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STRONG NATURAL SELECTION IN A WARNING-COLOR HYBRID ZONE

JAMES MALLET' AND NicHOLAS H. BARTON
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Wolfson House, 4 Stephenson Way, London NW1 2HE, U.K.

Abstract. —Frequency-dependent selection on warning color can maintain narrow hybrid zones
between unpalatable prey taxa. To measure such selection, we transferred marked Heliconius erato
(Lepidoptera: Nymphalidae) in both directions across a 10-km-wide hybrid zone between Peruvian
races differing in color pattern. These experimental H. erato were released at four sites, along with
control H. erato of the phenotype native to each site. Survival of experimental butterflies was
significantly lower than that of controls at two sites and overall. Most selection, measured as
differences in survival, occurred soon after release. Selection against foreign morphs was 52%
(confidence limits: 25-71%) and was probably due to bird attacks on unusual warning-color morphs
(more than 10% of the recaptures had beak marks). Since only three major loci determine the
color-pattern differences, this suggests an average selection coefficient of 0.17 per locus, sufficient

to maintain the narrow clines in H. erato.
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Hybrid zones and clines are areas where
genetically distinct populations, subspecies,
or partially interfertile species meet. Clines
repay investigation because they are stabi-
lized by selective factors similar to those
constraining the initial evolution of differ-
ences between the interacting forms. Two
sorts of stable clines are generally recog-
nized: clines between forms that are differ-
ently adapted to abutting environments
(Haldane, 1948; Fisher, 1950; Jain and
Bradshaw, 1966, Slatkin, 1973; Endler,
1977; Moore, 1977) and clines maintained
by heterozygote disadvantage or selection
against recombinants, as in clines of chro-
mosomal rearrangements (Bazykin, 1969,
Barton, 1979). However, a third class of
clines can be maintained by frequency-de-
pendent selection favoring the most com-
mon form (the opposite, “apostatic” selec-
tion favoring rare forms, causes global
polymorphism rather than a stable cline).
These clines have stable widths because se-
lection acts against individuals that disperse
across the cline to areas where their own
phenotype is rare. Although selection is quite
different at the genotypic level, clines main-
tained by frequency-dependent selection and
those stabilized by selection against hybrids
are both frequency-dependent at the gene
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level; in fact, linear frequency-dependent
selection on genotypes (see Mallet, 1986a)
leads to gene-frequency recursion equations
that are identical to those for the case of
heterozygote disadvantage (Barton, 1979).
Therefore, underdominance and frequency
dependence favoring the more common
form give equal postmating isolation for any
given selection pressure. Since selection de-
pends on the genetic composition of the cli-
nal populations, rather than on adaptations
to the local environment, a cline that is
maintained by frequency-dependent selec-
tion or heterozygote disadvantage is mobile
(Bazykin, 1969; Barton, 1979; Mallet,
1986a). Such clines are termed ‘“‘tension
zones” (Key, 1981; Barton and Hewitt,
1985), because their maintenance is by in-
trinsic, rather than extrinsic, environmental
sources of selection. In practice, tension
zones are hard to distinguish from environ-
mentally stabilized clines, because they can
be trapped at ecological discontinuities
which inhibit dispersal.

Clines maintained by frequency depen-
dence may exist in warningly colored but-
terflies (Mallet, 1986a), as well as between
races under some kinds of sexual selection
(Moore, 1979, 1987; Johnson et al., 1987).
Warning colors serve as protection from
predation because predators associate a col-
or pattern with an unpleasant experience.
Prey of each color pattern are sampled by
predators during learning. Ifa common prey
form and a rare prey form are equally con-
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crimson forewing band and yellow hindwing bar); bottom row: rayed pattern (black with yellow forewing band,
orange forewing proximal patch, and orange hind-wing rays); left: Heliconius erato; right: H. melpomene.

spicuous, memorable, and unpalatable, na-
ive predators should take about the same
number of each type of prey to learn the
patterns and thus take a higher proportion
of the rare form. Thus, frequency-depen-
dent selection favors the most common form
(Greenwood et al., 1989). This selection re-
sults in monomorphism within populations
(Clarke, 1962; Mallet and Singer, 1987,
Endler, 1988), leads to Miillerian mimicry
within communities (Miiller, 1879; Turner,
1977), and helps to maintain clines (Mallet,
1986a).

The South American butterflies Heliconi-
us erato and H. melpomene (Lepidoptera:
Nymphalidae) are unpalatable to birds
(Brower et al., 1963; Boyden, 1976; Chai,
1986), and each species has divergent color-
pattern races separated by narrow clines
(Turner, 1971a; Brown et al., 1974; Lamas,
1976; Mallet, 1986a). Except in regions
where one species is absent, races of the two
species mimic each other; H. melpomene
has probably tracked the divergence of the
more common H. erato by Miillerian mim-
icry, although some coevolution may have
occurred (Eltringham, 1916; Gilbert, 1983).
The existence of this striking mimicry, the
narrowness of many of the clines (as narrow
as 10 km), the concordance of clines be-
tween the species, and cage experiments
demonstrating the effectiveness of Heliconi-
us mimicry (Brower et al., 1963; Boyden,

“Postman” and “rayed” Heliconius near Tarapoto, Peru. Top row: postman pattern (black with

1976) all point to a strong warning function
for the bright color patterns of Heliconius.

