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Adaptability and vulnerability of high
flying Neotropical aerial insectivorous bats
to urbanization

Kirsten Jung1* and Elisabeth K. V. Kalko1,2

INTRODUCTION

Worldwide, humans are transforming landscapes and funda-

mentally alter biodiversity patterns and ecosystem functioning

(e.g. Vitousek et al., 1997; Ellis & Ramankutty, 2008). The

steady increase in human population puts pressure on areas

with pristine habitats, mainly because of agricultural expansion

and urbanization, typically with detrimental effects on the

associated wildlife. Urbanization as a dominant demographic

trend (Pickett et al., 2001) involves some of the most extreme

forms of land use alteration (Shochat et al., 2006). This is

particularly true for the species-rich tropics (Myers et al.,

2000), including Central and South America, where human

population is projected to nearly double by the year 2050
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ABSTRACT

Aim Urbanization is a dominant demographic trend throughout the world that

involves massive habitat alterations. Understanding how urbanization affects

biota is a crucial prerequisite for development and application of effective species

conservation programmes. Our study focuses on Neotropical high flying aerial

insectivorous bats, an ecologically important, but so far seriously understudied

group of vertebrates.

Location Panama.

Methods Using acoustic monitoring, we assessed and compared species

occurrence, composition and activity of aerial insectivorous bats at three site

categories located on the isthmus in Panama: forest, urban areas and a forest–

town interface.

Results In 2 years of field work, we recorded 44,744 bat passes over the

microphone and identified a total of 25 aerial insectivorous bat species. Species

richness was highest in the forest, decreased towards the forest–town interface and

was lowest at the urban sites, while dominance (Berger-Parker-Index) increased

from the forest to the urban sites. Overall, general bat activity (passes min)1) was

highest at the forest–town interface and lowest at the urban sites. Multivariate

analysis suggests compositional differences in species occurrence and activity

among site categories with mainly molossid species occurring in urban areas.

Main conclusions Our results clearly demonstrate species-specific differences

between high flying aerial insectivorous bats concerning their adaptability and

vulnerability to urban areas. Our results suggest that a suite of morphological

traits including species mobility determine persistence of aerial insectivorous

species in cities. Our results underline the necessity for detailed assessments of

species-specific habitat requirements and dynamics of species occurrence and

activity over time to develop meaningful conservation tools targeted at aerial

insectivorous bats.

Keywords

Acoustic monitoring, adaptability, anthropogenic influence, chiroptera,

conservation, Panama.
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(United Nations, 2008). This underlines the necessity for

conservation-related studies in tropical areas where anthropo-

genic growth directly interacts with the highest levels of

biodiversity (Rompré et al., 2008).

Some species of wildlife are capable to adjust to urban

conditions as they can exploit refuse as food and man-made

structures as roost sites (e.g. Bowers & Breland, 1996; Fedriani

et al., 2001; McKinney, 2002; Prange & Gehrt, 2004; Prange

et al., 2004; Williams et al., 2006). Other species, however,

disappear from urban areas as they depend on food, shelter

and habitats that are rarely found in cities. Consequently, only

a few species persist in urban environments, and overall local

species richness tends to decline with increasing urbanization

(McKinney, 2002; Shochat et al., 2006). This also results in

altered assemblage structures in urban environments, often

with a few highly abundant species, which account for a much

higher proportion of the whole community in urban environ-

ments compared to the surrounding wildlands (Shochat et al.,

2006). Population- and assemblage-level responses to urban-

ization have been examined most profoundly for the highly

diverse and mobile group of birds (McKinney, 2002; McDon-

nell & Hahs, 2008). This has lead to a classification of species

into three categories, namely urban avoiders, urban adapters

and urban exploiters (e.g. Blair, 2001; McKinney, 2002). In

birds, urban avoiders that are not found in anthropogenically

modified landscapes or urban environments are typically forest

interior species such as tree foraging insectivores and many

ground nesting birds (McKinney, 2002). Urban adapters refer

to species that can adapt to anthropogenic landscapes,

profiting from additional resources provided by humans.

Most birds in this category are typical edge species, including

ground foragers, seedeaters and aerial sweepers (McKinney,

2002). Finally, urban exploiters are species where populations

depend largely on resources provided by humans (Johnston,

2010) including food or habitat structures (Blair, 2001;

McKinney, 2002; Shochat et al., 2004). Avian urban exploiters

are often species evolutionarily adapted to rocky areas, which

permits increased population sizes in urbanized areas

(McKinney, 2002; Johnston, 2001).

