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Abstract

Changes in moonlight intensity can affect predation risk and induce changes in habitat use
and activity of nocturnal species. However, the effect of moonlight on animal activity is
rarely evaluated in human-modified landscapes and can be of vital importance to understand
possible changes in ecosystem services provided by light-sensitive taxa, such as insectivorous

bats. Fragmentation changes forest structure and affects light penetration across the
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landscape. In this case, the effects of fragmentation on bat activity can be modulated by
cyclical variations of moonlight intensity. We acoustically quantified the activity of nine
aerial insectivorous bat species in relation to moonlight at the Biological Dynamics of Forest
Fragments Project, Central Amazonia. We aimed to understand species-level variation in
activity across habitats (continuous forest, fragments and secondary forest) at different
temporal scales: lunar cycle, dark vs bright nights, and within nights. Amazonian aerial
insectivorous bats responded more to habitat type than to moonlight, with two and six species
showing reduced activity in fragments and secondary forest, respectively, compared to
continuous forest. The lower activity in secondary forest suggests that despite ca. 30 years of
secondary forest regeneration, it is still less attractive as foraging habitat. An interactive
effect of habitat type and moonlight on bat activity was most evident when contrasting dark
and bright nights. Our results indicate that fragments have reduced bat activity on extremely
bright nights, probably due to higher predation risk in small fragments. Species that emit
constant-frequency calls (Pteronotus spp.) were the ones that most modulated their responses
to habitat disturbance and moonlight. Otherwise, moonlight had little effect on hourly activity
levels, irrespective of habitat type. Moonlight is capable of modulating the responses of some

bat species in disturbed habitats, particularly in fragments.

Key-words: Acoustic monitoring; Predation risk; Neotropical bats; Amazonian forest;

Secondary forest
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Introduction

Anthropogenic habitat loss and fragmentation are key drivers of biodiversity change
and erosion of ecological processes (Barlow et al., 2016; Pfeifer et al., 2017), especially in
species-rich tropical regions such as the Amazon rainforest (Betts et al., 2019). Worryingly,
forest fragmentation in the Brazilian Amazon is progressing faster than ever; in 2017, there
was an increase of nearly 70% in the number of fragments (Montibeller et al., 2020) and this
trend can be assumed to have worsened due to the high levels of forest loss in 2018-19
(Barlow et al., 2020). Forest fragmentation results in the formation of isolated patches,
surrounded by an anthropogenically modified matrix (Haddad et al., 2015). The type of
human-made matrix can act as selective filter for the movements of species (Watling et al.,
2011), altering the abundance, composition, phylogenetic, and functional diversity of animal
assemblages (Mendenhall et al., 2014; Aninta et al., 2019; Rutt et al., 2020).

Risk of predation is a major determinant of habitat use by animals (Atkins et al.,
2019; Pringle et al., 2019). For nocturnal species, moonlight is an important source of
information that affects foraging habitat selection (Waap et al., 2017). Prey species
commonly curtail their activity under bright moonlight so as to reduce the probability of
predation by visually oriented predators (Navarro-castilla & Barja, 2014; Miranda et al.,
2020). On the other hand, predator species can more easily locate prey under brighter
conditions and thus increase their activity to maximize hunting success (Pratas-Santiago et
al., 2016; Bhatt, Sarma & Lyngdoh, 2018). However, species that are both prey and predators
need to strike a balance between guaranteeing high foraging success and predator avoidance
(Penteriani et al., 2011; Linley et al., 2020).

An increase in the perceived risk of predation during moonlit nights can force prey
species to forage in cluttered habitats such as primary forest, in which dense canopies limit

the amount of moonlight reaching the understory (Gigliotti & Diefenbach, 2017). However,
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moonlight exposure in disturbed landscapes may differ from that in continuous primary
forest. Canopy openness in forest fragments and continuous forest may be similar (Almeida
et al., 2019; Rocha et al., 2020), resulting in comparable levels of moonlight reaching the
undergrowth and consequently predation risk. However, the foraging area of a species may
often be larger than the fragment area, forcing the animals to forage at fragment edges and in
regrowth vegetation where exposure to bright light levels during moonlit nights is greater
(Bernard & Fenton, 2003). Therefore, relative to continuous forest, predation risk can be
expected to be higher in smaller fragments and in the surrounding matrix (Bowers & Dooley,
1993; Rocha et al., 2020).

Bats are a group of essentially nocturnal animals which provide vital functions in the
maintenance of tropical ecosystems through pollination, seed dispersal and insect population
suppression (Kunz et al., 2011). Studies involving the effect of moonlight on bats go back a
considerable time, in fact the term “lunar phobia” was coined by Morrison (1978) for
Neotropical frugivorous bats. Lunar phobia is a behavioural response to increased moonlight
intensity and is probably an adaptation for reducing exposure to visually orientated nocturnal
predators (Morrison 1978; Haeussler & Erkert, 1978). For aerial insectivorous bats, the
relationship with moonlight is more complex because they simultaneously face the trade-off
of being both prey and predator (Holland et al., 2011; Roeleke et al., 2018; Vasquez, Grez &
Pedro, 2020). In Amazonian bats, moonlight seems to have species-specific effects, with
some species either increasing or decreasing their activity in brighter nights, while others are
unaffected (Appel et al., 2017).

Although there are many studies that evaluated the effect of moonlight on aerial
insectivorous bat activity, these studies are concentrated in temperate regions (Saldafia-
Vazquez & Munguia-Rosas, 2013; Perks & Goodenough, 2020). While previous research has

shown that some aerial insectivorous bat species respond to moonlight in undisturbed tropical
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rainforest (Appel et al., 2017, 2019), such effects have rarely been evaluated in the context of
human-modified landscapes (Jung & Kalko, 2011; Lima & O’Keefe, 2013; Kolkert et al.,
2020 but see Musila et al., 2019). Assessing the effect of moonlight on the activity patterns of
aerial insectivorous bats in human-modified landscapes is important to understand possible
changes in ecosystem services provided by this bat ensemble (Pianka, 1973; Presley et al.,
2009). In agricultural landscapes, this issue is relevant for the management of fragments
because of the potential role of insectivorous bats in the suppression of agricultural pests
(Kemp et al., 2019).

Here, we used the experimentally fragmented landscape of the Biological Dynamics
of Forest Fragments Project (BDFFP) in the Brazilian Amazon to evaluate the hypothesis that
moonlight modulates the effects of habitat disturbance on aerial insectivorous bat activity at
different temporal scales. We acoustically quantified bat activity in continuous forest and in
disturbed habitats (forest fragments and within the intervening secondary forest matrix) to
understand variation in species-level activity across these habitat types in relation to
moonlight. We conducted our analyses at different temporal resolutions, focussing on
variation in moonlight intensity: i) associated with the lunar cycle, ii) between dark and
bright nights, and iii) within nights. Accordingly, we predicted that:

i.  Species sensitive to habitat disturbance and moonlight will respond negatively to
moonlight intensity in fragments and secondary forest, as previous research indicates
that some Amazonian aerial insectivorous bats respond to habitat disturbance (Nufiez
et al., 2019) and moonlight (Appel et al., 2017).

ii. Species sensitive to habitat disturbance and moonlight will show increased activity in
fragments and secondary forests on dark nights (associated with new moon) compared
to bright nights (associated with full moon), whereas in continuous forest responses to

moonlight will be species-specific.
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iii. In fragments and secondary forest, bat species will reduce activity in the early evening
to avoid the time of greatest predation risk. In continuous forest, within-night activity
will be concentrated in the early evening, both on bright and dark nights, to maximize

foraging opportunities during the peak in prey abundance.

