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Abstract

Hoverflies (Diptera: Syrphidae) vary widely in their mimetic associations,
comprising wasp-mimetic, bee-mimetic and non-mimetic species. Social Wasp mimics
are dominated by ‘imperfect mimics’ which outnumber their supposed models
(Hymenoptera: Vespidae) by large factors. The purpose of this thesis is to determine to
what degree Batesian mimicry can account for these paradoxes, and to test alternative
hypotheses for the evolution of the yellow-and-black patterns.

There is little evidence of an effect of wasp abundance on ‘imperfect mimic’
abundance across 23 years of trapping data, as predicted if mimics are protected from
predators through their resemblance to wasps. The seasonal asynchrony and high
abundance of ‘imperfect mimics’ relative to their models is also notable, as well as the
possible significance of wasp predation on hoverflies.

Predictions concerning the function of the colour patterns of ‘imperfect mimics’
are tested using the association between similarity to the model and flight agility
(indirectly measured assuming a trade-off between reproductive potential and flight
agility). There is no strong indication that mimetic protection is the primary function of
the colour patterns, but the evidence concurs with an aposematic function, signalling to
ﬁredators the unprofitability of attempting capture. These conclusions are tentatively
supported by direct measures of flight agility, though the small differences among species
are difficult to pick up. The data on reproductive morphology of hoverflies show

‘considerable variation across species, especially in males. The existence of giant testes in



some species suggests that methods of dealing with sperm competition in hoverflies are
diverse and deserve further study.

The high ratio of ‘imperfect mimics’ to both models and good wasp mimics is
also partly explained by habitat disturbance; undisturbed habitats show significantly less
‘imperfect mimics’ as a proportion of the hoverfly population. Current relative abundance

in the UK may therefore be very different to when the colour patterns evolved.



Chapter One

General review of mimicry with reference to hoverflies

1.1 Introduction

Hoverflies (Diptera: Syrphidae) are a common sight in the UK during the
spring and summer months. There are around 250 species in Britain, and, while
their larvae vary widely in their feeding habits (see Rotheray 1993), adult flies
feed on nectar and pollen. Hoverflies are most noted for two aspects of their
biology, namely their colour patterns and their flight agility. This thesis focuses
on the colour patterns of hoverflies. Though many species are black in
appearance, these are rarer than the more conspicuous varieties. In particular,
many species are known as mimics of Hymenoptera. For example, Volucella
bombylans successfully mimics various species of bumblebee (Bombus) through
different colour morphs, and the common Eristalis species are accomplished
mimics of honeybees (Apis spp). High-fidelity mimics of wasps also exist; for
example, Temnostoma and Spilomyia species are similar in body shape, size and
abdominal patterns to Vespula social wasps, and use their black front legs to wave
in front of their heads to mimic the dark antennae of the hymenopteran (e.g.
Waldbauer 1970). There seems little doubt that such species are mimicking
wasps. However, the majority of yellow-and-black hoverflies in the UK are not
such good mimics; indeed ‘perfect mimics’ are extremely rarely collected.
Common species such as Episyrphus balteatus, Syrphus ribesii, Epistrophe spp,

Melanostoma spp, Sphaerophoria spp and many others, while possessing yellow
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or orange bands on the abdomen, could by no means be described as perfect
mimics, at least to human eyes. Other, more accomplished mimics of wasps are
found in Britain (such as Chrysotoxum species, with their darkened and elongated
antennae), but are much rarer than the afore-mentioned species. Furthermore, the
‘poor mimics’ outnumber their putative models by far, which makes it difficult to
understand how their colour patterns can persist. This thesis aims to examine
these paradoxes and attempt to clarify whether hoverflies are mimicking wasps
and whether other factors have contributed to the evolution of their colour
patterns.

Mimicry is a well-studied and widely-taught field. It is an attractive topic
because of its simplicity yet ingenuity, and because it clearly illustrates what can
be achieved by natural selection. Furthermore, mimicry has relevance to many
and diverse biological fields such as animal behaviour, population genetics,
ecological chemistry, polymorphism, origins of biodiversity, adaptive landscapes,
community patterns, resource allocation, flight mechanics, the genetics of
adaptation, arms races and evolutionary history. Mimicry is also considered a
likely route to speciation, as the fixing of local colour morphs may cause
reproductive isolation.

Hugh Bates, a naturalist of the 19" century, was the first to publish
adaptive explanations of how mimicry could have evolved between species, by
the classical type of mimicry which bears his name (Bates 1862). Batesian
mimicry was based on Bates’ observations of butterfly species in Amazonia. He

noted that the family Heliconidae was very abundant, and showed ‘every sign of



flourishing existence, although of slow flight, feeble structure, unfurnished
apparent means of defence, and living in places which are incessantly haunted by
swarms of insectiverous birds’. Furthermore, he said ‘I never saw the flocks of
slow-flying Heliconidae in the woods persecuted by birds or Dragonflies, to
which they would have been easy prey; nor, when at rest on leaves, did they
appear to be molested by lizards or the predacious Flies of the family Asilidae,
which were very often seen pouncing on Butterflies of other families’. Bates put
this ‘immunity from persecution’ down to unpalatability, since some genera had
glands near the anus which protruded when the butterflies were roughly handled,
and produced a peculiar smell.

The family Pieridae, in contrast, were ‘much persecuted by predators’.
Some rare Pierid species, however, mimicked the unpalatable Heliconidae (e.g.
Leptalis theonoé mimicked Ithomia flora). These showed a ‘minute and palpably
intentional likeness which is perfectly staggering’, and Bates was ‘never able to
distinguish the Leptalides from the species they imitated, although they belong to
a family totally different in structure and metamorphosis from the Heliconidae,
without examining them closely after capture.” He believed that this was a
protective adaptation on the part of the Leptalides, a ‘most beautiful proof of the
truth of the theory of natural selection’. This remains the basis of Batesian
mimicry; Bates even also mentioned polymorphism, sympatry and frequency-
dependence as aspects of the effectiveness of such mimicry, still considered
relevant and much debated today. He also mentioned that unpalatable species

sometimes imitated each other; Miuller (1879) later expanded on this idea. In



Miillerian mimicry, the advantage is to share the costs of predator education
between species.

Mimicry has remained a topic of interest for evolutionary biologists
(amongst others) over the years, because it has proved to be one of the most
attractive examples of the theory of evolution by natural selection (Darwin 1859).
Darwin himself was a supporter of Bates’ theories, because they demonstrated
natural selection so well. Batesian mimicry showed how two unrelated species
could co-evolve a trait; this was a fine example of how selection pressure (here,
the risk of being eaten by predators) could directly influence the evolution of a
very visible trait. Mimicry further increased its status as a paradigm of evolution
by natural selection upon being allocated a chapter in Fisher’s (1930) classic text
‘The genetical theory of natural selection’. Fisher called mimicry ‘the greatest
post-Darwinian application of Natural Selection’. The chapter formalised ‘classic’
mimicry theory, and described many of the factors that influence the success of
mimicry.

Since then, a vast literature on mimicry and associated topics has
accumulated. Despite this, rather little is known about the effectiveness of
mimicry as a protection mechanism in nature. Most work has been limited to
theoretical discussions, mathematical models and experiments in artificial
conditions. This is not to say that these have not been useful, many of the factors
influencing mimicry have been well investigated, and some of this work will be
summarised in this introductory chapter. However, experiments in artificial

conditions are limited by the uncertainty of their relevance to real life. For



example, typically only one type of predator is used, and prey may be presented
under unnatural conditions, though many authors now try to consider these
factors. Also, such experiments can typically only alter one or a few factors (e.g.
prey abundance, noxiousness) and look at their influence. There is certainly no
all-embracing theory that could predict the effectiveness of mimicry in nature
given certain conditions. .

The lack of field studies is due mostly to the difficulty of observing
predator behaviour in the field consistently over time, including the choices
predators make about prey. Nevertheless, some field studies have been
undertaken. For example, release-recapture methods developed by Brower et al
(1964) compared predation rates on mimetic and non-mimetic prey. The diurnal
moth Callosamia promethea was painted to mimic unpalatable butterflies
(Parides spp). Though there was some indication that mimics were protected, the
results, together with further studies (Brower ez al 1967, Cook et al 1969) proved
inconclusive, and lacked proper controls (Waldbauer & Sternburg 1976;
Waldbauer 1988). In a similar series of experiments, using the same moths
(Sternburg et al 1977; Jeffords et al 1979), they were painted either black (similar
to their natural colouration, and that of the toxic pipevine swallowtail butterfly
Battus philenor), with an orange pattern (like that of the toxic monarch Dangus
Plexippus), or with a yellow pattern (like the palatable tiger swallowtail Papilio
glaucus). This controlled for a possible increase in predation rate due to
conspicuousness alone, since both a palatable and an unpalatable conspicuous

species were used. A greater proportion of black and orange moths were



recaptured relative to yellow moths, indicating a protective effect of the mimicry
of toxic butterflies, independent of the effects of conspicuousness. Furthermore,
daily trapping showed that black and orange individuals survived longer than
yellow ones, and examination of wing injuries in recaptured moths showed that
yellow-painted moths were attacked the most.

This field study went some way to showing that mimicry can be effective
in reducing predation in nature, but many more are needed. It also falls short of
exploring the subtle interactions between the many factors that influence the
efficacy of mimicry. Though these have been well described theoretically and in
the laboratory, there is a lack of concordance on many issues (as described in the
rest of this chapter). Novel approaches are now being used to fill these gaps,
taking into account real predator and prey behaviour.

This introductory chapter, while inevitably not completely comprehensive,
attempts to summarise the major conclusions reached so far in the study of
mimicry. These include identifying important factors for mimetic success (for
example abundance of models and mimics and the closeness of resemblance of
the model and mimic). I also summarise other major topics of debate in the
mimicry literature, even when not directly connected to the problem addressed in
this thesis, for example the evolution of aposematism and the distinction between
Batesian and Miillerian mimicry. I do not include some older ‘hot’ topics, such as
the distinction between crypsis and mimicry.

I will also describe how hoverflies, especially wasp-mimicking hoverflies,

do not fit with the expectations of Batesian mimicry. Specifically, they outnumber



their models by far (see 1.3.3). In theory, if mimics are much more common than
models, predators will encounter them more often and thus learn that the colours
do not signify noxiousness. Furthermore, the colour patterns of wasp-mimicking
species common in the UK are far from perfect, unlike those of bee-mimicking
hoverflies. If they are wasp mimics, it is unclear why they have not evolved more
perfect mimicry.

The introduction is split into parts as follows, with each section including
its relevance to the paradoxes of mimicry in hoverflies. 1.2 deals with
aposematism, how it evolved, and whether it can exist for traits other than
unpalatability. 1.3 concentrates on abundance, specifically model:mimic ratios
and sympatry. Part 1.4 deals with mimetic colour patterns, how they might have
evolved, and possible explanations for imperfect mimicry. It also includes a
section on polymorphism and unexpected diversity in mimetic patterns. 1.5
discusses issues loosely involving levels of unpalatability and unprofitability,
such as automimicry, the palatability spectrum and, importantly, the relationship
between flight morphology and unprofitability. Finally, section 1.6 briefly recaps
on the questions raised by mimicry in hoverflies, and refers to the possible

explanations discussed in previous sections.



1.2 Aposematism

1.2.1 The evolution of aposematism

As early as 1871, Charles Darwin proposed that ‘the most gaudy colours’
would result in * the most easily recognised individuals’. The idea of aposematism
is that prey with these gaudy colours advertise their unprofitable status to
predators. Aposematism is a common form of defence against predators,
especially in insects, and is widely cited as the reason for bright coloration. It is
considered an alternative defence strategy to crypsis, where prey rely on their
ability to avoid notice (see 1.5.4 for characters associated with these 2 strategies).

A principle of aposematism is that bright colours make more efficient
signals than dull ones (Wallace 1867, 1878; Guilford 1986; Roper & Redston
1987). Much evidence that this is true is anecdotal, and colours can be present for
other reasons (Guilford 1986), such as thermoregulation (e.g. Roland 1982) and
intersexual recognition (e.g. Silberglied 1984; Lederhouse & Scriber 1996).
Nevertheless, birds do associate noxiousness with conspicuous prey more easily
than with cryptic prey (Gibson 1980; Gittleman & Harvey 1980; Jirvi ef o/ 1981;
Ropef & Redston 1987; Mappes & Alatalo 1997b). Furthermore, most
unpalatable butterfly species (the best-studied group) are brightly coloured, or if
subdued have bright streaks on their bodies (Mallet & Singer 1987). In addition,
their wings have conspicuous undersides, so their advertising patterns are not
hidden at rest. This is in contrast to palatable butterflies, whose wings are usually

cryptic on their undersides (Chai 1986, 1996). The existence of widespread



mimicry of conspicuous patterns (by both palatable and unpalatable prey) also
suggests that predators avoid colourful prey.

Aposematism is often used in a broad sense, but it is comprised of two
distinct parts (see Harvey & Paxton 1981): conspicuous coloration énd
unpalatability (or unprofitability, see 1.2.3). The evolution of the two (Harvey &
Paxton 1981; Guilford 1990a) are often confused in the literature, and may evolve
quite separately. How ‘conspicuous coloration’ is defined is also not always clear;
it involves hue, colour intensity, and the contrast with the background. Contrast is
certainly important sometimes (Gittleman et a/ 1980), but some hues also seem
more easily recognised that others (Guilford 1990b; Mappes & Alatalo 1997a),
notably reds, oranges and yellows (see section 1.4.3.3).

There is a paradox in imagining the evolution of warning signals. Novel
conspicuous mutants have increased detectability to predators compared with
cryptic prey (Benson 1972; Endler 1988,1991; Turner & Mallet 1996), but their
colours offer no protection as yet (e.g. Fisher 1930; Endler 1991; for
mathematical explanation, see Mallet & Singer 1987). The adaptive trough must
be crossed between two high fitness peaks of crypsis and aposematism (Sheppard
1962; Wright 1977; Turner 1984b). Somehow, the novel mutants’ frequency must
increase to above a critical level where the protection given by the model confers
greater fitness than that conferred by the original pattern. Explanations for this
have traditionally fallen into two categories; group selection and individual

selection. Recently, combinations of the two have come to the fore. The following



arguments are based on unpalatability, but warning colouration may also signal
other forms of unprofitability (Baker & Parker 1979, see 1.2.3).

Proponents of group selection believe that population structure can
increase a novel mutant’s frequency (Uyenoyama & Feldman 1980). Traditional
group selectionist explanations for the evolution of aposematism invoke kin
selection (Wilson 1975; Uyenoyama & Feldman 1980). The evolution of
distastefulness and warning colouration were often not considered separately at
this stage. Fisher (1930) noted that some aposematic species had gregarious
larvae. He proposed that if related larvae share a novel colour phenotype,
predators could learn to associate this phenotype with distastefulness by sampling
and killing some of the larvae. The surviving larvae would be avoided, and
reproduce with a selective advantage. There does seem to be a relationship
between gregariousness (or aggregation) and aposematism (Edmunds 1974,
Harvey et al 1982, 1983). Where the two do not co-exist, it is possible that kin
structures have changed since the evolution of aposematism. Several authors (e.g.
Wilson 1975, Pianka 1978, Futuyama 1979) held ‘that the occurrence of
aposematic animals can only be understood in the light of kin selection, and
constitutes evidence for the importance of kin selection per se’ (Jarvi et al 1981).

If aposematism does evolve by kin selection, closely related groups of
prey must live within a predator’s territory (Mallet & Singer 1987). Some
caterpillar larvae (e.g. Fisher 1930; Harvey ef al 1982) and asexual aphids
(Malcolm 1986) are examples of prey living gregariously in this way. However,

unpalatable species benefit more from aggregation anyway, to facilitate predator
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learning (Turner 1984b). Also, many brightly coloured unpalatable butterfly
species are highly dispersive (see Mallet & Singer 1987), which disputes the idea.
Aggregation could also have led to the evolution of aposematism without
invoking kin selection (Guilford 1988; Sillén-Tullberg 1988; Mappés & Alatalo
1997b) (see later for more on ‘green beard’ (Dawkins 1976) or ‘synergistic’
selection).

Other evidence suggests that aposematism can evolve by individual
selection under some conditions (Jarvi ef al 1981; Wiklund & Jarvi 1982).
Predators sometimes leave aposematic prey unharmed after sampling them
(Poulton 1890; Edmunds 1974; Jarvi et al 1981; Wiklund & Jarvi 1982; Sillén-
Tullberg 1985; Engen et al 1986; Chai 1996, but see Pinheiro 1996). If
aposematic prey can survive solitarily, it may be possible for aposematism to
evolve by individual selection Furthermore, phylogenetic data suggest that
distastefulness and warning colouration evolved before gregariousness in some
butterfly species (Sillén-Tullberg 1988).

The individual selection of warning colouration could operate by the
evolution of an extreme version of an old wild type pattern (a ‘supernormal sign
stimulus’) (Tinbergen 1951), accentuating or enlarging the wild type markings.
Alternatively, one can imagine the patterns evolving from crypsis by gradual
change, such that initially the colouration was not too conspicuous (Endler 1991;
Mallet & Singer 1987; Lindstrom et a/ 1999). This has been modelled (Yachi &
Higashi 1998) as a ‘peak-shift effect’ (Hanson 1959; Leimar & Tuomi 1998). In A

this model, predators learn to avoid a weak signal, which is subsequently
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exaggerated. However, attempts so far to confirm this empirically show that the
difference in predation level between a cryptic signal and a weakly conspicuous
one are not enough for avoidance learning (Lindstrém et al 1999).

It is possible that warning colouration evolved, by whatevef means, before
unpalatability. Individual selection for distastefulness could then operate by
preadaptation of colours for other reasons (e.g. sexual selection (Turner 1978), or
to trick predators (e.g. Poulton 1890; Wickler 1968). If the species then becomes
unprofitable to predators (e.g. through a switch of host plant), the predator could
use the signals in a different way (Huheey 1961; Mallet & Singer 1987).
Alternatively, distastefulness may sometimes evolve before warning colouration.
Avoidance learning of the signal by predators would thus be facilitated by the
immediate negative reinforcement of unpalatability.

Aggregation of similarly coloured prey may aid the evolution of
aposematism. However, it is the sharing of a phenotype, not kin itself, which
helps the predator learn that a group of prey is aposematic (Guilford 1988).
Related individuals are likely to share a phenotype. However, phenotypes can also
be shared between non-related individuals or even species. Therefore, given that it
already exists in a population, warning colouration could evolve without being
considered novel. Kin selection may have originally favoured warning signals via
aggregation of prey, but thereafter predators are no longer ‘evolutionarily naive’
about the association of particular colour patterns with distastefulness. Hence
even solitary species could form Miillerian mimicry complexes with aposematic

prey and thus evolve aposematism themselves (Maynard-Smith 1989; Guilford
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1990a,b; Alatalo & Mappes 1996). This is known as ‘synergistic selection’ (an
example of ‘green beard’ selection (Dawkins 1976)). The adaptive trough is
crossed, because pre-existing avoidance accompanies novel forms that happen to
be the same as existing warningly-coloured prey. This is also an aanntage to the
established aposematic prey, since they will be better protected the more
unprofitable prey share the pattern (see 1.3.1). (If a palatable prey evolves the
same pattern, as in Batesian mimicry, this is not an advantage to the model.)
Synergistic selection has been modelled mathematically (Alatalo &
Mappes 1996). Furthermore, evidence that gregariousness enhances
discriminative aversion learning in distasteful prey (Gagliardo & Guilford 1993,
Alatalo & Mappes 1996; Mappes & Alatalo 1997b) lends credence to the idea that
warning colouration originally evolved by kin selection. Novel prey items using
known signals are avoided more than novel signals by great tit predators, using
either yellow-and-black patterns or a ‘novel world’ of signals (Alatalo & Mappes

1996; Mappes & Alatalo 1997a,b).

1.2.2 Are hoverflies distasteful?

Hoverflies are generally considered palatable and harmless. However, one
explanation for their imperfect mimicry of wasps (see 1.4.2.1) could be that they
are distasteful and therefore aposematic. In this case, hoverflies would be
Miillerian mimics of each other, rather than Batesian mimics of wasps, and hence
their abundance relative to their supposed wasp models would also be explained.

However, hoverflies do form a regular and substantial part of the diet of various

13



avian predators (Grewcock 1992), as shown by examination of their stomach
contents and faecal samples (e.g. McAtee 1932; Henry 1977; Kozena 1979,
Kristin 1994). In addition, birds and amphibians have consumed hoverflies
without apparent harm in experiments (e.g. Brower 1960; Brower & Brower
1962; Evans & Waldbauer 1982; Dlusski 1984). This does not prove that all
hoverflies are palatable; there may be variation within species in palatability, for
example between areas, as in monarch butterflies (Brower et al 1970, 1978;
Brower 1984). However, hoverflies are certainly not ubiquitously rejected from
the diet of predators, and there is variation between predators in tolerance to
distastefulness (see 1.4.3.2).

On occasion, behaviours associated with distastefulness have been noted
in predators. For example, Pocock (1911) observed that a thrush displayed bill-
wiping behaviour upon rejection of Volucella bombylans. However, such
behaviours could be interpreted as a reaction to novelty rather than
distastefulness. The most convincing evidence to date for unpalatability in
hoverflies is for a small yellow-and-black striped species common in South
Africa, Ischiodon aegyptius (Malcolm 1976). Malcolm found that if the larvae of
Laegyptius were reared on aphids that had in turn been reared on milkweeds
(Asclepias spp), they survived, while larvae of Metasyrphus (Eupeodes)
hoverflies died. Milkweeds are well known for containing toxic cardiac
glycosides, and are the basis for the well-studied aposematism in monarch
butterflies (see Brower 1984). Furthermore, adult .aegypfius fed on these aphids

contained four types of cardiac glycoside-like chemicals, and extracts of their
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bodies had an adverse effect on the heart activity of two vertebrate species
(Xenopus and Chamaeleo spp.). Since Laegyptius voids its stomach contents at
pupation, it appeared to be sequestering these chemicals from the milkweeds, via
aphids, for its own defence, and thus seemed to be aposematic. HoWever, doubt is
cast on this conclusion by the fact that 7.aegyptius raised on aphids which did not
feed on milkweeds contained the same cardiac glycosides. Furthermore, the
results could not be reproduced by the same author (Malcolm 1981, 1992), and he
declared the hypothesis falsified. Nevertheless, it is possible that localised
populations of Laegyptius are somehow synthesising their own toxic chemicals.
As yet, no further evidence of this has been produced.

Milkweeds do not grow in the UK and thus could not form the basis for
aposematism in hoverflies here. Grewcock (1992) suggests that umbellifers are a
possible candidate for the role in Britain, since they are commonly infested by
aphids and hoverflies, and contain alkaloids and furanocoumarins, two types of
toxic compound. Furthermore, furanocoumarins are found at higher levels in
umbellifers of open ground, where aphidophagous hoverfly species tend to feed,
compared with in woodland (Berenbaum 1981). It therefore seems possible that
‘poor’ mimics, which are often aphidophagous, are in fact aposematic, while good
mimics, which are often woodland dwelling, are true mimics. Grewcock (1992)
points out, however, that some furanocoumarins inhibit the growth of insects, and,
while some hoverflies may be able to overcome this, it is likely to be a

specialised, rather than a ubiquitous, skill. There is also some doubt over whether
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the furanocoumarins are found in the phloem of the umbellifers, from where
aphids usually feed (Camm ez al 1976).

Umbellifers and furanocoumarins are not the only possible candidates for
a pathway to hoverfly distastefulness, especially if they can somehovw synthesise
toxic chemicals themselves. Further biochemical analyses of hoverflies would be
enlightening. However, at present there is little evidence that hoverflies are
unpalatable, and this does not seem the most likely explanation for their colour

patterns.

1.2.3  Aposematism for other types of unprofitability

1.2.3.1 Examples of aposematism not for distastefulness

Warning colouration is generally associated with unpalatability, but there
are other types of unprofitability (Van Someren & Jackson 1959; Baker & Parker
1979; Gibson 1974, 1980; Mallet & Singer 1987; Pinheiro 1996). One common
example is the yellow-and-black patterns of wasps, which advertise a noxious
sting. There seems little doubt that their conspicuousness is associated with their
noxiousness. Other types of unprofitability that may be advertised are urticating
hairs, sticky exudates, hard or spiny integuments, impenetrable cases and
escaping ability (Rettenmeyer 1970). In the case of prey with good escaping
ability, the signal would indicate to the predator that it would be a waste of

resources to spend time and energy trying to capture them.
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There are several cases which have been interpreted as prey advertising
that they are hard to catch (see below). Furthermore, in some cases there is
mimicry of these unprofitable prey (‘evasive mimicry’ or ‘locomotor mimicry’
(Gibson 1974, 1980; Srygley 1994,1999) see 1.5.4.3). For example, some
butterflies (e.g. in the Adelpha-Doxocopa complex (Nymphalidae) have warning
colouration, but are palatable (Aiello 1984; Chai 1986; Pinheiro 1996). Some of
these butterflies are particularly agile flyers (Aiello 1984; Pinheiro 1996).
Furthermore, different palatable butterflies in the group have converged closely in
their flight patterns, suggesting that this is a Miillerian mimicry group for
escaping ability alone (Srygley 1994,1999; Pinheiro 1996, but see Brower 1995).