Bats are the only mammals capable of active flight. Similar

to birds, the ability to fly allows bats to move easier between

habitat patches compared to non-flying vertebrates. Especially

the group of aerial insectivorous bats which forage for insects

on the wing includes highly mobile species some of which are

able to cover large distances of many kilometres in a single

night (Avila-Flores & Fenton, 2005). Individual species of

aerial insectivorous bats in temperate and tropical areas take

advantage of anthropogenically modified landscapes for exam-

ple by using roosting sites in houses (Gaisler et al., 1998; Kössl

et al., 1999) and by exploiting insects around street lights

(Rydell, 1992; Lesiñski et al., 2000; Avila-Flores & Fenton,

2005; Jung & Kalko, 2010). However, other aerial insectivorous

bat species appear to avoid human-modified landscapes (e.g.

Gaisler et al., 1998; Lesiñski et al., 2000; Pottie et al., 2005;

Jung & Kalko, 2010) and areas with reduced forest cover

(Estrada-Villegas et al., 2010). This suggests that, as it has been

shown for birds, the ability of aerial insectivorous bats to

persist in anthropogenically transformed landscapes might be

highly species-specific. Hence, in-depth knowledge on ecolog-

ical demands of individual species is required to forecast local

extinction risks and to propose adequate conservation strat-

egies in an increasingly urbanized world.

In the Neotropics, aerial insectivorous bats, which provide

essential ecosystem services by controlling insect populations

(Federico et al., 2008; Kalka et al., 2008; Williams-Guillén

et al., 2008), constitute about a third of the local bat

assemblages in the lowlands (Kalko et al., 2008). Known to

forage primarily along forest edges and in semi-open space

within the forest (edge space) or far from vegetation above the

canopy (open space) (Schnitzler & Kalko, 2001), they go

almost unaccounted in ecological monitoring studies, as they

are rarely sampled by harp traps or mist nets (Kalko &

Handley, 2001; Hourigan et al., 2008; MacSwiney et al., 2008;

Flaquer et al., 2009). As a consequence, local distribution and

activity patterns as well as (micro)habitat associations of many

Neotropical aerial insectivorous bats remain largely unknown.

Our study focuses on vulnerability and adaptability of

Neotropical aerial insectivorous bats flying at and above the

canopy level in edge and open space (hereafter: high flying aerial

insectivorous bats) by comparing species richness and activity

patterns in three habitat categories forest, urban areas and a

forest–town interface situated across the isthmus of Panama.

With two major cities, Colon and Panama City, at each side of

the isthmus, urbanization is one of the most important factors

influencing habitat change in this area (Rompré et al., 2008).

This situation is similar to many tropical landscapes, where

forests and their biota are facing rapid changes because of a

multitude of anthropogenic threats (Laurance, 2007).

We expected that species richness of high flying aerial

insectivorous bats should be highest at the forest sites because

of higher structural diversity (Fischer & Lindenmayer, 2007)

associated with a higher variety of roost types (Barclay & Kurta,

2007) and prey diversity (Haddad et al., 2009). We further

presumed a subset of species being present in the forest–town

interface and even fewer species in the city. In addition, we

predicted higher general activity and foraging activity of aerial

insectivorous bats at forest sites and at the forest–town interface

compared to urban areas, as abundance of potential prey should

be higher in natural or semi-natural areas. Finally, we discuss

whether high flying aerial insectivorous bats can be classified as

urban avoiders, urban adapters and urban exploiters sensu Blair

(2001) and McKinney (2002) and evaluate morphological traits

such as body mass, forearm length, wing morphology and

echolocation frequency, which might in part influence whether a

species avoids or adjusts to urban environments.

METHODS

Study region

We investigated species composition and foraging activity of

high flying aerial insectivorous bats in the Panama Canal
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corridor, Republic of Panamá. At present, about 50% of the

forest in the Panama Canal corridor are included in national

parks (Robinson et al., 2004). However, the area is exposed to

strong urbanization pressure particularly on the Pacific side of

the isthmus (Rompré et al., 2008) where 1.7 million people

live in the rapidly growing capital of Panama City and its

surroundings [Instituto National de Estatistica y Censo

(INEC), Panama, 2010, http://www.censos2010.gob.pa].

Annual rainfall varies across the isthmus from the wet

Caribbean side (2900 mm rain per year) to the drier Pacific

side (1800 mm rain per year). A pronounced dry season starts

in mid-December and ends at the beginning of April. Annual

daily temperatures average 27�C, and nighttime temperatures

account for 23�C throughout the year and region (meteoro-

logical and hydrological branch of the Panama Canal Author-

ity, http://striweb.si.edu/esp/index.php).

Recording sites

We consistently used high structures for the investigation of

high flying aerial insectivorous bats to assure high quality and

equal recording conditions (edge to open space above canopy,

see Fischer et al., 2009). Acoustic recording sites were located

in the three main habitat types (hereafter: site categories)

present in the Panama Canal corridor (Fig. 1): forest (N = 4),

urban areas (N = 2) and a forest–town interface (N = 1;

Fig. 1).

