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Pollinators, Flowering Plants, and
Conservation Biology

Much remains to be learned about pollinators and plants

Carol Ann Kearns and David William Inouye

orethan a century ago, Dar-
win (1859) observed that
“the number of bumblebees

in any district depends in a great
measure upon the number of field-
mice, which destroy their combs and
nests...the number of mice is largely
dependent, as everyone knows, on
the number of cats...it is quite cred-
ible that the presence of a feline
animal in large numbers in a district
might determine, through the inter-
vention first of mice and then of
bees, the frequency of certain flow-
ers in that district!” {p. 125). Dar-
win recognized the importance of
interactions among organisms, spe-
cifically the role that pollinators play
as links in communities. Yet, almost
140 years later, our understanding
of pollination interactions is still
rudimentary. The extent of depen-
dence and linkage in pollination sys-
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The ultimate fate of
many plants may depend
on preserving their
mutualistic relationships
with pollinators and with
the web of organisms
that affect both plant
and pollinator

tems is currently under scrutiny as
an issue affecting conservation of
biodiversity (Figure 1).
Plant—pollinator mutualisms date
back to the Cretaceous period, when
insects began to acquire food from
flowers, and flowers achieved higher
reproductive success through the
movement of pollen by insects. To-
day, atleast 67% of flowering plants
depend on insects for pollination
(Tepedino 1979}, and others depend
on birds and mammals. For these
plants to persist, pollinators are as
critical as light and water (Levin
1971). However, comparatively little
is known about pollinators. In addi-
tion, the pollination requirement of
most wild species remains unknown:
For example, the pollinators of 14 of
16 endangered plant species near the
United States—Mexico border have
not been determined (Nabhan 1996),
and little or nothing is known about
the pollination requirements of ap-
proximately one-third of the Euro-

pean Union’s crop plants (Williams
1995).

In this article, we review varia-
tion in dependence by plants on pol-
linators, the potential for a cascade
of effects in a community resulting
from loss of a plant—pollinator mu-
tualism, current threats to plants
and pollinators, and possible man-
agement issues. Much of our discus-
sion will focus on bees, because bee
life histories are intimately linked
with those of flowering plants. Bees
are active, constant foragers, and
they are reliable pollinators because
they must continually forage for their
own nutritional needs and those of
their progeny. Approximately 30%
of human food is derived from bee-
pollinated crops (O’ Toole 1993), and
thousands of wild plants depend on
the services of bees for seed and fruit
formation. Thus, reductions in bee
abundance could have serious impli-
cations for both natural and agricul-
tural ecosystems.

Although bees are major pollina-
tors, it is estimated that less than
two-thirds of the world’s bee species
have been named and described
(Buchman and Nabhan 1996). Even
in well-studied areas, such as west-
ern Europe, estimates of the number
of bee species vary from 2000 to
4500 (Williams 1995). Nevertheless,
large declines of certain types of
bees have been documented in Ger-
many, Austria, Britain, the former
Soviet Union, Poland, Italy, and
Canada (O’Toole 1993), and in Costa
Rica (Janzen 1974, Vinson et al.
1993). In North America, where
farmers tend to be heavily depen-
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Figure 1. A mus-
coid fly pollinator
(Thricops spp.) col-
lects nectar and
pollen from a Poten-
tilla gracilis flower
in montane Colo-
rado. Flies are an ex-
ample of a little-
known category of
flower visitors that
are probably impor-
tant in all major eco-
systems, from tropi-
cal to alpine.

dent onintroduced
domesticated hon-
eybees for crop
pollination, honey-
bee numbers have
declined by ap-
proximately 25%
since 1990 (Nabhan 1996). In addi-
tion to declining bee numbers, other
disruptions of natural pollination sys-
tems have been documented in many
different parts of the world (Aizen
and Feinsinger 1994a, Buchmann
and Nabhan 1996, Cox 1983, Crop-
per and Calder 1990, Gess and Gess
1993, Ginsburg 1983, Paton 1993,
Roubik et al. 1986, Schaffer et al.
1979, Sugden and Pyke 1991).
Pollinator loss can affect plants in
several ways (Tepedino 1979). Loss
of, or reduced, seed set is the most
obvious result. In addition, a scar-
city of pollinators may affecta plant’s
mating system, resulting in the pro-
duction of less vigorous offspring.
This is because, in the absence of
pollinators, a higher percentage of
seeds may be set through self-polli-
nation, decreasing heterozygosity
and increasing the expression of del-
eterious traits associated with in-
breeding. Smaller pollen loads can
also reduce the opportunity for pol-
len competition; different rates of
pollen tube growth through the style
can result in competition, with the
more vigorous pollen grains fertiliz-
ing the ovules. In some species, there
is a demonstrable correlation be-
tween the rate of pollen tube growth
and vigor of the resulting progeny
{Snow and Spira 1991); thus, re-
duced pollen loads—and a conse-
quent reduction in pollen competi-
tion—could potentially decrease
fitness. On a broader scale, loss of
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pollinators or disruption of pollina-
tion systems may cause reduced seed
and fruit production and, ultimately,
plant extinction. Any of these events
will affect the organisms that con-
sume seeds, fruits, or plants or that
use plants for nest construction.
Although the loss of individual
species is of great public concern,
the extinction of an ecological pro-
cess may go unnoticed for some time
because it is a more subtle loss whose
effects are difficult to predict. The
ultimate fate of many plants may
depend on preserving their mutual-
istic relationships with pollinators
and with the web of organisms that
affect both plant and pollinator.

