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Apimal-plant mutualisms have been extensively described and 
yet, to dat e, we have no clear understanding of the general ecologi 
cal and evolutionary importance of such interactions. Ecologi s t s 
have practically ignored mutualism when considering the kinds of 
population interactions which explain community structure and 
dynamics.I Williamson (1972) accurately reflects the tone of 
recent temperate zone eco logy in relegating mutualisms to the level 
of interesting curiosity. 

In this paper, I present a qua litative and empirically derived 
model of the various order effects of mutualism between pollen and 
nectar feeding Heliconius butterflies and the cucurbit vines, 
Anguria,2 which they pollinate. The model is based first, on the 
assertion that mutualism between adult insect and plant will make 
possible the evo lution of increased behavioral capabilities by th e 
insect and second , on the logic that such capabilities will 
influence the rate, intensity and richness of coevolution between 
th e insect , its prey (in th is case Passiflora, the larval host), 
its competitors (mainly other heliconiines), its predators, and it " 
mutualis tic associates. In this way the mutualism ultimately wi l l 
help determine the emergent features of an entire coevolved sub
communi ty . 

A linear sequence of words is not the best means of explainj 111: 

such a highly reticulate ecologi cal system. It is difficult to 
choose a point of departure since one might begin wi t h a particul;i1 
group of organisms, with a type of interaction, or with an emergc111 
community property for equally good reasons. My approach is first, 
to briefly characterize the major groups of organisms involved; 
second, to exp lore in detail the interaction between Heliconius and 
Anguria, and finally, to hypothesize concerning the ways that thi s 
coevolved mutualism has shaped individual, population and communit y 
properties of Anguria, Passiflora and Heliconius. The resulting 
model is summarized in skeletal form in Figure 1 which i s perhaps 
useful to have roughly pictured as one reads the t ext. 

*Title in program of the Congress : "Coevo l vecl mutua l ism between 
butterflies and pl ants. " 
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PASSIFLORA : CATERPILLAR FOOD 

Passiflora and several small genera of the Passifloraceae are 
the only larval host plants for Heliconius butterflies. Most of 
the 350+ species recorded for the New World are tropical vines 
which display some of the most striking intra- and inter-specific 
leaf-shape and stipular variation known for plants (Killip, 1938). 
Locally, Passiflora species generally exist as low density popula
tions in which individuals are difficult to find without the aid of 
egg-laying butterflies. Moreover, because of herbivore damage , 
plants are rarely in flower or fruiting condition. More interesting 
however, is the pattern of Passiflora diversity among many l ocal 
habitats . In spite of the vast number of Passiflora species 
available in the neo-tropics, local habitats always have les s than 
5% and more typically less than 2-3% of the 350 total.3 I will pro
pose causal explanation for both leaf shape variation and apparent 
limits to species packing in Passiflora in a later section of the 
paper. 

As is true of perhaps most plants, Passiflora species possess 
a range of defensive chemicals which remove all but closely co
evolved herbivores from their list of predators and parasites. 
Though their chemistry is poorly studied, many Passiflora are known 
to contain cyanogenic glycosides and/or alkaloids from which 
lfeliconius probably (but not yet certainly) derive their distasteful 
qualities (Brower and Brower, 1964). Different Passiflora species 
differ in leaf chemistry (they smell different for one thing) and 
this is undoubtedly one reason that almost every Passiflora species 
is unique from the others with respect to the species or combination 
of species of Heliconius which prefer it for oviposition in a par
ticular area (for example: Alexander, 196la, Table 1). Other fac
tors may contribute to such host specificity and will be discussed 
below. 

The vast majority of Passiflora species possess extrafloral 
nectar glands on petioles, leaves, stipules, or bracts. These 
glands secrete nectar which maintains a defense force of predaceous 
nnts, vespid wasps and trichogrammatid egg parasitoids. I believe 
habitats may differ in the degree to which the resident Passiflora 
use these different hymenoptera as defense against host specific 
herbivores. In a study of H. ethilla in Trinidad it was estimated 
that over 90% of eggs were killed by parasitoids (Ehrlich and 
(; ilbert, 1973). In other areas ants are so common on the Passi -
! Iara (e.g. La Se l va , Costa Rica) that it is hard to believe that 
(h ey do not account for most of the mortality of eggs and larvae in 
'l pite of the presence of egg parasitoids. 

In addition to mutua listic defen se against coevo l ved herbi
vore s , a few speci es of Pass.iflora have evolved hooked trichomes 
whi ch are hi ghly e ffcct i vc deterrents agains t some heli coniine 
•.puc ies (G i lbcrt , 197 1n). 
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Passiflora species differ with respect to pollinators (variou'> 
bees, hummingbirds) and seed dispersal agents (birds , bats). On 
the other hand, the most consistent similarity among species of 
Passiflora is the liability that most, if not all, serve as larval 
host for at least one heliconian. 

HELICONIUS: HERBIVORE AND POLLINATOR 

Heliconius or "passion flower butterflies" are common and con 
spicuous features of l ow to mid-e l evation neotropical forests.4 
The larval stages feed on leaves of Passiflora from which they pn• 
sumably sequester the chemical products that make the adult butte r 
fly relatively unpalatable to birds (Brower et al., 1963; Brower 
and Brower, 1964). Adult Heliconius have a reproductive life span 
of up to six months (Ehrlich and Gilbert, 1973), made possible by 
their ability to extract nutrients from pollen (Gi lbert, 1972). 