All forest recording sites were located in tropical moist forest

(Holdridge, 1967) with rather similar structure and a closed

canopy at about 40 m (Condit et al., 2001). We conducted

acoustic monitoring on (1) the platform of a 50-m tall crane

operated by the Smithsonian Tropical Research Institute

(STRI) in the forest of San Lorenzo, Fort Sherman

(9653 ha), (2) a tower (45 m) on the STRI field station, Barro

Colorado Island (BCI; 1500 ha), (3) the observation platform

(40 m) of the Gamboa Rainforest Resort (hereafter: Gamboa

Forest) and (4) the platform of a former radio tower, now the

Canopy Tower Hotel (40 m), both located in Soberania

National Park (22104 ha). Most of the forest surrounding

our recording sites classify as mature secondary forest

(approximately 100 years) (Condit et al., 2001; Ibáñez et al.,

2002; Rompré et al., 2008). Only a few patches of old growth

forest (400–600 years) remain on Barro Colorado Island and in

Fort Sherman (Pyke et al., 2001).

The two urban recording sites were located in the centre of

Panama City surrounded by densely populated (INEC Pan-

ama, 2010), for the most part degraded and noisy neighbour-

hoods. We recorded aerial insectivorous bats (1) from the

roof-deck of the main building at the campus of STRI in

Ancon, Panama City (hereafter: Smithsonian; 50 m, approx-

imately 10,500 residents in the surrounding neighbourhood)

and (2) from the third floor of a residential building

overlooking the neighbourhood of La Cresta (hereafter: La

Cresta, 45 m, approximately 11,000 residents in the surround-

ing neighbourhood).

Representative for a forest–town interface, we recorded high

flying aerial insectivorous bats in Gamboa (hereafter: Gamboa

Town), a small town (approximately 500 residents) bordered

by extensive tall secondary forest of the Soberania National

Park (forest–town interface, for details see Jung & Kalko,

Figure 1 Map of the study area along the

Panama Canal ranging from wet, largely

undisturbed forest in Fort Sherman at the

Caribbean Sea to the dry and densely

populated urban area of Panama City at

the Pacific Ocean. Acoustic recording sites

represented the three habitat types: mature

secondary forest (Sherman, BCI,

GamForest and CT Hotel), urban areas

(LaCresta and Smithsonian) and a

forest–town interface (GamTown). The

thin black lines delineate main roads in the

area next to the Panama Canal.

Responses of insectivorous bats to urbanization
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2010). Here, we installed our recording device at a hill slope,

20 m above an open area (0.5 ha) enclosed by residential

buildings.

Acoustic monitoring of bats

We conducted acoustic monitoring of high flying aerial

insectivorous bats throughout full nights (6:00 PM–6:30 AM)

from November 2003 until February 2006. We repeatedly

returned every 6–7 weeks to the respective recording sites

(Table 2) to account for night-to-night variations in activity or

seasonal effects. We only choose nights with good weather

conditions, such as low wind speeds (< 2 m s)1). Recordings

were suspended during rainfall.

Sound recordings were made with a custom-made real-time

recorder (PC-Tape, Institute of Animal Physiology, University

of Tuebingen, Germany) at a sampling rate of 480 kHz and 16

bit, stored on the hard disc of a laptop (Panasonic Toughbook

28). The ultrasound microphone was mounted on a 1.40 m

tripod and pointed at an angle of 45� from edge into open

space. The microphone had a flat frequency response (±3 dB)

between 30 and 120 kHz. Sensitivity dropped by about ±6 dB

for frequencies down from 15 and up from 160 kHz.

Recordings were taken in the automated recording mode of

the equipment, with individual recordings triggered by sound

intensities above –12 dB SPL including a pre-trigger time of

1.5 s. Recording continued as long as a sound intensity

remained above the threshold followed by a post-trigger time

of 1.5 s. The combination of pre- and post-trigger time assured

the recordings of complete passes, facilitating subsequent

extraction for assessment of activity (passes min)1; see Jung &

Kalko, 2010). The automated recording settings, in combina-

tion with the high intensity of the echolocation calls of aerial

insectivores (120–140 dB SPL; Surlykke & Kalko, 2008),

assured equal detection probabilities at frequencies between

20 and 60 kHz, the main frequency band of aerial insectivo-

rous bats, at each recording site.

Insect abundance

During acoustic monitoring nights, we assessed relative insect

availability with four flight interception traps (28 · 16 cm,

Mini-Eklektor, Bioform, Entomology and Equipment, Nürn-

berg, Germany) installed next to the microphone at each of the

study sites except at La Cresta in Panama City, where it turned out

to be unfeasible. Traps were operated from dusk (approximately

6:00–6:30 PM) until dawn (approximately 6:00–6:30 AM) and

emptied the next morning. Insect samples were stored in 70%

alcohol, and dry mass [g] of trap samples was measured using a

Mettler Toledo scale (Type AX 304) to the nearest 0.1 mg.