Threats to pollinators

A number of threats to pollinators
have been identified. These include
habitat alteration, introductions of
alien pollinators, and pesticide poi-
soning (Bond 1994).

Habitat alteration. Agriculture, graz-
ing, fragmentation of native land-
scapes, and development of areas
that once supported wild vegetation
all cause the loss of native food
plants, rendezvous plants, and nest-
ing sites used by pollinators. Polli-
nators may depend on native plants
because they are not always able to
access food rewards from introduced
flowers (O’Toole 1993). Many bees
not only require large numbers of

flowers to provide nectar and pol-
len, but also need a variety of flow-
ering plants to sustain them through-
out the growing season. Oligolectic
insects, such as some bees and some
butterfly larvae, depend on specific
plants for survival and persistence of
their populations.

In addition to food requirements,
pollinating organisms often have
specific nesting requirements. Some
bee species nest in cavities in the
ground, such as old rodent burrows,
spaces under rocks, or holes exca-
vated in sand or soft dirt. Many
other types of bees nest in hollow
twigs. As land is developed for hu-
man activity, the availability of twigs,
rodent burrows, and suitable nesting
substrates typically decreases.

Agriculture. In agricultural areas,
large-scale monoculture of crops re-
duces the amount of land available
to support wild vegetation. With the
increasing mechanization of agricul-
ture, the number and area of
hedgerows and uncultivated patches
decrease, reducing the number of
native plants available as pollen and
nectar sources (O’ Toole 1993, Wil-
liams 1986). For example, in Great
Britain, areas of low bumblebee den-
sity correspond to areas of intensive
agriculture. In such areas, land pre-
viously considered of marginal value
has been “improved” by draining
grasslands and removing hedgerows;
these changes have resulted in de-
creased habitat diversity (Williams
1986). Comparable effects have been
reported for Germany (Williams
1986). In Poland, the number of
bumblebees on crops is correlated
with the crop field’s proximity to
forests, meadows, and pastures (Wil-
liams 1986). Similarly, in Canada,
native pollinators have declined as
alfalfa fields cover more and more
prairies. In addition, in parts of Eu-
rope, the use of insecticides on agri-
cultural lands has been blamed for
decreasing bee abundance (Williams
1986).

Grazing. From their work in South
Africa, Gess and Gess (1993) deter-
mined that grazing livestock alters
habitat sufficiently to affect pollina-
tors. They documented changes in
availability of nesting sites, water
resources, and vegetation that could
have direct negative effects on spe-
cies diversity and population sizes of

BioScience Vol. 47 No. 5



bees and wasps. Trampling of veg-
etation by livestock can directly de-
stroy the nests of ground-nesting
species and can compact the soil,
constraining nest formation. In ad-
dition, the people who tend live-
stock in these areas of South Africa
collect wood for fuel, thus reducing
the availability of hollow twigs that
provide nesting sites for some bee
species.

Grazing also affects bees by de-
creasing water availability. Both
ground-nesting and cavity-nesting
bees must collect water for use in
nest construction. Most bees cannot
obtain water from livestock water
tanks with steep sides, or even ponds
without sloping edges, but need to
stand at the edge of shallow water.
Tampering with the natural water
supply to provision cattle or pro-
duce crops often modifies water
availability for bees.

In some areas, selective grazing
by livestock has decreased the num-
ber of plant species (Gess and Gess
1983). One species, Galenia africana
(Aizoaceae), which tends to become
dominant, is not attractive to polli-
nators or livestock. As native plant
species that were used originally as
pollen and nectar sources disappear,
the total number of bees that can be
supported in the area decreases, in
turn potentially decreasing seed set
and further reducing diversity.

