Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL |
OF SOCIETY

Habitat Exploitation by a Gleaning Bat, Plecotus auritus

A. C. Entwistle, P. A. Racey and J. R. Speakman

Phil. Trans. R. Soc. Lond. B 1996 351, 921-931
doi: 10.1098/rsth.1996.0085

B

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1996 The Royal Society


http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;351/1342/921&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/351/1342/921.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

OF

Downloaded from rstb.royalsocietypublishing.org

Habitat exploitation by a gleaning bat, Plecotus auritus

A.C.ENTWISTLE, P. A. RACEY anp J. R. SPEAKMAN
Department of Zoology, University of Aberdeen, Aberdeen AB24 2TZ, U.K.

SUMMARY

The brown long-eared bat, Plecotus auritus, differs from most other Palaearctic bats in having broad wings
and long ears, which are linked to its slow flight, and its ability to hover and thus glean insects from
surfaces. Previous studies have suggested a relation between interspecific variation in morphology of bats,
particularly the shape of the wing, and differences in foraging behaviour. It might be predicted therefore
that the foraging behaviour of P. auritus would differ from other Palaearctic species that have been studied.
To examine activity patterns and habitat use, 16 P. auritus were radio-tracked from six roost sites in
northeast Scotland. Differences in behaviour compared to other Palaearctic species were found in the
nocturnal activity pattern, habitat use and distance travelled to foraging areas. Plecotus auritus emerged
later than other sympatric species, at around 55 min after sunset, and remained active throughout the
night, with a generally unimodal activity pattern. Individual bats used a series of feeding sites, to which
they returned regularly, and sometimes shared with others from the same roost. Plecotus auritus foraged
exclusively in woodland and around individual trees. The bats displayed a preference for deciduous over
coniferous woodland, probably reflecting higher insect availability in the former. Hedgerows, tree lines
and fence lines were used as commuting routes between roosts and feeding sites. Bats travelled up to
2.8 km from the roost site, but spent most time foraging within 0.5 km of the roost, although males foraged
further from the roost than females. The foraging behaviour of P. auritus reflected the morphological
specializations of this species, but displayed a degree of intraspecific flexibility. Deciduous woodland in the
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vicinity of roost sites appeared to be key foraging habitat for P. auritus.

1. INTRODUCTION

Bats show a wide degree of morphological and sensory
variation, which is mirrored by the diversity of their
foraging behaviour. In particular, wing morphology
and the form of echolocation calls have been linked to
the abilities of different species to exploit particular
habitats and prey types (e.g. Fenton 1972; Neuweiler
1984; Aldridge & Rautenbach 1987; Baagee 1987).
Such studies have revealed correlations between wing
morphology, manoeuvrability, and echolocation call
structure, and have led to predictions regarding
foraging behaviour which can be tested under field
conditions (O’Neill & Taylor 1986; Aldridge &
Rautenbach 1987; Krull et al. 1991).

The brown long-eared bat (Plecotus auritus) differs in
its morphology and call structure from most other
Palaearctic bat species (except for the grey long-eared
bat, Plecotus austriacus). It has a low wing-loading and
short, broad wings (Norberg & Rayner 1987) which
enables slow (ca. 3 m s7!) but highly manoeuvrable
flight (Norberg 1976) suitable for flying in cluttered
habitats, such as woodland. The echolocation calls of
P. auritus are of low intensity and can only be detected
over a short distance, and are of a form suitable for
detecting prey in cluttered habitats (Neuweiler 1989).
This bat feeds predominantly on Lepidoptera and
Diptera (Swift & Racey 1983; Rydell 1989) which are
either gleaned from surfaces such as leaves, or are
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captured in flight (Anderson & Racey 1991). Low
intensity calls may overcome defensive responses of
tympanate moths, by enabling bats to approach close
to prey without eliciting an escape response. In
addition, the sensitive hearing of this species enables it
to locate prey by passive listening (Anderson & Racey
1993), rather than by echolocation, which may alert
some insects to the bat’s presence.

Differences in morphology and echolocation calls
between P. auritus and other Palaearctic bat species,
which tend to have relatively longer wings enabling
faster flight, and echolocation calls effective over longer
distances, might therefore be correlated with sub-
stantial differences in the foraging behaviour of this
species. For example, the slow flight may limit how far
an animal can travel in a night, and may make it more
at risk from aerial predators. However, the manoeuvr-
able flight of this species may enable bats to use
cluttered areas, which are less accessible to faster flying
species.

Little is known regarding the spatial and temporal
aspects of foraging behaviour in P. auritus, or how it
uses its habitat compared to other species with very
different wing morphology and call structures (but see
Swift & Racey 1983; Barataud 1990; Fuhrmann &
Seitz 1992). Although considered primarily a wood-
land species, little is known about the range of habitats
used, nor where the bats forage in relation to the roost,
which appears to be selected on the basis of local
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woodland availability (Entwistle et al. 1996a). In
addition, there is almost no information on intraspecific
variation in foraging behaviour of P. auritus, and to
what extent behaviour is affected by differences in
environmental conditions (such as habitat and climate)
or interindividual differences (such as sex or repro-
ductive status).