Flea-beetles (Alticinae: Chrysomelidae) (Lindroth 1971) and aposematic
forms of the meadow spittlebug Philaenus spumarius (Thompson 1973) also have
an effective escape mechanism, jumping, and are palatable to bird predators.
Palatable Lebia ground beetles (Coleoptera: Caribidae) appear to mimic flea-
beetles’ colouration, with no ability of their own to jump. Lindroth (1971)
suggested that an efficient escape mechanism could be just as effective as
distastefulness in affording protection from predators. Escape could give
protection by frustrating predators’ efforts, wasting their time and energy, in a
form of ‘frustration learning’ which can be as effective as pain learning (such as
distastefulness) (Sutherland & Macintosh 1971; Gibson 1974,1980). Frustration
learning has been shown to work in practice, as both seed-eating and
insectivorous birds can be taught to avoid artificial prey that suddenly disappear

before they can be eaten (Gibson 1974,1980).
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Brower (1995) raises several objections to the idea that there can be
mimicry in palatable but unprofitable prey (but see Srygley 1999), and also
doubts the existence of aposematism for escaping ability, pointing out that many
of the examples cited here have not been properly tested for unpalafability.
However, the best-described example of advertising escape ability is in Morpho
butterflies; here, there seems little doubt that this strategy is used. While some
species are cryptic in colouration (e.g. M.granadensis polybaptus and M.peleides
limpida), sympatric Morpho species are bright blue (e.g. M.amathante, M.crypsis)
(Young 1971). Morpho species are palatable (Chai 1986, 1996), but M.amathante
and M.crypsis use a conspicuous display of their colouration through their flight
pattern, like unpalatable butterflies (Young 1971) (see 1.5.4). They are also hard
to catch, with a high recapture rate and few signs of injury compared to cryptic
species in release-recapture studies (Young 1971). Two other bright Morpho
species (M.achilles and M.menelaus) were almost uncatchable by tyrant-
flyc‘atchers in a caged situation (Pinheiro 1996), and were among few species to
ever be sight-rejected by the birds. This indicates that birds can indeed learn to

avoid species that advertise their escaping ability.

1.2.3.2 Are hoverflies advertising their unprofitability?

If hoverflies were advertising their unprofitability, as described in the
previous section, this could help explain their appearance. They would have no
particular reason to mimic wasps accurately if the function of their colour pattemé

was not mimicry. Hoverflies are noted for their agile flight, so it seems
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conceivable that this is something they advertise. Predators would be warned that
hoverflies were of very low profitability, and the resources necessary to chase
such an agile flyer could be better spent elsewhere. The quick, darting flight of
poor wasp mimics is very different from wasps’ slow, meanderingAﬂight pattern,
and thus behaviourally they are certainly not mimicking wasps. ‘Perfect’ wasp
mimics, such as Temnostoma spp (which are absent from the UK) do seem to fly
more slowly, ‘lazily’, and nearer the ground, in a manner similar to wasps
(personal observation). It is possible that there are elements of both mimicry and
advertisement in the colour patterns of poor mimics; there seems no reason why
the two must be mutually exclusive.

There are few measurements of hoverflies’ flight agility (but see Collett &
Land 1978; Ellington 1984), though it is widely accepted that they are agile.
Typically, hoverflies hover in one spot and then dart away with very high
acceleration. As in other Diptera, the halteres, short stumps adapted from the
hindwings, act as gyroscopes to stabilise flight, enabling sudden changes of
direction, turning at right angles and even flight backwards (Chapman 1982).
Their large multi-faceted eyes give them the acute vision necessary for fast flying,
and their heads remain still relative to the thorax during flight (Gilbert 1986). The
thorax is packed with flight muscle which provides power for the fast wingbeat,
and the wings are corrugated with tiny hairs, also improving flight performance.

While hoverfly flight has been studied technically in the laboratory
(Ellington 1984), there are few data comparing different species, or looking at the

capability of predators to capture them. Dlusski (1984) measured the flight speed
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of Eristalis species relative to hoverfly-eating bird species (the Pied Wagtail
Motacilla alba, Redstart Phoenicurus phoenicurus, Spotted Flycatcher Muscicapa
striata and Pied Flycatcher Muscicapa hypoleuca). Eristalis had a maximum
flight speed of 1.63 ms™, whereas the diving speed of the birds ranged from 3.5
ms™ to 6.6 ms™ (but see Collett & Land 1978). Given the reaction times of
Eristalis feeding on flowers when confronted with lifelike model birds, this
implies that birds could catch them easily. However, aspects of flight behaviour in
the field mean that hoverflies are nevertheless difficult to catch. In particular,
birds may have to slow down in the last part of their dive towards the insect, and
when hoverflies do react, they tend to fly in a direction at right angles to that the
bird is approaching from (Dlusski 1984). Thus for a successful capture, the bird
would need to turn and in doing so reduce its flight speed. It should also be noted
that Eristalis is a good bee mimic; the poor wasp mimics may have higher flight

speeds.

1.3 Abundance of models and mimics

1.3.1 Frequency-dependence in mimicry

As mentioned above, any new species joining a Miillerian mimicry ring
will benefit not only itself, but also other mimics already in the ring (see 1.5.3 for
possible exceptions). Miillerian mimics are best protected when common
(Sheppard 1959; Turner et al 1984; Joron & Mallet 1998); the more often a

predator encounters similar unprofitable prey, the more it will associate the
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unprofitability with the pattern. It is therefore expected that Miillerian mimics will
evolve into just one, local mimicry ring via purifying frequency-dependent
selection (i.e. monomorphism, see 1.4.4.1). Any polymorphism would only serve
to dilute the message.

In Batesian mimicry, on the other hand, mimicry will benefit the mimic,
but disadvantage the model. Traditionally in Batesian mimicry, ‘imitation is only
advantageous to mimics if highly outnumbered by their models’ (Bates, 1862, see
also Fisher 1930; Cott 1940; Sheppard 1959). The abundance of the unprofitable
model maintains the pattern’s validity as a deterrent. The mimic weakens the
deterrent by teaching predators that the pattern is a profitable one to try.
Theoretically, if the mimic’s abundance relative to the model increases, the
variability in mimics’ colour patterns will also increase because of a decreased
selective advantage of close mimicry, so-called ‘mimetic breakdown’ (Ford 1936;
Sheppard 1959).

Though Batesian mimicry is density dependent, mimics do not need to be
outnumbered by their models (Rettenmeyer 1970; Huheey 1984; Turner et al
1984). Empirical work, mainly in the laboratory (Brower 1960; O’Donald &
Pilecki 1970; Huheey 1980; Avery 1985; Nonacs 1985) but also in the field
(Jeffords et al 1979) has shown that Batesian mimics do not necessarily need to
be rarer than the model to evolve close mimicry. For example, Brower’s (1960)
classic experiment used starlings as predators and mealworms as artificial models

and mimics. She showed that mimics are just as protected when comprising 60%
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of the population as when comprising 30%. At 90% mimics, the level of
protection was much lower, though still present.

The experiments cited above are mostly ‘reciprocal frequency
experiments’. In these, a constant number of prey is offered to the bredator, while
the proportions of models and mimics are varied. While their results have
provided some useful insights, they have tended to use inadequate replication and
not enough palatabilities or frequencies (Turner & Speed 1996). In addition, these
experiments are a poor reflection of the natural situation; sometimes no
alternative prey are present, and there is simultaneous rather than sequential
presentation of prey (Lindstrém et al 1997). Furthermore, each experiment uses
one type of predator, and predators vary in their behaviour (Dlusski 1984; Hetz &
Slobodchikoff 1988). These factors, along with the fact that most use artificial or
dead prey, mean that the results could be quite different to how Batesian systems
function in the dynamic context of the natural environment.

In the natural situation, the abundance of alternative prey is important. Its
presence has been shown to increase the effectiveness of Batesian mimicry (Cook
et al 1969; Dill 1975; Nonacs 1985; Slobodchikoff 1987; Hetz & Slobodchikoff
1988), presumably by reducing predation on the entire model-mimic complex (see
1.4.2.2 for more on the importance of resource availability to the evolution of
mimicry).

Mathematical models can also attempt to show how relative frequencies
affect Batesian systems. These usually predict the predation rate given certain

parameters. For example, Huheey (1964) created a simple model where the
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predator had a set ‘forgetting time’ (n). The predation rate, P, (probability an
individual will be eaten) was predicted just in terms of n, p (frequency of mimic)
and q (frequency of model), such that:

P = 1/(p+nq)

This fits reasonably well with the predation rates seen in some of the
reciprocal frequency experiments mentioned (Brower 1960; Huheey 1980; Avery
1985, see Huheey 1988). (However, other mathematical models also fit well
(Turner & Speed 1996, see 1.5.3.2). Many more complex mathematical models
have been based on this ‘n-parameter model’ (Holling 1965; Brower et al 1970;
Pough et al 1973), adding in such parameters as time and alternative prey
availability. Generally, it is found that mimicry can evolve and persist in the
presence of more mimics than models (e.g. Holling (1965) found that mimics
were protected down to 30% models).

There is much debate on the relevance of such mathematical models to the
natural situation, because of a priori assumptions they make about predator
behaviour, specifically learning and forgetting (Huheey 1988; Turner & Speed
1996; Speed 1999). Small differences in behaviour can lead to fundamental
differences in the predictions of the model (see 1.5.3.2). To adequately assess how
frequency affects Batesian mimicry in nature, properly controlled field
experiments (e.g. Jeffords ef al 1979; Lindstrom ef al 1997) and mathematical
models which make realistic assumptions about predator behaviour (see e.g.

Speed 1999) are needed.
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1.3.2 Synchrony in space and time

Another traditional tenet of mimicry is that mimics and their models must
be found in the same place at the same time (Fisher 1930; Sheppard 1959;
Wickler 1968). There is evidence from clines that mimics are most similar to their
models where distributions overlap; when a mimic ranges beyond its model, the
colour patterns tend to regress towards a non-mimetic form (Rettenmeyer 1970).
The best-known example of this is with the butterfly model Battus philenor and
its mimics in the United States (Brower 1958b; Brower & Brower 1962). While
mimetic forms of Papilio glaucus coincide with areas of abundant B.philenor, the
non-mimetic yellow form is abundant wherever the model is rare. This appears to
be independent of geographical factors. Papilio troilus is another mimic of
B.philenor; where the model is abundant it mimics it very closely, but where it is
rare, the mimicry is less accurate. However, the butterfly Hypolimnas bolina
ranges from Asia to Australia and retains a mimetic pattern far outside the range
of any model (Clarke & Sheppard 1975).

Temporal sympatry, however, is not as strict a condition as previously
imagined (Huheey 1980,1984,1988; Slobodchikoff 1987). Temporal separation of
model and mimic was first reported (Rothschild 1963) between the white ermine
moth Spilosoma lubricipeda, which is mimicked by the buff ermine S./uteum. The
mimic emerges later in the season than the model. This may afford the mimic
extra protection, if predators encounter the model first, and learn to avoid the
colour pattern before the mimics emerge. This protection seems to continue even.

when the model has ceased to reinforce the learning, since S. /uteum is still
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abundant after its model has disappeared. Relatively late emergence of the mimic
has also been observed in other cases. For example, the beetle Eleodes obscura
occurs in spring through to autumn, while its mimic Stenomorpha marginata is
only abundant in autumn (Hetz & Slobodchikoff 1988).

Another well-described example is in wasp- and bee-mimicking
hoverflies, which are seasonably abundant in spring and late summer, but not in
midsummer (Waldbauer & Sheldon 1971; Waldbauer ef al 1977, Waldbauer &
LaBerge 1985; Owen 1991). Their models, however, are not present until
midsummer. Waldbauer ef a/ (1977) reasoned that the mimics are nevertheless
protected, because in the early spring most birds have not yet fledged their young.
Therefore, the mimics are exposed mostly to adult birds that remember the
unprofitability of the colour patterns from experiences they had with wasps and
bees the previous summer. By the time the hoverflies re-emerge in the late
summer, fledging birds will have had experiences with wasps and bees and
learned about the colour patterns.

This theory depends on the assumption that predators’ responses to colour
patterns are learned, not innate (see 1.4.3.3), and that avoidance learning can be
retained over a period of several months. Red-winged Blackbirds and Grackles
trapped early in the season, before hoverflies were abundant, still rejected
bumblebee mimics on sight (Evans & Waldbauer 1982), while naive hand-reared
birds tried to eat both models and mimics. Other evidence also suggests that
avoidance memory is retained in birds for some considerable time (Mostler 1935,

Rothschild 1964; Pilecki & O’Donald 1971). This could explain how wasp-
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mimicking hoverflies can be abundant at times when wasps are absent (see also
1.3.3). However, the work of Waldbauer and colleagues was on perfect mimics;

there is no evidence that the same avoidance is retained for poor mimics.

1.3.3 Frequency patterns in hoverflies and their models

Batesian mimics are best protected when rare (see 1.3.1) and their
frequency relative to their models is limited, though they may outnumber them. In
hoverflies, however, poor wasp mimics are very frequent compared with wasps.
This is in contrast to bee mimics, whose ratios to bees are more in line with the
expectations of Batesian mimicry. Data from malaise trapping over 20 years in
Leicester show that honeybees are approximately equal in number to their
mimics, and bumblebees outnumber their hoverfly mimics by on average 7.3:1
(Owen 1991). In contrast, wasp mimics outnumber wasps (all species of Vespula
combined) by on average 4:1 for the years 1972-1992. In June, at the peak of
hoverfly abundance, and when wasps have not yet emerged in large numbers,
wasp mimics outnumber their models by on average 7:1 (1973-1987). Even in
August and September, when wasps are at their peak, wasp-mimicking hoverflies
outnumber them by 6:1 and 2:1 respectively (J. Owen, unpublished data).
(J.Owen’s data are discussed in detail in chapter 2). High mimic: model ratios
have been found using census walks, so these ratios are not simply the result of
selective trapping (Grewcock 1992; Howarth 1998).

Dlusski (1984) looked at abundance of bee-mimicking hoverflies and their

models in the environs of Moscow over several years. He does not provide the

26



actual data to compare bee mimic numbers with their models. However, using
data from census walks along transects in various areas, there is some correlation
between proportions of bees and bee mimics. For example, the transect with the
most bees also had the most bee mimics. There was also some correlation in
abundance over the five years of the study; when bee numbers were severely
depleted one year, bee mimics were dramatically reduced compared to areas
where bee numbers stayed high. Again, this supports the notion that these
hoverflies really are bee mimics.

Dlusski (1984) also counted wasps and their mimics. As in the UK, there
were many fewer wasps (of all types) than their mimics, the majority of which
were imperfect mimics similar to those found in the UK (e.g. Syrphus,
Helophilus, Sphaerophoria, Sericomyia, Myathropa). This was true for six
transects on 46 of 50 days spread over two seasons. On average, there were 8.3
times fewer wasps than their mimics. If only perfect mimics were considered
(Sphecomyia, Spilomyia, Temnostoma, Chrysotoxum, Conops and Physocephala),
they were much less common than their mimics. Again, this implies that the
colour patterns of common imperfect mimics may be fulfilling a different
function than mimicry. It should be noted, however, that the abundance from the
predator’s point of view is important when considering relative abundances.
When a bird approaches a group of hoverflies and hymenoptera feeding on
flowers, observations indicate that while the hoverflies scatter, their models
continue feeding undisturbed (Dlusski 1984). Therefore birds may encounter

hymenoptera relative to hoverflies more often than indicated by abundance data.
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Nevertheless, birds will not only encounter insects when feeding in groups at
flowers, and it is questionable whether such large ratios of mimics to models
could be supported even given this behaviour.

As mentioned in 1.3.2, the abundance over the season also \)aries and
could account for some large numbers of hoverflies. If birds can remember from
the previous year about wasps’ noxiousness, then hoverflies could be protected
the next spring despite few wasps being present (Waldbauer & Sheldon 1971,
Waldbauer ef al 1977, Waldbauer & LaBerge 1985). However, though this could
protect the perfect mimics considered in these studies, imperfect mimics
outnumber their models even when wasps are at their most abundant, and when
fledging birds are learning about wasp patterns.

Another explanation for the high abundance of poor wasp mimics
concerns their larval ecology. It is possible that the artificial effects of habitat
disturbance by humans have caused a shift in the natural relative abundance of
species, unrelated to the effects of mimicry. If numbers of poor mimics have been
artificially inflated in this way, it could be that in the past they were not so
common, and mimicry has simply not been lost yet. There is evidence of the
effect of human disturbance on mimicry dynamics in another context; habitat
change has altered the dominant model species for Heliconius cydno in Columbia,
and the colour patterns of the mimic appear to have changed accordingly (Linares
1997).

In the context of mimicry in hoverflies in the UK, the change in land use

from ancient woodland to urban-agricultural use has probably dramatically
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reduced the availability of larval habitats (tree holes and rotting wood) for perfect
mimics like Temnostoma species (see Rotheray 1993 for larval habitats). In
contrast, large areas of disturbed ground have been created which are much more
suitable for the more imperfect mimics. Many of these species (e.g.. Syrphus spp.
Dasysyrphus spp., Parasyrphus spp.) are aphidophagous, and aphids thrive in
open or edge habitats (Dixon 1973).

The colour patterns of hoverflies probably evolved in the ancient forests
which previously covered the Palaearctic, since most Palaearctic hoverflies are
naturally associated with open glades in forest habitats (Speight e al 1975,
Speight 1983). Therefore it seems conceivable that poor wasp mimics, if they
were in more natural conditions, would be at a much lower frequency relative to
their mimics than the paradoxical abundance we observe now (Grewcock 1992).
At low frequencies, the existence of imperfect mimicry is easier to explain (see
1.4.2.4). The actions of predators, the primary force behind mimicry, might have
had little influence as yet, since the land disturbance has only occurred in recent
ecological time, and the super-abundance of poor mimics is so great.

There is some support for this theory. In the relatively undisturbed Polish
Bialowieza forest, while ubiquitous species like Syrphus ribesii and Dasysyrphus
venustus are common, so are perfect mimics such as Temnostoma vespiforme
(Bankowska 1995). Limited data on model: mimic ratios, comparing British
woodlands with a relatively undisturbed site in south-eastern France, indicated
that the wasp mimic: wasp ratio was much more balanced (1.94: 1) in the less

disturbed site (Grewcock 1992). However, Bankowska (1980) showed in Poland
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that, while human activity does change hoverfly abundance, it tends to exaggerate
patterns which are already present. In Bankowska'’s study, she found that overall
diversity decreased, and the relative abundance of already-dominant species
increased. If this is true in the UK, the super-abundance of poor Wasp mimics
could just be an exaggeration of already common species. Either way, the

existence of poor mimicry at all still needs to be explained.

1.4 Colour patterns in mimicry
1.4.1 Evolution and genetics of mimetic patterns

1.4.1.1 The evolution of mimicry

The evolution of mimicry presents a problem similar to that described for
aposematism in section 1.2.1, crossing an adaptive landscape (Wright 1977) in
which fitness valleys are probably common (Mallet & Singer 1987). If mimicry
evolved from crypsis there may be a significant fitness disadvantage if this crypsis
is lost and the individual is not noxious (Endler 1991), especially if the mimicry is
initially imperfect. Some early authors (Punnett 1915; Goldschmidt 1945, 1952)
therefore thought mimicry must have evolved by a single systemic macromutation
(or ‘saltation’). Fisher (1927; 1930), however (as part of his general theory that
individual differences, however small can be detected by natural selection) took
the opposite view that all mimicry evolved by gradual tiny evolutionary steps.
This seemed particularly apt for Miillerian mimicry, where the mimic is noxious;

and therefore would still be afforded some protection by virtue of its noxiousness
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despite small changes in colour pattern. However, others (Poulton 1912,
Nicholson 1927; Ford 1964; Turner et al 1984; Turner 1987, 1988; Mappes &
Alatalo 1997a) suggested that mimicry would be more likely to evolve by a two-
step process; an initial large mutation to imperfect mimicry, folloWed by its
modification to perfection by smaller mutations over time. Many experiments
have shown that imperfect mimicry can provide some protection from predators
(see 1.4.2.4, e.g. Goodale & Sneddon 1977, Dittrich ef al 1993; Lindstrom et al
1997). Furthermore, the existence of supergenes controlling wing pattern mimicry
in butterflies (Clarke & Sheppard 1960a,b, see 1.4.1.3) supports the idea of
closely linked modifier genes gradually perfecting the resemblance. Even if this is
so for Batesian mimicry, Miillerian mimicry may have evolved only gradually by
convergence (Ford 1964), but genetic work on butterflies supports the idea that
both types evolved by a 2-step process (Clarke & Sheppard 1960a,b; Turner 1987,
but see Charlesworth & Charlesworth 1975; Turner 1984b).

An alternative to 2-step evolution is that Batesian mimicry evolved via
Miillerian mimicry (Huheey 1976, 1984; Endler 1991); pre-existing mimics could
have lost their noxiousness (with the advantage of being able to expand their host-
plant range). There would be no need to cross a valley of low fitness
intermediates. While this is possible in some species, in others that have no

noxious ancestors (e.g. hoverflies) this seems unlikely (Mappes & Alatalo 1997a).
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1.4.1.2 The two-step system

In the 2-step system described above, the initial mutation from crypsis to
mimicry would have to be a large one to produce a conspicuous phenotype that
immediately provides a substantial resemblance (Turner 1987; Mappes & Alatalo
1997a). If not, insufficient protection would be gained for the initial mutation to
be selected. Mappes & Alatalo (1997a) looked at how accurate the initial signal
must be for Batesian mimicry to evolve. Using a ‘novel world’ of black shapes
(which rule out the possible confounding effects of innate aversions to certain
colours), most imperfect mimics were protected from great tit predators more than
cryptic prey (though less than perfect mimics). Importantly, though, the imperfect
mimic closest in appearance to crypsis suffered increased predation. They
concluded that Batesian mimicry can evolve by a 2-step process, but the initial
mutation must be dramatic.

In the second stage, ‘modifier’ genes directionally select the mimic
towards a closer resemblance to the model (Sheppard 1959; Scriber ef al 1996). In
this stage, it has been suggested that there is a major difference between Miillerian
and Batesian systems. In Miillerian mimicry, the process is advantageous to the
model, whereas in Batesian mimicry it is not (but see 1.5.3). Hence in Miillerian
mimicry, the two mimics converge in pattern, since it is to the advantage of both
to do so. In Batesian mimicry, however, convergence is not to the model’s
advantage, so in theory it may escape by evolving a new colour pattern of its own,

in this case this second stage has been termed ‘advergence’ (Turner 1987). (For
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more on the resulting coevolutionary chase, including the reasons why it may not

play a major part in the evolution of mimetic diversity, see 1.4.2.3).

1.4.1.3 _Supergenes and linkage

It is traditionally thought that Batesian mimicry is controlled by mimetic
supergenes, while in Miillerian mimicry there is little purposeful linkage between
genes (Turner 1977, 1987, but see Joron & Mallet 1998). There is genetic
evidence that ‘supergenes’ exist which control Batesian mimetic patterns in
Papilio butterflies (Clarke & Sheppard 1960a,b). This has not happened by
chance; modifier genes which are linked to the original major mutation are more
likely to be selected for. Mimicry will improve more quickly with closely linked
genes, because they are unlikely to be separated again by recombination. In this
way, in butterflies, whole blocks of genes build up, each controlling a minor
aspect of wing coloration. Crossing experiments show that these do tend to be
inherited together (Clarke & Sheppard 1955, Sheppard 1961). In Batesian
polymorphisms, this tendency is particularly strong (Charlesworth &
Charlesworth 1975) because any minor mutation that is advantageous to one
morph will be disadvantageous to another; linkage provides them with the means
to evolve independently. Furthermore, the genes must be tightly linked from the
onset of the evolution of the polymorphism, or tighter linkage will not evolve, as
recombination will destroy the adaptive polymorphism before it is stabilised
(Charlesworth & Charlesworth 1975; Joron & Mallet 1998). This distinctive

genetic architecture in Batesian mimicry may make it very difficult for novel
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mutants to escape to a different colour pattern. This is what Turner (1984b) calls
the ‘evolutionary sieve’. It may explain why models do not always escape from
mimics (see 1.4.2.3) and why monomorphisms sometimes persist in Batesian
mimicry (see 1.4.4.1) (Joron & Mallet 1998). It should be noted, héwever, that
some genes in Batesian mimicry are not linked to the supergene, contrary to
expectations (Clarke & Sheppard 1960a,b).

In Miillerian mimicry, monomorphism, not polymorphism, is expected
because of frequency-dependent purifying selection. For this reason, little
purposeful linkage is expected between mimicry genes (Turner 1987). However,
in some Miillerian mimics (e.g. some Heliconius races, Zygaena ephialtes
(Sbordoni et al 1979)) tight linkage is found. Rothschild (1980) suggests that the
tight linkage already existed before mimicry evolved, in pre-existing
polymorphisms for other characters, and that mimicry gradually evolved from
these. This still leaves the evolution of the original polymorphisms to be
explained. Alternatively, the linked genes may have arisen from a single ancestral
gene by tandem duplication, explaining why they are close together (Sheppard
1975; Turner 1987). Some closely linked Miillerian mimicry genes do seem to

share very similar functions (e.g. Turner 1972 on Heliconius melpomene).
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1.4.2  Perfect and imperfect mimicry

1.4.2.1 Why perfect mimicry?

In the second stage of the 2-step process, mimicry moves from an
imperfect to a perfect state. In Batesian mimicry, since the mimic is deceiving the
predator, the closer the resemblance to the model, the more likely it is to deceive
(Fisher 1930; Cott 1940; Sheppard 1959; Huheey 1984,1988). Therefore, it
should always be advantageous to improve the perfection of Batesian mimicry, as
long as the mortality of the mimic is greater than the mortality of the model
(Fisher 1930; Nur 1970). Cott (1954) also suggested that mimicry must be perfect
to deceive a range of predators, each with good discrimination capabilities for
different aspects of a colour pattern. There is evidence that prey are protected
more by perfect mimicry than imperfect (e.g. Hetz & Slobodchikoff 1988;
Mappes & Alatalo 1997a). In Miillerian systems, mimicry may not need to be as
perfect, since the mimic only needs to remind predators of its unprofitability by
suggesting a resemblance between it and other unprofitable prey (Sheppard 1959;
Huheey 1988, but see Srygley 1994).

