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Lack of knowledge on biodiversity hinders the inclusion of multiple diversity metrics in conservation programs,
especially for tropical regions and neglected taxa. Here, using high resolution data (1 km?), we evaluate the
representativeness of the protected areas (PAs) for the conservation of African bats considering taxonomic (TD),
phylogenetic (PD), and functional (FD) diversity (calculated using Hill numbers), range-size rarity richness (RAR;
calculated using the species' distribution range). For each index, we identified the hotspots of diversity by fitting
a generalized additive model with TD as explanatory variable. Areas with positive residuals and significant z-
scores were defined as hotspots of diversity. Using Zonation, we measured the coverage provided by PAs and
identified the top priority non-protected areas. Hotspots of PD are concentrated in the Sahel belt and in Congo,
while the west coast and southern Africa are important for FD. RAR is strongly concentrated in Madagascar. The
existing PAs cover 13% of the continent, and, on average, 17% of each diversity index, with 80% of the species
being covered from 10% to 25%. Expanding the existing PAs to a 30% target could ensure the conservation of
77% of all diversity indices, with 59% of the species covered for more than 75% of their distribution range. While
existing PAs do not offer a reasonable protection to the diversity of African bats, the new priority areas that we
identified could be considered by future efforts to improve the conservation of an important component of

biodiversity.

1. Introduction

Biodiversity plays a crucial role in supporting human well-being by
providing fundamental goods and services such as food, clean water,
climate mitigation, recreation, and many others (Diaz et al., 2018).
However, human activities are leading to a decline in global biodiver-
sity, with climate change that, acting in synergy with other threats, is
accelerating the process of biodiversity loss (Johnson et al., 2017).
Therefore, conserving biodiversity is clearly a priority if we want to
avoid irreversible species loss and the related socio-economic conse-
quences (Isbell et al., 2017; O'Connor et al., 2021).

Species richness (or taxonomic diversity, TD) has been widely used
to develop large scale, spatially explicit conservation strategies (Myers
et al., 2000; Jetz et al., 2004; Marshall et al., 2020), but there is now a
general consensus on the need to focus our efforts on multiple facets of
biodiversity (Pollock et al., 2017). Considering TD, and particularly the
diversity of endemic and/or endangered species, we could account for
the current diversity and rarity of species; considering also phylogenetic
diversity (PD; Faith, 1992) and functional diversity (FD; Petchey and
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Gaston, 2002), we could consider both the evolutionary history and the
ecosystems' functions and services provided by species and communities
(Mazel et al., 2014; Zupan et al., 2014; Harvey et al., 2017).

A practical example of how PD can be used in conservation priori-
tization is the EDGE framework (Isaac et al., 2007) which is one of the
first conservation program aiming at the protection of species' evolu-
tionary distinctiveness (measured as PD) and it has been followed by
several studies (e.g., Pollock et al., 2015; Rosauer et al., 2017; Pipins
etal., 2024). Along the same line, a number of analyses included FD into
some type of conservation planning by considering traits related to
ecosystem functioning, and acknowledging the importance of consid-
ering more aspects of the tree of life besides the simple sum of species
(Thuiller et al., 2015; Pollock et al., 2017; Pollock et al., 2020; Faith,
2021). In the last few years, the diversity of species interactions has been
included in large scale conservation studies considering European
terrestrial vertebrates (Ceron et al., 2023; Gatizere et al., 2022; Galizere
et al., 2023), although its inclusion is still hindered by the scarcity of
available data (but see Maiorano et al., 2020).

However, if theoretically there is a general agreement on the
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importance of focusing on multiple facets of biodiversity, the knowledge
of biodiversity that we have is still limited and often biased (Hortal et al.,
2015). For many taxa and geographical regions, implementing conser-
vation strategies based on multiple facets of biodiversity is not feasible
at all, and this is true especially for the regions that host the highest
biodiversity like tropical areas (e.g., the Congo basin in central Africa,
the Amazon basin in South America, many rainforests in Southeast Asia;
Titley et al., 2017; Culumber et al., 2019; Garcia-Rosell¢ et al., 2023).
Many tropical areas are under-sampled compared to temperate regions
despite being the areas with the highest levels of biodiversity (Oliver
et al., 2021; Smid, 2022). Both geographic and socio-economic factors
often result in lower inventory completeness (Meyer et al., 2015; Hughes
et al.,, 2021; Cosentino and Maiorano, 2021) and implementing any
coordinated and informed conservation program in areas which are
poor, remote, and politically unstable is hard even considering TD only,
leaving aside all other different aspects of biodiversity (Pollock et al.,
2020). Taxonomically, these regions host an incredible biodiversity of
invertebrates and small vertebrates; these represent by far the bulk of all
living beings (Rocha-Ortega et al., 2021; Smid, 2022) but are only
marginally known, especially when compared to larger vertebrates and
vascular plants which are over-represented in the literature. This bias is
driven by intrinsic features of the organisms (e.g., species rarity and/or
detectability), by taxonomic research, that invests more effort in
threatened species, and by societal preferences, with citizen-science
programs that may have amplified this bias towards charismatic taxa
(Troudet et al., 2017; Di Marco et al., 2017).