The behaviora l complexity of Heliconius: 

Several lines of evidence suggest that Heliconius may have t lw 
most behaviorally sophisticated adult phase among butterflies: I) 

Adults roost gregarious ly (Poulton, 1931; Crane, 1957; Turner, 
1971) and individuals are highly faithful to the same roosting s po l 
over extended periods (Benson, 1972). 2) Both adult feeding sta 
tions and roosting areas are located by visual navigat] on under t 111 

poor light conditions of early morning (ca. 0530 hr) and late 
evening (ca. 1800 hr), respectively (Gilbert, 197 lb and unpubli s h1"I 
data) . 3) A circadian rhythm in photic (versus color) sensi t i vi t y 
(S. Swihart, 1963, 1964) is nicely consistent with the needs of 
visual nagivation early and late in the day. 4) Adult Heliconfo:. 
can be conditioned to discri minate color associated with nectar 
rewards (C. Swihart, 1971) and preliminary evidence indicates ;111 

ability to learn to associate shape with reward.5 5) In additi on 
to regular return to roosting areas, Heliconius show up at parti 
cular nectar and pollen sources with a high degree of temporal 
regularity from day to day (see Fig . 3 below). This strongly 
indicates that Heliconius possess a kind of circadian memory rhyl 111 11 

akin to that known for bees (Kol termann, 1971) . 6) Heliconius " ' ' ' '111 

to be uniquely qualified for life in greenhouses , insectaries :llld 
all manner of artificial environments. 6 I at tribute thi s to t lw 
fact that Heliconius orient primarily to learned l and mark s , Ollt' 11 

which, i n thi s case, being enclosure walls. Most other bultc1·f 11 1 

observed under similar conditions, 7 except when motivated Lo f'1•c•d, 
mate, or oviposit, orient to sunlight and ignore the enclosurl' 
walls. Under such circumstances, fatal damage to the wing s <H't 111 • 

in just a few days . 7) Heliconius have a very broad visu:i I ~.p c • • 
trum - possibly the broadest of all anjmals (Gary Bernard, pl't"·.11111 I 
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communication). 8) For their body size , Heliconius have the lar
gest heads of New World butterflies and probably of all lepidop
tera. 8 Given the capability of the Heliconius visual system, and 
gi ven that a butterfly head is mainly compound eyes and optic 
ganglia, this observation should not be surprising. Indeed, for 
some other insects, head size and foragi ng efficiency are known to 
be positively correlated (Bernstein and Bernstein, 1969). 9) Even 
in non-visual aspects of behavior , Heliconius are highly complex. 
For instance, fema l e pupae of a number of species in the hecalasius 
and charitonius Groups of Heliconius (Ems l ey, 1965) release a 
pheromone which attracts males, who then sit on the chrysalis 
waiting for eclosion . This behavior was first noticed by Edwards 
(1881) in H. charitonia.9 Other species of Heliconius appear 
superficially to act more like typical butterflies in their mate 
discovery and courtship. But I have gathered circumstantial evi
dence that in species such as H. ethilla which do not utilize 
pupal mating, males locate the positions of female prepupae by 
their odor and return daily to the same areas (Gilbert, unpublished 
data). Moreover, pupae of Heliconius make audib le squeaks 
(Alexander, 196lb) and the adul ts can hear (Swihart, 1967). Thus, 
even when pheromones are not released by pupae , communication is 
possible between pupal and adult stages . 10) Insectary and field 
observations indicate two ways that the visual system of Heliconius 
enhances the more usual chemosensory modes of host plant discov 
ery . IO First, as females gain experience in oviposition, they 
begin to associate the shape and form of the host plant with its 
chemi stry. Circumstantial evidence for this is the frequent insec 
tary and field observation of egg-laying females attracted to 
visually similar non-host plants. Both form perception and the use 
of shape by egg-laying fema les is known in Papilio democleus L. 
(Vaidya, 1969a,b). 

A second way that Heliconius visual sophistication increases 
the foraging efficiency for larval host involves learning the 
position of particular Passiflora vines and returning on a regular 
hnsis. Although such traplining behavior has been demonstrated 
only with respect to pollen sources (see below) observations of the 
•iame marked female routinely visiting the same vine (W . W. Be:-ison, 
personal communication; Gilbert, unpublished observations) are good 
Indications that Passiflora are incoryorated into pollen nectar 
1·outes . This is almost certainly the case in populations like the 
i\11tlrew's Trace H. ethilla (Ehrlich and Gilbert, 1973) where the 
'>pa.ti.al aspect of population structure is governed by the distribu-
1 Ion of adult, rather than larval resources (Gilbert, 197lb). 11) 
Ovipos iting females often spend considerab l e time inspecting the 
host plant after it has been discovered . It seems reasonable to 
•1 11g!_!est that this behavior is a v is ual sear ch for egg predators and 
lor other Heliconius eggs or l arvae which in many cases are 
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cannibalistic. The latter hypothesis is supported by the.rarity of 
two or more independently laid eggs on t he same growth point ~ven. 
under moderate densities of females in the field . (Random oviposi
tion would lead to occasional clumps which are not found.) .w: W. 
Benson (personal communication) has independently come to similar 

conclusions. 

Heliconius di versity and host specificity: 

There are about 45 species of Heliconi us (Emsley, 1965'. Brown 
and Mielke, 1972), each a specialist on some sub-set o~ avai l able 
passifloraceous species. Local habitats , however, ~ypically con
tain no more than 10 Heliconius species, each associated as a r ule 
with a different primary host species . There is, ~here~ore, .a cor
respondence between Passiflora and Heliconius spec~es diversity at 
the local level due to a partitioning of host species among the 
herbivore species. . . . . 

These patterns of host specificity and partitioning i~ local 
Heliconius communities may be the ultimate outcome of chemic~! 
coevolution between the butterflies and Passiflora (see ~hrlich 
and Raven, 1965). However, indications are that the b~sis of ~he 
observed pattern i s more complex than simple chemical interaction. 
between plant and coevolved herbivore. For.exam~ l e each.of the six 
He liconius speciesll maint ained in the tropical insectaries at 
Austin has been reared to adul thood on one or more pla~ts not 
generally chosen by its ovipos iting fem~les and even wi ll feed 
upon , and damage, plants which are unsuitable fo~ normal.devel~p 
ment. Alexander's (196la) observations are consistent wi~h this 
data. Moreover, given the visual component of host 107ation men~ 
tioned above , I suspect that non-chemical fa~tors are important in 
the evolution of host specificity in Heliconius as was found to be 
the case in Euphydryas editha (Singer, 1971) . 

Heliconius population biol ogy: 

A two-year population study of Heli con i us ethilla in Trinidad 
revealed remarkable constancy of adul t numbers in two ad~acent :ub
populations (Ehrlich and Gilbert, 1973). During the entire p~riod, 
including two dry seasons, there were.no significant changes rn the 
number of adults estimated at 20 day intervals: Moreover , at no. 
time was there a difference in size between adJacent sub-population" 
occupying similar areas of forest. . . . .. 

