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Abstract

Bats are an important component of Amazonian mammal communities but are often ignored
during conventional biodiversity assessments. Much is therefore unknown regarding spatial
and temporal forest use and the partitioning between different bat species in the community.
The objectives of this study were to examine how different habitats and seasons affects the
activity of two congeneric species (Pteronotus alitonus and P. rubiginosus), and how
temporal partitioning of activity in these two species varies with habitat types and seasonality.
| used ultrasound recordings of the two Pteronotus species collected in three different habitat
types (continuous primary forest, secondary forest and 10ha forest fragments) and during two
seasons (wet and dry) in the Biological Dynamics of Forest Fragments Project in central
Amazon, Brazil. The activity levels of both Pteronotus species were found to significantly
increase during the wet season, suggesting that insect abundance during the wet season would
positively affect bat activity levels. Furthermore, P. alitonus had highest activity levels in
secondary forest, whereas P. rubiginosus exhibited high activity levels in both primary and
secondary forest. Forest fragments were least favoured by both species. The same patterns
were found in spatial hourly activity. The results suggest that P. alitonus and P. rubiginosus
spatially and temporally partition activity and that this partitioning may be a way to reduce

competition.
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Introduction

The Amazon is the largest tropical rainforest on the planet, and it harbours a disproportionate
amount of the global biodiversity (Garda et al., 2010). New species are regularly discovered,
for instance seven new species of Callicebinae, titi monkeys, have been discovered since 2002
(Boubli et al., 2019; Gusmao et al., 2019) and several new insect species has been described
just this year (Bento et al., 2022; Nakahara et al., 2022; Nascimento et al., 2022). However, the
Amazon is threatened by deforestation, fragmentation, and anthropogenic disturbances (Gibson
et al., 2011). Fragmentation of forest is acknowledged as one of the major threats to wildlife,
especially in the tropics, and it has a profound impact on species composition (Faria, 2006).
Bird assemblages appear affected by fragmentation (Barlow et al., 2007) and other disturbances
such as fires (Barlow et al., 2002) and logging (Barlow et al., 2006), and insectivorous birds
disproportionately so (Barlow et al., 2007; Canaday, 1996). However, it remains unclear how
forest fragmentation affects less studied taxa such as bats. For instance, Meyer & Kalko (2008)
found that insectivorous bats were highly sensitive to edge-effects, even when fragments were
near primary forest. In contrast, Estrada & Coates-Estrada (2002) reported that most bat species
seem to tolerate anthropogenic impacts and found that fragmented habitats had the same species
richness as the natural continuous forest. It is argued that the variable results can be caused by
the distance between fragments and the distance of fragments to primary forest, but little
evidence of this has been found (Faria, 2006). It therefore remains unclear to what extent

fragmentation affects insectivorous bats (Barros et al., 2014).

The Amazon rainforest is a highly seasonal biome defined by precipitation levels, dividing
the year into a wet and dry season. The resource abundance and composition in the forest change
dramatically between the two seasons (Klingbeil & Willig, 2010). Phenological patterns in the
forest are highly predictable, with flowering and fruiting correlating with seasonality
(Haugaasen & Peres, 2005) and serving as reliable food sources. There is a strong link between
seasonality and arthropod abundance, which also exhibit peak activity levels during the wet
season (Develey & Peres, 2000; Jahn et al., 2010). Bats are the most species-rich mammal taxon
in the Amazon, and most species are insectivorous (Fleming et al., 1972). Insectivorous bats
follow insect activity patterns and time important life cycle events, such as reproduction, to
correlate with insect abundance (Klingbeil & Willig, 2010; Meyer et al., 2004; Russ et al.,
2003). Bat activity patterns can often differ between species which could be related to the
activity of preferred prey (Meyer et al.,, 2004), but may also reflect an effort to avoid
competition through temporal and spatial partitioning (Pavan et al., 2018).



Aerial insectivorous bat activity is highly dependent on environmental conditions (Thies et
al., 2006). Bats are for example found to be less active at low humidity levels and heavy rainfall
due to disruption of echolocation calls and direct interference with flight (Appel et al., 2019;
Voigt et al., 2011). In addition, rainfall and temperature can affect thermoregulation and insect
abundance (Agosta et al., 2005; Barros et al., 2014). If declining resources result in poor
foraging success, or the cost of flight is too high to attain a positive energy balance,
insectivorous bats cease to forage (Thies et al., 2006). Predation and prey availability can also
influence activity by causing trade-off situations between foraging and predation risk (Thies et
al., 2006). Structural environmental conditions are also found to affect bat activity levels (Appel
etal., 2021; Rocha et al., 2020; Thies et al., 2006; Yoh et al., 2022). Highly cluttered vegetation
is found to be limiting for some echolocating bats (de Oliveira et al., 2015; Pavan et al., 2018),
whilst open spaces like riparian zones might increase risk of detection by predators (de Oliveira
et al., 2015). Despite of this, both cluttered vegetation and riparian zones are favoured for
foraging due to high degree of insect mass (Barros et al., 2014; de Oliveira et al., 2015; Janzen,
1968). Bat assemblage composition and foraging patterns may therefore be different between
different habitats.