Material and Methods
Study site

The study was conducted at the Biological Dynamics of Forest Fragments Project
(BDFFP) (2°25'S; 59°50'W), located ~80 km north of Manaus, Brazil (Fig. 1), a long-term
fragmentation experiment that has been running for ~40 years to study the effects of forest
fragmentation on Amazonian biota (Laurance et al., 2018). The climate is characterized by a
dry season from July to November when precipitation drops below 100 mm/month and a
rainy season from November to June, when precipitation can exceed 300 mm/month (Ferreira
et al., 2017). The study landscape consists of 11 forest fragments (five of 1 ha, four of 10 ha
and two of 100 ha), surrounded at the time of the study by a matrix of tall secondary forest,
and extensive areas of continuous primary forest that act as experimental controls (Laurance
et al., 2018). In the early 1980s, forest fragments were experimentally isolated and the
vegetation around them has since been periodically cleared to maintain isolation, last in 2014
(Rocha et al., 2017a), after data collection for this study. The site supports lowland evergreen
terra firme rainforest at 50 to 100 m of elevation, and the temperature ranges from 19 to 39
°C (Laurance & Williamson, 2001). The secondary forest is dominated by Vismia spp. in
areas that were cleared and burned and dominated by Cecropia spp. in areas that were only
cleared (Mesquita et al., 2001). Percent canopy cover varies little between habitat types (
continuous forest interiors: 85.4 £ 5.2 [mean + SD], fragment interiors: 87.4 + 1, secondary

forest: 75.1 + 6.7; Rocha et al., 2017a). Canopy height in the largest fragments and
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continuous forest averages 28 m (Almeida et al., 2019), while in the well-developed
secondary forest the average canopy height is 15 m (Jakovac et al., 2014; Mokross et al.,

2018).

Bat acoustic sampling

We sampled 13 sites across the BDFFP landscape between 2011 and 2013: three in
continuous forest (Cabo Frio, Florestal and Km 41 camps), six forest fragments (3 fragments
of 1 and 10 ha in Colosso, Dimona and Porto Alegre camps) and four in the secondary forest
matrix (Cabo Frio, Colosso, Dimona, Florestal and Porto Alegre camps) (Fig. 1). Each site
was visited twice during both dry and rainy seasons. At each sampling site, we installed an
automatic ultrasound recorder (Song Meter SM2Bat+) with an omnidirectional ultrasonic
SMX-US microphone (Wildlife Acoustics, Inc., USA) placed at a height of 1.5 m above the
ground (Lépez-Baucells et al., 2019). Ultrasound recorders were positioned in the center of
the fragments, in the secondary forest 100 m away from the edge of each fragment, and in the
interior of continuous forest 1000 m away from the edge. The recorders were configured to
passively register bat activity in real time, with a full spectrum resolution of 16 bit, a high-
pass filter set at fs/32 (12 kHz), and an adaptive trigger level relative to noise floor of 18
SNR. The SM2Bat units were programmed to record bat activity between 18:00 and 06:00
for four to five consecutive nights per sampling site (Table S1). Total sampling effort was
727 nights, with 8,278 recording hours. The number of sampling nights in each season was
similar in fragments and secondary forest (Table S1). Although for continuous forest
sampling effort was higher in the dry season (Table S1), we contend that the number of
nights sampled in the rainy season (77 nights) was sufficient to avoid seasonal biases, and

differences in sampling effort were also accommodated in the analysis.
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All recordings were split into five-second segments and a bat pass was defined as a
sequence with a minimum of two recognizable search phase calls per species in each five-
second segment (Torrent et al., 2018; Appel et al., 2019). All bat passes were manually
identified to species or sonotype level following Lopez-Baucells et al. (2016). We used
Kaleidoscope Pro Software (version 4.0.4.) (Wildlife Acoustics, Inc. Maynard,
Massachusetts, USA) for manual verification. Activity was calculated as the sum of five-
second segments with bat passes per night (nightly activity) and per hour (hourly activity).

In the total of ~190,000 bat passes we identified 18 aerial insectivorous bat species
and four sonotypes. We minimized potential detection biases by focusing on species that
were detected in at least 10% (73 nights) of the total nights and in all three sampling years.
This resulted in the selection of nine species for analysis: Pteronotus alitonus, P. rubiginosus
(revised by Lépez-Baucells et al., 2018; Pavan, Bobrowiec & Percequillo, 2018), Furipterus
horrens, Centronycteris maximiliani, Cormura brevirostris, Saccopteryx bilineata, S. leptura,

Myotis riparius and Eptesicus brasiliensis (Table S2).

Moonlight intensity

Moonlight intensity for each night was estimated using the “sunmoon” software
(Conrad, 2017), a robust method for quantifying the amount of sunlight reflected by the
moon. This software employs the illuminance model of Janiczek & DeYoung (1987). To test
whether bat activity varied between dark and bright nights, we classified those nights with 0—
30% moon illuminated as dark and those with 70-100% as bright, following Appel et al.
(2017, 2019). We used this broad categorization instead of the moon phase because
moonlight intensity can vary greatly within the same moon phase (e.g. moonlight intensity in
the waning phase can vary from 3% to 55%, Appel et al., 2017). Indeed, we used this

categorization because these nights are characterized by little variation in moon presence
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(during bright nights) and absence (during dark nights) in order to avoid the influence of
moonrise and moonset times on bat activity (Appel et al., 2017).

Cloud presence can influence the amount of moonlight that penetrates the forest, and
thus potentially distort bat activity responses to moonlight. In order to test for an effect of
cloud presence, we used data on cumulative rainfall per hour collected at the metereological
tower of the Large-scale Biosphere—Atmosphere Experiment in Amazonia (LBA) ZF-3
installed at KM 34 within the BDFFP. Nights were considered “cloudy” when rainfall ranged
from 0.1 to 10 mm/h, generally classified as weak to moderate rain (Appel et al., 2019;
Véasquez et al., 2020). Nights with more than 10 mm rain per hour were nights with heavy

rain, therefore were removed from the analyses (Carvalho et al., 2011).

Data analysis

To model the effects of habitat type (continuous forest, fragments and secondary
forest) and moonlight on species-specific bat activity levels, we performed generalized linear
mixed models (GLMMs) using the function gimmTMB from the package “glmmTMB”
(Bolker et al., 2020). The response variable in the GLMM models was the number of bat
passes recorded in a single night per species. Models were fitted using a negative binomial
distribution and, whenever the respective activity distribution showed a signal of zero
inflation, were implemented as zero-inflated models (Zuur et al., 2008). For each model,
habitat type was specified as categorical fixed effect and moonlight as a continuous fixed
effect (percentage of moonlight intensity) and sampling night nested within research camp as
a random effect. We chose to model moonlight intensity only jointly with habitat type
because we were interested in evaluating the effect of moonlight for each habitat and not its
independent effect. The aforementioned random effects structure was chosen to account for

not only the spatial but also the temporal autocorrelation of the data - moonlight intensity of
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one night depends on the moonlight intensity of the previous night. To compensate for
differences in sampling effort between habitat types (Table S2), we used the log-transformed
sampling effort per habitat type as offset in all models. Parameter estimates were visualized
using R package “ggstatsplot” (Patil, 2020). We used the full data set of the 727 sampling
nights in the GLMMs. To test if cloud presence affects bat activity, we performed GLMMs
analyzing bat activity in relation to moonlight, cloud presence and their interaction effect.
There was no effect of cloud presence on the activity of any of the focal bat species (Table
S3).

