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Simple Summary: The role of olfaction in avian life histories has traditionally been neglected, but a
growing body of evidence suggests that birds use olfaction in different biological contexts, including
foraging. Insectivorous birds are known to detect the defence volatiles emitted by trees when attacked
by herbivore arthropods. Recently, it has been shown that insectivorous birds not only use these
indirect cues to locate their prey but that they can also eavesdrop on the pheromones emitted by
the prey. However, the questions of whether avian attraction is limited to prey pheromones only or
whether they can detect any insect pheromone remain unexplored. Therefore, we performed a field
experimental study using artificial larvae close to pheromone dispensers placed on trees to analyze
whether birds are attracted to prey pheromones but not to non-prey pheromones or control unscented
dispensers. We recorded the number of trees that contained artificial larvae with signals of avian
predation and found that insectivorous birds were only attracted to prey pheromones, confirming
that insectivorous birds are able to eavesdrop on prey pheromones and suggesting that birds are not
attracted to non-prey pheromones.

Abstract: Natural selection has favored the evolution of different capabilities that allow animals
to obtain food—e.g., the development of senses for improving prey/food detection. Among these
senses, chemical sense is possibly the most ancient mechanism used by organisms for environmental
assessment. Comparative studies suggest the prime role of foraging ecology in the evolution of the
olfactory apparatus of vertebrates, including birds. Here, we review empirical studies that have
shown birds’ abilities to detect prey/food via olfaction and report the results of a study aiming to
analyze the specificity of eavesdropping on prey pheromones in insectivorous birds. In a field study,
we placed artificial larvae and a dispenser with one of three treatments—prey (Operopthera brumata)
pheromones, non-prey (Rhynchophorus ferrugineus) pheromones, or a control unscented dispenser—
on the branches of Pyrenean oak trees (Quercus pyrenaica). We then measured the predation rate of
birds on artificial larvae. Our results show that more trees had larvae with signs of avian predation
when they contained a prey pheromone dispenser than when they contained a non-prey pheromone
dispenser or an unscented dispenser. Our results indicate that insectivorous birds can discriminate
between the pheromones emitted by their prey and those emitted by non-prey insects and that they
only exhibit attraction to prey pheromones. These results highlight the potential use of insectivorous
birds in the biological control of insect pests.

Keywords: avian olfaction; foraging; insect pheromones; insectivorous birds; predator-prey
interactions; prey chemical cues

1. Introduction

The olfactory system is one of the main sensory systems used by most animals [1],
perhaps because chemical communication is the most ancient form of communication [1].
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Despite the fact that the role of olfaction in avian life histories has traditionally been ne-
glected, a growing body of evidence suggests that birds use olfaction in different biological
contexts. At the intraspecific level (see [2,3] for reviews), evidence has shown that birds use
olfaction to recognize their nest [4–6] and eggs [7]. Chemical cues also seem to play a role in
parent [8,9] and sibling recognition [10]. Olfactory cues also seem to play a role in partner
recognition [11], rival assessment [12], and mate choices [2,13]. Birds can discriminate
the sex of conspecifics through olfaction [14–16]. Olfactory cues also allow birds to assess
the similarity or dissimilarity of conspecifics in the Mayor Histocompability Complex
(MHC) [7,17]. At the interspecific level, olfaction also seems to be useful for predation
risk assessment [18–25], for the selection of aromatic plants used in nests [26–29], and for
orientation and navigation [30–32].

Previous evidence also suggests that birds use olfaction in the process of foraging.
The use of olfaction during foraging seems to be an ancient trait in birds (e.g., Kiwis
(Apteryx australis) [33]; Cathartes vultures [34]), where it is maintained in modern lineages
(Procellariiforms [35]); penguins [36,37]; domestic chickens (Gallus gallus) [38]; and passeri-
formes, such as zebra finches (Taeniopygia guttata) [39], great tits (Parus major), and blue tits
(Cyanistes caeruleus) [40–42]). The results of a recent comparative study suggest that the
olfactory bulb size, a proxy of olfactory capability, varies substantially across bird species
in relation to diet type and ecological conditions [43], suggesting that foraging mode has
played an important role in the evolution of chemosensory abilities in birds.

