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Abstract. Island ecosystems often harbour unique and vulnerable species, yet many remain poorly documented.
In the Azores archipelago, two extant bat species are known to occur: the endemic Nyctalus azoreum and the
Macaronesian endemic Pipistrellus maderensis. On Flores Island, part of the remote western group, only uniden-
tified pipistrelle bats had previously been recorded. Here, we combined acoustic monitoring and genetic analysis
to assess the occurrence, identity, and ecological patterns of bats on Flores. A pipistrelle specimen was geneti-
cally analysed, confirming its identity as P. maderensis and providing the first publicly available genetic reference
for the Azores. Acoustic surveys at ten sites detected both species. Pipistrellus maderensis occurred across the
island and accounted for 99.6 % of recorded bat passes. Nyctalus azoreum was confirmed for the first time on
the island but showed very low activity and was detected only at a few sites in the central and southern parts of
Flores. Activity patterns were consistent with nocturnal foraging, with no diurnal activity recorded during the
study period. The detection of N. azoreum at previously sampled sites suggests that earlier non-detections may
reflect low detectability rather than true absence. These findings improve knowledge of bat distribution in the
Azores and highlight the importance of continued monitoring and conservation of small island bat populations.

1 Introduction

Islands are widely recognised as natural laboratories for
studying colonisation, dispersal, and species persistence be-
cause their biotas are often shaped by isolation and lim-
ited connectivity. These processes are particularly evident on
oceanic islands, where communities are assembled largely
through rare long-distance dispersal events (Whittaker and
Fernández-Palacios, 2007; Losos and Ricklefs, 2009). Mam-
mals are generally underrepresented on oceanic islands be-
cause large expanses of ocean act as strong barriers to disper-

sal, although bats are notable exceptions due to their ability
to cross large distances over open water (Castella et al., 2000;
Whittaker and Fernández-Palacios, 2007; Losos and Rick-
lefs, 2009). As a result, island mammal faunas typically con-
sist of only a few bat species, many of which evolve in isola-
tion and become endemic to individual islands or archipela-
gos (Conenna et al., 2017). At the same time, island bat pop-
ulations are often small and cryptic, and incomplete monitor-
ing can leave uncertainty about species distributions even in
relatively well-studied archipelagos (Conenna et al., 2017).
Their restricted distributions, small population sizes, and vul-
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nerability to habitat alteration, invasive species, and stochas-
tic events make island bats of particular conservation con-
cern (Frick et al., 2020; Borkin et al., 2023; Castro-Fernandes
et al., 2025; Ibouroi et al., 2025). Understanding the occur-
rence and ecological interactions of species in remote islands
therefore contributes to broader questions about dispersal,
colonisation, and persistence in isolated ecosystems (Losos
and Ricklefs, 2009).

The Azores archipelago currently hosts two confirmed ex-
tant bat species: the Azorean bat (Nyctalus azoreum), an en-
demic species restricted to the Azores (Palmeirim, 1991), and
the Madeiran pipistrelle (Pipistrellus maderensis), a Mac-
aronesian endemic occurring in Madeira, the Canary Is-
lands, and the Azores (Trujillo and Gonzalez, 2011). Nyc-
talus azoreum has been confirmed on seven of the nine is-
lands, whereas P. maderensis has been genetically confirmed
in Santa Maria and has been assumed to occur on other is-
lands where pipistrelle bats have been detected acoustically
(Rainho et al., 2002; Rainho, 2021). Both species appear to
be synanthropic nocturnal foragers, although N. azoreum has
also been observed foraging during daylight hours (Rainho,
2021; Speakman and Webb, 1993).

The western group of the Azores, composed of the small
islands of Flores and Corvo, represents the most remote part
of the archipelago. Previous surveys and long-term monitor-
ing suggested that these islands were inhabited only by pip-
istrelle bats (Rainho, 2021; Rainho et al., 2002; Skiba, 1996).
However, recent observations of bats flying during the day on
Flores Island, together with the recovery of a dead pipistrelle
bat, have raised questions about the presence and status of
both bat species on this remote island.

