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Abstract

Ecological niche models depict suitable areas of habitat for species, as well as the envi-
ronmental factors that influence them. They provide insights into species demography,
ecology and biogeography, which is important information for the conservation of their
populations. In this study, ecological niche modelling was used to investigate the habitat
availability and conservation status of three threatened fruit bat species (family Pteropodi-
dae) endemic to Madagascar: Pteropus rufus, Eidolon dupreanum and Rousettus madagas-
cariensis. Model construction was done in MaxEnt using climatic and eco-geographical
variables. All ecological niche models performed well, although the limited sample size of
occurrence points of E. dupreanum allowed less accurate delineation of its suitable area.
The suitable habitat area was modelled using a 10th percentile training presence threshold
and then filtered for forest area, which was only a mean of 21.1% the overall habitat area
for all species. As fruit bats roost in trees and caves surrounded by forest, only the forest
area within the ecological niche models represents a suitable habitat and has a size ranging
40,647 —54,636 km? between species. Results also show that temperature annual range,
annual precipitation, and forest cover may be the most important determinants of the oc-
currence of Pteropodidae. This study identified suitable forest tracts for the three endemic
Pteropodids and thus the potential to expand the forest area under protection. It can be
useful for further fieldwork to sample more occurrence points, estimating the population
sizes of the species within Madagascar, gaining further information about their ecology,
and thus facilitating applied conservation efforts of their wild populations.
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Introduction

The environmental conditions under which populations of different organisms can survive
is known as the ecological niche (Hutchinson 1957). The process of analysing ecological
niches is ecological niche modelling and it can provide insights into the taxonomy, evolu-
tion, demography and biogeography of an organism, and how similar these characteristics
are among closely related species (Elith et al. 2006; Sattler et al. 2007; Cabral and Kreft
2012; Hending 2021). It is also a useful technique for assessing how well threatened species
are protected in their natural habitat (e.g.Thorn et al. 2009; Ferrer-Sanchez and Rodriguez-
Estrella 2016; Grimshaw et al. 2021; Hending et al. 2023a) and how vulnerable they are
to ongoing anthropogenic threats and pressures (Thorn et al. 2009; Gongalves et al. 2021).
Ecological niche models (ENMs) provide a basis for assessing the likely distribution of
populations under current and future climate trajectories (e.g., Morovati et al. 2020; Raman
et al. 2020; Bandara et al. 2022; Fialas et al. 2025). They are also particularly useful for spe-
cies whose geographic distributions have been historically understudied (Picot et al. 2007;
Aguiar et al. 2020) or are rare and difficult to find in their natural environment (Caruso et
al. 2015; Schiiffler et al. 2023). As ENMs can be created with little range data (Elith et al.
2006; Pearson et al. 2007; van Proosdij et al. 2016), it is a very useful method if the presence
or absence of a species is difficult to be confirmed at a specific location (MacKenzie et al.
2005; Black 2020; Garbino et al. 2023), and ENMs have successfully been used to model
the distributions and geographic ranges of cryptic taxa (e.g., Sattler et al. 2007; Santos et al.
2014; Hending 2025).

Madagascar is the fourth largest island in the world and is home to an impressive diver-
sity of species in terms of evolutionary history (Ganzhorn et al. 2014; Antonelli et al. 2022).
The different geoecological formations and climatic regions of the island provide a vari-
ety of habitats and many zones of micro-endemism, which has resulted from the island’s
long isolation from any other land masses for approximately 88 million years (Wilmé et
al. 2006). Furthermore, the island is a biodiversity hotspot and conservation priority due to
ongoing deforestation and habitat loss (Harper et al. 2007; Allnutt et al. 2008; Vieilledent et
al. 2018). Madagascar has many understudied animals, and ENMs have been successfully
used to study their distribution and conservation status (Blair et al. 2013; Boria et al. 2017;
Hending et al. 2023a).

This study focuses on three endemic Malagasy fruit bats, Pteropus rufus (Madagascan
Flying Fox), Eidolon dupreanum (Madagascan Fruit Bat) and Rousettus madagascariensis
(Madagascan Rousette) (Wilson and Mittermeier 2019). They are widespread throughout
Madagascar and have been observed inhabiting a range of habitats including forests, man-
groves, and agroecosystems (Randrianandrianina et al. 2006; Racey et al. 2009; Hending
et al. 2023b), but there are areas where each species is not present (e.g., central highlands
for P. rufus, far south west for R. madagascariensis). While P. rufus only roosts in forests,
E. dupreanum and R. madagascariensis also roost in caves (Wilson and Mittermeier 2019).
These species provide important ecosystem services and are known to require an availabil-
ity of trees, for which they are important pollinators and seed dispersers (Aziz et al. 2021;
Hending et al. 2021a). This seed dispersal contributes to natural forest regeneration (Wun-
derle 1997), influences the amount of carbon sequestration and climate change mitigation
(Tabarelli and Peres 2002; Estrada-Villegas et al. 2023), and their pollination services are of
high economic value for food production (Abrol 2012; Potts et al. 2016; Bello et al. 2021).
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For example, E. dupreanum feeds on the nectar of baobabs, Adansonia spp., and plays an
important role in the life-cycle of this culturally important tree (Andriafidison et al. 2006;
Raveloson et al. 2014).