Dramatic reductions in bee num-
bers and species diversity have been
documented in areas of the Guana-
caste Province of Costa Rica that
were deforested to support cattle
(Janzen 1974, Vinson et al. 1993).
The number of oil-collecting bees is
decreasing as the forest is destroyed
(Vinson et al. 1993). Many of the
large, solitary Centris bees (Centridini;
Anthophoridae) in the dry forest of
Costa Rica need dead wood for nests.
Female bees provision their nests with
the pollen of several tree species and
with oil collected largely from
Byrsonima crassifolia trees (Malphi-
giaceae). Oil collectors are major
pollinators of B. crassifolia (Vinson
etal. 1993). Male and female Centris
bees are generally pollinators of
different plant species, and thus
many species are linked by polli-
nation associations.

African pasture grass (Hyparrbenia
rufa) has been introduced to defor-

May 1997

ested areas of Guanacaste Province
because it grows well and provides
good fodder for beef cattle. Each
year, ranchers set fire to the grass
fields to clear them of trees and
shrubs. The taller African pasture
grass supports a hotter fire than the
native grasses, and the fires often
spread to forested reserves. These
intense fires are strong enough to
burn through the bark of most oil-
producing plant species, and those
trees that do manage to survive fires
have reduced oil production. More-
over, fire allows grasses to invade
farther into the forest each year. The
loss of dead wood results in the loss of
nesting sites for bees, and the loss of
oil plants results in decreased provi-
sions for bee development. Further-
more, as the forest becomes less dense,
ground temperatures increase, becom-
ing too high for bees to develop nor-
mally in any nests that remain.

Habitat fragmentation. Develop-
ment can fragment natural habitats,
isolating remnants of plant popula-
tions. Endangered plants often exist
in “ecological traps” (Stebbins 1979)
surrounded by different habitats.
They may lack the genetic diversity
that would allow them to colonize
these different habitats. Small popu-
lations can also suffer from reduced
pollen delivery or reduced quality of
the pollen delivered. For example,
Lamont et al. (1993) found that
population fragmentation reduced
fertility to zero in Banksia goodii
(Proteaceae). This species is a highly
outcrossing species pollinated by
birds (honeyeaters) and mammals
(honey possums). Flowers in small
populations either receive fewer vis-
its from pollinators or receive pollen
from sibling plants, which results in
low seed production. Furthermore,
small populations are sometimes
bypassed by pollinators because some
types of pollinators exhibit density-
dependent foraging behavior, pre-
ferring large floral displays to iso-
lated flowers (the Allee effect;
Lamont et al. 1993).

Like plants, pollinators may per-
sist in ecological traps as a result of
habitat fragmentation caused by
development and the associated loss
of nest sites and food plants. Re-
search conducted by Jennersten
(1988) in Sweden illustrates that frag-
mented regions may harbor fewer

pollinators, and the plants that re-
main may thus suffer reduced repro-
ductive success. Jennersten (1988)
found that self-compatible Dianthus
deltoides (Caryophyllaceae) pro-
duced more seed in areas of continu-
ous meadow and forest than in patchy
fragments separated by cultivated
fields of barley and oats. Moreover,
the crop fields, and the limited wild
spaces between them, contained few
nectar plants to provision pollina-
tors, whereas the continuous fields
and forest had a greater diversity of
both flowering plants and antho-
philous {flower-loving) insects. Visi-
tation rates to flowers in the con-
tinuous area were approximately
three times higher than to flowers in
habitat fragments. Hand pollination
increased seed set in fragmented ar-
eas but had no effect on seed set in
the continuous areas. In habitat frag-
ments, seed set of flowers did not
differ between natural flowers and
flowers that had been bagged
throughout the reproductive period
to prevent cross-pollination. This ob-
servation suggests that seeds in the
remnant fragments were produced
largely through self-pollination. There-
fore, fragmentation not only affected
the reproductive output but also ap-
peared to change the relative amount
of outcrossing as well.

Although habitat fragmentation
is a problem, preserving large tracts
of a particular vegetation type may
not be enough to maintain pollina-
tor populations. Janzen and col-
leagues (1982) censused euglossine
bee populations in parks and re-
serves in Costa Rica and determined
that even within the same park, dif-
ferent habitats vary dramatically in
bee diversity. Many of the bee spe-
cies travel long distances to polli-
nate plants that do not occur within
the habitats in which they were col-
lected. This finding indicates that pres-
ervation of diverse patches within an
area may be essential to maintain
adequate pollinator populations.