As the populations of many species of bats are
declining, apparently partly as a result of habitat loss,
knowledge about habitat use may be particularly
relevant to conservation of bats. Indeed, the protection
of key foraging habitats has become recognized as an
important factor in the conservation of bats in Europe,
and knowledge of the habitat requirements of in-
dividual species is necessary if appropriate manage-
ment plans are to be developed. This study aimed to
examine temporal and spatial aspects of foraging
behaviour in P. auritus, in relation to the wing
morphology and sensory abilities of this species, while
taking into account sources of intraspecific variation.
We used radio-tracking to collect appropriate data
from known individuals throughout the night.

2. METHODS
(a) Attachment of transmitters

During the summers (May—-August) of 1992 and
1993 bats were caught by hand during the day inside
six maternity roosts in houses in northeast Scotland
(57° N), under licence from Scottish Natural Heritage.
After capture, all bats were measured and weighed (to
0.1 g, using a top-loading balance) and the heaviest
individuals, of an appropriate reproductive class, were
selected for radio-tracking. Bats that were tracked
included males, lactating females and ‘non-repro-
ducing’ females (which were not pregnant, or
lactating). Pregnant females were not tracked. Trans-
mitters weighing 0.65 g (Holohil Systems, Woodlawn,
Ontario) were attached mid-dorsally using ‘Skinbond’
adhesive (Pfizer Hospital Products, Largo, Florida).
Transmitter mass ranged from 6.4 9%, to 9.5 %, of body
mass. This exceeds the 59 rule for transmitter mass
(Aldridge & Brigham 1988). After attachment, the
tagged bat, along with the rest of the colony, was
returned to the roof space.

(b) Location of radio tagged bats

Radio tagged bats, once they had left the roost, were
located using triangulation and, in addition, the bats
were approached on foot and the area was circled to
confirm their precise location (‘homing-in’ method of
White & Garrott 1990). The position of the bat was
determined every 5 mins, when possible. However, in
certain circumstances (e.g. when a bat was commuting)
a more flexible approach to recording data was taken,
with bearings recorded outside a fixed time interval,
but as frequently as possible (see Jones & Morton
1992). By having two observers tracking one bat each,
two bats from the same roost site could be followed
simultaneously.

Bats were tracked for as long as they were active i.e.
from emergence until they returned to the roost before
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sunrise. If a bat returned to the roost earlier than
expected, it was monitored until dawn to ensure that
no second emergence took place. Behaviour during the
night was classified as one of three activities: (i) bats
flying continuously in discrete locations (termed
feeding areas or feeding sites) were considered to be
foraging; (ii) fast, directional flight between such
areas, and to and from the roost site, was termed
commuting; and (iii) when the received signal was
steady, without the amplitude modulations which
typified a moving animal, bats were considered to be
inactive (resting).

The use of space around the roost was examined in
respect to both the distance travelled from the roost site
and the type of habitat used. The foraging range was
described by examining how bats distributed their
foraging in relation to the position of the roost site. The
area around the roost was subdivided into a series of
concentric ‘distance bands’ defined by a series of radii
centred on the roost at distances of 0.5, 1.0 and 1.5 km.
A time budget was devised for the time spent foraging
within each distance band from the roost (i.e.
< 0.5 km, 0.5-1.0 km, 1.0-1.5 km and > 1.5 km from
the roost). This time budget was calculated using the
average time spent in each distance band for each
individual. When bats were out of contact they were
included if they were known to have flown to beyond a
certain distance of the roost (i.e. could not be located
closer to the roost). Feeding sites were classified by
predominant habitat type. The habitats found around
roosts included agricultural land (both pasture and
cropland), woodland, villages and areas of water.

(¢) Climate records

An Automatic Weather Station was located at the
Institute of Terrestrial Ecology’s Brathens research
station, near Banchory, in the middle of the study area
and within 15 km of the study roosts. This provided
synchronous and detailed climatic information for each
night of tracking from 15th July 1992, including hourly
measures of temperature, rainfall, and wind speed.

Times for sunrise, sunset (defined as the depression
of the sun’s centre 50° below the true horizon), and
civil twilight (sun’s centre 6° below the horizon) were
taken from Whitaker’s Almanacs for 1992 and 1993.

(d) Insect captures

During the 1993 field season, insect samples were
collected on five nights, using sweep netting within
different feeding sites (identified from radio-tracking),
and in adjoining areas. Sites were chosen where
coniferous and deciduous woodland could be sampled
within the same vicinity. Insects were collected at
30 min intervals throughout the night, usually with
two persons taking simultaneous samples in different
habitats, and alternating between them. Sweep nets
(net diameter = 0.64 m, pole length = 0.9 m) were
held in front of the body and swung in a figure of eight
arc (one sweep) for 200 sweeps. The catches were then
sprayed with a permethrin based insecticide (Sybol) to
immobilize them, identified to taxon and recorded.
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3. RESULTS

Radio transmitters were attached to a total of 18
bats, and data were obtained from 16 of them. In the
two others cases the transmitters failed before any data
could be collected (table 1). Tracking was carried out
for a total of 65 bat nights (emergence to re-entry) and
for seven additional half nights (tracking until mid-
night).