The effects of Madagascar’s high deforestation rate (Harper et al. 2007; Vieilledent et
al. 2018) on the available habitat area for Pteropodids are little studied (Racey et al. 2009).
All three endemic Pteropodidae species are currently listed as Vulnerable on the [UCN Red
List and populations are in decline due to anthropogenic threats (Golden et al. 2014; Brook
et al. 2019), and they therefore require urgent research and conservation attention (Racey
2016; Andrianaivoarivelo et al. 2019; Andriafidison et al. 2020). Pteropodidae distribution
is strongly influenced by both climate and the availability of suitable habitat (Arumoogum
et al. 2019; Vogeler and Tschapka 2021; Diengdoh et al. 2022; Ahmed et al. 2023; Kingston
et al. 2023), and the loss of natural habitats, such as forests, can severely limit Pteropodidae
geographic distribution, resulting in population decline (Daniel et al. 2017; Kingston et al.
2023). Using climatic and eco-geographical variables, we constructed ENMs to investigate
the distribution of three endemic Pteropodidae throughout the whole of Madagascar. Fur-
thermore, we analysed the forest cover within their suitable land area, as fruit bats require
forests for roosting and feeding. The specific research questions and objectives are therefore:

1. To determine the environmental variables that drive the geographic distribution of each
Pteropodidae species. We hypothesized that different variables would limit the suitable
habitat area of each species (as in Raxworthy et al. 2007; Hending 2021) and we pre-
dicted that the area identified as suitable for Pteropodidae in our models would be much
larger than the actual available forest area, which they require for roosting and foraging.

2. To determine the area of forest, and area within protected areas, within the overall
fundamental niche area. Taking into account the large-scale deforestation, habitat frag-
mentation, and climate change threats impacting Madagascar’s forests (Harper et al.
2007; Vieilledent et al. 2018; Hending et al. 2022a), we hypothesized that the forest
area currently available to each species would be reduced compared to the protected
area and the total area of their respective ENMs. Deforestation could be the cause of
their declining populations, beside the already known impact of the fruit bat bushmeat
trade (Racey et al. 2009).

Methods
Study area

Madagascar is located in the Indian Ocean off the coast of southern Africa and is the second
largest island state in the world. The tropical climate of the island consists of a dry season
from May to October and a rainy season from November to April (Jury et al. 2022). The
west coast is characterised by large dry sedimentary basins including karst plateaux, various
limestone and sandstone formations, caverns and caves (Wilmé et al. 2006). The forests are
sub-humid and mainly dry, while the eastern slope of Madagascar harbors humid evergreen
forests. The high level of endemism is mostly represented in the forest species, including
90% of Malagasy land mammals, and almost 78% of bird species (Wilmé et al. 2006).

@ Springer



1 Page 4 of 21 Biodiversity and Conservation (2026) 35:1

Pteropodidae occurrence data

Pteropodidae geographic occurrence points were collated from both published and unpub-
lished sources. First the complete catalog of published articles in the bat-specific journals
Acta Chiropterologica and Journal of Bat Research & Conservation were checked, as well
as the journals with a Madagascar-focus: Malagasy Nature and Madagascar Conservation
and Development (following Hending 2021). This way ensured not to miss any Pteropo-
didae occurrence points from the journals which might not appear in literature databases
(e.g., Malagasy Nature). Further occurrence data was searched in non-Chiroptera-specific
journals and dissertations in the online databases of Google Scholar, Web of Science and
ResearchGate and in edited book volumes, particularly Goodman et al. (2018). Used key-
words in online searches were “distribution”, “presence”, “population”, “occurrence”, “fruit
bat” and “Pteropodidae”, in addition to the scientific and common names of the Pteropo-
didae species. The sampling was completed by obtained unpublished occurrence records,
which are included in the most recent [IUCN Red List of the three species (Racey 2016;
Andrianaivoarivelo et al. 2019; Andriafidison et al. 2020). Sample sizes of 92 (P. rufus), 36
(E. dupreanum) and 68 (R. madagascariensis) occurrence points resulted (Fig. 1), which
were all recorded in a database.

