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Energetics and Pollination Ecology

The energetics of pollinators may have wide implications
in floral biology and community ecology.

Bernd Heinrich and Peter H. Raven

Color, shape, and odor are well-
known characteristics of flowers which
partly determine the kinds of animal
pollinators that visit them (I-4). In
turn, these characteristics are influ-
enced, in an evolutionary sense, by the
activities of the pollinators. The plants
and the pollinators are part of a dy-
namic, coevolving system, of which the
features mentioned above are only a
part. Little attention has been paid to
another very significant parameter of
the system: the caloric reward (5) pro-
vided by the flowers of particular plant
species. The energy budget of polli-
nators in relation to the food reward
provided by the flowers they visit has
been investigated in a few instances (for
example, 6-10), but the role that this
energy budget plays in the evolution
of flowering plants has not been dis-
cussed previously.

Dr. Heinrich is assistant professor of ento-
mology at the University of California, Berkeley;
Dr. Raven is the director of the Missouri Botan-
ical Garden and professor of biology, Washing-
ton University, St. Louis.
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In this article we aim to provide a
synthesis and point of reference for this
aspect of evolution by examining floral
biology and the operation of outcrossing
systems in plant populations from the
standpoint of the energetics of the pol-
linators. We attempt to point out some
potentially unifying theories in this
area, hoping that the recognition of
these will lead the way to quantitative
investigations.

Energy Balance and

Cross-Pollination

That animal pollinators usually re-
strict their visits to the flowers of a
particular plant species (11) is only one
factor promoting outcrossing. For out-
crossing to result it is also necessary
that the pollinator not confine its visits
to a single flower or to the flowers of
a single plant. Through evolution plants
could presumably reduce the frequency
of such repeated visits to the same flow-
er or plant by limiting the caloric re-

violates T-invariance? The answer is given
here.
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ward that is presented at any one time.
However, the meaning of a certain
caloric reward can be assessed only in
relation to a particular animal, because
the differences between the energy re-
quirements of different pollinators may
be great. For instance, a 100-milligram
bumblebee that lands on each flower
may expend about 0.08 calorie per
minute when walking (72), while 3-
gram sphinx moths (73) and hum-
mingbirds (I4) expend energy while
hovering at a rate of about 11 cal/min,
more than a 140-fold difference. How-
ever, many other aspects of the biology
of the pollinators affect net energy
expenditure.

The specific amounts of nectar per
flower, in terms of calories of food en-
ergy, that would promote maximum
cross-pollination, are related to the
characteristic rate of energy expendi-
ture of the pollinators. For example,
the flowers of saguaro cactus, Carne-
giea gigantea (Engelm.) Britt. & Rose,
which are visited by many different
insects as well as by some birds and
bats (15), produce large quantities of
nectar. Some individual honeybees (4 Dis
mellifica is not native to North Amer-
ica) tend to limit their visits on numer-
ous foraging trips to specific flowers of
the same cactus plant (16). Since these
plants are self-incompatible, such visits
do not result in seed production. Sec-
ondly, those honeybees that take the
nectar from saguaro may also reduce
the subsequent attractiveness of the
flowers to birds and bats, which have
higher rates of energy expenditure and
whese visits will more often result in
outcrossing.

Animals with high energy require-
ments may not forage at the flowers of
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some plant species which do not pro-
vide sufficient caloric reward. The nec-
tar from flowers is often the only
source of energy for the activity, main-
tenance metabolism, reproduction, and
growth of certain pollinators, and those
plant species which are pollinated reg-
ularly by animals with high energy re-
quirements must provide large amounts
of nectar. The animals of lower energy
expenditure which visit such plants and
which may restrict their visits to indi-
vidual flowers thereby tending to reduce
outcrossing should, ideally, be excluded,
and flowers having ample nectar have
evolved a variety of mechanisms to
exclude nectar ‘“thieves.” Specialized
features, such as long tubular corollas
(17), are evidently means of restricting
the visitors of these plants to those of
relatively high energy requirements.
Options other than structural spe-
cializations are available to plants for
the exclusion of “unwanted” foragers,
and for the attraction of pollinators. In
bees, for example, the relative attrac-
tiveness of the flowers to different po-
tential pollinators can differ with re-
spect to shape, color (18), scent (19),
and perhaps also with regard to nectar
concentration and type of sugar (20).
Many flowers containing large quanti-
ties of nectar, which are pollinated by
bats (21) or hawk moths (22), open and
secrete nectar only briefly at night,
thereby excluding many day-flying in-

sects and birds (Fig. 1). Flowers visited
by birds likewise secrete large quantities
of nectar (2—4). These flowers, however,
are scentless, often red in color, and
open during the day. They are perhaps
less conspicuous to insects than to
birds.

