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Forest edges represent the interface of two vegetation types and often have
increased species richness and abundance (edge effects). Edges can affect spatial
distribution of species and dynamics of species interactions. Landscapes of intensively
managed pine stands are characterized by mosaic-patterning of forest patches and linear
forest edges. Managed pine forests are a major landscape feature of the Southeastern
U.S., and the effects of intensive pine management on bat communities are poorly
understood. Therefore, I examined bat foraging behavior in four structurally distinct
stand types (young open-canopy pine, pre-thinned pine, thinned pine, and unmanaged
forest) and along forest edges within a managed pine forest landscape in the coastal plain
of North Carolina during the summers of 2006 and 2007. At each sampling site, from
dusk until dawn, I recorded echolocation calls of bats using Pettersson D240X bat
detectors with digital recorders. At each site, I indexed the insect community using
malaise insect traps. I captured bats with mist nets to obtain reference echolocation calls.
I used negative binomial count regression models to describe bat foraging behavior
relative to stand types, forest edges, and availability of insect prey. For all species
detected, bat foraging behavior was strongly related to forest edges. Edges were used
extensively by six aerial-foraging bat species, but avoided by clutter-tolerant Myotis
species. My results emphasize that forest edges are important landscape features in
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CHAPTER1

INTRODUCTION

The coastal plain of North Carolina is largely composed of forested wetlands that
have been converted into agricultural areas and managed timberlands (Guldin and Wigley
1998; Schultz 1999; NCSSF 2005). Managed pine (Pinus spp.) forests are economically
important to the southeastern United States, accounting for 60% of timber products made
in the United States (NCSSF 2005). Active forest management in eastern North Carolina
involves draining of standing water and the creation of a mosaic pattern of forest patches
in different seral stages (Watts and Wilson 2005; Kuusipalo and Kangas 1994). Mosaic-
pattern fragmentation of landscapes leads to a large increase in amount of forest edge
(Guldin and Wigley 1998).

Edges provide a unique set of microhabitats because they encompass the interface
of two vegetation types (Forman and Godron 1981; Matlack 1994). Forest edges filter
sunlight, wind, heat, humidity, and moisture entering the forest interior (Yahner 1988;
Forman and Godron 1981; Matlack 1994). Effects of abiotic influences within forest
stands typically decrease with further distance from an edge (Schlaepfer and Gavin
2001). Spatial configuration of edges in a landscape can have varying effects on species
assemblages and interactions between species (Ewers and Didham 2006; Yahner 1988;

Fagan et al. 1999; Herlin 2001; Cadenasso and Pickett 2000, 2001; Schlaepfer and Gavin



2001; Donovan et al. 1997). Plant community composition along edges may be enhanced
by fast-growing, shade intolerant “gap specialists,” causing edges to have high species
abundance and diversity (Yahner 1988; Ewers and Didham 2006; Fagan et al. 1999).
Increase in plant diversity along edges may be accompanied by an increase in herbivory
and predator-prey interactions (Cadenasso and Pickett 2000; Donovan et al. 1997). This
increased species richness and species abundance along edges is termed the ‘edge effect’
(Ewers and Didham 2006). Edges can affect spatial distribution of species by limiting or
preventing dispersal of a species across a boundary (Yahner 1988; Fagan et al. 1999;
Herlin 2001). The resulting accumulation of species along edges may affect frequencies
of interactions among species. Edges may contribute toward instability of species
interactions (hyperdynamism) (Ewers and Didham 2006). Although many species are
abundant along edges, other species are restricted to undisturbed interior habitat and
avoid edges (Ewers and Didham 2006; Fraver 1994; Yahner 1988). Because species
respond to edges in different ways (Yahner 1988; Fagan et al. 1999; Herlin 2001;
Cadenasso and Pickett 2000, 2001; Schlaepfer and Gavin 2001; Donovan et al. 1997), it
is important to examine species-level effects of generating numerous forest edges across
a landscape.

Insectivorous bats are important nocturnal predators in pine forest landscapes of
the southeastern U. S. However, effects of intensive pine management on bat
communities are not well understood (Miller et al. 2003; but see Miller 2003; Miles et al.
2006; Menzel et al. 2005; Elmore et al. 2005). Forest edges associated with intensive

pine management may have important effects on bat foraging behavior. Bats have been



observed using forest edges for commuting and foraging (Hogberg et al. 2002; Grindal et.
al 1999; Clark et al. 1993; Tibbels and Kurta 2003; Walsh and Harris 1996) and are
known to use canopy gaps created by natural or anthropogenic disturbances (Fenton et al.
1998; Crome and Richards 1988). Edges may support different insect communities than
forest interiors, which could affect bat foraging patterns. Some bats are thought to use
edges and gaps to avoid navigating through structurally complex habitat (Kusch et al.
2004, Clark et al. 1993). Therefore, forest edges may provide valuable commuting and
foraging opportunities.

