calls Recorded

E. fuscus / L. noctivagans

112,532

L. cinereus

200,290

M. lucifugus

16,363

M. septentrionalis

28,429
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Table 5: Final candidate models of bat activity along forest/field edges for four bat species in
Ontario. Models shown were selected by ∆AIC values. A lowercase s and parentheses indicate
covariates which had smoothing terms applied.

Terms included were microphone (mic),

temperature (temp), windspeed (wind), and pressure (prs). Terms preceded with a ‘For’ denote a
significant relationship between overall percent forest cover at the spatial scale (km) indicated by
the number following it.
Species

Model

Eptesicus fuscus /

s(mic) +s(temp) +s(date) + s(wind) + s(For1) + prs

Lasionycteris noctivagans
Lasiurus cinereus

s(mic) + s(temp) + s(date) + prs + s(wind) + s(For1)

Lasiurus cinereus

s(mic) + s(temp) + s(date) + prs + s(wind) + s(For25)

Myotis lucifugus

s(mic) + s(date) + year + s(For1)

Myotis septentrionalis

s(mic) + s(temp) + s(date) + s(For5)

Myotis septentrionalis

s(mic) + s(temp) + s(date) + s(For4.5)

Myotis septentrionalis

s(mic) + s(temp) + s(date) + s(For4)
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3.0 Edge effects
The results of the edge effects for all species are summarized in Table 6. All species’
activity levels peaked within 0 – 20 m of the forested edge and stabilized to a constant level
around 40 m into the field (Figure 4). The distance from the edge at which peak activity
occurred ranged from 0.8 m for M. septentrionalis to 12.6 m for L. cinereus. The forest interior
had a negative impact on the activity levels of all species, and the field had a positive impact on
all species, with the exception of M. septentrionalis, which was negatively impacted by the field,
and positively impacted by the forest. L. cinereus had the largest overall response between
habitats, while M. septentrionalis had the smallest.
3.1 Vegetation analysis
I found no significant effect of density as a function of forest depth (F2,86 = 1.143, p
=.324), but the forest at site two was significantly more open than all sites except site one, and
site one was significantly more open than sites three, five, and seven (F7, 86 = 5.188, p <0.001). I
found no significant interaction between density of the canopy at the edge and 20 m inside the
forest and site (F7, 48 =.586, p =.764), indicating that the severity of the edge did not significantly
differ among sites.
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Table 6: The average effect and change between effect of forest, field, and edge habitats for each of four bat species. Effect of forest
and field values are means of log transformed values measured at each microphone location within adjacent habitats. Bracketed
numbers indicate the distance from the edge (m) where each activity peak occurred. Values are reported as the mean ± standard
deviation of the relative influence of distance from the edge on activity.
Species
Eptesicus fuscus /
Lasionycteris
noctivagans

Effect of Forest
-2.33 ± 0.94

Effect of Field
0.47 ± 1.23

Peak Activity
2.94 [ 8.8]

∆Peak - Forest
5.27 ± 0.94

∆Peak – Field
2.47 ± 1.23

∆Forest - Field
-2.80 ± 1.55

Lasiurus cinereus

-2.89 ± 0.87

1.03 ± 1.02

2.63 [12.6]

5.52 ± 0.87

1.60 ± 1.02

-3.92 ± 1.34

Myotis lucifugus

-2.07 ± 0.86

0.24 ± 1.42

3.11 [ 8.0]

5.18 ± 0.86

2.87 ± 1.42

-2.31 ± 2.76

Myotis septentrionalis

0.20 ± 0.88

-0.72 ± 0.77

1.91 [ 0.8]

1.71 ± 0.88

2.63 ± 0.77

0.92 ± 1.37

23

Distance from Forested Edge (m)

