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Abstract

:

Simple Summary


Senotainia tricuspis is a dipterian endoparasitoid of the honey bee. It is responsible for the severe damage (called senotainiosis) of apiaries in several European, North African and Middle Eastern countries. Despite the availability of data on the infestation percentages and the increasingly growing awareness of the senotainiosis damage in beekeeping, the aggression and parasitization behavior of S. tricuspis towards A. mellifera remains poorly investigated. In this study, a description of parasitisation behavior, as well as data on the pupation and emergence of S. tricuspis in an apiary in the province of Pisa (Central Italy), is provided. The categories of aggression, beecatcher, chase and parasitization in the attack behavior of S. tricuspis toward western honey bees were identified and described. Moreover, the daily temporal pattern of the number of aggressions showed two main peaks: one during the morning hours and one in the afternoon. Data on the sinking depth of larvae and successful pupation allowed us to hypothesize that mulch and/or minimum soil tillage could prevent severe senotainiosis in apiaries.




Abstract


Senotainia tricuspis (Meigen, 1838) is a Sarcophagid dipteran endoparasitoid of Apis mellifera L., and myiasis, caused by this fly, is reported in several European, North African and Middle Eastern countries. Nevertheless, very little knowledge concerning the aggression and parasitisation behavior of S. tricuspis toward A. mellifera is available in the scientific literature, and the temporal pattern of aggression remains unclear. The aim of this investigation was to describe the aggressive behavior of S. tricuspis and to provide data on pupation and adult emergence in order to identify further tools for the control of senotainiosis in beekeeping. Data were collected in an apiary in Pisa province (Tuscany, Italy), where observations of aggressive behavior were conducted indirectly by using a VHS camera and also directly by an observer. Four behavioral categories of the attack were described. A total of 55 aggressions, 21 beecatchers, 104 chases and 6 parasitization events were recorded with the camera. Slow-motion recording analyses of the parasitization episodes resulted in contact of at least 1/6 s between the parasitoid and the host. Through four days of direct observations, a total of 1633 aggression events were recorded. The daily temporal pattern of the number of aggressions showed two main peaks: one during the morning hours (i.e., from 10:00 to 11:00) and one in the afternoon (i.e., from 15:00 to 17:00). The morphometric data on the first-instars of S. tricuspis allowed us to hypothesize a penetration in the bee through its prothoracic spiracle as a modality of entrance in the host body. Third-instars successfully pupate when sinking in topsoil or clay soil, and adults emerge when left to a 4 °C overwintering period of six months. Furthermore, the high mortality rate of those larvae that did not sink and did not pupate successfully suggests that reaching a certain depth in the soil is a determining factor for larvae survival and that mulch and/or minimum soil tillage could prevent severe senotainiosis in apiaries.
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1. Introduction


Senotainia tricuspis (Meigen, 1838) is a Sarcophagid dipteran occurring in Europe, North Africa and the Middle East [1,2]. S. tricuspis is similar to a domestic fly, with a length of 5–8 mm and is gray-black in color with a white strip between the reddish compound eyes and three black cusps on the abdomen [1,3]. S. tricuspis is an endoparasitoid of Apis mellifera L. and is responsible for senotainiosis, a syndrome that affects the bee’s flight ability that is associated with the spread position of the wings (K-wings) and which could lead to the collapse of bee colonies when the infestation rate exceeds 70% [4,5,6,7]. Lower infestations can be highly debilitating for western honey bee colonies if associated with other diseases, such as varroosis [7]. Damage to apiaries has been previously reported in Albania [8], Algeria, Jordan [2,9,10,11], Egypt [2,10,12], France [13,14], Italy [15,16,17,18,19,20], Oman [2,12,21,22], Portugal [23,24], Tunisia [14,25], Romania [26], Syria [2,25,27], Spain [28,29], Ukraine and Russia [30,31].



In central Italy, adults of S. tricuspis emerge during late springtime and begin to infest honey bee hives from the second half of May/early June [18]. Females are larviparous and young larvae are carried inside the uterus until deposition on the thorax of the host honey bee [3,18,32]. Once the first-instars are laid by the adult, they penetrate the honey bee thorax [16] and begin to migrate into the trachea, where they develop into second instars [19]. During this phase, second instars severely damage the host tracheal system, feeding on the bee hemolymph and muscles and leading to the host’s death [7,19]. Third instars complete their development by eating parts of the dead honey bee tissues for 4–5 days, leaving the host body and undergoing a metamorphosis in the ground, where they develop into pupae [19,32,33]. Adults start to emerge in spring after overwintering in the soil, and the larvae that reach the pupal stage during June–July develop into adults within 15–20 days, allowing a second generation in the same year [7].



