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ARTICLE INFO ABSTRACT

Keywords: Bats are routinely neglected in conservation, often regarded as uncharismatic and constantly maligned despite
Anthropogenic threats their provision of economic and ecosystem services. Yet many species are threatened, and while the loss of
COVifi'lg roosting and foraging habitat has been explored, the impacts of hunting on species survival are less well un-
Fl;re:;scts derstood. Here, we analysed the hunting risk of 1320 bat species (of 1400 known) from around the world and
Wildmeat explored the association between ecological traits and socioeconomic variables. Globally, at least 19 % of species

are threatened by hunting. Large-bodied bats with narrow distributions are at increased risk of hunting,
particularly in tropical regions. Multiple threats, such as habitat loss and modification, are likely to exacerbate
the pressures experienced by hunted species. Furthermore, accessibility to bat habitats and low-income drive bat
hunting in developing countries. With the global economic recession and the need for economic recovery
following the pandemic, hunters may rely more on wildlife for subsistence and pose a threat to both biodiversity
and public health. Achieving the balance between economics and conserving biodiversity is challenging due to
socioeconomic factors, and the complex interplay of different forms of threat. Therefore, interventions to reduce
bat hunting activities should include greater investment to facilitate sustainable livelihood development in the
rural economy, and elevating public knowledge about bat ecosystem services, and their potential role in the
transmission of zoonotic diseases.

1. Introduction least one in four mammals facing a high risk of extinction (IUCN Red

List, 2021; Ritchie and Roser, 2021). However, reducing this threat and

Humans depend on key ecosystem services to ensure access to re-
sources needed for stable life quality. However, prioritizing short-term
economic gain over long-term environmental implications poses an
ever greater threat to ecological stability (Caro et al., 2012; Corlett,
2015), including the provision of key ecosystem services (Ceballos et al.,
2015). It is estimated that at least 900 species of vertebrates have gone
extinct in the last 500 years, and another 3500 are threatened, with at

better conserving species is challenging, and further efforts are needed,
particularly for species that are often perceived as less ‘charismatic’
(Arponen, 2012; Brum et al., 2017; Cerri et al., 2022). The potential for
even common and abundant species to become threatened or even
extinct as a consequence of high levels of pressure from activities such as
hunting is known as the ‘Passenger-Pigeon fiasco’, which is especially
important given that many species perceived as common lack
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overarching legislative measures for protection (Rainforest Rescue, un-
dated; Tanalgo and Hughes, 2019, 2018).

Despite the important ecosystem services they provide, such as
pollination, seed dispersal, and pest consumption, bats generally receive
less conservation attention than species perceived as large and charis-
matic (Frick et al., 2020; Macdonald et al., 2015; Tanalgo et al., 2022).
In addition to the loss and degradation of habitats, hunting is a major
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direct threat to many species (Fritz et al., 2009a, 2009b; Jones et al.,
2003). Bat hunting is widespread, particularly for large-bodied and
colony-roosting species, which are easy targets for hunting (e.g., har-
vesting colonies of cave-dwelling bats or shooting tree-roosting bats)
(Sagot and Chaverri, 2015; Tanalgo et al., 2022). Bats are particularly
vulnerable to the impacts of hunting due to their low reproductive rate
and high age of maturity, hindering their ability to recover from

Table 1

Summary of traits used to predict hunting risk and their potential impacts on population.

Predictors Scope

Hunting exposure

Potential impacts on the population

Biotic variables
1. Body mass Average to maximum body mass of an
adult bat.

2. Trophic level Position of the species in the food chain.

3. Roosting Number of roosting habitats occupied
habitat breadth by bats.
4. Sociality Species cluster within its habitat.

Geographical variables
5. Distribution Geographical area within which bat
range species occur.

6. Geopolitical Species occurrence within a country or

endemism geopolitical boundary.
7. Island Species occurrence within an island.
endemism

Conservation status variables
8. Threatened Binomial conservation status of bats

status according to the IUCN redlist category.
(threatened)

9. Number of Number of threats per bat species.
threats

Habitat protection variables
10. Forest cover Estimated forest cover per country.

11. Protected area  Percentage of the country area with

protected area zone.

Human pressure variables
12. Total Number of people in a country at a given
population time.

13. Gross National
Income (GNI)

Total amount of money that people and
businesses can earn in a country.
Indicator of national development.
Livestock production index is the output
index of animal livestock products,
including meat, milk, eggs, etc. in a
country.

14. Livestock
Production
Index (LPI)

15. Number of
species hunted

Estimated total number of species
hunted in a country.

Hunters prefer larger species, as larger bats are more
visible, provide a bigger reward and are easier to find.
Herbivorous bats are more vulnerable to hunting
because they have larger body sizes on average and
often aggregate in large numbers.

Populations that roost in limited habitat types are
predictable and more prone to hunting.

Colonial bat species such as cave-dwelling bats and some
species of flying foxes which roost in aggregations are
more visible in their roosting colonies and are easier to
locate and hunt.

Species with limited ranges are more vulnerable to
hunting because of their limited ability to disperse
during hunting events and are likely to form small
populations.

Island and geopolitically endemic species are likely to be
hunted because they may represent a major protein
source on a single territory or islands and may be
vulnerable due to small ranges.

Threatened species tend to have narrower distribution
ranges.

Species exposed to other threats tend to be more exposed
to hunting (e.g., hunting occurs after extreme weather
events).

Reduced forest cover increases species detectability and
access; and limits species distribution across its habitat
due to limited areas for roosting.

Higher forest cover indicates better environmental
protection with a lower number of threatened species in
a country.

Higher percentage of protected areas reduce the
vulnerability of species to hunting.

A higher percentage of protected areas means more
species are protected from exploitation and human
conflicts.

Higher human population increases human-bat conflict
and exploitation of natural resources, including the
hunting of a higher number of threatened species.
Lower GNI increases the human necessity to exploit
wildlife species for subsistence.

Higher LPI indicates a higher reliance of people on
livestock or meat products.