Acoustic analysis and species identification

We used Avisoft Saslab Pro, Version 4.34 (Raimund Specht,

Avisoft Bioacoustics, Berlin, Germany) for sound analysis.

Spectrograms were generated with a Hamming window at 512

FFT. We evaluated the number of bat passes defined as a

minimum of two consecutive echolocation calls above a

threshold of –12 dB SPL. Two passes were separated by a time

interval > 1.5 s below the recording threshold of –12 dB SPL

(Jung & Kalko, 2010). We also assessed feeding activity of bats

by counting terminal phases (call sequences emitted at a high

repetition rate prior to prey capture attempts; Schnitzler &

Kalko, 2001) per minute.

Sound sequences were manually identified to species

(following the nomenclature of Simmons, 2005) by comparing

signal structure and frequency parameters of search phase calls

(Schnitzler & Kalko, 2001) with a call library established by E.

Kalko and K. Jung at the University of Ulm, Germany (see Fig.

S1 and Table S1 in Supporting Information), and previously

published echolocation data (e.g. O’Farrell & Miller, 1997;

Ochoa et al., 2000; Rydell et al., 2002; Jung et al., 2007).

Overall call structure and main frequency including harmonics

gave in most cases (approximately 95%) sufficient information

for identification of the bats to species level (see Fig. S1 and

Table 1 Observed species richness (Sobs), estimated species richness (Sexp) and percentage of inventory completeness for each recording site

and site category in Panama. Species richness and dominance are rarefied to 125 occurrence counts (accumulated number of a species‘

occurrence at a site). Also listed are mean bat activity (passes min)1 per night) and mean feeding activity (capture attempt min)1 per night)

of high flying aerial insectivorous bats per recording sites and site categories.

Sites Site category Sobs Sexp

%

completeness OC

Species

richness Dominance Activity

Feeding

activity

Recording

nights

Sherman Forest 19 22.13 86 73 19 0.09 0.71 0.04 7

BCI Forest 24 24.70 97 158 23 0.08 1.37 0.06 8

Canopy Tower Hotel Forest 23 24.54 93 126 21 0.09 1.95 0.09 9

Gamboa Forest Forest 22 22.93 95 125 21 0.08 1.78 0.15 7

Forest (total) 25 25.28 98 23 0.09 31

Panama City Smithsonian Urban area 11 10.93 100 87 11 0.15 0.53 0.03 11

Panama City La Cresta Urban area 16 15.91 94 81 15 0.12 0.94 0.09 9

Urban areas (total) 16 16.16 99 15 0.15 20

Gamboa Town Forest–town interface 21 22.12 95 136 20 0.09 1.68 0.16 9

Forest–town interface 21 22.12 95 20 0.07 9

BCI, Barro Colorado Island.
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Table S1). We were unable to reliably separate echolocation

calls of the genus Eumops (14–21 kHz) to species level and

hence pooled them as Eumops spp. Calls recorded at the lower

frequency range most likely belonged to E. perotis and those at

the higher range to E. auripendulus or E. glaucinus. Further-

more, calls of E. hansae, which had been caught by F. Wetterich

on BCI in 2000 (unpubl. results), might have been overlooked

because we lack reference recordings. In addition, we may have

erroneously assigned echolocation calls of Rhogeessa tumida to

Myotis nigricans, because echolocation signals of both species

have a similar call structure and overlap in frequencies (Jung,

unpublished). However, as R. tumida appears to be rather rare

in the study area with hardly any captures throughout decades

of research on BCI (Kalko et al., 2008), we consider the effect

of a possible misidentification as negligible compared to the

overall results.

Data analysis

Acoustic monitoring is a valuable method to assess presence

and activity of species which rarely get caught in ground or

canopy mist nets (Hourigan et al., 2008; MacSwiney et al.,

2008; Flaquer et al., 2009). However, as the number of passes

does not necessarily reflect the number of individuals, the

actual abundance of a species can not be addressed. We

therefore used the occurrence of a species at each site and site

category per night and calculated accumulated numbers of

species occurrences at a recording site during all recording

nights (hereafter: occurrence count) to estimate inventory

completeness, species richness and dominance. We evaluated

inventory completeness using randomized (1000 times), sam-

ple-based species accumulation curves (Gotelli & Entsminger,

2006) and assessed the expected number of species with

nonparametric species richness estimators. Based on the

iterative estimator choice framework developed by Brose &

Martinez (2004) that takes movement heterogeneity of mobile

animals, such as bats, into account, we selected the Michaelis–

Menten(mean) estimator to estimate species richness. The

percentage of inventory completeness was calculated by

dividing observed species richness (Sobs) through estimated

species richness (Sest) · 100. Species accumulation curves and

species richness estimators were calculated using Estimate S

(Colwell, 2005). We compared species richness and dominance

among recording sites and site categories by calculating

rarefied models using EcoSim (Gotelli & Entsminger, 2006)

with 1000 iterations and independent sampling. Predictions

were made at a standardized number of occurrence counts to

ensure comparability. Dominance of species was assessed using

the Berger–Parker Index (Magurran, 2004). Statistical signif-

icance was determined based on the simulated 95% confidence

intervals generated by the program EcoSim (Gotelli & Entsm-

inger, 2006).