Here we combine acoustic monitoring and mitochondrial
DNA analysis to evaluate the status of bats on Flores Island.
Specifically, we aim to (1) assess whether N. azoreum occurs
on Flores Island, (2) confirm the taxonomic identity of pip-
istrelle bats present on the island using genetic data, and (3)
describe the spatial distribution and activity patterns of both
species based on acoustic detections. Clarifying the occur-
rence and ecological patterns of these species contributes to
a better understanding of bat distribution within the Azorean
archipelago and provides a basis for future ecological and
conservation studies in this remote island system.

2 Methods

2.1 Study area

The Azores is a remote volcanic archipelago in the North At-
lantic (36–39° N, 24–31° W), situated about 1400 km west of
mainland Portugal (Fig. 1) and 2200 km east of Newfound-
land. It consists of nine main islands, grouped into western
(Flores and Corvo), central (Terceira, Faial, Pico, São Jorge,
and Graciosa), and eastern (São Miguel and Santa Maria) re-
gions, near the meeting point of the American, Eurasian, and
African tectonic plates.

Flores is the westernmost island of the Azores archipelago,
covering approximately 141 km2. Its topography is highly
rugged, featuring numerous volcanic craters that have trans-
formed into lakes. The highest point, Morro Alto, reaches
915 m. Under natural conditions, the island would be largely
covered by Macaronesian laurel forest and native montane
shrublands, although much of this vegetation has been re-
placed by pastures and plantations of Japanese cedar (Cryp-
tomeria japonica) (Fernández-Palacios et al., 2011; Elias et
al., 2016). Flores experiences a humid subtropical climate,
characterized by mild temperatures year-round and high pre-
cipitation levels.

2.2 Phylogenetic analyses

A dead bat specimen, likely predated by a domestic cat, was
recovered by a nature conservation ranger in August 2024
at Fazenda, Flores Island (39°23′21.2′′ N, 31°09′54.1′′W).
No attempts were made to capture additional bats during the
study, and genetic analyses therefore relied exclusively on
this specimen. A small wing puncture (3 mm diameter) was
excised and stored in 96 % ethanol and later used for DNA
extraction. The specimen was made available for this study
under permit issued by the Direção Regional do Ambiente e
Ação Climática (DRAAC), Secretaria Regional do Ambiente
e Ação Climática (SRAAC), Região Autónoma dos Açores.
In the lab, genomic DNA was isolated using the E.Z.N.A
Tissue DNA Kit (Omega Bio-Tek, Norcross, USA), follow-
ing the manufacturer’s instructions. A fragment of the cy-
tochrome b (cytb) gene was amplified by PCR (Polymerase
Chain Reaction) following the protocol used by Nóbrega
et al. (2023), using the primer pair Molcit-F (Ibáñez et al.,
2006) and MVZ-16 (Smith and Patton, 2008). Amplifica-
tion of the cytb fragment was carried out in a total vol-
ume of 20 µL, comprising 10 µL of Taq 2×Master Mix with
0.2 mM MgCl2 (VWR, Leuven, Belgium), 6.8 µL of molec-
ular grade water, 0.6 µL of each primer (at 10 µM), and 2 µL
of template DNA. The PCR cycling conditions were accord-
ing to Ibáñez et al. (2006), consisting of initial denatura-
tion at 94 °C for 4 min, followed by 35 cycles with denat-
uration at 94 °C for 60 s, annealing at 50 °C for 30 s and ex-
tension at 72 °C for 90 s, and a final extension step at 72 °C
for 10 min. The success of the PCR reaction was confirmed
by electrophoresis in a 1 % agarose gel, followed by purifi-
cation with ExoSAP-IT (ThermoFisher Scientific). The ob-
tained PCR product was commercially sequenced at STAB-
VIDA using both primers on an ABI PrismTM 3730xl DNA
sequencer. The resulting sequence was visually inspected
and aligned in Sequencher v4.1.4 with 32 published cytb
sequences retrieved from GenBank. Although P. maderen-
sis has previously been genetically confirmed from Santa
Maria (Trujillo and Gonzalez, 2011), the corresponding se-
quence is not publicly available in GenBank and therefore
could not be included in the phylogenetic analyses. Due to
differences in sequence length, in order to maximize the ge-
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Figure 1. Location of the Azores archipelago and Flores Island in the context of Western Europe, Africa, and the Canary and Madeira
archipelagos. The inset shows the acoustically sampled sites on Flores Island. Sources: Esri, TomTom, Garmin, FAO, NOAA, USGS.

