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Bat Diversity, Assemblage, and Land Use in Connecticut

Christopher D. Wisniewski'", Dana M. Green®, Steven P. Brady',
Matthew D. Miller’, and Miranda Dunbar!

Abstract - Human-induced landscape modifications have amplified the loss of biodiversity. Our goal
was to survey bats across heterogeneous landscapes in Connecticut and examine how habitat features
and scale influence community composition. This state is among areas most heavily impacted by white-
nose syndrome, and the current status of bat biodiversity is largely unknown. We conducted acoustic
surveys to examine how species richness, activity, and diversity varied across macrohabitats and a ca-
nonical correspondence analysis to assess the relation between community composition and land use at
buffers with a radius of 200 and 500 m. We detected 8 of the 9 species historically reported in Connecti-
cut. Species richness, activity, and diversity were greatest in macrohabitats dominated by natural water
features and grasslands. Within the 200 m buffer area, species were grouped in forest, water-dominated,
and cultivated landscapes; while within the 500 m buffer area, species were grouped away from devel-
opment. Our results suggest that heterogeneous landscapes containing forest, water, and agricultural
features are important for supporting communities at small spatial scales, and although development
at any spatial scale hampers bat diversity, the negative effects are greatest within larger spatial scales.

Introduction

Anthropogenic activities, particularly intensified land use and urbanization, have altered
landscapes and greatly reduced biodiversity. To mitigate the loss of species and identify how
anthropogenic changes impact natural populations, understanding the natural history and
biodiversity of a given area, monitoring population trends, and tracking changes in species
assemblages alongside environmental shifts are essential. However, landscape changes
affect species differently and, depending on scale, can influence community composition
(Cordonnier et al. 2019). At large spatial scales, overall human impact and changes to the
landscape may be concentrated. Thus, wildlife may easily avoid disturbed areas (Lowry
et al. 2013). By default, at small spatial scales, risk of encountering landscape changes,
anthropogenic structures, and experiencing interactions increases. Furthermore, the type of
landscape change and other anthropogenic influences that exist in these areas also influence
wildlife response (Tablado and Jenni 2017).

While understanding how wildlife communities respond to landscape changes is often
difficult, the complexity increases for animals that are highly cryptic and mobile. Bats,
compared to many other mammalian taxa, are understudied and under prioritized in terms
of conservation efforts. Frick et al. (2020) showed that 80% of bat species assessed by
the International Union for Conservation of Nature (IUCN) are either threatened, due to
a range of anthropogenic and climate related factors, or are classified as data deficient,
underscoring the need for expanded research initiatives to address data gaps and to inform
and support conservation measures. This concern persists despite bats compelling species
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diversity (Burgin et al. 2018), broad global distribution (Proches 2005), and the extensive
range of ecosystem services they collectively provide in both natural and human-dominated
landscapes (Kunz et al. 2011). Also, while habitat change and loss are the largest and most
common threats to bats (Frick et al. 2020), the impacts of these changes are highly species
specific. For example, some studies show high bat activity and thriving populations in urban
areas (Skog 2021), whereas others show that bats avoid and/or are declining in developed
landscapes (Moretto and Francis 2017, Russo and Ancillotto 2015). Furthermore, features
within landscapes change how species use and move across space (Baguette et al. 2013) and,
given that bats are highly mobile, their response to landscape and environmental changes var-
ies with scale (Gallo et al. 2018, Kalda et al 2015, Treitler et al. 2016). In addition to various
issues that threaten this group of animals (e.g., habitat change, lack of basic biological infor-
mation, overexploitation, and persecution; Hammerson et al. 2017), many hibernating species
in North America are having unparalleled declining numbers due to the disease white-nose
syndrome (WNS; Cheng et al. 2021).