Introductions of pollinators. Intro-
ductions of pollinators can have both
beneficial and detrimental conse-
quences, and have occurred both
intentionally and accidentally. Hon-
eybees have spread around the world,
where they have become competi-
tors with native bees, birds, and
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other pollinators, and bumblebees
have also been moved to islands and
continents where they did not occur
naturally. These introductions have
sometimes benefited agriculture, but
their consequences for native plants
and animals can be deleterious.
The introduction of the honey-
bee. The honeybee, Apis mellifera,
has a positive popular image, and it
has generally been considered a valu-
able pollinator. It is native to Eu-
rope and has been introduced
throughout much of the world for
crop pollination. Although honey-
bees are important for pollination of
some crops, the contributions of wild
bees on the same crops and the eco-
nomic value of these other bee spe-
cies are often ignored. Honeybees
have been studied extensively, often
at the expense of these other bees.
Of the 20,000-30,000 bee species
(Neff and Simpson 1993), informa-
tion on all but a few species is scanty.
This information imbalance is a
problem because issues of pollina-
tion and biodiversity are probably
tied more closely to the thousands of
wild species than to the domesti-
cated honeybee. In addition, evi-
dence is mounting that honeybees
can compete with native pollina-
tors, disrupting natural pollination
systems (see below). The introduc-
tion of honeybees throughout the
world must necessarily alter resource
availability for native pollinators,
and the impact of honeybee intro-
duction warrants further study.
Honeybees pollinate a wide vari-
ety of plants, and they are easy to
manage and transport. However,
since the 1980s, the number of man-
aged honeybee colonies in the United
States has declined as a result of
several serious problems: the estab-
lishment of bee mites (Acarapis
woodi and Varroa jacobsoni), the
establishment of the aggressive Afri-
can honeybee (Apis mellifera scu-
tellata), the reduction of available
floral resources outside of agricul-
tural areas, the use of pesticides, and
the importation of honey (Torchio
1990). The resulting decline in hon-
eybee availability has produced an
increased awareness of the potential
role of native bee species in crop pol-
lination and stimulated interest in
learning to manage them. Moreover,
some researchers have expressed con-
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cerns about the wisdom of depending
on a single species of bee to pollinate
crops (Torchio 1990} and have indi-
cated a growing need to domesticate
other pollinating species.

Another problem with honeybees
is that, despite their popular image
as productive pollinators, they are
inefficient pollinators of some crops
and many wild plants (O’Toole
1993). Many native North Ameri-
can flowers as well as some crop
flowers are not attractive to intro-
duced honeybees and depend on na-
tive bees for pollination. Some flow-
ers are the wrong size for honeybees
to enter. Bee species range in size
from 2 mm to 32 mm—a 3000-fold
difference in body mass—and hon-
eybees are approximately 12 mm
long. A bee that is too small or too
large for a flower will transfer few,
if any, pollen grains. Other flowers
have small amounts of nectar, mak-
ing them unattractive to honeybees,
and some flowers have specialized
mechanisms for pollen release that
can deter honeybees. Moreover, flow-
ers may have unusual features that
deter honeybees but not their “nor-
mal” pollinators. For example,
Zygadenus elegans (Liliaceae), the
death camas, has a nectar that is toxic
to honeybees but is eagerly collected
by native bees (Tepedino 1979).

Honeybees are also unable to pol-
linate those plants that rely on “buzz
pollination.” Such plants, including
several of economic importance,
have poricidal anthers (anthers that
release pollen from a small hole at
the tip rather than splitting open to
release pollen) from which pollen is
released only when the anther is
vibrated at a characteristic fre-
quency. These flowers are pollinated
most efficiently by vibratile poilina-
tors. Several groups of bees and a
few fly species can buzz pollinate
flowers, but this behavior is not in
the honeybees’ repertoire. Buzz-pol-
linated crops include cranberries,
blueberries, tomatoes, eggplant, and
peppers. Some of these plants do not
produce nectar and are attractive
only to bees foraging for pollen.
Others, like blueberry, produce nec-
tar as well as pollen and attract a
diverse group of pollinators, includ-
ing honeybees. A small blueberry
stand can be pollinated effectively
by native pollinators, but large com-

mercial operations import honey-
bees in an attempt to ensure fruit set.
However, honeybees are not effi-
cient pollinators of blueberry, as was
demonstrated one year in New
Brunswick, Canada, after a poorly
timed pesticide application wiped
out many native pollinators of blue-
berries (O’Toole 1993). To compen-
sate for the loss of native pollinators
and ensure fruit set, growers im-
ported colonies of honeybees. How-
ever, because honeybees cannot vi-
brate the anthers, they are less able
than vibratile species to access the
pollen, and they soon learn to pierce
holes in the back of the flowers to rob
nectar. These nectar robbers never
contact the reproductive parts of the
flowers, and fruit setin New Brunswick
remained low that year.