Occurrence points

© P rufus O E. dupreanum A R. madagascariensis 0 500 km

Fig. 1 Sampled occurrence points of endemic Pteropodidae in Madagascar (Pteropus rufus (green dots,
N=92), Eidolon dupreanum (yellow hexagons, N=36) and Rousettus madagascariensis (orange trian-
gles, N=68) in relation to Madagascar’s remaining forest cover (dark green: Vieilledent et al. 2018).
Figure created in ArcMap, with a scale of 1: 7,000,000 for Madagascar
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Environmental raster layers

Pteropodidae ENMs were constructed based on a consideration of 22 different environ-
mental variables (Table 1). 19 of them are bioclimatic measures of climatic seasonality,
temperature and precipitation (Hijmans et al. 2005), while three variables represent vege-
tation-cover and forest quality. These are Primary Productivity (NPP), the Normalized Dif-
ference Vegetation Index (NDVI), which is another proxy of plant productivity (Rouse et
al. 1974) and the Leaf Area Index (LAI) which is a proxy of tree cover density (Asner et al.
2003). As the resolution of the data was variable (0.50—1.00 km?), resampling to the least-
fine raster of 1 km? was executed in R Studio using the packages ‘raster’ (Hijmans 2023) and
‘magrittr’ (Bache and Wickham 2022). They were then projected to the WGS84 geographic
coordinate system, and the raster layers were cropped to the extent of Madagascar (latitude:
11.5°=26.0°, longitude extent: 43.0-51.0°) and resampled to action script communication
(ASC) format. The NDVI, LAI and NPP rasters were means of monthly layers from 2019.
In ENMs, multicollinearity often exists among independent variables included as environ-
mental layers (O’brien 2007) and highly correlated variables should not be used together
(Merow et al. 2013). We extracted the raster value of all layers from 2,000 randomly gener-
ated geographic points from Madagascar’s terrestrial land surface and checked the correla-
tion of the variables. If the correlation coefficient was high (>0.70), only one variable was
chosen to use in the model, but both included, if they were particularly relevant to the ecol-
ogy of Pteropodidae (Andrianaivoarivelo et al. 2022). Following these steps, the number of

Table 1 Environmental variables considered as raster layers for the construction of the Pteropodidae ecologi-
cal niche models. Selected variables for modelling in maxent are marked with an asterisk (*)

Variable Definition Source

Biol Annual mean temperature (°C) worldclim.org

Bio2 Mean diurnal range (mean (period max - min)) (°C) worldclim.org

Bio3* Isothermality (Bio2/Bio7) (°C) worldclim.org

Bio4* Temperature seasonality (SD x 100) worldclim.org

Bio5* Max temperature of warmest month (°C) worldclim.org

Bio6* Min temperature of coldest month (°C) worldclim.org

Bio7* Temperature annual range (Bio5 - Bio6) worldclim.org

Bio8 Mean temperature of wettest quarter (°C) worldclim.org

Bio9 Mean temperature of driest quarter (°C) worldclim.org

Biol0 Mean temperature of warmest quarter (°C) worldclim.org

Bioll Mean temperature of coldest quarter (°C) worldclim.org
Biol2* Annual precipitation (mm) worldclim.org

Biol3 Precipitation of wettest period (mm) worldclim.org
Biol4* Precipitation of driest period (mm) worldclim.org
Biol5* Precipitation seasonality (coefficient of variation) worldclim.org

Biol6 Precipitation of wettest quarter (mm) worldclim.org

Biol7 Precipitation of driest quarter (mm) worldclim.org

Biol8 Precipitation of warmest quarter (mm) worldclim.org

Biol9 Precipitation of coldest quarter (mm) worldclim.org

LATI* Leaf area index neo.sci.gsfc.nasa.gov
NDVI Normalized difference vegetation index neo.sci.gsfc.nasa.gov
NPP Net Primary Productivity neo.sci.gsfc.nasa.gov
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environmental variables for inclusion in the ENMs was reduced from 22 to nine (Table 1)
and multicollinearity was avoided.