(a) Activity patterns

Bats emerged at a median of 55 min after sunset
(mean = 61.7 mins, s.e. = 4.31), | min before the end
of civil twilight (mean = 9.7 min, s.e. = 4.54). Time of
emergence was highly correlated both to time of sunset
and to time of civil twilight (Spearman rank cor-
relation, n = 67, r, = 0.919, p < 0.005 for both tests;
figure 1). However, time of emergence (minutes after
sunset) was not correlated with the length of twilight
(Spearman rank correlation, n =56, r,= —0.122,
n.s.). Bats returned to the roost in the morning at a
median of 57 min before sunrise (mean = 82.68 min,
s.e. = 9.19), 8 min before the beginning of civil twilight
(mean = 30.82 min, s.e. = 9.26) and time of re-entry
was significantly related to both time of sunrise and of
civil twilight (Spearman rank correlation, r, = 0.64,
p < 0.005 for both tests; figure 2). The average time
after sunset at which the bats emerged varied between
roost sites (aANova, F=4.01, d.f. =5, p <0.05), and
showed a high positive correlation with the distance
from the roost to the closest woodland (Spearman rank
correlation, r, = 1.00, n = 6, p < 0.005; figure 3).

The nocturnal activity pattern was characterized by
bouts of flight, interspersed with short periods of
inactivity, which ranged from 1-65 min in duration
(median = 10 min), but no regular period of inactivity
in the middle of the night was recorded. In general,
bats hung up in trees during these rest periods,
although on one occasion a wooden building (later
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Figure 1. Emergence of radio-tracked bats (open circles)
plotted against the date, with time of sunset (solid line) and
the time of the end of civil twilight (dotted line).

used as a day roost by the same bat) was occupied.
Because some activity was maintained at all times of
night, it was assumed that this species was actively
foraging throughout that time (median =5.5h per
night).

Overall, the activity parameters of males and females
did not differ significantly (table 2). Nor were
significant differences found when simultaneously
tracked pairs of male and female bats (n=3) or
lactating and non-reproducing females (n = 2) were
compared. However, the only individuals which re-
entered the maternity roost during the night were
lactating females. Simultaneously tracked non-repro-
ducing females did not display this behaviour. The
number of returns made each night by lactating bats
decreased through the summer (Kruskal-Wallis ANova,
H=2843, df. =2, p<0.05). There was a corre-
sponding increase in time spent inside the roost on each

Table 1. Details of bats tracked including sex and reproductive status, roosts (indicated by a code A-G), number of nights tracked,

and percentage of time spent in contact with each bat

nights time in
bat sex and reproductive status roost tracked contact
1 female (non-reproductive) A 0 no contact
2 male (mature) B 1 899,
3 female (non-reproductive) G 1 1009,
4 male (mature) D 7 1009,
5 female (lactating) G 2 1009,
6 female (non-reproductive) G 2 1009,
7 female (lactating) E 2 1009,
8 female (lactating) E 7 97 %
9 female (lactating) F 5 96 %,
10 female (non-reproductive) F 7 999,
11 female (post-lactating) D 7 959,
12 male (mature) D 5 77 %,
13 female (non-reproductive) C 0 no contact
14 male (mature) G 5 99 9%,
15 female (non-reproductive) E 2 100 9%,
16 male (mature) E 5 929,
17 female (non-reproductive) G 7 899,
18 male (mature) G 7 70%,

Phil. Trans. R. Soc. Lond. B (1996)
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Figure 2. Re-entry time of radio-tracked bats (open circles)
plotted against the date, with time of sunset (solid line) and
the time of the end of civil twilight (dotted line).

70+

min after sunset
oy
S
1

50

average time of emergence /

40 — .

1
0.05 0.1 0.15 0.2 0.25

distance to woodland / km

Figure 3. Average time of emergence of radio-tracked bats at
six roosts, plotted against the distance to the nearest
woodland. Regression equation: time of emergence = 167.8
(distance to woods) +35.0; F = 15.22, r* = 0.79, p < 0.02.

visit (Kruskal-Wallis anova, H=16.25, d.f. =2, p <
0.05). Consequently, the total time spent inside the
roost per night did not vary significantly during
lactation (Kruskal-Wallis anova, H =1.15, d.f. =2,
n.s.).

Habitat exploitation by Plecotus auritus

(b) Effects of climate on activity

Rain, during the expected period of emergence,
significantly delayed the time of emergence (Wilcoxon
test on all bats which experienced rain during
emergence, W =36, n=28, p<0.05). Rain also
inhibited flight activity away from the roost; bats hung
up and became inactive immediately as the rain
started. There was a significant increase in the time
spent hanging up during rain, compared to that
recorded under normal flight conditions (Wilcoxon test
on all bats which experienced rain, W = 36,n=8,p <
0.05). Bats also returned to the roost earlier on wet
nights (Wilcoxon test on all bats which experienced
rain, W =28, n =7, p < 0.05). However, there was no
evidence of reduced activity on nights of lower
temperature (< 7°C) excluding those nights on which
it rained (Wilcoxon paired test; time of return, W =
13, n =7, n.s.; time spent hanging up, W =9, n = 4,
n.s.; time away from roost, W=7, n=6, n.s.), and
bats remained active at temperatures as low as 3.5 °C.