Another crop plant that is un-
suited to pollination by honeybees is
the West Indian cherry, Malphigia
glabra (Malphigiaceae). This tree
was introduced to Hawaii as a crop
plant (O’Toole 1993) because its
fruit is an excellent source of vita-
min C. However, fruit set in Hawaii
was poor, even after colonies of hon-
eybees were brought in to pollinate
the flowers. In this case, the problem
was that the honeybee is not at-
tracted to the oil that flowers of
the West Indian cherry, like many
plants in the Malphigiaceae, pro-
duce rather than nectar. In its na-
tive habitat, the oil is collected by
Centris bees that simultaneously
serve as pollinators.

The introduction of honeybees
thus appears to have had a variety
of consequences, both unintended
and intended. The large number of
honeybees in some habitats may
make them important competitors
for a great diversity of native
flower visitors. If native pollina-
tors decline in number, honeybees
may not visit or pollinate the same
range of flowers, because of their
nectar chemistry, small nectar or
pollen rewards, flowering phenol-
ogy, or floral morphology. Al-
though honeybees can be useful in
pollination of some crops, native
insects can often do as well or
better if they are present in suffi-
cient numbers.

Domestication of bees other than
the honeybee. Farmers are begin-
ning to appreciate that certain types
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of bees may be more effective than
honeybees at pollinating specific
crops, and some farmers are learn-
ing to encourage and manage other
alien bee species. For example, hon-
eybees are poor pollinators of al-
falfa because alfalfa flowers must be
tripped mechanically to discharge
their pollen on an insect visitor. After
a few experiences of having pollen
slapped onto their undersides, honey-
bees avoid tripping the flowers and
instead learn to pierce holes in the
backs of the flowers to rob them of
nectar. However, cultivation of alter-
native bee species, such as Megachile
rotundata (Megachilidae) and Nomia
melanderi (Halictidae), has resulted in
successful pollination of alfalfa (Bohart
1972, O’Toole 1993). N. melanderi is
a gregarious ground-nesting bee that is
native to the western United States. Its
management involves providing “bee
beds”: areas of soil within and adja-
cent to alfalfa fields that have proper
levels of moisture and salinity for nest-
ing. M. rotundata is a Eurasian species
that nests in premade cavities in wood.
Beekeepers provide M. rotundata with
“bee boards”: they predrill holes of the
proper diameter into boards that are
mounted on stands with wheels. The
beekeepers can move these to sites in
the field where pollinators are needed.
Several other Eurasian pollinators have
been suggested for use on alfalfa, a
plant native to that region.
Bumblebees have also become
pollinators of some crops in regions
where they have recently been intro-
duced. In New Zealand, introduced
red clover forage is pollinated by
three of the four imported European
bumblebee species that have become
naturalized to the region. The native
bees are all short-tongued species
that are ineffective pollinators of
this crop (O’Toole 1993). Bumble-
bee culture on a commercial scale
has only recently become feasible.
Although bumblebees are more ex-
pensive to culture than honeybees, it
is still economically feasible to do-
mesticate bumblebees for use in
greenhouse culture of tomatoes,
which are buzz pollinated (Thomson
1993). Domesticated bumblebees are
also now being used for greenhouse
pollination of strawberries, peppers,
eggplant, and squash (Griffiths and
Roberts 1996); an unintended but pre-
dictable consequence has been the es-
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tablishment of feral colonies of alien
species (e.g., in Japan, where the Euro-
pean species Bombus terrestris has re-
cently been found in the wild).!

Competition among honeybees
and native pollinators. Several stud-
ies have indicated that introduced
honeybees decrease the foraging suc-
cess of native pollinators by out-
competing them for resources
(Ginsburg 1983, Paton 1985, 1993,
Pyke and Balzar 1985, Roubik et al.
1986, Schaffer et al. 1979, Sugden
and Pyke 1991). A case in point is
provided by honeybees in Australia.
Honeybees were introduced to Aus-
tralia approximately 150 years ago,
and until recently they were consid-
ered beneficial to the native flora.
However, new evidence indicates
that honeybees may actually be harm-
ful to the native flora: they may dis-
place native pollinators, they may be
ineffective at pollinating native flow-
ers, and they may interact in complex
ways with native pollinators to reduce
the amount and efficiency of pollen
transfer (Paton 1993).

