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Abstract: One of the fundamental interests in ecology is understanding which factors drive species’
distribution. We aimed to understand the drivers of bat distribution and co-occurrence patterns in a
remote, insular system. The two bat species known to occur in the Azores archipelago were used as a
model. Echolocation calls were recorded at 414 point-locations haphazardly distributed across the
archipelago. Calls were analysed and assigned to each species. Binominal generalised linear models
were adjusted using different descriptors at two scales: archipelago and island. The presence of the
co-occurring species was included at both scales. The results show that island isolation, habitat and
climate play an essential role on the archipelago and island scales, respectively. However, the positive
interaction between bat species was the most critical driver of species’ distribution at the island
scale. This high co-occurrence pattern at the island scale may result from both species’ maximising
foraging profit in a region where prey abundance may be highly variable. However, further research
is necessary to clarify the mechanisms behind this positive interaction. Both species are threatened
and lack specific management and protection measures. Maintaining this positive interaction between
the two species may prove to be fundamental for their conservation.

Keywords: Azores; bats; biotic interactions; ecological modelling

1. Introduction

One of the fundamental interests in ecology is understanding which factors and pro-
cesses drive species’ occurrence in space. This knowledge stands as the basis of several
research lines and supports the conservation and management of species and habitats
worldwide [1]. Many studies made use of both the ecological niche theory and habitat
suitability modelling to predict and map species distributions in relation to biotic (e.g.,
vegetation type or land use) and abiotic (e.g., climate) factors [2]. However, it is increasingly
recognised that species’ occurrence may also depend on biotic interactions, such as preda-
tion, competition or symbiosis [3–5]. Biotic interactions have received less attention due to
the methodological challenges they carry when considering complex communities, even if
it has been shown that accounting for such interactions greatly improves the performance
and predictive power of species distribution models [6–8].

It is often easier to analyse ecological patterns in relatively simplified ecosystems, such
as islands, where few interacting species exist. Studies of insular systems have important
ramifications for conservation biology because they provide insights into mechanisms
that lead to species persistence, loss or coexistence. Moreover, insular species are often
endemic and have smaller populations, most vulnerable to extinctions either by human
pressures, invasive species or climate change, often requiring the most urgent conservation
efforts [9–11].

The Azores archipelago (Figure 1) has two bat species currently confirmed: the
Azorean bat (Nyctalus azoreum) endemic to the Azores [12] and the Madeiran Pipistrelle
bat (Pipistrellus maderensis) endemic to the Macaronesia [13]. The Azorean bat is known
to occur in seven of the archipelago’s nine islands, being relatively abundant in all but
one—Santa Maria [14,15]. N. azoreum has unique features separating it from its continental
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counterpart, Nyctalus leisleri. These include a smaller size [12,16] and higher peak frequency
of echolocation calls (avg. 32.1 kHz; [14]). Additionally, it is often found foraging during
the day [17]. The Azorean bat seems to have colonised the archipelago naturally during
the Holocene by a single matrilineage. Bats reached both central and oriental groups of
islands, but the over-sea distance proved to be enough to isolate the bat populations of the
two groups of islands [18,19]. Pipistrelle bats were recorded in several islands [14,20], but
their identity was only confirmed as P. maderensis by mitochondrial DNA analysis at Santa
Maria [13]. Although the morphology and echolocation characteristics of the Pipistrelle
bats observed suggest that the same species may occur in other islands [13,14], there is no
confirmation, and therefore, it will be referred here as P. cf. maderensis. In the Azores, P. cf.
maderensis is rare or very rare in all the islands where it was located—even on Santa Maria,
where it is more common [14].

Due to their small and fragmented populations and decline in their habitat quality,
both species are classified as Critically Endangered in the Azores [21] and as Vulnerable
globally [22,23]. Understanding the drivers of distribution and patterns of occurrence for
these species is thus crucial for their conservation.

Figure 1. Map of the Azores islands with the known distribution of N. azoreum and P. cf. maderensis in
the archipelago. The right-side upper panel shows the location of the Azores in context with western
Europe and Africa and the Canary and Madeira Islands. Refer to this panel for the correct location of
the islands of Flores and Corvo.