Bat species are constrained to certain foraging habitats by their body and
echolocation morphology (Norberg and Rayner 1987; Aldridge and Rautenbach 1987;
Fenton 1990; Fenton et al. 1998). Bats species are often sorted into guilds based on their
hunting strategies, morphologies, and habitat use (Fenton 1990; Schnitzler and Kalko
2001; Schnitzler et al. 2003). These guilds or groups are largely based upon bats’ ability
to fly and hunt within varying levels of clutter, which is defined as any structural objects
within a habitat that interfere with bats’ ability to navigate and hunt using echolocation
(Sleep and Brigham 2003). Some species are more maneuverable in flight and forage
effectively in structurally complex forest habitat, whereas other species are less agile and
hunt in open areas (Menzel et al. 2005; Kusch et al. 2004; Norberg and Rayner 1987;
Crome and Richards 1988; Aldridge and Rautenbach 1987). Maneuverability of
insectivorous bats has commonly been described using two morphological indices:
‘wing-loading’ (ratio of weight to wing surface area) and ‘aspect ratio’ (ratio of weight to

wingspan) (Norberg and Rayner 1987; Crome and Richards 1988; Kalcounis and



Brigham 1995; Aldridge and Rautenbach 1987). In general, large bats have high wing
loadings and aspect ratios, fly fast, and aren’t very maneuverable in complex habitat
(Aldridge and Rautenbach 1987). Bats with smaller wing loadings and aspect ratios are
much more maneuverable and can hunt within complex forest interiors (Aldridge and
Rautenbach 1987). In addition to limitations on bats’ flight abilities, insectivorous bats
are restricted to areas in which they can effectively use echolocation to locate and capture
insects (Fenton 1990). Bats use echolocation calls that correspond with the spatial
environment in which they are hunting (Schnitzler and Kalko 2001). Bats that forage in
open areas often use long, loud, constant-frequency (CF) echolocation calls, whereas bats
that forage within the forest canopy use shorter frequency-modulated (FM) calls
(Schnitzler and Kalko 2001). Bat species that use a combination of CF and FM calls are
flexible in their foraging behavior and may use multiple habitat types.

Bats’ choice of foraging habitat may also be based on diversity and/or abundance
of insect prey available (Kusch et al. 2004, Meyer et al. 2004; Tibbels and Kurta 2003;
Verboom and Spoelstra 1999). Many insectivorous bat species are thought to be dietary
generalists while others appear to be more specialized (Kalcounis-Riippell et al. 2007). It
remains unclear whether bats select foraging areas based largely on concentrations of
available prey, or if prey selection is secondary to choosing habitats based on structural
characteristics. There have been correlations recorded between bat size and the size of
insect prey taken (Hickey et al. 1996; Carter et al. 2003). However, this trend may be a

result of habitat partitioning (Barclay and Brigham 1994) or due to limitations in what



prey are detected by echolocation (Barclay and Brigham 1991), rather than the result of
active prey discrimination.

Given the number of acres under intensive pine management in the southeastern
U.S. and the general lack of information on bat ecology within these systems, it is
important to better understand response of bat communities to intensive silviculture.
Additionally, understanding potential prey occurrence relative to forest management is
relatively unknown within intensively managed pine landscapes. My results may provide
information useful to managers to allow better integration of forestry and wildlife
objectives. Therefore, the purpose of my study was to examine foraging behavior of bats
within intensively managed pine landscape with an emphasis on use of edges. Using
acoustic monitoring data, I developed a series of regression models that describe bat
activity in relation to landscape structure and prey availability. I tested the null
hypotheses that overall bat activity, bat feeding activity, and species-specific bat activity

were unrelated to stand structure, forest edges, and the distribution of insect orders.



CHAPTER 11

METHODS

Study Area

This study was conducted on Weyerhaeuser Company’s Parker Tract, an
intensively managed pine landscape in the coastal plain in Washington County, North
Carolina, near Plymouth, NC (Figure 1). The 4,000 ha Parker Tract was composed
primarily (76.1%) of managed loblolly pine (Pinus taeda) stands with a mosaic pattern of
even-aged forest patches of different ages. In addition, some stands in the Parker Tract
were natural hardwood stands as part of a conservation easement between Weyerhaeuser
and the Environmental Defense Fund (1997). Typical silviculture of intensively managed
stands included clearcut harvest at 27-35 years old following by site preparation, planting
of loblolly pine seedlings on a wide (6.1 m) row spacing, vegetation control, fertilization,
thinning, and final harvest. I classified stands into four classes based on structural
appearance: young open-canopy pine plantation, pre-thinned pine plantation, thinned
pine plantations, and unmanaged forest. Open plantations had been clearcut and
replanted recently, averaging 7.8 years old (range 0-15 years old). Pre-thinned
plantations contained mid-age pines (average=19.6, range 14-24 years old) with canopies
densely cluttered with branches, and lacking groundstory structure. Thinned pine
plantations, averaging 28.2 years old (range 25-33 years old), had open canopy structure,

with variable understory and midstory development between wide rows of mature pines.