Evidence of the detrimental ef-
fects of honeybees on a native bee
comes from studies in Kosciusko
National Park, Australia (Pyke and
Balzar 1985, Sugden and Pyke 1991).
Both the honeybee and the native
bee, Exoneura asimillima (Antho-
phoridae), are highly polylectic (use
a wide variety of flowers as food
sources), and there is a good deal of
overlap in the kinds of flowers
that they use. To test for competi-
tion among honeybees and the na-
tive generalist bee, colonies of hon-
eybees were introduced to alpine
areas of the park. After six months,
experimental areas contained sig-
nificantly fewer adult Exoneura,
although the number of preadult
Exoneura bees within colonies was
the same in experimental areas and
in the undisturbed areas that lacked
honeybees. Thus, adult Exoneura
either died or left the area, pre-
sumably as a result of competition
with honeybees. These findings
imply that competition disrupts the
natural composition of the com-
munity and is likely to have effects
on the reproduction of the native
vegetation.

M. Ono, 1997, personal communication.
Tamagawa University, Tokyo, Japan.

Honeybees can also compete with
bird pollinators. In communities in
Australia where honeybees thrive,
Paton (1985} found that honeybees
remove one-third to one-half of the
available nectar and compete directly
with honeyeaters, a group of native
pollinating birds. Such areas have
reduced honeyeater species diversity
and lower floral visitation rates by
honeyeaters. Presumably to compen-
sate for the diminished food supply,
the honeyeaters increase their terri-
tory size. The competition with
honeyeaters lowers the pollination
success of at least one plant, the largely
self-incompatible Callistemon ru-
gulosus (Myrtaceae), which both
honeyeaters and honeybees visit
{Paton 1993). Honeyeaters contact
stigmas on more than 50% of visits
to the flowers, whereas nectar-gath-
ering honeybees do so on only 4.4%
of their visits, and pollen-collecting
honeybees do so on 16.7% of their
visits. Individual honeybees were
watched for 9.9 hours, and not a
single between-plant movement was
recorded, compared with 7.3 inter-
plant movements per hour for
honeyeaters (Paton 1993). These dif-
terences have consequences for fruit
production. Plants enclosed in mesh
cages (and which therefore receive only
honeybee visits) have significantly
lower fruit set than those serviced by
birds as well as bees (Paton 1985).

Introduced honeybees in Austra-
lia also affect beetle pollinators.
Many species of flower-visiting jewel
beetles (Buprestidae) in southwest-
ern Australia have suffered from the
presence of honeybees. Whereas ten
species of beetles could once be ob-
served on a single flowering plant,
now only a few may be found
(Knowles 1983/4). Since these find-
ings, some reserves have been set
aside to help protect the beetles.

Possible effects of introduced hon-
eybees on native bees can be seen in
other continents as well. For ex-
ample, Aizen and Feinsinger (1994a)
found an inverse relationship be-
tween the number of native bees and
the number of honeybees visiting
two polyphilic trees (i.e., trees at-
tracting a wide range of flower visi-
tors, such as flies, bees, butterflies,
wasps, and beetles) in subtropical
dry forests of Argentina. Honeybees
were more prevalent in fragmented

301



areas, whereas wild bees were more
common and more diverse in larger
tracts of forest. The number of hon-
eybees increased with decreasing
fragment size. Aizen and Feinsinger
(1994a) suggested that fragmenta-
tion could ultimately cause local
extinction of some native bee spe-
cies and replacement by a single
species, the introduced honeybee.
However, these researchers did not
find evidence of direct interactions
between native bees and honeybees,
and it was not clear that floral re-
sources were in fact limiting native
bees in fragmented areas. The shift
in pollinators may be more directly
related to reduced availability of
nesting sites for native bees (a result
of habitat fragmentation) and to the
foraging patterns of honeybees
(whose relative frequency increased
with decreasing fragment size). In
the small fragments, the polyphilic
tree species showed some decline in
seed production, despite high levels
of visitation by Africanized honey-
bees, which may have compensated
for a decline in visits by native pol-
linators {Aizen and Feinsinger
1994b). The increase in number of
visits by the honeybees was not suf-
ficient to replace the decrease in
pollen transfer by native bees, sug-
gesting that honeybees are poorer
pollinators. Aizen and Feinsinger
(1994b) concluded that monitoring
pollination and seed production
could provide a useful, integrated
measure of the health of disturbed
plant communities.

