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Introduction

The similarity between different insects, mainly dipterans, with stinging hymenoptera, so-called sphecoidy according to the terminology of Heikertinger (Mostler 1935), is one of the most popular examples of Batesian mimicry.  This view is based on many publications.  However, the original data themselves are very poor and unreliable.  Most authors cite the same several papers.


The majority of papers are devoted to the discussion of the similarity in phenotype between these insects, but really similarity does not prove mimicry, because it can be the result of convergent evolution.  There are some examples of such convergence: light patches above the air sacs in insects, and some types of stripes.  It is possible to test the effectiveness of sphecoidy by experiments in nature.  However, the majority of such experiments were done using animals that feed naturally neither on bees nor wasps nor their mimics (Morgan 1896, Pocock 1911, Kott 1950, Brower & Brower 1965).  As evidence of sphecoidy, it is sometimes stated that models and mimics are rarely found in the stomachs of amphibia (Kott 1950), or in the food that birds deliver to the nest (Kluiver 1933).  In not one instance in these papers was the actual percentage of mimetic insects studied in the places where their real predators hunt, at the time when they hunt.


The most reliable evidence in favour of the effectiveness of sphecoidy is the results of Mostler (1935), who offered in different combinations bees, wasps and their mimics to different european birds (48 birds of 19 spp).  In this study it was rarely shown that young birds learn not to take wasps and bees; and for such learning only one attempt was typically enough.  At the same time his experiments with mimics are not reliable because of the absence of a control.  Mimics were not offered simultaneously with non-mimietic flies.   How mimics were taken before learning was not studied.  Also analysis of the original data shows that all the numbers used to prove the effectiveness of sphecoidy are statistically non-significant.


The absence of reliable experimental data about the effectiveness of sphecoidy and other types of mimicry has prompted several authors to reject the idea of mimicry completely (Berg 1922, McAtee 1932).  The main reason for this  in these studies is that birds take mimics as well as non-mimics, and this was demonstrated in field experiments.  These authors explain the similarity [between models and mimics] exclusively by convergence.  In contrast to other mimicry workers, Serebrovksy (1973) suggested that the explanation was that adaptive mechanisms in insects and the ability of birds to distinguish between models and mimics develops in parallel; according to this opinion, mimicry does not protect now, but did so in the past.  I think this is a very weak statement since it allows a mimetic explanation for any case [that actually is due to] convergence.


Based mainly on the well-known and reliably proved examples of Batesian mimicry in butterflies and some theoretical considerations about mechanims of evolution and natural selection, Wallace (1878) and Carpenter & Ford (1935) have formulated some rules of mimicry, and these rules have then been cited in many popular books devoted to the theory of evolution.  However, in attempts to use these rules for sphecoidy, real data often contradicts the rules.


For instance, according to the third rule of Wallace, the abundance of mimics should be much lower than the abundance of models.  Carpenter & Ford’s statements are even stronger on this point, and state that low abundance is obligatory for Batesian mimics.  This difference in abundance usually is considered as a consequence of a frequency-dependent model of selection (Ford 1967, Pianka 1981).  This model is cited by Yablokov & Yusufov (1976): “it is important that the abundance of the mimics should be less than the abundance of models, otherwise mimicry does not protect because the predator can quickly discover the difference”.  Surprisingly on the same page, as an example of Batesian mimicry, the authors only cite dipteran flies as mimics of wasps, but in nature these flies are much more abundant than their models (Tinbergen 1970).  Tinbergen tries to explain this by suggesting that birds must remember the sting of insects longer than an ingested poison, but this suggestion has no basis in any data.  We shall show below that even the first rule of Wallace is not true for sphecoidy, and there is no correlation between the numbers of models and mimics.