The state of Connecticut and its landscapes offer a unique platform for studying bats.
With an area just under 13,000 sq. km, Connecticut differs from other New England and
neighboring states by having a greater variety of climatic patterns within and across
seasons (Kottek et al. 2006), dynamic topography, and heterogeneous landscapes. Con-
necticut has expanses of hardwood forests; surface waters; urban, suburban, and exurban
developments; and patches of grassland and cultivation (Metzler and Tiner 1992). The
state has a diversity of bats, including all 9 species native to New England: Eptesicus
fuscus (Palisot de Beauvois) (Big Brown Bat), Lasiurus borealis (Miiller) (Eastern Red
Bat), L. cinereus (Palisot de Beauvois) (Hoary Bat), Lasionycteris noctivagans (Le Conte)
(Silver-haired Bat), Myotis leibii (Audubon and Bachman) (Eastern Small-footed Bat),
M. lucifugus (Le Conte) (Little Brown Bat), M. septentrionalis (Trouessart) (Northern
Long-eared Bat), M. sodalis (Miller and Allen) (Indiana Bat) and Perimyotis subflavus
(Cuvier) (Tricolored Bat). Six of these species are affected by WNS, which arrived in
Connecticut in 2007 (E. fuscus, M. leibii, M. lucifugus, M. septentrionalis, M. sodalis and
P subflavus; WNSRT 2024). Presence of Pseudogymnoascus destructans (Blehert and
Gargas) (Minnis and D.L. Lindner) has been detected on 2 other species (L. borealis and
L. noctivagans), although WNS has not been confirmed. Four of the species are listed as
endangered in Connecticut (M. lucifugus, M. septentrionalis, M. sodalis and P. subflavus).
Because nearly 20% of this small state is developed (Arnold et al. 2020) and it is close
to sites where bats have suffered some of the greatest declines in bat populations due to
WNS (Frick et al. 2010), the bat diversity is notable.

Except for a few historical accounts of the natural history of Connecticut bats (Davis
and Hitchcock 1965, Goodwin 1935, Griffin 1940, Linsley 1842) and 1 recent publication
completed after our data were collected (Seewagen and Adams 2021), we are unaware of
any published surveys of bat communities in this state. It is likely we have been missing
important changes to the structure of bat communities in the era of WNS alongside
changes in land use. As such, our first objective was to quantify bat diversity across
largely understudied Connecticut landscapes. We predicted bat species richness, activity,
and diversity would be greatest in macrohabitats that support foraging with open, natural
spaces and available water. Our second objective was to examine how the distribution and
assemblage of bats change with land use and landscape features at different spatial scales.
We predicted development would shape bat communities within a larger spatial scale as
they avoid human-made structures, whereas bat communities would be shaped more by
natural land cover within smaller spatial scales.
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Field-site Description

We conducted acoustic surveys in 11 locations (10 state parks and one golf course) span-
ning the state of Connecticut (Fig. 1). We selected locations that offered a mix of habitats,
including natural unfragmented habitat with some natural and modified areas, open bodies
of water and a mix of macrohabitats, and appropriate area (>0.6 km?) for containing suitable
bat habitats (Brooks 2009, 2011; Skalak et al. 2012).

With guidance from the Connecticut Department of Energy and Environmental Protec-
tion, we identified 4 unique macrohabitats shared by all 11 locations (n = 44 recording
sites): forest, grassland, areas dominated by natural water features (henceforth “water”),
and areas dominated by a mix of rocky outcrops and development (henceforth “structure”).
Macrohabitats were >200 m apart from each other (Rodhouse et al. 2011, Skalak et al.
2012). Within each macrohabitat we chose specific recording locations based on accessibil-
ity and suitability for acoustic sampling, including minimal canopy cover and clutter within
recording range of the detector (i.e., ~9 m) and ability to erect recording devices safely and
securely. Field work was approved by the Southern Connecticut State University Institu-
tional Animal Care and Use Committee (IACUC protocol #S17-02.20) and the Connecticut
Department of Energy and Environmental Protection (CT DEEP permit #AU17f).
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Figure 1. Acoustic sampling locations across protected areas in Connecticut in 2017. Within each of
the 11 locations (stars), we identified 4 unique macrohabitats (n = 44 recording sites) in which we
placed our stationary acoustic monitoring devices: Forest, Grassland, areas dominated by natural
water features (Water), and areas dominated by a mix of rocky outcrops and development (Structure).
Also shown are types of land cover provided by the National Land Cover Database (NLCD).
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Methods

We used 1 SM3BAT and 1 SM4BAT full-spectrum bat detector (Wildlife Acoustics, May-
nard, MA) to sample bats from 1 July through 31 October 2017. The time period was chosen
to increase the probability of detecting fall migratory species. Each detector was programmed
to turn on/off 30 min before/after sunset/sunrise. For each detector, we used the audio default
amplification gain (12 dB) and set the sampling frequency to 256 kHz, which adjusted our
sampling frequency range from 6 kHz to 128 kHz to capture low-through high-frequency
species. We set the minimum call-recording duration to 1.5 ms with no maximum so that each
call would be recorded in its entirety, as long as the animal was within the range of our detec-
tors. We equipped each detector with an external ultrasonic microphone (SMM-U1; Wildlife
Acoustics, Maynard, MA). Each microphone had an omnidirectional recording range, with a
built-in high-pass filter (4-pole at 8 kHz) designed to reduce low frequency (<5 kHz) noise
in recordings. We mounted detectors and microphones onto wooden poles 3 m above ground
level. Working within our permit, time, and equipment constraints, we deployed detectors for
4 consecutive nights in each macrohabitat before moving them to a new recording site, fol-
lowing the rotation scheme recommended by Skalak et al. (2012). With exceptions for severe
inclement weather and equipment maintenance, acoustic recording from 30 min before sunset
to 30 min after sunrise was continuous.

