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How do ectoparasitic nycteribiids locate their bat hosts?
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SUMMARY

Nycteribiids (Diptera: Nycteribiidae) are specific haematophagous ectoparasites of bats, which spend nearly all their adult
lives on hosts. However, females have to leave bats to deposit their larva on the walls of the roosts, where they later emerge
as adult flies. Nycteribiids had thus to evolve efficient sensorial mechanisms to locate hosts from a distance. We studied the
sensory cues involved in this process, experimentally testing the role of specific host odours, and general cues such as carbon
dioxide, body heat, and vibrations. As models we used two nycteribiids (Penicillidia conspicua and Penicillidia dufourii) and
their primary bat hosts (Miniopterus schreibersii and Myotis myotis, respectively). Carbon dioxide was the most effective cue
activating and orientating the responses of nycteribiids, followed by body heat and body odours. They also responded to
vibration, but did not orientate to its source. In addition, sensory cues combined (carbon dioxide and body heat) were more
effective in orientating nycteribiids than either cue delivered alone. Results suggest that nycteribids have some capacity to
distinguish specific hosts from a distance, probably through their specific body odours. However, the strong reliance of
nycteribiids on cues combined indicates that they follow these to orientate to nearby multispecies bat clusters, where the
chances of finding their primary hosts are high. Thhe combination of sensory cues seems therefore an effective strategy used
by nycteribiids to locate bat hosts at a distance.
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INTRODUCTION Marshall, 1968; Marshall, 1970). This larva im-
mediately pupates, metamorphoses attached to the
walls, and emerges about 4 weeks later as an adult fly
(e.g. Ryberg, 1947; Ching and Marshall, 1968;
Marshall, 1970). This phase of reproduction away
from the host required the evolution of effective
sensorial mechanisms by nycteribiids to locate and
recognize suitable hosts from a distance. However,
this may be a complex task because bats are highly
mobile and nycteribiids perish quickly when away
from hosts (unpublished personal observations). Fur-
thermore, because many bat species regularly roost in
multi-species aggregations (Palmeirim, 1990), nyc-
teribiids have to be able to distinguish them. Survival
of nycteribiids thus largely depends on their ability to

Nycteribiid flies (Diptera: Nycteribiidae) are a dis-
tinctive family of widespread haematophagous ecto-
parasites exclusively associated with bats (Marshall,
1970, 1981 ; Dick and Patterson, 2006). They exhibit
a high degree of host specificity, with most species
parasitizing a single bat species (monoxenous), or a
group of phylogenetically close bat species, usually
from the same genus (stenoxenous) (Marshall, 1981;
ter Hofstede, 2004 ; Dick and Patterson, 2006).
Through evolution, these animals acquired a high
degree of morphological specialization to their para-
sitic life style: they are wingless, have reduced com-
pound eyes and dorso-ventrally flattened bodies with
combs, which help them to anchor to the hair of bats
(Marshall, 1981; Lehane, 2005). Moreover, as with
most obligate parasites, the life cycles of nycteribiids

efficiently locate suitable hosts in a vast environment
and in a limited amount of time.

A substantial amount of information is available on
the host location behaviour of some groups of ecto-
parasites. These are known to exploit a wide variety

became intimately associated with those of their hosts
(Lehane, 2005; Dick and Patterson, 2006). Adult
individuals spend nearly all their lives on the fur of
their bat hosts, where they feed on blood, encounter
mates and reproduce (Marshall, 1970, 1981 ; Lehane,
2005). However, nycteribiids have a viviparous re-

of sensory cues to locate and recognize their hosts at
some distance, ranging from general cues, delivered
by all potential hosts, like light (e.g. Humphries,
1968; Poulin et al. 1990; Mikheev et al. 1998;
Bandilla et al. 2007), vibration (e.g. Lawrence, 1981}
Poulin et al. 1990), heat (e.g. Wigglesworth, 1941;
Meyrowitsch et al. 1991, Kilpinen and Mullens,
2004), and carbon dioxide (e.g. Gillies, 1980; Takken
* Corresponding author: Tel: 00351 217500000. E-mail: and Knols, 1999; Guerenstein and Hildebrand,
silourenco@fc.ul.pt 2008), to specific cues like particular chemical

