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INTRODUCTION

Plant-pollinator interactions in tropical lowland rain forests (TLRF) offer
unique opportunities to address several problems of current evolutionary and
ecological interest. First, conspecifics of many tree species are spatially
isolated and self-incompatible or dioecious (11, 16, 24, 36, 61). Thus selec-
tion for long-distance pollen flow may be more intense in TLRF than in any
other community (78), making it possible to study the pattems of pollen flow
that perhaps are not observed anywhere else. Second, in tree species longevity
combined with intense pressure from competitors, predators, and pathogens
as well as abiotic agents places a high premium on genetic recombination (78,
91), which may also select for larger pollen (and seed) shadows not generally
encountered in other communities. Third, the high species richness of TLRF
correlated in part with the richness of pollination mechanisms (3, 5, 11, 25)
offers an unusual opportunity to examine the role of plant-pollinator in-
teractions in plant speciation (33, 133). Fourth, the wide range of specializa-
tion in plant-pollinator interactions at various taxonomic levels provides rich
material for an assessment of factors promoting coevolution (47). Fifth, the
ubiquitousness of biotic pollination in almost all plant species in TLRF (80)
makes it a unique community to study the effects of plant-pollinator in-
teractions in the structure and organization of communities. Finally, the
multitude of plant-pollinator interactions permits an analysis of the role of
mutualistic interactions in maintaining stability in complex communities (57).
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The question of community stability, apart from its theoretical importance, is
a central issue in conservation biology.

It should be noted at the outset that the unusual importance of studying
pollination systems in TLRF is matched by unusual difficulties encountered in
gathering basic information. Canopy trees that define the structure and prop-
erties of TLRF present, because of their height, logistical difficulties for
empirical and observational work not generally found in other ecosystems
(100, 108, 110). Furthermore, in a given TLRF, hundreds of plant species
together with thousands of pollinator species form a complex web of rela-
tionships difficult to unravel without a concerted effort lasting many years.
Although a wealth of information exists about certain systems, e.g. figs and
fig wasps (81, 152) and orchids and orchid bees (1, 41, 42), the data for a
particular species assemblage are not from one site. One of the few exceptions
is Stile's data set for Heliconia species and their hummingbird pollinators
(135, 137). Much of the available information about pollination systems in
TLRF at the level of particular "guilds" or communities is from scattered
studies undertaken at sites throughout the tropics.

Plant-pollinator interactions in TLRF have been used as paradigms to study
coevolution (47), gene fiow (11, 24, 79), evolution of plant sexual systems
(16, 20), and community stability (74) and can be thus reviewed in several
different contexts. Here I first recapitulate the diversity of pollination systems
in TLRF, based on recent work in the lowlands of Central America. The
focus, unless specified otherwise, is on lowland rain forests. Montane forests
are considered in a separate section; coastal mangrove forests are excluded
due to the paucity of data (149). I then discuss plant-pollinator interactions in
the context of gene fiow and speciation, two topics central to the issue of
species richness of tropical communities. I conclude with a brief commentary
on the effects of disruption in plant-pollinator interactions on community
stability and the maintenance of biodiversity, two topics, again, of much
current interest.

The paper complements two other recent reviews of the subject (22, 90).
Related topics that have been lately reviewed particularly in the context of
tropical wet forests are: fiowering phenology (18, 29), plant reproductive
systems (24, 90), harvest of fioral resources (82), pollinator specialization
and coevolution (47, 74, 75), and the role of pollinators in the evolution of
sexual systems of plants (16, 20).

MODES OF POLLINATION

Diversity
The diverse range of pollination systems found in angiosperms can be encoun-
tered in its entirety in most TLRF. It is well known that wind pollination is
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rare, but not absent in TLRF (21). On the basis of studies on trees (25), I
estimate that approximately 98% to 99% of all fiowering plant species in
TLRF are pollinated by animals. Biotic pollen vectors range all the way from
one- to two-millimeter-long fig wasps (152) to fiying foxes with a wingspan
of two meters (38). Although fiowers may receive a wide range of visitors,
members of only one or two main classes, usually of the same order, act as
effective vectors (25, 128). The subject of specialization and constancy is
treated elsewhere in the paper. In the discussion below, reference to a
particular pollinator implies that it is the primary pollen vector for a given
plant species (or a group of plant species). The commentary is concemed
with the ecological aspects of various pollination systems, rather than with
the evolution of particular morphological, anatomical, or behavioral traits
associated with various plant-pollinator interactions. Prance (115) describes
detailed case studies for many of the major pollination modes considered
below.

POLUNATION BY VERTEBRATES Bats, some nonfiying mammals, and
birds are the only pollen vectors known among vertebrates.

Bats Examples of bat pollination can be found in many families, but this
mode of pollination is particularly common or well studied in the Bomba-
caceae (13, 14, 43, 98), and the genera Passiflora in the Passifioraceae (125,
126), Parkia in the Mimosaceae (73), and Bauhinia in the Caesalpiniaceae
(66). Of the two orders of Chiroptera to which bats belong, only Microchirop-
tera, in which nectarivory is of relatively recent origin, are found in the
neotropics; Megachiroptera, some of which are exclusively vegetarian, are
restricted to the old world (13).

