
Behavioral asymmetries in ticks – Lateralized questing of Ixodes ricinus to a 
mechatronic apparatus delivering host-borne cues 
Giovanni Benellia,b,⁎, Donato Romanob, Guido Rocchigianic, Alice Casellia, Francesca Manciantic, 
Angelo Canalea, Cesare Stefaninib,d 
a Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, 56124, Pisa, Italy 
b The BioRobotics Institute, Scuola Superiore Sant’Anna, Viale Rinaldo Piaggio 34, 56025 Pontedera, Pisa, Italy 
c Department of Veterinary Sciences, University of Pisa, Viale delle Piagge 2, 56124 Pisa, Italy 
d Department of Biomedical Engineering and Robotics Institute, Khalifa University PO Box, 127788, Abu Dhabi, United Arab Emirates 
 

A B S T R A C T 
Ticks are considered among the most dangerous arthropod vectors of disease agents to both humans and animals 
worldwide. Lateralization contributes to biological fitness in many animals, conferring important functional 
advantages, therefore studying its role in tick perception would critically improve our knowledge about their 
host-seeking behavior. In this research, we evaluated if Ixodes ricinus (L.) (Ixodiidae) ticks have a preference in 
using the right or the left foreleg to climb on a host. We developed a mechatronic device moving a tuft of fox skin 
with fur as host-mimicking combination of cues. This engineered approach allows to display a realistic combination 
of both visual and olfactory host-borne stimuli, which is prolonged over the time and standardized for 
each replicate. In the first experiment, the mechatronic apparatus delivered host-borne cues frontally, to evaluate 
the leg preference during questing as response to a symmetrical stimulus. In the second experiment, hostborne 
cues were provided laterally, in an equal proportion to the left and to the right of the tick, to investigate if 
the host direction affected the questing behavior. In both experiments, the large majority of the tested ticks 
showed individual-level left-biased questing acts, if compared to the ticks showing right-biased ones. 
Furthermore, population-level left-biased questing responses were observed post-exposure to host-mimicking 
cues provided frontally or laterally to the tick. Overall, this is the first report on behavioral asymmetries in ticks 
of medical and veterinary importance. Moreover, the mechatronic apparatus developed in this research can be 
exploited to evaluate the impact of repellents on tick questing in highly reproducible standardized conditions. 
 
