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a b s t r a c t

Vertebrate insectivores such as bats are a pervasive top-down force on prey populations in forest ecosys-
tems. Conservation focusing on forest-dwelling bats requires understanding of community-level interac-
tions between these predators and their insect prey. Our study assessed bat activity and insect occurrence
(abundance and diversity) across a gradient of forest disturbance and structure (silvicultural treatments)
in the Central Appalachian region of North America. We conducted acoustic surveys of bat echolocation
concurrent with insect surveys using blacklight and malaise traps over 2 years. Predator activity, prey
occurrence and prey biomass varied seasonally and across the region. The number of bat echolocation
pulses was positively related with forest disturbance, whereas prey demonstrated varied trends. Lepidop-
teran abundance was negatively related with disturbance, while dipteran abundance and diversity was
positively related with disturbance. Coleoptera were unaffected. Neither bat nor insect response variables
differed between plot interiors and edges. Correlations between bat activity and vegetative structure
reflected differences in foraging behavior among ensembles. Activity of myotine bats was correlated with
variables describing sub-canopy vegetation, whereas activity of lasiurine bats was more closely corre-
lated with canopy-level vegetation. Lepidopteran abundance was correlated with variables describing
canopy and sub-canopy vegetation, whereas coleopteran and dipteran occurrence were more closely cor-
related with canopy-level vegetative structure. Our study demonstrates regional variation in bat activity
and prey occurrence across a forested disturbance gradient. Land management and conservation efforts
should consider the importance of vegetation structure and plant species richness to sustain forest-
dwelling bats and their insect prey.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Effective stewardship and conservation measures necessitate a
thorough understanding of trophic interactions. Oftentimes these
trophic interactions are multifaceted, involving highly mobile or
cryptic predators and equally mobile and cryptic prey. Because in-
sects serve as a basal trophic level, and can also be serious pests,
understanding population-level relationships between these prey
and their predators is an important component in developing effec-
tive stewardship programs for forests. Vertebrate predators are con-
spicuous components of food webs and are widely acknowledged as

keystone players (Soule et al., 2005). Spatial variation and habitat
use by vertebrate predator populations may relate directly to insect
prey, which is strongly influenced by habitat. Although bats are the
primary vertebrate predators of nocturnal insects (Fenton, 2003),
relatively few studies have examined bat and insect activity concur-
rently with land use and, thus, additional studies are merited
(Brigham, 2007).

Bat activity and habitat use are variable at the forest stand level,
and studies addressing relationships with forest disturbance are
not consistent nor necessarily in agreement. Elevated levels of
bat activity have been associated with mature forests (Lacki
et al., 2007), forest edges (Hogberg et al., 2002) and corridors
(Zimmerman and Glanz, 2000), along with silvicultural practices
such as thinning and patch harvesting (Humes et al., 1999; Menzel
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et al., 2002; Titchenell et al., 2011). The majority of bats in eastern
North America have a wing morphology and echolocation ability
well-suited for feeding in complex forest environments, i.e., amidst
tree canopies and ‘clutter’ of vegetation, though exceptions include
lasiurine species such as the hoary bat (Lasiurus cinereus Beauvois)
and, to a lesser degree, the eastern red bat (Lasiurus borealis Müller)
(Norberg and Raynor, 1987; Lacki et al., 2007).

In contrast to bat activity and habitat use, insect assemblages
vary predictably across multiple spatial scales in temperate forests.
Insect abundance and diversity are associated with plant richness
and abundance, both taxonomically and functionally (Haddad
et al., 2001; Taki et al., 2010). Sampling confirms these associations
for nocturnal insects in agricultural systems (Wickramasinghe et al.,
2004), managed forests (Grindal and Brigham, 1999), and compari-
sons between these ecosystems (Leslie and Clark, 2002). Lepidop-
tera, among the most ubiquitous nocturnal aerial insects and most
heavily consumed prey of bats, respond to site-level patterns of dis-
turbance (Burford et al., 1999; Summerville and Crist, 2002, 2003)
and to variation in available habitats at the landscape and regional
scale (Hill et al., 1995; Summerville et al., 2003). This variation in
Lepidoptera likely results when forest disturbance (e.g., harvest)
surpasses a ‘‘threshold’’ of floristic change (Summerville and Crist,
2002; Dodd et al., 2008). Intense forest disturbance, such as clear-
cuts or seed tree harvests, may decrease lepidopteran diversity
(Summerville and Crist, 2002). Even so, overall lepidopteran rich-
ness and abundance vary less between regenerating and unhar-
vested stands and are little affected by less intensive management
(Burford et al., 1999; Summerville and Crist, 2002; Dodd et al.,
2008). Rather, it is the presence and abundance of specific lepidop-
teran families that vary considerably among different stand condi-
tions (e.g., species composition, age and size classes of timber)
(Burford et al., 1999; Dodd et al., 2008).

An understanding of how forest disturbance and land use affect
foraging habitats is critical to developing sound stewardship prac-
tices for bat conservation. Our study compares co-occurrence of in-
sect prey with activity levels of forest-dwelling bats, and their
relationship to silvicultural disturbance across the Central Appala-
chian region (USA) of eastern North America. We hypothesize that
morphologically distinct bats are associated with different habitat
conditions across a disturbance gradient. We focus our study on
two ensembles: lasiurine bats (migratory tree bats; Lasiurus spp.
and Lasionycteris spp.) and myotine bats (mouse-eared bats; Myotis
spp.). These two groups broadly represent major suites of morpho-
logical characteristics of bats found in the temperate forests of
North America, and reflect varied foraging behaviors. Species that
both hawk and glean prey (myotines) are better adapted to clut-
tered habitats whereas species that more exclusively hawk prey
(lasiurines) are better adapted to more open habitats (Norberg
and Raynor, 1987). Given this, we expect myotines to be more ac-
tive in less disturbed habitats and, conversely, lasiurines to be
more active in more disturbed habitats. We also hypothesize that
abundance and composition of nocturnal insect assemblages varies
regionally and temporally with silvicultural disturbance as a con-
sequence of changes in host plant resources. Finally, we anticipate
differences in both bat activity and insect occurrence in relation to
location within disturbed habitats (i.e., variation between edges
and interiors of disturbed habitats).

