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Locomotor mimicry in butterflies? A critical review of

the evidence

ANDREW V. Z. BROWER

Department of Entomology, American Museum of Natural History, Central Park West at 79th Street, New York,

New York 10024-5192, U.S.A.

SUMMARY

The hypothesis of locomotor mimicry in butterflies presented by Srygley (Phil. Trans. R. Soc. Lond. B 343,
145-155 (1994)) is criticized as unparsimonious, from two perspectives. First, the existence of mimicry
between palatable but unprofitable prey is disputed on theoretical and empirical grounds. The lack of a
strong predator aversion stimulus seriously undermines the unprofitable prey scenario, and supposed cases
of mimicry of unprofitable models are explicable by traditional mimetic modes. Second, correlations of
phenotypic characters used to support alternative adaptive peaks for palatable and unpalatable butterflies
are criticized for failing to account for phylogenetic relationships. Virtually all of the relevant variation
in flight-related morphology is shown to be due to differences between clades, rather than mimicry groups.
An alternative hypothesis emphasizing phylogenetic constraint in the evolution of morphological
characters associated with predator avoidance is proposed.

The ground rule — or perhaps doctrine would be a better term — is that adaptation is a special and
onerous concept that should be used only where it is really necessary. When it must be recognized,
it should be attributed to no higher a level of organization than is demanded by the evidence. In
explaining adaptation, one should assume the adequacy of the simplest form of natural selection, that
of alternate alleles in Mendelian populations, unless the evidence clearly shows that this theory does

not suffice.

1. INTRODUCTION

G. C. Williams (1966) stressed the importance of
parsimony in the recognition of adaptations, and the
primacy of the hierarchical structure within which
natural selection acts. Although Williams emphasized
the significance of selection at less inclusive levels (his
essay was primarily a criticism of group selection), his
doctrine is no less applicable to the invocation of
current selection to explain traits that exist due to
historical effects at a more inclusive level of
organization. Interpretation of adaptive scenarios from
a phylogenetic perspective may provide simpler, or at
least equally plausible, alternative hypotheses to
explain the distribution of characters among taxa
(Gould & Lewontin 1979; Wanntorp 1983;
Coddington 1988; Miller & Wenzel 1995). To mirror
Williams® (1966) dictum, selection should also be
attributed to a level of organization no lower than that
which is demanded by the evidence.

A recent paper by Srygley (1994) hypothesized the
evolution of locomotor mimicry among groups of
mimetic neotropical nymphalid butterflies. This
phenomenon is distinct from traditional mimicry,
Srygley argued, because it entails adaptive convergence
of physiological and morphological features that result
in similar flight biomechanics and behaviour, rather
than the convergence of characters producing super-
ficial visual resemblance. Srygley and colleagues have
provided detailed data on flight-related characters

Phil. Trans. R. Soc. Lond. B (1995) 347, 413-425
Printed in Great Britain

G. C. Williams (1966, pp. 4-5).

from numerous neotropical butterflies, and have
demonstrated significant correlations between these
features and the palatability of the species tested (Chai
1990; Dudley 1990; Srygley & Chai 1990; Srygley &
Dudley 1993; Srygley 1994). Srygley (1994) concluded
that not only the slow, regular flight, long wings and
abdomens, and small thoraces of unpalatable butter-
flies, but also the rapid, erratic flight, short wings and
abdomens, and large thoraces of palatable butterflies,
represent alternative adaptive strategies to avoid
predation. Although these arguments seem intuitively
sound (indeed, behavioural similarity has been noted
as a component of mimicry from the start (Bates 1862;
Wallace 1867a; Meldola 1878)), Srygley (1994)
addressed his hypothesis from a fairly strict functional-
adaptationist perspective. His discussion does not
consider several theoretical and methodological issues
that bear fundamentally on the interpretation of the
data.

The study of mimicry stands at the intersection
between population genetics, animal behaviour, func-
tional ecology, ecological chemistry and phylogenetics,
and represents ‘the greatest post-Darwinian appli-
cation of natural selection’ (Fisher 1958, p. 163). Thus,
the scope of relevant literature approaches overwhelm-
ing proportions. A century ago, E. B. Poulton could
write a 100 page paper reviewing the state of knowledge
on mimicry with only 12 citations in it. Today, it is
impossible to write a 12 page paper with 100 citations
that begins to synthesize relevant data from these
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diverse fields. In this paper, I employ evidence from
the literature to address two problems (discussed in §§2
and 3 respectively) raised by Srygley’s (1994) hypo-
thesis of locomotor mimicry:

1. Is the evolution of mimicry between palatable
butterfly species that are effective escapers, and thus
represent ‘unprofitable prey’ (Lindroth 1971;
Hespenheide 1973; Baker & Parker 1979), a plausible
phenomenon? Has it been shown to occur in nature?

2. Do aspects of flight behaviour shared between
phenotypically similar species represent adaptations
(adaptive convergence due to selection for similarity)
that provide a means to fool predators?

2. MIMICRY WITHOUT UNPALATABILITY?
(a) Background

Although classical mimicry theory is well established,
and empirical observation and experiments have
largely borne out its predictions, a brief review is
relevant to the points in question (see also Rettenmeyer
1970; Vane-Wright 1976; Turner 1977 ; Huheey 1984;
Mallet & Singer 1987). According to standard theories,
the evolution of mimicry in butterflies depends upon
the prior existence of aposematism in the model (Bates
1862; Poulton 1898; Sheppard 1958). The selective
force that drives the evolution of mimetic convergence
is the ability of predators to discriminate between
potential prey, based on generalized association of
their appearance with memory of prior encounters.
Although experimental evidence distinguishing among
specific models is scarce (Guilford 1990), it is generally
held that foul-tasting prey with bright colouration or
contrasting patterns are more memorable (or easier to
recognize) to predators than nondescript prey, thus
providing a selective impetus for the evolution of
warning colouration in unpalatable species (Wallace
18674; Darwin 1871; Gittleman & Harvey 1980;
Guilford 1986).

