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ARTICLE INFO ABSTRACT

Although use of corridors by some wildlife species has been extensively examined, use by bats is poorly
understoed, From 1 June te 31 August {2004-2005), we used Anabat Il detectors to examine bat activity
and species occupancy relative to forested corridors on an intensively managed forest andscape in
southern South Carolina, USA, We compared bat activity among corridor interiors, corridor edges, and
stands adjacent to corridors, We also compared models relating occupancy of bat species to site-level
Keywords; characteristics using an information theoretic approach. We identified 16,235 call sequences of 8 species
g:? L. and detected bat presence at 83% {n = 320) of sites sampled. Our results indicate higher occupancy rates

activity for bats along corridor edges compared to interior corridor or adjacent stands. Although we found few
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Occupaney positively associated with corridor overstory height and negatively associated with adjacent stand age.

The presence of roads adjacent to corridors positively influeniced occupancy of Eptesicus fuscus, Lasiurus
seminolus, and Perimyotis subflavus. Our results suggest management practices designed to create and
enhance corridors may represent an ecoltogically sound method for maintaining important bat hahitat
features (i.e., edge) across managed forest landscapes.
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1. Introduction

The southeastern United States is undergoing unprecedented
landscape changes caused by rapid growth in human population
and urban expansion (Wear and Greis, 2002). Although the area
covered by industrial forests in the southeastern United States is
expected to remain relatively constant for the next 20 years
{National Commission on Science for Sustainable Forestry, 2005),
habitat alteration may continue if existing forest lands are
converted to more intensively managed plantation systems that
produce timber products more efficiently and economically {Wear
and Greis, 2002). Increased intensity of forest management often
results in shorter harvest rotations, loss of late-successional
forests, and declining species diversity in local vegetation
communities {Allen et al,, 1996),

Creating forested corridors is a suggested approach for
maintaining forest heterogeneity across fragmented landscapes.
Jjuxtaposition of late-successional corridors within a mosaic of
younger forests may help conserve native flora and fauna, provide
wildlife habitat, protect water quality, enhance aesthetics, and
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facilitate wildlife movement {Hobbs, 1992), For bats, linear
landscape features may provide greater insect abundance and
availability, navigational references, protection from wind and
predators, and roost sites (Limpens and Kapteyn, 1991; Verboom
and Huitema, 1997, Estrada and Coates-Estrada, 2001 ; Hein, 2008;
Hein et al., 2008).

Previous studies have identified positive associations between
bats and linear landscape features (i.e, tree lines, hedgerows,
streamside management zones, forested corridors). Two decades
of field studies in The Netherlands indicate most bat species fly
along linear landscape elements instead of crossing open areas
(Limpens and Kapteyn, 1991; Verboom and Huitema, 1997;
Verboom and Spoelstra, 1999; Verboom et al,, 1999). In Britain,
Walsh and Harris (1996} similarly report bats using linear features
across a range of land classes and ownerships. Hedgerows and
vegetated stream corridors provide connectivity for commuting
and foraging bats to isolated forest patches in Mexico (Estrada and -
Coates-Estrada, 2001). In the southeastern United States, Hein
(2008} document selection of corridors as roost-sites for both
cavity- and foliage-roosting bats, However, the influence of
forested corridors on bat activity in this region is still unknown.

Information on bat responses to various forest management
practices in the southeastern United States is limited {Menzel et al.,
2002; Elmore et al, 2005; Miles, 2006). Miller et al. (2003)
recommended conducting research across an array of forest
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landscapes to examine impacts of different harvest strategies on
bat populations. Our goal was to investigate the relationship
between bats and forested corridors in an intensively managed
landscape. Because corridors are relatively narrow features, bat
activity is likely impacted by adjacent stands. Furthermore, bat
activity may be influenced by nearby roads and distance to water.
Therefore, we examined the influence of site-level characteristics
to determine which corridors provide suitable habitat for bats.
Based on ecomorphology of bat species (Aldridge and Rautenbach,
1987), we predicted less maneuverable bats that use [ow-
frequency echolocation would have higher cccupancy in open
habitats (i.e,, open-canopy adjacent stands). We predicted higher
occupancy for high-frequency, highly maneuverable bats in
forested corridors. Finally, we predicted greater occupancy of all
bat species along edges.

2, Methods
2.1. Study area

We conducted our study on MeadWestvaco Corporation’s South
Region in southern South Carolina, USA. The area is [ocated in the
Lower Coastal Plain physiographic province and is characterized by
flat topography (slopes <2%) and elevations ranging from 20 to
30m above mean sea level, Summers are warm and humid;
monthly temperatures and precipitation average 27°C and
186 mm, respectively (NOAA-National Climatic Data Center,
htip:/jwww.ncde,noaa.gov),

The 41,365 ha study area was intensively managed for wood
and fiber products and consisted of even-aged stands of loblolly
pine (Pinus taeda) in various successional stages. Plantation stands
typically were clearcut at 20-25 years of age. Silvicultural practices
included chemical and mechanical site preparation and planting of
cleared stands, 1-2 commercial thinnings, and vegetation manage-
ment via prescribed fire, Approximately 25% of the area was young
stands and regeneration areas {5 years), 15% was closed-canopy
plantations (6-11 years), and 33% was mid-rotation stands (12--22
years). Mature forest stands (>23 years) included pine (6%), mixed
pine-hardwood {10%), and hardwood {8%). The remaining the 3% of
the area was water or anthropogenic structures. At the time of our
study, MeadWestvaco employed a forest management system
known as Ecosystem-Based Forestry that was designed to increase
diversity of forest structure and composition across the landscape
{Constantine et al., 2005). This approach maintained a system of
approximately 100-200 m wide corridors comprised of mature
forests within a mosaic of younger plantation stands. Three types
of corridors were retained in harvested areas: visual corridors
located along public roads, water quality corridors designed to
protect wet areas and reduce soil erosion, and habitat diversity
corridors intended to enhance biodiversity and wildlife habitat,
Forested corridors composed of mature pine, mixed pine-hard-
wood, or hardwood habitat constituted 11% of the total study area,

2.2, Acoustic detection and analysis

From 1 jJune to 31 August {2004-2005), we recorded bat
echolocation sequences using Anabat Il detectors (Titley Eec-
tronics, Ballina, New South Wales, Australia) coupled to Zero-
Crossing Analysis Interface Modules with CF memery card storage
{Anabat CF Storage ZCAIM). We calibrated detectors to minimize
variation in reception zones prior to field sampling (Larson and
Hayes, 2000}, Detector systems were housed in waterproof plastic
containers atop tripods 1,5m above the ground with the
microphone oriented at a 45% angle (Weller and Zabel, 2002).
We programmed detectors to begin recording 15 min prior to

sunset and end 15 min after sunrise. We avoided sampling on
nights with moderate to heavy rain.

