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Research on the mechanisms involved in host location by parasites is of paramount
importance and may aid in developing protective measures against them. This topic
attains far-reaching repercussions for human and animal welfare regarding parasites
transmitting vector-borne pathogens, such as blood-feeding flies. Very few studies have
evaluated the effect of bird-derived cues on attraction of vectors in field conditions.
We here explored the attraction of different groups of blood-feeding flies (mosquitoes,
blackflies and biting midges) to auditory cues produced by begging hoopoe (Upupa
epops) nestlings, and to three chemical cues derived from hoopoe nestlings or nests
(uropygial secretion, symbiotic bacteria isolated from the secretion, and nest material)
in the field. We deployed insect traps baited with the different stimuli at the beginning
and at the end of the hoopoe breeding-season in four different habitats. Abundance of
blood-feeding flies varied depending on habitat and sampling period. Begging auditory
cues of nestling hoopoes did not affect abundance of flies. However, chemical stimuli
affected abundance of mosquitoes, which were less abundant in traps baited with
bacteria or with nest material than in control traps. Abundance of biting midges in
traps also depended on the chemical stimulus but in interaction with sampling period
or habitat. Fewer biting midges were collected in traps baited with bacteria and with
secretion in the habitats where abundance of biting midges is higher. Our results suggest
that uropygial secretion of hoopoes, and symbiotic bacteria living in this secretion, may
repel blood-feeding flies from their nests.

Keywords: begging, Ceratopogonidae, Culicidae, ectoparasite repellent, Enterococcus faecalis, host location
mechanisms, Simuliidae, uropygial gland

INTRODUCTION

Parasitism is one the most important selection pressures influencing evolution across most taxa
(Combes, 2001; Poulin, 2011). Thus, understanding the processes underlying and governing
parasite-host interactions is paramount from ecological, epidemiological and evolutionary points of
view (Schmid-Hempel, 2011; Webster and Cardé, 2017; Chandrasegaran et al., 2020). For efficient
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parasitism, the parasite first needs to establish contact with the
host. The study of factors mediating attraction of the parasite
to locate and colonize a host have long been searched for (e.g.,
Sutcliffe, 1986, 2010; Allan et al., 1987), especially for some
selected parasite types of medical and veterinary importance
(Mullen and Durden, 2002). However, it is recognized that
after decades of research, our comprehension of these factors
is still limited and incomplete for many parasite taxa (Tomás
et al., 2008b; Tomás and Soler, 2016; Webster and Cardé, 2017;
Veiga et al., 2020).

Birds and their ectoparasites continue to be fruitful model
systems to shed light on many aspects of parasite-host
interactions (Loye and Zuk, 1991; Clayton and Moore, 1997).
Among all ectoparasites of birds, our knowledge on free-living
blood-feeding flies still lies far behind that of nest-dwelling
ectoparasites, mainly due to the more ephemeral contact with
their host of the former, which poses subsequent challenges for
their sampling and study (Tomás et al., 2008a; López-Rull and
Macías-García, 2015). Yet among all sort of blood-feeding flies
affecting birds, three dipteran families have received the most
attention by researchers, mainly because of their nearly world-
wide distribution and of their importance in the transmission
of vector-borne pathogens. These vectors are commonly named
mosquitoes, blackflies and biting midges.

Mosquitoes (Culicidae) are the best-known family of blood-
feeding flies due to their major importance as vectors of human
diseases (Foster and Walker, 2002). They are also vectors of
infection for birds all over the world, being the main responsible
for transmission of malaria parasites of the genus Plasmodium,
and of several viruses (Naugle et al., 2004; Valkiûnas, 2005;
Becker et al., 2010). Despite being relatively large-sized and
reaching high abundances in many areas, the direct impact on
wild birds caused by blood-sucking and associated nuisances of
these mainly crepuscular or nocturnal insects is scarcely known.
Blackflies (Simuliidae) are small flies present in all continents
except Antarctica. Blackflies can build up huge populations
specially in boreal ecosystems (Malmqvist et al., 2004). These
mainly diurnal flies can cause nestling mortality (Hunter et al.,
1997; Smith et al., 1998), complete nest failures (Solheim
et al., 2013) and even provoke mass desertions of bird colonies
(Bukaciński and Bukacińska, 2000). They are known vectors of
filarial nematodes, bacteria, viruses and haemosporidians such
as Leucocytozooon or Haemoproteus malarial parasites (Adler
and McCreadie, 2002; Adler et al., 2004). Biting midges of the
genus Culicoides (Ceratopogonidae) are tiny flies also globally
distributed that can reach huge abundances in certain areas,
especially in tropical and subtropical regions (Mullen, 2002).
They are mainly crepuscular or nocturnal, and have detrimental
effects on nestling birds (Tomás et al., 2008b). Biting midges are
known to transmit viruses, filarial worms, and several malarial
parasites of the genus Haemoproteus and Plasmodium (Borkent,
2005; Valkiûnas, 2005; Martínez-de la Puente et al., 2011a).