Miillerian mimicry (Miiller 1879) evolves when
multiple aposematic species converge independently
upon the same signalling system. Batesian mimicry
(Bates 1862) evolves when palatable species co-opt the
aposematic signalling system of unpalatable species, to
take advantage of the conditioned avoidance be-
haviour of potential predators that have had a previous
negative experience with the model. At opposite
extremes, Millerian mimicry is positively density-
dependent (the greater the number of unpalatable
participant species (or individuals), the more effective
the deterrant), while Batesian mimicry is negatively
density-dependent (the greater the number of pal-
atable participant species (or individuals), the less
effective the deterrent colour pattern) (Fisher 1958;
Turner et al. 1984; Speed 1993). Of course, there is no
disjunction between Batesian and Miillerian mimicry
(Brower et al. 1968; Turner 1984), and many in-
dividual cases may lie on a continuum between the two
extremes (e.g. Brower 1958; Ritland 1991).

The effectiveness of mimicry relies on the individual
predator’s memory of encounters with aposematic
prey, and thus it cannot evolve without the previous
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existence of a signalling system between model and
predator (Sheppard 1958). As recognized from the
onset by Bates (1862), the noxiousness of the apo-
sematic model is not restricted to chemical
unpalatability, but may also include such defensive
mechanisms as stings and repellent secretions, which
do not depend upon oral stimuli to deter the predator.
However, under traditional models of warning-colour
evolution, the predator’s sudden and unpleasant
sensory—physiological response produced by the prey’s
defensive stimulus is fundamental to the predator’s
learning and retention of the prey’s semiotic system
(Alcock 1970). Further, the maintenance of successful
Batesian mimicry requires periodic reinforcement of
the predator’s association of the colour pattern with the
model’s defence mechanism (Cott 1940). The relative
frequency of the predator’s encounters with the model
versus the mimic presents a strong constraint to the
efficacy of Batesian mimicry (Brower 1960; Turner
et al. 1984). This, it is argued, is why Batesian mimicry
is frequently sex-limited and not expressed in males,
and why some Batesian mimics exhibit polymorphic
convergence to multiple model species with different
colour patterns (Darwin 1871; Ford 1953; but see
Turner 1978).

Despite this theoretical framework, van Someren &
Jackson (1959) and Guillaumin (1979) argued that
‘primitive mimicry’ exists among groups of similar-
looking African butterflies, regardless of their pal-
atability, simply due to the numerical advantage of
sharing a common pattern. Using a generalization of
Miiller’s original formulation for mimicry between
unpalatable prey, they maintained that if more species
share a particular colour pattern, fewer individuals of
each species will be attacked, even if they are
completely palatable. For example, a pattern shared
by 20 equally abundant species is mutually beneficial
to all of them because only 1/20 as many butterflies of
each species will be consumed by the predator. This
model, which predicts that the predation pressure on
individuals bearing a shared colour pattern is inversely
proportional to the relative abundance of the colour
pattern in a particular ecosystem, is ecologically
untenable. Under natural circumstances (such as non-
extreme prey density), predators do not selectively
attack rare, palatable prey (Allen 1988). If a particular
colour pattern is abundant, it will be attacked more
frequently, and all species bearing it will suffer
proportionally equivalent losses to species which do
not. Holling’s (1965) model showed that a short-term
advantage to primitive mimicry could accrue if
predators become satiated due to very high prey
density, but he argued that this was unlikely. Such an
abundant prey resource would probably be rapidly
diminished by predator immigration or enhanced
fecundity. Thus, there is no plausible selective advan-
tage for palatable prey to converge on a colour
pattern, as predators have nothing to lose by failing to
recognize the signal. In fact, there is great potential for
predators to develop a search image for the common
pattern (more generally, positive density-dependent
preference, or apostatic selection), which would tend to
actively disfavour shared patterns among palatable
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Table 1. Hypothetical cases of arithmetic mimicry discussed in the fext

(Alternate hypotheses as described in text: 1, palatability is unknown (one or more members of complex may be unpalatable);

2, convergence for crypsis in similar microhabitats; 3, similarity due to common ancestry.)
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alternate

taxa distribution references hypotheses
Nymphalidae: Charaxinae

Charaxes (11 cases) afrotropical Van Someren & Jackson (1959) 3

Limenitinae

Euphaedra/ Euryphene (5 cases) afrotropical Van Someren & Jackson (1959) 1,3

Euryphene/ Diestogyna afrotropical Van Someren & Jackson (1959) 1,3

Euphaedra/ Bebearia afrotropical Guillaumin (1979) 1,3

Adelpha/ (Doxocopa/ Nymula)® neotropical Mallet & Singer (1987) 1,3

Heliconiinae

Euptoieta/ Agraulis | Dione neotropical Srygley (1994) 1,3

Philaethria/ Siproeta® neotropical Srygley (1994) 1,2

Satyrinae

Lasiophila/ Pedaliodes neotropical Adams (1986) 1,2

Physcopedaliodes | Panyapedaliodes neotropical Adams (1986) 1,2

Chloreuptychia/Cepheuptychia neotropical Mallet & Singer (1987) 2,3

Chloreuptychia/ Eusalesia® neotropical Mallet & Singer (1987) 1,2

‘Euptychia’ neotropical Mallet & Singer (1987) 1,2,3

Brassolinae

Catoblepia neotropical Bristow (1981) 1,3
Pieridae: Pierinae

Colotis afrotropical Van Someren & Jackson (1959) 1,3
Lycaenidae: Lipteninae

Liptena/ Eresina afrotropical Van Someren & Jackson (1959) 1,2

Teriomima/ Eresinopsis afrotropical Van Someren & Jackson (1959) 1,2

Epitola afrotropical Van Someren & Jackson (1959) 1,3

Omipholidotos afrotropical Van Someren & Jackson (1959) 1,3

Lycaeninae

Argiolaus/ Dapidodigma [ Epamera afrotropical Van Someren & Jackson (1959) 1,3

Anthene (2 cases) afrotropical Van Someren & Jackson (1959) 1,3

Virachola/ Anthene (2 cases) afrotropical Van Someren & Jackson (1959) 1,3

Chloroselas | Desmolycaena afrotropical Van Someren & Jackson (1959) 1,3

* Doxocopa in Apaturinae, Nymula in Riodininae (Lycaenidae): alternate hypothesis 3 applies only to similarity within Adelpha.