production, and females often have to leave their
hosts to deposit a full-grown larva on the walls of bat
roosts, one at a time (e.g. Ryberg, 1947; Ching and
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compounds present in host body odours (e.g.
Vaughan and Mead-Briggs, 1970; Osterkamp et al.
1999; Costantini et al. 2001; Krasnov et al. 2002;
Smallegange et al. 2005). However, knowledge on the
mechanisms involved in host location by nycteribiids
is scarce, and mostly limited to small descriptions in
broader autoecology studies of these parasitic species
(e.g. Ryberg, 1947; Ching and Marshall, 1968;
Marshall, 1970). According to these authors, mech-
anical vibrations, carbon dioxide and heat are likely
to play a role in the emergence behaviour of nycter-
ibiids. However, these same authors do not mention
what cues are involved in host location after emerg-
ence, apart from Marshall (1970) who briefly stated
that host location is done by random movements.

To our knowledge, this is the first experimental
study that attempts to determine how nycteribiids
locate their hosts at some distance. For this, we tested
the role of sensory cues known to be involved in host
searching behaviour by other haematophagous ec-
toparasites, namely body heat, vibration and olfac-
tory cues, including carbon dioxide and host specific
odours. In addition, we tested whether these parasites
are able to discriminate between their primary bat
host species and an alternative bat host from some
distance. As models we used 2 nycteribiid species
from the same genus, Penicillidia conspicua and Pe-
nictllidia dufourii, and their primary bat host species,
Miniopterus schreibersii and Myotis myotis, respect-
ively.

MATERIALS AND METHODS
Study species

The studied hosts are two temperate zone bats, the
Schreibers’ bat (M. schreibersii) (Kuhl, 1817) (Chir-
optera: Miniopteridae) and the greater mouse-eared
bat (M. myotis) (Borkhausen, 1797) (Chiroptera:
Vespertilionidae). Both bats usually carry heavy loads
of ectoparasites (Loureng¢o and Palmeirim, 2007). In
the Mediterranean region, they roost almost exclus-
ively in caves and mines, but further north M. myotis
roosts mostly in buildings (Palmeirim, 1990; Ro-
drigues et al. 2003). In southern Europe, the two bats
are highly gregarious, forming large nursing colon-
ies, where individuals of both species often mix
(Palmeirim, 1990; Rodrigues et al. 2003).

The nycteribiids P. conspicua Speiser, 1901 and
P. dufourii (Westwood, 1935) (Diptera, Nycter-
ibiidae) are morphologically similar species, charac-
terized by the presence of a pair of ocelli and by
atypical large bodies and long legs which allow them
to live largely on the surface of the fur of the bat
(Marshall, 1981). Both species are considered to be
host specific; P. conspicua has a clear preference for
M. schreibersii, although it can sporadically be found
on M. myotis (Estrada-Pena et al. 1991; Imaz et al.
1999), whereas P. dufourii is mostly associated with

https://doi.org/10.1017/5003118200800468X Published online by Cambridge University Press

1206

M. myotis and M. blythii, although it can sporadically
be found on other Myotis sp. and on M. schreibersii
(Estrada-Pefa et al. 1991; unpublished personal ob-
servations). These two parasites species can often be
found cohabiting in the same bat colonies, because
their hosts often cluster together (Palmeirim, 1990;
Rodrigues et al. 2003).

Data collection

Bats and their nycteribiids were collected during the
spring and summer of 2006 in 4 roosts of the region of
Moura in southern Portugal (38° 08'N, 7° 26'W). We
captured an average of 15 bats of each species per
visit to a roost. These were caught with the help of a
harp trap placed at the entrance of roosts (LLourencgo
and Palmeirim, 2007), and under a permit (57/2006/
CAPT) issued by Instituto para a Conservagdo da
Natureza e da Biodiversidade. Captures took place
early in the morning (~07.00) and bats were released
12 h later (~19.00), so that they did not miss any
foraging night. Each bat was placed in a separate
cotton bag, to avoid the mixing of their parasites, and
brought to captivity where experiments took place.
These hosts had to be held in captivity to prevent
starvation of the flies. While in captivity, bats were
kept in total darkness under ambient conditions,
similar to those of their roosts (~17 °C and ~75%
relative humidity). Collection of nycteribiids for the
experiments was made by directing them into a
plastic tube, avoiding the use of forceps, since these
can harm their hind legs and hence affect their be-
haviour. After collection, nycteribiids were sexed
and identified. All nycteribiids used in the experi-
ments were adult females and no individual was used
more than once.