We randomly selected one habitat diversity and one water
quality corridor with similarly aged adjacent stands for simulta-
neous sampling for two consecutive nights, We chose a subset of
32 pairs of corridors systems and sampled each pair once during
the study. We placed one detector system in the corridor interior,
one along each corridor edge, and one in each adjacent stand for a
fotal of 10 sample sites per night (5 detectors/corridor system x 2
corridor systems). To maximize independence of cbservations and
reduce edge effects, we positioned detectors in the center of each
corridor and at least 40 m from adjacent stand edges {Grindal and
Brigham, 1999}, We oriented detectors in the corridor interior and
on edges along corridor axes. Detectors in adjacent stands were
oriented away from the corridor. To maximize number of calls and
standardize area sampled by detectors, we oriented detectors
away from structural clutter {Grindal and Brigham, 1999; Weller
and Zabel, 2002),

We analyzed echolocation sequences using Analock v4,9j
software (Titley Electronics, Ballina, New South Wales, Australia).
We used a customized filter to retain sequences of >5 calls and
remove all recordings nof consistent with properties of search-
phase echolocation call sequences (Britzke and Murray, 2000). We
used Analock to calculate 10 parameter values for each call in a
sequence {Britzke, 2003). We quantitatively identified each call
sequence using a discriminant function analysis (DFA) model
based on an extensive call library of bats in the eastern United
States (Britzke, 2003). We caleulated the percent of call sequences
that were correctly identified {(accuracy rate) and the percent of
sequences that were misidentified by species (Britzke, 2003).
Species identification can be difficult when multiple species use
similar search-phase calls. However, as the number of sequences
identified for a species increase at a site, so does the accuracy rate
of identification, particularly if few calls of a similar species are
recorded at that site {Britzke et al., 2002). Therefore, we considered
a species present at a site if accuracy rates were >80% and >2 call
sequences from that species were recorded. Species with accuracy
rates <80% were considered present if >4 call sequences were
recorded, Hoary bats (Lasiurus cinereus), Rafinesque’s big-eared
bats (Corynorhinus rafinesquii} and northern yellow bats (Lasiurus
intermedius) were excluded from the DFA model prior to analysis,
Heary bats migrate through the region and are considered rare in
sumimer (Menzel et al, 2003), Northern yellow bats are rarely
encountered and Rafinesque’s big-eared bats are difficult to detect
acoustically with zero-crossing systeins,

2.3. Habitaf metrics

At each survey site, we recorded habitat type {corridor, edge, or
adjacent stand), corridor type (habitat diversity or water quality),
age of adjacent stands, and presencefabsence of an adjacent road.
We used ArcView 3.2 (ESRI, 2000) to measure distance (km) from
each site to the nearest available water source (pond, tiver,
drainage ditch). For each corridor, we used the point-centered-
quarter method to determine basal area (BA), and mean height of
overstory (210 cm) and midstory {3-10 cm) trees (Cottam and
Curtis, 1956

2.4, Model selection

We developed logistic regression models to estimate propor-
tion of sites occupied (1) by each bat species using 9 explanatory
variables {Table 1} with detectionfnon-detection as the binary
response, Prior to model analysis we conducted correlation tests to
ensure no pairs of variables were highly correlated (Spearman’s r
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Table 1
Variables inchuded in the global model relating bat species accupancy with corridor
survey sites in southern South Carolina, June-August, 2004-2005,

Variable Brefinition

Habitat type (habitat) Categoricat variable {1 = corridor interior,
0 =otherwise}

Categorical variable {1 = corridor edge,

0 = otherwise)

Categorical variable {1 = habitat diversity,
0 = water quality)

Age (years) of adjacent stand

Density (mi?/ha) of trees

in corridor stand

Average height {m) of overstory trees

in corridor stand

Average helght {m) of midstory trees

in corridor stand

Categorical variable {1 = road present,

0 =road absent) i

Distance {km} to nearest water source
{pond, drainage ditch, river)

Edge (edge)
Corridor type {ctype)

Stand age {sage}
Basal area (ba)

Overstory height {oht)}
Midstory height (mht)
Road {rd)

Distance to water {dw)

=>0.7). We fit a global logistic regression model for each species
using all 9 explanatory variables, In addition to our global model,
we selected 19 of a possible 511 candidate medels based on our
hypotheses relating bat species occupancy at survey sites. We used
the same set of candidate models for all bat species. We examined
temporal autocorrelation {year effects} on our data by conducting
an analysis of variance of residuals from the global model for each
species, using year as our independent variable. Our results
indicated no temporal autocorrelation, Therefore, we conducted
our analysis using traditional logistic regression techniques (Sokal
and Rohlf, 1995}

We estimated detection probability for each bat species using
program PRESENCE {MacKenzie et al,, 2002). We included year,
Julian date, and temperature as covariates in detection probability
models to account for their potential affects on detectability, We
used Akaike’s Information Criterion for small sample sizes (AIC.) to
compare 8 detection probability {(p) models for each species, Our
nrodel set included all possible additive combinations of covari-
ates. For each species, we compared the AIC. values for our 8
models and incorporated the most parsimonious model of
detection into all occupancy models.