In cases where honeybees do
outcompete native bees, why are
honeybees more successful? Honey-
bees appear to be adept at finding
and monopolizing nectar- and pol-
len-rich resources, often at the ex-
pense of native bees. Although there
is no indication of aggressive inter-
actions among the honeybees and
other foragers, temporal and spatial
analyses indicate thathoneybees domi-
nate large, resource-rich patches of
flowers (Ginsburg 1983, Schaffer et
al. 1979). In the case of feral
Africanized honeybees in South
America, the ability to outcompete
native bees appears to rely on the
capability of Africanized bees to lo-
cate and dominate food sources
quickly, presumably because of the
large number of workers that can
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search for food and successfully re-
cruit colony members (Roubik 1980).
However, evidence of superior com-
petitive abilities of Africanized bees
under natural conditions remains
equivocal. Total nectar and pollen col-
lections by native bees do not diminish
in the presence of Africanized bees,
indicating that native bees may be
capable of switching host plants in
response to competition (Roubik et al.
1986). Even in cases where there are
clear indications that honeybees inter-
fere with the foraging of native polli-
nators, their effect on the population
sizes of native bees is still ambiguous
(Aizen and Feinsinger 1994a, Roubik
et al. 1986).

Pesticides. Pesticides are another
major problem for pollinators.
Chemicals applied to crop plants
and to rangelands can cause high bee
mortality. In the United States, pes-
ticide use has created local problems
since the late 1800s, but the prob-
lems increased dramatically after
World War II, when there was a
substantial increase in the use of
pesticides on crops, rangelands, and
forests (Johansen 1977). Herbicides
have also been applied extensively
to control weeds in crops and along
roadsides, thus reducing the avail-
ability of the native wild plants that
provide food for pollinators.
Foraging on pesticide-treated
plants is a major source of bee mor-
tality, yet honeybees are often ex-
pected to pollinate crops that have
been treated with pesticides. The
susceptibility of bees to chemical
poisoning is usually related to their
surface area-to-volume ratio. Bumble-
bees are often more tolerant of pesti-
cides than honeybees because of their
smaller surface area-to-volume ratio,
and honeybees are in turn more toler-
ant than most small native bees.
Chemical poisoning results in ab-
normal communication dances and
mistakes in indicating distance and
direction to food sources, in addition
to direct mortality. A mortality rate of
100 dead bees per day in a honeybee
colony is considered normal, and only
the loss of more than 1000 bees per
day is considered serious poisoning
(honeybee colonies may contain
40,000-70,000 bees; Johansen 1977).
Bees produce relatively few off-
spring and invest a large amount of

energy in each. Lab studies of sev-
eral solitary bee species from North
America indicate that under optimal
conditions, that is, with.plenty of
food, a bee will produce 15-20 off-
spring per year (Tepedino 1979).
However, under natural conditions,
the number of offspring is likely to
be considerably lower because of
predation, parasites, and competi-
tion. Due to this low fecundity, it
may take several years for bee popu-
lations to recover after an area has
been sprayed with pesticides (Karron
1991); recovery time is even longer if
weather conditions are unfavorable
or if more pesticide is applied.

One source of pesticides that af-
fects pollinators is the broad-spec-
trum insecticides used to control
grasshoppers on rangelands in the
southwestern United States. When
grasshoppers are dense, the range-
lands are sprayed with these insecti-
cides to save the grasses for cattle
forage. The sprays kill many other
insects in addition to grasshoppers,
including native pollinators. The
grasshopper-spraying campaigns
(generally from mid-April to late
May) overlap the flowering period
of a number of endemic rangeland
plants that grow among the grasses,
several of which are listed as endan-
gered or threatened (Bowlin et al.
1993); they also overlap the period
of emergence and active foraging of
most native bee species (Peach et al.
1993).

Several rangeland plant species
that are listed as endangered depend
on insect pollinators for seed set
(e.g., Eriogonum pelinophilum,
Polygonaceae; Bowlin et al. 1993;
Pediocactus sileri, Cactaceae; Peach
et al. 1993), and some of these en-
dangered species show indications
of pollinator limitation (e.g.,Purshia
subintegra, Rosaceae; Fitts et al.
1993). At sites where endangered
plants are known to occur, an area
with a radius of 3 miles around the
patch of plants is not sprayed (Fitts
et al. 1993). However, the size of
this area is arbitrary, and the effec-
tiveness of the procedure is question-
able. Relatively little is known about
the foraging flight range of most na-
tive bees (Peach et al. 1993), and it is
not clear how closely this protected
area overlaps with the probable nest-
ing site and foraging range of the
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endangered plants’ pollinators. Many
additional plants that are candidates
for listing do not receive protection
from spraying and may also be af-
fected by the loss of native bees.