All the above prompted us to start the study of sphecoid mimicry [ie the mimicry of bees and wasps by flies].  The initial prompting was that in one cold winter in one region, most honeybees died, and this allowed us to study the dynamics of the increase of their population afterwards.  Since 1977 at the Moscow University Biological Station at Zvenigorod we started to count insects at flowers, mainly concentrating on dipteran insects and honeybees.  At the same places, birds were taking insects, and these birds regulate their numbers.  Therefore we started our study about how birds take insects and how the insects try to avoid being eaten. [list of people involved, including a student field course ]

Numbers of models and mimics

The numbers of insects at flowers were measured for three constant transects. During the transect the operator moved along a standard line and counted all insects on flowers within 1m each side.  Insects were not taken, but were registered visually and the species or group of species was determined.  The control studies showed that the relative numbers of each species were more or less constant between 12 and 16 h during the day.  The numbers of insects found during any one transect depends on many factors:  temperature, light, the number of flowers, experience of the observer, etc.  At the same time, while the total numbers may be different, the relative numbers of the different taxa were pretty constant over several days.  To obtain the most reliable data, all data were only collected during sunny weather between 11 and 14 h.  With the same aim, we show only the data obtained during the period of mass flowering of Anthriscus sylvestris and Aegipodium podagrica in the forest and in the village near the station, and Heracleum sibiricum and Libanthis intermedia near the river.

The first transect was 3 km and spanned the forest, across several small openings, and finished with 200m of a wide ride with a very diverse set of flowers.  During 1977-79 honeybees were absent from this transect, with some individuals reappearing in 1981-3.  The second transect was about 1 km, and crossed the Biological Station itself and the nearby village.  This transect was surrounded on three sides by the forest, and one side is the Moscow river. The third transect was about 500 m, and ran along the river.  This transect allowed honeybees from the opposite side of the river to be counted when they crossed over.  In 1982 there was a significant increase in honeybees in this region, explained not by an increase in their number, but poor nectar availability, requiring the honeybees to fly further to get food.

Table 1:  The dynamics of honeybees as a % of the total number of pollinators at the 3 transects

Year
Forest transect
Village transect
River transect


total number of pollinators
% Apis
total number of pollinators
% Apis
total number of pollinators
% Apis

1977
206
0.00
517
1.55
128
3.12

1979
2834
0.00
753
0.00
1518
0.33

1981
9934
0.01
1403
0.00
1058
0.09

1982
5236
0.02
393
9.92
734
9.26

1983
9283
0.17
2314
0.09
1862
3.87

In 1979 in the forest and in the village transects, the proportion of mimics among the flower visiting insects greatly reduced in comparison with 1977 (by 6-fold in the village, 10-fold in the forest).  The low percentage of these insects continued until 1983.  Simultaneously the percentage of non-mimetic flies increased, dominated by the genera Phaonia and Tricops [sic] (Muscidae).  The percentage of wasp-like flies during all the period of investigations changed more or less randomly without any pattern.  It is possible to suppose three explanations about the dramatic decrease of honeybee-like flies among flower-visiting insects. 

First, it can be supposed that it was because of the measure used, the percentage rather than the actual numbers – and therefore that there was not a decrease in the numbers of these flies, but increases in the numbers of other insects.  However, this can explain only some decrease of mimics in 1983 in comparison with 1982, but not the decrease in the percentage of honeybee-like flies in 1979 as compared with 1977.


For all types of flies, 1983 was the best year, and the numbers of all species were higher than in 1982.  But this increase was found to be different for the different groups. On 10th July 1982 during the mass-flowering at the forest transect, we found 299 flies, and among them were 70 honeybee-like and 39 wasp-like flies.  The equivalent phenological point in 1983 was on the 18th  June: on this day on the same transect, there were 8 times more flies (2452), and among them were 9.5 times more non-mimics (2303), 4 times more (69) honeybee-like mimics, and only 1.5 times (53) more wasp-like mimics.

As a result of the disproportionate increase in the numbers of Muscidae and Empididae, the percentage of honeybee-like mimetic flies decreased from 5.7 to 2.8%, and wasp-like mimics from 13% to 2.2%.  We can see a completely different picture when comparing the numbers of the different groups in 1977 and in subsequent years afterwards.  For instance, on June 29th 1981, the total number of individuals per time unit of flies at the forest as compared to the data of June 26th 1981 was 2.6 times more.  The number of non-mimetic flies was 9.1 times more, the wasp-like flies were practically the same, while the number of honeybee-like flies decreased by 2.5 times.  