In this paper, we present a direct estimate
of the strength of natural selection on H.
erato at a hybrid zone in Peru. We trans-
ferred live adult butterflies across the hybrid
zone and compared their survival with that
of controls. We argue that the strong selec-
tion we measured against “foreign” butter-
flies is due to warning-color differences,
rather than to differing ecological adapta-
tions of the races. However, we were not
able to confirm directly that the differences
in survival of experimental and control but-
terflies were due to predation. Our protocol
improves on experiments that use paint to
create or alter mimetic patterns, since the
patterns in our butterflies are natural. A pos-
sible drawback of our method is that, by
using variants taken from different popu-
lations, we may find differences in survival
due to genes affecting traits other than color
pattern. However, selection due to differ-
ences in habitat requirements of the two
races could also help maintain the hybrid
zone; as far as the structure of the zone is
concerned, the mechanism of selection is
not crucial (Barton and Hewitt, 1985).

MATERIALS AND METHODS

In the Department of San Martin, Peru,
there is a hybrid zone between two diver-
gently patterned races of H. erato. These are
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F1G. 2. Maps of the hybrid zones of Heliconius erato and H. melpomene. Release sites are circled and named;
broad lines represent roads. Pie diagrams show the average gene frequencies at three major loci determining
color pattern in H. erato and four major loci in H. melpomene (see Sheppard et al. [1985] and Mallet [1989]
for genetic details). Because of gene dominance, only the Convento release site was visually polymorphic (though
mainly “rayed” in phenotype), and even there only one wild “postman” H. erato (i.e., a triple homozygote) was

€ver seen.

the “postman’’-patterned race (H. e. favo-
rinus) and the “rayed” race (H. e. emma)
(Lamas, 1976). These races, together with
those of the mimetic H. melpomene, which
has an identically placed hybrid zone, are
shown in Figure 1. These concordant zones
are each about 10 km wide and are centered
on the eastern foothills of the easternmost
range of the Andes (Fig. 2).

H. erato individuals set up small home
ranges (Turner, 19715b; Mallet, 19865) that
are little affected by capture and marking
(Mallet et al., 1987). Individuals transferred
out of their normal home ranges to other
sites set up new home ranges that include
gregarious roots with native H. erato (Mal-
let, 1986b). We exploited these features of
Heliconius behavior to perform our release
experiment.

Four release sites, all within 40 km of
each other, were selected in the Department
of San Martin: Chazuta, Tarapoto, Con-
vento, and Davidcillo (Fig. 2, Table 1). The
sites were approximately matched for alti-

tude. At Chazuta and Tarapoto, as well as
in the Rio Mayo and upper Rio Huallaga
drainages at 220-1,500 m above sea level,
the postman pattern is fixed in H. melpom-
ene and H. erato, though mimetic rayed hel-
iconiines of other species (Eueides tales, La-
parus doris, Neruda aoede, Heliconius
demeter, H. xanthocles, H. burneyi, and H.
elevatus) are sometimes present. Rayed hel-
iconiines, including those species men-
tioned above are typical of the lower Hua-
llaga and Ucayali drainages (150-250 m
above sea level), as well as the Andean Po-
zuzo valley (up to 1,500 m above sea level);
the rayed pattern in H. erato and H. mel-
pomene is nearly fixed at Convento and
Davidcillo, but occasional hybrids and even
some pure postman patterns have been seen
in these sites.

Fresh, undamaged H. erato were captured
in a variety of locations including the release
sites (old butterflies were not used so as to
reduce variability in survival). They were
marked individually on the undersides of
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their forewings with a felt pen, fed, and
transported in hanging cages to different re-
lease sites (see Table 3 for distances moved).
Butterflies were released at flowers frequent-
ed by native H. erato. Two kinds of transfers
were made: ‘“‘experimentals” with foreign
color patterns were transported across the
hybrid zone and released at sites on the oth-
er side; “controls” of the same race and
pattern as those native to the release site
were transferred from other sites on the same
side of the hybrid zone as the release site in
question. Controls were kept in the same
way and for the same time as the experi-
mental butterflies, and they were released
at exactly the same flowers as the experi-
mentals. In addition to transfers, mark-re-
capture studies of native H. erato were ini-
tiated at each release site. “Native controls”
(fresh, undamaged H. erato that were cap-
tured, marked, and immediately released at
the same site) were used to check for the
effects of captivity and transport. Convento,
at the edge of the hybrid zone (Fig. 2), had
a fourth class of butterflies, known as ‘“‘na-
tive'experimentals.” This class consisted of
hybridized native individuals that clearly
differed in at least one component from the
locally predominant rayed pattern. One
suitable native experimental was found at
Davidcillo and one at Tarapoto (the latter
had an F, hybrid phenotype and was prob-
ably an offspring of an experimental); these
have been excluded from the analysis for
lack of sufficient comparable data.

At each site, 1-4 batches of butterflies,
both of experimental and of controls, were
released. Sites were visited about every two
weeks (when the roads were open) for 1-9
weeks before the first release and for 18-22
weeks after the last release. During visits,
all possible rayed and postman heliconiines
were captured. Their identities and any wing
damage were recorded before release. Two
types of wing damage were recorded: defi-
nite impressions of a bird’s beak and major
wing damage, the latter using Benson’s
(1972) definition of a straight tear passing
through at least one major wing vein. All
sightings of jacamars (Galbula spp.) were
recorded as an indication of likely butterfly
predation (jacamars are probably the most
important predators influencing Heliconius
mimicry [Chai, 1986]).