Small flowers with little nectar are
unattractive to large hovering animals
such as hummingbirds and sphinx moths
which probably cannot meet their en-
ergy requirements from them. How-
ever, insects such as bumblebees which
land on inflorescences (composed of
hundreds or thousands of tiny florets)
of Spiraea latifolia L. (Rosaceae) and
Solidago canadensis L. (Asteraceae), for
example, are still able to maintain an
energy balance despite the minute
amounts of nectar per floret (10), be-
cause the energy expended in walking
from one flower to another can be 100
times less than an equivalent period of
flight (23), and because the clustered
florets can be visited in rapid succes-
sion (Fig. 2).

Blooming Times

The distance between flowers is an-
other of the factors related to the en-
ergy balance with pollinators. Although
this distance is ultimately limited by
population density of the plants it is
altered by the time and duration of

flowering. For instance, synchronous
blooming of the flowers of a species in
a given plant population would mini-
mize the time and energy expenditure
of the pollinators flying between plants
(Fig. 3). On the other hand, brief
blcoms of individual plants in a given
species occurring at random over an
extended period would maximize the
distance between flowers at any one
time, and demand greater energy ex-
penditure by the pollinators.

In any one plant species the fre-
quency of cross-pollination would be
inversely related to the number of
other species in bloom at that time if
the foragers visited different species of
flowers indiscriminately. Cross-pollina-
tion would be more effectively accom-
plished, and competition by the plants
for pollinators reduced, if synchronous
blooms of different species were stag-
gered so that the same pollinators could
utilize the plants in succession through-
out the year. Such a flowering system
should be particularly advantageous
when the number of species of poten-
tial pollinators is low and when the
pollinators are long-lived or multivol-
tine—that is, having a number of gen-
erations per year. Examples of such
pollinators may be the few species of
bumblebees in Wisconsin (24), Japan
(25), and central Maine (26) that visit
a progression of plant species blooming
at different times of the year.

Fig. 1. Flowers specializing in large foragers of high energy expenditure. The Centropogon talamancensis Wilbur (right) is visited

primarily by the large (=~ 7.5 g) hummingbird, Eugenes fulgens spectabilis (Lawrence), in the mountains of Costa Rica. The
tubular corolla (=~ 5 cm in length) is presumably conspicuous to birds because of its bright red color; however, it excludes
almost all other concomitantly occurring foragers of lower energy budget. The latter include bees as well as smaller hummingbirds.
Each blossom remains in bloom throughout the year (personal communication from R. K. Coldwell). The Datura meteloides
DC (left) being visited by the sphinx moth, Manduca sexta (Johan.), promotes fidelity to sphingids by flower morphology, color,
and time of blooming. The large white blossoms, which open at dusk, are presumably visible to the nocturnal moths. The moths
are able to reach the nectar at the base of the long (=~ 18 cm) corolla with their proboscis. There is a closed flower at left of
moth. The plant remains in bloom for a month or more. Scale, 2 cm. [Photo taken near Davis, California, by H. B. Baker]
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Divergence with regard to time of
blooming may not always be possible.
For instance, in arid regions many spe-
cies of annual plants grow and flower
only for short durations after rains.
Bees are very richly represented in
number of species (27), and cross-pol-
lination would be more effectively ac-
complished if the flowers diverged with
regard to (i) daily time of blooming,
(ii) amount of caloric reward provided,
(iii) type of flower product (nectar or
pollen or both) provided, and (iv) struc-
tures affecting access to the nectar or
pollen. These changes in turn would
provide opportunities for the many con-
currently active, sympatric species of
bees to specialize (27) and diverge in
relation to particular plant species, and
would thereby decrease their compe-
tition for food (28). On the other hand,
the frequency of cross-pollination could
also be increased if the plants provide
sufficient food reward for pollinators of
a number of species; the crucial factor
may be the frequency of pollinating
events, and not the number of species
of pollinators specializing on a given
flower species.