For each habitat type, differences in bat activity levels between dark and bright nights
were visualized using Gardner-Altman estimation plots and statistically evaluated using non-
parametric permutation tests with 1000 bootstrap samples to estimate effect sizes and 95%
confidence intervals for the difference of means using R package “dabestr”. Statistical
significance of the difference between dark and bright nights was determined based on the
lack of overlap in the frequency distributions of the data sets (Ho et al., 2019).

Hourly activity levels between dark and bright nights for each habitat type were
compared using Kolmogorov-Smirnov 2-sample tests. Bat activity was pooled into 12
sampling intervals (hourly intervals) - e.g. bat passes recorded between 18:00 and 18:59 were
assigned to the same time interval (18:00). For comparisons between dark and bright nights,
we used data from 206 nights in continuous forest (118 dark, 88 bright), 124 nights in
fragments (65 dark, 59 bright) and 195 nights in secondary forest (97 dark, 98 bright). All
analyses were conducted in softwares R 4.0.2 and R Studio 4.0.2 (R Core Team, 2020;

RStudio Team, 2020).

Results

Bat activity responses to habitat type

10
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Based on the GLMM results, habitat type had by far the greatest effect on bat activity.
Most significant responses were observed for secondary forest, followed by fragments (Fig.
2). Six species (S. bilineata, S. leptura, C. maximiliani, C. brevirostris, E. brasiliensis and F.
horrens) exhibited reduced activity in secondary forest, whereas P. alitonus and P.
rubiginosus showed elevated activity levels in this habitat (Fig. 2). On the other hand, two
species (P. alitonus and F. horrens) had significantly lower activity in fragments than in

continuous forest (Fig. 2).

Bat activity responses to habitat type and moonlight intensity

The activity of three species (P. rubiginosus, S. bilineata and E. brasiliensis) in
fragments was negatively affected by moonlight as suggested by the significant interaction
effect (Fig. 2). Similarly, moonlight significantly curtailed activity levels of P. alitonus and
P. rubiginosus in secondary forest, albeit the effect was small (Fig. 2).

In relation to habitat-specific comparisons of activity between dark and bright nights,
all species, except S. leptura, showed changes in activity between dark and bright nights in
some habitat type (Fig. 3). In continuous forest, P. rubiginosus and P. alitonus were more
active on bright nights, whereas F. horrens had greater activity during dark nights (Fig. 3).
Pteronotus rubiginosus, S. bilineata, C. maximiliani, C. brevirostris, M. riparius and E.
brasiliensis exhibited greater activity during dark than bright nights in fragments (Fig. 3). In
secondary forest, only P. alitonus and P. rubiginosus showed greater activity on dark nights,
opposite to the pattern in continuous forest (Fig. 3).

Hourly activity varied little between dark and bright nights and only five species
exhibited some change in activity pattern between dark and bright nights in the same habitat
(Table 2; Fig. S1). In continuous forest, P. rubiginosus and S. leptura were more active on

bright nights. On the other hand, hourly activity of C. maximiliani and F. horrens steadily

11
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decreased on bright nights in continuous forest. In these two species, activity on dark nights
increased at the end of the night. In fragments, M. riparius, P. rubiginosus and C.
maximiliani increased their activity on dark nights, with greater activity in the middle of the
night in the latter two species. In secondary forest, only P. rubiginosus showed significant

differences, with an elevated activity during dark nights.

Discussion

Numerous studies have targeted the effects of forest fragmentation on tropical bats
(Meyer, Struebig & Willig, 2016; Mendes & Srbek-Araujo, 2020). Yet, in the Neotropics,
most research has been limited to the impacts of fragmentation on phyllostomid bats (e.g.
Klingbeil & Willig, 2009; Rocha et al., 2017b, 2018), and fragmentation effects on aerial
insectivores remain poorly explored (but see Estrada-Villegas, Meyer & Kalko, 2010; Nufiez
et al., 2019). Over the past two decades, intensive research at the BDFFP has provided
valuable information about taxonomic, functional, phylogenetic and behavioural responses of
bats to the dynamic nature of fragmented landscapes (e.g. Bobrowiec & Gribel, 2010;
Farneda et al., 2015; Rocha et al., 2018, 2020; Aninta et al., 2019). Although less researched
than their phyllostomid counterparts, aerial insectivorous bats at the BDFFP were found to
exhibit trait-related responses to fragmentation, with understory and constant-frequency and
frequency-modulated echolocating bats being particularly vulnerable to forest disturbance
(NuUfiez et al., 2019). Here, we further advance current understanding about the responses of
aerial insectivorous bats to fragmentation, by analyzing how temporal activity patterns of this
bat ensemble are molded by variation in moonlight intensity. As hypothesized, we found that
moonlight can modulate responses to habitat disturbance but only in extremely bright nights.
Importantly, a joint effect of moonlight and habitat disturbance was most evident only in

species that emit constant-frequency calls (Pteronotus spp.).
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Our results show that Amazonian aerial insectivorous bats respond more to habitat
type than to the interaction between habitat and moonlight. Most species had lower activity in
secondary forest and two showed lower activity in fragments compared to continuous forest.
This suggests that despite ca. 30 years of secondary forest regeneration, secondary forest is
still less attractive as foraging habitat for most aerial insectivorous bat species. These results
are consistent with those commonly reported for gleaning animalivorous bats, whose capture
rates typically decrease in disturbed habitats (Rocha et al., 2017b; Webala et al., 2019; Willig
et al., 2019), probably due to being poorer foraging and roosting areas (Meyer & Kalko,
2008; Carballo-Morales, Saldafia-Vasquez & Villalobos, 2021). Yet, they contrast with
results from nectarivorous and frugivorous bats, which normally increase in abundance in
fragments and in secondary forest due the higher density of food resources (Bobrowiec &
Gribel, 2010; Farneda et al., 2015).

The effect of moonlight intensity on activity differed between habitat types for P.
alitonus, P. rubiginosus, S. bilineata and E. brasiliensis. These four species exhibit a flexible
behaviour, changing their activity in disturbed environments when light conditions are not
favourable. The interaction between fragmentation and moonlight shows that for some
species the effects of fragmentation can be more acute than expected, since at least during
part of the lunar cycle their activity in fragments may be suppressed.

Bat activity over the lunar cycle is shaped by predator-prey interactions, as aerial
insectivorous bats are simultaneously predators and prey (Lang et al., 2006; Vasquez, Grez &
Pedro, 2020). Pteronotus rubiginosus and P. alitonus increase their activity with moonlight in
continuous forest probably due to higher foraging success, as some insect orders increase
their activity in nights of high moon illumination (Kolkert et al., 2020). The observed lunar
philia of P. rubiginosus agrees with the pattern found in other areas of Amazonian continuous

forest (Appel et al., 2017; Duran & Oviedo Morales, 2019). On the other hand, the observed
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decrease in the activity of Pteronotus spp. with increasing moonlight indicates that in
disturbed areas the perceived risk of predation is probably greater. These bats may avoid
leaving fragments as some visually oriented avian predators forage preferentially along
fragment edges and open areas (Chalfoun, Thompson & Ratnaswamy, 2002; Spanhove et al.,
2009).