The second explanation is that it is possible to suppose that the decrease in the numbers of honeybee mimics is a result of not of the disappearance of the models, but because of some unmeasured changes in the environment affecting the larvae of these flies.  However, this suggestion is also not very probable because mimics of honeybees are mainly Eristalis and Ischyrosyrphus (Syrphidae), and the biology of these species differs significantly. Larvae of Eristalis develop in liquid or semi-liquid substrates rich with organic compounds, but larvae of Ischyrosyphus live on plants and feed on aphids.  Also the habitats of different species of Eristalis are also different.  In 1979 the percentage of all three dominant species of honeybee-like flies decreased.  At the same time, the number of non-mimics was still constant or increased, although the larvae of Syrphus and Ischyrosyrphus develop in aphid colonies, and larvae of Lucilia and Calliphora (Calliphoridae) feed on organic matter.

Table 2:  The dynamics of the percentage of the different groups of dipteran mimics during the period of mass-flowering (end of June, beginning of July) in the forest, village and river transects.

Year and place
Total number of flies
Percentage



non-mimics
mimics




honeybee-like
wasp-like
bbee-like

Forest 1977
186
25.8
68.2
3.8
2.2

1979
520
65.6
7.5
25.9
1.0

1981
969
88.8
10.3
0.9
0.0

1982
1425
88.7
1.3
10.0
0.0

1983
3966
93.9
3.0
3.0
0.1

Village 1977
460
20.6
63.3
14.6
1.5

1979
663
66.9
11.0
20.7
1.4

1981
1245
53.5
4.6
41.9
0.0

1982
123
62.6
8.9
28.5
0.0

1983
1932
90.4
5.9
3.7
0.0

River 1977
112
50.0
39.3
10.5
0.0

1979
1402
72.2
7.5
17.7
2.8

1981
940
64.4
31.6
3.8
0.2

1982
291
48.8
18.6
31.6
1.0

1983
1030
71.9
22.5
5.0
0.6

The third and most probable explanation, in our opinion, is that the decrease in the frequency of mimetic flies is connected with the disappearance of the models (honeybees).  This conclusion agrees with direct observations of bird predation in nature, and with data obtained in the river transect, where honeybees were present during the entire period.  The significant decrease of the percentage of honeybee-like flies during the period of mass-flowering of umbellifers was observed only in 1979 (Table 2).  In the beginning of summer during the period of mass-flowering of Bunias orientalis, when there were very many honeybees in the forest clearings, the honeybee-like Eristalis in 1982 formed 25%, and in 1983, 84% of all flies: this number is 13.8 and 79.5% respectively of all flower-visiting insects.  Regretfully we have no such data for the previous years.  Near the village of Sharapovo where honeybees persisted, in the July of 1979 the percentage of honeybee-like flies was 7.9%, and in the July 1981 35.2% of flies at flowers.

As was mentioned above, according to the “rules of mimicry” formulated on the basis on some theoretical considerations and observations of mimicry in butterflies, in nature we should see a correlation between the number of models and mimics, and the number of models should be higher than the number of mimics.  In order to test whether these rules can be applied to sphecoid mimicry, we have compared the numbers of wasps (Vespidae, Eumenidae, large Sphecidae with coloured bands on the abdomen) and wasp-like flies (Syrphidae, Stratiomyidae and Conopidae, with similar colouring) in different parts of Biological Station and at different times.


On July 22nd 1981 during the mass-flowering of Angelica sylvestris, the simultaneous counting of the insects at these plants and these flowers at three areas (at the village Nizhnye Dachy, the ride in the forest, and a clearing in the forest) revealed that during the day the maxima of numbers of wasps and their mimics did not coincide (see Fig 1).  The correlation between these numbers was weak and statistically non-significant (village r = 0.243, t=0.66, p>0.05), clearing in forest and in the ride (r=0.114, t=0.30, p>0.05).