The use of chemical information in foraging activities could be an advantageous
strategy by which to locate prey in places where visual information is only available at
very short distances, such as in covered areas with dense vegetation. The role of bird
olfaction in foraging contexts has been demonstrated in the kiwi (Apteryx australis) [33,44].
Additionally, vultures of the New World, such as turkey vultures (Cathartes aura [45])
and greater yellow-headed vultures (C. melambrotus) [46]), seem to use olfaction to locate
the carcasses they feed on. The role of olfaction in foraging has also been suggested
in honey-guides (family Indicatoridae [47]) and honey buzzards (Pernis orientalis [48]).
The yellow-backed chattering lory (Lorius garrulus subsp. flavopalliatus) can distinguish
one dispenser with artificial nectar from another with water through the detection of the
essences of different plants [49]. In relation to fruit scent detection, the Kakapo (Strigops
habroptilus also uses olfaction to find food [50], while house finches (Carpodacus mexicanus)
exhibit a preference for an artificial red fruit scent [19].

Among the most interesting predator–prey relationships mediated by chemical cues
are those involving several trophic levels. In the sea, Procellariiformes and Sphenisci-
formes can detect dimethyl sulphide (DMS [36,37]), a chemical compound released by
phytoplankton when zooplankton and pelagic fishes graze on phytoplankton, thus sig-
naling areas of high productivity in oceans [35,51]. Chemical communication also plays
an important role in plant–herbivory–predator interactions in terrestrial systems, as insec-
tivorous birds exploit the chemical indirect cues emitted by plants (Herbivore Induced
Plant Volatiles, HIPVs) in response to caterpillar herbivory ([40,42,52–57], reviewed in [41]).
When attacked by herbivorous predators, plants respond in a defensive manner to face such
herbivory, including the emission of HIPVs that attract the predators of herbivores [58].
This herbivore-induced defence, called ‘crying for help’, has mainly been studied in relation
to insects that prey upon larvae [59,60]. However, Mäntylä and collaborators provided
the first evidence that insectivorous birds were attracted to herbivore-infested trees even
when they could not see the larvae or their damage on the leaves [54]. Vision [52] or
olfaction [53] have been proposed as the mechanisms responsible for this attraction, as
larvae-infested trees differ from uninfected trees both in the reflectance of the leaves and
in the HIPVs that they emit [40,52,53,55]. Amo and collaborators [40] isolated the visual
and chemical cues of larvae-infested apple trees and found that great tits were attracted
to infested trees when they could only smell but not when they could only see the trees.
Therefore, it seems that HIPVs can attract insectivorous birds [40,42], although a previous
study using artificial mixtures of volatiles has not found such an attraction [61]. The
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positive correlation found between avian the predation rates of artificial larvae and the
quantity of emission of volatiles emitted by trees experimentally infested with caterpillars
in natural conditions also suggests that olfaction may be the mechanism underlying bird
attraction to caterpillar-infested trees [53], although vision may also play an important
role in finding prey [42,52,57]. Avian attraction has also been shown in plants treated with
methyl jasmonate (MeJA) [41,56], a phytohormone involved in the development of plant
defence against herbivory [62–64]. However, in other plant–herbivore systems, no such
avian attraction to MeJA-treated trees was found [65,66]. This variability in the response of
birds may have been caused by the differences in the volatiles emitted by trees between
herbivore-infected trees and those treated with MeJA [41]. Birds such as great tits and blue
tits are also attracted to chemical cues released by Scots pines during pine sawfly oviposi-
tion [67]. This evidence shows that birds not only use herbivory-induced plant changes
to detect larvae but that they also responsive to changes induced by insect oviposition to
detect the insect clutch they feed on [67].

Birds not only use indirect cues to find their prey (see [41,51] for a review) but are
also able to detect the chemical cues emitted by the prey itself. Insect species release
pheromones to attract mates or other conspecifics [68,69]. However, while chemical signals
such as pheromones can be detected by conspecifics, they can also be eavesdropped on
by predators and parasites, increasing the risk of predation or parasitism for prey [70,71].
Many predator species can eavesdrop on the chemical cues involved in mate attraction or
signaling in different taxa from invertebrates to vertebrates, such as insects, amphibians,
reptiles, and mammals [1]. However, until recently, we were not aware that insectivorous
birds could use olfaction to detect the pheromones of adult lepidopteran and use these to
locate their prey. In a previous study, we found that insectivorous birds were able detect
the pheromones emitted by winter moth (Operophtera brumata) females to attract males,
exploiting these pheromones as a method of prey location to maximize their foraging
effort [72]. However, the question of whether avian attraction to pheromones is exclusive to
prey pheromones or it is exhibited toall insect pheromones remains to be answered. Here,
we present the results of a study aimed to disentangle whether insectivorous birds can
discriminate between the pheromones of one of their prey species from the pheromones of
a non-prey insect.