Although the interactive effect of moonlight and habitat type on bat activity was
weak, our analyses showed that the effects of habitat type were most evident when evaluated
at the extremes of the lunar cycle (dark vs. bright nights). In fragments, the activity of six
species decreased on very bright nights, whereas, with the exception of P. alitonus and P.
rubiginosus (which showed greater activity on bright nights in continuous forest), it was
unaltered in continuous forest. The home ranges of aerial insectivorous bats (e.g. P. parnelli
and S. bilineata) are generally much greater than the size of fragments studied (<10 ha;
Bradbury & Vehrencamp, 1976; Estrada, Coates-Estrada, & Meritt, 1993; Hoffmann et al.,
2007). As such, bats inhabiting forest fragments might need to forage/commute in the
surrounding matrix, which on brighter nights, may increase exposure to predators. This
increase in predation risk may therefore reduce bat activity in small fragments during nights
with more intense moonlight (Bowers & Dooley, 1993). Thus, on bright nights probably bats
reduced their home range avoiding the edges of the fragments, specially Pteronotus spp.,
since they are less active in secondary forest on bright nights.

The two extremes of the lunar cycle, bright vs. dark nights, had little effect on hourly
activity levels indicating that bats do not respond to changes in moonlight during short
periods of time. Yet, two species had higher hourly activity on bright nights in continuous
forest and two species were more active at the end of dark nights. However, in fragments,
hourly activity only changed for three species, all exhibiting lower activity at dusk on bright

nights, which might be a strategy to reduce predation risks (Appel et al., 2017). A similar
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346  result was found for phyllostomids in early successional forest, small agricultural fields and
347  forest subjected to reduced-impact logging in the Amazon (Castro-Arellano et al., 2009;

348  Presley et al., 2009). Cormura brevirostris and S. bilineata did not change the hourly activity
349  between the extremes of brightness. This may relate with their foraging strategies (Gomes,
350  Appel & Barber, 2020), as both species have been suggested to feed closer to vegetation in
351 brighter nights (Jung & Kalko, 2010). The apparent absence of a moon effect on hourly

352 activity of insectivorous bats was also found by Appel et al., (2017) in a continuous forest
353  location in Central Amazonia and by Thomas & Jacobs (2013) in South Africa.

354 Our results show that moonlight is an abiotic variable that can modulate bat activity
355 levels in tropical human-altered landscapes, but for most aerial insectivorous species the
356  effect is either weak or absent, and responses are more evident only in extremely bright

357 nights in fragments. Species that emit constant frequency calls such as P. rubiginosus and P.
358 alitonus showed the strongest response in activity levels as manifested by a change from a
359  positive relationship with moonlight in continuous forest to a negative one in fragments and
360  secondary forest. Therefore, moonlight can augment the effects of fragmentation on the

361  activity of bats that echolocate using constant frequency calls. This is concerning because
362 habitat disturbance might reduce the temporal window in which foraging conditions are

363 favorable and thus limit the ability of species to meet their daily dietary requirements

364  (Véasquez, 1994; Castro-Arellano et al., 2009; Rocha et al., 2020). This physiological stress
365 may increase exposition to pathogens (Turmelle & Olival, 2009), and there are several

366  examples of how anthropogenic land-use change can have a major impact on the infection
367 and circulation of zoonoses (Gibb et al., 2020; White & Razgour, 2020). Future research
368 investigating how behavioral responses translate into fitness consequences (e.g. mortality and
369  reproductive success) in fragmented landscapes is needed to better understand long-term

370  population persistence.
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Conservation implications

Fragmentation and forest disturbance have been identified as the major causes of
biodiversity loss in the tropics. Some of the insectivorous bat species studied here are
fragmentation sensitive (Nufiez et al. 2019). In our study, habitat disturbance was the main
factor underlying decreases in the activity of aerial insectivorous bats, but moonlight
accentuated reductions in activity for some species in fragments and might impact their
capacity to provide their crucial ecosystem services as insect predators. Insectivorous bats are
key suppressors of herbivorous insects in both humanized and natural habitats and they can
prevent rice loss at an estimated cost of $1,2 million/year and more than $3,7 billion/year in
general agricultural losses (Boyles et al., 2011; Wanger et al., 2014; Kemp et al., 2019).
However, it is important to mention that the BDFFP fragments are surrounded by secondary
forest at an advanced stage of succession, which can buffer the impacts of fragmentation and
create better foraging conditions for aerial insectivorous bats than in other human-modified
landscapes (Rodriguez-San Pedro & Simonetti, 2015). Fragments in landscapes dominated by
large-scale agriculture commonly exhibit abrupt margins, are embedded within a
homogeneous matrix and suffer additional anthropogenic disturbances (e.g., effects of roads
and artificial illumination) which may considerably reduce the ecological services provided
by light-sensitive bat species (Put, Fahrig & Mitchell, 2019).

Artificial light at night has been increasing over time in biodiversity hotspots (Guetté
et al., 2018) and this is concerning because the increasing human pressure in the periphery of
forested areas can leave forest fragments in a state of constant illumination during the night.
Although artificial light attracts insects consumed by insectivorous bats, some bat species
studied here are sensitive to urbanization (Jung & Kalko, 2010; Alpizar, Rodriguez-Herrera,

& Jung, 2019). It is known that lit areas can influence the quality of roosts and fragment
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commuting routes for some bat species with negative consequences for the reproduction and
behaviour of bats (Downs et al., 2003; Laforge et al., 2019; Straka et al., 2019). In view of
the recent increase of fragmentation and artificial light at night in the Brazilian Amazon due
the development of cities, agricultural areas and expanding road networks (Haddad et al.,
2015; Lovejoy & Nobre, 2018; Vilela et al., 2020), the protection of undisturbed forests is
crucial for the conservation of light-sensitive aerial insectivorous bats. Moreover, bats
actively prey on mosquitoes responsible for disease transmission (Puig-Montserrat et al.,
2020) and as tropical urban areas have a proliferation of these insects, the promotion of large
forest fragments in urban areas can be an alternative to attract more activity of insectivorous

bats.

Acknowledgments

We would like to thank the field assistants and volunteers that participated in data
collection, as well as the Biological Dynamics of Forest Fragments Project (BDFFP),
specially José Luis Camargo, Rosely Hipolito and Ary Jorge Ferreira for logistical support.
We would thank to Jeff Conrad, whose allowed us to use the Sunmoon program. GA was
supported by a Coordenacédo de Aperfeicoamento Pessoal Nivel Superior (CAPES)
scholarship (Finance code 1) and Sandwich fellowship CAPES Process (88881.362190/2019-
0). PEDB was supported by a postdoctoral scholarship from PNPD/CAPES
(88887.370067/2019-00). CFIJM (PTDC/BIA-BIC/111184/2009), RR
(SFRH/BD/80488/2011) and ALB (PD/BD/52597/2014) acknowledge funding from
the Portuguese Foundation for Science and Technology (FCT) and RR was also supported by
an ARDITI — Madeira’s Regional Agency for the Development of Research, Technology and
Innovation Fellowship (M1420-09-5369-FSE-000002). Data collection was conducted under

permit 26877-2 issued by the Instituto Chico Mendes de Conservacao da Biodiversidade

17



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

(ICMBio/Brazil). Additional funding was provided by Bat Conservation International to ALB
and RR. We would like to thank the LBA Program (Large-scale Biosphere—Atmosphere
Experiment in Amazonia) for providing weather data. This is publication XXX in the

Technical Series of the BDFFP.