ographical coverage of the analysis, the cytb alignment was
cut to 465 bp to include sequences of P. maderensis from
the neighbouring archipelagos of Madeira (Madeira Island:
KC520770–KC520774, Jesus et al., 2013, and Porto Santo
Island: OQ260001–QC290006, Nóbrega et al., 2023) and the
Canary Islands (AJ426610–AJ426618, AJ426632, Pestano
et al., 2003), sequences of N. azoreum from the Azores is-
lands (DQ887587–DQ887595, Salgueiro et al., 2008), and
sequences of Pipistrellus kuhlii from Morocco (KM252761,
Benda et al., 2015), Libya (KM252774, Benda et al., 2015),
the Canary Islands (AJ426607, AJ426609, Pestano et al.,
2003), Italy (KU058655, Locatelli et al., 2016), Greece
(KM252762, Benda et al., 2015), Switzerland (OQ885408,
Ruedi et al., 2023), Macedonia (AJ504444, Stadelmann et
al., 2004), and Iran (AJ504445, Stadelmann et al., 2004).

The nexus sequence alignment file was generated by
DnaSP v6.12.03 and used as an input file for PopART 1.7
to build a median-joining haplotype network (Bandelt et al.,
1999), using epsilon=0 as a default parameter. Colouring of
haplotypes represents the region of origin of cytb DNA se-
quences.

2.3 Acoustic surveys

Bats were acoustically sampled between 16 and 19 Septem-
ber 2024, at 10 sites distributed across the island (Fig. 1).
Sampling sites were selected from the long-term bat mon-
itoring network established by the DRAAC in 2012, origi-
nally designed to represent the main habitat types on the is-
land while ensuring safe night-time accessibility for hand-
held detector surveys. Because only 12 recording devices
were available, we selected approximately half of the mon-
itoring sites, aiming for broad spatial coverage while priori-
tising sites where local park rangers had reported higher bat
activity. Two remote sites in the northwestern part of the is-
land could not be surveyed because vehicle access was not
possible, and two additional sites in the centre of the island
were later excluded because the recording devices malfunc-
tioned, likely as a result of the persistent heavy rainfall ex-
perienced during the sampling period. Few of the sampling
sites correspond to locations previously surveyed by Rainho
et al. (2002), allowing a qualitative comparison of species oc-
currence through time. However, only data collected during
the 2024 survey were included in the statistical analyses.

For the habitat analyses, sampling sites were classified
as either stream or urban. Although both categories encom-
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passed considerable variation in local habitat characteristics,
including vegetation structure and degree of urbanisation,
this broad classification was considered the most appropri-
ate given the limited number of sampling sites.

Echolocation calls were recorded using autonomous
acoustic recording devices (AudioMoth v1.1.0, Open Acous-
tic Devices) mounted on tree trunks or isolated poles at
approximately 1.8 m in height. The devices were config-
ured with a sampling rate of 192 kHz and a gain of 30.6 dB
(medium setting). Sampling followed a cyclical pattern, with
4 min and 30 s of recording followed by a 30 s pause, over
consecutive 24 h periods. Because sampling was limited to a
short period in September, results should be interpreted as a
snapshot of bat occurrence and activity.

All recordings were automatically filtered using sound
analysis software (Kaleidoscope Pro v5.4.2, Wildlife Acous-
tics) to discard files without bat calls. Retained files were vi-
sually inspected using BatSound PRO software (v4.7, Pet-
tersson Elektronic AB), and call characteristics were ex-
tracted from spectrograms and oscillograms using the cur-
sor. Echolocation calls of Nyctalus azoreum and Pipistrellus
sp. in Azores show similar but non-overlapping frequency
ranges (Rainho et al., 2002), allowing reliable species identi-
fication based on simple acoustic parameters. In particular, N.
azoreum calls show lower peak frequencies (32.1± 3.0 kHz)
and end frequencies (30.9± 2.8 kHz), whereas Pipistrellus
calls show higher peak frequencies (45.3± 1.7 kHz) and end
frequencies (44.2± 1.1 kHz). Bat activity was quantified as
the number of “bat passes” defined as at least two sequential,
recognizable echolocation pulses within a recording.