A bat survey focusing on the western and eastern groups of islands (Figure 1) was
completed by 2002, confirming (1) the presence of P. cf. maderensis in the western group
and Santa Maria, (2) the apparent absence of N. azoreum in Flores and Corvo and (3) the
co-occurrence of the two bat species in Santa Maria [14]. An additional survey performed in
São Jorge (central group) in 2003 confirmed P. cf. maderensis in a single location of this island
(own data). The overall lack of information about both species’ distribution and pattern of
co-occurrence raised the questions and hypotheses that were tested during this study:
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1. The occurrence of each bat species on different islands of the archipelago is driven
by island characteristics (archipelago scale).

MacArthur and Wilson [24] argued that immigration to and extinction from each is-
land were directly related to island size and isolation. The relationship between island area
and species’ occurrence may result from different mechanisms, all favouring larger islands
that (a) support larger populations and are less prone to local extinctions, (b) usually have
higher habitat diversity and (c) are larger targets for colonising individuals [25]. Island
isolation will depend on both the distance from a source population and the dispersal
capability of the studied species, and although bats can be potent flyers, it is recognised that
crossing large stretches of open water is an important deterrent to these animals [19,26,27].
Intra-archipelagic isolation can also be relevant as it may influence species’ progression
while colonising different islands or the population persistence on a given island due
to the “rescue effect” of immigrant individuals from populations established on nearby
islands [25,28]. As predicted by the general dynamic model island, age and geodynam-
ics should also have an essential role in island colonisation and extinction patterns [28].
However, these processes are poorly known in the Azores (but see [29]), and their effect on
species occurrence is often challenging to unveil. Nevertheless, these three characteristics
were considered as it was hypothesised that an island’s area, age and isolation affected
these two species’ occurrence.

2. Species’ distribution within each island is driven by habitat characteristics and
climate (island scale).

There is no historical data of bat occurrence in the Azores. Thus, it is not possible to
evaluate the original habitat’s effect on the colonisation of each island. Nevertheless, the
current habitat is fundamental in defining each species’ distribution and ability to sustain
viable populations [2]. Although many species suffer severe impacts from land-cover
change, other species adjust well or even benefit from human activities. Such can be the
case of bat species that find roosting sites in buildings or exploit insect swarms around
streetlamps [30,31]. Furthermore, the current climate can also have a profound effect on
the distribution of species. Climate defines the species’ physiological limits and the islands’
primary productivity and, consequently, arthropod prey abundance (e.g., [32]). We thus
hypothesised that climate would affect species’ occurrence and that habitat use would
differ among species, making different islands more suitable to one species than the other.

3. The two species co-occur less than would be expected by chance at both archipelago
and island scales.

Another vital factor on species occurrence and the ability to keep a viable population
on a restricted area is ecological interactions with other species. In the Azores, the non-
marine resident avifauna sums to less than two dozen [33]. Possible bat competitors, such
as swifts or swallows, do not breed on the islands, and only one potential night predator is
known, the long-eared owl (Asio otus) [34]. Domestic cats (Felis catus) occur in the islands,
but they prey on bats opportunistically [35] and are not expected to predate both species
differently. The spatial partitioning of feeding habitats is recognised as one of the primary
mechanisms facilitating the coexistence of insectivorous bat species (reviewed by [36]).
Larger species can exclude smaller ones from higher resource availability areas through
interference competition (e.g., [37]). These interactions are expected to be even stronger
when resources are limited [38]. Data on the distribution of co-occurring species can thus
be assessed for evidence of interactions by examining whether species co-occur more or
less than would be expected by chance [39,40].

2. Materials and Methods
2.1. Study Area

The Azores is a remote archipelago of volcanic origin located of the middle ridges
of the Atlantic North (36–39º N, 24–31º W) at around 1400 km west of mainland Portugal
(Figure 1) and 2200 km east of Newfoundland, close to the triple junction between the
American, Eurasian and African tectonic plates. It is composed of nine main islands, usually
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referred by three groups: western (Flores and Corvo), central (Terceira, Faial, Pico, S. Jorge,
and Graciosa) and eastern (S. Miguel and Santa Maria).