J. MALLET AND N. BARTON

Statistical Analysis of
Mark-Recapture Data

We used estimates of life expectancy to
measure the fitness differences between ex-
perimentals and controls. Heliconius breed
throughout the year and have a long repro-
ductive life. After an initial refractory pe-
riod immediately following eclosion, they
reproduce at an approximately constant rate
for up to six months (Dunlap-Pianka et al.,
1977). The reduction in lifespan of experi-
mentals is therefore approximately equal to
the selection pressure against immigrants
into the release sites.

Most methods of analyzing mark-recap-
ture data such as ours assume that survi-
vorship decays exponentially. However, our
results suggest that disappearances are most
likely to occur shortly after release. More
than half of the released butterflies were
never recaptured; however, butterflies seen
once were often seen again. The simplest
model that can describe such a pattern is
that each butterfly has a probability Py of
“establishment” in the area and once es-
tablished it has a probability e~ of survival
for ¢ days or longer, where A is the expo-
nential rate parameter. In the model, Pg rep-
resents establishment, but the estimated Pg
will also include any components of early
mortality after establishment with rate pa-
rameters much greater than A. The overall
life expectancy of a butterfly is then given
by the probability (Pg) of establishment
multiplied by the expected lifetime after es-
tablishment (1/A).

The plausibility of different combinations
of the parameters P and A is judged for each
treatment and site by their likelihood (the
probability of a set of observed results given
particular hypotheses of Pg and A). Likeli-
hood is extremely useful in this context be-
cause it is usually simple to calculate the
probabilities involved in nonstandard
models. Using likelihood, the hypotheses to
be tested can be partitioned and combined
in a variety of ways; one is not limited to a
single null hypothesis.

The method used is explained in the Ap-
pendix. It depends on the usual biological
assumption of mark-recapture analyses, that
each available individual is equally likely to
be recaptured. This is not strictly true for
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Ecological data for release sites and results. Treatments: C = controls, E = experimentals, NC =

Mean

known
Numbers of butterflies Iifespan
of recap-

Total re- tured

leased Total With With butter-

Altitude or cap- recap- beak other flies

Site (m) Jacamars seen Treatments tured tured marks damage (days)
Chazuta 280 Galbula tombacea C (postman) 14 7 0 3 53.1
6°35'S E (rayed) 16 2 1 0 29.5
76°09'W NC (postman) 20 12 1 4 56.6
Tarapoto 350 none C (postman) 26 16 1 5 36.2
6°29'S E (rayed) 26 9 1 2 70.4
76°21'W NC (postman) 41 18 0 4 63.3
Convento 270  Galbula albirostris C (rayed) 18 6 0 4 54.2
6°16'S (once only) E (postman) 15 4 2 1 61.8
76°18'W NC (rayed) 39 19 2 10 54.8
NE (hybrids) 21 5 1 3 103.0
Davidcillo 250 Galbula albirostris, C (rayed) 25 11 1 5 56.0
6°15'S Jacamerops aureus E (postman) 23 3 1 2 57.7
76°16'W NC (rayed) 27 15 1 7 54.7
Overall: C 83 40 2 17 47.3
E 80 18 5 S 61.8
NC 127 64 4 25 58.3

Heliconius over periods of a few days, since
RESULTS

they learn to avoid areas or situations in
which they have recently been captured;
however, the experience of capture and re-
lease does not apparently cause much dis-
persal from the home range (Mallet et al.,
1987). Since captures were made in all
available subsites within each home range
and since the experiments were performed
over periods of months, it seems likely that
all individuals in this study are equally like-
ly to be captured. Provided that experi-
mentals and controls do not differ in aver-
age likelihood of recapture, individual
differences should have little effect on the
relative measurement of survival.

The likelihood surfaces shown in Figure
3 were constructed separately for each site
and each butterfly treatment by calculating
likelihood values for a 40 x 40 grid of com-
binations of Pg and A. The reliability of the
estimates can be gauged from the “support”
limits (contours where the log,-likelihood is
two units below the maximum). Along any
one axis, the support limits approximate the
95% confidence limits (Edwards, 1972). The
plausibility of different hypotheses was
compared using the difference in their log,-
likelihoods (6L). In large samples, the G sta-
tistics (G = 2 8L) is approximately distrib-
uted as chi-square.

Overall, experimental butterflies were re-
captured less often than controls (G,; =
11.97, P < 0.01, Table 1). However, but-
terflies seen once were often seen again, and
the known-residence time of recaptured ex-
perimentals (mean = SE=61.8 = 11.3 days)
did not differ significantly from that of con-
trols (47.3 = 5.4 days). At Convento, there
was no significant difference between cap-
ture rates of native experimental and native
control butterflies (Gy;; = 3.67, P = 0.055;
Table 1). The percentage of butterflies with
beak marks or presumed predator-caused
wing damage was 47.5% overall, and was
lowest at Tarapoto (30.2%), where no jac-
amars were sighted. No predatory attacks
on butterflies were observed directly.