* Siproeta in Nymphalinae.
¢ FEusalesia in Riodininae (Lycaenidae).

species (e.g. Tinbergen 1960; Murton 1971; Allen
1988; Endler 1988).

(b) Reconciliation of evidence with traditional
theory

The fundamental observation of van Someren &
Jackson (1959) that there are numerous groups of
similar-looking, sympatric and apparently palatable
butterflies can be explained in four ways without
overthrowing traditional mimicry theory. These
explanations are not mutually exclusive, and they
undoubtedly apply in various degrees and combin-
ations to the different examples illustrated by van
Someren & Jackson (1959), as well as to additional
examples listed by Bristow (1981), Adams (1986) and
Mallet & Singer (1987) (see table 1). First, as the
palatability of the majority of the species is unknown,
some members of the ‘mimicry groups’ might in fact be
traditional, unpalatable models (as suggested by
Adams and Bristow for pronophiline satyrines and
brassolines, respectively). This trivial explanation does
not explain why some ‘mimicry groups’ which are

Phil. Trans. R. Soc. Lond. B (1995)

known to be palatable look the same (e.g. mimicry
among Charaxes species; Swynnerton 1926; Poulton
1926). Second, Papageorgis (1975) and Brown (1988)
argued that many species may converge on similar
patterns because they arc optimally cryptic in par-
ticular microhabitats. This may explain Mallet &
Singer’s (1987) case of lycaenids, satyrines and
riodinids that dwell near the forest floor and share
flashing, blue patterns that seem to disappear when
they alight. In these instances, ‘mimicry’ may simply
be an epiphenomenon of the parallel response to a
common environmental attribute. A third important
explanation is discussed at length in the second section
of this paper: similar colour patterns are shared due to
common descent, and not to mimetic convergence.

A fourth explanation is that large, fast-flying
butterflies that are especially proficient at escaping
from predators act as models for less vigorous mimics.
It has long been recognized that unpalatable butterfly
taxa tend to be tough and hard to kill (Trimen 1870),
although not because they have ‘more wing ve-
nation...near the wing tips to assure durability when
grasped,” as Srygley (1994) hypothesized (wing ve-
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nation patterns are highly conserved within lepidop-
teran groups (Comstock 1918)). The idea that edible
prey species are avoided by predators because they are
too difficult to catch or consume has been applied
specifically to palatable butterflies on several occasions
(Swynnerton 1926; Poulton 1926; Jones 1932; van
Someren & Jackson 1959), foreshadowing Baker &
Parker’s (1979) unprofitability hypothesis. Srygley
(1994) invokes unprofitability to explain the similarity
of colour patterns between apparently palatable, yet
‘mimetic’ species, such as Philaethria dido and Siproeta
stelenes. Observational data from nature (Chai 1986)
suggest, to the contrary, that large palatable butterflies
are at a disproportionate risk to specialist predators:
the generally large and powerful Brassolinae and
Charaxinae (genera and species not identified) were
the two most frequent prey groups taken by jacamars,
together comprising 46 %, of all observed kills, although
the groups represent only 129, of the Costa Rican
butterfly ~ fauna  (excluding Lycaenidae and
Hesperiidae; De Vries, 1987).

For mimicry to evolve among palatable species, an
unprofitable model must exist, and there must be an
underlying selective advantage of being mistaken for
that model by a predator. Gibson (1974) showed that,
in experiments with captive star finches (Bathilda
ruficauda) preying on painted millet seeds, and with
captive European robins (Erithacus rubecula) preying on
differentially painted mealworms (7enebrio molitor)
(1980), predators could be conditioned to avoid prey
that were effective escapers. However, in either case,
once the ‘training period’ was concluded, the birds
retained their conditioned aversion to models and
mimics for only a few days. Hancox & Allen (1991)
performed similar studies with wild tits and robins, and
again found relatively short aversion retention periods
once unprofitable prey became profitable.

These results showing quick loss of aversion to prey
unprofitable by reason of effective escape are in marked
contrast to reports of long-term aversion to aposematic
prey. With no subsequent conditioning after the initial
negative experience, crows (Corvus corone) and tits
(Parus major, Machlolophus xanthogenys) rejected un-
palatable insects after 9 and 12 months, respectively
(Rothschild 1964). Alcock (1970) showed experimen-
tally that aversive conditioning in white-throated
sparrows (Zonotrichia albicollis) was directly pro-
portional to the strength of the negative stimulus.
Pilecki & O’Donald (1971) likewise reported that
sparrows remember distasteful prey for long periods.
Waldbauer and colleagues (Waldbauer & Sheldon
1971; Evans & Waldbauer 1982; Waldbauer 1988)
have shown that the flight season of bumblebee-
mimicking syrphid flies occurs prior to fledging of
young insectivorous birds, and confers a significant
selective advantage by avoiding naive predators. This
advantage is derived because the adult birds remember
the mimetic association from previous years. All these
data strongly suggest that the effect of learning by
exposure to unpleasant stimuli is far more lasting than
the effect of learning by frustration, which offers no
aversive stimulus at all. Because, as discussed above,
sufficient length of the decay time of the conditioned
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aversion (i.e. predator memory span) is a fundamental
requirement of the evolution of mimicry (Brower et al.
1970; Turner et al. 1984), evolving to mimic a model
unprofitable by reason of effective escape seems
difficult, unless the model is vastly more abundant than
the mimic, and always successtul at avoiding predation,
thereby continually reinforcing the negative stimulus.