The African continent, except for South Africa, is basically unknown
even compared to other tropical areas (e.g., South America and Asia;
Catullo et al., 2008; Llorente-Culebras et al., 2023). Most studies on
biodiversity and conservation considering Africa are focused on a few
countries (e.g., Uganda, Tanzania, and South Africa; Llorente-Culebras
et al., 2023) resulting in a lack of knowledge when looking at the con-
tinental scale. Taxonomically, even for well-known groups of verte-
brates such as birds and mammals, conservation efforts are strongly
biased towards charismatic species (e.g., large mammals) while other
taxa (e.g., small mammals) are almost always overlooked (Albert et al.,
2018; Tam et al., 2022).

Focusing on mammals in Africa, bats (Chiroptera) are vastly under-
studied compared to other taxa (Martinez-Fonseca et al., 2024),
although the African continent harbors almost 20% of all bat species
(Burgin et al., 2018; Monadjem et al., 2024). With 320 species, 60
genera, and 13 families (Wilson and Mittermeier, 2019), African bats
occupy a huge variety of ecological niches (Cosentino et al., 2023a),
ranging from insectivores (almost 87% of the species) to frugivores and
nectarivores (almost 13% of the species), with species being able to prey
on other vertebrates (bats included; e.g., Nycteris grandis). African bats
provide valuable ecosystem services, going from pest control to polli-
nation and seed dispersal (Kunz et al., 2011; Boyles et al., 2011), but
they also carry a higher proportion of zoonotic viruses compared to
other mammals (Luis et al., 2013; Olival et al., 2017), making their
monitoring particularly important for zoonotic disease risk mitigation
(Markotter et al., 2020; Koch et al., 2020).

Despite the important value of bats for both biodiversity and human
well-being, bats are threatened by habitat loss and fragmentation,
human disturbance and global warming, and many larger species are
actively hunted for the bushmeat trade (Mickleburgh et al., 2009; Frick
et al., 2019). Of roughly 300 species occurring in Africa, 27% are ‘Data
Deficient’ or ‘Not Evaluated’ in the IUCN Red List of threatened species
(Wilson and Mittermeier, 2019), and the lack of knowledge on the
ecology and distribution of this group of mammals strongly hinder any
conservation program.

In the last decade, few studies have investigated the patterns of
species richness for African bats, often considering a local to regional
scale or, at most, focusing on sub-Saharan Africa only (Schoeman et al.,
2013; Tanshi et al., 2022; Monadjem et al., 2023). The hotspots of
species diversity for African bats are all bounded between 10° north and
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10° south (e.g., Herkt et al., 2016), with the richest areas corresponding
to central African forests, savannas, and highlands (e.g., mount
Cameroon, the Bamenda highlands, the eastern Arch Highlands, and the
Ethiopian highlands). However, the few papers available in the current
literature only focus on one single aspect of diversity, considering only
TD (Herkt et al., 2016; Schoeman and Monadjem, 2018), or PD (Pio
et al., 2014), or FD (Monadjem et al., 2018). Particularly limited is our
knowledge on the degree of protection for African bats (Cooper-
Bohannon et al., 2016; Smith et al., 2016). While we know the coverage
offered to single species by protected areas in south-Saharan Africa
(Montauban et al., 2025), we know nothing in terms of protected areas
and functional and/or evolutionary diversity, and we do not have a
complete picture of the continent for bat conservation. In fact, at the
continental scale, no study has implemented a gap analysis considering
the multifaceted diversity of African bats, and the scattered existing
protected areas may not be sufficient for their protection, especially
considering their dispersal abilities and long-range migratory move-
ments (Popa-Lisseanu and Voigt, 2009). This underlines the urgency of
studying this taxon in a continent undergoing fast and strong changes in
land-use and with a human population growth that is among the fastest
globally (Ezeh et al., 2020).

