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Relative Activity of Three Bat Species Impacted by
White-nose Syndrome on the Chesapeake and Ohio Canal
National Historical Park

Megan L. Moran"", Amber S. Litterer', Jesse L. De La Cruz?, Sabrina M. Deeley',
and W. Mark Ford®

Abstract - White-nose syndrome, a disease caused by the fungal-pathogen Pseudogymno-
ascus destructans, has caused drastic reductions in populations of several North American
hibernating species of bats including Myotis lucifugus (Little Brown Bat), Myotis septen-
trionalis (Northern Long-eared Bat), and Perimyotis subflavus (Tricolored Bat). Recent
data indicate that populations of Little Brown Bats may be stabilizing and/or increasing in
the northeastern region of the US, while others, such as Northern Long-eared Bats, continue
to decline. Whether these trends extend to the mid-Atlantic region is currently unknown. To
better understand population changes over time, habitat associations, and species dynamics,
we developed models of relative activity from bat acoustic data collected on the National
Park Service’s Chesapeake and Ohio Canal National Historical Park along the Potomac
River Corridor in western Maryland between 2016 and 2022. Consistent with pre-disease
habitat associations, Little Brown Bats and Tricolored Bats exhibited a positive correlation
with proximity to water bodies. Notably, we found Little Brown Bat and Tricolored Bat
populations potentially were increasing, whereas Northern Long-eared Bats showed no
correlation with examined habitat covariates and had low detection levels, trends consistent
with broader declines throughout their range.

Introduction

Bat species in North America have suffered dramatic population declines due
to hibernacula disturbance, white-nose syndrome (WNS), wind energy develop-
ment, and habitat loss/fragmentation and urbanization (Cheng et al. 2021, Deeley
et al. 2021, Frick et al. 2010, Langwig et al. 2012, Loeb et al. 2009, True et al.
2021). Hibernating bat species have been severely impacted by the emergence of
a fungal pathogen, Pseudogymnoascus destructans (Blehert & Gargas) Minnis &
D.L. Lindner (Pd), the causative agent of WNS (Cheng et al. 2021, Lorch et al.
2011, Warnecke et al. 2012). The fungus produces lesions on the wing, face, and
ear membrane, causing infected bats to awaken more frequently from hibernation,
which results in loss of critical fat stores, dehydration, and ultimately elevated
overwintering morbidity and mortality. Infected bats that survive infection during
hibernation may experience reduced reproductive fitness due to their weakened
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condition following hibernation (Blehert et al. 2009, Francl et al. 2012, Gargas et al.
2009, Lorch et al. 2011, Warnecke et al. 2012). Since its discovery in upstate New
York in 2006, WNS has caused an estimated 90% decline in the total number of
Myotis lucifugus (Le Conte) (Little Brown Bat) and Perimyotis subflavus (Cuvier)
(Tricolored Bat) in eastern North America, triggering a Species Status Assessment
review by the US Fish and Wildlife Service (Cheng et al. 2021, Straw et al. 2022).
Myotis septentrionalis (Trouessart) (Northern Long-eared Bat) are estimated to
have declined by 97-100% across 79% of the species’ range, resulting in its listing
as endangered in the US in 2022 (Cheng et al. 2021, USFWS 2022). WNS-caused
mortality has resulted in changes in activity patterns, abundance, local and regional
distribution, and inter-specific relationships, including changes in habitat selection,
and altered spatial and temporal niche partitioning among both affected and unaf-
fected bat species (Blehert et al. 2009, Brooks 2011, De La Cruz 2024, Ford et al.
2011, Frick et al. 2010, Jachowski et al. 2014).

In addition to WNS, habitat change and forest fragmentation have further af-
fected bat abundance and local to regional bat assemblage and community structure
(Coleman and Barclay 2011, Deeley et al. 2021, Johnson et al. 2008, Loeb and
O’Keefe 2006, Loeb et al. 2009). Particularly acute in the mid-Atlantic region of
the US, expanding urbanization can dramatically impact the quality and availability
of foraging habitat, flight corridors, and roosts, translating to changes in patterns
of activity and foraging ecology of bats in these areas (Bradley and Altizer 2007,
Schimpp et al. 2018). Bat species vary widely in their ability to use landscapes
that vary from relatively intact to highly modified. While some bat species, such as
Eptesicus fuscus (Palisot de Beauvois) (Big Brown Bat), are well adapted to urban
environments for both day roosting and foraging (Duchamp and Swihart 2008,
Gaisler et al. 1998, Jung and Threlfall 2016, Kurta and Teramino 1992), this pattern
is not representative of many North American bat species, particularly those most
impacted by WNS. In contrast, species such as the Little Brown Bat, Tricolored
Bat, and Northern Long-eared Bat exhibit more complex and often constrained
responses to urbanization. For example, Little Brown Bats frequently roost in an-
thropogenic structures, including barns, houses, and transportation infrastructure
(Coleman and Barclay 2011, Fenton and Barclay 1980). However, they typically
forage within forests, riparian corridors, and wetlands (Coleman et al. 2014, Ford
et al. 2005, Litterer 2024, Menzel et al. 2005, Nocera et al. 2020, Zimmerman and
Glanz 2000), habitats that may be limited or fragmented in densely developed
urban landscapes. Tricolored Bats are associated with forests and riparian zones,
though studies from the mid-Atlantic region found that nightly activity was not
significantly influenced by fragmentation or urbanization alone and was higher in
fragmented urban parks than in fragmented rural parks (Ford et al. 2005, Johnson
et al. 2008). This pattern suggests greater tolerance of altered landscapes relative to
more fragmentation-sensitive species, such as Northern Long-eared Bats. Though
Northern Long-eared Bats will use forest edges (Jantzen and Fenton 2013), they
are far less suited to fragmented landscapes and are more commonly detected in
forest interiors foraging under closed canopies (Broders et al. 2006, De La Cruz et
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al. 2023, Ford et al. 2005, Henderson and Broders 2008, LaVal et al. 1977). This
reliance on natural foraging habitats may constrain the ability of WNS-impacted
species to persist or recover in urbanized regions, highlighting why understanding
species-specific responses to urbanization remains a critical research focus.