1. Introduction 
Ticks are considered among the most dangerous arthropod vectors of disease agents to both humans and animals worldwide 
(Colwell et al., 2011; Jongejan and Uilenberg, 2004), holding a vector competence surpassed only by mosquitoes (Sonenshine et 
al., 2002; Bissinger and Roe, 2010; Benelli et al., 2017a). Good examples of diseases vectored by ticks include Lyme’s disease, 
caused by Borrelia spp. bacteria, Rocky Mountain spotted fever, anaplasmosis, ehrlichiosis, Powassan virus, and 
piroplasmosis (Estrada-Penã and Jongejan, 1999; Dantas-Torres et al., 2012; Ebani et al., 2017). Ticks include 
approximately 900 species, which are distributed in the two main families Argasidae and Ixodidae, and the 
Nutalliellidae family, including only a species (Nuttalliella namaqua, Bredford) (Pfäffle et al., 2013; 
Guglielmone et al., 2014).  
Ixodidae, commonly known as hard ticks, are responsible for most of the cases of human parasitization, 
although also Argasidae, commonly known as soft ticks, sporadically bite humans (Dantas-Torres and 
Otranto, 2016). Human parasitization is caused by several tick species that are different from region to region 
and generally infest animals representing a reservoir host of several pathogen micro-organisms 
(Piesman and Eisen, 2008). 
Both biotic (e.g., host density) and abiotic (e.g., weather) factors can play an important role in affecting 
the host-seeking activity in ticks, which is directly correlated with the host risk of contracting tick-
borne diseases (Loye and Lane, 1988; Schulze et al., 2001; Hubálek et al., 2003). However, ticks 
cognitive endogenous factors are also worth to be investigated in the host seeking/contacting behavior. 
During host seeking, hard ticks (Ixodidae) exhibit a display called questing as a way of increasing the 
chances of coming in to contact with a suitable mammal host. The behavior involves the tick climbing 
up a blade of grass or other similar plant parts and then waiting with its forelegs outstretched. As a host 
passes by it brushes against the forelegs of the tick, which bear Haller’s organ and the tick grabs hold of 
the host (Lees, 1948; Randolph and Storey, 1999; Perret et al., 2000). 
To our mind, tick questing is an ideal display to investigate behavioral asymmetries. Nowadays, it is 
widely recognized that lateralization has a key role for the development of several cognitive functions 
in vertebrates and invertebrates as well (Vallortigara et al., 1999, 2011; Bisazza et al., 2000; 
Vallortigara, 2000, 2006; Rogers, 1989, 2000, 2002, 2017; Vallortigara and Rogers, 2005a,b; Rogers et 
al., 2013a,b; Kelley et al., 2017). Regarding arthropods, studies on behavioral asymmetries mostly 
focused on insects and crustaceans (see Frasnelli et al., 2012a and Frasnelli, 2013 for dedicated 
reviews), while limited information is available on spiders (Heuts and Lambrechts, 1999; Ades 
and Ramires, 2002; Ruhland et al., 2017). However – to the best of our knowledge – no findings are 
available concerning lateralization and behavioral asymmetries in tick vectors of public health 
importance, and more generally in the subclass of Acarina. 
Lateralization contributes significantly to biological fitness in many animals, conferring important 
functional advantages (Rogers and Andrew, 2002; Frasnelli, 2013; Versace and Vallortigara, 2015), 
therefore studying its role in tick perception would critically improve our knowledge about their host-
seeking behavior. Since Ixodidae climb on top of the vegetation assuming a questing posture to 
intercept the host (Norval et al., 1987; Randolph and Storey, 1999; Perret et al., 2000), we investigated 
if ticks have any lateral bias in the use of the forelegs when a host was presented to a questing tick. 
To evaluate if Ixodes ricinus (L.) (Ixodiidae) ticks have a preference in using the right or the left foreleg 
to climb on a host, here a mechatronic device that moved a tuft of fox skin with fur as host-mimicking 
combination of cues was developed. This engineered approach allows to display a realistic combination 
of host-borne cues (i.e., both visual and olfactory stimuli) that is prolonged over the time and 
standardized for each replicate (Todd, 1993; Partan, 2004; Krause et al., 2011; 
Romano et al., 2017b,c). The mechatronic apparatus delivered hostborne cues frontally to the I. ixodes 
tick, to evaluate the leg preference during questing as response to a symmetrical stimulus. Furthermore, 
we provided the host-borne cues laterally, in an equal proportion to the left and to the right of the I. 
ricinus tick, to investigate if the host direction affects the tick perception, thus questing behavior. 
 
2. Materials and methods 
2.1. Ethical note 



This research adheres to the guidelines for the treatment of animals in behavioral research and teaching 
(ASAB/ABS, 2014), the laws of the country (Italy) in which the study was performed (D.M. 116192) 
and the European Union regulations (European Commission, 2007). 
 
2.2. Ticks and general observations 
Ixodes ricinus adult females were obtained from fresh carcasses of 
Vulpes vulpes L. of both genders shot during the regular hunting season in the Province of Pisa (43° N, 
10–11° E) (Ebani et al., 2017). I. ricinus individuals were collected immediately after the death of 
foxes, since they spontaneously drop off the hosts. Ticks were identified relying to the systematic keys 
by Estrada-Penã et al. (2004), then stored in clean glass vials (diameter 10 mm, length 50 mm) for 6 h, 
until the testing phase. Each tick was provided with a wet filter paper disc (diameter 10 mm) dipped in 
tap water. Damaged ticks were discarded and not used for behavioral experiments. Engorged 
individuals were not selected for the experiments because of their reduced mobility and responsiveness. 
Fresh tufts of fox skin with fur used to trigger tick questing through the mechatronic apparatus were 
obtained from the V. vulpes carcasses mentioned above.  
Experiment were conducted in March 2017. All observations were carried out in a Petri dish arena 
(diameter 100 mm; height: 10 mm) from 11:00 to 19:00 h, at 25 °C and 65% RH. The arena was 
carefully washed after each replicate following the method by Carpita et al. (2012). The room was 
illuminated with fluorescent daylight tubes [16:8 (L:D) photoperiod, lights on at 6:00]. Neon tubes 
(Philips 30 W/33) were used, and the light intensity in close proximity of the testing arena 
was 1000 lx, estimated over the 300- to 1100-nm waveband using a LI-1800 spectroradiometer (LI-
COR, Lincoln, NE, USA), equipped with a remote cosine receptor (Benelli et al., 2017b). All trials 
were focally recorded by an observer. To avoid visual cues from the observer affecting the behavior of 
the tested ticks, a white wall of filter paper (Whatman no.1, height 30 cm) surrounded the experimental 
arena (Romano et al., 2016a). 
 