2. Material and methods
2.1. Study Area and Species

This experimental study was carried out between July and August 2020 in a Pyre-
nean oak (Quercus pyrenaica) forest in Madrid province (Sierra de Guadarrama, Central
Spain, 40◦43′ N, 03◦55′ W). In this forest, a population of insectivorous birds breeding in
100 wooden nest-boxes was established in 2017. The nest-boxes were occupied mainly
by breeding pairs of blue tits (C. caeruleus) and some pairs of great tits (P. major). Other
insectivorous bird species were observed in the study area at lower densities, including
the common blackbird (Turdus merula), coal tit (Periparus ater), and Eurasian nuthatch
(Sitta europaea). Tits feed mainly on caterpillars, such as O. brumata, during their breeding
period [73]. However, during the winter, when no caterpillars are available, parids such
as great tits and blue tits prey upon species belonging to the Hemiptera, Coleoptera, Hy-
menoptera, and Lepidoptera orders [73], such as O. brumata adults [73,74]. Thus, we chose
this species as a prey species because O. brumata adults constitute an important part of the
diet when they are available in winter. Furthermore, the results of a previous study have
shown that insectivorous birds are attracted to the O. brumata pheromone [72]. O. brumata
adults are present in the study area from November to February [75]. In this species, only
females produce pheromones during the reproductive period to attract males [76,77]. We
performed the study in July and August, outside of the reproductive period of this species
(from November to February [75]), to ensure that adult moths were absent and therefore
that bird attraction to the O. brumata pheromone could be attributed to the pheromone and
not to the presence of males. The results of a previous study performed in a Q. pyrenaica
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forest after the period of emergence of O. brumata adults showed that traps baited with the
pheromone did not attract O. brumata individuals or any insect species that could have been
attracted by the same pheromone (e.g., predators or parasitoids) [72]. The pheromone of
O. brumata is composed of 1,Z3,Z6,Z9-nonadecatetraene [76,77]. A synthetic version of this
pheromone can be obtained from commercial suppliers (OPENNATUR, S.L.). Pheromone
dispensers contain 0.5 mg of 1,Z3,Z6,Z9-nonadecatetraene (Pherobank, B.V.). The emission
of this pheromone lasts 40 days, and thus the emission rate is approximately 9 ng/min
(Pherobank, B.V.).

As a non-prey species, we chose to use the palm weevil, Rhynchophorus ferrugineus,
which is a coleopteran species that is not present in the study area. The palm weevil is
originally from tropical Asia but has spread to Europe, reaching the Mediterranean in
the 1980s. However, because R. ferrugineus only attacks palms that belong to Arecales
order, it is not present in the study area. The pheromone dispensers contain a blend of
4 Methyl 5 Nonanol (90%) and 4 Methyl 5 Nonanone (10%). The pheromone release rate
was estimated to be 3 mg/day at 20 ◦C. The emission lasted 90 days and the emission rate
was approximately 2 ng/min (Pherobank, B.V.).