The selected variables represent climatic seasonal differences between geographic
regions (Bio3: as in Arumoogum et al. 2019; Bio4, Bio7, Biol2 and Biol5: Dewar and
Richard 2007), water availability (Bio12) and include factors which limit the distribution of
Pteropodidae (Kingston et al. 2023). We chose to keep the values of maximum temperature
of the warmest month (Bio5) as a population determining factor, because fruit bats cannot
tolerate extreme heat and die in high temperatures (Welbergen et al. 2008; Bishop et al.,
2018). Pteropodidae also do not tolerate very cold temperatures (Kingston et al. 2023),
which led us to include Bio6, which can be considered a proxy of frost (Blair et al. 2013).
P. rufus does not roost in caves (Wilson and Mittermeier 2019), and therefore does not
occur in very cold areas, but has been found in temperatures ranging between 12 and 33 °C
(Bollen and Van Elsacker 2002). Distribution shifts into regions with less frosty nights due
to changes in mean temperature induced by climate change have already been observed in
P. alecto in Australia (Welbergen et al. 2008). Also, we selected the variables representing
potential instances of drought (Biol4) (Blair et al. 2013), which influences the availability
of fruit and nectar (Aziz et al. 2021). Further, the selection should enable MaxEnt to distin-
guish between the different forest types that each Pteropodidae species has preference for. P
rufus roosts only in trees and therefore needs a high vegetation cover to escape strong heat
(Welbergen et al. 2008; Wilson and Mittermeier 2019). Consequently, the Leaf Area Index
(LAI) was chosen, a ratio of the total leaf area to the ground surface, as it is a good proxy for
Madagascar’s different ecosystems and forest habitat types (Kamilar and Muldoon 2010).

MaxEnt ecological niche model construction

We used the maximum entropy model (MaxEnt version 3.4.4; Phillips et al. 2006) to con-
struct ENMs for the three species. The first step was to identify the individual optimal
MaxEnt model features, settings and regularisation parameters (Muscarella et al. 2014)
(Table 2), based on the Akaike Information Criterions (AIC). We used the R package
‘ENMeval’ (Kass 2023) to create bias-files, to control for spatial sampling bias and autocor-
relation within the geographic range of each species, (Dudik et al. 2005). Sampling bias
can have various causes, including site access difficulties, which can result in clusters of
occurrence points (Hijmans et al. 2000; Reddy and Davalos 2003; Kadmon et al. 2004).
Also, surveys conducted over a long period by various researchers with different techniques
and intensity can result in sampling bias (Soberén and Peterson 2004). Many species like
E. dupreanum are known from a limited number of localities, which limits the modelling of
their full niche (Wisz et al. 2008; Anderson and Gonzales, 2011). Although, as Pteropodidae
are threatened by many factors (Andrianiaina et al. 2022), some occurrence points may
represent a suitable area where they can survive in comparison to their preferred habitat
(Egert-Berg et al. 2021).

For the MaxEnt models, a four-fold sampling method, proven successful for low num-
bers of occurrence points (N<50: Pearson et al. 2007; Peterson et al. 2011) was used via a
cross-validation technique (as in de Almeida et al. 2019). The maximum number of itera-
tions was set to 500 on 10,000 randomly generated background points and a convergence
threshold of 0.001 (as in Tran et al. 2018). Sufficient occurrence points (P. rufus: N=92, E.
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dupreanum: N=36, R. madagascariensis: N=68) were sampled of all Pteropodidae to con-
struct ENMs (Hernandez et al. 2006), and we used 80% of the points as training data and
20% as test data. The significance of each model-fold’s prediction was calculated by using
binomial tests of omission to further validate the models (as in Blair et al. 2013; Bellamy
and Altringham 2015; Grimshaw et al. 2021).

MaxEnt ENM evaluation and validation

The area under the response curve (AUC) was used to evaluate each individual ENM’s
performance. The AUC method penalizes prediction beyond known occurrence locations,
thus minimizing overfitting of a model (Merow et al. 2013). In review of other studies,
we determined that models with an AUC score>0.7 were considered reliable (Phillips et
al. 2006; Phillips and Dudik 2008; Elith et al. 2011; Blair et al. 2013; Fuchs et al. 2018).
Models are always influenced by non-independent factors and approximations (Lobo et al.
2008). The AUC method ignores the predicted probability values and the models’ goodness-
of-fit, and so it should be used in combination with other validation methods. We therefore
also conducted binomial omission tests. These tests are sensitive to proportional predicted
area (Anderson et al. 2003), and we considered them statistically significant if the P-value
was 0.05 or lower (as in Bellamy and Altringham 2015).

