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ABSTRACT
1. A significant link between forest loss and fragmentation and outbreaks of
Ebola virus disease (EVD) in humans has been documented. Deforestation
may alter the natural circulation of viruses and change the composition,
abundance, behaviour and possibly viral exposure of reservoir species. This
in turn might increase contact between infected animals and humans.
2. Fruit bats of the family Pteropodidae have been suspected as reservoirs of
the Ebola virus. At present, the only evidence associating fruit bats with EVD
is the presence of seropositive individuals in eight species and polymerase
chain reaction-positive individuals in three of these.
3. Our study investigates whether human activities can increase African fruit
bat geographical ranges and whether this influence overlaps geographically
with EVD outbreaks that, in turn, are favoured by deforestation.
4. We use species observation records for the 20 fruit bat species found in
favourable areas for the Ebola virus to determine factors affecting the bats’
range inside the predicted Ebola virus area. We do this by employing a
hypothetico-deductive approach based on favourability modelling.
5. We show that the range of some fruit bat species is linked to human activities within the favourable areas for the Ebola virus. More specifically, the
areas where human activities favour the presence of five fruit bat species
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overlap with the areas where EVD outbreaks in humans were themselves
favoured by deforestation. These five species are as follows: Eidolon helvum,
Epomops franqueti, Megaloglossus woermanni, Micropteropus pusillus and
Rousettus aegyptiacus. Of these five, all but Megaloglossus woermanni have
recorded seropositive individuals. For the remaining 15 bat species, we found
no biogeographical support for the hypothesis that positive human influence
on fruit bats could be associated with EVD outbreaks in deforested areas
within the tropical forest biome in West and Central Africa.
6. Our work is a useful first step allowing further investigation of the networks
and pathways that may lead to an EVD outbreak. The modelling framework
we employ here can be used for other emerging infectious diseases.

INTRODUCTION
Environmental changes caused by humans can drive the
emergence of infectious diseases throughout the world
(Daszak et al. 2000, Rogalski et al. 2017). In the case of
the Ebola virus disease (EVD), a zoonosis caused by Ebolavirus
spp. (family Filoviridae) that is often fatal in humans, a
significant link between forest loss and fragmentation and
disease outbreaks in humans, has been documented (Rulli
et al. 2017, Olivero et al. 2017b). Details of how deforestation affects viral spillover are yet to be discovered, but it
is likely that the reduction in forest cover may alter the
natural circulation of viruses as well as changing the composition, abundance, behaviour and possibly viral exposure
of reservoir species (such as bats; Smith & Wang 2013,
Maganga et al. 2014). This in turn may increase contact
between infected animals and humans (Castro & Michalski
2014, Leendertz 2016, Loveridge et al. 2016).
Although there is no definitive proof that fruit bats are
the main drivers of human EVD outbreaks (Leendertz et
al. 2016), there is evidence that these bats are intermittently
and, in certain geographical areas, briefly infected with the
Ebola virus (Leendertz 2016). Amongst the 20 fruit bat
species of the family Pteropodidae in Africa (Almeida et
al. 2016), Ebolavirus antibodies have been detected in eight,
suggesting that these taxa may somehow be involved in
the life cycle of the filoviruses (Leroy et al. 2005, Pourrut
et al. 2009, Hayman et al. 2012, Olival et al. 2017). Of
the eight bat species, the African straw-coloured fruit bat
Eidolon helvum is a migrant or nomadic species and the
little collared fruit bat Myonycteris torquata and Veldkamp’s
dwarf epauletted fruit bat Nanonycteris veldkampii undertake
seasonal movements (Wolton et al. 1982, Thomas 1983),
whereas others may be affected by seasonal changes in food
availability (e.g. the Gambian epauletted fruit bat
Epomophorus gambianus, Franquet’s epauletted fruit bat
Epomops franqueti and the hammer-headed fruit bat
Hypsignathus monstrosus; Happold & Happold 2013). Because
these bat species travel large distances annually in search