(¢c) Temporal use of feeding sites

In total, 75 discrete feeding sites were located
around six different roost sites. Within such areas, bats
were observed flying slowly in and out of branches with
a dipping flight path. Individual bats used between
one and nine feeding sites each night (median =3
sites), and the number of movements among foraging
areas ranged from one to 16 (median = 6 movements),
with bats returning to the same feeding site up to five
times in a night. Bats appeared to use a limited number
of sites in any location at any time of year and there
was high night-to-night predictability in feeding site
use. Of all the sites visited by bats, 779, were used by
the same individual on more than one night (males
639, (22/35), females 879, (42/48), difference be-
tween the sexes was significant: y* = 6.696, n = 82, d.f.
=1, p < 0.05). Sites to which females returned during
the following night had been used for longer than sites
to which the females did not return (median time spent
in sites which were also used the following night =
50 min, median time spent in sites not used the
following night = 30 min, U = 3823.5, p < 0.05). The
average number of sites used per night, and the
average number of movements between feeding sites
during the night, by each bat, increased through the
summer (Spearman’s rank correlation; number of sites
visited against date 7, = 0.735, n = 16, p < 0.005, total
number of visits 7, = 0.696, n = 16, p < 0.005).

Table 2. Activity parameters of males (n = 6), lactating (L) females (n = 4) and non-reproducing (NR) females (n = 6)

compared using a Kruskal-Wallis ANovas

median for median for median for
L females NR females males H significance
emergence (min post sunset) 45.7 56.7 65.5 1.12 n.s.
return (min pre sunrise) 64.3 83.0 65.3 0.06 n.s.
time active (min) 334.1 349.8 278.3 2.74 n.s.
time feeding (min) 239.0 252.6 197.2 1.19 n.s.
time resting (min) 13.7 25.0 47.0 5.83 n.s.

Phil. Trans. R. Soc. Lond. B (1996)
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Figure 4. The percentage of flight time, across all 16 bats,
spent within different types of woodland, on all nights (n = 65
bat nights+ 7 half nights).

Of the feeding sites located during periods of
simultaneous tracking, 68 %, were used by both bats at
some time, and bats spent 119, of their time within a
feeding site at the same time as it was used by the other
tracked individual. Up to five bats were observed
feeding together, without any obvious interactions.
Comparisons were made between the probability of a
bat using a site when the other tracked individual was
present, or absent. Data from eight bats using nine sites
(in 18 bat-site combinations) showed that bats were
significantly more likely to use a site when the other
individual was also present (sign test; n =18, p <
0.05).

(d) Habitat use

All feeding sites were associated with either wood-
land or individual trees. Of the 75 feeding sites located,
13 (179,) were in trees adjoining pasture land, but
only seven (99%,) were close to any form of water. The
bats spent most time (429%,) in mature deciduous
woodland (excluding birch woodland), but also used
mixed woodland, native, self-sown conifers (non-
plantation) and birch woodland (figure 4). When
plantations of non-native conifers were used, bats
remained near the edges of stands, rather than entering
deep into the woodland.

To test whether bats used deciduous woodland
preferentially, or only in proportion to its availability
(i.e. at random), a simple utilization-availability test
was used, based upon time budgets. Woodland and
groups of trees were classified as deciduous or co-
niferous from large scale maps, with mixed woodland
being treated as 50 %, deciduous and 509, coniferous.
This was an arbitrary classification as the exact
composition of mixed woodland could not easily be
determined. The area of deciduous and coniferous
woodland within the range of the roost site in which
each bat foraged was then calculated, and this allowed
the expected time bats would spend in each woodland
type to be predicted, in relation to its availability.
Time spent in the two woodland types was calculated
for each bat, and was compared to the predicted
values. Bats spent significantly more time within areas
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Figure 6. Percentage of total flight time spent in each
distance band from the roost. Data from all 16 bats, on all
nights of tracking (n = 65 bat nights+ 7 half nights).

of deciduous woodland compared to the wvalues
expected from its availability (Wilcoxon paired test,
W =135, n =16, p < 0.001; figure 5). No differences
in the use of habitat by males and females were
identified.

