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In 1879, MuÈller proposed that two brightly coloured distasteful
butter¯y species (co-models) that share a single warning-colour
pattern would bene®t by spreading the selective burden of
educating predators1±5. The mutual bene®t of sharing warning
signals among distasteful species, so-called muÈllerian mimicry, is
supported by comparative evidence2,3, theoretical studies5,6 and
laboratory simulations7; however, to date, this key exemplar of
adaptive evolution has not been experimentally tested in the ®eld.
To measure natural selection generated by muÈllerian mimicry, I
exploited the unusual polymorphism of Heliconius cydno
(Lepidoptera: Nymphalidae)8. Here I show increased survival of
H. cydno morphs that match locally abundant monomorphic comodel species. This study demonstrates muÈllerian mimicry in
the ®eld. It also shows that muÈllerian mimicry with several comodels generates geographically divergent selection, which
explains the existence of polymorphism in distasteful species
with warning coloration9.
The importance of warning coloration in Heliconius butter¯ies
has been examined by marking out wing colour-pattern elements or
by transferring colour-pattern races across an inter-racial hybrid
zone10,11. These studies showed that there is strong, positive
frequency-dependent (aposematic) selection12 acting on colour
pattern in a species, but failed to measure directly the bene®t of
muÈllerian mimicry. This is because they measured purifying
selection on colour pattern in a numerically dominant co-model
species Heliconius erato (W. W. Benson, personal communication)10,11,13 rather than selection for colour-pattern convergence
between species (Fig. 1). The results of both studies demonstrate
how natural selection operates on intraspeci®c variation in warning
coloration (uninitiated predators rapidly eliminate rare warning-
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colour variants within a species9), and can explain the observation
that distasteful Heliconius14,15 species are generally monomorphic
within a given geographic area9.
This study tests the evolution of muÈllerian mimetic coloration (in
Heliconius) by exploiting an unusual system of colour-pattern
polymorphism in one species of Heliconius butter¯y. In western
Ecuador, two colour morphs of the unpalatable H. cydno butter¯y
(yellow and white) resemble two different unpalatable species,
Heliconius eleuchia (yellow) and Heliconius sapho (white) (Fig. 1;
the proposed co-models of H. cydno8). Where all three species occur
together, the two monomorphic co-models vary in relative abundance (see Methods)8.
I used the distasteful polymorphic H. cydno to test two predictions of muÈllerian mimicry theory: ®rst, that unfamiliar experimental H. cydno morphs whose wing colour does not match the
locally dominant co-model suffer more attacks by predators compared with control morphs whose wing colour does match the comodel1; second, that differences in survival between experimental
and control butter¯ies decreases with increasing release density.
Predators must attack a number of butter¯ies to learn to avoid an
unfamiliar experimental colour pattern15. These attacked butter¯ies
will represent a lower fraction of the experimental butter¯ies when
more experimental butter¯ies are released3,10,11. In fact, predator
education may have thwarted previous warning-colour experiments
that failed to detect differences between experimental and control
treatments because, in an attempt to achieve signi®cant samples sizes,
they used high-density releases, long release times or re-released
butter¯ies at the same study site10,11,16±18.
To test the ®rst prediction, I captured pairs of yellow and white
H. cydno butter¯ies from two source sites and released them at
four other sites that were dominated by yellow or white co-models
(Table 1, H. eleuchia or H. sapho). In contrast to previous experiments, this reciprocal transplant design measures the bene®t that a
rare unpalatable morph of H. cydno derives from muÈllerian mimicry
with either of its more common co-model species (Fig. 1). I tested
simultaneously the second prediction by releasing these H. cydno
pairs at different densities: low density (1 pair every 163±194 m of
trail) in three sites (Table 1, Manta Real, Agua Caliente and
Tinalandia) and high density (1 pair every 40 m of trail) at one
site (Table 1, Maquipucuna; also see Methods)8.
As predicted, experimental individuals had a lower frequency of
being refound on subsequent visits (resighted) compared with
controls for each study site (Fig. 2). From resight data, I used
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Figure 1 Experimental designs of aposematic selection and muÈllerian mimicry in
Heliconius butter¯ies. a, Experimental (dashed line) and control butter¯ies (solid lines) of a
single Costa Rican population of H. erato peterivana. The red forewing patch is darkened
for experimentals and an equivalent amount of ink is applied to dark parts of the forewing
for controls10. b, Experimental (dashed arrows) and control (solid arrows) butter¯ies of
H. erato emma and H. erato favorinus. Experimental butter¯ies were transferred across
their common hybrid zone (grey line) and control butter¯ies were transferred parallel to the
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Polymorphic
forms of
H. cydno alithea