2

of better environmental conditions (e.g. food and shelter)
and could be involved in the spread of Ebola virus in
Africa, the use of predictive tools is fundamental to assess
which ecological conditions are significantly associated with
the use of different habitats, including human-modified ones
(Peel et al. 2013, Fiorillo et al. 2018).
Though direct human activities, for example hunting, have
clear negative impacts on bat populations (Kamins et al. 2011),
a range of human-induced environmental changes positively
influence tropical bat abundance and increase species’ geographical ranges (Meyer et al. 2015). Many tropical frugivorous
bat species are favourably affected by moderate forest fragmentation (Delaval & Charles-Dominique 2006, Klingbeil &
Willig 2009), low-intensity selective logging (Clarke et al. 2005,
Castro & Michalski 2014), secondary forest and succession
(Muscarella & Fleming 2007), agroforestry (Williams-Guillén
& Perfecto 2010, Castro-Luna & Galindo-González 2012) and
agriculture (Medellín et al. 2000, Luskin 2010). More specifically, fruit bat populations respond positively to increased
availability of new agricultural food sources (Luskin 2010),
but this response has not been confirmed for tropical bats
outside Asia and South America (Klingbeil & Willig 2009,
Luskin 2010, Williams-Guillén & Perfecto 2010). In Africa,
evidence exists to show that the distributions of Eidolon helvum
and the Egyptian rousette Rousettus aegyptiacus largely reflect
human-induced changes (Lang & Chapin 1917, CentenoCuadros et al. 2017). Eidolon helvum is reputed to have spread
across the continent in the early 20th century due to the
expansion of non-indigenous fruit cultivation (Lang & Chapin
1917), whilst the foraging behaviour of Rousettus aegyptiacus
in the Middle East is influenced by agriculture (CentenoCuadros et al. 2017).
Using biogeographical records for sub-Saharan African
fruit bats, we assessed whether fruit bat species’ range sizes
are positively affected by human activities, i.e. sources of
pressures on the environment such as deforestation, human
population density, transport infrastructure, numbers of
livestock and agriculture (Appendix S1). We also determined
whether fruit bat ranges are linked to EVD outbreaks, which
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have been shown to be favoured by deforestation (Olivero
et al. 2017b). To achieve these two aims, we adopted a
hypothetico-deductive approach based on predictive model
testing, an approach we considered more suitable than purely
mechanistic methods due to the dearth of empirical information. Modelling approaches such as ours have been used
to understand viral dynamics and emergence by providing
insights into pattern–process relationships (Hayman 2016).
In the context of pathogeography, spatial models can be
used to describe the ecological determinants of pathogen
richness and epidemiological processes (Olivero et al. 2017a,
Murray et al. 2018).
In this paper, we present a testable and falsifiable hypothesis: human influence on fruit bats is linked to EVD
outbreaks in deforested areas. For this hypothesis to be
supported, we propose three observable predictions: 1) within
the Ebola virus area, human activities contribute significantly
to explaining favourable areas for the presence of fruit bats;
2) if this happens, the contribution involves an increase of
favourability for bat presence in at least some areas; and
3) EVD outbreak sites linked to forest loss overlap significantly with the areas mentioned in prediction 2. These three
predictions must be fulfilled; otherwise, the hypothesis will
be rejected. Stronger links between human activities, Ebola
outbreaks and bat species would be corroborated if these
associations appeared significant for taxa that are serologically positive for the Ebola virus.

specimens. Using bat distributions since the 1980s is
appropriate, as this matches the period during which
Ebola virus outbreaks in Africa have been recorded. We
revised Bergmans’ taxonomy following the Integrated
Taxonomic Information System (www.itis.gov, recovered
on 15/02/2019), which resulted in 20 species (see Appendix
S2). Although Woermann’s long-tongued fruit bat
Megaloglossus woermanni is currently split in the
Integrated Taxonomic Information System into
Megaloglossus woermanni and Megaloglossus azagnyi (Nesi
et al. 2013), we decided to be conservative based on
the note in the International Union for Conservation
of Nature’s Red List (www.iucnredlist.org) that suggests
that the two Megaloglossus species are thought to be
allopatric but the exact limits of their ranges are not
currently known. We also updated our data base by
including presence data up to 2016 from the Global
Biodiversity Information Facility (http://www.gbif.org/),
filtered for reliability by ensuring overlap with the
International Union for Conservation of Nature’s range
maps and geographical affinity with Bergmans’ data.
Occurrence data with ambiguous information in terms
of coordinate precision and taxonomical attribution were
rejected. Bergmans’ and filtered Global Biodiversity
Information Facility presences were finally transferred
to a single 0.5° × 0.5°-polygon shapefile using ArcGIS
10.3 (http://desktop.arcgis.com/en/).

METHODS

Favourability modelling

Geographical context

We modelled the spatial distribution of each of the 20 bat
species within the Ebola virus area. The models were developed at a 0.5° × 0.5° spatial resolution, based on the
presence and the absence of recorded occurrences in every
grid, and according to a set of predictor variables including
environment (i.e. climate, topography and ecosystem types),
spatial autocorrelation (trend-surface according to Legendre
1993), as well as socio-economic descriptors potentially
driving human-induced habitat changes (i.e. non-intact forest, agriculture, livestock density, urbanisation, human
population density). Besides, this 0.5° × 0.5° grid approach
prevented autocorrelation that could result from spatial
dependence amongst very close observations (i.e. within
areas of approximately 2500 km2; Legendre & Legendre
1998). Descriptors defining vegetation and land uses were
expressed as proportions of every 0.5° × 0.5° grid occupied
by each land-cover type; mean variable values in each grid
were calculated for the rest of the descriptors (see Appendix
S1). These values were computed using ArcGIS 10.3 (http://
desktop.arcgis.com/en/).
All models were constructed using the Favourability
Function (Real et al. 2006, Acevedo & Real 2012), which
is defined by Equation 1:

The geographical context for our analyses was the area
where environmental conditions are favourable for the
presence of Ebola virus in the wild, as mapped by Olivero
et al. (2017a). This map resulted from a model that included climate (i.e. annual temperature range), the presence
of terra-firme rainforest and certain mammalian chorotypes
in West and Central Africa. We refer to this area as to
‘the Ebola virus area’.