Host seeking by these blood-feeding insects relies on the
detection of host associated cues, which include body heat,
carbon dioxide (CO2), and different odors (Lehane, 2005; Takken
and Knols, 2010; Cardé, 2015; Lazzari, 2019; Castaño-Vázquez
et al., 2020; Greppi et al., 2020). Long range detection of hosts

is assumed to rely on chemical cues, which are combined with
heat and visual cues when in closer proximity to hosts (Sutcliffe,
1986; Allan et al., 1987; Gibson and Torr, 1999; Cardé, 2015;
Greppi et al., 2020). It has also been suggested that ectoparasites
might use bird host auditory cues for host location (Tomás and
Soler, 2016), though this hypothesis has not yet been tested.
Members of several ectoparasite groups locate their hosts by
means of host auditory cues (Tomás and Soler, 2016). These
include Sarcophagidae and Tachinidae parasitoid flies attracted to
calling crickets and cicadas (Lehmann, 2003; Farris et al., 2009),
and also Chaoboridae phantom midges, Corethrellidae frog-
biting midges and Culicidae mosquitoes attracted to frog calls
(Borkent, 2008; Toma et al., 2019). Anecdotal evidence further
suggests that Corethrellidae and mosquitoes can be attracted
to bird calls or songs (Camp, 2006; Bartlett-Healy et al., 2008;
see Tomás and Soler, 2016). Overall, current knowledge on
the array and specificity of cues used by blood-feeding flies to
locate hosts is still incomplete for many parasite groups. Even
different related parasites may not be affected by the same array
of cues for host location, a possibility that has received little
attention. Regarding chemical cues derived from birds that may
be involved in host detection by blood-feeding flies, several
odor sources have been investigated. For instance, mosquitoes
(Cooperband et al., 2008) and biting midges (Fernandes-Rios
et al., 2020) are attracted to traps baited with bird feces. Yet,
odors emitted or derived from the uropygial gland of birds
have been repeatedly suggested as major candidates involved in
attraction of biting flies. Thus, extracts of uropygial glands of
crows Corvus brachyrhynchus and common loons Gavia immer
have been shown to attract mosquitoes (Russell and Hunter,
2005) and blackflies (Fallis and Smith, 1964; Bennett et al., 1972),
respectively. Birds continuously rub their uropygial secretion
onto their plumage and skin, which confers them specific odor
signatures. This may explain that mosquitoes and blackflies are
also attracted to chemical cues derived from bird feathers, in
combination with CO2 (Allan et al., 2006) or with visual cues
provided by bird decoys (Weinandt et al., 2012), respectively.
Mosquitoes are also attracted to different chemical compounds
prevalent in the odorant profile of birds (and humans) (Syed and
Leal, 2009). In contrast, other studies have not found attraction
of blood-feeding flies to uropygial secretions of birds. Biting
midges and blackflies were not attracted to uropygial secretions
of blue tits Cyanistes caeruleus and feral pigeons Columba livia
(Martínez-de la Puente et al., 2011b), while mosquitoes were
not attracted to uropygial secretions of house sparrows Passer
domesticus (Garvin et al., 2018a; Díez-Fernández et al., 2019,
2020). Alternatively, certain odors released or derived from the
uropygial gland may be employed by birds as repellents of
ectoparasites (Moyer et al., 2003).

The hoopoe (Upupa epops) can be regarded as a quite special
case in relation to its uropygial secretion. The uropygial gland of
this bird is unusually large and, only in reproducing females and
nestlings, produces a dark and pungent, malodorous secretion
(Soler et al., 2008; Martín-Vivaldi et al., 2009, 2010). The hoopoe
(and two related species) is unique in harboring symbiotic
Enterococci bacteria in their uropygial secretion, which produce
antibiotic substances (Soler et al., 2008). Enterococcus faecalis
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is by far the most prevalent bacteria present when aerobically
culturing hoopoe uropygial secretions (Soler et al., 2008; Ruiz-
Rodríguez et al., 2012). Analysis of bacterial abundance by
different methodologies revealed consistently high bacterial loads
in uropygial secretions (Soler et al., 2008; Rodríguez-Ruano
et al., 2018), and similar bacterial community composition in
birds from different nests (Rodríguez-Ruano et al., 2018). This
secretion is rubbed into plumage and eggs through preening
(Soler et al., 2014; Martínez-García et al., 2015), and it has
been shown to increase hatching success (Martín-Vivaldi et al.,
2014). The uropygial gland microbiome is partially acquired
from the environment, and nest material is thought to be a
source of bacteria (Martín-Vivaldi et al., 2018; Díaz-Lora et al.,
2019; Campos-Cerda and Bohannan, 2020). Hoopoes do not
add materials to the cavity, so nest materials mainly comprise
rotten wood from cavity walls, old nest debris and feces and prey
remains (Martín-Vivaldi et al., 2016). Besides the antimicrobial
function, uropygial secretions may play a role in sexual selection
(Whittaker et al., 2011; Amo et al., 2012; Díaz-Lora et al., 2020)
or deterring predators (Jacob and Ziswiler, 1982) or ectoparasites
(Soler et al., 2010).