Originally, the archipelago was covered by Laurus (Laurisilva) and Juniperus forests [41,42],
as well as Myrica faya thickets and pit bogs, but these habitats are currently found in very
few areas. Several relict lake craters and small patches of natural vegetation are distributed
in the islands. Human pressure has profoundly altered the land-cover of the islands that
are now dominated by pastures and planted forests, mainly Cryptomeria japonica [43].

The archipelago climate is marine temperate, with low thermal amplitude, high
precipitation and high air humidity [44]. There are climatic differences between islands,
with average annual precipitation varying between 966 mm at Graciosa island and 2647 mm
at Flores island [44]. This climate variability is associated with the islands’ different ages
and geomorphology, as the distance to the coast and altitude play essential roles in the
local climate. Island size ranges from 17 km2 in Corvo to 745 km2 in S. Miguel.

2.2. Bat Sampling

Bats were sampled in point locations haphazardly distributed across the archipelago,
ensuring a thorough sampling of each island’s area and its most representative land uses.
An exception to this was Pico island, where sampling was performed only up to an altitude
of 1150 m, excluding thus an area of ca. 15 km2 around the higher part of Pico Mountain
(max. altitude 2530 m).

Each sampled site was located as far apart as possible and the minimal inter-site
distance was set to 500 m (range 503–6113 m, average 2173 m) to avoid spatial correlation
of the observations. Sampling was performed between March and September. It started
half an hour after sunset and lasted the following three hours in nights with no rain, fog
or strong winds. Bats were sampled through their echolocation calls using hand-held bat
detectors (models D980 and D1000x, Pettersson Electronik). In each sampling point, a
10 min count was performed. During this period, the heterodyne was slowly swept back
and forth between 20 and 60 kHz to scan for bat activity. The high-frequency (HF) or
time-expansion (TE) output was recorded whenever a bat-pass was detected [45], either
using an external recorder (Creative Nomad Jukebox, DAP-6G01) or a memory card inbuilt
in the bat detector. Light use was minimised during bat counts in non-urban areas to avoid
any interference with bat occurrence and activity.

This methodology follows a previous study conducted in the islands by Rainho
et al. [14], and the data collected during this first study were also included in the analysis.
All nine islands were sampled in 2002 [14], 2003 and 2004. Species’ distribution was further
confirmed in S. Miguel (2011), S. Jorge and Pico (2012) and Graciosa and Terceira (2016).
This study compiles 414 locations sampled between 2002 and 2016, covering all the nine
islands of the archipelago. Each site was only considered once, even if sampled repeatedly
in different years or nearby places (<500 m).

Recorded bat calls were analysed, and sound parameters were measured in Batsound
(Pettersson Elektronik) using a sampling frequency of 48 and 348 kHz (for TE and HF,
respectively), 16 bits/sample and 1024 FFT with a Hanning window. Sound parameters
of calls from N. azoreum and P. cf. maderensis generally have non-overlapping frequencies
(see [14]). This separation enables a precise classification of the recorded calls using simple
quantitative measures, namely the peak frequency (kHz) and end frequency (kHz).

2.3. Data Analysis

We investigated the potential role of several abiotic and biotic variables and biotic
interactions as predictors of both species’ presence at two scales: the archipelago and the
island (Table A1). Graphical analysis was performed to explore the relationship between
each predictor and bat occurrence and detect potential outliers. N. azoreum seems to be
absent from the two most-isolated islands of the archipelago (Figure 1). For this reason,
two variables were not considered in the analysis of this species’ distribution: the UNEP
index of island isolation, and the distance to the mainland. This is because both descriptors
would perfectly explain the occurrence of this species in the archipelago.
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A Spearman correlation matrix was generated to check for collinearity between vari-
ables. The variables distance to Madeira archipelago and distance to the nearest island
were excluded as they showed correlation values above 0.7 between them and with the
distance to the mainland [46]. Two models for the occurrence of each species were adjusted
using a different set of descriptors (Table A1): (i) archipelago-scale descriptors include:
island size, age and isolation, and (ii) island-scale descriptors include land-use, altitude
and vegetation indices, among others. Co-occurrence was considered in the models at both
scales (Table A1).

