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How does Africa’s most hunted bat vary across the continent? Population traits
of the straw-coloured fruit bat (Eidolon helvum) and its interactions with humans
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The straw-coloured fruit bat, Eidolon helvum, is a common and conspicuous migratory species, with an extensive distribution across
sub-Saharan Africa, yet hunting and habitat loss are thought to be resulting in decline in some areas. Eidolon helvum is also a known
reservoir for potentially zoonotic viruses. Despite E. helvum’s importance, ecological and behavioural traits are poorly described
for this species. Here we present extensive data on the distribution, migration patterns, roost size, age and sex composition of
29 E. helvum roosts from nine countries across tropical Africa, including roosts not previously described in the literature. Roost age
and sex composition were dependent on timing of sampling relative to the annual birth pulse. Rather than a single ‘breeding season’
as is frequently reported for this species, regional asynchrony of reproductive timing was observed across study sites (with birth
pulses variably starting in March, April, September, November or December). Considered together with its genetic panmixia, we
conclude that the species has a fluid, fission-fusion social structure, resulting in different roost ‘types’ at different times of the year
relative to seasonal reproduction. Bat-human interactions also varied across the species’ geographical range. In the absence of
significant hunting, large urban colonies were generally tolerated, yet in regions with high hunting pressure, bats tended to roost in
remote or protected sites. The extensive quantitative and qualitative data presented in this manuscript are also valuable for a wide
range of studies and provide an historical snapshot as its populations become increasingly threatened.
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INTRODUCTION

“In Eidolon helvum, which has the widest distri-
bution and is also the greatest traveller among Afti-
can fruit-bats” (Lang and Chapin, 1917a: 482). “We
are not able to ... show beyond a doubt that large
migrations take place at definite seasons. ... It is
nevertheless certain that immense numbers of Eido-
lon helvum journey about irregularly and then be-
come abundant in regions from which they were
previously absent” (Lang and Chapin, 1917b: 500).

Most of the few ecological studies on straw-
coloured fruit bats (Eidolon helvum (Kerr, 1792),
Order Chiroptera, Family Pteropodidae) expand on
hypotheses first put forward almost 100 years ago
by Lang and Chapin (1917a, 1917b; Supplementary
Text 1) based on a 6-year study undertaken in the
Congo basin. Lang and Chapin (1917a, 1917b) hy-
pothesised that E. helvum undertook seasonal migra-
tions across the continent to exploit changes in
resource availability, that its body form made it
well suited to long distance flight and that its signif-
icance as a seed disperser was likely greater than
that of birds or monkeys. While it is a common
and conspicuous species, and its migratory capacity
is undisputed, features such as its high mobility
(both in daily foraging and seasonal migrations),
large roost sizes (sometimes numbering in the mil-
lions, precluding accurate population size estimation
and longitudinal study of individuals) and nocturnal
activity have presented challenges to subsequent
studies aimed at understanding the extent, under-
lying drivers and significance of its long distance
migrations.

The species has been recorded across most of
sub-Saharan Africa (Fig. 1 — DeFrees and Wilson,
1988), yet the exact species distribution is unclear.
While a central equatorial breeding zone and a pe-
ripheral migratory zone have been proposed (King-
don, 1974; DeFrees and Wilson, 1988), compre-
hensive data are lacking and Bergmans (1990)
suggested a more intricate geographical distribu-
tion. Recent genetic analyses demonstrated high
connectivity across the continent (Peel et al., 2013)
and as such, E. helvum likely comprises aggregated,
mobile populations across a connected, rather than
continuous, landscape. In addition to its widespread
continental distribution, E. helvum populations
exist on a small number of offshore islands, includ-
ing those in the Gulf of Guinea (Juste et al., 2000),
and off the Tanzanian coast (Hayman and Hill,
1971). Of the four main islands in the Gulf of
Guinea, Bioko was previously connected to the

mainland via a land bridge (and is still within daily
foraging distances for E. helvum (Richter and
Cumming, 2008), while Principe, Sdo Tomé and
Annobon were formed independently in isola-
tion. Genetic studies have shown that E. helvum
on Bioko comprise part of the panmictic conti-
nental population, whereas individuals on the other
three islands are genetically distinct from one
another and from the continental population (Peel
etal., 2013).

As is typical for many bat species, accurate esti-
mates of E. helvum roost and total population sizes
are often unfeasible, for example, due to high
density of roosting, enormous roost sizes, a ten-
dency to roost high in tree canopies and high daily
movement among roosts. No widespread popula-
tion estimates have been performed. However, reli-
able counts have been obtained for some roosts
(Perpetra and Kityo, 2009; Hayman et al., 2012;
Fahr et al., 2015). Significant population declines
in some regions, believed to be a result of habi-
tat loss and hunting for food and medicine
(Sodeinde and Soewu, 1999; Mickleburgh et al.,
2009; Perpetra and Kityo, 2009) have contributed
to the recent IUCN red list classification of
E. helvum as ‘Near Threatened’ (Mickleburgh et al.,
2008). Eidolon helvum is consumed most frequent-
ly in West and Central Africa, where it has been
identified as the most heavily hunted bat for bush-
meat (Mickleburgh et al., 2009; Kamins et al.,
2011; Niamien et al., 2015). Given that a species’
potential harvesting capacity is largely determined
by its underlying demographic processes (includ-
ing population size, reproductive and survival
rates) (Williams et al., 2002), demographic stud-
ies are paramount to properly assessing hunting
sustainability.

