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Foraging strategy and predation risk as factors
influencing emergence time in echolocating bats

GARETH JONES! anp JENS RYDELL?

1School of Biological Sciences, University of Bristol, Woodland Road, Bristol BS8 1UG, U.K.
2 Department of Zoology, University of Aberdeen, Tillydrone Avenue, Aberdeen AB9 2TN, U.K.

SUMMARY

We hypothesized that interspecific differences in evening emergence time among echolocating bats are
subject to natural selection through effects of variation in food availability and predation risk, both of
which are related to flight technique and foraging strategy. We predicted that bats that feed on small
aerial insects emerge relatively early to get access to the peak in flight activity of small dipterans at dusk.
By emerging well before dark, however, they expose themselves to increased risks of predation and/or
harassment from raptorial or insectivorous birds which may still be active. Bats that can feed
independently of the dusk peak of dipterans, i.e. those that are adapted to feed on moths, on flightless
or diurnal prey or on plants, would be expected to emerge later, thus minimizing the predation risk. We
tested these predictions by analysis of two data bases: one including European bats only and another
including a worldwide sample. The predictions were largely supported. The evening emergence time
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appears to be a function of dietary specializations and foraging strategy, and is probably also affected by

the ability to avoid predation.

1. INTRODUCTION

The time that bats emerge to feed in the evening
varies substantially from species to species even in the
same place. In northern Europe, for example, noctules
Nyctalus noctula often feed together with swifts at high
elevation soon after sunset, and yet Daubenton’s bat
Myotis daubentonii and the brown long-eared bat
Plecotus auritus typically do not emerge until half an
hour or more later (personal observations).

The evening emergence of bat colonies is one of the
most easily and most frequently studied aspects of bat
behaviour. For example, emergence studies of bats
have been done to illuminate questions about
circadian rhythms (see, for example: DeCoursey &
DeCoursey 1964; Voite et al. 1974; Erkert 1982) and
clustering behaviour (see, for example: Swift 1980;
Speakman et al. 1994).

The general question of why bats nearly always feed
during the night rather than during the day has
received attention recently (see, for example: Speak-
man 1991, 1993, 1995). Here we address the related
problem of why the emergence time differs so much
among the various species of bats. This specific
question has only been considered in one previous
study as far as we know. Taake (1985) analysed a
small (and biased) subset of European bats, and found
that smaller species tended to fly out early in the
evening whereas those with white bellies or long ears,
which are mainly gleaners, tended to fly out late. He
ascribed the late emergence of gleaners to increased
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predation risk associated with their foraging techni-
que, which demands slow flight.

The aim of this paper was to summarize the
available data on evening emergence in echolocating
bats and produce a functional hypothesis that may
explain the interspecific variations observed, and
hence to provide a basis for further, more detailed,
studies. We concentrate on European species, with
which we are most familiar, but we also make
comparisons with bat faunas in other areas, including
the tropics.

2. HYPOTHESES AND PREDICTIONS

Despite their taxonomic and ecological diversity, bats
are almost universally nocturnal. Speakman (1991,
1993, 1995) suggests that this trait may be explained
by increased predation risk for bats that fly in
daylight, compared with those that fly in darkness,
and perhaps also by increased competition from
diurnal birds. At least in the temperate zone, the
main predators on bats that fly in daylight or at dusk
are the small hawks, e.g. Accipiter spp., and falcons,
Falco spp., and the main potential competitors are
aerial insectivorous birds like swallows, e.g. Hirundo
rustica, and swifts, e.g. Apus apus (Speakman 1993).
Echolocating bats are probably much more
susceptible to aerial predation and harassment than
aerial insectivorous birds, because most bats are
relatively slow fliers and also rely on echolocation
rather than vision. Compared with vision, echoloca-

© 1994 The Royal Society

Printed in Great Britain 445

]
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to S50

Philosophical Transactions: Biological Sciences. MIN®RY
WWW.jstor.org


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

446 G. Jones and J. Rydell Emergence time in bats
tion is a short range and relatively directional
operation, and therefore probably less suitable for
detection of approaching predators (Speakman 1993).
Overall, owls and house cats may take many more
bats than hawks and falcons do (Gillette & Kim-
brough 1970), but since they are active and feed
mainly during the night, they presumably have much
less influence on the bats’ emergence times than
diurnal or crepuscular predators.

Some insects that constitute potential prey of bats,
such as Nematocera and other small flies, often show
marked peaks in flight activity around dusk and dawn
and little activity during most of the night (see, for
example: Lewis & Taylor 1965; Racey & Swift 1985).
To exploit such crepuscular insects, bats may there-
fore have to leave their roost before it gets dark, hence
exposing themselves to avian predators and competi-
tors which may still be active at dusk.