In this context, we aim to evaluate the representativeness of the
current network of protected areas (PAs) for the conservation of African
bats considering different facets of their diversity. For this purpose, we
(i) identify hotspots of multifaceted diversity of African bats including
taxonomy, rarity, phylogeny and ecological functionality; (ii) measure
the coverage provided to these hotspots by the existing PAs; (iii) identify
priority areas to close the gaps for the conservation of African bats.
Focusing on the hotspots of multifaceted diversity, we expect to provide
new areas of conservation importance for African bats never reported by
different approaches (e.g., single-species prioritization analysis), high-
lighting the importance of focusing our conservation efforts on areas
embedding assemblages with unique functionality and evolutionary
history.

2. Methods
2.1. Study area, species list, and protected areas network

Our study area covers the entire African continent including Sinai,
Madagascar, and all the other off-shore islands (Canaries, Cape Verde,
Comoro, Seychelles, Reunion, Mauritius, and the Gulf of Guinea islands;
Fig. S1 in Supplementary Material). Following the taxonomy in Wilson
and Mittermeier (2019) and the data in Cosentino et al. (2023a), we
overlapped the distribution range of all African bats with our study area
and limited our analyses to 238 species endemic or sub-endemic (species
with >95% of their distributions in our study area; distribution ranges
obtained from Marsh et al., 2022). In this way, we excluded from the
analyses species which occur in Africa but have a Palearctic (e.g., Hyp-
sugo savii) or Indomalayan (e.g., Taphozous spp.) distribution, species
which would have inflated the level of diversity along the boundaries of
our study area and which cannot be conserved in African protected areas
alone.

We obtained data on African PAs from the World Database on Pro-
tected Area (WDPA, www.protectedplanet.net) considering all PAs with
management categories specifically aimed at the support and conser-
vation of biodiversity. We included both polygon and point data to
consider as many PAs as possible. From the original database, we
excluded all “proposed”, “adopted”, and “not reported” PAs, as well as
other effective area-based conservation measures (OECM), marine PAs,
and areas with “not applicable” management category. For point data,
we created a circular buffer with an area corresponding to the reported
area in the WDPA.
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2.2. Phylogenetic, functional, and distribution data

Following the methods in Cosentino et al. (2023a), we obtained from
Upham et al. (2019) 100 phylogenetic node-based trees together with
source trees estimated from either DNA or morphology (‘complete
trees’) to include as many species as possible in the analysis. All cases of
taxonomic inconsistencies and/or synonymy between our list of species
and Upham et al. (2019) are described in Cosentino et al. (2023a;
Table S9 in the Supplementary Information). We selected from the
AfroBaT dataset (Cosentino et al., 2023a) a set of traits covering
morphology, reproduction, life-history, and trophic ecology. We
assumed that these categories represent informative niche dimensions
linked to ecosystem functions (Violle et al., 2007; Patterson et al., 2003;
Table S2). The AfroBaT dataset includes both imputed data and data
truly available in the literature. We recognize that the inclusion of
imputed data may introduce uncertainties in our results. However,
Cosentino et al. (2023a) used a carefully planned imputation procedure
to decrease the level of uncertainty in their results. Furthermore,
considering the final set of traits that we selected for the calculation of
FD, almost half of the species (44.5%) had true (not imputed) trait data,
clearly supporting the reliability of our conclusions. For each trait
category, we performed a principal component analysis (FactoMineR R
package; R 4.1.2) and selected from the original dataset the minimum
number of representative traits covering most of the variance in the data
(at least 70% of the variance; Fig. S3). From these, we summarized
variables representing the same functional trait (see Table S2 for details)
considering the biological and ecological characteristics of the taxon.
Considering all traits for all categories, we further excluded those with a
Pearson correlation > |0.7| (Dormann et al., 2013), obtaining a final set
of 10 functional traits (forearm length, total gestation length, lactation
length, reproductive delay, migratory, colony size, activity pattern,
roost type, trophic guild, and number of diet items; Table S2).