The abundance and composition of vector and host species
in the community vary across time and space, geographical
variability being influenced for instance by environmental
variables (e.g., Ferraguti et al., 2018; van Hoesel et al., 2019;
Nourani et al., 2020). Vector species composition and abundance
may affect host investment in antiparasite or immunological
defenses (e.g., Moyer et al., 2002). Both factors, variation in
vector species and in host traits, might in turn influence the
cues employed by blood-feeding flies to locate their avian hosts
in any given habitat (Webster and Cardé, 2017). It is important
therefore to take into account seasonal and spatial variability
when researching on host location mechanisms by vectors.

In this study, we assessed the potential role of auditory and
chemical cues of hoopoes in the attraction of blood-feeding flies
to insect traps in the field. Specifically, we assessed the potential
role of nestling begging auditory cues, and of chemical cues
released by the uropygial secretion, by bacteria living in the
uropygial secretion, and by the nest substrate. We expected that
these auditory and chemical cues were used by blood-feeding
flies for host location and acted as attractants. Alternatively, traps
baited with these auditory or chemical stimuli may render fewer
captures if these stimuli acted as repellents for blood feeding
ectoparasitic flies.

MATERIALS AND METHODS

Study Area
The study was carried out during the breeding season of 2019 in
the Hoya de Guadix (37◦ 18′ N, 38◦ 11′ W), located in the south
east of Spain (e.g., Martín-Vivaldi et al., 1999). The experiment
was performed in four different habitats representative of the
main variability found in the study area. These habitats were: (1)
irrigated (irrigated crops where fruit trees, including olive trees,
as well as vegetables and greens are grown); (2) oak savannah
(Mediterranean savannah, with scattered holm-oak (Quercus
ilex) trees); (3) steppe (high-altitude arid plateaux with scarce

vegetation represented mainly by a few Retama sphaerocarpa
and crops of Prunus dulcis); and 4) pine forest (Pinus pinaster
and P. halepensis orchards scattered within the arid plateaux).
Distance between these sampled locations at different habitats
ranges from 3.5 to 15 km. Proximity to waterbodies suitable for
oviposition of vectors (small irrigation channels and ponds) is
higher in the irrigated habitat, intermediate in the savannah and
pines habitat, and lower in the steppe habitat. Hoopoe nests are
scattered in the area, with higher densities in the pines habitat,
intermediate in the savannah and irrigated habitat, and lower
densities in the steppe.

Sampling of Blood-Feeding Flies
We carried out two samplings of vectors of three consecutive
days each. The first sampling (May 4th–May 7th) was conducted
coinciding when most bird species in the area start reproduction,
and the second sampling (June 3rd–June 6th) was conducted
when most birds in the area are raising nestlings. Weeks with
similar and stable weather, and with no rain, were selected
for both sampling periods. For each of the sampling periods
and in each of the four habitats, we installed four CDC
miniature downdraft suction traps (model 1212; John W. Hock,
Gainesville, FL) but with the lights removed to focus exclusively
on attraction or repulsion caused by the tested stimuli (see
Russell and Hunter, 2005). The traps were placed at 1.5 m above
ground, in the shadow provided by vegetation cover, and were
operated for 24 h periods (Silver, 2008a; Becker et al., 2010).
Distance between the four traps within each habitat was 25 m.
Location of the traps was the same in both sampling periods.
Traps were baited with a source of CO2 and a combination
of chemical and auditory stimulus. Dry ice was used as a
source of CO2. For that, 800 g of dry ice maintained in a
cool box were used in each trap per 24 h, to ensure the
continued emission of CO2 from a standard cannula (ref. G8581,
Entomopraxis, Barcelona, Spain) located close to the fan of the
trap (Veiga et al., 2018).

Auditory Stimulus
As auditory stimulus, we played back a recording of begging
calls of hoopoe nestlings. This recording was constructed with
20 sequences of begging, each lasting between 0.5 and 2 min,
recorded from five nests (four sequences from each nest) when
nestlings were 2/3–3/3 grown. These sequences were played
back in random order but alternated with a 2 min silence, thus
simulating a maximum of one provisioning visit by a parent
every 2.5 min. This 60 min-recording was played back in a MP3
device at 65 dB (measured at 20 cm of the speaker, which was
hung close to the trap fan entrance) in a continuous loop for
6 h (the duration of the battery of the MP3 device). A speaker
with no sound was used as the control auditory treatment. Traps
were deployed at 19:00 h and collected insects for 24 h periods.
All traps were checked in the morning, to replace batteries and
MP3 devices, so that auditory stimuli were displayed for 12 of
the 24 h periods.