We assume that the time bats emerge from their
roost to feed in the evening is subject to natural

selection and we hypothesize that differences in
evening emergence time between bat species reflect
differential abilities to avoid predation and harass-
ment from diurnal birds on one hand and the
dependence on the dusk peak in insect flight activity
on the other.

Fast flying, agile bats are probably less likely to be
caught in flight by raptorial birds than slow flying,
more manoeuvrable ones under the same prevailing
conditions (high manoeuvrability demands slow
flight, but high agility, i.e. ability to change direction
rapidly, does not; Norberg & Rayner 1987). Hence,
we predict that emergence time will be related to
flight speed, which in turn depends on wing
morphology and body mass, or, more specifically, on
the wing loading (Norberg 1987, 1990). Fast flying
bats, or those with high wing loadings, would thus be
expected to emerge earlier, i.e. in brighter light
conditions, than slow flying ones, or those with low
wing loadings, everything else being equal.
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Table 1. Emergence times for 17 species of European bats together with data on wing loading (L), flight speed (V) and diet

(All wing loading data were measured by G.J. except for Vespertilio murinus and Eptesicus nilssonii, where data from
Norberg & Rayner (1987) were used. A body mass of 10.2 g was used for E. nilssonii (J.R., unpublished), since
this is more realistic than the value given by Norberg & Rayner (1987). Flight speeds were measured by multiple
flash photography either by G.J. or by Baagee (1987). Emergence times (minutes after local sunset) are medians,
measured during at least five evenings in June, except for V. murinus, where only one value was available, and M.
bechsteinii, where data from August were used. All data were from Europe except for N. lasiopterus, which was
observed in Japan. Dietary data are expressed either as percentage of total volume (v) or as percentage frequency
of recovered fragments (f). Where several studies have been made on one species, mean values of all studies are
given. The sources are: 1, G.J. (unpublished data); 2, Jones (1993); 3, Jones (1990); 4, McAney & Fairley
(1988); 5, A.M. Hollyfield (personal communication); 6, McAney & Fairley (1989); 7, Baagee (1987); 8, Wolz
(1988); 9, Taake (1992); 10, Norberg & Rayner (1987); 11, Voute et al. (1974); 12, Jones & Rayner (1988); 13,
S.M. Swift (personal communication); 14, Nyholm (1965); 15, Sullivan et al. (1993); 16, Swift & Racey (1983);
17, DeCoursey & DeCoursey (1964); 18, Bshme & Natuschke (1967); 19, Bauerova (1978); 20, Laufens (1973);
21, Bauerova & Cerveny (1986); 22, Shiel ¢t al. (1991); 23, Jones & Rayner (1989); 24, Bullock et al. (1987); 25,
Swift et al. (1985); 26, T. Guillen (personal communication); 27, Maeda (1974); 28, McAney & Fairley (1990);
29, Pottier (1993); 30, Kronwitter (1988); 31, J. R. (unpublished data); 32, Rydell (1989); 33, Degn (1983); 34,
Catto (1993); 35, Bauerova & Ruprecht (1989); 36, Rydell (1992); 37, Frylestam (1969); 38, R. Arlettaz

(personal communication).)

emergence latitude small aerial moths flightless

bat species L/Nm™2 V/ms™! time/min °N insects (%) (%)  prey (%) for v sources
Rhinolophidae