With a decrease in livestock production, people may
shift to hunting of accessible wild meat such as bats.
Increasing livestock production increases the potential
interaction between bats and livestock.

A higher number of hunted species increases the
probability of reducing the bat population and the
increasing the number of threatened species in a
country.

Large-bodied and herbivorous species have higher
extinction rates because of their slower reproductive
rate, smaller population size on average, and
vulnerability to extirpation because of roosting habits.

Habitat specialist species will have less capability to
move to another habitat when hunting events and
other threats occur, thus increasing their extinction
risk.

Clustered populations are easily extirpated during
hunting events and will have slow population recovery.

Species with narrower ranges tend to have limited
niche distribution and are more vulnerable to hunting
and other threats within their range, thus increasing
their extinction risk.

Hunted species that are already in the threatened
category have higher extinction probabilities.

Other threats may decrease the capacity of the
population to recover from hunting events.

Forest-dependent species may increase their extinction
risk.

Species outside protected areas (i.e., without statutory
protection) will increase extinction risk from hunting

due to higher exposure, accessibility, and lower quality
of habitat for population recovery.

Increasing population may increase demands for wild
meat, particularly in rural areas where people tend to
rely on wild meat.

Countries with lower GNI will have a lower capacity to
protect their species or implement recovery plans.

Increased number of species hunted increases the
extinction rate within a country.




K.C. Tanalgo et al.

population loss (Jones et al., 2003). Understanding hunting is complex
and often involves different socioeconomic and cultural motivations, but
food subsistence in rural areas is a major factor (Mildenstein et al., 2016;
Oedin et al., 2021). National policies to protect or regulate bat hunting
are either absent or lack enforcement in many countries, and sometimes
bats are considered vermin (Medellin et al., 2017; Oedin et al., 2021).
For example, the Mauritian government culled at least 50,000 endan-
gered and endemic Mauritian flying foxes (Pteropus niger), representing
approximately 40 % of the population on the islands of Mauritius and La
Reunion, to reduce their population, as farmers claimed that they
damaged orchards (Florens, 2016a). Furthermore, common and hyper-
abundant species can be particularly vulnerable to hunting due to their
large populations and lack of protection, such as the frugivorous Rou-
settus amplexicaudatus in the Philippines (Tanalgo and Hughes, 2019). At
least 37 % (201 species) of Old World fruit bats play a crucial role in
ecosystems, such as pollination and seed dispersal for thousands of plant
species (Aziz et al., 2021). Yet, continuous hunting results in defauna-
tion, or reduced populations, which negatively affects key ecological
processes provided by bats. For example, the reduction of frugivores
may drive changes in vegetation structures, especially through the loss
of seed dispersers (Bello et al., 2015; Stoner et al., 2007). Therefore,
unsustainable hunting has irrefutable consequences for natural ecosys-
tems. However, most studies on wildlife hunting and harvesting analyses
are biased towards large and threatened species. For example, Ripple
et al. (2016) examined the hunting risks of global mammals, but their
data may have overlooked a large proportion of bats as they only
included 27 species (3 %), which is a tiny percentage of the species
known to be hunted (167 species from Mildenstein et al., 2016).
Consequently, such an analysis cannot gauge the potential threat of
hunting on species that were excluded from the analysis.

Mapping threat is essential to develop better conservation in-
terventions (Hughes, 2017; Tanalgo et al., 2022; Tulloch et al., 2015).
Except for existing predictive spatial modelling to determine hotspots
where wildlife hunting can potentially occur or impact wildlife pop-
ulations (Harfoot et al., 2021), there are limited measures of hunting
pressures at the country level for any taxonomic group, particularly for
bats. In this analysis, our objective was to understand the patterns and
determine the drivers of bat hunting on a global and regional scale.
Based on previous hunting analysis for other mammalian taxa, we
hypothesised that larger species (e.g., Pteropodid bats), especially those
with limited range in the tropics are more vulnerable to hunting
(Atwood et al., 2020; Price and Gittleman, 2007; Welch and Beaulieu,
2018). Consequently, we expected that overall species will be most
vulnerable to extinction as a consequence of hunting in the Old World,
although risk of being hunted will be present across much of the tropics,
and will also relate to the accessibility of roosts, and the size and pre-
dictability of roost sites. Obviously, threat from hunting will not occur in
isolation, and thus we expect species with smaller ranges, and those
limited to islands may be most vulnerable to potential extinction as a
consequence of hunting. To test this, we selected fifteen variables rep-
resenting various facets of species ecology, endemism, threats, and
country socioeconomic status (summarised in Table 1) which may
indicate species risk from hunting, either in terms of exposure to hunting
or threat from hunting. First, we collated the list of bat species hunted
and mapped their distribution worldwide. Second, we assessed and
compared threats experienced by hunted species. Lastly, we investigated
the relationship between ecological and socioeconomic variables and
the risk of species being hunted and discuss how species might be better
protected. We aim to assess the extent of hunting as a threat to bats and
inform better policy and management and highlight the need for more
balanced funding based on potential vulnerability.
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2. Materials and methods
2.1. Species database

The species hunting risk was analysed in different levels based on
species ecology, threatening process, and national socioeconomic status
(Fig. 1). We built and standardised our dataset for 1329 bat species listed
in the latest IUCN Red List database (version 2022-1) and curated spe-
cies names according to Simmons and Cirranello (2020). Species cat-
egorised as extinct or extinct in the wild were excluded from the
analysis. Species were then categorised according to redlist threat status
and levels of endemism (geopolitical endemism and island endemism)
(see Tanalgo et al. (2022) for comparative species diversity analysis).
We standardised our bat hunting assessment by filtering the IUCN redlist
database (version 2022-1) database of ‘threat’ and ‘trade and use’ for all
bat species to assess the species as ‘hunted’. All species known to be
harvested for subsistence, medicine, game, trade, and other forms of
direct human use were classified as hunted species. To avoid potential
biases, since the IUCN redlist database may be incomplete, or not up-to-
date to indicate accurate known threats to species (Harfoot et al., 2021;
Hayward, 2009; Trull et al., 2018), we cross-referenced synthesis papers
on bat hunting and harvesting to improve our assessment (e.g., Mick-
leburgh et al., 2009; Mildenstein et al., 2016; O’Shea et al., 2016).