Lindroth’s (1971) report of phenotypic convergence
between species of Lebia (Carabidae) and flea beetles
(Chrysomelidae, Alticinae), particularly the associ-
ation between Lebia vittata and Disonycha scapularis, has
been the keystone natural example of mimicry due to
effective escape (on the part of the flea beetles)
between otherwise apparently palatable prey. How-
ever, the study was flawed in several ways. Lindroth’s
evidence that the model species are palatable was
anecdotal and fairly inconclusive: he fed a few to some
birds at the Copenhagen Zoological Garden, and
observed them to be ‘caught and swallowed ... in rapid
succession.” He also reported that they had been found
in the contents of a number of bird stomachs,
occasionally in great numbers (700 in a sage grouse,
Centrocercus urophasianus). Although these data suggest
that Disonycha may well be palatable under certain
conditions, they do not say much for the efficacy of its
escape mechanism. The instantaneous leap of Disonycha
could well be more useful in escaping invertebrate
predators like Lebia than in escaping large, visually
oriented vertebrate predators. Subsequent evidence
suggests that neither carabids nor alticines are par-
ticularly palatable: Lebia was shown to produce formic
acid, and other bad-smelling defensive secretions
(Moore 1979), indicating that the various species are
Miillerian and not Batesian mimics. Chrysomelids
(including Salix feeders like Disonycha) likewise are
noted for sequestering or endogenously producing
defensive chemicals (Rothschild 1972; Pasteels et al.
1984; Dettner 1987; Whitman e al. 1990).
Hespenheide’s (1973) beetle-and-fly mimicry example
suffers from the same difficulties: he assumed the
beetles were palatable (at least some may not be
(Dettner 1987)), and then rationalized why agile flies
might act as their models.

Most direct knowledge of insect palatability is based
on experiments with individual captive predators (e.g.
Swynnerton 1926; Cott 1940; Brower ¢t al. 1963), and
the relevance of captive palatability trials to
preferences of predators under natural conditions
should also briefly be considered. Srygley and Chai’s
data (Chai 1986, 1990; Srygley & Chai 1990) on
butterfly palatability were obtained primarily from
feeding trials on five jacamars (Galbula ruficauda) housed
in small (<1 m®) cages. Each bird was exposed to
numerous butterflies over a considerable time period,
and it is not clear from results presented how previous
exposure, hunger, and cage effects might have affected
their behaviours towards different butterfly species.
For instance, Chai (1986) reported that one jacamar
ate 10 of 17 Heliconius erato presented, but these data are
not reflected in Srygley & Chai (1990) or Srygley
(1994), in which H. erato is reported to be completely
unpalatable (0/32) to the same predator species, and
(apparently) to one of the same individual birds. Chai
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(1986) reports that in each trial he presented the
butterflies in presumed increasing order of palatability,
which may have promoted enhanced predation on
marginally palatable butterflies (birds were ‘very
hungry’ at the onset of the trials). The relation
between prey acceptable to a hungry, caged bird and
prey preferred by a wild bird is largely unexplored
(Coppinger 1970; Brower 1984), and it is likely that
palatability is more relative than absolute. Accepta-
bility of particular prey species to a particular predator
in nature depends on the availability of preferred
alternate prey and the predator’s physiological state
and previous experience (Swynnerton 1915; Dixey
1920; Sheppard 1958; Cook et al. 1969).

Some butterfly species reported by Srygley & Chai
(Chai 1986, 1990; Srygley & Chai 1990) to be largely
palatable to captive jacamars were shown to be far less
so to silverbeak tanagers (Ramphocelus carbo) in a test of
butterly predation with 62 caged individual birds in
Trinidad (Brower et al. 1963). The heliconiines Dryas
wlia and Agraulis vanillae were 92%, and 759, eaten,
respectively in Chai’s (1990) study, and only 259, each
in Brower et al’s (1963). Likewise, Aiello (1984)
inferred at least some Adelpha species to be unpalatable,
but Chai’s (1986, 1990) jacamars ate all the Adelpha
individuals that were presented to them. These
conflicting reports suggest that substantial differences
may occur in sensitivity to unpalatability of particular
prey species between different predators, as hypo-
thesized by Frazer & Rothschild (1960). An additional
or alternative factor could be regional variation in
butterflies” unpalatability due to changes in larval host
plant chemistry, or geographical shifts to alternate host
plant species with different chemistries. Both
differential predator susceptibility and intraspecific
variation in prey palatability have been well-docu-
mented in the monarch, Danaus plexippus (Brower 1984
and references cited therein, 1988).

In this section, I have attempted to show that
mimicry of a palatable but unprofitable model is far
less likely than traditional Batesian mimicry of an
unpalatable model on theoretical grounds, and that
the purported examples of it are poorly supported.
Recently, the existence of completely palatable mimics
has been questioned (Vane-Wright 1991), let alone the
models. Understanding the dynamics of complex
predator—prey communities continues to be hampered
by a lack of data from the laboratory and the field. To
help resolve the questions addressed here, experiments
should be conducted to test the relative retention times
of predators’ negative associations with unpalatability
and unprofitability due to effective escape. Additional
reports of predation in the wild would also be
enlightening.

3. PHYLOGENY, PALATABILITY AND
FUNCTIONAL MORPHOLOGY
(a) History of approaches to the problem

Many morphological and behavioural traits of
organisms are phylogenetically conservative, as is
intuitively manifest in our ability to develop relatively
stable hypotheses of phylogenetic relationships for the
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diversity of living things. Thus, the presence of a
particular feature in a particular species does not
constitute evidence that that feature is an evolutionary
novelty that arose to perform its current function in
that species (Gould & Lewontin 1979). The concepts of
adaptation as a process, and of adaptations as features
of organisms, must be considered in appropriate
phylogenetic context if their significance to current
ecological utility is to be meaningfully interpreted.
These ideas are not new: Darwin (1859, p. 199) stated,
‘the chief part of the organization of every being is
simply due to inheritance.’” Lewontin and Gould’s
attacks on sociobiology and the adaptationist paradigm
(Lewontin 1978, 1979; Gould & Lewontin 1979)
advocated phylogenetic constraint as an alternative to
adaptation. These authors’ emphasis on appropriate
levels of analysis and the use of the parsimony criterion
harks back to Williams’ (1966) doctrine, quoted at the
beginning of this article. (Interestingly, Williams
(1992, p. 104) stated a preference for design over
phylogenetic constraint as a criterion for discovering
particular adaptive character states.)