Most experiments and theories on mimicry assume perfect mimicry.
However, imperfect mimicry is observed in nature more often than might be
thought. One example, in the hoverflies, has already been mentioned. While some
species (e.g. Temnostoma spp., Spilomyia spp.) are very accomplished mimics,
the common wasp mimics in the UK are imperfect. In genera such as Syrphus,
Eupeodes, Megasyrphus and Episyrphus, the black abdomen has orange or yelloW

stripes, but in detail these are not very similar to wasps’ abdominal patterns.
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Humans can quickly learn to distinguish between such hoverflies and wasps (see

1.4.3.1 for predators’ perception).

1.4.2.2 Perfect mimicry via imperfect mimicry

In Batesian mimicry, cases of imperfect mimicry that are observed in
butterflies, hoverflies, beetles and other species, have often been explained by the
mimic being in transition towards perfect mimicry (Sheppard 1959; Duncan &
Sheppard 1965; Alcock 1971). If this is the case, predators must generalise
between patterns to some extent, or they would never mistake imperfect for
perfect mimics, and imperfect mimicry would not be selected for (Morrell &
Turner 1970; Alcock 1971). On the other hand, for imperfect mimicry to evolve
to perfection, predators must also be able to discriminate between imperfect and
perfect mimicry, or perfect mimicry could not be selected for. Alcock (1971)
suggested that it was variation in generalisation and discrimination capabilities
that led to the eventual evolution of perfect mimicry. For example, hunger levels
affect which prey birds are willing to try (Chai 1996; Srygley & Kingsolver
1998). Srygley & Kingsolver (1998) found that birds were willing to sample more
unpalatable butterflies during fledging times when resources were low, and
surmised that such times could lead to the necessity for perfect mimicry. In
particular, they suggested that when resources were plentiful, predators used
inexpensive general colour cues to select prey, and imperfect mimics were

protected. However, in times of limited resources, birds sample distasteful prey
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and their mimics; it is during this time that directional selection towards perfect
mimicry can occur.

As well as this within-individual variation in predator discrimination,
Alcock (1971) suggested that intra- and inter-species variation couvld play a part in
the balance between generalisation and discrimination that drives the evolution of
perfect mimicry. Firstly, individual predators within a species differ in
discrimination capabilities, for example in Jacamars (Galbula ruficauda) (Chai
1996) and Darwin’s Finches (Pinaroloxias inornata) (Werner & Sherry 1987).
Secondly, there is variation between species (e.g. Alcock 1971; Dlusski 1984;
Srygley & Kingsolver 1998). Those individuals and species which are most
discriminating will select for the perfection of mimicry. Hence the evolution of
perfect mimicry is likely to be more of a dynamic system than a steady process.

Poor wasp mimics could be in the process of evolving towards perfect
mimicry; there is no particular reason to suppose that they have reached a stable
endpoint in the evolution of the colour patterns. However, this seems unlikely to
be the explanation for such widespread imperfect mimicry across many areas of
syrphid phylogeny. It is improbable that so many genera are all at approximately
the same stage of evolution towards perfect mimicry, and that this is true of
species in both Europe and America. Moreover, it is difficult to understand how
they could persist from year to year in such large numbers compared to their
models if their only protection from predators is imperfect mimicry, even if they

are in a transition phase.
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1.4.2.3 The coevolutionary chase

One explanation for so many species being in transition towards perfect
mimicry, and thus the abundance of imperfect mimicry, is the coevolutionary
chase. When a Batesian mimic converges on to the pattern of its rﬂodel, this is to
the detriment of the model, since any profitable prey sharing its pattern will dilute
its warning message to predators. Therefore it seems logical that the model should
‘escape’ from the mimic by changing its colour pattern. Several authors (Nur
1970; Rettenmeyer 1970; Turner 1987; Huheey 1988; Joron & Mallet 1998) have
discussed the idea of a ‘coevolutionary chase’ in Batesian mimicry (similar to the
arms race concept in host-parasite interactions), where the model is constantly
evolving away from the mimic, while the mimic strives to catch up. Potentially,
this could explain the existence of imperfect mimics, if they converged onto the
colour pattern of a model which has since changed its appearance (Rettenmeyer
1970). Furthermore, it could explain race and morph differentiation and the
existence of sympatric mimicry rings (see 1.4.4) (Pough ez a/ 1973; Huheey
1988).

However, though it may be advantageous to the model to evolve away
from the mimic, it can only operate within the realms of what is genetically
possible (Turner 1987). Mimetic polymorphisms are tightly linked from the start
of their evolution (see 1.4.1.3). Therefore it requires a particular type of genetic
architecture to be able to escape the mimic, probably only available to the model
if it is already polymorphic (Joron & Mallet 1998). Only a few species of model

will be able to pass through this evolutionary sieve (Turner 1984b). Escape is also

38



hampered by the constraint of strong purifying selection on warning colouration
in the model (Nur 1970; Gilbert 1983; Turner 1984b). While the mimic always
benefits from becoming more similar to the model, the model may lose out by
changing its colour pattern, because predators will no longer recognise it as
unprofitable. Selection on the mimic to converge on the model is therefore
stronger than selection for the model to escape. Mathematical modelling
(Gavrilets & Hastings 1998) shows that cyclical coevolution is only possible if
interspecific interactions (e.g. the relative benefits and costs of mimicry to the
model and mimic) are stronger than intraspecific interactions (like aposematism
and palatability). This may indeed sometimes be the case. However, if models are
more common than mimics (as is theoretically the case with Batesian mimics) the
intraspecific effect of purifying selection is likely to be stronger than any
interspecific interactions.

The constraints on the escape of the model may explain how perfect
Batesian mimicry can exist at all in the context of the coevolutionary chase
(Fisher 1930; Sheppard 1959; Nur 1970). They also put cyclical coevolution into
doubt as an explanation for imperfect mimicry and polymorphism. In the
particular case of hoverflies and their wasp models, it is possible that the large
number of mimics has increased the costs to wasps of bearing them, and thus
promoted the coevolutionary chase. On the other hand, the high noxiousness of
wasps should make them capable of bearing this cost, and as models they would

have to escape the evolutionary sieve described above.
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1.4.2.4 Evidence of protection by imperfect mimicry

Experiments have shown that a variety of predators do generalise and
discriminate, which is necessary for the evolution of perfect mimicry via
imperfect mimicry. In particular, many authors have been concernéd with the
former and shown that there is some protection to be gained from imperfect
mimicry. This has been demonstrated on numerous occasions, under the
conditions of particular experiments (e.g. Morgan 1900; Mihlmann 1934; Mostler
1935; Brower 1958¢; Schmidt 1958; Brower ef al 1963; Duncan & Sheppard
1965; Morrell & Turner 1970; Pilecki & O’Donald 1971; Goodale & Sneddon
1977; Hetz & Slobodchikoff 1988; Lindstrom et al 1997, Mappes & Alatalo
1997a).

Early work showed that birds can learn to associate colours or patterns
with nastiness, and thereafier also reject modifications of these patterns (Morgan
1900; Miithlmann 1934; Mostler 1935). Schmidt (1958) found more evidence of
éeneralisation; chicks only needed a very small part of a pattern of a distasteful
‘model’ to be copied for them to avoid it. Further to this, jays were found to
generalise among two species of Danaus butterfly, and two sub-species of
Limenitis archippus (Brower 1958c; Brower et al 1963).

There is great variation between experiments carried out on imperfect
mimicry. This is also true of reciprocal frequency experiments generally, and is
worthy of some comment. Some are carried out in natural or semi-natural settings,
such as gardens or woodlands (Morrell & Turner 1970; Pilecki & O’Donald 1971;

Goodale & Sneddon 1977; Hetz & Slobodchikoff 1988), while use captive
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predators (Duncan & Sheppard 1965; Lindstrom ez al 1997, Mappes & Alatalo
1997a). Some studies have used predators in unnatural choice situations (Duncan
& Sheppard 1965; Morrell & Turner 1970; Pilecki & O’Donald 1971; Goodale &
Sneddon 1977); in the wild, it is unlikely that a bird would be faced with the
simultaneous choice between several prey (Lindstrom et al 1997). The type of
‘model’ also varies. Most experiments use some form of unpalatable chemical
(e.g. quinine) to simulate noxiousness, though Duncan & Sheppard (1965) used
electric shocks of different degrees of intensity; pain is a very different type of
reinforcement to an unpleasant taste (see Goodale & Sneddon 1977). Most studies
used dyed or painted pastries or other fake prey (Morrell & Turner 1970; Pilecki
& O’Donald 1971; Goodale & Sneddon 1977; Mappes & Alatalo 1997a), with
one using painted mealworms (Lindstrém ef al 1997) and only one that I know of
used real imperfect prey (Hetz & Slobodchikoff 1998, with Coleoptera Eleodes
obscura and Stenomorpha marginata). The type of imperfection used also differs;
some used intensity of hue as the imperfection (Duncan & Sheppard 1965; Pilecki
& O’Donald 1971; Goodale & Sneddon 1977). Others have used the presence or
absence of a mark (against the background of a certain “‘mimic’ colour) (Morrell
& Turner 1970), or the position of a mark on the prey (Lindstrom ef al 1997). One
study used black-and-white shapes and intermediates between them (Mappes &
Alatalo 1997a). It is debatable whether all of these are perceived as equivalent to
imperfect mimicry by the predator.

Nonetheless, there is general agreement that imperfect mimics are

increasingly protected as models become more frequent (Pilecki & O’Donald
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1971; Lindstrom et al 1997) and more distasteful or unprofitable (Duncan &
Sheppard 1965; Goodale & Sneddon 1977; Lindstrom et al 1997). The patterns of
poor wasp mimics could therefore provide protection, despite their imperfection,
as wasps are likely to be particularly unprofitable models. One imégines that the
sting of a wasp would be a great deterrent for avian predators, and Leipelt (1963)
observed that a wasp sting rendered a captive shrike inactive for several hours.
The tissues of wasps are also highly unpalatable (Mostler 1935). In this context,
there may be no advantage to poor wasp mimics increasing their similarity
further. However, in this case, why do perfect wasp mimics exist at all? Also,
imperfect mimics are best protected if models are frequent; this is certainly not
the case relative to poor wasp mimics (see 1.3.3). If even perfect wasp mimics
need to be as rare relative to wasps as they are, it seems likely that poor wasp
mimics would need to be even more infrequent to avoid predation.

Predators can discriminate as well as generalise; perfect models are
protected more than imperfect ones (Morrell & Turner 1970; Hetz &
Slobodchikoff 1988; Mappes & Alatalo 1997a). There is evidence that predators
both generalise and discriminate between wasps and their hoverfly mimics.
Pigeons trained to peck at images of wasps do not treat images of hoverflies the
same way, so birds seem capable of discriminating between them (Dittrich et a/
1993). This is also the case when pinned specimens are used rather than images
(Green et al 1999). Furthermore, images of twelve different hoverfly species were
rated variably in terms of their similarity to wasps, mostly in the same order as

they are rated by humans (Dittrich er al 1993, but see 1.4.3.1). Therefore not only
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can birds distinguish perfect from imperfect mimicry, but they also rate some
imperfect mimics as better than others. This variation can be assessed objectively
by using a computer-calculated similarity score, measured by overlaying the two
images and comparing them pixel by pixel, and measuring the Euclidian distance
apart of each pair of corresponding pixels in red-green-blue colour space
(Grewcock 1992; Dittrich ef al 1993). The similarity scores produced by the
program again largely agree with the ratings of pigeons (Dittrich ef al 1993) and
therefore they will be considered as objective similarity scores for the remainder
of this thesis. This similarity program will be described in more detail in chapter
4).

Another possible contributory factor to the colour patterns of hoverflies is
thermoregulation. If patterns are constrained by thermoregulation, this could
explain why mimicry is sometimes imperfect. In Eristalis tenalx, a honeybee
mimic, there is a black band overlying the dorsal blood vessel that might need to
be retained in order to maximise the absorption of light to heat the blood (Heal
1979, 1982). However, many mimetic hoverflies do not have a black band in this
area, and there is variation in aspects of abdominal patterns which have no
obvious connection with thermoregulation. Therefore, while thermoregulation
could play a role in some species, it seems unlikely to be the main force behind

the evolution of colour patterns in hoverflies.
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1.4.3  Predator perception

1.4.3.1 Predator perception and imperfect mimicry

Another interpretation of imperfect mimicry is that, to predators’ eyes,
imperfect mimicry is in fact more perfect, since predators’ perceptions of the
colour patterns are different from humans’. We do appear to share some aspects
of our perceptual systems with predators, as we can at least recognise visual
mimicry in insects. However, unexplained imperfect mimicry could be accounted
for if predator generalisation from a model species is influenced strongly by one
particular feature of the model, and much less by any other features. Resemblance
in that feature alone could then be sufficient for mimetic protection (Dittrich et al
1993). Unfortunately, knowledge is lacking in this area. Dittrich et al (1993)
showed that generally, pigeons rated the perfection of wasp-mimicking
hoverflies’ similarly to humans. However, two common species which are poor
mimics to human eyes were rated as very wasp-like by pigeons, indicating some
unknown constraints or biases in their perceptual systems. Some differences
between avian and human colour vision are known (Cuthill & Bennett 1993),
notably that birds can see well in UV, whereas humans can not, and birds have
five classes of cones, and thus see in 5-dimensional rather than 3-dimensional
colour space. However, pigeons pecking at pinned hoverfly specimens under
natural light, and therefore with UV cues available, still rated them as
intermediate between wasps and flies (Green et al 1999).

The nature of colour is not fixed; the interpretation of signals rests with

the predator (or receiver) and depends on its previous experience (Guilford &
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Dawkins 1991). The context the colour is seen in may also be important. For
example, the same signal can both warn and attract depending on the context (e.g.
the colour red warns a robin to avoid unpalatable prey, but attracts it to females to
mate with, or rosehips to eat (Rothschild 1984)). A familiar signal.in an unusual
context may be confusing to a predator, and could help explain imperfect colour )
patterns (‘satyric mimicry’, Howse & Allen 1994). Presenting two equally
probable messages simultaneously could lead to a lengthening of the predator’s
perceptual process and thus give the prey time to escape. For example, a hoverfly
that is a poor wasp mimic has colour patterns which signal unprofitability, but a
body type (a fly’s) which signals profitability. Howse & Allen suggested that the
principle behind this was similar to the ‘startle’ tactics of some cryptic insects
with, for example, brightly coloured underwings which they can flash at predators
(e.g. Catocala moths, Sargent 1990). While this theory deserves further
exploration, repeated exposure to such ‘ambiguous’ prey will decrease the startle
effect, as predators habituate or learn that the prey is profitable. It is also unclear
why satyric mimics should not still evolve towards perfect mimicry.

An alternative view of imperfect colour patterns is as ‘aide-memoire
mimicry’ (Rothschild 1984). Her theory was that mimics need not always be
actually mistaken for noxious or dangerous prey, but that merely reminding the
predator of these attributes will suffice. As in satyric mimicry, a slight hesitation
on the part of the predator could provide enough time to enable escape.
Rothschild was chiefly referring to phenomena such as the ‘pseudo-stings’ and

wasp-like abdomens of various tough or noxious lepidopterans which could not
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be mistaken for wasps. She suggested that this type of mimicry was used by
insects which use a standard form of protection for their family, with this ‘aide-
memoire’ as ‘an extra string to their bow’.

Despite differences between avian predators’ perceptions énd our own,
birds still consider ‘poor’ wasp mimics to be imperfect. When presented with a
random series of Vespula and Syrphus spp (a common imperfect wasp mimic),
Pekin Robins (Leothrix lutea lutea) immediately swallowed Syrphus, while wasps
were only eaten after a long handling time to remove their sting (Grewcock 1992).
Syrphus was also often taken in choice tests using Redstarts (Phoenicurus
phoenicurus) and Pied Flycatchers (Muscicapa hypoleuca), when paired with
Eristalis or honeybees tethered to a feeding platform (Dlusski 1984) (though one
can never be sure whether the choices made in truly natural conditions would be
the same). Individual birds sometimes initially avoided Syrphus, but once they
had tried it once, they ate any further individuals without hesitation, showing the

importance of previous experience and learning (see section 1.4.3.3).

1.4.3.2 Variation among predators

As well as differences between humans and hoverfly predators in colour
perception, there are also differences among predators. Firstly, birds are not the
only predators which eat brightly coloured insects. Experiments using other
predators are relatively rare, though some have used amphibians (Brower 1960;
Huheey 1980), mammals (Hetz & Slobodchikoff 1988) or reptiles (Boyden 1976).

However, birds are probably the selective force behind mimicry, because they are
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common, and hunt visually. For butterflies at least, bird predation is considered
the prime selective agent (Bowers et al 1985).

This is also likely to be true for hoverflies. Other recorded predators of
hoverflies include many predatory insects, such as digger wasps, hbmets,
dragonflies and spiders (see Torp 1994). Though these may hunt visually, the bold
patterns of hoverflies seem more likely to have evolved for the good colour vision
of avian predators. Common bird species which are known to take hoverflies
include swallows, swifls, robins and great tits (Torp 1994).

There are also differences between bird species in perception of colour
patterns. Specialised insectivorous birds, for example, may be able to discriminate
better among insects’ colour patterns than generalised birds such as the pigeons
used in Dittrich ef al (1993). Cott (1954) suggested that the variation in perceptual
systems of predators was the reason why Batesian mimics should evolve perfect
mimicry; if each predator is influenced strongly by a different part of the pattern,
all parts may need to be perfect to fool all predators. There is certainly also
variation between predator species’ levels of sight-rejections of prey, their
tolerance to unpalatability, and their foraging strategies (e.g. Alcock 1971,

Dlusski 1984; Chai 1996; Pinheiro 1996).

1.4.3.3 Do predators avoid innately or learn to avoid?

However predators perceive colour patterns, they can certainly associate
unprofitability with them (see 1.2.1). Avoidance of warning colours is likely to

have some genetic basis, through an evolutionary history of avoiding certain
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colours. Some colours, or combinations of colours, such as red, yellow-and-black,
and white spots on a black background are found across phylogenetic
classifications as warning colours (e.g. in many insect orders, amphibians, snakes,
birds, fish and plants) (Wickler 1968; Rothschild 1984). These coiours seem to be
more effective signals than others (Guilford 1990b), and predators can learn
avoidance behaviour associated with them more quickly than with other colours
(Bisping ef al 1974; Smith 1975,1977, Schuler 1982). Naive chicks have also
been found to have some innate aversion to black-and-yellow patterns (Schuler &
Hesse 1985; Roper & Cook 1989).

However, learning is also crucial to the avoidance of warning colouration
(Mostler 1935; Brower & Brower 1965; Alcock 1970; Schuler 1974, Alatalo &
Mappes 1996; Chai 1996). For example, naive, hand-reared jacamar chicks
showed no initial preference towards any particular butterflies (Chai 1996), but
rapidly learnt to associate visual characteristics and acceptability. Other studies
also show exploratory behaviour in young (Alcock 1973; Barrows ef al 1980).
With reference to hoverflies, hand-reared naive adult grackles and red-wing
blackbirds ate bumblebee mimics without hesitation until stung by a bumblebee,
following which all mimics were avoided (Evans & Waldbauer 1982). Also,
Sericomyia, a good (though not perfect) wasp mimic, was not approached in
choice tests using flycatchers and wagtails (Dlusski 1984) until one individual
was taken. Following this, incident, Sericomyia was always taken. Therefore there
seems little doubt that, despite some innate tendencies, learning can take over as

the force behind choice of prey.
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A related question is whether conspicuousness or novelty per se (not of
any particular colour) is avoided (so-called ‘neophobia’ or ‘oddity effect’). Some
evidence has been found for this (Coppinger 1970; Smith 1975, 1977, Schuler
1982; Greenberg 1984), but as noted above many others have seeﬁ exploratory
behaviour in young inexperienced birds (Alcock 1973; Barrows ef al 1980; Smith
1983; Alatalo & Mappes 1996; Chai 1996). Furthermore, experiments with zebra
finches show that it is colour, not conspicuousness per se, that acts as a signal for

innate avoidance (Sillén-Tullberg 1985).

1.4.4  Polymorphism and diversity in mimicry

1.4.4.1 Polymorphism in Batesian and Miillerian mimicry

Batesian mimics are expected to be relatively rare compared with their
models, to maintain the validity of the warning colouration’s deterrent (see 1.3.1).
Consequently, stable polymorphisms are also expected in Batesian mimics
(Sheppard 1959; Turner 1984b, 1987), since polymorphism will help maintain the
rarity of each colour morph of a species (sometimes including cryptic morphs)
(Huheey 1988).

A well-known example of a Batesian polymorphism is in Pseudacraea
butterflies (Owen 1971), where several morphs mimic various species of
Bematistes. In hoverflies, some mimics of bumblebees (e.g. Volucella bombylans)
have several different colour morphs, each resembling a different species of

Bombus. The common morph changes geographically with the dominant
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bumblebee species (Gabritchevisky 1926), thus retaining their rarity relative to
each model. However, such examples are surprisingly rare. This could partly be
explained by the fact that the tightly linked nature of the genes controlling
Batesian mimicry (Clarke & Sheppard 1960a,b; Turner 1984b) mékes it difficult
to evolve new colour patterns (Joron & Mallet 1998, and see 1.4.1.3, 1.4.2.3). In
fact, the best-studied Batesian polymorphisms are not among different morphs,
but between sexes (Clarke et al 1968; Turner 1984a; Krebs & West 1988; Joron &
Mallet 1998).

Conversely, Miillerian mimics are least protected when rare (see 1.3.1),
and are expected to be monomorphic (Sheppard 1959; Mallet & Singer 1987;
Turner 1987; Owen et al 1994). Selection should always favour a single mimicry
ring, at least within a local area. Nevertheless, there are numerous examples of
polymorphic Miillerian mimics. The classic example is Danaus chrysippus in sub-
saharan Africa, which has four different colour morphs (Smith 1975; Gordon
1984), all of which feed on unpalatable milkweeds (Rothschild ez al 1975).
Another commonly cited example is Heliconius numata, an unpalatable butterfly
which has eleven sympatric morphs in South America (each mimicking a separate
species of the ithomiine Melinaea) and 38 morphs in total (Brown & Benson
1974). In Europe, it is best known in bumblebees, where several Miillerian
mimicry rings exist sympatrically (Plowright & Owen 1980). Unexpected
diversity in Miillerian mimics has been the topic of much debate in the literature.
The next two sections briefly discuss the main points (see Joron & Mallet 1998

for review).
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1.4.4.2 Geographical races in Miillerian mimicry

As well as local polymorphism in Mullerian mimics, there is also
geographical variation within species into separate ‘races’ in different areas.
Furthermore, as Bates noted in 1862, two species can both show this geographical
variation, with local morphs mimicking each other. For example, races of
Heliconius erato and H.melpomene mimic each other locally all over South
America (Turner 1987; Brower 1996). This ‘parallel race formation’ has been
attributed to coevolutionary mutualism, in other words evolution by the same
route from the same ancestral pattern (e.g. Turner 1987), especially since the
genetic control of the patterns is the same in both species (Turner1984b).
However, mitochondrial DNA evidence (Brower 1996) shows that the patterns
could not have coevolved since the mDNA of the two species does not share a
common biogeographical history. The similar genetic control of the two species

can be explained by their common phylogenetic history (Turner 1984b).
Therefore alternative explanations are needed for the evolution of racial
divergence in Miillerian mimics.

There are two main theories of how this diversity in Miillerian mimicry
rings has come about, biotic drift and the shifting balance (Turner & Mallet 1996;
Mallet & Turner 1997). Biotic drift (Brown et a/ 1974; Turner 1984b) is random
change in overall biota composition (relative abundances and extinctions) caused
by genetic drift. Random changes in abundance within mimicry rings will vary |

between local areas. Therefore a particular species may be ‘captured’ by different
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rings in different areas, switching between rings many times in its evolutionary
history. This could lead to the racial divergence observed, as mimics use the
protection of locally abundant models. The process of biotic drift is accelerated by
island refuges, because these increase the rate of extinction and dehsity variation.
Such refuges may have periodically appeared during evolutionary time as the
rainforest expanded and contracted over the Pleistocene. The patterns seen now
could be a relict of the isolation that once existed. However, it is difficult to see
why this geographical variation does not collapse back into a single mimicry ring
once the areas are connected again (Joron & Mallet 1998).

An alternative is the theory based on Wright’s (1977) ‘shifting balance’
between adaptive fitness peaks (Mallet 1993; Mallet & Turner 1997). This also
relies on genetic drift, and has much in common with the biotic drift theory
(Turner & Mallet 1996). However, in this case a species does not ‘switch’
between mimicry rings as a result of geographic isolation; instead, random
mutation and drift provide variation for selection to act upon, and therefore local
variation in novel colour patterns happens by chance. Any advantageous patterns
could stabilise locally, and then spread to wider areas through the movement of
clines. This seems to make more sense given that Miillerian mimics are subject to
purifying selection (Turner & Mallet 1996; Joron & Mallet 1998). However, both
theories rely on genetic drift, and other explanations may still be forthcoming for
the evolution of geographical races. Once races have evolved, each race

undergoes a form of geographical isolation as any recombination of the patterns
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will probably be a disadvantage (Joron & Mallet 1998). This seems a likely route

for the formation of new species.

1.4.4.3 Polymorphism in Miillerian mimics

Though there may be reasons for geographic races, this does not explain
why we see polymorphism in Miillerian mimics within local areas (see examples
in 1.4.4.1). This could be explained by genetics; for species to converge, they will
again need to undergo a peculiar type of genetic change (see 1.4.1.3, 1.4.2.3,
1.4.4.1) (Turner 1987). Another part of the explanation could be that many
systems considered Miillerian may not be truly Miillerian, in the sense that both
mimics benefit from the relationship (Huheey 1976, 1988; Speed 1993a, but see
Sheppard & Turner 1977; Benson 1977). If two distasteful species differ in their
degree of distastefulness, while the more palatable one benefits, this may be to the
detriment of the more distasteful one. This is known as quasi-Batesian mimicry,
because the relationships are similar to those in Batesian mimicry, though both
species are unpalatable (for more on quasi-Batesian mimicry, see 1.5.3.1). If true
Miillerian mimicry is rare (Turner & Speed 1996), it is not surprising that quasi-
Batesian mimics are acting in a Batesian way and evolving polymorphism.
However, different assumptions about predator behaviour have a large influence
on whether quasi-Batesian mimicry is common in nature, and it may not have a
significant role to play (Joron & Mallet, see 1.5.3.2).