Figure 4: The effect of distance from the edge on the activity of four bat species. Each graph
shows the fitted model (solid line) ± 1 SD (dotted lines). The y-axis is the same for all figure
sections. Observed values are indicated by hash marks along the x-axes, where negative values
represent microphones in the forest interior and positive values represent microphones in the
field interior. N= 426 recording nights.
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3.2 Effects of forest cover
Forest cover significantly affected the activity of all bat species (p < 0.05). Both L.
cinereus and M. septentrionalis were significantly influenced by forest cover at multiple scales
(Figure 5). E. fuscus / L. noctivagans’s reponse to forest cover was bimodal, with a peak at 30%
forest cover, and a second increase at > 70%. Likewise, at both 1.0 and 2.5 km, the activity of L.
cinereus peaked at 20-25% forest cover and increased a second time at >70%. M. lucifugus
showed a relatively flat response to forest cover, with a slight peak at 65%, at a 1 km scale. At a
4.5 km scale, M. septentrionalis peaked in activity between 40-60%, and decreased in activity as
forest cover increased. At a 4.0 km scale, the effect was mirrored, but with a peak in activity at
72%.
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Forest cover (%)

Figure 5: The relative effect of forest cover on each of four bat species at different spatial scales. Each graph shows the fitted model
(solid line) ± 1 SD (dotted lines). The spatial scale (km) is indicated by the number in parentheses. N= 426 recording nights. The yaxis is the same for all figure sections. Observed values are indicated by hash marks along the x-axes.
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4. Discussion
4.0 Edge effects
I initially hypothesized that bat activity levels would vary systematically across edge
habitat and that both the direction of this variation and the DEI would differ among the three
guilds; however, my results show that activity was highest at the edge for all species. These
results fit with the findings of some previous studies (e.g., Grindal and Brigham 1999, Morris et
al. 2010). As a whole, however, studies on the species responses of bats to edges present variable
responses and do not support a unifying theory (Grindal and Brigham 1999; Morris et al. 2010,
Müeller et al 2012).
This variability of results found by edge habitat may be influenced by the degree of edge
delineation, or edge structure. Grindal and Brigham (1999) and my study used well delineated
edges, but previous studies have conducted edge studies in areas of early succession, where the
contrast between habitats is not as sharp (Müeller, pers. comm.).
In natural landscapes, the structure of the edge may vary substantially. For example,
edges in areas of succession have the added perceptual component of bushes and shrubs. In
addition to forest edges, foraging and commuting bats perceive horizontal borders created by
ground cover and forest canopies as edges (Pettit 2011). Therefore, shrubs and other ground
vegetation should lead to greater vertical stratification and edge avoidance by open area foragers,
compared to well-delineated edges. Bats’ perceptual differentiation of different types of edges
may help to explain variation among findings of activity at forest edges, but remains a largely
unexplored area.
Heightened bat activity at well-delineated forested edges is related to a combination of
factors. In open areas, total insect activity is inversely related to wind speed, and particularly on
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high wind nights, insects concentrate along forest edges, which act as windbreaks (Grindal and
Brigham 1999; Morris et al. 2010). The relatively patchy distribution of food that results may
cause bats to disregard habitat preferences and forage in alternative areas (Aldridge and
Rautenbach 1987; Bell 1980). Because I did not sample insect abundance, I cannot rule out the
possibility that insects in this region have patchy distributions that shift with space and time,
resulting in a more generalized habitat response.
In addition to foraging along edges, bats preferentially commute along forest edges en
route to foraging grounds. From an aerial perspective, forest edges can serve as navigational aids
that help to establish known routes and decrease overall commuting time (Limpens and Kapteyn
1991.) Furthermore, on nights with high wind, leeward edges offer energetic protection to bats
(Verboom and Huitema 1997).
Although it is tempting to cite increased predation risk from opportunistic birds of prey as
a cause for decreased activity in open areas, in North America there is little evidence to support
this hypothesis. The few documented cases of predation by owls and diurnal hawks occurred
outside of maternity roosts or colonies, where bat concentrations are much higher than elsewhere
on the landscape (Barclay et al. 1982).
Based on the DEI that I found, the core habitat of hay or pasture fields and mixed
deciduous forests may be defined as a minimum of 40 m from the edge for all bat species in this
study. This scale falls within DEI values found for birds, which range from 15-300 m into
adjacent field and forest habitats (Ries et al. 2004). The breadth of this range is reflected by the
diversity among birds, whereas the bats in my study are all members of the same taxonomic
family, and may therefore be expected to have more behaviorally similar responses, by
comparison. Furthermore, the range reported for birds was provided by a review article, and
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covered a wide range of species, methodologies, and behaviors, including nesting and foraging
while my study controlled for the effect of multiple edges and explored only relationships