Although senotainiosis is reported in several European, North African and Middle Eastern countries, the aggression and the parasitization behavior of S. tricuspis have been poorly investigated. Flies are reported to attack honey bees that forage on flowers [30], fly out of the hives [13,16] or fly back to the hives [18]. Furthermore, the temporal pattern of the aggression behavior remains unclear, although many authors suggest that the flies attack mainly during the hottest and brightest daylight hours [16,18,34,35,36]. Since information on the aggression behavior, pupation and biological cycle of S. tricuspis could provide useful elements for the control of senotainiosis in beekeeping practice, the aim of this study was to investigate the host–parasitoid relationship between honey bees and the Sarcophagid dipteran fly.




2. Materials and Methods


2.1. Biological Samples and Infestation Rates


Biological data of S. tricuspis were collected once every week, from June to November in 2004 and 2005, from a hive of an apiary in the Pisa province (Tuscany, Italy, 43.6515° Lat., 10.3054° Long., 0.96 m a.s.l.). The hive was arranged in sites protected from the wind currents by the wall structure of a six m high building. During data collection, the monthly mean temperatures ranged between a maximum of 24 °C in August and a minimum of 11 °C in November in 2004, and between a maximum of 24 °C in July and August and a minimum of 11 °C in November in 2005. The monthly cumulative rainfalls ranged from a minimum of 16 mm in July and August to a maximum of 129 mm in November 2004 and from a minimum of 9.9 mm in July to a maximum of 103 mm in November 2005. Following the methodology of Santini et al. [18], during each day of sampling (25 days per year), 20 honey bees were collected and conserved for 24 h in 180 mL jars. The dead bees were moved into Petri dishes for the observation and sampling of emerging S. tricuspis larvae. For each dead honey bee, the number of larvae inside the host body was counted. The infestation rate for each day of sampling was calculated by:


    t o t a l   n u m b e r   o f   e m e r g i n g   l a r v a e   per   d a y   t o t a l   n u m b e r   o f   b e e s   i n   t h e   s a m p l e   × 100  











In August 2004, ten adult females of S. tricuspis were collected and weighed in order to compare the parasitoid and the host body weights. After weighing, the females were dissected under a stereomicroscope; the uterus was removed, and larvae were counted and measured.




2.2. Behavioral Study


An observation of the sinking behavior of the S. tricuspis larvae was performed by sampling 60 larvae emerging from bee bodies and placed into 6 thin transparent boxes (6 × 14 × 14 cm) containing three types of soil: sand, clay and topsoil. For each cage, 10 larvae were placed on the soil surface, and the larvae sinking depth was measured after 10 days. The pupariae that developed during the sinking phase (n = 25) were removed from the soil and divided into two groups. The first group, comprising 13 pupariae, was left at 4 °C for 6 months and at 25 °C for a further 3 months. The second group, comprising 12 pupariae, was left at 25 °C for 9 months. The number of emerging adults from both groups was recorded.



Observations of the behavior of adult S. tricuspis were performed in August 2004, directly by an observer operator and indirectly using a VHS camera Sony Hi 8, set to operate with a 1/10,000 s shutter speed. The observations were conducted from 08:00 to 19:00 for four days (19–22 August; mean temperatures range: 22–27 °C; rain falls: 0 mm; mean wind speed range: 6.9–23.7 km/h). Each set of observations was performed for 20 min every hour, following the behavior sampling method associated with continuous recording [37]. In accordance with the parsimony principle and with their intrinsic unitary consistency from the onset to the end [38], four behavioral categories were defined [7]. During the direct observations, the aggression events of S. tricuspis toward bees were differentiated between those toward the forager bees leaving (flying-out) and those toward forager bees entering (flying-in) the hive.



On the 27 August, two additional adult females of S. tricuspis were collected, marked on the thorax with red nail polish and weighed. From 17:00 to 18:00, the number of individual aggressive behaviors of the two marked flies toward the bees was recorded.





3. Results


3.1. Biological Samples and Infestation Rates


A total of 1000 honey bees were collected, of which 500 were collected in 2004 and 500 were collected in 2005. A total of 120 and 121 parasitized honey bees in 2004 and 2005, respectively, were recorded. Each honey bee hosted only one S. tricuspis larva. For both years, the temporal pattern of the infestation rate of S. tricuspis in honey bees is reported in Figure 1. In 2004, a peak of 75% of infestation on the 1st of October was recorded, while in 2005, the peak of infestation (45%) occurred on the 3rd of September.



The average weight of the S. tricuspis adult females was 8699 mg (SD = 1,06; n = 10), which represents 4.8% of the average weight of a worker bee (i.e., 180 mg [39]).