Rhinolophus hipposideros 5.1 3.5 31 53 13.5 18.7 2.5 f 246

R. ferrumequinum 10.6 25 51 3.8 40.6 0 v 1-3
Vespertilionidae

Myotis bechstenii 9.0 4.9 33 49 0 0 47.1 S 2,79

M. dasycneme 10.4 6.0 64 53 7,10-11

M. daubentonii 7.0 4.1 84 60,57  41.7 2.9 4.2 S 2,12-16

M. myotis 11.2 66 51,49 0 0 82.0 v 10,17-19

M. mystacinus 6.4 4.3 32 51 49.3 34.7 7.8 f 2,57

M. nattereri 6.0 4.5 75 51,51 2.7 33 148 v,f 2,7,18,20-22

Pipistrellus pipistrellus 6.0 44 32 56 60.1 3.0 1.1 S 1,2,7,15,23-25

Nyctalus lasiopterus 19.7 -2 43 26,27

N. leisleri 15.2 18 5349 241 10.7 0.1 S 1,2,15,28,29

N. noctula 17.3 6.8 5 48 21.7 18.4 0 v 1,2,7,30

Eptesicus nilssonii 9.1 5.0 26 58 46.9 17.1 1.9 v 1,7,10,31,32

E. serotinus 11.1 6.2 20 55,51 14.8 3.5 0 [ 2,7,33,34

Vespertilio murinus 10.2 6.1 35 58 66.8 7.7 0.1 v 7,10,31,35,36

Plecotus auritus 5.9 3.2 54 57,58 5.1 314 182 v,f 2,5,7,13,22,32,37
Molossidae

Tadarida teniotis 39 44 0 90.0 0 38
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For bat species that are adapted to feed indepen-
dently of the dusk peak in insect flight activity, there
may be little or no benefit from flying out early, but
only an added risk of doing so. Such bats may include
those that catch their prey by gleaning from surfaces
(see, for example, Bell 1982), and hence are able to
exploit flightless or inactive prey, or those that
specialize by feeding on moths (see, for example,
Jones 1990), at least some of which are active more or
less throughout the night (Taylor & Carter 1961;
Lewis & Taylor 1965). Hence, gleaning bats and
those that feed extensively on moths are predicted to
emerge later than aerial-hawking species that feed on
small flying insects. By the same argument, bats that
feed on fruit, pollen or nectar in the tropics are
predicted to emerge relatively late. While the
predation risk presumably increases with the light
level, the availability of fruit, for example, may be
more or less the same throughout the 24h period.

3. DATABASES AND ANALYSIS

Ideally, data on evening emergence times of bats
should be given as the mean or median of the whole
colony over several nights and in relation to the local
sunset time (Bullock et al. 1987), but, unfortunately,
this has not always been done in the past. The time of
emergence of the first bat, as given in most papers, is
strongly dependent on colony size (Avery 1986), and
may not reflect the typical behaviour of all individuals
in the colony. To overcome this problem, we compiled
two databases, the first including data that conform
with the suggestions of Bullock et al. (1987), on
European species (table 1), and a second much more
extensive one (table 2), which also contains data that
do not conform with Bullock et al. (1987).

The first database includes standardized measure-
ments of wing loading, mostly made by G.J. (Jones
1993 and unpublished data), and in some cases flight
speed of foraging bats measured, by multiple flash
photography, by G.]J. (unpublished data) or Baagee
(1987). It also includes median emergence times
collected at nursery roosts during at least five
evenings in June, which corresponds to the time of
pregnancy in most European bats. For each colony,
the emergence time is given as the mean across all
nights of observation. Some species have been studied
at more than one locality (colony). In these cases, the
species’ emergence time was computed as the mean
across all colonies observed. The data in the European
database were collected between 43 and 60°N and in
most cases between 48 and 58°N degrees. To some
extent, this restricts the possible confounding effects of
latitude. By limiting the database to studies performed
during pregnancy, possible seasonal effects on emer-
gence time (see, for example, Rydell 1993) were
minimized.

The worldwide database was primarily used to
extend and confirm the results obtained from the
European database. However, it was also used to test
predictions on bats that do not feed on insects and to
investigate whether emergence time varies according
to latitude. For this database we had to use time of
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emergence of the first bat in the colony, rather than
median emergence time, because the former has been
reported much more frequently. Fortunately, both
were given by some authors, and they were
significantly correlated (ryg = 0.67, P<0.001). For
this database, we did not restrict the emergence time
data to the period of pregnancy, but also included
observations made at other times of the year.

To test predictions related to the foraging strategy
and diet, each bat species for which food habits have
been investigated was classified according to the most
important (most frequent or most voluminous)
component in the diet. We assumed that the diet
reflects the prevailing foraging strategy. The following
categories were used: (i) small aerial prey, i.e.
nocturnal or crepuscular dipterans excluding the
relatively large tipulids, indicating an aerial-hawking
foraging strategy, (ii) moths, which may indicate
either a gleaning or an aerial-hawking foraging
strategy or both, (iii) flightless or mainly diurnal
(nocturnally inactive) arthropods, indicating a glean-
ing foraging strategy, and (iv) fruit, nectar or pollen,
likewise indicating a gleaning foraging strategy. In
addition, we considered bats that normally feed low
over open water as a special case (v). These species
sometimes fly in extremely exposed situations, but yet
differ in an important respect from most other bats
that fly in the open in that they often have low wing
loadings, which indicate slow and manoeuvrable
flight (Norberg & Rayner 1987).

In some cases, beetles (Coleoptera) were reported to
be the most important prey items. However, we did
not include ‘beetle feeders’ as a special category,
because little is known about the activity patterns of
the beetles in question. Instead, we used the second
most important prey category of these bats in the
analysis.

Throughout the paper, emergence times are related
to local sunset times at sea level, as given by almanacs.
The analyses were performed by using MINITAB release
9 for Microsoft Windows. Analyses of Covariance
(ancovas) were performed under the GLM command,
since models were of unbalanced design.

4. RESULTS
(a) European database

The correlation between wing loading and flight
speed across the species for which both have been
measured (7 = 10) was highly significant (r = 0.91,
P <0.001). This may justify the use of wing loading as
a predictor of flight speed.

The correlation between latitude of observation and
emergence time across all species (N = 17) was low
and non-significant (r =0.27, P>0.1, Spearman’s
Rank Correlation). This suggests that differences in
latitude may not confound the results seriously.