2.3. Mechatronic apparatus delivering host-borne cues 
Here, the host-seeking behavior of I. ricinus ticks were observed after transferring a tick into the testing 
arena and exposing the individual to a mechatronic apparatus (Fig. 1) presenting the host-mimicking 
cues in close proximity of the tick. The mechatronic apparatus delivering host-borne cues was 
composed by a servomotor (Hard HS 3004) connected to a rotor (diameter 50 mm) in acrylonitrile 
butadiene styrene (ABS), designed in SolidWorks and fabricated by rapid prototyping. 
As a host-mimicking combination of visual and olfactory stimuli, a tuft of fox skin with fur (length: 60 
mm; width: 30 mm), tied to a hole close to the circumference of the rotor, was placed and moved by 
controlling the servomotor with a microcontroller (Arduino, Mega 2560). This simple system was 
located on a suspended platform upon the test arena, to move the fox fur close to the tested tick (Fig. 1). 
 
2.4. Lateralized questing experiments 
In the first experiment, we used the mechatronic apparatus described above to present the combination 
of host-mimicking cues to the I. ricinus tick frontally. Once the tick extended the forelegs exhibiting 
the “questing posture” (Lees, 1948), the robotic combination of cues was frontally brought about 5 mm 
from the tick palps and the leg used to transfer itself on the host-mimicking cues was noted. Thirty 
replicates were performed for each tick. In the second experiment, a tick was placed in the testing arena 
and the combination of host-borne cues was swung perpendicularly to the longitudinal body axis of the 
tick, 5 mm from its palps, after the tick questing posture occurred. 
In both experiments, for each tested tick, we recorded (i) the number of climbing attempts occurred 
when the cues were provided from the frontal or lateral side of the tick, (ii) the first leg used to attempt 
climbing, as well as (iii) the climbing success (e.g., when a tick intercepted the delivered combination 
of cues and fixed itself on). Furthermore, the duration of tick anchoring on the stimulus was recorded, 
evaluating the number of ticks fixed on the host’s fur for more than 30 s. Ticks that were not involved 
in any seeking behavior or that were constrained to the side of the arena were discarded. Each tick was 
tested thirty times. 
 
2.5. Statistical analysis 
Concerning I. ricinus lateralized questing data, population-level differences in the overall number of 
ticks displaying a lateralized response was analyzed using a likelihood ratio χ2 test with Yates’ 
correction (Sokal and Rohlf, 1981). Results were considered statistically significant using P= 0.05 as 
threshold. Individual-level lateralization in the tested ticks was computed calculating the laterality 
index (LI) following the formula by Frasnelli et al. (2012b): LI= (R − L/R + L). Where R and L 
indicate, respectively, the normalized mean number of times in which each tick use the right or the left 
anterior leg during questing; a score of 1.0 indicated exclusive use of the right leg, while a score of −1.0 
indicated exclusive use of the left leg. A score of 0 indicated equal numbers of right and left legs during 
questing acts. Ticks with LI ranging from −0.2 to 0.2 were not considered as lateralized. 
 
3. Results and discussion 
The lateralized questing behavior in I. ricinus ticks exposed frontally to a mechatronic apparatus 
delivering a combination of host-mimicking cues was described in Table 1, showing individual-level 
lateralization, with left-biased questing displays (16 on a total of 25 ticks, each tested 30 times). 
Furthermore, left-biased LI (22 on a total of 25 ticks, each tested 30 times) were observed when the 
combination of host-mimicking stimuli was presented to the ticks from a lateral side (Table 2). 
In both experiments, it was observed that the large majority of the tested I. ricinus ticks exhibited left-
biased questing acts, if compared to the ones showing right-biased LI values (Tables 1 and 2). 
Population-level questing responses of I. ricinus ticks were shown in Fig. 2. We noted significant left-
biased questing in I. ricinus ticks postexposure to a combination of host-mimicking cues provided 
frontally (χ2 =4.208; d.f. = 1; P < 0.05) as well as from the left or the right side (χ2= 15.423; d.f. = 1; P 
< 0.05) of the tick. 