Experimental setup and testing procedures

We designed distinct experiments to test the re-
sponses of nycteribiids to potential sensory cues
(specific host body odours, heat, vibration, and car-
bon dioxide), and to test whether they can discrimi-
nate between their primary host and an alternative
bat host at a distance. All experiments took place
between 09.00 and 17.00, since this is the time when
nycteribiids deposit their larva on the cave walls and
need to locate suitable roosting bats (Marshall, 1970).
Experiments were conducted in total darkness and
under controlled ambient conditions (~17° C and
~75% relative humidity). The activity of nycter-
ibiids during tests was recorded continuously with a
digital camcorder (Panasonic NV-15) using reflected
infra-red illumination (not thermal infra-red), which
allowed filming without disturbing their behaviour.

Response of nycteribiids to host body odours

To test the responses of P. dufourii and P. conspicua
to body odours of their primary hosts we used a glass
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Fig. 1. Y-tube olfactometer (adapted from Jackson et al.
2000) (not drawn to scale). Arrows indicate the path of
air flow. F — flowmeters, SC — stimulus chamber,

CC = control chamber, B — opaque barrier to prevent
nycteribiids from seeing odour cues, SA — stimulus arm,
CA - control arm, TA — test arm, HC — holding chamber.

Y -tube olfactometer (stem: length 10 cm and internal
diameter 2 cm, each arm: length 12 cm and internal
diameter 2 cm) (Fig. 1). Air flowed from an aquarium
pump into 2 separate flowmeters (Matheson FM-
1000 flowmeter) adjusted to 1000 ml/min flow. From
there, airflow moved into a stimulus chamber (con-
taining an odour cue) and a control chamber (without
an odour cue), and subsequently into 2 choice arms
(Fig. 1). The air then converged into the test arm, at
the end of which there was a holding chamber where
nycteribiids were placed prior to each test. The
olfactometer was surrounded by a white frame to
minimize visual distractions from the room (Fig. 1).
Ten min before each test began, the air pump was
turned on, and we placed an odour cue — a piece of
cotton rubbed on the urine and fur of the host — in the
stimulus chamber, and a piece of clean cotton in the
control chamber. A single nycteribiid was then
placed in the holding chamber and 5 min later the net
separating the holding chamber from the test arm
was removed. Each test began when the net was re-
moved and lasted for 10 min. For each test, we ran-
domly switched the position of the stimulus and
control chambers in order to avoid directional biases.
After each test, the olfactometer was dismantled and
cleaned with 80% alcohol and distilled water
(Jackson et al. 2002), to prevent any potential influ-
ences from traces of previously tested parasites. To
exclude possible biases in the movements of nycter-
ibiids caused by the airflow within the olfactometer,

https://doi.org/10.1017/5003118200800468X Published online by Cambridge University Press

1207

we ran ‘blank’ tests, during which both testing
chambers were empty (i.e. no odour source was
placed in the stimulus or in the control chamber) and
the air was turned on. Nycteribiids rarely waved their
legs and did not move around in the olfactometer,
which demonstrates that their responses are not in-
fluenced by the airflow.

Response of nycteribiids to heat

The responses of nycteribiids to heat were tested in
an experimental arena (Fig. 2A). This consisted of a
circular glass (30 cm diameter) covered with white
paper. The arena was placed inside a black plastic
box (50 x 100 cm and 40 cm high) filled with distilled
water to prevent nycteribiids from escaping. The
plastic box was covered with a black lid fitted with a
transparent window through which the arena could
be viewed and filmed. The arena was divided in 4
equal quadrants; 1 was used as a stimulus quadrant
and the remaining 3 as controls (Fig. 2A). The heat
cue was simulated using a glass container (6 cm di-
ameter, 7 cm high) filled with water at 35 °C (1) to
replicate bat body temperature, and sealed with
Parafilm®). Prior to each test, we placed this con-
tainer, hereafter named stimulus container, in the
middle of the stimulus quadrant, and 3 identical
control containers with water at room temperature
(~17 °C) in the 3 control quadrants (Fig. 2A). After
all containers were positioned in the arena, a nyc-
teribiid was placed at the top of a wire (0:3 cm di-
ameter, 5 cm long) in its centre (Fig. 2A), so that it
could choose any direction on its way down. Tests
started immediately after that and lasted for 10 min.
The positions of the stimulus and control quadrants
were switched between tests to exclude directional
bias. After each test, the white paper surface was
replaced to prevent any chemical traces of previously
tested parasites.