A growing number of systematists and ecologists are
attempting to incorporate phylogenetic relationships
in their study of adaptive characters (Lauder 1982;
Wanntorp 1983; Dobson 1985; Brooks & McLennan
1991; Vane-Wright & Smith 1991; Garland 1992;
Gittleman & Luh 1992; Miller & Wenzel 1995), often
under a set of methodologies referred to as ‘the
comparative method’ (Harvey & Pagel 1991). A major
current endeavor of proponents of the comparative
method is to remove the ‘confounding variable’ of
phylogeny from analyses of the distributions of
putatively adaptive characters (Harvey & Pagel 1991,
p. 36), allowing for independent contrasts between
clades. Others (e.g. Miller & Wenzel 1995, Brower
1995) feel that phylogeny provides the foundation for
understanding adaptation, and cannot and should not
be mitigated by statistical gymnastics. Recently, there
has been a philosophical recidivism to the counter-
position that phylogeny and evolutionary history are
irrelevant to questions of ‘phenotype existence’ (Reeve
& Sherman 1993), and further that phylogenetic
reconstruction is too weak a tool to aid in the study of
adaptation (Frumhoff & Reeve 1994). Srygley’s (1994)
study of locomotor mimicry exemplifies (perhaps not
consciously) this style of phylogeny-free examination of
adaptation. In the remainder of this essay I will re-
examine his results, and other examples of mimicry
from the butterfly literature, to show how ignorance of
phylogeny can lead to erroneous conclusions about
adaptation.

Implicit to the most fundamental concept of mimicry
is the idea of analogous similarity, or independent
convergence upon a common phenotype. Similarity
among close relatives is most parsimoniously explained
as an epiphenomenon of recent common ancestry
(Roessler 1986). If such similarities are plesiomorphies,
then they are still most easily explained by absence of
evolutionary change, even if the taxa bearing them
diverged a long time ago. Only when there is clear
evidence that similar patterns have evolved in phylo-
genetically independent lineages, is adaptive conver-
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gence a parsimonious explanation of the character
distribution. Even before Bates’ formulation of his
theory, the distinction between phylogenetic affinity
and mimetic analogy was clear to researchers (see
references in Poulton 1898), although without the
unifying principle of evolution via natural selection,
there was no plausible theoretical context to explain
either phylogeny or adaptation. Bates’ theory itself
(1862) sprang from his revision of the tangled
systematics of the ‘Heliconii’, a heterogeneous
Linnaean group of long-winged neotropical butterflies
including members of the pierid Dismorphiinae and
the nymphalid Heliconiinae, Ithomiinae and
Danainae. He recognized by careful morphological
study that the superficial similarities between these
diverse groups were due not to common ancestry, but
to independent, adaptive evolution. It became rapidly
apparent (Wallace 1866, 18674; Trimen 1870) that
mimicry was a geographically widespread and com-
mon phenomenon among butterflies, and their gross
wing shapes and colours were not especially useful in
determining affinity.

While butterfly wing patterns are evolutionarily
labile, they appear to develop as modifications of a
relatively conserved basic plan (Schwanwitch 1924;
Siiffert 1927, Goldschmidt 1938; Nijhout 1991). Many
pattern elements are shared generally among members
of higher-level taxa, for instance the red spots at the
apex of the hind wing anal margin in swallowtails
(Papilionidae) and the forewing transverse discal bars
of limentitines (Nymphalidae). However, quite com-
plex patterns can be remarkably similar between taxa
with no obvious phylogenetic or mimetic affinities,
such as the afrotropical-neotropical look-alikes Charaxes
smaragdalis  (Charaxinae) and  Baeotus  baeolus
(Limenitinae), and Graphium leonidas (Papilionidae)
and Siproeta stelenes (Nymphalinae). Another excellent
example of this phenomenon is illustrated in Ackery &
Vane-Wright (1984, plate XI, figures 140 and 141).
Evidence of this type suggests that butterfly wing
patterns evolve as subtle yet precise variations on a few
simple themes, and that particular patterns can recur
solely due to coincidence (Nijhout 1991). Wing shapes
likewise appear to be relatively conservative, and
differences between them are largely due to allometric
variation (Strauss 1990) and programmed cell death at
wing margins during imaginal development (Stiffert
1929; Nijhout 1991), again implying a relatively simple
underlying genetic architecture.

As discussed above, van Someren & Jackson (1959)
argued that mimicry could occur among palatable
species, with large, common species acting as the
model. They identified numerous ‘arithmetic mimicry
groups’ among species within single genera or groups of
closely-related genera, including Charaxes, Euphaedra+
Euryphene+ Diestogyna, Colotis, and Argiolaus (see table
1). Likewise, Mallet & Singer (1987) tentatively cited
several examples of mimicry among closely related
palatable species (e.g. Euptychia), which may mimic
one another, or riodinids of unknown palatability
(sexual dimorphism in both groups suggests that sexual
selection may also play a role in pattern evolution).
Mallet & Singer suggested that arithmetic mimicry

Phil. Trans. R. Soc. Lond. B (1995)

might work if the model species were so abundant that
it swamped the predator population’s ability to attack
all the available prey (as predicted by Holling’s (1965)
model). However, even relatively unpalatable butter-
flies in large aggregations can be literally decimated by
bird predation although they are only available as a
seasonal resource (Brower & Calvert 1985). Although
the critical tests evaluating arithmetic mimetic wing
pattern evolution are not currently possible due to the
lack of phylogenetic hypotheses for these groups, the
dominant pattern among the ‘mimics’ is clearly one of
similarity due to phylogenetic relatedness, rather than
due to convergence (at least 25 of 28 examples in van
Someren & Jackson (1959), and three of five in Mallet
& Singer (1987)). If arithmetic mimicry were an
important evolutionary mechanism, we would expect
it to occur as commonly between unrelated butterfly
taxa as between close relatives, given the evidence for
the relatively simple basis of wing pattern diversity
discussed above, but this is evidently not the case.