When commuting routes between feeding sites, and
to and from the roost, could be determined, bats
followed the edges of tree lines, hedges, overgrown
banks, fences, rides through forests, and overgrown
railway lines. Bats observed while commuting flew low
and faster than within feeding areas. By using these
commuting routes rather than travelling the most
direct route between consecutive sites the bats travelled
significantly longer distances (Wilcoxon paired test,
median difference = 0.321 km, n =8, W =136, p <
0.05).
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Table 3. Comparison of time in 0.5 km band (median =
153 min) with time spent in other distance bands for all bats
combined (n = 16), Mann-Whitney U test. Initial Kruskal-
Wallis anova (H = 20.25, d.f. = 4, p < 0.001)

median

(min) U significance
time in 1.0 km band 7.9 350.0 p<0.005
time in 1.5 km band 20.0 339.0 p<0.005
time > 1.5 km from roost 0.0 355.5 p<0.001
time > 0.5 km from roost 112.5 295.5 n.s.

Table 4. Comparison of time in 0.5 km band (median =
189.4 min) with time spent in other distance bands for females
(n = 10), Mann-Whitney U test. Initial Kruskal-Wallis
anova (H = 2528, df. =4, p < 0.001)

median

(min) U significance
time in 1.0 km band 0.00 151.0 p<0.001
time in 1.5 km band 10.20 149.0 p < 0.001
time > 1.5 km from roost  0.00 1540 p<0.001
time > 0.5 km from roost  36.00 254.0 p<0.05

Table 5. Comparison of time in 0.5 km band (median =
29.7 min) with time spent in other distance bands by males
(n=06), Mann-Whitney U test. Initial Kruskal-Wallis
anova (H = 5.56, d.f. =4, n.s.)

median
(min) U significance
time in 1.0 km band 19.90 43.0 ns.
time in 1.5 km band 31.70 40.0 n.s.
time > 1.5 km from roost 37.90 39.0 ns.
time > 0.5 km from roost 152.70 29.5 n.s.

(e) Distance travelled from the roost

The furthest feeding site used by a bat was 2.8 km
from the main roost site. This was used by a male,
while the greatest distance a female flew was 2.2 km
from the roost site. Overall, bats spent 929, of their
foraging time within 1.5 km of the roost (figure 6), and
spent significantly more time within 0.5 km of the roost
site, compared with any of the other distance bands
(table 3). Analysis of the two sexes separately (tables 4
and 5) revealed that while females spent signifi-
cantly more time within 0.5 km of the roost site when
compared with other distance bands (and also when
compared to time spent beyond 0.5 km of the roost

Habitat exploitation by Plecotus auritus
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Figure 7. Percentage of total flight time spent in each
distance band from the roost, comparing six male and ten
female bats, across all nights of tracking. Females are
represented by grey shading, and males dotted shading.

site), males showed a more equal distribution of time in
each distance band. Direct comparison highlighted this
difference between the sexes, demonstrating that
females spent more time within 0.5 km of the roost site
than did males, and males spent more time beyond
1.5 km compared to females (table 6; figure 7). This
difference did not reflect differences in overall flight
times between the sexes, which were not significantly
different (table 2). When pairs of male and female bats,
which had been tracked simultaneously at the same
roost, were compared similar intersexual differences in
the time spent in each distance band were evident
(figure 8), although the small sample size (n=3)
precluded statistical analysis.

Differences in the distances travelled by bats at each
roost were examined in relation to woodland avail-
ability. There was a significant positive relationship,
across roosts, between the proportion of time spent by
females within 0.5 km of the roost site and the area of
deciduous woodland available within that distance
(Spearman rank correlation, n =15, r,=0.98, p <
0.05), but this was not found when all woodland types
were considered in the analysis (Spearman rank cor-
relation, n = 5, all woodland r, = 0.78, n.s.) or if males
were considered instead (Spearman rank correlation,
n =5, deciduous woodland r, = 0.60, n.s.; all wood-
land 7, = 0.38, n.s.).

No relationship was found between relative trans-
mitter loading (transmitter mass/body mass) and
either the furthest distance travelled (r, = 0.10, n = 16,
n.s.), or time spent within 0.5 km of the roost by each

Table 6. Comparison of time spent in each distance band by males (n = 6) and females (n = 10), Mann-Whitney U test

median median

for for

females males

(min) (min) U significance
time in 1.0 km band 189.4 29.7 104 p<0.05
time in 1.0 km band 0.0 19.9 79 n.s.
time in 1.5 km band 10.3 31.7 84 n.s.
time > 1.5 km from roost 0.0 37.9 67  p<0.05
time > 0.5 km from roost 36.0 152.7 68 n.s.
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% of total time
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distance band / km

<05

>1.5

Figure 8. Percentage of total flight time spent in each
distance band from the roost, comparing three pairs of male
and female bats, tracked simultaneously from the same
roosts. Females are represented by grey shading, and males
by dotted shading.

bat (r, = 0.11, n = 16, n.s.). Bats with lower body mass
and thus higher transmitter loading (> 89, of body
mass; n = 8), spent a median of 29.7 min within 0.5 km
of the roost, less than bats with lower transmitter loads
(< 89, of body mass; n = 8) spent within this distance
(median = 152.4 mins), however this difference was
not significant (Mann-Whitney U-test, U = 0.23, n.s.).