We assessed goodness-of-fit of our global model for each
species using methods described by MacKenzie and Bailey (2004).
Because our assessment indicated poor fit by the global model, we
used the overdispersion factor (&) to ealculate QAICc. We calculated

. Akaike weights {;) for each mode! to evaluate and select the most

Table 2

parsimonious model {Burnham and Anderson, 2002). We estab-
lished a confidence set by including models with Akaike weights
within 10% of the highest value {Royall, 1997). We used medel
averaging to incorporate model selection uncertainty directly into
parameter estimates and standard errors using Akaike weights. We
based all inferences of parameter effects on this composite model.
We calculated odds ratios (OR) from averaged parameter
estimates. We evaluated ecological importance of each variable
in the composite model by computing 90% confidence intervals for
OR and interpreting the magnitude of the values within these
intervals (Gerard et al,, 1998),

" 3, Results

We identified 16,235 call sequences from 32 pairs of corridors
systems over 2 years. We detected bat presence at 89% (285/320) of
sample sites. Six species were present at >15% of sarple sites and
used for further analysis, We recorded 3233 big brown bat
{Eptesicus fuscus) sequences at 161 sites, 3638 red bat (Lasiurus
borealis) sequences at 117 sites, 2972 Seminole bat (L. seminolus)
sequences at 98 sites, 702 little brown bat (M. lucifugus) sequences
at 76 sites, 1610 evening bat (Nycticeius humeralis) sequences at
140 sites, and 1736 eastern pipistrelle (Perimyotis subflavus)
sequences at 122 sites. We also identified call sequences from
silver-haired bats {Lasionycteris noctivagans, 359 sequences at 20
sites), southeastern myotis (Myotis austroriparius, 968 sequences at
44 sites) and Mexican free-tailed bats (Tadarida brasiliensis, 1017
sequences at 49 sites), but calls of those species occurred at <15%
of total sites sampled and were not included in analyses, We
recorded more sequences along edges {n=13,884; 54 «call
sequences/detector night} compared to adjacent stands
{n =1754; 12 call sequencesfdetector night) and corridor interiors
{n=1581; 7 call sequences/detector night),

Accuracy rates for species identification ranged from 100% to
33%, with 4 species >80% and 5 species <80% based on a single call
sequence (Table 2), Accuracy rates increased to 98.5% for E. fuscus,
99,8% for M. Iucifugus, and 96.0% for N. humeralis using 2 call
sequences, and 88.7% for L. borealis and 80.2% for L. seminoius using
4 eall sequences. The DFA model commonly confused M.
austroriparius calls with M, lucifugus. Tadarida brasiliensis calls
were most commonly confused with E, fuscus. In contrast to many
studies {Menzel et al, 2002; Ford et al.,, 2006), L. borealis and L.
seminofus were not commonly mistaken for one another in our
study and were not-combined into one species group.

We found ne evidence of temporal autocorrelation between
years and no correlation among covariates for species occurrence

Percent classification rates for Eptesicus fuscus (EPFU}, Lasiunus borealis (LABO), Lasionycteris noctivagais [LANOY), Lasiurus seminofus (LASE), Myotis austroriparius (MYALI), M,
fucifugus (MYLU), Nycticeius humeralis (NYHU), Perimyotis subflavus {PESU), and Tadarida brasiliensis [TABR) recorded at survey sites in southern South Caralina, June-August
204-2005, Values in columns represent the percentage of calls identified as the corresponding species in each row based on a single call sequence. Classification rates in the
bottom row represent rates based on multiple call sequences for species in each column,

EPFU LABD LANO LASE MYAU MYLU NYHU PESU TABR
EPFU 87.8 - 1.1 - - - - - 50.0
LABO - 42,0 - - 12.5 - 12.0 - -
LANG 10,4 - ) 66,7 - - - - - -
LASE - 3.0 - 333 ~ - 8.0 - -
MYAU - -~ - 33.3 50.0 43 - - -
MYLU - 2.0 - - 250 95.7 - - -
NYHU - 36,0 - - - - 80.0 - -
PESU - 120 - 33.3 12,5 - - 100.0 -
TABR 1.7 - 222 - - - - - 50,0

98,5 83,7° og.7% 80.2% 93,75° 99,8 96.0° 100.0° 93.8°

? Percent classification rate based on 2 call sequences,
b percent classification rate based on 4 call sequences.
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Table 3

Moadel, number of parameters in the meodel (K), Quasi-Akaike's Information
Criterion adjusted fer smaill samples {QAIC,}, difference of QAIC, between a model
and the model with the lowest QAIC, {(AQAIC.), and model weights [} for the
confidence sets of medels used te predick occupancy (1) given detection probability
(p)of6 batspecies at corridor survey sites in southern South Carolina, June-August,
2004-2005. Model variables defined in Table 1, Detection probability covariates
include Julian date {julian) and temperature {temp).

Model K QAICc AQAIC oy
EPFU
W (habitat edge sage oht) p(.) 6 240,14 0.00 03132
¥ (edge sage oht} pl.) 5 24056 042 0.2537
¥ (habitat edge sage oht rd} p(.) ? 240,57 0.43 0,2529
Ur {habitat edge ctype oht} p{.) 6 242,48 234 0.0972
LABO
¥ [habitat edge sage oht) p{julian) 7 13559 000 0.5281
¥/ (habitat edge sage oht 1d) p{jubian) B 132.95 1.26 0.1987
i (edge sage oht) p{julian) 6 13870 271 0.1366
LASE
¥ (edge sage ohi) p(julianj 6 96.13 0.00 .38395
W (habicat edge sage oht) p(julian) 7 96,95 082 .2595
W {habitat edge sage oht rd) p(julian) 8 98.15 2,02 01419
Y {habitat edge ckype sage) p{julian) 7 a98.41 228 0.1251
MYLU
W {habitat edge sage oht) p{julian) 7 113.59 0.00 09,2894
W {habitat edge ctype sage) p{julian} 7 114.86 1.27 0.1531
W {habitat edge sage oht ed) p(julian) ] 115.2% 1.70 0.1236
W {habitat edge ctype cht] p(julian) 7 11545 1.86 01142
¥ {habitat edge ctype sage dw) p(julian) 8 11579 2.20 L0261
W {edge sage oht) p(julian) 6 116.63 3.04 00633
NYHU
Y {edge sage oht) p{temp) 6 164.61 0.00 0.3744
¥ (habitat edge sage oht) p{temp) 7 16577 116 0.2094
¥ (habitat edge sage oht rd} p{temp) 1 167.16 255 0,1046
i {habitat edge ctype sage) p{temp) 7 167.38 297 0.0937
PISU
Y {edge sage oht) p(julian} 6 165.11 0,00 0.2696
¥ (habitat edge sage oht) p{julian) 7 165.21 .10 0.2560
¥ thabitat edge sage oht rd) p{julian) 8 16588 0,78 0.1829
¥ fhabitat edge ciype sage) p{julian) 7 167.95 2,84 0.0654