Chemical Stimuli
As chemical stimuli, we used one of three different products
derived from hoopoe nestlings (or nests) presented in a Petri
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dish inside a black and opaque cotton bag hung close to the
fan entrance of the trap (an empty Petri dish was used as
Control treatment): (1) Secretion: malodorous uropygial secretion
of hoopoe nestlings. The secretion of nestlings when 2/3–3/3
grown was collected from active nests in the area following the
protocol described in Soler et al. (2008). Briefly, the secretion
was collected using an automatic 1–10 µl micropipette with a
previously autoclaved tip that was gently introduced into the
opening of the papilla of the uropygial gland and directly pipetted
the secretion. The collected secretion was introduced in sterile
microcentrifuge tubes that were kept frozen at−20◦C until usage.
For the experiment, the secretion of all nestlings in a nest was
collected with a cotton swab that was then fixed inside a Petri
dish (see Russell and Hunter, 2005). Secretion from different
nests was used for different traps and days. (2) Nest: nest material
and debris collected the day before the experiment from active
hoopoe nests and kept at 4◦C until usage. The amount needed
to fill a Petri dish was used. Nest material from different nests
was used for different traps and days. (3) Bacteria: a culture from
our laboratory collection of the bacterium Enterococcus faecalis
(MRR-10.3), isolated from hoopoe uropygial secretions. The
bacterium was grown on Brain-Heart Infusion (BHI) medium
at 37◦C for 12 h and then BHI containing bacteria was spread
onto TSA (Tryptic Soy Agar) plates by streaking technique and
incubated again at 37◦C for 24 h before being used as stimulus.

Within each habitat, two traps were baited with one of the
three chemical treatments and two traps were controls, while
one trap with each treatment was presented also with sound
stimulus and the other with control sound (Table 1). After
24 h of sampling, the chemical treatment corresponding to the
area was changed with a second chemical treatment. Again
the next day, the third chemical treatment was applied to the
area. Therefore, both auditory and chemical stimuli were always
presented with their respective control treatments, while the
chemical experimental treatment was changed from the first
to the third day within the same sampling period, so that all
habitats had the three chemical treatments in three consecutive
days (Table 1). The order of treatment presentation and whether
each trap within each habitat had control or experimental stimuli
were randomly assigned. Thus, by assuming that abundance of
blood-feeding flies does not differ within the same sampling
period, we got a full factorial design of the auditory and chemical
stimuli presented.

Statistical Analyses
Abundance of mosquitoes, blackflies and biting midges were
Box-Cox transformed before analyses. A multivariate analysis
of variance (MANOVA) was used to first explore the potential
effects of habitat and sampling period (as categorical predictors)
on abundance of blood-feeding flies, with abundance of
mosquitoes, blackflies and biting midges as dependent variables.
Similar MANOVAs were used to explore differences in
abundance of these blood-feeding flies between auditory and
chemical stimuli separately, with habitat and sampling period as
categorical predictors. Two-order interactions between sampling
period, habitat and treatment (either auditory or chemical
stimuli) were also explored. In all analyses, main effects were

explored in models that did not include the interactions, while
the interactions were estimated in models that included main
effects. Fisher LSD tests were used for post hoc comparisons
between the different experimental treatments and the control
treatment. Analyses were conducted with Statistica 12 (StatSoft
Inc, 2007). Residuals of the models were checked for normality.
Means± 95% confidence intervals (CI) are shown.

RESULTS

Abundance of Blood-Feeding Flies
Mosquitoes were collected in 41 out of 96 traps (42.7%), ranging
from 0 to 18 individuals, with an average of 3.1± 1.3 mosquitoes
(excluding traps with no captures). Blackflies were collected in 64
out of 96 traps (66.7%), ranging from 0 to 242 individuals, with an
average of 20.9 ± 10.5 blackflies. Biting midges (Culicoides spp.)
were collected in 40 out of 96 traps (41.7%), ranging from 0 to 24
individuals, with an average of 5.1 ± 1.8 biting midges. Seventy-
eight traps captured at least one blood-feeding fly, while 18 traps
rendered zero captures. For the three groups of blood-feeding
flies, most traps rendered a few vectors or none at all, while others
have many, which resulted in typical aggregated right-skewed
distributions of parasite abundance.

Habitat and Seasonal Differences
Abundance of blood-feeding flies varied depending on habitat
and sampling period (Table 2). Blackflies, but not mosquitoes
or biting midges, were more abundant at the beginning than
at the end of the bird breeding season (Table 3 and Figure 1).
Seasonal differences for these three blood-sucking vectors
however depended on habitat types (Table 3). Mosquitoes were
more abundant in the irrigated habitat, mainly during the second
sampling period in early June (Table 2). The lower abundance of
mosquitoes was detected in the steppe habitat (Table 2). Blackflies
were more abundant in pine forest and in oak savannah, but
mainly during the first sampling period, at early May (Table 2).
Again, independent of the sampling period, the lower abundances
were detected in the steppe habitat (Table 2). Biting midges
were also more abundant in the pine forest and, during the
second sampling period, they were also abundant in the irrigated
habitat (Table 2).