In addition, we compared distribution of species activity

(passes min)1) among site categories with a Kolmogorov–

Smirnov two-sample test. P-values were determined using

Monte–Carlo simulations (1000 bootstraps) to account for ties

in the distributions. It is important to note that we did not set

the number of passes synonymous to the number of individ-

uals. Passes per min rather reflect activity of bats which we

consider as an indicator for intensity of habitat use.

To reveal intercategory and inter-site differences in species

composition and activity, we used non-metric multidimen-

sional scaling (NMDS) based on the Bray–Curtis dissimilarities

(e.g. Magurran, 2004). NMDS is regarded as the most robust

unconstrained ordination method in community ecology

(McCune & Grace, 2002). To standardize activity of a species

between sites, we used mean passes per minute per night at the

respective sites as the dependent variable for the NMDS. We

excluded both species of Noctilio (N < 30 passes, Table 1)

from the analysis as both species are known to be strongly

associated with water bodies and classify as trawling bats

(Schnitzler & Kalko, 2001). We conducted a Mantel test (e.g.

Legendre & Legendre, 1998) based on a Pearson’s product-

moment correlation and 1000 permutations to test for a

potential spatial correlation between geographical distance of

recording sites (Euclidian distances) and species occurrence

and activity (Bray–Curtis dissimilarity) data.

We used linear mixed effect models (Zuur et al., 2009)

implemented in the ‘nlme’ package in ‘R’ (Pinheiro & Bates,

2000) to investigate differences in general bat activity (total

passes min)1 per night) and general feeding activity (total

capture attempt min)1 per night) between site categories. We

also evaluated species-specific differences in occurrence and

activity among site categories using linear mixed effect models.

For all linear mixed effect models, we square root transformed

data to achieve normal distribution. We included season (dry and

rainy season) and moon (new moon, half–full moon) as

interactive, fixed factors. Sampling nights were included as

random factors as we repeatedly collected data at the same

recording site (Fox, 2002). Fixed factors and random factors were

fit by maximum likelihood (Pinheiro & Bates, 2000), and a

stepwise model simplification was conducted based on likelihood

ratio tests to the minimum adequate model (Crawley, 2005).

Significant responses in models were evaluated by conducting

multiple comparison tests using Tukey contrasts implemented in

the ‘multcomp’ package in ‘R’ (Hothorn et al., 2008).

We assessed differences in insect availability between site

categories using a two-way ANOVA and performed a Spear-

man rank order correlation to reveal possible relationships

between general activity and feeding activity of bats with insect

dry mass. We also used a Spearman rank order correlation to

reveal possible associations between the percentage of a species

total activity at site categories with morphological traits

including forearm length and body mass as proxies for size,

approximate wing loading [body mass (g) *gravity/forearm

(mm)] for mobility and mean echolocation frequency as an

indicator for a species main foraging habitat (edge versus open

space). Data of forearm length and body mass were taken from

Reid (1997), for mean peak frequency refer to Table S1.

All statistical tests were conducted using ‘R’ statistical

package version 2.6.1 and 2.8.1 (R Development Core Team,

2008).

K. Jung and E. K. V. Kalko
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RESULTS

Species richness and ensemble structure

We recorded a total of 44,744 bat passes over the microphone

corresponding to 795 occurrence counts distributed over a

2-year period. We identified 25 aerial insectivorous bats at the

seven recording sites (Tables 1 and 2). The number of species

detected increased with the number of recording nights and

reached an asymptote (Fig. 2) after about 3–4 recording nights

at each recording site. We recorded the highest number of

species at the forest sites (Sobs = 25). The lowest number of

species occurred at the urban sites in Panama City (Sobs = 16).

Species richness was intermediate at the forest–town interface

with 21 species. At each site category, the estimate of predicted

species richness (Michaelis–Menten(mean) estimator) was close

to the observed species richness leading to an estimated

inventory completeness of more than 95% at each site category

(Table 2), indicating that our acoustic monitoring protocol

was highly efficient to detect even rare high flying aerial

insectivorous bats.

Rarefied species richness, which compares species richness

based on a standardized number of occurrence counts, differed

among site categories with significantly higher species richness

at the forest sites compared to urban areas and the forest–town

interface (Fig. 3). Rarefaction results also indicated signifi-

cantly higher dominance in the occurrence of single species in

urban areas compared to the forest sites and the forest–town

interface (Table 2).