In this paper we examine E. helvum morphol-
ogy, the size, seasonality and demography of
E. helvum roosts across its continental and island
distribution and the nature of bat-human interactions
occurring at each roost using data from a variety
of studies. These data provide further understand-
ing of this species’ ecology, demography and re-
sponse to hunting, valuable for a wide range of stud-
ies. For example, as explored further elsewhere
(Hayman and Peel, 2016), factors such as a spe-
cies’ life history strategy, its population status,
individual animal movements, the seasonal timing
of the harvest, and heterogeneity in individual’s
susceptibility to harvest determine a population’s
response to harvesting pressure (Sandercock ef al.,
2011).
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MATERIALS AND METHODS

Capture and Data Collection

The methods described here are documented in greater de-
tail in prior publications, particularly in Peel ez al. (2016), which
is an open-access data descriptor manuscript that accompanies
and facilitates interpretation and future use of the data associ-
ated with this manuscript (deposited in the online data reposi-
tory, Dryad: doi:10.5061/dryad.2fp34).

Sampling locations comprised 13 E. helvum roosting sites in
continental Africa, and 14 in the four main islands in the Gulf of
Guinea (Fig. 1, described in detail in Table 1). Repeated samp-
ling was conducted in Ghana, Tanzania and Annobon. All field-
work was undertaken under permits granted by national and
local authorities (listed in Acknowledgements) and under ethics
approval from the Zoological Society of London Ethics

Committee (WLE/0489 and WLE/0467), using field protocols
which followed ASM guidelines (Sikes et al., 2011). Mist nets
(6-18 m; 38 mm) were the primary capture method, either as
bats departed the roost site at dusk, or returned at dawn. Bats
were held in individual cloth bags until processing under man-
ual restraint.

Data collected included morphometric (forearm length, body
mass) and demographic details (age class, sex, reproductive
status). Female reproductive status was assigned as non-repro-
ductive, pregnant, or lactating, as previously described (Peel et
al., 2016). The phase in the reproductive cycle (i.e. the time in
months between the sampling date and the beginning of the last
birthing season) was estimated based on published data and the
pregnancy status of females (foetal size, assuming a true gesta-
tion period of four months (Mutere, 1965)) or degree of juvenile
development during sampling.

Age was assessed by morphological characteristics as de-
scribed in Peel et al. (2016) and all individuals were placed
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FIG. 1. Eidolon helvum sampling locations. Shading represents the distribution range of E. helvum. Sampling locations are numbered
as in Table 1. Adapted from Mickleburgh et al. (2008) and Peel et al. (2013)
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into one of the four age classes: neonate (N; < 2 months), juve-
nile (J; 2 — <6 months), sexually immature (SI; 6 — <24 months)
or adult (A; >24 months). Based on the timing of sampling in
relation to the birthing season, a subset of SI individuals
were further classified into 6-month age groups SI.1, SI.2
and SL.3 (6 — <12, 12 — <18, 18 — <24 months, respectively).
Additionally, for a small proportion of bats that were hunted or
euthanased following capture, age in years was assessed from
upper canine tooth cementum analysis, as described in (Peel e?
al., 2016).

Demographic and Morphometric Analyses

The data were explored to assess the age and sex composi-
tion of roosts, and whether significant variation existed across
sampling sites, using univariate comparisons and y? tests
(performed in R — R Core Team, 2014). In some locations, age-
specific data were biased as age determination by tooth cemen-
tum analyses was undertaken on only a subset of the individuals
captured. The specific age composition of each roost was there-
fore standardized at each roost site according to the proportion
of all individuals caught within each age class. Differences be-
tween mean forearm length and body mass between sexes and
across locations were assessed using Student’s #-tests and
ANOVAs, respectively (R Core Team, 2014).

Estimation of Roost Size

Estimation of E. helvum roost size was challenging and no
single method was suitable in all locations. Here, two methods
previously used for this species were employed, depending on
site suitability. Attached neonates are difficult to observe reli-
ably and were not counted using either method. Firstly, roost
counts were conducted during the day, when the bats had settled
after returning to the roost at dawn, using a similar method
to that described previously (Baranga and Kiregyera, 1982).
Initially, the numbers of bats per roosting cluster were counted
in a small number of easily observable clusters (usually 5-30
bats). Working sequentially along each branch in each tree,
counts were then extrapolated for all clusters in the tree, and
subsequently for each tree in the roost. This method was used
in Malawi, Tanzania, Uganda and Bioko during the sampling
periods shown in Table 1. The method was also used from
2008-2012 in Accra, Ghana (Hayman et al., 2012; Fahr et al.,
2015), and from 2002-2008 in Uganda (Perpetra and Kityo,
2009).

