G Mostler (1935)

Beobachtungen zur Frage der Wespenmimikry

[ Observations on the question of wasp mimicry ]

Z Morph Okol Tiere 29: 381-454

I.
Introduction: the current state of the problem of mimicry

[...]

II.
Basis of methodology in mimicry studies


1.  Introductory considerations

The striking case of the mimicry of wasps was called “sphecoidy” by Jacobi.  Because here only the assumptions of Batesian mimicry seem to hold true, it proved to be essential to deal with both theories of mimicry.  The well-known theory of Bates maintains only that the mimic is itself palatable, but from its similarity to the unpalatable model is eaten less, and hence enjoys relative protection.  ..... Müllerian mimics ..... [...]


2.  On the protection of some individuals

[...]


3.  On studies of stomach contents

[...]


4.  Critique of laboratory studies

[...]


5.  Causes of the rejection of insects

[...]


6.  On the question of the power of discrimination

However, of greater import than the ability to discriminate on the basis of the sense of taste in birds is the sensitivity of discrimination using optical cues.  In the literature we find the most contradictory opinions.  Some opponents of mimicry theory deny that birds and other predators could be misled by the similarity between two different (prey) species; only in humans with their inferior perceptual abilities could that happen.  Werner and Schroder (see Jakobi), for example, contested from the beginning that predators are unclear about the true nature of mimics.  Whilst it is possible to attribute so great an ability to discriminate to a bird, this appears very doubtful. If we suppose that it can differentiate between them, then its behaviour should be different towards the two insects.  It should then for example put aside or neutralize them (or something similar) first in the case of stinging insects, but in contrast for mimics it should refrain from all such operations since they are pointless.  Only experiments will be able to clarify this further.


The other side denies the bird any possibility of discrimination, which will therefore eat both model and mimic indiscriminately.  Against this there are already a few clear-cut observations.  Pocock’s birds could tell very well the difference between Bombus hortorum and Volucella bombylans.


In our experiments this depends particularly on differences in shape and colour.  With regard to the ability of birds to discriminate in our material, interesting studies can be done in several respects.  Next to the most extreme wasp-like flies Sericomyia borealis and Chrysotoxum festivum, there is a series of flies similar to the model to differing degrees. In Syrphus ribesii the shape and markings still show a very good similarity to a wasp, but it lacks only its size, whilst in Helophilus trivitattus the size is about the same as the wasp, but the shape and markings in contrast are no longer so wasp-like, until finally almost no convergence in shape or colouring is present when one disregards the narrow yellow markings.  Studies with these insects at the same time admit conclusions about the discrimination abilities of predators, while they also have a great theoretical significance for us since they will show what degree of similarity sets up the protection of the mimic demanded by the mimicry hypothesis.  To the human observer the differences between models and their best mimics are only small.  According again principally to Heikertinger, we should refer to the colour vision of birds that is different from that of humans.  However, practically this is hardly significant.  We must agree with the opinion of Brüel here: “.... until now there is no sufficient basis to the supposition, that two objects that are similar to us could appear different for other eyes among themselves - regardless of whether the image is identical that of ours or not ...”.  [...]


7.  On memory and instinct

[...]


8.  Setting up the series of experiments

From the above considerations of common species arises a mass of observational series. They are collated here to improve an overview


- Questions about the palatability of Hymenoptera

i)  
The assumption of mimicry theory is the unpalatability of the model. We have therefore to demonstrate via feeding experiments the palatability of bees, wasps and bumblebees.

ii) 
It is to be established in particular:  a) which predators take these insects all the time; b) which take them only sometimes; c) and which shun them completely.  To answer these questions, gut-content listings are to be drawn in to help.


- Questions to clarify the rejection response

iii)
Is the rejection of an insect based upon noxious taste ?  Feeding studies with body tissues deal with this.  In stinging insects, the stinging apparatus is removed beforehand.  Good tasting insects are offered with the paste (of the tissues) smeared over them.

iv)
Is the sting of the Aculeata the basis for rejection ?  Apart from observing the behaviour of birds that have been stung, the sting apparatus is either fed directly, or put into good tasting animals such as mealworms.

v)
Has the shunning of insects any other basis ?  What could come into question is the somewhat harder exoskeleton and the greater liveliness.  Via the most detailed observations of the behaviour of study animals faced with the insect, such motives can be established.


- Questions of the palatability of Diptera

vi)
Diptera should be fed.  The above questions (ii & iii) are correspondingly to be treated in the Diptera. 


- Questions on the memory and discriminability of predators

vii) How many stimuli are needed to create an “effective learnt response” ?  Task: the bird must recognise the unpalatability of a food type.  Design: as food media we chose - beetles with hard armour; hymenoptera; wheat kernels; orange peel.

viii)
Studies on the length of the memory. We studied how long an acquired “effective learnt response” lasts when not in use. Design: animals which are trained to reject particular food media should be presented again after a longer study gap with the previously rejected food media.

ix)
Studies on losing of the memory


a)  A bird that knows wasps are unpalatable becomes strongly stimulated when taken to another place which produces all the exterior signs of excitement in the bird. After it has calmed down, tasks are set which it certainly could solve before the disturbance.  Then it may come to a different solution, because the disturbance may drive out the learned response.


b) Could moulting influence the power of memory ?  The same studies are carried out on animals before and after moulting; if there is a difference, then the question is answered in the affirmative.

x)
If the discrimination sensitivity of predators can be tested and compared with their behaviour faced with the model - mimic pair, then one could most advantageously use the food as an indicator.  The birds should be offered first good and then bad types of food; the unpalatable food should vary very little from the palatable. If the test bird recognises the difference, it will behave differently towards the palatable than towards the unpalatable, and from its contrasting behaviour, conclusions can be drawn about its ability to differentiate.  Therefore, for example, how do predators treat stinging hymenoptera, and how in contrast do they treat Diptera ?

xi)
Do predators orientate to the colours of their food ?  The pair for comparison here would be for example a good food mixture offered in a coloured bowl, and bad unpalatable food mixture of the same appearance and smell offered in a somewhat differently coloured bowl.

xii)
Do predators make their decisions on the basis of the sense of taste ?  To this end the bird should at least take the food in the beak. According to the studies of Rensch, Neunzig and Liebmann on the taste sensitivity of birds, we cannot assume that....

[...]


9.  Specific experimental design

The greatest possible approach to natural conditions would be given in large free-flight cage; in this a large flying space is at the disposal of the bird, a wide field of view, and natural perching and nesting opportunities.  Unfortunately such a study area was not available for the study design.  The studies could be carried out partly in a large room which provided an outlook via two windows onto several tall trees mostly visited by many birds; the walls and the middle of the room were furnished with birches and elder.  Another part of the study was conducted in a bright flight chamber which was furnished with many bushes and twigs in its corners.  Several feeding and drinking dishes were placed in various positions of the study room; their positions were haphazard.  Feeding times with commercial mixed feed varied, either in the early morning or in the afternoon, but in the two hours before and after the experiments they were never fed.  When the study required it, food was provided for up to 36 hours.  In order to compensate for reciprocal disturbance, all animals could not be kept in the flight room; they were therefore either isolated in individual cages or held in communal cages.

We worked with the following study animals:

1
Lanius collurio


Red Backed Shrike
Rotrückenwürger

1
Muscicapa grisola (=striata)

Spotted Flycatcher
Grauer Fliegenschnäpper

2
Muscicapa atricapilla (=hypoleuca)
Pied Flycatcher

Trauerfliegenschnäpper

2
Saxicola rubetra


Whinchat

Weisenschmätzer

1
Saxicola grisea (= )


Stonechat

Schwarzkehlchen

9
Erithacus rubecula


Robin


Rotkehlchen

6
Erithacus phoenicurus

Redstart


Gartenrotschwanz

1
Erithacus ater (= )


Black Redstart

Hausrotschwanz

3
Erithacus megarhynchos

Nightingale

Nachtigall

5
Sylvia communis


Whitethroat

Dorngrasmücke

3
Sylvia hippolais (=borin)

Garden Warbler

Gartengrasmücke



2
Sylvia nisoria


Barred Warbler

Sperbergrasmücke

1
Sylvia curruca


Lesser Whitethroat
Klappergrasmücke, Zaungrasmücke

4
Sylvia atricapilla


Blackcap

Mönchsgrasmücke

1
Hippolais icterina


Icterine Warbler

Gelbspötter

2
Parus communis


?? Tit


Nonnenmeise

1
Emberiza schoeniclus

Reed Bunting

Rohrammer

1
Prunella modularis


Dunnock

Heckenbraunelle

1
Sitta pinetorum


Nuthatch

Kleiber

altogether therefore 48 indigenous insectivores.  In the choice of individuals, it was organized so that individual quarrelsome animals were also taken up in the confined community; it was taken care that each bird watched the proceedings of its near surroundings with a positive vigilance. Freshly caught birds were first used for test when they had accustomed themselves to the new conditions, particularly to the study (conditions), which was the case after about 2-3 weeks.  A few birds were held in isolation in large flight cages.  The activity and hunger of the study animals were controlled before each test with a mealworm or mealbeetle [Tenebrio] or housefly thrown before them; if the animals showed [signs of] aversion, then their behaviour during the tests was not recorded.  After the final test, a similar control [for willingness to feed] was carried out via an insect normally avidly taken.

In the tests the following native Diptera and Hymenoptera were used:

(Name used by Mostler


Current name:)

Diptera

Eristalomya tenax


Eristalis tenax

Eristalis arbustorum


Eristalis (Eoseristalis) arbustorum

Volucella plumosa


Volucella bombylans var. plumosa

Volucella bombylans


Volucella bombylans var. bombylans

Seracomya borealis


Sericomyia borealis

Chrysothorax festivum


Chrysotoxum arcuatum

Helophilus trivittatus


Helophilus trivittatus

Myatropa florea



Myathropa florea

Hymenoptera

Apis mellifica mellifica 


Apis mellifera

Vespa vulgaris




Vespula vulgaris

Vespa germanica



Vespula germanica

Bombus hortorum


Bombus hortorum

Bombus terrestris


Bombus terrestris

Bombus rajellus



Bombus ruderarius

Bombus lapidarius


Bombus lapidarius
Bombus variabilis


Bombus humilis ?? [ see Williams 1998 ]

As model-mimic (sets):

Apis mellifera

Eristalis tenax and Eristalis arbustorum: the similarity is very great particularly in flight.

Vespula vulgaris
Chrysotoxum arcuatum
Vespula germanica
Sericomyia borealis




Similarity in these two is present in walking and flying insects

Bombus lapidarius, B.ruderarius
Volucella bombylans: the similarity in appearance and in behaviour is quite extraordinary.

Bombus terrestris, B. hortorum
Volucella bombylans var. plumosa: the same is true.

The insects were always offered alive, but when not in individual cases, this was carefully noted as otherwise.  They were set free in the rear of the test chamber, and they usually immediately then took a path to the window, either flying or first walking a few metres on the floor so that they then took flight.


It will not always work to present the results only in tabular form, because the test birds were sufficiently sophisticated that their behaviour was not amenable to a narrow scheme.  Hence the presentation of transcript abstracts [ie notes on behavioural details] cannot be dispensed with.  The method of these tests and observations, which must represent and interpret the natural activity of the study animals and partly touch upon the problem of intelligence, must above all consist of a practical and complete description of all manifestations of the animals; that means above all a rendering and an explanation of their visible movements, of which none must be taken to be more important than a different one.

III.
Experimental series


A.I
Feeding hymenoptera to older animals



1. 
(a)  Wasps

Studies with old birds should be discussed first.  Feeding tests with freely-flying wasps gave rather uniform results, seen as a whole.  Apart from the Shrike and the Spotted Flycatchers, the offered wasps were (in 556 tests) spontaneously rejected in 85.2% of cases, the birds hardly bothering themselves with the insects.  A brief look sufficed to allow them to recognize that they were ‘unpalatable’ food.  That the basis of the rejection could not be a certain laziness comes from the fact that without exception they immediately pounced upon palatable prey such as mealworms, meal beetles and houseflies after an orientation of 2-3 seconds.  The others [wasps] (about 15%) could be further divided into two groups: the first comprises such cases in which the rejection of the insects followed immediately after an attempt to sample it; the second were cases in which an immediate acceptance followed. In the following the individual results are reproduced.  For better understanding of the tables, I have added some abstracts from my test records.  This is absolutely required, since consideration of only the tabular data would not allow the behaviour of the study animals to be recognised clearly enough.


The tests demonstrate that the Shrike can be clearly regarded as a hunter of wasps.  The Spotted Flycatcher also should be considered as a serious predator of wasps, since more than 50% of the insects offered to them were taken as prey.  Robin #4 was a one-year-old bird that I had kept in captivity for two months.  To show the observational data of this animal is particularly interesting to us, since it learned to recognize the unpalatability of wasps during the study.  During its short life in the field, it must not have had enough opportunity to collect experiences [of wasps], and once in captivity its behaviour towards wasps became the same as that of older birds.


A similar case is that of Rom (Bird #5), likewise a one-year-old Redstart; it also only took the offered wasps in the first tests, and afterwards equally came to reject (them) as in adult birds.


Uniform in his rejection is the Redstart #2, which from its colour can be recognized as at least a 3-yr old bird.  It made not a single test where it snatched at a wasp, although in no way did it show any aversion or timidity.  Here it can be accepted that already in its life in the fields and bushes it had collected enough experiences of good- and bad-tasting food.

To understand the following tables, a clarification of the abbreviations is given here; they mean:

0 
= spontaneous rejection

1 
= rejection after short prior study

2 
= rejection after a prolonged attack

3 
= acceptance after a prolonged hesitation

4 
= indisputable acceptance

[ Vespula vulgaris and V.germanica offered. ] Those data provided with an asterisk indicate the (relevant behavioural) transcripts provided in chronological sequence [in the translation, marked in bold]; the data for Vespula germanica are marked with a dot [in this translation, in italics].  [Those offered at the same time are bracketed.]