Bat distribution data
We compiled a georeferenced location data base for the
20 currently recognised African fruit bat species, of 12
genera (Casinycteris, Eidolon, Epomophorus, Epomops,
Hypsignathus, Lissonycteris, Megaloglossus, Micropteropus,
Myonycteris, Nanonycteris, Rousettus and Scotonycteris),
whose distributions partially or entirely overlap with the
Ebola virus area (Appendix S3). This data base was built
using species range maps (Bergmans 1988, 1989, 1990,
1994, 1997) containing bat presence records at a
0.5° × 0.5° spatial resolution, and based on museum
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F=

P
(1−P)
n1
P
+ (1−P)
n0
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(1)

where F is a favourability value for each 0.5° × 0.5° grid,
ranging from 0 to 1; P is the probability of occurrence of
a species, according to the set of predictor variables included
in the model; n1 is the number of recorded presences of
the species, and n0 is the number of recorded absences. P
was calculated using logistic regression according to Equation
2 (i.e. based on presence/absence as the dependent variable),
with the IBM-SPSS Statistics 23 software:

P=

ey
1 + ey

(2)

where e is the base of Napierian logarithms and y is
a linear combination of predictor variables. We chose this
generalised linear model approach to minimise overfitting
with respect to presences, as the absence of recorded occurrences at a given grid cell could mean either real absences or pseudoabsences of individuals of the target species.
Generalised linear models are flexible enough to detect
non-linear responses of the species to the environment,
but also constrained enough to avoid modelling stochastic
variation in species distributions (Olivero et al. 2016). A
forward stepwise procedure was performed in order to
avoid the inclusion of redundant variables in y. The stepwise selection identifies the most significant model with
only one predictor, for which we used Rao’s score test;
then adds new variables, one at a time, only if the variable can contribute significantly to improving the model
of the previous step. The model parameterisation was fitted
by iterative log-likelihood maximisation. A chi-square test
was used to evaluate the model’s goodness-of-fit, and the
contribution of every predictor variable in the model was
assessed using Wald tests. All models were also evaluated
according to their classification (sensitivity, specificity, correct classification rate and kappa; Fielding & Bell 1997)
and discrimination capacities (area under the Receiving
Operating Characteristics, ROC curve; Lobo et al. 2008).
Before the stepwise variable selection, Benjamini and
Hochberg’s (1995) false discovery rate control method was
used to avoid type I errors resulting from the large number
of variables considered. We also prevented excessive multicollinearity by not including highly correlated variables
(Spearman’s correlation coefficient >0.8) in the model.

Contribution of human activities to the
explanation of fruit bat distributions
We employed variation partitioning analysis (Borcard
et al. 1992) within every favourability model (FM),
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according to the approach proposed by Muñoz and Real
(2006), to quantify the contribution (both positive and
negative) of human activities relative to other factors.
First, we defined the following concepts: the ‘pure effect’
of human activities is the contribution of this factor to
the FM (i.e. to explaining favourability for the presence
of the species) that is not influenced by covariation
with non-human variables; the ‘shared effect’ by human
and other variables is the intersection of the contributions made by both factors; the ‘apparent effect’ of a
given factor is its total contribution to the FM, considering both its pure and shared effects. Then, for each
species, we produced a new model (NHM) considering
only the non-human variables included in the FM. We
estimated the apparent effect of non-human variables
using the square of Spearman’s correlation coefficient
2
(R2) between FM and NHM: RNHM
. Finally, the pure
effect of human activities was assessed by subtracting
the apparent effect of non-human variables from the
total variation within the FM (i.e. from 1):
2
Pure effect of human activities = 1 − RNHM

(3)

Local sampling bias, representing a greater chance of
observing a species in accessible (and thus probably humanmodified) areas, was reduced because presences, predictor
variables, and the models themselves were built on a
0.5° × 0.5° resolution (i.e. on around 2500-km2 squares).
Nevertheless, to test whether the effects of this bias still
persisted at this resolution, we repeated all the models,
this time constraining the model training extent to squares
where bat observations have effectively occurred (n = 1331
squares), that is squares that have been visited by samplers.
In this way, we verified, for every species, whether the
human footprint still showed positive and significant relations with bat presence in a model training extent in
which we controlled for this bias. When the human contribution in one of these models was null, we rejected
the information provided by the corresponding model for
the whole study area. In the remaining cases, trends in
human contributions defined by both model sets were
compared by using the Spearman’s rank correlation
coefficient.