2. Methods

2.1. Study sites and disturbance

Four study sites were located in upland hardwood forests in the
Central Appalachian region of North America. These sites were lo-
cated in the Daniel Boone National Forest, Kentucky (Lat. 38�20 N,

Long. 83�350 W); the Raccoon Ecological Management Area, Ohio
(Lat. 39�110 N, Long. 82�220 W); the Royal Blue Wildlife Manage-
ment Area, Tennessee (Lat. 39�110 N, Long. 82�23.0 W); and com-
mercial timberland in Wyoming County, West Virginia (Lat.
37�300 N, Long. 81�360 W). Sites in Kentucky and Ohio are part of
the Western Allegheny Plateau, whereas the sites in Tennessee
and West Virginia are part of the Central Appalachians (Omernik’s
Level III Ecoregions).

The study site in Kentucky includes portions of the Knobs-Lower
Scioto Dissected Plateau and the Northern Forested Plateau Escarp-
ment (Omernik’s Level IV Ecoregions). Study plots most closely
resemble the Knobs-Lower Scioto Dissected Plateau in character
with rugged knobs, ridges, and foothills dominating the area. Local
elevation ranges from 150 to 500 m, with topographic relief of 15–
240 m. Non-calcareous upland areas are dominated by an oak (Quer-
cus spp.) and hickory (Carya spp.) overstory, whereas calcareous
areas are dominated by oak and ash (Fraxinus spp.); a mixed decid-
uous forest dominates the more mesic upland and cove areas. The
dominant overstory oak species at this site included black oak (Quer-
cus velutina), chestnut oak ( Quercus montana), northern red oak
(Quercus rubra), and white oak (Quercus alba). Prior to extirpation,
the American chestnut (Castanea dentata) dominated xeric areas.
Human land use has contributed to the land cover, yielding forests
of varied composition. Timber harvest is common. Ridgelines and
valleys may be forestland or farmland.

The study site in Ohio is a part of the Ohio/Kentucky Carbonif-
erous Plateau (Omernik’s Level IV Ecoregion) and is dissected by
flat-bottomed valleys. Elevation varies from 150 to 370 m with re-
lief of 60 to 150 m. Mixed oak forest dominates, though other hab-
itats include ravines with hemlock (Tsuga spp.) and hardwoods, as
well as floodplain swamp areas with maple (Acer spp.) and ash.
These forest types, in conjunction with livestock and farmland,
form the bulk of the area’s land cover. Coal mining and gas produc-
tion are also common.

The Tennessee study site is a part of the Cumberland Mountains
(Omernik’s Level IV Ecoregion). Elevation varies from 370 to
1100 m with relief of 450 to 600 m. The area is characterized by
low mountains and narrow winding valleys. Vegetation varies with
local physiography, but is a mixed mesophytic forest that includes
maple, buckeye (Aesculus spp.), beech (Betula spp.), tulip poplar
(Liriodendron tulipifera), and oak. The area has been extensively
mined and the timber harvested.

The study site in West Virginia is part of the Dissected Appala-
chian Plateau (Omernik’s Level IV Ecoregion). The plateau is domi-
nated by narrow ridgetops with steep slopes leading to deep
coves. Ridge crests range in elevation from 366 to 1097 m and are
107 to 168 m above narrow valleys. Vegetation varies with local
physiography, but mesophytic forests dominate. Oaks dominate
upper slopes; beech, yellow poplar, and sugar maple variously dom-
inate middle and lower northern and eastern slopes, whereas mixed
oaks dominate middle and lower southern and western slopes. Prior
to extirpation, the American chestnut dominated xeric areas. A
mixed deciduous forest or a hemlock and magnolia (Magnolia spp.)
component are found in coves and bottomlands. Towns and small-
scale livestock farms are found in wider valleys, and commercial for-
estland is common.

During the dormant season of 2006–2007, plots at each site
were randomly assigned one of four treatments covering ca.
10 ha each, resulting in a gradient of disturbance intensity that in-
cluded: (1) seed tree harvest (7.7 ± 2.1 m2/ha residual basal area
[ba]), (2) shelterwood harvest (18.0 ± 0.9 m2/ha residual ba), (3)
single tree harvest (21.9 ± 1.0 m2/ha residual ba), and (4) undis-
turbed forest (control) (26.8 ± 0.9 m2/ha ba). Plots lay within a ma-
trix of mixed-age forest; dominant overstory species across sites
included: black oak (Q. velutina), chestnut oak (Q. montana), mock-
ernut hickory (Carya tomentosa), northern red oak (Q. rubra), pignut
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hickory (Carya glabra), tulip poplar, and white oak (Q. alba). Basal
area prior to harvest ranged from 19.9 m2/ha (control plot in
Kentucky) to 30.3 m2/ha (light plot in West Virginia). Plots that re-
ceived silvicultural treatments at each study site were >350 m
apart. Bat activity, insect occurrence (abundance and diversity),
and insect biomass were concurrently monitored in each plot
across four sampling intervals (May, June, July, and August) during
2007 and 2008. A single acoustic survey and insect-trapping night
were conducted at each study site during each sampling interval
(i.e., four sites visited four times per year).