Bird #1: Robin
4 4 1 0 4 (0 0) (0 0) (0 4) 0 0 0 (0 0 0) 0 0 0 0
notes: 
23/6/32 vulgaris at first not inspected, after 12 secs attacked, flung away, taken to the food bowl, inspected for 15 secs; when it walked around the cage smeared with food, it was attacked and quickly consumed, the bird then wiped its bill strongly.


24/6 vulgaris immediately attacked, flung away, taken up again, head, thorax and part of the abdomen consumed; observed, strongly wiped.


25/6 vulgaris inspected only briefly; while insect flew towards it, (the bird) bolted; it flew behind, after that it grabbed it, missed, stopped any further pursuit


20/7 vulgaris inspected for 90 secs, hopped about, kept clear of it, then left it alone.


23/7 two germanica offered together, walked on the ground, one seized, pecked twice, flung away, taken up again after 8 secs, pecked again, beaten on the sand, and then eaten; shook itself and (bill) wiped several times.


29/7 vulgaris offered, hopped about it for 9 secs, observed for 2 secs, and returned without anything noteworthy.

Bird #2: Robin
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 (0 0) (0 0)

notes:
23/6/32 vulgaris offered, 5.5 mins, bird kept clear of the insect, watched it for 5 secs, was concerned with it no longer.


7/7 vulgaris was inspected only for a very short time; length of test 3.5 mins


25/7 germanica rejected after 2 secs observation, test length 5 mins

Bird #3: Robin
0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 (0 0)

Bird #4: Robin
0 0 1 0 0 0 (0 0) 0 0 1 0 1 0 0 0 0 0
Bird #5: Redstart #1
4 0 0 0 4 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
notes:
23/6/32 vulgaris offered, twice flew over right at it, after 20 secs took it up, pecked at it several times, consumed part of the head and abdomen, then shook the head once.


24/6 bird had received its last food 36 hrs before, vulgaris offered, flew by three times right at it, then showed no more perceptible interest in the insect; test duration 5 mins


27/6 vulgaris first inspected timidly, then taken, most of thorax and abdomen consumed after many pecks; wiped bill strongly afterwards.


6/7 vulgaris inspected for a long time, also pecked around it, insect walked and flew around it at a distance of 5-10 cm, but before long the bird showed no further interest.


25/7 germanica observed for 90 secs, then suddenly seized, left once to wander through the beak, then it let it fall, watched the wasp walking again; shaking itself and strong bill-wiping. 30 mins later, (another) germanica offered, only inspected briefly, then nothing more for 8 mins. 30 mins later (another?) germanica inspected only very briefly. Housefly immediately taken.

Bird #6: Redstart #2
0 0 0 0 0 0 0 0 (0 0) (0 0) 0 0 0 0 0 0 0 0

Bird #6: Redstart #3
0 1 0 1 0 0 0 (0 0) 0 0 0 0 0 0 0 0 0 0 0 0 (0 0) (0 0)

notes:
24/6/32 last time bird was fed was 36 hrs before. vulgaris offered; at first inspected briefly, then paid no attention for almost 7 mins. Suddenly flew to it, seized it, pecked it five times, then left it, shook head, and wiped bill.

The following tables I provide only the shortened form: 

Bird #8: Whinchat #1
0 0 0 0 0 1 1 (0 0) 0 0 0 0 0 0 1 (0 0)

Bird #9: Whinchat #2
0 0 0 0 0 0 0 0 0 0 0 0 0 (0 0) (0 0)

Bird #10: ?Great Tit
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Bird #11: Spotted Flycatcher 
0 4 (0 0) (4 4) 0 4 0 4 0 4 4
Bird #12: Pied Flycatcher ts1
4 0 0 2 0 0 4 (4 0) (4 1) 0 1 (1 0) (0 0 1) (1 0) 0

Bird #13: Red-Backed Shrike
4 (4 4 4 4 1) (0 4) 4 (4 0) 4 4 4 4 0 (1 0) (4 0) 4
Bird #14: Robin
2 2 0 (2 0) (2 3) 3 (0 0 0) (2 0 0) (0 0) (2 0) (2 0) (2 0) 



2 0 (0 0) (0 0) 2 (0 0) 0 (0 0) (0 0) (0 0) (0 0) 0 0

Bird #15: Redstart
0 (0 2) 2 (0 0) 2 (0 0) (2 4) (2 0) 0 4 (2 0) 0 2 4 (0 0) 



(0 0) (4 2) 0 0 0 0 0 0 0 0
Bird #16: Nightingale. This was completely uniform in its behaviour towards wasps. Of 15 germanica and 15 vulgaris offered, none were taken or even so much as testing them undertaken.

Bird #17:  Blackcap. Showed a similar behaviour to the Nightingale; of 27 wasps offered (15 vulgaris, 12 germanica), none were taken.  If the insect came nearer than about 5 cms, it raised its plumage, occasionally went back a step, but never made an attack. 

Bird #18: Pied Flycatcher ts 3.  Differed from (the other conspecific) ts 1 in this manner, that it never undertook the experiment of touching any wasp; whilst the previous year’s (bird) attacked almost half the total of 21 wasps offered to it, this bird (ts 3) took not a single one of the 42 insects offered (22 vulgaris, 20 germanica).  The animal showed itself overall to be very choosy about its food. 

Bird #19: Dunnock.  This was very restrained towards wasps, only making trial acceptance of two of 22 offered insects.  After repeated strikes the insect was no longer inspected.

Bird #20: Robin #9.  This was no much different: 13 vulgaris and 12 germanica were offered; test with a view to taking were only made for two individuals.  After a few pecks the wasps were each time thrown aside again and the bill vigorously wiped, and once water was also drunk.

Bird #21: Robin #8.  In five cases of 26 a test was undertaken to seize the insect. Once this test went wrong; four times the insect was caught hold of, but after a brief pecking around was flung aside.

Bird #22: Robin #6.  Once in 34 cases it happened that a wasp was seized and eaten. The bird then shook itself very vigorously and wiped its bill.

Bird #23: Whitethroat.  This was in its behaviour somewhat different from the Blackcap; it happened at least seven times out of 37 cases that wasps were attacked; it is also true that none were completely eaten. On 29/4/33 for example two germanica were offered; after one minute one was seized, and pecked at several times; finally it was flung aside and inspected no further. Head shaking and bill wiping (occurred). The second wasp was not inspected.

Bird #24: Redstart (female).  This accepted ten of the 45 wasps presented to her, but after a few pecks she left them to lie uninspected.  On the age of this individual unfortunately no statement can be made, but surely from the behaviour of the animal it can be concluded that this was a young individual.

If we order the former results of the experiments according to the bird species studied, it can be shown that Robins, Redstarts, Whinchats, Nightingales, Dunnocks and Blackcaps are not wasp predators in the true sense.  These are in the first place the Shrikes and the Spotted Flycatcher, whilst Pied Flycatchers showed great individual differences in their intake of wasps.


    

(b)  Wasp abdomens

It would be premature to maintain that the rejection of wasps is based on their possession of an offensive sting.  That the sting is useful as a weapon against other insects, frogs, toads, and sometimes also against birds such as sparrows and ducks has been supported by many observations; however, in our case it seems doubtful that it is generally responsible for the rejection of wasps. From the following series of tests it seems to follow much more that a simple unpalatability is present, particularly in the abdominal contents.


The design of the study was simplicity itself: 7-8 fresh abdomens (also occasionally fewer, when particularly specified) were cut up into small pieces such that a yellow and black paste was produced, and a few small sliced mealworms were set inside so that the paste moved a little.  This mixture was set in front of the birds in the usual feeding dishes.


To the observer, the obvious reflexes by which the unpalatability of the food is to be recognized in a healthy bird, as already described above, are first of all: vomiting of the food, immediate stopping of food uptake after the first food sample, and joined with this a vigorous shaking of the head, and excessive wiping of the bill; commonly there follows a hurried drinking.

Results:  A young Nightingale was tested eight times with germanica stomach contents, and eight times with vulgaris contents.  The following were always the same: typical unpalatability reaction of the bird.  I attach also a few descriptive details from the test transcripts:

8/7/32. vulgaris-abdomen was looked over three times for a long time, each time 20-30 secs, then a little was taken from it, shook itself, tried to retch repeatedly, vigorously cleaned the bill, drank water.

10/7/32. After 10 secs it took up vulgaris-abdomen paste, eating very little of it, shook itself, wiped its bill; 3 secs later it took up more paste, flung it away, cleaned the bill.

5/8/32. Abdomen contents of vulgaris were inspected for 5.5 mins, then a little taken up, stopped, cleaned, shook itself, in the next hour the paste was not touched.

25/8/32 germanica abdomen contents presented, hopped once somewhat nearer, turned round without taking anything. The paste then was not inspected again. Test length 15 min. Bird was very hungry.

It is interesting that in the last trials, sampling (the food) never any longer led to uptake.  Here satiation cannot have restrained the bird, so there remains only the supposition that the bird had learned via previous experience that a yellow-black moving paste was not palatable.  Further details are ennumerated below.


A total of 18 tests with the abdomens of vulgaris and germanica were carried out with a one-year old Redstart.  Also here there was the same non-takeup reaction as a consequence of feeding on the paste.  Also here as in the Nightingale, in the end there were no more attempts made to taste the paste.


A further 17 tests of these species were made with a 2.5-month old Whitethroat.  The results obtained from the young bird corresponded completely with those previously given above, for example:

10/8/32.  Bird ate two sliced vulgaris-abdomens after an inspection of about 30 secs, then vigorouly cleaned its bill and drank.

12/8/32. Three sliced vulgaris-abdomens offered, after 40 secs one taken, eaten, stopped, stopped down for a long time over the bowl, took it cautiously, pecked, flung it strongly away, cleaned itself vigorously.

14/8/32.  Two abdomens of vulgaris offered, inspected for 10 secs, then no more attention paid. Bird was hungry.  After 40 mins again two sliced abdomens offered, after 2 mins one of them was taken  eaten, shook itself, paid the other no attention.

27/9/32.  Pulverized germanica abdomen offered, immediately flew to it, looked at it, ate nothing from it; test duration 10 mins.  Bird was hungry.

In a Redstart at least 3 yrs old, 17 further tests were carried out.  The results was the same: always the aversion and unpalatability reaction.  In the same direction lie the results obtained from 42 tests using a Robin and a Reed Bunting.  


The result of the 110 studies allows the formulation of the clear conclusion that the wasp abdomen tastes bad.  Nothing yet can be said about which organ of the abdomen tastes bad.  It should perhaps be mentioned at this point that unpalatability of the abdomen was not present in all the Dipteran species tested, as emerged from the parallel studies (see p. 412).


    

(c)  abdomen tissues of wasps

A new series of tests should give further clarification.  It will release out the abdomen contents, removing the sting with its associated venom glands.  The remaining abdominal contents were then smeared onto meal beetles and mealworms, and also onto insects that were known to the birds as tasty food.  With seven birds an average of 15 tests of this type were done.  The clear result was the typical unpalatability reflex.

Some test transcripts should characterize the behaviour of the study animals more closely:

Whinchat (female 1)  8/8/32. Tenebrio-pupae were smeared with vulgaris abdomen contents, bird took the pupa immediately, spat it out again immediately, dragged it several times over the floor, cleaned vigorously the bill, shook itself, drank a lot of water, (a behaviour) which until then had seldom been seen.

Redstart (rom) 24/8/32.  Three mealworms smeared in abdomen contents of germanica, were offered, the first taken after 30 secs, shook itself, cleaned the bill with the worm inside the bill, finally ate it, shook itself, the two others were inspected for four mins but not taken, flew again to the bowl, wiped the bill.

A Redstart, a female Redstart, a Whitethroat and two Robins reacted to such tests exactly like these two birds.  


Feeding experiments with the abdomen and the tissues make us recognise therefore with clarity that there is an unpalatability to wasp tissues.  If we inspect this further, the occasionally eaten wasps and fed sting apparatus (this type of test was done 14 times) cause no enduring harm in birds, and the conclusion cannot be avoided that wasp rejection lies at least partly in the unpalatability of the abdominal tissues.  The value of the sting as a useful defensive apparatus might therefore not be so great in most cases, as most investigators have until now taken it to be, but equally it is not true to assume that wasps are therefore unprotected.


Poulton drew a similar conclusion in connection with Pocock’s studies. “The opinion that aculeate hymenoptera possess no special method of defence apart from the sting of the females is now for the first time experimentally tested. This was supposed by this writer (Poulton) already in 1904 as a result of the observation that the males of the bee Sphecodes appear in huge numbers and set up mimetic assemblages, before the females appear.”  With this it was also claimed that male aculeates are therefore just as protected as the females.



2. 
(a)  Honeybees

Analogous to the experimental series on wasps already described , we carried out the same such studies with our honeybee, Apis mellifica mellifica.  Overall the results are similar to those of the wasp species studied.  For honeybees, rejection by birds predominates still strongly, but also the ratio of the rejected individuals to the attacked had grown to the disadvantage of the insects.  In the approximately 480 tests carried out, honeybees were scarcely even inspected in about 70.5% of cases.  Of the remaining 29.5%, 8% were eaten, and the other 21.5% were attacked in such a way that they died soon after the attack.  It should be remembered that the ratio was 85.2:14.8 in wasps.  Of the 480 offered honeybees, 51 were drones, which were treated no differently from the (other) test individuals.  There were 33 drones rejected, which is 65% of those offered.  Whilst for example it is stated that swallows prefer drones, this could not be established in the birds that we used for our studies.  On the contrary, in this case those hymenoptera that lacked a sting enjoyed the same protection as those that have one.  Whilst occasionally during studies with wasps a bird would be frightened by a wasp flying over, here nothing similar ever happened.  Equally the unpalatability (of honeybees) to the birds that were studied appeared not to be so great as in wasps.  Whilst here also the typical expressive movements such as shaking the head, wiping the bill, and hurried uptake of water, were not missing, they were however more limited in degree, and appeared less often. Provision of the tables and transcripts must be dispensed with because of lack of space.