The Chesapeake and Ohio Canal National Historical Park (CHOH) is an ideal
mid-Atlantic study area for examining how bat activity relates to urbanization and
habitat as it spans a diverse urban-to-rural gradient and multiple physiographic re-
gions from Cumberland, MD, to Washington, DC. Prior to the emergence of WNS,
Johnson et al. (2008) used acoustic monitoring and mist-netting in 2003-2004 to
first describe bat community structure and patterns of nightly activity along this
gradient within 11 National Park Service units in the National Capital Region,
including CHOH. To assess changes in bat communities following the arrival of
WNS in Maryland (2010-2011), Deeley et al. (2021) compared mist-netting and
acoustic-sampling data from 2016-2018 with pre-WNS data collected from the
same regions and reported decreases in the abundance and distribution of Little
Brown Bats, Northern Long-ecared Bats, and Tricolored Bats in the CHOH.

More recent research suggests that some Little Brown Bat populations may be
stabilizing and even increasing in the northeastern US (Dobony and Johnson 2018,
Hoyt et al. 2021, Ineson 2020, Ineson et al. 2023). Hoyt et al. (2021) conducted
meta-analyses of published data from peer-reviewed papers and state and federal
reports and found that the growth rate of Little Brown Bats included in these study
areas was stabilizing and possibly increasing ~6 years after the introduction of
WNS. A 14-year mark-recapture study at 8 maternity colonies in New England
found that survival rates have stabilized and, in some cases, exceeded pre-WNS
levels (Ineson 2020). Additionally, projections for 3 of these colonies, incorporat-
ing both mark—recapture and 13 years of emergence data, suggested continued
growth into the future (Ineson 2020). Another study at a maternity colony on Fort
Drum Military Installation in northern New York found an 88% decline in colony
size between 2008 and 2010, followed by colony stabilization between 2010 and
2014, and growth after 2014 (Dobony and Johnson 2018).

Collectively, these studies indicate that stabilization and growth of Little Brown
Bat populations are possible in parts of the northeastern US following severe WNS-
related declines. However, it remains unclear whether colonies and/or populations
in the mid-Atlantic region have followed similar recovery trajectories. Evidence of
potential stabilization has also begun to emerge for the Tricolored Bat, though pat-
terns remain regionally variable. Some Tricolored Bat colonies are now using cooler
hibernacula microclimates that are less optimal for fungal growth (Johnson et al.
2016, Loeb and Winters 2022). After a loss of 90% of individuals hibernating in a
cave in South Carolina after the advent of WNS, the number of Tricolored Bats hi-
bernating in the site increased between 2018 to 2021 (Loeb and Winters 2022). Ad-
ditionally, southern colonies may be buffered from mortality by the absence of WNS
in the southeastern Coastal Plain, making this area a refugium for some Tricolored
Bats (Shute et al. 2021). Conversely, Northern Long-eared Bats have continued
their downward trajectory towards local extinction throughout much of their North
American distribution (Cheng et al. 2021, Hoyt et al. 2021, USFWS 2022).

106



2026 Northeastern Naturalist Vol. 33, No. 1
M.L. Moran, A.S. Litterer, J.L. De La Cruz, and W.M. Ford

Nightly acoustic recordings offer a way to track patterns of relative activity,
or the number of calls detected by an acoustic detector per night, among bat spe-
cies, allowing for comparisons across ecological and temporal variables (Deeley
et al. 2021). Based on differences in roosting ecology and foraging behavior, we
expect these 3 species to respond differently to habitat and environmental condi-
tions along the CHOH gradient. We hypothesized that Little Brown Bat activity
may be increasing in some areas, reflecting partial recovery following WNS and
their flexibility in roosting and foraging habitats. We further predicted that Little
Brown Bat activity would be highest in areas with abundant forest, riparian zones,
and wetlands, as well as some developed areas that can provide roosting oppor-
tunities. We hypothesized that Tricolored Bats would be associated with forests
and riparian zones and could show upward trends in activity. Finally, we predicted
that Northern Long-eared Bats would be associated with forest interiors and
would show no change or further declines in activity, reflecting ongoing vulner-
ability to WNS. These predictions allowed us to test how disease history, habitat
composition, and landscape development have interacted to shape species-specif-
ic patterns of relative activity. Relative-activity models for these species, derived
from nightly acoustic data collected across sites and years, provided a framework
to evaluate these hypotheses and inform conservation and management strategies
along the CHOH and similar mid-Atlantic landscapes.

Field-Site Description

We placed acoustic detectors along a 313-km stretch of the CHOH, adjacent
to the Potomac River, from Cumberland, MD, to Washington, DC (Fig. 1). The
CHOH encompasses 5980 ha, ~70% of which is forested (Miller et al. 2016). Adja-
cent cover types to the CHOH included suburban development, livestock pastures,
hayfields, and agricultural row-crops (Deeley et al. 2021). The CHOH spans 3
physiographic provinces from west to east: the Ridge and Valley, Blue Ridge Moun-
tains, and Piedmont. The Ridge and Valley province is characterized by extensive
deciduous forest cover interspersed with agricultural land, relatively low wetland
availability, moderate development concentrated in valley cities, and large tracts of
unfragmented forested ridges (VDCR 2021). The Blue Ridge Mountains are defined
by higher elevations, steep topography, and the highest proportion of contiguous,
protected forest in the region with relatively low levels of development (VCDR
2021). In contrast, the Piedmont consists of lower-relief landscapes that have been
extensively altered by agriculture and urbanization, resulting in fragmented second-
ary forests, greater development intensity, and fewer large blocks of intact natural
habitat (VCDR 2021).