Response of nycteribiids to carbon dioxide

The response of nycteribiids to carbon dioxide was
tested in the described arena. We inserted 4 iden-
tical plastic tubes (5 mm diameter) through holes
in the outer box, which delivered air to the centre
of each quadrant of the arena (Fig. 2B). During
tests, the tubes in the control quadrants delivered
charcoal-filtered air at 1000 ml/min (Howmeters
Matheson FM-1000 flowmeter). The tube of the
stimulus quadrant delivered air at the same rate,
but with a concentration of carbon dioxide above
the normal atmospheric concentration of 350 ppm
(Gillies, 1980). We tried increasing concentrations
until reaching a level at which nycteribiids responded
(~2000 ppm above atmospheric concentration).
Carbon dioxide was delivered from a pressurized
cylinder with outflow pressure regulated by a
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Fig. 2. Top and lateral views of the arena used to test the responses of nycteribiids to (A) heat and (B) carbon dioxide.
(A) S —stimulus container (at 35 °C), C — control containers (at room temperature), W — wire. (B)S — stimulus tube
(with flow of carbon dioxide), C — control tubes (with flow of air), W — wire.

manometer (RBD-30 Carburos Metalicos), and
mixed with charcoal-filtered air in an airtight box.
All other test procedures were analogous to those
described for the heat tests.

Response of nycteribiids to vibrations

The response of nycteribiids to substrate vibrations
was tested in the described arena. The vibration
stimulus was a gentle continuous scratching of the
edge of one of its quadrants with a piece of wire
(0-3 cm diameter, 50 cm long). Each test consisted of
a control period of 5 min without any vibration
stimulus, and a 5 min period during which the edge
of the arena was scratched as uniformly as possible.
The position of the scratched quadrant (i.e. stimulus
quadrant) varied between tests. All other test pro-
cedures were analogous to those described for the
heat tests.

Response of nycteribiids to a combination of
carbon dioxide and heat

Bat hosts always provide more than one potential
sensory cue simultaneously, such as body heat and
exhaled carbon dioxide. To determine how nycter-
ibiids responded to this particular combination of
cues, we ran experiments in an arena in which we
provided them simultaneously. T'o do this we com-
bined the procedures described above for the heat
and carbon dioxide tests. The stimulus quadrant had
a container at 35 °C and a flow of air with a concen-
tration of carbon dioxide above normal atmospheric
levels, whereas the control quadrants had containers
atambient temperature and flows of charcoal-filtered
air.
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Ability of nycteribiids to discriminate their
primary host

We used the olfactometer (Fig. 1) to test whether
nycteribiids were able to discriminate their primary
host from an alternative bat host at a distance. The
methodology was similar to that employed to test the
responses to host body odours, but this time we
placed 2 live bats in the chambers of the olfactometer
(i.e., the primary bat host species of the tested nyc-
teribiid in one chamber, and its alternative host in the
other).

Data analysis

All the experiments were video-recorded continu-
ously during the 10 min of its duration, and the re-
cordings were used to quantify the behavioural
responses of nycteribiids to the different cues. We
used the following parameters to quantify the re-
sponses: (1) latency of movement (time from begin-
ning of the test to the first movement); (2) latency
of choice (time from first movement to the choice
of a host); and (3) choice (considered as the arm or
quadrant where the nycteribiid spent most time, and
at least 1 continuous min). The sample size () values
given in Table 1 only include the individuals that
responded to the cues.