2.2. Bat activity

We used the Anabat II system (Titley Electronics, Ballinia, New
South Wales, Australia) to record echolocation calls. Detection sys-
tems were powered by a 12 V gel–cell battery, housed in plastic con-
tainers for protection, and mounted on 1.6-m camera tripods.
Microphones were oriented along line of sight (i.e., not pointed sky-
ward). Systems were regularly calibrated using an ultrasonic insect
repeller; no difference in detection capability was observed within
or among systems over the course of the study. Detection systems
were simultaneously placed at fixed points at both the interior and
edge of each plot within a study site (n = 8) to ensure concurrent
monitoring at all plots within a site. Interior detection systems were
>50 m from plot boundaries. Detection systems placed at the edges
were positioned so the zone of detection followed the treatment
boundary of the plot for >50 m. Acoustic surveys spanned P2 con-
secutive nights and were concurrent with insect sampling.

2.3. Insect communities

To minimize potential bias introduced by any single approach,
we used two techniques to assess prey occurrence (Kunz, 1988).
Nocturnal phototactic insects were surveyed using a 10-W black-
light trap (Bioquip, Rancho Dominguez, California, USA) suspended
at 2.5 m. A cotton wad soaked in ethyl acetate was placed in each
trap to kill captured insects. In addition, malaise traps (Bioquip,
Rancho Dominguez, California, USA) were placed at ground level
used to survey non-phototactic insects. Collection jars containing
a �2 � 6-cm Dichlorvos-based ‘pest strip’ were affixed to the traps
at dusk to capture only nocturnal insects. Insects were removed
the following day and stored in 70% ethanol.

Fixed sampling points for insect trapping were established in
both interior (>50 m from treatment boundaries) and edge (on plot
boundaries) locations within each plot. Traps were spaced far
enough apart to ensure no interference between trap types
(Muirhead-Thomson, 1991). Traps were simultaneously placed at
fixed points at both the interior and edge of each plot within a
study site (n = 8) to ensure concurrent monitoring at all plots with-
in a site. Insects were surveyed on a single night in each sampling
interval, concurrent with acoustic surveys for bats.

Insects were identified using available keys (Covell, 2005;
Triplehorn and Johnson, 2005) and reference collections at the
University of Kentucky. Insects P10 mm in length captured in light
traps were identified to the lowest taxon practical; Lepidoptera were
identified to species and other insects to the family level. Our classi-
fication of noctuiod Lepidoptera follows that of LaFontaine and
Schmidt (2010). Smaller insects (<10 mm) captured in light traps
were combined, dried, and weighed to estimate biomass per trap.
All insects captured in malaise traps were identified to the lowest
taxon practical (generally family level).

2.4. Vegetation assessment

Vegetation data were censused in 11.3-m radius plots (0.04 ha)
at points within each larger 10-ha plot; all points were randomly

selected using the random-point generator extension in ARCVIEW,
version 3.2 (ESRI; Redlands, California, USA), and were located
P25 m apart. Vegetation was assessed in early to mid-June of
2007 and 2008 at 7–40 vegetation plots per treatment plot. At each
point, we used an ocular tube to estimate percent cover of saplings
and shrubs (James and Shugart, 1970). Saplings were P1.5 m in
height and 1–10 cm diameter at breast height (dbh). Shrubs were
multi-stemmed woody plants <1 cm dbh or <1.5 m in total height.
Observers recorded presence of both sapling and shrub cover when
looking through the ocular tube downward from the line of sight at
a 45� angle and straight up at each point (Bulluck and Buehler,
2008). Readings were averaged over 20 points taken within each
plot. Individual saplings within plots were identified and counted.
We estimated ba of canopy trees (>10 cm dbh) at each plot center
with a wedge prism, identified them to species, and measured dbh.

2.5. Analyses

For acoustic surveys, Anabat sequence files were downloaded
using the CFCRead program, version 4.8j (C. Corben; http://
www.hoarybat.com). A program filter followed by visual inspec-
tion was used to remove extraneous acoustic data from the sur-
rounding environment (Britzke et al., 2011). The ‘countscan’
function was used to count the total number of echolocation pulses
per night as a measure of overall bat activity as opposed to density,
which cannot be known (Hayes, 2000). Call sequences with P5
echolocation pulses were retained for subsequent species-group
analysis and compared to a reference library of known species
(Britzke, 2003; Britzke et al., 2011). These sequences were classi-
fied to species group using Fisher’s linear discriminate function
analysis (Britzke et al., 2011). Though this process resulted in re-
moval of some potentially identifiable echolocation calls, it re-
sulted in higher confidence in the calls that were identified (i.e.,
avoiding Type II error) (Britzke et al., 2011). We counted the result-
ing number of echolocation pulses per night for lasiurine and myo-
tine species groups. Suites of response variables were evaluated
across predator and prey on the basis of plots receiving silvicul-
tural treatments. Response variables for bat activity included total
pulses per night, lasiurine pulses per night, and myotine pulses per
night. Response variables for insect occurrence included abun-
dance of focal insect orders (blacklight traps: Lepidoptera and
Coleoptera; malaise traps: Diptera), the Shannon index of diversity
(H0 = �Rpi lnpi) of families within each order (Allgood et al., 2009),
and for blacklight traps, biomass of insects <10 mm. Response vari-
ables were tested for homogeneity of variance using Variance Ratio
F-MAX tests, with analyses conducted on log-transformed values
when variances were heterogeneous (Sokal and Rohlf, 1969).