We obtained a species distribution model for each species from
Cosentino et al. (2023a). In particular, for 146 species we obtained a
continuous species distribution model (SDM); all modelling details are
available in Cosentino et al., 2023b. We converted these SDMs into a
binary prediction using a species-specific threshold maximizing the true
skill statistics (TSS; Liu et al., 2016). For 92 species with a narrow dis-
tribution, we obtained from the same source a bioclimatic envelope
model (Cosentino et al., 2023a), and we classified as ‘presence’ all pixels
with a probability of presence >0. We focused our spatial analyses on
models (either SDMs or climate envelopes) to minimize the effect of the
important gaps existing in the data. Furthermore, models minimize the
spatial gaps obviously present in expert-based range maps, while
improving the spatial resolution for conservation planning studies and
filling in poorly known or non-surveyed areas (Prieto-Torres et al.,
2018), which are the rule in Africa.

2.3. Diversity indices analysis

To compute TD, PD, and FD, we followed the framework based on
Hill numbers proposed by Chao et al. (2014a). This framework in-
tegrates species richness and, if available, species abundance in the
calculation of diversity indexes while accounting for sampling bias and
variance in the distribution of species abundance. In fact, the observed
species richness is usually underestimated due to the presence of rare
species and to the high sensitivity of any measurement of species rich-
ness to the area being surveyed. Moreover, species richness does not
consider the relative abundance of each species, ignoring differences
among rare and common species within the assemblages (see Chao et al.,
2014b). These issues are very important in bats, which form colonies
with seasonal variations in their abundance due to migratory behaviors
(especially common in frugivore bats) and to the dynamics of nursery
colonies (during the weaning period) and hibernating colonies (during
the winter period; Kunz et al., 2003). In this context, obtaining a reliable
sample of the species' abundance is highly problematic, and the Hill
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numbers framework (Hill, 1973; Jost, 2007) allows to tackle or, at least,
minimize these problems. Considering the taxonomic diversity, Hill
numbers for sample-based incidence data measure the effective number
of taxonomic entities (species) in the assemblage. This approach has
been extended to include both the species evolutionary history (Chao
et al., 2010) and species functional distances (Chiu and Chao, 2014).

We computed all diversity indices in each 1 x 1 km cell considering a
species as present or absent (see distribution data above). TD is calcu-
lated as the number of species within each cell, PD is the sum of the
branch lengths (average across 100 trees) of the phylogenetic tree
connecting all species present in each cell (Faith, 1992), FD is the sum of
functional pairwise Gower distances between all species in each cell
(Pavoine et al., 2009).

We also computed an index of diversity based on the range-size rarity
(RAR) for each pixel; in particular, we weighted the distribution of each
species by their global geographic ranges (Marsh et al., 2022), by
assigning to each pixel classified as presence for a species the inverse
range size. We rescaled all diversity indices from O to 100 by dividing by
the maximum value of the index and then multiplying by 100.

Considering that PD, FD, and RAR are intrinsically linked to TD
(Davies and Buckley, 2012), we fitted a generalized additive model
(GAM) using each index as response and TD as explanatory variable. TD
was included in the model as both a linear and a quadratic term and, to
account for spatial autocorrelation, we also included geographic co-
ordinates as a smooth factor (Wood, 2006). Then, we calculated the z-
scores of the residuals to identify the areas with values of PD, FD, and
RAR higher than expected given TD. All areas with positive z-scores
were classified as hotspots of diversity for PD, FD, and RAR.

2.4. Gap analysis of multifaceted diversity

To evaluate the representativeness of the current PAs for the con-
servation of African bats, we performed a two-steps analysis using
Zonation (v5; Moilanen et al., 2022): first we measured the coverage
provided by the existing PAs to the diversity of African bats, and then we
identified the areas outside the current PAs network that should have the
highest priority for the conservation of African bats (Mikkonen and
Moilanen, 2013). We included in the analyses the four diversity indexes
(TD, FD, PD, and RAR) described above. To explicitly account for the
conservation status of each species in the prioritization analysis, we
weighted the TD layer by using a species-specific weight calculated from
the IUCN Red List categories, using for each species the following mul-
tipliers: 1 = Least Concern (LC); 2 = Near Threatened (NT); 3 =
Vulnerable (DD), Data Deficient (DD), and Not Evaluated (NE); 4 =
Endangered (EN); 5 = Critically Endangered (CR). To identify the pri-
orities for the expansion of the existing PAs, we computed a
complementarity-based ranking of conservation priority based on the
four diversity indexes by progressively discarding locations with lower
biodiversity values until the entire study area has been assessed
(Lehtomaki and Moilanen, 2013). We performed all analyses using the
core-area zonation (CAZ2) marginal loss algorithm (Moilanen et al.,
2005), which focuses on the areas with the highest conservation value.
To check for the robustness of our results to the choice of the algorithm,
we also performed the same analyses considering the additive-benefit
function (ABF) algorithm (Moilanen et al., 2005) which focuses more
on species richness.