Overlap between EVD outbreaks and areas
where human activities could influence fruit
bat distributions
We mapped those geographical expanses where the presence of a given fruit bat species could be favoured by
human activities using ArcGIS 10.3. These areas were
defined by a ≥ 0.1 positive difference between FM
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favourability values and NHM favourability values for each
0.5° × 0.5° grid cell.
We estimated the overlap between 1) the areas where
the presence of a fruit bat species could be favoured by
human activities and 2) two different sets of locations
associated with EVD outbreaks in humans. The latter included all EVD cases recorded between 1976 and 2014
(n = 40; Olivero et al. 2017a; Appendix S3), as well as
outbreak locations significantly linked to deforestation
events after 2006 (n = 7; Olivero et al. 2017b; Appendix
S3). The overlap was the proportion of outbreak sites
occurring within that area. The degrees of overlap between
both sets of outbreak locations were compared using the
chi-square test for comparison of proportions (Snedecor
& Cochran 1967).

RESULTS
Of the 20 fruit bat species considered in our analyses,
we obtained significant models for 16 species (all models’
goodness-of-fit had P < 0.01, Appendix S2). The four
species without significant models were the golden shortpalated fruit bat Casinycteris argynnis, the Campo-Ma’an

Fruit bats, forest loss and Ebola disease

fruit bat Casinycteris campomaanensis, Sanborn’s epauletted fruit bat Epomophorus grandis and Hayman’s lesser
epauletted fruit bat Micropteropus intermedius. The three
latter species are very rare and known only from very
few localities.
Most significant models had excellent discrimination
capacities (mean area under the ROC curve = 0.879,
standard deviation, SD = 0.073) and provided correct
classification for more than 75% of presences and absences
(mean correct classification rate = 0.784, SD = 0.082).
Kappa, which considers the chance of random correct
classifications, always produced positive values (mean
Kappa = 0.247, SD = 0.108). For these 16 species, human
activities contributed (both positive and negatively) a mean
of 29% (SD = 27) in explaining favourable areas for the
presence of bat species (Fig. 1). The model for only one
species, the little epauletted fruit bat Epomophorus labiatus,
showed no influence of human activities. Considering the
remaining 15 cases, the human contribution in models
focused on the whole study area was significantly correlated with the contribution indicated by the models
restricted to visited grids (R = 0.510, P < 0.05), suggesting
that there was no sampling bias towards human-modified

Fig. 1. Contribution (%, both positive and negative) of human variables in explaining favourable conditions for the presence of fruit bats in the whole
Ebola virus area as determined by Olivero et al. (2017a), and within this area, in the squares where bat observations have occurred effectively (i.e. in
the ‘visited’ Ebola virus area). Asterisks indicate species serologically linked to the Ebola virus. [Colour figure can be viewed at wileyonlinelibrary.com]
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areas in these cases. However, for seven species, models
restricted to visited grids attributed no influence to human
activities: Hypsignathus monstrosus, the Angolan soft-furred
fruit bat Lissonycteris angolensis, Myonycteris torquata,
Büttikofer’s epauletted fruit bat Epomops buettikoferi, Pohle’s
fruit bat Scotonycteris ophiodon, Zenker’s fruit bat
Scotonycteris zenkeri and Nanonycteris veldkampii (Fig. 1).
So for these species, we cannot affirm that the contribution of human activities suggested by their models in the
Ebola virus area was not due to sampling bias. These
seven species were thus excluded from the remaining
analyses.
In the models for the eight remaining species, the concentration of humans (i.e. shorter distance to populated
localities and high rural population density) was positively
linked to favourable conditions for the presence of seven
species; and infrastructures (i.e. shorter distance to roads
and rail-roads) were positively linked to favourable conditions for the presence of three species (Appendix S2).
Agriculture, represented by the density of croplands, was
positively related to favourable conditions for the presence
of three species, whilst the percentage of non-intact forests
characterised the favourable conditions for the presence
of two species. High livestock concentration was relevant
in explaining the favourable conditions for the presence
of two species.
When all the recorded EVD outbreaks (Appendix S3)
were included in the analysis, the proportion of overlap
between outbreak locations and areas where human activities could influence fruit bat presence positively ranged
from 0 to 0.5 (mean proportion = 0.28; n = 40; Table
1, Appendix S4). In contrast, when only those cases that
were significantly linked to deforestation between 2001
and 2014 were considered (Olivero et al. 2017b; Appendix
S3), proportions ranged from 0 to 0.86 (mean proportion = 0.62; n = 7). For five bat species, the degree of
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overlap for outbreaks linked to forest loss was significantly
higher than the overlap for all EVD outbreaks between
1976 and 2014 (Table 1): Eidolon helvum, Epomops franqueti, Megaloglossus woermanni, Peters’s lesser epauletted
fruit bat Micropteropus pusillus and Rousettus aegyptiacus
(Fig. 2). Amongst the species not excluded due to possible
sampling bias, these five were attributed the highest influence to human activities (≥35%). All of them except
Megaloglossus woermanni have been serologically linked to
the Ebola virus, and polymerase chain reaction-positive
individuals have been also found of Epomops franqueti
(Leroy et al. 2005).

