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Coevolution of plants and animals: Pollination
of flowers by primates in Madagascar
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Observations on the floral biology of the traveller’s tree
(Ravenala madagascariensis) and the ecology of the
ruffed lemur (Varecia variegata), both endemic to the
island of Madagascar, suggest a closely coevolved planc—
pollinator relationship. The plant has many specializa-
tions for flower visitation by large non-flying animals
and the lemurs appear to be dependent on nectar as a
food source during specific times of the year. The basal
phylogenetic position of Ravenala in the family Strelit-
ziaceae, which diversified in the late Cretaceous and
early Tertiary, is consistent with the hypothesis that
pollination by lemurs is an archaic system in the family
whereas bird- and bat-pollination systems are derived in
the more advanced genera. These results provide
supporting data for earlier hypotheses on the evolution of
non-flying mammals as aocient pollinators of flowering
plants,

The origin and explosive diversification of flowering
plants during the Cretaceous is often attributed to the
simultaneous radiation of insects, which served as
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critical pollen-dispersal agents'. Vertebrates are thought
to have played a negligible role in the early evolution of
angiosperms because the main groups, which are
important pollinators of extant plant taxa (¢.g. birds
and bats), originated no earlier than the Eocene®?.
However, non-flyihg mammals, such as marsupials and
primates which are known nectar feeders, appeared as
early as the middle Cretaceous and Paleocene® ™"
Sussman and Raven* have suggested that these non-
(lying mammals could have been significant pollinators
since the uppermost Cretaceous, but were outcompeted
in the Tertiary by nectar-feeding birds and bats. Any
coevolved relationships between flowering plant species
and non-{lying mammal pollinators that persist at the
present would appear to be “..."living fossils™, which
have a great deal to tctl us about the evolution of both
the mammuals, including some of our own antecedents,
and of the flowering plants™,

Many non-flying mammals, such as rodents®, genets®,
trec shrews?, procyonids®, marsupial\®, primates® ™43,
and even giraffes'* feed on nectar or floners. Among
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the prunates, tamarins (Callitrichidae®). monkeys (Cebi-
dac® ). bush habies (Lorisidae®), and lemurs {Cheiro-
galerdae and Lemuridae® ! 713377 1%) have been sugges-
ted as possible pollinators of angiosperms. However,
most reports of flower-visiting by non-flying mammals
have shown that the amimals destroyed the flowers
during feeding and only a very few> '3 have provided
sufficient evidence of actual effective polfination. The
investigations reported here provide new data which
show (i) that lemurs play a significant role in the
pollination of at least one plant species in Madapgascar,
and (1) that this association is most likely an archaic,
rather than a recently derived coevolutionary system.

Plant morphology and ecology

Investigations werg carried out along the northeastern
coast of Madagascar in primary wet forest on the island
of Nosy Mangabe (15°30°S, 49°46’E) in the Bay of
Antongil. During the rainy-season in February 1992
observations were made on the Horal biology and
floner wisitors to Ravenala madagascariensis Sonn.
(Strelitziaceae: Zingiberales: Monocotyledonac) at Nosy
Mangabe where Rarenala ts a relatively common forest
species often found in light gaps. Ravenala, called the
traveller's tree, is a monotypic genus common at
elevations below 1000 m in regions of Madagascar with
significant rainfall'® (Figure 1). It occurs in both
primary rain forest and open secondary growth, the
former being its probable natural habitat before the
influence of man allowed it to invade large tracts of
disturbed forest. The flowers of Rarvenala are borne In
large, bracteate inflorescences (to 85cm In  height)
which are situated below the crown of banana-like
leaves in the axils of the leaf bases. At anthesis the
large flowers (Figure 2) are filled with copious (x=8.6
+2.7 ml; n=14), concentrated (x=11.8%+12; n=13),
sucrose-dominant {s/g+f=150+0213; n=14) nectar,
which i1s continucusly secreted by each flower for about
24 hours. A typical inflorescence of Ravenala will
produce an average of 5.2 open flowers per day for five
weeks which 18 equivalent to providing 21.7 kcal of
energy per day for a total of 759 kcal over the hife of the
inflorescence.