In this study, | take advantage of a large-scale fragmentation experiment — the Biological
Dynamics of Forest Fragmentation Project (BDFFP) in central Amazonia — where it is possible
to study primary forest, secondary forest, and forest fragments in the same area. | used
ultrasound recordings of two Pteronotus species (P. rubiginosus and P. alitonus), to assess their
habitat use and foraging patterns. They are both small, insectivorous bats with overlapping
distribution ranges in northern Amazonia, but the P. rubiginosus distribution stretches far south
from the sympatric areas (Bruno & Falcdo, 2022; Pavan et al., 2018). Previous studies suggest
that these species show some spatial and temporal niche division in sympatric areas, but these
trends are not fully verified (Bruno & Falcdo, 2022; Pavan et al., 2018). For instance, de
Oliveira et al. (2015) found that P. rubiginosus preferred heavily cluttered areas, namely
continuous primary forest. Contrastingly, Pavan et al. (2018) suggested that the echolocation
call of P. rubiginosus is more suited to less cluttered habitat than P. alitonus, and that the latter

preferred highly cluttered forests as there are no reports of this species in open areas.

The main objective of this study was to assess how the behavioural patterns of the two
sister-species of aerial insectivorous bats are affected by habitat type and seasonality and use
this to assess the niche partitioning between these species. More specifically, | examined (1)
how habitat and season affected bat activity, and (2) how temporal partitioning of activity
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between these two species varied with habitat and seasonality, and (3) compared the activity
patterns between the two species. This was done by analysing bat activity within primary forest,
secondary forest, and forest fragments during the wet and dry season. | hypothesize that the
effect of habitats on behaviour is greater than seasonality since heavy rain and humidity is likely
to affect both species similarly. I also predict that the general activity level of the two bat species
is higher during the wet season than the dry season since insect abundance peaks during the wet
season. | continue the assumption of Pavan et al. (2018) that P. rubiginosus is more active in
secondary forest and P. alitonus in primary forest. Additionally, 1 hypothesize that P.
rubiginosus tackle fragmented habitats better than P. alitonus, since the natural distribution
range of P. rubiginosus is much wider, and the species is seemingly more adaptable to different
habitats.



Methods
Study site

The study was conducted in central Amazonia, Brazil — more specifically at the Biological
Dynamics of Forest Fragments Project (BDFFP) ~80 km north of Manaus (Fig. 1). The BDFFP
is one of the longest-running investigations of habitat fragmentation (Yoh et al., 2022). The
study area contains lowland terra firme rainforest with eleven 10ha primary forest fragments
surrounded by a second growth matrix (Laurance et al., 2016). The fragments were originally
surrounded by cattle ranches, but the ranches were abandoned, and secondary forest reclaimed
the pastures (Yoh et al., 2022).

The dry season in this area is characterized by precipitation less than 100mm/month and
lasts from July to November, while the rainy season lasts from November to June, with
precipitation of 300mm/month (Ferreira et al., 2017). Sunset and sunrise occur at around 18:00h
and 06:00h during both seasons. The study area is situated at 80-160mas| (Farneda et al., 2018).

Sampling points
O Primary forest B Fragment @ Secondary forest
Landscape classes
Il Continuous Primary forest [__] Secondary forest

Figure 1 Location of study area in the Biological Dynamics of Forest Fragments Project (BDFFP) with the distribution of
sampling points in continuous forest, secondary forest and 10 ha fragments. Continuous forest is represented in dark green
and secondary forest (matrix) in light green. The map in the upper right corner shows the location of the BDFFP in the
central Amazon of Brazil. The map was produced using QGIS.



Study species

This study focuses on Pteronotus alitonus (Fig. 2) and Pteronotus rubiginosus (Fig. 3), two
closely related insectivorous bat species, native to the Americas (Pavan et al., 2018; Thoisy et
al., 2014). Both species measure ~ 6 cm in body length and weigh ~ 20 gram, with P.
rubiginosus being slightly larger in size (Pavan et al., 2018). Pteronotus rubiginosus has a wider
distribution range than P. alitonus, with sympatric appearances in Guyana, Surinam, French
Guyana, and the northern parts of the Brazilian Amazon (Bruno & Falcdo, 2022; Lopez-
Baucells et al., 2018; Pavan et al., 2018; Thoisy et al., 2014). Both species derive from P.
parnellii, a complex of species where P. rubiginosus was thought to be a subspecies and P.
alitonus was yet unidentified (Clare et al., 2013; Thoisy et al., 2014). Through phylogenetic
and morphometric analysis, P. rubiginosus was recognized as its own species, and P. alitonus
suggested as a species under the name “Pteronotus species 1” in 2016 (Pavan & Marroig,
2016). In a comparative study between P. rubiginosus and P. alitonus, discernible differences
in call frequency, morphological traits and molecular variations were found, and Pteronotus
alitonus was formally described as a new species (Pavan et al., 2018). Pteronotus rubiginosus
has an echolocation call frequency with maximum energy of 55 kHz and P. alitonus has max.
energy of 60 kHz, which is easily separated from each other (Lopez-Baucells et al., 2016; Pavan
etal., 2018). Interestingly, the morphologic differences between P. rubiginosus and P. alitonus,

for instance skull size, were greater in areas with sympatric occurrence than in allopatric areas
(Pavan et al., 2018).