We calculated confidence intervals of 95% for
percentages using the Wilson score method
(Newcomb, 1998). Chi-square goodness of fit tests
(Sokal and Rohlf, 1995) were used to analyse the
choices of nycteribiids. Between-species compar-
isons were analysed with non-parametric U-Mann
Whitney tests (Sokal and Rohlf, 1995). All statistical
analyses were performed using Excel (2002) and
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Table 1. Time lag (mean+s.D.) (in sec) from the beginning of the test to the first movement of parasite

(latency of movement), and from time of first movement to choice of a host (latency of choice)

(‘The sample sizes (n) only include the individuals that responded to the cues.)

P. conspicua P. dufourii
Cues Movement Choice n Movement Choice n
Primary host 10+8 182+121 42 8§+5 14+7 39
Host odour 102 +41 173+108 27 88+40 143+114 32
Heat 58+23 92 +33 29 70+42 109+52 24
CO, 1749 10+7 41 24410 21+ 14 39
CO;y+Heat 11+7 6+5 40 13+10 12+10 39
SPSS (version 12). P-values <0-05 were considered 100
to be statistically significant. W P. conspicua P. dufourii

RESULTS
Response of nycteribiids to host body odours

About half of the tested individuals (47 % of P. con-
spicua and 53 % P. dufourii) responded to host odours
by moving around in the olfactometer. In both spe-
cies, the responsive individuals showed a slight tend-
ency to prefer the arm with the odour cue, although
this was not statistically significant (P. conspicua,
¥*=1-2,pF.=1, P=0-27; P. dufourii, y*=2-9, D.F.=
1, P=0-09; Fig. 3). Both nycteribiid species took a
similar amount of time to initiate their movements
towards the odour cues (U=249, P=0-57), and to
choose between one of the arms (U=212, P=0-17)
(Table 1).

Response of nycteribiids to heat

Heat was more effective than odours in stimulating
the movements of P conspicua (64%) and P. dufourii
(54%). These nycteribiids were attracted to the
stimulus quadrant about twice as often as to any of
the control quadrants (P. conspicua, y?=237, D.F.=
3, P=0-009; P. dufourii, x*=94, D.F.=3, P=0-02)
(Fig. 4A). Both nycteribiid species spent a similar
amount of time to start moving towards heat (Table
1), and these responses were quicker than the ones
observed to host odours. Likewise, they took similar
time to make their choice for a host (Table 1).

Response of nycteribiids to vibration

The large majority of P. conspicua (80%) and
P. dufourii (85%) exhibited a behavioural response
to vibration, waving their front legs up in the air, but
remained at the top of the wire. This behaviour was
not detected in the absence of the vibration stimulus.
Only 22% of P. conspicua and 14 % of P. dufouri ex-
posed to vibrations descended from the wire but re-
mained near its base and did not walk towards any of
the quadrants.

https://doi.org/10.1017/5003118200800468X Published online by Cambridge University Press

N w
I L 1 ]

20 -

——
'___

Percentage of choice

Odour 'Control Odour ' Control

Fig. 3. Percentage (+95% confidence intervals) of
Penicillidia conspicua and P. dufourii that chose the odour
arm versus the control arm in olfactometer tests.

Response of nycteribiids to carbon dioxide

Carbon dioxide was effective in activating move-
ments from most tested individuals (P. conspicua,
91 %, P. dufourii, 86-6%). Moreover, the large ma-
jority of these were attracted to the quadrant where
the increased concentration of carbon dioxide was
being released (P. conspicua, y*=86-0, D.F.=3,
P=0-001; P. dufourii, ¥*=130-1, p.r.=3, P=0-001)
(Fig. 4B). Additionally, both species were equally
fast in activating their movements in response to
carbon dioxide (U=122, P=0-44) and when choos-
ing the carbon dioxide quadrant (U=408, P=0-45)
(Table 1).