(b) Independence and adaptation in Srygley (1994)

Srygley (1994) identified 11 mimicry groups based
on colour patterns in his study of locomotor mimicry.
Although he attempted to factor out phylogenetic
correlations by adjusting for mimicry, his assignment of
species to these putative groups and subsequent
treatment of the groups as statistically independent
entities, disregarding relationships of species within
and among them, leads to conclusions that may be
misleading. Two ‘groups’ (Heliconius ismenius, H.
charithonia) contain only a single species, and thus
cannot be considered to be mimetic, although they are
probably aposematic. H. ismenius is included in this
discussion with the four members of Srygley’s ““tiger 1’
group (Eueides isabella, Lycorea cleobaea, Mechanitis
polymnia, Eresia mechanitis, Consul fabius and Perrhybris
pyrrha), because it is very similar to members of that
group in other parts of its range. The “tiger 1’ group
represents a mimicry complex endemic to Central
America, which undergoes a transition into the
mimicry complex characteristic of the northwestern
South-American biogeographic realm in the area
where the ismenius specimens were apparently sampled.
Ecological contact among participant species is a
fundamental aspect of the evolution of mimicry
(Wallace 18674; Dixey 1920) that Srygley seems to
have neglected in this case. [. charithonia has no
obvious mimics in Central America, but De Vries
(1987) suggested that it serves as a generalized model
for Siproeta stelenes (and presumably Philaethria dido as
well). If this is so, then perhaps these three species
should be included in a single group, as is done
below (‘green/zebra’). (Interestingly, Brown (1988)
suggested that Siproeta and Philaethria may mimic the
unpalatable ithomiines Roswellia, Patricia and Athesis.)

Four of Srygley’s groups comprise mimetic pairs of
Heliconius. Although these pairs obviously represent
different mimicry groups at the level of wing
coloration, the uniformity of these taxa in mor-
phological characters other than wing pattern is most
easily explained by common ancestry. If the Heliconius
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Figure 1. Plot of taxa listed in Appendix 1 of Srygley (1994), grouped systematically by unambiguous monophyletic
group (x axis) and mimicry complex (y axis). Mimicry groups are: 1 = tiger 2; 2 = tiger 1; 3 = basal plan; 4 =
orange; 5 = green/zebra; 6 = blue/yellow; 7 = black/red/yellow; 8 = black/white; 9 = black/yellow. Shaded
circles represent mimicry groups composed solely of heliconiines; filled circles represent the doubtful green/zebra and
basal plan groups; open circles represent the two undisputed examples of mimicry that exhibit morphological
convergence in addition to convergence of wing colour patterns. Hypothesized phylogenetic relationships are shown

(based on the classification of Harvey 1991).

common ancestor possessed the same morphology,
which is the most parsimonious explanation of the
data, then only one evolutionary event need be invoked
to explain the distribution of the characters. Thus,
these groups, together with the other Heliconius repre-
sented in the sample, constitute a single observation,
and not four multiple independent observations, for
statistical analysis of flight morphology characteristics.

The inclusion of Marpesia petreus in the otherwise
heliconiine ‘orange group’ over the ‘basal plan’ group
seems completely arbitrary: it looks more like Dione
Juno (basal plan group) than Dryas tulia to me, and I
have seen it associate with D. juno at mud puddles in
Darien, Panama, Rondonia, Brazil and western
Ecuador. Given the discussions of unprofitability,
mimicry and wing pattern evolution above, the very
existence of a ‘ground plan’ mimicry group composed
of largely palatable butterflies with relatively ancestral
wing patterns seems doubtful. The Agraulis—Euptoieta
pattern, shared by hundreds of other species in the
Heliconiinae that occur all over the world, is almost
certainly a symplesiomorphy and not an adaptation for
mimetic resemblance. In summary, of Srygley’s 11
groups, only three that contain representatives of more
than a single higher-level clade whose morphological
similarities are more likely to be due to adaptive
mimetic convergence than common descent or chance:
‘tiger 1°, ‘tiger 2° (H. hecale and Melinaea scylax), and
‘green/zebra’ (see figure 1).

Srygley (1994) used principal component analysis to
identify five main characteristics that explained the
variance in his morphological data (20 morphological
measurements). He described the three largest com-
ponents, in descending order, as centre of mass of the
body, wing shape, and centre of mass of the wing,
which explained 42.89%,, 22.99, and 16.69, of the

variance, respectively. He used discriminant function

Phil. Trans. R. Soc. Lond. B (1995)

analysis and stepwise regression of the principal
components (pcs) on mean palatability of the 11
mimicry groups to find associations of morphological
characters with palatability, and then based his
discussion of locomotor mimicry on these results. He
admitted that his variable group sizes violate the
assumptions of the statistical analyses, but nevertheless
drew strong conclusions based on these results.
Although I do not attempt to reconstruct his analyses
or reanalyze his raw data here, I suggest that these
violations, combined with the lack of statistical
independence of the mimicry groups, represent far
more confounding difficulties than Srygley stated in his
article.