between overall activity and distance from the edge.
Although some studies have characterized species as edge avoiders or edge specialists, I
avoid labeling these species because labeling oversimplifies the relationship between edges and
behavior. My results may not apply to all types of edges, as the magnitude and direction of edge
effects may differ between different types of habitat (Fletcher and Koford 2003; Ries et al.
2004). In both un-modified and modified landscapes, the interface between forests and fields
represent only one of many edge types that are present. There is no reason to expect that bats
would have the same DEI or magnitude of response at any other edge type, including edges
between forest and roads or forest and water.
Even between habitats of similar type, subtle differences of vegetation types and
management practices may create measurable edge effects. For example, the fields used in my
study were all hay or pasture fields, which are not heavily sprayed by pesticides. Bat abundance
reflects insect abundance, and both decrease in areas where pesticides are regularly applied
(Wickramasinghe et al. 2003; Wickramasinghe et al. 2004).
One of the difficulties in my study was identifying patches that were large enough to
successfully minimize the impacts of multiple edge effects; in a typical landscape context, the
effects of multiple edges are much more common than isolated edges. In areas with smaller
patches, effects of multiple edges will create an additive effect, so that the impact from two
edges is greater than the impact of either isolated edge (Fletcher 2005).
4.1 Effect of forest cover
As predicted, I found that the relationship between percent forest cover and bat activity
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was non-linear. This contrasts with the findings of Ethier and Fahrig (2011), who found a
negative linear relationship between forest cover and activity of L. noctivagans. However, there
are many factors that may affect the distance and area in which an individual chooses to forage,
including commuting time, prey availability, and risk of predation (Stephens and Krebs 1986).
The relatively small effect of forest cover suggests that in this landscape, roosts are not a limiting
resource. Many other landscape factors may impact bats, including fragmentation, age of
surrounding stands, connectivity and patch shape, size, and density (Law et al., 1999; Gorreson
and Willig 2004; Crampton and Barclay 2008; Ethier and Fahrig 2011), and these factors should
continue to be explored in carefully controlled landscape studies.
Likewise, the presence of significant relationships between forest cover and species’
activity at multiple scales may mean that the species are reacting at an unidentified intermediate
spatial scale, or they may be reacting to different factors at each spatial scale. Although I
controlled for the influence of water during site selection, the presence of other landscape
variables may significantly influence bat activity levels, such as roads (Berthinussen and
Altringham 2011), and houses, which are frequently used as artificial roosts by M. lucifugus and
E. fuscus (Neilson and Fenton 1994).
4.2 Implications for management
My research is the first to quantitatively address the DEI for any bat species, and
represents an advance in the ability to effectively model and predict bat activity over a landscape
scale. Information gained about the relationship between bat activity and forest cover may be
incorporated into forest and agriculture management strategies in Ontario. On local and
landscape scales, my data may be applied to form data-driven setback policies for industrial
human construction projects, such as roads and wind turbines. The role of bats in controlling
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agricultural pests was underscored by a recent publication in Science (Boyles et al. 2011), which
emphasized the value of ecosystem services performed by bats. My results suggest that farms
may be able to maximize these services by planting fields that are smaller in overall area, but
closer to forested edges, or by maintaining woodlots in areas that are central to their fields.
Conversely, areas of interest for commercial development may be able to avoid the majority of
mortalities and negative behavioral consequences experienced by these bat species by building a
minimum of 40 m away from all forested edges.
In addition to management and development implications, my results have implications
for future research design. Many studies seek to determine the relative habitat preferences of
bats by acoustically sampling different habitat patches, but may disregard edge effects, or
attempt to control for edge effects, without a quantitative measure of where core habitats actually
begin (Jung et al. 1999; Loeb and O’Keefe 2006; Rogers et al. 2006). My results should help to
quantitatively inform the location of best microphone placement for future acoustic habitat
assessments.
Finally, in addition to the information gained about habitat use by bats in Ontario, my indepth data collection may provide some information on local population trends. White nose
syndrome is a fungal pathogen which lethally affects hibernating bat species (Blehert et al.
2009), and recently led to M. lucifugus, P. subflavus, and M. septentrionalis being listed as
endangered in Canada (COSEWIC 2012). White nose syndrome was first reported in Ontario in
Renfrew County in 2010, the winter before I started collecting data. Previous research suggests
that declines in resident summer populations may be noticed as soon as two years after the
pathogen’s arrival (Dzal et al. 2011). Although there are five hibernating species in Ontario, I
found that there was a significant effect of year for only one of these species, M. lucifugus, over