References

Almeida, D. R. A,, Stark, S. C., Schietti, J., Camargo, J. L. C., Amazonas, N. T., Gorgens, E.
B., Rosa, D. M., Smith, M. N., Valbuena, R., Saleska, S., Andrade, A., Mesquita, R.,
Laurance, S. G., Laurance, W. F., Lovejoy, T. E., Broadbent, E. N., Shimabukuro, Y. E.,
Parker, G. G., Lefsky, M., Silva, C. A., & Brancalion, P. H. S. (2019). Persistent effects
of fragmentation on tropical rainforest canopy structure after 20 yr of isolation. Ecol
Appl. 29, e01952.

Alpizar, P., Rodriguez-Herrera, B., & Jung, K. (2019). The effect of local land use on aerial
insectivorous bats (Chiroptera) within the two dominating crop types in the Northern-
Caribbean lowlands of Costa Rica. PLoS One 14, e0210364.

Aninta, S. G., Rocha, R., Lopez-Baucells, A., & Meyer, C. F. J. (2019). Erosion of
phylogenetic diversity in Neotropical bat assemblages: findings from a whole-ecosystem
fragmentation experiment. Biodivers. Conserv. 28, 4047-4063.

Appel, G., Lopez-Baucells, A., Magnusson, W. E., & Bobrowiec, P. E. D. (2017). Aerial
insectivorous bat activity in relation to moonlight intensity. Mamm. Biol. 85, 37-46.

Appel, G., Lopez-Baucells, A., Magnusson, W. E., & Bobrowiec, P. E. D. (2019).
Temperature, rainfall, and moonlight intensity effects on activity of tropical
insectivorous bats. J. Mammal. 100, 1889-1900.

Atkins, J. L., Long, R. A., Pansu, J., Daskin, J. H., Potter, A. B., Stalmans, M. E., Tarnita, C.

E., & Pringle, R. M. (2019). Cascading impacts of large-carnivore extirpation in an

18



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

African ecosystem. Science 364, 173-177.

Barlow, J., Berenguer, E., Carmenta, R., & Franga, F. (2020). Clarifying Amazonia’s burning
crisis. Glob Change Biol 26, 319-321.

Barlow, J., Lennox, G. D., Ferreira, J., Berenguer, E., Lees, A. C., Nally, R. Mac, Thomson,
J.R., Ferraz, S. F. D. B., Louzada, J., Oliveira, V. H. F., Parry, L., Ribeiro De Castro
Solar, R., Vieira, I. C. G., Aragad, L. E. O. C., Begotti, R. A, Braga, R. F., Cardoso, T.
M., Jr, R. C. D. O., Souza, C. M., Moura, N. G., Nunes, S. S., Siqueira, J. V., Pardini,
R., Silveira, J. M., Vaz-De-Mello, F. Z., Veiga, R. C. S., Venturieri, A., & Gardner, T.
A. (2016). Anthropogenic disturbance in tropical forests can double biodiversity loss
from deforestation. Nature 535, 144-147.

Bernard, E., & Fenton, M. B. (2003). Bat mobility and roosts in a fragmented landscape in
Central Amazonia, Brazil. Biotropica 35, 262-277.

Betts, M. G., Arroyo-rodriguez, V., Ribeiro, D. B., Barlow, J., Eigenbrod, F., Faria, D., &
Wood, E. M. (2019). Habitat Fragmentation on animals. Science 1239, 1236-1239.

Bhatt, U. M., Sarma, H. K., & Lyngdoh, S. L. (2018). Catch me if you can: Species
interactions and moon illumination effect on mammals of tropical semi-evergreen forest
of Manas National Park, Assam, India. bioRxiv, 449918.

Bobrowiec, P. E. D., & Gribel, R. (2010). Effects of different secondary vegetation types on
bat community composition in Central Amazonia, Brazil. Anim. Conserv. 13, 204-216.

Bolker, B., Magnusson, A., Skaug, H., Berg, C., Kristensen, K., Maechler, M., Sadat, N.,
Lidecke, D., Lenth, R., O'Brien, J. & Brooks, M. (2020). Getting started with the
glmmTMB package. R package version 1.0.2.1. Available at https://cran.r-
project.org/web/packages/gimmTMB/gimmTMB.pdf.

Bowers, M. A., & Dooley, J. L. (1993). Predation hazard and seed removal by small

mammals: microhabitat versus patch scale effects. Oecologia 94, 247-254.

19



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

Boyles, J. G., Cryan, P. M., McCracken, G. F., & Kunz, T. H. (2011). Economic importance
of bats in agriculture. Science 332, 41-42.

Bradbury, J. W., & Vehrencamp, S. L. (1976). Behavioral ecology and sociobiology social
organization and foraging in Emballonurid bats 1. Field Studies. Behav. Ecol. Sociobiol
1, 337-381.

Carballo-Morales, J. D., Saldafa-Véasquez, R. A., & Villalobos, F. (2021). Trophic guild and
forest type explain phyllostomid bat abundance variation from human habitat
disturbance. Glob. Ecol. Conserv. 25, e01425.

Carvalho, W. D., De Freitas, L.N., Freitas, G. P., Luz, J. L., de Costa, L. M., & Esbérard, C.
E. L. (2011). Efeito da chuva na captura de morcegos em uma ilha da costa suldo Rio de
Janeiro, Brasil. Chiropt. Neotrop. 17, 808-816.

Castro-Arellano, 1., Presley, S. J., Willig, M. R., Wunderle, J. M., & Saldanha, L. N. (2009).
Reduced-impact logging and temporal activity of understorey bats in lowland
Amazonia. Biol. Conserv. 142, 2131-2139.

Chalfoun, A. D., Thompson, F. R., & Ratnaswamy, M. J. (2002). Nest predators and
fragmentation: A review and meta-analysis. Conservation Biology 16, 306-318.

Conrad, B. J. (2017). Moon Luminance and Illuminance. version 2.

Downs, N. C., Beaton, V., Guest, J., Polanski, J., Robinson, S. L., & Racey, P. A. (2003).
The effects of illuminating the roost entrance on the emergence behaviour of Pipistrellus
pygmaeus. Biol. Conserv. 111, 247-252.

Durén, A. A., & Oviedo Morales, N. (2019). Actividad de un “ensamblaje” de murciélagos
en el norte de Brasil (Mammalia: Chiroptera). Rev. Biol. Trop. 67, 69-82.

Estrada-Villegas, S., Meyer, C. F. J., & Kalko, E. K. V. (2010). Effects of tropical forest
fragmentation on aerial insectivorous bats in a land-bridge island system. Biol. Conserv.

143, 597-608.