Figure 2 Pteronotus alitonus. © Manuel Ruedi, Museum Figure 3 Pteronotus rubiginosus. © Manuel Ruedi, Museum
Geneva Geneva



Data collection and data (pre)processing

The acoustic sampling took place at six camps in the BDFFP, namely Porto Alegre, Cabo Frio,
Colosso, Florestal, 41 and Dimona. There were three sites in each forest type (continuous
primary forest, secondary forest and 10ha fragments). In the 10ha fragments, the recorders were
placed in the middle of the fragment, at least 100m from the edge to secondary forest. The sites

were visited during the wet season of 2018 and 2019, and in the dry season of 2019.

The data was collected using an automatic ultrasound recorder (Song Meter SM2Ba+) with
an omnidirectional ultrasonic SMS-US microphone (Wildlife Acoustics, Inc., USA) which was
installed at each sampling site. The equipment was placed 1.5m above ground, and passively
registered bat activity in real time. The recorders had a full spectrum resolution of 16bit, a high-
pass filter set at 12 kHz, with an additional adaptive trigger level relative to noise floor of 18
SNR. Bat activity was recorded continuously between 17:30 and 06:30. The recorders were
installed to register five nights at each visit, but due to battery malfunctions some locations only
have four recording nights. Total sampling effort was 138 nights, with 1,794 recording hours.
The number of recordings per season and habitat is presented in Table 1.

Table 1 Number of recording nights in wet and dry season and in three habitat types (continuous primary forest, secondary

forest, and forest fragments) in BDFFP — central Amazonia.

Recording nights

Continuous forest Secondary forest Forest fragments Total
Wet season 30 18 23 71
Dry season 23 23 21 67
Total 53 41 44 138

The recordings were split into five-second segments, with a bat pass defined as a sequence
of minimum two recognizable search phase calls per species in each segment (Appel et al.,
2019; Torrent et al., 2018). Bat passes on each five-second segment were visually identified
with the identification key of Lopez-Baucells et al. (2016) using Kaleidoscope Viewer Version
Software (Wildlife Acoustics, Inc. Maynard, Massachusetts, USA). The sum of segments with
bat passes per night (nightly activity) and per hour (hourly activity) were used to calculate bat

activity.



Statistical analysis

To test the effects of habitat type and season on species-specific bat activity levels, | used
Generalized Linear Mixed Models (GLMM) with a negative binomial distribution due to
overdispersion (Bolker, 2022). The glmmTMB package in R was used for these analyses
(Bolker, 2022; Magnusson et al., 2020). The response variable is bat-passes per night with
habitat and season as predictor variables. To run the plot for the GLMM model, the sjPlot
package (Lidecke, 2022) was used. To compensate for the difference in sampling nights, I put
a weight on the sampling nights during the seasons corresponding to the imbalance. This
imbalance was then included in the analysis using “offset” in the GLMM model. To compensate
the temporal and spatial correlation, we used the sampling night nested within each research
camp as a random variable in GLMM models. The GLMM-results did not provide comparisons
between all habitats. | therefore used Ismeans with Tukey method to test the comparisons
(Lenth, 2016).

To test correlogram of the model residuals of each GLMM model and to see if the models
procedure were successful, | used the DHARMa package (Residual Diagnostics for Hierarchial
(Multi-Level/Mixed) Regression Models) (Hartig & Lohse, 2022). All models procedures were

successful and not overdispersed and without outliers (Fig. S1).

Kolmogorov-Smirnov 2-sample test is commonly used to test differences between hourly
bat activity of different species or habitat types (see: Presley et al. (2009); Rocha et al. (2020)).
| therefore used this to test hourly activity levels for season and habitat (Lilliefors, 1967;
Massey, 1951). Activity was pooled into hourly intervals, and then tested for each species
between seasons (wet versus dry), and between all habitats (continuous vs. secondary,

continuous vs. fragmented and secondary vs. fragmented).

Figures 4-8 were made using ggplot2 package and tidyverse package in R (Wickham, 2016;
Wickham et al., 2019). For Figs. 4 and 7, the habitat-data were pooled for each species, and for
Figs. 5 and 8, the seasonal data were pooled for each species. All analysis was conducted in R
Studio (R version 4.0.3).



Results

Data summary

In total, there were 6680 recordings of the target Pteronotus species. Pteronotus alitonus had
an average of 15.79 bat passes per night (SD + 2.94) in continuous forest, 28.61 passes (SD *
5.61) in secondary forest and 10.78 passes (SD £ 1.79) in fragmented forest (Table S1).
Pteronotus rubiginosus had an average of 16.51 bat passes per night (SD £ 5.15) in continuous
forest, 22.11 passes (SD % 5.32) in secondary forest and 9.41 passes (SD + 1.65) in fragmented
forest (Table S1). Seasonal activity for P. alitonus averaged 16.40 bat passes per night (SD *
2.00) in the wet season and 22.28 passes per night (SD * 5.27) in the dry season (Table S1).
Contrastingly, P. rubiginosus had an average of 21.10 bat passes per night (SD * 3.92) during
the wet season and 6.89 passes per night (SD + 1.14) during the dry season (Table S1).