31

the period of time that I monitored. The decline of activity levels for this species between the
period of 2010 and 2011 are likely due to this pathogen.
4.3 Conclusions
1) There is a significant effect of the edge on all species, regardless of flight or echolocation call
characteristics.
i) Based on echolocation call characteristics and wing traits, I had characterized M.
septentrionalis as a forest specialist. This was the only species positively influenced by forest
habitat, and this species’ activity changed the least between peak activity and forest activity.
ii) I had classified M. lucifugus and E. fuscus / L. noctivagans as edge specialists, and
they were more neutrally affected by the presence of field or forest habitats than either L.
cinereus or M. septentrionalis.
iii) L. cinereus, the species I had characterized as an open habitat specialist, had the
smallest activity change between peak activity and field activity, of all the species in this study.
2) I found that the DEI into the forest and field was 40 m for all bat species.
3) I found that E. fuscus / L. noctivagans, L. cinereus, M. lucifugus, and M. septentrionalis all
react to changes in percent forest cover at one or more spatial scales. I found that L. cinereus and
M. septentrionalis had significant relationships with forest cover at consecutive spatial scales.

32

References
Aldridge HDJN, Rautenbach IL. 1987. Echolocation and resource partitioning in insectivorous
bats. J Anim Ecol. 56: 763-773.
Andrén H. Effects of landscape composition on predation rates at habitat edges. In: Hansson L,
Fahrig L, Merriam G, editors. Mosaic landscapes and ecological processes. London (England):
Chapman and Hall c1995; p. 225-255.
Banks SC, Piggott MP, Stow AJ, Taylor AC. 2007. Sex and sociality in a disconnected world: a
review of the impacts of habitat fragmentation on animal social interaction. Can J Zool. 85:
1065-1079.
Barclay RMR. Interindividual use of echolocation calls: eavesdropping by the little brown bat,
Myotis lucifugus. [dissertation]. [Ottawa, (ON)]: Carleton University, 1981.
Barclay RMR, Thomson CE, Phelan FJS. 1982. Screech owl, Otus asio, attempting to capture
little brown bats, Myotis lucifugus, at a colony. Can Field Nat. 96: 205-206.
Betts BJ. 1998. Effects of interindividual variation in echolocation calls on identification of big
brown and silver-haired bats. J Wildlife Manage. 62: 1003-1010.
Bell GP. 1980. Habitat use and response to patches of prey by desert insectivorous bats. Can J
Zool. 58: 1876-1873.
Berthinussen A, Altringham J. 2011. The effect of a major road on bat activity and diversity. J
Appl Ecol. 49: 82-89.
Blehert DS, Hicks AC, Behr M, Meteyer CU, Berlowski-Zier BM, Buckles EL, Coleman JTH,
Darling SR, Gargas A, Niver R, Okoniewski JC, Rudd RJ, Stone WB. 2009. Bat white-nose
syndrome: an emerging fungal pathogen? Science. 323: 227.
Boyles JG, Cryan PM, McCracken GF, Kunz TH. 2011. Economic importance of bats in
agriculture. Science. 332. 41-42.
Burnham KP, Anderson DR. 2004. Multimodal inference: understanding AIC and BIC in model
selection. Sociol Methods Res. 33: 261-304.
Caceres MC, Barclay RMR. 2000. Myotis septentrionalis. Mamm Species. 634: 1-4.
Chrome FHJ, Richards GC. 1988. Bats and gaps: microchiropteran community structure in a
Queensland rain forest. Ecology. 69: 1960-1969.
Crampton LH, Barclay RMR. 2008. Selection of roosting and foraging habitat by bats in
different-aged aspen mixedwood stands. Conserv Bio. 12: 1347-1358.