As true predators of honeybees from our study birds there is only the Spotted Flycatcher and one Pied Flycatcher individual (ts 1).  The second of the Pied Flycatchers studied was in contrast not a honeybee predator at all.  Of the rest, the two female Redstarts could be regarded as honeybee predators.  The two male Redstarts accepted the offered honeybees at the start of the study, but by the end of the study they switched to a consistent rejection.  In both these cases they were first-year birds, so here also the presumption ought to be relevant that the birds in their short lives in the field had not had enough opportunities to get to know about the unpalatability of honeybees.


    

(b)  Abdomen and gut contents of honeybees

The poor taste or unpalatability of honeybees was to be the main grounds for their rejection.  The results of feeding with honeybee abdomens and abdominal contents showed this.  The test design was similar to that of the studies with wasps.  The consequences were the same: the usual aversion reaction, although also somewhat weakened in some individuals.  In nine birds an average of 11 test were carried out on this point.  We refrain from (providing) an account of the study transcripts.


As a control test, some abdomen contents of houseflies and fleshflies [Sarcophaga?] were fed.  In all the study birds they were eaten without noticeable signs of agitation.  At the same time, however, mealworms and meal beetles were preferred.



3.  
Bombus species

Bumblebees appear to have a different basis for their rejection.  The offered species were always rejected from the outset, with the exception of the Shrike, which ate them with the greatest pleasure.  Bumblebee tissue was fed (to birds) and in all series of experiments was taken with as much relish as the tissues of houseflies (Musca domestica) and fleshflies (Sarcophaga carnaria) similarly provided.  Upon consumption, the aversion reaction so characteristic of wasp tissues was never evoked.


With the exception of the 27 tests with the Red-Backed Shrike, of which 24 were positive, the remaining bumblebees were spontaneously rejected.  In only 2% did sampling (lead) to acceptance.  Of a total of 646 offered insects, 633 were rejected (terrestris 219, lapidarius 182, hortorum 101, ruderarius 101, hypnorum 2, sylvestris 28).


As mentioned already above, bumblebee tissue was tested in the same manner so as to be able to decide whether the rejection of the insects was based on aversive taste.  It was already stated that we must answer in the negative after the results of the study.  The study with young birds appears to show a different suggestion, and indeed the cutting up of the insect, which is protected by its thick hair and the comparatively strong exoskeleton, creates great difficulty.  However, the firm chitin exoskeleton can present no resistance to predators larger than those used in our studies, or which like the Shrike have a tooth in the upper beak, and bumblebees must therefore be able to be consumed by them, as in fact can be observed.


A.II
Feeding of hymenoptera to young animals 



1.
Bombus species

In every respect an enhanced significance attaches to the studies with young birds, as stressed already above.  Informative observations could be made on young birds reared under controlled conditions.


Available for the design of the experiment were:  a Whitethroat taken from the nest at an age of about 5 days; a Pied Flycatcher 12 days old; an Icterine Warbler and a Nightingale at the same age.  Finally, reared from 7 days old under controlled conditions were: 3 Garden Warblers, 2 Barred Warblers, 3 Blackcaps, and 2 Whitethroats.  Therefore there was a total of 14 birds which had not gone out on a single hunt, and with the exception of the few days feeding by their parents, had been raised on neutral food.


To characterize the behaviour of the young birds, a few test transcripts are provided by way of example:

Whitethroat (young female).  26/7/32.  Four weeks, after which she had had selected for the first time independently her food, was offered a lapidarius.  The insect was immediately taken, pecked at several times, vigorously thrown away, hit on the floor of the cage. After 18 mins the insect was beaten into shreds and consumed completely in individual pieces.  During this time it had not been able to make use of its sting; in the first minutes it buzzed very strongly.  The bird was very exhausted after the (process of) swallowing up; it sat with its feathers puffed up with its eyes closed for about a quarter of an hour on the perch of its cage.


28/7/32 lapidarius offered, slipped away from him three times, then he failed to seize it again.  After 18 min the bird, clearly tired, gave up the chase and saw it no more.


3/8/32  terrestris offered, taken immediately, held strongly, pecked several times; insect began to buzz strongly; when it stopped suddenly, and then started again, the bird also suddenly let it go and could not be stung.  The insect flew up buzzing, but crashed down again because it had been already very damaged by the bird’s attack.


5/8/32  lapidarius offered, was seized, flung aside and then scarcely noticed; test length 15 min


15/9/32 terrestris was inspected for rather a long time, about 5 mins, and then the bird showed no further interest in the insect.

From studies with this young bird an acceptance of bumblebees can be demonstrated, in complete contrast to the behaviour of older birds.  The last test, however, showed a similar behaviour to that of older birds.  Certainly it cannot be fear of the sting that brought the bird finally not to attack the insects, since it could never be observed that a familiarity with this was made.  An unpalatability of bumblebee tissues is not in question, from the tests enumerated above.  This test with the young Whitethroat admits a different possibility of explanation:  the effort (required) to handle the insect will be too great for the bird.  The objection that the bird would have forgone seizing the bumblebee later because of satiation cannot be made because it was easily seen that the bird was hungry when a new insect was presented to it.  In one test the origin of the letting go of the insect (which was almost dead already) was fear of the suddenly resumed buzzing.  However, the study shows one thing clearly, namely that there is no instinctive rejection, but rather the bird has learned via trial and error.  Eimer came to the opposite opinion on the basis of his experiments with chickens: according to him, young birds should select their food instinctively.


The results of tests on 13 further young birds was the same as that already reported.  The first bumblebee offered was immediately taken, and after 7-10 repeats, no more were accepted.  At the end of a series of trials there exists clear rejection of bumblebees, but acceptance prevails in the early part of the experiment.  Between the first bumblebee to be offered and the last to be taken, acceptance generally was variable to the tune of about 60% of the insects presented.  The last test clearly approached the behaviour of the old birds.  It cannot be concluded that rejection of hymenoptera is to be attributed to bad experiences with the sting, because only three times out of about 70 cases could the sting be seen in effective action, and in two other cases the verdict must be left open since a precise observation was not possible.  As causes of the later rejection, we can consider: 1. stronger mechanical resistance to the chopping up of the insects; 2. unwholesomeness [“unbeneficial”, “not easily digestible”]; 3. the sting apparatus.


The operation of all three may be responsible for the result.  It will be difficult to be able to determine whether ‘unwholesomeness’ is present, because in most cases it will by observing avoidance (that will decide) whether a food agrees or disagrees with a bird, particularly when it is a case of fine differences.  Particular stress will be placed on point 1, because it is an achievement for a small bird when it struggles with a comparatively large insect for 11 minutes or more.  For comparison we could mention that killing and swallowing of houseflies, mealworms or meal beetles takes only a fraction of a minute even in young birds.



2.
Apis and wasps

The value of the three points mentioned is altered somewhat when we consider other hymenoptera.  In wasps and honeybees, unpalatability and the effect of the sting come more to the fore.  For the sake of brevity, the results obtained on this are presented in the form of a table.  The abbreviations used mean:

!
= 
vigorous wiping of the bill

!!
= 
the bird has been stung

(no.)
=
number of minutes until swallowing of the insect, or the length of struggle with the insect

-
=
the insect has been rejected

+
=
the insect has been eaten

(
=
the bird rejected the insect after a long struggle

(
=
acceptance of the insect after a long hesitation

(
=
the bird inspected the insect keenly for a long time

Data in tables:

Whitethroat (Table) 

Pied Flycatcher (Table) 

Nightingale (Table) 

Icterine Warbler (Table) 

Blackcap (young male 1) (Table) 

Blackcap (young male 2) (Table) 

Blackcap (young male 3) (Table) 

Whitethroat (young female) (Table) 

Garden Warbler (young g. 1) (Table) 

The last three tables, themselves from birds that died accidentally, show the same picture of at first an acceptance of the insects which change into rejection, as the last days of the tests let us recognise.

Garden Warbler (young g. 2) (Table) 

Garden Warbler (young g. 3) (Table) 

In the (data from) the next young bird (Barred Warbler), there is in this respect a difference from other young birds, since here there is no gradually developing rejection of the hymenoptera generated.  We can suppose instead something that in consideration of its size is no longer surprising, i.e. that it is an eager honeybee and wasp predator when adult.

Barred Warbler (young s 1) (Table) 

Barred Warbler (young s 2) (Table) 

The results as a whole of all the series of tests shown hitherto are summarized again briefly in order to understand better  the next series of tests:

1.  
In old birds, 85.2% of wasps were rejected, of honeybees 70%, of bumblebees 98%, when the Shrike is not considered.

2.  
Rejection in wasps and honeybees stems from the bad taste of the abdomen of the insects, their hard exoskeleton, and sting apparatus;  in bumblebees the cause of the rejection could only possibly be the two last mentioned defences.

3.  
Young birds learn from experience to recognise Hymenoptera as unsuitable food.

(The question of the memory of birds will be discussed further below in context).


B.
Feeding of Diptera



(a)
to older animals

The defencelessness of (for us) suitable syrphids is obvious and needs no further study.  Positive data on the palatability or otherwise can be found out easily by testing.


Before the true mimicry trials were started with a particular number of birds, each day hoverflies were fed to 22 birds, 5 of which had not been examined in their behaviour towards hymenoptera.  A total of 555 flies were used for this kind of preliminary test, of the following species: Eristalis tenax, Eristalis arbustorum, Myathropa florea, Helophilus trivittatus, Sericomyia borealis, Chrysotoxum arcuatum.

Each test was classified in a double manner.  Firstly, it served to establish the palatability which would be substantiated by acceptance of the insects.  If in contrast the insect is rejected, then the basis needs to be sought not at all in unpalatability, but rather the rejection could be interpreted as a bias (Vorbelastung) of birds, which perhaps succumb to a confusion with a hymenopteran; a possibility at least to be reckoned with is that we are using birds which have already gained experience in the field.  With this, the study could be assessed as proof of memory, which is considered later below.


As the study revealed, only 15.5% of the syrphids offered were rejected, the remaining 84.5% being mainly eaten quickly; for the most part they were seized in flight and either swallowed whole at the same time, or after striking the insect 1-3 times on the ground.  Up to six individuals were eaten one after another without any avoidance reaction.  By the very loud buzzing of the large Eristalis tenax, it could sometimes happen that the test bird let this Dipteran go for a moment, but then immediately it pounced on it again and finally swallowed it.


Thus their behaviour towards Diptera was rather invariable, and hence we can dispense with providing any extracts from the transcripts.


We must be very cautious in answering the question about the basis of the rejection of the 15.5% of the flies offered.  What is certain is that the birds were hungry at the time of feeding of the flies, and that they had clearly seen the insects, which were in each case recognizable from their body and head postures.


The percentage of palatable flies not accepted is amazing.  One interpretation of this might find, when we consider it, that we do not know the mental state of the bird.  Maybe the birds, having grown up in nature, have therefore already formed habits and customs of which we know nothing.  Since it has been established that most individuals reject hymenoptera (see the above series of studies), therefore it seems logical that they confuse the flies with hymenoptera.  When one considers, this opinion corresponds with the likelihood that 100% of the definitely non-mimetic houseflies are taken by all the birds, and these are just as palatable or non-palatable as mimetic flies to young birds that still have not met any wasps.  Only when birds showed themselves to be very listless did they also reject houseflies.  If therefore the mimetic flies had been taken only according to the level of their palatability, they also should virtually all have been taken.


In the five birds that had not previously been fed with honeybees or wasps, the percentage of rejected insects was lower, as expected, but also only few, namely 10%.  In larger numbers of tests this percentage ought not to reduce, because rejection of the flies occurs almost only in the first trials, whilst the later ones show an almost uniform acceptance.  If we consider the percentage of the flies not taken classifed by the individual species, then we come to the hypothesis that birds succumb to deception, further supported by the fact that the best mimics were rejected the most frequently.  The truly deceptive wasp-like Sericomyia borealis and Chrysotoxum arcuatum were not taken 29.5% and 25.5% of the time respectively.  Rejection occurred 14.8% of the time in Eristalis tenax and Myathropa florea; in Eristalis arbustorum it was 12.4%, and Helophilus trivittatus only 9.2%.  The highest value lies therefore in the flies that are most like hymenoptera, and the lowest value in the species least like hymenoptera.



(b)  feeding dipteran tissues to adult birds

Unpalatability in flies was not present, demonstrated by a series of studies designed around this question.  This used chopped-up flies of the above species, fed about 9-11 times.  The eight test birds used never showed any aversive reactions.  They ate the paste just as their normal food mixture, and showed no preference and no dislike.  Only when large examples of Eristalis tenax were fed, sometimes (in toto 12 cases) after a few trial tastes the test birds left the cut-up flies, wiped their bills and flew away.  We could try to use this as evidence for a weak unpalatability of this species.  Whether it was present sometimes, nothing conclusive was able to be established on this in spite of a larger number of trials used.  Should unpalatability actually occur, it could only be to a limited degree since when living flies were provided, they were always eaten without hesitation.  When flies were competely immune from being eaten by birds, a Müllerian mimicry ring would be present, comprised of wasps and bees with the flies.  This possibility is certainly not yet known, but possibly something similar might emerge at some point.