The number of plant species pollinated by bats or the number of bat species
involved as pollen vectors is not known for any tropical wet forest. In a
tropical lowland dry deciduous forest with approximately 150 tree species, 7
species of bats were found to carry pollen of 13 species of trees over a
one-year period (65). Several species of bats apparently serviced a given plant
species, and a particular bat species utilized the nectar and pollen of many
plant species.

The fioral syndromes of pollination by bats are well documented (13). In
general, fiowers open at dusk or soon after, are large, white or pale yellow in
color, have a musky odor, and produce large quantities of nectar. However, in
some species, fiowers are small (3-5 mm across), but borne in dense clusters
(135). In a community-wide study, Opler found the highest amount of nectar
in a bat-pollinated species (107). On a per fiower basis, bat pollination is
perhaps energetically most expensive, but its benefits may be in the form of a
long pollen shadow because bats forage over long distances (65, 132).
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Bat-pollinated species may fiower massively for a few days or bear a few
fiowers every day for several months (65).

Nonfiying mammals Sussman & Raven (143) have presented circumstantial
evidence for pollination of several tree species in Madagascar by lemurs,
especially in areas where bat-pollination is absent or rare. They are uncertain
about any specific adaptations involved in pollination by nonfiying mammals
and consider the system to be a relict that has survived from ancient times in
certain areas. Janson et al (77) have also implicated nonfiying mammals, e.g.
opossums, kinkajous, and monkeys, in the pollination of several tree species
such as Cieba pentandra, Ochroma pyramidale, and Quararibea cordata (all
in the Bombacaceae) in an Amazonian forest. However, two of these three
species (C. pentandra and O. pyramidale) are known to be bat-pollinated, and
the nonfiying mammals, the presumed pollinators, do destroy a number of
fiowers. The evidence for the effective transfer of pollen by nonfiying mam-
mals is indirect and weak.

Substantial evidence for pollination by nonfiying mammals in tropical wet
forests exists only for Mabea occidentalis (Euphorbiaceae), a small tree in the
Central American lowland forests. The red woolly opossum, Caluromys
derbianus, is a common visitor to the infiorescences of M. occidentalis, the
fiowers of which are also visited by noctuid and pyralid moths, Cerambycid
beetles, Trigona bees, and bats (135). However, the infiorescences are "clear-
ly adapted" to pollination by bats (135).

Pollination by rodents has been implicated for an epiphytic species of
Blakea (Melastomataceae) in a Costa Rican montane forest (96), but the
example remains to be explored in detail.

Clearly, the nectar-rich fiowers or infiorescences with noctumal anthesis,
pollinated by moths or bats, are exploited by nonfiying mammals. Inevitably,
these mammals will be found visiting the night-blooming fiowers and moving
from one plant to another. However, such observations are not enough to
suggest that the nonfiying mammals transfer significant amounts of pollen
from one plant to another. The contributions of these fiower visitors to fruit
and seed set must be measured against the frequent damage to the fiowers they
presumably pollinate (77). However, the availability of such fiowers may be
an important factor in the life cycle of nonfiying mammals, if the fiowers
provide critical resources during periods of drought or low fruit abundance.
The nature of interactions between nonfiying mammals and fiowers, and the
consequences of these interactions for both mammals and plants, remain
unexplored.

Birds In Central America, hummingbirds constitute the major group of bird
pollinators. Pollination by hummingbirds is common in Acanthaceae,
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Bromeliaceae, Gesneriaceae, Marantaceae, Musaceae, Rubiaceae, and Zing-
iberaceae. In a Costa Rican lowland rain forest with approximately 1800
fiowering plant species, hummingbirds have been recorded to collect nectar
regularly from 42 species and occasionally from another 27 species (137).
None of the species in this community has been observed to be pollinated by
nonhovering birds; however, several species of Erythrina in Central America
are known to be pollinated by passerine birds (48, 103, 134, 148).

Stiles (136, 137) has reviewed the ecology of hummingbird pollination in a
TLRF, and Feinsinger (46) in a montane rain forest. In the lowland forest,
nine species oi Heliconia are pollinated by nine species of hummingbirds, but
there is no species specificity; each species of Heliconia is visited by more
than one species of hummingbird, and each hummingbird species visits more
than one species of Heliconia (136). Flowering pattems of Heliconia species
are staggered in time (137). The staggered blooming has been attributed to
competition for pollinators (137, 139), but the idea remains debatable (37,
11 la, 140).

Although a very large number of birds pollinate many plant species in the
old-world tropics, much of the available information is anecdotal and descrip-
tive (2, 112-115). Coevolution between fiower-visiting birds and fiowers on a
global basis has been reviewed by Stiles (138).

POLLINATION BY INVERTEBRATES The vast majority of plant species in
tropical rain forests are pollinated by insects.

Bees Among insects, bees constitute perhaps the most important group in
number and diversity of plant species pollinated. In the neotropical lowland
rain forests, the vast majority of species in many common families such as
Burseraceae, Euphorbiaceae, Clusiaceae, Fabaceae, Flacourtiaceae, Lecythi-
daceae, Melastomataceae, Orchidaceae, and Sapotaceae are pollinated by
bees. The bee pollination system is particularly predominant in canopy trees
(25).

The number and diversity of bee species that act as pollen vectors is equally
great (122). Approximately 70 species have been recorded to visit the fiowers
of a single tree of Andira inermis (52) in a seasonal forest and 26 species as
visiting the fiowers of Dipteryx panamensis (104) in an aseasonal forest in
Costa Rica. Both tree species are in the Fabaceae.