In accordance with our predictions, emergence time
was negatively correlated with wing loading
(riy = —0.50, P <.0.05; figure la), and also with
actual flight speed (r;9 = —0.58, P < 0.05; figure 15).
On average, large bats left the roost earlier than small
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Table 2. Emergence times of bats studied worldwide together with data on wing loading (L) and flight speed (V)

(Tropical species are denoted by Tr and temperate ones by Te. Dietary categories, according to the most
frequent or most voluminous prey, are: D, small aerial prey (mainly dipterans); G, flightless or diurnal
arthropods, i.e. gleaners; L, moths; G, beetles; W, bats that mainly feed low over water; P, pollen and nectar; and
F, fruit. Emergence times listed here may differ from those in table 1 because more studies were included (the
criteria for inclusion were less rigid). The sources are: 1, Norberg & Rayner (1987); 2, Gaur (1980); 3, Subbaraj
& Chandrashekaran (1977); 4, Tiedemann et al. (1985); 5, McDonald ¢t al. (1990); 6, Fenton et al. (1977); 7,
Funakoshi & Uchida (1980); 8, Jones (1990); 9, Jones (1993); 10, G.J. (unpublished data); 11, A. M. Hollyfield
(personal communication); 12, McAney & Fairley (1988); 13, Gaisler (1963); 14, Harmata (1960); 15, Vaughan
(1977); 16, Marimuthu (1984); 17, Link et al. (1986); 18, Silva Taboada (1979); 19, Goodwin (1928); 20,
Vaughan (1959); 21, Ross (1967); 22, Morrison (1980); 23, Silva Taboada & Pine (1969); 24, Taake (1992); 25,
Wolz (1988); 26, Baagee (1987); 27, Voite et al. (1974); 28, Nyholm (1965); 29, Swift & Racey (1983); 30, S. M.
Swift (personal communication); 31, Krull et al. (1991); 32, Bauerova (1986); 33, Nagorsen & Brigham (1993);
34, Warner (1985); 35, O’Farrell & Studier (1975); 36, Griffith & Gates (1985); 37, Anthony & Kunz (1977);
38, Whitaker & Lawhead (1992); 39, Belwood & Fenton (1976); 40, Buchler (1976); 41, Whitaker et al. (1977);
42, Patterson & Hardin (1969); 43 Kuthe (1989); 44, Bohme & Natuschke (1967); 45, DeCoursey & DeCoursey
(1964); 46, Roer (1968); 47, Bauerova (1978); 48, Bauerova & Cerveny (1986); 49, Shiel ¢t al. (1991); 50, Erkert
(1978); 51, Twente (1955); 52, Kunz (1974); 53, Barclay (1985); 54, Funakoshi & Uchida (1978); 55, Prakesh
(1962); 56, Isaac & Marimuthu (1993); 57, Jones & Rayner (1989); 58, Negro et al. (1992); 59, Swift (1980); 60,
Venables (1943); 61, Bullock ef al. (1987); 62, Stebbings (1968); 63, Swift ¢t al. (1985); 64, Sullivan et al. (1993);
65, Maeda (1974); 66, T. Guillen (personal communication); 67, McAney & Fairley (1990); 68, Pottier (1993);
69, Kronwitter (1988); 70, Brigham & Saunders (1990); 71, J. R. (unpublished data); 72, Rydell (1989); 73,
Eisentraut (1952); 74, Catto (1993); 75, Degn (1983); 76, Glas (1980-81); 77, Bauerovd & Ruprecht (1989); 78,
Rydell (1992); 79, Clem (1992); 80, Whitaker & Clem (1992); 81, Cueva (1992); 82, Barclay (1989); 83,
Frylestam (1969); 84, Clark et al. (1993); 85, Sample & Whitmore (1993); 86, Leonard & Fenton (1983); 87,
Easterla & Whitaker (1972); 88, Freeman (1981); 89, Black (1974); 90, Bell (1982); 91, O’Shea & Vaughan
(1977); 92, Funakoshi & Uchida (1975); 93, Dwyer (1964); 94, Herreid & Davis (1966); 95, R. Arlettaz
(personal communication); 96, Gould (1961); 97, McWilliam (1989); 98, Norberg (1987); 99, Chase et al.
(1991).)

time of first time of median

bat species emergence/min  emergence/min  L/Nm™2  V/ms™! diet class  source
Rhinopomatidae