2.2. Experimental Design and Procedure

We placed experimental and control dispensers on branches of 75 Pyrenean oak trees.
The branches were approximately 1.5 m long, with no evident signs of herbivory. The
dispensers were placed at similar average heights in the trees (approx. 1.5 m high). Each
dispenser was hidden inside a raffia bag that was fixed to the branch with a rope. Five
artificial larvae were placed in the surroundings of the dispenser, at distances of 2 to 50 cm
from the dispenser. Thus, the dispensers were situated in the middle of 5 artificial larvae.
For the prey pheromone treatment, we placed an O. brumata pheromone dispenser inside
the raffia bag. In the non-prey pheromone dispenser, we placed a R. ferrugineus pheromone
dispenser inside the raffia bag. For the control treatment, we placed an unscented dispenser
similar to that of the O. brumata pheromone dispenser that was also hidden inside a raffia
bag. Therefore, all the treatments were visually similar (Figure 1). The artificial larvae
were made of light green plasticine (similar to the natural color of real O. brumata larvae, at
least to a human’s visual perception). Neither the plasticine caterpillars nor the raffia bags
emitted UV light. The plasticine larvae were approximately the size of a large fifth instar
O. brumata larva (length 25 ± 30 mm, Ø 3 ± 4 mm). The plasticine larvae were attached
with cyanoacrylate adhesive glue to the branches of forest oak trees. Experimental trees
were separated by gaps of at least 40 m. The trees were alternatively assigned to one of
the treatments: commercial O. brumata pheromone dispenser (prey pheromone, n = 25),
commercial R. ferrugineus pheromone dispenser (non-prey pheromone, n = 25), or odorless
control dispenser (control, n = 25). Thus, the treatments were spatially intermixed among
the oak trees.

To study the attraction of the insectivorous birds to the pheromones, we checked
the number of larvae in the trees with predation marks made by birds every 2 days over
a period of 13 days. Artificial caterpillar models have previously been used to estimate
insectivorous bird attraction [53,62,72,78–82]. A predation event was assigned to a tree
when the tree contained at least one larva damaged by birds. Larva models were considered
damaged when they had triangle-shaped marks and deep cuts made by the beaks of birds
and when a part of their body was taken by the birds, as described in Mäntylä and
collaborators [53,66]. Each model showing a predation mark was replaced with a new one
at the same location during the visits, as we counted the number of larvae with signs of
avian predation each visit.
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Figure 1. Photograph of a wild great tit, Parus major, on an Operopthera brumata pheromone dispenser
hidden inside a raffia bag.

The treatments were in place for 13 days, a period of time for which the effectiveness of
the commercial pheromones is guaranteed, as they can last up to 40 days for the O. brumata
pheromone and 90 days for the R. ferrugineus pheromone (Pherobank, B.V.). We placed
a BROWNING DARK OPS HD camera trap close to a tree containing a prey pheromone
dispenser for two days to gain an idea of how birds approach the experimental area and
attempt to prey on the artificial caterpillars. At the end of the experiment, we removed
all plasticine larvae and the commercial pheromones and controls. The experiment was
conducted under a license issued by the Dirección General de Biodiversidad y Recursos
Naturales, Consejería de Medio Ambiente, Ordenación del Territorio y Sostenibilidad,
Comunidad de Madrid (Ref. 10/024906.9/20).

2.3. Statistical Analyses

We modelled the probability that at least one predation event would occur in a tree
in relation to the treatment (prey pheromone vs. non-prey pheromone vs. control) with a
generalized linear model (GLM) fit using the Laplace approximation with binomial errors
and a logit link function. We also analyzed the probability that at least one event would
occur per visit in relation to treatment with a generalized linear model (GLM) fit using the
Laplace approximation with binomial errors and a logit link function. Data analyses were
performed with the statistical program R 4.0 stats package [83].

3. Results

The number of trees that had at least one caterpillar with signs of avian predation dif-
fered between treatments (GLM: χ2 = 7.77, df = 2, p = 0.02, Figure 2). Post hoc comparisons
showed that the differences were significant when comparing the prey pheromone treat-
ment and the control treatment (p = 0.04) and the prey and non-prey treatments (p = 0.01).
There were no differences in the number of trees that had at least one caterpillar with signs
of avian predation between the non-prey and the control treatments (p = 0.57). Twenty out
of the 25 trees containing a prey pheromone dispenser had at least one avian predation
event (i.e., at least one artificial caterpillar had signs of avian predation). In contrast, a
predation event was observed in only 13 out of the 25 control trees and in 11 out of 25 trees
containing the non-prey pheromone dispenser. The proportion of visits where a predation
event was detected also differed between treatments (GLM: χ2 = 17.76, df = 2, p = 0.0001).
Post hoc comparisons showed that the differences were significant when comparing the
prey pheromone treatment and the control treatment (p = 0.01) and the prey treatment and
non-prey treatment (p < 0.0001). There were no differences in the number of trees that had
at least one caterpillar with signs of avian predation between the non-prey pheromone
treatment and the control treatment (p = 0.08).
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Figure 2. Number of trees with at least one artificial larva with marks of avian predation when the
tree contained a prey (Operophtera brumata) pheromone dispenser (n = 45), a non-prey (Rhynchophorus
ferrugineus) pheromone dispenser (n = 45), or a control unscented dispenser (n = 45).