Temperature

Ambient temperature adds another
dimension to the consideration of the
energetics of pollination, because many
of the pollinators are limited (either
directly or for energetic reasons) by
temperature in their foraging activity
(25). Some foragers regulate their body
temperature, often at considerable met-
abolic cost. Bumblebees, which can
forage at ambient temperatures of 5°C
or less, do so at an energy expenditure
two or three times that at 26°C (9, 10).
In addition, heat production for tem-
perature regulation of the nest (10, 29)
at night may deplete most of the nectar
collected during the day (30). In terms
of energetics, heat production specifi-
cally for temperature regulation is
equivalent to increasing the flight dis-
tance between flowers. Therefore, flow-
ers which are pollinated at low temper-
atures (8) should either provide more
caloric rewards than those blooming at
high temperatures, or be closer together
so that they can be visited in rapid suc-
cession.

The energetic interactions of insect
pollinators with flowers is often more
complex. For example, although bum-
blebees at low ambient temperatures
produce endogenous heat which ele-
vates body temperature while they are
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on flowers with relatively large amounts
of nectar (8, 9), the mosquitoes Aedes
nigripes Zett. and A. impinger (Walk-
er), not only feed from, but also bask
in the flowers of Dryas integrifolia M.
Vahl (Rosaceae) at 81°N in the Arctic
(31). These and other heliotropic flow-
ers present their paraboloid corollas
continuously to the sun, yield a direct
source of food energy to the pollina-
tors, and provide a microclimate that
should reduce the energy expenditure
for endogenous heat production in
some of the pollinators.

Those™ insect-pollinated flowers of
temperate regions which open in early
morning and in the evening are gen-
erally large (Fig. 1). They are visited by
large insects capable of temperature
regulation and foraging at relatively low
ambient temperatures. For example, the
relatively large ephemeral blossoms of
Oenothera (Onagraceae) are visited at
night by sphinx moths (22) which have
a high rate of energy expenditure (I3,
32). In the plant genus Gaura (Ona-
graceae), most outcrossing species open
near sunset and are pollinated by me-
dium-sized, nonhovering moths such as
noctuids. The flowers last only part of
a day. In two species of Gaura, how-
ever, the flowers open near sunrise,
when ambient temperatures are con-
siderably lower than in the evening.
These have larger flowers and greater

Fig. 2. Apportionment of food rewards on the same infloréscence via time of blooming

nectar production. They are visited by
bumblebees early in the morning, and
by many different kinds of smaller in-
sects later in the day when ambient
temperatures are high (33). Similarly,
those bees which forage before daylight
are generally larger (and presumably
have higher net rates of energy ex-
penditure) than those which feed after
the sun has risen (34). Bombus ed-
wardsii (which weighs about 0.12 gram)
has a thoracic temperature near 37°C
while foraging at 2°C (/0) from a
spzcies of manzanita Arctostaphylos
otayensis Wies. & Schreib. (Ericaceae).
This implies that these bees have a
high rate of energy expenditure. Each
flower of this manzanita contained an
amount of sugar equivalent to 1.5
calcries (35). The energy expenditure
of maintaining a thoracic temperature
of 37°C at an ambient temperature of
2°C should approximate 0.8 cal/min
(36). Thus the bees were presumably
making an energetic profit even while
foraging in near frosty conditions. At
noon, when the manzanita was visited
by many small insects, each flower con-
tained sugar equivalent to a mean of
only 0.32 calorie. It may be ener-
getically most profitable for the bees to
forage in the early morning when there
is either little competition for nectar
or the rate of nectar secretion is high
(9). However, bumblebees visited the

¢ 3

of individual florets. The long-tongued bumblebee, Bombus vagans F. Smith (left),
forages from the nectar-rich Epilobium augustifolium L. in which the blossoms on a
spike mature in sequence. (Note flower buds near top of spike and seed capsules near
the bottom.) Bombus ternarius Say, a short-tongued bee (right), forages for nectar
from Solidago canadensis L., in which the caloric reward at any one time is sufficient
for these bees if the tiny florets of the panicle bloom synchronously. Scale, 2 cm.