Response of nycteribiids to carbon dioxide and heat
combined

The combination of carbon dioxide and heat resulted
in a very high proportion of active responses
(P. conspicua, 93%. P. dufourii, 88%). In addition,
both species chose the quadrant which delivered heat
and carbon dioxide combined far more often than
the remaining quadrants (P. conspicua, y*=1239,
pD.r.=3, P=0-0001; P. dufourii, y*=162-2, D.F.=3,
P=0-002) (Fig. 4C). Also, the number of correct
choices made by P. dufourii and P. conspicua when
carbon dioxide and heat were delivered combined,
increased by about 10 %, compared to carbon dioxide
delivered alone (Fig. 4B,C) and about 100%
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Fig. 4. Percentage (4+95% confidence intervals) of
Penicillidia conspicua and P. dufourii that chose the
stimulus quadrant versus the control quadrants in arena
tests. Stimulus quadrant delivered (A) heat, (B) air
enriched with carbon dioxide and (C) heat and air
enriched with carbon dioxide.

compared to heat delivered alone (Fig. 4A-C).
P. conspicua and P. dufourii showed a similar latency
tomove (U =334, P=0-67), and to choose a quadrant
(U=438, P=0-54). Both species took less time
to respond and to make a choice when cues
were delivered together than when delivered alone

(‘Table 1).

Ability of nycteribiids to discriminate their primary
host

All tested individuals of both nycteribiid species
were able to choose a host within the time of exper-
iment. However, the rate of correct choices differed
between the two species (Fig. 5). Indeed, P. dufourii
consistently chose the arm of the olfactometer with
cues of its primary host, M. myotis (y*=15-22, D.F.=
1, P<0-001). In contrast, P. conspicua chose more
frequently the arm of its alternative host, although
this was not significant (y>*=0-82, p.r.=1, P=0-36)
(Fig. 5). P. conspicua and P. dufourii were equally fast
in moving in the presence of bats (U=674, P=0-92)
(‘Table 1). However, they differed in their latency of
choice (U=98, P<0-001), with P. dufourii rapidly
choosing a bat and P. conspicua exhibiting a long
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Fig. 5. Percentage (+95% confidence intervals) of
Penicillidia conspicua and P. dufourii that chose their
primary host species versus the alternative species in
olfactometer tests.

exploratory behaviour at the junction of the arms
before making a choice (Table 1).

DISCUSSION

Which sensory cues arve involved in host location by
nycteribiids at a distance?

Our results suggest that carbon dioxide is the most
efficient cue used by nycteribiids to locate their hosts
from a distance. This cue on its own promptly acti-
vated the movements from both P. conspicua and
P. dufourii, and clearly attracted them. The decisive
role of carbon dioxide in the activation and orien-
tation behaviour of haematophagous ectoparasites
is widely recognized (Marshall, 1981 ; Lehane, 2005;
Guerenstein and Hildebrand, 2008). This is con-
sidered a long-range cue, delivered in high amounts
by the breathing of vertebrates, and also through
their skin. For example, human breath contains le-
vels of carbon dioxide of about 45000 ppm, against
the atmospheric concentration of about 350 ppm
(Barrozo and Lazzari, 2004). Our tests revealed that
nycteribiids of both species are very sensitive to small
increases of carbon dioxide, responding to con-
centrations as low as 2000 ppm above those of normal
atmospheric levels. Lower concentrations did not
evoke behavioural responses. This is the first de-
monstration of the importance of carbon dioxide as a
long-range cue for adult nycteribiids.

Although it seems that nycteribiids are able to find
hosts using just carbon dioxide to guide them, our
results suggest that other cues, such as body heat and
host odours may also be involved in the process. In
fact, simulated body heat alone activated the move-
ments in both P. conspicua and P. dufourii. In ad-
dition, they appeared to be attracted to the heated
container. The use of host body heat as a cue by
nycteribiids is not surprising, because even though
heat is generally considered a close-range stimulus
(Lehane, 2005), some other small ectoparasites use it
from as far as 2 m (e.g. Wigglesworth, 1941). Fur-
thermore, the thermally stable and homogeneous
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conditions found in underground roosts are pre-
sumably suitable for the use of this sensory cue.
Specific host odours were also able to activate the
movement of nycteribiids, but were less successful
than heat or carbon dioxide at directing them. Such
a weak directional response to the odours of their pri-
mary hosts is not in line with findings for other host-
specific haematophagous parasites (e.g. Vaughan
and Mead-Briggs, 1970; Osterkamp et al. 1999;
Costantini et al. 2001 ; Krasnov et al. 2002 ; Smalle-
gange et al. 2005), including species of the closely
related family Streblidae (Overal, 1980). Why don’t
nycteribiids rely more on specific odour cues, which
would orientate them directly to their specific hosts?
These two host species, like many other cave bats,
often form dense mixed clusters (Palmeirim, 1990),
which release large amounts of different sensory cues.
We presume that the specific body odours of the
various bat species present in these clusters blend,
and consequently these might not be such efficient
host discriminating cues for nycteribiids. Vibration
was the only tested cue that elicited a behavioural
response of nycteribids but did not orientate
their responses. Marshall (1970) and Ryberg (1947)
had already noted that touching the pupa caused
the adult nycteribiids to emerge, and suggested that
at least the pupae are sensitive to mechanical vi-
bration.