We used SonoBat bioacoustics software (version 4.2.1, Northeast Suite; Sonobat,
Arcata, CA) to scrub noise files and the Sonobatch feature to classify calls to species.
We randomly selected calls from each species detected and examined call characteristics,
including peak, minimum and maximum frequency, frequency modulation (i.e., frequency
change within a single pulse), duration, and repetition rate, and we compared those to
verified calls in the Sonobat reference library. The selected calls, along with files from P.
subflavus and all Myotis species, were sent to experts from the Wildlife Division of the
Connecticut Department of Energy and Environmental Protection to be vetted manually and
help confirm presence/absence. Because P. subflavus and Myotis species show considerable
overlap and can be difficult to classify (and are commonly misclassified), or are considered
species of interest within the state, we enlisted outside help to provide second opinions. Our
analyses are based on calls that were auto classified then confirmed by experts plus those
that were also manually vetted by experts within the state of Connecticut.

For each of the 4 macrohabitats we defined richness as the number of species detected.
Activity was calculated as the number of call files per hour of recording time, which included
any call files recorded 30 min before/after sunset/sunrise, to standardize for temporal variation
across the survey period. We calculated Simpson’s Diversity Index using R package “vegan”
(Oksanen et al. 2018). Each of these 3 variables was analyzed in separate linear mixed-effects
models in R package “Ime4” (Bates et al. 2015), with macrohabitat as the main effect and
location as the random effect. To evaluate assumptions for each model, we plotted residuals
against fitted values and main effects to inspect heteroscedasticity and non-linearity, respec-
tively. We used Q-Q plots to evaluate normality of residuals. Initial inspection of model fits
indicated that residuals presented some degree of skew from normal for all 3 response vari-
ables. We, therefore, transformed response variables for analysis, using the natural log of the
raw value +1 (Ives 2015), although linear models are generally robust to such deviations from
model assumptions (Schielzeth et al. 2020). Within each model, we used the R function “glht”
from the “multcomp” package (Hothorn et al. 2008) to conduct Tukey contrasts between mac-
rohabitat features, with alpha adjusted by a Bonferroni-Holm correction.
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We downloaded layers from National Land Cover Database (https://apps.nationalmap.gov/
viewer/; Jin et al. 2013), created point layers of the sampling locations using GPS coordinates
recorded at each site, and created 200 and 500 m buffers around each point. Because bats,
in general, are highly mobile and the home ranges of different species vary by a factor of 60
(Peixoto et al. 2018), we consider the 200 and 500 m buffers as relevant small scales for exami-
nation of interspecific differences in habitat use. Furthermore, the 200 m buffer reflects the local
macrohabitat and the 500 m buffer reflects the broader local range of bat movement. For each
macrohabitat, we extracted the Land Use and Land Cover (LULC) layers (listed in Fig. 1) and
calculated the percentages of land-cover type within each buffer distance. The LULCs catego-
rize physical characteristics of landscape surfaces and include both natural and human-modified
features. We calculated the percentages of land-cover type within each buffer by macrohabitat.
We also included presence of any bridge type within a 2 km radius because shorter distances
matching the LULC scales contained very few bridges, and some species (E. fuscus, P. subfla-
vus, M. lucifugus, and M. sodalis) use bridges as roosts (Keeley and Tuttle 1999). Furthermore,
many species disperse this distance from daytime roosts to foraging sites (Duchamp et al. 2004,
Rainho and Palmeirim 2011). We acquired bridge locations from the National Bridge Inventory
(Federal Highway Administration 2016). The number of bridges within 2 km of each of the 11
study locations was determined through a buffer and spatial join of the study locations with the
bridge layer within GIS (ArcMap, version 10.7, ESRI, Redlands, CA).

We used the R package “vegan” (Oksanen et al. 2018) to conduct constrained ordination to
examine the relation between species distribution and LULC at each spatial scale. Specifically,
for each recording location, we used the proportion of each type of LULC present within 200
and 500 m as ordination constraints. The number of bridges within 2 km was also included in
each analysis. In all models, the species matrix included total number of calls per species at
each recording location and was scaled to unit variance. The environmental matrix included all
LULC variables at the corresponding scale along with number of bridges. We applied an angular
transformation to LULC variables because they were based on proportions.