Island-scale models were first adjusted using binomial Generalised Linear Mixed
Models (GLMMs) with logit as a link function using the Lme4 R package [47]. Both island
and year were tested as grouping variables. However, the random factor variance was zero
for both grouping variables, so the models were adjusted instead using binominal Gener-
alised Linear Models (GLMs) with logit as the link function. The effect of archipelago-scale
variables was tested using univariate GLMs with the logit as the link function. Residuals
were checked after fitting the models using normal probability histograms and QQ plots.
These procedures did not reveal any severe violation of the assumptions of normality and
homoscedasticity [48]. Goodness-of-fit was evaluated by comparing the null and resid-
ual deviances [48] and using the Area Under the Receiver Operator Characteristic (AUC)
Curve [49,50]. Data analysis was performed in R environment [51]) using several packages:
Multi-model Inference (MuMIn [52]), CAR [53], pROC [54], ggplot2 [55] and effects [56].

Spatial analysis and base maps were conducted using ArcGIS Desktop vs. 10.7.1 (ESRI,
Redlands, CA, USA) with the cartographic information listed in Table A1. Significance was
set at p < 0.05.

3. Results

We conducted acoustic surveys at 414 sites across all nine islands, confirming N.
azoreum in 161 sites at seven islands and P. cf. maderensis in 28 sites at six islands (Figure 1).

3.1. Drivers of Occurrence at the Archipelago Scale

No descriptor of size and isolation seems to justify the pattern of occurrence of P. cf.
maderensis in the archipelago (Table 1). Even so, island size seems to be the best descriptor,
suggesting that this species may favour smaller islands. Furthermore, for N. azoreum, none
of the descriptors modelled seemed to be a significant driver of the occurrence of this
species in the archipelago (Table 1). The exception is made to island isolation, measured
either by the UNEP index or the distance to the mainland. These descriptors were not
modelled because they perfectly separate the western group, Flores and Corvo (Figure 1),
where N. azoreum was not observed. Although non-significant, island size may have some
effect, with N. azoreum favouring large islands. One species’ presence does not seem to
drive the other’s occurrence at this scale (Table 1).

3.2. Drivers of Occurrence at the Island Scale

The distribution of both species within the islands is, as expected, driven by habitat
characteristics (Table 2). For P. cf. maderensis, the most important descriptors of occurrence
were altitude and NDVI, with this species favouring lower altitudes and higher vegetation
greenness. The best descriptor for N. azoreum distribution is land-cover, with this species
favouring both urban areas and lagoons (Table 2). A significant negative relation was found,
in both best models, with the distance to the nearest observation of the co-occurring species
(Figure 2), showing that bats favour areas where the co-occurring species is present.
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Table 1. Parameters of the univariate GLM models relating bat occurrence and island characteristics.
All variables are described in Table A1. The area under the ROC curve (AUC) is presented as a
measure of adjustment of each model. The full models, including the intercept, are available, see
Table A2.

Estimate St. Error z Value p AUC

P. cf. maderensis

N.azor −0.405 1.443 −0.281 0.779 0.46
Size −0.007 0.005 −1.422 0.155 0.83

UNEP 0.178 0.240 0.741 0.459 0.61
DistPT 0.006 0.005 1.056 0.291 0.72

Island age −0.065 0.293 −0.222 0.825 0.39

N. azoreum

P.made −0.406 1.443 −0.281 0.779 0.45
Size 0.014 0.013 1.064 0.287 0.86

Island age 0.367 0.540 0.681 0.496 0.64

Figure 2. Binomial generalised linear models’ partial effects of altitude, distance to the nearest
N. azoreum and NDVI on the probability of the occurrence of P. cf. maderensis (top row) and land-cover
and distance to the nearest P. cf. maderensis on the probability of the occurrence of N. azoreum (bottom
row). Error bars and shaded areas represent 95 confidence intervals.
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Table 2. Parameters for the best candidate models for the distribution data of P. cf. maderensis (top)
and N. azoreum (bottom) based on an information-theoretic approach using the Akaike information
criterion for small samples (AICc). All variables are described in Table A1. The land-cover (LCo)
descriptor uses urban areas as the indicator class. The area under the ROC curve (AUC) is presented
as a measure of adjustment of each model.