Uteruses removed from the dissected adult females of S. tricuspis contained an average of 557 first-instars, ranging from 512 to 602 larvae, with a length of 800–1000 µm and a diameter of 100–130 µm.




3.2. Behavioral Study


The pupation depths of 60 larvae, sampled from the parasitized honey bees and placed in boxes with three different soils, are reported in Table 1. A total of 25 larvae sank successfully and developed into pupariae, with an average depth of 4.25 cm and 3.06 cm for the two clays boxes (rate of mortality = 50%) and 3.45 cm and 3.31 cm for the two topsoil boxes (rate of mortality = 35%). Pupariae placed in the sandboxes failed to sink, and only two larvae developed into pupariae (rate of mortality = 90%).



All pupariae that were left at 4 °C for 6 months and then at 25 °C for 3 further months (n = 13) developed into adults, while only one adult emerged from the pupariae left at 25 °C for 9 months. All the emerging adults were female.



A total of 18 h of direct observation and 12 h of video recording on the aggressive behavior of S. tricuspis were performed. Through video-recording analysis, the aggressive behavior of S. tricuspis toward honey bees resulted and comprised four behavioral categories (Figure 2):




	(1)

	
Aggression: the act of flying toward a flying honey bee from an ambush position.




	(2)

	
Beecatcher: the act of flying toward a flying honey bee from an ambush position and immediately returning to the same ambush position. The term for this category was taken from the name “flycatcher”, the small migratory bird, Muscicapa striata (Pallas, 1764), that presents the same peculiar behavior during its predatory activity toward its prey (generally flies).




	(3)

	
Chase: the act of pursuing a flying honey bee.




	(4)

	
Parasitization: the act of chasing a flying honey bee, followed by contact with the host for a recorded time of four frames (1/6 s).









A total of 6 parasitizations, 55 aggressions, 104 chases and 21 beecatcher events were recorded with the camera. The slow-motion recording analysis of the six parasitization episodes revealed a time of 1/6 s (= 4 frames) of permanence of the fly on the tergal part of the body of the honey bee. During the aggression and parasitization episodes, bees apparently failed to change their flying trajectory and behavior. When the contact occurred, the fly and the bee could fly together over 50–100 cm. The analysis revealed that the fly requires a straight, unobstructed flight path to reach and parasitize the bee.



The direct observations failed to detect the parasitization events due to the too-fast movements of S. tricuspis, and only aggressions were detected. During the four days of direct observations, a total of 1633 aggression events, with a peak in the morning (10:00–11:00; mean T = 28 °C) and a peak in the afternoon (15:00–17:00; mean T = 28 °C), were recorded (Figure 3).



The number of aggression events toward the flying-out bees and the flying-in bees, recorded during the four days of direct observations, is reported in Figure 4. For each day, the results of the aggression event peaks recorded in the morning were directed toward the flying-out bees, while the peaks in the afternoon were directed toward the flying-in bees.



The weights of the two marked flies were 15.03 mg and 15.99 mg, and the observation of aggressive behavior from 17:00 to 18:00 revealed 71 and 65 aggressions, respectively (which corresponded to 23 and 22 aggressions, respectively, in 20 min).





4. Discussion


The results obtained in this investigation confirmed the presence of S. tricuspis in Tuscany (Italy), as already reported by [15,16], with a peak infestation in early autumn for both years investigated. The differences in the rate of infestation of these two peaks (75% in 2004 and 45% in 2005) could be the result of an intrinsic variability of the population density of S. tricuspis, which may be altered by different climatic and environmental factors, which still remain poorly investigated [2,6,25,30,40]. The rates of S. tricuspis infestation in apiaries have been investigated in several European, North African and Middle Eastern countries [2,6,19,21,25,26,28,30,41,42], resulting in a high variability of infestation rates. Haddad et al. [25] hypothesized that such variations in the infestation levels between the northern Mediterranean countries and southern countries could be due to the preference of Senotainia for wet areas rather than dry areas and to a larger susceptibility of Apis mellifera ligustica (Spinola, 1806) to S. tricuspis attacks [25]. The differences among countries were also recorded for the flying and infestation peak periods of S. tricuspis, varying with the altitudes and latitudes of the investigated area [6,25,30]. Pinzauti et al. [43] found high values of S. tricuspis infestation in uncultivated areas rather than in cultivated areas in Tuscany, most probably due to the tillage, which kills larvae that pupate in the soil [43] or, alternatively, due to the presence of natural enemies that may reduce the fly population, as reported by Marchiori et al. [44,45,46], for other members of the Sarcophagidae family.