Before model selection, we evaluated the relative performance of 2 common ordination tech-
niques at each buffer scale: redundancy analysis (RDA) and canonical correspondence analysis
(CCA). For each technique, we compared the proportion of variance explained by the first 2 or-
dination axes in each full model (i.e., containing all LULC and bridges) for the 2 different spatial
scales. In both cases, the constrained eigenvalues from CCA models explained more variation
(82—-83%) than those from RDA models (66—73%); therefore, we chose CCA as the ordination
technique for our analyses. For each of the 2 full models analyzed by CCA, we used backward
model selection (function “ordistep”) with 10,000 permutations, to select the suite of LULC
variables for inference. Constrained ordination techniques do not produce AIC values, and the
permutation approach to model selection has a random component (Oksanen et al. 2018). Thus,
for inference, we chose the first reduced model where all selected variables had P < 0.10 at each
spatial scale.

Results
With nearly 2000 h of recording and 10,100 bat calls, we identified 65% of calls repre-

senting 8§ species historically present in Connecticut. The remaining files contained insect
or other environmental interference, producing a file of poor quality that could not be con-
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fidently classified through Sonobatch. A batch scrubber in Sonobat helped to isolate and
remove files of poor quality. On average, E. fuscus accounted for 73% (and as high as 90%)
of confirmed calls in each macrohabitat. Myotis lucifugus contributed 10%, P. subflavus,
L. borealis, L. noctivagans, and L. cinereus each accounted for 3%, and M. leibii and M.
sodalis produced < 2% of confirmed calls in each habitat type (Table 1). We did not detect
M. septentrionalis.

Richness ranged from 1 to 7 species per macrohabitat, with an average of 4.1 species
detected per sampling location (Fig. 2). In separate linear mixed models (Table 2), macro-
habitat explained variation in log-transformed species richness (£ 3= 11.86; P < 0.001),
activity (F; 4= 7.63; P <0.001), and diversity (£ ;,= 5.18; P =0.005). Estimates for each
of these variables within each macrohabitat are shown in Figure 2, with Tukey contrasts
indicated. Water and grassland macrohabitats supported the highest richness, with 3.04
species versus 2.35 in forest and structure. The greatest richness in a single location was at
Collis P. Huntington Park (Fig. 1), with 7 species. Water and grasslands also supported the
highest activity (Fig. 2) with a back-transformed average value of 0.27 calls/h, compared to
0.20 calls/h in structure and forests. The greatest diversity was found in water macrohabitats
(Fig. 2) with a back-transformed estimated diversity value of 0.58 in these sites, versus an
average of 0.36 in other macrohabitats.

Within a 200 m radius, the top performing model included 5 LULC variables: herba-
ceous, forest, cultivated, wetlands, and water (Fs ;,= 1.075; P = 0.013; Table 3). We used
this reduced model for inference and found it explains species distribution in relation to the
environment matrix (Fs 3, = 3.27; P = 0.008; Fig. 3a). Constrained inertia (0.737), which
represents the amount of variance in species data explained by the environmental variables,
accounted for 34% of total inertia (2.179). The eigenvalues for CCA axis 1 (0.354) and 2

Table 1. Number of calls recorded per species, location, and macrohabitat between July and
October 2017. Calls were filtered by the “corrected count” feature in Sonobat. Species include:
Myle = Myotis leibii, Myse = Myotis septentrionalis, Pesu = Perimyotis subflavus, Myso = Myotis
sodalis, Mylu = Myotis lucifugus, Labo = Lasiurus borealis, Epfu = Eptesicus fuscus, Lano =
Lasionycteris noctivagans, and Laci = Lasiurus cinereus.

Macrohabitat Location Myle Myse Pesu Myso Mylu Labo Epfu Lano Laci Totals
Forest Bigelow - - - 33 79 - 2 1 - 115
Hollow
Indian Well - - - - - - 532 - - 532
Collis P. - - - - - 2 6 - - 8
Huntington
Mooween - - - - - - - - -
Housatonic - - - 3 - - 1 - -
Meadows
Old Furnace - - - - - - 4 1 - 5
Bluff Point - - - - - - - - 1 1
Penwood - - - - - - 14 2 - 16
Sterling Farms - - - - - - - - 1 1
Sunnybrook - - - - - - - - - 0
Sleeping Giant - - 1 - - - 10 - - 11
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Table 1 Cont. Number of calls recorded per species, location, and macrohabitat between July and
October 2017. Calls were filtered by the “corrected count” feature in Sonobat. Species include:
Myle = Myotis leibii, Myse = Myotis septentrionalis, Pesu = Perimyotis subflavus, Myso = Myotis
sodalis, Mylu = Myotis lucifugus, Labo = Lasiurus borealis, Epfu = Eptesicus fuscus, Lano =
Lasionycteris noctivagans, and Laci = Lasiurus cinereus.