H. eleuchia eleusinus

hybrid zone11. In both studies abundant H. erato were manipulated at sites where they
occurred with the rare co-model H. melpomene (W. W. Benson, personal communication)10,11,30. c, Reciprocal transfer of polymorphic H. cydno. White H. cydno are control
butter¯ies (solid arrow) when transferred to sites dominated by the white co-model
(H. sapho) and experimental butter¯ies (dashed arrow) when transferred to sites
dominated by the yellow co-model (H. eleuchia). The opposite is true for the yellow
H. cydno butter¯y.
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maximum likelihood methods19,20 to estimate survival differences
between experimental and control butter¯ies21. This involved partitioning butter¯y disappearance into two phases: disappearance
during the ®rst 24 h (to estimate the probability of establishment,
PE) and subsequent disappearance (to estimate the exponential
mortality rate, l) (see Methods)11. Disappearance rates of released
butter¯ies were in the predicted direction: experimental butter¯ies
had higher initial disappearance rates (lower PE) and higher subsequent disappearance rates (Fig. 3, l).
The greater disappearance rate of experimental butter¯ies is not
due to emigration from release sites, as the dispersal distances of
experimental and control butter¯ies were very similar. The mean
maximum distance moved by each resighted butter¯y did not differ
between experimental (105 6 35.9 m; mean 6 s.e.m.) and control
(118 6 37.4 m) butter¯ies (t41 = 0.41, P = 0.68; on ln-transformed
distance data). Very few released butter¯ies ¯ew long distances.
Only visually oriented predators are expected to affect experimental
butter¯ies while leaving the controls alone. It is therefore reasonable
to attribute differences in disappearance rate to differences in
survival between morphs.
Morphs differed in survival (life expectancy, PE/l): the maximum
likelihood estimate of life expectancy across all sites was 5 days for
experimental butter¯ies and 14 days for control butter¯ies (Fig. 3b,
G4 = 10.72, P = 0.03). These differences in life expectancy for
H. cydno butter¯ies, which have a fairly constant reproductive
1.0
0.5

Low density

a

High density

b

0.05

0.01
1.0
0.5

Low density

c

Probability of establishment (PE)

Proportion resighted

0.1

output22, are equivalent to a selective coef®cient (s) of 0.64 against
experimentals (see Methods)11.
Release density affects survival differences. At high release
density, selection was not detected: life expectancies for experimental and control butter¯ies were similar (16 and 17 days
respectively, G4 = 1.72, P = 0.79). In contrast, life expectancy was
2 days for experimental and 12 days for control butter¯ies at the
three sites of low-density release combined (Fig. 3a, G2 = 8.92,
P = 0.012).
Differences in life expectancy between experimental and control
butter¯ies vary predictably with the density of release, suggesting
that avian predators such as Jacamars (Galbulidae), motmots
(Motmotidae) and tyrant ¯ycatchers (Tyrannidae) are capable of
learning and can select against unfamiliar coloration of experimental butter¯ies in the ®eld15. The lower life expectancy of
experimental relative to control butter¯ies at sites of low-density
release indicates that looking like an abundant co-model increases
the probability of survival. In contrast, at high release density, lifeexpectancy differences between treatments are negligible. Predators
attack a number of experimental colour morphs to learn avoidance
of an unfamiliar colour pattern, but at high release density this
number will be a lower fraction of the total experimentals released.
Even if predators are responsible for the high initial loss of experimental butter¯ies (low PE) across all sites (Fig. 3), they would be
expected to learn to avoid experimental morphs when frequent,
accounting for the decreased difference between experimental and
control l observed at the high-density release site, Maquipucuna.
There are several implications of this study. The bene®t of
muÈllerian mimicry is very high. Predators quickly eliminate rare
phenotypes that deviate from the local ®tness peak provided by
abundant co-models. Given this, polymorphism in distasteful
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Figure 2 Observed proportion (log10 scale) of control and experimental H. cydno
butter¯ies resighted after initial release. Control (solid line) and experimental butter¯ies
(dashed line) resighted at Manta Real (a), Maquipucuna (b), Agua Caliente (c) and
Tinalandia (d). To ensure even coverage, all possible locations to resight butter¯ies were
visited daily on a rotating basis (except for Tinalandia where these sites were visited every
1.5 days).