20



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

Estrada, A., Coates-estrada, R., & Meritt, D. (1993). Bat species richness and abundance in
tropical rain forest fragments and in agricultural habitats at Los Tuxtlas, Mexico.
Ecography 16, 309-318.

Farneda, F. Z., Rocha, R., Lopez-Baucells, A., Groenenberg, M., Silva, 1., Palmeirim, J. M.,
Bobrowiec, P. E. D., & Meyer, C. F. J. (2015). Trait-related responses to habitat
fragmentation in Amazonian bats. J Appl Ecol 52, 1381-1391.

Ferreira, D. F., Rocha, R., LOpez-Baucells, A., Farneda, F. Z., Carreiras, J. M. B., Palmeirim,
J. M., & Meyer, C. F. J. (2017). Season-modulated responses of Neotropical bats to
forest fragmentation. Ecol. Evol. 7, 4059-4071.

Gibb, R., Redding, D. W., Chin, K. Q., Donnelly, C. A., Blackburn, T. M., Newbold, T., &
Jones, K. E. (2020). Zoonotic host diversity increases in human-dominated ecosystems.
Nature 584, 398-402.

Gigliotti, L. C., & Diefenbach, D. R. (2017). Risky behavior and its effect on survival :
snowshoe hare behavior under varying moonlight conditions. J. Zool. 305, 27-34.

Gomes D. G. E., G. Appel, & Barber J. R. (2020). Time of night and moonlight structure
vertical space use by insectivorous bats in a Neotropical rainforest: An acoustic
monitoring study. PeerJ, 8: €10591.

Guetté, A., Godet, L., Juigner, M., & Robin, M. (2018). Worldwide increase in Artificial
Light At Night around protected areas and within biodiversity hotspots. Biol. Conserv.
223, 97-103.

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., Holt, R. D., Lovejoy,
T. E., Sexton, J. O., Austin, M. P., Collins, C. D., Cook, W. M., Damschen, E. I., Ewers,
R. M., Foster, B. L., Jenkins, C. N., King, A. J., Laurance, W. F., Levey, D. J.,
Margules, C. R., Melbourne, B. A., Nicholls, A. O., Orrock, J. L., Song, D. X., &

Townshend, J. R. (2015). Habitat fragmentation and its lasting impact on Earth’s

21



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

ecosystems. Science Advances 1, 1-10.

Haeussler, U., & Erkert, H. (1978). Different direct effects of light intensity on the entrained
activity rhythm in neotropical bats (Chiroptera, Phyllostomidae). Behav Process 3, 223—
239.

Ho, J., Tumkaya, T., Aryal, S., Choi, H., & Claridge-Chang, A. (2019). Moving beyond P
values: Everyday data analysis with estimation plots. Nature Methods 16, 565-566.

Hoffmann, F. F., Hejduk, J., Caspers, B., Siemers, B. M., & Voigt, C. C. (2007). In the
mating system of the bat Saccopteryx bilineata, bioacoustic constraints impede male
eavesdropping on female echolocation calls for their surveillance. Can. J. Zool. 85, 863—
872.

Holland, R. A., Meyer, C. F. J.,, Kalko, E. K. V., Kays, R., & Wikelski, M. (2011).
Emergence time and foraging activity in Pallas’mastiff bat, Molossus molossus
(Chiroptera: Molossidae) in relation to sunset/sunrise and phase of the moon. Acta
Chiropt. 13, 399-404.

Jakovac, A. C. C., Bentos, T. V., Mesquita, R. C. G., & Williamson, G. B. (2014). Age and
light effects on seedling growth in two alternative secondary successions in central
Amazonia. Plant Ecol Divers 7, 349-358.

Jung, K., & Kalko, E. K. V. (2010). Where forest meets urbanization: Foraging plasticity of
aerial insectivorous bats in an anthropogenically altered environment. J. Mammal. 91,
144-153.

Jung, K., & Kalko, E. K. V. (2011). Adaptability and vulnerability of high flying neotropical
aerial insectivorous bats to urbanization. Divers Distrib 17, 262-274.

Kemp, J., Lopez-Baucells, A., Rocha, R., Wangensteen, O. S., Andriatafika, Z., Nair, A., &
Cabeza, M. (2019). Bats as potential suppressors of multiple agricultural pests: A case

study from Madagascar. Agric. Ecosyst. Environ. 269, 88-96.

22



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Klingbeil, B. T., & Willig, M. R. (2009). Guild-specific responses of bats to landscape
composition and configuration in fragmented Amazonian rainforest. J Appl Ecol 46,
2013-213.

Kolkert, H., Smith, R., Rader, R., & Reid, N. (2020). Insectivorous bats foraging in cotton
crop interiors is driven by moon illumination and insect abundance, but diversity
benefits from woody vegetation cover. Agric. Ecosyst. Environ. 302, 107068.

Kunz, T. H., de Torrez, E. B., Bauer, D., Lobova, T., & Fleming, T. H. (2011). Ecosystem
services provided by bats. Ann NY Acad Sci 1223, 1-38.

Laforge, A., Pauwels, J., Faure, B., Bas, Y., Kerbiriou, C., Fonderflick, J., & Besnard, A.
(2019). Reducing light pollution improves connectivity for bats in urban landscapes.
Landsc. Ecol 34, 793-809.

Lang, A. B., Kalko, E. K. V., Rémer, H., Bockholdt, C., & Dechmann, D. K. N. (2006).
Activity levels of bats and katydids in relation to the lunar cycle. Oecologia 146, 659—
666.

Laurance, W. F., & Bruce Williamson, G. (2001). Positive feedbacks among forest
fragmentation, drought, and climate change in the Amazon. Biol. Conserv. 15, 1529-
1535.

Laurance, W. F., Camargo, J. L. C., Fearnside, P. M., Lovejoy, T. E., Williamson, G. B.,

Mesquita, R. C. G., Meyer, C. F. J., Bobrowiec, P. E. D., & Laurance, S. G. W. (2018).

An Amazonian rainforest and its fragments as a laboratory of global change. Biol. Rev.

93, 223-247.

Lima, S. L., & O’Keefe, J. M. (2013). Do predators influence the behaviour of bats? Biol.
Rev. 88, 626-644.

Linley, G. D., Pauligk, Y., Marneweck, C., & Ritchie, E. G. (2020). Moon phase and

nocturnal activity of native australian mammals moon phase and nocturnal activity of

23



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

native. Aust. Mammal.

Lopez-Baucells, A., Rocha, R., Bobrowiec, P. E. D., Bernard, E., Palmeirim, J. M., & Meyer,
C. F. J. (2016). Amazonian bats. Editora INPA. 1st ed., Vol. 1. Manaus.

Lopez-Baucells, A., Torrent, L., Rocha, R., Pavan, A. C., Bobrowiec, P. E. D., & Meyer, C.
F. J. (2018). Geographical variation in the high-duty cycle echolocation of the cryptic
common mustached bat Pteronotus cf. rubiginosus (Mormoopidae). Bioacoustics 27,
341-357.

Lopez-Baucells, A., Torrent, L., Rocha, R., Bobrowiec, P. E., Palmeirim, J. M., & Meyer, C.
F. (2019). Stronger together: combining automated classifiers with manual post-
validation optimizes the workload vs reliability trade-off of species identification in bat
acoustic surveys. Ecol. Inform 49, 45-53.