Despite Srygley’s (1994) claim to have factored out
phylogeny from his analyses, figure 2 (drawn from data
in his Appendix 1 table) shows that phylogeny
represents a major component of the associations
among his data. This figure is essentially the same as
Srygley’s figure 3, except that instead of highlighting
hypothetical adaptive zones, I have highlighted the
only two monophyletic groups represented by more
than a single species in Srygley’s data set. As can be
seen, both the genus Heliconius (sensu Brower 1994) and
the Ithomiinae+ Danainae (sensu Ackery 1984; now
collapsed to a single subfamily, Danainae; R. I. Vane-
Wright, personal communication) form convex clouds
of points, suggesting strong phylogenetic correlations
in the two plotted variables. In fact, Srygley’s pcl
appears mainly to segregate the Ithomiinae+
Danainae from the other sampled butterflies, whereas
pa3 explains much of the difference between Heliconius
and the others. However, figure 3 shows that relatively
little of the correlation in the data is associated with
mimicry group, as we might expect if mimicry among
taxa is manifest primarily in superficial characters. The
box here, again identifying Heliconius, contains repre-
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Figure 2. Plot showing phylogenetic component of flight-related morphological characters. Data from appendix of
Srygley (1994), yielding point distribution similar to Srygley’s figure 3. Large box contains members of the genus
Heliconius, small box members of Danainae + Ithomiinae. H. hewttsoni (group 9) and Euploieta hegesia (group 3) are not
shown, as their values are missing from Srygley (1994). The pierid data point is positioned at the coordinates dictated

by Srygley’s (1994) Appendix 1.
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Figure 3. Same plot as figure 2, but with points labelled by mimicry group (see figure 1 and text). Members of all
mimicry groups except the doubtful basal group (3) fall inside the Heliconius box, suggesting the inflated statistical

contribution of this genus to Srygley’s (1994) results.

sentatives of eight of the nine mimicry groups I have
retained from Srygley’s 11. The only one not repre-
sented is the ‘ground plan’ group 3, whose existence is
dubious. Given that the axes (major contributing
variables to pcs 1 and 3) were selected to maximize the
variance for mimicry (Srygley found pc2 not to predict
palatability or mimetic associations), it is notable now
little structure is evident beyond phylogenetic
associations. Note that within Heliconius, mimetic pairs
do not markedly associate with one another.

The observation that phylogenetic patterns play an
important role in the conservative distribution of
morphometric characters is neither new nor surprising
(Strauss 1990), but begs the questions, when during
phylogenetic history did the changes between groups

Phil. Trans. R. Soc. Lond. B (1995)

occur, and what causes were responsible? Srygley
(1994; Srygley & Chai 1990; Srygley & Dudley 1993)
has developed elaborate scenarios to explain the
alternate adaptive character suites he has advocated
(palatability, brittleness, fast flight, short wings and
abdomens and sunny microhabitat versus apose-
matism, toughness, slow flight, long wings and abdo-
mens and shadier microhabitat). Based on the available
data, the character syndromes associated with these
apparent alternate solutions to the problem of avian
predation seem to be in large part due to phylogenetic
correlations. Of course, better sampling of putative
Batesian mimetic taxa (e.g. Dismorphia and Eurytides)
and additional mimicry complexes might provide
more compelling evidence for Srygley’s hypothesis, or
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at least add more examples of mimicry between phylo-
genetically distinct groups. However the hypothesized
adaptive character suites may also be complicated
substantially by the study of additional taxa. A few
examples are discussed here.

Members of the Dismorphiinae (Pieridae) exhibit
long wings and abdomens like ithomiines and heli-
coniines, and are traditionally considered to be
palatable (e.g. Bates, 1862), although their palatability
has never been tested. Inference from shared hostplant
associations, however, suggest that they are palatable:

De Vries (1987) reports various JInga species
(Mimosaceae) as hostplants for Costa Rican
dismorphiine species, as well as for Morpho

(Morphinae) and Prepona (Charaxinae), nymphalid
subfamilies whose neotropical representatives, at least,
appear to be uniformly palatable (Chai 1990). Because
palatability of butterflies is often strongly correlated
with the chemistry of their hostplants, it seems
reasonable to hypothesize that dismorphiines are
palatable. This group contains some members that are
evidently non-mimetic, and others that closely re-
semble ithomiine models. Furthermore, there is con-
siderable sexual dimorphism, the females achieving a
much greater resemblance to unpalatable models than
the males, as is the norm in sexually dimorphic mimetic
species (Ford 1953). The Dismorphiinae therefore
represent a good system to test for ‘locomotor
mimicry’, by comparison of flight characteristics
between mimetic and non-mimetic species.

Study of additional taxa might complicate the
hypothesized correlations between unpalatability and
particular morphological and life history traits, as well.
Acraeine nymphalids (Actinote, in the neotropics) are
unpalatable and warningly coloured, fly slowly, but
have relatively short wings and abdomens (De Vries
1987). Most satyrines (e.g. Euptychia) are relatively
slow fliers, in spite of being palatable (Brower 1984,
but see Singer ¢/ al. 1971), and live almost exclusively
in the shady understory (De Vries 1987). Many of the
smaller ithomiines have rounded wings and are quite
cryptic (Brown 1988). Swallowtails (Papilionidae)
exhibit the complete range of palatability, from
completely edible to toxic, yet display a fairly low
diversity of wing shapes and flight behaviours, com-
pared to taxa of comparable age (De Vries 1987). All
fly rapidly and are capable of dizzyingly evasive
manoeuvres. These observations only hint at the
complexity of patterns that underlie mimetic relation
in the neotropics. As pointed out by R. I. Vane-Wright
(personal communication), the long-wing-and-abdo-
men Miillerian mimicry complexes are absent in the
Old World, where unpalatable butterflies exhibit
substantially different thermal characteristics (Dudley
1991a). These examples suggest that a broader
taxonomic and geographical comparison of butterflies
would not support Srygley’s morphological/
physiological dichotomy between palatable and un-
palatable butterflies.