(f) Insect catches

The insects caught were pooled across five nights of
sweep netting. The effect of woodland type (deciduous
or coniferous) and the effect of time of night on insect
catches were examined using two-way ANovAs. When
all orders of insect were included, no significant effect
of either woodland type or time was found (wood, F' =
3.45, d.f. =1, ns.; time F=5.78, d.f. =4, ns.).
However, when only Lepidoptera were considered in
the analysis there was a significant effect both of
woodland type and of time through the night (wood
F=1241,df=1, p <0.05; time F = 13.49, d.f. = 4,
p < 0.05), indicating more lepidopterans were netted
in deciduous woodland, and fewer were caught as the
night progressed in both coniferous (linear regression
F=16.7, p <0.05) and deciduous woodland (linear
regression, I’ = 109.7, p < 0.005).

4. DISCUSSION
(a) Nocturnal activity patterns

As in other bat species, the time of emergence of
Plecotus auritus was highly synchronized with the time of
sunset, which appears to reflect the use of light levels as
a cue for emergence (DeCoursey & DeCoursey 1964;
Erkert 1982). However, the relative time at which
different bat species emerge differs (Jones & Rydell
1994). Plecotus auritus, emerged relatively late, on
average half an hour later than other sympatric species
(Rydell ¢t al. 1996). For example, in the same region
Pipistrellus pipisivellus emerges 35 min after sunset (Swift
1980). The time at which bats emerge may reflect a
compromise between energetic requirements and the
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risks of predation (Speakman 1991; Jones & Rydell
1994), and the outcome of these pressures may differ
between species. As a slow flying species, P. quritus may
be more at risk from aerial predators which it cannot
easily evade (Taake 1985) and may reduce such risks
by emerging later, at lower light levels. In addition, the
advantages of emerging early to coincide with a higher
insect abundance may be reduced in P. auritus, because
lepidopterans appear to be available for longer during
the night, with a less rapid decline in activity,
compared to other insects (Rydell et al. 1996). In
addition, the ability of this species to glean non-flying
prey may relieve it from the necessity of emerging to
meet the peak of insect flight activity.

Intraspecific variation in the time of emergence of
P. auritus may also reflect dangers of aerial predation.
Woodland located close to roost sites may provide
cover from aerial predators, enabling bats to emerge
carlier, at relatively higher light levels (Jones et al.
1995). The use of roosts close to woodland may
therefore be advantageous to bats, which can conse-
quently extend their foraging activity by starting to
forage earlier in the evening. This may explain the
apparent selection for roosts located close to woodland
(Entwistle et al. 1996). Further, roosts located close to
woodland may be particularly important for bats at
high latitudes, when foraging time is restricted by the
duration of the night.

The nocturnal activity pattern of P. auritus also
contrasts with many other temperate zone bat species
which display a bimodal activity pattern (Erkert
1982), separated by a period of night roosting (e.g.
Anthony et al. 1981). Bimodal activity patterns of bats
are thought to parallel the nocturnal activity patterns
of many insects (Swift 1980), with reduced prey
activity during the middle of the night making insects
more difficult to detect and thus reducing the efficiency
of continued foraging. The use of passive listening and
gleaning may allow P. auritus to overcome these
apparent changes in prey availability, because non-
flying insects would remain detectable (Anderson &
Racey 1993). Thus, the night time variations in insect
abundance may be less variable for gleaning species
such as P. auritus compared to aerial hawking bats,
allowing activity bouts to be spread over the entire
night, without any substantial night roosting period.

It has been suggested that bats at northern latitudes
may be forced to forego a night roosting period and
continue feeding as a consequence of the limited night
length (Kunz 1982). This seems an unlikely expla-
nation for the continuous foraging behaviour in the
present study because unimodal activity in P. auritus
has also been described in a more southerly study
(50° N; Fuhrmann & Seitz 1992). In the present study
bats appeared to make full, symmetrical use of the
night, and foraged for as long as possible within the
limits set by light levels. This contrasts to activity de-
scribed from Germany where activity was truncated
and bats returned earlier to the roosts, although bats
still foraged for an average of 6 h per night (Fuhrmann
& Seitz 1992).

During lactation female bats face increased energetic
demands (Kurta et al. 1987, 1989), linked to the costs
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of milk production. To meet these increased energetic
requirements, females may forage for longer to increase
their net energy intake (e.g. Barclay 1989; Rydell
1993), or else may change prey selection strategies to
increase energy intake within the same foraging period
(Belwood & Fenton 1976). Alternatively, bats may
reduce their energy requirements by entering torpor
for periods during the day (Speakman & Racey 1987).
Data from this study showed no evidence that lactating
females extended their foraging period, even when
simultaneously tracked lactating and non-reproducing
bats were compared. The limited hours of darkness
available at northern latitudes may have precluded
such an extension of foraging time. Previous investi-
gations of P. auritus at roosts in the same study area
suggested that the bats instead used daily torpor
extensively during lactation (Speakman & Racey
1987).