Spatial and statistical analysis

The ENMs were loaded into ArcGIS Pro (version 3.0, Esri, Redlands CA, USA) and we
applied a binary threshold based on the MaxEnt output to distinguish between suitable vs.
unsuitable habitat (as in Blair et al. 2013; McDonald et al. 2019; Scherrer et al. 2019). We
assumed that occurrence records in the least suitable habitat are not representative of the
species overall habitat. Due to hunting pressure, the loss of habitat and available food as a
result of the high rate of deforestation (Andrianiaina et al. 2022; Suzzi-Simmons 2023), the
animals could move to less suitable areas. To omit these areas, a 10th percentile training
presence (P10) threshold was applied, which excludes the lowest 10% of occurrence points
and thus all regions with lower habitat suitability scores. Compared to the P10 threshold, the
minimum training presence (MTP) threshold assumes that the lowest predicted suitability
value for an occurrence point is the minimum suitability value for the species. As the P10
threshold omits a greater region (Morrow, 2019), it is therefore a more conservative metric
of suitable habitat, and minimises the risk of over-prediction. Afterwards the suitable area
for each Pteropodidae was calculated. We further clipped the P10 threshold area of the
ENMSs with a layer of Madagascar’s forest (Vieilledent et al. 2018), and we calculated how
much forest area is available within the suitable habitat area of each species; Pteropodids
feed on fruits and roost in trees, and they therefore depend on this forest habitat for sur-
vival (Aziz et al. 2021). This way, areas outside of forest cover could be excluded, with the
remaining area representative of available roosting area. We then calculated how much of
this suitable forest area was within Madagascar’s protected area network, to gauge how well
protected each species is within its range. To determine the potential effect of roost avail-
ability on the three species, we downloaded mean canopy height data (Lang et al. 2023), and
we created a terrain ruggedness index (TRI) layer using a digital elevation model for Mada-

@ Springer



Biodiversity and Conservation (2026) 35:1 Page 9 of 21 1

gascar. Canopy height is a suitable proxy of tall trees, and therefore roost availability for P,
rufus, while TRI is a suitable proxy of cave occurrence for the cave roosting E. dupreanum
and R. madagascariensis (Wilson and Mittermeier 2019). For each species, we generated
1000 random geographic points within both its suitable and unsuitable habitat area using
the threshold ENMs. For each point, we extracted canopy height (P. rufus) and TRI data (E.
dupreanum and R. madagascariensis), which we then checked for normality using Shapiro-
Wilks tests. All three species roost proxy datasets were of non-normal distribution (P, rufiss:
W=0.968, P<0.001; E. dupreanum: W=0.999, P=0.026; R. madagascariensis: W=0.998,
P=0.025), so we compared the roost availability proxies between each species’ suitable and
unsuitable habitat areas using Mann-Whitney U tests.

Results
ENM performance

The ENM AUC values of 0.669—0.794 suggest that model performance was fair to good:
P, rufus AUC=0.731, E. dupreanum AUC=0.669 and R. madagascariensis AUC=0.794
(Table 2). However, the MaxEnt ENMs of all three species produced maps representative of
the known geographic ranges of each species (Fig. 2). To further validate the performance
of the individual ENMs, the statistical significance of the binomial tests of omission of the
models four-fold predictions were checked. They highlight the validity and high perfor-
mance of the models for P. rufus and R. madagascariensis (Table 2). None of the tests were
significant for E. dupreanum, so this ENM cannot be considered reliable enough to draw
any robust conclusion for the species habitat requirements. However, the model is useful for
highlighting as-yet unsurveyed areas where this species may occur, and therefore studied in

04
N
/ 02
W —E
s 0.0

Fig. 2 The ENMs showing suitable (red) and unsuitable areas (blue) of P. rufus (left), E. dupreanum
(middle), R. madagascariensis (right). The color scheme ranges from unsuitable (0) to very suitable (1).
Figure created in ArcMap, with a scale of 1: 7,000,000 for Madagascar
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Table 3 Percentage contributions of each environmental layer to maxent ENMs of the three fruit Bat species.
Bio3: isothermality (°C), Bio4: temperature seasonality, Bio5: maximum temperature of warmest month
(°C), Bio6: minimum temperature of coldest month (°C), Bio7: temperature annual range, Biol2: annual
precipitation (mm), Biol4: precipitation of driest period (mm), Biol5: precipitation seasonality, LAI: leaf
area index

Variable Percent contribution (%)

P. rufus E. dupreanum R. madagascariensis
Bio3 2.4 4 1.2
Bio4 2 0.7 0.6
Bio5 0 3.7 0
Bio6 8.1 16.1 3.9
Bio7 4 40.5 62.5
Biol2 12.3 22.9 23
Biol4 4.4 4 3.7
Biol5 19.6 0.2 0.4
LAI 472 7.7 25.3

Table 4 The 10th percentile training presence (P10) threshold of each Pteropodidae maxent ENM, the suit-
able area (km?) of occupancy of the three Pteropodidae species, the area and percentage of forest habitat and
the area and percentage of forest habitat that is protected

Pteropodidae P10 Threshold Threshold area (km?) Forest area Protected forest area (km?)
Species (km?)