Annual variation was assessed using one-way analyses of vari-
ance (ANOVAs). If data varied between years, this variation was
partitioned out in subsequent analysis as a covariate. If not, data
for both years were pooled. Multivariate analyses of variance
(MANOVAs) were performed for each suite of response variables
(echolocation surveys, blacklight traps, malaise traps). Main effects
were disturbance intensity and study site. Sampling interval was
incorporated as a nested (hierarchical) effect within study site
due to repeated surveys of the same physical location (Zar,
1999). Plot position (i.e., interior versus edge) was nested within
disturbance. Interactions between the main effects of disturbance
and study site were also examined. When models were significant,
we used Tukey’s Honestly Significant Difference means separation
procedure to evaluate effects (Zar, 1999).

We used canonical correspondence analysis (CCA) to assess
relationships between forest structure and bat activity across study
plots in Kentucky, Tennessee, and West Virginia (Lattin et al.,
2003). Response variables for acoustic surveys included number
of echolocation pulses per night for both lasiurine and myotine
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species groups. Insect prey were analyzed similarly; order-level
abundance and the Shannon index (H0) at the family level were
considered for Coleoptera and Diptera, respectively. The most
abundant lepidopteran families were analyzed in a final CCA;
abundance and species richness within families were considered
as response variables. Explanatory variables from vegetation
assessments used in all CCAs included sapling density (stems/ha),
mean sapling cover (%), sapling species richness (n), mean shrub
cover (%), mean dbh of canopy trees (cm), canopy tree ba (m2/
ha), and canopy tree species richness (n). Percent frequency data
were arcsine-square root transformed prior to analysis (Zar,
1999). Sample points for vegetation variables were randomly cho-
sen and not associated with faunal sample points. Because of this,
vegetation data were randomly sampled with replacement from
the data set within each treatment plot. The delineation of values
from CCAs used for interpretive purposes was made a posteriori
when the exploratory analyses were completed. Variables were
considered significant for a canonical axis when possessing both
a standardized canonical coefficient P0.40 and a correlation
P0.20 with the opposing dataset. In this way we interpreted vari-
ables that contributed a relatively large amount of variation to our
analyses and also suggested an association between flora and
fauna.

3. Results

3.1. Bat activity

Acoustic surveys spanned 94 nights and generated 58,428 echo-
location files containing 1,037,274 echolocation pulses. Of these,
459,753 pulses were identified; 13% were lasiurine species, 15%
were myotine species, and the remaining 72% were identified as
unknown. No difference was detected between survey years for to-
tal pulses, lasiurine pulses, or myotine pulses; however, all global
models were significant (Table 1). Multivariate analyses were sig-
nificant for disturbance, plot position, study site, and sampling
interval. Subsequent univariate analyses were all significant. Main
effects and their interaction were significant (Fig. 1).

Response variables for bat activity exhibited similar patterns
(Table 1, Fig. 1). Total pulses and lasiurine pulses were lowest in
undisturbed forests and highest in the most intensely disturbed
plots (seed tree). Similarly, myotine pulses were lowest in undis-
turbed forests, but not different among disturbed plots. Total
pulses per night were greatest in Tennessee, followed by Ohio,
Kentucky, and West Virginia. Lasiurine pulses per night were
greater in Ohio and Tennessee than in West Virginia and Kentucky.
The fewest myotine pulses per night were recorded in West

Virginia; the remaining sites did not differ. The nested effect of plot
position was not significant for any echolocation variable. The
nested effect of sampling interval was significant for total pulses,
which increased over the growing season, i.e., lowest in May and
highest in August.

Variation in bat activity corresponded with vegetation vari-
ables; canonical eigenvalues of both ordination axes of the CCA
were significant (Table 2). The first axis accounted for 59% of vari-
ation in the data; the remaining 41% was accounted for by the sec-
ond axis. For the first axis, variation in vegetation was associated
with sapling richness and shrub cover, whereas variation in bat
activity was associated with myotine pulses per night; this was in-
versely correlated to sapling richness and shrub cover. On the sec-
ond axis, variation in vegetation was associated with canopy tree
richness. Variation in bat activity was associated with lasiurine
pulses per night, which was inversely correlated with canopy tree
richness.

3.2. Insect communities

We surveyed insects over 32 nights. Blacklight traps
(n = 248 trap/nights) yielded 35,566 insects across 13 orders, of
which 82% were Lepidoptera from 24 families. Erebidae and
Noctuidae were the most abundant lepidopteran families (20%
and 18%, respectively). Other abundant families (>5%) included
Geometridae (15%), Notodontidae (8%), and Pyralidae (6%). We also
captured 5245 Coleoptera from 32 families, comprising 15%
of our blacklight trap specimens. Carabidae (8%) and Scarabidae
(3%) were the most abundant families. In total, Lepidoptera and
Coleoptera comprised 97% of the insects captured in blacklight
traps.

Global models were significant for data from blacklight traps
(Table 3). Lepidoptera were more abundant during the second year,
but there was no difference in lepidopteran diversity between
years. Coleoptera were more abundant and diverse during the sec-
ond year. Biomass of insects (<10 mm) captured in blacklight traps
did not vary annually. Multivariate analyses were significant for
disturbance, sampling interval, and study site, but not for plot po-
sition. Subsequent univariate analyses were significant across re-
sponse variables for blacklight traps, including lepidopteran
abundance and diversity, coleopteran abundance and diversity,
and biomass of insects <10 mm.