Table 3:  The comparison of the percentage of some diptera at flowers during 1977 and 1979 in the forest and in the Biological Station village.  
Species
Place
% of all pollinators
Significance of difference



1977
1979


Eristalis nemorum
village
35.2
1.3
***


forest
9.7
1.1
***

Eristalis rupium
village
4.7
0.3
***


forest
2.4
1.8
*

Ischyrosyrphus glaucius
village
19.3
8.0
***


forest
49.5
3.1
***

Syrphus ribesii etc.
village
10.6
13.3
*


forest
1.5
10.8
***

Lucilia caesar
village
1.8
2.6
*

Calliphora uralensis
village
0.6
2.9
**
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Fig 1:  The diurnal dynamics of the activity of wasps and their mimics at flowers during July 22, 1981, at three areas of the Biological Station.  A – a clearing in the forest;  b – a ride in the forest;  B – the village.  1 – the number of wasps. 2 – the number of their mimics. 3 – temperature.

Fig 2 shows the seasonal dynamics of numbers of wasps and their mimics at the flowers at the forest transect described above.  In 1982 and 1983, as is clear from the graph, here also the maxima of numbers of models and their mimics did not coincide.  We found two seasonal peaks in the numbers of wasp-like flies: in early summer, during the mass-flowering of Ranunculus repens and Anthriscus sylvestris, and in late summer during the mass-flowering of Angelica sylvestris and Succisa praemorosa.  During the early peak the number of species of mimics is small:  most of them are [Dasysyrphus] arcuatus, [Didea] alneti,  [Parasyrphus] nigritarsus [sic], [Megasyrphus] annulipes, Temnostoma vespiforme, T.apiforme.  During the late peak, the diversity of mimics is greater.  In the beginning of this peak, on Angelica, the following species dominate: [Meliscaeva] cinctella, [Melangyna] umbellatarum, Syrphus ribesii, Conops spp.  At the end of this peak, on Succisa, the following dominate:  [Episyphus] balteatus, Syrphus ribesii, Sericomyia silentis, Helophilus spp. The number of wasps during the summer also has two peaks, during the mass-flowering of Angelica and Succisa:  during the first peak, solitary wasps dominate, while during the second, social wasps dominate.  It should be noted that both these peaks occur just before the mass appearance of mimics.


Similar to the case of diurnal dynamics, any correlation between models and mimics during the season is practically absent.  At the forest transect in 1982, the correlation coefficient between these two variables is only 0.047, and in 1983 only 0.138, and for 1977-1981 for the average data it is 0.046.  The same picture was observed at the other transects: for instance at the village during 1977-1981 it was 0.046, and near the river during 1982-83, only 0.07.

In order to exclude the effect of seasonal changes, we have summarised the data of all 6 areas (see Table 4).  There was a very weak correlation between the average numbers of the wasps and their mimics (0.43), and this is not significant (t=1.06, p 0.05).  During the entire period, only in 4 from 50 sets of data (forest July 21st 1981, Aug 5th, 10th, & 16th 1982) was the number of wasps greater than the number of their mimics.  In all other datasets, the opposite was the case.  On average during all the observation periods, there were 8.3 times fewer wasps than their mimics.  This was true only for wasp-like flies, that are imperfect mimics (Syrphus, Helophilus, Sphaerophoria, Sericomyia, Myathropa, etc).  The number of perfect mimics of social (Sphecomyia, Spilomyia, Temnostoma) and solitary (Chrysotoxum, Conops, Physocephala) wasps at all areas with the exception of the ride in the forest was found to be much less than the number of models (see Table 4).

Table 4:  The percentage of wasps and their mimics at several sites of the Biological Station and environs (average data during all years, except 20-30 July 1981)

Place
Total no. of insects
percentage



wasp models
mimics



solitary
social
total
perfect
imperfect
total






solitary
social



River
4868
0.68
0.18
0.86
0.18
0.10
8.73
9.02

Village 1
363
1.38
1.65
3.03
0.00
0.00
13.77
13.77

Village 2
4078
0.56
0.83
1.39
0.02
0.10
8.26
8.39

Clearing in forest
15707
0.27
1.06
1.32
0.06
0.31
9.91
10.29

Ride in forest
3089
0.55
0.32
0.87
0.84
0.29
10.97
12.11

Village 3
683
0.59
0.59
1.17
0.29
0.00
16.54
16.83

Average
28788
0.43
0.80
1.23
0.17
0.23
9.8
10.23
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Fig 2:  Seasonal dynamics of wasps (M) and their mimics (u) and the seasonal mass-flowering of various flowers during 1982-1983.