The observed spatial structures of Heliconius population~. l~k( 
their dynamic aspects , indicate the operation of s tr~ng determini s 
tic elements. The research on H. ethilla and Turner s (1971) study 
on H. erato revealed highly sedentary populations which apparentl y 
result from individual home range behavior by adults. 
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Studies of marked butterfl ies indicate that the dai l y repro
duct ive e f fort (eggs or spermatophores) i s very constant and may 
even increase as adu l t s approach their maximum age of 6 months 
(Gi lbert, 1972) . The unusually extended reproductive life of 
Heliconius can act to buffer perturbations in larval survivorship 
(Gilbert, 197lb) . For instance, any perturbation in Passiflora 
avai l abi l ity or in intens ity of larval predation which is less than 
3-4 months will be buffered . Very few natural disasters such as 
comp l ete defoliation of all possible larval hosts by other insects 
will last beyond the reproductive .life of a femal e Heliconius. 

When a ll these features of population biology , longevity and 
r~productive activity are viewed as an interacting sys tem, it is a 
simpl e step to suspect that the pollen often seen on the proboscis 
of Heliconi us has an important nutritive function. Table 1 sum
marizes the evidence that po llen is an important source of amino 
acids for egg production and quite possibl y for adult maintenance. 

ANGURIA : TRADES POLLEN FOR SEX 

Ultimately it is the flowering pattern of their pollen plants 
which provide the option of extended adult life and reproductive 
effort for Heliconius. Although numerous species can be listed as 
pollen and/or nectar sources for Heli conius (Gi l bert , 1972) , it is 
the littl e -known, i nconspicuous cucurbit genus Anguria and a few 
s pecies of their relatives, Gurania, with which these butterflies 
have most conspicuous ly coevol ved . Indeed , I have r emoved pollen 
rrom museum specimens of Heliconius collected from souther n Brazil 
t o Veracruz, Mexico , and have found the characteris t ic tetrads of 
/lnguria to be the only pollen consistently represented over this 
cm tire range . 

~nguria and Gurania are represented by 29 and 73 species , all 
1•os tricted to the neotropics (Cogniaux, 1924). Like Passiflora , 
lhc species diversity of these cucurbits is strikingly consistent 
11n<l low from locality to l ocality. In each of four rainforest 
·1 t udy s ites in Trinidad , Panama and Costa Rica the maximum number 
or sympatric , Heliconius-visited cucurbits is either 2 or 3, and no 
11m r c than 4 even i f hummingbird pollinated Gurania species are 
l11c luded. Moreover, as was the case with local Passiflora popula-
1 Ions, individual plants are widely spaced. 

Early systemati c treatments of Anguria and Gurania indicate 
lh11t all species are dioecious and that natural populations have 

11111 ll• bi ased sex ratios (Cogniaux, 1924; Cheesman, 1940) . All of the 
l\11vo11 species l 2 which I have studied in the field and grown in the 
lt1"l'Clary fit t his pattern except for G. levyana, a hummingbir d 
1•11 I I i nated species , which is monoecious . 

llnguria flowers arc produced in an inflorescence on a long 
111•d11nc lcs if male, in p~1 i r 5 nt each node if female . Male flowers 
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Table 1. Evidence for pollen feeding in Heliconius 
(summarized from Gilbert , 1972). 

1 . Distinctive pollen collecting behavior in Heliconius. 

2. Other species do not accumulate pollen loads when 
visiting Heliconius pol len plants. 

3. Heliconius possess elaborate pollen-processing 
behavior which includes mixing of dry pollen with 
exuded nectar. 

4. Morphological details of Heliconius proboscis that 
are involved with pollen collecting are lacking in 
non-pollen gatherers. 

5. In experiments wi th arti fi cial flowers, gl ass beads 
are chosen over sugar water . 

6 . Active release of amino acids and protein by pollen 
soon after mixing in sugar solution eliminates need 
for chewing or digesting. 

7. Heliconius assimilate free amino acids and use them 
in egg production. 

8. Pollen feeding increases egg production as much as 
5 X over that observed in straight nectar diets. 

last only one day, then drop off of the inflorescence. Daily prn 
duction by one inflorescence is typically . 3 to . 5 flowers per d.1 1. 
although some species of Anguria (e.g . limonense) produc~ l .0 
flowers per day for the first few days of fl~w7r. productio~. 1\y 
counting the scars of previous flowers and divi~ing by esti.malt·d 
daily rate of production, it is possible to estimate.the t otnl 
time that any particular Anguria has had flowers availabl e to pol 
linators. 

Field and insectary observations indicate continuous flow1•1I1111 
by male plants for periods ranging from 6 months to 3.years . 
Amazingly enough, a single inflorescence may have a life span o l 
from 3 months to over a year. A single inflorescence of A. 
grandiflora Cogn . collected in the Carare Valley, C~ lumb i :1, 
(deposited in t he Chicago Fleld Museum of Natura l ll1 stor y) s lH11~ .. .i 
evidence of 410 past flowers and at l east 35 buds wa jt ing t o 
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flower when pressed. This represents at least 1 year, probably 
more, of continuous pollen and nectar production at one point in 
space, as well as life -long feeding stations for any Heliconius 
fortunate enough to locate this scattered and highly inconspicuous 
resource. 

But, in spite of such long term predictability in flower 
production , there can be great day to day variation in ·total flower 
production on any particular male plant. This fact results from 
l ittle or no correlat ion between the f l owering patterns of the dif
ferent inflorescences on a p l ant .. To illustrate, Table 2 sum
marizes flower production for 16 inflorescences of an A. umbrosa 
male for a 16 day period . Notice that dai l y flower production 
varies from 2 to 10 with an average deviation of 1.57 flowers/day 
f rom the mean of 6.06 flowers/day . At the same time, the variation 
between inflorescences over the 16 days is much less (an average 
deviation of . 71 flower/inflorescence from a mean of 6 . 06 flower/ 
i nflorescence) . 

Other important variables i n the pattern of f l ower production 
include the number of inflorescences per plant (1-20 in A. 
triphylla ; 5-100 in A . umbrosa) and the distances between adjacent 
flowering mal e vines (typically from .1 to .5 kilometer) . The 
i.mp lications of such temporal and spatial patterning in r esource 
availability for understanding the foraging behavior of Heliconius 
will be discussed in the following sections . 

Both temporal and spatial patterns of flower production in 
Female Anguria differ greatly from those of the male vines. Not 
on l y are t he female plants less frequent and more wi dely spaced, 
they a l so cease flowering when a cluster of fruit begins to develop. 
There are thus several reasons for the relative rarity of female 
flowers i n nature . 