The database also included other biological and ecological factors
such as geographic range and species traits (adult body mass (g) (Faurby
et al., 2018), trophic levels (e.g., herbivores, predators, and omnivores)
following the classifications by Atwood et al. (2020), evolutionary
distinctiveness (ED) (Isaac et al., 2007), roosting habitat and roosting
strategy). For roosting habitat, we assigned a simplified roosting pref-
erence for each species following Sagot and Chaverri (2015): (i) cave-
dwelling (caves and crevices), (ii) tree-dwelling (tree cavities, tree
bark, and tree boles), (iii) foliage-dwelling (leaves and modified leaves
and stems, and foliage and plant structure), and (iv) human-made
(buildings and houses). Furthermore, sociality was classified according
to roost aggregations (e.g., solitary or colonial) based on observed spe-
cies natural history accounts. Solitary species roost singly or in pairs and
do not form large aggregations. Whereas colonial species are pop-
ulations that form large colonies or aggregations that surpass a single-
family group. We used all these variables as predictors of the risk of
species hunting.

2.2. Evolutionary distinctiveness and threat index

We assessed and compared the evolutionary distinctiveness (ED) of
hunted and non-hunted species and considered geopolitical endemism
using the dataset from Isaac et al. (2007). Evolutionary distinctiveness
(ED) is the degree of species uniqueness within the taxonomic evolu-
tionary tree. We quantified threats to hunted and non-hunted species
using the IUCN redlist data, and classified them following the simple
threat classification contextualised for bats and their habitats (Tanalgo
etal., 2022). We then calculated the Species Threat Index (STI) (Tanalgo
et al., 2022) based on the calculated quotient of the sum of the number
of threats (T4, ind, nat) and the number of threats (N° T) (STI species = =
T/N° T). We then compared STI between hunted and non-hunted species
within each category of geopolitical endemism.

2.3. Extinction and hunting risks

The species extinction risks of hunted and non-hunted species were
estimated across taxonomic groups, ecological status, and distribution,
following Hoffmann et al. (2010) and Richman et al. (2015). The risk of
extinction was calculated using the equation: Pextinction = N° TH/(N° SP
— N° DD), where N° SP is the total richness or number of species within
the group, and N° TH is the number of threatened species based on the
richness of species classified as ‘Vulnerable’, ‘Endangered’ and ‘Criti-
cally endangered’, and the number of Data Deficient species (N’ DD),
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Fig. 1. Schematic diagram showing the analysis framework to assess link between species hunting risk to species ecology, threatening process, and national so-

cioeconomic factors.

assuming that data deficient species will have a relatively similar risk of
extinction as those species in threatened categories (Bland et al., 2015;
Tanalgo et al., 2018; Welch and Beaulieu, 2018). The lower estimate of
the extinction risk was then calculated (Pextinction lower = N° TH/N° SP) if
that DD species were not threatened and the upper estimates
(Pextinction_upper = N° TH + DD/N° SP) assuming that DD is threatened.
We then predicted the drivers of hunting risk (hunted versus non-
hunted) based on species biological and ecological traits using a bino-
mial generalised linear model (GLM) with logit-link function. We built a
model that included all explanatory variables that may be associated
with bat hunting risk. Biotic variables included body mass, trophic level,
roosting habitat breadth, and sociality. In addition, we included
geographical variables including range, island endemism, and geopo-
litical endemism (Tables 1 and 2). Furthermore, we considered IUCN
redlist threat status (e.g., threatened status and number of threats
including habitat loss and modification, direct anthropogenic threats,
and stochastic threats) as the predicting variables for our model. We

Table 2

List of binomial GLM candidates showing the relationship of biotic, geographic,
and conservation status variables to predict hunting risk. Nine (9) predictor
variables were included: mass (MAS), trophic groups (TRO), roost specialisation
(SPE), sociality (SOC), geographical range (RAN), geopolitical endemism (GEO),
island endemism (ISL), threatened status (THS), and number of threats (NOT).
The best model was shown in bold.

Model  Terms AIC, dAICc WAIC.

1 MAS + TRO + SPE + SOC + RAN 722.733 0 0.658
+ GEO + ISL + THS + NOT

2 MAS + TRO + SPE + SOC + THS + 732.250 9.517 0.006
NOT

3 MAS + TRO + SPE + SOC + RAN + 757.685 34.952 <0.001
GEO + ISL

4 MAS + TRO + SPE + SOC 912.672  189.939  <0.001

5 RAN + GEO + ISL 1054.611 331.878 <0.001

6 THS + NOT 1197.481 474.748  <0.001

7 MAS + RAN 843.071 120.338  <0.001

8 RAN 1132.746  410.013  <0.001

assigned binary categories for species threat category following Atwood
et al. (2020). Species classified as critically endangered, endangered,
and vulnerable as ‘threatened,” while species classified as least con-
cerned and near threatened as ‘non-threatened’. Species classified as
Data Deficient were included as ‘threatened’ with the assumption that
species listed as Data Deficient are more threatened with extinction
(Bland et al., 2015; Tanalgo et al., 2022). Prior to modelling, we tested
all continuous variables for autocorrelation and found none of the var-
iables are autocorrelated (r > 0.75).