Secondly, emergence counts were conducted at the largest
identified roosts in Principe and Sdo Tomé. In Principe, the
roost studied and the technique used were the same as those de-
scribed by Dallimer et al. (2006). From a vantage point 600 m
N of the roost (1.59552N, 7.33677E), the number of bats emerg-
ing per minute was counted by one observer over two consecu-
tive nights using a stopwatch and tally counter. Initially it was
possible to count individual bats, however as the rate of emer-
gence increased, bats were counted in tens or fifties. Counting
ceased when light conditions deteriorated. The same method
was used at Ponta Basson Gai in Sao Tomé, by two observers on
each of two consecutive nights from a vantage point ca. 800 m
S of the roost (0.05218N, 6.51404E).

Following Dallimer et al., (2006), roost emergence counts
(in cumulative count/min) were fitted to a logistic growth curve
so that the emergence count could be extrapolated into the pe-
riod after which darkness prevented continuation of counting,

and an estimate of the total roost size obtained, and rounded to
the nearest 100. The formula used was:

k

y= 1 + ea(t-x)

where y = cumulative count/min,

k = the predicted maximum number of bats emerging,

t = the time taken to the inflection point of the logistic curve
(corresponding to the peak of a plot of count/min),

a = the growth rate parameter,

x = the time in minutes since the count started.

At Annobon, the steep terrain and dense forest precluded
systematic roost or nightly emergence counts, and roost sizes
were only roughly estimated. The roost in Kasanka National Park,
Zambia has been estimated as the largest E. helvum roost known.
Bats in this roost emerge over 360° and roost over a swamp
containing crocodiles, making it almost impossible to obtain an
estimate of the roost size beyond that of ‘several million’.
Sufficient manpower was not available to attempt a systematic
count for this location.

Bat-Human Interactions

In each country, local inhabitants were questioned informal-
ly regarding the location and seasonality of known E. helvum
roosts, threats to the bats such as hunting for human consump-
tion, removal of roost trees or other persecution, and whether
these factors had changed over living memory. Additionally, in
the Gulf of Guinea islands, local residents were interviewed
using the same questionnaire-based surveys as previously used
in Ghana (Kamins et al., 2011). These surveys included ques-
tions on hunting, butchering and cooking methods, the structure
of the commodity chain, offtake levels and perceptions of the
risk of exposure to zoonotic diseases.

Roost Descriptions

Roost descriptions were produced, including photographs,
anecdotal observations and a summary of the demographic
composition, morphology, size, seasonality, and bat-human in-
teractions [Supplementary Text 2, Supplementary Fig. S1, Sup-
plementary Table S1 and the iNaturalist website (http://www.
inaturalist.org/taxa/40827-Eidolon-helvum)]. The iNaturalist
community science project includes the ongoing addition of
unpublished E. helvum data.

RESULTS

Study Roost Characteristics

Phase shifts in the timing of reproduction were ob-
served across sampling locations (Fig. 2), and the
‘phase’ of sampling was therefore defined in analyses
as the estimated time since the beginning of the birth
pulse (Table 1). Roost size estimates based on direct
counts of clusters of bats at roost sites varied from
less than 100 to several million (Table 1). Predicted
roost sizes extrapolated from emergence counts fitted
to logistic growth curves were 21,800 (95% CI
19,700-24,400) in Novo (Principe) and ranged from
3,400 (3,200-3,700) to 5,300 (5,200-5,400) in Ponta
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F1G. 2. Timing of estimated start of birth pulse across E. helvum
roosts studied

Basson Gai (Sao Tomé¢), with total counts and preci-
sion varying considerably among observers (Fig. 3
and Supplementary Table S1). The cumulative
counts from the 11th April, 2010 in Novo were still
increasing exponentially at the end of the counting
period, and a logistic curve could not be fitted.

Demography and Morphology

Sex composition of the roosts varied signifi-
cantly across sampling locations (all individuals:
x> = 1179, df = 10, P < 0.001, adults only:
¥>=169.7,d.f =10, P<0.001 — Fig. 4A), however
data were insufficient to statistically assess whether
this was as a function of reproductive phase (months
since the beginning of birth pulse). Marked differ-
ence in sex-composition existed between roosts at
Dar es Salaam and Morogoro, cities separated by
ca. 180 km, and sampled within two to three weeks
on two consecutive years. Similarly, inverse sex
compositions were observed in DRC and Kenya,
where samples were collected from both locations
in late-June to mid-July, though this was not in the
same year. Field observations also suggest some
age and sex segregation among roosts, at least at
certain times of the year. For example, in Sdo
Tomé, most bat hunters we followed targeted small
day-roosts in coconut palms where whole clusters
of 4-10 bats were generally killed with one shot.
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FiG. 3. Cumulative number of bats counted emerging from E. helvum roosts at dusk. Points indicate observed cumulative counts
(from time of first bat observed to darkness), the solid line gives the predicted cumulative count from the logistic growth model, and
dotted lines and shading give 95% confidence intervals for those estimates. See Supplementary Table S1. Dates of observations and
initials of the observers are given in each plot. A — In Sdo Tomé, counts were performed by two observers on each of two nights
(with three different observers in total); B — In Principe, counts were performed by one observer (AP) on two consecutive nights.
It was not possible to fit a logistic curve to the counts on the second night. AP = Alison Peel, AFL = Andrés Fernandez Loras,
NT = Aristides Santana (Nity). Predicted roost sizes were: Novo 10/4/10 AP 21,749 (19,689-24,441); Ponta Basson Gai, Sdo Tomé:
20/4/10 AP 3,420 (3,200-3,693), 20/4/10 NT 5275 (5,183-5,374), 21/4/10 AP 4,216 (4,103-4,338), 21/4/10 AFL
5,304 (4,524-6,527)
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F1G. 4. Demographic composition of E. helvum bats across all sampling locations. A — Sex composition, indicating proportion of
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intervals. Countries: GH (Ghana), TZ (Tanzania), DR (DRC), KE (Kenya), MA (Malawi), ZA (Zambia), UG (Uganda), BI (Bioko),
PR (Principe), ST (Sado Tomé), AN (Annobon)