Each parasitized honey bee that was sampled in this investigation hosted only one S. tricuspis larva. This result could suggest a capacity of discrimination by the fly for already parasitized bees, i.e., each honey bee is attacked and parasitized only once by a fly. Alternatively, cannibalism may occur among larvae inside the host bees, determining the survival of only one larva. The cannibalistic behavior of larvae has already been observed in Callyphoridae dipteran Chrysomya albiceps (Wiedemann, 1819) [47,48], and further studies to also confirm the presence of cannibalism in S. tricuspis are desirable.



This study aimed to fill the void of lack of information on the aggressive and parasitization behavior of S. tricuspis towards A. mellifera. The attack modalities of S. tricuspis can be divided into three different sequences, followed by a fourth behavioral event that represents the actual parasitization of western honey bees. The duration of a parasitization event (1/6 of a second, corresponding to four video frames) is very close to the limits of the human eye to perceive moving objects, and the description of such an event is possible, but only if it is recorded by a video camera and then analyzed in slow-motion. During parasitization, flies and bees fly together over a distance of 50–100 cm, and in all six video-recorded events, such contact failed to change the flight direction of the parasitized honey bee. The preservation of the honey bee’s flight movement, associated with the average weight of the fly, corresponding to 4.8% of the average body weight of honey bees (i.e., 180 mg [39]), may support the hypothesis that S. tricuspis hosts are unable to perceive the fly’s weight on the thorax, thus determining a lack of defense mechanism implemented by the bees. However, it was not possible from the video-recording analysis to detect if honey bee targets were already parasitized before their contact with flies and how many larvae were laid during the parasitization events.



The results of the number of aggression events during the four days of direct observation clearly indicate the presence of two main peaks of aggression, i.e., from 10:00 to 11:00 and from 15:00 to 16:00. The highest number of aggressions recorded in the morning were all toward honey bees leaving the hives, while during the same hours of observation, the number of aggressions toward honey bees entering the hives did not exceed nine events. Conversely, the peak of aggression in the afternoon was toward honey bees entering the hives for all four days of observations. These temporal patterns could be due to the trend of honey bees leaving their hives in the morning hours, determining a higher density of the same going-out directions, which is more easily detectable by flies. The same phenomenon occurs during the afternoon when honey bees tend to return to the hives, creating higher densities of the same coming-in directions. Authors have reported that S. tricuspis attack honey bees that forage on flowers [30], fly out of the hives [13,16] or fly back to the hives [18]. The results of the aggression behavior reported in this study could explain the differences in the temporal pattern of aggression behavior reported in the literature [16,18,36,49]. The decrease in the aggression events recorded during the middle period of the daylight hours (from 12:00 to 14:00, mean T = 30 °C) for all four days of the observations could be due to high temperatures, as well as to lower honey bee flight activity. However, in this investigation, since our observations were performed in front of the hives, and both the direct and indirect observations focused on the immediate vicinity of the hives, the decrease in the aggressions from 12:00 to 14:00 could also be due to a possible shift in the ambush location, not visible to the observer performed, by S. tricuspis.



Red-marked flies, observed through direct observations, performed a lower number of attacks towards western honey bees compared to the unmarked flies (22.5 aggressions on average vs., e.g., on the 20 August, 84 aggressions). Such a lower number could represent the real number of individual aggressions that a single fly can perform or, alternatively, could be due to the weight of the marking paint, which had a negative influence on flies’ flight activities.



To the best of our knowledge, no data concerning the number of S. tricuspis larvae contained inside the female uteruses and their dimensions are available in the literature. The results reported in this investigation represent a preliminary dataset on the number of larvae contained in the uterus, which ranged from 512 to 602 for each adult female of the S. tricuspis analyzed (n = 10). The first-instars were measured, and the results obtained could suggest a new hypothesis on the penetration modalities inside the honey bee’s body. Since the larvae presented a diameter of 100–130 µm, which is compatible with the dimensions of the prothoracic spiracles (185 µm wide, 731 µm long [50]) occurring on the bee’s thorax, a simple transit of larvae through these openings could be hypothesized. Santini and Pinzauti [18] provided an alternative penetration pattern, suggesting that larvae, through their own motion, create lacerations in the keratinous tissues between the head and the thorax and enter the honey bee’s body [18]. In this context, further investigations on the penetration modalities of S. tricuspis are desirable.



In this investigation, the pupation depth of S. tricuspis third-instars in different types of soil was measured. Although Piazza and Marinelli [42] reported a preference for S. tricuspis larvae to pupate in sandy soil, the results reported in this investigation suggest an unsuitability of the sand (larvae mortality rate = 90%) for the sinking mechanism performed by larvae. These results also suggest that sinking is a determining factor for the pupation and survival of larvae of S. tricuspis.