The estimated probabilities of establish-
ment (Pg) and exponential death rates after
establishment (A\) are shown in Table 2. The
likelihood surfaces for each treatment and
site are shown in Figure 3a—d. Using the
method of likelihood, a large number of hy-
potheses can be tested. The likelihood sur-
faces for all sites can be summed to give
overall estimates of P and A in each ex-
perimental category (Fig. 3e, Table 2). These
overall estimates of P and A differ strongly
between experimentals and controls (Fig. 3e;
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TABLE 2. Maximum-likelihood estimates of life expectancy. (Pg to within 0.025; X to within 0.0015). Two-
dimensional support limits (~95% confidence limits) for these estimates are shown in Figure 3.

Estimates

Site Treatment P A Life expectancy (days)

Chazuta C (postman) 0.700 0.0090 78

E (rayed) 0.325 0.0315 10

NC (postman) 0.925 0.0075 123

Tarapoto C (postman) 0.875 0.0210 42

E (rayed) 0.450 0.0105 43

NC (postman) 0.525 0.0060 88

Convento C (rayed) 0.550 0.0120 46

E (postman) 0.350 0.0075 47

NC (rayed) 0.700 0.0075 93
NE (hybrids) 0.300 0.0000 —a

Davidcillo C (rayed) 0.975 0.0180 54

E (postman) 0.300 0.0180 17

NC (rayed) 1.000 0.0120 83

Overall C 0.800 0.0165 48
(Summed L) E 0.350 0.0120 29

NC 0.700 0.0075 93

a Estimated life expectancy (P/A) undefined.
Gy = 12.43, P < 0.01). Setting A toits most ~ were not significant (Gj,; = 2.53), nor were

likely joint value of 0.015 (assuming exper-
imentals and controls have equal \), esti-
mates of Py are significantly lower in ex-
perimentals than in controls (G;,; = 11.59,
P < 0.01). However, estimates of A do not
differ when Pg is held constant (G;,; = 1.00).
Performing the same analysis for each site,
Py is significantly higher in controls than
experimentals at Chazuta (G, = 4.60, P <
0.05) and Davidcillo (G;,; = 5.78, P < 0.05),
but not at Convento (G;;; = 0.31) or Tara-
poto (Gy;; = 3.16; Fig. 3a—d). On the other
hand, estimates of Pg and A differ little be-
tween controls and native controls (Fig. 3e;
Gy = 5.93). The main effects of capitivity
and transfer seem to be to reduce life ex-
pectancy after establishment (1/\) by about
60% (Gy;; = 5.25, P < 0.05), rather than to
affect Pg (Gy;; = 0.29).

Native experimentals were available only
at Convento, where the difference between
joint estimates of Pg and A for native con-
trols and native experimentals was margin-
ally significant (G, = 6.04, P < 0.05). Na-
tive experimentals had a low estimated P,
but their life expectancy could not be de-
termined because their estimated \ was O,
due to the high survival of the few native
experimentals that were recaptured. How-
ever, holding A constant, differences in Pg

differences in A significant when Pg was held
constant (Gy;; = 1.30). The native experi-
mentals seem to have a low probability of
establishment, (Pg) similar to that of the
introduced experimentals, although not sig-
nificantly lower than native controls. In view
of the lack of significant differences between
native experimentals and native controls,
they will not be discussed further.

A simple way to express confidence limits
in a two-parameter system is to reduce the
dimensionality. Since the estimated A\ for
experimentals is not significantly different
from the estimate of A for controls, A.yperi.
mentals = Acontrols = A €an be taken as part of
the statistical model. The sum of log-like-
lihoods over all sites (i.e., the log-probabil-
ity of the data given a hypothesis of partic-
ular parameter values) is then maximized
over all possible values of Pg for experi-
mentals, Pg for controls), and A. This gives
A = 0.015, Pg (for controls) = 0.775, P (for
experimentals) = 0.375. This corresponds
to a life expectancy for controls of 52 days
with support limits (approximate 95% con-
fidence limits) of 42—63 days. The corre-
sponding life expectancy of experimentals
is 25 (17-35) days. These maximum-like-
lihood values are slightly different from those
in Table 2 because, in producing Table 2, A
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diagrams show the log,-likelihood (L) surface for the parameters P and A for each site. In these graphs, estimates
shown at the top left indicate high life expectancies, those at the bottom right represent low life expectancies.
a) Chazuta; b) Tarapoto; c) Convento (native experimentals are not shown); d) Davidcillo; €) sums of L over
all sites. Closed symbols mark the maximum-likelihood estimate for each treatment (@ = controls, Bl = exper-
imentals, A = native controls), and the surrounding open symbols give the contour two L-units below this
maximum. Along any one axis, this contour corresponds to the 95% confidence interval.

was allowed to differ between experimentals
and controls. Compared with controls, the
reduction in lifespan for experimental but-
terflies is 52% (25-71%). Since this is as-
sumed to measure the selection in the ex-
periment (see above), experimental
butterflies have about half the fitness of con-
trols.

DISCUSSION
Evidence for Selection

Different rates of loss of experimental and
control butterflies probably represent selec-
tion by predators against foreign morphs of
H. erato. However, differential dispersal
could also produce the observed difference
in residence times. The reciprocal-transfer
method controlled for a greater intrinsic dis-
persal tendency of one of the races; but if
the experimentals are less well adapted to
the release sites, they might leave the release
sites more rapidly than controls on both
sides of the hybrid zone. This differential
movement would presumably also indicate
selection, since it would be due to a lack of
suitable resources for the foreign morphs.