In general, based on size, two types of bees may be distinguished: medium
to large-sized bees of the families Andrenidae, Apidae, Anthophoridae,
Halictidae, and Megachilidae; and the small-sized bees in Apidae (tribe
Apini), Halictidae, and Megachilidae (25). The former appear more prevalent
on the canopy fiowers and the latter on the understory fiowers. The medium-
to large-sized bees constitute a very heterogeneous group. The brightly
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colored orchid hees of the tribe Euglossini in Apidae tend to forage singly or
in small groups, primarily in the understory and subcanopy. In contrast, many
anthophorids forage in large aggregations, mainly, but not entirely, in the
canopy (G. W. Frankie, personal communication). Species pollinated hy
these bees often flower massively.

The diversity of bee-pollinated trees is so large that no generalizations can
he made with respect to flower morphology or flowering pattem. Bee flowers,
especially those that are pollinated by small bees can be relatively small and
inconspicuous, and white, pale, or green in color. Flowers pollinated by
medium-sized to large bees, may however be relatively large, brightly col-
ored, and morphologically specialized as in many species of the Bigno-
niaceae, Fabaceae, Melastomatacea'e and Orchidaceae. Flowering may extend
from a few days in some species to several months in others (54).

Moths Moth pollination is particularly prevalent in the Ruhiaceae (25, 63).
The heavily scented, white or pale flowers with narrow floral tubes and
nocturnal anthesis in many species of such families as Apocynaceae,
Meliaceae, Mimosaceae, and Solanaceae suggest that moths are also impor-
tant pollen vectors in these groups. Moth-pollinated trees are mostly found in
the understory and suhcanopy.

Pollinating moths may be distinguished into two broad categories: (a) the
large sphinx moths and (b) small moths in the Noctuidiae, and possibly in
other families. Virtually nothing is known about the biology of the in-
teractions that the latter group have with tropical trees. Even for sphinx
moths, the available information is largely derived from Gottsberger's (58)
work in Brazil, Nilsson and associates' investigations in Madagascar (104),
and Haber & Frankie's (63) comprehensive study of sphinx moth-pollinated
plants in a dry deciduous forest of Costa Rica.

The flowers pollinated by sphinx moths are generally white or pale yellow
in color with deep corolla tubes; the flowers open in the late afternoon or after
dark, are sweet scented, and offer nectar as the main reward to the moths (44,
63). Two types of flowers may be distinguished: tubular flowers with narrow
corolla tubes terminated by four to six corolla lobes, and brush type of flowers
with reduced corolla and many exerted stamens (63).

Although sphinx moth-pollinated plants may be found to flower at all times
of the year, Frankie and coworkers (50, 63) have observed peak flowering
during the wet season. They explain this seasonality by saying the plants serve
as sources of food not only for adults but also for the larvae. The larvae
depend upon leaves which in the case of most plant species in the dry
deciduous forest are home only during the wet season. The sphinx moth-
pollinated species may flower in highly synchronous episodes lasting only
four to five days, or they may bloom for as long as ten months (63; see also
32).
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Moth pollination system is one of the most common but the least studied
systems in tropical lowland rain forests.

Beetles Beetles constitute an important group of pollen vectors, next in
importance perhaps only to bees and moths. Beetle pollination is particularly
common in Annonaceae, Araceae (127, 155, 156), Cyclanthaceae (26),
Lauraceae, Myristicaceae (10, 76), and Palmae (27, 67, 68, 102). The beetles
involved are diverse, from weevils two millimeters in length to scarabs that
are two centimeters long (26, 27, 127).

Very little is known about the ecology of interactions between beetles and
flowers. Recent studies on aroids (155, 156), Cyclanthaceae (26), palms (27),
and Myristica (9) are among the most well-documented cases of beetle
pollination. Beach (26, 27) has shown the complex nature of interactions
among beetles and other flower visitors such as fruit flies and weevils in the
pollination of Pejibaye palm. Flowers pollinated by beetles range from small
as in the Myristicaceae (9) to several centimeters across as in the Annonaceae
(127). Flowers when small may be bome on large inflorescences that in the
Araceae are enclosed by bracts (156). Noctumal anthesis is characteristic of
the system, which is driven by strong odors (127).

Recent studies in Australian rain forests indicate that in some communities
up to one quarter of all plant species may be pollinated by beetles (76).
Beetles pollinate plants of all life forms and in all the strata of the forests in
such communities. The Australian studies suggest that overall beetles may be
third in importance, after bees and moths, in the number of plant species that
they pollinate in rain forests.

Butterflies Many species of butterflies are common visitors to the flowers of
a diverse array of species with brightly colored corollas (or other appen-
dages), especially in the Boragiaceae, Rubiaceae, and Vochysiaceae. Howev-
er, this pollination system is among the least studied in tropical rain forests.

Wasps The mutualistic relationship between the cosmopolitan genus Ficus
and wasps is well known and has been a subject of some recent reviews (81,
152). Apart from the agaonid wasps, a diverse array of wasps are found
among the insects visiting generalized flowers of such taxa as Anacardiaceae,
Burseraceae, Simaroubaceae, and others. However, the extent to which such
species transfer pollen is not known. Curiously, the type of specialized
relationship found between fig wasps and figs has not been reported for other
wasps and plants or other insects and plants in tropical lowland rain forests.