Unmanaged stands were dominated by red maple (Acer rubrum) and red bay (Persea
borbonia) and have been referred to as coastal hardwood swamp (Wilson et al. 2000).
These four forest stand types were well distributed across the Parker Tract (Figure 2) with
forest edges common due to the mosaic patterning of these seral patches. Forest edges
were defined as 100 meter wide buffer areas along the boundaries between heterogeneous
stands (Figure 3). The relative area of edge depends on the size and shape of patches and
ranged from 22% to 100% of total patch area. I focused on the hard forest edges
occurring between forested stands (pre-thinned, thinned, or unmanaged) and open stands.
Hard forest edges accounted for 28.1% of all edges, and occupied 45.7% of the area of

open stands.

Sampling Design

[ used Pettersson D240X full spectrum bat detectors (Pettersson Elektronik AB,
Sweden) coupled with digital recorders (see below) to record echolocation calls of bats
during June and July of 2006 and from May to June 2007 (Figure 4). I sampled selected
stands randomly to avoid temporal effects. I concurrently sampled sites in two non-
bordering stands each night, selecting representative sites within the constraint of travel
distance between sites. I sampled novel sites each night, instead of repeatedly sampling
the same sites. This approach allowed measurement of within-stand variability (Link et
al. 1994), while providing replication at the stand level. I chose stand interior sites that
were at least 100 meters from any edges or roads. Along edges, I set detectors in open

stands within 100 meters from bordering forested stands. At each sampling site, I set two



bat detectors to record from dusk until dawn: one Pettersson D240X in heterodyne mode
and one Pettersson D240X in time-expansion mode. Detectors were housed in plastic
boxes with small holes cut around their microphones. I stacked the plastic boxes within a
large wooden box for weather protection. I positioned the wooden boxes 1-2 meters
above ground level, tied around trees or metal poles using elastic cords. I oriented the
detectors at 45 degrees above horizontal and pointed them toward canopy openings to
limit effects of vegetation on sound propagation (Patriquin et al. 2003) and to record

maximum number of bats (Weller and Zabel 2002).

Acoustic Sampling

I. Heterodyne Mode Recording

At each sampling site I used a D240X bat detector in heterodyne-mode to record
echolocation calls of bats continuously through the night to a Sony digital recorder (Sony
Memory Stick Voice Recorder; Sony Electronics Inc.). Heterodyne mode recording uses
frequency subtraction to lower frequency of ultrasonic echolocation calls of bats,
allowing them to be recorded (Parsons et al. 2000). I tuned my heterodyne detectors to
40 kHz, and therefore sampled the window of frequencies ranging from 35 kHz to 45
kHz, a range commonly used by bat species in the Southeastern U.S. Heterodyne
recordings cannot be used to identify individual bats, but can provide a useful index of
bat activity (counts of bat echolocation sequences). Heterodyne bat recordings also allow
identification of echolocation sequences used for feeding due to presence or absence of a

‘feeding buzz’, a distinct sound that bats make as they approach and capture an insect



prey item (Griffin 1960). From heterodyne recordings, I obtained counts of bat
echolocation sequences and counts of feeding echolocation sequences.

I1. Time Expansion Recording

At each sampling site I used a D240X bat detector in time-expanded mode to
record full-spectrum echolocation calls of bats to an iRiver digital recorder (iRiver ifp,
Reigncom Ltd., Korea). Time-expansion recording involves a recording delay in which
recorded sounds are played back and recorded at a tenth of actual speed to capture a high-
resolution sonogram of each bat vocalization (Parsons et al. 2000). Irecorded 1.7 second
segments of sound, which takes 17 seconds to process and record. This spectral
resolution allows identification of bat species from sonograms, but does not allow
continuous sampling due to the recording delay. Recorded sound files were uploaded to
a computer and analyzed using Sonobat 2.5 sound analysis software (Sonobat, 315 Park
Ave, Arcata, CA 95521). I qualitatively identified echolocation sequences to species
groups using a reference echolocation call library as described by Kalcounis-Riippell et

al. (2007). Passes that did not contain search-phase echolocation pulses were discarded.

Mist Netting

I captured bats using mist nets (Avinet Inc., Dryden, New York, USA) of various
sizes (2m, 6m, 9m, or 12m wide; 2.6m or 5.2m high) over water sources and across
corridors within the managed forest landscape. I captured bats for species verification
and to obtain reference echolocation calls. Upon capture, I took standard measurements

(species, sex, weight (g), age class (juvenile or adult), reproductive condition). I fitted



captured bats with light tags or followed them with a spotlight as they were released to
record reference echolocation calls. All animal handling followed the guidelines of the
American Society of Mammologists, the UNCG Institutional Animal Care and Use
Committee Protocol #06-11, and the Wildlife Resources Committee of the state of North

Carolina.