When exposed to low temperatures for six months, 100% of the pupariae (n = 13) developed into adult females, while at 25 °C conditions, only one puparium developed into an adult successfully. These results, combined with the high mortality rate of larvae in sand soil, suggest that mulch and/or the minimum soil tillage associated with the use of sandy soil in the immediate vicinity of the apiary could be used to contribute to senotainiosis control. A similar conclusion was deducted by Pinzauti et al. [43], who reported higher infestation rates of senotainiosis in uncultivated areas. Nevertheless, further studies on the sex ratio and reproduction, as well as studies focusing on the minimum duration of the successful overwintering of S. tricuspis, allowed us to detect new methodologies for the control of senotainiosis in apiaries, which are desirable.



S. tricuspis can lead to the collapse of a honey bee family when it reaches a rate of infestation above 70% [6]. In cases of severe senotainiosis, the use of chromotropic sticky traps could reduce the levels of infestation in apiaries, where white traps placed on the roof of the hive can successfully attract adults of S. tricuspis [51,52].




5. Conclusions


The infestation rates of S. tricuspis show a variability of the temporal pattern, depending on the altitude and the latitude. In the Tuscany region at low altitudes (0–500 m a.s.l.), the peak of infestation occurs in early autumn, and during the morning hours, flies seem to attack the honey bees when leaving the hives, while in the afternoon, they tend to attack the honey bees returning to the hives. The aggressive behavior of S. tricuspis is modulated in four different behavioral events, and contact with the honey bees occurs only during the parasitization event, which lasts 1/6 s. Even if slow-motion video-recorded analyses of the event were performed, it was not possible to detect if the targeted honey bees were already parasitized before the contact with flies occurred and how many larvae were laid during the parasitization events. Nevertheless, measurements of the first-instars allowed us to hypothesize a penetration in the honey bee body through its thoracic spiracles. Third-instars successfully pupate if sinking occurs in topsoil or clay soil, and adults emerge when a 4 °C diapause of 6 months occurs, despite the minimum duration of exposure to the same cold period remains unknown. Moreover, the high value of the mortality rate of larvae in sandy soil allows us to suggest that mulch and/or minimum soil tillage could prevent severe senotainiosis in apiaries.







Author Contributions


Conceptualization, A.F. and M.P.; methodology, A.F. and M.P.; validation, A.F. and M.P.; formal analysis, A.F., M.P., G.B. and M.G.; investigation, A.F. and G.B.; data curation, A.F., M.P., G.B. and M.G.; writing—original draft preparation, A.F., G.B., M.G., M.P., S.S., F.C. and C.B.B.; writing—review and editing, A.F., G.B., M.G., M.P., S.S., F.C. and C.B.B.; visualization, A.F., G.B., M.G., M.P., S.S., F.C. and C.B.B.; supervision, A.F. and M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Seguy, E. Recherches sur la morphologie et la distribution géographique des Diptères à larves parasites. In Etudes sur le Mouches Parasites, Calliphorides Calliphorines (suite), Sarchophagines et Rhinophorines de l’Europe Occidentale et Méridionale; Lechevalier, P., Ed.; Pierre Andrè Impr.: Paris, France, 1941; Volume Tome II, pp. 277–283. [Google Scholar]

	



Verves, Y.G.; Khrokalo, L. Review of the genus Senotainia Macquart, 1846 (Diptera: Sarcophagidae) of the Middle East. J. Nat. Hist. 2020, 54, 2489–2512. [Google Scholar] [CrossRef]

	



Pinzauti, M.; Felicioli, A. Nuovo allarme: C’è una mosca che distrugge gli alveari! Apitalia 1996, 23, 23–28. [Google Scholar]

	



Guilhon, G. Apimyasis. In Proceedings of the XIII International Beekeeping Congress, Amsterdam, The Netherlands, 20–27 August 1949. [Google Scholar]

	



Rousseau, M. Constatations sur la frequence des Myases apiares. Apiculteur 1953, 97, 149–151. [Google Scholar]

	



Giusti, M.; Quilici, N.; Ambrogini, F.; Andreoni, G.; Santini, S.; Niccolai, A.; Salvadori, G.; Guarnieri, A.; Fenucci, S.; Mencherini, F.; et al. Censimento della presenza e del grado di infestazione di Senotainia tricuspis (Meigen) in Toscana. APOidea Anno IX 2012, 1–2, 33–37. [Google Scholar]

	



Felicioli, A. Insetti parassiti e predatori (lepidotteri, ditteri, coleotteri, imenotteri). In Patologia e Avversità Dell’alveare; Carpana, E., Lodesani, M., Eds.; Springer: Milano, Italy, 2014; pp. 255–281. [Google Scholar]

	