P, rufus 0.4508 228,429 52,170 (22.8%) 40,313 (17.7%)

E. dupreanum 0.3857 280,989 54,636 (19.4%) 40,996 (14.6%)

R. madagascariensis 0.4473 197,171 40,647 (20.6%) 33,505 (20.6%)

the future, and from where additional occurrence points may be obtained for future model-
ling work. Among the three species the percentage contribution of the nine environmental
variables varied and the most influential were LAI for P, rufus, and Bio 7 for both E. duprea-
num and R. madagascariensis (Table 3).

Spatial analysis

Spatial analysis of the ENMs in ArcGIS resulted in a range from 197,171 to 280,989 km?
(mean=239,080 km?) of suitable area available for each Pteropodidae species (Table 4).
Only 40,647 to 54,636 km? (mean=47,642 km?) of this territory is forest covered (Table 4),
and from that 33,505 to 40,996 km? (mean=37,251 km?) is within Madagascar’s protected
area network (Table 4). As Pteropodidae roost in trees and in caves surrounded by forest
(Wilson and Mittermeier 2019), the niche used is limited to the suitable forested habitat
with a mean of 21.1% (range=19.4-22.8%, Table 4) of their projected P10 threshold area.
The available suitable area for P. rufus was 228,429 km? and the area of forest 52,170 km?,
which means 22.8% of the total P10 threshold area is forested (Fig. 3; Table 4). From the
forested area suitable for P. rufus, 40,313 km? (17.7%) is within Madagascar’s protected
area network (Fig. 3; Table 4). For E. dupreanum it was 280,989 km? suitable area and
54,636 km? (19.4%) of that is forested, while 40 996 km? (14.6%) is within Madagascar’s
protected area network. The ENM for R. madagascariensis projected 197,171 km? suitable
P10 area, a forest cover of 40,647 km? (20.6%) and protected is 33 505 km? (20.6%) (Figs. 3
and 4; Table 4).
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- Forest cover

Fig. 3 Forest cover (green) within the P10 threshold area (dark grey) of the ENMs: P. rufus (left), E.
dupreanum (middle), R. madagascariensis (right). Figure created in ArcMap, with a scale of 1: 7,000,000
for Madagascar

Mean canopy height, a proxy of tree roost availability for P. rufus, was significantly
higher (W=363868, P<0.001) in suitable habitat areas for this species (mean=15.06 m) in
comparison to unsuitable habitat areas (mean=10.00 m). Terrain ruggedness index (TRI),
a proxy of cave roost availability for E. dupreanum and R. madagascariensis, was signifi-
cantly higher for both species (E. dupreanum: W=466632, P=0.009; R. madagascariensis:
W=457704, P=0.001) in suitable habitat areas (E. dupreanum mean TR1=0.478, R. mada-
gascariensis mean TRI=0.482) in comparison to unsuitable habitat areas (E. dupreanum
mean TRI=0.467, R. madagascariensis mean TRI=0.466).

Discussion
ENM performance

The ENMs for all three Pteropodidae species represented their known geographic distribu-
tion (Fig. 5). The validity of the models can be confirmed by the binomial omission test
results and the AUC values of >0.700 for P. rufus and R. madagascariensis. We expected the
AUC value for E. dupreanum to be the lowest between the three species, because of its low-
est number of occurrence points and its broad distribution throughout the island (Table 2).
As E. dupreanum also has non-significant binomial tests (Table 2), the ENM for this species
cannot be considered reliable enough to draw robust conclusions about its habitat prefer-
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|:| Forest cover |:| Protected forest area

Fig. 4 Protected forest cover (orange), of total forest cover (green) within the P10 threshold area of the
ENMs: P. rufus (left), E. dupreanum (middle), R. madagascariensis (right). Figure created in ArcMap,
with a scale of 1: 7,000,000 for Madagascar

ences and conservation assessment. However, the ENM of E. dupreanum highlights the
areas which are suitable for the species and could serve to facilitate further fieldwork, so it
is included for completeness. Sampling bias may have had an influence on the ENMs, as
the known occurrence points may not include roost sites difficult to reach by researchers.

Pteropodidade use a large area for foraging around their resting places and utilise differ-
ent habitats depending on the season (Wilson and Mittermeier 2019; Aziz et al. 2021). As
the three species cover many forest habitat types (i.e., dry forest, humid forest, transitional
forest, spiny forest) over a large climatic range, MaxEnt may differentiate less effectively
between suitable vs. unsuitable areas than in comparison for species with more specialized
and narrower niches and habitat preferences (Zhao et al. 2011). Consequently, model evalu-
ation metrics are less suitable to assess ENMs of wide-ranged species, including generalists
like Pteropodidade (Kingston et al. 2021; Zhao et al. 2011). Applying a threshold might
minimize false negatives results in a significant increase of false positives for presence and
absence classification. However, the model for E. dupreanum was the one with the highest
suitable land area (Table 4). This could result from extreme hunting pressure which pro-
motes migration and dispersal (Hayman and Peel 2016) in potentially less preferred habi-
tats (Wilson and Mittermeier 2019). All ENMs include some areas outside of the currently
known geographic ranges (Fig. 5), but still reliably depict the area that each Pteropodidae
species can theoretically occupy.
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Occurrence points