Rhinopoma microphyllum (Tr) 32 20.5 1,2
Emballonuridae

Taphozous melanopogon (Tr) 24 25.9 1,3
Megadermatidae

Magroderma gigas (Tr) 86 12.0 G 1,4
Rhinolophidae

Rhinolophus capensis (Te) 20 5

R. clivosus (Te) 42 c 5,6

R. cornutus (Te) 3 14 7

R. ferrunequinum (Te) 19 25 10.6 L 8,9

R. hipposideros (Te) 19 30 5.1 3.5 L 9,10-14
Hipposideridae

Hipposideros commerconi (Tr) 30 15.7 c 1,15

H. speoris (Tr) 10 8.9 1,16,17
Noctilionidae

Noctilio leporinus (Tr) 3 20 12.0 8.9 W 18,19
Mormoopidae

Pteronotis parnellii (Tr) 10 23 6.5 L 18

P. quadridens (Tr) —11 -1 5.0 D 18

P. macleayii (Tr) 8 19 5.5 D 18

Mormoops blainvillic (Tr) 22 39 4.8 L 18
Phyllostomidae

Macrotus californicus (Te) 51 10.2 G 1,20,21

M. waterhousii (Tr) 26 34 7.7 L 18

Monophyllus redmani (Tr) 28 49 8.6 P 18

Vampyrodes caraccioli (Tr) 45 14.5 F 1,18

Artibeus jamaicensis (Tr) 4 26 12.7 8.2 F 18,22

Brachyphylla nama (Tr) 48 65 12.9 P 18

Erophylla sezekorni (Tr) 53 77 14.5 F 23

Phyllonycteris poeyi (Tr) 32 52 12.7 P 18

Phil. Trans. R. Soc. Lond. B (1994)
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time of first

time of median

bat species emergence/min  emergence/min L/Nm™2 V/ms™! diet class  source
Natalidae
Natalus micropus (Tr) 14 3.0 L 18
N. lepidus (Tr) -8 1 3.6 D 18
Vespertilionidae
Myotis bechsteinii (Te) 30 33 9.0 4.9 G 9,24-26
M. dasycneme (Te) 43 64 10.4 6.0 A 1,26,27
M. daubentonii (Te) 73 84 7.0 4.1 w 9,26,28-30
M. emarginatus (Te) 17 G 31,32
M. evotis (Te) 25 6.1 L 33,34
M. lucifugus (Te) 6 23 7.5 5.7 D 1,35-42
M. myotis (Te) 34 69 11.2 G 1,14,43-47
M. mystacinus (Te) 28 33 6.4 4.3 D 9,11,26
M. nattereri (Te) 31 60 6.0 4.5 G 9,24,26,44,48,49
M. nigricans (Tr) 23 6.1 1,50
M. tricolor (Te) 57 8.2 1,5
M. velifer (Te) 25 37 6.3 6.2 D 1,20,51,52
Lasionycteris noctivagans (Te) 36 8.2 D 1,53
Pipistrellus abramus (Te) 12 15 54
P. mimus (Te) 5 9 6.2 1,55,56
P. pipistrellus (Te) 21 33 6.0 4.4 D 9,10,14,26,57-64
Nyctalus lasiopterus (Te) -2 19.7 65,66
N. leisleri (Te) 3 17 15.2 D 9,10,64,65,68
N. noctula (Te) 8 8 17.3 6.8 D 9,10,26,69
Eptesicus fuscus (Te) 20 5 9.4 9.3 D 1,18,33,36,42,70
E. nilssonit (Te) 9 26 9.1 5.0 D 1,10,26,71,72
E. serotinus (Te) 26 21 11.1 6.2 D 9,14,26,73-76
Vespertilio murinus (Te) 19 35 10.2 6.1 D 1,26,71,77,78
V. superans (Te) 10 25 L 54
Nycticeius humeralis (Te) 11 10.7 L 1,79,80
Lasturus borealis (Tr) 9 6.6 6.6 G 18,81
L. cinereus (Te) 25 40 16.5 7.0 L 1,81,82
Plecotus auritus (Te) 33 44 5.9 3.2 L 9,11,26,29,48,72,83
P. townsendii (Te) 19 46 7.2 L 1,84,85
Euderma maculatum (Te) 32 49 L 86-88
Anthrozous pallidus (Te) 41 8.1 G 1,50,89,90,91
Miniopterus schreibersii (Te) 12 37 10.2 D 1,5,92,93
Molossidae
Tadarida brasiliensis (Tr, Te) 4 19 11.5 D 1,18,88,94
T. teniotis (Te) 38 L 95
T. femorosacca (Tr) 45 L 96
T. pumila (Tr) 27 11.8 8.3 97,98
Mormopterus minutus (Tr)  —16 2 8.9 D 18
Eumops glaucinus (Tr) 4 19 15.4 18
E. perotis (Te) 50 25.1 L 1,20,88
Molossus ater (Tr) 9 23.4 D 1,50,88
M. molossus (Tr) -15 0 16.0 D 18,99

bats, but the correlation between emergence time and
body mass was not significant (r5 = —0.47, P > 0.05).
Emergence time was related to diet and hence to
the predominant foraging strategy used. For example,
late emergence was significantly associated with a
high proportion of flightless taxa in the diet, which is
indicative of a gleaning foraging strategy (r;3 = 0.82,
P < 0.001, Spearman’s Rank Correlation; figure 2).
The effect of diet on emergence time was further
analysed by using aNcova with wing loading, as an
indicator of flight speed, as a covariate. The analysis
showed that both wing loading and diet affected the
emergence time significantly (F;39 = 5.68, P < 0.05
and F3z30=9.23, P <0.01, respectively). The