Zonation produces two main outputs: performance curves, which
quantify how much of the features' distributions are covered at different
priority levels, and priority rank maps, in which each pixel is ranked
from highest to lowest priority (Moilanen et al., 2022). We ran a first
priority rank analysis, hereafter the ‘unconstrained analysis’, in which
we considered the entire study area as included in the ranking. We also
ran a second priority rank analysis, hereafter the ‘hierarchical analysis’,
in which we constrained the ranking within the existing PAs, therefore
forcing the top priorities into existing PAs irrespective of their biodi-
versity values while implementing the usual ranking procedure for the
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rest of the study area. From the unconstrained analysis we obtained the
desirable network of areas that should be protected in Africa to conserve
all facets of diversity of bats, assuming that the existing PAs do not
represent a constraint and that the national boundaries and the lack of
international cooperation do not impede a coordinated conservation
planning. From the hierarchical analysis we obtained the top priority
non-protected areas that should be added to the current PAs to fully
protect bat diversity in Africa (Lehtomaki et al., 2019). For both analyses
we set our conservation target to 30%, aligning our analyses with the
conservation goals defined by the Global Biodiversity Framework
(Woodley et al., 2019). Furthermore, we evaluated the coverage pro-
vided to the single species by both the current PAs network and by the
current PAs plus the top priority expansion areas.

3. Results

Both linear and quadratic regression showed that RAR, PD, and FD
were positively related to TD (RAR: R% = 0.5, p < 0.0001; PD: R% = 0.9,
p < 0.0001; FD: R%?=0.9, p < 0.0001; Table S4; see Table S5 for results
of quadratic model).

The Congo basin, including the west coast (from Ivory Coast to
Cameroon), the Ethiopian plateau, and the Rift Valley were important
for all diversity indices (Fig. S6). However, the hotspots of RAR included
also areas in Gabon, Tanzania, and particularly in Madagascar (Fig. 1A),
areas that are not considered by any other diversity measure. The hot-
spots of PD and FD gave an almost opposite spatial pattern (Fig. 1B and
C). PD had its hotspots in the Mediterranean, in the Sahel belt (from
Senegal up to Eritrea), and in Congo, all areas where FD was lower than
expected. FD had its hotspots in the west coast (from Ivory Coast to
Cameroon), in Uganda, Ethiopia, Tanzania, and in southern Africa
(Botswana, Namibia, South Africa).

The results obtained with the CAZ2 and ABF algorithms overlapped
very closely; we here refer to the results obtained with the CAZ2 algo-
rithm; those obtained with the ABF algorithm are presented in Supple-
mentary Material (Figs. S9, S10, S11, S12). The PAs included in our
database represent the 13% of the continent, covering on average 17%
for all diversity indices (Fig. 2A). Ideally, with the same level of coverage
(13%), it would be possible to cover up to 56% on average of the di-
versity indices (Fig. 2B), clearly showing how limited and inefficient the
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current system of PAs is. Setting a 30% target, it would be possible to
cover up to 84% of the high rank conservation areas (Fig. 2B) in the
unconstrained analysis, while the average coverage would decrease to
77% in the hierarchical analysis (Fig. 2A).

The areas that should be considered to expand the current PAs sys-
tem are distributed mostly in equatorial Africa and along the south-
eastern valleys (Fig. 3). A few small areas are also present in the Medi-
terranean, but it's important to note that basically the entire Ethiopian
plateau and almost all Madagascar should be protected if we want to
achieve a 30% conservation target. In particular, the top 10% priority
expansion areas are concentrated along the central plateau in
Madagascar and the Ethiopian plateau in continental Africa. Particularly
important are all the Rift Valley and the west coast (Somalia, Kenia, and
Tanzania). The ideal distribution of protected areas without any spatial
and/or political constraint and with a 30% conservation target is
available in Fig. S7.

Most of the species (80%; n = 190) have between 10% and 25% of
their ranges protected by the current PAs network (Fig. 4). Only a few
species (5%; n = 12) reach a coverage between 25% and 50%, while just
one species goes over 50% of its range covered by PAs. If we add the
priority expansion areas to the current PAs, 31% of the species (n = 74)
would have more than 50% of their distribution range covered, and 59%
of the species (n = 141) would reach a coverage exceeding the 75% of
their distribution. If we consider the results of the unconstrained anal-
ysis (Fig. S8) more than 73% of the species (n = 175) would be covered
for more than 75% of their distribution.