Effects of Auditory and Chemical Stimuli
Auditory stimuli did not affect abundance of blood-feeding
flies in the traps after controlling for the effects of habitat and
sampling period, neither as main effect nor in interaction with
habitat or sampling period (Table 3). Chemical stimuli however
affected abundance of mosquitoes and biting midges in the traps,
but did not affect blackfly attraction (Table 3). Mosquitoes were
less abundant in traps baited with bacteria or nest material odors
than in control traps (Fisher LSD tests: bacteria vs. control:
p = 0.016; nest vs. control: p = 0.026), and this effect was more
apparent in the irrigated habitat (main effect in Table 3 and
Figure 2). Abundance of mosquitoes did not differ between traps
baited with the secretion and control traps (p = 0.670). Thus,
bacteria from hoopoe secretion as well as nest material may
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TABLE 1 | Assignment of hoopoe stimuli (chemical + auditory) to traps for capturing blood-feeding flies in relation to day of sampling and habitat in Guadix,
south eastern Spain.

Habitat

Trap Irrigated Savannah Steppe Pines

Day 1 1 Control+Begging Nest+Silence Nest+Begging Control+Silence

2 Bacteria+Begging Control+Begging Nest+Silence Secretion+Silence

3 Bacteria+Silence Nest+Begging Control+Begging Control+Begging

4 Control+Silence Control+Silence Control+Silence Secretion+Begging

Day 2 1 Secretion+Begging Control+Begging Control+Silence Nest+Begging

2 Secretion+Silence Bacteria+Begging Secretion+Silence Control+Silence

3 Control+Silence Control+Silence Secretion+Begging Nest+Silence

4 Control+Begging Bacteria+Silence Control+Begging Control+Begging

Day 3 1 Control+Silence Secretion+Begging Bacteria+Silence Control+Begging

2 Control+Begging Secretion+Silence Control+Begging Bacteria+Begging

3 Nest+Begging Control+Silence Control+Silence Bacteria+Silence

4 Nest+Silence Control+Begging Bacteria+Begging Control+Silence

TABLE 2 | Abundance of mosquitoes, blackflies, and biting midges [mean and 95% confidence intervals (CI)] collected in traps in four different habitats (irrigated, oak
savannah, steppe and pine forest) and in two sampling periods (May and June).

Habitats Mosquitoes Blackflies Biting midges
N Mean (95%CI) Mean (95%CI) Mean (95%CI)

May
Irrigated 12 1.42 (0.50–2.33) 5.08 (0.89–9.28) 0.83 (0.08–1.59)

Savannah 12 0.58 (0.16–1.01) 17.83 (6.25–29.42) 1.42 (-0.29–3.12)

Steppe 12 0.08 (-0.10–0.27) 0.08 (-0.10–0.27) 0.08 (-0.10–0.27)

Pines 12 0.50 (0.17–0.83) 77.83 (31.64–124.02) 10.17 (5.01–15.33)

All habitats 48 0.65 (0.37–0.92) 25.21 (11.25–39.17) 3.13 (1.42–4.83)

June
Irrigated 12 7.08 (3.14–11.02) 3.17 (0.95–5.38) 2.67 (1.10–4.23)

Savannah 12 0.75 (0.20–1.30) 3.58 (-0.38–7.55) 0.08 (-0.10–0.27)

Steppe 12 0.08 (-0.10–0.27) 0.42 (-0.16–0.99) –

Pines 12 0.25 (-0.14–0.64) 3.67 (1.43–5.91) 1.58 (0.48–2.68)

All habitats 48 2.04 (0.81–3.27) 2.71 (1.51–3.90) 1.08 (0.55–1.62)

Both periods
Irrigated 24 4.25 (2.03–6.47) 4.13 (1.91–6.34) 1.75 (0.86–2.64)

Savannah 24 0.67 (0.35–0.99) 10.71 (4.30–17.12) 0.75 (-0.09–1.59)

Steppe 24 0.08 (-0.04–0.20) 0.25 (-0.04–0.54) 0.04 (-0.04–0.13)

Pines 24 0.38 (0.13–0.62) 40.75 (14.15–67.35) 5.88 (2.82–8.93)

All habitats 96 1.34 (0.71–1.98) 13.96 (6.71–21.21) 2.10 (1.20–3.01)

Sample size (N = number of traps) and mean values of habitat-pooled information for each sampling period and for both periods together are also shown.