Phil. Trans. R. Soc. Lond. B (1994)

adjusted mean emergence times were 27.2 min after
sunset (s.d. 4.8, n=7) for bats that feed mainly on
small aerial prey (i), 31.3min (s.d. 7.4, N =4) for
those that feed mainly on moths (ii), 56.1 min (s.d.
7.0, N = 3) for those that feed on flightless or diurnal
prey, i.e. the gleaners (iii), and 72.1min (s.d. 8.6,
N = 2) for those that feed mainly low over water (v).
Significant differences (P < 0.05) existed between two
of the pairs of adjusted means (i and iii, i and v;
Gabriel comparison intervals; Sokal & Rohlf 1981).
Thus bats that feed mainly on small aerial prey
emerged significantly earlier than gleaners and bats
that fly low over water, even after variation in wing
loading among groups was controlled for.
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Figure 1. The relation between emergence time and (a)
wing loading and () flight speed in samples of European
bats. Emergence times are medians. All data are from table
1. Closed squares are for bats that eat mainly small aerial
prey, closed circles are for bats that eat mainly lepidopter-
ans, closed triangles are for bats that feed mostly on flightless
or diurnal prey, i.e. gleaners, and open squares are for bats
that usually feed low over water. Rh, Rhinolophus hipposideros,
Rf, R. ferrumequinum; Nla, Nyctalus lasiopterus; Nle, N. leisleri;
Nn, N. noctula; En, Eptesicus nilssonii; Es, E. serotinus; Vm,

Vespertilio murinus; Pp, Pipistrellus pipistrellus; Pa, Plecotus

auritus; Mb, Mpyotis bechsteinii; Mdb, M. daubentonii; Mdn,
M. dasycneme; Mms, M. mystacinus; Mmy, M. myotis; Mn, M.

nattereri.

Among the bats that feed mainly on small aerial
prey, there was still a significant correlation between
wing loading and emergence time (r5 =0.87,
P < 0.05), which suggests that there was an indepen-
dent effect of wing loading at least within this diet
category. Thus, both flight speed and foraging
strategy appear to influence the emergence time in
European bats.

(b) Worldwide database

In accordance with the previous analysis, the
worldwide database showed that bats adapted for
high flight speed emerge earlier than other bats
(r18 = 0.44, P =0.05; figure 3). A two-way ANOVA
showed that emergence time was significantly affected
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Figure 2. The relation between emergence time and the
percentage of flightless or diurnal arthropods in the diet.
Emergence times are medians. All data are from table 1.
Abbreviations are as in figure 1.

by diet as before (Fy49 = 11.73, P < 0.001; figure 4)
and also by latitude (Fj4 =8.47, P < 0.01), with
tropical species tending to emerge earlier than their
counterparts in temperate areas. The absence of
frugivores, nectarivores and pollen eaters in tempe-
rate zone localities made the ANOvA table unbalanced;
so it was not possible to test for a diet x latitude
interaction.

In a reduced analysis that considered only bats that
feed mainly on small aerial prey and bats that feed
mainly on moths, the main effects remained signifi-
cant while the interaction term was non-significant
(diet, F1,28 =19.65, P < 0.01; latitude, F1,28 =9.11,
P <0.01; diet X latitude interaction, Fqg = 3.72,
P >0.05).

Comparison of means in figure 4, by using Tukey’s
multiple comparisons, showed that tropical bats that
mainly feed on small aerial prey emerged significantly
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Figure 3. The relation between emergence time and flight
speed for bats in the worldwide database (table 2).
Emergence times are for the first bat in the colony.
Abbreviations are as in figure 1 with the addition of: Nlp,
Noctilio leporinus; Aj, Artibeus jamaicensis; M1, Myotis lucifugus;
Mv, M. velifer; Ef, Eptesicus fuscus; Lc, Lasiurus cinereus; Lb, L.
borealis; Tp, Tadarida pumila.
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Figure 4. Time of emergence in relation to diet for bats
grouped into seven foraging classes: a, tropical species that
feed mainly on small aerial insects; b, their temperate zone
counterparts; c, tropical species that feed mainly on moths;
d, their temperate zone counterparts; e, temperate zone bats
that feed mainly on flightless or diurnal arthropods, i.e.
gleaners; f, tropical bats that feed mainly on fruit, nectar or
pollen; and g, temperate zone bats that mainly feed low over
water. Columns show means positive standard deviations for
each class, with sample sizes (number of species) in brackets
above. Species used in the analysis are given in the
appendix.

earlier than all other groups. Similarly, temperate
zone bats that eat mainly small aerial prey and
tropical bats that eat mainly moths emerged
significantly earlier than temperate zone bats that
feed low over water.