Lepidopteran abundance and diversity varied temporally and
spatially (Table 3). The main effects of disturbance and study site
were significant, but the interaction was not. Lepidopteran abun-
dance was higher in undisturbed plots than in seed tree harvests.
More Lepidoptera were captured at plots in Ohio versus plots in

Table 1
Variation in bat activity in the Central Appalachian region, 2007–2008. All F-scores and Wilk’s k scores were significant; different letters within a column indicate significant
differences (P 6 0.05). The interaction between disturbance and study site was significant for all response variables (P 6 0.05).

Explanatory Level (n) Mean ± SE pulses per night (F-score)

Variable (Wilks k score) Total (F31, 411 = 10.01) Lasiurine (F31, 411 = 8.42) Myotine (F31, 411 = 7.27)

Disturbance (k9, 996 = 10.68) Undisturbed (59) 224 ± 54 c 11 ± 4 c 33 ± 6 b
Single-tree (133) 1539 ± 249 b 133 ± 35 b 152 ± 34 a
Shelterwood (132) 1696 ± 230 b 132 ± 28 b 159 ± 44 a
Seed tree (122) 2689 ± 612 a 198 ± 42 a 217.9 ± 107 a

Study site (k9, 996 = 10.13) Kentucky (112) 816 ± 135 c 48 ± 10 b 94 ± 40 a
Ohio (126) 1840 ± 203 b 212 ± 44 a 177 ± 35 a
Tennessee (141) 2914 ± 575 a 167 ± 36 a 253 ± 95 a
West Virginia (67) 325 ± 54 d 62 ± 17 b 22 ± 5 b

Sample interval (k36, 1209 = 4.51) May (99) 617 ± 100 c 102 ± 21 80 ± 34
June (127) 1433 ± 344 b 131 ± 38 87 ± 26
July (117) 1487 ± 207 b 152 ± 44 172 ± 46
August (103) 2343 ± 480 a 149 ± 28 299 ± 128
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Kentucky and Tennessee while diversity was greater in Ohio than
in Tennessee and West Virginia. The nested effect of plot position
was not significant in the MANOVA but the nested effect of sample
interval was significant; fewer and less diverse Lepidoptera were
captured in May compared to subsequent months.

Lepidopteran occurrence corresponded with vegetation vari-
ables; the first ordination axis explained nearly 50% of variability
in the data (Table 2). Variation in vegetation was associated with
basal area, canopy tree diameter, sapling richness and shrub cover.
Variation in lepidopteran occurrence was associated with geome-
trid and noctuid abundance. These faunal variables were positively
correlated with vegetation, save for basal area. The correlation of
geometrid abundance with vegetation variables was less than
our 0.20 threshold, despite the weight of the canonical coefficient.

Coleopteran abundance and diversity and biomass of insects
<10 mm varied less than that demonstrated for Lepidoptera (Table
3). For all explanatory variables the effect of study site was
significant while the effect of disturbance was not. Coleopteran
abundance was higher in Ohio than in Tennessee and West

Virginia; abundance in Kentucky was intermediate. Conversely,
Kentucky blacklight captures were more diverse than Ohio or
Tennessee; West Virginia was intermediate. Biomass of insects
<10 mm was three times higher in Ohio plots than in other sites.
Nested effect was not significant for coleopteran abundance or
diversity, or biomass of insects <10 mm.

Occurrence of Coleoptera corresponded with vegetation vari-
ables; the canonical eigenvalue of the first ordination axis was sig-
nificant and explained over 86% of the variation in the data (Table
2). Variation in vegetation was associated with canopy tree diam-
eter. Variation in Coleoptera was associated with abundance and
not diversity; abundance was positively correlated with canopy
tree diameter.

Malaise trap samples (n = 248) yielded 31,122 insects across 11
orders, of which 82% were Diptera from 33 families. Cecidomyiidae
was the most abundant (63%), followed by Sciaridae (5%). Aside
from Diptera, other abundant orders (>5%) captured included the
Hemiptera (7%) and Lepidoptera (7%). Global models were signifi-
cant for data from malaise traps (Table 4). Neither abundance
nor diversity of Diptera varied between years. Multivariate analy-
ses were significant for disturbance, plot position, sampling inter-
val, and study site. Subsequent univariate analyses were significant
for both dipteran abundance and diversity.

Dipteran abundance and diversity varied spatially (Table 4).
Main effects and their interaction were significant (Fig. 2). Dipteran
abundance was higher in the plots disturbed by shelterwood har-
vests relative to the less intensively disturbed single-tree harvests
and undisturbed plots, and intermediate in seed tree harvests.
Undisturbed plots were more diverse than single-tree harvests;
diversity in the other disturbance levels was intermediate. Diptera
were more abundant in West Virginia than in Kentucky. Dipteran
diversity was greater in Ohio than either Tennessee or West
Virginia. Neither plot position nor sample interval was significant.

Occurrence of Diptera corresponded with vegetation variables;
the canonical eigenvalue of the first ordination axis was significant
and explained more than 67% of the variation in the data (Table 2).
Variation in vegetation was associated with canopy tree richness.
Variation in Diptera was associated with abundance but not diver-
sity; abundance was inversely correlated with canopy tree
richness.