Polymorphism in Miillerian systems may also be partly explained by the |

fact that relative abundances of species are constantly changing. Mathematical
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models of mimicry are usually based on constant percentages of models and
mimics in the population, while in reality there are constant variations in relative
frequencies and palatabilities (Ritland 1994, see 1.3.2, 1.5.2). This could mean
that the role of a species within a mimicry ring is switching betweén model and
mimic (Speed 1993a,b; Brown & Benson 1974), with the accompanying switch
between purifying and diversifying selection. This could potentially lead to stable
polymorphism (Joron & Mallet 1998). However, there is no empirical evidence
for this.

Local polymorphism in Miillerian mimics could also be explained if
different Miillerian mimicry rings were operating sympatrically. There is some
evidence for this (Papageorgis 1975; Mallet & Gilbert 1995; Beccaloni 1997),
especially in butterflies that use different levels of host-plants in the forest
canopy. However, it seems unlikely that predators will only forage within one
level, and observations show that there is some spatial overlap in the mimicry
rings (Burd 1994; Mallet & Gilbert 1995).

The diversity in Miillerian mimics still remains largely unexplained, and
the answer probably lies in a combination of some of the explanations presented
here. It is difficult to look for general patterns leading to stable balanced
polymorphisms because of the complex nature of the system; diversity in mimicry
may be best seen as ‘the result of a dynamic balance between geographical
divergence, speciation and mimetic evolution, rather than because it is a stable

community optimum’ (Joron & Mallet 1998).
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1.5 Distastefulness and unprofitability

1.5.1 Relationships between unpalatability and avoidance

Theoretically, the model in a Batesian system can be protected by any
form of unprofitability (e.g. stings or escaping ability). However, it is usually
characterised as being distasteful or unpalatable to the predator. Unpalatability is
not aimed at killing the predator (though some models (e.g. Danaus plexippus)
can contain highly toxic chemicals (Parsons 1965)). The survival of the predator
is of benefit to the model, as it will learn to avoid the prey in the future.
Sometimes, there are no obvious effects (e.g. vomiting) on a predator from eating
a prey item, but it will still be subsequently avoided (Rothschild 1961; Chai
1996). Birds’ stomach contents also indicate that many species considered
Batesian models or Miillerian mimics can be eaten without lethal effects (McAtee
1932; Kristin 1994). Many studies have compared relative palatabilities using a
range of predators (e.g. Swynnerton 1915; Brower 1958a; Chai 1986, 1996;
Srygley & Kingsolver 1998). A few cases of unpalatability have also been
investigated directly via bioassay (e.g. Brower 1969; Bowers 1980).

Distasteful chemicals are obtained from food plants (Brower & Brower
1964; Rothschild 1972; Brower 1984). Most work on insects’ use of plant
secondary chemicals has been on butterflies; the five main groups that serve as
models (Papilioninae-Troidini, Ithomiinae, Nymphalinae-Heliconiini, Acraeinae,
and Danainae) (Rettenmeyer 1970) are restricted to a narrow group of food plants.
These plants (e.g. species of Passifloraceae and Asclepiadaceae (milkweeds))

chemically defend themselves with distasteful chemicals, but some insects have
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overcome this by detoxifying or sequestering the chemicals. This is best-
documented in the monarch butterfly (Danaus plexippus), which sequesters and
stores toxic, bitter cardenolides from at least some of its larval food plants (Cohen
1985; Malcolm et al 1989). |

However, though insects are often described as either palatable or
unpalatable, there are degrees of distastefulness (see 1.5.2, 1.5.3.1). Also,
predators vary in their classification of distastefulness (see 1.4.3.2, 1.5.4). The
degree of distastefulness of the model also affects the dynamics of mimicry.
Batesian mimicry is more likely to evolve in the presence of a highly noxious
model (Endler 1991), but even mildly noxious species may be models if highly
abundant (modelled by Pough ez a/ 1973).

Experimental data shows that highly unpalatable models can support
higher frequencies of mimics than more palatable ones (Brower 1960; O’Donald
& Pilecki 1970). The degree of unpalatability could also affect the fidelity of
imitation; imperfect mimics survive better if the model is highly distasteful
(Duncan & Sheppard 1965; Goodale & Sneddon 1977; Lindstrom ef al 1997, see
1.4.2.4). In terms of wasp-mimicking hoverflies, the model is not only unpalatable
(Mostler 1935), but also noxious. It seems likely that the high unprofitability of
the sting (see 1.4.2.4) could allow imperfection in the mimics in the same way as

high unpalatability does.
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1.5.2  Automimicry

The degree of unprofitability of the model is important to the dynamics of
mimicry. More than this, it determines the whole nature of the mimetic
relationship. In Batesian mimicry, the unpalatable species is the model and the
palatable one is the mimic. If their palatabilities are equal, it is Miillerian
mimicry. But sometimes palatability varies within a species (‘automimicry”)
(Brower et al 1967,1970,1978; Pough et al 1973; Ritland 1995). In this case,
palatable individuals of the species are identical in appearance to unpalatable
individuals (automodels) and are in effect intraspecific Batesian mimics
(automimics).

Automimicry (in those cases studied) arises through mimics feeding on
host plants with variable toxic chemical contents (Brower et a/ 1967; Ritland &
Brower 1991; Ritland 1994). The best-studied case is the Monarch (Danaus
plexippus) — Queen (Danaus gilippus) — Viceroy (Limentis archippus) complex.
The monarch and the almost identical queen have traditionally been considered
Batesian models for the viceroy (Walsh & Riley 1869; Brower 1958a,c) (though
the relationship was also considered Miillerian by some at an early stage (Poulton
1909)). Brower’s (1958a,c) studies upheld the view that the system was Batesian,
since monarchs were less edible than viceroys to jays, and the same birds
generalised between queens and monarchs.

However, monarchs and queens sometimes possess lower chemical
defences than expected (see Ritland & Brower 1991). Also, other studies with

birds show differences from Brower (1958a,c). For example Scrub Oak Jays,
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Pinon Jays, and Chickadees will eat some monarchs (Peterson 1964). Moreover,
red-winged blackbirds (Agelaius phoeniceus) found viceroy abdomens as
unpalatable as monarchs’, and more unpalatable than queens’ (wings were
removed to eliminate colour cues) (Ritland & Brower 1991). This implies that the
relationships between the species are Miillerian, not Batesian. This variation in
relative palatability can be explained by automimicry; in each case a different set
of butterflies was used, and their relative palatabilities depended on which host-
plant they had fed on. For example, queens fed on four milkweed species varied
in acceptability to red-winged blackbirds (Ritland 1994). The variability is so
great that their relationship with viceroys could be as Batesian models, Miillerian
co-mimics, or Batesian mimics, depending on which plant they were from.
Furthermore, queens feed on all four species in nature (Ritland 1994), and 280
queens caught in one area were extremely variable in palatability (Moranz &
Brower 1998). To add to the variation even further, monarchs have been found to
vary in palatability according to their age (Alonso-Meja & Brower 1994).

The reason female butterflies sometimes lay on non-toxic plants is
unclear. Unpalatability is advantageous, since it reinforces predators’ associative
learning, yet populations of some butterflies can contain up to 80% automimics
(Brower et al 1975). Though low levels of models can protect mimics (see 1.3.1),
this implies a cost to laying on toxic host plants, for example a decrease in larval
growth rate (Brower ef al 1972; Feeny et al 1985, but see Smith 1978; Feeny et al
1985) or increase in parasitoid attack rate (Gibson 1984). There could also be a

seasonal effect, similar to that seen between species (see 1.3.2) where automodels
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emerge before automimics. If individuals become more palatable as they get older
(Alonso-Meja & Brower 1994), or toxicities decrease over the season (Srygley &
Kingsolver 1998), predators could learn to associate warning colouration with
unpalatability early in the season with automodels, and later-emerg.ing
autoﬁimics would be protected.

Hence there can be variation in palatability between and within individuals
of a species. On top of this, there is variation in acceptability to predators
according to their level of hunger and variation between predators in their
tolerance to distastefulness and discrimination capabilities (Alcock 1971; Chai
1996; Dlusski 1984). This variation must lead to an extremely dynamic system,
which would be almost impossible to model, with a mosaic of relationships
differing in benefits over time and space.

If hoverflies are unpalatable (see 1.2.2) it is possible that they too are
automimics. If so, their colour patterns could be true warnings in some cases,
advertising their unpalatability. Unpalatable individuals would be Miillerian
mimics of each other, and palatable ones would be Batesian automimics. If this
were the case, there would be no reason to expect perfect mimicry of wasps.
Though there are reasons to doubt whether hoverflies are unpalatable at all (see

1.2.2), this is an idea worthy of further investigation.
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1.5.3 The palatability spectrum and its implications

1.5.3.1 The distinction between Miillerian and Batesian mimicry

Acceptability to predators also varies across a wide range between prey
species (Brower ef al 1963, 1968; Brower & Brower 1964; Marples et al 1989;
Sargent 1995). This is known as the palatability spectrum. In many cases, prey
cannot be simply categorised as ‘palatable’ or ‘unpalatable’, but are found to be of
an intermediate palatability, or weakly distasteful (Huheey1976,1980,1988;
Benson 1977; Sheppard & Turner 1977; Turner 1987,1995; Malcolm 1991; Speed
1993a,b; Gavrilets & Hastings 1998; MacDougall & Dawkins 1998). The
palatability spectrum has caused great debate because it complicates the
traditional definitions of Batesian and Miillerian mimicry. If ‘Miillerian’ species
are not equally unpalatable, the mutualistic nature of Mullerian mimicry is put
into question, because the more unpalatable mimic may suffer from the presence
of the more palatable (Huheey 1976; 1988; Speed 1993a,b). This type of mimicry
is somewhat Batesian in nature, and is hence called ‘quasi-Batesian mimicry’
(Speed 1993a). Monte;Carlo simulations show that mimics can benefit and
models lose out up to quite a high level of mimic palatability (Speed 1993a). This
implies that mimicry is often of this type, since mimics are rarely completely
palatable (Pinheiro 1996), and it is seems unlikely that a model and mimic will
have exactly equal palatabilities. The concept of quasi-Batesian mimicry is also
useful in explaining polymorphism in supposedly Miillerian mimicry rings (see

1.4.4.3).
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Alternatively, while the weakly unpalatable mimic must benefit more than
the strongly unpalatable mimic does, the latter could still benefit to some extent
(Sheppard & Turner 1977; Benson 1977, Turner ef al 1984; Turner 1984a,b.) If
s0, the mutualistic nature of Miillerian mimicry is maintained, and fhere is a clear
difference between the evolutionary dynamics of Batesian and Miillerian
mimicry. Alternative mathematical models to those of Huheey (1976) and Speed
(1993a) show discontinuity between Miillerian and Batesian mimicry (Turner et

al 1984; Owen & Owen 1984).

1.5.3.2 Predator behaviour in mathematical models

The debate hinges on a priori assumptions made about predator behaviour
by the mathematical models (Joron & Mallet 1998; MacDougall & Dawkins
1998; Speed 1999). Mathematical models use varying algorithms of learning and
forgetting, which make big differences to their predictions (Turner & Speed 1996;
Speed 1999), so the results of each mathematical model must be treated with
caution.

The nature of predators’ memory has been a subject for particular debate.
Huheey (1964) devised a simple ‘n-parameter’ model, with a set forgetting
variable, n, upon which many other more complex models have been based
(Huheey 1976,1980,1988; Brower ef a/ 1970, Pough et al 1973; Estabrook &
Jespersen 1974; Bobisud & Potratz 1976; Luedeman ef al 1981; Owen & Owen
1984). However, it is debatable whether there is a real relationship between n and

biological time (Benson 1977; Turner 1984a,b). Other mathematical models have
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used a fluctuating probability of the predator eating the prey in place of n (Turner
et al 1984; Turner 1987; Speed 1993a; Turner & Speed 1996). This attack
probability increases if the prey experienced is palatable, decreases if it is
unpalatable, and thereafter returns asymptotically to 50% over time if the prey is
not encountered again. Running Monte-Carlo simulations with such a system
allows many different algorithms of forgetting to be tested, including the
assumptions of the n-parameter models (Turner & Speed 1996).

Exactly how a predator’s attack probability decreases in nature is
uncertain; for example it may be cumulative or instantaneous, constant or variable
according to the strength of the stimulus, and dependent on time or on the
occurrence of external events (Turner & Speed 1996). There is a lack of
knowledge on this topic (Speed 1993a,b; Charlesworth & Charlesworth 1975;
Turner 1995; Turner & Speed 1996), and mathematical models have often ignored
models of learning developed by psychologists (see Turner & Speed 1996).
However, an important step was to use psychologically (Pavlovian) based rules
for learning, memory and motivation (Speed 1993a). The rules included that the
speed and asymptotic level of learning were dependent on the palatability of prey,
were not constant, and there was time-based forgetting. For a particular mimic-
model pair, the predator has an average asymptotic attack probability (aaap).
Speed found that a small difference between the model and mimic in palatability
could cause a big enough increase in the aaap for the model to outweigh the
benefits of sharing predator education; hence his premise that quasi-Batesian

mimicry is the norm.
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Furthermore, Turner & Speed (1996) ran Monte-Carlo simulations of 30
different combinations of 5 learning rules and 7 forgetting rules, and found that
most produced a spectrum of Batesian-quasiBatesian-Miillerian mimicry ‘zones’,
supporting this notion. However, in nature intermediate aaap’s may be rare, since
predators have sharp boundaries between their likes and dislikes (Turner et a/
1984; Malcolm 1990; Chai 1996). If intermediate aaap’s are rare, then the quasi-
Batesian zone may be only theoretical (Joron & Mallet 1998), and quasi-Batesian
mimicry would rarely be seen in practice.

Also, Turner & Speed (1996) did not include any consideration of predator
recognition errors in their analysis, but assumed the predator identified the prey
correctly 100% of the time. This factor could sometimes outweigh the costs of an
increased attack probability for the Miillerian ‘model’. This is because the
presence of even a more weakly unpalatable mimic could decrease the predator’s
chances of misidentifying the prey if it has a limited number of patterns it can
learn (MacDougall & Dawkins 1998). Whether the costs (an increased aaap) or
the benefits (a decrease in predator discrimination errors) are more important will
depend largely on the processing capacity of a particular predator. If it has a large
processing capacity, there will be no advantage in decreasing the number of
patterns and quasi-Batesian mimicry may dominate. However, if it has a more
limited processing capacity, the advantages of having a mimic could outweigh the
costs and thus the relationship could be truly Miillerian (mutualistic).

The limited amount of information on forgetting, learning, real levels of

aaap's , the costs of increases in aaap’s and discrimination errors make it very
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difficult to decide which of these factors are most important (Joron & Mallet
1998; MacDougall & Dawkins 1998; Speed 1999). In addition, parameters such
as hunger levels, alternative prey and imperfect mimicry will also impact on the
dynamics of mimicry. Therefore, while mathematical models can iﬁdubitably
provide insights, it is difficult to see how progress can be made in this area

without real empirical data using real predators.

1.5.4 Relationships between mimicry, unprofitability and flight morphology

Previous sections have shown in some detail how warning colouration and
mimicry can provide effective defence mechanisms against predation in the
complex and dynamic environment of variable profitability, relative abundance
and predator behaviour. However, the relationship between unprofitability and
colour pattern is only part of the picture.

Different prey have different strategies to cope with predation; some are
cryptic, and others deliberately advertise themselves with conspicuous
colouration, either honéstly (if aposematic) or dishonestly (if Batesian mimics).
Generally, two alternative defence strategies can be identified: ‘aposematism’ and
‘escape’. Kammer & Heinrich (1978) predicted that this divergence should be
associated with morphological, metabolic and thermoregulatory divergence. Most
work on this has been across butterfly families (e.g. Chai 1986; Srygley & Chai
1990a,b; Chai & Srygley 1990; Marden & Chai 1991; Srygley & Dudley 1993;
Srygley 1994; Chai 1996; Pinheiro 1996; Srygley & Kingsolver 1998). I shall

describe these relationships in some detail, since a later part of this thesis will
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attempt to use some of the relationships described here to determine what type of
defence strategy hoverflies are using. Table 1.1 (adapted from table 1 in Srygley
(1994)) shows some of the characters associated with the two strategies of
aposematism and escape. |

These divergent patterns are geographically robust between Panamanian
(Chai & Srygley 1990; Srygley & Chai 1990a; Srygley 1994), Costa Rican
(Marden & Chai 1991; Srygley 1994; Chai 1996), and Brazilian (Pinheiro 1996)
butterflies. There is also some indication from a small number of species that they
also exist in temperate regions (Srygley & Kingsolver 1998), though maybe less
so than in the tropics because of the relatively small proportion of specialised
predators (Chai 1996).

Most palatability and escaping ability information is based on the
preferences of rufous-tailed jacamars (Galbula ruficauda) (Chai 1996; Chai &
Srygley 1990). These are specialised avian insectivores, and usually attack flying
insects (see Chai 1996). However, the relative palatabilities and escaping abilities
of butterflies were found to be similar using a generalist kingbird (Tyrannus
melancholicus) (Pinheiro 1996), though their tolerance to unpalatability was much
higher. Palatabilities of three temperate butterfly species with Red-winged
Blackbirds (4gelaius phoeniceus) have also been broadly in agreement (Srygley

& Kingsolver 1998).
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Defence Strategy

‘Aposematism’ ‘Escape’
Character e.g. Heliconiines, e.g. Pierids and
danaines, ithomiines nymphalines
and their mimics
Palatability ">° Relatively low Relatively high
Thoracic temperature ** | Relatively low Relatively high

Difference between Small
thoracic temperature and
ambient temperature '

Large

Flight activity * Many times and places

Only in warm micro-
habitats with access to
sunlight

Flight muscle (thoracic | Relatively small
allocation)

Relatively massive

Gut/ ovary (abdominal | Relatively large
allocation) °

Relatively small

Abdomen shape "*’ Long, slender Short, stout

Centre-of-body-mass Posterior to wing base | Nearer wing base

position >7*

Flight speed "> Slow Fast

Flight pattern ' Regular, in straight Bobbing, erratic
lines

Probability of attack ” | Low High

Probability of escape if | Low High

attacked >

Damage when captured * | Little damage

More damage

Centre-of-wing-mass Relatively far from Near wing base

position wing base

Conspicuousness at rest | Conspicuous (wing Cryptic (wing undersides
210 undersides bright) cryptic)

" Chai & Srygley 1990

2 Pinheiro 1996

? Srygley & Kingsolver 1998
* Srygley & Chai 1990b

3 Marden & Chai 1991

6 Srygley & Chai 1990a

7 Srygley & Dudley 1993

¥ Srygley 1994

® Chai 1996

12 Mallet & Singer 1987

Table 1.1. Adaptive suites in butterflies with relation to defence strategies. Data was

obtained with live butterflies by a variety of methods (see references above).
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1.5.4.1 Temperature and flight muscle

An association is expected between body temperature and evasive flight
ability (Marden & Chai 1991), as temperature affects both whether insects can fly
at all, and their wingbeat frequency. Therefore it is not surprising that those
(mostly unpalatable) species which are relatively poor flyers have lower thoracic
temperatures than palatable, able flyers (Chai & Srygley 1990; Srygley & Chai
1990b). Furthermore; good flyers’ thoracic temperature is higher relative to the
ambient temperature, which is important for escape from a stationary position
(Chai & Srygley 1990) (though birds have also been observed capturing flying
butterflies (see Chai & Srygley 1990)). The maintenance of this high temperature
means that palatable butterflies tend to be active only in warm, sunny
microhabitats, whereas unpalatable species are able to perform in a wider range of
locations and conditions (Chai & Srygley 1990; Srygley & Chai 1990b).

To improve flight performance even further, palatable species tend to have
much more massive flight muscles (measured as FMR, flight-muscle mass/ total
body mass) relative to unpalatable species (Marden & Chai 1991). This additional
flight muscle mass in the thorax increases the power available for flight (Ellington
1991), which increases potential acceleration and flight speed (Chai & Srygley
1990). FMR is directly proportional to aerial acceleration (Marden 1987; Marden
& Chai 1991), and influences manoeuvrability (Marden & Chai 1991). Thus,
there is a clear divergence here between unpalatable butterflies, which do not
retain the ability to accelerate away from predators, and palatable butterflies,

whi_ch have been selected to do so.
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The thorax is largely composed of flight muscle (85-95% in dragonflies,
Marden 1989). Thus when the FMR is decreased (as in unpalatable butterflies),
we might expect that resources could be reallocated to other areas, notably
reproductive effort (e.g. Denno et al 1989; Groeters & Dingle 1989). A trade-off
is indeed observed, both between migratory and sedentary morphs of butterflies
(i.e. a trade-off with flight activity) and within sedentary morphs, with an inverse
relationship between ovarian mass and evasive flight capacity (i.e. a trade-off

with flight ability) (Srygley & Chai 1990a; Marden & Chai 1991).

1.5.4.2 Body shape and its implications

As noted above, unpalatable butterflies tend to have a relatively small
flight muscle, which trades-off with a relatively large abdominal mass (Srygley &
Chai 1990a; Marden & Chai 1991). This larger abdomen in unpalatable butterflies
is also associated with a long, slender shape (Chai & Srygley 1990; Srygley &
Chai 1990a; Chai 1996). Conversely, palatable butterflies tend to have short, stout
abdomens. The shape is again connected with flight agility and thus escape
ability; palatable butterflies not only have greater acceleration from their large
flight muscle mass, but are also more manoeuvrable in flight. This is because the
short, stout shape of palatable butterflies positions the centre-of-body-mass closer
to the wing base than in the long, slender, unpalatable butterflies (Srygley &
Dudley 1993; Srygley 1994; Srygley & Kingsolver 1998). Positioning the centre-
of-body-mass nearer the wing base reduces the body’s radial moment of inertia, |

which increases the body’s responsiveness to pitching motions generated by the
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wings (Ellington 1984). This maximises angular acceleration and
manoeuvrability, which effectively means that rapid changes in speed and
direction are facilitated (Ellington 1984; Srygley & Dudley 1993; Srygley 1994).

The position of the centre-of-body-mass produces obvious differences in
flight pattern between palatable and unpalatable butterflies (e.g. Bates 1862;
Carpenter 1939; De Vries 1987; Chai & Srygley 1990). Palatable butterflies
generally have a faster, more ‘bobbing’ flight, while unpalatable butterflies’ flight
pattern is more regular and smooth. This smooth flight is due to the positioning of
the centre-of-body-mass more distally on the abdomen (further from the wing
base) (Srygley & Chai 1990a; Srygley 1994 for details). This is an advantage to
unpalatable butterflies as it saves them the energetic costs of an irregular flight
path (Dudley 1991), and also increases the conspicuous effect of their colouration,
thus decreasing the chance of mistaken attack (Turner 1984b; Guilford 1986; Chai
& Srygley 1990). The energetic costs of bobbing flight in palatable species are
outweighed by the advantages of having a flight path that is hard to predict,
making them hard to catch (Chai & Srygley 1990). It may also act as a signal to
predators in itself, discouraging them from attacking unprofitable prey (Edmunds
1974; Gibson 1974; 1980) (see 1.2.3, 1.5.4.3).

As well as affecting flight pattern and flight performance, body shape
itself may serve anti-predator functions. The short bodies of palatable butterflies
are less easily grasped by predators than long, thin bodies. This increases
palatable species’ probability of escape if attacked (Chai & Srygley 1990;

Pinheiro 1996; Srygley & Kingsolver 1998), since capture by the wing is less
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harmful (Chai & Srygley 1990). While unpalatable species are more easily
captured, they are more likely to escape undamaged (Chai 1996), sometimes due
to their emitting a pungent scent when captured.

The general pattern of divergence between the two anti-preciator strategies
is also seen in wing loading (Chai & Srygley 1990; Srygley 1994); palatable
species’ centre-of-wing-mass, like their centre-of-body-mass, is positioned nearer
the wing base than in unpalatable butterflies. The position of the centre-of-wing-
mass affects the acceleration of the wing stroke, and the wingbeat frequency
(through changes in radial acceleration and inertia of the wings during
acceleration and deceleration during the wing stroke) (Ellington 1984; Srygley
1994). Positioning it nearer the wing base in palatable butterflies increases
potential flight speed by favouring rapid wing acceleration during the wing stroke

(Betts & Wooton 1988; Srygley 1994), again improving flight performance.

1.5.4.3 Mimicry and flight morphology

As described above, the body shape, flight pattern, centre-of-body-mass,
and wing loading of palatable butterflies all contribute to improving their flight
performance, while in unpalatable species, performance is compromised, with
energetic gains. However, as well as affecting flight performance, all these
characters may also act as signals to the predator. This is particularly well
established in unpalatable butterflies, where the flight pattern serves to increase
their often conspicuous colouration, and their long body shape is another obvious-

signal to predators. Long-bodied butterflies are rejected on sight more by
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jacamars than short-bodied ones (Chai 1996). As well as the ‘long body’ signal,
unpalatable butterflies are usually conspicuous at rest, with bright aposematic or
mimetic uppersides and bright undersides to their wings, whereas palatable
butterflies usually have non-aposematic uppersides and cryptic undérsides (Mallet
& Singer 1987; Chai 1996).