Mature Anguria fruits resemble small cucumbers and each con
tnjns 50-60 mature seed. Entire fruits are sometimes found on 
the forest floor after being dropped by parrots (beak marks are 
di stinctive) . Squirrels also eat the fruits and may a l so carry 
!hem away who l e since fruits often disappear compl ete l y , without a 
tra ce . Green fruits are often destroyed by an unidenti fied lepid-
11pteran larvae which bores into the fruit. 

lllJTfERFLY EGGS AND CUCURBIT SEEDS 

Mutualisms are those interspecific relationships for which 
ht•llcfits clearly outweigh costs for each species involved , and for 
~1l ch net profits to individuals of each species can be translated 
I 11 1 o an increase in Darwinian fitness . 
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ANGURIA UMBROSA 
Table 2. Each row represents the flowering of a single 
inflorescence of A. umbrosa over a 16 day period. Each 
column represents a day' s flower production by the 16 
inflorescences. Solid boxes represent flowers. The 
average number of flowers per day and the average number 
per inflorescence over 16 days is 6 .06. 
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Benefit versus cost for the butterfly: 

The advantage to Heliconius of its pollen collecting visits 
to Anguria are clear (Gilbert, 1972). Studies on the nitrogen 
budget of this system show that a large (no. 3 on a scale of 0 to 
3) load of Anguria pollen contains sufficient nitrogen to account 
for the production of 5 eggs of H. charitonius,13 which approxi 
mates the daily egg product i on of many Heliconius species. 

What are the costs to Heliconius? One kind of cost is the 
time and energy required for foraging; another i s the increased 
risk of predation whi ch is itself a function of time exposed while 
foraging . Because Heliconius are relatively unpalatable and war
ningly colored I assume the latter cost to be small. 

Although Anguria flowers all year-around in rain forests, 
with individual male plants flowering constantly for as much as 
one year, there is still the previously discussed day to day 
uncertainty in the number of flowers available per plant. This 
uncertainty in the daily availability of resources at one point 
in space is further compounded a) as average number of inflores
cences per plant decrease and/or b) as the number competing 
Heliconius per inflorescence increase. The greater the uncertainty 
per plant, the more plants a Heliconius must incorporate into its 
trap l ine to obtain, with high certainty, a given quantity of pollen. 

Cost-benefit analysis would predict that whenever the cost of 
visiting Anguria plants exceeds the benefits of the pollen col
lected, foraging should ultimately cease. A comparison of female 
versus male foraging behavior strongly supports this prediction. 
Early morning pollen foragers (ca. 0530- 0630 hr) are about 90% 
female in Trinidad H. ethilla (Gilbert, 197lb). Consequ_ent l y, in 
a total sample of 794 pollen loads , 93% (N = 44) of all large 
pollen loads were borne by females (Gilbert, 1972) because early 
individuals get most of the pollen. Males, for reasons discussed 
by Gilbert (1972), benefit less from daily pollen collectings than 
do females. One possible exception to this rule occurs on the day 
rollowing a mating when males would benefit from rapid replacement 
of spermatophore materia1 . 14 

Donefit versus cost for the cucurbit: 

Turning now to the plant point of view: what are the benefits 
In Anguria feeding pollen to Heliconius? The obvious answer is 
thut seed-set requires an animal pollen vector in dioecious plants. 
1 lowever , if one examines the cost of pollinator service to Anguria, 
It i s seen first, that male plants bear the burden of this respon
•.I hi Ii tylS and second, t hat because f emale s are rare much more 
pol Len i.s produced than appears necessary for pollinating the occa
•1 101111 I rcmo 1 e p 1 on ts which come into flower. Furthermore, nectar 
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production, which occurs primarily after pollen removal (see Fig. 
4 below) , is an added cost to the plant which is even more diffi
cult to relate to benefit since the majority of post-pollen nectar 
visits come from males not bearing pollen (Gilbert , unpublished 

data). I suggest that the prodigious pollen and nectar production by 
male Anguria and possibly the evolution of larger, more efficiently 
collected pollen grainsl6 have evolved by a botanical version of 
sexual selection, whereby the Anguria male genotype which most con
sistently keeps Heliconius stocked with pollen is the one most 
likely to have its pollen l and on the rare female stigmas which 
sporadically appear throughout the year. In general, any trait of 
the male which would enhance the plant's attractiveness to 
Heliconius would be selected for the same reason (assuming that 
Heliconius can discriminate the different genotypes). Since pollen 
collecting by Heliconius takes place in semi-darkness for many 
Anguria species , the function of subsequent nectar production 
during the brighter hours might be to help train the butterflies 
to the male plant's position . Nectar production by the female 
flower, to be discussed below, may serve a simi l ar function. 

Thus, traits of Anguria males which might have been hazily 
interpreted as "mechanisms to keep the pollinator in the system" 
are more plausibly interpreted as traits evolved to maximize 

individual fitness. 

CONSEQUENCES OF THE HELICONIUS X ANGURIA MUTUALI SM 

Pathways by which the Heliconitls x Anguria mutualism 
influence both component and emergent properties of a restricted, 
coevolved community are shown in Figure 1. The heavy line con
nects those features of Heliconius and Anguria most likely 
evolved in context of the mutualism: the reproductive longevity 
and associated behaviors of Heliconius and the flowering pattern 
of Anguria. Specifically the innovation of pollen feeding by 
Heliconius and the constant availability of Anguria pollen and 
nectar has, by shi ft ing the burden of reproductive effort from 
larval to adult stages, increased the r eproductive longevity and 
reproductive value of adults (Gilbert, 1972). Any physical or 
behavioral trait which increases adult foraging efficiency or 

Figure 1. Pathways by which Heliconius x Anguria 
mutualism influence individual, population and com
munity l evel features in a system of interacting 
species. See t ext for explanation . 
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competitive ability wi l l therefore be selected. The highly 
developed visual system, related head size, learning ability, and 
early morning flight, etc., are all traits, previously discussed, 
which can be explained in these terms. Many other properties of 
the system depend directly on these behavioral capabilities of the 
butterfly, as will be shown in the following paragraphs. 