[Photographed near Farmington, Maine]
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inflorescences of goldenrod, Solidago
canadensis (Asteraceae) (Fig. 2), which
contained “minute” amounts of nectar
per blossom, only at relatively high am-
bient temperatures (0).

Alternative Strategies

In situations where a high degree of
phenotypic uniformity is advantageous,
self-pollination may provide an alter-
native system to outcrossing for flower-
ing plants (37). It may be the only sys-
tem possible if enough food cannot
be provided to flower visitors, especially
if ambient temperatures are, in general,
low. In the high Arctic, where many
plants are autogamous (37), there is
often competition between flowers for
pollinators (6, 8) and most of the out-
crossed plants produce relatively large
amounts of nectar, especially at the
more northerly portion of their range
(8). Given similar population structure
and growth limitations one may tenta-
tively predict that plants blooming in
early spring in temperate regions would
have flowers with high caloric rewards
or small, inconspicuous and autogam-
ous ones without nectar. In many situa-
tions, however, the maintenance of

variability may be so highly selected
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for that autogamy is not possible. This
would result in some plant groups being
prevented from fruiting in areas where
their regular pollinators cannot live.

The physical nature of the environ-
ment, as well as temperature, should
affect the nature and the extent of out-
crossing in plants, The composites
(family Asteraceae), which are best
represented in deserts and semiarid re-
gions, and the orchids (family Orchi-
daceae), which are most richly repre-
sented in the tropical rain forests, will
now be examined in the light of the
energetics of pollination relationships to
illustrate two contrasting systems which
both achieve out-crossing.

Most composites maintain outcross-
ing systems even though the caloric re-
wards per inflorescence are not great.
In their inflorescences the individual
flowers, each with very little or no
nectar, open serially and the cluster as
a whole remains attractive to foragers
for up to several weeks. Those members
of this plant family with little nectar
can probably maintain outcrossing sys-
tems only if they occur in relatively
dense colonies, inasmuch as pollinators
of high energy expenditure cannot con-
sistently forage from them while mak-
ing long flights between individual
flowers. However, rather than genetic

Fig. 3. Synchronously blooming plants with minute amounts of nectar. The fly, Bombilius major L. (right) is foraging from
Geranium molle L. When these flowers occur in dense colonies they are also visited by bumblebees on warm days (near Berkeley,
California). The Stellaria sp. and Hieracium aurantiacum L. (left) are not visited by large bees (near Farmington, Maine), in part
because the food rewards of these flowers are insufficient for these foragers. Scale, 1 cm.

material being transferred between wide-
ly separated plants by pollen, the influx
of seeds (carried by the wind or by
other means) to locally inbreeding col-
onies could also insure the same effect
as cross-pollination—that is, genetic
variability of the species population.
Orchids have their metropolis in the
tropics, where they are able to main-
tain outcrossing systems even though
the individuals are often widely sep-
arated. They do this by extreme pre-
cision in pollen transfer and reception
(4). Pollen from a single flower be-
comes attached to the foraging insect in
a mass, the pollinium, and then usually
remains affixed to the insect until it
visits another flower of the same spe-
cies. Here the pollinium is retrieved by
specialized floral structures. Shape and
placement of the pollinia (4), as well as
specialized floral structures for its re-
ception, preclude loss of the pollen at
other flower species. Each time a pol-
linium is transferred, tens or hundreds .
of thousands of dustlike seeds can be
produced. (In contrast, each floret in
Asteraceae produces a single seed.)
Such orchid flowers can be cross-pol-
linated by an animal that has visited
only two flowers widely separated in
space as well as time; there is no need
for the pollinator to make repeated
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visits to the flowers of the same species.
Therefore orchids need not maintain
an energetic balance with their pollina-
tors, and perhaps half of all orchid
species offer no energy reward. Attrac-
tion to the flower can therefore be on
other bases. Many orchids are effective
mimics of other flowers that do offer
rewards, or of females of the corre-
sponding male insects which pollinate
the flowers (4).