Some coconut groves (e.g., Binda) contained wholly
or mostly adult males, and others (e.g., Ponta
Baleia) consisted primarily of lactating females, ju-
veniles and second-year sexually immature bats. In
the latter sites, further substructure was observed:
some clusters comprised wholly lactating females
and juveniles, and others comprised wholly sexually
immature bats.

Analyses of teeth from juvenile and SI bats
suggested that the first annulus is laid down at
approximately 13—14 months of age. The oldest
bat, a 15-year old (range 14-16) adult male
from Dar es Salaam, Tanzania, represents the
oldest record for wild E. helvum. The age range
of reproductively active females (pregnant or lactat-
ing) determined from teeth analyses was 2—14
years.

The overall age composition of 1,010 indivi-
duals from countries other than Ghana (A 61.4%,
SI 26.2%, J 1.0%, N 11.4%) was comparable to
previously published Ghanaian data (A 72.1%, SI
19.8%, J 7.9%, N 0.2%, n = 1305 bats — Hayman
et al., 2012). Highly significant differences in the
proportion of adults and non-adults among roosts
(x> = 826.8, d.f. =27, P < 0.001 — Fig. 4B) are
likely attributable to the reproductive phase and
roost type. For example, very few neonates were
ever observed in Ghana despite near-term pregnan-
cies and none were seen in Tanzania, whereas at-
tached, suckling neonates were caught with their
mothers during sampling in Sdo Tomé and Malawi.
However, insufficient data were available to test
these associations statistically. Adult age compo-
sition based on tooth cementum analyses (Fig. 5)
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suggested regional differences. For example, Dar es
Salaam (Tanzania, mean 6.4 yrs, max 15 yrs, n =53
adults) and Accra (Ghana, mean 6.0 yrs, max 14 yrs,
n = 76 adults) had ‘older’ and more evenly spread
age distributions than Bioko (Equatorial Guinea,
mean 2.4 yrs, max 6 yrs, n = 16 adults), Principe
(mean 4.2 yrs, max = 10 yrs, n = 23 adults), Mo-
rogoro (Tanzania, mean 4.5 yrs, max 8 yrs, n = 24
adults) and Sao Tomé (mean 4.8 yrs, max = 13 yrs,
n =57 adults).

Body mass and forearm length data were avail-
able from 2,329 and 2,280 individuals, respective-
ly (Table 2 and Fig. 6). Adult forearm length and
body mass at Annobon were significantly smaller
(t =-32.7, df = 183, P < 0.001 and ¢ = -26.5,
d.f. =182, P <0.001, respectively) than E. helvum
in continental Africa or other Gulf of Guinea islands
despite unremarkable age and sex compositions
(Supplementary Fig. S1). Annobon data were omit-
ted from further analyses. Adult females were sig-
nificantly larger than adult males in forearm lengths
and body mass (¢t = 5.5, d.f. = 665, P < 0.001 and
t=23,df =683, P<0.05, respectively), although
the differences were small (mean forearm 122.8
versus 121.4 mm and mean body mass 273.9 vs.
269.4 g, for females and males, respectively). Age
was positively correlated with forearm length and
body mass (Fig. 6 and Table 3).

Bat-Human Interactions

The proximity of E. helvum roosts to human
populations, the public perceptions of the species,
and the degree to which it is persecuted or hunted
vary strongly across its geographical range (Sup-
plementary Fig. S1 and Table 1). At one extreme,
E. helvum bats roost in the middle of busy cities
and urban areas (Dar es Salaam, Morogoro, Accra,
Malabo, Kigali, Bata, Libreville, Kisangani and
previously in Kampala). In these locations, while
the bats may be resented for their early morning
noise, excrement under roost sites, and damage
to roost trees, they are generally tolerated and
ignored. Hunting in these, and other, areas is either
virtually absent as a result of dietary preferences
(Tanzania, Malawi, Zambia) or superstition (Bioko,
Annobon), or is limited to relatively small-scale
offtake with slingshots (Accra, Jinja) or mist nets
(Kisangani) due to restrictions on using guns in
cities. While hunting is reduced in cities, other
forms of persecution such as removal of roosting
trees (Accra and Kampala) or ‘smoking out’ roosts
(Kampala) still have the capability to deter roost