4. Discussion

Despite the efforts to consider multiple aspects of biodiversity in
conservation planning, the current state of biodiversity knowledge
represents a huge practical constraint, especially for regions poor,
remote, and politically unstable (e.g., Africa) and for taxa (e.g., bats)
that are less appealing to the general public and more difficult to study
for their intrinsic characteristics (e.g., detectability) (Martinez-Fonseca
et al., 2024; Frick et al., 2019). In the last few years, several studies
investigated the multiple facets of bats' diversity focusing mainly on
neotropical (e.g., Carvalho et al., 2021; Lopez-Baucells et al., 2022) or
paleotropical bats (e.g., Tanshi et al., 2022), with African bats almost
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Fig. 1. Hotspots of RAR (A), PD (B), and FD (C). Shades of brown (positive values) depict the areas where the index has values higher than expected given TD, while
shades of red (negative values) represent areas with values lower than expected given TD. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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completely neglected. Smith et al. (2016) provided an interesting
exception, focusing on current and future priority areas for the conser-
vation of African bats; however, they focused only on taxonomic di-
versity with all problems related to that (Fletcher et al., 2025). Recently,
Monadjem et al. (2023) investigated three aspects (taxonomic, func-
tional, and phylogenetic) of beta diversity for Sub-Saharan bats but
without any specific conservation aim. Finally, Montauban et al. (2025)
performed a traditional, species-specific gap analysis, but again focusing
only on Sub-Saharan bats.

To our knowledge, our study is the first to provide a gap analysis for
the conservation of African bats considering their multifaceted diversity
(TD, PD, FD, and RAR) at 1 km? resolution and considering the entire
continent, from the Mediterranean coast up to southern Africa. Our
findings clearly showed that the hotspots of diversity for African bats are
poorly protected within the current PAs network, identifying also new
priority areas not yet considered in the literature. Previous studies (e.g.,
Herkt et al., 2016; Smith et al., 2016; Monadjem et al., 2018) identify the
Mediterranean and the equatorial Africa as important for endemisms
and species richness. With our results, we have been able to highlight
that the Mediterranean, the Congo basin, the Ethiopian mountains, and
East African rift are hotspots for phylogenetic diversity and their con-
servation is fundamental to preserve the evolutionary history of the
entire group. The west coast, large parts of Ethiopia, Uganda, and south
Kenya are important as they host strictly endemic species (e.g., Asellia
patrizii, Rhinopoma macinnesi, Taphozous hamiltoni), and the loss of these
species in these areas would correspond to their global extinction. A
similar consideration can be done for Madagascar. This island hosts
unique centres of endemism, with 32 endemic species (Cardiff and
Jenkins, 2016), and with an entire endemic family (Myzopodidae),
making this island particularly important as a center for evolutionary
and functional diversity (Antonelli et al., 2022; Ralimanana et al.,
2022).

The lack of correspondence between the hotspots of PD and those of

FD is particularly interesting and the ‘phylogenetic gambit’ hypothesis
(Faith, 1992; Mazel et al., 2018) is basically not working for African
bats. In fact, although in the literature PD has been considered as a good
proxy for FD, our findings showed a spatial mismatch between these two
facets of diversity, and the idea that the conservation of areas with high
phylogenetic diversity would maximize the protection of ecosystem
functioning (Cadotte et al., 2008; Mazel et al., 2017) does not hold for
African bats. A number of different hypotheses are possible on why this
is the case. The hotspots of FD in southern Africa (Botswana, Namibia,
South Africa) may reflect areas with recent diversification along
different ecological axes, bearing high levels of ecosystem functions but
having very limited importance from a phylogenetic point of view.
Interestingly, this area has never been reported as an area of high di-
versity for bats in previous studies which were based only on taxonomic
or phylogenetic diversity (Schoeman et al., 2013; Herkt et al., 2016; Pio
et al., 2014; Cooper-Bohannon et al., 2016). The Sahel belt (from
Senegal up to Eritrea), the Mediterranean areas, the Nile delta, and
central Africa offer a completely different view. They represent hotspots
of PD that may reflect areas of ancient diversification where a unique
evolutionary history may be conserved (Isaac et al., 2007; Davies and
Buckley, 2011). Many of these areas are characterized by riverine hab-
itats which are extremely important for bats in subtropical savanna and
arid environments not only as a source of water but also for foraging and
commuting (Herkt et al., 2016; Monadjem and Reside, 2008; Fahr and
Kalko, 2011). The riparian vegetation offers both significant insect
swarms and linear landscape elements where bats can move and migrate
connecting populations of bats over hundreds of kilometers and facili-
tating the seasonal migrations undertaken by frugivorous bats (e.g., Ei-
dolon spp., Epomophorus, Myonycteris). At the same time, these habitats
offer apparently only limited options for different ecological niches,
possibly because of their highly seasonal nature.