Community Ecology

All of the interactions considered up
to this point take place within com-
munities, and the flower-forager rela-
tionships are often not one-to-one.
Cross-pollination in any species is also
affected by the availability of other
kinds of plants in bloom at the same
time (38) as well as by the presence of
competitors for the same flowers (39).
Many foragers rely on the flower prod-
ucts from a community of plants both
at any one time and also over extended
periods of time. Furthermore, pollen is
sometimes gathered from one species
of plant and nectar from another (10,
27, 40).

The indirect interactions between
pollinators sometimes occur in unex-
pected ways. For example, large num-
bers of nectar and pollen foragers are
known to promote greater yields of
seed production in red clover and other
legumes (38, 4I), and it has been re-
peatediy speculated that short-tongued
bumblebees, which take nectar by pierc-
ing the corolla without effecting cross-
pollination, reduce the amount of seed
production. It was therefore proposed
that seed production in red clover could
be increased if the short-tongued nectar
robbers were eliminated (42). However,
it has been shown several times that an
increased population of these non-pol-
linators significantly increased seed pro-
duction in red clover (43). On the basis
of energetics it can be postulated that
(under conditions of ample nectar se-
cretion) the “actual” pollinators (long-
tongued bumblebees) visited more flow-
ers when less nectar remained per
flower after “robbing.”

Certain kinds of community interac-
tions are characteristic of particular re-
gions of the world, and are related to
the physical and biological features of
these regions. The following idealized
examples are chosen to represent pat-
terns that have been observed in differ-
ent environments, and these patterns
are discussed in relation to energetics,

12 MAY 1972

" great masses

Lowland Moist Tropics

In the moist lowland tropics, compe-
tition and herbivore pressure, among
other factors, have led to decreased
population densities of the species of
plants growing there (44). The warm,
equitable climate allows flowering
throughout the year, and a succession
of species may bloom. Bees, which are
as a group the most specific of flower-
visiting animals, do not have nearly as
many species in the moist tropics as in
the arid regions of the world (27).
Moreover, there are very few oligolectic
bees—that is, bees that consistently re-
strict their pollen-gathering activities to
one or a few related species in the pres-
ence of other pollen sources (27, 45).
Both of these trends are contrary to
the usual situation in the moist tropics,
where higher numbers of species and
greater specialization are characteristic
of most animal groups. Most tropical
bees are not oligolectic probably be-
cause they are long-lived and multivol-
tine, having therefore to change from

- one plant to another through the course

of the year. This lack of specialization
presumably restricts opportunities for
speciation in bees.

In the tropics, and particularly in
undisturbed rain forest, most plant spe-
cies have small, often greenish, incon-
spicuous flowers (46). In these plants,
dioecism, protandry, protogyny, and
other mechanisms that promote out-
crossing even if the pollinators are rel-
atively generalized, are common (47).
Pollination systems in which beetles,
flies, and other insects visit small and
relatively unspecialized flowers prob-
ably represent the systems that orig-
inated in the tropical rain forest.

Recently, Janzen (48) has identified
two very different systems whereby
tropical plants promote outcrossing
even within a highly dispersed popula-
tion. Some tropical plants produce
of flowers at certain
unique times of year, especially where
there is a dry season (49). These plants
may then be visited by large num-
bers of insects, including some with
high energy requirements. Mass flower-
ing is mainly limited to plants growing
in relatively open situations and to the
forest canopy (50), presumably because
only such plants have enough energy
to divert to simultaneous bloom.

The second reproductive system
outlined by Janzen (48) involves wide-
ranging pollinators such as euglossine
and other large bees, sphinx moths,
hummingbirds, and bats. A few rela-

tively large flowers are produced con-
tinuously in an inflorescence that may
itself last several months or more. Each
flower provides a relatively great caloric
reward, which allows their visitors to
fly a regular path between them, even
when the distances involved are up to
several hundred meters. Examples of
plant families containing genera with
this kind of pollination system in the
lowlands of Central America are Apoc-
ynaceae, Fabaceae, Convolvulaceae,
Curcurbitaceae, Solanaceae, Lecythida-
ceae, Clusiaceae, Heliconiaceae, Mar-
antaceae, and Costaceae. Many of these
plants grow and produce flowers under
the forest canopy, and a smaller pro-
portion of their total carbohydrate re-
serves is necessary for flower produc-
tion than in the mass-flowering species.
Even if individual inflorescences do not
produce an open flower each day, the
animals may continue to visit them
more or less regularly (48), thus further
tending to maximize outcrossing. Their
flowers may become structurally spe-
cialized to exclude all except their par-
ticular pollinators, which, however, do
not usually confine their visits to only
one of the above families.