Leka, A. Disa parazitoza në bletët tona. Bul. Shk. Zootec. Vet. 1986, 4, 39–44. [Google Scholar]

	



Al-Chzawi, A.A.M.A.; Zaitoun, S.T.; Shannag, H.K. Incidence and geographical distribution of honeybee (Apis mellifera L.) pests in Jordan. Ann. Société Entomol. Fr. 2009, 45, 305–308. [Google Scholar] [CrossRef]

	



Haddad, N.; Adjlane, N.; Loucif-Ayad, W.; Shebl, M.A.; Saba, M.; Albaba, I.; El-Obeid, D.; Sabah, M.; Giusti, M.; Felicioli, A. Presence and infestation rate of Senotainia tricuspis (Meigen) (Diptera, Sarcophagidae) on honey bees in the Mediterranean Region. J. Apic. Res. 2015, 54, 121–122. [Google Scholar] [CrossRef]

	



Loucif-Ayad, W. Biodiversity and honey bee diseases in Algeria. In Proceedings of the International Biodiverstiy & Ecology Sciences Symposium (BioEco19), Istanbul, Turkey, 26–28 September 2019. [Google Scholar]

	



Hussein, M.H. Beekeeping in Sultanat of Oman. In Proceedings of the 35th International Apimondia Congress, Antwerp, Belgium, 1–6 September 1997. [Google Scholar]

	



Simintzis, G.; Fiasson, S. Larves de diptéres endoparasites thoraciques de l’abeille (Apis mellifica). Rev. Med. Vet. 1949, 100, 539–547. [Google Scholar]

	



Mathis, M. La mouche Senotainia tricuspis Meig., agent probable de la maladie de la disparition qui attient les abeilles. Compter Rendus Ebd. Sci. Acad. Sci. 1975, 281, 287–288. [Google Scholar]

	



Venturi, F. Notulae dipterologiche. Miltogrammini e Metopini (Dipt. Sarcophagidae) dell’Italia Centrale. Redia 1947, 32, 119–139. [Google Scholar]

	



Giordani, G. Contributo alla conoscenza della Senotainia tricuspis Meig., Dittero Sarcofagide, endoparassita dell’ape domestica. Boll. Ist. Entomol. Univ. Bologna 1955, 21, 61–84. [Google Scholar]

	



Diana, E. Importanti studi in Sardegna su un parassita dell’ape adulta. Apic. Ital. 1950, 27, 251–253. [Google Scholar]

	



Santini, L.; Pinzauti, M. La Senotainia tricuspis (Meigen) (Diptera, Sarcophagidae) negli apiari della Toscana litoranea. Ape Nostra Amica 1995, 16, 4–10. [Google Scholar]

	



Santini, L.; Pinzauti, M. Sulla biologia e la possibilità di controllo della Senotainia tricuspis (Meig.) (Diptera, Sarcophagide) in apiari della Toscana. Disinfestazione Ig. Ambient. 1996, 13, 3–8. [Google Scholar]

	



Pinzauti, M.; Santini, L. Recenti casi di “apimiasi” da Senotainia tricuspis (Meigen) (Diptera, Sarcophagide) verifìcatisi in Italia Centrale. Apic. Mod. 1995, 86, 179–183. [Google Scholar]

	



Hattoum, A. Senotainia tricuspis: A parasite of Syrian honey bees. In Proceedings of the 1st International Arab Apicultural Congress, Beirut, Lebanon, 17–20 August 1996. [Google Scholar]

	



Eshbah, H.M.; Mohamed, A.A.; Al Shmmaki, Q.R. Presence and infestation of the parasitoid fly, Senotainia tricuspis (Meigen) (Diptera, Sarcophagidae) of honey bees in Sultanate of Oman. Minia J. Agric. Res. Dev. 2016, 36, 673–681. [Google Scholar]

	



Rocha, M.T.; Delgado, L.M. Senotainia tricuspis em Portugal. Repos. Trab. Lab. Nac. Investig. Vet. 1986, 18, 69–70. [Google Scholar]

	



Murilhas, A. Honey bee diseases and colony losses in Portugal. Results from the last nationwide survey. In Proceedings of the IV Prevention of Honey Bee Colony Losses Conference, Faculty of Agriculture University of Zagreb, Zagreb, Croatia, 3–4 March 2009; p. 28. [Google Scholar]

	



Hussein, M.H. A review of beekeeping in Arab countries. Bee World 2000, 81, 56–71. [Google Scholar] [CrossRef]

	



Pelimon, C.; Longu, S. Dute Rivind Raspindizca bolitar molipsitoare so purasibare ull albinclor intara nonstron. Apicoltura 1957, 8, 4–7. [Google Scholar]

	