33

Committee On the Status of Endangered Wildlife in Canada. 2012. Emergency assessment
concludes that three bat species are endangered in Canada. [press release]. Retrieved from:
http://cosewic.gc.ca/eng/sct7/Bat_Emergency_Assessment_Press_Release_e.cfm.
Duchamp JE, Arnett EB, Larson MA, Swihart RK. Ecological considerations for landscapelevel management of bats. In: Bats in forests. Lacki MJ, Amelps SK, Baker MD, editors.
Baltimore (MD): John Hopkins University Press; c2002. p. 237-262.
Dzal Y, McGuire LP, Veselka N, Fenton MB. 2011. Going, going, gone: the impact of whitenose syndrome on the summer activity of the little brown bat (Myotis lucifugus) Biol Lett. 7:
392-394.
ESRI (2006) ArcMAP: GIS and Mapping Software. USA. Available http://www.esri.com.
Ethier K, Fahrig L. 2011. Positive effects of forest fragmentation, independent of forest amount,
on bat abundance in eastern Ontario, Canada. Landscape Ecol. 26: 865-876.
Faure PA, Fullard JH, Dawson JW. 1993. The gleaning attacks of the northern long-eared bat,
Myotis septentrionalis, are relatively inaudible to moths. J Exp Biol. 178:173-189.
Fenton MB. 1990. The foraging behavior and ecology of animal-eating bats. Can J Zool. 68:
411-422.
Fenton MB, Audet D, Obrist MK, Rydell J. 1995. Signal strength, timing, and self-deafening: the
evolution of echolocation in bats. Paleobiology. 21: 229-242.
Fenton MB, Bogdanowica W. 2002. Relationships between external morphology and foraging
behavior: bats in the genus Myotis. Can J Zool. 80: 1001-1013.
Fletcher RJ Jr. 2005. Multiple edge effects and their implications in fragmented landscapes. J
Anim Ecol. 74: 342-352.
Fletcher RJ Jr., Koford RR. 2003. Spatial responses of bobolinks (Dolichonyx oryzivorus) near
different types of edges in northern Iowa. Auk. 120: 799-810.
Fletcher RJ, Ries L, Battin J, Chelfonn AD. 2007. The role of habitat area and edge in
fragmented landscapes: definitively distinct or inevitably intertwined? Can J Zool. 85: 10171030.
Forman RTT. 1995. Some general principals of landscape and regional ecology. Landscape Ecol.
10: 133-142.
Fraser E, MacKenzie A, Davy C. Photo field guide to the bats of Ontario. St. Thomas (ON): St.
Thomas Field Naturalist Club, Inc.; c2007.
Gagné SA, Fahrig L. 2007. Effect of landscape context on anuran communities in breeding
34

ponds in the national capital region, Canada. Landscape Ecol. 22: 205-215.
Gorresen PM, Willig MR. 2004. Landscape responses of bats to habitat fragmentation in Atlantic
forest of Paraguay. J Mammal. 85: 688-697.
Gorresen PM, Willig, MR, Strauss RE. 2005. Multivariate analysis of scale-dependent
associations between bats and landscape structure. Ecol Appl. 15: 2126-2136.
Grindal SD, Brigham RM. 1999. Impacts of forest harvesting on habitat use by foraging
insectivorous bats at different spatial scales. Ecoscience. 6: 25-34.
Harper KA, MacDonald SE, Burton PJ, Chen J, Brosofke KD, Saunders SC, Euckinchen, ES,
Roberts D, Malanding SJ, Esseen P. 2005. Edge influence on forest structure and composition in
fragmented landscapes. Conserv Biol. 19: 768-782.
Hayes JP. 1997. Temporal variation in activity of bats and the design of echolocation-monitoring
studies. J Mammal. 78: 514-524.
Henry M, Thomas DT, Vandry R, Carrier M. 2002. Foraging distances and home range of
pregnant and lactating little brown bats (Myotis lucifugus). J Mammal. 83: 767-774.
Holland J, Fahrig L. 2000. Effect of woody borders on insect density and diversity in crop fields:
a landscape-scale analysis. Agric Ecosyst Environ. 78: 115-122.
Jung TS, Thompson ID, Titman RD, Applejohn AP. 1999. Habitat selection by forest bats in
relation to mixed-wood stand types and structure in Central Ontario. J Wildlife Manage. 63:
1306-1319.
Krebs C. The ecological worldview. Collingwood (Australia): CSIRO Publishing, c2008.
Kunz TH, Thomas DW, Richards GC, Tidemann CR, Pierson ED, Racey PA. Observational
techniques for bats. In: Wilson DE, Cole FR, Nichils JD, Rudran R, Foster MS. Measuring and
monitoring biological diversity: Standard methods for mammals. Washington, D.C. (United
States) and London (England): Smithsonian Press. c1996; p. 105-114.
Law BS, Anderson J, Chidel M. 1999. Bat communities in a fragmented forest landscape on the
south-west slopes of New South Wales, Australia. Biol Conserv. 88: 333-345.
Lawrence BD, Simmons JA. 1982. Measurements of atmospheric attenuation at ultrasonic
frequencies and the significance for echolocation by bats. J Acoust Soc Am. 71: 585-590.
Lee Y-F, Kuo Y-M, Chu W-C, Lin Y-H, Chang H-Y, Chen W-M. 2012. Ecomorphology,
differentiated habitat use, and nocturnal activities of Rhinolophus and Hipposideros species in
East Asian tropical forests. Zool. 115: 22-29.
Li Q, Chen J, Song B, LaCroix JJ, Bresee MK, Radmacher JA. 2007. Areas influenced by
35