Strong gametic associations in the hybrid
zones between loci determining color pat-
tern give independent evidence for strong
selection: in H. erato the average standard-
ized pairwise disequilibrium (D/D,,,,) is ap-
proximately 0.27, all genes unlinked; in H.
melpomene the average D/D,,,, is approx-

imately 1.00 for linked genes, and the av-
erage D/D,_,,, is approximately 0.39 for un-
linked genes (Mallet and Barton, unpubl.).

Local Adaptation or Selection for
Warning Color?

Since there is a significant reduction of
the establishment probability (Pg) of exper-
imentals and no difference between control
and experimental butterflies in subsequent
survival (\), selection seems to act soon after
release. This might be expected if there are
different adaptations to each race’s habitat,
since experimentals would be expected to
die or leave soon after transplanting.

The problem with this local-adaptation
hypothesis is that the most noticeable dif-
ference between races is in warning pattern.
There are no fixed or strong frequency dif-
ferences at soluble enzyme loci (Mallet and
King, unpubl.; see also Turneretal. [1979]).
Behaviorally, the two races are also similar.
In insectaries, both races and their hybrids
laid eggs preferentially on one species (Pas-
siflora trifasciata) of anumber of host plants
made available (Mallet, 1989). At Tarapoto,
introduced controls and experimentals were
repeatedly seen roosting gregariously with
native controls.

We controlled for local (within-race) ad-
aptations to temperature as closely as pos-
sible by choosing release sites of similar al-
titude (Table 1). We controlled for local
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TaBLE 3. Recapture rates broken down by distance transferred. The null hypothesis tested is that recapture
frequencies are not affected by distance transferred within each treatment. Homogeneity tests: G[3; = 1.75, ns

(controls); G[3] = 5.38, ns (experimentals).

Distance transferred (km)

Statistic 5-10 11-20 21-30 31-40 >41 Total

Controls:

Total number released 33 14 33 3 0 83

Number recaptured 14 7 18 1 — 40

Percentage recaptured 42 50 55 33 — 48
Experimentals:

Total number released 0 6 35 31 8 80

Number recaptured — 2 11 3 2 18

Percentage recaptured — 33 31 10 25 22

adaptation to biotic conditions by transfer-
ring both experimentals and controls from
some distance away, but we could not ex-
actly match transfer distances of experi-
mental and control butterflies, because of
limited access by roads. However, survival
rates did not decline with distance moved
for either experimental or control butterflies
(Table 3).

Since the only known difference between
the races of H. erato is the mimetic color
pattern, it would be perverse to assume that
selection due to predation is unimportant.
The tight concordance of the color-pattern
clines in the two species supports the pred-
ator explanation (Fig. 2). Although the lack
of differences in A between controls and ex-
perimentals might seem to argue against the
importance of predation, accurate estima-
tion of A requires large sample sizes of sur-
vivors, and the lack of significant differences
may be due to insufficient data. Also, rela-
tively few individual predators may have
been the selective agents (our observations
with binoculars suggest that there are at most
only 2-3 pairs of jacamars at each site).
These predators may have quickly learned
to avoid experimental butterflies, leading to
significant differences in establishment (Pg)
and no differences in later mortality (A).
Other experimenters have used similar ex-
planations for a lack of survival differences
between mimics and controls late in their
experiments (Brower et al., 1967; Benson,
1972). Our results suggest that the most re-
liable estimates of life expectancy are those
obtained from recapture rates within the first
few days of release.

In general, it has been difficult to verify

that natural selection acts on mimicry in the
field. Most previous field studies used paint
to alter butterfly and moth color patterns
(Brower et al., 1964; Brower et al., 1967,
Cook et al., 1969; Benson, 1972; Sternburg
etal., 1977; Jeffords et al., 1979; Jeffords et
al., 1980); thus the selection demonstrated
was not “natural” (Endler, 1986 p. 128).
However, see Edmunds (1966), Bowers et
al. (1985), and Gordon (1987) for examples
of natural selection possibly due to warning
color and mimicry. Another difficulty with
field studies of mimicry (including ours) is
that the evidence for predation as the actual
selective agent is weak. To demonstrate that
predation is the cause of differential surviv-
al in a mark-recapture study, one should
ideally know the fates of a random subsam-
ple of disappearing butterflies, both controls
and experimentals. Of the above-men-
tioned experiments, only Cook et al. (1969)
observed many instances of predation in the
field, but in that experiment, the mimics
and nonmimics did not differ in survival,
perhaps because the nonmimics were them-
selves accidental mimics of a different mod-
el (Waldbauer and Sternburg, 1975).
Other experimental studies showing a
survival advantage to painted mimics have
used beak marks or wing damage on recap-
tured individuals as an index of predation.
However, to use this index, one must as-
sume that the probability of receiving a beak
mark and surviving is correlated with the
risk of being killed. Such correlations are
not expected in general (Schoener, 1978).
Indeed Carpenter (1941) found that beak
marks occurred more often on unpalatable
than on palatable species and used this as
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evidence that aposematic butterflies were
better protected from predators. Within an
unpalatable species, beak marks could be
correlated with predation if the probabili-
ties of rejection are the same for different
morphs (Edmunds, 1974), but there is no
experimental evidence for this view.