Habitat use

General bat activity (passes min)1) and feeding activity

(capture attempts min)1) differed significantly between the

three site categories (bat activity: F(2,45) = 9.44, P < 0.001;

feeding activity: F(2,45) = 5.78, P < 0.01). While bat activity

was significantly higher at the forest sites compared to the

forest–town interface (P < 0.05) and urban areas (P < 0.001),

feeding activity was significantly higher at the forest–town

interface compared to the forest sites (P < 0.01) and the urban

areas (P < 0.001). Season did not affect general bat activity

(F(1,45) = 2.24, P > 0.05) or feeding activity (F(1,45) = 0.06,

P > 0.05). However, general bat activity (F(1,45) = 9.07,

P < 0.01) and feeding activity (F(1,45) = 5.04, P < 0.05) at all

site categories were significantly lower during nights with

moonlight.
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Distribution of species activity differed between site catego-

ries, with a significantly steeper rank activity curve for the

urban areas compared to the forest sites (Fig. 4, D = 0.54,

P < 0.001) and the forest–town interface (D = 0.42, P < 0.05).

This indicates a skewed distribution with a few species

dominating the total number of bat passes at the urban

recording sites.

Insect availability as assessed with the passive flight inter-

ception traps did not differ significantly between the three site

categories (F(2,20) = 0.33, P > 0.5). Further, dry mass of insects

did not correlate with bat activity (Rs = 0.22, P > 0.05) or

feeding activity (Rs = 0.12, P > 0.05).

Species composition

Non-metric multidimensional scaling (NMDS, final

stress = 4.85, linear fit of ordination distance and observed

dissimilarity R2 = 0.98) separated the ensembles of high flying

aerial insectivorous bats between recording sites based on

Bray–Curtis dissimilarities in species composition and activity.

Although we did not find distinct clusters of sites, two of the

forested sites, Gamboa Forest and the Canopy Tower Hotel, as

well as BCI and Sherman were grouped more closely together,

indicating similar occurrence patterns and habitat use of

species. We also observed a higher degree of similarity for the

two urban sites Smithsonian and La Cresta. The forest–town

interface Gamboa Town had an intermediate position between

forest and urban recording sites (Fig. 5).

Both, species occurrence (R = 0.31, P > 0.05) and activity

(R = 0.27, P > 0.05) at the different recording sites did not

correlate with geographical proximity of recording sites,

rejecting the possibility for spatial autocorrelation of the

species ensemble data.

Species-specific occurrence patterns and habitat use

Most high flying aerial insectivorous bat species revealed

differences in occurrence and activity patterns at the site

categories (Table 2). Five species from two families, Centr-

onycteris centralis, Cyttarops alecto and Peropteryx kappleri

(Emballonuridae) as well as Pteronotus parnellii and Pteronotus

personatus (Mormoopidae) occurred exclusively at the forest

sites. Twelve species were regularly recorded at the forest sites

as well as at the forest–town interface. Of those, four species

(Peropteryx macrotis, Cormura brevirostris, Lasiurus blossevillii

and Myotis albescens) were not recorded at the urban sites in

Panama City during the whole study period. Six species

(Diclidurus albus, Lasiurus ega, Myotis nigricans, Pteronotus

gymnonotus, Saccopteryx bilineata and Saccopteryx leptura)

were occasionally documented at the recording sites in Panama

City. However, their occurrence counts and activity levels were

significantly higher at the forest sites and the forest–town

interface compared to the urban sites (Table 2). In contrast, six

free-tailed bats, Molossus molossus, Molossus currentium,

Cynomops greenhalli, Cynomops planirostris, Promops centralis

and Eumops spp., occurred frequently (> 95% of recording

nights) in urban areas and showed significantly higher activity

compared to forest sites (Table 2). Only two species Nycti-

nomops laticaudatus and Molossus rufus did not differ signif-

icantly in occurrence and activity between the three site

categories.

While occurrence and activity of aerial insectivorous bats

at forest sites was negatively associated with body mass

(occurrence: Rs = )0.64, P < 0.05; activity: Rs = )0.57,

P < 0.05) and wing loading (occurrence: Rs = )0.79,
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Figure 5 Ordination of different recording sites (forest, urban

areas and forest–town interface) based on Bray–Curtis dissimi-

larity of occurrence and activity of high flying aerial insectivorous

bats. Asterisks represent the placement of recording sites and
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Tower Hotel, GamTown = Gamboa Town, GamForest = Gamboa

Forest; for species abbreviations see Table 2.
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P < 0.05, activity: Rs = ) 0.75, P < 0.05), the opposite was

true for species which were mainly occurring and active at

urban recording sites (body mass Rs = 0.63, P < 0.05 activity

Rs = 0.70, P < 0.05; approximate wing loading (occurrence:

Rs = 0.75, P < 0.05; activity: Rs = 0.79, P < 0.05). In contrast,

echolocation frequency was positively associated with occur-

rence (Rs = 0.58, P < 0.05) and activity (Rs = 0.51, P < 0.05)

at forest sites and negatively associated with occurrence

(Rs = )0.48, P < 0.05) and activity at urban sites

(Rs = )0.56, P < 0.05). At neither site category did occurrence

and activity of bats correlate with forearm length. In addition,

we did not find any significant association of the selected

species-specific traits with occurrence and activity at the

forest–town interface.