2.4. Hunting risk and regional socioeconomic factors

We created a country-based checklist for species vulnerability and
hunting risk based on the country occurrence range using the IUCN
country range map to compute the richness of hunted species per
country. Here, we scored each country based on the occurrence of
hunted bat species with the assumption that bat species are equally at
risk of being hunted throughout their range, as while this may vary,
obtaining an accurate representation of this across space and time is
likely impossible (see for example Brierley et al., 2016). Using the same
approach, we then quantified the richness of geopolitically endemic and
threatened species per country. The estimated richness of bat species per
country is a conservative estimate of the bats hunted worldwide. The
analysis was carried out at the country level to avoid issues with species
range maps, which have been found in the previous analysis. We
extracted from the World Bank database (2022) the following national-
level habitat protection variables (e.g., %protected area and %forest
cover) and human pressure variables (e.g., total human population,
Gross National Income, and Livestock Production Index) as our pre-
dicting variables of the number of hunted and threatened species at the
country level. The GNI is a useful and accessible indicator that can be an
effective economic proxy to indicate economic performance and other
non-monetary measures of country living standards (International
Monetary Fund, 2009) and has been used indicator in previous extinc-
tion and hunting risk analysis (Price and Gittleman, 2007). While we
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used the livestock production index as an indicator of dependence on
livestock outcome, this index calculates the national livestock produc-
tion output of husbandry meat and dairy products (World Bank data-
base, 2022).

2.5. Data analysis

We log-transformed (logio (x) or logip (x) + 1) all our continuous
data when necessary to improve the data distribution prior to analysis.
The relationship between hunted and non-hunted species between
taxonomic groups, trophic levels, and ecological variables was tested
using the Chi-square test of association (y%). A nonparametric Kruskal-
Wallis test or the Mann-Whitney U test was used to compare ED and
STL. A similar test was used to determine the difference in the richness of
hunted, endemic, and threatened species in biogeographical realms, and
then the Spearman rank correlation test was used to determine their
relationship. We then performed a global analysis to determine the
relationship between hunting and extinction risks with socioeconomic
variables. We used the complete GLM with Poisson distribution (logit
link) to determine the effects of country forest cover (%), protected area
(%), total human population, Gross National Income (GNI, USD), and
Livestock Production Index (LPI, 2014-2016 = 100) (The World Bank,
2022) on the richness of hunted and threatened species. We considered
eight (8) models for the hunting risk model (Binomial) and included all
socioeconomic models for regional hunting rate (Poisson) (Table 2). We
used the lowest Akaike information criterion (AICc) and Akaike weights
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(WAICc) in the selection of the most parsimonious model.

We performed all our statistical analysis and visualisation in open
software JAMOVI version 2.2.2 (The Jamovi Project, 2020) and
GraphPad Prism 8 (GraphPad Software, La Jolla California USA, 2021).
All graphic silhouettes used were downloaded from Logomakr (htt
ps://logomakr.com/).

3. Results
3.1. Diversity and ecological status of hunted bats

Of the 1320 bats on the IUCN redlist, 19 % (N = 254 spp.) of them are
hunted (Fig. 2). The highest proportions of species hunted by realm are
in the Australasian (40 %, N = 102 spp.), Indomalayan (24 %, N = 79
spp.), and Afrotropical (22 %, N = 62 spp.) realms. In terms of taxo-
nomic groups, most hunted species are larger-bodied superfamilies of
Pteropodoidea (73 %, N = 140 spp.), as well as small bats within Rhi-
nolophoidea (26 %, 52 spp.) (X2 = 450.113, d.f. = 4, P < 0.001). Be-
tween trophic levels, hunting is significantly higher among herbivores
(63 %, N = 140 spp.) than among predators (12 %, N = 108) and om-
nivores (3 %, N = 6 spp.) (;(2 =333.729, d.f. = 2, P < 0.001). Threatened
(24 %, N = 107 spp.; x2 = 8.333, d.f. =1, P = 0.004) and narrowly
distributed species are more prone to hunting; for example, there are
more geopolitically endemic species (25 %, N = 74 spp.) that are
significantly more vulnerable to hunting than non-endemic species (18
%, N = 108 spp.) (y* = 109.237, d.f. = 1, P < 0.001) (Fig. 2).
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Furthermore, island species (47 %, N = 101 spp.) are at increased risk of
being hunted compared to more widespread species in continental areas
(15 %, N = 134 spp.) (X2 = 109.24, d.f. = 1, P < 0.001). Threatened
species (24 %, N = 107 spp.) are significantly more prone to hunting
than those in non-threatened categories (17 %, N = 147 spp.) (3 =
8.333, d.f. = 1, P = 0.004). Hunting pressure was compared with the
total number of species hunted according to roosting habitat. It showed
that significant risk is only in the cave- and foliage-dwelling species. The
highest hunting rate occurs in foliage-dwelling species (26 %, N = 82
spp.) followed by cave-dwelling species (24 %, N = 132 spp.). Although
colonial species are significantly more hunted than solitary species.

A.

HuntedH @

Non hunted-+
Hunted endemic-
Hunted non endemic+ @
Non hunted endemic-
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3.2. Species evolutionary distinctiveness and threats

The evolutionary distinctiveness (ED) of the species differed signif-
icantly between hunted and non-hunted species (MWU test = 86,519, df
=1, P =0.010) and endemism (KW test: XZ =11.58,d.f. =3, P < 0.010)
(Fig. 3A). Patterns of threats between hunted and non-hunted species
varied depending on the type of threatening process. Apart from hunting
and harvesting, 47 % of the hunted species also face deforestation as a
major driver of population decline, followed by unregulated tourism
(likely caving, or temple visits) (33 %) (Fig. 3B and C), while stochastic
threats are poorly known for both hunted and non-hunted species
(Fig. 3C). The threat index for hunted species is twice that of non-hunted
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species (MWU test = 46,664, df = 1, P < 0.0001). Furthermore, the
threat levels of the hunted and non-hunted species differed when
compared between the levels of geopolitical endemism levels (KW: y2 =
96.32, d.f. = 3, P < 0.0001) (Fig. 3A). We did not find a significant
correlation between ED and STI in general and between hunted and non-
hunted species (Spearman’s p = —0.031, P = 0.319).