Methods

Acoustic-data collection
To assess the relative activity of each bat species, we collected nightly acous-
tic data between May and September during 2016-2017 and 2020-2022 using
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stationary SM4BAT zero-crossing/frequency division acoustic detectors equipped
with SMM-UI omni-directional microphones mounted on 3-m extendable poles
(Wildlife Acoustics, Maynard, MA). Detectors were programmed to record from 30
minutes before sunset until 30 minutes after sunrise and recorded for a minimum
of 6 nights. We processed recorded acoustic calls using Kaleidoscope Pro software
v. 5.5.0 (classifier version 5.5.0; O sensitivity setting; Wildlife Acoustics) follow-
ing US Fish and Wildlife Service acoustic-monitoring protocols (USFWS 2023).
To minimize species misidentification, we only classified files that included a
minimum of 3 pulses per call file (Muthersbaugh et al. 2019). We applied USFWS
survey guideline sampling-duration protocols developed for Myotis sodalis Miller
and G.M. Allen (Indiana Bat) to survey for Little Brown Bats, Tricolored Bats, and
Northern Long-eared Bats. This protocol requires a maximum likelihood estimate
(MLE), or the probability of misclassification due to Type 1 error, with a threshold
of @ <0.05 (Ford et al. 2024, USFWS 2023). We considered species present if MLE
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Figure 1. Map of acoustic survey locations on the Chesapeake and Ohio Canal National
Historical Park, MD, during the summer of 20162017 and 2020-2022. We sampled 194
sites across 5 years with a total of 8776 detector nights. Detector locations are represented
by red circles.
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values were P < 0.05, and for values above that threshold, we considered species
absent owing to potential misclassification (Ford et al. 2024).

Habitat and weather measurements

We used the following habitat variables as covariates to model bat activ-
ity response: proportion forest (deciduous, evergreen, and mixed), proportion
lower development (areas characterized by parks, golf courses, and large-lot
residential development with substantial vegetative cover and <50% impervious
surface), proportion higher development (areas dominated by denser residential,
commercial, or industrial land uses with limited vegetative cover and >50% im-
pervious surface), proportion wetlands (woody and emergent), proportion open
non-forested (pasture, crops, shrub, and barren), and distance to water. We obtained
land-use and land-cover data from the National Land Cover Database (NLCD) 2019
raster dataset (Dewitz 2022). We incorporated proportion of each cover type into
our models by calculating the percent of each type within a 500-m radius buffer of
each recording station. We selected this buffer size to represent the local landscape
likely influencing nightly foraging activity of Little Brown Bats, Tricolored Bats,
and Northern Long-eared Bats, while minimizing overlap among sampling sites
(De La Cruz et al. 2021). We also incorporated amount of daily precipitation (4-km
resolution) into our analyses using data from the PRISM Climate Group (2023). Ad-
ditionally, we included date and year in our models to better understand activity pat-
terns within and among sampling years (Ford et al. 2011, Hoyt et al. 2021, O’Shea
et al. 2003, Loeb and Winters 2022, Perry et al. 2010). This approach allowed us to
examine finer-scale differences across individual years within the dataset. We tested
all predictor variables for potential multicollinearity (threshold = |0.6]) using the
‘corrplot’ package v. 0.95 in R v. 4.4.1 (R Core Team 2024, Wei et al. 2017). We did
not use correlated variables in the same models.

Relative-activity analysis

We examined relative bat activity in relation to habitat and weather features
in our study area, by fitting a series of candidate generalized linear mixed models
(GLMMs) based on a priori hypotheses, using the ‘glmmTMB’ package v. 1.1.10
(Brooks et al. 2017) in R. Prior to model testing, we centered and scaled all our
continuous predictor variables, facilitating model fitting and interpretation, en-
abling direct comparison of effect sizes (Schielzeth 2010). We used a zero-inflated
negative binomial generalized linear mixed model (GLMM) to account for over-
dispersed count data and excess zeros (Austin et al. 2018, Fournier et al. 2012). Our
models consisted of 2 components: (1) a count sub-model, that models the observed
counts (relative activity) assuming a negative binomial distribution, and (2) a zero-
inflation sub-model to model the probability of excess zeros in the data.

We included proportional availability of forest, lower development, higher
development, wetlands, open non-forested habitat, distance to water, precipita-
tion, day of the year (ordinal date), and year as fixed effects. Proportion forest
was correlated with proportion open non-forest and proportion wetland (threshold
=0.6]) and thus were not included in the same models. To account for repeated
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samples at individual sites, we used detector sites as a random effect. We included
the same predictor variables in the conditional and zero-inflated sub-models. We
fit models based on a priori hypotheses, modeling all continuous variables with
second-order polynomials to explore potential nonlinear relationships with bat ac-
tivity. We conducted post hoc pairwise comparisons of year using the ‘multcomp’
package v. 1.4.26 (Hothorn et al. 2016) in R with Tukey’s adjustment for multiple
comparisons to evaluate differences between factor levels (Hothorn et al. 2016).
We then compared models using Akaike’s information criterion corrected for small
sample size (AIC,; Burnham and Anderson 2002, 2004). We assessed the goodness-
of-fit and over-/under-dispersion of our top model using the ‘DHARMa’ v. 0.4.7
(Hartig 2024) and ‘stats’ v. 4.4.1 (R Core Team 2024) packages in R, including
a quantile—quantile plot, residual plot, and non-parametric bootstrap one-sample
Kolmogorov—Smirnov (K-S) test, as traditional K-S tests often are overly conser-
vative for zero-inflated distributions (Aldirawi et al. 2019; Lilliefors 1967, 1968;
Wang et al. 2020).