2.4 Numerical analysis

Differences in habitat use between species were tested in R
v4.6.0 (R Core Team, 2020) using a negative binomial gen-
eralized linear mixed model (GLMM) fitted with the pack-
age glmmTMB (Ruedi et al., 2023), with the number of bat
passes per night as the response variable, species, habitat, and
their interaction as fixed effects, and sampling site included
as a random intercept to account for the non-independence of
repeated 24 h sampling periods at each sampling site.

3 Results

The collected specimen was a dark brown adult individ-
ual (forearm: 32.4 mm). Tears in the wing membranes and
lower abdomen, along with contextual information gathered
on site, suggest it was likely predated by a domestic cat.
The specimen has been deposited in the Museu Nacional de
História Natural e da Ciência (MNHNC), Lisbon, Portugal
under the number MNHNC:MB01:006704.

3.1 Phylogenetic analyses

The obtained mtDNA sequence encompassed 814 bp of the
cytochrome b. When submitted the sequence to Nucleotide
BLAST web tool, the highest level of sequence identity
(98.8 %) was obtained with P. maderensis sequences from the
Madeira archipelago. The sequence was submitted to Gen-
Bank under the Accession Number PZ699694. The gener-
ated haplotype network places the Flores Pipistrellus spec-
imen within the Pipistrellus maderensis cluster and more
closely associated with haplotypes from Madeira and Porto
Santo islands. The Flores sequence represents a unique hap-
lotype, separated by six mutational steps from the shared
Madeira/Porto Santo haplotype group. On the other hand,
the closest Canarian haplotype is more distantly connected
within the network, 10 mutational steps away from the Flo-
res Pipistrellus sequence (Fig. 2). This analysis genetically
confirms the occurrence of P. maderensis in the Azorean
archipelago.

3.2 Distribution and relative frequency

Out of a total of 5760 recordings (4.5 min files) collected dur-
ing the sampling period, 296 files (4.7 %) contained bat activ-
ity, with a total of 3862 bat passes recorded. Of these, 99.6 %
were classified as emitted by P. maderensis, while only 0.4 %
were attributed to N. azoreum. Pipistrellus maderensis was
recorded at all sampled sites, confirming its widespread oc-
currence across the island. During the sampling period, it ex-
hibited particularly high activity in the northern region of the
island (Fig. 3). In contrast, N. azoreum appeared to be much
rarer, even in the central-southern region of the island where
it was detected, with a considerably lower number of record-
ings compared to P. maderensis.

3.3 Diel activity

All bat calls were recorded between sunset (20:06) and sun-
rise (07:47), in Azores Summer Time (AZOST; UTC+0).
Both species were active throughout the night, with activity
tapering off in the hours before dawn (Fig. 4). The earliest
P. maderensis was recorded at 20:07 and the latest at 07:30,
while N. azoreum activity spanned from 20:23 to 05:40.

3.4 Habitat use

Bat activity varied widely among sampling units, particu-
larly for P. maderensis in urban habitats, where nightly bat-
pass counts showed both high values and high variability
(Fig. 5). In the negative binomial mixed model including site
as a random effect, the effect of species on bat activity was
marginal (z= 1.94, p = 0.053), whereas habitat (z=−0.44,
p = 0.658) and the species× habitat interaction (z=−0.39,
p = 0.693) were not significant, indicating no detectable dif-
ferences in activity between habitats.
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Figure 2. Median-joining haplotype network inferred from 465 bp of the mitochondrial cytochrome b region of Macaronesian populations of
Pipistrellus maderensis, Azorean populations of Nyctalus azoreum and multiple representatives of Pipistrellus kuhlii from Europe, Northern
Africa and the Middle East. Each circle represents a unique haplotype coloured according to the regional origin of the sequences, with circle
size being proportional to the number of redundant sequences included. The lines (hatch marks) on the branches represent the number of
mutated positions between haplotypes. Black circles represent hypothetical non-sampled haplotypes.