repel mosquitoes from hoopoe nests. Moreover, abundance of
biting midges depended on the used olfactory stimulus but in
interaction with either sampling period or habitat (Table 3).
Abundance of biting midges did not differ between control
traps and traps baited with any of the olfactory stimuli, in first
and second sampling periods (all p > 0.05). During the first
sampling period, biting midges were more abundant in traps
baited with bacteria stimulus than in those with nest material,
while the opposite was found during the second sampling period
(Figure 1). The effects of olfactory stimuli on biting midge
abundance also depended on the habitat (Table 3). Traps baited
with bacteria in the irrigated habitat, and with secretion in the
pine forest, significantly captured less biting midges than control
traps (bacteria vs. control in irrigated: p = 0.019; secretion vs.
control in pines: p = 0.008; Figure 2). However, in the pine forest,
traps baited with nest material captured more biting midges

than control traps (p = 0.015). Given that biting midges were
more abundant in the irrigated and pine habitats (Table 2), these
results suggest that uropygial secretion of hoopoes, and symbiotic
bacteria living in this secretion, might repel biting midges from
their nests depending on habitat. Chemical cues released by nest
material instead may attract biting midges to hoopoe nests, also
depending on habitat.

DISCUSSION

Research on the factors and mechanisms involved in host
location by ectoparasites is of paramount importance and may
aid in developing protective measures against these parasites
(Webster and Cardé, 2017; Chandrasegaran et al., 2020). This
topic attains far-reaching repercussions for human and animal
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TABLE 3 | Results from multivariate and univariate ANOVA exploring the effects of sampling period and habitat, together with the experimental effect of auditory and
chemical stimuli, on abundance of blood-feeding flies collected in traps.

MANOVA results Univariate results

Mosquitoes Blackflies Biting midges

Wilks F df P df F P F P F P

Sampling period (1) 0.864 4.66 3, 89 0.005 1,91 0.52 0.471 14.24 0.0003 0.97 0.328

Habitat (2) 0.283 16.40 9, 216.8 <0.0001 3,91 16.97 <0.0001 24.80 <0.0001 15.81 <0.0001

(1) × (2) 0.632 4.837 9, 209.5 <0.0001 3,88 3.23 0.026 6.77 0.0004 4.54 0.005

Auditory stimuli

Sampling period (1) 0.864 4.61 3, 88 0.005 1,90 0.52 0.471 14.10 0.0003 0.97 0.327

Habitat (2) 0.281 16.31 9, 214.3 <0.0001 3,90 16.95 <0.0001 24.57 <0.0001 15.89 <0.0001

Begging (3) 0.965 1.06 3, 88 0.371 1,90 0.85 0.358 0.13 0.722 1.48 0.226

(1) × (2) 0.625 4.67 9, 197.3 <0.0001 3,83 3.18 0.028 6.59 0.0005 4.47 0.006

(1) × (3) 0.969 0.87 3, 81 0.460 1,83 1.58 0.213 1.74 0.190 0.02 0.876

(2) × (3) 0.945 0.52 9, 197.3 0.860 3,83 0.38 0.766 0.27 0.846 0.68 0.565

Chemical stimuli

Sampling period (1) 0.855 4.85 3, 86 0.004 1,88 0.56 0.456 14.66 0.0002 0.94 0.334

Habitat (2) 0.270 16.59 9, 209.5 <0.0001 3,88 18.13 <0.0001 25.54 <0.0001 15.4 <0.0001

Odor (3) 0.859 1.50 9, 209.5 0.149 3,88 3.06 0.032 1.90 0.136 0.28 0.843

(1) × (2) 0.559 5.19 9, 172.9 <0.0001 3,73 3.35 0.023 6.76 0.0004 6.09 0.0009

(1) × (3) 0.817 1.67 9, 172.9 0.100 3,73 0.70 0.552 0.92 0.438 3.13 0.031

(2) × (3) 0.562 1.68 27, 208.0 0.023 9,73 0.73 0.676 0.62 0.775 3.82 0.0005

Statistical significant effects are shown in bold.

FIGURE 1 | Abundance of blood-feeding flies (mosquitoes, blackflies, and biting midges) collected in traps baited with different chemical stimuli derived from hoopoe
nestlings or nests (uropygial secretion, nest material, or bacteria found in the secretion), or without stimulus (control), and in two sampling periods (May and June).
Mean and 95% confidence intervals (CI) are shown.

welfare regarding those parasites transmitting vector-borne
pathogens, such as blood-feeding flies which include mosquitoes,
blackflies and biting midges (Mullen and Durden, 2002;

World Health Organization [WHO], 2020). We have found
seasonal and habitat differences in abundance of blood-feeding
flies that also varied depending on the vector considered.
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FIGURE 2 | Abundance of blood-feeding flies (mosquitoes, blackflies, and biting midges) collected in traps baited with different chemical stimuli derived from hoopoe
nestlings or nests (uropygial secretion, nest material, or bacteria found in the secretion), or without stimulus (control), and in four different habitats (irrigated, oak
savannah, steppe and pine forest). Mean and 95% confidence intervals (CI) are shown. Statistically significant differences between the different chemical stimuli and
the control in each habitat are also shown (*p < 0.05; **p < 0.01).