DISCUSSION

Species richness and ensemble structure

We investigated occurrence and activity patterns of high flying

aerial insectivorous bats in the Panama Canal corridor to

identify species that rely on forested areas and those that are

capable to adjust to anthropogenically modified landscapes

(urban areas, forest–town interface). As expected, our results

showed that only a subset of a few species persisted in urban

areas and accounted for a higher proportion of the whole

ensemble in urban environments compared to the forest sites.

This pattern is similar to previous results for Neotropical aerial

insectivorous bats in the large urban environment of Mexico

City (Avila-Flores & Fenton, 2005) and in fragmented land-

scapes in Panama (Estrada-Villegas et al., 2010), where overall

species richness decreased and dominance of a few species

increased with increasing human impact. It also corroborates

responses of New World leaf-nosed bats (Phyllostomidae;

Fenton et al., 1992; Medellin et al., 2000; Meyer & Kalko,

2008) towards forest disturbance, fragmentation and urbani-

zation.

Habitat use

Bat activity was significantly lower in urban areas compared to

forest sites and at the forest–town interface. However, feeding

activity was highest at the forest–town interface. This suggests

that Gamboa is a very profitable foraging ground for high flying

aerial insectivorous bat. This conclusion is supported by results

of a parallel study where we demonstrated, using passive insect

traps mounted at the street lights, that the lights of Gamboa are

attracting large numbers of insects (Jung & Kalko, 2010).

Although in this study acoustic recordings were conducted

away from street lights, it is likely that the bats profited from

higher insect abundance in the small town as a spill-over effect

from the attraction of the insects by artificial lights.

In contrast, overall low activity and feeding activity of aerial

insectivorous bats in Panama City hint towards a less profitable

habitat. Although Panama City harbours high numbers and a

range of different artificial lights which could potentially

attract insects, extensive green areas that are an important

source for a diverse and abundant insect fauna (Avila-Flores &

Fenton, 2005; Haddad et al., 2009) are for most parts missing.

Contrary to our expectations, our data on insect abundance

did not reveal any differences between the three site categories.

This might be caused in part by the generally low numbers of

insects caught in passive flight interception traps.

Species composition, occurrence and activity patterns

As expected, the ensemble of high flying aerial insectivorous

bats differed between the three site categories forest, urban

areas and forest–town interface. While we recorded 25 species

of high flying aerial insectivorous bats of five families at forest

sites and the forest–town interface, urban areas yielded almost

exclusively molossid bats (Table 2). These results clearly

demonstrate species-specific differences between high flying

aerial insectivorous bats with regard to adaptability towards

urban areas. C. centralis, for example, seems particularly

vulnerable to urbanization as it only occurred at forest sites,

although potential roost sites, i.e. palm trees, (Starett, 1972;

Simmons & Handley, 1998) are present along roads at the

forest–town interface in Gamboa and in urban areas of

Panama City. This finding is in accordance with the results of

(Estrada-Villegas et al., 2010), where the occurrence of

C. centralis was strongly associated with forest cover. In

addition, the three species, P. parnellii, P. personatus (Mor-

moopidae) and P. kappleri (Emballonuridae), occurred exclu-

sively at forest sites as well, suggesting similar sensitivity to

anthropogenic habitat alterations. In contrast, a subset of six

species of molossids dominated the urban areas with signif-

icantly higher activity (except Eumops spp.) compared to forest

sites (Table 2).

Species occurrence and activity at the three site categories

correlated with species-specific morphological traits. Bats that

occurred mostly or exclusively at forest sites were for the most

part smaller, slow-flying, highly manoeuvrable (Norberg &

Rayner, 1987) and used higher echolocation frequencies. In

contrast, urban areas mainly harboured bats with higher body

mass, higher wing loading and aspect ratio. These morpho-

logical traits allow high flight speeds, high mobility and the

potential to commute long distance per night (Norberg &

Rayner, 1987). While the ensemble of high flying aerial

insectivorous bats at forest sites included edge foragers as well

as open space bats (Schnitzler & Kalko, 2001), edge foragers

were mostly missing from urbanized areas and mainly open

space bats remained in Panama City.