Finally, we assessed spatial autocorrelation using neighborhood matrices and
Moran’s I of the residuals of our models (Dray et al. 2006). Using the package ‘sp-
dep’v. 1.3.6 (Bivand et al. 2013) in program R, we created a distance-based spatial
weight matrix of our sites with a distance threshold of a 5-km radius. This distance
encompassed reported home-range sizes of all 3 species we examined (Coleman et
al. 2014, Litterer 2024, Owen et al. 2003, Thames 2020, Whitaker 1998) and en-
sures that each site has at least 1 neighbor (Bauman et al. 2018). Using this spatial
weight matrix, we then assessed the Moran’s I of the residuals of our top models to
assess residual spatial autocorrelation (Dray et al. 20006).

Results

We sampled 195 sites from 20162017 and 2020-2022 along the CHOH re-
sulting in a total of 8776 detector nights (Fig. 1). For both the Tricolored Bat and
Northern Long-eared Bat models, the top 2 models had comparable performance
(AAICc < 2; Tables 1, 2). Given their similar results, we selected the more parsi-
monious model, as both identified the same significant predictors (Burnham and
Anderson 2002). We did not have residual spatial autocorrelation, as the Moran's
I value of the residuals of our top Little Brown Bat, Tricolored Bat, and Northern
Long-eared Bat models were P =0.43, P =0.77, and P = 0.51, respectively.

The best-approximating model for Little Brown Bat relative activity on the
CHOH included day of the year, precipitation, proportion wetland, distance to
water, proportion lower development, and year (Table 3), which all had significant
relationships to Little Brown Bat activity (Table 4). In the conditional component
of the model, day of the year had a significant negative linear effect (Z = -12.45,
P <0.01) and a significant negative quadratic relationship to activity (Z =-17.16,
P < 0.01). Activity increased through the early and mid-summer, with highest ac-
tivity in July, and then decreased in the late summer and early fall (Fig. 2). Little
Brown Bat activity had a significant negative association with precipitation amount
(Z=-3.87, P<0.01; Fig. 2), though the quadratic term was positive and significant
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(Z=2.67, P=0.01). Little Brown Bat activity had a significant positive quadratic
relationship with proportion of wetlands, whereby activity dipped with lower/
medium proportions, and then increased exponentially as proportion of wetlands

Table 1. Rankings of models predicting summer Perimyotis subflavus (Tricolored Bat) activity on the
Chesapeake and Ohio Canal National Historical Park, MD, 20162017, 2020-2022, with k (number
of parameters), Akaike’s information criteria corrected (AIC,) value corrected for small sample size,
difference in AIC, value between best supported model and i model (AAIC,), and w; (model weight).

Model k AlCc AAICc  w;

Day + Day” + Precipitation + Precipitation® + Distance to water 25 28,086.9 0.00 0.51
+ Distance to water? + Year + (1|Site)

Day + Day” + Precipitation + Precipitation® + Distance to water 29 28,087.31  0.42 0.42
+ Distance to water* + Proportion wetland + Proportion
wetland > + Year + (1|Site)

Day + Day” + Precipitation + Precipitation® + Proportion wetland 21 28,091.21  4.31  0.06
+ Proportion wetland® + Year + (1|Site)

Day + Day” + Precipitation+ Precipitation® + Proportion low 37 28,097.14 10.23  0.003
development + Proportion low development?® + Proportion
high development + Proportion high development® + Proportion
forest + Proportion forest® + Distance to water + Distance to
water® + Year + (1/Site)

Day + Day” + Precipitation+ Precipitation® + Proportion low 41 28,195.31 18.4  0.0001
development + Proportion low development?® + Proportion
high development + Proportion high development® + Proportion
open nonforest + Proportion open nonforest® + Proportion wetland
+ Proportion wetland” + Distance to water + Distance to water?
+ Year + (1|Site)

Table 2. Rankings of models predicting summer Myotis septentrionalis (Northern Long-eared Bat)
activity on the Chesapeake and Ohio Canal National Historical Park, MD, 2016-2017, 2020-2022,
with k (number of parameters), Akaike’s information criteria corrected (AIC,) value corrected for
small sample size, difference in AIC, value between best supported model and i model (AAIC,), and
w; (model weight).

Model k  AlCc AAICc  w;

Day + Day” + Proportion low development + Proportion low 21 7028.99 0.00 0.54
development® + Year + (1|Site)

Day + Day” + Year + (1|Site) 17 7030.30 1.30 0.28

Day + Day” + Precipitation+ Precipitation® + Proportion low 25 7031.29 230 0.17
development + Proportion low development® + Year + (1|Site)

Day + Day” + Precipitation+ Precipitation” + Proportion low 37 7045.87 16.87 0.0001

development + Proportion low development® + Proportion
high development + Proportion high development® + Proportion
forest + Proportion forest® + Distance to water + Distance to
water” + Year + (1|Site)
Day + Day” + Precipitation+ Precipitation” + Proportion low 41 7051.56  22.57 0.00001
development + Proportion low development® + Proportion
high development + Proportion high development® + Proportion
open nonforest + Proportion open nonforest® + Proportion wetland
+ Proportion wetland” + Distance to water + Distance to water
+ Year + (1]Site)
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increased (Z = 2.33, P = 0.02; Table 4, Fig. 2). Lower development as a propor-
tion of the landscape had a significant negative linear relationship (Z = -3.05, P =
< 0.01) and a significant quadratic relationship with Little Brown Bat activity (Z =
2.33, P = 0.02). Relative activity significantly increased in all years compared to
2016, with the highest effect observed in 2022 (B =1.65, Z=6.18, P <0.01). Post
hoc pairwise comparisons revealed that Little Brown Bat activity was significantly
higher in 2022 compared to all other years (P < 0.01). Activity in 2016 was signifi-
cantly lower than in 2017 (Z=3.24, P=0.01), 2020 (£=3.27, P=10.01), 2021 (Z=
3.87,P<0.01), and 2022 (Z=6.18, P <0.01). However, no significant differences
were observed between 2017, 2020, and 2021 (P > 0.05) (Fig. 2).