TABLE 2. Sample sizes for the morphological and basic demographic analyses presented here. Age abbreviations: N: neonate, J: juvenile, SI: sexually immature, A: adult

A Total

Teeth
J S

N

A Total

967

J

Forearm length
ST
59

N

A Total

1034 1475

Body mass
ST

N

Total

SI

63 (32/31) 402 (224/178)

0 (0/0)
0 (0/0)
0 (0/0)
0 (0/0)
0 (0/0)
0 (0/0)
0 (0/0)

10 (6/4)
0 (0/0)

Total captured (male/female/unknown)
0 (0/0)

Country

87
93

75

12
14

0

345 1389
234

18
0

58 365

18

1705

1220 (934/282/4)

20 (15/5)

Ghana

79

166

68

169 248

79

263

169 (123/46)
22 (5/17)
48 (42/6)
14 (5/9)

94 (55/39)
12 (7/5)

0 (0/0)
0 (0/0)
0 (0/0)
4 (4/0)
0 (0/0)
0 (0/0)
84 (43/41)

Tanzania

DRC

34
92
22
42

22

48

12
44

34
92

22

48

12
44

45 (21/23/1)

Kenya

14
39

16
30

11

22
121

4(2/2)
10 (4/6)

Malawi

28

111 (38/72/1)

Zambia

6 (6/0)
17 (7/10)

1(0/1)

4 (4/0)
11 (6/5)
15 (8/7)

Uganda
Bioko

24
34
76

16
22
57

105

17
38

61
132

105 84

17

84

105

59
100
202

11
15

69
576 1504 2280

10

24
102

17

61
132 202

40 (24/16)
61 (25/36)
132 (88/44)

0 (0/0)
26 (15/11)

Principe

15

24

1
131

15
69

26

102

Sao Tomé
Annobon

Total

0
9

69 (32/37)

1 (0/0/1)

54 249 316

4

69

598 1539 2329

62

130

2716

1840

73 667

135

85
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FIG. 6. Plots of E. helvum (A) forearm length and (B) body mass by sex and extended age class (including neonates, juveniles (J),

first year (SI.1) and second year (SI.2 and SI.3) sexually immatures, and adults (A)). All roosts except for Annobon were included

(following results from country analyses). Box and whisker plots: median (black line), 25th and 75th percentile (box) and
1.5x the interquartile range (dotted line) values. Outliers are shown as individual points

formation and severely reduce local population
size.

On the other extreme, most notably on the island
of Sao Tomé¢, hunting pressure is high (Carvalho ef
al., 2015a, 2015b) and large E. helvum roosts are
found only in remote areas, further away from hu-
man settlements. Bat roosts in the north of Sdo Tomé
were observed to be highly mobile, and regularly
vacated roost sites in response to hunting in the area.
The only exception in the north of Sdo Tomé was

a small roost of bats within the grounds of a luxury
lodge in the city of Sdo Tomé, where bats were pro-
tected from hunting. Protection was also clearly pro-
vided by roosting in inaccessible locations in the
south and central west of the island, where guns and
ammunition are not readily available. While hunted
roosts are often remote, remote roosts do not exclu-
sively indicate hunting pressure (e.g., the large roost
in Kasanka NP, Zambia and likely countless un-
known roosts across the continent).



TABLE 3. Means (£ SD, number of samples) of E. helvum forearm length and body mass for each roost sampled. * — Adult body mass and forearm length of individuals in Annobén were

significantly smaller (P < 0.001) than those in continental Africa or other Gulf of Guinea islands, so Annobon data were omitted from further analyses. Age abbreviations as per Table 2

SI
2093 (+39.2, 365)
2182 (312, 79)

Body mass (g)

SI
114.5 (+ 5.8, 345)
124.1 (3.7, 166)
119.1 (6.3, 22)

123.9 (+ 5.0, 48)

Forearm length (mm)

Country

268.6 (£ 32.5, 1034)
283.4 (£ 27.1, 169)
2443 (£ 37.9, 22)
251.1 (+23.2, 48)

943 (£24.5,18)  156.6 (+33.8, 58)
2923 (+33.6, 11)

121.0 (£ 3.6, 967)

923 (£ 11.7,18) 105.0 (+ 4.9, 59)

Ghana

117.3 (£ 5.7, 68)
108.8 (+ 8.5, 12)

Tanzania

DRC

177.9 (+ 44.9, 12)
148.5 (£ 17.6, 44)
2263 (+ 18.0, 4)
200.0 (+ 0.0, 2)

105.9 (£ 5.4, 44)
120.1 (2.2, 4)

Kenya

127.0 (+ 3.6, 14) 80.0 (1)

80.7 (2 9.2, 4)

Malawi

276.1 (27.1, 28)

126.1 (+ 4.0, 39)