During our literature survey searching for behavioral asymmetries in ticks and other mites, we faced a 
severe lack of knowledge. No researches on the topics have been found for in whole subclass Acarina. 
More generally, only three studies are available for the Arachnida class (Heuts and Lambrechts, 1999; 
Ades and Ramires, 2002; Ruhland et al., 2017). Motor right-left asymmetries have been indirectly 
evidenced studying eighteen families of spiders, where a small but significant majority (55%) of field 
captured spiders mainly showed left-leg lesions (Heuts and Lambrechts, 1999), arguing that the left-
side vulnerability can be linked to both anatomical (e.g., joint strength and leg length) and behavioral 
factors (e.g., propensity to move the legs on one side or side-biases present in spiders’ predators) as 
earlier documented in several vertebrate species (Vallortigara and Rogers, 2005a,b). Later, Ades and 
Ramires (2002) showed that spitting spiders Scytodes globula Nicolet (Araneae) use more frequently 
their left anterior legs over the right ones to handle their preys. Very recently, it has been highlighted 
that male tarantula spider (Brachypelma albopilosum Valerio) are rightbiased when choosing in a T-
maze between two identical cues (e.g., light or female odors) (Ruhland et al., 2017). 
On the other hand, concerning insects, many research evidences are available on lateralized traits in 
social and solitary bees (e.g., Anfora et al., 2010, 2011; Frasnelli et al., 2010a,b, 2011; Rigosi et al., 
2011; Rogers and Frasnelli, 2016; Rogers et al., 2013a,b Rigosi et al., 2015; see Frasnelli et al., 2014 
for a dedicated review) as well as on Drosophila flies (e.g., Purnell and Thompson, 1973; Gaudry et al., 
2013; Buchanan et al., 2015). Furthermore, asymmetrical traits have been recently showed in several 
other insect species. Good examples are the courtship and mating traits of stored-product beetles 
(Benelli et al., 2016a, 2017b; Romano et al., 2016b), two encyrtid parasitoids (Romano et al., 
2016a, 2017a) and the olive fruit fly (Benelli et al., 2015a). Lateralization during aggressive 
interactions has been observed in tephritid flies (Benelli et al., 2015a,c), blowflies (Romano et al., 
2015), and in the Asian tiger mosquito (Benelli et al., 2015b), while asymmetrical escape 
and predator surveillance responses have been reported very recently for locusts exposed to Guinea-
fowl mimicking predators (Romano et al., 2017c). 
A theoretical model on the evolution of asymmetries suggested that lateralization at the population-
level is more likely to evolve in social species, while lateralization at an individual-level is more likely 
to evolve in solitary species (Ghirlanda and Vallortigara, 2004; Ghirlanda et al., 2009). However, as 
outlined by recent evidences on the insects and spiders mentioned above, population-level asymmetric 
traits have been reported also in several gregarious and solitary species. It has been hypothesized that 
the population-level behavioral asymmetries found in these species relate to mating and other social 
interactions (e.g., fighting and escape responses), therefore can be explained by “pre-social” 
interactions occurring between members of these solitary species and their conspecifics or predators 
(Frasnelli et al., 2012a,b; Benelli et al., 2015a,b; Romano et al., 2017c). In this scenario, the evidence of 
population-level lateralized questing in I. ricinus ticks represent a peculiar finding, since the 
intraspecific interactions among these ticks are limited to strict time frames during their life (i.e., 
mating or sharing of highly infested hosts), therefore it looks conceivable to argue that the 
arising of population-level lateralized questing can be linked with the repeated interactions of ticks with 
their hosts, where lateralized questing allows ticks to enhance cognitive capacity and efficiency of the 
brain, thus counteracting the ecological disadvantages of lateral biases 
in behavior (Vallortigara and Rogers, 2005a). 
 
4. Conclusions 
Overall, to the best of our knowledge, this is the first report showing evidence of behavioral 
asymmetries in ticks of medical and veterinary importance, with special reference to laterality in 
ixodiid questing. The apparatus presented here allows a repeated and standardized presentation 
of the cues to the animal, thus creating repeated testing sessions in sequence, a relatively rare result in 
laterality literature (see Frasnelli et al., 2012a,b as well as Benelli et al., 2015a,b). Moreover, 
the mechatronic apparatus developed in this research can be exploited to evaluate the impact of 
repellent products on tick questing in highly reproducible standardized conditions, which is currently a 
major challenge in tick management science (Benelli et al., 2016b; Tabari et al., 2017). Further research 
is still needed on the proximate mechanisms leading to left-biased questing, shedding light on potential 
differences in muscular size, exoskeleton robustness and/or nervous innervations (see also Govind, 
1989) between left and right tick anterior legs. 
 