models. Values of ¢ for individual species global models were <4
suggesting no structural lack-of-fit (Burnham and Anderson, 2002).

The most parsimonious model for detectability incorporated
Julian date and was included in cccupancy models for 4 species (L.
borealis, L. seminolus, M. lucifugus, and P. subflavus). For these
species, detectability increased from May to August, Temperature
received the most support for detecting N, humeralis, with
detection negatively related to temperature, The defectability of
E. fuscus was not influenced by any covariate or combination of
covariates.

Three models predicting occurrence of E. fuscus were con-
sidered strongly competing with AQAICc values within 0.43 units
{Table 3). These models were 2.6 times more likely than the next
best approximating model, The confidence set included the top 4
models with a sum of ;= 0.92 indicating a 92% chance that one of
these models was the best approximating model among on our
candidate models. There was insufficient evidence to consider any
additional candidate models as plausible explanations for pre-
dicting E. fuscus occurrence, Edge and overstory height were
included in all 4 models, and habitat type and stand age were
included in 3 of the 4 maodels from the confidence set. The
composite model contained 5 parameters (habitat type, edge,
stand age, overstory height, and road) whose model-averaged 90%
confidence intervals did not include zero, indicating they provided
useful information in predicting E. fuscus occurrence (Table 4).
Habitat type, edge, overstory height and road were positively

related, and stand age was negatively related to occurrence. Odds
of E. fuscus occurrence were 27 times greater along edges and 5.8
times greater if a road was present.

The best approximating model for L borealis incorperated
habitat type, edge, stand age, and overstory height with a 53%
probability of being the best approximating model (Table 3), This
model was 2.7 times maore likely than the next best model. The
confidence set included the top 4 models with a sum of e = 0.86.
Edge, stand age, and overstory height were included in all 3
models, and habitat type was included in 2 of the 3 models from
the confidence set. The composite model contained 4 parameters
whose 90% confidence intervals did not include zero (habitat type,
edge, stand age, and overstory height), all of which were positively
related to occurrence except stand age (Table 4}, Odds of L. borealis
occurring were 103 and 10 times greater along edge and interior
corridor stands, respectively.

The best approximating model for L. seminelus incorporated
edge, stand age, and overstory height with a 39% probability of
being the best approximating model (Table 3). This model was
1.5 and 2.7 times more likely than the next two models,
respectively. The confidence set included the top 4 models with a
sum of ;=092 Edge and stand age were included in ali 4
models, and habitat type and overstory height were included in 3
of the 4 modeis from the confidence set. The composite model
contained 5 parameters whose 90% confidence intervals did not
include zero {Table 4}. Edge, overstory height, and road were
positively related to occuirence, and habitat type and stand age
were negatively related, Odds of L, seminolus occurring were 28
and 5 times greater along edges and in adjacent stands,
respectively. Odds of I, seminolus occurring were 5.3 times
greater if a road was present.

The best approximating model for M. lucifugus incorporated
habitat type, edge, stand age, and overstory height with a 28%
probability (Table 3). The confidence set included the top 6 models
with a sum of &; = 0.84, Edge was the only parameter included in
all 6 models, Habitat type and stand age were included in 5 models,
overstory height was included in 4 models, and corridor type was
included in 3 models in the confidence set. The composite model
contained 6 parameters whose 90% confidence intervals did not
include zero {Table 4). Habitat type, edge, corridor type, and
overstory height were positively related with oceurrence, and
stand age and distance fo water were negatively related. Odds of M.
{ucifugus occurring were 58 times greater along edges, 17 times
greater in interior corridor stands and 4 times greater in habitat
diversity corridor systems,

The best approximating model for N. humeralis incorporated
edge, stand age, and overstory height with a 37% probabiiity
(Table 3). This model was 1.8 and 3.6 times more likely than
the next two approximating models, respectively. The con-
fidence set included the top 4 models with a sum of w;=0.78,
Edge and stand age were included in all 4 models, and habitat
type and overstory height were included in 3 of the 4 models
from the confidence set. The composite model contained 5
parameters whose 90% confidence intervals did not include zero
{habitat type, edge, corridor type, stand age, and overstory
height); all except stand age were positively related to
occurrence {Table 4). Odds of N. humeralis occurring were 9
times greater along edges.

Three models predicting occurrence of P subflavus were
considered strongly competing (AQAICc <078 units apart;
Table 3). These models were >2.8 times more likely than the
next best approximating model, The confidence set included the
top 4 models with a sum of @;=0.77. Edge and stand age were
included in ali 4 models, and habitat type and overstory height
weére included in 3 of 4 models from the confident set, The
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Table 4

Model-averaged parameter estimates and standard errors (SE}, lowei and upper 90% confidence intervals {Cl) on parameter estimates, odds ratios {OR), and lower and upper
90% confidence intervals (CI) on oidds ratios for parameters included in the confidence set of models used to predict accupancy () of 6 bat species at corridor sunrey sitesin
southern South Carolina, June-August, 24042005, Variables defined in Table 1.