Animal behaviour

Observations in 1992 on Nosy Mangabe concentrated
on a hiliside population of 44 individual plants of
Rarenala that had a total of 71 inflorescences; four
inflorescences on three plants were more critically
observed for pollinator activily over six days (539 hours
total). Three species of lemur were seen visiling the
flowers. Eulemur fulvus wlbifrons (Lemuridae: Primates),
the white-fronted lemur, and Cheirogaleus major
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(Cheirogaleidae: Primates), the greater dwarf lemur,
were only occasional visitors during the day and night,
respectively, Black and white ruifed lemurs, Varecia
variegatd variegata (Lemuridae: Primates), were the
primary and dominant animals observed to repeatedly
visit the flowers between dawn and sunset (Figures 3,4 ).
During the 40 hours of diurnal observation, individuals
of Vurecia made S§7 wvisits to the four inflorescences
under watch (an average of 1.33 visits/h) for a total of
333 mins. A individual lemur can spend up to seven
migutes on an inflorescence depending on the number
of open flowers. The animals, which clearly carried
pollen on their fur, frequently moved between flowers in
the same inflorescences, between inflorescences on the
same plant and between plants, We saw no other
veriebrales or invertebrates frequently visit the flowers
of Ravenala on Nosy Mangabe. Both pteropodid bats
(Pteropodidae) and sunbirds (Nectanniidae) were ob-
served or have been reported from the area?®?!;
however, only the latter occasionally visit these flowers.

Between July 1987 and January 1989 an indepen-
dent [1l-month field investigation was conducted at the
same locality on Nosy Mangabe and focused specifically
on the social organization and ecology of the black and
white ruffed lemur, Varecia variegata variegata??. This
study included 1560 hours of observations of 26
individual apimals and showed that the diet of the
ruffed lemur consisted mainly of fruit and nectar
supplemented by leaves and other items from at least 67
plant species. Nectar was the second most important
food item in the diet and on the average accounted for
about 22% of feeding time. Two plant species provided
the main supply of nectar: Ravenala madagascariensis
and Labramia costata (Sapotaceae). When the latter was
in flower, Varecia spent more time (74% of feeding
records) taking nectar from these flowers than feeding
on the fruits or leaves of any other plant species.
Complete data on the dietary tmportance of Ravenala
nectar for Varecia were not available because the total
flowering season of this plant was not monitored.
However, the results of this study in Madagascar
strongly support the 1992 observations that the ruffed
lermur Is a common visitor to Ravenala and other plants
which provide nectar for food.