References 
ASAB/ABS, 2014. Guidelines for the treatment of animals in behavioural research and 
teaching. Anim. Behav. 99, 1–9. 
Ades, C., Ramires, E.N., 2002. Asymmetry of leg use during prey handling in the spider 
Scytodes globula (Scytodidae). J. Insect. Behav. 15, 563–570. 
Anfora, G., Frasnelli, E., Maccagnani, B., Rogers, L.J., Vallortigara, G., 2010. Behavioural 
and electrophysiological lateralization in a social (Apis mellifera) but not in a nonsocial 
(Osmia cornuta) species of bee. Behav. Brain Res. 206, 236–239. 
Anfora, G., Rigosi, E., Frasnelli, E., Ruga, E., Trona, F., Vallortigara, G., 2011. 
Lateralization in the invertebrate brain: left-right asymmetry of olfaction in bumble 
bee, Bombus terrestris. PLoS One 6 (4), e18903. 
Benelli, G., Romano, D., Messing, R.H., Canale, A., 2015a. Population level lateralized 
aggressive and courtship displays make better fighters not lovers: evidence from a fly. 
Behav. Process. 115, 163–168. 
Benelli, G., Romano, D., Messing, R.H., Canale, A., 2015b. First report of behavioural 
lateralisation in mosquitoes: right-biased kicking behaviour against males in females 
of the Asian tiger mosquito, Aedes albopictus. Parasitol. Res. 114, 1613–1617. 
Benelli, G., Donati, E., Romano, D., Stefanini, C., Messing, R.H., Canale, A., 2015c. 
Lateralization of aggressive displays in a tephritid fly. Sci. Nat. Naturwiss 102, 1. 
http://dx.doi.org/10.1007/s00114-014-1251-6. 
Benelli, G., Romano, D., Stefanini, C., Kavallieratos, N.G., Athanassiou, C.G., Canale, A., 
2016a. Asymmetry of mating behaviour affects copulation success in two stored 
product beetles. J. Pest. Sci. 90, 547–556. 
Benelli, G., Pavela, R., Canale, A., Mehlhorn, H., 2016b. Tick repellents and acaricides of 
botanical origin: a green roadmap to control tick-borne diseases? Parasitol. Res. 115, 
2545–2560. 
Benelli, G., Maggi, F., Romano, D., Stefanini, C., Vaseeharan, B., Kumar, S., Higuchi, A., 