Estimate St. Error z Value p AUC

P. cf. maderensis 0.883

Intercept −5.589 2.656 −1.314 0.189
Altitude −0.006 0.003 −2.007 0.045

DistNazor −2.659 0.715 −3.719 0.002
NDVI 0.112 0.059 1.901 0.057

N. azoreum 0.673

Intercept 1.723 0.360 4.800 0.000
LCo: farmland −1.079 0.365 −2.954 0.003
LCo: pastures −1.963 0.334 −5.864 0.000
LCo: forestry −1.795 0.356 −5.063 0.000
LCo: natural −2.236 0.441 −5.063 0.000
LCo: rocky −1.043 0.736 −1.417 0.156

LCo: lagoon 0.525 1.137 0.462 0.644
DistPmade −0.650 0.284 −2.290 0.022

4. Discussion

Considering different scales, spatial dependencies and biotic interactions when
analysing the distribution and patterns of co-occurring species proved to be an excellent
strategy to understand the two species’ distribution.

The archipelago-scale analysis revealed some difficulties, as the number of islands
is reduced (N = 9) and does not allow significant statistical levels to be easily reached.
Furthermore, rarity approaches absence [57], raising the question of whether both species
were present on every island, but we failed to detect them. The surveys performed were
not exhaustive, and the restrictive distribution, particularly of P. cf. maderensis in some of
the islands, may have limited our ability to detect its presence. Additionally, it will also
be essential to assess whether there is seasonal variation in space use or even migration
between islands, particularly in the central group [18,58].

At the archipelago scale, it was confirmed that despite the high flight capacity of bats,
isolation could limit some species’ occurrence. The most remote islands (the western group)
seem to be only occupied by P. cf. maderensis. This pattern seems somewhat surprising,
given the much greater flight capacity of Nyctalus. However, although powerful flyers,
some bat species seem to resist flying over large sections of saltwater [18,59], and P. cf.
maderensis may prove to be a better disperser. In the Madeira archipelago where species
of the two genera occur (P. maderensis and N. leisleri), only P. maderensis was recorded in
Porto Santo, a smaller, more isolated island [14,60]. The Canary Islands are closer to the
mainland, and both species occur in the most remote group of islands. However, while P.
maderensis occurs in all four islands of this group, N. leisleri seems to only be present in the
two larger ones [22,61].

The importance of other islands’ characteristics as drivers of bat distribution and
co-occurrence remains less clear. The size of the island seems to be important. A pattern
was found in the Azores, albeit only almost significant, with P. cf. maderensis occupying
smaller islands and N. azoreum larger ones. Only with a higher number of islands could
the importance of this factor be clarified. The age of the island has high explanatory
potential [28]. However, the knowledge on the Azores’ geological dynamics is not yet
sufficient to use this descriptor reliably while modelling the species’ distribution.

As it was hypothesised, at the island scale, both land-cover and climate (as measured
by primary production) proved to be essential drivers of bat species occurrence. Sampling
was performed during the foraging period of both species, so this result should reflect
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the selection of areas with high prey availability. N. azoreum uses land-cover types where
flying arthropods concentrate, such as water surfaces and areas with street lighting [14].
P. cf. maderensis showed no significant preference for any of the main land-cover of the
islands, favouring coastal areas (lower altitude) with high primary productivity (high
NDVI) [62]. The high availability of potential roosting sites in urban areas and lower
altitude areas could also contribute to the observed habitat selection, even if the high
diversity of roosts used by these species [63] weakens this hypothesis.