Evidence for pollination

Supporting evidence to prove that an animal Is actually
pollinating a plant, i¢. transporting viable pollen between
flowers that leads to fertilization and seed production,
is usually indirect. In the case of Ravenala, the ruffed
lernurs: (i) consistently and almost exclusively visited the
flowers; (ii} visibly carried pollen on their fur between
flowers of the same plant as well as between flowers of
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Figures 1-4, 1, Overall aspect of Ravenala madagascaniensis bordering primary forest west of Irondro, Madagascar (21°23° 19”8,
47° 56" 53" E: voucher: Kress et al, 92-3177). The national tree Madagascar, ‘ravinala’ (Malagasy common name hiterally meamng
‘leaf of the forest’} is a tall, single-stemmed or suckering tree with a palm-like trunk that holds the large banana-like leaves high
the forest canopy to heights of 30 m. Note distichous leaf arrangement and position of inflorescences below leaf crown in axils of leaf
bases. 2, Part of inflorescence of Ravenala with bract cut away to show large open flower at anthesis. The inflorescence includes from
five to 15 strong, congested, protective bracts which enclose 10 te 16 flowers each. A flower {ca. 19 cm 1n length) consists of an
inferior ovary, pentanth tube, three vellowish white sepals fused at their base to the penanth fube, three white petals of winch two are
fused along therr margms, six pollen-bearing stamens that are enclosed by the two fused petals, and a sufl, rod-like style termunated
by a broad ovoid stigma. The anthers are held under tension 1nside the perianth which remains closed at anthesis and must be
forcibly opened by the animal visitors. Anthers are dehisced at the time of flower opening. Flowers are open both during the day and
night but begin to oxidize and turn brown 24-36 hours after anthesis. 3, A black and white ruffed lemur, Vareca variegata
variegata, arriving at inflorescence of Ravenala in primary forest at Nosy Mangabe. Ruffed lemurs are three to four kg strepsirhmes
found only 1n the eastern rain forests of Madagascar, Foraging ruffed lemurs approached the inflorescences of Ravenala from the
canopy of neighbouring trees. They quickly found unopened or previously opened flowers that were producing nectar. 4, Vareaa
taking nectar from Ravenala with snout thrust mside of open flower. To open a newly emerged flower, the lemur grasped the
unopened perianth with its teeth and roughly pulled it from the protective inflorescence bract, but did not break it off. This action
sprang the perianth open and released the anthers held under tension which then brushed pollen onto the muzzle and head of the
ammal. While holding onto other bracts of the inflorescence with its hindfeet, the lemur pulled the lateral sepals apart with one or
both forefeet to allow access to the nectar chamber. The snout was then thrust into the center of the flower and nectar was extracted
with the tongue. The lemur contacted both the stamens and stigma while feeding,

conspecific plants; (in) did not destroy the flowers while
obtairung the nectar; and (iv) appeared to be highly
dependent on nectar as a food source during specific
times of the year. Furthermore the plants themselves
possess many obvious specializations for visitation by
large non-flying animals, such as: (i) inflorescences
placed below the crown of the plant making them easily
accessible to arboreal animals; (i1) large flowers enclosed
in tough, protective bracts that require manual
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manipulation by a strong pollinator 10 be opened; (i)
stifl, rod-like styles that withstand the rough handling
of the visitors; and (iv) copious, sucrose-dominant
nectar that provides an energy-rich, rencwable reward
for a sizable animal. I believe that these results provide
suflicient evidence that this plant species endemic to
Madagascar has coevolved with an endemic group of
non-flying mammals, the lemurs, as ity primary
pollinator.
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An archaic coevolutionary system?

The proposal that pollination by non-flying mammals
is an archaic system which has only persisted 1n areas
of the world where more recently evolved, volant floral
visitors are less prominent® has as yet not been
substantiated. However, the investigations of Ravenala
directly address this question. Rqgvenala is one of three
genera in the bird-of-paradise family, the Strelitzia-
ceae?3, The other two genera are Strelitzia, endemic to
southern Africa, and Phenakospermum, found through-
out tropical South America east of the Andes. Recent
mvestigations of the phylogenetic relationships of the
three members of the Strelitziaceae based on gene
sequence data’® present strong evidence that Ravenala
is the most basal lineage in the family (Figure J).
Although no fossils of the Strelitziaceac have been
reported, taxa representing some of the more advanced
(e.g. Zingiberaceae) as well as the more primitive (e.g.
Musaceae) families of the order Zingiberales are known
from the late Cretaceous and early Tertiary???°. It is
therefore likely that the Strelitziaceae, a primitive family
closely related to the Musaceae, had also originated
during the Cretaceous.

Studies on the reproductive biology of the other two
genera of the Strelitziaceae have shown that Strelitzia 1s
pollinated by sunbirds?®~2% and Phenakospermum by
phyllostomid bats?? (Figure §). These data on pollina-
tors of the three extant genera coupled with the
hypothesis on their phylogenetic relationships indicate
that the most basal and ancient lineage, represented
today by Ravenala, has reproductive features suitable
for pollination by non-flying mammals, 1n this case
lemurs. Although evidence is meagre, the primate
lineage containing lemurs most likely diversified from
East African relatives in the early to mid-Tertiary3®?!,
which is roughly equivalent to the estimate of the origin