For the zero-inflation component of the Little Brown Bat model, year was a
significant predictor, with the probability of excess zeros decreasing in later years
(Table 4). This result indicates that Little Brown Bats were more consistently
present at sites in later years: 2017 (Z = -5.66, P < 0.01), 2020 (Z =-3.91, P <
0.01), 2021 (Z = -10.76, P < 0.01), and 2022 (Z = -13.32, P < 0.01). Addition-
ally, day of year exhibited significant effects on zero-inflation, with both the
linear (Z=6.79, P <0.01) and quadratic terms (Z = 10.31, P <0.01) significantly
contributing to the model (Table 4). Distance to water and proportion wetland
also had significant effects on zero-inflation probabilities. Distance to water had

Table 3. Rankings of models predicting summer Myotis lucifugus (Little Brown Bat) activity on the
Chesapeake and Ohio Canal National Historical Park, MD, 2016-2017, 2020-2022, with k (number
of parameters), Akaike’s information criteria corrected (AIC,) value corrected for small sample size,
difference in AIC, value between best supported model and i model (AAIC,), and w; (model weight).

Model k  AICc AAICc  w;

Day + Day” + Precipitation + Precipitation” + Distance to water 33 52310.18 0 0.63
+ Distance to water” + Proportion wetland + Proportion
wetland® + Proportion low development + Proportion low
development® + Year + (1|Site)
Day + Day” + Precipitation + Precipitation” + Proportion low 37 52312.18 2.00 0.23
development + Proportion low development? + Distance to
water + Distance to water” + Proportion open nonforested +
Proportion open nonforested >+ Proportion wetland + Proportion
wetland?® + Year + (1|Site)
Day + Day” + Precipitation+ Precipitation® + Proportion low 29 5231357 3.40 0.12
development + Proportion low development® + Proportion
wetland + Proportion wetland” + Year + (1|Site)
Day + Day” + Precipitation+ Precipitation® + Proportion low 41 52319.03  8.85 0.001
development + Proportion low development® + Proportion
high development + Proportion high development® + Proportion
open nonforest + Proportion open nonforest® + Proportion
wetland + Proportion wetland” + Distance to water + Distance to
water’ + Year + (1|Site)
Day + Day” + Precipitation+ Precipitation® + Proportion low 37 52326.52 16.35 0.0002
development + Proportion low development® + Proportion
high development + Proportion high development® + Proportion
forest + Proportion forest” + Distance to water + Distance to
water” + Year + (1|Site)
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a positive linear relationship (Z =2.52, P =0.01), but a significant negative qua-
dratic effect (Z = -2.35, P = 0.02). Proportion wetland on the landscape also had
a positive linear effect (Z = 3.14, P < 0.01) and a stronger significant negative
quadratic effect (Z = -3.20, P < 0.01). Lower development was not significant in
the zero-inflated component of the model (Table 4).

Table 4. Predictor variables, beta coefficients (f) and standard error (SE) estimates, Z-values, and P-
values of best supported model predicting nightly relative (i.e. number of nightly echolocation record-
ings; conditional sub-model) and probable (i.e. likelihood of zero recordings; zero-inflated model)
summer activity of Myotis lucifugus (Little Brown Bat) on the Chesapeake and Ohio Canal National
Historical Park, Maryland, 2016-2017, 2020-2022. Day and Day*: Terms of the linear and quadratic
polynomial effects of day of the year; Precipitation and Precipitation’: Terms of the linear and polyno-
mial quadratic effects of daily precipitation (mm); Proportion wetland and Proportion wetland®: Terms
of the linear and polynomial quadratic effects of proportion wetland within a 1km buffer of each site;
Distance to water and Distance to water’: Terms of the linear and polynomial quadratic effects of Eu-
clidean distance to water; Proportion lower development and Proportion lower development®: Terms
of the linear and quadratic effects of proportion lower development within a 1km buffer of each site;
Year 2017, Year 2020, Year 2021, Year 2022: Terms of the effects of each year as a categorical vari-
able. * indicates statistically significant P-values.

Parameter s SE VA P(>|z))

Conditional model
Day -0.20 0.02 -12.45 <0.001*
Day? -0.25 0.02 -17.16 <0.001*
Precipitation(mm) -0.09 0.02 -3.87 <0.001*
Precipitation(mm)? 0.01 0.004 2.67 0.008*
Proportion wetland -0.33 0.19 -1.73 0.08
Proportion wetland? 0.20 0.09 2.33 0.02%*
Distance to water(m) 0.41 0.24 1.71 0.09
Distance to water(m)> -0.07 0.07 -0.90 0.37
Proportion lower development -0.30 0.10 -3.05 0.002*
Proportion lower development? 0.05 0.02 2.33 0.02%*
Year2017 0.75 0.23 3.24 0.001*
Year2020 0.91 0.28 3.27 0.001*
Year2021 1.04 0.27 3.87 <0.001*
Year2022 1.65 0.27 6.18 <0.001*