Insect Trapping

I used passive malaise traps to capture flying and terrestrial insects overnight at
sites I sampled with bat detectors. I preserved insects in 95% ethanol solution upon
capture. Iidentified insects to order using an Olympus SZ30 dissecting microscopes
(Olympus America, Inc. Center Valley, PA) at 9X-40X using taxonomic keys (Arnett
2000). Only insect orders with total counts of 50 or more individuals were included in

the regression analyses.

Regression Analysis

I used a series of count regression models to address the null hypotheses that
overall bat activity (counts of bat echolocation sequences), bat feeding activity (counts of
echolocation sequences containing a feeding buzz), and bat species activity (counts of
echolocation sequences identified to a given species) were not related to stand types,
forest edges, and the availability of insects. I used count regression models because
response variables in the form of counts (non-negative integers) often violate the

distributional assumptions of parametric modeling techniques (Vincent and Haworth
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1983; White and Bennetts 1996) and may be skewed due to a high frequency of zero-
counts (Cunningham and Lindenmayer 2005, Martin et al. 2005). 1 modeled counts of
bat echolocation sequences using Poisson (Vincent and Haworth 1983), negative
binomial (Bliss and Fisher 1953; White and Bennetts 1996), zero-inflated Poisson (ZIP),
and zero-inflated negative binomial (ZINB) regression models (Lambert 1992;
Cunningham and Lindenmayer 2005). I evaluated the fit of these four distributions for
each response variable using probability-count plots and AIC and BIC scores (Akiake
1973) as described by Sileshi (2006). After selecting a model distribution, I evaluated
hierarchical candidate models based on the significance (a=0.05) of their parameter
estimates and their AIC and BIC scores.

In count regression models, forest stand types (open, prethinned, thinned,
unmanaged) and forest edges (edge, interior) were introduced as categorical (indicator)
variables, and counts of insects (by order) as continuous model predictors. This approach
allowed simultaneous testing of the effects of landscape and prey availability on bat
foraging behavior. I also tested significance of the covariates daily mean temperature
(°C) and daily mean precipitation (cm) to attempt to resolve some temporal variation in
bat activity. I created parsimonious final models by retaining only the most useful
predictors. All regression models were fit and analyzed using PROC COUNTREG and

PROC GENMOD procedures in SAS 9.1 (SAS, Cary, NC).
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CHAPTER III

RESULTS

I acoustically sampled 156 sites over 78 nights between May and July of 2006 and
2007 (Figure 4). Sampling sites were within open (n=27), pre-thinned (n=26), thinned
(n=28), and unmanaged (n=27) stands and along hard forest edges (between open and
forested stands) (n=46). At these sites I captured 15,153 total insects representing 18
Orders (Diptera n=12,456; Homoptera n=797; Lepidoptera n=564; Hymenoptera n=254;
Coleoptera n=179; Collembola n=169; Hemiptera n=55; Orthoptera n=40; Thysanoptera
n=36; Tricoptera n=24; Neuroptera n=16; Pscoptera n=14; Blattaria n=4; Megaloptera
n=2; Dermoptera n=1; Diplura n=1; Mantidae n=1; and Isoptera n=1). In addition, I
captured 142 bats of 5 species (Lasiurus borealis n=79, Eptesicus fuscus n=20,
Nycticeius humeralis n=40, Perimyotis subflavus n=2, Corynorhinus rafinesquii n=1)
using mist nets. I analyzed approximately 950 hours of heterodyne recordings which
were found to contain 19,986 total bat echolocation sequences, including 1,909 feeding
echolocation sequences. I analyzed over 100,000 time-expanded sound files containing
6,236 identifiable search-phase bat echolocation calls. The time-expanded bat
echolocation sequences were qualitatively identified to seven species or species groups
(Lasiurus borealis n=3,489, Eptesicus fuscus n=1,525; Nycticeius humeralis n=175,
Tadarida brasiliensis n=526; Lasiurus cinereus n=270; Perimyotis subflavus n=159; and

Myotis spp. n=92) (Table 1). Echolocation sequences from bats of the genus Myotis were

12



grouped because of their similar call structure. The Myotis spp. group could contain

Moyotis septentrionalis and/or Myotis austroriparious.

Model Selection

Negative binomial regression models for overall bat activity (Table 2) and activity
of seven species groups (Table 3) consistently gave lower AIC and BIC scores than
Poisson or zero-inflated models. Negative binomial models also fit the distribution of
counts better than Poisson models, due partially to the high observed frequency of zero-
counts (Figures 5, 6). Significance tests for alpha (the over-dispersion parameter),
supported negative binomial models over Poisson models. Therefore candidate models
were fit using negative binomial regression. I selected parsimonious models for overall
bat activity (Table 4) and the activity of seven species groups (Table 5) by retaining only

variables significant at o = 0.05.