(¢) A phylogenetically constrained adaptive scenario

(1994) viewed the morphological and

Srygley
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behavioural differences he found between palatable
and unpalatable butterflies as alternative adaptive
responses to the current ecological problem of pre-
dation. Another explanation for the observed corre-
lations (Srygley & Chai 1990; Srygley & Dudley 1993;
Srygley 1994) is that the investment in equipment for
rapid flight is an adaptive constraint that unpalatable
butterflies, and to some extent the butterflies that
mimic them, have been able to escape. Under this
scenario, palatable butterflies, being large and con-
spicuous potential prey items for diurnal, visually
oriented predators, must maintain their flight capa-
bilities, because their main defense is to flee. There is
nothing surprising about the anterior position of the
centre of mass of the body in palatable, fast-flying
butterflies: their large thoracic flight muscle mass
should account for this all by itself. However, apo-
sematic butterflies do not need to fly fast, especially not
if they have conspicuous patterns that advertise their
noxiousness. Those groups that have evolved unpalata-
bility are freed from the constraint of pursuit by
predators, and can invest their energies in other aspects
of their life histories. Thus, the posterior shift of body
mass in heliconiines and ithomiines may simply be a
side-effect of their having a relatively small thorax. In
addition, because these taxa have reduced their
energetic expenditure on flight muscle (Dudley 1991 4;
Marden & Chai 1991), they can devote relatively more
of their resources to reproduction. The enlargement of
reproductive organs, located in the terminal segments
of the abdomen, may be another reason why body
mass has undergone the observed shift to the posterior
in unpalatable lineages (Srygley & Chai 1990; Marden

& Chai 1991).

The observation that unpalatable butterflies survive
handling by predators more often than palatable
butterflies (Chai 1990) is undoubtedly in part due to
their toughness (Trimen 1870), but also due to the fact
that predators release them because they taste bad
(Bowers & Wiernasz 1979; Brower 1984). Although a
butterfly’s escape from, or release by a bird may
appear the same to the observer, they represent entirely
different events. It is possible that the brittleness of
palatable butterflies’ wings, rather than the toughness
of unpalatable butterflies’ wings, represents the evol-
utionary novelty, enabling palatable species to tear free
from the predator’s grasp. Swynnerton (1926) noted
that palatable Charaxes struggled vigorously to escape
from birds, often resulting in many tears to their wing
margins. Such escape tactics may be accompanied by
deceptive patterns. The ‘false heads’ on the hindwings
of lycaenids may direct the attention of predators away
from vital body parts and towards a part of the wing
that tears away easily, facilitating escape (Robbins
1981). By contrast, unpalatable butterflies (Itho-
miinae, Danainae, Acraeinae, Heliconius and
Troidinae) often ‘play dead’ when being handled, a
behaviour which may reduce wing damage (A. V. Z.
Brower, unpublished data). The proportional over-
representation of beakmarks on unpalatable species in
collections (Carpenter 1941) is further evidence that
birds frequently release them effectively unharmed.

Implicit to the adaptive constraint scenario is the
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idea that unpalatability and its accompanying mor-
phological characters are a derived condition relative
to palatability. The data on neither butterfly phy-
logeny nor palatability and host associations are yet
complete enough to allow the conclusive phylogenetic
tests, but the information we have suggests that this is
true. Many unpalatable butterflies sequester poisons or
precursors from their larval or adult food plants
(Brower 1984; Spencer 1988; Brown ef al. 1991), and
associations between toxic plants and unpalatable
herbivores tend to be conservative (Ehrlich & Raven
1964; Feeny 1991; Farrell et al. 1992), which means
that colonization events are rare, and the insects tend
to stay on the hosts once they arrive. Host plant shifts
that do occur appear to be mediated by chemical
similarity, if not phylogeny (Feeny 1991; Farrell et al.
1992). Although unpalatability via plant chemistry has
evolved numerous times in butterflies (Sillén-Tullberg
1988), it appears to have occurred independently in
each lineage: different groups have found separate
solutions to the predation problem (Brower & Brower
1964; Ackery 1988; Bowers 1992).

If unpalatability and its associated morphological
characters (small thorax, long wings, large abdomen,
slow flight, etc.) are derived conditions in the Papilio-
noidea, then the ancestral butterfly must have been
palatable, and possessed the associated morphological
traits (large thorax, small abdomen, rapid flight, etc.).
The sister taxon of the Papilionoidea is generally
considered to be the Hesperioidea (skippers)
(Kristensen 1976; Minet 1991), which share the large
body and palatability of this hypothetical ur-butterfly.
However, Scoble (1986, 1992) has suggested that the
Hedylidae, a small neotropical group of thin-bodied,
long winged moths, may be the sister taxon of the
Papilionoidea, to the exclusion of the Hesperioidea.
Most hedylids are cryptic and nocturnal, but some
hedylids are day-flying (Scoble 1992) and appear to be
mimics of clear winged ithomiines (A. V. Z. Brower,
unpublished data). The palatability of the hedylids has
not been reported, but colour patterns, behavioural
evidence and host plant association (Sterculiaceae)
suggest they may be palatable (Scoble 1992). The
molecular data of Weller & Pashley (1995) support
the placement of the hedylids as sister taxon to the
Papilionoidea + Hesperioidea. ~Obviously, mimetic
hedylids must have evolved after their aposematic
models, implying that the transition to diurnality in
this group may have been relatively recent. Thus, the
hypothesis that the ancestral butterfly possessed
characters associated with palatability is not seriously
challenged by close relationship to the feeble hedylids.
However plausible (or implausible) these speculations
may be, much better data on host plant associations,
palatability and phylogeny must be gathered before a
clear understanding of the evolution of butterfly
diversity is possible.

4. CONCLUSION

In this paper I have endeavoured to highlight the
fundamental contributions of evolutionary history to
patterns of current adaptation in butterflies. Most of
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the ideas I present support the traditional views of
students of mimicry over the last 130 years. Srygley
and colleagues (Chai & Srygley 1990; Srygley & Chai
1990; Srygley & Dudley 1993; Srygley 1994) have
done an admirable job of quantifying complex mor-
phological traits and correlating them with palatability
and flight behaviour for a range of neotropical
butterflies. However, Srygley has erred in his as-
sumption that phylogenetic correlations can be
factored out of the equation by statistical trans-
formations (at least, by the ones he has performed). His
assumption that ‘adjustment for mimicry’ is equivalent
to factoring out phylogenetic relatedness is not only
false, but actually enhances the effect of phylogenetic
correlation in his analyses. This error has yielded
misleading support for his results. More importantly,
his deemphasis of the role of phylogenetic relationships
has led to conclusions about adaptation that are
unwarranted with respect to his own results, and
contradicted by previous evidence available in the
literature.
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