The percentage of bumblebee mimics is also low, especially perfect mimics (Volucella bombylans, Mesembrina mystacea).  There are very low numbers of perfect mimics of bees at the Biological Station and its environs.  In 1976 and 1977 occurred several examples: Criorhina asilica, Callicera aenea and Microdon spp.  In 1979 and 1981 we did not find them again, in spite of the more intensive sampling.  In 1982 we found three examples of Criorhina asilica, and in 1983 two examples of C.asilica and 3 of Heptatoma pelluscens.


Based on these data, it is possible to propose that for perfect mimics, their similarity to models is the main method of avoiding predators, whereas for imperfect mimics it is only one of several mechanisms, and provides only a partial adaptation [to predator avoidance].  In this case it is clear why honeybee-like flies did not disappear absolutely with the disappearance of their models, but rather only became rarer; and also why the numbers of imperfect mimics is much higher than the numbers of models.  To prove this suggestion, we have performed a series of experiments on the behaviour of foraging birds.

The foraging strategies of several birds, and the behaviour of flies

Experiments were undertaken in the area of the Biological Station.  Dipteran mimics can be the prey of at least four species of birds:  Pied Wagtail (Motacilla alba), Redstart (Phoenicurus phoenicurus), Spotted Flycatcher (Muscicapa striata) and the Pied Flycatcher (Muscicapa hypoleuca). We performed our experiments during the nesting period.  Each pair of these species have a separate territory which they protect from other birds of the same species.  However, the territories of different species can overlap, and that is why it is possible to find 2-3 speceis of birds in the same place, but it should be noted that the territories of different species overlap only partially.  the Pied Wagtail hunts most frequently on the ground and amongst low vegetation.  During its foraging it typically goes for potential prey from a distance of a pounce; it makes its pounce with the help of its wings, and then takes the prey.  The Redstart also often forages at ground level, but mainly for slow-moving insects such as caterpillars.  The Spotted Flycatcher typically does not take ground prey, but usually collects caterpillars from trees.  All these species, especially Pied Flycatcher also forage for aerial insect prey.  This type of foraging is again mainly for slow-moving insects such as butterflies, gnats, mosquitoes, etc.


Redstart and Spotted Flycatcher forage for fly prey, especially for mimics, mainly in the areas where they are concentrated, i.e. on the flowers.  All the four species use the same strategy. From its observation point, the bird notices its prey and then swoops down.  Experienced birds dive with folded wings and steer only with the tail, and take the prey without reducing speed.  The bird can find prey at a distance of more than 10 m.  Using a camera it was possible to measure their speed during this dive, and it varied from 3.5 m per sec (Redstart) to 6.6 m per sec (Pied Flycatcher, during a practically vertical dive).  The average was about 4 m per sec.  Young birds during their learning period also use a similar strategy, but usually after approaching the flower they practically stop and then take the prey.  Probably this is because the fast and long-range dive requires some experience.  The Pied Wagtail uses this strategy only during foraging for flies sitting on the ground.  They typically dive practically vertically with a speed of 3.8 m per sec, but near the ground they practically stop again, taking the prey with a turn of about 180 degrees when the fly starts to try to escape.  At flowers, the Pied Wagtail uses another strategy:  it moves along a group of flowers with very low speed, and startles the flies, some of which take off straight into the mouth of the bird.  The bird uses the same strategy when foraging for flies that are sitting on the walls of wooden buildings.


In order to investigate the chances of escape for a fly, the following experiments were carried out.  Above a group of flowers with many flies, a very life-like model of a bird was moved along a piece of string.  At a speed of about 2 m per sec, twice as slow as a real bird, the model passed several cms from the flowers, but did not touch them,.  All the behaviour was recorded with a camera at 48 frames per sec.  Then each frame was analysed,  the trajectories of the flies were drawn, and the speeds of flight analysed at different parts of the trajectory.  This was done for two spp of flies (Lucilia caesar- Calliphoridae, and Eristalis arbustorum – Syrphidae):  there were no differences found between the behaviour of these two species, and so the data were added together.  