Effect of season and habitat on bat activity levels

Effect of season on bat activity

Pteronotus alitonus showed higher activity levels during the wet season than the dry season
(Table S1), with the median number of passes per night being nine in the wet season and six in
the dry season (Fig. 4A). The variance in activity levels were greater during the dry season than
the wet season, and this is portrayed by the larger variance around the median (Fig. 4A). The
GLMM predicted more activity during the wet season than the dry season in both continuous
forest and forest fragments, but the opposite for secondary forest (Table S2). The activity level
of P. alitonus in continuous forest is estimated to increase five times from the dry season to the
wet season (Table S2). The change from the dry season to the wet season significantly impacted
activity levels (P=7.26%77; Table S2).

Pteronotus rubiginosus had similar activity pattern with higher activity during the wet
season than the dry season (Fig. 4B). Median passes per night were four passes in the dry season
and eight passes in the wet season. Total number of bat passes were almost six times higher
during the wet season than during the dry season (Table S1). The change from the dry season
to the wet season was significant for P. rubiginosus (P=9.99%1°; Table S2), and the GLMM

predicted more activity in all habitats during the wet season.

A P. alitonus B P. rubiginosus
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Figure 4 Observed seasonal activity levels for (A) P. alitonus and (B) P. rubiginosus in central Amazonian fragmented
landscape. The horizontal black line is the median number of bat passes per night and the black dots are outliers. Boxes
represent the middle 50 % of observations and the vertical black lines are the upper 25% and lower 25% of data points.



Effect of habitat on bat activity

Pteronotus alitonus had a higher activity level in secondary forest compared to primary forest
and forest fragments (Fig. 5A), and this difference was significant (P=0.048; Table S2). Median

bat basses per night were six in primary forest, 15 in secondary forest and six in forest fragments

(Fig. 2A). Noticeably, the activity in secondary forest during the dry season was higher than in

all other habitat types regardless of season (Table S2).

Pteronotus rubiginosus had lower activity in fragmented forest compared to the other
habitat types (Fig. 5B & Table S1). However, the GLMM did not uncover any significant

differences in activity levels between habitats (Table S2). Median bat basses per night were five

in primary forest, nine in secondary forest and five in forest fragments (Fig. 2B).
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Figure 5 Observed bat activity (bat passes per night) in primary forest (continuous), secondary forest (secondary) and 10ha
forest fragments (fragment) for (A) P. alitonus and (B) P. rubiginosus. The horizontal black line is the median number of bat
passes per night and the black dots are outliers. Boxes represent the middle 50 % of observations and portray variance in bat
activity level and the vertical black lines are the upper and lower 25% of data points.
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Comparison of activity levels

Both Pteronotus species have higher activity levels during the wet season than the dry season

in primary forest (Fig. 6). In forest fragments, activity is low compared to in the two other

habitats, with little distinction between the seasons (Fig. 6). Despite this, activity during the wet

season is higher than during the dry season also in the forest fragments. For secondary forest,

P. alitonus have much higher activity levels than P. rubiginosus during dry season, even though

P. rubiginosus is equally active in the two seasons (Fig. 6). Pteronotus alitonus also exhibits

more variance in activity patterns in both habitat and season (Fig 6).
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Figure 6 Observed spatial and seasonal (dry and wet season) activity patterns for P. alitonus (pteali) and P.
rubiginosus (pterub) in a central Amazonian landscape consisting of primary forest (continuous), secondary
forest (secondary) and 10ha forest fragments (fragment). Bat activity is measured as bat passes per night. Boxes
represent the middle 50 % of observations and portray variance in bat activity level. The horizontal black line is
the median number of bat passes per night and the black dots are outliers. Boxes represent the middle 50 % of

observations and the vertical black lines are the upper and lower 25% of data points.
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Effect of season and habitat on hourly bat activity levels

Effect of season on hourly bat activity levels

Pteronotus alitonus activity levels did not significantly change between the seasons (Table S4)
but exhibited highest activity early in the night during the dry season and late in the night during
the wet season (Fig. 7A). In contrast, P. rubiginosus activity drops dramatically during the dry
season, with no hourly interval containing more than 100 bat passes (Fig. 7B), and the
difference was significant (Kolmogorov-Smirnov 2-sample test; P=1.25e%%; Table S4).
Interestingly, the peak activity time for P. rubiginosus at 21.00h in the wet season, is also the
peak activity time for P. alitonus during dry season (Fig. 7). Pteronotus alitonus exhibited
earlier onset of activity and later withdrawal of activity during both seasons compared to P.
rubiginosus (Fig. 7). The onset of activity by P. rubiginosus is earlier during the wet season

than during the dry season (Fig. 7).
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Figure 7 Observed hourly activity (bat passes per night) following 24-hour clock for (A) P. alitonus and (B) P. rubiginosus in
dry season (light green) and wet season (dark green) in central Amazonian fragmented landscape.
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Effect of habitat on hourly bat activity levels

Pteronotus alitonus has higher activity levels in secondary forest than in the two other habitat
types (Fig. 8A). The change in activity levels was significant both between continuous forest
and secondary forest (Kolmogorov-Smirnov 2-sample test; P=4.662¢%) and between
secondary forest and forest fragments (Kolmogorov-Smirnov 2-sample test; P=9.245¢)
(Table S4).