4. Discussion

Our results demonstrate an overall increase in bat activity in
disturbed habitats consistent with other studies (Grindal and Brig-
ham, 1999; Brooks, 2009; Loeb and O’Keefe, 2011; Titchenell et al.,
2011). We anticipated lower activity of myotine bats in more heav-
ily disturbed plots based upon wing morphology and echolocation
call characteristics (Lacki et al., 2007), but we found no support for
this hypothesis. As suggested by Titchenell et al. (2011), smaller-
bodied myotine species such as the little brown bat (Myotis lucifu-
gus) may be better able to exploit forest habitats regardless of clut-
ter and, thus, forage in areas that are more profitable. In coniferous
systems, however, activity of myotine bats is reduced in open and
thinned stands relative to unthinned stands, with lasiurine species
foraging in both thinned and unthinned stands (Morris et al.,
2010). Nonetheless, our results demonstrate that despite differ-
ences in ecomorphology both bat ensembles were more active in
areas with silvicultural harvest. It is likely that these observations
for bat activity were due to these disturbed areas being selected as
foraging grounds. These areas may afford easier flight and capture
of prey (Titchenell et al., 2011). However, arguments also exist to
the contrary. Successful capture of prey in less-cluttered areas
could also be more difficult, as insect prey would be afforded sim-
ilar advantages in navigation. Additionally, insect prey may benefit

Fig. 1. The effect of the interaction between disturbance and study site on bat
activity in the Central Appalachian region, 2007–2008. Disturbance intensity
increases from left to right along the horizontal axis. Data series are specific to
study sites: Kentucky (dash-dotted), Ohio (dashed), Tennessee (solid), and West
Virginia (dotted). Scale varies across response variables.
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from an increased opportunity to detect a hunting bat should the
prey possess an ear tuned to the frequency of bat echolocation
(Waters, 2003). Despite these confounding possibilities, it is clear
from our data that bats were more active in areas disturbed by sil-
vicultural harvest.

The probability of detecting echolocation calls differs among bat
species (Britzke et al., 2011), making inferences about relative
differences in activity levels difficult. Further, the number of
echolocation pulses we identified was relatively low compared to
the number of pulses recorded. Even so, our data set was robust and
suggests differences between myotine and lasiurine bat activity in
relation to vegetation. Activity of myotine species was more strongly
associated with the sub-canopy vegetation layer than the canopy.
While a reduction in sub-canopy clutter by disturbance increases
the ease of flight for both predator and prey, it also decreases the

availability of plant resources for insects as host material and resting
substrate. This likely alters the foraging opportunities that exist for
myotine bats such as the northern bat (Myotis septentrionalis) using
both hawking and gleaning strategies (Ratcliffe and Dawson, 2003).
By foraging in areas with a less cluttered understory, gleaning species
are likely better able to exploit prey resting on substrate. Lasiurine
species were negatively correlated with canopy tree richness; we find
this result more difficult to interpret. The most intensely disturbed
plots with the least cluttered overstory generally possessed the high-
est activity for this group, which primarily hawk prey in flight (Lacki
et al., 2007; Morris et al., 2010). With the reduced overstory that
accompanies silvicultural disturbance, a byproduct could be reduc-
tion of overstory richness. While this conclusion is tenuous, our re-
sults nonetheless indicate that lasiurine and myotine bats both
exhibit similar patterns along the disturbance gradient, albeit with

Table 2
Canonical correspondence analyses of the relationships between bat activity and vegetation attributes and insect occurrence and vegetation attributes in the Central Appalachian
region, 2007–2008. All F-scores and Wilk’s k scores depicted are significant at P 6 0.1. Only values considered for interpretation are included in this table (see Table A.1, Table A.2,
Table A.3, and Table A.4 for exhaustive values).

CCA analysis (Wilks k score) First axis (F-score) Second axis (F-score)

Standardized coefficients Correlation of datasets Standardized coefficients Correlation of datasets

Bat activity
(k14, 622 = 4.86) (F14, 622 = 4.86) (F6, 312 = 4.71)

Canopy tree richness 1.1241 0.1084 0.6285 0.2607
Sapling richness 0.5922 0.2388 �0.4517 �0.0778
Shrub cover 0.4724 0.2179 �0.0189 �0.0502
Lasiurine pulses �0.1635 �0.2146 �1.1604 �0.2225
Myotine pulses �0.9050 �0.3345 0.7446 0.0402

Lepidopteran occurrence
(k70, 951 = 1.31) (F70, 951 = 1.31)

Basal area �1.2798 �0.2147
Canopy tree diameter 0.6416 0.2851
Sapling richness 0.6462 0.3075
Shrub cover 0.4064 0.2884
Geometrid abundance 0.9703 0.1873
Noctuid abundance 1.4087 0.3319

Coleopteran occurrence
(k14, 354 = 2.53) (F14, 354 = 2.53)

Canopy tree diameter 0.6757 0.2728
Coleopteran abundance 1.7407 0.3231

Dipteran occurrence
(k14, 350 = 2.66) (F14, 350 = 2.66)

Canopy tree richness �1.0052 �0.2508
Dipteran abundance 0.9134 0.3193

Table 3
Variation in insects captured in blacklight traps in the Central Appalachian region, 2007–2008. All F-scores and Wilk’s k scores reported were significant; different letters within a
column indicate significant differences (P 6 0.05).