Grassland  Housatonic Meadows - - 1 - - 4 48 - - 53
Collis P. Huntington - - - - - 37 237 - - 274
Bluff Point - - - - - 1 8 9 - 18
Sterling Farms - - - - - - 66 - 69
Mooween - - 1 - - 7 299 - - 307
Penwood - - - - - - 64 - 4 68
Sleeping Giant 2 - - - - 1 341 19 - 363
Sunnybrook - - - - - 7 785 - - 792
Indian Well - - - - - - 12 - - 12
Bigelow Hollow - - - - - 1 14 19 - 34
Old Furnace - - 2 - - 8 322 - 35 367
Structure  Sterling Farms - - 2 - - - - 41 - 43
Bigelow Hollow - - - - - - 1 1 - 2
Sleeping Giant - - - - - 1 24 - - 25
Old Furnace - - - - - 1 2 - 1 4
Collis P. Huntington 21 - - - - - 1 1 - 23
Indian Well - - - - - - 232 - - 232
Housatonic Meadows - - - - 1 - 8 - - 9
Mooween - - - - - - - - - 0
Bluff Point - - - - - - - - - 0
Penwood - - - - - - - - - 0
Sunnybrook - - - - - - - - - 0
Water Indian Well - - - - - - 65 - - 65
Old Furnace - - 1 1 - 3 7 - 13 25
Penwood 4 - - - - 1 143 14 16 178
Sunnybrook - - - - - 2 586 39 64 691
Housatonic Meadows - - 230 - - 128 148 8 - 514
Collis P. Huntington 79 - - 7 198 14 397 30 72 797
Mooween - - - - - - 1 - - 1
Bluff Point - - - - - 1 9 18 2 30
Bigelow Hollow - - - - 441 - 40 6 4 491
Sterling Farms - - - - - 1 39 7 - 47
Sleeping Giant 2 - 3 - - 9 402 4 - 420
Totals 108 0 241 44 719 229 4870 223 213 6647
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(0.294) accounted for 48% and 40% of the constrained inertia. Thus, the first 2 CCA axes
together explained 88% of the variance in the species data that can be attributed to the en-
vironmental variables.

Within a 500 m radius, stepwise model selection supported retention of all LULC variables
and the number of bridges (selection model: Fg, = 1.075, P < 0.001; Table 3). The final CCA
model explained a significant portion of species distribution in relation to the environmen-
tal matrix (Fg,o = 3.53, P = 0.002; Fig. 3b), and was used for inference. Constrained inertia
(0.993) accounted for 46% of total inertia (2.179). The first 2 constrained eigenvalues ac-
counted for 56% and 32% of the constrained inertia. Thus, the first 2 CCA axes explained 88%
of the variance in species occurrence data associated with the environmental variables.

Discussion

Ours is the first study in decades to document bat dynamics in Connecticut, and the
first ever in this area to use a multifactorial and multiscale approach. This work sheds a
long-overdue light on bat communities in Connecticut and serves as a baseline upon which
future studies may build. We detected E. fuscus, L. borealis, L. cinereus, L. noctivagans,
M. leibii, M. lucifugus, M. sodalis, and P. subflavus—8 of the 9 species historically known
to inhabit Connecticut. Documenting such high species richness for the region is notable,
given the bleak predictions for WNS (Frick et al. 2010), suggesting some individuals of
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Figure 2. Species richness, diversity, and activity across 4 types of macrohabitat. Richness represents
the total number of species. Diversity was calculated using Simpson’s Diversity Index. Activity
corresponds to the number of calls per hour of darkness, defined as 30 min before sunset and 30 min
after sunrise. All values were log-transformed as In(value + 1). Boxplots are overlaid. Means are
indicated by triangles. Letters placed above the x-axis show the results of Tukey contrasts applied
between macrohabitat types.
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Table 2. Main effects from linear mixed models of bat species A) richness, B) diversity, and C) activity at 11 locations in Connecticut. Estimates are
based on Type III sums of squares and inference is based on Satterthwaite’s degrees of freedom. In each model, the response variable was transformed
with the natural log.