115.8 (+ 3.6, 3)

114.8 (1)

Zambia

175.0 (1)
243.8 (+ 43.1, 4)

Uganda
Bioko

310.0 (= 23.0, 17)
2453 (+25.5, 17)

153.3 (£ 23.7, 84)

119.8 (£3.9,4) 125.6 (+3.9,17)

122.1 (3.2, 11)

105.1 (+ 4.6, 84)
105.8 (£ 5.6, 10)

231.7 (+ 18.9, 3)

186.2 (+22.5, 4)

123.7 (+ 3.5, 38)

Principe

284.5 (£ 26.4, 61)

2293 (+28.1, 15)

111.2 (£30.4, 26)

65.0 (1)

122.0 (+ 5.3, 61)

117.3 (3.9, 15)
106.9 (+ 4.9, 69)

94.3 (£ 8.1, 24)

80.6 (1)
100.5 (+ 9.3, 130)

Sao Tomé
Annobon

211.8 (+23.5, 132)

175.6 (+22.7, 69)
205.9 (& 40.8, 529)

112.6 (= 3.0, 132)
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270.7 (& 32.5, 1407)

158.5 (+ 33.9, 62)

1143 (£ 6.5,507) 121.8 (£4.1, 1372)  136.0 (£ 34.8, 129)

105.1 (+ 5.0, 69)

All (except

Annobdn)*

DiscusSsION

Although E. helvum is one of the most common
bat species in Africa, existing data on the seasonal
variation of roost location, size and composition,
and bat-human interactions are fragmented and in-
complete. The data presented here have limitations;
however they are the most comprehensive for this
species and address some aspects of this paucity of
ecological data. The significantly smaller adult body
size of E. helvum in Annobon compared with conti-
nental Africa or other Gulf of Guinea islands is con-
sistent with previous morphological and genetic
studies of E. helvum on Annobdn (Juste et al., 2000;
Peel et al., 2013) and with some studies on the evo-
lution of mammalian body size on islands (Anger-
bjorn, 1985; Burness et al., 2001).

Seasonal Variation in Roost Location, Size and
Composition

Typical of many wildlife species, seasonality is
central to the ecology of E. helvum. Across conti-
nental and island roost sites spanning from Malawi
to Ghana, we found considerable diversity in the age
and sex composition of roosts, roost sizes, seasonal-
ity of reproduction and migration, and also the de-
gree to which the migration occurs (see Supple-
mentary Text 2). Fission-fusion social structures
are increasingly being recognised in bats (e.g., Storz
et al., 2001; Willis and Brigham, 2004; Kerth et
al., 2011). Not previously formally described for
E. helvum, we contend that a fission-fusion social
structure seems likely and manifests as observations
of different roost ‘types’ across space and time, re-
lated to seasonal reproduction and biased dispersal
tendencies. For example, the strong male bias docu-
mented in the Dar es Salaam roost here is consistent
with findings in Accra, Ghana, where telemetry
studies demonstrated different migration patterns
for the two sexes (Hayman et al., 2012). This may
give an indication that pregnant females migrate re-
gionally to utilise seasonal changes in fruit and nec-
tar, and although long-range migration over thou-
sands of kilometres has also been demonstrated for
male E. helvum (Richter and Cumming, 2008), some
E. helvum males may prioritise remaining ‘resident’
in the roost to protect territories (e.g., as with
Pteropus poliocephalus (McCracken and Wilkin-
son, 2000)) over optimal nutrition. Similarly, we
observed a male bias in Kenya during the period
when females from that region would have been
expected to be giving birth (Mutere, 1980), and at
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the same time of the year that we observed a female
bias in the DRC (though in different years). The
male bias in Kenya corresponds with previous find-
ings in this area, and observations of E. hel/vum mi-
grations into the north-west of the DRC from
a north-easterly direction in May and June (Lang
and Chapin, 1917b). While these data are sparse, the
potential for connectivity between these regions is
not unreasonable, given the known migratory range
of this species (Richter and Cumming, 2008). Al-
though long-range migration over thousands of kilo-
metres has been demonstrated for male E. helvum
(Richter and Cumming, 2008), clearly, the social
and sexual behaviour of E. helvum is an area requir-
ing further study.

Observed differences in age class (N, J, SI, A)
composition among sampling sites are also expected
to reflect seasonal reproductive timing, with the po-
tential for added sampling biases. For example,
while it is likely an extreme case, results from Bioko
illustrate the potential for an age sampling bias.
Here, 84/105 (80%) of bats captured were less than
two months old: a result of the inadvertent selection
of a sampling site next to a ‘nursery roost’, at the
time of the year when juveniles were being weaned,
and by catching in the night when mothers appear
to leave their offspring at the roost while they
feed. Although this behaviour has not been reported
for E. helvum it is common in Pteropus spp. (Eby,
1995), for example. Further spatial age-structuring
within apparent nursery roosts (clumping of SI vs.
lactating females and their pups) was identified in
Sdo Tomé, and is consistent with reports from Ugan-
da (Kingdon, 1974).