multiple edges and their implications in fragmented landscapes. Forest Ecol Manag. 242: 99-107.
Limpens HJGA, Helmer W, van Winden A, Mostert K. 1989. Vleermuizen (Chiroptera) en
lintvormige landschapselementen. Lutra. 32: 1-20.
Limpens HJGA, Kapteyn K. 1991. Bats, their behavior and linear landscape elements. Myotis.
29: 39-48.
Loeb SC, O’Keefe JM. 2006. Habitat use by forest bats in South Carolina in relation to local,
stand, and landscape characteristics. J Wildlife Manage. 70: 1210-1218.
MacDonald K, Matsui E, Stevens R, Fenton MB. 1994. Echolocation calls and field
identification of the eastern pipistrelle (Pipistrellus subflavus: Chiroptera: Vespertilionidae)
using ultrasonic bat detectors. J Mammal. 75: 462-465.
Magness DR, Wilkins NR, Hejl SJ. 2006. Quantitative relationships among golden-cheeked
warbler occurrence and landscape size, composition, and structure. Wildlife Soc B. 34: 473-479.
Masek JG, Cohen WB, Leckie D, Wulder MA, Vargas R, de Jong B, Healey S, Law B, Birdsey
R, Houghton RA, Mildrexler D, Goward S, Smith WB. 2011. Recent rates of forest harvest and
conversion in North America. J Geophys Res. 116:1-22.
Morris AD, Miller DA, Kalcounis-Rueppell MC. 2010. Use of forest edges by bats in a
managed pine forest landscape. J Wildlife Manage. 74: 26-34.
Mukhida M, Orprecio J, Fenton MB. 2004. A comparison of the echolocation calls of Myotis
lucifugus and Myotis leibii (Vespertilionidae) flying inside and outside. Acta Chiopterol. 6: 9197.
Müller J, Mehr M, Bässler C, Fenton MB, Hothorn T, Pretzsch H, Klemmt H-J, Brandl R. 2012.
Aggregative response in bats: prey abundance versus habitat. Oecologia. doi: 10.1007/s00442011-2247-y.
Neilson AL, Fenton MB. 1994. Responses of little brown myotis to exclusion and to bat houses.
Wildl Soc Bull. 22: 8-14.
Norberg VM, Rayner JMV. 1987. Ecological morphology and flight in bats (Mammalia;
Chiropter): wing adaptations, flight performance, foraging strategy and echolocation. Phil Trans
R Soc B. 316: 335-427.
Obrist MK. 1995. Flexible bat echolocation: the influence of individual habitat and conspecifics
on sonar signal design. Behav Ecol Sociobiol. 36: 207-219.
Patriquin KJ, Hogberg LK, Chrusczc BJ, Barclay, RMR. 2003. The influence of habitat structure
on the ability to detect ultrasound using bat detectors. Wildlife Soc B. 31: 475-481.