Lovejoy, T. E., & Nobre, C. (2018). Amazon tipping point. Science Advances 4, 1-2.

Mendenhall, C. D., Karp, D. S., Meyer, C. F. J., Hadly, E. A., & Daily, G. C. (2014).
Predicting biodiversity change and averting collapse in agricultural landscapes. Nature
509, 213-217.

Mendes, P., & Srbek-Araujo, A. C. (2020). Effects of land-use changes on Brazilian bats: a
review of current knowledge. Mammal Rev. 32, 745-765.

Mesquita, R. C. G., Ickes, K., Ganade, G., & Bruce Williamson, G. (2001). Alternative
successional pathways in the Amazon Basin. J. Ecol. 89, 528-537.

Mesquita, R. D. C. G., Massoca, P. E. D. S., Jakovac, C. C., Bentos, T. V., & Williamson, G.
B. (2015). Amazon rainforest succession: stochasticity or land-use legacy? BioScience
65, 849-861.

Meyer, C. F. J., & Kalko, E. K. V. (2008). Bat assemblages on neotropical land-bridge
islands: Nested subsets and null model analyses of species co-occurrence patterns.

Divers Distrib 14, 644—-654.

24



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

Meyer, C. F. J., Struebig, M. J., & Willig, M. R. (2016). Responses of tropical bats to habitat
fragmentation, logging, and deforestation. In Bats in the Anthropocene: Conservation of
Bats in a Changing World: 63-103. Voigt, C.C., Kingston, T. (Eds). New York:
Springer.

Miranda, E. B. P. De, Kenup, C. F., Campbell-thompson, E., Vargas, F. H., Muela, A.,
Watson, R., Peres, C. A., & Downs, C. T. (2020). High moon brightness and low
ambient temperatures affect sloth predation by harpy eagles. PeerJ 8, e9756.

Mokross, K., Potts, J. R., Rutt, C. L., & Stouffer, P. C. (2018). What can mixed-species flock
movement tell us about the value of Amazonian secondary forests? Insights from spatial
behavior. Biotropica 50, 664-673.

Montibeller, B., Kmoch, A., Virro, H., Mander, U., & Uuemaa, E. (2020). Increasing
fragmentation of forest cover in Brazil’s Legal Amazon from 2001 to 2017. Sci. Rep. 10,
1-13.

Musila, S., Bogdanowicz, W., Syingi, R., Zuhura, A., Chylarecki, P., & Rydell, J. (2019). No
lunar phobia in insectivorous bats in Kenya. Mamm Biol. 95, 77-84.

Navarro-castilla, A., & Barja, I. (2014). Does predation risk, through moon phase and
predator cues, modulate food intake, antipredatory and physiological responses in wood
mice (Apodemus sylvaticus)? Behav. Ecol. Sociobiol. 68, 1505-1512.

Nufiez, S. F., Lépez-Baucells, A., Rocha, R., Farneda, F. Z., Bobrowiec, P. E. D., Palmeirim,
J. M., & Meyer, C. F. J. (2019). Echolocation and stratum preference: key trait correlates
of vulnerability of insectivorous bats to tropical forest fragmentation. Front. Ecol. Evol.
7,1-12.

Patil, 1. (2020). “ggstatsplot” Based Plots with Statistical Details. R package version 0.5.0.
Available at: https://cran.r-project.org/web/packages/ggstatsplot/ggstatsplot.pdf

Pavan, A. C., Bobrowiec, P. E. D., & Percequillo, A. R. (2018). Geographic variation in a

25



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

South American clade of mormoopid bats, Pteronotus (Phyllodia), with description of a
new species. J. Mammal. 99, 624-645.

Penteriani, V., Kuparinen, A., Delgado, M., Lourenco, R., & Campioni, L. (2011). Individual
status, foraging effort and need for conspicuousness shape behavioural responses of a
predator to moon phases. Anim. Behav. 82, 413-420.

Perks, S. J., & Goodenough, A. E. (2020). Abiotic and spatiotemporal factors affect activity
of european bat species and have implications for detectability for acoustic surveys.
Wildlife Biol 2020, 1.

Pfeifer, M., Lefebvre, V., Peres, C. A., Banks-Leite, C., Wearn, O. R., Marsh, C. J., Butchart,
S. H. M., Arroyo-Rodriguez, V., Barlow, J., Cerezo, A., Cisneros, L., D’Cruze, N.,
Faria, D., Hadley, A., Harris, S. M., Klingbeil, B. T., Kormann, U., Lens, L., Medina-
Rangel, G. F., Morante-Filho, J. C., Olivier, P., Peters, S. L., Pidgeon, A., Ribeiro, D.
B., Scherber, C., Schneider-Maunoury, L., Struebig, M., Urbina-Cardona, N., Watling, J.
l., Willig, M. R., Wood, E. M., & Ewers, R. M. (2017). Creation of forest edges has a
global impact on forest vertebrates. Nature 551, 187-191.

Pianka, E. R. (2007). The structure of lizard communities. Annu Rev Ecology Evol S 4, 53—
74.

Pratas-Santiago, L. P., Goncalves, A. L. S., da Maia Soares, A. M. V., & Spironello, W. R.
(2016). The moon cycle effect on the activity patterns of ocelots and their prey. J. Zool.
299, 275-283.

Presley, S. J., Willig, M. R., Castro-Arellano, I., & Weaver, S. C. (2009). Effects of habitat
conversion on temporal activity patterns of Phyllostomid bats in lowland Amazonian
rainforest. J. Mammal. 90, 210-221.

Pringle, R. M., Kartzinel, T. R., Palmer, T. M., Thurman, T. J., Fox-Dobbs, K., Xu, C. C. Y.,

Hutchinson, M. C., Coverdale, T. C., Daskin, J. H., Evangelista, D. A., Gotanda, K. M.,

26



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

A. Man in ’t Veld, N., Wegener, J. E., Kolbe, J. J., Schoener, T. W., Spiller, D. A.,
Losos, J. B., & Barrett, R. D. H. (2019). Predator-induced collapse of niche structure
and species coexistence. Nature 570, 58-64.

Puig-Montserrat, X., Torre, I., Lopez-Baucells, A., Guerrieri, E., Monti, M. M., Rafols-
Garcia, R., Ferrer, X., Gisbert, D., & Flaquer, C. (2020). Pest control service provided
by bats in Mediterranean rice paddies: Linking agroecosystems structure to ecological
functions. Pest Manag. Sci. 80, 237-245.

Put, J. E., Fahrig, L., & Mitchell, G. W. (2019). Bats respond negatively to increases in the
amount and homogenization of agricultural land cover. Landsc. Ecol. 34, 1889-1903

R Core Team, 2020. R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Found. Stat. Comput.

RStudio Team. 2020. RStudio: Integrated Development for R. PBC, Boston, MA.
http://www.rstudio.com/

Rocha, R., Ovaskainen, O., Lopez-Baucells, A., Farneda, F. Z., Ferreira, D. F., Bobrowiec, P.
E. D., Cabeza, M., Palmeirim, J. M., & Meyer, C. F. J. (2017a). Design matters: An
evaluation of the impact of small man-made forest clearings on tropical bats using a
before-after-control-impact design. Forest Ecol Management 401, 8-16.