Batesian (palatable) mimics of unpalatable species will therefore improve
their mimicry if they mimic both wing colouration and body shape. Therefore we
would expect their characteristics to be similar to those in the ‘unpalatable’
adaptive suite. If mimicry is effective, the need for agile flight should be reduced
anyway since predation pressure will be reduced, again giving a flight
morphology similar to that of unpalatable species. However, selection may also
favour retaining features that contribute to evasive flight, since Batesian mimics
will not be released if captured by predators (unlike unpalatable species). This
makes it difficult for a good Batesian mimic with the flight pattern of the model to
evolve (Srygley & Chai 1990a; Srygley 1994; Chai 1996). Indeed, there seem to
be a very low number of ‘cheaters’ which have evolved a long abdomen without
unpalatability; most long thin butterflies, when tasted by jacamars, are not eaten
(Chai 1996).

Examples of Batesian mimics indicate that they do not fully mimic their
unpalatable models. For example, Dismorphia amphiona has a relatively large
thoracic mass relative to its models (Chai 1996), suggesting that it has retained
flight speed and acceleration in case of detection. Consul fabius, another palatable

mimic, positions its centre-of-body-mass near the wing base like other palatable
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species, retaining manoeuvrability, but positions its centre-of-wing-mass near to
that of its models (further from the wing base) (Srygley 1994). Again, this
suggests that it has retained aspects of evasive flight over its models (though a
change in centre-of-body-mass position could follow later in its evdlution)
(Srygley 1994).

Miillerian mimics, on the other hand, do not have the same problem,; their
colour patterns, long abdomens and unpalatability all reinforce each other. There
is evidence that the positions of centres-of-body-mass and centres-of-wing-mass
converge strongly within Miillerian mimicry complexes, independent of
phylogenetic effects (Srygley 1994, 1999; Pinheiro 1996), leading to close
mimicry of flight patterns as well as colour patterns. This is in contrast to the
traditional view that Batesian mimics will evolve to appear more similar to their
models than Millerian mimics do.

This strong association of positions of centres-of-body-mass and centres-
of-wing-mass within mimicry groups is not only found among unpalatable species
(Srygley 1994, 1999; Pinheiro 1996). Two mimicry groups, the Adelpha-
Doxocopa complex (Aiello 1984) and a green-and-black pattern group, are
usually considered to contain Batesian mimics, but no evidence was found of any
unpalatable models (Pinheiro 1996). However, some species in both complexes
exhibit a good ability to escape predators. If predators avoid these unprofitable
species (as they do unpalatable species), their mimicry of each other could be
purely for escape ability (what Srygley (1994) calls ‘locomotor’ mimicry), see

also 1.2.3).
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Additionally, some very bright palatable species may by aposematic
purely for flight agility (see 1.2.3). Specifically, two bright Morpho species were
the only palatable species (apart from Batesian mimics) ever rejected on sight by

kingbirds (Pinheiro 1996). (see 1.2.3 for more details).

1.5.4.4 Flight morphology in hoverflies

There are therefore a number of patterns we might expect if hoverflies are
mimics of wasps or if they are advertising their own flight agility (see 1.2.3.2). If
they are Batesian mimics of wasps, they will experience reduced predation
pressure, and thus be able to reduce their flight agility. Their subsequent flight
morphology would also be an advantage because it would mimic that of their
unprofitable models, which have no need for agile flight. On the other hand, as
discussed above, some mimics have retained some features of palatable species to
retain some flight agility in case of detection by predators. Since hoverflies vary
in their similarity to wasps, we might expect that those species which most
resemble wasps would have least need of retaining these features. Therefore, the
greater the similarity, the more ‘unpalatable’ features are likely to be retained.
Hence with increasing similarity to wasps, we might expect decreasing flight
agility (and thus a centre-of-body-mass further from the wing base), and a
subsequent increase in reproductive potential as seen in butterflies (Marden &
Chai 1991).

If, on the other hand, hoverflies are aposematic, different flight

morphologies would be expected. Since hoverflies would not be mimicking
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wasps, there would be no particular pattern of decreasing flight agility with an
increase in similarity to wasps. If hoverflies are unpalatable, and are advertising
this in the same way as butterflies, a pattern similar to that seen in table 1.1 would
be expected. Hence, ‘mimics’ (hoverflies with yellow-and-black stx;ipes) would
have lower flight agility than ‘non-mimics’ (black or cryptic species), with the
flight morphologies to match. If hoverflies are aposematic for unprofitability via
escaping ability, the opposite would be true; those species with black-and-yellow
patterns would be those with the best flight ability. Therefore we would expect
‘mimics’ to have better flight agility than ‘non-mimics’, and hence centres-of-
body-mass nearer the wing base and a lower reproductive potential. There would
again be no correlation between degree of similarity and flight agility.

Whichever kind of unprofitability they were advertising, hoverfly species
would be Miillerian mimics of each other, and there should be strong convergence
within mimicry groups for centre-of-body-mass position and other features of
flight morphology, as in neotropical butterflies (Srygley 1994, 1999).

No comparative study of flight morphology and reproductive features with
regard to colour patterns has yet been carried out for hoverflies. This could help
elucidate which, if any, of these scenarios is correct. One of the aims of this thesis

is to examine some of these hypotheses.

1.6 Mimicry in hoverflies
In this introductory chapter, I have tried to summarise the literature on

mimicry, emphasising which factors may impact on the efficacy of mimicry. This
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section briefly recaps, referring back to previous sections, the reasons why
mimicry in hoverflies is a particularly intriguing problem and what some possible
explanations are for the paradoxes we observe.

In hoverflies which mimic honeybees and bumblebees, we éee many of the
features associated with classic Batesian mimicry; high fidelity of imitation (see
1.4.2.1), low numbers relative to their models (see 1.3.1), polymorphism within
species for different models (see 1.4.4.1), and correlations in numbers of mimics
and models (see 1.3.3).

Some hoverflies are highly accomplished wasp mimics. The function of
high fidelity imitation of the abdominal patterns of Vespula in genera like
Temnostoma and Spilomyia is almost indubitably Batesian mimicry, especially
when seen in combination with behavioural mimicry (see section 1.1.1). These
high fidelity mimics, rarely seen in Britain, are relatively rare compared with their
models (Dlusski 1984). This is also true of the best mimics in this country, such
as Chrysotoxum spp (J. Owen, unpublished data).

However, the majority of wasp mimics, certainly in the UK, are ‘poor’
mimics, easily distinguished from wasps, at least by humans. Mimicry theory
predicts that Batesian mimics should evolve to have perfect mimicry, and it is
unclear why so many hoverfly species have not done this (see 1.1.1, 1.4.2.1).
These imperfect mimics often outnumber their supposed models by factors not
allowable by any theoretical model or experiment on Batesian mimicry (see 1.3.1,
1.3.3). If mimics outnumber models, predators should learn that their colour

patterns do not signal noxiousness because they will encounter mimics more often
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than models; in this case, there seems no reason why the mimetic patterns in

hoverflies should persist.

Alternative explanations to wasp mimicry need to be sought to account for

these paradoxes. Table 1.2 summarises possible explanations for poor wasp

mimicry in hoverflies.

Explanation Explains Brief description Colour Refer to
imperfection patterns section
or mimetic?
abundance?

High noxiousness | Both High unprofitability of | Yes, Batesian | 1.4.2.4,

of wasps model means more 1.5.1

mimics, and less faithful
mimics, can be
supported

Disturbed habitat | Abundance | Human-caused habitat Not clear 133

hypothesis disturbance has led to an

increase in larval food
source (aphids) for poor
mimics, artificially
boosting their numbers
Thermoregulation | Both Black areas in pattern No 1424

must coincide with
blood vessels which
need to be heated for
flight capability, thus

constraining the patterns

Table 1.2. Hypotheses explaining the existence and abundance of imperfect wasp mimics

(continued over page).
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Explanation Explains Brief description Colour Refer
imperfection or patterns to
abundance? mimetic? | section

Encounter rate | Abundance Predators actually encounter | Yes, 1.33

mimics less often than Batesian
models, despite their
abundance relative to models

Satyric Both A combination of ambiguous | Notclear | 1.4.3.1

mimicry signals leads to confusion in

the predator, allowing time to
escape

Aposematism | Both Hoverflies are unpalatable, Yes, 1.2.2,

for and are advertising their Millerian | 1.5.2,

unpalatability unpalatability 1544

Transition to Imperfection Poor wasp mimics are in a Yes, 1.4.2.2

perfect transitory phase towards the | Batesian

mimicry evolution of perfect mimicry

Aposematism | Both Warning colouration signals | Yes, 1.23.2,

for flight to predators that it will not be | Millerian | 1.5.4.4

agility profitable to chase such agile
prey
Predator Imperfection To predators, the colour Yes, 14.3.1
perception patterns are not imperfect, as | Batesian
their vision differs from
humans’
Phenology Abundance Seasonal fluctuations in Yes, 1.3.2,
abundance mean naive Batesian 133

predators learn to avoid
wasps before they encounter

large numbers of hoverflies

Table 1.2(continued). Hypotheses explaining the existence and abundance of imperfect

wasp mimics
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Not all of these explanations are mutually exclusive; the colour patterns of
hoverflies could have evolved for a combination of reasons. It is not possible to
examine all possible options within the remit of this thesis, but some of the more
likely and testable hypotheses are presented in subsequent chapters..

The remainder of the thesis is in the form of articles for scientific journals
(with the exception of chapter four, which explores the image analysis technique).
For this reason, I have covered a great deal of the information presented in
subsequent chapters in this general introduction, to put them into context. This
layout inevitably involves some repetition, particularly in the introduction and
methods sections.

I'have used a variety of novel approaches to investigating mimicry, rather
than the ubiquitous mathematical models and reciprocal frequency experiments.
The data used are derived from a variety of sources, including long-term
population data from Malaise trapping by J.Owen, many other hoverfly
population studies from the literature, and a large morphological dataset mostly
assembled by F.Gilbert.

The next three chapters (2-4), as well as drawing their own conclusions,
test assumptions and explore data used in the subsequent three (5-7). Firstly,
Chapter Two will use a long-term dataset from a suburban UK garden to closely
examine asynchrony in wasp mimics and ratios of mimics to models in this
particular ecosystem. This dataset also gives an opportunity to examine the

influence of model numbers on mimic abundance among years, as well as
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comparing wasp mimics and bee mimics. It is also used later to compare with less
disturbed habitats.

Chapter Three is not directly concerned with mimicry, but will explore an
extensive dataset on morphological characters across a wide range éf hoverfly
species, which is later used to test predictions about hoverflies’ colour patterns.
The relationship of the evolution of reproductive potential with that of body size
will be investigated, and the main selection pressures on these characters
discussed. Independent contrasts methods are used when comparing across
species, in this and subsequent chapters.

Chapter Four will make some important tests of the image analysis
technique used to rate similarity of hoverflies and wasps. The large-scale use of
the techniques in this thesis merit the close examination of these methods. I will
check whether any adjustments need to be made, and whether assumptions made
in the use of images are valid.

Chapter Five will then draw on both the population dataset from Leicester
and the image analysis technique to compare this highly human-influenced habitat
with undisturbed habitats through fieldwork and literature data, to test hypotheses
about the high abundance of poor mimics in the UK.

Following this, Chapter Six will attempt to clarify the reasons why wasp-
mimic patterns have not evolved to perfection in most hoverflies, by testing
predictions from different evolutionary scenarios using morphological
reproductive data across hoverfly taxa. Chapter Seven continues on this theme,

but using a direct measure of flight agility.
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Chapter Two

Abundance of Batesian mimics and their models in a suburban

garden

2.1 Introduction

One of the key factors in Batesian mimicry is the relative abundance of
models and mimics. Protection is afforded to Batesian mimics through predators
mistaking them for their unprofitable models (Bates 1862). The more abundant
the model relative to the mimic, the more the signal will be reinforced. Therefore
abundance of the model should have a large effect on the effectiveness of
Batesian mimics to survive and reproduce. This influence could be evident in a
number of ways.

Abundance of mimics is limited compared to abundance of models, since
if mimics are common relative to models, predators are more likely to encounter
mimics, thus undermining the effectiveness of the signal (Fisher 1930; Sheppard
1959; Edmunds 1974). Theoretical (e.g. Huheey 1964; Pough ez al 1973, Turner
& Speed 1996), empirical (e.g. Brower 1960; Huheey 1980; Nonacs 1985) and
field (Jeffords ez al 1979) studies have shown that Batesian mimics are indeed
better protected from predators when model abundance is high (though mimics do
not necessarily have to be less common than models to be protected (Brower

1960; Turner 1984a)).
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Model abundance can also affect the timing of mimic abundance.
However, strict temporal synchrony is not essential for protection of mimics, as
once thought (e.g. Sheppard 1959; Wickler 1968). Some mimics emerge after
their models in the year, and persist even after their models have disappeared
(Rothschild 1963; Hetz & Slobodchikoff 1988). Thus predators learn to associate
unprofitability with the pattern before mimics emerge, and still remember this
message even if the model is no longer present. This may even include the
following season, if predators’ memories are long enough (Evans & Waldbauer
1982).

The hoverflies (Diptera: Syrphidae) comprise around 250 species in the
UK, many of which appear to mimic wasps or bees (Wickler 1968; Stubbs & Falk
1983; Torp 1994). However, many wasp mimics only poorly resemble wasps,
compared with the high-fidelity mimicry of bees by hoverflies, or the mimicry
between butterfly species. The abundance of many hoverfly ‘wasp mimics’ is also
high relative to their putative models (Grewcock 1992; Dlusski 1984). These facts
put the status of hoverflies as Batesian mimics of wasps into some doubt, though
their mimicry of honeybees (4pis spp.) and bumblebees (Bombus spp.) is less
contraversial.

A 23-year Malaise trap dataset of hoverfly and Hymenoptera numbers
gives a unique opportunity to examine relative abundance of putative models and
mimics across years, and helps clarify the hoverflies’ status as mimics.

The abundance of wasp mimics relative to models should be relatively low

if this is Batesian mimicry. However, other studies show that relative mimic
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abundance is high in hoverflies (Dlusski 1984; Grewcock 1992; Howarth 1998).
This does not rule out their status as mimics, since mathematical models (Turner
1984) show that mimics can still persist up to a maximum of 10 mimics per
model, and practical studies (e.g. Brower 1960; Holling 1965; Avefy 1985;
Nonacs 1985) have also shown that mimics can still be protected even when they
outnumber models. Nevertheless, numbers should still be limited by model
abundance, even if this limit is high. Since the abundance of mimics is limited by
model abundance, correlations between wasp numbers and wasp mimic numbers
are predicted among years. Mimics should lose protection and hence suffer
increased predation as mimetic frequency increases (e.g. Lindstrom 1997). For
example, a season of high wasp abundance could support more wasp mimics,
because predators will encounter models more often. This might not be evident in
the season itself, because numbers will be restricted by the number of reproducing
adults already present, and most hoverfly species only have 1-2 generations per
year (Owen 1991). However, mimic abundance in subsequent years is predicted
to be affected because of the high survival rate and hence increased numbers of
individuals available to reproduce the next season. There could also be an effect
via predator learning; high abundance of models one year should lead to greater
reinforcement of the pattern’s signal, and more avoidance the following year
(providing predators can retain their memory of patterns over the winter (Evans &
Waldbauer 1982; Waldbauer & Laberge 1985)). Mimic numbers are not expected
to influence subsequent model abundance via predation effects in a similar way, _

because models have the genuine protection of noxiousness.



This study compares wasp and wasp mimic abundance across years to see
if they are correlated in the same year, or in adjacent years. If there are
correlations which are not seen between non-mimics and models, these could be
due to mimicry. These patterns are compared to bees and their hovérﬂy mimics,
which are expected to show some correlation between models and mimics across
years. There is some evidence of the influence of honeybee abundance on their
mimics; a sharp decrease in honeybee abundance in a Russian forest coincided
with a decrease in honeybee mimics in the same and subsequent years (Dlusski
1984).

Temporal synchrony is not seen between wasps and wasp mimics in
previous studies in the UK (Howarth 1998), US (Waldbauer et al 1977,
Waldbauer & Laberge 1985) or Russia (Dlusski 1994). Wasp mimics tend to be
present early in the season relative to wasps. This could still be explicable in
terms of mimicry if experienced birds remember the signal from the previous year
(Evans & Waldbauer 1982). The Leicester dataset is examined for similar
patterns, again compared to the equivalent in bees and bee mimics.

The abundance of alternative prey could also be important (Nonacs 1985;
Hetz & Slobodchikoff 1988), as its presence can reduce predation pressure on the
entire model: mimic complex. A high proportion of alternative prey in this case
might be part of the explanation for the persistence of mimics at times when
models are absent. Data on alternative prey are available from this dataset in the

form of counts of non-mimetic hoverflies. These are not the only alternative food



source to mimetic hoverflies for their predators, but they are likely to be a major

source of alternative prey to predators which catch flying insects.

2.2 Methods

2.2.1 Hoverfly data

Abundance data for hoverflies and Hymenoptera are from a long-term
Malaise trap study (partly published in Owen (1991)) of a suburban garden in
Leicester, UK. (52°38'N, 1°05' W). The garden is well-stocked with flowers
suitable for hoverfly adult feeding, and includes a variety of areas, comprising
sun, shade, trees, lawn, paving, flowerbeds and so on. The Malaise trap is
described in detail by Owen (1991, p.54). Essentially, it is a tent-like structure
made of meshed fabric; flying insects in its 2 metre-wide path hit a vertical
‘baffle’ of fabric and climb up it towards the light. They are then directed via an
obliquely pitched roof into a collecting jar of killing agent. The bottom of the trap
is coloured black, and the top white, to encourage the upward movement of
insects.

A Malaise trap, in theory, samples the population of flying insects in its
path without selectivity. It is therefore a better index of absolute populations than
traps which use attractants (Southwood 1978; Muirhead-Thomson 1991). Some
trap selectivity is inevitable; for example, larger beetles hit the baffle, drop to the
ground and walk away (Owen 1991). However, Malaise traps have been found to

be particularly suitable for highly active flying insects, such as the larger Diptera
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and Hymenoptera (Juillet 1963). The trap is dependent on insects climbing
upwards after hitting the baffle, and hoverflies do always climb upwards when
captured in a jar (pers. obs.). Flight behaviour may also affect trap selectivity. For
example, Owen (1991) reports that Lristalis tenax, E.pertinax and Myathropa
Jflorea may be under-represented in the Malaise trap catch, based on her
observations of numbers in the garden. She suggests that the strong flight of these
species makes them more likely to fly out of the trap when they hit the baffle.
Despite any possible effects of trap selectivity, relative numbers can certainly be
compared across years, since these effects should be the same each year. The trap
was placed in the same position in the garden (see Owen 1991) in all years
(except 1978), and this should also give consistency in catches across years.

All hoverfly, bee and wasp individuals were identified to species level.
The years used, and the period over which specimens were totalled, varied among
wasps, bees and hoverflies (Table 2.1). Years with no bee counts do not indicate
that no bees were present.

The weekly hoverfly counts were also converted to monthly data for some
analyses. Collections were made weekly on Sundays, and the weeks were
numbered from 1 each year, hence the actual dates of these weeks vary among
years. Where a week did not fall in the same month every year, the data were
allocated to whichever month the majority of its days fell into in the relevant year.
For convenience of reference to some figures, week numbers and months are

compared in Table 2.2,
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Hoverflies Wasps Bumblebees Honeybees
1972 Weekly Annual Annual No data
1973 Weekly Monthly Annual No data
1974 Weekly Monthly Annual No data
1975 Weekly Monthly Annual No data
1976 Weekly Monthly Annual No data
1977 Weekly Monthly Annual No data
1978 Weekly Monthly No data No data
1979 Weekly Monthly No data No data
1980 Weekly Monthly No data No data
1981 Weekly Monthly No data No data
1982 Weekly Monthly Annual No data
1983 Weekly Monthly Annual No data
1984 Weekly Monthly Annual Annual
1985 Weekly Monthly Annual Annual
1986 Weekly Monthly Annual No data
1987 Weekly Monthly Annual Annual
1988 Weekly Annual Annual Annual
1989 Weekly Annual Annual Annual
1990 Weekly Annual Annual No data
1991 Weekly Annual Annual Annual
1992 Weekly Annual Annual Annual
1993 Weekly Annual Annual Annual
1994 Weekly Annual Annual Annual

Table 2.1. Frequency of data collection for hoverflies, wasps, bumblebees and honeybees

for the years 1972-1994.
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Month Weeks
April 14, 15, 16, 17, (18)
May (18), 19, 20, 21, (22)
June (22), 23, 24, 25, (26)
July (26), 27, 28, 29, 30, (31)
August (31), 32, 33, 34, (35)
September (35), 36, 37, 38, 39, (40)
October (40), 41, 42, 43, (44)
November (44), 45, 46

Table 2.2. Weeks which fall into each month (for reference to graphs). Weeks in brackets

fall into different months depending on the year.

For the purposes of the analysis, hoverflies were categorised as bumblebee
mimics, honeybee mimics, wasp mimics or non mimics (Table 2.3). This was a
subjective judgement, but generally agreed with the judgements of others (e.g.
Stubbs & Falk 1983; Grewcock 1992; Torp 1994). Species with bright yellow or
orange stripes or lunules were classitied as wasp mimics, while black species and
those with small faint markings (such as Platycheirus spp., Melanostoma spp. and
Syritta pipiens) were cénsidered non-mimics. Bumblebee and honeybee mimics
were also judged subjectively by their similarity to Bombus and Apis spp., but
were easier to classity as their species do not vary in quality as much as wasp

mimics.

87



Bumblebee mimics

Criorhina berberina
Merodon equestris

Eristalis intricarius
Volucella bombylans

Honeybee mimics

Cheilosia illustrata
Eristalis arbustorum
Eristalis pertinax

Criorhina floccosa
Eristalis horticola
Eristalis tenax

Eristalis abusivus
Lristalis nemorum

Wasp mimics

Dasysyrphus albostriatus*
Dasysyrphus lunulatus*
Dasysyrphus tricinctus*
Dasysyrphus venustus*
Epistrophe grossulariae*
Epistrophe nitidicolus*
Epistrophe eligans
Eupeodes corollae*
Eupeodes latifasciatus *
Eupcodes latilunulatus*
Eupeodes luniger*
Parasyrphus malinellus*
Parasyrphus punctulatus*

Syrphus ribesii*
Syrphus torvus*
Syrphus vitripennis*
Chrysotoxum bicinctum
Chrysotoxum festivum
Chrysotoxum verralli
Lpisyrphus balteatus
Helophilus hybridus
Helophilus pendulus
Helophilus trivittatus
Melangyna cincta
Melangyna lasiophthalma
Melangyna triangulifera

Melangyna umbellatarum
Meliscaeva auricollis
Meliscaeva cinctella
Myathropa florea

Scaeva pyrastri

Scaeva seleniticus
Sericomyia silentis
Sphaerophoria menthastri
Sphaerophoria ruepelli
Sphacrophoria scripta
Xanthogramma pedissequum

Non mimics

Baccha obscuripennis
Cheilosia albitarsis
Cheilosia bergenstammi
Cheilosia paganus
Cheilosia proxima
Cheilosia vernalis
Chrysogaster hirtella
Eumerus strigatus
Fumerus tuberculatus
Ferdinandea cuprea
Ferdinandea ruficornis

Heringia heringii

Lejogaster metallina
Neoascia podagrica
Neocnemodon vitripennis
Orthonevra splendens
Paragus haemorrhous
Paragus tibialis

Pipiza austriaca

Pipiza bimaculata
Pipiza fenestrata
Pipiza luteitarsis
Pipiza noctiluca
Platyeheirus albimanus

Platycheirus ambiguus
Platycheirus angustatus
Platycheirus clypeatus
Platycheirus immarginatus
Platycheirus manicatus
Platycheirus peltatus
Platycheirus scambus
Platycheirus scutatus
Rhingia campestris
Syritta pipiens
Triglyphus primus

Table 2.3. Allocation of species caught to mimicry status groups. * indicates species is in
g Y

‘Syrphus group’. Allocation to groups was subjcctive, but generally agreed with the

Judgements of others (e.g. Stubbs & Falk 1983; Grewcock 1992; Torp 1994).
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2.2.2 Data analysis

Cross-correlations were carried out to compare model and mimic numbers
among years. In a cross-correlation, observations of one time series are correlated
with observations of another, at various lags and leads. In this case; the two series
are annual model totals and annual mimic totals over a number of years. A lag of
-2 to +2 years was used, effectively carrying out five correlations (Table 2.4).

Numbers of non-mimics and mimics were separately cross-correlated with
model numbers, and compared, to differentiate between fluctuations caused by
general factors affecting all hoverflies (e.g. weather conditions) and those which

could be due to mimicry.

Lag

-2 Mimic total correlated with model total 2 years later

-1 Mimic total correlated with model total 1 year later

0 Model total correlated with mimic total in the same year

+1 Model total correlated with mimic total 1 year later |
+2 Model total correlated with mimic total 2 years later

Table 2.4. Explanation of corrclations carried out by cross-correlation of lag -2 to +2.

2.3 Results

54032 individual hoverflies were collected and identified to 94 species (by
J.Owen) over the 23 years 1972-1994. Annual totals of putative models were also

obtained (Figure 2.1). Yearly totals of Vespula spp. were obtained for all years,
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Figure 2.1. Annual catches of putative models.

and monthly data on Vespula were available for 15 years (from M. Archer,
College of Ripon & St. John, York ) (Table 2.1). V.vulgaris was the commonest
wasp, followed by V.germanica. Other Vespula and Dolichovespula species were
rarely caught.