Alarfaj, A.A., Mehlhorn, H., Canale, A., 2017a. Nanoparticles as effective acaricides 
against ticks −a review. Ticks Tick-borne Dis. 8, 821–826. 
Benelli, G., Romano, D., Kavallieratos, N., Conte, G., Stefanini, C., Mele, M., Athanassiou, 
C., Canale, A., 2017b. Multiple behavioural asymmetries impact male mating success 
in the khapra beetle, Trogoderma granarium. J. Pest. Sci. 90, 901–909. 
Bisazza, A., Cantalupo, C., Capocchiano, M., Vallortigara, G., 2000. Population lateralization 
and social behaviour: a study with sixteen species of fish. Laterality 3, 
269–284. 
Bissinger, B.W., Roe, M.R., 2010. Tick repellents: past, present, and future. Pestic. 
Biochem. Physiol. 96, 63–79. 
Buchanan, S.M., Kain, J.S., de Bivort, B.L., 2015. Neuronal control of locomotor handedness 
in Drosophila. Proc. Natl. Acad. Sci. U. S. A. 112 (21), 6700–6705. 
Carpita, A., Canale, A., Raffaelli, A., Saba, A., Benelli, G., Raspi, A., 2012. (Z)-9-tricosene 
identified in rectal gland extracts of Bactrocera oleae males: first evidence of a maleproduced 
female attractant in olive fruit fly. Naturwissenschaften 99, 77–81. 
Colwell, D.D., et al., 2011. Vector-borne parasitic zoonoses: emerging scenarios and new 
perspectives. Vet. Parasitol. 182, 14–21. 
Dantas-Torres, F., Otranto, D., 2016. Best practices for preventing vector-borne diseases 
in dogs and humans. Trends Parasitol. 32 (1), 43–55. 
Dantas-Torres, F., Chomel, B.B., Otranto, D., 2012. Ticks and tick-borne diseases: a one 
health perspective. Trends Parasitol. 28, 437–446. 
Ebani, V.V., Rocchigiani, G., Nardoni, S., Bertelloni, F., Vasta, V., Papini, R.A., Verin, R., 
Poli, A., Mancianti, F., 2017. Molecular detection of tick-borne pathogens in wild red 
foxes (Vulpes vulpes) from Central Italy. Acta Trop. 172, 197–200. 
Estrada-Penã, A., Jongejan, F., 1999. Ticks feeding on humans: a review of records on 
human-biting Ixodoidea with special reference to pathogen transmission. Exp. Appl. 
Acarol. 23, 685–715. 
Estrada-Penã, A., Bouattour, A., Camicas, J.L., Walker, A.R., 2004. Ticks of Domestic 
Animals in the Mediterranean Region. A Guide to Identification of Species. 
Chapters 1–4. 
European Commission, 2007. Commission Recommendations of 18 June 2007 on 
Guidelines for the Accommodation and Care of Animals Used for Experimental and 
Other Scientific Purposes. Annex II to European Council Directive 86/609. See 2007/ 
526/EC. http://eurex.europa.eu/LexUriServ/LexUriServ.do?uri_OJ: 
L:2007:197:0001:0089:EN:PDF. 
Frasnelli, E., Vallortigara, G., Rogers, L.J., 2010a. Response competition associated with 
right-left antennal asymmetries of new and old olfactory memory traces in honeybees. 
Behav. Brain Res. 209, 36–41. 
Frasnelli, E., Anfora, G., Trona, F., Tessarolo, F., Vallortigara, G., 2010b. Morpho-functional 
asymmetry of the olfactory receptors of the honeybee (Apis mellifera). Behav. 
Brain Res. 209, 221–225. 
Frasnelli, E., Vallortigara, G., Rogers, L.J., 2011. Right-left antennal asymmetry of odour 
memory recall in three species of Australian stingless bees. Behav. Brain Res. 224, 
121–127. 
Frasnelli, E., Vallortigara, G., Rogers, L., 2012a. Left-right asymmetries of behaviour and 
nervous system in invertebrates. Neurosci. Biobehav. R36, 1273–1291. 