RAVENALA PHENAKOSPERMUM STRELUTZIA
Madagascar South Amencs South Alnca
lomurs phyliostomid bats sunbwds
| | i

k3 81 &2

. |

Figure 5. Cladogram representing the phylogenetic relationships of
the three genera of the Strelitzaceae. Tree denved from maxtmum
parsimony analysis of sequence data of the chloroplast rbcl gene?®.
Numbers along branches indicate nucleotide base pair apomorphies
that support each clade. Geographic distributions and primary
poilinators for each genus are given vnder the genernic names.
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of the Strelitziaceae. It i1s therefore suggested that some
ancestor of the lemurs or other early mammal |ineage
present in Africa during the late Cretaceous or early
Tertiary may have been the visitors to lowers of
primitive members of this plant family.

Conclusions

The results of these investigations of Ravenala and the
Strelitziaceae are consistent with the hypothesis that
pollination by non-flying mammals is archaic®, at lcast
in this {amily of flowering plants. In the Strelitziaceae,
pollination by non-flying mammals, now represented in
Madagascar by lemur pollination of Ravenala, appears
to have persisted in an isolated geographic region that
remains depauperate in significant flying vertebrate
floral visitors. The two more advanced lineages of the
family radiated into arcas where birds (i.e. Strelitzia in
Africa) and bats (i.e. Phenakospermum in South
America) coevolved with the plants as pollinators.
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Careful observations of flower visitors can provide
estimates of pollinator visitation rates. Biological
communities in varying biogeographic regions were
compared using the same techniques. Bees were the
predominant pollinators at low elevation sites, whereas
flies were the most important pollinators at high
elevations. Flower visitation rates varied by a factor of
10 across biological communities, suggesting that
pollination activity may be limiting seed production in
some places. Visitation rates were highly variable within
communities, with temperature, wind speed, and time of
the season explaining some of the variation. A picture
emerges of relatively unspecialized relationships among
the plants and animals involved in pollination, influenced
by a variety of environmental and ecological factors.

CareruL observations of flowers and their visitors can
yteld information on the number of visits a flower
receives 1n a certain time pertod, the pollinator visitation
rate, Analysis of pollinator visitation rates can give
valuable insight into the interaction between plants and
their pollinators for those plants that require the
services of pollinators to produce seeds. Il visitation
rates to such species are consistently low, the plants
may have low seed production or even be threatened
with extinction. Similarly, cultivated plants that need
pollinators to produce a seed and fruit crop may have a
low crop yicid if pollinator visitation to the flowers is
low. In the face of such strong selective pressure,
flowering plants have evolved a variety of traits that
help to attract pollinators, such as nectar production
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and abundant pollen, or, in some cases, mechanisms for
self-pollination and setting seeds in the absence of
pollinators. Because most plant species do not grow in
isolation, but in a community of potential competitors
for the services of pollinators, visitation rates may serve
as an indicator of their success in competing with other
species for pollinators. Thus, comparisons of visitation
rates among sites may shed hght on differences 1n
selective pressures among populations or species*. Such
comparisons can also highlight factors that limit plant
reproduction in particular environments.

Another reason for measunng visitation rates is that
they can provide insight about temporal variation in
availability of pollinator species, either within or among
seasons. Data on visitation rates can help in testing
hypotheses such as, for instance, that visitation rates to
flowers in the early spring are lower than visitation
rates later in the growing season (e.g ref 2)
Measurements of seed set may also provide similar
information, but would not give any details about
either the species of pollinators or mechanisms involved.
Measurements of visitation rates can profitadly kientify
the linkages among pollinators, plants, and subsequent
seed set.

One potential pitfall 1n measurements of visitation
rates is the fact that flower wisitatton may not
necessarily translate into tramsfer of pollen vnto the
stigma of a fower. Carcful observation or even
microscopic examination may be requued to confirm
that a flower visitor is in fact a pollinator, although it is
usually fairly obvious when species are foraging as to
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