Large Flies Fly pollination appears to be widespread in Sterculiaceae (115,
154). Many species of Aristolochia (115) and Rafflesia (28) are also polli-
nated by fiies. Little is known about the ecology of fiy pollination. Beaman et
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al's (28) recent study of Rafflesia represents one of the few well-documented
examples.

Other insects Pollination by thrips has been reported in some species of
Myristicaceae (25) and Dipterocarpaceae (6). Curiously, although ants are
abundant in TLRF and are known to pollinate plants in other regions (71, 86),
pollination by ants is unknown in TLRF.

In summary, there are groups of species pollinated by the same class of
pollinators, but little is known about the structure of these groups and the
factors that influence the number and the diversity of the interacting species.
Another general feature is the presence of a large number of species with a
relatively generalist mode of pollination among trees. Such species with
small, white, pale yellow or green, shallow flowers may account for up to
31% of all species, and most seem to be collectively pollinated by a diverse
array of small insects (25). What selects for specialized and generalized
modes of pollination in the same community? The two modes might differ
with respect to energetic costs, including the cost of defending flowers from
predators and nectar robbers. They might also differ with respect to reliability
of pollination, distances over which pollen is dispersed, and the manner in
which they influence male and female components of fitness.

Spatial Distribution

The distribution of various pollination systems in TLRF appears to be nonran-
dom (25). In particular, systems based on medium-sized to large bees and
small diverse bees primarily occur in the canopy, and those based on hum-
mingbirds sphingid moths, and beetles in the understory (Table 1, see also
25). Enough data to evaluate the distribution of other systems do not exist.
The vegetation in tropical forests is often differentiated into more than two
vertical strata. Indeed, Kress & Beach (90) have organized data on plant-
pollinator interactions under three strata. As our knowledge of plant-
pollinator interactions at the community level increases, it may be feasible to
find evidence for nonrandom distribution at a finer vertical scale.

The nonrandom distribution of plant-pollinator interactions may be ex-
pected on the basis of vertical stratification of animal communities in general
(130). Plant taxa, particularly at the generic and the familial levels, are also
often distributed in particular strata. Examples include dipterocarps, which
occur primarily in the canopy, and the Rubiaceae, which are generally
confined to the subcanopy or understory. Although the associations between a
particular plant taxon and a particular pollinator vector could also contribute
to the observed patterns, the origin of spatial correlations of such associations
remains unexplained. It should be interesting to determine the extent to which
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Table 1 Frequencies of different pollination systems

Pollination type

Bat
Hummingbird
Medium-sized to large bee
Small bee
Beetle
Butterfly
Moth
Wasp
Small diverse insect
Wind

TOTAL

Canopy'
Percent of species

3.8 (2)
1.9 (1)

44.2 (23)
7.7 (4)

—
1.9(1)

13.5 (7)
3.8 (2)

23.1 (12)
—

100% (52)

Forest stratum
Subcanopy & Understorey^

(N) Percent of species (N)

3.6 (8)
17.7 (39)
21.8 (48)
16.8 (37)
15.5 (34)
4.5 (10)
7.3 (16)
1.8 (4)
7.7 (17)
3.2 (7)

100% (220)

' Dala from Bawa el al (25).
^Dala from Kress and Beach (90).

plants and pollinators reciprocally influence their abundance in various ver-
tical strata.

The diversity of pollination systems seems to be the highest in the un-
derstory (25). This might simply be a reflection of the diversity of plant
species in that stratum. The significance of this observation is explored in
another section.

Tropical-Temperate Zone Comparisons
There are four major differences between pollination systems of TLRF and
the north temperate zone forests. First, in aseasonal TLRF, pollination at the
community level occurs throughout the year, though there may be well-
defined peaks in flowering during certain times of year (51). By contrast,
flowering in the north temperate zone is mostly confined to late spring and
summer (118). Second, flowers of plants in TLRF generally last a day or two,
whereas the mean longevity of flowers in the north temperate zone communi-
ties may extend to 7 days (116). Unpredictable conditions for pollination due
to uncertain weather have been cited as one of the factors influencing longer
flower longevity of the temperate zone plants (116). Third, pollination by
vertebrates is almost nonexistent in forest communities in the north temperate
zone, though birds and rodents constitute an important group of pollinators in
the temperate zone Australia (49, 124) and in south Africa (15, 124). Finally,
the proportion of wind-pollinated plants steadily increases as one moves from
the equatorial region, reaching 80-100% among trees in some of the north-
ernmost latitudes (119).
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Tropical Montane Rain Forests
Pollination systems in tropical montane rain forests appear to differ from
those in the lowland rain forests in at least two respects. First, pollination by
hummingbirds in the neotropics is more common in the montane than in the
lowland rain forests (39, 47). For example, in a cloud forest of Costa Rica
with 600 flowering plant species, hummingbirds have been observed to visit
flowers of 100 species (47); a comparable figure for a lowland rain forest is
less than 70 out of 1800 species of flowering plants (137). Second, the
pollination system involving small generalist insects also appears to be more
widespread in cloud forests (131, 145). Low temperatures in montane forests
may limit the activity of bees and may explain their displacement by the
hummingbird (39) and the generalist insect pollination system.

The number of bat species in all feeding guilds is known to decrease with
an increase in altitude (59a). However, it is not known if the tropical montane
forests have disproportionately fewer species of bat-pollinated plants than the
lowland forests.