Climatic conditions may have substantial effects on
the activity of bats (Erkert 1982). Insect flight activity
is reduced at low temperatures (Taylor 1963), and this
may reduce the profitability of aerial hunting. Conse-
quently, many bats become inactive at low tempera-
tures (e.g. Anthony et al.1981 ; Barclay 1982). However,
Plecotus auritus can detect non-flying prey (Anderson &
Racey 1993), and this may explain the bats’ ability to
continue to forage at low temperatures.

The apparent reluctance of bats to fly in heavy rain
has been noted for many species (Erkert 1982) and has
been explained by reduced insect availability, thermo-
regulatory problems, and by interference in the
processing of echolocation calls (Fenton et al. 1977).
The curtailed activity found in P. auritus during rain, is
unlikely to reflect lowered insect activity, as non-flying
prey can be detected. Also, interference in processing
echolocation calls would be unlikely to affect the bats’
abilities to detect prey, which can also be located using
passive listening. Rather P. auritus may be deterred
from foraging during rain due to problems linked to
thermoregulation, or because the noise of raindrops
interferes with the detection of prey by passive listening.

(b) Temporal use of feeding sites

The knowledge of patches of habitat where high
prey availability can be predicted may be a key benefit
of remaining loyal to a foraging range and roost site
(Greenwood & Harvey 1976). Many species appear to
have knowledge of productive feeding sites in their
range, and thus may maximize food intake by feeding
in such sites. Plecotus auritus appears to use a series of
feeding sites in the vicinity of the roost, which are used
predictably night-to-night. Females appeared more
likely to return to feeding patches compared to males,
who may have used a more opportunistic approach to
locating food.

Bats at feeding sites may interact with conspecifics in
different ways, from individual defence of feeding areas
(e.g. Eptesicus nilssoni, Rydell 1986) to group foraging
(Myotis daubentoniz, Wallin 1961). From observations of
bats marked with reflective tape, Swift & Racey (1983)
suggested that P. auritus used solitary feeding beats
around trees. In the present study bats did forage in the

Phil. Trans. R. Soc. Lond. B (1996)

Habitat exploitation by Plecotus auritus

presence of other individuals. This need not, however,
imply ‘group foraging’ as bats may have just exploited
areas of high prey availability independently, without
interference. Indeed, it may be that other individuals
using the same feeding site would not be detected given
the short range of echolocation calls in this species (ca.
5 m, Baagee 1987).

(¢) Habitat use

Plecotus auritus fed predominantly around trees and
woodland, as has been described in other studies of this
species (Swift & Racey 1983; Barataud 1990;
Fuhrmann & Seitz 1992). The exclusive use of
woodland areas and trees by P. auritus contrasts with
the degree of flexibility in habitat use described in
many other Palaearctic species, which use habitats
including water bodies and pasture land in addition to
woodland (e.g. Pipistrellus pipistrellus, Racey & Swift
1985; Rhinolophus ferrumequinum, Jones & Morton 1992;
Eptesicus serotinus, Catto et al. 1996). Woodland is a
habitat rich in lepidopterans, provides many surfaces
from which insects can be gleaned, and may provide
cover from aerial predation. The wing shape in P.
auritus results in manoeuvrable flight which enables this
species to exploit cluttered habitats, such as woodland,
more than would be the case for species with long,
narrow wings (Norberg & Rayner 1987), and quiet,
clutter resistant echolocation calls allow P. auritus to
navigate, and locate insects, within woodland. Thus,
wing morphology, echolocation calls and foraging
habitat appear to be features which have coevolved,
allowing P. auritus to specialize on gleaning moths from
surfaces. In addition, P. auritus may not be able to
forage as efficiently in open areas, where fewer moths
are available and could not be detected over long
distances, where few surfaces are available for gleaning,
and where the slow flight of this species may make it at
particular risk from predation. The only flexibility in
habitat use involved the use of edge habitats and single
trees, which may present less clutter than woodland
while still providing some degree of cover.

The clear preference of P. auritus for deciduous
woodland is likely to reflect prey availability, because
plantations of non-native pine conifers generally
support fewer insects (including lepidopterans) relative
to deciduous woodlands (Wormell 1977; Waring 1988,
1989). Differences in the availability of lepidopterans
between deciduous and coniferous woodlands were also
demonstrated in this study, where adjoining sites, some
of which were used by bats, were compared. High prey
availability in deciduous woodlands would result in
higher encounter rates with potential prey items, and
presumably higher feeding success.

The apparent reluctance of P. auritus to fly in open
areas was further demonstrated by the use of topo-
graphical features and/or covered flyways, when
commuting between feeding sites, a behaviour also
described for several other bat species (e.g. Myotis
emarginatus, Krull et al. 1991). Such flyways may
provide cover, and reduce the risk from aerial
predators, especially for slow flying species such as P.
auritus. However, other explanations for this behaviour
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cannot be excluded. Species with echolocation calls of
limited range, such as P. auritus, may rely on landscape
features for orientation (Limpens et al. 1989). In
addition, vegetated flyways such as treelines may
provide P. auritus with the opportunity to forage while
commuting, and thus balance the costs of moving
between sites (see also Krull et al. 1991).