A) log(Richness + 1) B) log(Diversity + 1) C) log(Activity + 1)

Predictors Estimates Ccl p Predictors Estimates Ccl p Predictors Estimates CI p
(Intercept) 0.83 0.55-1.12  <0.001 (Intercept) 0.22 0.07-0.37 0.005 (Intercept) 0.19 0.07-0.31 0.003
Habitat [Struc- -0.12 0.43-0.19 0.436 Habitat [Struc- -0.02 0.17-0.12  0.747 Habitat [Struc- -0.01 0.18-0.16 0.877
ture] ture] ture]

Habitat [Grass] 0.42 0.12-0.73  0.008 Habitat [Grass] 0.05 0.10-0.20 0.488 Habitat [Grass] 0.3 0.13-0.47 0.001
Habitat [Water] 0.68 0.37-0.99 <0.001 Habitat [Water] 0.23 0.09-0.38  0.003 Habitat [Water] 0.31 0.14-0.48 0.001
Observations 44 Observations 44 Observations 44

Marginal R?/ 0.330/0.601 Marginal R*/  0.148/0.589 Marginal R?/ 0.386/0.398

Conditional R? Conditional R? Conditional R?
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species affected by WNS are persisting. One location (Collis P. Huntington Park; Fig. 1) was
particularly species-rich, with 7 of the 8 detected species; only L. borealis was not recorded
here. We speculate this is due to the availability of suitable roosting and foraging habitat for
these 7 species in a compact location.

While we did not detect M. septentrionalis, we cannot conclude that the species is absent.
We may have had temporal effects, such as time of year or too few sampling nights. The number
of sampling nights necessary to detect individual, rare, or challenging-to-detect species varies
greatly (Deeley et al. 2021a) and may exceed 45 sampling nights (Skalak et al. 2012). Alterna-
tively, we may have recorded M. septentrionalis but not identified it due to poor-quality record-
ings or was simply not captured within our sampling area. Given that this species is endangered
in the United States (U.S. Fish and Wildlife Service 2023) and listed as near threatened by the
TUCN (2018), the absence of M. septentrionalis in our study adds to the concern for this species.

Eptesicus fuscus was the most commonly recorded species across all macrohabitats and
sampling locations (Table 1). It is a generalist that uses various habitats for foraging and roost-
ing (Brigham 1991, Willis et al. 2003, Willis and Brigham 2004), and its abundance in our
study can be explained also by their resistance to WNS (Frank et al. 2014, Hoyt et al. 2015,
Lemieux-Labonté et al. 2020, Moore et al. 2017). We also recognize that the profusion of
calls from FE. fuscus may be biased because this species broadcasts more frequently (Moss et
al. 2011, Wheeler et al. 2016) and emits higher-energy calls than do other species in this area
(Hulgard et al. 2015).

Table 3. Canonical correspondence analyses model selection results at each scale.

200 m Buffer

Variable df F P

Forest 1 2.25 0.074
Water 1 3.27 0.031
Wetlands 1 3.85 0.015
Herbaceous 1 3.88 0.014
Cultivated 1 4.67 0.001

500 m Buffer

Variable df F P

Bridges 1 2.15 0.099
Developed 1 2.63 0.066
Water 1 3.52 0.012
Wetlands 1 3.19 0.011
Shrubland 1 6.13 0.004
Forest 1 5.13 0.003
Herbaceous 1 5.62 0.002
Cultivated 1 7.94 0.001
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Figure 3. Ordination plots from canonical correspondence (CCA) analyses of species in relation to the
constrained ordination space of land use land cover (LULC) features present in each of the 2 spatial
scales: 200 m (A) and 500 m (B). Position of arrows indicates the contribution of each LULC variable
to each CCA axis, with the strength of correlation indicated by arrow length. Species positions repre-
sent the centroid of their distribution across sampling sites in the ordination space, and their relation
to LULC variables is indicated by arrows. The 8 species we detected include: Myle = Myotis leibii,
Pesu = Perimyotis subflavus, Myso = Myotis sodalis, Mylu = Myotis lucifugus, Labo = Lasiurus
borealis, Epfu = Eptesicus fuscus, Lano = Lasionycteris noctivagans, and Laci = Lasiurus cinereus.
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Species richness, activity, and diversity were all greatest in water macrohabitats, and
grasslands supported higher bat species richness and activity than did forest or structure mac-
rohabitats (Table 2). The water and grassland macrohabitats that we sampled have features that
enhance foraging (e.g., water and more open spaces) and thus attract bats (Bruckner 2016).
While our forest and structure macrohabitats did not support the same level of richness, activity,
or diversity, we were able to record species that were undetected in other locations and species
that are listed under various endangered species protections.