Rocha, R., Lopez-Baucells, A., Farneda, F. Z., Groenenberg, M., Bobrowiec, P. E. D.,
Cabeza, M., Palmeirim, J. M., & Meyer, C. F. J. (2017b). Consequences of a large-scale
fragmentation experiment for Neotropical bats: disentangling the relative importance of
local and landscape-scale effects. Landsc. Ecol. 32, 31-45.

Rocha, R., Ovaskainen, O., Lépez-Baucells, A., Farneda, F. Z., Sampaio, E. M., Bobrowiec,
P. E. D., Cabeza, M., Palmeirim, J. M., & Meyer, C. F. J. (2018). Secondary forest
regeneration benefits old-growth specialist bats in a fragmented tropical landscape. Sci.

Rep. 8, 1-9.

27



671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Rocha, R., Lopez-Baucells, A., Farneda, F. Z., Ferreira, D. F., Silva, 1., Acacio, M.,
Palmeirim, J. M., & Meyer, C. F. J. (2020). Second-growth and small forest clearings
have little effect on the temporal activity patterns of Amazonian phyllostomid bats.
Curr. Zool. 66, 145-153.

Rodriguez-San Pedro, A., & Simonetti, J. A. (2015). The relative influence of forest loss and
fragmentation on insectivorous bats: Does the type of matrix matter? Landsc. Ecol. 30,
1561-1572.

Roeleke, M., Teige, T., Hoffmeister, U., Klingler, F., & Voigt, C. C. (2018). Aerial-hawking
bats adjust their use of space to the lunar cycle. Mov. Ecol. 6, 1-10.

Rutt, C. L., Mokross, K., Kaller, M. D., & Stouffer, P. C. (2020). Experimental forest
fragmentation alters Amazonian mixed-species flocks. Biol. Conserv. 242, 108415.

Saldafa-Vazquez, R. A., & Munguia-Rosas, M. A. (2013). Lunar phobia in bats and its
ecological correlates: A meta-analysis. Mamm Biol. 78, 216-219.

Silva, 1., Rocha, R., Lopez-Baucells, A., Farneda, F. Z., & Meyer, C. F. J. (2020). Effects of
forest fragmentation on the vertical stratification of neotropical bats. Diversity 12, 1-15.

Spanhove, T., Lehouck, V., Boets, P., & Lens, L. (2009). Forest fragmentation relaxes natural
nest predation in an Afromontane forest. Animal Conservation 12, 267-275.

Straka, T. M., Wolf, M., Gras, P., Buchholz, S., & Voigt, C. C. (2019). Tree cover mediates
the effect of artificial light on urban bats. Front. Ecol. Evol. 7, 1-11.

Thomas, A. J., & Jacobs, D. S. (2013). Factors influencing the emergence times of sympatric
insectivorous bat species. Acta Chiropt. 15, 121-132.

Torrent, L., Lépez-Baucells, A., Rocha, R., Bobrowiec, P. E. D., & Meyer, C. F. J. (2018).
The importance of lakes for bat conservation in Amazonian rainforests: an assessment
using autonomous recorders. Remote Sens Ecol Con. 4, 339-351.

Turmelle, A. S., & Olival, K. J. (2009). Correlates of viral richness in bats (Order

28



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

Chiroptera). EcoHealth 6, 522-539.

Véasquez, D. A., Grez, A. A., & Pedro, A. R. (2020). Species-specific effects of moonlight on
insectivorous bat activity in central Chile. J. Mammal. 101, 1356-1363.

Véasquez, R. A. (1994). Assessment of predation risk via illumination level: Facultative
central place foraging in the cricetid rodent Phyllotis darwini. Behav. Ecol. Sociobiol.
34, 375-381.

Vilela, T., Harb, A. M., Bruner, A., Da Silva Arruda, V. L., Ribeiro, V., Alencar, A. A. C.,
Grandez, A. J. E., Rojas, A., Laina, A., & Botero, R. (2020). A better Amazon road
network for people and the environment. Proc. Natl. Acad. Sci. U.S.A 117, 7095-7102.

Waap, S., Symondson, W. O. C., Granadeiro, J. P., & Alonso, H. (2017). The diet of a
nocturnal pelagic predator, the Bulwer’s petrel, across the lunar cycle. Sci. Rep. 7, 1-10.

Wanger, T. C., Darras, K., Bumrungsri, S., Tscharntke, T., & Klein, A. M. (2014). Bat pest
control contributes to food security in Thailand. Biol. Conserv. 171, 220-223.

Watling, J. I., Nowakowski, A. J., Donnelly, M. A., & Orrock, J. L. (2011). Meta-analysis
reveals the importance of matrix composition for animals in fragmented habitat. Glob.
Ecol. Biogeogr. 20, 209-217.

Webala, P. W., Mwaura, J., Mware, J. M., Ndiritu, G. G., & Patterson, B. D. (2019). Effects
of habitat fragmentation on the bats of Kakamega Forest, western Kenya. J. Trop. Ecol.
35, 260-2609.

White, R. J., & Razgour, O. (2020). Emerging zoonotic diseases originating in mammals: a
systematic review of effects of anthropogenic land-use change. Mammal Rev 1-17.
Willig, M. R, Presley, S. J., Plante, J. L., Bloch, C. P., Solari, S., Pacheco, V., & Weaver, S.
C. (2019). Guild-level responses of bats to habitat conversion in a lowland Amazonian

rainforest: Species composition and biodiversity. J. Mammal. 100, 223-238.

Zuur, A.F., leno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009). Mixed Effects

29



721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

Models and Extensions in Ecology with R. Springer, New York, USA.

Figure legends

Figure 1. Location of the Biological Dynamics of Forest Fragments Project (BDFFP) and the
distribution of sampling points in continuous forest, fragments of 1 and 10 ha, and secondary
forest. Continuous forest is represented in dark gray and secondary forest (matrix) in light
gray. The map in the upper right corner shows the location of the study area in the Central

Amazon. The schematic figure illustrates the vegetation structure in the three habitat types.

Figure 2. Effects of moonlight, habitat type, and their interaction on activity of the nine focal
species in the BDFFP evaluated using generalized linear mixed models. Effect estimates are
based on the fixed effect posterior distribution, characterized by its mean (dot) and credible
intervals (95% ClI, lines). Gray circle estimates indicate significant negative effects, white

circle estimates significant positive effects and black estimates non-significant effects.

Figure 3. Gardner-Altman estimation plots showing the effect size (mean difference) of bat
activity between dark and bright nights in each type of forest - continuous, fragments and
secondary forest at the BDFFP. Dark nights were considered those with between 0 and 30%
moonlight intensity and bright nights those above 70%. The mean is indicated by a dot, error
bars represent the 95% confidence interval. Gray circle estimates indicate significant negative
effects (higher activity on dark nights), white circle estimates significant positive effects

(higher activity on bright nights) and black estimates non-significant effects.

Figure 4. Hourly activity of nine species of aerial insectivorous bat in each habitat type
(continuous forest, fragments and secondary forest) on dark nights (0-30% of moonlight

30



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

intensity) and bright nights (70-100% of moonlight intensity). Black lines denote dark nights,
gray lines bright nights. The solid line is the average activity and the dotted line represents
the standard deviation of activity. * indicates a significant difference between dark and bright

nights based on Kolmogorov-Smirnov 2-sample tests.
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