Overall Bat Activity

Overall bat activity was high along edges (p<0.0001), within thinned (p<0.0001)
and unmanaged (p=0.0002) stands (Figure 7), and was positively correlated with counts
of Lepidoptera (p=0.01). Counts of echolocation sequences containing a feeding buzz
were high along edges (p=0.001), and within thinned stands (p=0.017), and were
positively related to captures of Lepidoptera (p=0.037). The proportion of recorded
echolocation sequences containing a feeding buzz was similar across all stand types and

along edges (mean=0.102; 95% confidence interval=0.079, 0.125).
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Bat Species Activity

Activity of Lasiurus borealis was positively related with forest edges (p=0.043),
unmanaged stands (p=0.046), and counts of Lepidoptera (p=0.008). Activity of
Eptesicus fuscus was high along edges (p<0.0001), and in thinned (p<0.0001) and open
(p=0.041) stands. Activity of Tadarida brasiliensis was high along edges (p=0.017), but
low in unmanaged (p=0.033) stands. Activity of Lasiurus cinereus was high along edges
(p<0.0001) and in open stands (p<0.0001), and was positively correlated with counts of
Lepidoptera (p<0.0001). Activity of Perimyotis subflavus was high along edges
(p=0.001), and was positively related to abundance of Diptera (p=0.016). Activity of
Nycticeius humeralis was high along edges (p=0.017), and in thinned (p=0.0453) and
unmanaged (p=0.0284) stands. Activity of Myotis spp. was negatively related with edges

(p<0.0001), open stands (p=0.0003), and thinned stands (p=0.025).
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CHAPTER IV

DISCUSSION

Overall heterodyne-recorded bat activity and foraging activity were high along
edges, and within thinned and unmanaged stands. Overall activity was also correlated
with counts of Lepidoptera. These trends were likely driven by the most common
species I recorded, Lasiurus borealis and Eptesicus fuscus. Species models show that
patterns observed from heterodyne recordings were not universal across species, i.e.
species-specific trends were obscured by treating a bat community as a single entity
(Patriquin and Barclay 2003). Models for bat activity and foraging activity yielded very
similar results because the proportion of echolocation sequences containing a feeding
buzz was relatively constant (Figure 7). Kalcounis-Riippell et al. (2007) found similar
foraging rates for the bat community in the piedmont of North Carolina. Bats in the
managed pine forest may be constantly feeding at a maximum rate while in flight,
independent of habitat type. Additionally, to maximize foraging efficiency, bats may
spend more time in preferred foraging areas.

Stand type and distribution of insect prey had species-specific effects on bat
foraging behavior. Our results support studies that categorize bats based upon their ability
to navigate and hunt within various levels of clutter. However, species also exhibited
flexibility in their foraging behavior (Fenton 1990). Lasiurus cinereus and Eptesicus

fuscus were active within open stands. Lasiurus cinereus is known to avoid
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clutter, and is limited to foraging in open habitats (Fenton 1979). Eptesicus fuscus is
known to be flexible in habitat use (Kalcounis-Ruppell et al. 2007), and was detected in
moderate clutter and open areas. Tadarida brasiliensis is sometimes considered an open-
area forager (Fenton 1979) and was detected frequently in open stands (Figure 8).
Several bat species foraged within moderate amounts of clutter in unmanaged and
thinned stands. Unmanaged forest patches had high activity of Lasiurus borealis and
Nycticeius humeralis. Unmanaged forest patches may provide undisturbed roosting areas
for tree-roosting bat species (Miles et al. 2006). Thinned stands were associated with
high activity of Eptesicus fuscus and Nycticeius humeralis (Figure 8). Thinning removes
structural clutter from stands, making them accessible to bat species like Eptesicus
fuscus. Bats of the genus Myotis consistently foraged within stand interiors and avoided
edges. Furthermore, Myotis spp. activity was negatively related with open and thinned
stands. Myotis septentrionalis likely makes up a proportion of our Myotis detections
(Morris et al. in prep), and is known to glean prey from substrates (Faure et al. 1993;
Ratcliffe and Dawson 2003). This foraging strategy is not useful in open areas, and
Mpyotis septentrionalis is known to avoid gaps and open areas (Owen et al. 2003;
Patriquin and Barclay 2003).

Distribution of insect prey also played a role in our results. Insect order variables
retained in models were useful in the presence of other explanatory variables; that is, they
explained significant variation in the dependent variable after accounting for the effects
of other model predictors. After accounting for site effects, counts of total echolocation

sequences and echolocation sequences containing feeding buzzes were positively
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correlated with counts of Lepidoptera. This trend was strongest in Lasiurus borealis and
Lasiurus cinereus, which are known to specialize on Lepidoptera (Kalcounis-Riippell et
al. 2007). In addition, Perimyotis subflavus was most active in sites where Diptera were
abundant. Perimyotis spp. is known to consume Diptera, and may be limited to small
prey due to their own small size (Barclay and Brigham 1994).