Navigation, gregarious roosting, kin selection and Heliconius 
diversity: 

Since pollen sources are spatially constant over many weeks 
but inadequate and unpredictable on a daily basis, traplining is 
clear ly an optimal foraging strategy. Perhaps the best evidence 
for traplining behavior in insects comes from a female H. ethilla 
(#466) whose daily movement patterns can be reconstructed from 
extensive recapture data Fig. 2). Notice the close correspondence 
between time and space in the movements of this H. ethilla female. 
Mate-seeking males have been found to behave in similar fashion 
(Gilbert, 197lb) . Such faithfulness to time windows has been 
described for tropical bees (Janzen, 1971). Although there has 
been no experimental demonstration of circadian memory rhythm in 
Heliconius, these observations are highly suggestive of such a 
mechanism. Moreover, the pattern of nectar flow in sympatric 
Anguria is also consistent with this hypothesis (see below). 

Roost site fidelity by an individual would improve its 
ability to locate the first points on traplines under the poor 
light of early morning. I have hypothesized that gregarious 
roosting has evolved in Heliconius as the result of young indi
viduals following, then roosting, near experienced individuals to 
enhance their chances of locating scarce , inconspicuous, pollen 
sources (Gilbert, 197lb). Evidence that experience enhances poJ 
len acquisition is provided in a contrast of pollen load size 
between young (1 month old) and middle aged (1 - 3 months old) 

Figure 2. Part of the trapline of H. ethilla female #466 
(from Gilbert, 197lb). On 20 August, 1970, this female 
was recaptured three times: 1) Station 49, Gurania 
spinulosa, OSSO hr; 2) Station 8, Palicourea crocea, llSO 
hr; 3) Station 44 , Anguria triphylla, 134S hr. On the 
following day (21 August) #466 was once again seen early 
at Station 49, and was seen or taken there on two other 
early morning visits. It was also taken at 49 at 102S 
and 112S hr. The Anguria at Station 44 was always visited 
l ate by #466 : 1410 hr, 14SO hr, and 134S hr . Stations 
are SO yards apart; the line from Station 8 to 12 runs 
along a ridge; the contour intervals nrc 100 ft. f\ map 
of the entire area is found in Ehrli ch and Gilhcrt ( 1973). 
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individuals. In a sample of observations from the Trinidad study 
area, the young and middle aged individuals were equally abundant 
(40 vs 41 %, N = 305) yet among the older individuals large (no . 3) 
pollen loads were 6X more frequent (Gilbert, unpublished data). 

Because individual s are regular in their daily movements, and 
because of their long potential life span, the butterflies on a 
roost probably include several generations of closely kin indi
viduals .17 Benson (1971) and Turner (1971) have suggested that 
the apparent small size and sedentary nature of many Heliconius 
populations would allow kin selection to operate, accounting for 
the evolution of unpalatibility and warning coloration in 
Heliconius . Here then is a possible pathway by which Heliconius 
diversity i s influenced by increased behavioral sophistication. 
Ri chard Levins (1974) has concluded that, in theory, selection 
for predator avoidance will increase prey populations . Thus, on a 
given resource base more Heliconius individuals can be packed into 
a habitat because of warning coloration, and more rare species 
will persist at equilibrium. 

Figure 1 indicates other pathways by which increasing behavi
oral sophistication might determine levels of species divers ity 
for Heliconius . Many butterfly species disperse from an area when 
host plants, nectar sources or other individuals disappear (Gilbert 
and Singer, 1973). In contrast, because they have the ability t o 
l earn the locations of previously visited resources and because of 
strong roost fidelity, Heliconius are less likely to leave an area 
during temporary shortages of ovipositional sites, mates, etc. 
This would decrease the probability of local extinction at any 
given population size and increase the potential number of species 
at equilibrium. Note that another factor which would enhance 
Heliconius diversity by reducing probability of local extinction 
was discussed above : namely, the long reproductive life allowed 
by pollen feeding which acts to buffer population fluctuations . 

Circadian isolation and cucurbit species diversity: 

Numerous Heliconius were observed to visit Anguria triphylla 
in the afternoon and ignore a Gurania spinulosa (visited earlier 
in the morning) clearly visible nearby. These observations stimu
l ated a study of the time course of anther dehiscence and nectar 
flow in several insectary grown species of Gurania and Anguria 
taken from the Trinidad study area. 

A striking separation occurs between the sympatric Anguria 
species both in pol l en release and nectar flow (Fig. 3). Gurania 
spinulosa (not figured), which releas es pollen early with A . 
umbrosa, flows its nectar in the mid day minimizing overlap with 
the Anguria (Gilbert and Golding, i n preparation). l'lhcthcr this 
temporal displacement is clue to sc l e ct ion for Ln crca scd r cproduc 
ti ve isolation or for decreased overlap on the pollinator rcsour<'l' 
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(hatched box) and nectar flow patterns in two sympatric 
Anguria species from Arima pass Trinidad. (From 
Gilbert and Golding, in preparation.) Note that pollen 
i s released before nectar flow is initiated . 
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i s not certain, but the latter possibility is less likely under 
limited pol len supply . I know of no other clear example in which 
c losely related plants with simultaneously opening flowers divide 
up a single group of po l linators by evolving different nectar 
flow and pollen release rhythms.18 

The evolution of circadian iso l ation as is seen in Anguria is 
most feasible where the pollinator possesses an accurate circadian 
memory rhythm. The more finely tuned and sophisticated the memory 
rhythms, t he more species of closely related sympatric plants 
could coexist while utilizing the same pollinator group. 
Koltermann' s (1971) important work on bees demonstrated that bees 
entrained on different scents or colors through a day would, 
exactly 24 hours after each entrainment, respond in the appropriat e 
way as long as different s timuli were original l y presented at 
intervals of more than 20 minutes. 

On the basis of the limited number of sympatric Anguria (no 
more than two) in all localities so far studied , my guess is that 
this interval is much l arger for Heli conius; i.e ., as an isolating 
agent to be divided among sympatric Anguria species, Heliconius 
(as a group) can only be divided t wo or three ways on a daily 
basis beyond which isolation would break down; and only future 
refinement of Heliconius circadian memory will allow more Anguria 
species to coexist. Reciprocally the plants have apparently 
evolved more effecti ve circadian iso l ation by expanding into the 
crepuscular periods at each end of the day. This is indeed pos 
sible in the lowland tropics where high nighttime temperatures 
allow butterfly flight activity. Indeed, I wou ld hypothesize that 
the diurnal shift in Heliconius ERG (Swihart, 1963, 1964), 
allowing early morning piloting, is ultimately the result of the 
butterflies coevolving with the cucurbits in a context of strong 
competit i on for limited pollen resources. 