Table 3. Emergence times of bats within four families
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(c) Phylogenetic analysis

Since the species was used as the unit of analysis,
the observed relation between emergence time and
foraging strategy could have been confounded by
phylogenetic effects (Harvey & Pagel 1991). There-
fore, each family was analysed separately to test if the
trends were consistent at this level, and therefore must
have evolved several times. In both tropical and
temperate areas, and indeed across all phylogenetic
comparisons (N = 4 families), bats that feed mainly
on small aerial prey emerged earlier than those that
feed on flightless prey or on moths (table 3). This
suggests that emergence time is indeed determined by
ecological factors rather than by the phylogeny.

5. DISCUSSION

The prediction that bats that feed mainly on small,
aerial prey, and that therefore may be more or less
dependent on the dusk peak in flight activity of
dipterans, tend to emerge earlier than other bats was
supported by both the European and the worldwide
data sets. Most of these bats are relatively fast fliers, and
may therefore be relatively well adapted to face the
additional risks of early emergence. The correlation
between wing loading and emergence time suggests
that the ability to avoid predation may be an important
predictor of emergence time within this group.

The prediction that gleaners and those that feed
mainly on moths should emerge relatively late was
also generally supported, although the emergence
time of moth feeders only differed significantly from
that of other groups in the worldwide data set.

(Comparisons are for species that eat mainly small aerial prey against bats that eat mainly lepidopterans or
flightless prey. For the tropical species, emergence times refer to the emergence of the first bat in the colony. For
the temperature zone species, emergence times refer to the median emergence times (except*, which refer to
emergence of the first bat). Emergence times are given in minutes after local sunset and were extracted from the

worldwide database (table 2).)

Bats that eat mainly
small aerial prey

Bats that eat mainly
flightless prey or moths

Tropical
Mormoopidae Pteronotis macleayi
P. quadridens
Natalidae Natalus lepidus
Molossidae Tadarida brasiliensis
Temperate
Vespertilionidae Myotis mystacinus
M. velifer
Pipistrellus pipistrellus
Nyctalus leisler
Eptesicus fuscus
E. serotinus
Vespertilio murinus
Nycticeius humeralis
Miniopterus schreibersii
Molossidae Tadarida brasiliensis

19 Pteronotis parnellii 23
-1 Mormoops blainvilly: 39
-8 Natalus micropus 14

18 Tadarida femorosacca 45
33 Mpyotis myotis 69
37 M. natterert 60
33 Plecotus auritus 44

17 P. townsendii 46
35 Euderma maculatum 49
21

35

11

37

8 Tadarida teniotis 39
Eumops perotis 50%*

Phil. Trans. R. Soc. Lond. B (1994)
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Frugivores and pollen eaters also emerged relatively
late, as predicted. Taake’s (1985) suggestion that
small bats tended to emerge earlier than larger bats
was not supported. Instead, there was a (non-
significant) trend that larger bats, which had higher
wing loadings on average, emerge before small bats.
However, his suggestion that bats with long ears and
light bellies, i.e. characteristics of many gleaners and
species that feed low over water, tended to emerge
relatively late seems to be justified.

The diet categories used in the analysis were
selected arbitrarily and did not conform precisely
with different foraging strategies, although they may
indicate the predominant strategy used. For example,
bats that feed mainly on small dipterans may be
considered as aerial foragers, since such prey items are
rarely taken by gleaning bats (see, for example:
‘Bauerova 1978; Rydell 1989). On the other hand,
moth eaters may be either aerial foragers, e.g. the
spotted bat Euderma maculatum (Leonard & Fenton
1983), predominantly gleaners, e.g. the brown long-
eared bat Plecotus auritus, or both, e.g. the horseshoe
bats Rhinolophus spp. (see, for example: Swift & Racey
1983; Rydell 1989; Jones 1990; Shiel et al. 1991).

Among the species that feed mainly on moths, large
molossids, which are fast flying aerial foragers
(Norberg & Rayner 1987), emerged as late as the
gleaners like the brown long-eared bat and the greater
horseshoe bat Rhinolophus ferrumequinum and much later
than other large acrial-hawking bats like, for example,
the noctules Nyctalus spp. However, moths are
probably less available to noctules than to large
molossids, because the former use echolocation call
frequencies that are audible to most tympante moths
(20-25 kHz; Zingg 1988; Zbinden 1989), which hence
may detect the bats and take evasive action (see, for
example, Fullard 1987), whereas the latter use
frequencies well below the hearing range of most
moths (11kHz in Tadarida teniotis; Zbinden & Zingg
1986). Hence while the noctules may be more or less
dependent on crepuscular dipterans, and therefore
must emerge early, the large molossids are not.