Dutton, R.W.; Ruttner, F.; Berkeley, A.; Manley, J.D. Observations on the morphology, relationships and ecology of Apis mellifera of Oman. J. Apic. Res. 1981, 20, 201–214. [Google Scholar] [CrossRef]

	



Pajuelo, A.G.; Fernandez Arroyo, M.P. Las enfermedades de las abejas en Espana. In Proceedings of the XXVII International Apicoltural Congress (Apimondia eds), Athens, Greece, 14–20 September 1979; pp. 357–361. [Google Scholar]

	



Orantes Bermejo, F.J.; Gonzalez Megias, A.; Garcia Fernàndez, P. Prevalence of pasitization by Diptera in Apis mellifera L. in Southern Spain. Apidologie 1996, 27, 467–471. [Google Scholar] [CrossRef]

	



Boiko, A.K. Larva of Senotainia tricuspis Meig. causing heavy losses of bees. Comptes Rendus Acad. Sci. 1939, 24, 304–306. [Google Scholar]

	



Smirnov, A.M.; Luganskii, S.N. Myasis caused by larvae of Senotainia tricuspis in bees. Veterinariya 1987, 6, 43–44. [Google Scholar]

	



Bedini, G.; Pinzauti, M.; Felicioli, A. Interaction between Apis mellifera and its parasites Senotainia tricuspis and Varroa destructor: A teoric model. In Proceedings of the International Apicultural Scientific Conference, Pulawy, Poland, 25–27 April 2006. [Google Scholar]

	



Bailey, L.; Ball, B.V. Honey Bee Pathology, 2nd ed.; Academic Press: London, UK, 1991; pp. 106–111. [Google Scholar]

	



Boiko, A.K. Senotainiosis of bees. In Proceedings of the XVII Congresso Internazionale di Apicoltura, Roma, Italy, 15–23 September 1958. [Google Scholar]

	



Simintzis, G.; Fiasson, S. Senotainia tricuspis Meigen parasite larvaire de l’abeille adulte (Apis mellifica). C. R. Seances Soc. Biol. Fil. 1950, 144, 863–865. [Google Scholar]

	



Astolfi, M. Mosca killer: Le osservazioni sul campo di un apicoltore. Apitalia 2000, 9, 25–29. [Google Scholar]

	



Altman, J. Observational study of behavior: Sampling methods. Behavior 1974, 49, 227–267. [Google Scholar] [CrossRef]

	



Haccou, P.; Meelis, E. Statistical Analysis of Behavioural Data: An Approach Based on Time-Structured Models, 1st ed.; Oxford University Press: Oxford, UK, 1994. [Google Scholar]

	



Chauvin, R. Traite´ de Biologie de l’Abeille; Biologie et Physiologie Generales, 1st ed.; Masson: Paris, France, 1968; Volume Tome I, pp. 45–67. [Google Scholar]

	



Pinzauti, M.; Mesoraca, A.; Felicioli, A.; Albo, L.; Gualtieri, G.; Bedini, C. Senotainiosi e nomadismo apistico. Apitalia 2006, 12, 8–12. [Google Scholar]

	



Pires, S.; Cadavez, V.; Valério, M.J. Prevalence and geographical distribution of Senotainia tricuspis (Meigen). Diagnosis and Control of Bee Diseases. In Proceedings of the Apimondia, Buenos Aires, Argentina, 21–25 September 2011. [Google Scholar]

	



Piazza, M.G.; Marinelli, E. Investigation on the presence in Latium of Senotainia tricuspis (Meigen) (Diptera Sarcophagidae), endoparasitoid of Apis mellifera L. Redia 2000, 83, 111–122. [Google Scholar]

	



Pinzauti, M.; Giglioli, A.; Felicioli, A. Investigation on the presence of the dipterian Senotainia tricuspis (Meigen) (Diptera Sarcophagidae) in apiaries located in an inland area of central Tuscany (Italy). In Proceedings of the Seventh Conference of the Italian Section of the International Union for the Study of Social Insects (IUSSI), Bologna, Italy, 11–13 September 1998. [Google Scholar]

	



Marchiori, C.H.; Pereira, L.A.; Filho, O.M.S. Aphaereta sp.(Hymenoptera: Braconidae: Alysiinae) as a natural enemy to Peckia chrysostoma (Wiedemann)(Diptera: Sarcophagidae), in Brazil. Braz. J. Biol. 2003, 63, 169–172. [Google Scholar] [CrossRef] [PubMed]

	



Marchiori, C.H.; Silva-Filho, O.M.S. Gnathopleura quadridentata (Wharton) (Hymenoptera: Braconidae: Alysiinae) as natural enemy of Sarcodexia Lambens (Wiedemann)(Diptera: Sarcophagidae) in Brazil. Braz. J. Vet. Res. Anim. Sci. 2005, 43, 708–710. [Google Scholar] [CrossRef]