The biotic interactions proved to be fundamental in explaining the distribution and
patterns of species co-occurrence [6]. At the archipelago scale, no significant co-occurrence
pattern was found, either due to the scale of the analysis [6] or as a result of the small sample
size. However, the co-occurring species’ nearest presence was the factor with the highest
explanatory capacity in the island-scale models. Contrary to what was hypothesised, the
co-occurrence pattern does not suggest competition or the exclusion of one species by
another. The pattern suggests a facilitation process instead since the probability of one
species’ occurrence is negatively and strongly dependent on the distance to the other
species’ occurrence in both species.

Biotic interactions are often hard to study outside experimental settings [39] and even
more challenging when studying small, fast-flying nocturnal animals, such as bats. How-
ever, several studies reveal insectivorous bat competition and species exclusion in space
and time when resources are limited [38,64]. References to bat-plant mutualism [65,66] or
cooperation between conspecifics are also frequent [67]. However, references to facilitation
or even mutualism between different bat species are rare or non-existent.

Bat competition and resource partitioning are commonly invoked to explain different
island bat species’ distribution patterns [68], as well as diet [69,70]. An exception is the
study by Sedlock and colleagues [71] in three islands of the Philippines. The authors
compared four co-occurring species’ foraging traits and diets in the islands. The results
contradicted the expected hypothesis of resource partitioning, showing high diet overlap
between sympatric species of distinct genera and different foraging-related traits [71].
These results raise interesting questions on the foraging strategies and possible interactions
between these bat species.

Further research is necessary to clarify the mechanisms behind this apparent positive
interaction between bat species. The ecology of both species is poorly known, and the
genetic confirmation of the identity of the Pipistrellus is vital. However, among the mecha-
nisms discussed in the literature, the optimal foraging theory provides the most plausible
explanation for this facilitation. In regions where resources (e.g., prey arthropods) are
scarce and their availability is highly variable in space or time, the best foraging strategy
may depend on the rapid location of areas with a high concentration of prey. Locating
and identifying these areas rapidly through the feeding buzzes of other individuals, of the
same or another species, can be very advantageous. Bats’ ability to eavesdrop the feeding
buzzes of conspecifics is already recognised [72,73]. The higher similarity of the two species’
vocalisations compared with their ancestors [14] may have contributed to a higher overlap
in the prey spectrum and the recognition of successful feeding activity between species.

Positive interspecific interactions (and even facilitation) between predators are known
worldwide (e.g., [74,75]), but these are particularly well known among different species of
marine seabirds and between these and some species of cetaceans, notably dolphins [74,76].
Marine predators also exploit prey that are locally abundant (schools of fish). The ubiquity
of the association between these predators, which often use different and complemen-
tary foraging strategies, suggests that the benefits of exploiting the shoal together far
outweigh the inevitable competition for prey [77]. Similarly, bat species with different
echolocation calls, flight behaviour and ability to find prey can complement each other in
searching for patchy prey. In addition, an increased number of bats will produce a high
frequency of attacks on prey aggregation (e.g., a swarm of insects), which may result in
a higher success rate among all predators, especially if attacks vary in direction in the
three-dimensional space [78]. This may facilitate access to food and maximise foraging
profit and, consequently, individuals’ fitness [79].
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This study provides a working hypothesis for future research into the potential mech-
anisms and impacts of biotic interaction on species’ distribution, co-occurrence and conser-
vation. Although N. azoreum seems stable on the islands where it occurs, its population
is very fragmented. The situation of P. cf. maderensis is more dramatic, as its populations
are minimal on all islands where it occurs. Both species are threatened and lack specific
management and protection measures to ensure a good conservation status. Actions that
warrant protecting their roosts, improving feeding habitats and reducing conflicts with
humans are essential. However, preserving the interactions between co-occurring species
may prove fundamental while managing and conserving both species and their ecosys-
tems. If these bat species depend on one another for clues to find food, they can be highly
vulnerable to population declines of the interacting species. Such declines can reach a point
where they are no longer helpful to each other, with the consequent drops of their foraging
success and, ultimately, their survival.
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Appendix A

Table A1. Description of the predictor variables used in species distribution models and the data
sources from which they were derived.