(c)
to young animals




1.  to those that still do not yet know noxious insects
If hoverflies are offered to young birds that previously have seen neither wasps nor flies, they show a cautious but energetic attack.  With close-lying feathers, a far-stretched out head and stiffened upraised legs, they leap up to the insects, seize them and peck them for a long time in large movements on the ground, so that they them swallow them.  If the insect begins to buzz, it certainly leaves it alone, but immediately springs on it again and pecks at it again.  Soon this behaviour changes; they learn very quickly themselves to handle the flies as an old bird would do: the flies are strongly pecked 3-4 times on the ground and then immediately swallowed.

A young Whitethroat shows the following behaviour as an example: 

28/7
Eristalis tenax was given, after 10 secs taken, pecked about for almost 6 mins, then eaten; no aversive reaction. 

30/7 E.tenax immediately taken, after 4 mins it was consumed. No unpalatability reflex. 

31/7 E.tenax was consumed after 1 min. Bird wiped its bill twice. 

3/8 
Two E.tenax consumed one after the other as in other flies. From then the behaviour towards flies remains uniform. 

We also began to feed other Diptera to it.  After a short delay they were equally well seized and consumed after a few seconds: this happened with the species Myathropa florea, Helophilus trivittatus, and Eristalis arbustorum.  It remains to note that the bird had come to terms with these flies from the beginning.  A similar behaviour to this young Whitethroat was shown by a young Nightingale, a young Icterine Warbler and a young Garden Warbler.  If one compares their behaviour with that shown towards the first hymenoptera given above, we can see that in the first instance they are the same:

a)  the young birds behave first of all cautiously towards unknown insects;

b)  after a few trials their behaviour was definitely fixed for good;

c)  “effective learning” gained for an insect species carried over towards other related species.




2.  to those that already know the models
If the young bird had already encountered noxious models, then when we placed flies in front of it, its behaviour was somewhat different from that of other young birds when set this new task.  A young Pied Flycatcher which already recognized honeybees as unpalatable, was offered an Eristalis tenax one day after the last presented honeybee.  The insect was in the flight chamber for about 30 mins; (the bird) only inspected it several times, but an attempt to seize it was never undertaken.  What is more, he often went at this time to his feeding bowl and ate from it.  Two days after this first acquaintance, an Eristalis tenax was again offered to him.  After a few seconds he made a feeble attempt and missed it; he watched the insect and left it unfollowed.  Two hours later an Eristalis tenax was offered and flatly refused.  One day later, a further Eristalis tenax was caught and consumed after 3 mins.  The bird had hit the insect for a long time.  It showed no aversive reaction.  Two days later a further Eristalis tenax was taken cautiously after 10 secs, and was swallowed after 3 mins.  Two days after that, two Eristalis tenax were eaten, the first after 105 secs, the second after 30 secs.  One day later an Eristalis tenax was swallowed up after 10 secs.  From then on, every Eristalis tenax was seized immediately and eaten.  This previously trained bird needed eight days of trials to achieve the definitive acceptance level, four days more than the untrained (bird).


Two Garden Warblers which through trial and error had already learnt to reject hymenoptera needed three days more of trials to be trained to accept Diptera than an untrained young warbler of the same clutch.  From the lengthening of the learning process we can easily recognize that experiences gained with hymenoptera by birds remained effective, and they succumbed  to a mix-up with the noxious model.

Mimicry in the narrow sense


On the degree of similarity

Before detailing the real studies on mimicry, a few words should be said about the similarity of the pairs used in trials.  The strikingly yellow-and-black markings of wasps appear also in the same colours on Chrysotoxum arcuatum and also Sericomyia borealis.  However, whilst the yellow markings of wasps lie on the posterior part of each abdominal segment, in flies the same effect is achieved by a yellow cross-stripe interrupted in the middle, which goes transversely across the middle of the segment.  The number of yellow cross-stripes is only four, two fewer therefore than the number of marked segments in wasps; however, the last two segments are hardly visible since they are usually considerably withdrawn.  At any rate, the larger number of segments produce no essentially different impression than the four segments of flies.  In all cases the abdomen is largely free of hairs.  Small yellow markings on the thorax, especially at the wing bases, contrast with the darker background in both models and mimics.  The lighter Sericomyia borealis resembles more the brighter Vespula germanica, whilst darker tones predominate in Vespula vulgaris and Chrysotoxum arcuatum.  The shapes of model and mimic are very similar, the flies showing a constriction corresponding to the wasp ‘waist’.  The sizes do not correspond completely because live models are mostly somewhat larger.  In flight they are distinguishable to the practiced eye, since the flight of wasps is a bit more clumsy.  However, we could not persuade a layman to take hold of flying or sitting flies by hand.  The colours of the wings has the same brown tone in both; the legs have yellow colours.


Convergence in exterior form and behaviour is extraordinarily great in Bombus lapidarius and Volucella bombylans.  The flight and the wing-tones of both are indistinguishable from each other.  Pilosity in both is very dense, somewhat denser in the bumblebee.  Dorsally the three final abdominal segments are a beautiful coppery red, equally present dorsally on the last 2.5 segments of the fly.  In the fly, the shape of the abdomen is somewhat more compact.  The legs are dark in both species, comparatively broad in the fly.  The wings of the fly bear darker marks than the hymenopteran.  Only from the posture and the size of the head are they conspicuously different: whilst Volucella bombylans has the typical fly head, in Bombus lapidarius the head is rather obscured by the thorax, and is continuous with it without any noticeable gap.


Between Volucella bombylans var. plumosa and Bombus terrestris there is also a great similarity.  The markings of the abdomen are the same: at the scutellum the [pattern] starts with a dark yellow band, and then there follows a very dark brown band separated from a whitish-yellow one.  The shape of both insects is roughly the same, but Volucella bombylans plumosa exceeds Bombus terrestris in size.  Whilst the colour hues in the bumblebee are produced by a coloured coat of hair, only the light colours (yellow and whitish-yellow) arise from hair in the fly, the dark hues being produced by the sparsely hairy chitin exoskeleton.  The legs of the fly are comparatively densely haired.  The head shows a similar difference as in Bombus lapidarius and Volucella bombylans.  Seen from above, there is a yellow band covering the thorax, missing in the fly.  The yellow framing of the black centre of the thorax produces a similar impression in the fly, but in rear view.


In Apis mellifera we have similarly a whole range of mimics corresponding to the colour variants of the honeybee.  Within Eristalis tenax, which usually exceeds the honeybee in size, we have various gradations from dark to light hues that correspond to the greek races of the honeybee.  The markings of Eristalis arbustorum, which is somewhat smaller than Apis, are very similar to the model.  The tone of the buzz, the type of flight and the flowers visits of the fly and the honeybee are almost the same.  The flies are recognisable from their characteristic head with very small antennae.


At first fleeting glimpse, the shape of Helophilus trivittatus has also similarity to a wasp in its yellow and black abdominal markings, but here the resemblence in shape is much less:  it lacks a good wasp waist.  The species is easily recognisable from the yellow longitudinal stripes of the thorax. Its movements are those of flies; the head bears scarcely noticeable antennae.  Syrphus ribesii shows good typical wasp markings, like those of Chrysotoxum arcuatum and Sericomyia borealis, and also the wasp waist is clearly indicated; however they are only half the size of a normal wasp, and are therefore easily recognisable from that.


C.
Studies with wasps and their mimics

The particular test design of the following series of experiments is simple.  On pages 393-4 and under E14-19 they have already been briefly presented, so that here they can be dispensed with.


Rather clear and good results were obtained with wasps and their mimics.  We first of all reproduced the experimental results of individuals in which a rejection of wasps could be established from observations completed in about 2-3 weeks (see test series below)



(a)
models presented first

If stinging insects were offered first, and then the harmless palatable Diptera, the following data were obtained:

Robin. max. 19/8. V.germanica offered, and the insect walked and buzzed for 5 mins in the cage, it was immediately inspected for 6 secs. After 10 mins a second V.germanica offered, the same consequence.  3 mins later, Sericomyia borealis offered, immediately inspected for 5 secs, and after 45 secs again for 6 secs, then no more for the next 5 mins.  After that houseflies were immediately seized and swallowed.  


23/8  V.germanica offered, immediately inspected for 4 secs, then no more in the following 3 mins (during which time) the wasp walked and flew about.  Sericomyia borealis was set in front of it, immediately watched for 3 secs; after 30 secs hopped up to within 8 cms, watched the fly for 4 secs, flew away; in the next 3 mins, no more inspections; wasp removed, and 2 mins later the fly removed. A mealworm was immediately taken.


24/8  V.vulgaris was immediately briefly inspected, and then no more during the next 10 mins. Chrysotoxum arcuatum was placed inside, also only briefly inspected, and then after 3 mins the fly away through the window aperture.  A mealworm was immediately eaten.


25/8  Two V.germanica were offered at the same time, one of which was a bit tired and was inspected by the bird for about 8 secs, the other was scarcely noticed. After 2 mins Sericomyia borealis was offered, and it was similarly only looked at for a short time.  After 5 secs [mins?] the fly was removed.  Houseflies were immediately eaten.


26/9 [26/8 ?]  Two V.vulgaris were offered together, one remained for 2 mins in the test room, and the other for 7 mins.  The bird flew to them after 45 secs, then turned around and paid no more attention to the wasps; subsequently Eristalis tenax and Chrysotoxum arcuatum were introduced, both only inspected briefly; after 20 secs E.tenax was seized and hurled away, the insect buzzed loudly, attacked again, pecked twice, paused, pecked three times and the insect swallowed. C.arcuatum was paid no more attention. Meal beetles eaten after 15 secs.

In the 26/8 experiment the very wasp-like C.arcuatum was not taken, in contrast to the more honeybee-like E.tenax.  The more similar was therefore mistaken, the other correctly assessed via the possibility of comparison.  The experiment of the 30/8 gave a different picture, similarly after a wasp, an Eristalis tenax was provided and rejected.  There, a non-acceptance could not have had its origin in satiety or lack of hunger, and therefore the only understandable possibility remained of a confusion of the fly with wasps by the bird.  On 16/9, 25 mins after removal of the wasp, the fly was offered and consumed.  If the timespan between the presentation of model and mimic is short, then the bird is succumbs to the dominant influence of the unpalatable wasp, and it also leaves the fly untouched.  If the timespan is larger, however, as in this case of 25 mins, or in the experiment of 19/9 up to 40 mins, there is no 100% confusion with the hymenopteran, and the fly is sometimes eaten.  On 26/9 Chrysotoxum arcuatum and Eristalis tenax were offered. After 20 secs already the decision was made to take the Eristalis tenax, the less wasp-like of the two.  On 27/9 this decision was made already after 15 secs.  The bird must therefore have recognised (the fly) as palatable, whilst it did not succeed in making this recognition of Chrysotoxum arcuatum, succumbing here also to a confusion with the hymenopteran.  From this series of experiments, we can conclude that the Robin confused both Chrysotoxum arcuatum and Sericomyia borealis with wasps when they were offered more than 25 mins after the wasps.  The honeybee-like Eristalis tenax was also sometimes confused with the wasp.  Of the healthy models offered, none were taken.

Robin “Fritz”.  (Shortened transcript of the session).  19/8  V.germanica offered for 5 mins, 5 mins later Sericomyia borealis offered for 5 mins, only briefly inspected, mealworms and meal beetles immediately eaten.


23/8  V.vulgaris offered for 4 min 30 secs, watched for a short time; 10 mins afterwards a Chrysotoxum arcuatum offered, twice briefly inspected, then no further for 5 mins. Mealworm immediately eaten.


24/8  V.germanica offered for 2 min 30 secs, but in this time only briefly inspected; then an offered Chrysotoxum arcuatum was only watched briefly during 6 mins. After 2 mins a housefly was offered and immediately eaten.


5/9  V.vulgaris offered for 60 secs, and then after 15 mins a Chrysotoxum arcuatum offered; this fell on its back and buzzed on the ground for a long time, and here it was seized and swallowed after two pecks.


17/9  V.vulgaris offered for 2 mins, in this time scarcely inspected, 45 mins later a Chrysotoxum arcuatum offered, at first for 45 secs not inspected, suddenly flew at it and seized it.


19/9  V.germanica offered for 2 min 30 secs, hardly looked at, after 50 mins Sericomyia borealis offered, inspected straight away for 4 secs, and then again for 3 secs after 20 secs, then immediately seized, pecked three times, and consumed.

In general the results of these experiments are the same as in the previous ones.  We can draw attention particularly to a few interesting tests.  In the experiment on 5/9, a Chrysotoxum arcuatum was on its back, and by this lost its deceptive similarity and was eaten, as also every other fly.  An added significance attaches to the experiment; it is a pity that such observations cannot often be made.  On 17/9, after having paid no attention to the insect for 45 secs, the bird suddenly flew at it and ate it.  This is a case that would certainly not occur in nature, because in nature it undoubtedly rarely happens that flies and predators stand face to face for as long as 45 secs.  This period of time in which the bird apparently confuses it with a hymenopteran, is sufficient for the fly to escape to a different place.  In the experiment of 19/9 it is the same.


In principle the experiments with this bird show nothing new.  While Chrysotoxum arcuatum and Sericomyia borealis obviously enjoy protection, this is identical whether offered after V.germanica, which Sericomyia borealis particularly resembles, or after V.vulgaris, but this is mostly not true for Eristalis tenax when offered with wasps.


The further series of experiments confirm the above statements, and therefore a summary of the transcripts can be provided.  The abbreviations of the tables are as follows:

(
=  brief inspection of the insect by the bird

~
=  inspection lasting more than 15 seconds

-
=  rejection

+
=  acceptance

-(
=  signifies for example rejection after brief inspection

+(
=  should mean acceptance after longer inspection by the bird

x
=  stands by especially strong buzzing by the insect

The numbers give the number of minutes the insect was presented after the model.