Parameter Estimate {SE) tower 90% CI Upper S0% CI OR Lower OR 90% CI Upper OR 90% C}
EPFI)
i {intercept) -5.82 (1.12) —7.66 -3.98
habitat 1.01 (0.40} 0.35 1.66 214 143 5.27
edge 3.28 (047) 2.51 406 26,71 1232 57.88
ctype ~0.30 (033} -0.84 0,25 0,74 043 1.28
sage -0,15 (0.06} -0.24 —0.05 086 0.79 095
oht 0.23 (0.08) 0.10 336 1.26 .10 144
rd 1.76 {1.00} 012 340 5,80 1.26 29.491
p {intercept) 0.85 {0.04) 0.79 0.90
LABO
VW {intercept)} -6.83 (1.60) -9.46 -4.20
habitat 2.32{0.58) 1.37 3.28 10.19 393 26.45
edge 4,64 {0.81) 3.3 597 103.55 2743 390,93
sage —041 (0.12) ~0.57 -0,24 0.66 0.56 0.79
oht 0.28 {0.07) 0.16 0.39 1.32 118 1.48
rd 0.66 {0.88) -0.78 2.11 1.94 0.45 8.22
p (intercept) —6.44 (0.26) —6.87 —6.01
julitan 0.035 {0.001) 0.033 0.037 1036 1.034 1.039
LASE
¥ {intercept) —~3.07 (1.72) -5.89 —-0.24
habitat —1.59 {0.67) —-2.68 ~0.48 020 0.07 asl
edge 3.34 (0.59) 236 431 2313 1063 74.41
clype 0,57 (0.41) -0,10 1.25 1.77 0.90 3.48
sage —0.50 {0.09} —066 ~0.35 0.60 Q.52 0.70
oht 0.19 (0.06) .09 029 1.21 1.09 1.34
rd 1.67 {(0.82 031 3.02 530 1.37 2049
P (intercept} ~12.54 (0.32) ~13.06 —12.02
julian 0,067 {0.001) 0.065 0.059 1.068 1.066 1.071
MYLU
¥ (intercept) -6.16 {2.99} —-11.06 -1,25
habitat 2.82{0.74) 1.61 4.04 16.81 4,99 56.55
edge 4,06 {0.91) 2,57 5.55 57.96 1301 258.20
ctype 1,43 (0.57) 0.48 237 416 162 10.65
sage —037 (313} -0.57 -0.16 6.69 056 0.85
oht 0,28 (0.08} 0.15 0411 1.32 116 1.51
ret 1.09 {689} -0.37 2.56 2499 0.69 12,93
dw —0.71 (0.36) -1.3 -0.12 0.49 027 0.89
7 {intercept) —5.61 {0.32) —6.14 -5.08
julian 0.026 {0,002) 0.024 0.029 1.027 1.024 103
NYHU
V¥ (intercept) —2.84 {1.20} -4.81 —0.88
habitat 0,77 {0.40) 0.10 ) 143 215 Lt 418
edge 2,19 {0.38) 1.57 282 898 479 16.82
ctype 0.54 (0.30) 0.05 1.03 171 1.05 2.80
sage --0,28 {0.06} -037 —0L18 0,76 0.69 0.84
oht 0.14 {0.05) 0.07 0.22 1.15 107 125
rd 1.14 {0.77) -0,13 240 3.12 0.88 11.06
p {intercept) 4,19 {2,50} 0,08 8.30
temp —0.15 (0.11) -033 0.02 0.86 0.2 1.02
pisi
¥ (intercept) —3.64 (1.61) -628 —1.01
habitae 1.32 {0.54) 644 220 375 1.55 9.06
edge 4,19 {0,72) 3.0t 537 66.14 20.31 2154
ctype 0.003 {0.42} -0.68 069 1.00 0.51 1.99
sage ~0.35 (0.09) -0.50 -021 .70 0.54 0.92
oht 0.18 (0,06} 0.07 0.28 1.19 1.08 132
rd 2.15{1.05) 0,41 3.90 8.61 1.51 . 49,21
p {intercept) —8.74 (0.2 —9.18 -8.31
julian 0,046 (0.004) 0039 0.053 1.047 1.054 1.040

composite model contained 5 parameters whose 90% confidence 4, Discussion

intervals did not include zero (habitat type, edge, stand age,

overstory height, and road), alt of which were positively retated to Our findings are consistent with previous studies documenting
occurrence except stand age (Table 4), Odds of P. subflavus the use of linear landscape features {i.e,, vegetation and stréam
occurring were 66 times greater along edges and 8.6 times greater corridors, tree lines, and hedgerows) by commuting and foraging
if a road was present. bats. Linear landscape features may provide bats with navigational
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references, commuting lanes, suitable foraging areas, and protec-
tion from wind and predators (Limpens and Kapteyn, 1991;
Verboom and Huitema, 1997). Kalko and Schnitzler {1993} found
that European pipistrelles (Pipistrellus pipistreilus) did net need
[andscape elements for acoustic landmarks, However, Verboom
et al. (1999} argued that bats may use linear features as landmarks
without remaining in constant acoustical contact. Linear features
often facilitate commutes from roost sites to foraging areas (Racey
and Swift, 1985; Limpens and Kapteyn, 1991; Murray and Kurta,
2004} Small bats (i.e., Myotis spp.) travel farther distances along
tree-lined paths, rather than flying directly to foraging areas by
crossing open stands {Murray and Kurta, 2004). In addition, Racey
and Swift (1985} found that foraging often occurred along flight
routes. Because insects often accumulate on the lee side of linear
features {Lewis, 1970}, bat activity may correlate with increases in
insect abundance (Furlonger et al,, 1987; Limpens and Kapteyn,
1991}, Activity by bats along the leeward side also suggests the
impertance of corridors as shelter from wind (Limpens and
Kapteyn, 1991; Verboom and Spoelstra, 1999), Higher rates of bat
activity also may be influenced by proximity to roost-sites (Barclay
and Kurta, 2007; Carter and Menzel, 2007), Estrada and Coates-
Estrada (2001} reported numerous roosting sites within large
vegetation corridors bordering streams in Mexico. Hein (2008}
found both cavity- and foliage-roosting bats selecting corridor
stands as roost sites in the southeastern United States.