The most comnﬂon bumblebee was Bombus pascuorunm (54% of
bumblebees caught), followed by B.pratorum (13%), B.hortorum (12%),
B.terrestris (8%), B.lucorum (6%), and B.lapidarius, B.ruderarius, B.ruderatus

and Psithyrus spp. with less than 5% each.
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2.3.1 Within year data

Of the model data, only that for Vespula was segregated within years into
monthly totals. Thus three aspects of within-year patterns could be examined:

(a) relative proportions of different types of hoverfly over tfle season

(b) abundance of hoverflies relative to wasps over the season

(c) relative timing of emergence of hoverflies and wasps

2.3.1.1 Relative proportions of hoverfly types within years

For the early part of the season (May/ June), non-mimics usually

outnumber wasp mimics (Figure 2.2), but from July-September they are more
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Figure 2.2. Relative catches of non-mimetic hoverflies, wasp-mimetic hoverflies and
bee-mimetic hoverflies (comprising honeybee and bumblebee mimics). Percentages are

calculated weekly. Months are marked for reference.
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equal in number. Wasp mimics form a particularly low proportion of the
hoverflies caught at the end of June.

Bee mimics (in Figure 2.2 including both honeybee and bumblebee
mimics) form a much smaller percentage of the hoverflies caught than non-
mimics and wasp mimics. They are proportionally very few in August, despite
this being a time when honeybee numbers are at their peak (see Figure 2.8a, 2.8b).

Good wasp mimics (Xanthogrammea and Chrysotoxum spp.) are relatively
rarely caught. They generally only appear in July and August when total hoverfly

numbers are very high, and then only comprise 0.1-0.3% of the hoverflies present.

2.3.1.2 Abundance of hoverflies relative to wasps within years

Wasp mimics in an average year outnumber their supposed models for
nearly all the season (Figure 2.3a, 2.3b). (The Vespula weekly counts were
estimated by dividing the monthly totals by 4/5 weeks; hence the graph shows
sharp gradations between numbers in different months, which are not necessarily
a reflection of real numbers.) The number of wasp mimics relative to wasps rises
from May through to August (Figure 2.4). When wasp numbers are at their peak
in August they are also outnumbered the most. In September, the number of wasp
mimics relative to wasps drops sharply as wasp numbers stay high, but wasp
mimics start to decline. The mean annual ratio of wasp mimics to wasps is 4.64 to
I (= 0.81) over the whole season.

Non-mimics show less extreme variation over the season (Figure 2.3a),

though they have the same general pattern of a small peak in May/ June and a
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Figure 2.3 (a). Relative timing of weekly catches of wasps (Vespula spp.), wasp-mimetic
hoverflies and non-mimetic hoverflies. Wasp numbers are means for 1973-1987, hoverfly
numbers are means for 1972-1994. Weekly wasp data is approximated from monthly
totals by dividing by 4/5 weeks. (b) Mcan monthly catches of wasps, wasp mimics and
non-mimics (1973-1987 only). Bars show standard errors.
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Mean wasp mimics per wasp

large one in August. However, these peaks are more similar in magnitude than in
wasp mimics, with the early peak relatively large and the late one relatively small.
Bee mimics are much less common than wasp mimics (Figure 2.2). Within year
bee (model) data are not available from this source, but both honeybees and
bumblebees, unlike wasps, are present throughout the season from spring through
to autumn. The mean totals caught each year are shown in Figure 2.5. On average,
honeybee mimics caught outnumbered their models by 1.7 to 1 (£0.6, N=9 years),
and bumblebees outnumbered their mimics by 10.6 to 1 (£2.2, N=19 years),

though this will differ between bumblebee patterns (see discussion).
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Figure 2.4. Mean and standard crror of monthly wasp mimic catch/ monthly wasp catch

(1973-1987).
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standard errors.

2.3.1.3 Relative timing of hoverflies and wasps within vears

The main peak in overall hoverfly abundance is in early/ mid August, at
the start of the peak time for wasps (Figure 2.3a). Hoverfly numbers then drop
quickly, while wasp abundance stays fairly constant well into September. As well
as this large peak in hoverfly numbers, there is also a smaller one at around week
22 (end May/ beginning June), building up from the first hoverflies emerging
around the beginning of May. There is then a dip in numbers at the beginning of
July. Wasp queens start emerging at the same time as hoverflies, but numbers stay
very low until workers start to emerge during July. By far the most wasps appear
in August and September. There are often still many present in October, when

hoverflies have greatly declined.



Mean catch ‘good wasp mimics’

The timing of wasp mimics (Figure 2.3a) is similar to hoverflies in
general, but the early peak is much smaller as many hoverflies present at this time
are non-mimics. The main peak in wasp mimic numbers is again during weeks
32-34 (mid-August), just after wasps have started being common, bﬁt their
numbers quickly tail off while wasps continue to be abundant. Non-mimics
(Figure 2.3a) show a larger early peak in May/ June than the wasp mimics. The
second peak is again at the beginning of the main wasp season, and numbers tail

off more quickly than wasps’.
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Figure 2.6. Mcan and standard error of wecekly catch of ‘good wasp mimics’

(Chrysotoxum and Xanthogramma spp.) (1972-1994).

The ‘wasp mimic’ category includes a wide variety of hoverfly species.
These were split further to examine when different colour pattern types are
abundant. ‘Good wasp mimics’ (Figure 2.6), i.e. species with a high degree of
reselﬁblance to wasps (Chrysotoxum and Xanthogramma species), only start
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emerging at the beginning of July, well after many wasp mimics. Their peak in
numbers (though very low throughout) coincides with that of other syrphids, and
again numbers decrease quickly after this.

Other species were categorised as the ‘Syrphus group’ (see Table 2.3). These are
the ‘typical’ hoverfly species, comprising a variety of species, but all medium-
sized, rounded in abdomen shape, with yellow stripes or lunules. Figure 2.7 shows
their mean weekly catches. The ‘Syrphis group’ follows the general pattern of
hoverflies closely, with low early numbers, a trough at the end of June, and the
main peak in early August. Hence they form a fairly constant proportion of the
hoverfly population, despite the variation in numbers. Their proportion is highest
in July/ August (26-27% of hoverflies).

Episyrphus balteatus (Figure 2.7) emerges late, hardly appearing at all
before week 26 (beginning of July), and staying at lower or similar numbers to
wasps until the beginning of August, when numbers increase rapidly at about the
same time as wasps, overtaking them by some way. They form 17% of all
hoverflies in August and 22% in September. Helophilus, a more convincing wasp
mimic (quite large, with bright yellow markings) does not become common until
later than any of the previously mentioned groups; most do not appear until after
the beginning of August (Figure 2.7). There is no large peak as with many other
species, but they stay fairly constant in number throughout August and
September.

The timing of bee mimics is quite different (Figure 2.8a, 2.8b), with very

defined periods of activity. Bumblebee mimics peak much earlier, around week
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Figure 2.7 Mean weekly catches of wasps, “Syrphus group’ (Table 2.3), Episyrphus
balteatus and Helophilus spp1972-1994. Weekly wasp catches are estimated from
monthly totals for the period 1973-1987; hoverfly numbers are available for the period

1972-1994.

25 (end of June), and have all but finished by August when other hoverflies are
becoming most abundant. The majority of the bumblebee mimics are various
morphs of Merodon equestris, some of which are better mimics than others. If
Merodon is excluded, the other (good) bumblebee mimics are later, though still
early relative to other hoverflies (Figure 2.8a).

Honeybee mimics (most were Lristalis spp.) are more similar in timing to
late-emerging wasp mimics like L. balteatus (Figure 2.8a, Figure 2.7). They start
being caught at the beginning of July and peak around mid-August. Numbers then

decline sharply, though they often persist through October. Despite large numbers
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in August, the coincidence with the peak in all syrphids means their proportion
stays fairly low (see Figure 2.2). The timing of bumblebee and honeybee mimics
within years cannot be compared with that of their models from this dataset.
However, bees, unlike wasps, are present throughout the season in réasonable

numbers.
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2.3.2 Among-year dala

2.3.2.1 Wasps and wasp mimics

Yearly totals of Vespula spp. and hoverflies were compared for the 23
years 1972-1994. Figure 2.9 shows the yearly totals of wasp mimics, non-mimics

and wasps. Cross-correlation coefticients are indicated in Table 2.5.
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Figure 2.9. Total annual catches of wasp. wasp-mimetic hovertlics and non-mimetic

hovertlics.

When non-mimic numbers were compared with wasps, there was a
significant positive correlation (+0.00) between hoverfly numbers and wasp
numbers the following year (Figure 2.10). There were also positive correlations
between wasp numbers and non-mimics in the same and subsequent years. Wasps
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and wasp mimics (Figure 2.11) shows no signiticant correlations between years
with a lag of =2 to +2. There were positive correlations between wasp numbers

and wasp mimic numbers in the same and subsequent years, but these were

Lag i years between wasp and fly data

Hoverfly group -2 -1 0 +1 +2 Figure

number
Non-mimics 0.01 0.60* | 0.30 0.36 0.17 2.10
Wasp mimics 0.34 0.13 0.07 0.10 0.10 2.11
Good wasp -005 |-001 000 |0.12 029 |2.12a
mimics

Syrphus group 0.24 0.11 0.08 0.19 0.26 2.12b

Episyrphus 0.44* 10.02 0.11 -0.06 |-0.11 [2.12¢
balteatus
Helophilus -0.06 1010 -021 |-004 |-0.18 |2.12d

i
|

Table 2.5. Cross corrclation coclticients between wasps. non-mimics and wasp mimics.
Data consist of 23 vearly tolals caught in the Malaise trap. * indicatces the coefficient was

within 953% confidence limits.

smaller than for non-mimics. In contrast to non-mimics, the largest correlation
(+0.34) was a positive one between mimic numbers and model numbers two years
later. Breaking the wasp mimics down into smaller groups (as for the within-year
analysis), there were no significant correlations between the small number of
‘good wasp mimics’ and wasp numbers (Figure 2.12a) with a lag of -2 to +2

years.
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Figure 2.10. Cross-correlation between annual wasp catch and annual non-mimetic
hoverfly catch (1972-1994). Blocks show siz¢ of correlation coefficient. Lines are

confidence limits at the 95% level. Lag number explained in Table 2.4.
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continues over page).
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Figure 2.12 (c) Cross-correlations between annual wasp catch and annual Episyrphus
balteatus catch (1972-1994). (d) Cross-correlations between annual wasp catch and

annual Helophilus catch (1972-1994),

105



The pattern was difterent from that tor non-mimics (Figure 2.10). The
largest correlation (+0.29) was a positive one between wasp numbers and mimic
numbers two years later; this was larger than the equivalent correlation for non-
mimics. There were smaller positive correlations with mimic numbérs one year
later and the same year, and negative correlations with mimic numbers in
previous years.

The “Syrphus group’ was also different from non-mimics; like good wasp
mimics, they showed a decreasing positive correlation from mimic numbers two
years after models, through to one year after, through to the same year, though
none were significant at the 3% level (Figure 2.12b). However, there were
positive correlations almost as large tor positive lags. Lpisyrphus and Helophilus
(Figure 2.12¢,d) did not show any consistent patterns. For 12 balteatus (Figure
2.12¢), the only shift that produced a signiticant correlation at the 5% level was a
positive one (+0.439) between /v.hulteatus numbers and wasp numbers two years
later. Correlations between all other years were very small. Helophilus (Figure
2.12d) showed no signiticant correlations with wasps among years, though it was

different from non-mimetic hoverflies.

2.3.2.2 Bees and bee mimics

The test for bumblebees and honeybees was less powertul because model
data were available for tewer adjacent years.
Bumblebee catches were counted in 1972-1977, and 1982-1994. Six

successive years’ model data are missing, so analysis was only carried out for the
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thirteen successive years 1982-1994 (Figure 2.13). Cross-correlations (Table 2.6)
between bumblebees and non-mimics show by far the biggest correlation was a
significant positive one (+0.79) between mimic and model numbers in the same
year (Figure 2.14a). All other lags also showed positive correlationé. Bumblebee

and bumblebee mimic numbers

800
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Figure 2.13. Annual catches of bumblebees and bumblebee mimics.

also showed their largest correlation (+0.30) in the same year (Figure 2.14b),
though this was smaller than the correlation for non-mimics and not significant.
There was also a (non-signiticant) positive correlation between model numbers
and mimic numbers 2 years later (+0.24). Other time lags did not show the
positive correlations seen between bumblebees and non-mimics. Bumblebee
mimics included the species Criorhina berberina, Lristalis intricarius, Merodon
eque;slv/'i.s' and Volucella bombylans, but numbers were dominated by M.equestris,
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Figure 2.14 Cross-correlations between annual bumblebee catch and (a)annual non-
mimetic hoverfly catch (b) annual bumblebee-mimetic hoverfly catch (¢) annual
bumblebee-mimetic hoverfly catch excluding Merodon equestris. (All 1982-1994).
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-2 -1 0 +1 +2 Figure
number
Bumblebees | Non mimics 0.29 037 |0.79*% |0.24 030 {2.14a
Bumblebees | Bumblebee -0.11 -0.09 {030 |0.04 024 |2.14b
mimics
Bumblebees | Bumblebee -0.14 1034 1037 |056 0.52 | 2.14c
mimics excl.
Merodon
Bumblebee Non mimics -0.19 |-0.16 |-0.05 |-0.49*% | -0.16 | 2.17
mimics

Table 2.6. Cross corrclation cocfticients between bumblebecs, non-mimics and

bumblebee mimics 1982-1994. * indicates the cocfficient was within 95% confidence

limits.

debatably a less faithtul mimic than the others, at least in some of its morphs. If it

was excluded (Figure 2.t4c¢), the largest positive correlations were between model

numbers and mimic numbers one year later (+0.56) and two years later (+0.52).

This is in contrast to the pattern between models and non-mimics, where the

largest correlation was in the same year (Figure 2.14a).

) -1 0 +1 +2 Figure
» number
Honeybees | Non mimics -0.73* 1-0.50 [-0.26 |-0.12 [0.13 [2.15a
Honeybees | Honeybee mimics | -0.55 |-0.14 | 0.04 |-0.09 [0.01 |2.15b
Honeybee | Non mimics 0.08 -0.11 [ 0.69* 1021 (009 |2.16
mimics

Table 2.7. Cross corrclation cocefticients between honeybeces. non-mimics and honeybee

mimics 1984-1994 . * indicates the cocfticient was within 93% confidence limits,
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Figure 2.15. Cross-corrclations of annual honeybee catch with (a) annual non-mimetic
hoverfly catch (b) honeybec-mimetic hoverfly catch. Both 1984-1994. Two years of data

are estimated from nine years” real data (sce text).

Honeybee (Apis mellifera) cross-correlations (Table 2.7) with their mimics

were more problematic because so lew successive years of model data were
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available. The greatest number of successive years data which coincided with
hoverfly data was only six years, too few for a meaningful analysis. An analysis
of eleven successive years (1984-1994) was carried out, with just two missing
years filled with means from the other eleven.

Analysis of honeybees and non-mimics showed that the largest effect
(figure 2.15a) was a significant negative correlation between mimic numbers and
model numbers two years later (-0.73). This was also the biggest effect over the
same years between honeybee numbers and honeybee mimic numbers (figure
2.15b, correlation coeftiecient = -0.55). Non-mimics also showed a negative
correlation (-0.50) with honeybee numbers the next year. This was smaller (-0.14)

with honeybee mimics. Honeybees and honeybee mimics in the same year did not
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Figure 2.16. Cross-corrclations of annual catch of honeybee-mimetic hoverflies with

annual catch of non-mimectic hovertlics (1984-1994).
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show the negative correlation seen between non-mimics and honeybees. For both
honeybee mimics and non-mimics, there was barely any correlation between
honeybee numbers and mimic numbers in subsequent years. As expected, there
was a strong correlation (0.69) between honeybee mimic and non-lﬁimic numbers
in the same year (Figure 2.16), calculated only over the same eleven years as
before.

Bumblebee mimics and non-mimic numbers were cross-correlated for the
same 13 years as used for the bumblebee analysis (figure 2.17). There was not a

large correlation in numbers in the same year, as seen in honeybee mimics.
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Cross-correlation coefficient
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Lag Number

Mimic year shifted forw ard Mmic year shifted back
Figure 2.17. Cross-correlations of annual catch of bumblebee-mimetic hoverflies with

annual catch of non-mimetic hoverflics (1982-1994).



2.4 Discussion

Weekly Malaise trap catches of hoverflies over 23 years indicate that,
contrary to the expectations of Batesian mimicry, wasp mimics are generally more
common than their models. This is in agreement with the findings of previous
studies carried out with different counting methods (Dlusski 1984; Grewcock
1992; Howarth 1998), and hence is not simply an artefact of the trapping method.
Mimics can still be protected at abundance levels higher than those of their
models (Brower 1960; Turner 1984a), but only up to a limit of around ten mimics
per model. The mean annual ratio of hovertly wasp mimics to wasps is only 4.6:1,
but this varies widely between years, from 0.6:1 in 1981 to 16.5:1 in 1975.
Moreover, the ratio varies seasonally. The month with the highest mean ratio
(13:1) is August, and in many years it rises above this level. It is difficult to see
how a mimetic signal can maintain its deterrent to predators under these
circumstances.

The mimics of honeybees (Apis mellifera) maintain a more balanced ratio
to their models, though they do outnumber them slightly on average (1.7:1).
Combined with their better quality of mimicry compared with many wasp mimics,
and the presence of honeybees throughout the season, this is more consistent with
the concept of classical Batesian mimicry. However, luristalis spp. (which
comprise the majority of the honeybee mimics) may be under-represented in the
catch compared to their absolute abundance in the population (Owen 1991),

Bumblebee mimics conform to expectations to an even greater extent,

being far outnumbered by their models (mean = 10.6:1), though this is an annual
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ratio and the hovertlies are very seasonal. These are evidently good mimics, as
not only do they appear good to the human eye, but also the same species have
different colour morphs mimicking different species of bumblebee. Which
morphs were caught was not recorded, but the species caught all ha% morphs that
mimic bumblebee species common in this garden. For example, Lristalis
intricarius mimics the common Bombus hortorum/ B.lucorum/ B.terrestris type,
while the dominant Merodon equestris has morphs which resemble B.pascuorum
(54% of all bumblebees caught), B.pratorum and others.

When discussing the relative abundance of models and mimics, it is the
predator’s encounter rate with them that is important, which may differ from the
Malaise trap catch. This can be attected for example by prey behaviour; Dlusski
(1984) reports that upon the approach of a predator, hovertflies flew away while
bees and wasps did not, thus distorting the encounter rate of predators with
models and mimics away from their relative proportions in the population. The
ratios presented here may therefore bear litlle relation to the relative encounter
rates of predators. Nevertheless, there is an indication that better mimics are less
common than poor ones in relation to their models. This suggests that good
mimics are more constrained by their relationship to models, because they are
relying on their rarity to deceive predators. The poorer wasp mimics, in contrast,
seem able to maintain high abundance levels without the protection of rarity,
despite the fact that they probably deceive predators less than good mimics

(Dittrich ez a/ 1993). This pattern is borne out further by the fact that the few good
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wasp mimics in the UK (Chrysotoxum and Xanthogramma spp.) are very rarely
caught in comparison to their wasp models.

The large variation in model: mimic ratios is due to the considerable
among-year variation in abundance of hoverflies and hymenopterans. Predation
pressure is not the only selection pressure on hoverflies; food availability for
larvae and adults, sutlicient time for reproduction, suitable weather conditions and
other factors will also aftect their timing and frequency. However, if mimicry is
the purpose of their colour patterns, the influence of model abundance should be
detectable.

Models and mimics do not peak in the same years, so it is not a case of
some years being ‘good” or ‘bad’ for insects in general. There were positive
correlations between wasp numbers and the abundance of their mimics in the
following years, but the coetticients were smaller than those seen with non-
mimics. Theretore this cannot be seen as evidence for the influence of model
abundance on mimic numbers. Within the wasp mimics, ‘good wasp mimic’
numbers were better correlated than non-mimics with model abundance two years
previously, though the coirelation was not significant, but total numbers of good
wasp mimics are very low, and many years they do not appear at all in the catch.
The other very good mimics, the bumblebee mimics, did not correlate better with
bumblebee numbers than non-mimics did. unless the dominant Merodon equestris
was excluded. Hence the best bumblebee mimics do seem to be relatively highly
influenced by model numbers. However, though the mimetic colouration of

M.equesiris may not be as accurate as other species, behaviourally it is very like a
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Model Hovertlies | liffect of | Correlation | Effect of | Possible Figure
hoverflies | in same models on | conclusion
on models | year (zero | hoverflies
(negative | lag) (positive
lags) lags)
Wasps Non- At 1 year |- - Predation 2.10
mimics V
Mimic Increases | - - Predation 2.11
with lag
Good - - Increases | Protection 2.12a
mimics with lag
Svrphus Increases | - Increases | Protection and | 2.12b
group with lag with lag predation
Ihalicatus | At 2 vears | - - Immigration 2.12¢
H. pendulus | - - - No link 2.12d
Bumblcbees | Non- - Significant | - Environmental | 2.14a
mimics cifect fluctuations
Mimics - Some Somcat 2 | Protection and | 2.14b
effect years environmental
fluctuations
Mimics - Some At l and 2 | Protection and | 2.14¢
excluding ctfect years environmental
Merodon fluctuations
Honeybees Non- - - Increases | 7 2.15a
mimics with lag,
negative
Mimics - - Increases | ? 2.15b
with lag,
negative

Table 2.8. Summary of main effects found across vears between models and hoverflies,

and some possible intcrpretations,

bee. Honeybee mimics, unlike wasp mimics and bumblebee mimics, did not even

show positive correlations with honeybee numbers (though this analysis was for a

limited number of years). Honeybee mimics thus seem more influenced by

external factors that affect all hovertlies than by model abundance. This contrasts

with the findings ot Dlusski (1984) that a large drop in honeybee numbers

coincided with dramatic decreases in their mimic abundance, relative to other

hoverflies.
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Unexpectedly, hoverfly (particularly non-mimic) numbers appeared to
affect wasp numbers in some cases. This unpredicted positive effect could be due
to wasp predation on hovertlies, since high abundance of hovertlies could lead to
higher levels of prey for wasps, increasing their survival. Vespula Wasps do prey
on other invertebrates, including species of Diptera, and are the major predators of
some species (Toft & Rees 1998; Beggs & Rees 1999). Furthermore, the fact that
non-mimics affect wasp numbers more than mimics do could indicate that
hoverfly patterns provide protection trom wasp as well as bird predation,

Immigration of hoverflies into the garden could be masking some of the
effects predicted of model abundance on mimic numbers. This is seen particularly
in Episyrphus balieatus and Fupeodes corollae (a member of the Syrphus group)
(Owen 1991), and is thought to occur mainly from agricultural land, especially
after a warm spring with an abundance of aphids available as a larval food source.
The harvesting of crops then leads to mass movements of these species of
hoverfly. Hoverflies immigrating from other, possibly distant, areas will not have
been influenced by local changes in model abundance and the consequent survival
of mimics. Abundance of Lpisyrphies balteatus does indeed show little if any
correlation with wasp numbers (though it is also known to breed in the garden).
The significant eftect ol /«. balicarns on model numbers (Figure 2.12¢) could also
be spurious because of large-scale immigration of this species.

The suburban nature of the garden may also result in low predation levels
compared to a more "natural’ situation. Some species that are known to take

hovertlies (Torp 1994), such as swills (Apus apus), robins (frithacus rubecula)
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and great tits (Parus majory are recorded in the garden. However, these are
mainly generalists and may not constitute a high risk of predation for hoverflies.
Without a high predation rate, there is less reason to expect a link between model
and mimic numbers. |

Other factors may override the eftects of predation via mimicry in
influencing abundance of hovertlies. Competition among hoverfly species is
unlikely to be one of these, as analyses of population dynamics and
ecomorphological relationships on this community show that hoverfly species
respond independently to fluctuations in essential resources (Gilbert & Owen
1990). The resource levels (e.g. of aphids) themselves may have a large influence
on abundance, as well as external conditions such as the weather.

Model abundance is also expected to influence mimic seasonality within
years. In this garden, wasp mimics generally appear well before their models are
present in any numbers (similar to the temporal pattern found for wasp mimics by
Dlusski (1984)). The presence of wasp mimics early in the season before wasps
have built up in numbers seems to make little sense in terms of predator learning
if hoverflies are imitating wasps. Numbers of wasp mimics in May and June are
not high compared to later in the summer, but there are very few wasps present at
this time.

It is advantageous to hovertflies to be able to emerge earlier than wasps, to
take advantage of larval and adult food sources, and in some cases fit more
generations into the season. One factor which may make this possible despite the

lack of protection through model numbers is the presence of alternative prey;
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early in the season non-mimetic hoverflies greatly outnumber wasp mimics.
Theretfore, while predators may not yet have learned the unprotitability of yellow-
and-black patterns, wasp-mimetic hoverflies will be partially protected by the
presence of so much alternative prey. The fact that some birds can rétain
memories of patterns they associate with unprofitability for a period of several
months (Mostler 1935; Rothschild 1964; Evans & Waldbauer 1982), could also
contribute to the protection of wasp mimics from predators at this time. This
seems to be the case tor wasp mimics in the U.S. (Waldbauer er «/ 1977,
Waldbauer & LaBerge 1985), although these studies involve perfect mimics.
The timing of the large peak in wasp mimic abundance in August is also
difficult to explain purely in terms of mimicry, since numbers increase
dramatically before large numbers of wasps emerge, and thus before many
predators will have encountered wasps. Again, this suggests that other factors
such as food availability are playing a larger role than model abundance, and that
mimicry may not be the primary selection pressure on the timing of putative wasp
mimics. This is particularly evident when timing is compared with that of more
obvious mimics, such as bumblebee mimics, honeybee mimics and good wasp
mimics. Bumblebees are active from April until October, rising to a peak in mid-
June (Owen 1991). Merodon equestris, the most common bumblebee mimic,
times its appearance to coincide with this peak, and the other, rarer mimics
emerge after this when predators have had experience of bumblebees for some
months. Honeybee mimics also are mainly caught in the latter half of the season,

when honeybees have been active for several months, Good wasp mimics too
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were never caught (apart from one individual) before July. This again indicates
that where a species is deceiving predators effectively, selection through
predation constrains it to certain times of the year. The majority of the wasp
mimics do not appear to be constrained in this way.