Redstart. r 2  (Table) 

Redstart. rs 5. (Table) 

Whitethroat. gda 1. (Table) 

A further 13 tests of this type were carried out with a Whinchat [ called a “brown-throated Field Wheatear” in german ].  It should be noted that this was an extremely lively very attack-happy bird.  It surpassed by far both the other Whinchats held by observers (ie in captivity).

Whinchat. (female 1) (Table) 

Redstart. rs 3. (Table) 

Nightingale. na 2. (Table) 

Robin. r 9. (Table) 

Robin. r 7. (Table) 

Robin. r 6. (Table) 

Redstart. rs 6. (Table) 

Whitethroat. gda 2. (Table) 

Blackcap. gm. (Table) 

Pied Flycatcher. ts 3. (Table) 

The results as a whole of the experimental series from 16 birds in 169 individual tests is summarised briefly here.  From all paired tests in which the insects were presented to the birds:
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Vespula germanica  
Sericomyia borealis
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3

V.germanica
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E.tenax
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Helophilus trivittatus
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Overall results

Species



offered
eaten
%

Vespula germanica, 

96
4
4.2

Vespula vulgaris


90
1
1.1

Sericomyia borealis

83
14
16.8

Chrysotoxum arcuatum

79
15
18.9

Eristalis tenax


57
41
72

Comparing these results with the numbers obtained (see earlier) on the eating of Diptera, a great difference is entirely apparent:  whilst in the wasp-like flies, when offered up to 50 mins after the models, only about 18% are seized and consumed, this percentage is 70-75% from the experiments carried out previously; in the bee-like flies, however, this percentage was 86%, and now only 72%.  Very nicely already from these results (we can say that) the advantage enjoyed by a mimic arises when it is presented a short time after a model; a benefit which, as observations inform us, is to be attributed to the similarity of the perceived image of model and mimic.



(b)
mimics offered before models

According to all the previous results it was difficult for birds to discriminate very hymenopteran-like mimics from their models, particularly when the models were presented shortly beforehand.  The decision that the bird came to about the first of the insects presented, is commonly transferred to the one shown second.  Now the reverse situation occurs, that we present first the palatable mimic and then the unpalatable model, and we can expect that the “effective learned response” (insect = palatable) will be carried over onto the second insect to be offered; although not in 100% of cases, we can suppose that in this experimental design the Hymenoptera will be seized more commonly than usual.

The table obtained should speak for itself:

Redstart, rs 3. (Table) 

From the experiments of 8/9 and 18/9 we can note: on 8/9 the fly was immediately pecked and consumed, and the same happened with the subsequently offered wasp, which was seized, pecked twice in the sand and then swallowed.  Then the bird puffed itself up, turned its head to the left, shut its eyes, sank down onto its heels and remained standing in this curious position for 8 mins, and then hopped sluggishly to the water, drank, sat down on a perch, assumed the sleeping position and persisted in that for about 24 mins.  This behaviour could only be regarded as a consequence of hurt to the mouth and the mucous membranes of the throat from the wasp sting.  Precisely the same behaviour was also observed from the remaining (experiments) in a young Garden Warbler.


In the experiment on the 18/9 it happened again that the fly lost its protective colours by falling on its back.  Then it was seized and similarly swallowed more quickly than it is normally the case in wasp-like flies.

Redstart. rs 6. (Table)

Robin. r 8.  (Table) 

Robin. r 7. (Table)

Lesser Whitethroat. zg.  (Table) 

The result of these 47 tests is very revealing: it shows that wasps, of which 85% normally remain unmolested, now only remained untouched in 60% (in Vespula germanica) and 70% (V.vulgaris) of cases.  In fact 8% and 14% respectively of the offered wasps were consumed; the rest were mostly mauled by attack by the birds to such an extent that further flight was impossible.  In this connection the following fact is not important, but only interesting here, that more wasps than normal were attacked, which can be accounted for by the test bird confusing the wasp with the fly.  80% and 76% respectively of the wasp-like flies were eaten, and therefore this was roughly the same percentage as in the earlier tests where the percentages were 71% and 75% respectively.



(c)
feeding in the sequence: model - mimic - model

One can develop this type of experiment further, in which for example one first gives the model, then the mimic, and in cases where this was taken, again the model.  We shall see that, (in contrast to) what you might have expected from the earlier tests, the bird usually will not be able to recognise immediately as such the model offered third.  The task seems admittedly to be comparatively difficult for the bird to carry out.  Already the last series of experiments made greater demands on the bird; this emerged clearly from the behaviour of the bird, each wasp being observed for a longer time than happened in the earlier studies.  The longer reaction time is the simplest measure of the difficulty of the task.


In order not to become tiresome, via transcripts and tables we can dispense with a detailed representation of the experimental results.  Only in order to characterize them briefly, three randomly selected tests of this type will be presented here in a few words.  It should again be pointed out that the pre-condition of the experiments was that the Dipteran was eaten, and only when this had taken place was the wasp finally presented.  One should not be surprised therefore that according to the transcript all offered Diptera were eaten.

1.  Nightingale (adult).  V.germanica offered, the bird immediately examined it for 6 secs, then did not bother with it for 8 mins.  After a further 12 mins, a Sericomyia borealis was offered.  Also only briefly inspected at first, after 25 secs the bird suddenly leapt back to it, stopped briefly in front of it, quickly seized it, struck it several times to the ground, and then swallowed it.  About 50 secs after that, another V.germanica was offered.  The bird leapt immediately to it, quickly seized it, struck it once, threw it vigorously, subsequently watched it for about 10 secs and then left it lying unnoticed.

2.  Blackcap (adult).  V.germanica was inspected several times by the bird in the first 90 secs, then remained 6 mins paying no attention to it.  After 14 mins had passed, a Chrysotoxum arcuatum was offered, the bird watched it for about 10 secs, and after a further 10 secs suddenly sprang on it, seized it, and swallowed it after a few pecks.  2 mins later a further V.germanica was presented, upon which the bird leapt, (but) after 3 secs it ran away again. It looked at the insect briefly several times but without attacking it.

3.  Garden Warbler.  A V.vulgaris was rejected by a young Garden Warbler after a long inspection of about 16 secs, and it paid no more attention to it for at least the next 6 mins.  14 mins later a Chrysotoxum arcuatum was placed in the cage, after about 10 secs it was seized roughly and swallowed after many pecks.  Offered 3 mins afterwards, the (2nd) wasp was immediately seized and swallowed after a few pecks.  After that the head was shaken several times.  The bird sat for the following 45 mins curiously quiet with ruffled feathers and closed eyes, assumed to be the effect of the sting apparatus of the wasp, which was swallowed all too suddenly.

The summary of the results of this set of experiments is the following:  59 tests were made on six birds.  Of the wasps presented first (n=59), only 5 (about 9%) were attacked and eaten.  Of the wasps presented after the dipteran, 8 (13%) were eaten, and 16 (27%) were attacked.  Therefore the number of individual (wasps) that were attacked and eaten was higher than normal, than when no flies had been offered beforehand.



(d)
both partners given at the same time for comparison

The behaviour of the test birds is very interesting when both partners were offered at the same time.  This occurs in the same numbers in order to facilitate the separation of model from mimic for the bird, because it commonly succumbed to the deception when one partner was offered in greater numbers, for example when flies were presented in larger numbers than their corresponding hymenopteran (models).  In such cases it is very apt to happen that the bird also tries to attack and eat the wasps.  It is not as if it first eats all the flies and then afterwards deals with the wasps, but rather after it has consumed only a few flies it takes equally the Hymenopteran which it seems to recognise as such too late.  From these kinds of observations one is forced to the supposition that the bird has confused the noxious insect with the harmless mimic.  If the test bird now pounces upon a model, if this is recognised and thrown aside, then the subsequent behaviour used depends upon the temperament of the birds that are studied; whilst some birds refrained from further pursuit of the still present flies, others attacked again after a short pause for inspection, in the course of which it sometimes happened that they caught hold of a wasp again.


If one takes the contrary case, that stinging hymenoptera predominate in numbers in the mix of insects offered, then this shows in general that flies offered at the same time enjoy a good protection and they remain untouched.  With the exception of the Pied Flycatchers, which almost always extracted the flies from the mixture, a confusion occurred in the majority of cases with the other study birds.


We briefly present in abbreviated form the results obtained from ten birds studied: the models and mimics were presented 36 times in equal numbers. In five cases, on the whole no attack was risked on one of the partners; both were inspected for a long time.  In 23 cases, the flies were attacked first.  Of the 69 diptera offered, 48 were seized and swallowed (69.5%); of the 69 wasps presented, 13 were attacked and eaten, corresponding to 18.8%.


A mixture was offered 31 times in which the noxious model predominated, up to five times as abundant.  The characteristic of this was that every increase in the ratio in the mixture led to a lowered (number of) attacks made on the partner in the mixture. For example, Hymenoptera and Diptera were offered seven times in a ratio of 5:1, and in these seven cases only one single time (a lively Whinchat) were flies caught; in the other birds tested under these conditions there was never any attempt undertaken to attack an insect.  The birds observed them closely, and also many times hopped somewhat nearer to them, but left them alone.


If the ratio of wasps to flies was smaller, 2:1 for example, then flies were caught more often, in each case significantly more frequently than wasps, and the result approaches that of the test series where Hymenoptera and Diptera were offered in equal numbers.


If the Diptera predominate, as in 29 cases, then almost always the birds also wanted to attack the wasps.  If the hymenoptera were rejected after (such) an attempt, then typically there followed a small pause for study, after which the bird then mostly continued its attack on the Diptera.


D.
Studies with bumblebees and bumblebee-flies



1.
On the experimental technique

Under Section B (pp 410-414: Feeding of Diptera), bumblebee-flies were not considered.  Since these occurred in only limited numbers for use, a full set of observations concerning bumblebee-flies should be presented here in connection with the studies of true mimicry.  It was extraordinarily rare to come across the very bumblebee-like Volucella species in nature.  The number of living bumblebee-flies offered to birds was very low in comparison with the other mimics: only 25 flies (14 V.b.plumosa and 11 V.bombylans).  The number of tests carried out with them is therefore greater, since following rejection, several observations could be made using a single insect.  If the insects died or were dying in their holding cages, they were killed and their cut-up abdomen used for feeding.



2.
On the palatability of bumblebee-flies

On the basis of his studies, Pocock came to the conclusion that Volucella bombylans  was unpalatable to a certain extent. He arrived at the conclusion that when unpalatability was present, then this case was to be counted as not one of Batesian but of Müllerian mimicry.  Pocock drew this conclusion from the fact that the birds that he tested [ list of spp ] pecked Volucella for a very long time, no matter whether they ate them completely or left them lying after some time.


The results of feeding 19 fly abdomens contradict Pocock’s acceptance of unpalatability of bumblebee-flies.  It could in each case be observed that these tissues were avidly eaten, at least as avidly as the commercial insectivore food, because the birds preferred neither one nor the other when both were provided in equal quantities in two similar dishes.  Provision in the same quantity is in this case essential because, as Rieckel has shown, the bird devotes more time to the greatest quantity of offered food.


If at the same time living food such as mealworms and meal beetles are offered, then they are preferred.  A food must be positively good tasting to prevent a bird from taking a mealworm; this was sometimes successful when feeding from half-cooked egg yolk.


According to the observations made, it appears that even a weak level of unpalatability of bumblebee-flies is improbable.  Tests were carried out in a large flight cage using five inhabitants (two Redstarts, a Robin and two Blackcaps), and further ones with a Nightingale and a Pied Flycatcher.



3.
(a)  feeding of bumblebee-flies to young birds

Because of the low number of bumblebee-flies available, in total only nine tests could be made with young birds.  Since they are rather clear, they nervetheless have some value.  Flies were fed five times to young birds that already had encountered bumblebees, and had already partly learned to reject them.  From these few tests, the transcripts should speak (for themselves):

1.  Garden Warbler.  A young Garden Warbler which had rejected bumblebees within the last 14 days, was presented with a Volucella bombylans.  The insect walked buzzing over the floor, and was very often watched during the first half-minute, but was left untouched.  Meal beetles were seized after 9 secs.

2.  Garden Warbler.  8 days later the same bird was offered a V.bombylans plumosa, with the consequence that it came up to within 30 cms, then however turned around again and paid no more attention to the insect.

3.  Pied Flycatcher.  A young Pied Flycatcher which had already clearly learned to reject bumblebees, rejected an offered Volucella bombylans.  It looked at it briefly several times during the first 40 secs; and again after 2 mins, and then no more.  A mealworm was immediately seized and consumed.

Bumblebee-flies could be fed four times to young birds that had not yet seen any bumblebees.  Common to all four individuals was that they approached the insect cautiously, and were very agitated, a behaviour that young birds normally show when, for example, living but as yet unknown food is given to them.

1.  Male Garden Warblers.  A young male Garden Warbler was offered a living V.bombylans plumosa.  The fly was inspected excitedly; after 12 secs the bird hopped up to it, seized it, immediately left it free again, seized it again, but only succeeded at the second attempt, pecked it with the beak, and struck it about 20 times on the floor; the insect still buzzed weakly; the bird paused for a bit, and let the prey fall, took it up again after a few seconds and swallowed it after striking it about 25 times following quickly after one another.  The bird then sat quietly on its perch for a long time.

2.
Whitethroat.  A young Whitethroat was presented with a Volucella bombylans plumosa.  The bird succeeded in seizing the insect at the first attempt.  It jumped around on the floor stiff-legged carrying the very active insect with its wings beating.  It escaped from him twice, but then the bird suceeded immediately in catching it again. About about 3 min 30 secs the fly was swallowed by the bird.  The bird then seemed to be rather tired.

These nine feedings of the two Volucella forms make us recognise clearly that these are palatable insects, and that they create comparatively great difficulties for the birds in swallowing them.  After the battle, the young bird appeared rather tired.  It is once again an outstanding fact that young birds that already know that bumblebees are unpalatable undertake no attacks against bumblebee-flies.