From 17 experiments, in 7 cases the flies did not start up at all, or started up only after the bird had passed by. The maximum distance that the fly could perceive the bird and start to fly was about 30 cms, and the average distance (including the zero cases when the flies did not start at all) was 7.8 cms.  If we allow for the fact that the speed of a real bird was actually about 4 m per sec, a fly started to react on average only 0.02 (max 0.07) secs before the bird was in a position to take it.


The maximal speed of a fly was 1.63 m per sec, and the average speed during straight flight was 1.1 m per sec.  However, only flies that are already airborne can reach these speeds quickly.  If a fly is sitting on a flower, it can reach this speed only after 0.1 to 0.15 secs after it starts up.  After the first 0.02 secs it can move a distance of not more than 0.9 cms (average 0.4-0.5 cm), and during the first 0.06 secs, not more than 3 cms.  If we take into account the possibility of some manoeuvering of the bird, it is possible to conclude that the prey have practically no chance  However, it should be noted that this is true only for the case when the diving is direct and if the bird does not reduce its speed.


Although the speed of the fly was 4 times less than the bird, to take a fly in flight is practically impossible. Flies never fly directly to the front, but always go perpendicular to the course of the bird, to the side or downwards.  To take the prey, the bird needs to turn quickly, and this reduces its speed, and hence the prey can escape.  If a group of flowers is touched by the bird, typically the bird succeeds in taking a fly. All flies start up in a moment, and most of them turn back again to the same place 0.5 to 0.6 secs after the bird has gone, whilst during one dive the bird can only take a single fly. 


It is important to note that social wasps, honeybees and bumblebees practically never react to the model bird, even on a light touching of the flower. Therefore the probability of a meeting between young birds (that cannot take prey very precisely) and wasps or honeybees is much higher than with mimics, in spite of the fact that the number of models can be many times less than the number of mimics.

Selection of prey by birds in choice tests

As was demonstrated above, the swooping strategy can be successful only in the case of very direct diving.  It means that birds must select their prey before making a move.  In order to reveal how the similarity between model and mimic affects such pre-selection, we undertook several series of choice-test experiments with live insects in natural conditions.  This work was done near the nests during the period of provisioning by the parents. We placed a small table with an iron spike near the nest.  Insects were connected to this spike by a very fine metal thread, enabling the insect to move and even start up.  We then determined which of two insects would be taken first.  During the experiments, the objects were moved randomly to avoid birds learning by spatial memory.  Before the test experiments, for a control, we used non-mimetic palatable insects (Calliphora, Lucilia, Musca, Phaonia).  In 1979 two series of experiments were undertaken, one with Redstarts and one with Pied Flycatchers.  

In the first series, to the male Redstart, the offered pair of insects was Sarcophaga carnaria and Eristalis nemorum.  In 9 of 10 experiments, only Eristalis was taken;  only once did a bird take the Sarcophaga, but it did not eat it.  In the next series, the pair was Sarcophaga and a honeybee.  In all replicates the bird sat on the table, looked at the prey, but did not take either, and flew away.  The next pair was Eristalis nemorum and a honeybee.  In 9 cases, the mimics were taken.  In one instance, the bird took the honeybee, and was stung.  We speculate that it was some kind of mistake.  By chance several times the positions of the insects were the same, and then afterwards there came a time when the positions did changce, and the bird made its mistake.  After this case, the bird always settled down on the table, looked at the insects, then hit the honeybee to remove it, and only afterwards took the fly.  

The most interesting results were with Syrphus ribesii (a wasp mimic).  In pairings with Eristalis nemorum, six consecutive times the bird took only Eristalis; on the 7th occasion, it also took the Syrphus, and afterwards the bird took Syrphus first.  The next pair was Syrphus and a honeybee: in all 10 cases Syrphus was taken and delivered to the nest.  We explain this as the result of learning by the bird.

The next series was with Pied Flycatchers.  In all 10 of 10 experiments they took Eristalis in pairings with Sarcophaga and with honeybees.  In pairings with Syrphus, the bird ate both, but typically took Eristalis first.  Using Ischyrosyrphus glaucia, this species was not taken in pairings with Eristalis.  In pairings of Eristalis and Sericomyia silentis, during the first day the bird never approached the table, being too afraid.  One night we forgot to remove the fly, and did not find it the next morning. Continuing the experiments, the behaviour of the bird was absolutely diferent.  Just after the experimenter placed the tethered prey objects, the bird took Sericomyia immediately without even sitting at the table.  We interpret this as learning. 