4. Discussion

Our results confirm that insectivorous birds can eavesdrop on the pheromones emitted
by their prey and suggest that this attraction is only towards prey pheromones and not
towards non-prey pheromones. The number of trees that contained at least one artificial
caterpillar with signals of predation by birds was higher when the trees contained a prey
(O. brumata) pheromone dispenser than when they contained a non-prey (R. ferrugineus) or
a control unscented dispenser. Furthermore, we found at least one artificial larva predated
in a greater number of visits when trees had a prey pheromone dispenser than when they
had a non-prey pheromone dispenser or a control dispenser.

We performed this study during the summer when there are no adults of O. brumata.
The adults of this species emerge in November and can be observed in the field until
February [75]. Therefore, the greater predation rates of artificial larvae cannot be due to the
attraction of birds to the presence of O. brumata males close to the female pheromone, as
previously demonstrated with moth traps baited with this pheromone [72].

Therefore, our results suggest that insectivorous birds can eavesdrop on the intraspe-
cific cues emitted for mate attraction, as has been observed in other taxa, and that this
attraction is exclusively exhibited towards prey chemical cues. The photographs ob-
tained by the trap camera also confirm that birds are guided by the scent released by the
pheromone dispenser, as we observed a great tit on the cotton bag containing the dispenser,
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first pecking at the bag (Figure 1) and then paying attention to the artificial caterpillars.
We also found several bags containing a prey pheromone dispenser that were attacked by
birds. This behavior suggests that birds use pheromones as a precise localization cue. The
emission rate of prey pheromone dispensers has been proven to be biologically relevant,
as both O. brumata males and insectivorous birds [72] are attracted to them. However,
this emission rate is similar to the emission rate of 10 O. brumata females [84], suggesting
that birds are attracted to trees where they can find several females. Therefore, further
studies are needed to disentangle whether birds can detect the pheromone emission of
a single female or whether they are just attracted to cues signaling areas with a high
prey availability. We used commercial dispensers designed to attract O. brumata and
R. ferrugineus to traps. Both dispensers differed in their emission rate, with the emission
rate of the O. brumata pheromone dispenser being approximately 9 ng/min, whereas the
emission rate of R. ferrugineus was approximately 2 ng/min. Although the dispensers were
designed to attract conspecifics of O. brumata and R. ferrugineus, and predators may detect
similar concentrations of pheromones as their prey, the lower emission rate of the non-prey
pheromones dispenser may have caused birds to not be able to detect this scent from as
far as the prey pheromone dispenser; therefore, this may explain the lack of attraction to
non-prey pheromone dispensers. However, if the bird attraction was due just to differences
in the emission rate of the dispensers, we would likely have found more caterpillars with
signals of avian attacks in the non-prey pheromone treatment than in the control unscented
treatment, which had an emission rate of 0. However, that lack of differences between
the control treatment and the non-prey pheromone treatment (p = 0.57) suggests that
insectivorous birds are attracted to the pheromone of a prey species but not to that of a
non-prey species. In any case, further experiments using dispensers with similar emission
rates are needed to confirm that the lack of attraction of avian predators towards non-prey
pheromones is not due to the lower emission rate of these dispensers.