However, not all wasp mimics are alike. For example, nearly all
Helophilus spp. are caught after the beginning of August and the large-scale
appearance of wasps. They do not peak until some time later. This seems
consistent wil‘h its status as a relatively good (though not perfect) mimic, being
large in size and bright yellow in pawern. Helophilus are abundant, but much less
so than wasps. In combination with other wasp mimics, their abundance is of
course much greater than that of wasps. However, predators can differentiate
between mimics of different quality (Dittrich es al 1993), and therefore there is
probably not a ‘rule of thumb’ for predators choosing between either ‘mimics’ or
‘non-mimics’. Therefore the low abundance of Helophilus should afford it some
protection (though there seem to be no eftects of wasp abundance on Helophilus
numbers (Figure 2.12d).

How well predators distinguish between different mimics in the field may
depend partially on the availability of resources at a particular time. In practice,
for example, in times of high resource availability predators may be able to afford
to avoid any insect with yellow markings, since plenty of alternative prey is
present with no risk attached. At times of low resources, however, they may be
forced to try more risky prey, probably starting with the poorest mimics (Srygley

& Kingsolver 1998). The time of lowest resources is likely to be when birds are



fledging (Srygley & Kingsolver 1998), which could be one reason why there is a
dip in hoverfly numbers around the end of June. Another reason for a dip at this
time could be that this is when fledgling birds are learning about colour patterns
and hoverfly phenology has been selected to not emerge at this timé (Waldbauer
& LaBerge 1985).

In contrast with Helophilus, the *Syrphus group’ start emerging early, with
a peak in May/ June before the time of high abundance in August. Abundance is
also high relative to wasps, and the among-year data showed only a slightly larger
correlation than for non-mimics with wasp numbers two years previously. There
was an equally large etfect in Syrphus group abundance on model numbers, again
possibly indicating the eftects of wasp predation. However, these eftects are not
significant. One alternative explanation for this apparent lack of constraint by
models despite their distinctive colouration is that species in the Syrphus group
are Miillerian mimics of each other. This could explain their similarity to each
other (though they are also closely related phylogenetically (Rotheray & Gilbert
1999)), as well as their high abundance, which would serve to reinforce the
message of fellow mimics. Their seasonality would also evolve to coincide with
each other, not with wasps. Two possible messages Mullerian mimics could be
reinforcing are distastetulness or escaping ability through flight agility. Even if
these are Mullerian mimics, there could also be extra protection afforded by their
superficial similarity to wasps, as there seems no reason why mimicry and

aposematism should be mutually exclusive.



Whether the patterns seen in this garden are typical of other sites is
difficult to establish, as long-term studies such as this one are rare. A setting with
more ‘natural’ abundances of insects and their predators could help clarify
whether the colour patterns of mimetic hoverflies, particularly wasp mimics, have

really evolved to deceive predators.



Chapter Three
Reproductive characters and body size in hoverflies

3.1 Introduction

Allometric relationships with body size are often explored to give insight
on the selection pressures that may have shaped variation in reproductive
characters (e.g. Harcourt ef al 1981). Though commonly encountered in the
literature, such studies are still dominated by vertebrates (but see, for example
Wiklund ef al 1987, Gage 1994; Poulin 1995; Pitnick 1996).

Male characteristics of the testis and sperm show great diversity among
species, which is often interpreted in terms of adaptiveness since there is high
heritability in testis size (e.g. Coulter ez al 1976). Inter-specific variation in testis
size correlates with sperm production, and therefore reproductive potential (Short
1979; Meller 1988, 1989). There is less evidence in invertebrates, but given that
the sole function of insect testes is to manufacture sperm (Chapman 1982) (unlike
in vertebrates, where hormone production is also involved), it seems certain that
testis size has an important role to play in reproductive potential.

Sperm number and sperm length both contribute to reproductive potential;
inseminating with a larger number of sperm will be more likely to saturate a
female’s reproductive tract (particularly important with sperm competition), while
longer sperm are more likely to participate in fertilisation than shorter ones (e.g.
in Drosophila: Snook 1997; Snook & Karr 1998). Testis length is directly related

to sperm length (Pitnick 1996, on Drosophila), indeed it can be used to predict
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sperm length in Drosophila (Joly & Bressac 1994). Testis volume also takes into
account sperm number; in Drosophila, 82% of interspecific variation in testis
mass is explained by variation in the amount of sperm being produced (Pitnick
1996). The effect of sperm competition is clearly seen in the relatioﬁship between
testis size and mating strategy: males of vertebrate species with polygamous
females have larger testes than those with monogamous females (e.g. Meller
1991; Stockley et al 1997), consistent with the idea of sperm competition risk
(Parker 1972) influencing the evolution of testis size. Studies on invertebrates
confirm this idea; in a study of 74 butterfly species, relative testis size increased
with risk of sperm competition, as defined by female mating frequency (Gage
1994). Tying in with this, ejaculate size (linked to testis size) correlates directly
with risk of sperm competition in some insects (Gage 1991; Vahed 1998).
Experiments show that the probability of fertilisation is proportional to the
number of sperm introduced by the male, relative to those of other males (e.g.
Martin & Dzink 1977). This is probably the reason for increased sperm number
(and increased testis size) in vertebrates, in which the sperm of different males
usually mixes in the female where multiple inseminations have occurred. In some
cases, this may also be the case in invertebrates, but in many there appears to be
little or no sperm mixing (Simmons & Siva-Jothy 1998). Increased sperm
numbers through increased testis size can still be adaptive, since increased sperm
number can also facilitate flooding of the female sperm storage organs and thus

prevent other males gaining access (Simmons & Siva-Jothy 1998) .
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Hence in multiply mating species there can be strong selection pressures
to produce large and long testes (as exemplified by the giant sperm produced in
some species of Drosophila: Joly et al 1995), but a limit is set on this by the costs
of testis production (Harcourt 1991). Previous studies in veﬁebrateg have shown a
significant positive allometric relationship between testis size and body size in
many groups (e.g. Heske & Ostfeld 1990; Kusano ef a/ 1991). In invertebrates,
Pitnick (1996) found positive allometry between testis mass and body mass
between Drosophila species, and Gage (1994) showed the same in butterfly
species. Similarly, correlations have been found between spermatophore size and
body size in butterflies (Svard & Wiklund 1989; Forsberg & Wiklund 1989), and
ejaculate size and body size in bush crickets (Wedell 1997). In this study, the
prediction that there is positive allometry of male reproductive effort is tested,
using two measures of male reproductive potential: testis length, and testis
volume.

Females are also under constant selection pressure to increase their
inclusive fitness, with fecundity as a major component (Stearns 1992). Ovariole
number is generally considered a direct measure of potential fecundity (e.g. Price
1975, 1977 on parasitoids; Fitt 1990 on Dacus, but see Leather 1994). Life-
history theory predicts a trade-off between egg number and egg size (Parker &
Begon 1986; Stearns 1992). Such trade-offs are frequently found in practice, for
example in fish (Elgar 1990) and birds (Lack 1968), as well as insects such as
crickets (Carriere & Roff 1995) and Drosophila (Montague et al 1981), though

exceptions do occur (e.g. Fitt 1990). The strategy producing the optimal
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compromise of offspring number, quality and survivorship (e.g. Sinervo 1990)
should determine where a species falls along the trade-off line, and may be
influenced by factors such as longevity (see Gilbert 1990), host range (Fitt 1990;
Gilbert 1990) and oviposition opportunities (Wiklund et al 1987).

Across related animal species, body size is generally correlated with both
egg size and egg number (Peters 1983). Real examples are plentiful; for example
clutch size is linked with body size across salamander species (Tilley 1968), and
body size and total fecundity are positively correlated across 35 nematode species
(Morand 1996). In other cases the link is not so tight (e.g. Fitt 1990 on Dacus;
Poulin 1995 on copepods), often in insects (Leather ez al 1994), indicating that the
history of change in egg traits has not purely been one of change in body size.
Here the prediction of positive allometry of female reproductive effort is tested,
using egg size, egg number and batch volume as measures of female reproductive
potential.

The Syrphidae (Diptera) are used as the test taxon for this work, a large
(>5500 species) family of flies distributed worldwide. Adults are virtually always
flower feeders, whereas larvae show a great variety of feeding modes (Rotheray
1993; Gilbert et al 1994). Adults vary greatly in morphology, with at least a 400-
fold difference in weight between the smallest and largest species. There is a
trade-off between egg size and number, with larval feeding mode influencing
where on the trade-off species lie: phytophagous species lay few, large eggs,
predators lay an average number of average-sized eggs, and saprophages lay

many small eggs (Gilbert 1990). Gilbert’s (1990) analysis took no account of
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phylogenetic relationships, since no phylogeny existed then. Recently, a generic-
level phylogeny has become available (Rotheray & Gilbert 1999), permitting the
phylogenetic analysis performed here.

In this study, ovariole number, egg volume and body size aré used to test
hypotheses about the selection pressures on female reproductive characters, taking
phylogeny into account using the independent contrasts method (Felsenstein
1985). The same is done for males using testis length, testis volume and body
size. For comparison, a similar analysis was carried out for a well-understood
morphological character associated with foraging (tongue length), correlated with
the corollae depth of flowers visited and the proportions of nectar and pollen in
the diet (Gilbert 1981, 1985). Evolutionary changes in tongue length are very
tightly correlated with changes in body size within a single genus, Platycheirus
(Gilbert ef al 1994), so it is expected to be more constrained by body size than are

reproductive characters.

3.2 Methods

3.2.1 Morphological data

Morphological data derive from fieldwork in the USA (Arizona, Oregon
and Maine), Poland (Bialowieza), the UK and the Russian Far East. Hoverflies
were frozen on capture, and then measured under a binocular microscope with an
ocular micrometer (details, see Gilbert 1981, 1985, 1990; Gilbert ef al 1994) and -

then dissected. Measurements included tongue length, and thorax width, length
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and height. The three thorax measures were multiplied together to give a measure
of thorax volume, used as an index of body size. Female ovaries were removed
into water, teased apart, and the number of constituent ovarioles counted per
ovary. The length (L) and maximum width (W) of mature (chorionafed) eggs was
measured, and egg volume calculated using the formula for the volume of an
ellipsoid (4/3)r(L/2)(W/2)?, to enable a measure of ovary volume (or batch size).
In males, the reproductive system was dissected out in water, and the length and
maximum width of the testis recorded. Testis volume was calculated in the same
way as egg volume. All characters were averaged over individuals to give a mean

value for each species (see Appendix 1).

3.2.2 Comparative method and statistical analyses

It is now generally agreed that it can be misleading to compare
morphological characters without taking phylogeny into account (e.g. Harvey &
Pagel 1991, Martins & Hansen 1996; but see Ricklefs 1996). This is because
species in a branching pﬁylogeny are not independent points. If taken as
independent, the significance of differences between taxa may be over-estimated,
many traits are similar because of evolutionary descent rather than independent
evolution (Harvey & Pagel 1991). Felsenstein’s method of independent
comparisons (Felsenstein 1985) was used to overcome this problem, implemented
by the computer program ‘CAIC’ (Comparative Analysis by Independent

Contrasts, Purvis and Rambault 1995).
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Independent comparisons methods remove the effect of phylogenetic
relationships by specifying a set of independent contrasts between pairs of species
or other taxa (Felsenstein 1985), in contrast to phylogenetic autocorrelation
(Gittleman & Kot, 1990) and maximum likelihood methods (Lynchv 1991), where
variation is separated into that associated with phylogeny and that independent of
it. With independent comparisons, each contrast is scaled by its expected standard
deviation. These standardised contrasts are then independent and normally

distributed, and hence are suitable for standard statistical analyses.

Standardised contrasts were calculated for thorax volume and tongue
length (229 spp), testis length and testis volume (157 spp), and egg volume,
ovariole number and ovary volume (91 spp). All data were reciprocally
transformed before calculating contrasts; this ensured that the data conform to
Felsenstein’s model of evolution of characters as a Brownian motion (or
continuous walk) process (Felsenstein 1985; Purvis & Rambault 1995). When a
set of contrasts for one variable is regressed on a set for another variable, a
positive slope indicates that the two traits are co-evolving in the same direction.
All regressions of contrasts were forced through the origin; the resulting slopes
give the true relation between the variables in the absence of phylogenetic effects
(Pagel 1993). A contrast between two nodes is assigned an arbitrary sign,
depending which node value is subtracted from which (Garland et al 1992). CAIC
deals with this by always assigning a positive sign to the independent variable; the.

other variable switches signs accordingly. All reproductive characters contrasts
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Figure 3.1. Genus-level phylogeny of the hoverflies, based on 187 morphological larval

characters.
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were regressed on thorax volume contrasts. In addition, change in male and
female characters was compared among species. The effects of body size were
removed by using residuals from the regressions of reproductive traits on thorax
volume.

For comparison with the regressions using contrasts, regressions of log-
transformed species means (not through the origin) were also carried out, using
the same species as used in the independent contrasts analyses. Logs of mean
reproductive character species values were regressed on thorax volume, as for

contrasts.

3.2.3 Phylogeny

A phylogeny of virtually all the Palaearctic genera of syrphids (Rotheray
& Gilbert 1989, 1999) was used, based upon 187 larval morphological characters
scored on 85 genera (Figure 3.1). Because this phylogeny is based on larval
characters, the phylogeny is completely independent of the adult-derived data
used here. The branch léngths are not known and hence equal branch lengths were
used. Branch lengths are important because they are used to provide expected
variances to standardise the contrasts; equal branch lengths assume a strictly
punctuational view of evolution and it is not known if this is accurate for the
syrphid phylogeny, but simulation work shows that even inaccurate branch
lengths give reasonable results with CAIC (Purvis ef al 1994).

CAIC has a particular advantage in that it allows multiple branches at a

node where the true bifurcating structure is not known (‘soft” polytomies). This
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allowed consideration of the data at the species level, with several species of a
genus branching from a node, despite the fact that the phylogeny is generic. It also
allows missing values, and thus considers the contrasts for the whole tree even
when values are not available for all species. Sample sizes for the regressions are
lower than the number of taxa used, because they use standardised contrasts, not
species means. Where specimens could only be identified to genus, data were
only used for calculating contrasts if no other species were available for that
genus, to avoid the possibility of contrasting a species with itself.

As well as comparing each character with body size for all species, the
analysis was repeated for the two main subfamilies. The syrphids currently are
classified into three subfamilies: the Microdontinae, Syrphinae and Eristalinae.
The Microdontinae have occasionally been classified as a separate family
(Thompson 1972): there is only data for four species here, and hence they cannot
be analysed separately. The Syrphinae are a monophyletic group mainly
aphidophagous as larvae, and they are fairly homogeneous in adult body design. It
is possible that the Syrphinae are a rapidly diversifying, recently evolved clade;
their relatively uniform adult form and larval feeding habits suggest this, but only
molecular data will shed light on whether this is the case. The rest of the syrphids
are classified as the Eristalinae, but are polyphyletic if the phylogeny of Rotheray
& Gilbert (1999) is correct; they contain syrphids with very different adult

designs and larval feeding habits.
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3.3 Results

3.3.1 Is the evolution of body size related to changes in tongue length?

There was considerable interspecific variation in both tongue length and
body size (thorax volume). Thorax volume varied from 2 mm® in Sphegina
petiolata, to 255 mm® in Criorhina quadriboscis, while tongue length varied
almost 10-fold, from 1.04 mm in Heringia heringii, to 9.8 mm in Criorhina
caudata.

Analysis of 85 independent contrasts (from 229 species) revealed that
tongue length and body size have evolved in a significantly positively correlated
fashion (Figure 3.2a; F) 3,=78.4, r’=0.48, p<0.001). This relationship had a slope
of 1.03 £ 0.12. There was a good relationship for both subfamilies, more so in the
Syrphinae (Figure 3.2b; 1°=0.58) than the relatively more diverse Eristalinae
(r2=0.3 1). As further support for the relationship between the two variables,
change in tongue length was positive in 74 of the 85 cases in which body size
increased, significantly-more than expected by chance alone (binomial test,
p<0.001).

Log-transformed species means also had a significant allometric

relationship (F1.216=404.6, 1’=0.65, p<0.001), with a slope of +0.32 + 0.02.
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3.3.2 Are body size changes related to changes in parameters of egg production?

The interspecific variation in egg characters was again considerable, with
ovariole number ranging from 8 in Melanostoma mellinum to 302 in Criorhina
caudata. Egg volume varied from 0.02 mm® in Syritta pipiens to 0.51 mm®, in
Volucella bombylans.

Analysis of 58 independent contrasts showed that ovariole number and
body size have evolved in a significantly positively correlated fashion (Figure
3.3a; F1,57=24.7, *=0.30, p<0.001). This relationship had a slope of 0.15 = 0.03.
As further support for a relationship between the 2 variables, change in ovariole
number was positive in 40 of the 58 cases in which body size increased,
significantly more than expected by chance alone (binomial test, p<0.001).

The relationship between change in ovariole number and change in body
size was stronger in the more diverse half of the phylogeny, the Eristalinae
(Figure 3.3b; F124=24.5, *=0.51, p<0.001) than in the more homogeneous branch,
the Syrphinae (F,3;=15.9, r*=0.34, p<0.001).

Changes in egg volume were less tightly linked to changes in body size
(Figure 3.3c; F) 57=16.2, ’=0.22, p<0.001), with a slope of 88.3 £ 22.03. Change
in egg volume was positive in 40 of 58 cases where body size increased, more
than expected by chance alone (binomial test, p=0.006). The relationship was
stronger in the Syrphinae (Figure 3.3d; F3,=10.5, r’=0.25, p=0.003) than in the
Eristalinae (F1,24=4.0, 1*=0.14, p=0.058).

Using log-transformed species means (not contrasts), both ovariole

number and egg volume also have significant allometric relationships with body
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size (ovariole number: F 135=83.0, r*=0.38, p<0.001 (slope +0.47 + 0.05), egg
volume: F, ¢s=78.3, *=0.48, p<0.001 (slope +0.47 £ 0.05)).

The patterns with body size may be confounded by any trade-off between
ovariole number and egg volume, so the relationship between the tv;/o was
examined. The raw species means showed a negative relationship between the
two characters if both were adjusted for body size (by generating residuals from
egg volume/thorax volume and ovariole number/thorax volume regressions)
(Figure 3.4a; F) 34=53.8, r’=0.39, p<0.001, slope=-0.66 + 0.09), confirming the
clear trade-off between ovariole number and volume found by Gilbert (1990).
Analysis of independent contrasts also found a negative relationship between egg
number and egg volume (again adjusted for body size) (Figure 3.4b; Fy,57=11.5,
r?=0.17, p=0.001), with a slope of —0.0006. However, ovariole number changed in
the opposite direction to egg volume in only 30 out of 58 contrasts, which could
be expected by chance alone (binomial test, p=0.896).

To rule out any possible problem with an egg number/egg volume trade-
off, the two were multiplied together to produce another parameter, batch size
(effectively ovary volume). Analysis of independent contrasts showed a strong
relationship between batch size and body size (Figure 3.5a; F; 57=90.6, r2=0.61,
p<0.001), with a slope of +5.80 + 0.61. 51 of 58 positive changes in body size
were associated with positive changes in batch size (binomial test, p<0.001). The

relationship was stronger in the Eristalinae (Figure 3.5b; Fy24=58.9, r*=0.84,
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p<0.001) than in the Syrphinae (F3,=68.0, *=0.69, p<0.001). There was also a
positive significant relationship with analysis of log-transformed species means

(F1,84=424.0, 1’=0.83, p<0.001), with a slope of 0.95 % 0.05.

3.3.3 Is bodly size related to parameters of sperm production?

Interspecific variation was again considerable, with testis length ranging
from 0.32 mm in Platycheirus discimanus to 25 mm in Criorhina kincaidi. Testis
volume ranged from 0.01 mm? in Heringia squamulae to 11.6 mm® in Microdon.

Analysis of independent contrasts revealed that testis size (volume) and
body size have evolved in a positively correlated fashion, though this relationship
was weaker than for female characters (Figure 3.6a; F 64=6.6, r’=0.09, p=0.013,
slope = +59.0 + 23.0). Further support for a relationship between the two
variables was provided by examining the directions of the contrasts; change in
testis size was positive in 49 of the 65 cases in which body size increased,
significantly more than expected by chance alone (binomial test, p<0.001). The
relationship between testis volume and body size was stronger in the Eristalinae
(Figure 3.6b; F} 20=6.9, r’=0.19, p=0.014) than in the Syrphinae (Fy,33=3.7,
1’=0.10, p=0.063).

Contrasts in another parameter of sperm production, testis length, were
tightly linked with contrasts in testis volume (F) 64=85.6, r*=0.57, p<0.001).
Change in testis length was positively related to change in thorax volume (Figure
3.7a; F167=2.2, 1’=0.03, p=0.142) with a slope of +1.09 + 0.73, but this was not

significant, and was weaker than for testis volume. This was true in both the
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Syrphinae (Figure 3.7b; F) 35=1.8, ’=0.05, p=0.194) and the Eristalinae
(F1,30=0.9, r’=0.03, p=0.889). Change in testis length was positive in 45 of 68
cases where body size increases, (binomial test, p=0.011), again a weaker
relationship than for testis volume or egg parameters. |

Comparing log-transformed species means, both testis volume and testis
length have significant allometric relationships with body size (testis volume:
F1147=51.1, 1’=0.26, p<0.001 (slope = 0.70 = 0.10), testis length: Fy 15=43.7,

r’=0.23, p<0.001 (slope = 0.46 + 0.07)), stronger than in their evolutionary

relationships.
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Figure 3.8. The size-adjusted interspecific relationship between batch size and testis
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regression are regressed on residuals of a batch size/ body size regression. Regressions

were forced through the origin.
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Comparing males and females among species, there was no association
between change either of the testis characters and change in any of the egg
characters, after adjusting both for body size (e.g. batch size contrasts and testis
length contrasts Figure 3.8; F;35=0.8, r’=0.02, p=0.365). Only 21 of36 contrasts
were in the same direction for males (testis length and females (batch size), which

could be expected by chance alone (binomial test p=0.405).

3.4 Discussion

Allometric patterns can help explore the selection pressures that have
shaped variation between species; if there are departures from orderly scaling
patterns, adaptive explanations need to be sought. Tongue length in hoverflies
showed no such deviation. As previously found within the genus Platycheirus
(Gilbert 1990), there was tight covariance between tongue length and body size,
both in species means and independent contrasts. Tongue length evolved in the
opposite direction to body size in only 11 of the 85 contrasts considered; for
example, Syritta has a smaller body size, but a longer tongue, than the closely
related genus Xylota.

However, reproductive characters in both females and males did not show
such orderly scaling patterns, implying strong selection pressures overriding the
evolutionary covariance with body size. Across related animal species, body size
is generally correlated with both egg size and egg number (Peters 1983). In
hoverflies, this seems true of ovariole number; the results indicate that the history'

of change in fecundity was largely one of body size change. A regression of
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independent contrasts was highly significant, and ovariole number frequently
increased where body size increased between species. The relationship between
change in egg volume and change in body size is weaker, especially within the
diverse Eristalinae (r>=0.14). Similarly Wiklund et al (1987) found.that body size
correlated significantly with egg number, but not with egg weight, in species of
pierid butterfly, and Poulin (1995) found a similar pattern across copepod families
using independent contrasts. There are contrasting selection pressures acting on
egg volume; an increase in egg size may lead to increased offspring fitness, while
a decrease in size could result in an increase in fecundity, because of the trade-off
between egg size and number. Like Gilbert (1990), a trade-off was found between
egg number and egg volume (once adjusted for body size) in hoverflies. However,
r* was fairly low (0.17), and the trade-off does not appear very clear-cut (see
Figure 3.4b), especially since ovariole number evolved in the opposite direction to
egg size in only around half the contrasts (30/58).

These patterns between egg size, egg number and body size may be partly
explained using the argument of Wiklund et a/ (1987), which runs as follows.
‘Baseline’ allometry between egg size and body size would be expected in the
absence of variation in any particular selection pressures. However, if hoverflies
are selected to maximise fecundity (ovariole number), this selection pressure
could be strong enough to override any correlation between egg size and offspring
fitness, and egg size would be reduced to a minimum, irrespective of body size
(Labine 1968). Scaling of egg size to body size would only occur if there was

some constraint on female fecundity. Wiklund ez al’s hypothesis was supported
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by the fact that Swedish satyrids, tolerant of low temperatures (whose fecundity
may be constrained by the length of time during which temperatures are high
enough for oviposition) did show scaling between egg size and body size,
whereas sun-loving pierids (whose fecundity is not constrained by iemperature)
did not. Furthermore, two satyrid species which were sun-adapted fitted with the
patterns of the pierids. It is possible that syrphids (especially the Eristalinae) may
also be maximising their fecundity, and limiting their egg size to a minimum,
regardless of body size. This would be most likely if the correlation between egg
size and offspring fitness is not strong; the weak trade-off between ovariole
number and egg size suggests this is sometimes the case. However, it is not clear
why the fecundity of the Eristalinae should be less constrained relative to the
Syrphinae.

Once these two measures are combined into one parameter, batch size,
there is a much stronger relationship with the evolution of body size, in all parts
of the phylogeny. Species means (rather than contrasts) show an equally strong
link. This (like Gilbert 1990) implies that size was the major influence on the
evolution of overall reproductive potential. Body size is bound to be influential,
larger bodies can probably mechanistically produce larger ovarioles, and in 40/58
contrasts (more than expected by chance) egg volume did increase when body
size increased. Therefore if eggs are sometimes reduced to a minimum size to
maximise fecundity, they may well still be larger in larger hoverflies.