In addition to differences in proportions of each
age class, age distributions within the adult age class
varied among roosts (Fig. 5). For example, Dar es
Salaam showed an ‘older’ adult age distribution
compared to the relatively ‘young’ adult distribu-
tion for Morogoro; both roosts are in Tanzania ca.
180 km apart and reproductively synchronized.
These data came from a single time point, and while
differences in age composition may be partially
a result of differences in sample size (Dar es Salaam
n = 66, Morogoro n = 28), the Morogoro roost was
anecdotally reported as being present in the area
only ‘recently’. Morogoro also lacked the male bias
present in Dar es Salaam, and could therefore be an-
other indication of the presence of unobserved roost
types related to differences in timing and degree of
roost migration (Hayman and Peel, 2016). Studies in
other fruit bats have identified heterogeneity in age
composition among roosts. For example, there are

indications that some harems in Cynopterus sphinx
are founded by nulliparous females of the same age
cohort (Storz et al., 2000).

Resultant seasonal fluctuations in roost size asso-
ciated with a fission-fusion social structure can be
extreme, for example, a 50-70 fold difference be-
tween maximum and minimum roost size of the
Accra roost in Ghana (Fahr ef al., 2015) and a rapid
seasonal increase from zero to several million indi-
viduals at Kasanka National Park in Zambia
(Richter and Cumming, 2006). Lower proportions
of SI individuals were captured in the roost at
Kasanka National Park in Zambia, perhaps indicat-
ing younger animals are less likely to make long-
distance migrations. In this study and others
(Richter and Cumming, 2006), the Kasanka roost
contained females in both very early pregnancy
and lactation, suggesting individuals had migrated
from regions with asynchronous birthing seasons.
Although the seasonal biology of this species and
differences in reproductive seasons in roosts situated
north and south of the equator have been frequently
noted (Eisentraut, 1941; Anciaux de Faveaux, 1978;
Funmilayo, 1979; Richter and Cumming, 2006),
some authors still refer to a single time of breeding.
Across the roosts sampled here, plasticity in the
timing of the birth pulse was observed: starting in
March, April, September, November or December
(see Fig. 2). Presumably, this relates to the timing of
wet and dry seasons (driven by the Intertropical
Convergence Zone (Suzuki, 2010)), however it is
unclear why Sdo Tomé and Principe have asynchro-
nous birth pulses when their climates are so similar
(Deutscher Wetterdienst, 2016).

Estimation of Roost Sizes

Obtaining reliable size estimates of bat roosts is
crucial for undertaking hunting and population sus-
tainability calculations but is notoriously difficult
(O’Shea et al., 2003). Even when using standard-
ized, well-described protocols, insurmountable dif-
ficulties may be encountered for some roosts. For
example, the daytime roost count method used to
count E. helvum in easily accessible, broad-canopy
trees in Ghana (Hayman et al., 2012) and Uganda
(Baranga and Kiregyera, 1982; Perpetra and Kityo,
2009) was not suitable for dense-leafed Indian mast
trees in Dar es Salaam, Palm trees in Jinja and Sao
Tomé, or densely forested areas in Annobo6n and Ta-
no Sacred Grove, Ghana. Likewise, the emergence
count method (Dallimer et al., 2006) cannot account
for multiple flight paths from one observation point
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and, here, in Principe and Sao Tomé, was compro-
mised by densely forested and rugged terrain.
Particularly in Sdo Tomé, the roost and emergence
flight path was partly obscured from the observation
point, therefore the counts presented here are ex-
pected to be only a fraction of the total population
size. The Novo roost in Principe was larger (19,700
—24,400) than during a previous estimate (10,500—
14,000 — Dallimer et al., 2006), however it is not
possible to draw conclusions on population trends
since the latter study was undertaken in January
when females were lactating and bats are dispersed
more widely across the island (Supplementary Text
2, section 2.6). Furthermore, it should be noted that
fitting simple mathematical models to field data re-
quires a number of untested assumptions. Firstly, the
model assumes that the number of bats emerging per
minute follows a normal distribution over the period
of emergence (including after dark — Betke et al.,
2008; Hristov et al., 2010), yet this has not been
explored for fruit bats. Secondly, given that pre-
dicted times to peak emergence (i.e., the inflection
point of the logistic curve, ¢ = 39—56 minutes after
the first bats were observed emerging) are similar to
the times at which observations were ceased (46—53
minutes), the model is highly sensitive to the accu-
racy of the counts at this point. Unfortunately, this
is also when the counts are expected to be the least
accurate, due to poor visibility, observer fatigue, and
large numbers of bats emerging. The relationship
between true fruit bat emergence counts (assessed
using videos) and observer emergence counts is
non-linear, and observer precision has been found to
decrease as the rate of emergence increases (West-
cott and McKeown, 2004; Forsyth et al., 20006).
These factors may be a reason for the inability to fit
the counts from the 11th of April, 2010 in Novo to a
logistic curve. Alternative sigmoidal functions could
have been equally appropriate to fit to the data, and
may have given different estimates (Forsyth et al.,
20006).