While overall activity was highest for E. fuscus, in water macrohabitats M. lucifugus was
also prevalent (Table 1), agreeing with previous work (Kalcounis and Brigham 1995). Although
we did not explore species abundance, we suspect low relative activity from M. lucifiugus may
indicate populations declining due to WNS-related mortality (Frick et al. 2010). While once as
common as E. fuscus in some areas, populations of M. lucifugus have been decimated by WNS
across their range where WNS is present (Davis and Hitchcock 1965; Hoyt et al. 2020, 2021;
Kramer et al. 2019). They are now listed as endangered by the [IUCN (2021) and are currently
being considered for listing by the U.S. Fish and Wildlife Service (2024). Other acoustic stud-
ies from neighboring Massachusetts and New York also found substantial decreases (>70%)
in Myotis activity in summer post-WNS (Brooks 2011, Dzal et al. 2011). Our detections of M.
lucifugus indicate that the species is not regionally extirpated. Our research supports other stud-
ies showing that summer abundance and community composition may be driven by species less
affected by WNS, such as E. fuscus (Deeley et al. 2021b, Simonis et al. 2023). Furthermore,
persisting species may be occupying habitats or adapting to fill ecological niches once held by
formerly prevalent species (Morningstar et al. 2019).

In grassland macrohabitats, we recorded the greatest number of calls from E. fuscus
and, to a lesser extent, L. noctivagans. However, we note that the calls of E. fuscus and
L. noctivagans are similar in structure, making it difficult to differentiate potentially
skewing results. E. fuscus prefers foraging in open habitats (Coleman and Barclay 2013,
Patriquin and Barclay 2003), and it is quite possible we primarily recorded this species
there, due to this factor.

In forest macrohabitats M. lucifugus and M. sodalis were most commonly detected.
Myotis species are small-bodied with wings well adapted for navigating through cluttered
forests (Brooks 2009, Fenton and Barclay 1980, Sleep and Brigham 2003) and often roost
and forage in forested habitat (Brack et al. 2002, Fenton and Barclay 1980, Kalcounis and
Brigham 1995).

In structured macrohabitats L. noctivagans and M. leibii were the dominant species.
While L. noctivagans roosts primarily in tree crevices during summer (Barclay et al. 1988,
Betts 1998, Bohn 2017), they also roost in various human-made structures while migrat-
ing and in the winter (Kurta et al. 2018, McGuire et al. 2012). Similarly, M. leibii uses
rocky outcrops and anthropogenic structures for roosting (Johnson et al. 2011, Johnson
and Gates 2008, Moosman et al. 2015). While our study area falls within the historic range
of M. leibii (Best and Jennings 1997), they have not been documented in Connecticut for
several decades, so it was a welcome discovery to have detected this species. M. leibii was
detected in both water and structured macrohabitats in 3 separate locations (Sleeping Gi-
ant, Collis P. Huntington, and Penwood; Fig. 1). The detection of M. leibii and M. sodalis
is noteworthy because of the rarity of these species and their WNS susceptibility. Files
attributed to either M. leibii or M. sodalis received increased scrutiny in this study due to
their conservation status and overlap in call characteristics; however, we recommend that
the presence of these species be verified with capture records.

12



2025 Journal of North American Bat Research No. 11
C. Wisniewski et al.

Canonical correspondence analysis

We assessed the relation between community composition and land use at 200 and
500 m around each of our 11 recording locations, and found that detections were related
to environmental variables in similar ways. Regardless of scale, species grouped strongly
on the ordination plot in association with forests, water, and cultivated areas. However, at
200 m the preferred model included all natural LULC layers but excluded human-made
structures. Yet at 500 m, the preferred model also included all natural LULC variables but
included human-made structures. This suggests that, at smaller spatial scales, community
composition is most strongly influenced by natural land cover. Natural land cover caters
to species-specific needs for roosting (Kalcounis and Brigham 1998, Willis and Brigham
2005) and foraging (Denzinger and Schnitzler 2013), and it shapes flight and echolocation
performance (Denzinger and Schnitzler 2013). At larger spatial scales, though, bat com-
munities appear more strongly influenced by development; at 500 m, bats grouped away
from structure, bridges, and grassland. While grasslands supported high species richness
and activity, bats apparently group away from this land cover, should it border development
within larger spatial scales. Similarly, other studies have shown that in intensely modified
areas there is a decrease in overall species richness alongside an increase in the number of
individuals of opportunistic species (Avila-Flores and Fenton 2005, Krauel and LeBuhn
2016). For example, E. fuscus has been reported as the most abundant species in urbanized
areas (Arnett et al. 2008, Gehrt and Chelsvig 2008). Our findings agree with previous stud-
ies demonstrating that bats’ use of open space is a function of scale-dependent elements
within the landscape (Avila-Flores and Fenton 2005). Within smaller areas bats may be less
sensitive to some development, yet at larger scales, developed land has a negative effect on
bat community diversity. Still, relationships between species and environmental variables
should be treated with caution because a substantial amount of variability was unaccounted
for in our models, as indicated by the proportion of inertia they explained. While environ-
mental variables apparently influence the occurrence of bat detections and differ across
spatial scales, other unmeasured variables (such as food resources, disease, predation, and/
or stochasticity in movement and detection) are likely important.