The results of experiments in 1979 clarify that there are three types of possible bird behaviour in such cases.  If one object seems palatable and another unpalatable, the bird selects the first one at least 9 times out of 10, and even if the bird takes the unpalatable prey, it never delivers it to the nest.  If both prey seem unpalatable, the bird sits, looks, and flies away without taking any prey.  If both seem palatable, the bird eats both, but the most attractive is taken first.  However, in this situation, both prey are taken.  For the first bird (Redstart), the unpalatable prey were Sarcophaga and honeybees, and palatable ones are Eristalis and, after learning, Syrphus.   For the second bird (Pied Flycatcher), the unpalatable prey were Sarcophaga, honeybees and Ischyrosyrphus, and the palatable ones were Eristalis, Syrphus and, after learning, Sericomyia.

During experiments in 1981, the qualitative results were most interesting for us.  Is this prey palatable or unpalatable from the viewpoint of a bird ?  Therefore the scheme of the experiments was the following:  in the beginning, there were 10 consecutive (ie singly offered) choices of Eristalis with non-mimetic palatable flies (Lucilia caesar and Phaonia basalis).  Because all birds preferred the Eristalis mimics, in the next experiments all insects were paired with Eristalis.  

Table 5:  Eating by birds of different insects paired with Eristalis nemorum
Species
Species/number of bird


Pied Flycatcher
Spotted Flycatcher
Pied Wagtail


1
2
3
4
2
1

Bee:                                 Eucera longicornis




-


Wasp:                               [Vespula] vulgaris



-
-
-

Crabro cribrarius




-


Ancystrocerus sp.



-
-


Ischyrosyrphus glaucius



+
+


Syrphus ribesii
-


+

+

[Myathropa] florea


+




Sericomyia silentis



+
+


Temnostoma vespiforme




+


Lucilia spp.
+
+





Phaonia basalis


+
+

+

Volucella [pellucens]



+
+
+

(+) eaten, (-) reject, ( ) no data


In the experiments we used four individual Pied Flycatchers, one Pied Wagtail and one Spotted Flycatcher.  As shown in Table 5, birds always rejected all hymenopterans, and interestingly birds did not even take Eucera longicornis, which is very rare in this area, and it is probable that the birds had never encountered it before.  Except in one case, all birds ate both mimetic and non-mimetic flies.  The Spotted Flycatcher also ate Temnostoma vespiforme [not offered to the other birds – see Table 5]; despite being a perfect mimic of a social wasp, the bird could distinguish it from the model.  


The male Pied Flycatcher rejected Syrphus in all 15 experiments.  Furthermore, his behaviour was similar to that described before in the bird stung by the honeybee.  He sat [on the table], removed Syrphus from the table, and then took Eristalis.  Based on the results of these experiments, we can conclude that usually experienced birds that hunt for their nestlings typically eat mimics of bees and wasps, distinguishing them from the models.  Their similarity with models does not provide any advantages,and some mimics are even more attractive than non-mimics.  However, several birds rejected several mimics.  In two cases, they learned during the experiment to distinguish between these mimics and their models.  

During the experiments in 1981, we found that often there was the situation when birds take the lrger of the two prey items offered.  To test this, in 1983 we made an additional series of experiments using the Pied Wagtail.  Palatable non-mimetic flies were offered.  All prey were divided into four classes according to their dimensions: one (body length 5-6 mm – Thricops), two (7-9 mm – Musca, Phaonia, small Lucilia), three (9-13 mm – Calliphora and large Lucilia) and four (13-18 mm – Volucella pellucens).  If the 1st and 2nd classes were offered, in 9 cases out of 10 the bird selected the larger prey.  The same result was obtained when offering classes 2 & 3, and 3 & 4.  If we offered flies that differed greatly in size, eg 2nd and 4th classes, the larger prey was selected in all 10 cases.