Heliconius learning, sexual selection and sex ration in Anguria: 

In the previous section I described a way that sexual selec
tion in plants might account for the great amounts of nectar and 
pollen given away by Anguria in the virtual absence of females. 
This hypothesis, which would apply equally well to the male parts 
of genetically incompatibl e or del ayed monecious species, depends 
upon a pol linator which can discriminate different genotypes of 
male plant. In like manner it is possible to account for the 
male-biased sex ratio in Anguria . 

One of the most fascinating population features of both 
Anguria and Gurania is t he fact that sex ratios are heavily biased 
in favor of t he mal es (usually> 10:1) in all species across all 
ar eas examined (Trinidad, Panama, Costa Rica; Gilbert, unpublished 
data) . Indeed, only 20 out of 102 species are describ ed from 
female flowers in the only mojor monograph on these genera 
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(Cogniauz , 1924). Recent ly Lloyd (1973) has described similar 
male excess in many of t he sexual l y dimorphi c perennial Umbelli 
ferae of New Zealand. He accounts for this departure from the 
expected 50 :50 ratio (Fisher, 1930) by hypothesizing that females 
have a shorter l ife expectancy than males due to greater energy 
expenditure in reproduction. Even if val id, this explanation will 
not hold for Anguria and Gurania since the yearly reproductive 
effort of a male can easily equal or exceed that of a female .15 

Data from sterile p lants collected in the field and grown to 
flowering and from the few plants that I have managed to grow from 
seed to flowering condition indicate either a large male excess in 
the primary sex ratio or extremely delayed monecious condition. 
To dat e no female plant has appear ed among about 10-12 separate 
pl ants of the different species (grown from seed) which have 
flowered . While final proof on primary sex ratio is still 
pending, I am confident that to think about this sort of model may 
be highl y useful in interpreting sex ratio data from tropical 
plants with intelligent pollinators. 

The model is based upon sex-specific, frequency, and density depen
dent selection and requires that selection operate at t he level of 
11 sibling cluster. This is possible for plant s if seeds drop near 
the parent or if dispersed in groups as is the case in Anguria 
1~here intact fruits, containing viable seed , are often dropped by 
rodent s and parrots . 

Anguria fema l e flowers can be considered mimics of the male 
f'lower s . The important signal receiver to be deceived (Wickler, 
1968) is the pollen-seeking female butterfly since they collect the 
mujority of pollen. Deception might occur in several ways: 1) 
Th e fema l e flowering branch in several Anguria species is tele
·icoped in such a way as to look like a male inflorescence. 2) The 
" l Lgmatic surface is covered with pollen-sized bumps, which may be 
more important than flower color mimicry s i nce it is known that 
I he butterflies confuse pollen and pollen- sized gl ass beads 
(C:i lbert, 1972) . 

Male-biased sex ratio will occur 1) if Heliconius is able to 
discriminate and avoid mimics when they become too f requent rela-
1 Ive to mal es in an area, and 2) i f those high frequency clusters 
ol females are the offspring of a female which produces (with high 
l11•ri tability) equal or female-biased sex ratios in her seedcrops. 

Females in clusters are further disadvantaged by fruit and 
•wod destruction caused by a moth species whose larvae attack 
I 11111n Lo but not male reproductive parts. This is an additional sex 
•1p(1c i fLc, density dependent component which could be partly 
1w,ponsible for evolution of male-biased primary sex ratios in 
p l1111t s . 
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Egg-laying Heliconius, Passiflora l eaf-shape diversity, and 
egg mimicry: 

GILBERT 

The apparent importance of v1s1on and visual memory in larval 
host plant foraging by egg-laying Heliconius stimulated me to 
i nvestigate the possibility that these females are agents of 
selection on Passiflora leaf shape. Under such visual select ion 
Passiflora would be expected to evolve leaf shapes which woul d 
make them more difficul t to locate. There should also be pressure 
t o diverge f r om other Passiflora species since larval food niche 
breadth is considerab l y broader than that of ovipositing femal es 
and oviposition mistakes occur. 19 The predicted high local 
diversit y of Passiflora leaf shape in contrast to the often noted 
monotony of tropical leaves (Richards, 1951) is strikingly veri
fied (Fig. 4). When leaves of two sympatric species are similar 
in shape, they usual l y di ffer in pubescence, reflectance, stipular 
structures or tendrils such that the gestalt of the plants are 
different (Gilbert, in preparation) . 

The literature on leaf shape is concerned a l most entire l y 
with shape as it relates to physical factors. Yet, just as t he 
first recognition of mimicry in animals was by taxonomists who 
simply observed similari ties and named species accordingly [e.g. 
various genera of moths named Apiformis, Vespiformis, etc . 
(Remington, 1963)], so Passiflora taxonomists have recognized the 
extensive convergence of Passiflora l eaf shapes on those of common 
tropical plants which are essentially vast amounts of inedible 
substrate to Heliconius. The following species names are found in 
Killip (1938) : discoreaefolia, morifolia, bauhiaifolia, tiliae
folia, capparidifolia, laurifolia, guazumaefolia and dalechampi
oides. All of these are generic names of common tropical trees 
and vines. 

There is some evidence from other plants that visual selec
tion may be significant in determining l eaf shape. For example, 
the striking similarities in both leaf shape and texture between 
numerous pairs of species in two south African plant genera, 
Cliffortia (Rosaceae) and Aspalathus (Fabaceae), (Dahlgren, 1971) 
probably reflect strong visual selection from her bivores. The 
convergence of Australian mistletoe leaf shapes on the leaf shapes 
of their host trees (mostly Eucalyptus) (B. A. Barlow and D. Wien s , 
personal communication of unpublished data) is in effect the same 
phenomenon as was described for Passiflora above: (i.e. small 
patches of edible plant blending in with a large amount of inedihl <' 
foliage). 