For P. rubiginosus the overall activity is more even distributed in all habitat types (Fig.
8B), and even though the highest activity peaks occur in continuous primary forest there were

no significant differences in activity levels among habitats (Table S4).
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Figure 8 Observed hourly activity (bat passes per night) following 24-hour clock for (A) P. alitonus and (B) P. rubiginosus in
three habitats: continuous primary forest (continuous), secondary forest (secondary), and 10ha primary forest fragments
(fragment) in central Amazonia.
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Discussion

Seasonal effect on bat activity

The activity levels significantly increased during the wet season for both Pteronotus species.
Tropical insects exhibit seasonal abundance fluctuation, with most species favouring the wet
season (Wolda, 1980). Vegetation in tropical areas have evolved toxins to limit herbivory, but
young leaves have yet to develop such a defence mechanism (Wolda, 1978). New leaves,
together with fruit and seeds, start to evolve at the beginning of the wet season (Wolda, 1978).
In the BDFFP, pioneer tree species are found to flower in the transition between the dry season
and the wet season, and to fruit during the wet season (Bentos et al., 2008). This provides the
insects with abundant vegetational resource availability and thereby support high insect
abundance at this time (Racey, 1982; Wolda, 1978). Insectivorous bats take advantage of this
abundance, and correlate energy demanding reproduction to increased food availability and
stability (Klingbeil & Willig, 2010; Meyer et al., 2004; Russ et al., 2003). Pteronotus species
are proposed to be seasonally monestrous, having only one gestation per year, with the birth
period occurring at onset of the wet season (Fleming et al., 1972; Pavan & Tavares, 2020). The
lactating females will increase their activity levels during the wet season to meet the increased
energy demands of lactation (Racey, 1982; Rydell, 1993). The elevated activity levels during
the wet season are therefore likely related to bat reproduction (Fleming et al., 1972; Racey,
1982; Rydell, 1993).

Even though tropical insect abundance fluctuates seasonally, and they appear more
abundant in the wet season, insects are unlikely to be in shortage for foraging bats at any time
of year. In fact, many Amazonian trees flower during the dry season (Haugaasen & Peres, 2005)
and many Amazonian palms flower throughout the year (Henderson et al., 2000). If insect mass
is scarce during the dry season, it could be argued that the bat activity levels would be higher
due to prolonged foraging activity to obtain enough food. This further suggests that higher bat
activity in the wet season is due to reproduction rather than differences in insect abundance.
However, evidence of larger home ranges during the dry season due to less food availability
(Fleming et al., 1972) could contribute to fewer bat detections by the recorders, and thereby
provide fewer measurements of activity. This supports the hypothesis that low activity during
the dry season could be caused by reduced insect mass. Further studies are therefore needed to

fully understand the observed trends.
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Pteronotus alitonus has significantly higher activity than P. rubiginosus in secondary forest
during the dry season. Fruit availability is found to be less seasonal in the secondary forest of
the BDFFP (Ferreira et al., 2017). Some arthropod taxa (Coleoptera and Hemiptera) favour
secondary habitat (de Aquino et al., 2022), suggesting these taxa could be preferred prey species
by P. alitonus. The difference in activity levels between the Pteronotus species in this habitat
can also indicate a spatial partitioning to limit food resource competition. Moreover, if the
seasonal trends are less distinctive in secondary forest, it could be speculated that P. alitonus
gives birth earlier in this habitat, which suggest that the elevated activity could be due to
lactating females’ increased energy demand. The dry season data were obtained in 2019, and it
is possible that the activity trend observed would be less distinctive with data collected over

several years.

Bat activity in different habitats

Pteronotus alitonus used secondary forest significantly more than the other habitats, whereas
P. rubiginosus did not show a distinctive preference for any of the habitat types. This contrasts
my assumption of P. rubiginosus favouring secondary forest and P. alitonus favouring primary
forest due to the structure of their echolocation calls. Echolocation is a mean for bats to orient
through the environment and to localize and hunt prey, in limited or no light, using ultrasonic
signals (Fenton et al., 2012; Schnitzler & Kalko, 2001). The composure of the echolocation
calls is individual for all echolocating bat species (Fenton et al., 2012), and some species have
shown geographical variances to their calls (Lopez-Baucells et al., 2018). During foraging,
vegetational structure has the biggest impact on echolocation, but the signals can also be
disrupted by rain and humidity (Schnitzler & Kalko, 2001; Sleep & Brigham, 2003; Thies et
al., 2006). The structure of the call can be limiting in some environments and is often adapted
to preferred habitat and prey (de Oliveira et al., 2015). Bats that forage in high-cluttered habitats
usually have short, broad-banded, and high frequented calls (Sleep & Brigham, 2003), which
is true for both species of this study. Both P. alitonus and P. rubiginosus are found to be more
active in the understory than in the canopy (Gomes et al., 2020), suggesting a preference for
prey inhabiting cluttered habitats. Previous studies done on P. rubiginosus found that the
species was well suited for foraging in highly cluttered habitats, with evidence of efficient
hunting, following prey within centimetres of obstacles (de Oliveira et al., 2015; Goldman &
Henson, 1977). Additionally, de Oliveira et al. (2015) found that P. rubiginosus’ activity level