36

Pettit T. Bat activity in forest margins: canopies, edges, seasonality, and competition.
[dissertation]. [Waco, (TX)]: Baylor University, 2011.
R Development Core Team. 2011. R: A language and environment for statistical computing. R
foundation for statistical computing, Vienna.
Ries L, Fletcher RJ Jr, Battin J, Sisk TD. 2004. Ecological responses to habitat edges:
mechanisms, models, and variability explained. Annu Rev Ecol Evol S. 35: 491-522.
Rogers DS, Belk MC, Gonzalez MW, Coleman BC. 2006. Patterns of habitat use by bats along a
riparian corridor in Northern Utah. Southwest Nat. 51: 52-58.
Simmons JA. 1973. The resolution of target range by echolocating bats. J Acoust Soc Am. 54:
157-173.
Skowronski MD, Fenton MB. 2008. Model-based automated detection of echolocation calls
using the link detector. J Acoust Soc Am. 124: 328-336.
Stephens DW, Krebs JR. Foraging theory. Princeton (NJ): Princeton University Press; c1986.
Verboom B, Huitema H. 1997. The importance of linear landscape elements for the pipistrelle
Pipistrellus pipistrellus and the serotine bat Eptesicus serotinus. Landscape Ecol. 12: 117-125.
Verboom B. The use of edge habitats by commuting and foraging bats. [dissertation].
[Wageningen, The Netherlands]: Wageningen Agricultural University, 1998.
Walters BL, Ritzi CM, Sparks DW, Whitaker JO Jr. 2007. Foraging behavior of eastern red bats
(Lasiurus borealis) at an urban-rural interface. Am Midl Nat. 157: 365-373.
Wickramasinghe LP, Harris S, Jones G, Vaughan N. 2003. Bat activity and species richness on
organic and conventional farms: Impact of agricultural intensification. J Appl Ecol. 40: 984-993.
Wickramasinghe LP, Harris S, Jones G, Jennings NV. 2004. Abundance and species richness of
nocturnal insects on organic and conventional farms: Effects of agricultural intensification on bat
foraging. Conserv Biol. 18: 1283-1292.
Wood S. Generalized additive models: an introduction with R. London (England): Chapman &
Hall/ CRC; c2006.
Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Mixed effects models and extensions in
ecology with R. New York (NY: Springer Science and Business Media, 2009.

37

Appendix I: Approval letters from the Animal Use Subcommittee of the University of
Western Ontario

38

39

Appendix II: GIS analysis
In order to determine the amount of forest surrounding each site at each of seven spatial
scales, I used the Ontario Ministry of Natural Resources Wooded Areas shapefile. I created
seven separate point shape files in ArcCatalog, and imported each into ArcGIS. Using a
combination of GIS points and DRAPE imagery, I located each point on the map. I used the
editor to select and create each new point as a separate shape file. After establishing each of my
eight sites, I used the buffer tool in the analysis subsection of the ArcGIS toolbox to set up 6
buffer zones around each individual site at 1 km, 2.5 km, 3.0 km, 3.5 km, 4.0 km, 4.5 km, and 5
km away from the central sampling point.
In order to calculate the total area of forest cover within each buffer zone, I clipped the
features of the forest layer within each buffer zone, and used the statistics tool in the attribute
table to sum the areas of each new layer. In total, I created 48 clipped files, and found the total
area of forest cover within each file.
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Appendix III: Determining the optimal recording settings for the batcorder
As part of a side project comparing the detection capabilities of different bat detectors,
Amanda Adams, Rachel Hamilton, and I optimized the setting of each detector (including the
batcorder) as follows: We used playback of synthetic signals to optimize detection settings for
each system. Our synthetic signal file was 1478 ms in duration, and consisted of 20, 57 ms long,
constant frequency (CF) signals, five signals at each of four frequencies: 25, 55, 85, and 115
kHz. For playback, we used a laptop running Avisoft RECORDER-NiDAQmx software
connected to an ultrasonic playback interface with an integrated D/A power amplifier
(UltraSoundGate Player 116). The interface was connected to an UltraSoundGate Dynamic
Speaker ScanSpeak (hardware and software: Avisoft Bioacoustics, Berlin, Germany). For the
batcorder, we recorded with all combinations of setting configurations. For each configuration,
we played synthetic signals 5 m from each device. We analyzed each recording visually to find
the optimum settings for our recording conditions. For the batcorder, we found that the optimal
settings were: quality = 40, threshold = -36 dB, posttrigger = 800 ms, and critical frequency = 14
kHz.
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Appendix IV: Plots of raw data
Figure A.1: The relationship between observed activity of study species and varying distances
from the forest edge. The x-axis represents distance from forest edge, where negative values
represent microphones in the forest interior and positive values represent microphones in the
field interior. The y-axis is the same for all figure sections. N= 426 recording nights.

Distance from forested edge (m)
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