(b)  feeding of bumblebee-flies to adult birds

The same behaviour shown by these young birds towards both Volucella forms is also shown by adult birds.  With the exception of the Spotted Flycatcher and the Red-Backed Shrike, all other birds rejected bumblebees (see above, p. 404).  In the few experiments in which adult birds were offered bumblebee-flies, the birds showed the same behaviour towards these harmless Diptera as towards the noxious Hymenoptera.  The results of the six experiments that were carried out were as follows:


The Spotted Flycatcher accepted a Volucella bombylans after some brief periods of hesitation, and then swallowed it quickly; a Nightingale, two Robins, a Blackcap and a Whinchat left untouched the offered Volucella bombylans plumosa.  Although these few tests are not altogether conclusive, they do suggest that adult birds are inclined towards a rejection of bumblebee-flies.



4.  Feeding of bumblebees and bumblebee-flies to adult birds

Clear results could be demonstrated when the flies were offered to the test birds shortly afterwards or at the same time as their models.  To make them clearer, a few transcripts follow:

2/7  Three Bombus ruderarius were set free 10 mins apart, and at the same time two individuals of Bombus humilis. Three mins later a Volucella bombylans was released.  For the individual birds of the test room, we made the following observations:

1.  Pied Flycatcher.  As the first B.ruderarius was offered, it made an attempt to seize it; 20 cms from the insect it changed its flight direction.  The other insects including Volucella bombylans were only briefly inspected.

2.  Whinchat.  It flew at the Bombus humilis, but turned round again after a brief inspection, the fly was equally only briefly noticed.

3.  Reed Bunting.  Bombus hortorum was offered for 4 mins, and during this time it was inspected by the bird several times.  When 10 mins later a Volucella bombylans plumosa was offered, it scarcely took any notice of it for 4 mins 30 secs.

4.  Nightingale.  Bombus hortorum was offered for 3mins 30 secs, the bird immediately looked at it for 4 secs, and then paid no more attention.  Then a Volucella bombylans plumosa was offered, and during tail wagging [?] inspected several times in the next 5 mins, but not attacked.  3 mealworms were immediately eaten.

In the two further tests with the Robin and the Redstart, both model and also the mimic were clearly rejected.

In order not to become tiresome, only one study was carried out rather accurately:

5/7.  At the same time were offered: a Bombus humilis, two B.lapidarius and one B.ruderarius.  The birds were very hungry, but paid no attention to the bumblebees, already after a short inspection they were scarcely again noticed.  After 30 mins the Hymenoptera were removed and three V.bombylans and one V.b.plumosa were offered.  The birds present in the room were Robin (r 3), Redstart (rs 5), Reed Bunting, Nightingale (n 1), Pied Flycatcher (ts 1), and Whinchats (w 1 & w 2), and they inspected the flies only briefly.  That the birds were hungry was shown by the fact that all seven dived on a small mealworm cast in front of them and squabbled over it.  Ten mins afterwards the Whinchat (w 1) flew to a buzzing V.b.plumosa, seized it, and struck it three times on the floor; when the Reed Bunting came up to him, he swallowed it.  The Pied Flycatcher made an attempt on B.humilis, it bent down over the insect, and took it up; the insect began to buzz, and it flung it away strongly and paid no more attention to it.


Bumblebees and their mimics were offered simultaneously a further 11 times; in 8 cases no attempt was made on the part of the birds to attack the insects.  In one case a Redstart took up a Volucella bombylans that was walking right over him, but it escaped from him again at once; he made one further attempt to seize it, but missed.  The normal feeding time was in six cases exceeded by barely 8 hours.


The experiments with bumblebees and bumblebee-flies are very clear despite their small numbers.  They show that the inherently palatable bumblebee-flies were rejected in the majority of encounters with birds, no matter whether they were offered after the models or at the same time as them.


The convergent appearance in form, colour, type of flight and buzzing tone causes the same confusion in birds as in impartial human observers.


E.
Studies with honeybees and their mimics

With honeybees and honeybee-like flies a large number of experiments could again be carried out.  The honeybee-like Eristalis tenax and Eristalis arbustorum are to be found in great numbers so that here no difficulties occur.  This pair for comparison shows the greatest dissimiliarity to the human observer of all the mimetic pairs used in this work; the type of flight and shape of the body do not correspond to the model to the same degree as the other pairs.  It is no surprise because it is given by the birds themselves.  Confusion with the model does occur in these mimics, but in smaller numbers than in the wasp-like and bumblebee-like Diptera.  The protection of the honeybee-like flies could not therefore be as great as in other Diptera, because the model itself was taken by the test birds more commonly than the other sting-bearing models.  Repeating again the results of section AI: wasps were rejected 85.5%, honeybees 70% by the test birds.  The percentage of adults rejecting honeybee-like flies was an average of 12.8% of those offered.  As the experiments of this section will demonstrate, the number of honeybee-like flies that were rejected (increased?) when offered in combination with their models.



1.
models presented first

Experiments where the noxious model were presented at variable times before the mimic are presented first in the form of a table and occasional transcripts.  In order to characterize the behaviour of the birds tested, a few transcripts are reproduced which were made using a Pied Flycatcher.

14/6 Pied Flycatcher.  Apis was immediately attacked, let free again after two strikes on the abdomen, made several swallowing movements, took it up again, let it fall again, shook the head furiously and flew away.  Bird appeared to get stung.  3 mins later an Eristalis tenax was caught in flight and swallowed.  Afterwards the bird went up again to the honeybee in the same way, hit it twice, then finally left it and shook its head.  5 mins later an Apis was caught in flight and was immediately set free again.  An Eristalis tenax was offered for 4 min, but only very briefly inspected.

Whilst in the first part of these experiments models and mimics were indiscriminately attacked, after a couple of bad experiences with model, the bird came to reject also the harmless mimics.


In connection with this series of experiments, 21 individual Eristalis were offered to the bird, 15 of which (about 70%) were eaten.  The percentage of honeybee-like flies rejected by adult birds was on average 13% according to the earlier experiments; when offered together with honeybees, the flies enjoyed more than twice the protection against their enemies than when they were presented alone.  This conclusion might seem somewhat premature, but the results obtained from the other birds lie in the same direction, as the following tables may demonstrate.  The result as a whole is even more pronounced than for this bird.


The abbreviations are:  + = acceptance, take up;  - = rejection; ~ = long inspection;  ( = short inspection

1.  Redstart. rs 1. (Table)

2.  Redstart. rs 3. (Table)

3.  Robin. r 7. (Table)

4.  Robin. r 6. (Table)

5.  female Redstart. rs 5. (Table)

Since the other birds of this series of experiments brought nothing new, but only confirmed the previous results, we have dispensed with further detail in the form of tables.  The results obtained from this series of experiments from 20 birds in 249 individual studies can be summarised as follows:  Of the 249 Apis offered, 204 were rejected (82%); of the 215 Eristalis tenax, 85 (about 39%) were scarcely paid any attention, and in each case not attacked;  the percentage was the same in Eristalis arbustorum, where 40 of the 103 were spared from attack.  About 39% of the flies offered were not eaten, that is three times the (number) of honeybee-like flies previously seized and eaten by the birds.



2.
mimics presented before models

As already in tests with wasps and their mimics, so also a series of experiments were made with honeybees and their mimics in which the harmless insect was offered before the noxious one.  They showed that, as in the corresponding tests with wasps, the birds took the sting-bearing hymenoptera (presented shortly before the flies) more commonly than before.  The results showed this also very clearly: after a fly was taken, the subsequently offered hymenopteran was usually seized.  Nevertheless it has no significance for the purpose of this work because they were subsequently let go again.  The only thing that is shown by these studies is that the birds do make mistakes.


Of the 89 Eristalis individuals provided for the purpose of these experiments, 76 were captured, leaving about 15%, which is about the same as the results arrived at from Section B (pp 410-4).  Of the 89 honeybees used in these experiments, 38 were seized and consumed. Whilst under Section I, only about 30% of honeybees were eaten, here the percentage was about 43%.  It follows incontestably therefore that when the mimics are presented first, there is a greater attack on the Hymenopteran (models).



3.
model and mimic presented at the same time

If the honeybees and their mimics are presented simultaneously, in general this shows that either there is no subsequent attack on one of the partners, or that both are attacked.  An exceptional case to be considered, when only the harmless Dipteran is seized by the birds, was seen only in a Pied Flycatcher and once in a female Redstart.  If the bird turned towards one partner of the insect mixture, and if this by chance happened to be the model (which was then mostly thrown aside again), then this attack persisted; in the majority of cases attacks occurred no further on the harmless insect.  In contrast if the first insect to be attacked was a fly, there then followed equally frequently a faster attack on the hymenopteran, which then almost always after a few strikes was let go again.  If the attack was carried out intensively, the insect was very seriously injured.  In the 92 cases where the partners were offered in equal numbers or where the noxious (Apis) was twice as abundant (the numbers were 1:1, 2:2 and 1:2), only 34% of the flies offered were attacked and eaten.  The percentage of mimics eaten is therefore almost 50% lower than that of Group E1 (see p. 431: model given before mimic): then it was 61%, and here it is only 34%.  The percentage of flies eaten sank still further when the noxious model predominated in the insect mixture.  In the 48 experiments carried out for this purpose, it reached only a level of 18%.


These results therefore show the same pattern as those from wasps; here, as then, the conclusion of these experimental designs is a lower attack on the Diptera.

IV.
Complementary studies of the memory and ability to discriminate of insectivores

Studies of true mimicry demand a further analysis, that of the memory performance of predators.  These investigations are presented here first, because they refer in part to the previous studies.


1.
On the number of individual experiences necessary for the creation of effective learned response

It has already been stressed that the problem of mimicry borders on the problem of memory, since theory demands that the appearance of the noxious model stamps itself upon the (memory) of the predator, which then will be the origin of the consequent absence of further attacks.  The results up to now are proof of the effectiveness of the aposematism of the model.  Because when a young bird changes after some trials from an initial acceptance to rejection of an insect, and this change occurs more quickly when it has bad experiences with the sting of the prey, therefore this is first of all proof of the memory performance of predators, and when prey recognition depends on the visual sense, this is also secondly proof of the effectiveness of warning colours, which support the ability to discriminate.


From studies of the level of the memory, the first finding will have to establish the number of sensory stimuli necessary to create an effective learned response.  The number of stimuli (needed) will depend on the memorability of the individual stimuli:  conspicuous objects will become fixed in the memory more easily and quicker than inconspicuous ones.  The task given to the tested birds ought to be to recognise the unpalatability of novel food.  As such food types we used: beetles with hard exoskeletons, in most cases Rose Chafers; Hymenoptera; wheat grains and orange peel.  We studied 12 young birds.


The number of trials made by a bird to seize a noxious hymenopteran was amazingly small.  Whilst in chicks about 50-60 trials were necessary to learn a stimulus, the necessary number for the insectivores studied was significantly lower.  Six birds needed for example only 8 trials to arrive at a persistent rejection of bumblebees.  In all these cases it could never be seen clearly that the insect made active use of its sting.  Only in the case of the Nightingale did this occur, on the 6th trial, with the consequence that from then on, the bird never attacked a bumblebee again.


To recognize the unpalatability of wasps and remember it required 10 trials on average for 10 birds.  A Pied Flycatcher that was clearly stung by the 3rd insect rejected the six wasps presented over the next 18 days, and after that it seized one again and was again stung.  From then on it paid no further attention to wasps at all.


With honeybees such clear results could not be achieved;  susequently also they were still sometimes attacked.  We can only say that nine birds were only rarely likely to attack honeybees after an average of 14 trials.  Whilst they were attacked in the 14 trials an average of 12 times, they were seized in the next 10 trials only an average of 3 times.


An interesting observation can be inserted here.  Birds which still accepted noxious insects, as for example a Spotted Flycatcher and a Red-Backed Shrike, very suddenly showed after a number of trials a different behaviour towards the insect.  For the first 19 wasps which the young Red-Backed Shrike took up, it seized them at no preferred body part, hit them several times into the sand, and then swallowed them.  From the 20th wasp the bird used a different method of killing; it seized the insect by the waist and struck both ends of the prey’s body several times against the perch.  At the 3rd insect killed by this technique, these strikes became only a rubbing of the abdomen.  The bird orientated itself to the head of the insect, because when headless wasps were given to the shrike, it rubbed them once again at both ends of the body with equal frequency.  Although this spontaneously occuring action, because it arises comparatively late, gives the impression of being a deliberate [behaviour], it is however to be seen as dependent on instinct since no gradual development of this new kind of behaviour was recognisable.


Differences in aptitude amongst individuals for a task were very obvious among three young Garden Warblers.  One animal took almost double the number of trials as its siblings to avoid an insect permanently.  Its two siblings had undertaken very strikingly exactly the same number of attacks on the noxious insect.  The first individual was a male, whilst the other two were females.  Since this was only an individual case, we cannot establish from it any more general considerations.


The Rose Chafers represented prey for the small insectivores which were not palatable because they could not be seized adequately by the small birds on account of the size and strength of their smooth exoskeleton.  In the first encounters the bird starts off readily by attacking, and this could be observed in five birds.  A Whinchat already examined after the fifth trial in 4 days the impracticality of ever preying on such beetles, and it then paid no more attention to them any more.  Another Whinchat arrived at the same result after the 9th trial, at the same time as a Robin, whilst another Robin undertook a further new trial attack after a pause of several days during which time the offered beetles were not attacked.  A Redstart stopped trying to seize the beetle after ten useless trials.