Blackflies were more abundant at the beginning than at the
end of the birds breeding season. When sampled inside avian
nest-boxes in an oak forest in central Spain, both blackflies and
biting midges were more abundant at nestling than at incubation
stages, as well as in later than in early nests (Tomás et al., 2008a,
2012; Martínez-de la Puente et al., 2009a). Besides differences in
sampling method, if we assume that obtained abundances reflect
real abundances in our study area, this discrepancy in seasonal
patterns may be partly due to habitat differences. Abundance of
certain blood-feeding flies such as blackflies is greater at forested
habitats (Martin et al., 1994). In accordance with this, we have
found that blood-feeding flies are more abundant in the pines
and irrigated habitats, and less abundant in the steppe habitat,
which is less forested. This pattern might also match the relative
abundance of hoopoes in the different habitats.

Current knowledge on dispersal patterns in blood-feeding flies
in general is rather poor (e.g., Veiga et al., 2020). Apparently,
dispersal of blackflies is concentrated within a few kilometers of
the natal waters (Baldwin et al., 1975). Nevertheless, blackflies,
by being active during the day when air convection is higher
than during the night, may disperse over longer distances
than other blood-feeding flies with more restricted nocturnal
activity patterns (Service, 1980). This may explain that blackflies
were the most abundant blood-feeding flies in the steppe
habitat, which is situated further from potential oviposition sites.
However, abundance of blackflies (and biting midges) in nests
was not directly related with distance to water sources (i.e.,
oviposition sites) in another area (Tomás et al., 2008a). Besides
dispersal behavior, environmental conditions may also explain
the observed habitat differences in abundance of blood-feeding
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flies. Their activity is affected by weather variables including wind
speed, temperature and humidity (e.g., Service, 1980; Garvin
and Greiner, 2003; Martínez-de la Puente et al., 2009a), some
of which may show marked differences among sampled habitats,
even though distance among them is relatively small.

It has been suggested that ectoparasites might take advantage
of auditory cues of their hosts for host location, likely in
combination with other host cues (Tomás and Soler, 2016). The
present study represents the first formal test of this hypothesis.
However, we did not find that auditory cues of begging hoopoe
nestlings attract mosquitoes, blackflies or biting midges to traps,
even though auditory cues were presented in combination with
CO2 and with several chemical stimuli. We cannot rule out
the possibility that sound plays a role in host detection under
different experimental conditions in other host-ectoparasite
systems (Tomás and Soler, 2016). This hypothesis was mainly
postulated for ectoparasites detecting auditory cues of begging
offspring. Besides the potential attraction of auditory cues derived
from begging nestlings, other host auditory cues may be detected
by different ectoparasites (Tomás and Soler, 2016). In the past,
for example, sound of wing beats of female mosquitoes was
evaluated as attractant for increasing trap catches of various
species of mosquitoes (Bidlingmayer, 1967; Silver, 2008b), so
further research is necessary to fully test the hypothesis.

Regarding olfactory cues, we have found that different
chemical stimuli affected attraction of blood-feeding flies to
traps. First, fewer mosquitoes were collected in traps baited with
bacteria and with nest material than in control traps. This effect
was especially apparent in the irrigated habitat, where mosquitoes
were more abundant. Second, abundance of biting midges
collected in traps varied in relation to chemical stimuli, but in
interaction with sampling period and with habitat. Depending
on the sampling period, either traps baited with bacteria or with
nest material collected fewer biting midges. This suggests that the
main odor source in nests that is relevant for host detection by
vectors might change during the breeding period of the birds.
However, fewer biting midges were collected in traps baited with
bacteria in the irrigated habitat and with uropygial secretion in
the pines habitat compared to control traps. On the other hand,
in the pines habitat, more biting midges were collected in traps
baited with nest material than in control traps. It is noteworthy
that the larger abundances of biting midges were detected in
the irrigated and the pines habitats. Thus, results suggest that
the uropygial secretion of hoopoes, as well as the chemical
cues delivered by symbiotic bacteria living in this secretion, are
not attractants for blood-feeding flies but might instead act as
repellents for mosquitoes and biting midges.