The evolution of batch size is less strongly linked with body size in the

Syrphinae than in the Eristalinae. The cause of this could be the invariability of
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the Syrphinae in adult form for reasons not connected with reproductive potential
so oviposition strategies could have varied, whilst (relatively) body size has not.
Like egg variation in females, the patterns of testis variation in males were
complex. While not as extreme as in Drosophila bifurca, where spérm length (and
hence testis length) is twenty times longer than the male body (Pitnick et a/
1995a), there are very large variations in testis length among species of
Syrphidae, from 0.32 mm in Platycheirus to 25 mm in Criorhina. Drosophilids
are equally variable (see diagrams in Patterson & Stone 1952). Since there is a
tight correlation between testis length and sperm length, both observationally
(Joly & Bressac 1994) and evolutionarily (Pitnick 1996) it is assumed here that in
the hoverflies a long testis implies long sperm within it. Furthermore, though
producing sperm is traditionally considered cheap (Trivers 1972), producing such
long sperm is costly, increasing the costs of producing and maintaining testes
(Pitnick et al 1995a), reducing sperm numbers (Pitnick 1996) and delaying male
maturity (Pitnick ez a/ 1995b). The data suggest that some species of hoverfly
may also produce very long sperm, with the associated costs. The possible
selective advantages are unclear (Pitnick et al 1995b); long sperm may give an
advantage in the competition to fertilise ova, by swimming faster (Gomendo &
Roldan 1991), have a post-fertilisation function, providing nutrients for offspring
(Snook & Markow 1996) or function to flood the whole reproductive tract
(Simmons & Siva-Jothy 1998). These would only provide a selective advantage in
the presence of sperm competition. Nothing is known about this in hoverflies, but

all species mate multiple times, as far as is known, and sperm competition is
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widespread in other invertebrates and is considered nearly ubiquitous (Parker
1982, 1984).

The evolution of testis length and volume has clearly been less constrained
by body size than female characters, suggesting that other pressureé have had a
strong influence. The most obvious selection pressure on testis size is sperm
competition from other males. Variation in testis size suggests either variable risk
of sperm competition among hoverfly species, or variable mechanisms to deal
with it (for example, the very large sperm described above). Insects are known to
differ widely in their mechanisms of either promoting their chances of fertilisation
in sperm competition, or avoiding it altogether (Simmons & Siva-Jothy 1998),
even within a family (e.g. the drosophilids). Different mechanisms within the
hoverflies could therefore lead to different selective forces on testis size.

There was no evidence that the evolution of increased reproductive
potential in females is associated with that in males. Again, this was probably
because selective pressures on male testis characters are associated with diverse
modes of dealing with sperm competition, which is sexual selection independent
of any natural selection pressures shared with females.

The link between testis length and body size is weaker than that between
testis volume and body size. Strong selection pressures on sperm length in some
species may have caused this deviation from an orderly scaling pattern. This
suggests that selection pressure is stronger on sperm length alone than when

sperm number is also considered. If these selection pressures derive from sperm
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competition, this again emphasises the importance of sperm length in the
competition for fertilisation or as a post-fertilisation advantage.

There was a large influence of phylogeny on these relationships. The link
between changes in batch size, testis size and testis length and chaﬁges in body
size are all tighter if the species means are compared. Different conclusions would
be reached with these, effectively non-independent points. This emphasises the
need for incorporation of phylogeny into studies such as this; more such studies
are needed to untangle the complex patterns of reproductive allometry in

invertebrates.
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Chapter Four

Exploring the measurement of similarity

4.1 Introduction

David Grewcock (1992) introduced the concept of using a computer
program which objectively measures the similarity between model and mimic as a
tool for studying mimicry. Similarity to wasps is very variable in hoverflies, and a
way was needed of rating this quality without the use of subjective human
judgement. He suggested that ‘the most immediate barrier to the study of
apparently mimetic hoverflies was the diversity of abdominal patterns in the
[mimicry] complex, and the fluidity of subjective judgements about the similarity
of those patterns to that of the supposed model pattern’, and proposed a
‘technique ... which allowed the consistent quantification of pattern similarities,
with minimal reliance on subjective judgements.” This had potential uses for
looking at specific aspects of mimicry. However, similarity as measured and the
quality of mimicry are not the same thing. The latter is dependent on receiver
psychology; it is how predators perceive the patterns that determines the quality
of the mimicry. The main use of measured similarity values so far has been to
determine how closely similarity and mimicry coincide (Dittrich et al 1993).

Grewcock’s method mapped images of abdominal colour patterns onto a
grid, with each square containing only a single colour. Model and mimic images '
were compared using squares of progressively smaller size. The smaller the

squares needed to discriminate between the images, the more similar they were.
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Using this method, Grewcock (1992) successfully distinguished between a
number of hoverfly species in comparison to a wasp model, as well as showing
that the similarity of hoverflies to their wasp models was much lower than
between the classic model-mimic pairing of the Monarch and Vicefoy butterflies.

The technique was subsequently modified to make it faster and more
convenient, directly comparing corresponding pixels of two bit-mapped images
(described in detail later in this chapter). This discriminates successfully among
various hoverfly species, which show a wide range of similarity to wasps, as
expected. This way of measuring similarity is the approach used in this thesis.
The other main advance in the development of the image analysis has been to
look at the coincidence between actual and perceived similarity (Dittrich e a/
1993). Though Grewcock always assumed at least some relationship between the
two, experiments with pigeons have shown that they consistently rank images of
different hoverfly species in a way highly correlated to the measured similarities
(with some exceptions, see later discussion, and introductory chapter). The same
rankings also occur using pinned insect specimens rather than bit-mapped images
(Green et al 1999). These results are important to the use of the image analysis, as
the kind of variation measured by the technique is relevant to and correlated with
real biological decisions made by receivers.

In this thesis, the use of this helpful tool is expanded further for the study
of mimicry. Similarity measures have been made on a wide range of hoverfly

species, and then used in familiar and novel ways. One use has been to expand on
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Grewcock’s (1992) work, by using similarity values to approximate mimicry
quality, to compare the ‘mimicry profile’ of disturbed and undisturbed habitats.
Secondly, similarity values are used in a completely novel way to examine
the relationships between similarity to the model, reproductive poténtial and flight
agility. Altogether, image analysis is carried out for 68 images of hoverflies
compared to wasps, many more than the 10-15 images used in previous studies.
The use of similarity values on this large scale justifies some further
examination of the way these values are generated, as well as checking whether
the system reliably produces reasonable results. There are some problems inherent
in testing the method; its very purpose is to be objective and therefore using
human subjective judgement to test it would be inappropriate. However, the
practical implementation of the system can certainly be judged, and assumptions
made can be tested. Overall, the process should be reliable, repeatable, and
relevant to real life. Specifically, this chapter aims to answer the following
questions:
¢ How does the comparison of colour patterns work in theory and in practice?
e Does the program produce an intuitively sensible ranking of species? If not,
why not?
o Isthe use of a single Vespula vulgaris image justifiable?

e Isthe use of a single similarity value for a colour pattern group justifiable?
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4.2 How are the patterns compared?

4.2.1 How the image analysis technique works

Essentially, the method converts two-dimensional images to colour
bitmaps, and then generates a single-value description of the similarity between
them. This is done by superimposing the test and the reference image, and
calculating the distance apart of their corresponding pixels in red-green-blue

(RGB) colour space. There are three stages to this process.

Colour Red value Green value Blue value
Black 0 0 0

Dark orange 230 120 40

Orange 240 155 25

Yellow 255 204 102

Pale Yellow 255 255 153

Grey 204 204 204

White 255 255 255

Table 4.1. Red-green-blue values for colours used in syrphid palette.

Firstly, the images were prepared. Photographs of hoverflies from Torp
(1994) were individually scanned and manipulated using Adobe Photoshop so that
the image consisted only of the abdomen (from scutellum to tip). (Though a few
hoverfly genera have yellow patterns on the thorax (e.g. Xanthogramma,
Chrysotoxum), in most it is uniformly dark). A field guide (Chinery 1993)
illustration of Vespula vulgaris, the model, was treated in the same way. Some
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hoverfly images not available from field guides were obtained by directly
photographing specimens from the Natural History Museum, London. Small
imperfections, reflections and so on were eliminated from the images manually.
Using the program BitEdit™, the images were then reduced to a sfandard palette
of six colours (Table 4.1), which adequately describe virtually all hoverfly
colours, plus white as a background colour.

The images were standardised in size, such that all images were 90 x 100
pixels, with the image centred vertically to maximise overlap between images.

The orientation of images is shown in Figure 4.1.

T

N 90 pixels

4100 pixels—»

Figure 4.1. Orientation and size of images. The abdomen was centred vertically.

The first stage of the comparison was then carried out, by running the
program BITMAP (see Appendix 1) under Qbasic™. This converts each bitmap
file into a string of digits representing the colour pattern in each image.

In the third stage, another program (SHIFT: see Appendix 2) compares
each mimic pattern file to that of the model, producing a similarity value. This is
achieved by aligning the images in their bottom left corner (0,0), and shifting
them vertically and horizontally to maximise the matching of pixels, thus

allowing for slight orientation and positional differences between patterns.
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To produce the similarity value, SHIFT calculates the sum of colour
‘matches’, and ‘mismatches’, summed over all corresponding positions in the two
patterns. For comparisons involving black or white (the background), matches and
mismatches are calculated simply as shown in Table 4.2. |

Coincidence of white pixels are not counted as matches because white is
the background colour, not part of the image. However, correspondence of white
(background) and black or coloured pixels are counted as mismatches because

they represent differences in body shape.

Colour of pixel | Colour of corresponding | Match Mismatch
pixel (after shifting)

White White 0 0

White Not white 0 1

Black Black 1 0

Black Not white or black 0 1

Table 4.2. Match and Mismatch values allocated to pixel comparisons involving black

and white.

When black is paired with a colour (i.e. not black or white), a mismatch is
scored, because this represents a difference in pattern distribution, since the
coloured areas differ in location. However, where two non-black colours
correspond in position, this does not necessarily mean that the patterns (in terms
of distribution of black) at that position are different, since potentially only the
colour of the pattern may differ. For example, it would not make sense to count a

pairing between a yellow and a pale yellow pixel as just as much of a mismatch as
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that between black and yellow (mismatch=1). Therefore matches between

coloured pixels were calculated as shown in Table 4.3.

Colour of corresponding non-black-or-white pixel | Match Mismatch
(after shifting) |

Same colour 1 0
Different colour 1-p p

Table 4.3. Match and Mismatch values allocated to pixel comparisons involving colours

(not black or white). Value of p is explained in text.

p measures the degree of mismatch, which is the distance apart of the two
colours in RGB colour space (the numerator in the following equation), relative to
the distance apart of black and white (the denominator). This is calculated as
follows, using the RGB values of colour,,, (mimic image) and colourg (reference

image).

p = Vl(red,-redp)+( greeny, -greeng)*+(blue,-blueg)*]
2553

Hence p and the degree of mismatch increases in magnitude as colours become
more dissimilar.

The matches and mismatches for the image are then summed. The overall
picture similarity is calculated as the total number of matches divided by the total
number of matches and mismatches

Matches

matches + mismatches
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In this way, a similarity value is obtained which takes into account not just
the proportion of yellow (or other colour) in the abdominal pattern, but also the

distribution and shade of the colour.

4.2.2 The role of colour

The colour palette used for the images is shown in Table 4.1. A value for p

was calculated for a comparison between each colour and yellow (colour of wasp

pattern) (Table 4.4).

Colours paired p-value
Yellow and yellow 0.00
Pale yellow and yellow 0.16
Orange and yellow 0.21
Dark orange and yellow 0.24
Grey and yellow 0.26

Table 4.4. p-values obtained from different colour pairings.

The smaller the value of p, the more matches and fewer mismatches.
Therefore pale yellow is considered the most similar to yellow, followed by
orange, dark orange and grey respectively. To get an idea of how the comparison
of these colours works in practice, grids (100x100 pixels) were compared in
different colours. These grids approximated to the pattern on the second tergite of
a wasp (Figure 4.2a) and a putative mimic (Figure 4.2b). Those grid squares

which are white in the figure were either yellow, pale yellow, orange, dark orange
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or grey (see RGB values in Table 4.1). Grid A (model) in yellow-and-black was

compared using SHIFT to either itself or Grid B (mimic). The results are shown

in Table 4.5.

A (model)

Figure 4.2. 5x5 grids used to compare colours.

B (mimic)

Grid A (y-and-b) Colour of grid Similarity value (%) Shift
compared with:

Grid A Yellow and black 100 (0,0)
Grid A Pale yellow and black 89 (0,0)
Grid A Orange and black 86 (0,0)
Grid A Dark orange and black 83 (0,0)
Grid A Grey and black 32 (0,0)
Grid B Yellow and black 72 (0,0)
Grid B Pale yellow and black 64 (0,0)
Grid B Orange and black 64 (0,0)
Grid B Dark orange and black 63 0,0
Grid B Grey and black 25 (0,0)

Table 4.5. Similarity values produced by SHIFT for test grids.
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In practice, then, a difference in colour from yellow makes a difference of
10-15% to the similarity score. Where a difference in pattern distribution is also
involved, this is reduced still further. Contrasts to orange, dark orange and pale
yellow all produce approximately equal differences from yellow, és expected
from the relatively similar p-values. The exception to both of these is where the
other colour is grey; here the drop in similarity is dramatic.

Where the pattern is different, comparing grid A to grid B, the colour
plays a lesser part in determining the similarity value, because contrasts between
black and colours produce bigger mismatches than contrasts between colours.
This is nearly always the situation in nature, where there are both colour and
pattern differences between model and mimic. Therefore differences in colour
play a lesser role than pattern distribution in determining similarity values. What
importance the shade of yellow has in signalling to predators is unclear; pigeons
certainly can rate hoverfly images of different colours than yellow as highly
similar to wasps (e.g. Episyrphus balteatus, which is orange in colour). Grey
would seem much less of a warning signal than any yellow-based colour, and so
probably deserves its lower ranking. Therefore, based on what little is known
about the nature of colour perception in predators, the colour ratings obtained

seem reasonable.

4.2.3 The role of pattern distribution

The distribution of black and a contrasting colour, then, is the main

determinant of the similarity value. A few pattern distributions were studied, to
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look at this in some more detail. Again, these were grids 5x5 squares (100x100
pixels) and the model was based on a simple version of the second tergite of
Vespula vulgaris. The pattern distributions of the mimics were loosely based on
the second tergites of Syrphus ribesii, Temnostoma vespiforme, Episyrphus
balteatus and Chrysotoxum arcuatum. All grids were in yellow and black (Figure
43).

A range of similarity values were produced, as shown in Figure 4.3. None
of the images were shifted to produce the maximal match by SHIFT. All 4 mimics
had black parts towards the left and right of the image, with some yellow in the
middle, and the lowest score was 53 %; hence even a general resemblance to a
model feature is being acknowledged. Both shape and proportion of yellow were
significant. For example, the ‘S.ribesii tergite’ image had much less yellow (four
squares) than the model (nineteen squares), and in ‘C.arcuatum’ the directional
pattern of the yellow was reversed from that of the model; both of these received
the lowest scores. In ‘E.balteatus’, the pattern was similar to ‘S.ribesii’ except the
area of yellow was expanded to eight squares; this resulted in a higher score. In
‘T.vespiforme’, not only was the area expanded, but the shape of the yellow band
was much more similar to that of the model; this produced the highest score of all.
Hence the program does, at least with these test, seem to be sensitive to both the
area of the yellow, and its shape relative to that of the model.

These grids also show another important point. ‘S.ribesii’ and
‘C.arcuatum’ had the same similarity score, though they do not resemble each

other, because both had 10 matching grid squares and 15 mismatching grid
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squares relative to the model. Several other patterns could also have produced this
score. In other words, two images can have the same resemblance to the model,
but different resemblances to each other. This is because the image analysis does
not recognise and match particular features, but just looks at the ﬁagnitude of
pattern differences. In practice, this should not present a problem, as any features
which are mimicked, but in slightly different locations, should be brought

together by the shifting process.

Model Mimic Similarity value

I
53 ‘S.ribesii’
78 ‘T.vespiforme’
66 ‘E.balteatus’
53 ‘C.arcuatum’

Figure 4.3. 5x5 grids used to compare pattern distributions
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4.3 Fine-tuning of the measurement of similarity

It cannot be stated whether the similarity values produced are ‘right’ or
‘wrong’, as the aim is to produce values unbiased by human subjective
judgements. However, the program can still be checked to ensure that it is
working to produce intuitively sensible rankings. The similarity values produced
with SHIFT are shown in column 1 of Table 4.6. Good mimics, like Temnostoma
species, Xanthogramma and Chrysotoxum, score relatively highly and very poor
mimics like Volucella pellucens and Leucozona lucorum score poorly, as
expected. However, two main anomalies occurred when using SHIFT which

appeared counter-intuitive.

4.3.1 Allowing for different body sizes

Firstly, some small species produced very high similarity values, because
all images were standardised for size in the analysis. For example, Parasyrphus
lineola was ranked as second highest in similarity, despite the area of its abdomen
being only around 30% that of V.vulgaris. Similarly, Melangyna lasiophthalma
and Meligramma guttata were ranked 6" and 8" respectively, though their
abdomen areas are only 37% and 22% that of V.vulgaris.

The relationship between size and distance in terms of pattern perception
is likely to be complex. Humans tend to base their discrimination between wasps
and hoverflies on size cues (Grewcock 1992). However, pigeons shown novel

images of hoverflies with no control for size still mostly rated them the same as

163



when they were given standardised images (Dittrich ez a/ 1993). However, the
mimics used were all at the larger range of size of hoverflies; it does seem
incongruous to have these small species ranked so highly. Therefore the similarity
values were converted for size in the following manner. |

Using the same photographs that were scanned to calculate the similarity
values, the length and width of the abdomen were measured and multiplied to
give an approximate abdomen image area. This was converted to a proportion of
the abdomen area of a Vespula vulgaris worker, between 0 and 1. Where a
mimic’s abdomen was larger than that of the model, the proportion was converted
to less than 1 accordingly; for example, Didea alneti had a proportion of 1.02,
which was converted to 0.98. The areas ranged from 0.16 (Sphegina flavimana) to
0.98 (D.alneti) of V.vulgaris. Similarity values were adjusted to range from 0-
100% (previous range: 52.31%-74.77%). These were then multiplied by the
relative body size to give size-adjusted similarity values (see column 2 of Table
4.6).

For example, P./ineola was reduced in rank to 29" M.lasiophthalma to
22" and M. guttata to 38", of the 59 species measured, and larger species rose in
rank accordingly (see Table 4.6). This is not to say that size has taken over as the
primary determinant of the similarity value; large poor mimic species such as

Volucella pellucens and Leucozona lucorum still ranked lower.
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4.3.2 Allowing for all-black tergites

The other main anomaly of the similarity values produced by SHIFT was
that some entirely black or metallic-coloured species such as Chalcosyrphus
nitidus and Ferdinandea cuprea had relatively high similarity scores. When size-
adjusted, these two species were ranked as 25" and 19" respectively of 59 species
measures, despite a complete lack of any colour signals corresponding with those
on a wasp. This is clearly because the model pattern has a large proportion of
black pixels, which match with pixels on these black species.

To overcome this, a new system of matching images was devised such that
large areas of black, with no colour patterns upon them, would not produce large
match totals, but instead give a very low score. To do this, each abdomen image
was split into four sections, corresponding to tergites 1, 2, 3 and 4+ (see Figure
4.4). Tergites 2, 3 and 4+ were then each compared separately, relative to the
model’s equivalent tergites. BITMAP remained the same, converting the bitmaps
to descriptive text files, but a new program, SEGMENT (written by F. Gilbert)
compared the tergites separately, replacing SHIFT.

SEGMENT tests each tergite by overlaying the midlines of the mimic and
model tergite, and shifting them in the y-axis only to obtain the maximal match.
Mismatches and matches are calculated for each of the three tergites separately,
and a similarity value is calculated for each. To obtain an overall similarity value
for the image, the matches and mismatches for all three tergites are summed and
total matches/ matches + mismatches calculated as before. Hence the overall

similarity value is not just the sum of the similarity values for each tergite.
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By splitting up the pattern like this, any tergites which are totally black
can be identified, and the match score can be brought down accordingly. Where a
mimic tergite consists only of black pixels, the number of matches is counted as
zero, though the mismatches are still counted. This brings down the overall
matches considerably even if only one or two tergites are black; if all three are
black, the total match number is zero and hence the overall similarity value is
zero. For the wasp model image, ‘tergite2’ for the purposes of SEGMENT in fact
also included part of the first tergite, because it contains some of the yellow

pattern. In hoverflies, the first tergite rarely has any pattern on it.

Shifted
in this
axis
only

Figure 4.4. Abdomen image split into tergites.

The aim of using SEGMENT was to emphasise the influence of large
black areas on lowering the similarity to wasps, whilst generally retaining the
rankings of other species. The altered similarity scores can be seen in Table 4.6,
and their rankings in Table 4.7. Black/metallic species Chalcosyrphus nitidus,

Chrysogaster solstialis, Ferdinandea cuprea, Heringia heringii and
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Neocnemodon vitripennis have clearly been reduced to similarity values of zero.
This objective was therefore successful.

However, the change of method to using separate tergites also influences
the similarity values of other species. A check was needed to ensufe that this new
system did not undermine the validity of the image analysis.

Looking at the changes in similarity ranking in Table 4.7, columns 1 and 2
can be compared to show that the black species have been greatly reduced in
similarity value. Columns 3 and 4 show how similarity ranks have changed for
those species which have not been affected by possessing a black tergite. 71% of
images have changed by 5 ranks or less, and 90% by 10 ranks or less. The
correlation between ranks obtained with SHIFT and SEGMENT (excluding
images with black tergites) is highly significant (Spearmans rank correlation (one-
tailed) r;=0.90, p<0.000, n=48). Nevertheless, the possible causes of the changes
in rank are investigated briefly.

In particular, there is variation in relative tergite lengths between species,
and it is possible that if the tergites of the mimic were similar in length to those of
the model, this could be having an undue influence on the similarity score, not
due to pattern distribution. Also, the lack of horizontal shift in the matching
process could mean that corresponding features in slightly different locations are
no longer being matched up.

However, the patterns on hoverfly abdomens can generally be split quite
clearly into features on different tergites. There is generally one lunule or stripe

per tergite, each potentially matching with those on a wasp’s body, so it was
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relatively straightforward to split up the images in an appropriate way.
Nevertheless, the lengths of the tergites varied; this gives variation in the potential
amount of matching, since the degree of overlap of the images determines how
much matching there can be.

A series of 3 images were compared to a model image using SEGMENT,

whereby the mimics resembled the model except for the length of tergite 2. The

MODEL MIMIC 1

tergite 2
length i A
similarity 8782
value

MIMIC 2 MIMIC 3
tergite 2
length 60 -
s 88.70 84.51
value

Figure 4.5. Images used to compare tergite lengths.
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pattern on tergite 2 was stretched or compressed accordingly (see Figure 4.5).
With each pairing, the images are lined up on their midlines, and in this case not
shifted vertically, since they are already in the position of maximum matching.
There was an overlap of 40 pixels length between Model and Mirﬁic 1, 50 with
Mimic 2, and 30 with Mimic 3. The image pairing with the widest overlap has
produced the highest similarity value, and the other values rank the same as the
size of their overlap, though the scale of these differences is not very large. As
mentioned earlier, each tergite usually corresponds to a feature, and the length of
the tergite therefore often corresponds with the length of that feature. For features
of similar lengths to be allocated similar similarity scores seems reasonable.
Comparing parts of the pattern separately could also have other
advantages. For example, if a hoverfly has relatively spread out features, SHIFT
may not be able to produce a horizontal shift which will match them all up, but if
they are each compared separately to the corresponding part of the wasp’s body, it

becomes more of a feature-matching, and thus more biologically relevant, system.
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Table 4.6. Similarity scores obtained between 68 hoverfly images and V.vulgaris (contd

over page)
Species 1 2 3 4
Similarity | Size-adjusted | Similarity | Size adjusted
value similarity | value using | similarity
using value using | SEGMENT | value using
SHIFT SHIFT SEGMENT
Allograpta micura N/A N/A 48.11 9.52
Anasimyia interpunctata 73.12 29.18 41.33 27.49
Anasimyia interpunctata 74.22 23.29 38.52 19.52
Asemosyrphus polygrammus | N/A N/A 33.34 18.60
Baccha elongata 69.73 12.01 2.40 0.77
Blera confusa 68.56 36.54 36.49 37.82
Blera humeralis 63.16 25.94 38.70 40.11
Blera scitula 65.92 31.35 38.03 39.42
Brachyopa dorsata 68.06 12.44 37.29 13.53
Ceriana conopsoides 76.14 73.84 31.54 46.95
Chalcosyrphus nitidus 75.42 32.57 0.00 0.00
Chalcosyrphus piger 74.54 31.44 24.57 16.59
Chrysogaster solstialis 65.22 12.83 0.00 0.00
Chrysotoxum arcuatum 70.92 59.32 46.64 69.66
Chrysotoxum bicinctum 73.29 38.37 34.67 30.10
Chrysotoxum sapporensis 72.41 63.54 50.93 76.07
Dasysyrphus bilineatus 60.92 14.31 37.99 26.17
Dasysyrphus venustus 73.85 31.18 51.22 35.28
Didea alneti 60.52 35.37 30.94 54.65
Doros aequalis N/A N/A 31.13 27.45
Epistrophe diaphana 76.41 38.09 55.00 43.77
Epistrophe elegans 58.33 13.59 15.07 12.90
Epistrophe melanostoma 72.86 34.53 51.80 41.22
Epistrophella euchroma 77.85 42.04 55.57 44.22
Episyrphus balteatus 72.44 36.42 41.32 35.33
Eumerus strigatus 69.73 13.05 37.18 13.16
Eupeodes corollae 70.28 26.94 45.46 31.81
Eupeodes nitens 73.72 36.94 49.84 40.90
Ferdinandea cuprea 70.04 35.78 0.00 0.00
Helophilus pendulus 69.46 47.87 44.62 57.81
Heri