Birds (learned to) retain in memory highly palatable food even more quickly than unpalatable.  Half-cooked egg-yolk was given to two young birds placed in isolated cages, a Pied Flycatcher and an Icterine Warbler.  As with other morsels which were given to them by hand, they took this at first rather casually, but then rather quickly ate it all up right to the last little crumb.  When the Pied Flycatcher, which had eaten egg-yolk three times spread out over six days, saw the experimenter for the fourth time cutting up a half-cooked egg, it flew around the cage excitedly chirping; it was quiet at first, when it had been given to him.  The visual stimulus had already combined strongly with the experience of very good palatability after only these four trials, such that after a pause of 29 days in testing the desire to eat it appeared again still just as clearly in the bird from a glance at the egg-yolk.  The Icterine Warbler took one trial more to achieve the same behaviour.


While the smaller number of trials that birds took to reject Hymenoptera still allowed the conclusion that it was a question of instinct, which needed a few trials for its complete release; this can not be the case for the experiments with egg-yolk, since it is preposterous to accept the existence of an innate instinct in birds that says that half-cooked egg-yolk tastes very good.  But since few experiences were necessary for effective learning of the unpalatability of Hymenoptera, we can therefore accept as correct that this is also not determined as instinctive in birds.


2.
On the conflict of learning

The effect of longer experience could be destroyed by a contrary (experience).  On innumerable occasions the birds had for example habituated themselves to recognizing at a glance a mealworm as very palatable.  If a worm was presented that was artificially made to be unpalatable, and was taken and eaten, it was interesting to observe that the bird behaved under the influence of conflicting experiences.  Five birds were presented with mealworms made unpalatable by the sting apparatus of honeybees.  They swallowed quickly the first two, or only the first one; then they became somewhat suspicious; they shook themselves, wiped their bills, and looked at the other mealworms.  All five birds took one more cautiously and partially ate it; only a Redstart swallowed it completely.  Then all of them shook their heads vigorously and wiped their bills.  Three birds abandoned the feeding bowl; two Robins remained together, looked at the two remaining mealworms for about 10 secs, but then also turned round.  After 6 mins a Whinchat leapt up to the two unpalatable mealworms and swallowed them quickly, shook itself, and spat one of them out again.  After 10 mins, two palatable mealworms were presented to the birds: they were rejected by all of them.  After a further 9 mins the experiment was repeated.  This time, a Robin went over to them, took a worm cautiously and swallowed it; it then immediately took the second, swallowing it very quickly.  All the worms offered later were avidly taken again by the Robin.  Three other birds first behaved like this after 35 mins.  The Whinchat which had had five encounters with an unpalatable mealworm, lasted 40 mins before also consistently accepting mealworms.


Similar experiments were repeated three times, always with the consequence that after a certain length of time the more common experience of mealworm palatability gained the upper hand over the novel experience of unpalatability.  Always clearly recognisable, however, was the inhibiting influence of recent experience.


The same verifiable conflict of experience was also addressed in earlier studies of mimicry in birds; it does not matter whether the bird was tackling a mixture of insects, or whether a young bird which knew only one of a pair for comparison, was then presented with the other.  For example, a bird which had already eaten three flies from a mixture of five flies and one hymenopteran, then tackled the Hymenopteran, but was able to reject the model after a short study, and then carried over the newly made experience of unpalatability onto the other elements of the mixture, leaving them untouched.  There was at least one such (case) during the course of the majority of the experiments (cf. the experiments on pp. 426 and 434).


3.
On the length of the memory

As already mentioned several times, it is important for mimicry theory that an experience, once made, remains effective for a long time.  If a bird has already forgotten again about the unpalatability of the model after some hours or days, then the protection of mimics claimed by theory clearly cannot be very great.  It is better for it if experiences with noxious models are preserved in memory for months.  Actually this is the case.  In order particularly to test this question, two young and three adult birds were fed wasps for a long time, until they clearly rejected them.  The 14 wasps provided during the next 5 days were all rejected.  There then followed a delay, different for the different individual birds.  A young bird was presented again with a wasp after 31 days; it inspected it for a short time, but did not attack.  After 44 days, an adult Redstart was presented again with two wasps, but they did not tempt it off its perch.  After 57 days, two wasps were thrown before an adult Robin, and it leapt up to them, but turned away again.  After 62 days, a young Garden Warbler was presented again with wasps.  After 11 secs it seized one and struck it several times; when the insect was already dead, the bird stopped while shaking its head.  The bird rejected after 3 hours one of the two further wasps provided eight days later; also three weeks later this rejection still remained.  When the first wasps were presented again six and a half months later, it hopped up to them, took one, but immediately let it go again.  After 3 mins it seized one again, and flung it away again after several strikes.  After that it did not seize any more wasps.  The third adult bird used for this experiment was offered its first hymenopteran again after a delay of two and a half months; also in this case, it kept to its usual rejection.  In the following spring, five and a half months later, out of the first seven wasps offered, five attempts were made to catch them.


The results of this series of tests showed therefore that once a bird has come to an empirical decision via an adequate number of experiences, it can retain this for an amazing length of time, or it can be restored again back to its previous strength by a few similar kinds of experiences.  In both the birds that overwintered, the inclination to catch Hymenoptera showed itself to be greater than the inhibitory effect of the experiences of the previous summer.  The number of trials needed to relearn the unpalatability of wasps was smaller than the number required to learn the first time.  Since the behaviour of just two birds does not allow generally admissible conclusions, we must refrain from (generalizing) to any wider significance of these results.  A very particular significance attaches to observations made on a Pied Flycatcher.  The now two-year-old bird had been taken from the nest at an age of about 15 days.  In its first months of life first of all some mimetic flies were given to it, which it ate.  Then it was trained to reject wasps.  Whilst eight of the first 19 wasps offered were eaten, and a further six rejected first after an attack, of the 36 wasps subsequently offered to the bird over a short period of three weeks, no more were attacked or even paid any attention.  After a 14.5-month delay during which time the bird was fed with neutral insectivore food and mealworms, it was again presented with wasps.  It examined them for about 20 secs, but did not switch to attacking them.  Three days after that, 2 Helophilus trivittatus, 1 Chrysotoxum arcuatum and 1 Sericomyia borealis were offered to it.  It also looked at these for a few seconds, without attacking them.  Nine times were not only Hymenoptera but also the corresponding (mimetic) Diptera presented to it; it always kept to its cautious behaviour.  Houseflies, dermestid beetles and the fly Lucilia caesar were then offered, and were immediately taken.  On this point, it must be noted that this last insect had also been denied to the bird during the 14-month pause in testing; it is essential (to know that) before the (14.5-month) gap, the bird had not been trained to reject or accept this insect.  The behaviour of the bird in the experiment could have been interpreted as influenced by earlier experiences.  However, therefore, the amazing fact is that a response engendered by an adequate number of experiences remained effective for more than 14 months.  Opposing this, one could argue that in captivity the young bird had completely lost its relationship to natural food.  This justified argument is again opposed by the fact of feeding on harmless flies and dermestids.  If we don’t look at the behaviour of the test birds as [merely] a caprice, one cannot help but attribute such a long-lasting behaviour to effective learning.


4.
On the influence of stronger stimuli on memory


5.
On the influence of moulting on memory


6.
On the role of the senses of smell and vision on the decisions of birds

V.
Interpretation of the series of experiments

The present work delivers data for a critique of the selectionist theory of mimicry.  Since the series of experiments touches many times upon the problem of intelligence, they admit statements on the intellectual capacities of insectivores.  Principally only the results of the experimental series are evaluated here, since from capriciousness  no great significance can be attributed to an individual observation of an experimental bird when it lies outside the direction of the sum total of the rest of the results.  


If evidence of the effect of a colour pattern was produced, then studies  should be carried out at best only with the natural predators of the prey, i.e. both should belong to the same biotic community.  This was taken into account in the selection of birds to be tested.


(a)
1.
Impact of the model in old and young birds

The first studies are relevant in reply to the question of the effective protection of a given colour pattern.  The results were very clear.  Wasps, for example, enjoy a high level of protection.  Apart from the birds proven to be wasp predators, such as the Red-Backed Shrike (No. 13) and the Spotted Flycatcher (No. 11), similar-sized insects were immediately consumed by the other birds, such as meal beetles or common cockroaches, but about 85.2% of the approximately 600 wasps offered were spontaneously rejected.  In the two Pied Flycatchers (no. 12 and 18), great individual differences were apparent (see p. 399).  Both were individuals at least 2 years old when placed in captivity; while the first attacked about half of the wasps offered to it and did not learn to avoid them, the other never made any trace (of an attack) on them.  In contrast to these wasp predators there are the majority of other birds, which according to our experiments are not to be considered as [wasp predators]:  Robins, Redstarts, Whinchats, Nightingales, Tits, Dunnocks, Blackcaps, and Whitethroats.  Some of these were shown to be exceptions, obvious from their different ages and the associated differences in the richness of their experiences.  In bird No. 1 (Robin, p. 397), No. 5 (Redstart, p. 398), No. 14 (Robin, p. 399), the first trials uncovered an acceptance of wasps.  They were not always eaten in all these cases, but were at least attacked to such an extent that the insects soon died from the serious injuries sustained.  In later trials these birds learned to reject hymenoptera the same as in the adult birds.  These observational data show therefore that the unpalatability of wasps was learned by sampling.  For birds No. 1, 5 and 14 it was shown that they were one year old; they had been in the field only during their first summer.  During this short life of freedom they must not have had enough opportunity to collect many experiences with wasps so as to concentrate them into an effective learned response that wasps were unpalatable.  Birds No. 2, 3, and 6 (see pp. 397-8) were obviously at least 3 yrs old from their colouring; they never made a single accepting trial; at most they examined the insect closely once.  We can conclude that these individuals had already experienced enough in their 3-yr free life in the field with respect to suitable food.


Since the experiments with one-year-old individuals had already shown that these learned from experience, a whole series of experiments with young birds were carried out for general clarification of this question.  Experiments which addressed Müllerian mimicry in our case were of still greater significance.  They let us know as incontestable (p. 404) the fact that young birds recognise the unpalatability of Hymenoptera from sampling.  It is certainly does not follow to pronounce this principle as general for all birds, since there are, as Tirala (according to Hempelmann 1933) intimated, actual cases where such an instinct has been established.  He says that for example in the australian megapodes that as soon as they hatch from the egg, they distinguish suitable food from other objects.


The protection of honeybees is not so great as for wasps (see p. 403).  Only about 70% of the 480 honeybees offered were rejected by the birds tested.  For each bird there were trials made which occasionally led to the eating of this bee.  As well as the birds already named as wasp predators, individuals 10 and 11 (female Redstarts) were honeybee predators.  Birds 3, 5, 7, 9 and 13 accepted the offered honeybees from the beginning, but learned to reject consistently by the end of the series of experiments.  Since nos. 7 and 9 were undoubtedly one-year birds (in the others this cannot be so certainly maintained), the same conclusion was drawn as in the corresponding case of the wasps.


Protection of bumblebees was greater than in honeybees or wasps.  Only 2% of the 646 bumblebees offered were accepted by our test birds (again with the exception of the Red-Backed Shrike).  Individual differences in the behaviour of the adult birds were not apparent.  The image of the bumblebee must therefore be very strongly remembered by all the birds studied.



2.
The basis of protection of the model

Because rejection of hymenoptera is said to be based on the possession and use of the sting apparatus, therefore we would predict: an adequate ability of predators to distinguish; and that drones would be eaten (swallows may have the ability [Heinroth, pers.comm.] to distinguish drones from workers).  In our study birds the same distinction was not made.  The percentage of drones taken (see p. 403) is only negligibly larger than that of workers; in the former it is 34%, in the latter 4% lower.  Either the generally attributed protective significance is due to the sting, and this protection then is an advantage to the non-noxious members of the species (i.e. the drones) because of a lack of ability to discriminate on the part of the predator, or there is another method of protection in addition.  In truth the drones do have another method of protection, in common with other members of the species: unpalatability.  Since Hymenoptera were commonly rejected without them being able to make effective use of the sting, we ought to establish whether attributes other than the use of the sting could contribute to their rejection.  Series of tests with abdomens and mashed-up tissues showed in fact that tissue unpalatability occurred in honeybees and wasps  (see pp. 402-3).  This was so great that when mixed with wasp tissue, their favourite food such as mealworms could be ruined.  In contrast, bumblebee tissues were always taken just as avidly as housefly and fleshfly tissues offered at the same time.  The tissues of the fleshfly and housefly, which were always eaten, were fed to provide a comparative scale for behaviour towards hymenopteran tissues.  The significance of the protection of the aculeate sting is not so great as is generally assumed.  It cannot be completely discounted, as shown by the test birds nos. igg 1 (p. 409), rs 3 (422) and that of p. 407; when stung, these took no more Hymenoptera for some time.  First of all it is the unpalatability that is the basis of the rejection; in bumblebees this is replaced in its effect by the possession of a hard exoskeleton, as the tests with the young birds on p. 406 shows.  After more than 10 mins the insect was still not overcome, so that the predator sometimes stopped, visibly exhausted.  Since the exoskeleton of the insect showed scarcely any damage, and other similarly sized insects such as cockroaches and large flies were eaten, this leads us as a matter of fact to the only [possible] conclusion that the exoskeleton is too tough.


(b)
The mimetic protection of imitators

The protection which unpalatable hymenoptera have is also an advantage to a certain degree to Diptera.  It is not the same in all Diptera, but depends on the time span between presentation of the model and the Dipteran, but despite this it is important.


The advantage of the mimic is greatest when presented to predators together with its model (pp. 426, 434).  If wasp-like flies were offered to the predator after their models (up to 50 mins), then only 18% were attacked and eaten. One could assume that after a trial acceptance of Hymenoptera, the bird showed a predominant aversion to all other insects.  However this objection could be invalidated, because after such a test (when houseflies, meal beetles, cockroaches or dermestids were offered), an immediate acceptance was found.