DISCUSSION
For five out of the 20 bat species considered in our study,
we provide biogeographical support for the hypothesis that
positive human influence on fruit bats could be associated
with EVD outbreaks in deforested areas within the tropical
forest biome in West and Central Africa; this biome is
described as favourable for the occurrence of Ebola virus
in the wild by Olivero et al. (2017a). The five species are
as follows: Eidolon helvum, Epomops franqueti, Megaloglossus
woermanni, Micropteropus pusillus and Rousettus aegyptiacus.
For Eidolon helvum and Epomops franqueti in particular,
humans have a strong effect: human variables contribute
as much as 78% and 40% in explaining favourable areas
for their presence respectively, both positively and negatively. This result strengthens observations made for these
species (Lang & Chapin 1917, Centeno-Cuadros et al.
2017), which suggests that the expansion of cultivated
fruits provides an ample year-round food supply for them.
In the case of Eidolon helvum, its large-scale mobility allows it to exploit seasonal local fruiting peaks over large
areas, as indicated by Thomas (1983). Moreover, roosting
opportunities provided by parks and other urban

Table 1. Proportion of the Ebola virus disease (EVD) outbreak locations that overlap with areas where human activities favour the presence of each
species of fruit bat. Proportions are shown for all locations, and separately for those linked to forest loss (Olivero et al. 2017a). When the forest-lossoutbreak proportion was higher than the all-outbreak proportion, a chi-square test was used for comparison between them. Results for species not
subject to sampling bias are shown; EV indicates species in which seropositive individuals have been recorded. *Significant difference between proportions (P < 0.05).

Fruit bat species

Proportion of EVD outbreak locations in which
bats are favoured by humans (all 40 EVD
outbreaks between 1976 and 2014)

Proportion of EVD outbreak locations
in which bats are favoured by humans (7 EVD
outbreaks linked to forest loss)

χ2

Eidolon helvumEV
Epomophorus gambianusEV
Epomophorus wahlbergi
Epomops franquetiEV
Megaloglossus woermanni
Micropteropus pusillusEV
Rousettus aegyptiacusEV
Rousettus lanosus

0.38
0.03
0.30
0.33
0.50
0.40
0.33
0.00

0.86
0.14
0.57
0.86
0.86
0.86
0.86
0.00

2.55*
1.02
1.35
2.80*
1.96*
2.45*
2.81*
–
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environments allow large concentrations of these bats to
form (Happold & Happold 2013, Peel et al. 2017).
The insights that can be derived from a better understanding of the human-fruit bat associations we present
here are fundamental to helping scientists determine the
anthropogenic settings that may trigger the Ebola virus
to jump from wildlife to humans. Our biogeographical
analysis supports the hypothesis that some African fruit
bat distributions are significantly linked to human activities throughout the region where the Ebola virus occurs.
More specifically, we show that the positive human influence on four of the fruit bat species that have been serologically linked to the Ebola virus overlaps with areas
where EVD outbreaks were favoured by deforestation. The
implications of these relationships for Ebola virus transmission must be taken seriously in order to determine
how Ebola virus may spread in deforested areas. It is now
critical to comprehend the networks and pathways that
may lead to an EVD outbreak. The perception that bats
can cause disease in humans may help raise awareness in
cultures that use bat products, perhaps resulting in interventions such as temporal restrictions on hunting or selling
(Kamins et al. 2015). Nevertheless, negative attitudes that
may threaten populations of these animals (e.g. by uncontrolled culling of fruit bats) must be avoided (Guyton
& Brook 2015). The loss of bats will in turn affect the
ecosystem services they provide (Kunz et al. 2011) and
may even increase pathogen prevalence and enhance disease
transmission to humans (Streicker et al. 2012, Amman
et al. 2014).

ACKNOWLEDGEMENTS
This study was supported by USAID as part of the Bushmeat
Research Initiative of the CGIAR Research Program on
Forests, Trees and Agroforestry and by the project CGL201676747-R of the Spanish Ministry of Economy and
Competitiveness and FEDER Funds. We are grateful to
various colleagues for continued discussions on the topic.