In our study, about 10% of all individuals
were obviously beak-marked (we did not
record whether beak marks were of the nar-
row form made by jacamars [see Benson,
1972], but these seemed to be the most com-
mon type), and 40% of individuals had
major wing damage (Table 1). More exper-
imental than control butterflies were beak-
marked (Fisher’s exact test, P = 0.02), but
there was no difference between native ex-
perimentals and native controls (P = 0.28).
Major wing damage overall did not differ
significantly between treatments. While this
evidence shows that birds attacked butter-
flies, it does not prove that the differences
in disappearance rates are due to predation.

Jacamars are probably the most impor-
tant visual predators of heliconiines (Chai,
1986). No jacamars were seen at the Tara-
poto site, and only one pair of jacamars was
sighted at Convento (and these were only
seen more than a kilometer away from where
most of the transferred butterflies were re-
leased). In these two sites, experimentals and
controls did not differ significantly in their
survival. In contrast, at Chazuta and David-
cillo, where experimentals survived less well
than controls, jacamars were seen or heard
calling on almost every visit. These obser-
vations suggest that there is an association
between jacamar presence and poor estab-
lishment of experimentals. However, the
percentages of recaptured butterflies with
beak marks differed little between sites.

If the selection is primarily due to pred-
ators, then the total selection of 52% will
be spread among the three major loci in-
volved in color-pattern change (Sheppard
et al., 1985; Mallet, 1989 [each locus may
consist of linked blocks of genes]), so selec-
tion coefficients (s) are approximately 0.17
per locus (ignoring disequilibria). This high
estimate for per-locus selection on mimicry
seems to contradict the neo-Darwinian
principle that selection tends to act weakly
on many loci of small individual effect.
However, while occasional foreign color
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patterns may occur naturally at the sites,
selection will normally be lower within hy-
brid-zone populations. This study has mea-
sured the maximal selection, i.e., that against
homozygous foreign individuals at the edge
of the cline, where they are rarest. It is pos-
sible to estimate selection against nonmim-
ics in other experiments on mimicry by as-
suming that the reduction in lifespan is equal
to the selection coefficient. Under this as-
sumption, published experiments using
painted insects give similarly high selection
pressures: for H. erato, s = 0.22 (Benson,
1972); for Callosamia moths, s = 0.35
(Sternburg et al., 1977); s = 0.62-0.69 (Jef-
fords et al., 1979), or s = 0.70 (Jeffords et
al., 1980). The selective value of mimicry
is often high.

The transfer experiments revealed strong
selection against foreign morphs. Predator
attacks seem to be the most likely expla-
nation, for the following reasons: 1) there is
no evidence for any local adaptation, where-
as the races do obviously differ in mimetic
color pattern; 2) beak marks show that pred-
ators (especially jacamars) do handle the
butterflies; 3) selection was detected only
where jacamars were common; and 4) the
two mimetic species have highly concor-
dant interracial hybrid zones, suggesting that
selection acts directly on the color patterns.
However, differing racial adaptations to lo-
cal ecological conditions may also be in-
volved; further experiments are planned to
test between these hypotheses.

Strong selection could maintain a narrow
hybrid zone. If warning-color differences
cause selection with approximately linear
frequency dependence, a balance between
gene flow (¢) and selection (s, here approx-
imately 0.17) will maintain a single-locus
cline of width 3.55¢/\/s (Mallet, 19864). The
10-km-wide Peruvian hybrid zone of H. er-
ato could therefore be maintained if gene
flow, ¢, is approximately 1.2 km, which
seems reasonably similar to the direct es-
timate of dispersal (less than 0.3 km; Mallet,
1986¢). Similarly, calculations based on se-
lection caused purely by a stepped environ-
mental difference (Endler, 1977) yield 1.7
km as an approximation of ¢. Further stud-
ies should concentrate on determining the
cause of selection, which seems to occur
within the first few days of release.



430

ACKNOWLEDGMENTS

We thank G. Lamas for sharing his
knowledge of the Tarapoto hybrid zone; M.
A. Arboleda, H. Eeley, S. Knapp, M. Mue-
das, and J. Santisteban for their help in the
field; P. Donnelly and C. Smith for statis-
tical advice; and S. Jones, S. Knapp, G. La-
mas, and the reviewers for helpful com-
ments on the manuscript. We are grateful
to the Natural Environment Research
Council, the Royal Society, and the Nuffield
Foundation for funding this research.

LITERATURE CITED

BarTON, N. H. 1979. The dynamics of hybrid zones.
Heredity 43:341-359.

BARTON, N. H., AND G. M. HEwITT. 1985. Analysis
of hybrid zones. Ann. Rev. Ecol. Syst. 16:113-148.

BAzyKIN, A. D. 1969. Hypothetical method of spe-
ciation. Evolution 23:685-687.

BensoN, W. W, 1972. Natural selection for Miillerian
mimicry in Heliconius erato in Costa Rica. Science
176:936-939.

Bowers, M. D., I. L. BRowN, AND D. WHEYE. 1985.
Bird predation as a selective agent in a butterfly
population. Evolution 39:93-103.

BoypDeN, T. C. 1976. Butterfly palatability and mim-
icry: Experiments with Ameiva lizards. Evolution
30:73-81.

BROWER, L. P., J. V. Z. BROWER, AND C. T. COLLINS.
1963. Experimental studies of mimicry. 7. Rela-
tive palatability and Miillerian mimicry among
neotropical butterflies of the subfamily Heliconi-
inae. Zoologica 48:65-84.