Our results also revealed that nycteribiids rely on a
combination of sensory cues to enhance their ability
to locate bats. In fact, they responded stronger and
more efficiently to the combination of carbon dioxide
and heat than to either of the stimuli alone. This capa-
city of nycteribiids to take advantage of cues com-
bined for locating hosts has also been described for
many other haematophagous parasites (e.g. Gillies,
1980; Osterkamp et al. 1999; Takken and Knols,
1999, Barrozo and Lazzari, 2004 ; Smallegange et al.
2005). Lehane (2005) suggested that this strategy
increases the certainty of the presence and nature of a
host, since one cue alone has a higher chance of not
being host originated, and therefore maximizes the
chances of host encounter while minimizing energy
consumption.

Are nycteribiids able to discriminate their primary
hosts from other bats at a distance?

The nycteribids species responded differently when
exposed to their primary hosts and an alternative bat
in the olfactometer. P. dufourii tended to quickly
select the side of its primary host (M. myotis), while
P. conspicua spent far more time in exploratory be-
haviour at the junction of the arms of the olfac-
tometer, and in the end was unable to choose its
primary host (M. schreibersii). This apparent differ-
ence in host location behaviour between the two
nycteribiids is surprising, because P. conspicua and
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P. dufourii are closely related species and exhibited
similar responses to all sensory cues. How can this
difference be explained ?

Body heat and carbon dioxide are general cues,
released by all vertebrates (Lehane, 2005), and
therefore have a low potential to allow discrimination
between host species. However, hosts with greater
body masses or metabolic rates are likely to emit
these general cues in larger amounts. Thus, as
M. myotis has approximately twice the body mass of
M. schreibersii (Palmeirim et al. 1999), it presumably
delivers stronger general cues than the latter. We
presume that in the experiments, when P. dufourii
reached the junction of the arms of the olfactometer,
it received from the side of its primary bat host
(M. myotis) both specific odour cues and a great
amount of general cues. All cues combined might
have been responsible for the strong attraction of this
nycteribiid towards the M. myotis side, explaining
the high percentage of correct choices and the short
time needed to make them. In contrast, when
P. conspicua reached the junction of the stimulus
and control arms, it probably received contradictory
cues: specific odour cues from the side of its primary
host (M. schreibersii), but stronger general cues from
the side of its alternative host M. myotis. This conflict
may explain why P. conspicua did not significantly
choose any of the arms and took so much time at their
junction. Hence, the most parsimonious interpret-
ation for these results is that nycteribiids have some
capacity to discriminate their primary bat hosts from
other bats at some distance, probably by their
odours. However, specific cues seem to be unable to
counter the attraction of general cues combined, to
which we found nycteribids to be very sensitive.
Nevertheless, these results can not be considered
entirely conclusive and the issue deserves further
research.

Altogether, our results suggest that in order to find
a host, nycteribids initially rely on the combination
of several cues, such as carbon dioxide and body heat,
rather than only on specific host odour cues. These
general cues may orientate them to individual bats or
to large multispecies clusters, where the chance of
finding their primary hosts is high. Even if nycter-
ibiids do not directly find their primary bat hosts,
this may not be a major problem, as they are most
likely able to survive on alternate hosts, presumably
until they have an opportunity to change to their
preferred bat species. We assume that for P. con-
spicua and P. dufourii these opportunities might be
common, as their hosts often form mixed clusters in
southern Europe. In this work, we have only con-
sidered the cues important in host location. Once in
physical contact with potential hosts, nycteribiids
might use different cues. In fact, these may dis-
criminate their primary hosts mainly through spe-
cific bat skin emanations, which they likely recognize
by tarsal contact (Marshall, 1981).
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