Although all chemical stimuli came from hoopoes, they did
not have the same effects attracting or repelling blood-feeding
flies. Blackflies were not apparently affected by any of the stimuli
presented, and CO2 may be a major attractant for this group
(Sutcliffe, 2010). Nest material repelled mosquitoes, but attracted
biting midges in the pines habitat. Uropygial secretion repelled
biting midges in the pines habitat, while a culture of Enterococci
isolated from hoopoe secretion repelled both mosquitoes and
biting midges in the irrigated habitat. That the effect of the
different chemical stimuli varies depending on the habitat

may be explained by habitat differences in the abundance (or
species composition) within these different blood-feeding flies.
Additionally, it might suggest that different vector species may
follow different cues for host location (e.g., Mullens and Gerry,
1998; Russell and Hunter, 2005; Allan et al., 2006; Gerry et al.,
2009). Identifying blood-feeding flies to species level would be a
next step to shed light on these possibilities. In addition, visual
and olfactory associative learning of the vectors may affect host
preferences (Takken and Verhulst, 2013). Uropygial secretion of
hoopoes is special in harboring Enterococci symbiotic bacteria,
especially in females during reproduction and in nestlings
(Soler et al., 2008; Martín-Vivaldi et al., 2009, 2010). Hoopoes
spread this secretion onto their plumage, brood patch and nest
contents when preening (Martín-Vivaldi et al., 2014, 2018; Soler
et al., 2014), while the nest environment is also an important
source of bacteria (Ruiz-Rodríguez et al., 2014; Martínez-García
et al., 2015, 2016; Rodríguez-Ruano et al., 2015; Martín-Vivaldi
et al., 2018; Díaz-Lora et al., 2019). Therefore, multiple sources
interact to create the microbiome assembly of hoopoe nesting
environments. This microbiome may be a major component of
chemical cues produced (Caro et al., 2015), with a prominent
role of the nest, the parents and the offspring in integrating
what has been termed the nidobiome (Soler et al., 2016;
Campos-Cerda and Bohannan, 2020).

Different odors emitted by birds have been evaluated as
attractants of vectors, from feces that attract mosquitoes
(Cooperband et al., 2008) and biting midges (Fernandes-Rios
et al., 2020), to bird feathers and skin that attract mosquitoes
(Allan et al., 2006) and blackflies (Lowther and Wood, 1964;
Weinandt et al., 2012). It has been also shown that mosquitoes
are attracted to birds (Cornet et al., 2013a,b; Yan et al., 2018),
or to odor from birds (Díez-Fernández et al., 2020), infected by
avian malaria over non-infected or less infected birds (but see
Tomás et al., 2008b; Martínez-de la Puente et al., 2009b; Lalubin
et al., 2012 for contrasting results). However, chemical cues from
the uropygial secretion apparently are not responsible for this
mosquito response (Díez-Fernández et al., 2020).

Only a handful of studies have evaluated the influence of
uropygial secretion of birds in host location by blood-feeding
flies, and experimental research in field conditions is also scarce.
Overall, the influence of uropygial secretion in host location
remains controversial. Several studies have found that uropygial
secretion attracts mosquitoes (Russell and Hunter, 2005; Garvin
et al., 2018b) and blackflies (Fallis and Smith, 1964; Lowther and
Wood, 1964; Bennett et al., 1972), either alone or in combination
with other stimuli. However, other studies have failed to find any
attractant effect (Martínez-de la Puente et al., 2011b; Garvin et al.,
2018a; Díez-Fernández et al., 2019, 2020) or have found attraction
to the secretion only in certain bird or mosquito species, while
not in other bird (Garvin et al., 2018b) or mosquito species
(Russell and Hunter, 2005). On the other hand, it has even been
suggested that uropygial secretion may confer protection against
ectoparasites such as lice (Moyer et al., 2003). Our results would
suggest that uropygial secretion and derived odors may protect
hoopoes from blood-feeding flies and the pathogens they vector
by having a repellent or masking effect impairing host detection.
Likewise, further evidence suggesting that uropygial secretions
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may act as repellent of blood-feeding flies comes from the
finding that house sparrows with larger uropygial glands are
less infected by a vector-borne malarial parasite (Magallanes
et al., 2016). However, this relationship may be driven by
overlooked third variables, because for instance gland size is
positively correlated with body condition (Magallanes et al., 2016;
Moreno-Rueda, 2017).

Evidence of chemical deterrents of ectoparasites in birds is
reduced to a handful of bird species, and it does not include
uropygial secretions but compounds produced in the skin or
feathers (reviewed by Dumbacher and Pruett-Jones, 1996; Moyer
and Clayton, 2004; Rajchard, 2007, 2010; Caro et al., 2015).
Crested auklets (Aethia cristatella) emit a characteristic citrusy
odor, which is associated from specialized wick feathers in the
interscapular region. These chemical compounds are effective in
repelling or killing lice, ticks and mosquitoes (Douglas et al.,
2004, 2005a; Douglas, 2013; but see Douglas et al., 2005b).
Similarly, the feathers and skin of birds of the genus Pitohui and
Ifrita from New Guinea contain a potent toxin that has been
suggested to deter lice (Dumbacher et al., 1992, 2000; Mouritsen
and Madsen, 1994; Poulsen, 1994; Dumbacher, 1999). Hoopoe
uropygial secretion is special among birds as well. Besides the
known adaptive functions of uropygial secretion, our results
suggest a role in protection against ectoparasites that deserves
further research, also to ascertain to what degree it can be
generalized to other bird species.
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