were higher in areas with a high degree of clutter than in more open habitats and suggested that
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the species followed insect mass regardless of habitat structure. The difference in the frequency
of the echolocation calls of the two species is relatively small, and therefore unlikely to be
adapted to different sized prey (Pavan et al., 2018). It can therefore be argued that P. alitonus’
preference for secondary forest in sympatric areas with P. rubiginosus could be an adaptation
to avoid resource competition for food resources. Furthermore, it suggests that P. rubiginosus
follows insect mass rather than habitat type, which supports my hypothesis of this species being
more adaptable to different habitats.

The elevated use of secondary forest can also be due to the second growth age. The
secondary forest of the BDFFP is mostly > 30 years old and therefore quite structurally complex
(Bobrowiec & Gribel, 2010; Rocha et al., 2017; Yoh et al., 2022). The second growth forest
can therefore host many of the same species as the continuous primary forest, in addition to
provide sufficient cover for the bats to not be detectable for predators (Silva et al., 2020).
Second growth will in time mature to have low contrast with surrounding primary growth and
fragments, which enables the support of species rich assemblages (Rocha et al., 2017). In the
study area (BDFFP), bat assemblages are found to vary across the landscape despite of low
structural contrast between continuous forest, secondary forest, and forest fragments (Rocha et
al., 2017). The second growth in the matrix is thought to have two successional paths, and
thereby also two different vegetative structures, with one of the structures more diverse and
comparable to primary forest than the other (Bobrowiec & Gribel, 2010). The different camp
sites in this study were pooled into habitat type, but for future studies it could be interesting to
see if preference for secondary forest varies along with successional pathway of the secondary
growth.

The mean activity level was lowest in forest fragments for both species, with P. alitonus
having a slightly higher activity level than P. rubiginosus (Table S1). This contradicts my
assumption that P. rubiginosus would be better at tackling forest fragments. Forest fragments
are less structurally complex than primary forest and more exposed to edge effects (Rocha et
al., 2017; Yoh et al., 2022). Forest fragments also host less diverse community assemblages
than other habitats (Yoh et al., 2022). Insect composition is found to be affected by
fragmentation and edge effects, with soil-foraging and social insects being negatively impacted
(Caitano et al., 2020). Insectivorous bats are adversely affected by insect decline, and bat
species composition in forest fragments is found to be less diverse than in primary and
secondary forest (Vleut et al., 2012). Availability of sufficient roost sites is also scarce in

fragmented forests (Rocha et al., 2017). Furthermore, canopy openness is found to increase
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predation risk (Vleut et al., 2012), especially in combination with high moonlight intensity
(Appel et al., 2021). Despite the secondary forest functioning as a buffer for edge effects in the
fragments (Rocha et al., 2017), the Pteronotus species in this study do not equate forest
fragment habitats to primary or secondary forest. Additionally, Pteronotus species are found
to reduce their activity pattern on moonlit nights in forest fragments and secondary forest, but
not in primary forest (Appel et al., 2021), suggesting that predator avoidance during the night
can be a determinant for the variation of hourly activity. The low activity levels in this habitat
are therefore likely due to a combination between low prey availability, unsuitable roost sites
and predation risk. However, other measurable factors such as temperature, canopy cover,
landscape metrics, vertical stratification and moonlight intensity may also affect spatial and
temporal bat activity levels (Appel et al., 2021; de Oliveira et al., 2015; Ferreira et al., 2017
Gomes et al., 2020; Lopez-Baucells et al., 2018; Yoh et al., 2022). Pteronotus alitonus’ higher
activity levels than P. rubiginosus in forest fragments, combined with preference for secondary

forest, suggests that P. alitonus prefers prey species inhabiting less cluttered environments.

Seasonal effect on hourly bat activity

Pteronotus rubiginosus showed significantly higher hourly activity levels during the wet season
than during the dry season, and emergence time was earlier in the wet season. Emergence time
in insectivorous bats is correlated to increased insect abundance which occurs shortly after
sunset (Reichard et al., 2009). Due to insect abundance being highest during the wet season
(Jahn et al., 2010), it is likely that prey availability is high from sunset to sunrise. Dusk is
favoured foraging time for many bat species due to availability of diurnal insects in addition to
nocturnal species (Pavey et al., 2001). Bat assemblages are known to partition their temporal
activity to avoid resource competition (Beilke et al., 2021). Temporal partitioning is probable
for the two Pteronotus species of this study seeing as the difference between echolocation call
frequency is too small to be specialized to different prey (Pavan et al., 2018), and their prey

preference thereby likely overlaps.