My models suggest stand-level structural characteristics are more important
across bat species than distribution of insects. Foraging behavior in bats likely involves a
two-step process by which bats (1) choose an appropriate hunting habitat, based on
mechanical (flight) constraints, and then (2) hunt certain prey within that habitat, based
on functional constraints (echolocation). Stand-level characteristics like clutter
conditions are of primary importance and insect availability may play a secondary role in
shaping bat foraging behavior. Bat species may also partition habitat based on other
resources (Arlettaz 1999; Saunders and Barclay 1992), such as proximity to roosts
(Crampton and Barclay 1998) and water sources (Walsh and Harris 1996; Kusch et al.
2004; Vaughan et al. 1997).

In addition to showing stand-type preferences in foraging activity, bat species
showed strong associations with forest edges. Six bat species (Lasiurus borealis,
Eptesicus fuscus, Nycticeius humeralis, Tadarida brasiliensis, Lasiurus cinereus,
Perimyotis subflavus) had substantially higher activity along forest edges than in forest
interiors (Figure 9). This result is consistent with studies that show high species richness
and abundance along edges (edge effects). These six bat species are aerial-hawking

hunters with varying levels of clutter tolerance. For the bat species that were active in
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forested stands (Lasiurus borealis, Nycticeius humeralis, Perimyotis subflavus), forest
edges may provide valuable foraging opportunities because they are free of structural
clutter. However, bat species that were most active in open areas (Tadarida brasiliensis,
Lasiurus cinereus, Eptesicus fuscus), also had higher activity along edges than in stand
interiors. For bats that forage efficiently in absence of clutter, forest edges may create a
semi-permeable barrier to movements of bats into the forest, causing an accumulation of
bat activity along edges. Furthermore, forest edges may redirect flow of foraging bats
parallel to edges. Bats have been observed foraging along edges within the managed pine
forest landscape (personal observation) and in other forested landscapes (Hogberg et al.
2002; Grindal et. al 1999; Clark et al. 1993; Tibbels and Kurta 2003; Walsh and Harris
1996). In addition to providing foraging habitat, linear forest edges may function as
landmarks by which bats could orient themselves. Bats are known to use linear
landscape features like roads and riparian corridors as flight paths (Law and Chidel
2002), and it is possible that linear forest edges may improve connectivity between
foraging areas. This function of forest edges operates at a broader spatial scale and

would require use of alternative methods (e.g. radiotelemetry) to examine effectively.

Management Implications

I have shown that bats in intensively managed pine forest respond to landscape
structure in species-specific ways. Thus, management for bats should attempt to
accommodate different foraging strategies. Stand types appeared to be partitioned based

on clutter conditions. The maintenance of a variety of cluttered and uncluttered stands,
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ranging from open cutovers to closed canopy pine stands, may adequately provide
foraging areas for bats with various tolerances for clutter. Linear forest edges affected
activity patterns of all seven bat species groups detected. Edges were exploited by six
common aerial hunting bat species. My results emphasize the importance of edges to
bats within fragmented landscapes as foraging areas and possibly for aiding in
navigation. Forest management that increases the amount of linear forest edges across
the landscape likely benefits several bat species. However, interior forest patches are
important to other species (Myotis), and should be retained. The relative areas of patch
interiors and patch edges are determined by the size and shape of forest patches.
Therefore, to best provide a variety of interiors and edge areas, stand patches should be

heterogeneous in size and shape.

19



0¢

Table 1. Summary of Time-expanded Echolocation Calls Recorded in Stands and Along Forest Edges. Time-expanded
echolocation sequences were identified to seven bat species groups. Means and standard errors of echolocation sequences per site
per night are shown for each site type. Data are from acoustic monitoring within an intensively managed pine forest
(Weyerhaeuser Parker Tract, Washington Co, North Carolina), during summers of 2006 and 2007. (Myotis spp. contains Myotis
septentrionalis and/or Myotis austroriparius).

Forest Edges Open Pine Pre-thinned Pine | Thinned Pine Unmanaged

(n=44) (n=26) (n=21) (n=24) (n=27)
Bat species mean +se mean +se mean +se mean +se mean +se
Lasiurus borealis 3148 +6.58 8.19  +3.06 | 26.05 1503 | 16.04 +7.38 | 3552 +£13.35
Eptesicus fuscus 2398 £5.21 2.50  +0.81 1 +0.74 15.54 +11.89 | 041 +0.18

Tadarida brasiliensis 827 #5770 | 346 235 | 095 +0.76 1.67  +0.69 044  +0.14

Lasiurus cinereus 4.80 +2.96 1.88 +1.13 0.19 +0.11 0.25 +0.15 0 0

Perimyotis subflavus 291 +1.93 0.31 +0.14 0 0 0.17  #0.10 0.70  +0.53

Nycticeius humeralis 1.66 +0.51 0.27 +0.16 0.38 +0.33 1.63 +1.10 1.78 +1.16

Myotis spp. 0.10 #0.06 | 0.08  +0.05 1.14 +0.53 046  +0.34 1.89  +0.43




Table 2. Model Selection Criteria for Overall Bat Activity Models. Count
regression models for total bat activity and feeding activity were compared based
on Akaike information criterion (AIC), and Bayesian information criterion (BIC).
Data are from acoustic monitoring within an intensively managed pine forest
(Weyerhaeuser Parker Tract, Washington Co, North Carolina), during summers of 2006
and 2007. (Myotis spp. contains Myotis septentrionalis and/or Myotis austroriparius).