At the 200 m scale, CCA axis 1 was dominated by a strong negative correlation with
herbaceous cover and a positive but weaker correlation with water. Most species’ scores
were located at the positive end of this axis away from heavily herbaceous habitats and in
habitats with open water. This could be due to roost selection of these species (primarily
trees and structures) often located closer to water resources. CCA axis 2 was related to the
presence of water (wetlands and water cover types).

At the 500 m scale CCA axis 1 showed a strong, negative correlation with developed
landscape attributes (structure macrohabitat, including bridges and development, followed
by cultivated fields and herbaceous cover) and a positive correlation with water and
wetlands followed by forest cover. Most species were on the positive side of this axis,
indicating their association with water and forest. CCA axis 2 was most closely associated
with shrubland, which showed positive, but not particularly strong, correlation. A positive
correlation is not surprising, given our general knowledge of how various species can utilize
“narrow” foraging spaces, whereas foraging bats exploit insect prey that is positioned near
background objects, such as vegetation (Denzinger and Schnitzler 2013).

The strongest associations between species and environmental variables appear to be
water with M. lucifugus and M. leibii at 200 and 500 m, as well as water with L. noctivagans
and M. sodalis at 500 m, which is not surprising because water acts as a primary gathering
spot for foraging (Greif and Siemers 2010, Mackey and Barclay 1989). Interestingly, we
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did not find a strong association between M. sodalis with water at the 200 m scale, but this may
be because we recorded too few calls (n = 44) from this endangered species to reveal a pat-
tern. Both P. subflavus and L. borealis associated away from water, regardless of scale. While
L. borealis sometimes congregates near water (Walters et al. 2007), our lack of detections in
that habitat might be explained by seasonal changes and migration patterns of the species (e.g.,
they may have already vacated and/or not yet arrived, in given recording locations; Kunz 1971,
Walters et al. 2006). It is notable that we found P. subflavus associated away from water, given
that previous work shows roost locations and activity in this species are higher around water
bodies (Cable and Willcox 2024). It may be that access to water is selected for at smaller scales
and other factors, such as access to foraging habitat, are selected for at larger spatial scales.

Our work improves our understanding of bat dynamics across a largely understudied area
and suggests how communities of bats are shaped by land use. We show greater species rich-
ness, activity, and diversity in macrohabitats that are dominated by natural water features and
grasslands. Forested landscapes are an important and common focus for habitat restoration and
preservation, and they have long been known to provide suitable habitat and allow species to
persist in larger regions that have suffered declines in biodiversity (Estrada et al. 1993, Sedgeley
and O’Donnell 1999). It appears that water macrohabitats, grasslands, and cultivated areas also
promote diverse bat assemblies. We also show that natural landscape features on a small scale
strongly predicted species distribution; however, as the lens widens to include larger spaces, the
presence of development negatively disrupted species richness, diversity, and activity. We may
see that within these modified landscapes, generalist species (e.g., E. fuscus) occupy and replace
others (e.g., WNS-affected M. sodalis, M. lucifugus, and M. septentrionalis), as has been de-
scribed in Jachowski et al. (2014). Regardless, these surviving bat communities in Connecticut
are especially important because they offer insight into potential mechanisms of disease persis-
tence (Dobony and Johnson 2018, Gignoux-Wolfsohn et al. 2021), adaptive evolution (Auteri
and Knowles 2020, Forsythe et al. 2018, Frank et al. 2014, Wilcox et al. 2014), and behavioral
plasticity (Johnson and Johnson 2024, Lilley et al. 2016) in the wake of WNS. Also, our work
reveals even more of the nuances of how bats respond to changing landscapes. With this, we
can better inform survey and conservation efforts allowing for more precise investigation on the
interaction of bats with natural and modified lands.
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