3.3. Extinction and hunting risks

We estimated and compared the extinction risk of hunted and non-
hunted bats globally using the IUCN database. Extinction risk varied
between measures of endemism and ecological traits, but hunted species
are at higher risk of extinction (Global: Pextinction = 39 %, 38-40 %) than
non-hunted species (Global: Pextinction = 14 %, 11-30 %) (Fig. 4, Data
S1). Among biogeographic realms, a high number of species threatened
by hunting are concentrated in Old World realms, which span from the
Palearctic to the Indomalayan and peak in the Australasian region
(Fig. 3). A higher proportion of hunting is observed for large-bodied and
endemic species (e.g., island and geopolitically endemic) (Fig. 4)
compared to their common or more wide-ranging counterparts. Larger
and threatened species are more vulnerable to hunting (Threatened:
MWU test = 6826, P < 0.0001; Non-threatened: MWU test = 27,447, P
< 0.0001) (Fig. 2A). Although species with narrower range distributions
are more prone to hunting, the threat had a minimal impact (Threat-
ened: MWU test = 11,653, P = 0.539; Non-threatened: MWU test =
38,172, P = 0.04) (Fig. 2B). However, in terms of roosting habits and
strategies, hunted species generally roost in foliage and showed a higher
risk of extinction compared to other groups (Fig. 4).

We then analysed the drivers of the risk of hunting for global bats (see
Table 1). Larger body mass consistently showed a positive relationship
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to species hunting risks (p = 2.183, P < 0.001). Hunting risk is greater in
larger bats, which are predominantly in the Old World tropics (Fig. 5).
Furthermore, the trophic levels of the species showed significant effects
on hunting risks, but herbivores (p = 2.690, P < 0.001) showed a greater
difference in effects compared to predators (f = 1.733, P < 0.001).
Meanwhile, contrary to our expectations, the geographical range of the
species was not significantly associated with hunting risk. However, in
terms of endemism levels, only island endemism showed a significant
association with hunting (3 = 1.094, P < 0.001). Between roosting
specialisation (i.e., number of roost habitat use) and sociality, the former
had only shown a significant link with species risk to hunting, since
species with a more generalist roosting habit are more prone to the
threat (B = 0.030, P = 0.001). The increase in the number of threats
showed a positive relationship with hunting probability (f = 0.444, P <
0.001). Furthermore, the probability of hunting is significant in all
categories of threat and is higher in species threatened with habitat
modification (63 %), followed by direct anthropogenic threats (39 %),
stochastic threats (19 %) and biotic threats (10 %).

3.4. Regional socioeconomic factors in hunting and extinction risks

Overall, the richness of geopolitically endemic and threatened spe-
cies hunted differed significantly between biogeographic realms, with
the highest concentration in the Asian and African regions (Figs. 6A and
B, 7). Furthermore, the richness of endemic and threatened species
showed significant positive correlations with the number of hunted
species (Spearman’s p: endemic = 0.671, P < 0.001; threatened = 0.616,
P < 0.001) (Figs. 6C and 7). We then examined the socioeconomic
drivers of hunting on a global scale (Table 3). A lower percent national
protected area (f = —0. 288, P = 0.008) but increased forest cover
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percentage (f = 0.922, P < 0.001) is linked to a higher number of species
hunted. Furthermore, a higher total population (p = 0.849, P < 0.001),
livestock production ( = 0.005, P < 0.001), but lower GNI per capita (f
= —0.937, P < 0.001) predicts the richness of the species hunted per
country. Separate GLM results showed that the number of hunted spe-
cies and all socioeconomic variables except the percentage of national
protected areas are related to the number of threatened species per
country (Table 4).

4. Discussion
4.1. Worldwide extent of bat hunting

Hunting is a major threat that affects bats worldwide (Frick et al.,
2020), but the extent of this threat requires further research (Milden-
stein et al., 2016). Furthermore, the level of threat for bats is often
underestimated compared to other mammal assessments (Ripple et al.,
2016). By combining previously published syntheses (e.g., (Mickleburgh
et al., 2009; Mildenstein et al., 2016; O’Shea et al., 2016; Tackett et al.,
2022)) and the IUCN redlist database, 19 % or 254 species of 1320
species are threatened by hunting and harvesting around the world. Our
assessment shows that there are more species vulnerable to hunting than
the previous estimates of Mildenstein et al. (2016), which recorded 167
species (13 % of bats worldwide); however, these are lower compared to
the estimates (27 out of 942 species, 3 %) of Ripple et al. (2016), which
compared all mammals. However, the trend found in previous reports is
consistent with the high spatial vulnerability of hunting in the Old World
tropics of Indomalayan, Afrotropical and Australasian countries,
including Oceanic Island countries, where the highest concentration of
hunted bats (i.e., species richness) is observed. This pattern is also
consistent with the review by O’Shea et al. (2016) where the highest
mortality recorded by intentional hunting (i.e., hunting) is in Asia, Af-
rica, and the oceanic islands. Although bat diversity is higher in the
Neotropics, the mean body size of Neotropical bats is relatively small

(2.4 to 167 g) compared to the Paleotropical regions (2.1 to 1075 g) (i.e.,
Paleotropical fruit bats can be much larger than Neotropical species),
and these physical factors, combined with social factors, may underlie
the observed patterns. Body mass strongly increases the hunting risk for
many species. Higher hunting rates in the Old World tropics may also
explain the higher risk of extinction of numerous species, particularly
pteropodids in the region, primarily driven by direct human impacts
(Aziz et al., 2021; Fritz et al., 2009a, 2009b; Mildenstein et al., 2016).