Zero-inflated model
Day 0.22 0.03 6.79 <0.001*
Day? 0.31 0.03 10.32 <0.001*
Precipitation(mm) 0.14 0.05 2.98 0.002*
Precipitation(mm)? -0.02 0.01 -1.93 0.05
Proportion wetland 1.22 0.39 3.14 0.002*
Proportion wetland? -0.60 0.19 -3.20 0.002*
Distance to water(m) 1.23 0.49 2.52 0.01*
Distance to water(m)> -0.39 0.17 -2.35 0.02%
Proportion lower development 0.30 0.21 1.47 0.14
Proportion lower development®  -0.08 0.05 -1.74 0.08
Year 2017 -1.23 0.22 -5.66 <0.001*
Year 2020 -1.25 0.32 -3.91 <0.001*
Year 2021 -3.14 0.29 -10.76 <0.001*
Year 2022 -3.96 0.30 -13.32 <0.001*
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Figure 2. Partial effect plots of predicted Myotis lucifugus (Little Brown Bat) relative activ-
ity (number of calls per detector-night; and 95% confidence interval) for significant vari-
ables, based on data from the Chesapeake and Ohio Canal National Historical Park, MD,

2016-2017, 2016-2017, 2020-2022.
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The best-approximating model for Tricolored Bat relative activity on the
CHOH included day of the year, precipitation, distance to water, and year, with
1 competing model (AAIC, < 2; Table 1), which included the same covariates as
well as proportion wetlands (Table 5). This model passed goodness-of-fit tests.
In the conditional component of the model, like for Little Brown Bats, day of the
year had a significant negative linear effect (Z=-6.88, P <0.01) and a significant
negative quadratic relationship to Tricolored Bat activity (Z =-13.92, P < 0.01).
Activity increased through the early and mid-summer, with highest activity in
July, and then decreased in the late summer and early fall (Fig. 3). Precipitation
had a small, but significant, negative effect (Z = -1.99, P = 0.046), whereas its
quadratic term was not significant (Z = 0.28, P = 0.78) (Table 5). Distance to wa-
ter was not significant in the conditional component of our model. Post hoc Tukey
comparisons indicated significant differences in activity rates among years. All
years had significant differences in activity (P < 0.01), with greater activity in
later years (Table 5, Fig. 3).

Table 5. Predictor variables, beta coefficients (f) and standard error (SE) estimates, z-values, and
P-values of best supported model predicting nightly relative (i.e. number of nightly echolocation
recordings; conditional sub-model) and probable (i.e. likelihood of zero recordings; zero-inflated
model) summer activity of Perimyotis subflavus (Tricolored Bat) on the Chesapeake and Ohio Canal
National Historical Park, MD, 2016-2017, 2020-2022. Day and Day?*: Terms of the linear and qua-
dratic polynomial effects of day of the year; Precipitation and Precipitation®: Terms of the linear and
polynomial quadratic effects of daily precipitation (mm); Distance to water and Distance to water’:
Terms of the linear and polynomial quadratic effects of Euclidean distance to water; Year 2017, Year
2020, Year 2021, Year 2022: Terms of the effects of each year as a categorical variable. * indicates
statistically significant P-values.

Parameter p SE Z P(>|z|)

Conditional model
Day -0.16 0.02 -6.88 <0.001*
Day? -0.29 0.02 -13.91 <0.001*
Precipitation(mm) -0.07 0.03 -1.99 0.046*
Precipitation(mm)? 0.002 0.01 0.28 0.78
Distance to water(m) -0.68 0.35 -1.92 0.06
Distance to water(m)> 0.17 0.12 1.34 0.18
Year2017 1.16 0.21 5.49 <0.001*
Year2020 2.56 0.32 8.00 <0.001*
Year2021 3.58 0.31 11.58 <0.001*
Year2022 3.58 0.31 12.73 <0.001*

Zero-inflated model
Day -0.12 0.03 -3.58 <0.001*
Day? 0.19 0.03 6.00 <0.001*
Precipitation 0.03 0.05 0.57 0.57
Precipitation? 0.01 0.01 0.91 0.37
Distance to water 1.08 0.43 2.53 0.01%*
Distance to water? -0.29 0.15 -1.96 0.05%
Year 2017 -0.22 0.21 -1.04 0.30%*
Year 2020 1.33 0.33 3.97 <0.001*
Year 2021 0.06 0.30 0.21 0.84
Year 2022 -0.07 0.31 -0.21 0.83
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In the zero-inflation component of the Tricolored Bat model, year had a signifi-
cant increase in zero-inflation for 2020 (Z=3.97, P <0.01) but no significant effects
for other years (Table 5). Day of the year had a negative linear effect (Z=-3.58, P <
0.001), while its quadratic term had a positive effect (Z=5.99, P <0.01). Distance
to water was positively significant (Z=2.53, P =0.01), whereas its quadratic term
showed a marginal negative effect (Z =-1.96, P = 0.05). Precipitation was not sig-
nificant in the zero-inflation component (Table 5).

The best-approximating model for Northern Long-eared Bat relative activ-
ity on the CHOH included day of the year and year (Table 2). This model passed
goodness-of-fit tests. A competing model (AAICc < 2) also included proportion
lower development in the landscape, though it was not a significant predictor. In the
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Figure 3. Partial effect plots of predicted Perimyotis subflavus (Tricolored Bat) relative
activity (number of calls per detector-night; and 95% confidence interval) for significant
variables, based on data from the Chesapeake and Ohio Canal National Historical Park,
MD, 2016-2017, 2020-2022.
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conditional component of our model, day of the year and year had significant as-
sociations with activity (Table 6). The linear effect of day of the year was positively
significant (Z = 2.27, P = 0.02) for Northern Long-eared Bats, but unlike for Little
Brown and Tricolored bats, the quadratic term was non-significant (Z = -0.04, P =

Table 6. Predictor variables, beta coefficients (f) and standard error (SE), z-values, and P-values of
best supported model predicting nightly relative (i.e. number of nightly echolocation recordings;
conditional sub-model) and probable (i.e. likelihood of zero recordings; zero-inflated model) summer
activity of Myotis septentrionalis (Northern Long-eared Bat) on the Chesapeake and Ohio Canal Na-
tional Historical Park, MD, 2016-2017, 2020-2022. Day and Day”: Terms of the linear and quadratic
polynomial effects of day of the year; Year 2017, Year 2020, Year 2021, Year 2022: Terms of the ef-
fects of each year as a categorical variable. * indicates statistically significant P-values.