	



Marchiori, C.H. Natural enemies of Oxysarcodexia thornax (Walker) (Diptera: Sarcophagidae) collected in Brazil. In Proceedings of the XXXII Brazilian Congress of Zoology (CBZ). Foz do Iguaçu, Paraná, Brazil, 2 March 2018. [Google Scholar]

	



Faria, L.D.; Godoy, W.A.-. Prey choice by facultative predator larvae of Chrysomya albiceps (Diptera: Calliphoridae). Mem. Inst. Oswaldo Cruz 2001, 96, 875–878. [Google Scholar] [CrossRef] [PubMed]

	



Faria, L.D.; Trinca, L.A.; Godoy, W.A. Cannibalistic behavior and functional response in Chrysomya albiceps (Diptera: Calliphoridae). J. Insect Behav. 2004, 17, 251–261. [Google Scholar] [CrossRef]

	



Simintzis, G. Larves de Diptères du génre Senotainia parasites thoraciques internes de l’abeille adulte. Rev. Française Apic. 1949, 2, 13–16. [Google Scholar]

	



Hatjina, F.; Gregorc, A.; Papaefthimiou, C.; Pappas, N.; Zacharioudakis, S.; Thrasyvoulou, A.; Theophilidis, G. Differences in the morphology of prothoracic and propodeal spiracles in three strains of Apis mellifera: Possible relation to resistance against Acarapis woodi. J. Apic. Res. 2004, 43, 105–113. [Google Scholar] [CrossRef]

	



Quaglia, F.; Rossi, E. L’impiego delle trappole cromotropiche nella difesa integrata delle colture: Stato attuale e prospettive. Inf. Fitopatol. 1988, 37, 11–17. [Google Scholar]

	



Bedini, G. Indagine Sulla Relazione Ospite-Parassita Tra L’Ape Eusociale Apis Mellifera L. (Hymenoptera, Apoidea) E IL Dittero Endoparassitoide Senotainia Tricuspis (Meigen) (Diptera, Sarcophagidae): Note Etologiche, Ecologiche Ed Applicative. Master’s Thesis, Facoltà di Scienze Matematiche, Fisiche e Naturali, Corsi di Laurea in Scienze Biologiche, Università di Pisa, Pisa, Italy, 2006. [Google Scholar]








[image: Insects 14 00415 g001 550] 





Figure 1. Temporal pattern of S. tricuspis infestation rates in honey bee hives, from June to November 2004 and 2005, in an apiary in Pisa province, Italy. 
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Figure 2. A sequence of a parasitization event, detected through video-recording analysis, showing the four different behavioral categories: (a) Aggression: the act of flying toward a flying honey bee from an ambush position; (b) Beecatcher: the act of flying toward a flying honey bee from an ambush position and immediately returning to the same ambush position; (c) Chase: the act of chasing a flying honey bee; (d) Parasitization: the act of chasing a flying honeybee followed by contact. Red arrows indicate the flight directions of S. tricuspis. Blue arrows indicate the flight directions of A. mellifera. (Drawings from [7]). 
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Figure 3. Number of aggressions of S. tricuspis toward honey bees detected during the four days (19–22 August) of direct observations, from 8:00 to 19:00, in Pisa province, Italy. 
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Figure 4. Number of aggressions of S. tricuspis toward flying-out honey bees (black histograms) and flying-in honey bees (gray histograms) during the four days (19–22 August) of direct observations, from 8:00 to 19:00, in Pisa province, Italy. 
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Table 1. Pupation depth (cm) of S. tricuspis larvae in six boxes containing clay (n = 2), topsoil (n = 2) and sand (n = 2) and the number of developed pupariae for each box.
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Type of Soil

	
Boxes

	
No. Developed Pupariae

(Tot = 25)

	
Pupation Depth (cm)

	
Average Pupation Depth (cm)






	
Clay

	
1

	
4

	
3.0

	
3.4

	
4.7

	
5.9

	
-

	
-

	
-

	
4.25




	
2

	
6

	
1.1

	
2.2

	
2.3

	
3.7

	
4.0

	
5.1

	
-

	
3.06




	
Topsoil

	
1

	
6

	
1.5

	
2.0

	
2.8

	
3.9

	
4.8

	
5.7

	
-

	
3.45




	
2

	
7

	
0.8

	
1.2

	
1.2

	
3.9

	
4.0

	
5.6

	
6.5

	
3.31




	
Sand

	
1

	
0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
2

	
2

	
0

	
0

	
-

	
-

	
-

	
-

	
-

	
0
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