4.2. Influence of traits on hunting risk

The influence of increasing body mass is significant and strongly
related to the disparity of bat hunting across biogeographical realms,
taxonomic, and trophic levels (Fritz et al., 2009a, 2009b; Jones et al.,
2003). A high proportion of species were hunted from the superfamilies
of large-bodied Pteropodoidea and Rhinolopoidea and between her-
bivorous species. Furthermore, species hunted for in these taxonomic
and functional groups have an elevated risk of extinction compared to
other assessed groups. Our findings are consistent with those of Atwood
et al. (2020), who stated that herbivores are at greater risk of extinction
compared to predators due to higher hunting pressures. Hunting for
larger bat species has an increased impact on population loss and a lower
reproductive rate in many larger species (Cardillo et al., 2005; Collen
et al., 2011). We expected colonial species to be more prone to hunting
due to their visibility, but we did not find significant effects of sociality
on hunting risk, and this may be explained by the fact that most colonial
species belong to smaller species of bats such as Vespertilionoidea (6 %)
and Emballonuroidea (7 %), which are the least hunted. However,
species with diverse roosting habitats (i.e., generalists) and species that
roost in tree foliage and caves have an elevated risk of being hunted.
Hunting in these habitats is a major threat to global cave-dwelling bats
because caves are easy to locate and hunt in (Phelps et al., 2016; Tanalgo
et al., 2022). Larger herbivorous species, such as pteropodids, that roost
in tree foliage are particularly easy to hunt due to their predictable
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Table 3
Results of the best generalised binomial linear model (GLM) explaining the
hunting risks of bat species worldwide.

Explanatory variable Coefficient (B) SE P
(Intercept) —-1.746 0.223 <0.001
Biotic variables

Body mass (g, log10+1) 2.183 0.265 <0.001
Herbivores (omnivores) 2.690 0.513 <0.001
Predators (omnivores) 1.733 0.490 <0.001
Degree of specialisation 0.030 0.010 0.001
Sociality (colonial) 0.034 0.222 0.879
Geographical variables

Distribution range (jog10-1) 0.216 0.184 0.242
Geopolitical endemism (endemic) —0.029 0.259 0.913
Island endemism (island) 1.094 0.281 <0.001
Conservation status variables

Threatened status (threatened) 0.071 0.282 0.802
Number of threats 0.444 0.073 <0.001

roosting patterns, roosting visibility, and recognisable foraging grounds
in flowering and fruiting trees. Herbivores (i.e., frugivorous) forage in
fruit orchards and plantations, increasing the risk of human conflict and
hunting (Aziz et al., 2021, 2016). Bat predation led to intentional kill-
ings and culling of many bat populations; for example, fruit bats in
Mauritius are being culled due to the purported consumption of lychee
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Table 4

Results of the Poisson generalised linear model (GLM) explaining the number of
bat species hunted (A) and the number of threatened species (B) per country. All
socioeconomic and environmental variables were included in the model.

Explanatory variable Coefficient () SE P
(A) Hunted species richness
(Intercept) 0.856 0.056 <0.001
Habitat protection variables
% forest cover (log1o) 0.992 0.0960 <0.001
% protected area (log1o) —0.288 0.108 0.001
Human pressure variables
Total population (logio) 0.849 0.045 <0.001
GNI per capita (log1o) —0.937 0.070 <0.001
Livestock production index 0.005 0.001 <0.001
(B) Threatened species richness
(Intercept) 1.215 0.045 <0.001
Habitat protection variables
% forest cover (log1o) 0.551 0.088 <0.001
% protected area (log1o) -0.037 0.103 0.719
Human pressure variables
Total population (log1o) 0.558 0.044 <0.001
GNI per capita (log1o) —0.278 0.062 <0.001
Number of hunted species 0.030 0.002 <0.001

(Florens, 2016b; Florens and Baider, 2019). Although there is some
evidence that culling is not an effective measure to mitigate fruit
depredation, bat culling persists in some regions (Florens, 2015).
Geographic range and geopolitical endemism do not have significant
effects on the risk of being hunted by species, although it may increase
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the impact of hunting on species survival, which is not surprising, as
other factors are likely to have a greater influence (Collen et al., 2011).
On a global scale, analysis of the interplay of threats to cave-dwelling
bats showed that the narrow geographical range is only significantly
related to land use-related threats and did not show effects on hunting
(Tanalgo et al., 2022). However, island endemism showed a positive link
to hunting, with 19 % of all species being island-endemic and 47 % of
them at risk of hunting. Island endemism is a significant factor in the risk
of hunting species because large pteropodid bats are more likely than
other species to be isolated on islands and since the majority (~80 %) of
hunted species are island-endemic fruit bats (family Pteropodidae), for
example, large flying foxes (Acerodon and Pteropus species) are at
increased risk (Aziz et al., 2021; Conenna et al., 2017; Vincenot et al.,
2017). Island endemics are apparently at higher risk compared to spe-
cies distributed in continental areas, due to their limited distribution and
ability to rapidly move from one habitat to another (Conenna et al.,
2017), which further increases their risk from habitat change and sto-
chastic threats such as typhoons in island territories is also increasing
(Jones et al., 2010).

4.3. Other co-occurrent threats

Changes and modifications in land use, such as deforestation and
agricultural conversion, are major threat that affects about 30-43 % of
the hunted species. Deforestation increases the vulnerability of species
to hunting by decreasing the foraging habitat and home ranges and
increasing species visibility and contact with hunters, and this has been
observed in birds (Sreekar et al., 2015) and mammals (Benitez-Lopez
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et al., 2019). Distance from human settlement and the accessibility to
wildlife also increase the risk of hunting (Benitez-Lopez et al., 2017;
Peres and Lake, 2003).