Dependent variable Model distribution AIC BIC
total echolocation sequences Poisson 21861 21876
Negative Binomial 1571 1589
ZIP 21412 21430
ZINB 1573 1594
total feeding sequences Poisson 3779 3791
Negative Binomial 884 899
ZIP 2658 2673
ZINB 886 903
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Table 3. Model Selection Criteria for Bat Species Activity Models. Count
regression models for activity indices for seven bat species groups were compared
based on Akaike information criterion (AIC) and Bayesian information criterion
(BIC). Data are from acoustic monitoring within an intensively managed pine forest
(Weyerhaeuser Parker Tract, Washington Co, North Carolina), during summers of 2006
and 2007. (Myotis spp. contains Myotis septentrionalis and/or Myotis austroriparius).

Bat Species Activity Model distribution AIC BIC
Lasiurus borealis Poisson 7759 7771
Negative Binomial 985 999
Z1pP 5586 5601
ZINB 986 1004
Eptesicus fuscus Poisson 3802 3817
Negative Binomial 684 702
ZIP 3195 3213
ZINB 686 707
Tadarida brasiliensis ~ Poisson 2563 2571
Negative Binomial 429 441
ZIP 1647 1659
ZINB 431 446
Lasiurus cinereus Poisson 850 862
Negative Binomial 288 303
ZIpP 666 681
ZINB 290 307
Perimyotis subflavus ~ Poisson 532 541
Negative Binomial 217 229
ZIP 248 260
ZINB 219 234
Nycticeius humeralis ~ Poisson 776 788
Negative Binomial 311 326
ZIP 433 448
ZINB 313 331
Mpyotis spp. Poisson 326 338
Negative Binomial 248 262
ZIpP 263 277
ZINB 250 267
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Table 4. Parameter Estimates for Overall Bat Activity and Feeding Activity Count Regression Models. Models
describe total bat activity (count of echolocation sequences), and bat foraging activity (count of feeding echolocation
sequences) in relation to stand types, forest edges, and insect community. Stand types and forest edges were
represented with indicator variables. Significance of the over-dispersion parameter ‘_Alpha’ implies that the negative
binomial model fits better than the Poisson model. Data were collected using acoustic monitoring with bat detectors
and insect trapping in four stand types and along forest edges in an intensively managed pine forest (Weyerhaeuser
Parker Tract, Washington Co, North Carolina), during summers of 2006 and 2007.

€

Variable Parameter Estimate Standard t Value Approx

Error Pr > 1Itl

total echolocation sequences Intercept 3477713 0.227495 15.29 <.0001
edge 1.480178 0.268169 5.52 <.0001

thinned 1.241288 0.317521 3.91 <.0001

unmanaged 1.245035 0.336677 3.70 0.0002

Lepidoptera 0.089388 0.034707 2.58 0.0100

_Alpha 1.652393 0.176377 9.37 <.0001

total feeding sequences Intercept 1.459155 0.304847 4.79 <.0001
edge 1.132257 0.349674 3.24 0.0012

thinned 1.016240 0.424547 2.39 0.0167

Lepidoptera 0.111760 0.053434 2.09 0.0365

_Alpha 3.207634 0.429831 7.46 <.0001



Table 5. Parameter Estimates for Negative Binomial Models of Bat Species Activity. Models describe bat
species activity (count of time-expanded echolocation sequences) for (a) Lasiurus borealis, (b) Eptesicus
fuscus, (¢) Tadarida brasiliensis (d) Lasiurus cinereus, (e) Perimyotis subflavus, (f) Nycticeius humeralis,
and (g) Myotis spp. in relation to stand types, forest edges, and insect community. Stand types and forest
edges were represented with indicator variables. Significance of the over-dispersion parameter ‘_Alpha’
implies that the negative binomial model fits better than the Poisson model. Data were collected using
acoustic monitoring with bat detectors and insect trapping in four stand types and along forest edges in an
intensively managed pine forest (Weyerhaeuser Parker Tract, Washington Co, North Carolina), during
summers of 2006 and 2007.