Figure 3 Probability of establishment (PE) versus exponential death rates (l) estimated for
released butter¯ies at low-density sites Manta Real, Agua Caliente and Tinalandia
summed (a), and at all sites combined (b). Butter¯ies with lower life expectancies have
lower estimates of PE and higher estimates of l. The maximum likelihood estimates for PE
and l for control (circles) and experimental (squares) butter¯ies are shown. ln-likelihood
pro®les for these two parameters are shown by the two-unit support ellipses (control (solid
line) and experimental (dotted line) butter¯ies) that are roughly equal to the 95%
con®dence limits for any one parameter19.

Table 1 Details of release experiments
Release site*

Source site

Dates

Treatments²

Release density

Total released

Total resighted

Manta Real
Manta Real
Maquipucuna
Maquipucuna
Agua Caliente
Agua Caliente
Tinalandia
Tinalandia

El Copal
El Copal
El Padrino
El Padrino
El Copal
El Copal
El Copal
El Copal

15/16±28 July, 1993
15/16±28 July, 1993
3±23 Aug, 1994
3±23 Aug, 1994
23 Nov±5 Dec, 1994
23 Nov±5 Dec, 1994
24 June±7 July, 1995
24 June±7 July, 1995
Overall

C (yellow)
E (white)
C (yellow)
E (white)
C (yellow)
E (white)
C (white)
E (yellow)
Control
Experimental
Total

Low (2 per 163 m)
Low (2 per 163 m)
High (2 per 40 m)
High (2 per 40 m)
Low (2 per 164 m)
Low (2 per 164 m)
Low (2 per 193 m)
Low (2 per 193 m)

9
18
16
21
11
12
14
16
50
67
117

5
3
10
10
4
3
5
3
24
19
43

...................................................................................................................................................................................................................................................................................................................................................................

...................................................................................................................................................................................................................................................................................................................................................................
* Elevations and locations of release sites: Manta Real, (400±500 m) 28 34.739 S, 798 20.929 W; Maquipucuna, (1,150±1,300 m) 08 7.429 N, 788 37.779 W; Agua Caliente, (200±350 m) 28 37.079 S,
798 28.999 W; Tinalandia, (600±800 m), 08 17.889 S, 798 3.269 W. Site elevations and locations for source sites: El Copal, (885 m) 08 52.819 S, 798 0.4.969 W and El Padrino, (775 m) 08 0.739 S, 788 59.219 W.
² Treatments are determined by the colour of the dominant co-model species: C, controls; E, experimentals (see Methods).
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species with warning coloration is a challenge to muÈllerian mimicry
theory: distasteful butter¯ies should converge on a single, shared
warning coloration with their muÈllerian co-model3. However,
this experiment shows that polymorphic H. cydno from western
Ecuador seem to be under strong geographically variable selection
alternately favouring mimicry with two different co-model species.
It also seems that selection against unfamiliar phenotypes may be
relaxed at higher density. Thus, geographical variation in selection
for mimicry coupled with weak selection against morphs when they
are common8 explains the puzzling existence of this and other
polymorphic muÈllerian mimics23. Furthermore, multiple co-models
coupled with relaxed selection at higher density may allow a shifting
balance favouring new warning-colour patterns8,24±26. This phenomenon may be particularly important not only in the origin and
maintenance of new warning colours but also in the adaptive
radiation of new mimetic species24,25,27.
M

Methods
Butter¯y capture and release
I captured H. cydno at polymorphic source sites and transported them to release sites in
glassine envelopes in a moist cooler (Table 1). I numbered, sterilized8 and fed the
butter¯ies a sucrose solution at the release sites, and held them overnight in large cages. I
released healthy butter¯ies the next day in pairs (one experimental and one control) or in
triplets (two experimentals and one control, to increase the likelihood of resighting
experimentals) at even intervals along release trails (Table 1). The geometry of release trails
is similar at all sites (trails parallel a creek or river). I calculated the release density from the
number of butter¯ies divided by the trail distance (m). I reduced known handling effects
on recaptured butter¯ies28 by resighting individual butter¯ies with 10 ´ 42 binoculars or a
20 ´ 60 spotting scope. I began resighting 12 h after release and continued until nearly all of
the butter¯ies had disappeared from the release sites.