REFERENCES

Fig. 2. Maps of geographical areas in Africa where bat presence is
favoured by human activities (i.e. favourability increases when human
variables are considered) in the Ebola virus area (Olivero et al. 2017a)
and overlap with Ebola virus disease (EVD) outbreaks. EVD cases linked
and not linked to deforestation (Olivero et al. 2017b) are shown. A map
is shown for each of the five bat species for which the degree of overlap
for outbreaks linked to forest loss was significantly higher than the
overlap for all EVD outbreaks between 1976 and 2014 (Table 1). [Colour
figure can be viewed at wileyonlinelibrary.com]

Acevedo P, Real R (2012) Favourability: concept, distinctive
characteristics and potential usefulness. Naturwissenschaften
99: 515–522.
Almeida FC, Giannini NP, Simmons NB (2016) The
evolutionary history of the African fruit bats (Chiroptera:
Pteropodidae). Acta Chiropterologica 18: 73–90.
Amman B, Nyakarahuka L, McElroy AK, Dodd KA, Sealy
T, Schuh AJ, et al. (2014) Marburgvirus resurgence in
Kitaka Mine bat population after extermination

Mammal Review 50 (2020) 1–10 © 2019 The Authors. Mammal Review published by Mammal Society and John Wiley & Sons Ltd.

7

Fruit bats, forest loss and Ebola disease

attempts, Uganda. Emerging Infectious Diseases 20:
1761–1764.
Benjamini Y, Hochberg Y (1995) Controlling the false
discovery rate: a practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society:
Series B 57: 289–300.
Bergmans W (1988) Taxonomy and biogeography of African
fruit bats (Mammalia, Megachiroptera). 1. General
introduction; material and methods; results: the genus
Epomophorus Bennett, 1836. Beaufortia 38: 75–146.
Bergmans W (1989) Taxonomy and biogeography of
African fruit bats (Mammalia, Megachiroptera). 2. The
genera Micropteropus Matschie, 1899, Eomops Gray,
1870, Hypsignathus H. Allen, 1861, Nanonycteris
Matschie, 1899, and Plerotes Andersen, 1910. Beaufortia
39: 89–153.
Bergmans W (1990) Taxonomy and biogeography of African
fruit bats (Mammalia, Megachiroptera). 3. The genera
Scotonycteris Matschie, 1894, Casinycteris Thomas, 1910,
Pteropus Brisson, 1762 and Eidolon Rafinesque, 1815.
Beaufortia 40: 111–177.
Bergmans W (1994) Taxonomy and biogeography of African
fruit bats (Mammalia, Megachiroptera). 4. The genus
Rousettus Gray, 1821. Beaufortia 44: 79–126.
Bergmans W (1997) Taxonomy and biogeography of African
fruit bats (Mammalia, Megachiroptera). 5. The genera
Lissonycteris Andersen, 1912, Myonycteris Matschie, 1899 and
Megaloglossus Pagenstecher, 1885; general remarks and
conclusions; annex: key to all species. Beaufortia 47: 11–90.
Borcard D, Legendre P, Drapeau P (1992) Partialling out
the spatial component of ecological variation. Ecology 73:
1045–1055.
Castro IJ, Michalski F (2014) Effects of logging on bats in
tropical forests. Journal for Nature Conservation 12:
99–105.
Castro-Luna AA, Galindo-González J (2012) Enriching
agroecosystems with fruit-producing tree species favors the
abundance and richness of frugivorous and nectarivorous
bats in Veracruz, Mexico. Mammal Biology 77: 32–40.
Centeno-Cuadros A, Hulva P, Romportl D, Santoro S,
Stříbná T, Shohami D, et al. (2017) Habitat use, but not
gene flow, is influenced by human activities in two
ecotypes of Egyptian fruit bat (Rousettus aegyptiacus).
Molecular Ecology 26: 6224–6237.
Clarke FM, Pio DV, Racey PA (2005) A comparison of
logging systems and bat diversity in the Neotropics.
Conservation Biology 19: 1194–1204.
Daszak P, Cunningham AA, Hyatt AD (2000) Emerging
infectious diseases of wildlife – threats to biodiversity and
human health. Science 287: 443–449.
Delaval M, Charles-Dominique P (2006) Edge effects on
frugivorous and nectarivorous bat communities in a
Neotropical primary forest in French Guiana. Revue
d'Ecologie (La Terre et la Vie) 61: 343–352.