Q P rufus (O E. dupreanum A R. madagascariensis

Fig. 5 Sampled occurrence points of endemic Malagasy Pteropodidae clipped to the ENM’s (Pteropus
rufus (left, green dots, N=92), Eidolon dupreanum (middle, yellow hexagons, N=36) and Rousettus
madagascariensis (right, orange triangles, N=68). The ENM’s color scheme ranges from unsuitable (0)
to very suitable (1) area. Figure created in ArcMap, with a scale of 1: 7,000,000 for Madagascar

Environmental determinants

The ENM variable percentage contribution shows some similarities in the different species
habitat and environmental characteristics (Table 3). A climatic variable (Bio7: temperature
annual range) was the principal determinant of the distribution of E. dupreanum and R. mad-
agascariensis (Table 3). Pteropodidae cannot tolerate either extreme cold or hot tempera-
tures (Kingston et al. 2023) and they depend on fruits and nectar for food across the whole
year (Bollen and Van Elsacker 2002; Bollen et al. 2004; Aziz et al. 2021). The species are
threatened by habitat loss due to fire, logging and clearing for agriculture, and hunting for
bushmeat (MacKinnon et al. 2003). This makes the mean temperature an important environ-
mental factor. They may switch to nightly foraging on very hot days, but on hot nights their
metabolic rates can be 2-3 times higher during flight as similar-sized mammals (Thomas
1975). Hyperthermia during flight has been recorded in P. poliocephalus at temperatures
around 25 °C (Carpenter 1986). This means that they cannot compensate for the loss of
water and nutrients on hot days by foraging at night (Kingston et al. 2023). As they rely on
fruits for their water supply, quick dehydration and energy depletion are risks for Pteropo-
didae (Kingston et al. 2023). Heat is therefore a distribution influencing factor, which shifts
populations into regions with less cold nights, but also a higher risk of heat. (Welbergen et
al. 2008). Pteropodids do not sweat and can only cool themselves to a limited extent by flap-
ping their wings (Welbergen et al. 2008). They are homoiothermic, and migrate to warmer
areas in winter or cluster as a thermoregulatory mechanism against cold (Lucan et al. 2016;
Kingston et al. 2023). As P. rufus is absent from highlands (Fig. 1) where it is colder than
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on the coasts (Jury et al. 2022), low temperatures may have a higher impact on this strictly
tree-roosting species, in comparison to E. dupreanum and R. madagascariensis which may
escape the cold by also roosting in forest caves and caverns (Wilson and Mittermeier 2019).
We found that terrain ruggedness, a proxy of cave presence, was higher in suitable habitat
areas of E. dupreanum and R. madagascariensis in comparison to unsuitable area. This sug-
gests that the availability of suitable cave roosts may be a limiting factor in the distribution
of these two species. Dense tree crowns protect P. rufus from environmental influences and
threats (Oleksy et al. 2015), mostly outside protected areas but also in relatively intact, but
fragmented forests (Jenkins et al. 2007), and this consequently may have resulted in the high
contribution of the leaf area index variable (a proxy of tree cover density) to the model of
this species. The results of our mean canopy height analysis support this, with mean canopy
height (a proxy of tall tree presence) being greater in suitable habitat areas for P. rufus in
comparison to unsuitable areas. Further, ongoing deforestation will decrease the availability
of suitable roost trees (trees with large crowns) for P. rufus; as this species depends on such
trees for roosts, their distribution will likely be restricted to areas with no deforestation and
minimal habitat degradation (Rahaingodrahety et al. 2008; Meyer et al. 2016). Neither very
high nor cold temperatures are suitable for Pteropodids (Kingston et al. 2023). Presumably
due to the ability of Pteropodidae to fly to new regions and habitats, maximum temperature
contributed a very low percentage to the models. Forest cover is an important factor espe-
cially for P. rufus, which does not seek shelter in caves. However, Pteropodidae behaviour
can differ significantly depending on environmental factors, and further research on the spe-
cies behaviour that considers the importance of background conditions and contexts must
be carried out (Egert-Berg et al. 2021).