Tropical Mountains

The growing seasons are relatively
long on tropical mountains, but low
prevailing ambient temperatures ex-
clude many of the smaller insect pol-
linators. However, the number of bird-
pollinated species of plants increases
markedly at higher elevations through-
out the tropics (3, 4). Furthermore,
bumblebees, which can also thermoreg-
ulate (9, 10), occur on the neotropical
and Asian mountains (5I). Because of
the emphasis on larger pollinators hav-
ing high energy requirements, the nec-
tar provided by the flowers must be
more readily available, or in larger
amounts, if outcrossing is to be regu-
larly maintained. Outcrossing is often
not possible, and in many species it is
not necessary. For example, a large
percentage of the flora on the moun-
tains in West Java is autogamous (52).
The problems faced by mountain plants
are similar to those of temperate plants
that bloom early in the spring.

Temperate Regions

In temperate regions, plants of a giv-
en species are usually less dispersed
than in the tropics. They often bloom
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in dense colonies, and can utilize for-
agers of relatively low energy expendi-
ture, particularly if the bloom occurs
during the warm part of the year.

Vertebrate pollinators with high en-
ergy requirements have a much less
clearly defined role in the temperate
zone than in the tropics, given the char-
acteristic population structures and our
hypothesized energy strategies of tem-
perate plants. Flower-visiting bats and
birds are basically tropical animals that
seasonally invade, but only to a limited
extent permanently colonize, the tem-
perate regions,

When the plant species are few and
their population density is high, then
the caloric reward that must be pro-
vided to attract and maintain pollina-
tors is minimal. This situation can be
compounded by a scarcity, or unreli-
ability of nectar gatherers (because of
temperature or other factors), but some
plants have evolved to bloom still more
synchronously and have ultimately be-
come wind-pollinated (53). Wind pol-
lination in angiosperms is almost ex-
clusively a phenomenon of temperate
regions, where it has evolved on a num-
ber of occasions. Some genera, such as
Quercus and Lithocarpus (Fagaceae),
and several genera of grasses (Poaceae),
which are characteristically wind-pol-
linated in temperate regions, are some-
times insect-pollinated in the tropical
rain forest (50), where widely scattered
plants cannot be effectively wind-pol-
linated.

Conclusions

The energetic aspects of the relation-
ship between flowers and their animal
pollen vectors are directly applicable to
community ecology, evolution, biogeog-
raphy, and physiology. We have indi-
cated new and potentially fruitful lines
of research in these areas.

We suggest that a balance must exist
between the energy expended by forag-
ers and the caloric reward of the flow-
ers if cross-pollination is to be maximal.
A flower must provide sufficient reward
to attract foragers, but it must limit this
reward so that the animals will go on
to visit other plants of the same species.

When a plant population becomes
widely dispersed, the animal pollinators
require increased energy rewards per
flower; this leads to relationships with
larger pollinators that travel over long

distances. Such a system is observed
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in the humid lowland tropics, where
some plants produce few large flowers
per day in long lasting inflorescences.

Consistently low temperatures should,
on the basis of energetics, result in
flowering systems similar to those found
in populations in which the individuals
are widely separated. Alternatively, at
high plant population densities, syn-
chronous blooms visited by foragers
with low energy requirements can af-
fect cross-pollination without having to
provide high caloric rewards per flower.
Furthermore, staggering of synchro-
nous blooms of different species would
allow the utilization of the same species
of pollinators for many species of
plants. Staggering of blooms may not
be possible in the short growing season
of arid regions where, for bees, special-
ization of the flowers has ensured that
the bees continue to visit (and cross-
pollinate) other flowers of the same spe-
cies, rather than the many other sym-
patric ones. Conversely, many orchids,
which occur in widely scattered popula-
tions, offer no food reward. They
compensate for this by mimicry of
other flowers having nectar, or of in-
sects, and by precise methods of pollen
transfer.
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