8

J. Olivero et al.

Fielding AH, Bell JF (1997) A review of methods for the
assessment of prediction errors in conservation presenceabsence models. Environmental Conservation 24: 38–49.
Fiorillo G, Bocchini P, Buceta J (2018) A predictive spatial
distribution framework for filovirus-infected bats. Scientific
Reports 8: 7970.
Guyton JA, Brook CE (2015) African bats: conservation in
the time of Ebola. Therya 6: 69–88.
Happold M, Happold DCD (2013) Mammals of Africa.
Volume IV: Hedgehogs, Shrews and Bats. Bloomsbury
Publishing, London, UK.
Hayman DTS (2016) As the bat flies. Can virus transmission
from bats to humans be predicted? Science 354: 1099–1100.
Hayman DTS, Yu M, Crameri G, Wang L-F, Suu-Ire R,
Wood JLN, Cunningham AA (2012) Ebola virus
antibodies in fruit bats, Ghana, West Africa. Emerging
Infectious Diseases 18: 1207–1209.
Kamins AO, Restif O, Ntiamoa-Baidu Y, Suu-Ire R, Hayman
DTS, Cunningham AA, Wood JLN, Rowcliffe JM (2011)
Uncovering the fruit bat bushmeat commodity chain and
the true extent of fruit bat hunting in Ghana, West
Africa. Biological Conservation 144: 3000–3008.
Kamins AO, Rowcliffe JM, Ntiamoa-Baidu Y, Cunningham
AA, Wood JLN, Restif O (2015) Characteristics and risk
perceptions of Ghanaians potentially exposed to bat-borne
zoonoses through bushmeat. EcoHealth 12: 104–120.
Klingbeil BT, Willig MR (2009) Guild-specific responses of
bats to landscape composition and configuration in
fragmented Amazonian rainforest. Journal of Applied
Ecology 46: 203–213.
Kunz TH, Braun de Torrez E, Bauer D, Lobova T, Fleming
TH (2011) Ecosystem services provided by bats. Annals of
the New York Academy of Sciences 1223: 1–38.
Lang H, Chapin JP (1917) The American Museum Congo
expedition collection of bats. Bulletin of the American
Museum of Natural History 37: 405–563.
Leendertz SAJ (2016) Testing new hypotheses regarding
Ebolavirus reservoirs. Viruses 8: 30.
Leendertz SAJ, Gogarten JF, Düx A, Calvignac-Spencer S,
Leendertz FH (2016) Assessing the evidence supporting
fruit bats as the primary reservoirs for Ebola viruses.
EcoHealth 13: 18–25.
Legendre P (1993) Spatial autocorrelation: trouble or new
paradigm? Ecology 74: 1659–1673.
Legendre P, Legendre L (1998) Numerical Ecology, 2nd
English ed. Elsevier Science, Amsterdam, The Netherlands.
Leroy EM, Kumulungui B, Pourrut X, Rouquet P, Hassanin
A, Yaba P, Délicat A, Paweska JT, Gonzalez J-P, Swanepoel
R (2005) Fruit bats as reservoirs of Ebola virus. Bat species
eaten by people in central Africa show evidence of
symptomless Ebola infection. Nature 438: 575–576.
Lobo JM, Jiménez-Valverde A, Real R (2008) AUC: a misleading
measure of the performance of predictive distribution
models. Global Ecology and Biogeography 17: 145–151.

Mammal Review 50 (2020) 1–10 © 2019 The Authors. Mammal Review published by Mammal Society and John Wiley & Sons Ltd.

J. Olivero et al.

Loveridge R, Wearn OR, Vieira M, Bernard H, Ewers RM
(2016) Movement behavior of native and invasive small
mammals shows logging may facilitate invasion in a
tropical rain forest. Biotropica 48: 373–380.
Luskin MS (2010) Flying foxes prefer to forage in farmland
in a tropical dry forest landscape mosaic in Fiji.
Biotropica 42: 246–250.
Maganga GD, Bourgarel M, Vallo P, Dallo TD, Ngoagouni C,
Drexler JF, Drosten C, Nakouné ER, Leroy EM, Morand S
(2014) Bat distribution size or shape as determinant of viral
richness in African bats. PLoS ONE 9: e100172.
Medellín RA, Equihua M, Amin MA (2000) Bat diversity
and abundance as indicators of disturbance in neotropical
rainforests. Conservation Biology 14: 1666–1675.
Meyer CFJ, Struebig MJ, Willig MR (2015) Responses of
tropical bats to habitat fragmentation, logging, and
deforestation. In: Voigt CC, Kingston T (eds) Bats in the
Anthropocene: Conservation of Bats in a Changing World,
63–104. Springer International Publishing, New York,
New York, USA.
Muñoz AR, Real R (2006) Assessing the potential range
expansion of the exotic monk parakeet in Spain. Diversity
and Distributions 12: 656–665.
Murray KA, Olivero J, Roche B, Tiedt S, Guégan J-F (2018)
Pathogeography: leveraging the biogeography of human
infectious diseases for global health management.
Ecography 41: 1411–1427.
Muscarella R, Fleming TH (2007) The role of frugivorous
bats in tropical forest succession. Biological Reviews 82:
573–590.
Nesi N, Kadjo B, Pourrut X, Leroy E, Shongo CP, Cruaud C,
Hassanin A (2013) Molecular systematics and
phylogeography of the tribe Myonycterini (Mammalia,
Pteropodidae) inferred from mitochondrial and nuclear
markers. Molecular Phylogenetics and Evolution 66: 126–137.
Olival KJ, Hosseini PR, Zambrana-Torrelio C, Ross N,
Bogich TL, Daszak P (2017) Host and viral traits predict
zoonotic spillover from mammals. Nature 546: 646–650.
Olivero J, Toxopeus AG, Skidmore AK, Real R (2016) Testing
the efficacy of downscaling in species distribution modelling:
a comparison between MaxEnt and Favourability Function
models. Animal Biodiversity and Conservation 39: 99–114.
Olivero J, Fa JE, Real R, Farfán MÁ, Márquez AL, Vargas
JM, Gonzalez JP, Cunningham AA, Nasi R (2017a)
Mammalian biogeography and the Ebola virus in Africa.
Mammal Review 47: 24–37.
Olivero J, Fa JE, Real R, Márquez AL, Farfán MA, Vargas
JM, et al. (2017b) Recent loss of closed forests is
associated with Ebola virus disease outbreaks. Scientific
Reports 7: 14291.
Peel AJ, Sargan DR, Baker KS, Hayman DTS, Barr JA,
Crameri G, et al. (2013) Continent-wide panmixia of an
African fruit bat facilitates transmission of potentially
zoonotic viruses. Nature Communications 4: 2770.