Pteronotus rubiginosus exhibited an even distribution of activity levels throughout the night
during the wet season, except for peak activity at 21.00h. Emergence time in bats is also
influenced by predation risk (Fenton & Fleming, 1976; Rodriguez-Duran & Lewis, 1985), with
the highest predation risk occurring when travelling to and from roosts sites, especially when
travelling in great numbers (Fenton & Fleming, 1976; Rodriguez-Duran & Lewis, 1985).
Avoidance behaviour in bats is common and contribute to change in temporal activity (Lima &
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O’Keefe, 2013). It is known that bats emerge later when predators are present at the entrance
of roosts (Lima & O’Keefe, 2013). Several owl species have bats as part of their diet (Carvalho
et al., 2011; Ibafiez et al., 1992). Opportunistic bat predation by owls has been reported in the
study area in the BDFFP, with two occurrences shortly after dusk, on the same night, in
secondary forest and in a forest fragment (Rocha & LoOpez-Baucells, 2014). Owl activity is
correlated with sunrise and sunset, with peak activity 1-3 hours before sunrise and 1-3 hours
after sunset (Delaney et al., 1999). Even though predation risk greatly influences bat behaviour
(Lima & O’Keefe, 2013), insectivorous bats are usually opportunistic prey for most predators
(Franca & Lima, 2012; Nyffeler & Kndrnschild, 2013; Rocha & Lopez-Baucells, 2014). Still,
it could be speculated that the evenly distributed activity level of P. rubiginosus during the night
is due to increased predation risk and the exhibited activity pattern is a trade-off between risk

and obtaining a positive energy balance.

The constant activity level during the night exhibited by P. rubiginosus during the wet
season can also be caused by individuals at different reproductive stages, which are known to
emerge at different times (Reichard et al., 2009). Lactating females emerge earlier, often before
sunset, with extended foraging time (Rydell, 1993), likely due to empty energy reserves from
lactation (Duvergé et al., 2000). Juvenile bats still suckling emerge later than adult females,
whereas weaned juveniles with higher energy demand tend to emerge earlier, despite of higher
predation risk (Reichard et al., 2009).

The activity level for P. rubiginosus during dry season is low, never reaching more than
100 bat passes per night. Peak activity occurs 2 hours after sunset and 3 hours before sunrise,
with activity distribution following a U-curve between peaks. The bat activity peaks correlate
with insect abundance during dusk and dawn and suggests an optimal foraging strategy in a
season with limited food resources (Fenton & Thomas, 1980). Additionally, females are
pregnant during the later parts of the dry season (Fleming et al., 1972). Pregnant females tend
to leave roosts later than other bats (Duvergé et al., 2000) and forage for a shorter period
(Rydell, 1993), which likely is predator avoidance behaviour due to reduced flight ability along
with progressing pregnancy (Reichard et al., 2009). Predation risk is seemingly also higher due
to limited resources, and some opportunistic bat predators are found to have more bats in their
diet during the dry season than the wet season (Motta-Jr. & Taddei, 1992). Still, the activity
peaks correlate with predator activity, which suggest P. rubiginosus is making a trade-off

between obtaining a positive energy balance and predation risk.
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Pteronotus alitonus also significantly increase activity levels during the wet season, except
in secondary forest where the activity levels are higher during the dry season. Notably P.
alitonus activity is higher during the early hours of the night in dry season and during the late
hours in the wet season. The increased activity for P. alitonus during the latter hours of night
during the wet season can be suggested as temporal partitioning of resources between the two
Pteronotus species, as P. rubiginosus activity peaks during the earlier hours of night and prey
preference in the two species likely overlap. The early onset of activity by P. alitonus during
the dry season could also be explained by preying on diurnal insects or a wider home range

forcing them to emerge earlier to forage with limited resources.

Hourly bat activity in different habitats

Pteronotus alitonus was significantly more active in secondary forest than in continuous forest
and forest fragments. There was a steadily increase in activity until peak activity at 21.00h and
then a steady decrease until a new peak at 04.00h. No activity was recorded at 03.00h, likely
due to a fault in the dataset. The activity pattern follows the expected insect abundance rhythm
and predator avoidance behaviour. Continuous forest was used less than secondary forest, but
more than forest fragments. Activity around sunset was higher in primary forest than in
secondary forest and forest fragment, suggesting that P. alitonus takes advantage of the
diversity of both diurnal and nocturnal insects present at this hour in complex vegetation. The
lowest activity levels for P. alitonus were found in forest fragments, and only at 01.00h were
there more than 100 bat passes per night. Activity like this can be related to heavy rain stopping,
since bats tend to stop all foraging in heavy rain only to continue when rain has ceased (Appel
et al., 2019; Thies et al., 2006). But for this instance, seasonal data is pooled so this remains

speculations.