Another discrepancy worth mentioning is the lesser
horseshoe bat Rhinolophus hipposideros, which emerged
earlier than other moth feeders. This species is very
small (5—9 g) and also feeds extensively on small flying
dipterans (McAney & Fairley 1989).

The time of evening emergence apparently reflects
the light level that the bat is prepared to tolerate.
However, the differences in tolerable light level
probably differ much more among the bat species
than the differences in emergence time suggest,
because the prevailing light level also varies between
habitats. Most bats that fly out early also feed in
relatively open habitats, while those that fly out later,
e.g. gleaning insectivores, more often fly under tree
canopies. On the other hand, some bats tend to avoid

the most exposed habitats until it has become dark, .

and instead concentrate their initial foraging activities
at dusk to more protected areas near vegetation (see,
for example: Nyholm 1965; Rydell 1986).

Bats that regularly feed low over open water, like
Daubenton’s bat Myotis daubentonii and the pond bat

Phil. Trans. R. Soc. Lond. B (1994)

Myotis dasycneme, emerge even later than the gleaners.
Such late emergence may perhaps be caused by the
timing of the hatching and flight of insects over water,
or, alternatively, by a high predation risk associated
with the exposed feeding conditions over open water
far away from protective cover. The first explanation
seems unlikely, since most aquatic insects emerge and
fly during the day or early in the evening, rather than
during the middle of the night (Morgan & Waddell
1961). The second hypothesis is perhaps more likely.
Birds, such as small hawks and falcons and perhaps
also gulls, may be potential predators of relatively
slow bats that fly away from cover before dark
(Gillette & Kimbrough 1970). Bats that fly low over
water may also expose themselves to predation by
fishes, if their silhouettes are visible against the sky.
The white belly of most temperate zone bats that feed
low over water seems to support this idea. There is yet
little evidence that fish prey on bats however (see, for
example, Gillette & Kimbrough 1970).

Although our hypothesis was largely supported by
the data, it is clearly an oversimplification of the real
situation, and much of the scatter in the data sets
may represent additional constraints on the indivi-
dual species. For example, variations in commuting
time may potentially have a confounding effect if
some bat species emerge earlier than others in order
to reach more distant feeding sites. Such an effect
may be expected if the species that fly out early also
are those that form the largest colonies and hence
experience the most intense competition for feeding
sites near the roost. This possibility is difficult to
evaluate at present, because information on the
length of commuting flights in bats is scarce.
However, among the European bats included in the
analysis, the largest colonies are generally those of
Puipustrellus and  Myotis spp., species that emerge
relatively late. Those that emerge early, e.g. Nyctalus
spp. and Eptesicus spp., generally form small colonies
(see, for example: Sluiter & van Heerdt 1966; Rydell
1989; Catto 1993).

Tropical bats tended to emerge earlier in relation to
sunset than temperate species that use similar foraging
strategies. This is to be expected, since the duration of
the twilight period is shorter at lower latitudes, i.e. the
light level prevailing a given time after sunset is much
lower in the tropics than at temperate latitudes.
Latitudinal effects may also have added variance to
the European data set, since it included data from a
range of 17°.

The relation between foraging strategy and emer-
gence time was upheld within families of bats, and was
therefore not an effect of a phylogenetic bias. Overall,
the foraging strategy seems to be a good predictor of
emergence time. This, in turn, would suggest that
interspecific differences in emergence time may be
explained by variations in activity patterns of various
types of insects in combination with limitations on
prey detectability and/or specializations on certain
types of insects by the bats. There was also a
significant effect of wing loading on the emergence
time of aerial hawking bats, which suggests that
predator avoidance ability may also be important.
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APPENDIX

Bats used in the analysis of figure 4 according to
foraging class (a—g).

(a) Pteronotus macleayiz, P. quadridens, Natalus lepidus,
Tadarida brasiliensis, Mormopterus minutus, Molossus ater,
M. molossus.

(b) Mpyotis lucifugus, M. mystacinus, M. velifer, Lasio-
nycteris  noctivagans; Pipistrellus  pipistrellus, Nyctalus
leisleri, N. noctula, Eptesicus fuscus, E. nilssonii, E.
serotinus, Vespertilio murinus, Miniopterus schreibersii.

(c) Pteronotus parnellis, Mormoops blainvillic, Macrotus
waterhousii, Natalus micropus, Tadarida femorosacca.

(d) Rhinolophus ferrumequinum, R. hipposideros, Myotis
evotis, Lasturus cinereus, Plecotus auritus, P. townsendii,
Euderma maculatum, Eumops perotis.

(e) Macrotus californicus, Myotis bechsteinii, M. emargina-
tus, M. myotis, M. nattereri, Antrozous pallidus.

(£) Monophyllus redmani, Vampyrodes caraccioli, Artibeus
Jamaicensis, Brachyphylla nana, Erophylla sezekorni, Phyl-
lonycteris poeyi.

(8) Myotis dasycneme, M. daubentonii.
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