Given the limited funding available to expand or design new pro-
tected areas, especially in poor regions like the African continent,
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Fig. 3. Priority rank map for which the priority is constrained within the existing African PAs (hierarchical analysis). The dark brown color depicts the expansion
areas with a priority rank greater or equal to 0.90 (the top 10% across the African continent), the light brown the expansion areas with a priority rank greater or equal
to 0.80 (the top 20%), and the sand color the expansion areas with a priority rank greater or equal to 0.70 (the top 30%). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

considering multiple aspects of diversity allows the conservation of a
given taxon to be optimized at the continental scale showing improve-
ments for conservation planning also at the level of individual species.
Most of the African PAs are defined along the old game reserves without
specific conservation targets, with the only exception of the Cape
Floristic Region of South Africa where more targeted conservation
planning has been attempted (e.g., Pressey et al., 2003), but without
considering bats. In fact, the hotspots of multifaceted diversity of African
bats are poorly protected by the current PAs network, which covers on
average only 17% of all diversity facets considered. In an ideal setting,
assuming no political, geographical, and historical constraint, a much
higher level of conservation would be possible, reaching an astonishing
56% of coverage for the diversity of African bats with only the 13% of
territory being protected.

Our analyses clearly have a few drawbacks and a good space for
improvement. First of all, in our list of species we have included only
species that are endemic and/or subendemic of the African continent. In
this way, we avoided inflating the level of richness along the boundaries
of our study area, focusing strongly on the species that can be protected
only in Africa. However, we recognize that we are losing part of the
biodiversity of the region, with potentially important consequences for
conservation. This choice could have an effect especially in a global
change context, with species reshuffling their distribution even across
continents (e.g., crossing the Mediterranean basin; Maiorano et al.,

2013). Future analyses should carefully consider these aspects focusing
more on the dynamics of biodiversity in time (e.g., Cancellario et al.,
2022).

We did not consider in our prioritization any form of connectivity
(either structural or functional). Although a spatially cohesive conser-
vation network would often be desirable (Keeley et al., 2021), the level
of knowledge on the spatial ecology of African bats is hugely limited,
and any assumption on dispersal distances or space use would neces-
sarily be based on a vastly incomplete knowledge, potentially biasing
our results in unpredictable ways.

Furthermore, our findings do not include conservation recommen-
dations at the level of single countries or provinces. Although an analysis
considering the local scale is desirable to provide practical guidance for
decision-makers, the current state of knowledge and the huge variability
of the African continent in terms of environmental, social, economic,
and political context hinder any effective and fair conservation planning
at a continental scale and below. However, our findings may represent a
starting point to shed light on new important conservation areas for
African bats that could be considered in future works that include local
social, political, and economic dynamics. In particular, we provided a
map with different ranks of priority expansion areas that could help
prioritize conservation interventions on the ground as a function of
different resource availability or policy scenarios, allowing to focus on
the most important priority areas when resources are scarce. Future
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Fig. 4. Bar plot showing the number of species and the proportion of range protected by the current PAs network and by the PAs plus the expansion areas with a 30%

conservation target.

analyses with fine scale data will better provide conservation directions
directly to local managers and policy-makers to guide conservation ac-
tions at the regional level (e.g., Carvalho et al., 2025).

The priority rank map highlights how many key conservation areas
are missing for African bats showing where the system of PAs should be
enlarged. Currently, most of the areas along the equator belt (east coast,
Uganda, Ethiopia, Tanzania), the Ethiopian plateau, and the Congo
basin are not covered by protected areas which are located in areas at
lower priority rank.