Explanatory variable
(Wilks k score)

Level (n) Mean ± SE per trap (F-score)

Lepidopteran abundance
(F32, 245 = 7.31)

Lepidopteran diversity
(H0) (F32, 245 = 4.05)

Coleopteran abundance
(F32, 245 = 13.92)

Coleopteran diversity (H0)
(F32, 245 = 9.48)

Biomass (g)
(F32, 245 = 5.29)

Year 2007 (122) 93 ± 9 b 1.57 ± 0.05 2.7 ± 0.7 b 0.18 ± 0.04 b 1.27 ± 0.16
2008 (126) 141 ± 11 a 1.66 ± 0.04 39.0 ± 6.5 a 0.84 ± 0.05 a 1.06 ± 0.17

Disturbance
(k15, 577 = 1.97)

Undisturbed (64) 166 ± 19 a 1.60 ± 0.06 14.3 ± 3.3 0.57 ± 0.09 1.46 ± 0.25
Single-tree (63) 111 ± 11 ab 1.64 ± 0.06 16.8 ± 4.1 0.53 ± 0.07 0.95 ± 0.12
Shelterwood (62) 100 ± 13 ab 1.66 ± 0.05 19.3 ± 5.2 0.51 ± 0.07 0.91 ± 0.15
Seed tree (59) 89 ± 10 b 1.55 ± 0.06 35.1 ± 12.3 0.44 ± 0.07 1.35 ± 0.36

Sample interval
(k60, 982 = 5.37)

May (60) 62 ± 9 b 1.20 ± 0.08 b 4.8 ± 0.9 0.31 ± 0.05 0.44 ± 0.16
June (62) 140 ± 18 a 1.67 ± 0.04 a 34.4 ± 10.1 0.87 ± 0.08 1.57 ± 0.30
July (63) 139 ± 14 a 1.81 ± 0.03 a 25.0 ± 6.3 0.56 ± 0.08 1.12 ± 0.16
August (63) 126 ± 12 a 1.76 ± 0.04 a 19.8 ± 6.6 0.31 ± 0.06 1.49 ± 0.26

Study site
(k15, 577 = 7.28)

Kentucky (59) 106 ± 13 b 1.63 ± 0.07 ab 15.0 ± 2.7 ab 0.64 ± 0.08 a 0.85 ± 0.13 b
Ohio (61) 165 ± 16 a 1.69 ± 0.04 a 50.3 ± 12.7 a 0.48 ± 0.07 b 2.45 ± 0.40 a
Tennessee (64) 62 ± 8 b 1.58 ± 0.05 b 11.8 ± 3.5 b 0.40 ± 0.07 b 0.60 ± 0.08 b
West Virginia (64) 138 ± 15 ab 1.56 ± 0.06 b 8.4 ± 1.86 b 0.55 ± 0.08 ab 0.78 ± 0.09 b
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varied vegetation characteristics underpinning these respective
patterns.

Though bat activity varied across the gradient of disturbance, it
did not vary between plot interiors and edges. Other studies have
suggested bats have a propensity to use forest edges and corridors,
corresponding to areas of increased prey abundance (Walsh and
Harris, 1996; Grindal and Brigham, 1999; Hogberg et al., 2002;
Morris et al., 2010). Whereas myotine bats have been reported to
forage within the interior of less intensively managed stands and
to avoid edges, lasiurine bats are more ubiquitous in their use of
such habitats (Patriquin and Barclay, 2003; Morris et al., 2010).
Our results do not indicate differences between bat ensembles.
The edges of silvicultural disturbance assessed in this study were
variable, and included gradual to dramatic shifts in the density of
vegetation at both the canopy and sub-canopy. Our data suggest
that bat activity across a gradient of edge contrast does not vary
in comparison with interior of disturbed areas. Bats in our study
sites were foraging within large forest gaps with reduced clutter
and not flying along a defined landscape contour. The uniformity
in insect activity between edge and interior habitat conditions
may further explain the lack of differences observed for bat activity
in this study, and suggests that bats of both ensembles may adapt
to local conditions on a limited spatial scale. Even so, forest bats
may also use other edges that were not assessed in our study,
e.g., along the top of tree and forest canopies (Kalcounis et al.,
1999; Menzel et al., 2000). Thus, our study does not provide a com-
prehensive assessment of edge use by bats at our study sites.

We found lepidopteran occurrence inversely related to distur-
bance, corroborating other studies (Summerville and Crist, 2008).
This is likely a reflection of the dependence of many Lepidoptera
on the foliage of dominant canopy-tree species for development
(Covell, 2005; Tallamy and Shropshire, 2009; Lacki and Dodd,
2011). Results from our CCA indicate a relationship between the
abundance of common Lepidoptera with both the canopy and
sub-canopy vegetation layers.

Lepidoptera are the most consistently and heavily consumed
prey for both lasiurine and myotine ensembles (Lacki et al., 2007).
Thus, our results for Lepidoptera are particularly relevant for
stewardship and conservation efforts, and point to a paradoxical
relationship between forest bats and their nocturnal prey. While
our data demonstrate bat activity positively correlates with distur-
bance, lepidopteran occurrence negatively correlates with distur-
bance. Morris et al. (2010) suggest that habitat structure is more
important than prey occurrence in determining spatiotemporal for-
aging patterns of bats in coniferous forests. Our data support this
supposition in upland hardwood systems of eastern North America.
Although disturbance reduces clutter and stem density, facilitating
bat flight and habitat use, disturbance also changes forest structure,
which may reduce abundance and diversity of lepidopteran prey.
Alternatively, disturbance may indirectly impact Lepidoptera by

increasing susceptibility to predation, resulting in either predator
avoidance or population regulation.

Diptera responded positively to disturbance, demonstrating
that they are influenced by forest structure, consistent with find-
ings in deciduous and coniferous habitats in western North
America (Hughes et al., 2000). This trend was likely driven by the
Cecidiomyiidae, the most abundant family we captured. Further,
an association between cecidomyiids and habitats with denser
canopy cover has been noted in coniferous forests (Allgood et al.,
2009). In coniferous forests, dipteran abundance did not change
with canopy cover though members of the dipteran community
did change with stand age and harvest (Allgood et al., 2009). Our
data suggest that in hardwood forests dipteran abundance was
higher in plots that had a greater level of silvicultural disturbance.
Similarly, our data suggest that in hardwood forests dipteran abun-
dance was higher in plots with lower canopy richness; a trait asso-
ciated with a reduction in the forest canopy.