We argue that the observed species distribution pattern can

be explained by a combination of habitat characteristics and

species-specific traits. Many buildings in cities provide

potential roost sites that resemble natural crevices (Burnett

et al., 2001; Avila-Flores & Fenton, 2005) and are known to be

readily taken by molossid bats (Gaisler et al., 1998; Keeley &

Keeley, 2004). In contrast, roosting sites such as cavities of

larger trees which are preferred roosts by many emballonurids

(Yancey et al., 1998) and vespertilionids (Kurta & Lehr, 1995)

Responses of insectivorous bats to urbanization
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are rather scarce in cities or non-existent because of the lack of

vegetation. Furthermore, previous studies (Blair & Launer,

1997; McIntyre, 2000) revealed lower insect abundance and

diversity in the city compared to forest habitats and parklands.

Thus, in urban areas, foraging sites with sufficient food

resources for bats are most likely more scattered, mainly

limited to urban parks (Avila-Flores & Fenton, 2005) or

possibly outside the city and thus require longer commutes or

longer foraging activity per night. The group of bats least

affected by these unfavourable conditions in urban areas are

molossids, as they are characterized by high wing loading and

aspect ratio, which implies relatively high flight speeds at

energetically low costs (Norberg & Rayner, 1987). Conse-

quently, molossids have the potential for longer and larger

commutes to suitable foraging grounds (e.g. Cleveland et al.,

2006), while they still can take advantage of higher roost site

availability in urban areas. In contrast, species with lower wing

loading, aspect ratio and smaller home ranges such as

S. bilineata (8–40 ha, Hoffmann et al., 2007) are less likely to

or will not be able to persist in a city. We thus propose that

mobility is one of the most important factors influencing the

persistence of aerial insectivorous species in urban areas. This

corroborates similar results in the large Neotropical family of

Phyllostomid bats, where low mobility is associated with

higher fragmentation sensitivity (Meyer et al., 2008).

We conclude that similarly to birds, all bat species in our

study except the two molossids, M. rufus and N. laticaudatus,

can be classified into three groups. The first group contains

species exclusively recorded in forested areas. Similar to birds,

all of them, except P. kappleri, are known to be forest interior

species (Schnitzler & Kalko, 2001; Jung et al., 2007; Estrada-

Villegas et al., 2010). The second group encompasses bats that

regularly foraged at forest sites and the forest–town interface

but only rarely at urban sites. Similar to avian urban adapters,

these bat species forage mainly along forest edges and adjacent

open areas; they also readily take advantage of favourable

conditions provided by humans (e.g. foraging sites at street

lights, roosting sites in man-made structures). However, they

do not depend on those resources for survival. The third group

includes species frequently recorded in urban areas with

significantly higher activity at urban sites and the forest–town

interface compared to forest sites. Interestingly, most of them

are rock and crevice-roosting species similar to most avian

urban exploiters (McKinney, 2002).

The first two groups of bats are synonymous to the categories

of ‘urban avoiders’ and ‘urban adapters’ proposed by McKinney

(2002) and Blair (2001). Assuming that roost sites can be

limited resources in natural areas, the third group, molossids,

might come close to the category of ‘urban exploiter’ as they

depend to a certain degree on urban resources such as houses

that provide suitable roosting sites and sustain large colonies of

molossids (Gaisler et al., 1998; Keeley & Keeley, 2004).

We deduce from our results that the categorization of bats

into three groups is a crucial prerequisite for species conser-

vation in an increasingly urbanized world. Particularly, this

classification allows using the proportion of the three groups

within an ensemble of aerial insectivorous bats as an indicator

for habitat disturbance. This potentially permits to identify

areas which need conservation management attention at an

early stage of disturbance.

CONCLUSION

About half of the forest in the Panama Canal corridor is

currently protected in national parks. Because of two growing

cities at both sides of the isthmus anthropogenic growth in

Central Panama directly interacts with the highest levels of

biodiversity (Myers et al., 2000; Rompré et al., 2008). This is

similar to many rapidly changing tropical landscapes, where

forests and their biota are facing an enormous array of

anthropogenic threats (Laurance, 2007). Although many aerial

insectivorous bats are considered at lower risk and least

concern by the IUCN red list, our results clearly demonstrate

that especially less mobile species, such as f. ex. C. centralis are

negatively affected by anthropogenically altered environments.

We argue that these species need special attention concerning

their conservation needs and IUCN status, because their local

risk for extinction is most likely underestimated.

Here, we provide the first assessment of adaptability and

vulnerability of high flying aerial insectivorous bats to

urbanization in the Neotropics. It encompasses comprehensive

data sets from several carefully selected sites throughout

2 years. Our results clearly demonstrate species-specific differ-

ences between high flying aerial insectivorous bats concerning

their adaptability and vulnerability to urban areas and suggest

that a suite of morphological traits including species mobility

determine persistence of aerial insectivorous species in cities.

We thus consider our results to provide a first step for

recommendations towards conservation management actions

targeted at aerial insectivorous bats.
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