Montane forests also differ from the lowland forests with respect to sexual
and breeding systems (Table 2). Proportionately, many more tree species are
self-compatible in high altitude forests (69, 131, 145). Unpredictable weather
conditions for pollination in the generally cold and wet environments in
montane forests have been invoked to explain the high incidence of self-
compatibility. Lack of strong selection for outcrossing or direct selection for
homozygosity could also explain the preponderance of self-compatibility.
However, the proportion of dioecious species in montane forests is similar to
or exceeds that found in TLRF (131, 145). The prevalence of two somewhat
opposite modes of reproduction in the same community defies an easy

Table 2 Distribution of self-compatible, self-incompatible, and dieocious tree species in
tropical lowland and montane rain forests.

Percentage Percentage Percentage
self-compatible' self-incompatible' dieocious

Forest Type species species species^ References

Tropical lowland rain 20 80 23 24
forest, Costa Rica

Montane forest, 62 28 31 131
Venezuela

Montane forest, 85 15 21 145
Jamaica

' Expressed as percentage of hermaphroditic species tested for self-incompatibility.
^Expressed as percentage of all tree species.
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explanation. The preponderance of dioecious species in montane forests may
not necessarily be due to selection for outcrossing in these ecosystems, but
may be due to other advantages associated with dioecy (16, 17).

Finally, the individual flowers in montane forests on an average last 2-8
days more than in lowland rain forests (141); the longer life span is consistent
with the notion of unpredictability in pollination, a possibility suggested
above.

Southeast Asian Lowland Rain Forests

The aseasonal southeast Asian rain forests are well known for the irregular,
supraannual flowering at the community level (4). These forests also differ
from most neotropical rain forests in having members of a single family,
Dipterocarpaceae, dominating the canopy (12). Another unusual feature in
some of these forests is that many species of the dominant genus Shorea may
be pollinated by thrips (6). The thrips complete their life cycle during the
flowering of congeneric sympatric species. Species of Shorea in south Asia
are pollinated by bees. Apis dorsata and A. indica (40). The impact of
irregular, supraannual flowering on the stability of the pollinator fauna, thrips
and nonthrips remains unexplored. The temporal fluctuations in the abun-
dance of pollinators may be responsible for the evolution of apomixis, which
has been reported in some trees in southeast Asian rain forests (62, 85).

Global Patterns

Do rain forests in different parts of the world differ with respect to the
proportion of various pollination systems? Such differences might be ex-
pected on the basis of differences in geographical distribution of plants and
animals. For example, hummingbirds which dominate the bird pollination
systems in the neotropics are confined to the new world. Although other birds
serve as pollen vectors in the old world tropics, their role in terms of species
pollinated is not as well documented as in Central American forests. Bats
have coevolved with plants over a much longer geological time scale in the
paleotropics than in the neotropics, and completely vegetarian bats, as men-
tioned earlier, are confined to the old world (13). But we do not know whether
the proportion of plants pollinated by bats in the paleotropics is greater than in
the neotropics. Irvine & Armstrong (76) suggest that the frequency of beetle
pollination is much greater in Australian than in Central American forests, but
the latter have not been completely surveyed and the reported differences
may be a sampling artifact. Finally, for bees, the most dominant pollen vec-
tors in all TLRF, Roubik (122) reports similar pattems for the old and the
new world tropics with respect to the proportion of species numbers in ma-
jor families.
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SPECIALIZATION

The issue of specialization is critical to the discussion of the role of plant-
pollinator interactions in speciation and community stability, as we note later.

On the basis of existing evidence, species in tropical lowland rain forests
may be distinguished into three categories. To the first category belong
species like figs that are extremely specialized in their pollinator requirements
and the pollinating fig wasps which are very host specific (117, 152).
However, the type of specific interaction exemplified by figs and fig wasps
appears rare in tropical lowland rain forests.

The second category is exemplified by orchids and orchid bees and other
plants that, as a taxonomic group, are pollinated by a particular assemblage of
animals. Many species of orchids in the neotropics are pollinated by male
euglossine bees (41, 42, 123). Each species of orchid may be visited by one
or two species (1, 47). Similarly bees of any one species of euglossines may
visit as many as nine different species of orchids, but most confine their
visits to only one or two species. However, the euglossine bees also gather
resources from many other plant species. (47). Similarly a majority of 20
species of Dalechampia (Euphorbiaceae) are pollinated by female euglossine
bees only, and each species is visited by one or.two species of the bees
(7, 8).

Preliminary observations suggest that the type of specialization exemplified
by orchids and orchid bees also exists in'XJther plant-pollinator groups. For
example, each of the five species of angraecoid orchids in Madagascar is
pollinated by one species of hawkmoth, Panogena lingens (104). Several
species of the Araceae and Annonaceae are pollinated by one or two species
of scarab beetles (155; G. Schatz, personal communication).

At the next level of decreasing specialization are examples like the Helico-
nia and the hummingbirds. The nine sympatric species of the genus Heliconia
(Musaceae) in a tropical lowland rain forest are visited by nine species of
hummingbirds (136). Although as many as eight species have been recorded
visiting one species of Heliconia, most species are predominantly visited by
one or two species of hummingbirds. A group of species in Lecythidaceae are
pollinated by euglossine bees, and the geographic ranges of both groups are
known to coincide (101). In bat-pollinated species, evidence from tropical dry
deciduous forests suggests that a given plant species is visited by several
species of bats (65) though examples exist of a plant species being pollinated
by a particular species of bat (59).