Parameter s SE zZ P(>|z])
Conditional model
Day 0.10 0.04 2.27 0.02*
Day’ -0.002 0.04 -0.04 0.96
Year2017 0.44 0.68 0.65 0.52
Year2020 1.31 0.66 2.00 0.05%
Year2021 2.37 0.61 3.89 <0.001*
Year2022 2.71 0.61 4.42 <0.001*
Zero-inflated model
Day -0.02 0.05 -0.56 0.58
Day? -0.21 0.05 -4.54 <0.001*
Year 2017 0.67 0.59 1.13 0.26
Year 2020 0.18 0.62 0.29 0.78
Year 2021 -0.84 0.59 -1.44 0.15
Year 2022 -0.46 0.59 -0.78 0.44
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Figure 4. Partial effect plots of predicted Myotis septentrionalis (Northern Long-eared Bat)
relative activity (number of calls per detector-night; and 95% confidence interval) for sig-
nificant variables, based on data from the Chesapeake and Ohio Canal National Historical
Park, MD, 2016-2017, 2020-2022.

117



2026 Northeastern Naturalist Vol. 33, No. 1
M.L. Moran, A.S. Litterer, J.L. De La Cruz, and W.M. Ford

0.96) (Table 6, Fig. 4). There were significant differences in Northern Long-eared
Bat activity among years, with post-hoc Tukey comparisons indicating activity in
2021 and 2022 was significantly higher than in 2016 (Z=3.89, P < 0.01; Z=4.42,
P <0.01, respectively) and 2017 (Z =4.44, P <0.01; Z=5.18, P < 0.01, respec-
tively). Additionally, 2021 had a significantly higher detection rate than 2020 (Z =
3.24, P <0.01), and 2022 had a significantly higher detection rate than both 2020
(Z=4.27,P<0.01) and 2021 (Z=3.53, P < 0.01). However, there were no signifi-
cant differences between 2017 and 2016 (Z = 0.65, P = 0.96) or between 2020 and
2016 (Z=2.00, P=0.23). Similarly, 2020 and 2017 did not differ significantly (Z =
1.82, P = 0.32; Table 6, Fig. 4).

For the zero-inflated component of the Northern Long-eared bat model, the
quadratic term for day was negative and significant (Z = -4.54, P < 0.01), sug-
gesting that low activity was most common in early spring and late fall, with the
lowest probability of zeros occurring in mid-summer. However, year effects were
non-significant, indicating that the probability of zero inflation did not differ across
years (Table 6).

Discussion

Our results indicate that, following severe declines associated with WNS, rela-
tive activity of Little Brown and Tricolored Bats along the CHOH has increased in
recent years. Consistent with our predictions, relative activity of Little Brown Bat
increased significantly in 2021 and 2022 compared to 2016, suggesting increased
use of the landscape or greater nightly activity at monitored sites. These patterns are
consistent with reports of stabilization in some northeastern populations (Dobony
and Johnson 2018, Hoyt et al. 2021, Ineson et al. 2023), and though these patterns
alone cannot confirm population recovery, they may indicate as much. Additionally,
as there is the chance populations could exhibit a cyclical pattern of increases fol-
lowed by decreases due to density-dependent transmission of Pd, whereby larger
colonies could lead to greater Pd spread and mortality from WNS (Langwig et al.
2012), continued monitoring might be beneficial to verify continued population
growth into the future.

Similar to Little Brown Bats on the CHOH during this time period, Tricolored
Bats exhibited increasing activity across years. There is evidence of persistence and
even slight population increases in more southern regions of Tricolored Bat distri-
bution (Loeb and Winters 2022). Factors contributing to this trend may include the
use of culvert and transportation structures as hibernacula, which may offer more
stable temperatures and less suitable substrate to support Pd (Andersen et al. 2022,
Grider et al. 2021, Newman et al. 2021). Moreover, hibernation periods along por-
tions of the CHOH may be shorter than those found in the Northeast or the more
mountainous adjacent portions of the Ridge and Valley and Appalachian Plateau
(Boyles et al. 2020, Dunbar and Brigham 2010, Wolbert et al. 2014).

Northern Long-eared Bat activity also appears to be increasing in later years,
with 2021 and 2022 exhibiting significantly more activity than preceding years.
However, it is important to note that Northern Long-eared Bats site-night acoustic
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observations overall were very low, with ~6% of sites detecting this species per
night and an overall mean relative activity of 0.90. In contrast, Little Brown
Bats were detected on 50% of site-nights with a mean relative activity of 34.26,
and Tricolored Bats were detected on 25% of site-nights with a mean relative
activity of 12.67. These low detection rates suggest that even seemingly large
proportional increases in the number of recorded calls could represent very small
absolute changes, limiting the biological relevance of such trends. For example,
doubling in activity could result in an increase from just 1 to 2 echolocation
calls on a nightly basis. This change would still be exceedingly low and would
not indicate a meaningful population trend, particularly for a species that prior
to WNS was among the most common bats in the region (Deeley et al. 2021).
Although not indicative of population growth over time, this increase in all spe-
cies activity in 2021 may reflect a higher recruitment year, possibly due in part
to the 17-year periodical Magicicada spp. (cicada) emergence cylce. The Brood
X emergence may have either enhanced survival of remaining bats or attracted
individuals from non-cicada areas into the existing population (Litterer 2024).
Based on guano analyses, Little Brown Bats, which are of similar size to Northern
Long-eared Bats, have been confirmed to feed on cicadas (Isenhour et al. 2024).
The emergence provides a pulse of large, energy-rich prey that is easily captured
(Maier 1982), which may have led to local immigration, higher pup survival, and
improved body condition of bats entering hibernation.