Frasnelli, E., Iakovlev, I., Reznikova, Z., 2012b. Asymmetry in antennal contacts during 
trophallaxis in ants. Behav. Brain Res. 232, 7–12. 
Frasnelli, E., Haase, A., Rigosi, E., Anfora, G., Rogers, L.J., Vallortigara, G., 2014. The bee 
as a model to investigate brain and behavioural asymmetries. Insects 5, 120–138. 
Frasnelli, E., 2013. Brain and behavioral lateralization in invertebrates. Front. Psychol. 4, 
939. 
Gaudry, Q., Hong, E.J., Kain, J., de Bivort, B.L., Wilson, R.I., 2013. Asymmetric neurotransmitter 
release enables rapid odour lateralization in Drosophila. Nature 493, 
424–428. 
Ghirlanda, S., Vallortigara, G., 2004. The evolution of brain lateralization: a game theoretical 
analysis of population structure. Proc. R. Soc. B 271, 853–857. 
Ghirlanda, S., Frasnelli, E., Vallortigara, G., 2009. Intraspecific competition and coordination 
in the evolution of lateralization. Philos. Trans. R. Soc. Lond. B 364, 
861–866. 
Govind, C.K., 1989. Asymmetry in lobster claws. Am. Sci. 77, 468–474. 
Guglielmone, A.A., Robbins, R.G., Apanaskevich, D.A., Petney, T.N., Estrada-Peña, A., 
Horak, I.G., 2014. Hard Ticks (Acari: Ixodida: Ixodidae) of the World. Springer, 
Heidelberg. 
Heuts, B.A., Lambrechts, D.Y.M., 1999. Positional biases in leg loss of spiders and harvestmen 
(Arachnida). Entomol. Ber (Amst.) 59, 13–20. 
Hubálek, Z., Halouzka, J., Juricova, Z., 2003. Host-seeking activity of ixodid ticks in 
relation to weather variables. J. Vector Ecol. 28, 159–165. 
Jongejan, F., Uilenberg, G., 2004. The global importance of ticks. Parasitology 129, 
S3–S14. 
Kelley, N.J., Hortensius, R., Schutter, D.J., Harmon-Jones, E., 2017. The relationship of 
approach/avoidance motivation and asymmetric frontal cortical activity: a review of 
studies manipulating frontal asymmetry. Int. J. Psychophysiol. 119, 19–30. 
Krause, J., Winfield, A.F., Deneubourg, J.L., 2011. Interactive robots in experimental 
biology. Trends Ecol. Evol. 26, 369–375. 
Lees, A.D., 1948. The sensory physiology of the sheep tick, Ixodes ricinus L. J. Exp. Biol. 
25, 145–207. 
Loye, J.E., Lane, R.S., 1988. Questing behavior of Ixodes pacificus (Acari: Ixodidae) in 
relation to meteorological and seasonal factors. J. Med. Entomol. 25, 391–398. 
Norval, R.A.I., Yunker, C.E., Butler, J.F., 1987. Field sampling of unfed adults of 
Amblyomma hebraeum Koch. Exp. Appl. Acarol. 3, 213–217. 
Partan, S.R., 2004. Animal robots. In: Bekoff, M. (Ed.), Encyclopedia of Animal Behavior. 
Westport, Greenwood, pp. 952–955. 
Perret, J.L., Guigoz, E., Rais, O., Gern, L., 2000. Influence of saturation deficit and temperature 
on Ixodes ricinus tick questing activity in a Lyme borreliosis-endemic area 
(Switzerland). Parasitol. Res. 86, 554–557. 
Pfäffle, M., Littwin, N., Muders, S.V., Petney, T.N., 2013. The ecology of tickborne diseases. 
Int. J. Parasitol. 43, 1059–1077. 
Piesman, J., Eisen, L., 2008. Prevention of tick-borne diseases. Annu. Rev. Entomol. 53, 
323–343. 
Purnell, D.J., Thompson, J.N., 1973. Selection for asymmetrical bias in a behavioural 
character of Drosophila melanogaster. Heredity 31, 401–405. 
Randolph, S.E., Storey, K., 1999. Impact of microclimate on immature tick-rodent host 
interactions (Acari: Ixodidae): implications for parasite transmission. J. Med. 
Entomol. 36, 741–748. 