A large number of species in tropical lowland rain forests are pollinated by
medium-sized to large bees, as mentioned earlier. Current data from several
tree species in the Fabaceae indicate that flowers of most species, though
displaying great morphological complexity for pollination by a specific group
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of bees, are visited by a large number of bee species. For example, as stated
earlier. Perry & Starrett (109) reported 19 species of bees visiting the flowers
of a single large canopy tree of Dipteryx panamensis. In a dry deciduous
forest, Frankie et al (52) captured 70 species of bees on the flowers of Andira
inermis, also a large tree. Even though the diversity of bee species is very
high, it is possible that only one or a few species constitute the effective group
of pollinators.

To the third category belong species that apparently have a generalist mode
of pollination. These species bear small flowers in which pollen and nectar are
accessible to a wide range of small insects, such as bees, butterflies, beetles,
flies, and wasps which collectively visit the flowers (25). It is not known if
the visitors differ in their effectiveness as pollinators. In one such species,
Calathea ovandensis, ten species of Hymenoptera and Lepidoptera were
found to visit flowers, but Schemske & Horvitz (128) showed that one species
of Hymenoptera was responsible for 66% and another species for 14% of all
fruit set; collectively five species of Hymenoptera accounted for 99% of the
fruit set. Even species that appear to exploit a wide range of pollen vectors
may thus in practice be pollinated effectively by only one or two species.

In general, the type of specialized, almost one-to-one relationship that
exists between figs and fig wasps is an exception rather than the norm in the
tropics (47). Nonetheless in a majority of species, pollination systems are
specialized to the extent that a given plant species is pollinated by one or a few
species belonging to the same taxonomic group (e.g. euglossine or other bees,
hummingbirds, scarab beetles, bats, etc). A further level of specialization
may exist, but studies to evaluate the relative effectiveness of various flower
visitors in achieving pollen dispersal and pollen deposition are lacking.

POLLEN ELOW

Tropical forest plants with their diverse patterns of dispersion and modes of
pollination provide an ideal material to compare the effectiveness of various
pollinators in long-distance pollen flow. Nevertheless, little is known about
dispersal of pollen in TLRF. Several lines of evidence, however, suggest that
pollen flow in tree species may be extensive. First, most species are either
self-incompatible or dioecious (11, 16, 24, 36, 61). Apomixis is known in
some species of the south-east Asian Dipterocarp forests (62, 85), but the true
extent of apomixis within individuals and species or among populations has
not been determined. Second, studies based on mark-recapture techniques
indicate that bees (52, 79) and hawkmoths (93) forage over long distances and
have the potential for pollen flow among widely spaced conspecifics. Third,
direct observations of flight pattems also reveal that some pollinators—bats,
for example—forage over distances of many kilometers (65, 132). On the
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other hand, territorial hummingbirds move pollen over restricted distances,
though nonterritorial hummingbirds forage over long distances (92). Data
derived from the studies of sexual systems, breeding systems, and flight
pattems of pollen vectors, however, provide an estimate only of potential
pollen flow. Realized pollen flow may not correspond with potential flow;
there is evidence that in some species crosses involving conspecifics that are
many hundred meters apart yield more fruits than among individuals that are
relatively close to each other (89).

Genetic markers offer considerable promise in understanding the pattems
of realized pollen flow in tropical rain forests (23, 31, 105, 106). Recent
studies of mating systems based on progeny arrays of individual trees,
utilizing genetic markers, have revealed a high degree of outcrossing and
indicated potential for extensive pollen flow in several large canopy trees (21,
95, 96). Similarly, analysis of the population genetic structure of several
species indicates low values for gene flow among populations (64). Both
electrophoretic markers (105, 106) and the DNA "fingerprinting" (121) have
the potential in the future considerably to enhance our understanding of pollen
flow within and among populations.

The linkage of conspecifics by means of pollen flow over a large area in
canopy and subcanopy tree species does not negate the possibility of restricted
pollen flow and the potential for local genetic differentiation due to inbreeding
in other taxa. In contrast to trees, many herbs and shrubs in TRLF are
self-compatible; also the frequency of dioecy in the understory plants is only
half of that encountered in tree species (90). It has been suggested that pollen
flow in understory plants may be generally restricted (90), and that such taxa,
especially in montane forests, may be largely inbred (131, 145). Many herbs,
especially epiphytes, are also patchily distributed. Localized gene dispersal
due to limited pollen flow in such species could result in subdivision of the
populations. However, the neighborhood size that determines the potential for
subdivision within a population is a function of both the distance over which
pollen is dispersed and the density of individuals (153). Although pollen flow
in understory plants may be localized, such plants, because of their small size,
have much higher densities than canopy trees. Thus, the reduction in neigh-
borhood size relative to those in trees may not be as great as expected from
gene flow alone.

Fedorov (45) argued that a main contributor to the origin and maintenance
of many closely related species in the humid tropics may be inbreeding
combined with drift. In the absence of population genetic data, it is difficult to
evaluate the validity of this argument. However, results of two population
genetic studies are consistent with the notion of inbreeding and genetic drift in
understory plants. A preliminary survey of genetic variation in some species
of Piper, one of the most species-rich understory genera in Costa Rica, shows
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little genetic diversity within populations (70) and indicates inbreeding. Sim-
ilarly, low levels of genetic variation within populations, but high levels
among populations, in a species complex of shrubs in the Gesneriaceae have
been revealed (144). Autogamy and self-compatibility seem prevalent in
several other taxa of herbs and shrubs, e.g. Marcgraviaceae (56), Ericaceae
(97), and Melastomotaceae (120). Gentry (55) provides indirect evidence for
the importance of drift and inbreeding as factors in speciation of many tropical
plants.