Valuable longitudinal studies estimating E. hel-
vum 100st size have been performed in Accra, Ghana
(Hayman et al., 2012; Fahr et al., 2015) and Kam-
pala, Uganda (Perpetra and Kityo, 2009), with short-
term abrupt declines and steady population declines
over several decades reported, respectively (Mick-
leburgh et al., 2009; Perpetra and Kityo, 2009). With
the exception of Principe, population size estimates
conducted for this study were single point-estimates
in roosts where no previous roost counts had been
reported. Ongoing use of standardized protocols
over time and space will ultimately enable long-term

regional and distribution-wide population estimates
to be obtained and collated (O’Shea et al., 2003).
This is particularly important in determining
whether reported population declines in some parts
of the species’ distribution are local trends or re-
presentative of overall population declines. While
many of the large aggregations of E. helvum in-
cluded in the current study are well known, few
are well studied, and investigations here identified
anumber of roosts in central and southern Africa not
previously reported (Supplementary Text 2). It is
unclear, therefore, what proportion of the total
E. helvum population is accounted for in existing
studies.

Bat-Human Interactions

Various hunting methods reported here (shoot-
ing, slingshotting, capture in nets, and hitting indi-
viduals that have fallen to the ground) were consis-
tent with those already documented for E. helvum
(Mickleburgh et al., 2009). An additional method
was identified in Sdo Tomé, that is, using wire mesh
traps with a fruit lure and a one-way entrance funnel
(‘kapuélé’ — Supplementary Text 2, section 2.5).

The proximity of E. helvum roosts to human pop-
ulations and the degree of bat-human interaction ap-
peared to be linked in the roosts we studied. In loca-
tions where E. helvum is regularly hunted (e.g., Sao
Tomé, Carvalho et al., 2015 and Ghana, Kamins et
al.,2011), bats are naturally discouraged from roost-
ing near to human settlements and retreat to more re-
mote and protected areas (e.g., Tano Sacred Grove,
and the large roosts in Sdo Tomé and Principe).
Urban roosts in bat-hunting regions tend to be in the
tallest trees available, and often within sites that pro-
vide some form of ‘sanctuary’ where hunting is dis-
couraged. This includes hospital grounds (Accra,
Kampala), embassies (Accra, Libreville), botanical
gardens (Accra, lle-Ife (Fayenuwo and Halstead,
1974)), hotels (Sao Tomé), palace gardens (Kano
(Barau et al., 2013)), zoos (Kumasi) and military,
private or corporate compounds (Accra, Yaounde).
Alternatively, it may be that these locations are
some of the few areas within these cities with suffi-
cient numbers of large, tall trees remaining to ac-
commodate large roosts, since roosts in regions
where E. helvum were not hunted for bushmeat or
regularly disturbed were also observed in hospital
grounds (Muheza, Nguludi), embassies (Malabo),
and private compounds (Dar es Salaam). Where
hunting was absent or essentially restricted, how-
ever, easily accessible large roosts also existed in
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trees lining the streets of busy urban areas (Malabo,
Accra, Blantyre, Dar es Salaam, Morogoro).

These different scenarios of human-bat interac-
tion may have implications for the relative risk of
spillover of zoonotic pathogens from bats to hu-
mans. While city-dwellers living and working
under roosts may be at greater risk from pathogens
transmitted through aerosols containing bat urine or
faeces, bat hunters and those who prepare bat car-
casses may be at greater risk from pathogens trans-
mitted directly through bites or via contact with
body fluids such as blood.

While the roost in Kampala was noted as early as
1936 (Mutere, 1967), it is interesting that Lang and
Chapin (1917a: 481) recorded for the Congo basin
that fruit bats in the region “have nowhere well es-
tablished roosts, nor are they present in numbers for
a long period in any region except where cultivation
of non-autochthonous fruit-trees helps provide an
ample food-supply throughout the year, as in many
eastern and western coastal districts.” A transition
from a nomadic lifestyle towards the existence of
permanent roosts has been noted in Pteropus spp. in
Australia (Plowright et al., 2011). However, the
‘ample food supply’ available to resident bats is
nutritionally inferior to natural food sources (Eby et
al., 1999; Markus and Hall, 2004) and is hypothe-
sized to result in immunosuppression and a subse-
quent increased risk of Hendra virus transmission to
horses (Plowright et al., 2015). Monitoring of the an-
nual migrations of E. helvum roosts, or lack thereof,
may therefore prove useful in the future for respond-
ing to any viral pathogens that might emerge in
Africa. More generally, the implications of a fission-
fusion structure on large-scale disease transmission
of zoonotic diseases are worthy of further study.

This study makes a valuable contribution to
sparse and patchy data on E. helvum ecology, de-
mography and response to hunting published to
date. However, here too, the intensity and frequency
of sampling differed among the different roost sites
and further targeted studies to address specific hy-
potheses on each component of the social structure,
seasonal and spatial dynamics of this species are re-
quired. It is imperative that future studies of E. hel-
vum take age and sex composition of sampled roosts
into account in downstream analyses and consider
the possible confounding effects of a fission-fusion
social structure.
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