We found detection probability positively related to Julian date
for 4 bat species (L. boredlis, L seminolus, M. lucifugus, and P.
subflavus). Increased energetic demands imposed on pregnant and
lactating femnale bats may account for increases in bat activity in
early summer {Racey and Swift, 1985; Barclay, 1989). Activity may
increase further in late summer as pups become volant {Seidman
and Zabel, 2001}, Yates and Muzika {2006) reported an increase in
detection probability for P. subflavus for 4 weeks immediately
following the onset of juvenile volancy. We found higher detection
probability of N, humeralis at cooler temperatures which is
inconsistent with most previous studies which generally have
found a positive relationship between temperature and bat activity
{Hayes, 1997; Yates and Muzika, 2006; Schirmacher et al,, 2007).
Although temperature alone provided the most support for
detecting N. humeralis, 90% confidence intervals from the composite
model for this covariate included zero, suggesting temperature was
not a useful predictor in our occupancy models. We did not include
measures of vegetation density to determine detection prohabilities.
Patriquin et al, {2003) found vegetation density did not affect
detectability of bats that echolocate near 40 kHz. Furthermore, they
found that detecting bat echolocations near 25 kHz was unaffected
in thinned conifer and mixed forests, Because corridors in our study
were comprised of mature pine or mixed pine-hardwood stands that
were previously thinned, we believe the influence of vegetative
clutter on detection was minimal,

For most species in our study, we found higher occupaney rates
associated with corridor stands (interior and edge} than adjacent
stands. Based on echomorphology of bats (ie., body size, wing
morphology, and echolocation call structure), we expected smaller,
highly maneuverable bats to use corrider stands and larger, less
nmraneuverable bats to use adjacent stands {Aldridge and Rauten-
bach, 1987}. Use of corridor interiors by little brown bats was
consistent with our predictions. These small-bodied bats are
considered clutter-adapted species, exhibiting low wing-loading
and high-frequency calls {Kalcounis and Brigham, 1995; Kalcounis
et al, 1999; Patriguin and Barctay, 2003; Owen et al, 2004}
Contrary to predictions, big brown bat detections also were
positively related to corridor interiors. Although the echomor-
phology of this species {i.e., high wing-loading, low frequency
calls) suggests it is better adapted for open habitats, evidence

suggests big brown bats are generalized, opportunistic foragers
(Brigham, 1991; Owen et al., 2004},

Only the Seminole bat had negative relationship with corridor
stands, suggesting greater use of adjacent stands for foraging by
this species. Although Seminole bats commonly roost in mature
corridor stands (Hein et al, 2008), they apparently forage in
adjacent, more open stands. In contrast, detection of the eastern

red bats {a morphologically similar species) had a strong positive

relationship with corridor stands, Previous studies have shown red
bat activity is associated with a wide range of habitat types
inctuding cluttered areas {Carter et al., 2004; Menzel et al., 2005;
Schirmacher et al,, 2007). Use of different habitat types for these
two similar species may represent a form of resource partitioning
{Carter et al., 2004},

Bat occupancy was higher along corridor edges compared to
corridor interiors or adjacent stands. Edge appears to be an
important landscape compenent for free-flying bats (Kalko and
Schnitzler, 1993; Brigham et al., 1997). Walsh and Harris {1996)
reported bats selecting woodland edge more than any other habitat
type, including forest gaps. In Canada, activity was greater along
edge habitat than in cutblocks or interior forest stands (Grindal and
Brigham, 1999). Kalke and Schaitzler (1993} suggested edge
represents orderly and predictable clutter to bats. Several studies
have shown higher activity levels in areas of low clutter (Brigham
et al, 1997; Humes et al, 1999; Sleep and Brigham, 2003),
Furthermore, Lewis {1970} reported higher insect abundance and
availability along forested edges compared to interior stands.

Several studies have reported higher bat activity along riparian
areas compared to upland sites {Zimmerman and Glanz, 2000;
Estrada and Coates-Estrada, 2001; Ellis et al., 2002; Menzel et al,,
2002; Owen et al,, 2004; Schirmacher et al., 2007). In our study,
corridor type had little influence on use, except for M. {ucifiigus and
N. humeralis. Occupancy of these species was positively related to
habitat diversity corridors. Kunz {1982) suggested that habitat
selection may be driven by the interaction between foraging and
roosting requirements, Hein (2008} found >50% of corridor roosts
used by N. humeralis in habitat diversity corridors. Although roost
locations of M. lucifugus were unknown on our site, other studies
suggested that proximity to hibernacula and day roosts influenced
activity of this species (Barclay, 1984; Furlonger et al,, 1987).

Overstory height of corridors, adjacent stand age, and road
presence also were important parameters predicting occupancy of
forest bats along corridors. Occupancy was positively associated
with overstory height in corridors. Limpens and Kapteyn (1991}
and Verboom and Huitema (1997) alse found a positive relation-
ship between height of linear landscape elements and bat passes.
Walsh and Harris (1996) noted that bats avoided stone walls
without vegetation cover and low-cut hedges, Higher occupancy
rates in our study also were associated with younger {0-5 years),
open stands adjacent to corridors, The combination of these two
features likely increased effective overstory height and visibility of
edge, making these corridors more suitable for free-flying bats.
Furthermore, many larger bat species forage over or near recently
cleared stands {Verboom and Huitema, 1997: Grindal and
Brigham, 1999; Patriquin and Barclay, 2003; Owen et al,, 2004),
We found presence of roads adjacent to corridors positively
influenced use for all species, particularly for E. fuscus, L. seminolus,
and P. subflavus. Use of reads is common for commuting and
foraging bats {Krusic et al, 1996; Grindal and Brigham, 1998;
Zimmerman and Glanz, 2000).