Many of these areas are extremely important also for other verte-
brates as both conservation priorities and as research priorities (Nori
et al., 2020), and a particular focus is certainly needed for Madagascar
(which is important whatever aspect of biodiversity we consider;
Antonelli et al., 2022) and the east African belt, particularly in Tanzania.
The same is true for the equatorial belt which represents a must for the
conservation of amphibians at global level (Bolochio et al., 2020), and a
research priority for mammals, reptiles, and again amphibians (Nori
et al., 2020). Moreover, despite the presence of PAs in these regions,
several issues hinder their utility for biodiversity conservation. Unfa-
vorable political conditions or human conflicts may lead to the lack of
management of the PAs actually making them ‘paper parks’ leading to
the extreme PADDD phenomenon (“Protected Area Downgrading,
Downsizing and Degazettement”) that is the decrease in the categori-
zation, surface area and declassification of PAs (Mascia et al., 2014).
Some designed PAs are managed for economic purposes such as hunting
areas or classified forests for timber production. If on one hand, the
extreme and uncontrolled poaching caused the almost total depletion of
the animal populations especially in areas with dense forests (‘empty
forest syndrome’; Redford, 1992), on the other hand the statement ‘if it
pays, it stays’ withstood for many years leading to benefits for the
conservation of the hunted species. If the hunting was carried out in a
sustainable manner, this could provide a certain degree of protection for
the hunted species (UICN/PACO, 2009). However, the decrease in the

number of animals due to the agro-pastoral encroachment led to the
abandonment of the hunting areas becoming no longer profitable for
hunting organizations (Chardonnet, 2019). Therefore, the progressive
disappearance of big game hunting zones resulted actually in a decrease
of protection for the hunted species. The trade-off of protecting a species
with poaching is one of the ‘elephant in the room’ in conservation de-
cisions in these hard geographical and political contexts (Macdonald and
Willis, 2013).

Many of these trade-offs are linked to old management planning that
does not fit anymore with the current pressures (Jones et al., 2018).
Demographic growth inevitably led to direct and indirect consequences
with the increasing human encroachment, bushmeat consumption,
pollution of natural habitats, and so on. Even the buffer zone around PAs
where hunting, deforestation, farming, and other similar activities were
denied, has actually now disappeared. Furthermore, climate and land
use changes with progressive desertification are just accelerating the
deterioration of protected areas (Li et al., 2024). Africa today is already
warmer than it was 100 years ago (Hulme et al., 2001), and it is going to
experience important (and diverse) impacts from climate change. While
Madagascar is projected to be (at least partially) a climate refugia, the
equatorial belt is going to be heavily impacted, both in temperature and
in precipitation. The importance of adaptation is widely recognized but
many constraints are hindering the progress, particularly in low income
settings (Adenle et al., 2017).

In this context, investing more efforts in monitoring the areas we
identified is a key action to maximize the preservation of assemblages
with a great evolutionary history and functionally different species. This
is even more important considering the global change context we are
facing, not only for the conservation of African bats but also for human
health (Romanelli et al., 2015). Cave-dwelling (e.g., Hipposideridae)
and frugivores (Pteropodidae) bats may be particularly threatened by
the human population growth: the former for the increasing caves
disturbance due to mining activities, guano harvesting, and tourism, and
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the latest for the escalation of conflicts with the fruit growers (Aziz et al.,
2016; Frick et al., 2019). The projected rise in temperature on the Af-
rican continent could lead to an increase in heatwaves and extreme
climatic events that have already caused massive deaths in bat pop-
ulations (Pruvot et al., 2019; McKechnie et al., 2021). On the other hand,
climate change may lead to a habitat type shift with consequent changes
in bat species richness which, combined with an increase in human
population density, may increase the overlap between humans and
wildlife with potential risk of spillover events (e.g., Beyer et al., 2021).
Since over 70% of emerging infectious diseases (EIDs) originate from
wildlife, the progressive reduction of available habitat for wildlife along
with the human population growth could further increase this number
(Carlson et al., 2022).

The new priority areas we identified highlight the need for better
conservation of bat populations outside the already established African
protected areas, promoting operational multidisciplinary conservation
programs that include multiple facets of biodiversity in order to safe-
guard both wildlife and human health. However, the African continent
represents a particularly difficult case study. Africa is the continent
where our species have originated (Tattersall, 2009) and it is considered
one of the last strongholds of biodiversity at the global level (25% of the
global biodiversity hotspots as defined by Conservation International
are completely or partially in Africa). Yet, its history, its political
instability and fragmentation, and its uncertain and crowded future
(Cilliers, 2021) clearly call for an international and coordinated con-
servation effort as the only resort we have to conserve its unique
biodiversity.
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