Generally we can say that mimetic protection is greatest for the Volucella species (very similar to the model to the human observer) and the wasp-like flies Chrysotoxum arcuatum and Sericomyia borealis.  Particularly in the bumblebee-flies, convergence in form, colour, type of flight and flight tone between them and their models causes the same confusion in birds as in impartial (human) observers.  From this we can conclude that world of perception of birds is not significantly different from our own.


The advantage enjoyed by the honeybee-like Eristalis tenax and Eristalis arbustorum when offered after their models is numerically not so great as in the other model-mimic pairs; they resemble their models less than other Diptera do their corresponding models.


The experiments proved further the interesting fact that (p. 418) Chrysotoxum arcuatum and Sericomyia borealis, which after close inspection can be seen to be rather different from one another (namely that C.arcuatum is practically identical to Vespula vulgaris, whereas S.borealis resembles closely Vespula germanica), were protected to the same extent from birds whether offered after V.germanica or V.vulgaris.  If the general impression is the same to the predator, the insect has the same advantage.  This statistical fact is significant, since it seems to show that birds are not capable of generating selection to the same level of similarity as so often demonstrated in butterflies, where these differences are no longer recognisable by birds, as in both the present model-mimic pairs.


28% of the less (to humans) wasp-like Syrphus ribesii and even the honeybee-like Eristalis tenax were not taken when they were offered after wasps (p. 422).  We may remind ourselves that in Sericomyia borealis the rejection percentage amounted to 83%: therefore, when on the one hand simply an impression of a wasp and not the various species needs to be mimicked, and on the other hand to achieve a strong protection, a sufficient degree of similarity to a wasp must be reached.  Therefore selection can work up to this particular level of similarity.


Furthermore mimetic protection depends on the time span after the presentation of their model.  With increasing time since the last model seen, the bird’s memorized image of it seems to become blurred.  After some time held in captivity, if freshly caught birds are presented first with flies out of all the insects studied, then the percentage of flies eaten is the largest (p. 411).  However, in birds that have already been offered wasps while in captivity, the percentage was somewhat smaller and hence the number of uneaten flies therefore increased (p. 412). The number of protected flies was largest in simultaneous presentations of model and mimic.  In presentations of such insect mixtures (p. 426, 434), the impression of the unpalatable model seemed to be greater than that of the harmless mimic, and this (impression) was transferred to the whole mixture.  The bird devoted no special attention to the mimic when presented a short time before or at the same time as the model.  If the mimic predominated in the mixture (p. 426), however, then it happened frequently that both mimic and model were attacked.  If the ratio of mimic to model was 5:1, the model was normally attacked.  The image of the commonest insect in the mixture became extended to all individuals in the mixture.  The critical experiment was with some birds that had already learnt to reject wasp, and then were habituated to being fed only with mimics; suddenly they were presented again with wasps (see bird r 8 and zg, p. 424).  The number of wasps attacked more than doubled (15% to about 35%) when compared with experiments where wasps were presented before mimics. 


These experiments show particularly clearly that birds easily succumbed to confusion between model and mimic.  The following observation might be useful as evidence that a means of protection is available to mimics from their colour patterns (p. 422):  it could be seen four times that when a Chrysotoxum arcuatum fell onto its back, it then had to do without the shape and colour of its markings, and its protection also was forfeit.  Each was consumed just like other non-mimetic flies (p. 426).


(c)
Protection and palatability of Diptera

The data showing the high percentage of rejected flies make it possible that this is a case of Müllerian mimicry, in other words, that the Diptera were themselves protected by unpalatability.  This possibility was subjected to a thorough test: 555 mimetic Diptera were fed to adult birds that had not seen a wasp while in captivity.  The number of flies eaten varied between 70.5% and 90.8% among the individual species.  The values were 70.5% (Sericomyia borealis), 74% (Chrysotoxum arcuatum), 85.2% (Eristalis tenax, Myathropa florea), 87.6% (Eristalis arbustorum), 90.8% (Helophilus trivittatus).  In contrast to the feeding of wasps, it never happened that a bird accepted flies during the first part of the study, and then in later trials decided to reject them: rather, the rejected flies were distributed over the whole duration of the series of tests.  It was noted that non-mimetic flies such as Musca domestica, Calliphora, and Sarcophaga were 100% accepted by all birds tested.


The feeding trials of Diptera to young birds produced the same varied results as the previous ones.  If the young birds had already encountered wasps (p. 413), they then did not accept the mimetic flies.  After a few trials they switched to acceptance of the insects, like the adult birds.  If the birds did not yet know the models when they were presented with their first wasps, then the flies were 100% eaten (p. 413) because generally they had learnt first the technique of catching flies.


Particularly in the latter trials and the adduced evidence that the tissues of mimetic Diptera contained no bad-tasting parts (p. 412), lead only to the conclusion that all the Diptera that were used were palatable.  With this evidence, it also follows that our pairs for comparison do not constitute cases of Müllerian mimicry.  When the true mimicry studies, as already detailed above, demonstrated protection of the mimics, this must therefore be caused by their deceptive warning coloration.  Effective warning colours exist in the appearance of the flies, and not because of palatability.


But what is the significance of the high percentage of flies that were eaten when they were not presented before any wasp ?  Should it signify that birds in the field have still not seen a wasp ?  Obviously not, since as stated, other prey were 100% eaten, and the percentages eaten were different for the individual mimics, and this was non-random since the more similar an individual was to its [model], the higher the percentage was that were not eaten.  The single possible conclusion is this, that a memorised image that a bird retains of an insect becomes always more blurred, and after some time is so degraded that uniformity in bird behaviour is lost.


We have therefore every reason to examine the question of memory.


(d)
On the memory of predators

Confusion between model and mimic by a bird presupposes that it retains in memory the image of a noxious insect.  According to all our studies, the memory performances of the test birds played a significant role.  To be able to make exact statements about this, various sets of tests were carried out.


It was first established how many sensory stimuli were necessary to create an effective imprinted image.  In contrast to gallinaceous birds (see Katz, Revesz, Koehler), insectivores learn quickly to differentiate good from bad food (pp. 435-6).  The number of individual experiences necessary to the achievement of effective learning was small in insectivores.  Six birds tested, for example, were already consistently rejecting bumblebees after the 8th trial.  Granted that bumblebees are easily imprinted insects, but even in honeybees only an average of 12 trials were necessary for nine birds to create a predominant rejection of this hymenopteran.  The image of a wasp again seems to be easy to imprint, because after at most 10 trials, the birds managed to reject the hymenopterans.


On this point it can be noted that a clutch of birds showed themselves different in aptitude with regard to the speed with which they learned about the unpalatability of Hymenoptera (pp. 407-9: Garden Warbler); one of the three siblings took almost twice the number of trials.


A learned response, once acquired, can then remain effective in a bird for more than three months (p. 439).  Having been trained to reject wasps, three young birds and three adults were presented again with wasps after a period between 30 days and 2.5 months.  The result was the same rejection after these times.  In one adult, the trial was extended to a longer time period still; after a further period of 5.5 months, this bird learned the unpalatability of wasps again within five trials.  In a similar case after a period of 14 months, the effectiveness of a learned response could be established in a young bird (p. 440).


If the effect of longer training is momentarily destroyed by conflicting stimuli, the new learned response is effective for some time; soon this new learned response loses its strength and the old one took its place again (p 438).  This is because when a food palatable to a bird, such as a mealworm, was made to be unpalatable using the sting apparatus of a honeybee, this new learned response (“mealworm = unpalatable”) lasted for about 30 min; if a mealworm was offered again after this period, it was again accepted.  The older learned response had therefore overcome again the inhibiting influence of the new one.


When we worked with newly captured [birds], we had to reckon with their store of learned responses obtained in the field.  It is not justified to assume that the disturbance of capture destroys completely its responses, because experimentally disturbed birds (p 440) showed the same behaviour after the disturbance as they did before.  Furthermore the moult also exerted no detectable weakening of the power of the memory.


What was acquired here about memory supported our conclusion that birds have more or less forgotten about wasps when they switch to attacking mimics.  In training, as established in trials using differently coloured bowls (pp. 441-2), the birds succeeded more quickly than the first training sessions.  Memory has been trained from these first trials, so that later tasks are solved more quickly by the bird.


(e)
The ability of discriminate and the different senses

Because our studies were also carried out for other purposes, we can make some notes here from our experience about the power of discrimination of the insectivores.  We can refer here to studies with Chrysotoxum arcuatum and Sericomyia borealis (p. 418).  The differences existing here were already so small for the birds that they were not perceived as such.  The difference between wheat grains and ant pupae lies on the threshold of differences that are just distinguishable, and these were no longer confused under closer inspection.


All our experiments make it clear that [...]

VI.
Summary

The results of the work are summarised in short statements:

1.  
Vespula vulgaris and Vespula germanica were rejected by the birds tested at an average frequency of 85%, when the Red-Backed Shrike and Spotted Flycatcher were excluded.  According to the studies, as true predators of wasps we have only these two insectivores already mentioned.  In the Pied Flycatcher the number of rejections predominates over the number of acceptances.

2.  
Rejection is caused by (a)  unpalatability of the abdominal tissues; (b) the sting, as shown by the behaviour of some young birds.

3.  
The significance of the protection of the aculeate sting against birds is however not the decisive (factor) that it is generally taken to be.

4.  
Apis mellifera was rejected by birds in about 70% of all cases.  Typical honeybee predators were:  Red-Backed Shrike, Spotted Flycatcher, one of the three Pied Flycatchers, and two of the female Redstarts.

5.
The percentage was almost the same in drones, at 66%.

6.
Rejection of honeybees was caused by the unpalatability of their tissues and the use of the sting.

7.
Bumblebees were avoided by all the birds tested except the Red-Backed Shrike and sometimes the Spotted Flycatcher.

8.
Unpalatability of bumblebee tissues was not apparent, in contrast to the assumption of Pocock.  On the contrary, it is just as palatable as the tissues of the housefly.

9.
Young birds learned to recognise the unpalatability of Hymenoptera via trial; their behaviour was therefore not established to be instinctive, as Eimer assumed.  

10.
Differences in aptitude were easily determined in young birds.

11.
When young birds have already decided to reject a species of Hymenoptera, this then had no influence on their behaviour towards other stinging Hymenopera.

12.
In their first encounters, young birds showed the same behaviour towards harmless as to noxious insects.

13.
If adult birds were offered mimetic Diptera three weeks after they saw their last wasp, the flies were eaten in the following percentages:  Sericomyia borealis 71.5%, Chrysotoxum arcuatum 74.5%, Eristalis tenax and Myathropa florea 85.2%, Eristalis arbustorum 87.6% and Helophilus trivittatus 90.8%.  Mimics most similar to the model are then taken the least  by the adult birds.

14.
If young birds were offered wasp-like or other Diptera for the first time, 100% of them were eaten.

15.
There was no unpalatability of the mimetic flies.

16.
The palatability of the mimetic flies precludes the possibility of Müllerian mimicry rings being present in our pairs (of insects) being compared.  Alternatively the trials with young birds (see point 9) showed that young birds learned to scorn Hymenoptera.  On the other hand the behaviour of the young birds is such as to correspond to the pre-requisites of Müllerian mimicry. (Müllerian mimicry could therefore be completely valid for other groups).

17.
Chrysotoxum arcuatum and Sericomyia borealis were seized by birds in only 18% of cases when they were presented up to 50 mins after the model.  In Eristalis tenax and Eristalis arbustorum, 61% of individuals were attacked when offered in the same period after their models.

18.
As observations showed, Chrystoxum arcuatum and Sericomyia borealis enjoyed the same protection, whether presented after Vespula germanica (which S.borealis is particularly like) or after Vespula vulgaris (which Chrysotoxum arcuatum is like).  In contrast, in the less wasp-like forms such as Eristalis tenax protection is much lower.  These facts show therefore on the one side that a certain minimal similarity is essential, and protection varies with the level of similarity, and on the other that selection is not able to bring about absolute identity (in appearance), as confronts us sometimes in other mimetic pairs.

19.
If the mimic is offered before the model, then the latter is more commonly attacked than otherwise, and hence they are confused with their mimics by birds.  This is true for wasps as well as for honeybees.

20.
If models and mimics are offered at the same time, the mimics in general benefit from good protection and are attacked less than otherwise.

21.
If the harmless partner predominates in a mixture of insects, then attacks by birds are addressed just as much to the flies as in most cases to the model.

22.
Bumblebee-flies enjoy the protection of a mimetic species.  The convergence in appearance between them and their models in form, colour, type of flight and flight tone causes the same confusion in birds as in impartial human observers.

23.
Eristalis tenax and Eristalis arbustorum, which were eaten by the birds in about 85% of cases, were only taken in 61% of cases when they were offered after their model.  If the honeybee-like Eristalis tenax was offered with wasps, they were rejected in only 28% of cases.

24.
In their decision-making, birds are ruled by their visual sense.

25.
The sense of smell plays no role in decisions, according to my experiments, in contrast to the sense of taste.

26.
In contrast to gallinaceous birds (see Revesz, Koehler, Katz), the number of experiences necessary to form an effective learning is small in insectivores.

27.
Learning once acquired can remain effective for at least 14 months in birds when not used (tests of longer times were not carried out), as was established in one bird; in general the timespan was only about 3 months in other birds studied.

28.
The moult causes no establishable weakening of the power of recollection of the bird.

29.
There was no evidence that strong disturbances destroyed the memory.

30.
If the effect of longer experience was for the time being destroyed by conflicting effects, then for some time the new experience was effective, but soon this new experience lost its strength and the old took its place again.

31.
The memory was trained from the first training experiences, so that later tasks were lost more quickly by the birds.

Translated by Francis Gilbert
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