In summary, although there is considerable evidence for outcrossing and
long-distance pollen flow in several species, some data suggest that many
taxa, primarily herbs and shrubs, may be highly inbred.

POLLINATION AND SPECIATION

To what extent do plant-pollinator interactions contribute to species richness
of TLRF? Although the role of pollinators as isolating mechanisms is well
known (60, 142), the part that plant-pollinator interactions might have played
in speciation in tropical communities has not been adequately evaluated (72).
As I have argued elsewhere (19), ecological interactions between plants and
animals by themselves or in combination with other factors may promote
speciation in several ways. The following arguments are from Bawa (19).

First, a founder population can be reproductively isolated from the parental
species if it interacts with a pollinator that has no or little interaction with the
ancestral species. Geographical ranges of plants and their pollinators are often
dissimilar (G. Stiles, personal communication). Thus, plants with a slightly
variant floral morphology may be exposed to a different assemblage of
pollinators. The floral variants in small, isolated, founder populations may be
"fixed" not necessarily by genetic drift but by a new set of pollinators.

Second, differentiation of plant populations with a variant floral morpholo-
gy may also lead to differentiation of host-specific pollinators; plant-
pollinator interactions do lead to cospeciation more often than other kinds of
mutualisms (133, 147). There is no direct evidence for cospeciation of plants
and their pollinators from tropical rain forests, but it is suspected to have
occurred in figs and pollinating fig wasps (117, 151).

Third, West-Eberhard (150) has argued that under selection for success in
intraspecific competition (including competition for mates), characters impor-
tant in the outcome of competition can undergo quick change, leading to rapid
population divergence and speciation. Thus, the combined effects of plant-
pollinator coevolution and sexual selection can accelerate speciation. West-
Eberhard suggests that competition for mates via pollinators in groups with
extremely specific pollinators could be a significant diversifying force in plant
evolution. Apparently, in plants, the floral variants may arise first as a result
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of sexual selection and then rapidly spread and be isolated by specific
pollinators.

Fourth, plant-pollinator coevolution in combination with sexual selection in
pollinators rather than in plants, as in the previous example, may enhance the
rate of population divergence and hence speciation (87). Kiester et al (87)
suggest that in orchids, sexual selection in euglossine bees, based on variation
in their mating behavior due to variation in chemical odors collected from
flowers, may lead to genetic instability in bee populations. This instability in
conjunction with the selection by the orchid bees on floral characters may
result in explosive cospeciation.

Finally, genetic drift, alone, or in conjunction with inbreeding combined
with coevolution and sexual selection in plants or pollinators, or both, should
accelerate speciation. Both West-Eberhard (150) and Kiester et al (87) assign
a major role to drift in their models which consider the combined effects of
coevolution and sexual selection in speciation. It is generally accepted that
inbreeding has the potential to cause rapid population divergence (153).

The validity of the arguments above depends upon the prevalence of high
specificity between plants and pollinators, sexual selection, genetic drift in
plants, and inbreeding. I have already reviewed the evidence of plant-
pollinator specificity as well as genetic drift and inbreeding in tropical rain
forests. A review of sexual selection is beyond the scope of this paper, but
arguments for the operation of sexual selection in tropical plants have been
made before (16, 32).

Overall, specificity in plant-pollinator coevolution is critical in promoting
continued cycles of speciation (87). Accordingly, high specificity should be
positively correlated with species richness at various taxonomic levels. Ficus
is the largest genus in the Moraceae. It also has the most specialized mode of
pollination in the family. Locally, Ficus usually has a greater number of
species than any other genus of the Moraceae. In the neotropics, many genera
in such families as the Annonaceae, Lauraceae, and Rubiaceae display high
specificity as well as considerable species richness. However, specificity in
plant-pollinator interactions may not be a characteristic feature of all the
species-rich genera because factors other than plant-pollination coevolution
also play a role in speciation (133).

COMMUNITY STABILITY

Stability, as defined here, refers to the ability of all populations to retum to
equilibrium following perturbation (111). It has been generally asserted that
the abundance of obligate mutualisms in tropical rain forests makes such
communities prone to instability (53, 99). Another viewpoint is that the
evolution of obligate mutualisms requires stringent conditions, and such
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mutualisms are relatively rare in natural communities (74). According to this
viewpoint, mutualistic interactions often involve a diverse array of species.
For example, a given species of plant may be pollinated by a wide variety of
animals, and conversely a particular pollinator species may use floral re-
sources of a wide variety of species. Selective pressures exercised by interact-
ing species on each other are thus highly diffuse and often asymmetrical. As a
result, removal of one of the interacting species is not likely to have a
significant effect on the stability of the system. Obviously specificity to a
large extent determines the effect of the disruption of a mutualistic interaction
on community stability.