Figure 3. Relative activity of Pipistrellus maderensis (PIPMAD) and Nyctalus azoreum (NYCAZO) across sampling sites on Flores Island.
(A) Pie charts indicate the relative activity of both species in this study. Additional pie charts shown with reduced opacity correspond to
historical surveys by Rainho et al. (2002), where only P. maderensis was detected. These historical data are shown for comparison only
and were not included in any analyses presented in this study. (B) Number of bat passes recorded per 24 h sampling period at each site on
sampling dates with detections; sampling periods with no detections of a given species are not represented. Notice the different scale of the
graphs of the two species and the particularly high activity of P. maderensis along the northern coast of the island (sites AM04, AM07, and
AM09). Sources: Esri, NASA, NGA, USGS, TomTom, Garmin, METI/NASA.
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Figure 4. P. maderensis (PIPMAD) and N. azoreum (NYCAZO) activity throughout the night in mid-September 2024. Boxplots represent
the distribution of the number of bat passes recorded within each hourly interval on sampling dates with detections; hours with no detections
are not represented. Notice the different scale of the graphs of the two species. No daytime activity was recorded.

4 Discussion

Island ecosystems frequently host small and isolated verte-
brate populations whose distribution and ecological charac-
teristics remain incompletely documented, particularly when
monitoring effort is limited or detection probability is low
(Whittaker and Fernández-Palacios, 2007; Conenna et al.,
2017). Such knowledge gaps are especially relevant for bats,
whose cryptic behaviour and mobility often complicate de-
tection in remote island systems (Fleming and Racey, 2010).
In this study, we combined acoustic monitoring and mito-
chondrial DNA analysis to determine the occurrence and ac-
tivity patterns of bats on Flores Island, one of the most re-
mote islands of the Azores archipelago. Our results acous-
tically confirm the presence of N. azoreum on Flores for the
first time and genetically verify that pipistrelle bats occurring
on the island belong to P. maderensis.

The detection of N. azoreum on Flores is noteworthy be-
cause previous surveys and long-term monitoring had failed
to record the species on the island (Rainho et al., 2002;
Rainho, 2021; Skiba, 1996). Its presence at sites that had pre-
viously been surveyed suggests that earlier non-detections
likely reflect low detectability and lower sampling effort
rather than true absence. This interpretation should, how-
ever, be considered in light of methodological differences
among studies. Previous surveys relied primarily on short-
duration surveys using hand-held bat detectors, whereas the
present study employed autonomous acoustic recorders op-
erating continuously over at least two consecutive days at

each site, substantially increasing sampling effort and the
probability of detecting rare species. Although the present
survey was conducted slightly later in the activity season
(September) than the surveys of Rainho et al. (2002) (late
July–early August), both studies were undertaken during the
summer period, suggesting that seasonal differences are un-
likely to fully explain the contrasting results. Small island
bat populations may occur at low densities or show spa-
tially restricted activity patterns, further reducing encounter
rates during short acoustic surveys. These detections there-
fore expand the known distribution of N. azoreum within the
Azorean archipelago and confirm its presence in the western
group of islands.

The dominance of P. maderensis across all sampling sites
indicates that it is currently the most widespread and acous-
tically active bat species on Flores. This widespread oc-
currence is consistent with previous observations (Rainho,
2021). Despite its small size and limited flight power, P.
maderensis has demonstrated remarkable dispersal capa-
bilities, successfully colonizing most of the Macaronesian
archipelagos and establishing populations even on small, iso-
lated islands such as Porto Santo and Corvo (Nóbrega et al.,
2023; Rainho, 2021). Further surveys would be valuable to
investigate its presence on the few Azorean islands where it
has not yet been confirmed, namely São Miguel, Terceira,
and Faial (Rainho, 2021).