Discussion

As we have shown, the numbers of imperfect mimics of honeybees and wasps is many times greater than the corresponding types of models (Tables 1, 2, & 4).  There is no correlation between the numbers of models and mimics, either in time or space (Table 4).  At first glance these data contradict conclusions based on the theory of natural selection, and therefore could disprove the theory (unlikely!) or constitute evidence for the absence of mimicry in wasp-like and bee-like ‘mimics’ (as suggested by some authors).  At the same time our data showing the significant decrease in the proportion of honeybee mimics after the disappearance of the model (Tables 1, 2 & 3) can be explained only if we suggest that the similarity between mimics and models increases the mimic survival probability.  The experiments that offered to birds the wasp-like flies (Table 5) is also evidence that even a weak similarity to a model sometimes can protect mimics.


Most probably this disagreement between two sets of data is a result of some simplifications and/or errors in the theoretical considerations.  Indeed, if we analyse them using the frequency-dependent model of selection (Ford 1967), we can see that in this model there are some hidden assumptions that simplify the real situation.  It is assumed that: 

1) 
the probability of encounters between the predator and the model as compared with the predator and the mimic is proportional to their relative numbers;

2) 
the similarity between mimics and models is the main way mimics gain protection from predators;

3) 
the protective properties of mimicry are constant in time, and not dependent on the presence and the numbers of non-mimics;

4) 
the freqeuncy of predation on mimics is inversely proportional to the degree of similarity to the model.

Such simplifications probably can be acceptable in the case of classic Batesian mimicry, when the model-mimic pair practically can be considered as an autonomous system.  In the case of sphecoid mimicry, birds foraging at flowers and at other plants meet a complicated complex of insects, consisting of stinging types, their mimics and non-mimics.  During one swoop, a bird can take only one prey item from the many available insects, and its choice is determined not only by the properties of the insects themselves, but also by the properties of the whole complex.  


As it was shown by Mostler (1935), young birds cannot discriminate between stinging and non-stinging insects.  Only if all birds can take their prey directly and select properly is the probability of taking prey really proportional to their numbers.  However, as we have shown, young birds cannot make a direct swoop, and stop before seizing the prey.  As a result, flies can escape, and only bees and wasps remain on the flowers.  Thus it is very probable that the young birds will take a bee or wasp during their first several foraging bouts, even if their numbers are many times lower than the number of mimics.  


It is possible to propose that during the first time after stinging by a wasp or a bee, birds will try to avoid all insects that resemble models.  At this stage, even imperfect mimcry will protect insects.  However, afterwards the process of learning begins (Parlov 1951).  Some elements of this process we saw in our experiments in the choice tests.  Birds learn to distinguish models from their mimics.  After completing this process of differentiation, birds most probably can select some key properties, the use of which enables them to distinguish all stinging insects from flies, and then even perfect mimicry does not protect mimics from such birds.


Imperfect mimicry may protect insects during the period when young birds are learning their hunting skills; this is supported by the observation that the peak numbers of wasp-like mimics (Fig 1) is in the second part of the summer, when the number of insectivorous birds increases several-fold due to the recruitment of young birds.  Most probably this kind of mimicry is only one of many adaptation mechanisms to reduce the impact of predators.  Therefore the disappearance of the model leads not to the complete disappearance of mimics, but only to a decrease in their numbers.


It is important to know that imperfect sphecoidy in contrast to classic Batesian mimicry creates advantages for extremely abundant species.  For rare species, practically it is probably not advantageous, because in this situation rare species will meet predators most frequently when the birds’ learning process is completed.  It is possible that the low number of perfect mimics is not the consequence but the reason for their high mimetic similarity.


There are probably reasons for the absence of correlations in time and space between the numbers of models and mimics.  The learning of birds will be slower if they cannot compare models and mimics at the same time and place, so it is reasonable for mimics to occupy the same general region as their models, but not appear at the same time and in the same place.  The learning process and differentiation by insectivorous birds has not been studied.  It is possible that such an investigation will permit the understanding of many of the phenotypic and behavioural peculiarities of the insect mimics of stinging hymenoptera.


All these data lead to the conclusion that sphecoid mimicry (‘sphecoidy’) should be considered as a special form of mimicry, significantly different from classic Batesian mimicry.
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