Island endemic species are more prone to extinction due to their
limited geographic range distribution and increased isolation, thus more
vulnerable to exploitation and other threatening processes (Conenna
etal., 2017; Esselstyn et al., 2006; Fritz et al., 2009a, 2009b; Jones et al.,
2003; Purvis et al., 2000; Vincenot et al., 2017). In oceanic islands such
as the Philippines, bats are a good source of meat because they are
abundant, easy to find, and harvest (Fig. 8). In the Philippines, locals
from rural areas hunt bats almost all year due to their abundance in
caves and forested areas (Paz and Gonzalez, 2021; Scheffers et al., 2012;
Tanalgo et al., 2016) (Fig. 8). In Madagascar, Malagasy people hunt bats
as alternative meat in periods when food resources are scarce (Jenkins
and Racey, 2008). Similarly, on Niue Island in the South Pacific Ocean,
populations of Pteropus tonganus have declined since the island was
colonised by human settlers from neighbouring territories, where
extensive hunting occurs during famine and after hurricanes, which
drives the population to extinction (Brooke and Tschapka, 2002). The
predicted increase in the occurrences of extreme climate-related events
puts more species from islands with a smaller population at risk of total
extinction (Sherwin et al., 2013). A historical report from American
Samoa showed a drastic decline of 80-90 % in the population of two
species of Pteropus on the island after an extreme hurricane and over-
hunting (Craig et al., 1994). Similarly, in the Pacific Islands of Guam and
Rota, a 32 %-70 % decrease in the population of Mariana fruit bats
(Pteropus mariannus) after a severe typhoon in 2002-2003, with a 34 %
increase in bat harvesting in this period due to a lack of food sources

Fig. 8. Bats are mainly hunted for food and subsistence. Flying foxes are an easy target for locals in the Philippines due to their visibility and as meat source (A and
B). Some hyperabundant cave-dwelling bats, such as Rousettus amplexicaudatus, are also hunted by hundreds to thousands of individuals from their roosting habitats
(C). Insectivorous bats that roost in coconut foliage are also hunted for food (D)(Photo credits: A. N.K. Novillo, B. J. Rafael, C. J.A. Mangiging, and D. A.R. Agduma).
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(Esselstyn et al., 2006).
4.4. Socioeconomic factors drive bat hunting

Socioeconomic elements have major implications for hunting risk
(Dufty et al., 2016; O’Connor et al., 2003; Price and Gittleman, 2007;
Ripple et al., 2016), but managing these pressures requires further work
(Benitez-Lopez et al., 2017). Hunting often occurs in unprotected areas
such as many caves, as it is also simpler to hunt wildlife species in areas
where statutory regulations are absent or not enforced, or in more
accessible areas such as major towns and roads. In the tropics, hunted
areas have shown drastic declines in the population of mammals (~58
%) and birds (~83 %) compared to areas without hunting (Benitez-
Lopez et al., 2017). About 60 % of tropical forests are at least 10 km from
human populations, making much of the forest-dependent wildlife,
including bats, more vulnerable to hunting. Predictions from previous
studies showed that around 47 % of the remaining tropical forest areas
are defaunated as a consequence of hunting, with approximately 50 %
declines in wildlife population within 3.5 % of forested areas in the
tropics (Benitez-Lopez et al., 2019). Hunting is even higher in regions
such as Africa, where hunting occurs in at least 52 % of forested areas,
62 % of wilderness areas, and almost a quarter (~20 %) of its protected
areas (van Velden et al., 2020; Zyambo et al., 2022). Furthermore, in
countries such as Indonesia and the Philippines, where deforestation is
expanding for plantations, the hunting risk in these countries is likely to
persist (Luskin et al., 2014; Tanalgo and Hughes, 2019). In addition to
habitat protection variables, human pressure variables have also been
shown to affect species risk from hunting. Bat hunting is probably much
higher in countries with developing economies as measured by Gross
National Income (GNI). Several studies show how low GNI and hunting
risk are correlated (see, Price and Gittleman, 2007). Poverty, increasing
population, and increasing agricultural exports reduce access to
affordable local foods, causing rural people to exploit wildlife resources
for food and trade (Nielsen, 2006; Ripple et al., 2016; Scheffers et al.,
2012). In many tropical countries, bats are hunted primarily for food,
medicine, and hunting sports and rarely for commercial trade (Milden-
stein et al., 2016; Scheffers et al., 2012; Tanalgo, 2017) but Sheherazade
and Tsang (2015) recorded bat bushmeat trade at around 500 metric
tons annually in some areas of North Sulawesi in Indonesia. Further-
more, the sale of bats, such as Kerivoula picta, and other bats as orna-
ments is also primarily sourced from the tropics, where there are greater
diversity of species but fewer protective measures (Chaber et al., 2021;
Lee et al., 2015). Furthermore, we found that livestock production is
related to an increased number of hunted bats per country. Reliance of
rural populations on livestock and meat production could potentially
increase the risk of wildlife hunting, particularly, when livestock pro-
duction decreases, people will shift to an alternative source of meat
increasing demand for bushmeat (Keane et al., 2005; Rogan et al.,
2018). Many large-bodied bat species aggregate in accessible roosting
colonies and are thus easy to hunt from their roost sites, making them an
ideal alternative to livestock meat (Mildenstein et al., 2016; Paz and
Gonzalez, 2021; Scheffers et al., 2012). Human-wildlife conflict between
bats and livestock production is another important angle for the
observed relationship, as bats are often perceived negatively as pest and
disease spreaders by livestock raisers and would persecute bat colonies
near their farms (Reid, 2016; Shapiro et al., 2020). However, it should
be noted that species evaluated today are those that survived potentially
higher former pressures in an era before the import of food, and in
certain parts of the world archaeological data shows that bats were a
major source of protein on otherwise depauperate islands (Hawkins
etal., 2016; Lavery and Fasi, 2019), but this has changed with increased
import of foods (Haden, 2009). This has driven the extinction of at least
four pteropodid species in Micronesia (Vincenot et al., 2017) and up to
27 that have become at least locally extinct in the West Indies with
hunting possibly playing a significant role (Morgan, 2001; Soto-Centeno
and Steadman, 2015), and pressure on islands is of course high given the
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small population size and lack of adjacent populations for recovery
(Sheherazade and Tsang, 2018; Wiles and Brooke, 2009).