We chose to use R. ferrugineus as a non-prey insect because we aimed to ensure that
the pheromone did not attract individuals to the dispensers. However, as R. ferrugineus
is a foreign species, our results do not allow us to disentangle whether insectivorous
birds are not attracted to R. ferrugineus because it is a non-prey species or because it is a
foreign species. Therefore, further studies are needed to explore how experience helps
insectivorous birds find their insect prey. Whether the ability to detect prey-related odors
is innate or acquired through experience may depend on the degree of specialization
of predators as well as on the variability of prey-associated chemical cues. These two
factors may explain why, even when birds use indirect chemical cues that signal the
presence of prey, both innate and learned responses can be found in the literature [85,86].
Innate recognition of food-related odors (DMS) has been found in Procelariiform birds [85].
DMS is a compound released by phytoplankton when attacked that signals areas of high
productivity in the oceans where Procellarifom seabirds can find their prey. In contrast,
previous evidence suggests that insectivorous birds that use HIPVs to locate their prey
need to learn to associate HIPVs with a foraging experience [86,87]. HIPVs are highly
variable, as their composition depends not only on the herbivore species involved but also
on the plant species [41]. Insectivorous birds can feed on different prey species, which
feed on different tree species, which release different blends of HIPVs. Therefore, in these
generalist predators exposed to such a high variability of HIPVs, the ability to learn to
associate a foraging experience with the presence of such indirect chemical cues has been
favored over an innate recognition of different volatiles [86,87], as has been observed in
predator–prey interactions in insects [88,89]. However, to the best of our knowledge, no
studies have examined whether the detection of such direct chemical cues is innate or may
be learned. A potential explanation for the lack of attraction to non-prey pheromones could
be that insectivorous birds that are naïve to this scent exhibited an aversive response to it.
Although birds can exhibit neophobic responses to some scents [90], in other studies with
insectivorous birds we have not found an aversive response to unknown scents, even inside
the nest cavity [18]. Furthermore, the results of our study showed that birds approached the
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non-prey dispenser similarly than the control one (p = 0.57), which indicates that possible
processes of either, neophobia or neophylia towards the used non-prey scent unlikely
affected our results.

The attraction to chemical cues emitted by prey species has been previously demon-
strated in several taxa, from invertebrates to vertebrates, such as insects, amphibians,
reptiles, and mammals [1]. For example, olfactory cues emitted by small mammals are
known to attract carnivores such as least weasels [91–93], cats, foxes, and snakes [94].
Chemical cues emitted by lizards are also detected by saurophagous snakes [95]. There-
fore, the release of chemical cues for attracting partners increases the risk of detection by
predators [71,96]. Furthermore, cats exhibit a preference for rats emitting high pheromone
levels over those with low pheromone levels [97]. This result reveals the conflict between
sexual attractiveness and predation risk, which may have modulated the evolution of these
chemical signals [1].

In birds, attraction to cues emitted by prey has been previously shown in predatory
raptor species, such as rough-legged buzzards (Buteo lagopus), common kestrels (Falco
tinnunculus), and grey shrikes (Lanius excubitor), which are attracted to the urine marks
of their small mammal prey. The visual detection of the UV coloration of urine has been
proven to be the mechanism responsible for such detection [98–100]. However, whether
these raptor species also use olfaction in foraging remains unexplored, but could be possible,
as the use of olfaction in foraging has been demonstrated in different bird species. For
example, kiwis use olfaction to locate small invertebrates on the ground, although the
specific compounds involved in such detection remain unknown [33,44]. Great tits, blue
tits, and willow warblers (Phylloscopus trochilus), are attracted to the defence volatiles
emitted by trees infested by caterpillars [40,42,52,53,55] or by insect eggs [67].

The exclusive attraction to prey pheromones but not to non-prey pheromones points
to the potential use of insectivorous birds for controlling defoliator caterpillar numbers
in orchards and forests. Attraction to female pheromones may increase not only a bird’s
probability of finding females but also the male moths that are attracted to this pheromone.
Therefore, birds may be more efficient than pheromone traps in decreasing the number
of Lepidopteran caterpillars [101]; thus, insectivorous birds can be considered excellent
candidates for use as predators in the biological control of insect plagues [102,103].

5. Conclusions

Our results confirm that insectivorous birds use the pheromones emitted by their
prey to locate them. Bird attraction to pheromones was not exhibited towards a non-prey
pheromone, suggesting that birds are not attracted to all insect pheromones but exclusively
eavesdrop on insect prey chemical cues. Aversive responses to new scents can be excluded,
and the similar responses to unscented dispensers and non-prey pheromone dispensers
suggests that the emission rate did not influence this result. Further experimental studies
using similar emission rates for prey and non-prey pheromones are needed to rule out the
possibility that the lack of attraction to non-prey pheromones could be caused by the lower
emission rate of such dispensers.
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