(d) Distances travelled from the roost

Maximum distances travelled by the radio-tracked
bats were similar to previous estimates for this species
(1.1 km, Swift & Racey 1983; 1.5 km, Fuhrmann &
Seitz 1992). This is a relatively short range in
comparison to maximum foraging distances recorded
from other Palaearctic bat species, including Pipistrellus
pipistrellus (5.1 km, Racey & Swift 1985), Nyctalus
noctula (26 km, Kronwitter 1988), Rhinolophus ferru-
mequinum (10 km, Jones & Morton 1992), Eptesicus
nilssoni (30 km, de Jong 1994), and Eptesicus serotinus
(14.1 km, Catto et al. 1996). The reason that bats do
not travel far from the roost may reflect the slow,
expensive flight of this species (Norberg 1976), a
consequence of the wing shape and wing loading.
Differences in wing morphology and flight abilities are
considered to affect the nightly distances travelled by
different species (e.g. Black 1974). Jones ef al. (1995)
suggested that distance travelled is related to the aspect
ratio of the wings, and species with low aspect ratios
(short, broad wings), such as P. auritus, may be
conservative in the distances travelled from the roost
site to foraging areas. This may be either because flight
is costly (estimated for P. auritus as 0.7 k] per km;
Entwistle 1994), or because a longer time spent
commuting (5.4 min per km; estimated from Norberg
1976) would restrict the time available for feeding.
Maximizing the time available for feeding may be at a
premium at northern latitudes when the night is short,
and for lactating females which may have to return to
the roost during the night. Similar restricted foraging
distances have been reported from related species in
America (Plecotus (Corynorhinus) townsendii, P. rafinesquiz;
Clark et al. 1993, Adam et al. 1994).

It has previously been demonstrated that P. auritus
selects roosts that have abundant woodland within
0.5 km compared to random buildings (Entwistle ez al.
19964). In this study the finding that bats concentrated
their foraging within 0.5 km confirms that the wood-
land in the vicinity of the roost is important foraging
habitat. The distance travelled by females to foraging
areas was affected directly by the availability of
deciduous woodland within 0.5 km of the roost. Thus,
the restriction of foraging distance, linked to flight
characteristics, may in turn affect which roost sites are
used, and otherwise suitable houses lacking sufficient
foraging areas nearby may not be exploited.

During the energetically expensive period of lac-
tation, the limited number of hours of darkness
available for foraging make time, as well as energy, an
important currency, especially when a bat may have to
return to the roost several times each night, to suckle
her young. Females may therefore benefit by remaining
in the vicinity of the roost site to forage, and therefore
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avoid the cumulative costs of making several journeys
to more distant foraging grounds. A reduction in
foraging range during lactation has been reported in
other mammals including voles (Madison 1978) and
deer (Clutton-Brock et al. 1982). However, in P. auritus
a restricted foraging range, compared to males, was
also displayed by females which were non-reproducing
and post-lactating. Instead, the pattern of distribution
of males and females suggests that females may remain
exclusively in a core area of the foraging range,
whereas males travel further, similar to the pattern
described in the bat Rhynchonycteris naso (Bradbury &
Vehrencamp 1976) and in the bushbaby Galago
crassicaudatus (Clark 1978). It is possible that males
were aggressively excluded from the core area; alterna-
tively males may benefit from travelling further from
the roost site. For example, males may encounter
reduced intraspecific competition further from the
roost (refuging theory, Hamilton e al. 1967), or may
reduce competition with females resulting in higher
survival of related young (inclusive fitness, Hamilton
1964). Alternatively, females from neighbouring col-
onies might be encountered (although copulation will
not occur until autumn) or males may have some
territorial role in protecting a ‘colony area’ (Heise &
Schmidt 1988) from outside individuals. However,
differences in the distances travelled may just reflect
differences in the degree to which the males are
opportunistic with relation to new feeding patches, or
differences in dietary preferences (although there was
no evidence of differential habitat use).

There was no evidence that the restricted foraging
range displayed in this species was linked to a change in
behaviour due to carrying transmitters. Transmitter
loading was not reflected in the distances travelled by
individual bats, as would be expected if carrying the
transmitter had impeded flight. In addition, the
distances travelled by bats in this study were similar to
those recorded from a previous, non radio-racking
study, of P. auritus (Swift & Racey 1983). No short- or
long-term effects of radio-tracking could be identified
from bats tracked in this study (Entwistle ¢ al. 19965).

5. CONCLUSIONS

The foraging behaviour of Plecotus auritus differs from
that of other Palaearctic microchiropterans which have
been studied, and can be related to the morphology
and sensory abilities of this species. Differences were
clear with respect to the pattern of activity during the
night, the way in which the bats exploit different
habitats and where they forage in relation to the
position of the roost site. Within the foraging behaviour
described for this species some variation was identified
and this could be attributed to differences in habitat
availability between roost sites, interindividual
differences linked to sex and reproductive status, and
nightly variation in climatic conditions. The use of
habitat in this species has implications for its con-
servation, and suggests that the protection of deciduous
woodland, particularly in the vicinity of roost sites, and
habitat connectivity should be key priorities.
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