BROWER, L. P., J. V. Z. BROWER, F. G. StiLES, H. J.
CrOZE, AND A. S. HOwer. 1964. Mimicry: Dif-
ferential advantage of color patterns in the natural
environment. Science 144:183-185.

BROWER, L. P., L. M. Cook, AND H. J. CROzE. 1967.
Predator responses to artificial Batesian mimics re-
leased in a neotropical environment. Evolution 21:
11-23.

Brown, K. S., P. M. SHEPPARD, AND J. R. G. TURNER.
1974. Quaternary refugia in tropical America: Evi-
dence from race formation in Heliconius butterflies.
Proc. Roy. Soc. Lond. B 187:369-378.

CARPENTER, G. D. H. 1941. The relative frequency
of beak marks on butterflies of different edibility to
birds. Proc. Zool. Soc. Lond. A 111:223-231.

CHAL P. 1986. Responses of jacamars to butterflies.
Biol. J. Linn. Soc. 29:161-189.

CLARKE, B. 1962. Balanced polymorphism and the
diversity of sympatric species, pp. 47-70. In D.
Nichols (ed.), Taxonomy and Geography. System-
atics Association, London, U.K.

Cook, L. M., L. P. BROWER, AND J. ALcock. 1969.
An attempt to verify mimetic advantage in a neo-
tropical environment. Evolution 23:339-345.

DUNLAP-PIANKA, H., C. L. BoGaGs, AND L. E. GILBERT.
1977. Ovarian dynamics in heliconiine butterflies:
Programmed senescence versus eternal youth. Sci-
ence 197:487-490.

EpMUNDSs, M. 1966. Natural selection in the mimetic

J. MALLET AND N. BARTON

butterfly Hypolimnas misippus L. in Ghana. Nature

212:1478.

. 1974. Significance of beak marks on butterfly
wings. Oikos 25:117-118.

Epwarps, A. W. F. 1972, Likelihood. Cambridge
Univ. Press, Cambridge, U.K.

ELTRINGHAM, H. 1916. On specific and mimetic re-
lationships in the genus Heliconius, L. Trans. Ento-
mol. Soc. Lond. 1916:101-155.

ENDLER, J. A. 1977. Geographic Variation, Specia-
tion, and Clines. Princeton Univ. Press, Princeton,
NJ.

1986. Natural Selection in the Wild. Prince-

ton Univ. Press, Princeton, NJ.

1988. Frequency-dependent selection, cryp-
sis, and aposematism. Phil. Trans. Roy. Soc. Lond.
B 319:459-472.

FisHER, R. A. 1950. Gene frequencies in a cline de-
termined by selection and diffusion. Biometrics 6:
353-361.

GiLBerT, L. E. 1983. Coevolution and mimicry, pp.
263-281. In D. J. Futuyma and M. Slatkin (eds.),
Coevolution. Sinauer, Sunderland, MA.

GoORDON, I. J. 1987. Natural selection for rare and
mimetic colour pattern combinations in wild pop-
ulations of the diadem butterfly, Hypolimnas mis-
ippus L. Biol. J. Linn. Soc. 31:1-23.

GREENWOOD, J.J.D., P. A. COTTON, AND D. M. WILSON.
1989. Frequency-dependent selection on apose-
matic prey: Some experiments. Biol. J. Linn. Soc.
36. In press.

HALDANE, J. B. S. 1948. The theory of a cline. J.
Genetics 48:277-284.

JAIN, S. K., AND A. D. BRADSHAW. 1966. Evolution-
ary divergence among adjacent plant populations.
Heredity 21:407-441.

JEFFORDS, M. R., J. G. STERNBURG, AND G. P. WALD-
BAUER. 1979. Batesian mimicry: Field demon-
stration of the survival value of pipevine swallow-
tail and monarch color patterns. Evolution 33:275-
286.

JEFFORDS, M. R., G. P. WALDBAUER, AND J. G.
STERNBURG. 1980. Determination of the time of
day at which moths painted to resemble butterflies
are attacked by birds. Evolution 34:1205-1211.

JOHNSON, M. S., J. MURRAY, AND B. CLARKE. 1987.
Independence of genetic subdivision and variation
for coil in Partula suturalis. Heredity 58:307-313.

JoLLy, G. M. 1965. Explicit estimates from capture-
recapture data with both death and immigration—
A stochastic model. Biometrika 52:225-247.

Key, K. H. L. 1981. Species, parapatry, and the mor-
abine grasshoppers. Syst. Zool. 30:425-458.

Lamas, G. 1976. Notes on Peruvian butterflies (Lep-
idoptera). II. New Heliconius (Nymphalidae) from
Cusco and Madre de Dios. Rev. Peruana Entomol.
19:1-7.

MALLET, J. 1986a. Hybrid zones of Heliconius but-
terflies in Panama and the stability and movement
of warning colour clines. Heredity 56:191-202.

1986b. Gregarious roosting and home range

in Heliconius tutterflies. Nat. Geog. Res. 2:198-

215.

1986¢. Dispersal and gene flow in a butterfly
with home range behavior: Heliconius erato (Lep-
idoptera: Nymphalidae). Oecologia 68:210-217.

1989. The genetics of warning colour in Pe-




SELECTION IN A HYBRID ZONE

ruvian hybrid zones of Heliconius erato and H. mel-
pomene. Proc. Roy. Soc. Lond. B. In press.