Pteronotus rubiginosus has similar activity levels in all three habitats, but exhibits the
highest activity peaks in continuous forest, occurring at 20.00h, 21.00h and 22.00h. Emergence
time in continuous forest for P. rubiginosus is later than for P. alitonus, and the activity stops
earlier. Pteronotus rubiginosus is slightly bigger in size than P. alitonus (Pavan et al., 2018)
which makes it a more favourable prey. This can in turn cause a stronger predator avoidance
behaviour. In secondary forest, activity level is low with more than 100 bat passes occurring
only at 01.00h. The lower activity in this habitat highly contrasts the activity level of P. alitonus

which strongly suggests a spatial partitioning between the species. The activity levels in forest
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fragments are the lowest of all habitat types. Only at 19.00h is the activity level higher in forest
fragments than in continuous and secondary forest. This could be explained by less insect
diversity and activity in fragmented forest and P. rubiginosus therefore needs to exploit the
insect abundance right after sunset. However, as the number of observations of P. rubiginosus
during wet season was much higher than in the dry season, the activity shown in habitat is likely

somewhat unbalanced since the seasonal data are pooled.
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Conclusion

The results of this study found indications of spatial and temporal partitioning between P.
alitonus and P. rubiginosus. The former exhibited clear preference for secondary forest,
whereas the latter had no clear habitat preference. Neither species seem to thrive within forest
fragments, adding to evidence that forest fragments support fewer species and underline the
need for conservation and protection of primary forest. The results also highlight the need for
protection of secondary growth, as mature secondary growth can host a good portion of primary
growth species. Seasonality in the Amazon seems to affect closely related insectivorous bat
species similarly but can also coerce spatial distribution to avoid competition. Documenting
hourly activity levels enables a more careful insight of temporal distribution of activity,
providing evidence of minor differences in emergence time and seasonal effect on activity

levels.
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Supplementary information

Table S1. Total number of bat passes (mean = SD) in space and time for the two aerial-insectivorous bat species studied. Dry = dry season; Wet =
wet season.

Pteronotus alitonus Pteronotus rubiginosus

Dry Wet Total Dry Wet Total
Continuous forest 229 (9.957 + 4.61) 892 (18.58%3.71) 1121 (15.79 + 2.94) 99 (4.30+1.22) 1073 (22.35+7.48) 1172 (16.51 + 5.15)
Secondary forest 1044 (45.39+13.22) 759 (18.96+3.95) 1803 (28.61 + 5.61) 225 (9.7+2.63) 1168 (29.2+8.08) 1393 (22.11 £ 5.32)
Fragments 220 (10.48+3.41) 416 (10.95+2.07) 636 (10.78 + 1.79) 138 (6.57+1.65) 417 (10.97+2.36) 636 (10.78 + 1.79)
Total 1493 (22.28 +5.27) 2067 (16.40 + 2.00) 3560 (18.46 + 2.24) 462 (6.89 + 1.14) 2658 (21.10 + 3.92) 3120 (16.16 + 2.63)

Table S2. Summary of Generalized Linear Mixed Models examining bat activity of each species in terms of season, habitat, and their interaction.
Reference category used in the model is dry season and continuous primary forest. This is chosen in R by alphabetical ordering. Sampling night
and camp sites were specified as random effects, and data from 138 nights were used for this analysis. Bold values indicate P < 0.05.

Fragment Secondary Wet season Fragment ~ wet season Secondary ~ wet season
Species

Estimate z P Estimate z P Estimate z P Estimate z P Estimate z P
Pteronotus alitonus -0.165 -0.34 0.74 0.832 1.98 0.048 1.689 4.95 7.26e07 -0.7699 -1.58 0.114 -1.48 -3.22 0.00128

Pteronotus rubiginosus 0.417 0.98  0.327 0.682 1.71 0.0868 1.938 6.11  9.99¢10 -0.688  -1.43 0.151 -0.455 -0.97 0.329



Table S3. Summary of Ismeans contrasts in Generalized Linear Mixed Models comparing habitats, using Tukey method. Bold values indicate
P <0.05.

) Continuous ~ fragment Continuous ~ secondary Fragment ~ secondary
Species
Estimate t-ratio P Estimate t-ratio P Estimate t-ratio P
Pteronotus alitonus 0.5498 1.357 0.3657 -0.0899 -0.264  0.9622 -0.6397 -2.423  0.0430
Pteronotus rubiginosus -0.0735 -0.254  0.9652 -0.4541 -1.737  0.1943 -0.3806 -1.472  0.3068

Table S4. Results of Kolmogorov-Smirnov 2-sample tests comparing the hourly bat activity between wet and dry season and between habitat types
in Amazonian fragmented landscape. Bold values indicate P < 0.05.

Continuous ~ fragment ~ Continuous ~ secondary Secondary ~ fragment ~ Wet ~ dry

Species

D P-value D P-value D P-value D P-value
Pteronotus alitonus 0.32246 0.1738 0.66667 4.662e705 0.78804  9.245e07 0.21905 0.362
Pteronotus rubiginosus 0.40 0.08152 0.26364 0.4603 0.16364 0.942 0.68025 1.25e0

Vi



Figure S1. Result of DHARMa test of GLMM models for A) P. alitonus and B) P. rubiginosus.
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