Spatial analysis

The clipped forest raster layers underpin the importance of differentiating the fundamental
niche from the realised niche and therefore produce a more-accurate projection of suit-
able areas for Pteropodids. ENMs often include habitat types where the species will not
occur (Peterson et al. 2007; Mendes et al. 2020). As Pteropodids roost in trees and caves
surrounded by forest (Wilson and Mittermeier 2019), such as in the Ankarana National
Park cave system (Cardiff et al. 2009, 2012), their suitable habitat area (i.e., their realised
niche) is reduced to the forest area within the threshold-clipped ENMs, which is only around
21.1% of the fundamental niche area (mean=47,642 km?, Table 4). This available forest
habitat is a conservative estimate of available habitat. More conservative models are always
preferable to underpredicted models when looking at conservation statuses, as they lean
towards a worst-case scenario instead of glossing over a potential problem (Peterson et al.
2007; Mendes et al. 2020). In addition, only a mean of 17.6% (range = 14.6-20.6%, Table 4)
of the suitable forest area is under protection.

Areas where Pteropodids could theoretically occur are larger than the known geograph-
ical distribution. Concluding that, the area of forest habitat available to each species is
lower, which therefore warrants these species’ current [IUCN Red List statuses of Vulner-
able (Racey 2016; Andrianaivoarivelo et al. 2019; Andriafidison et al. 2020), particularly
considering that deforestation is still occurring throughout Madagascar (Suzzi-Simmons
2023). Although E. dupreanum persists in modified landscapes with little forest cover and
large human populations, faecal analysis of populations close to humid forests show a more
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diverse diet and therefore a higher influence on seed dispersal of forest plants (Picot et al.
2007). In comparison, P. rufus has a strong forest-roost-site selection and is more sensitive
to anthropogenic disturbance (Racey et al. 2009). An extension of the protected forest area
to the suitable forest area would be beneficial for Pteropodids conservation, and ensure the
future of Madagascar’s threatened animals (Goodman et al. 2018). We suggest preventing
deforestation and also undertaking reforestation efforts are both suitable conservation strate-
gies. As Pteropodids pollinate plants and disperse seeds (Aziz et al. 2021), these strategies
could contribute to ensure the future of their ecosystem services.

Study limitations

Although the ENMs performed reliably, the AUC score was lower than 0.7 for E. duprea-
num, likely due to its wide distribution and low number of occurrence points. For generalist
species, increasing the number of occurrence points may allow MaxEnt to distinguish more
easily among presence and absence points, thus increasing AUC values (Lobo et al. 2008).
Also, a higher performance can result by adjusting model parameters to include features
which we were not able to (e.g. hinge features) due to the small number of occurrence points
of E. dupreanum (Anderson and Gonzalez 2011; Radosavljevic and Anderson 2014). For
some environmental variables, the smallest resolution available was 1 km?2. A finer resolu-
tion may improve the accuracy of the MaxEnt models (Ross et al. 2015) and identify addi-
tional environmental variables that influence the distributions. Despite these limitations,
the models are highly useful for understanding each species distribution and habitat areas,
for conservation assessments, planning future studies and fieldwork (Ramoni-Perazzi et al.
2012; Arumoogum et al. 2019; Bandara et al. 2022).

Implications and conclusions

Pteropodidae provide important ecosystem services within the biodiversity hotspot of
Madagascar (Wunderle 1997; Andriafidison et al. 2006; Aziz et al. 2021), but have a very
limited available habitat for their distribution. This study identified suitable forest tracts for
the three endemic Pteropodids and its proportion within Madagascar’s protected area net-
work. The annual temperature range (E. dupreanum, R. madagascariensis) and tree cover
density (LAI) (P, rufus) were the most important variables that determine the Pteropodids
distribution. These results can be useful to determine places for further ecological studies
and estimating the population sizes, as well as for assessing species conservation status.
Furthermore, they can serve to investigate potential niches under future climate scenarios.
Despite their presence in a range of different habitat types, knowledge on the distribution
of Madagascar’s bats remains limited (Goodman et al. 2005; Kofoky et al. 2007; Kemp
et al. 2019; Hending et al. 2021b, 2022b). Whilst this study begins to address this issue
for the Pteropodidae, similar efforts are needed for insectivorous bats, many of which are
also highly dependent on forest habitat for foraging and roosting (Randrianandrianina et
al. 2006; Rakotoarivelo et al. 2007; Kofoky et al. 2009; Goodman et al. 2014). As Mada-
gascar’s forests remain threatened by deforestation, degradation, and edge-effects (Harper
et al. 2007; Vieilledent et al. 2018; Hending et al. 2023c), such data is urgently required.
It will be not only vital for the conservation of Madagascar’s bat populations, but also to
other threatened species due to their ecosystem services Seed dispersal and pollination by
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Pteropodids can support reforestation (Wunderle 1997; Bello et al. 2021) and thus may
counteract drought and the effects of climate change.
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