5. Conclusion

We found higher rates of bat activity and occupancy -along
corridor edges than in corridor interiors or adjacent stands. Edge
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appears to be an important habitat component for bat commuting
and foraging and should be maintained across the landscape,
Enhancing features associated with edge (i.e,, increasing effective
overstory height) may encourage bat activity and occupancy rates
by forest bats, Retaining forested corridors in managed landscapes
may represent an ecologically sound methed for providing habitat
features (i.e., edge)used by bats. Maintaining forested corridorsis a
relatively new concept in intensively managed landscapes of the
southeastern United States. Additional research is needed to
demonstrate the effectiveness of corridors in providing suitable
commuting and foraging habitat in different regions and landscape
conditions.

Acknowledgements

We thank ]. Davis, A. Fedoruk, L. Heiker, A, Hovis, R. Mihalco, A.
Mahoney, M. Ward, and D. Weisbaum for field assistance. We
thank G.C. Muckenfuss and M. Hunter for logistical support and GIS
assistance. Special thanks to E. Britzke for his assistance with cali
identification. Funding was provided by the MeadWestvaco
Corporation, National Council for Air and Stream Improvement,
Inc., D.B. Warnell School of Forestry and Natural Resources at the
University of Georgia, International Paper, Nemours Wildlife
Foundation, and Bat Conservation International,

References

Aldridge, HD.J.N., Rautenbach, LL, 1987, Morphology, echolocation and resource
partitioning in insectivorous bats. Journal of Animal Feology 56, 763-778.
Allen, AW., Bernal, Y.K., Moulton, R.J., 1996, Pine plantations and wildtife in the
. southeastern United States: an assessment of impacts on epportunities. USD)

National Biological Service, Information Technology Report 3.

Barclay, R.M.R., 1984, Observations on the migration, ecalogy and behaviour of bats
at Delta Marsh, Maniteba. Canadian Feld-Nataralist 98, 331-3386,

Barclay, R.M.R., 19889, The effect of reproductive condition on the foraging behavior
of femate hoary bats Lasiurus cinereus. Behavioral Ecology and Sociobiology 24,
31-37.

Barctay, R.M.R., Kurta, A., 2007, Ecology and behavior of bats roosting in tree cavities
and under bark. In: Lacki, M., Hayes, ].P.,, Kurta, A. {Eds.), Conservation and

+ Management of Forest Bats, Johns Hopkins University, Baltimore, MD, USA,

Brigham, R.M., 1991, Flexibility in foraging and reosting behavior by the big brown
bat (Eptesicus fuscus). Canadian Journal of Zoology 69, 117-121.

Brigham, R.M., Grindal, S.D., Firman, M.C., Morissette, J.L., 1997. The influence of
structural elutter on activity patterns of insectivarous bats. Canadian journat of
Zoology 75, 131-136.

Britzke, E.R., 2003. Use of vitrasonic detectors fer acoustic identification and study
of bat ecology in the eastern United States, Dissertation, Tennessee Technolo-
gical University, Cookeville, TN, USA.

Britzke, E.R.,, Murray, K.L,, 2000, A quantitative method for selectien of identifiable
search-phase calls using the Anabat system. Bat Research News 41, 33-36,

Britzke, E.R., Heywood, L.E., Robbins, LW, 2002, Acoustic identification. In: Kurta,
A., Kennedy, ]. (Eds.), The Indiana Bat: Biology and Management of an
Endangered Species. Bat Conservation International, Austin, TX, USA.

Burntham, K.P., Anderson, D.R,, 2002. Model Selection and Multi-enoded Inference: A
Practical Information-theoretic Approach. Springer, New York, NY, USA.

Carter, T.C,, Menzel, J.M., 2067. Day-roosting ecology and behavior of North Amer-
jcan foliage-roosting bats. In: Lacki, M.J., Hayes, .P., Kurta, A. {Eds.), Conser-
vation and Management of Forest Bats. Johns Hopkins University Press,
Baltimore, MD, USA.

Carter, T.C., Menzel, M.A, Chapman, B.R., Miller, K.V., 2004, Partitioning of food
resources by syntopic eastern red {Lasiurus borealls), Seminole {I_ seninolus),
and evening {Nycticeius huineralis) bats, American Midland Naturalist 151, 186~
191, . -

Constantine, MN.L., Campbell, T.A., Baughman, W.M., Harrington, T.B., Chapman, B.R,,
Miller, K.V., 2005..Small mamma) distributions relative to corridor edges within
intensively managed southern pine plantations, Soeuthern journal of Applied
Forestry 2%, 148-151, .

Cottam, G,, Curtis, 1T., 1956, The use of distance measures in phytosociological
sampling. Ecology 37, 451-460,

Ellis, A.M., Patton, L.L., Casteberry, 5.B., 2002, Bat activity in vpland and riparian
habitats in the Georgia Piedmont. Proceedings of the Annual Conference of the
Seutheastern Association of Fish and Wildlife Agencies 56, 210-218.

Elrore, LW, Miller, DA, VilelEa, FJ,, 2085. Fosaging area size and habitat use by red
bats (Lasiurus boreelis}in an intensively managed pine landseape In Mississippi,
American Midland Naturallst 153, 405-417,

ESRL 2000. ESRI ArcView, Version 3.2. Environmental Systems Research lostitute,
Inc., Redlands, CA, USA,

Estrada, A, Coates-Estrada, R., 2001. Bat species richness in live fences and in
corridors of residual rain forest vegetation at Los Tuxtlas, Mexico, Ecography 24,
24-102;

Ford, W.M,, Menzel, ] M., Menzel, MA., Edwards, L W., Kilge, J.C., 2608, Presence and
absence of bats across habitat scales in the Upper Coastal Plain of South
Carolina. Journal of Wildlife Mantagement 70, 1200-1209,

Furlenger, CL., Dewar, H.J., Fenton, M.B., 1987, Habitat use by foraging insectiverous
bats. Canadian Jowmnal of Zoology 65, 284-248,

Gerard, P.D., Smith, D.R, Weerakkody, ., 1998, Limits of retrospective power
analysis, Journal of Wildlife Management 62, 801-807.