In contrast to responses of other prey assemblages, overall cole-
opteran abundance and diversity remain unchanged across the dis-
turbance gradient. This is likely due to the varied responses
observed across coleopteran taxa (Okland et al., 2008). Disturbance
has generally been shown to induce broad shifts in coleopteran
species occurrence, particularly for Carabidae (Werner and Raffa,
2000; Work et al., 2010); the most commonly captured coleopter-
ans in our study. Even so, our data indicate overall coleopteran
abundance and diversity remain the same across the disturbance
gradient. Our CCA indicates that coleopteran abundance was
positively correlated with canopy tree diameter, suggesting these
insects were most affected by canopy-level vegetation and, specif-
ically, positively correlated with larger diameter timber identified
with more mature, later seral stage habitats.

Our results also suggest broad regional and temporal differences
in both bat and insect assemblages. Lepidoptera, our most com-
monly-captured prey taxon, were less abundant early in the growing
season, and peak in abundance from early June to late August in tem-
perate forests (Rings et al., 1992; Thomas, 2001). This was reflected
in the amount of foraging activity of its primary predators. Thus,
there appears to be synchrony between predator and prey. Regional
differences in bat activity were likely related to differences in
composition of bat assemblages and localized bat abundance. Not
surprisingly, the site that possessed the highest observed activity
(Tennessee) also supported the richest bat assemblage (Barbour
and Davis, 1969). Though many studies have assessed effects of for-
est management practices on insect communities at the stand level,
variation at a regional scale is clearly evident and should be consid-
ered when addressing biodiversity goals (Werner and Raffa, 2000;
Samways, 2007). Our data demonstrate strong regional effects for
forest insects, emphasizing the importance of landscape-level and
regional variation in determining patterns of insect diversity
and, thus, site-level management of foraging habitats for bats.

Table 4
Variation in Diptera captured in malaise traps in the Central Appalachian region, 2007–2008. All F-scores and Wilk’s k scores were significant; different letters within a column
indicate significant difference (P 6 0.05). The interaction between disturbance and study site was significant for both response variables (P 6 0.05).

Explanatory variable (Wilks k score) Level (n) Mean ± SE per trap (F-score)

Dipteran abundance (F31, 247 = 2.84) Dipteran diversity (H0) (F31, 247 = 3.62)

Disturbance (k6, 430 = 4.90) Undisturbed (63) 86 ± 10.3 b 0.81 ± 0.06 a
Single-Tree (62) 73 ± 8.2 b 0.66 ± 0.05 b
Shelterwood (63) 136 ± 14.5 a 0.72 ± 0.06 ab
Seed Tree (60) 119 ± 17.5 ab 0.78 ± 0.05 ab

Study site (k6, 430 = 7.39) Kentucky (58) 77 ± 11.1 b 0.80 ± 0.06 ab
Ohio (63) 105 ± 14.4 ab 0.93 ± 0.05 a
Tennessee (64) 108 ± 13.7 ab 0.63 ± 0.05 b
West Virginia (63) 120 ± 13.4 a 0.60 ± 0.05 b
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5. Conclusions

Despite the necessity for localized management prescriptions,
our data do point to generalizations that can be broadly integrated
into forest management plans. Common insect assemblages form
the majority of the diets of the forest bats in North America (Lacki
et al., 2007). Thus, the management of foraging habitat for forest
bats would benefit from a coarse, landscape approach (i.e., as op-
posed to a finer species-level approach) (Samways, 2007). Given
the widespread consumption of Lepidoptera by bats, and the over-
lap in lepidopteran family-level correlations with vegetation met-
rics, our data suggest that focused management efforts will likely
allow for simultaneous management of a wide diversity of Lepi-
doptera. Broadly, management of upland foraging habitat for bats
should focus on Coleoptera and Lepidoptera. These two orders of
prey were consumed heavily across the bat assemblages recorded
at sites for this study (Dodd, 2010). Given the correlations observed
for Coleoptera and Lepidoptera with understory vegetation, basal
area, and tree diameter, management prescriptions should foster
a well-thinned, yet diverse sub-canopy with a canopy of larger
than average trees. Such a management approach complements
the needs of foraging bats; reduction of clutter within a forest will
promote increased bat activity.

Our results corroborate those of Morris et al. (2010) that habitat
structure takes primacy in determining activity patterns (i.e., for-
aging) of bats versus patterns in prey occurrence. Even so, relation-
ships between Lepidoptera and the host plant base suggest a
paradox if using silvicultural disturbance as a management tool
for both predator and prey, at least in the short term. Bats exert
top-down pressure on their prey. Our observations of increased
activity in areas disturbed by silvicultural harvest may translate

into increased foraging on Lepidoptera, which could indirectly
modulate the effects of silviculture on Lepidoptera and other in-
sects (K. Summerville, personal communication). Even so, when
addressing conservation goals for forest dwelling bats, managers
need to provide a reliable prey base for foraging bats (Panzer and
Schwartz, 1998; Lacki and Dodd, 2011). Thus, patches of varied dis-
turbance across the landscape will likely be a useful tool to achieve
biodiversity goals for forest-dwelling bats and their insect prey,
and to maintain endemic prey species on a regional scale (Werner
and Raffa, 2000; Summerville and Crist, 2008).
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