Descriptor (Acronym) Type, Units, and Classes Data Source and Scale

Archipelago-scale descriptors

Island size (Size) Terrestrial area of each island.
Continuous, ranging from 17 to 745 km2

Derived from CAOP 2016–Official
Administrative Divisions of Portugal [80].

2016 Vectorial 1:25,000.

Distance to the mainland (DistPT)

The minimum distance between the
coastline of each island and the coastline
of the Portuguese mainland. Continuous,

ranging from 1367 to 1865 km

Ditto [80]

Distance to the nearest island (DistISL)

The minimum distance between the
coastline of each island and the coastline

of the nearest island. Continuous,
ranging from 5.9 to 80.1 km

Ditto [80]

https://geocatalogo.icnf.pt/websig/
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Table A1. Cont.

Descriptor (Acronym) Type, Units, and Classes Data Source and Scale

Distance to Madeira (DistMAD)

The minimum distance between each
island’s coastline and the coastline of

Madeira island (see Figure 1).
Continuous, ranging from 840 to

1439 km.

Ditto [80]

UNEP isolation index (UNEP)
A measure of the isolation of the island
from potential sources of colonisation.

Continuous, ranging from 75 to 96.

Retrieved from Island
Directory-UNEP/WCMC. Index per

island. [81]

Island age
The maximum geological age of each

island. Continuous, ranging from 0.27 to
8.12 Ma.

Value per island [82].

Species’ occurrence (Nazor or Pmade)
Information on if each species was

detected or not on each island. Binomial
[0–1]

This study and Rainho et al. [14]

Island-scale descriptors

Altitude Altitude a.s.l. Continuous, ranging from
0 to 1150 m

Derived from SRTM 90 m DEM [83] and
validated using official cartography [84].

Raster 90 m.

Land-cover (LCo)

Includes all key land-cover types of the
archipelago. Categorical: Urban, farm,

pastures, forestry, natural, rocky
and lagoon

Retrieved from [85] and validated in the
field. 2007 Vectorial 1:15,000.

NDVI

16-days Normalised Difference
vegetation Index–a measure of green

biomass. Continuous, ranging from 0 to
9201 (valid data ranging from

−2000 to 10,000)

Derived from Modis 500 m 16-days
imagery [86]. June 2015 Raster 500 m.

Distance to the coast (DistCoast)
Distance between the site sampled and

the nearest coastline of the island.
Continuous, ranging from 0 to 7500 m

Derived from CAOP2016 [80]. 2016
Vectorial 1:25,000.

Distance to P made/Nazor
(DistPmade/DistNazor)

Distance to the nearest site where the
presence of the co-occurring species was

detected. Continuous, ranging from
0 to 2.58616º

This study and Rainho et al. [14].

Table A2. Parameters of the univariate GLM full models (including intercept) relating island char-
acteristics and the occurrence of P. cf. maderensis (top) and N. azoreum (bottom). All variables are
described in Table A1. Nazor and Pmade are binomial categorical variables with absence as reference.

Estimate Std. Error z Value Pr(>|z|)

Pipistrellus cf. maderensis

0.6931 1.2247 0.566 0.571
Nazor(1) −0.4055 1.4434 −0.281 0.779

2.6240 1.6163 1.623 0.104
Size −0.0070 0.0048 −1.422 0.155

−13.4913 18.9379 −0.712 0.476
UNEP 0.1781 0.2404 0.741 0.459

−8.2110 8.3459 −0.984 0.325
DistPT 0.0056 0.0053 1.056 0.291

0.85945 1.0432 0.824 0.410
Island age −0.0649 0.2928 −0.222 0.825
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Table A2. Cont.

Estimate Std. Error z Value Pr(>|z|)

Nyctalus azoreum

1.0986 1.1547 0.951 0.341
Pmade(1) −0.4055 1.4434 −0.281 0.779

−0.8788 1.6688 −0.527 0.598
Size 0.0145 0.0136 1.064 0.287

0.5186 1.1932 0.435 0.664
Island age 0.3675 0.5396 0.681 0.496
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