MALLET, J., J. T. LONGINO, D. MURAWSKI, A. MURAW-
SKI, AND A. SIMPSON DE GAMBOA. 1987. Handling
effects in Heliconius: Where do all the butterflies
go? J. Anim. Ecol. 56:377-386.

MALLET, J., AND M. C. SINGER. 1987. Individual se-
lection, kin selection, and the shifting balance in
the evolution of warning colours: The evidence from
butterflies. Biol. J. Linn. Soc. 32:337-350.

MoOORE, W. S. 1977. An evaluation of narrow hybrid
zones in vertebrates. Quart. Rev. Biol. 52:263-278.

1979. A single locus mass-action model of

assortative mating, with comments on the process

of speciation. Heredity 42:173-186.

. 1987. Random mating in the Northern Flick-
er hybrid zone: Implications for the evolution of
bright and contrasting plumage patterns in birds.
Evolution 41:539-546.

MULLER, F. 1879. [Ituna and Thyridia: A remarkable
case of mimicry in butterflies. Proc. Entomol. Soc.
Lond. 1879:xx—xxix.

SCHOENER, T. W. 1978. Inferring the properties of
predation and other injury-producing agents from
injury frequencies. Ecology 60:1110-1115.

SHEPPARD, P. M., J. R. G. TURNER, K. S. BRowN, W.
W. BENSON, AND M. C. SINGER. 1985. Genetics
and the evolution of Muellerian mimicry in Heli-
conius butterflies. Phil. Trans. Roy. Soc. Lond. B
308:433-613.

SLATKIN, M. 1973. Gene flow and selection in a cline.
Genetics 75:733-756.

STERNBURG, J. G., G. P. WALDBAUER, AND M. R. JEF-
FORDS. 1977. Batesian mimicry: Selective advan-
tage of color pattern. Science 195:681-683.

TURNER, J. R. G. 1971a. Two thousand generations
ofhybridization in a Heliconius butterfly. Evolution
38:233-243.

1971b. Experiments on the demography of

tropical butterflies. II. Longevity and home-range

behaviour in Heliconius erato. Biotropica 3:21-31.

1977. Butterfly mimicry: The genetical evo-
lution of an adaptation. Evol. Biol. 10:163-206.

TURNER, J. R. G., M. S. JoHNSON, AND W. F. EANES.
1979. Contrasted modes of evolution in the same
genome: Allozymes and adaptive change in Heli-
conius. Proc. Nat. Acad. Sci. USA 76:1924-1928.

WALDBAUER, G. P., AND J. G. STERNBURG. 1975. Sa-
turniid moths as mimics: An alternative interpre-
tation of attempts to demonstrate mimetic advan-
tage in nature. Evolution 29:650-658.

Corresponding Editor: W. S. Moore

APPENDIX
Using Likelihood to Estimate Life Expectancy

In order to calculate the likelihood for each individ-
ual’s capture record, we need some estimate of the
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probability that a butterfly will be captured on each
day the site was visited, given that it is present. Since
butterfly activity and sampling effort varied between
days, the probability of recapture also varied. How-
ever, it was not feasible to estimate that recapture prob-
ability separately for each day. Instead, we have as-
sumed that the recapture probability (6,) of a living
butterfly on a day (i) when the site was visited is pro-
portional to the sampling effort measured by the total
number, E,, of rayed and postman heliconiines cap-
tured on day i: §, = aE,. The parameter « was estimated
by Jolly’s (1965) method, as follows. For each day,
consider the number, N,, of H. erato that are available
for capture (the number released or captured before
day i/ and last recaptured after day /). Then «F, is es-
timated by the number, R,, of these available butterflies
that were actually recaptured on day i. Overall, the log-
likelihood of « is

3 (Rlog aE, + (N, - R)log(1 — aE)).

1

This gives maximume-likelihood estimates for « of be-
tween 0.0095 and 0.0123, depending on the site. Clear-
ly, the assumption that recapture probability is linearly
related to total numbers caught is only an approxi-
mation. However, the method is accurate when average
recapture rates on any day are less than about 40%.
The average R,/N, was 0.22 for Chazuta, 0.40 for Tara-
poto, and 0.23 for Convento and Davidcillo.

Now, consider the probability that some individual
butterfly, having been released on day 0 is recaptured
on, for example, sample days 2, 5, . . ., and L. Assum-
ing that H. erato do not emigrate temporarily, the
individual must have been present at least until day L.
Therefore, the probability contributed by this period is

00 ...0)0,0,0, ...0, )P

where 6, = 1 — §, is the probability of capture on day
number / given that the butterfly has survived, and ¢,
— ¢, is the actual number of days between days i and
J- The butterfly may not have been seen after ¢,, either
because it was not present, or because it was not re-
captured. The probability that it was present from ¢,
until some time between 7, and ¢,,, (j = L) is

e Ny = (] — e=MNytl =y

and the probability that it was missed on days (L + 1,
L+ 2 ...,))isf,,,0,,,...80, Therefore, the net
probability over all days is given by the expression at
the bottom of the page, where U is the last day on
which the site was visited. For individuals that were
never recaptured, this probability is instead

(1 - Py +
Pg{expression below in braces, setting 7, = f,}

The product of these terms over all butterflies gives
the likelihood of (P, A).
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