Further evidence that ovipositing females exert visual selec 
tion on Passiflora is the presence of butterfly egg mimics on 
several species. I first discovered these on Passiflora cyanea 
(Fig. 5), then on P. auriculata (both from Trinjdad). Si nce mos t 
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Figure 4. Leaf shape variation among sympatric species 
of Passiflora. The localities are from the top : 
Trinidad, Costa Rica , Cos t a Rica, Mexico and Texas. 
(From Gilbert , in preparation) 



Figure S. Mi metic egg (arrow) on stipul e of Passiflora 
cyanea . Several days earlier, new growth point was 
sheltered within s tipule so that fake eggs were pre
sented in the area where eggs are usually deposited . 
Not e extra- flora nectar gland s on petiol e . 
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larval Heliconius are cannibalistic to a certain degree it makes 
sense for the female to detect and reject growth t ips of host 
which already possess eggs or young larvae . Interestingly t he 
fake eggs are closer to the co l or of eggs near the point of 
hatching or young larvae (golden) than to the color of new l y 
oviposited eggs (yellow). 20 

Psychological limits t o local Passiflora diversity : 

The ability of ovipositing females to l earn and dis criminate 
shapes may greatly influence local Passiflora diversity . As was 
pointed out above, in spite of some 350 New Wor l d Passiflora 
species, the total number of species packed into a local habitat 
rarely exceeds 10 . The hypothesis is that the number of Passiflora 
species should be approximately the number of shape cat egories 
discriminated by Heliconius . It can be easi l y seen that if an 
:ilien Passiflora "attempts" to colonize an area in which all pos
sible leaf shapes are already represented it will be dis covered by 
l'Xperienced females searching for its particular leaf category . 
Even if chemically different it will be severely damaged in its 
vulnerable seedl ing s t age where l oss of leaf area can mean death. 

Only two Passiflora species known to me could possibly be 
ndded to an equilibrium community in spite of leaf shape. Interes-
1 ingly these are t wo of the mos t wide-spread species in Central 
Ameri ca. One, Passiflora adenopoda i s unaffected by most 
ll1 •liconius because of its cut icular trichomes which kill larvae 
(t: ilbert, 1971) . The second, Passi flora serratifolia, i s, in the 
111 sectary, a favori te oviposition plant for many species in the 
Hl1 nus . In fact, it is the " super-optimal" oviposition stimulus 
tor all Heliconius melpomene races which do not overlap its range. 
I'. scrrati fol ia possess a chemi cal in the young leaves which , 
though not detected by ovipositing females, kills all young larvae 
(C:i lbert, unpub l ished data). 

l.1•nf shape and Heliconius diversity : 

It was pointed out earlier that for reasons not adequately 
1111dcr s t ood , the number of Passiflora species in an area predict 
11111.;onab l y well the number of Heliconius. If, as hypothesized , 
th~· degree of shape discrimination by the butterflies puts an 
ttppor l imi t on the number of species of Passiflora which can be 
pu cked into a conununi ty , then it follows that Heliconius can 
l11dl 1·cct l y limit their own local djversity. 
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CONCLUSION 

The study of animal-plant coevolution has generally focused 
upon the interaction between plant and herbivore in isolation from 
concomitant interactions with other relevant members of the com
munity. In this paper I have developed a conceptual model of the 
ecological and evolutionary feedback occurring within a food-web 
of interacting species, which i s greatly amplified and accelerated 
by a mutualistic interaction. 

The Heliconius-Passiflora-Anguria system is in many ways a 
special case which I have great l y oversimplified. For instance, 
few insects outside of the Lepidoptera interact with plant s as 
both mutualist and herbivore. Even within the Lepidoptera, 
Heliconius may represent the most elaborate instance of this l ife
history type. Ilowever, since so little is known of the adult 
nutrition of most lepidopterans, the uniqueness of these butter
flies remains an open question. 

It should also be made clear that the model is derived from 
experiments and observations on just a fraction of the many species 
of Heliconius, Anguria,and Passiflora. I have knowingly ignored 
potentially important organisms such as the pollinators of Passi
flora , other pollen plants of Heliconius, other pollinators, and 
herbivores of Anguria, to name a few. 

Further r esearch will almost certainly modify the details of 
Figure 1. However, I believe this somewhat specialized model 
illustrates some general ideas about the significance of mutualism 
in communities which deserve further testing by s tudents of com
munity ecology : 

1. Animal-plant mutualisms depend upon and he lp determine 
the behavioral sophistication of the animal involved. 

2. The behavioral capabilities of animals in a food-web 
strongly influence the loca l diversity attained by 
various taxa in the web as well as other emergent 
properties such as phenologies and patterns of morpho
logical diversity among the plants. (Visual search 
for plants by host-specific herbivores may he lp 
generate morphological divergence within, and convergenct 
among, chemically distinct groups of plants in a com
munity . ) 

3 . The importance of mutualism in terrestrial communities 
is greatest: a) where the animals involved have strong 
trophic ties to several distinct groups of organisms, ond 
b) in the humid tropi cs where seasonal restraints on 
extended reproductive longevity and life history variety 
are lacking. 

4. Since mutualistic interactions between animals and plan I ·· 
affect a community primarily by indirect pathways , the ir 
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consequences are less conspicuous and more difficul t to 
~uantify.than are those of predator-prey and competitive 
interact ions. In fact, in the case considered the 
mutualism determines the rules for these latte; inter
actions. 

SUMMARY 

Heliconius butterflies have coevolved with two groups of 
plants: Passiflora the larval hosts, and Anguria/Gurania which 
ar e the primary pollen and nectar sources for the adults. As a 
: esult of increased reproductive longevity, due to mutualisti c 
int eraction with the cucurbit vines, Heliconius have evolved 
highl y sophisticated behavior patterns which include various forms 
of learning and memory. Many features of the individuals and 
populations as well as emergent properties of this coevolved sub
community are casually linked either by direct or indirect path-
ways t? the mutualistic interaction. It is suggested that animal-plant 
mutualism can be a major factor in generating patterns of animal 
and plant diversity. 

NOTES 

I . Baker ( 1963) was one of the first to recognize the need to 
consider community l evel consequences of animal-plant mutua l isms. 
Recei:tly such interactions have been discussed in relation to plant 
spacing (Janzen, 1970, 1971; Heinrich and Raven, 1972), flowering 
pl~enol~gy (Janzen , 1967; Heinrich and Raven, 1972) and to community 
dtversity (Janzen , 1966, 1971). In one of the few theoretical con
s iderations of t he impact of mutualism on communities, May (1973) 
concl udes that in small model ecosystems mutualistic interactions 
h:ive a destabilizing influence. But mutualism as May treats it 
has neither time lag nor inequality between the benefits exchanged 
hy species involved. It is consequently not representative of 
most plant-animal mutualism. In contrast to well studied predator
prcy and competition interactions , mutualism has been almost 
lotally ignored by the model-makers of ecology. 