Although activity of P. maderensis was sometimes high in
urban areas, the statistical analysis did not detect significant
differences in activity between habitats or between species
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Figure 5. Bat activity in stream and urban habitats on Flores Island. Points represent nightly bat-pass counts recorded at acoustic sampling
sites (jittered horizontally for visibility). Larger points and error bars show predicted mean activity (±95 % confidence intervals) for each
species estimated from a negative binomial generalized linear mixed model including habitat, species, and their interaction as fixed effects
and site as a random effect.

across habitats. These results suggest that both species may
use a range of environments on Flores, although the very low
number of N. azoreum detections limits inference about its
habitat use. Previous surveys on Flores also reported higher
P. maderensis activity in urban and forest habitats (Rainho et
al., 2002), while studies from Madeira and Porto Santo have
associated the species with native shrublands and forests,
croplands, and areas close to water (Ferreira et al., 2022;
Nóbrega et al., 2023). Although no significant habitat differ-
ences were detected in the present study, the high variability
in activity among sites indicates that further sampling will be
needed to evaluate habitat associations more robustly.

While both species can occur in the same areas (Rainho,
2021), N. azoreum has been observed foraging both during
the day and at night (Moore, 1975; Speakman and Webb,
1993), whereas P. maderensis appears to be strictly noctur-
nal, although this remains unverified in the Azores. Such dif-
ferences in activity patterns may contribute to reducing di-
rect competition. However, the mechanisms allowing these
species to coexist remain poorly understood. In particular,
studies examining diet and prey availability, vertical strat-

ification, and other aspects of resource use (Gonçalves et
al., 2024; Williams et al., 2009; Rainho et al., 2023; Rainho
and Palmeirim, 2017) would help clarify how environmental
changes may affect the persistence of these small island bat
populations.

The mitochondrial DNA sequence obtained from the spec-
imen collected on Flores confirms that the pipistrelle bats
occurring on the island belong to P. maderensis. The spec-
imen analysed here constitutes the first genetically identi-
fied P. maderensis from the Azores with its sequence pub-
lished in a public database (GenBank), providing the first
publicly available genetic confirmation of the species in the
archipelago. Previous detections of pipistrelle bats in the
Azores were largely based on acoustic observations, and ge-
netic confirmation of the species has been limited to Santa
Maria (Trujillo and Gonzalez, 2011), with no sequence pub-
lished in public databases. In the haplotype network, the Flo-
res sequence falls within the P. maderensis cluster and ap-
pears most closely related to haplotypes from Madeira and
Porto Santo. Although only a single sequence was obtained
from Flores, its distinct haplotype and intermediate position
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between the Canary Islands and Madeira/Porto Santo clus-
ters suggests either colonisation from the Madeira region
or shared ancestry followed by local differentiation in the
Azores. This sequence provides an initial genetic reference
for Azorean populations and establishes a baseline for future
studies examining population structure and connectivity and
the colonisation history of P. maderensis in Macaronesia.

Given the isolation of Flores, the westernmost island of the
Azores archipelago, previous evidence of substantial genetic
structuring among N. azoreum populations, with haplotypes
often restricted to individual islands and limited inter-island
gene flow (Salgueiro et al., 2004, 2007), suggests that the
small population on Flores may also experience limited con-
nectivity with the remaining islands. Future surveys should
also reassess the occurrence of N. azoreum on neighbouring
Corvo Island using passive acoustic monitoring, as previous
surveys relied on short-duration hand-held detector surveys
and may have underestimated the occurrence of rare species.

The confirmation of N. azoreum and P. maderensis on Flo-
res reinforces the importance of the Azorean archipelago
in supporting endemic and regionally restricted bat species.
However, the apparent rarity of one species on islands where
the other is common raises questions about long-term coex-
istence and potential vulnerability to local extinction (Lande,
1993; Courchamp et al., 1999, 2008). The small size and iso-
lation of these island populations underscore the importance
of continued monitoring and targeted conservation strategies
(Conenna et al., 2017; Frick et al., 2020; Jones et al., 2010).
Notably, the only P. maderensis specimen collected in this
study was likely predated by a domestic cat, illustrating the
potential threat posed by introduced predators on oceanic is-
lands (Welch and Leppanen, 2017; Oedin et al., 2021; Rainho
et al., 2022; Rocha, 2015). Continued research on the ecol-
ogy and population connectivity of Azorean bats will be im-
portant for understanding how insular bat communities per-
sist in small and isolated oceanic archipelagos.
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