Relative activity of Little Brown Bats increased from late spring to early sum-
mer, peaking in late June. As observed from other research, this period of greater
activity aligns with influx of newly volant bats when the pups begin foraging on the
landscape (Fenton and Barclay 1980, Ford et al. 2011). Patterns of relative activ-
ity of Tricolored Bats were similar, with the highest activity in early July. Relative
activity of Northern Long-eared Bats was lowest in the early portion of the summer
survey period and gradually increased into late summer and fall. This pattern may
be driven by juvenile recruitment during the maternity season, but if local maternity
colonies failed, as reported in the Central Appalachian Mountains (Francl et al.
2012, Kalen et al. 2022), it could also reflect early dispersal of surviving individuals
to nearby hibernacula. This pattern of low Northern Long-eared Bat activity led to
a lack of significance for the quadratic effect of day in the conditional component
of our model. However, the zero-inflated component of the Northern Long-eared
Bat model suggests that excess non-detection nights were most common during the
early and later portions of our survey seasons. Accordingly, from this analytical
perspective, the seasonal trend for the Northern Long-eared Bat is similar to that of
the Little Brown Bat and Tricolored Bat.

Unsurprisingly, both Little Brown Bat and Tricolored Bat activity was negatively
associated with precipitation, as foraging decreases during periods of precipitation
on the surrounding landscape (Patriquin et al. 2016, Smith and McWilliams 2016).
The habitat associations identified in our models also have been supported by previ-
ous research (Fenton and Barclay 1980). Proportion of wetlands was significant in
both components of the Little Brown Bat model, with activity initially decreasing
at lower to moderate levels of wetland coverage but then increasing exponentially
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as the proportion of wetlands rises, which is consistent with the quadratic trend in
the zero-inflated component, where the likelihood of zero events increases at lower
wetland proportions but decreases at higher proportions. Though distance to water
was not significant in the conditional component of the model, there was a similar
trend to wetlands in the zero-inflated component of the model. Although distance to
water did not strongly influence activity at sites where Little Brown Bats were pres-
ent, it was an important predictor of whether bats were detected at all. Specifically,
the probability of zero detections was lowest at intermediate distances from water,
suggesting a unimodal relationship. This result suggests that water availability pri-
marily affects site use rather than activity intensity, highlighting an optimal range
of distances where bats are most likely to occur. These findings align with previous
work showing that water is a key resource for foraging and commuting bats (Cole-
man and Barclay 2011, Ford et al. 2005, Litterer 2024, Menzel et al. 2005, Nocera
et al. 2020, Zimmerman and Glanz 2000), but uniquely, our results demonstrate an
intermediate optimum rather than a simple linear effect. Little Brown Bat relative
activity also decreases with increasing amounts of lower development, but then
begins to increase again, as explained by negative linear and positive quadratic
relationship between proportion lower development and activity. Little Brown
Bats are commonly associated with both rural and suburban areas (Fenton and
Barclay 1980, Coleman et al. 2014, Litterer 2024, Nocera et al. 2020, Zimmerman
and Glanz 2000), possibly due to abundance of anthropogenic structures for day-
roosting (Coleman and Barclay 2011, Davis and Hitchcock 1965, Frick et al. 2010,
Olson and Barclay 2013, Reimer et al. 2016). This pattern may reflect nightly activ-
ity patterns, roosting in less developed rural areas (with structures) and foraging in
riparian areas and wetlands with little development nearby (Coleman and Barclay
2011, Fenton and Barclay 1980). Relative activity patterns of Tricolored Bats were
similar to those of Little Brown Bat with their relationship with distance to water.
Though not significant in the conditional component of the model, the results of
the zero-inflated component suggest that as distance to water increases, so does the
probability of zero detections. Tricolored Bats were more likely to be detected at
sites closer to water. Similar to Little Brown Bats, Tricolored Bats tend to forage
close to, or above water and are commonly associated with riparian habitat (Cable
and Willcox 2024, Ford et al. 2005, Leput 2004, Menzel et al. 2005, O’Keefe et al.
2009, Veilleux et al. 2003).

Overall, our findings underscore the importance of wetland habitats and
proximity to water for Little Brown Bats and Tricolored Bats, aligning with
their known habitat use. Because the CHOH National Historical Park provides
a protected corridor of these habitats along the Potomac River, it represents an
important resource for these species, particularly in the context of an increasingly
changing landscape due in part to continued development and urbanization along
the Potomac River corridor, particularly eastward towards the Washington, DC,
metropolitan area (Dewitz 2022, USFWS 2011). The observed increases in Little
Brown Bat and Tricolored Bat activity in recent years may reflect changes in bat
use of the area and recovery; however, confirming actual population changes will
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ultimately require actual counts of bats through roost surveys or capture—recap-
ture studies. The persistence of these species may reflect localized adaptations or
temporary environmental shifts favoring their survival. Conversely, relative activ-
ity of Northern Long-eared Bats in our study area remains low and is consistent
with broader declines observed in other studies (Cheng et al. 2021, Hoyt et al.
2021, Hyzy et al. 2020, Perea et al. 2024). Continuous research and monitoring
would be needed to understand the long-term impacts of environmental changes
and conservation efforts on these bat populations.
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