Treatments
At all release sites, co-models outnumber H. cydno (typically in a 4:1 ratio, range 2:1±
36:1)8. At three release sites (Manta Real, Maquipucuna and Agua Caliente), abundant
yellow co-models H. eleuchia co-occur with exclusively yellow H. cydno. At these sites,
transferred yellow H. cydno butter¯ies are controls and white butter¯ies are
experimentals8. At the fourth release site, Tinalandia, both co-model species co-occur with
white and yellow morphs of H. cydno8. However, before and during the release at
Tinalandia white H. sapho outnumbered yellow H. eleuchia by 5:1, thus providing the
reciprocal treatment of a `white' dominated release site8.

Data analysis
The daily probability of resighting a butter¯y (vi) is estimated as a function of daily
resighting effort Ei (total native butter¯ies of the three species encountered in a given day i,
[vI = aEi])11. I measured survival differences21 using maximum likelihood to estimate
parameters of a simple survival model, PEe-lt. PE indicates the day 0 to day 1 probability of
establishment or survival, and e-lt indicates the proportion of these butter¯ies still alive
(or present) at day t with death rate l. Statistical analysis of survival data also takes into
account vi (equations not shown). The complete model equations used are found in the
appendix of ref. 11. Life expectancy (LE) is estimated as PE/l (ref. 11). Selection against the
unfamiliar colour pattern (s = 1 - LEexp/LEcon) where exp is experimental and con is
control is directly proportional to the reduction in experimental life expectancy relative to
controls11.
The analysis proceeded in two steps: model parameter estimation for all combinations
of treatments, release sites and different sexes (the `full' model), followed by reduction to
include only statistically signi®cant effects19±21,29. The full model ®tted the observed
number of butter¯ies resighted on a given day (goodness-of-®t test, x266 = 59.13, P = 0.71)
and thus represents a reasonable starting point for the analysis21. Because the full model ®t
the data well I used likelihood ratio tests (LRT)19,21,29 and Akaike information criteria
(AIC)20 to reduce it to include only statistically signi®cant main effects (and interactions),
such as sex or site differences in a, PE or l, before testing for differences in these parameters
between experimental and control butter¯ies21.
I considered ®rst statistically signi®cant variation in the resighting coef®cient a (as
suggested by ref. 21). Maximum likelihood estimates of a were higher for experimentals
(a = 0.0103) than for controls (a = 0.00798; LRT, G1 = 4.59, P = 0.032; AIC = 309.16, 2
parameters)19,20. This indicates that experimental butter¯ies may stand out to human
observers because they differ from butter¯ies with local warning colour patterns (natives
and controls). Experimentals were easier to resight than controls at Maquipucuna, Agua
Caliente and Tinalandia but not at Manta Real. At Manta Real, females were more likely to
be resighted than males (G1 = 4.08, P = 0.0435). To avoid potential resighting biases21, I
estimated an intermediate resighting model that included treatment-based differences in
a (control a = 0.00743, experimental a = 0.0106) from the three sites combined
(Maquipucuna, Agua Caliente and Tinalandia, G1 = 5.63, P = 0.018) and sex-based
differences in a at Manta Real (female a = 0.013, male a = 0.0069). Other than effects on
resighting probability at Manta Real, sex did not affect parameter estimates. I used this
resighting model with the lowest AIC (306.0, four parameters) to calculate the daily
probability of capture (vi) for the analysis of survival parameters21. For survival the
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combined LRT and AIC analysis indicated that the best combination of PE and l include
additive effects of site and treatment with 12 parameters (site + treatment model). Sex had
no main effect on survival parameters (G4 = 6.60, P = 0.16), and none of the interactions
was statistically signi®cant21,29. I used this ®nal model to assess the experimental effects of
treatments on survival.

Programming
I programmed likelihoods using Visual Basic (Microsoft, Redmond, Washington, 1994). I
located global maxima by passing ln likelihoods to the SOLVER function in Microsoft
Excel (Microsoft, Redmond, Washington, 1994). All runs using different initial parameter
values converged on the same maximum likelihood estimate. Visual inspections showed
that all likelihood pro®les were smooth and continuous with a single global maximum.
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