The disruption of a mutualistic interaction can influence stability in two
ways. First, the effect may be direct, as, for example, the loss of one of the
interacting partners in species-specific interactions may lead to the extinction
of the other. Second, the effect may be indirect. For instance, the loss of a fig
species and its pollinating wasp species may also lead to a loss of the
nonpollinating wasp species that parasitize the pollinating species. Such an
effect, referred to as the ripple effect (147), can extend through a large part of
the community, depending upon the number of interacting species and the
strength of the interactions. Apart from specificity, the importance of a
species as a critical resource may be a primary determinant of the con-
sequences of a disruption in plant-pollinator mutualism. Fluctuations in pop-
ulations of keystone mutualists (57, 146) that provide resources when other
resources are scarce or not available are expected to have a drastic effect on
the community. Fig trees are presumed to be keystone resources because they
provide fruits to a large number of primates and birds when the overall
abundance of fruits in the community is low (146). A disruption of the
pollination system in figs thus has consequences not only for figs and pollinat-
ing and nonpollinating fig wasps, but also for a large segment of the frugivore
community. The disappearance of species like figs then could have a ripple
effect throughout the community. Gilbert (57) and Howe (74) provide other
examples.

There are two major problems in assessing how community stability may
be influenced by a breakdown in plant-pollinator interactions. First, our
understanding of the way in which pollinators interact with plants is very
elementary. Flowers not only provide food to the pollinators but also act as
sites of mating and predator avoidance (129). Furthermore, vegetative parts of
the plants whose flowers are used as sources of food or mating sites by adults
may provide food for the larvae. Adults may thus use a wide variety of species
as sources of pollen and nectar, but only one species as a larval host. The
extinction of this larval host will result in the extinction of the pollinator
species and may also affect the host species serviced by the pollinator; but
these effects may not be anticipated if the focus of attention is the interaction
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between the adults and the flowers. Second, although a number of qualitative
models have explored the impact of perturbations in plant-pollinator in-
teractions on community stability (30, 57) there is no formal treatment of the
subject.

The effect of habitat fragmentation on plant-pollinator interactions and
consequently on community stability is another area of increasing concem.
Insect abundance as well as diversity is known to decrease with a decrease in
the size of the habitat (88). Furthermore, by altering light regimes and other
microclimatic conditions (94) edge effects may also influence the composition
and foraging of pollinators. Changes in composition and abundance of specif-
ic pollinators in small forested areas have been shown to result in lowered
seed set in plants (84).

Small, isolated habitats may also lack habitat heterogeneity to support
pollinator populations all year round. Nectarivorous bats on a diurnal basis
(132) and moths on a seasonal basis (83) have been shown to utilize resources
from distinct habitats, often involving different vegetation types or zones,
separated by several kilometers. Clearly, plant-pollinator interactions can be
severely disrupted in small, isolated, fragments of vegetation. The con-
sequences for plants may be not only lowered reproductive output, but also
altered pattems of pollen flow. Gene flow among small fragmented habitats
via pollen (and seed) may be curtailed. The resulting inbreeding may further
decrease fruit set. Changes in pollination and mating systems may thus act
synergistically to lower reproductive output. However, the effects of such
changes as manifested themselves in decreased regeneration may remain
obscure for a long time.

CONCLUDING REMARKS

Plant-pollinator interactions provide model systems to address a wide variety
of ecological and evolutionary questions. Here I have briefly explored their
role in microevolution and speciation of tropical forest plants, community
structure, and community stability. Basic infonnation about the natural his-
tory of plant-pollinator interactions in tropical lowland rain forests is obvious-
ly limited. Nevertheless, enough is known that precise, testable, hypotheses
can be formulated. Among the subjects reviewed here, the following require
special attention.

First, it is apparent that there are well-defined "guilds" of pollinators with
an associated set of "host" plants in TLRF. A detailed study of these "guilds"
and of the plants with which they interact, along the lines of Stiles' (136, 137)
work on hummingbird—plant interactions, is essential for understanding the
structure and organization of a particular class of plant-pollinator interactions
and their relative role in maintaining the overall organization of the whole
community.
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Second, empirical studies are needed to determine the specificity of plant-
pollinator interactions. Flowers of tropical forest plants receive a diverse array
of visitors, but only a few act as effective pollinators. Schemske & Horvitz's
(128) study provides a model for similar work on other species. The de-
termination of specificity is critical to our notions of community stability and
to evaluate the degree of coevolution between plants and their pollinators.

Third, pollination systems in plants are known to be the primary determi-
nants of population genetic structure (95). The diversity of pollination sys-
tems combined with diverse patterns of dispersion and distribution of plants
provides a novel material for comparative evaluation of the roles of pollina-
tors and plant density in the genetic structure and microevolution of plant
populations. Information on pollen flow and population genetic structure are
also critical to the adequate conservation and management of forest genetic
resources.

Fourth, in order to understand the role of plant-pollinator interactions in
speciation, one needs to study such interactions in genera with a large number
of sympatric species (19). It is particularly important to investigate the origin
of variation in floral characters involved in sexual selection, especially in
peripheral populations where incipient speciation is likely to occur (34, 35).

Fifth, the effect of forest fragmentation on plant-pollinator interactions is
likely to assume special significance as efforts to conserve biodiversity in
nature reserves continue to gain momentum. Extreme fragmentation and
isolation of habitats can drastically affect major mutualistic interactions (83).
The maintenance of biodiversity in fragmented reserves would require a
knowledge of the dynamics of the key mutualistic interactions. In the vast
majority of tropical rain forest reserves, virtually nothing is known about the
basic plant-pollinator (and other plant-animal) interactions.
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