Concerns about the effects of bat hunting on public health are
growing, as bat hunting for consumption is widespread worldwide
(Mildenstein et al., 2016; Rocha et al., 2021a) and the continuous
encroachment on their habitats and the risk of people being exposed to
new zoonotic diseases also increases (Rulli et al., 2021; White and
Razgour, 2020). This includes under-quantified bat hunting even in re-
gions where bats are known to host coronaviruses closely related to
SARS-CoVs (Zhou et al., 2021, 2020, A. Hughes, Pers. obs.). The reliance
on wild meat among low-income households and rural populations near
roosting sites may continue with slow economic growth, and the lack of
a persistent source of subsistence poses a much greater threat to the
emergence of zoonotic diseases, which could potentially lead to another
global pandemic if the solution remains unsolved. Balancing economics
and conservation is challenging, especially since hunting is more com-
mon in lower-income regions, where diversity, particularly of pter-
opodids is higher; therefore, interventions to reduce bat hunting should
include exploring alternatives such as increasing access to domestic
meat resources, the provision of additional source income generation,
and more investments in the rural economy, raising awareness of
ecosystem services and the potential for bat disease transmission
(MacFarlane and Rocha, 2020; Tanalgo and Hughes, 2021).

4.5. Impacts on bat ecosystem services

More than half (~55 %) of the hunted species are fruit bats from the
Old World tropics. These bat groups maintain numerous vital ecosystem
services for the economy by sustaining gene flow among plant com-
munities (Dick et al., 2008; Dunphy et al., 2004). There are around 1072
plant species that are currently known to depend on Old World fruit
bats, with strong evidence for 21 and 311 plant species dependent on 16
and 29 bat species for pollination and seed dispersal, respectively (Aziz
et al., 2021). Bats are also responsible for the pollination of economi-
cally important plant species such as Durio in Southeast Asia (Aziz et al.,
2017; Sritongchuay et al., 2016). Fruit bats are also more efficient seed
dispersers in terms of distance compared to other frugivores, which
range from 400 m for small fruit bats to 7.2 km for larger fruit bats (e.g.,
flying foxes) (Aziz et al., 2021). Incessant bat hunting pressure com-
bined with other threatening processes could jeopardize ecosystem
service provision and ecosystem functioning (Bello et al., 2015; Gardner
et al., 2019; Harrison et al., 2013). Reduction in populations can affect
the dynamics of ecosystem processes such as vegetation alteration due to
loss of seed dispersers and plant pollinators, especially in island systems
(Muller-Landau, 2007), reduced forest regeneration after loss or
degradation (Harrison et al., 2013; Hurme et al., 2022), biogeochemical
processes, and energy transfer dynamics (i.e., cave-dwellings to cave
invertebrates dependent on bat guano for nutrients) (Bello et al., 2015;
Benitez-Lopez et al., 2019; Gardner et al., 2019). More effort should be
put into identifying the impacts of hunting on bat ecosystem services,
and the interplay of other threatening processes to increase hunting risk.

4.6. Implications to global bat conservation

The extent of hunting pressure among bats is underestimated, and
the drivers of hunting are unclear and unexplored. Bat hunting widely
occurs in areas where bat biodiversity is also high. Approximately a
quarter (~24 %) of threatened bat species are under pressure from
hunting, and other threats and socioeconomic status exacerbate the risk.
We found that larger bats, herbivores, and island endemics are more
prone to hunting, suggesting that threat vulnerability can be trait
dependent. Globally, bats are hunted and threatened equally as other
wildlife species, but ‘charismatic species’ such as megafaunal species
tend to receive an overwhelming proportion of these funds under the
guise of being ‘umbrella’ or ‘indicator’ species (Feldhamer et al., 2002;
Gerber, 2016; Wang et al., 2021). Many studies also show that funding
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often neglects species deemed less charismatic, such as bats (Gerber,
2016; Macdonald et al., 2015; Wang et al., 2021). For example, Ripple
et al. (2016) focused on the hunting of all mammalian taxonomic
groups, but only recorded 27 (3 %) bat species facing hunting as a threat,
which is very low compared to the actual extent of species threatened by
hunting (Mildenstein et al., 2016 and this study), and while we find
evidence for hunting in 254 species (19 % of global bats) with 58 % are
in the least threatened categories. The expert-based IUCN redlist can
also help reduce the risk by alleviating the conservation status of widely
hunted genera (e.g., Rousettus and Eidolon). They are intensely hunted
throughout their range, but remain under-protected due to their least
threatened category in the redlist or non-endemic, which are often not
prioritised in national conservation actions (Kamins et al., 2011;
Tanalgo and Hughes, 2019). A good example of such a case is the Pter-
opus vampyrus, where hunting is the single largest threat to the species
and facing severe extinction risk across its range (extinct in Singapore
and near-extinction in Vietnam), but the species remained under the
least concerned category and has lacked sufficient updates of its con-
servation status for decades (S. Abdul-Aziz, Pers. com). If the assignment
of lower conservation categories for many bats that face more threats
continues to persist, a large proportion of global bats (e.g., 86 % of the
hunted pteropodids are in the categories) will continue to be under-
protected and consequently expected to face extinction over the next
decades.

Although our data is likely to be incomplete (i.e., local, and national-
level data for species hunting pressure remains limited, and requires
more work), the data and relationships between species ecology and
economic status where they occur highlight the impacts of a specific
threatening process to underrepresented taxa such as bats. Countries
with lower protected areas and lower income are more likely to have
hunted for a higher proportion of species (see Fig. 6). This trend is not
surprising and parallels that of Ripple et al. (2016) for global mammals
more widely, as socioeconomic factors disproportionately affect the
national capacity to protect biodiversity (Doi and Takahara, 2016;
Holland et al., 2009). Conversely, capacity and funding limitations can
challenge effective conservation. In addition, bat hunting is driven by
several factors, including use for subsistence, beliefs, and other cultural
dimensions (Fig. 8). This facet of bat conservation needs careful atten-
tion and understanding the extent of hunting and its impacts on the
population is a key important step in balancing human needs and con-
servation. Therefore, science-based policies that balance elements of
social, economic factors, and biodiversity conservation should be one of
the agendas of national policymakers to protect not only the bat popu-
lation but also all other wildlife to ensure that their ecosystem services
are maintained. Mainstreaming bat ecosystem services and their cultural
values (e.g., Low et al., 2021; Rocha et al., 2021b) would further benefit
public support towards bat conservation and protection.
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