Rigosi, E., Frasnelli, E., Vinegoni, C., Antolini, R., Anfora, G., Vallortigara, G., Haase, A., 
2011. Searching for anatomical correlates of olfactory lateralization in the honeybee 
antennal lobes: a morphological and behavioural study? Behav. Brain Res. 221 (1), 
290–294. 
Rigosi, E., Haase, A., Rath, L., Anfora, G., Vallortigara, G., Szyszka, P., 2015. Asymmetric 
neural coding revealed by in vivo calcium imaging in the honey bee brain. Proc. R. 
Soc. B Biol. Sci. 282. 
Rogers, L.J., Andrew, R.J., 2002. Comparative Vertebrate Lateralization. Cambridge 
University Press, New York. 
Rogers, L.J., Frasnelli, E., 2016. Antennal asymmetry in social behavior of the Australian 
stingless bee, Tetragonula carbonaria. J. Insect Behav. 29 (5), 491–499. 
Rogers, L.J., Vallortigara, G., Andrew, R.J., 2013a. Divided Brains: the Biology and 
Behaviour of Brain Asymmetries. Cambridge University Press, Cambridge. 
Rogers, L.J., Rigosi, E., Frasnelli, E., Vallortigara, G., 2013b. A right antenna for social 
behaviour in honeybees. Sci. Rep. 3, 2045. http://dx.doi.org/10.1038/srep02045. 
Rogers, L.J., 1989. Laterality in animals. Int. J. Comp. Psychol. 3, 5–25. 
Rogers, L.J., 2000. Evolution of hemispheric specialisation: advantages and disadvantages. 
Brain Lang. 73, 236–253. 
Rogers, L.J., 2002. Advantages and disadvantages of lateralization. In: Rogers, L.J., 
Andrew, R.J. (Eds.), Comparative Vertebrate Lateralization. Cambridge University 
Press, Cambridge, UK, pp. 126–153. 
Rogers, L.J., 2017. Chickens’ brains, like ours, are lateralized. Anim. Sentience Int. J. 
Anim. Feel 2 (17), 3. 
Romano, D., Canale, A., Benelli, G., 2015. Do right-biased boxers do it better? Populationlevel 
asymmetry of aggressive displays enhances fighting success in blowflies. Behav. 
Process. 113, 159–162. 
Romano, D., Donati, E., Canale, A., Messing, R.H., Benelli, G., Stefanini, C., 2016a. 
Lateralized courtship in a parasitic wasp. Laterality 21, 243–254. 
Romano, D., Kavallieratos, N.G., Athanassiou, C.G., Canale, A., Stefanini, C., Benelli, G., 
2016b. Impact of geographical origin and rearing medium on mating success and 
lateralization in the rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae). J. 
Stored Prod. Res. 69, 106–112. 
Romano, D., Benelli, G., Stefanini, C., Desneux, N., Ramirez-Romero, R., Canale, A., 
Lucchi, A., 2017a. Behavioral asymmetries in the mealybug parasitoid Anagyrus sp. 
near pseudococci: does lateralized antennal tapping predict male mating success? J. 
Pest. Sci. http://dx.doi.org/10.1007/s10340-017-0903-7. 
Romano, D., Benelli, G., Donati, E., Remorini, D., Canale, A., Stefanini, C., 2017b. 
Multiple cues produced by a robotic fish modulate aggressive behaviour in Siamese 
fighting fishes. Sci. Rep. 7, 4667. http://dx.doi.org/10.1038/s41598-017-04840-0. 
Romano, D., Benelli, G., Stefanini, C., 2017c. Escape and surveillance asymmetries in 
locusts exposed to a Guinea fowl-mimicking robot predator. Sci. Rep. 7, 12825. 
http://dx.doi.org/10.1038/s41598-017-12941-z. 
Ruhland, F., Caudal, J., Trabalon, M., 2017. Male tarantula spiders’ reactions to light and 
odours reveal their motor asymmetry. J. Zool. 301, 51–60. 
Schulze, T., Jordan, R.A., Hung, R.W., 2001. Effects of selected meteorological factors on 
diurnal questing of Ixodes scapularis and Amblyomma americanum (Acari: Ixodidae). J. 
Med. Entomol. 38, 318–324. 
Sokal, R.R., Rohlf, F.J., 1981. Biometry, 2nd edn. W.H Freeman, San Francisco, CA. 
Sonenshine, D.E., Lane, R.S., Nicholson, W.L., 2002. Ticks (Ixodida). In: Mullen, G., 
Durden, L. (Eds.), Med Vet Entomol. Academic, San Diego, pp. 517–558. 
Tabari, M.A., Youssefi, M.R., Maggi, F., Benelli, G., 2017. Toxic and repellent activity of 
selected monoterpenoids (thymol, carvacrol and linalool) against the castor bean 
tick, Ixodes ricinus (Acari: Ixodidae). Vet. Parasitol. 245, 86–91. 
Todd, D., 1993. Mobile robots-the lessons from nature. Robots Biol. Syst. Towards New 
Bionics 102, 193–206. 
Vallortigara, G., Rogers, L.J., 2005a. Survival with an asymmetrical brain: advantages 
and disadvantages of cerebral lateralization. Behav. Brain Sci. 28, 575–633. 
Vallortigara, G., Rogers, L.J., 2005b. Forming an asymmetrical brain: genes, environment 
and evolutionary stable strategies (Response to commentary). Behav. Brain Sci. 28, 
615–623. 
Vallortigara, G., Rogers, L.J., Bisazza, A., 1999. Possible evolutionary origins of cognitive 
brain lateralization. Brain Res. Rev. 30, 164–175. 
Vallortigara, G., Chiandetti, C., Sovrano, V.A., 2011. Brain asymmetry (animal). Wiley 
Interdiscip. Rev. Cogn. Sci. 2, 146–157. 
Vallortigara, G., 2000. Comparative neuropsychology of the dual brain: a stroll through 
animals’ left and right perceptual worlds. Brain Lang. 73, 189–219. 
Vallortigara, G., 2006. The evolutionary psychology of left and right: costs and benefits of 
lateralization. Dev. Psychobiol. 48, 418–427. 
Versace, E., Vallortigara, G., 2015. Forelimb preferences in human beings and other 
species: multiple models for testing hypotheses on lateralization. Front. Psychol. 6, 
233. http://dx.doi.org/10.3389/fpsyg.2015.0023 










	Benelli fig 1.PDF
	Page 1

	Benelli fig 2.PDF
	Page 1

	BenelliTable 1.PDF
	Page 1

	BenelliTable 2.PDF
	Page 1