Species Parameter Estimate Standard t Value Approx
Error Pr > Itl
(a) Lasiurus borealis Intercept 2.118129 0.314570 6.73 <.0001
edge 0.765270 0.377208 2.03 0.0425
unmanaged 0917182 0.460501 1.99 0.0464
Lepidoptera 0.139188 0.052053 2.67 0.0075
_Alpha 3.731955 0.473351 7.88 <.0001
(b) Eptesicus fuscus Intercept -7.941085 2787512 -2.85 0.0044
temperature 0.102806 0.037924 2.71 0.0067
edge 3.444103 0.428090 8.05 <.0001
open 1.042912 0.510485 2.04 0.0411
thinned 2.864776 0.508245 5.64 <.0001
_Alpha 3.357229 0.513284 6.54 <.0001
(¢c) Tadarida brasiliensis Intercept 0.747955 0.358310 2.09 0.0368
edge 1.365009 0.572315 2.39 0.0171
unmanaged -1.558886 0.729243 -2.14 0.0325
_Alpha 8.642072 1.626962 5.31 <.0001
(d) Lasiurus cinereus Intercept -3.432133 0.587489 -5.84 <.0001
open 3.424406 0.682931 5.01 <.0001
edge 2.825405 0.578806 4.88 <.0001
Lepidoptera 0.272789 0.062642 4.35 <.0001
_Alpha 4.437628 1.090073 4.07 <.0001
(e) Perimyotis subflavus Intercept -2.029891 0.372209 -5.45 <.0001
edge 1.887338 0.546753 345 0.0006
Diptera 0.004263 0.001763 242 0.0156
_Alpha 5.794666 1.802269 322 0.0013
(f) Nycticeius humeralis Intercept -1.142097 0.508792 -2.24 0.0248
edge 1.648367 0.691286 2.38 0.0171
thinned 1.627605 0.812962 2.00 0.0453
unmanaged 1.717462 0.783759 2.19 0.0284
_Alpha 9.033535 2.098570 4.30 <.0001
(g) Myotis spp Intercept 0.446287 0.280546 1.59 0.1117
thinned -1.226446 0.548051 -2.24 0.0252
open -3.011236 0.836297 -3.60 0.0003
edge -2.821193 0.633782 -4.45 <.0001
_Alpha 3.137878 0.966676 3.25 0.0012
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Figure 1. Location of Weyerhaeuser Parker Tract in Eastern North Carolina.
Washington County, near Plymouth, NC. Map author: Adam Morris
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Figure 2. Mosaic Pattern Landscape of the Weyerhaeuser Parker Tract. Washington County, North Carolina.
Map author: Adam Morris
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Figure 3. Forest Edges of the Weyerhaeuser Parker Tract. Edges occur at borders between heterogeneous stands, and
extend 100 meters into stands. Edges accounted for 39.5 % of the managed landscape. Of those edges, 28.1% were

hard forest edges (occurring at the boundary between forested and open stands) which accounted for 45.7% of the total
area of open stands.



8¢

Stand Types
I open

[ prethinned
[ ] thinned

[ ]Junmanaged

@® sampling sites

4 0 4 8 Kilometers

Figure 4. Weyerhaeuser Parker Tract Sampling Sites. Sites where acoustic data and insect trap data were collected
during the summers of 2006 and 2007 (Washington County, North Carolina). Map author: Adam Morris
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Figure 5. Comparison of Model Fit for Overall Bat Activity Models. Poisson and negative binomial regression
models were compared using probability-count plots. Negative binomial models fit well due to the large proportion of
zero-counts and the highly skewed distribution. Acoustic data were collected within an intensively managed pine
forest (Weyerhaeuser Parker Tract, Washington Co, North Carolina), during the summers of 2006 and 2007.
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Figure 6. Comparison of Model Fit for Bat Species Activity Models. Probability-count plots compare Poisson and
negative binomial regression models. Models predict the activity of seven bat species groups. Data were collected
within an intensively managed pine forest (Weyerhaeuser Parker Tract, Washington Co, North Carolina), during the
summers of 2006 and 2007.
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Figure 7. Overall Bat Activity and Feeding Activity in Stands and Along Forest Edges. Mean number of bat
echolocation sequences recorded per night (+/- SE) across four stand types and along forest edges. Echolocation
sequences were classified as feeding if they contained a feeding buzz, and commuting if they did not. Acoustic data
were collected within an intensively managed pine forest (Weyerhaeuser Parker Tract, Washington Co, North
Carolina), during the summers of 2006 and 2007.
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Figure 8. Relative Bat Activity in Forest Stand Interiors. Percent of time-
expanded bat echolocation sequences recorded within four stand types. Acoustic
data were collected within an intensively managed pine forest (Weyerhaeuser
Parker Tract, Washington Co, North Carolina), during the summers of 2006 and
2007.
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Figure 9. Relative Bat Activity along Forest Edges. Percent of time-expanded
bat echolocation sequences recorded along hard forest edges versus within stand
interiors. Acoustic data were collected within an intensively managed pine forest
(Weyerhaeuser Parker Tract, Washington Co, North Carolina), during the
summers of 2006 and 2007.
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