Fruit bats, forest loss and Ebola disease

Peel AJ, Wood JLN, Baker KS, Breed AC, De Carvalho
A, Fernández-Loras A, et al. (2017) How does
Africa's most hunted bat vary across the continent?
Population traits of the straw-coloured fruit bat
(Eidolon helvum) and its interactions with humans.
Acta Chiropterologica 19: 77–92.
Pourrut X, Souris M, Towner JS, Rollin PE, Nichol ST,
Gonzalez J-P, Leroy E (2009) Large serological survey
showing cocirculation of Ebola and Marburg viruses in
Gabonese bat populations, and a high seroprevalence of
both viruses in Rousettus aegyptiacus. BMC Infectious
Diseases 9: 159.
Real R, Barbosa AM, Vargas JM (2006) Obtaining
environmental favourability functions from logistic
regression. Environmental and Ecological Statistics 13:
237–245.
Rogalski MA, Gowler CD, Shaw CL, Hufbauer RA, Duffy
MA (2017) Human drivers of ecological and evolutionary
dynamics in emerging and disappearing infectious disease
systems. Philosophical Transactions of the Royal Society of
London, Series B 372: 20160043.
Rulli MC, Santini M, Hayman DTS, D'Odorico P (2017)
The nexus between forest fragmentation in Africa and
Ebola virus disease outbreaks. Scientific Reports 7:
41613.
Smith I, Wang LF (2013) Bats and their virome: an
important source of emerging viruses capable of infecting
humans. Current Opinion in Virology 3: 84–91.
Snedecor GW, Cochran WG (1967) Statistical Methods. Iowa
State University Press, Iowa City, Iowa, USA.
Streicker DG, Recuenco S, Valderrama W, Gomez Benavides
J, Vargas I, Pacheco V, et al. (2012) Ecological and
anthropogenic drivers of rabies exposure in vampire bats:
implications for transmission and control. Proceedings of
the Royal Society, Series B 279: 3384–3392.
Thomas DW (1983) The annual migrations of three species
of West African fruit bats (Chiroptera: Pteropodidae).
Canadian Journal of Zoology 61: 2266–2272.
Williams-Guillén K, Perfecto I (2010) Effects of agricultural
intensification on the assemblage of leaf-nosed bats
(Phyllostomidae) in a coffee landscape in Chiapas,
Mexico. Biotropica 42: 605–613.
Wolton RJ, Arak PA, Godfray HCJ, Wilson RP (1982)
Ecological and behavioural studies of the Megachiroptera
at Mount Nimba, Liberia, with notes on Microchiroptera.
Mammalia 46: 419–448.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of this article at the publisher’s web-site.
Appendix S1. Predictor variables used to build favourability
models for fruit bat species.
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Appendix S2. Favourability models for fruit bat species
distribution in the Ebola virus area.
Appendix S3. List of 40 confirmed outbreaks of EVD
(events of zoonotic transmission of EVD to humans) between 1976 and 2014.
Appendix S4. A. Presence records, within the Ebola virus
area, for the 15 fruit bat species with significant favourability
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models that are partially explained by human activities in
this geographical context. B. Maps of favourability models.
C. Maps of geographical areas where bat presence is favoured
by human activities, and overlap with EVD outbreaks.
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