Grindal, 5.0, Brigham, R.M., 1998, Short-term effects of smail-scale habitat dis-
turbance on activity by insectivorous bats, Journat of Wildlife Management 62,
995-1003,

Grindal, S.D., Brigham, R.M., 1999, Impacts of forest harvesting on Rabjtat ise by
foraging insectivorous bats at different spatial scales, Fcoscience 6, 25-34.
Hayes, 1.P., 1997. Temporal variation in activity of bats and the design of echoleca-

tian-menitoring studies, Journal of Mammalogy 78, 514-524,

Hein, C.B, 2008, Bat use and roost-site setection on an intensively managed pine
fandscape with forested corridors in the Lower Coastal Plain of South Carolina,
Dissertation. University of Georgia, Athens, GA, USA, )

Hein, C.D, Castleberry, S.B., Miller, K.V., 2008, Sex-specific summer roost-site
selection by Seminole bats in response to landscape-level forest management,
Journal of Mammalogy 89, 964-972,

Hobbs, R.|,, 1992. The role of corridors in conservation: solution or bandwagon?
Trends in Ecology and Evolution 7, 389-392,

Humes, M.L,Hayes, J.P., Collopy, M.W., 1989, Bat activity in thinned, unthinned, and
cld-growth forests inwestern Oregon, Journal of Wildlife Management 63,553~
561,

Kalcounis, M.C., Brigham, R.M., 1995, Intraspecific variation in wing loading affects
habitat use by Httle brown bats {Myotis lucifugus). Canagian Journat of Zoology
73, 89--95,

Kalcounis, M.C., Hobson, KA., Brigham, R.M., Hecker, K.R.,, 1999. Bar ackivity In the
boreal forest: importance of stand type and vertical strata, fouenat of Mammal-
ogy 80, 673-682,

Kalko, K.V., Schnitzler, H.LL, 1993, Plasticity in echelocation signals of European
pipistrelle bats in search flight: implications for habitat use and prey detection.
Behavioral Ecology and Sociobiology 33, 415-428,

Krusic, R.A., Yamasaki, M., Neefus, C.D., Pekins, P,J., 1996, Bat habirat use in White
Mountain National Forest, [ournal of Wildiife Management 60, 625-631,
Kunz, T.H., 1982, Roosting ecology of bats. in:; Kunz, T.H. (Ed.), Ecology of Bats,

Plenium Fress, New York, NY, USA.

Larson, D)., Hayes, J.P,, 2000, Variability in sensitivity of Anabat || bat detectors and
a method of calibration, Acta Chiropterofogica 2, 209-213.

Lewis, T., 1970, Patterns of distribution of insects near a windbreak of tall trees.
Annals of Applied Biology 6%, 213-220,

Limpens, HJ.G.A, Kapteyn, K., 1991, Bats, their behaviour and linear landscape
elements. Myotis 29, 39-48,

MacKenzie, D1, Bailey, L.L, 2004, Assessing the fit of site eccupancy models. journal
of Agricultural, Biological, and Environmental Statistics 9, 300-318,

MacKenzie, DI, Nichols, D, Lachman, G.D., Droege, 5., Royle, 1A, Langtimm, C.A,
2002. Estimating site occupancy rafes when detection probabilities are less
thart one, Ecology 83, 22482355,

Menzel, 1M, Menzel, M.A., Ford, W.M., Edwards, J.W., Sheffield, SR., Kilgo, }.C,
Bunch, M.S., 2003, The distribution of the bats of Sputh Carolinz, Southeastern
Naturalist 2, 121-152.

Menzel, }M., Menzel, M.A., Kilgo, ].C., Ford, W.M., Edwards, J.W., McCracken, G,
2005. Effect of habitat and foraging helght on bat activity in the Coastat Plain of
South Carelina. jaurnal of wildlife Management 69, 235-245,

Menzel, M.A,, Carter, T.C., Menzel, |.M., Ford, W.M,, Chapman, B.R., 2002. Effects of
group selection silviculture in boitomland hardwoods on the spatial activity
patterns of bats. Forest Ecology and Management 162, 209-218.

Miles, A.C,, 2006, Bat community structure, foraging activity. and evening bat Toost
site selection in loblolly pine and longleaf pine forests of Georgia, Thesis,
University of Georgia, Athens, GA, USA,

Miller, D.A., Arnett, £.8., Lacki, M.J, 2003. Habitat management for farest-roosting
bats of Nosth America: a critical review of habitat studies. Wildlife Society
Bulletin 31, 30-44.

Murray, 5., Kurta, A, 2604, Necturnal activity of the endangered Indiana bar
(Myotis sodalis), Journal of Zoology {London) 262, 187-206.

National Commission on Science for Sustainable Forestey, 2005. Summary Report of
the Natiopal Commission on Sclence for Sustainable Forestry (NCSSF),
Washington, DC NCSSF Project €9,

Owen, S.F, Menzel, M.A., Edwards, JW., Ford, W.M., Menzel, M., Chapman, B.R,,
Waoed, P.B,, Miller, K.V., 2004. Bat activity in harvested and intact forest stands
in the Allegheny Mountains, Northern Jouenal of Applied Forestey 21, 154-159,

Patriquin, K.J. Barclay, RM.R, 2003, Foraging by bats {n cleared, thinned and
unharvested boreal forest. Journal of Applied Ecology 40, 646-657.

Patriquin, K.L., Hogberg, LK., Chruszez, B}, Bacclay, RM.R.,. 2003, The influence of
habitat steucture on the ability to detect ultrasound using bat detectors, Wild-
life Society Bulletin 31, 475481,

Racey, P.A, Swift, S.M., 1985, Feeding ecolegy of Pipistrellus pipistrellus {Chiroptera:
Vespertillionidae) during pregnancy and lactation. |, Foraging behaviour, Jour-
nal of Animal Ecology 54, 205-215.

Royall, R.M., 1997, Statistical Evidence: a Likeliheod Paradigm. Chapraan and Hall,
New York, NY, LISA,