·' · G~rania, a cucurbit genus very closely related to Anguria, 
1 · onta11~s. severa~ species which are primarily Heliconius pollinated 
I 11 addition to its many s trictly hummingbird pollinated species. 
11or s impli city, I will occasionally lump all Anguria and Gurania 
vi •; i ted by lleliconius under "Anguria". 

I. !11 non e of 10 neotropi cal wet - forest s ites ronging from 
1 l'in~d:id t o Mex i co have I found more tlwn JO coex i s ting Passiflora 
•pt1c 1cs . W.W. Be nson (p(' 1";01111I c·o111111u11ic :11i on) h:is obta in ed a 
il111il:ir i111p1'l'ss i on in l:l'll ll'lll 1111cl So1 ilh l\111 c• ric11 . 
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4. Heliconius, i n contrast t o other tropical insect taxa, are 
better researched than most or all s i milar t emperate zone groups . 
This fortunate state of affairs is due largely to two decades of 
heliconiine research supported or encouraged by the William Beebe 
Tropical Research Station near Arima, Trinidad. Much of the impor
tant literature on Heliconius biology has been reviewed elsewhere 
(Ehrlich and Gilbert, 1973). 

5. Pr e liminary experiments (Gilbert, unpublished dat a) indicate 
that Heliconius can be conditioned to discriminate leaf models by 
shape when associated with a nectar reward, but further work is 
required to establish similar l earning ability to be associated 
with oviposition rewards . 

6. One of the Heliconius stocks at Austin has now persisted in 
captivity for 4-1/2 years . Several others are 2-3 years old . All 
attempt s to maintain other groups of butt erfly for long periods 
have failed. Heliconius hecale was maintained in a windowless 
laboratory for three months . Visits to artificial nectar, mating, 
roosting and oviposition on cuttings of host all proceeded quite 
normally. The tops of tall burets and ring stand supports were 
favored daytime perches ! 

7. For example: Papilio zelicaon, Limenitis bredowii, Cethosia 
cyane , Euphydryas editha , Actinote spp . , Eumenus debora, Battus 
philenor (but some Parides do well) . 

8 . This s tatement is based on my own visual comparisons of many 
butterflies and should be verified by actual measurements. 

9. Recently, I have found that male Heliconius charitonia actually 
rape the female pupa (Gilbert, in prepar ation) as a routine mating 
procedure. 

10. Two frequently observed behaviors of egg-laying fema l e butter
fli es indicates the use of chemical cues in recognition of 
suitable larval host p l ant. The first , ant enna! tapping, pre
sumably relates to ol factory recognition (Minnich, 1924); the 
second, drumming the l eaf with fore legs (Vaidya , 1956) is more 
than likely a direct tasting of the leaf juices (Calvert, 1974). 

11. Heliconius charitonius Linn., H. cydno Doubleday, H. erato 
Linn., H. ethilla Godart, H. hecale Fabr., H. melpomene L]nn . 

12. Anguria triphylla Mi q ., A. umbrosa Kunth. , A. limoncnse 
Pi ttier, A. warcewiczii !look., Gurania spinulosa Pocpp. cl Encl J • , 
G. costaricense Cogn ., G. levyana Cogn. 
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13. Mi crokje l dahl analysis indicates that a large (no . 3) load of 
Anguria pollen (dr y wt . 0 . 7 mgl contains .028 mg nitrogen. Since 
one . SO mg (wet wt . ) Hel iconius egg contains about . 006 mg nitro
gen, such a pollen load contains the nitrogen equivalent of about 
five eggs (Gilbert and Norris, unpublished data). 

14. We now know from radioisotope l abe lling experiments that 
nitrogenous compounds in the spermatophore contribute directly to 
egg production and may be of greatest impor tance in the first few 
days of oviposition , be fore the ·female has located pollen sources 
(Gilbert and Sumners, in preparation) . In the insect ar y , males 
seem to collect pollen more vigorously and successfully on the day 
fo llowing a mating . 

15 . For instance , in one year (November 1971 - November 1972) 
under greenhouse conditions an Anguria umbrosa male produced 
10,000 flowers , the equival ent of 145 gm of dry sucrose and 20 gm 
of pollen (Gi lbert, unpubli shed data). As this paper is delivcrccJ 
(August, 1973), this plant is still in flower. 

16. Anguria pollen measures about 80 micr ons in diameter. It is 
interesting that rubiaceous plants which attract Heliconius, such 
as Palicorea and Cephaelis have unusually large (80-100 micr on) 
po l l en for thei r family. 

17 . A femal e which l ives for 4- 6 months and routinel y r evisits 
t he same passion vines wi ll quite likel y encounter several genera
tions of her own offspring emerging within her home range . If, as 
l imi ted evidence indicates, young individuals follow older butter
flies , the chances of families roosting together woul d be high . 
Allozyme studies of roosting groups would be of singular interest . 

18 . Kleber (1935) long ago demonstrated daily rhythms in nectar 
flow (and nectar concentrations) among numerous European plants, 
11nd partitioning of pollinators on a seasonal basis is documented 
(Mosquin, 197 1). 

19 . Oviposi ting f emale butt erfl ies occasionally deposit eggs on 
Inappropriat e host plants (e . g . Singer, 1971). Such behavior often 
l'l'Sults from a rarity of the primary or favored host, possib ly due 
I o <le foliation. I have observed insectary Heliconius ov iposi t on 
1· 11curbit vines which resemb l e the appropriate host . Lesser mi s-
I 11 kes, i . e . eggs -laid on the wrong Passiflora , arc not unlikely 
1111d are indicated by eggs found in the fi.e l d on incorrect Passi -
! f ora (Alexander, 1961n). 

'O . W. W. Benson (pl' r sn11:1 I co1111111 111 i t•11 t ion) hn s i ndcpcndcntl y 
11 0 1 it·cd lh t• l'!(j~ 111 i 111it''-' Oil •,\1Vt' r :1 i o l h<' I' 'OJ1t1Cit"i or 11.i!;.r;/(/or.i. 
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