Another example of how pesti-
cide application can affect plant re-
productive success through its ac-
tions on pollinators comes from
Thomson et al.’s (1985) studies of
forests in New Brunswick, Canada,
that were sprayed with Matacil
(aminocarb insecticide) to control
spruce budworm, Choristoneura
fumiferana Clem (Tortricidae; Lepi-
doptera}. Native bees in the families
Andrenidae, Halictidae, and Antho-
phoridae and syrphid fly popula-
tions were adversely affected by the
pesticide; several insects displayed
convulsions followed by death. One
of the native understory lilies,
Maianthemum canadensis, showed
significant reductions in fecundity,
as did a second understory species,
Cornus canadensis (Cornaceae).
Commercial blueberry fields in
New Brunswick also suffered re-
duced fruit set when adjacent for-
est lands were sprayed with
Fenitrothion to control spruce bud-
worm (Kevan 1975).

During pesticide application, hon-
eybee colonies can be removed from
tields, but native pollinators may
still be exposed to toxins. To mini-
mize harm to these pollinators, in-
secticides should not be applied dur-
ing a plant’s flowering period.
However, many native bees produce
multiple broods per summer, and
although proper timing of pesticide
spraying may ensure pollination of a
particular flower species, the net ef-
fect of spraying after flowering may
be simply to decrease the pollinator
population for the subsequent year
(Fitts et al. 1993). Bees’ hairs easily
pick up insecticide dust on flowers and
bring it back to their colonies (Johansen
1977), where it can kill larval and
adult bees. Another way to minimize
harm to pollinators is to avoid spray-
ing pesticides under climatic condi-
tions that enhance toxicity. Hot days
and cool nights cause condensation of
insecticides on plant leaves, thus pro-
longing the effects of insecticides and
killing more bees. Methods of pesti-
cide application that avoid spraying
flowers and foliage are even safer for
bees. The use of carbaryl bran baits to
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Figure 2. A bumble-
bee queen (Bombus
appositus) foraging
on Corydalis case-
ana brandegei in
Colorado near the
Rocky Mountain Bio-
logical Laboratory.
This unusual plant
species, a member of
the family Fumari-
aceae that is classi-
fied as a state rare
plant, is locally abun-
dant but with a very
patchy and disjunct
distribution. The role
of insects in its re-
production is still
under study, but the
plants require insect
visits to set seed and
may depend on two
species of bumble-
bees as the only pol-
linators. Photo: N.
Waser, University
of California, Riv-
erside.

suppress grasshop-
per populations is
being investigated
{(Peach et al. 1994),
but there may be no
such alternative application methods
for some pesticides.

Degrees of dependence
on pollinators

Although we can document threats
to pollinators, predicting the actual
effect of pollinator loss for a par-
ticular plant species is difficult. The
significance to a plant of the loss of
its pollinators depends on whether
the pollination relationship is facul-
tative or obligate (Bond 1994). In
assessing the potential threat to a
given plant, one must also consider
the importance of seed production
inthe demography of the plant. Some
plants thrive as a result of vegetative
reproduction and will therefore not
be affected by pollinator loss. Oth-
ers either have large seed banks or
are long lived and, thus, may not be
in imminent danger of extinction
when a pollinator disappears. Rather
than strict one-pollinator—one-plant
relationships, most plants have mul-
tiple pollinators, and most pollina-

tors pollinate more than one plant
species (Figure 2). Community com-
position varies among habitats, and
what appear to be specialized rela-
tionships between a plant species
and a pollinator species may change
among communities.

The plants most at risk from loss
of a pollinator are those that are
dioecious and self-incompatible,
those that have a single pollinator,
and those that propagate only by
seeds. Plants form a continuum: at
one end are plants that depend strictly
on a single pollinator for reproduc-
tion, and at the other end are plants
that have multiple compensation
mechanisms to ensure survival and
reproduction. Bond (1994) devel-
oped a vulnerability index to rank
the threat of extinction of a plant
species due to loss of pollinator or
disperser mutualisms. The index as-
sesses the vulnerability of a species
by considering the following vari-
ables: the number of pollinator and
disperser species needed, the level of
vegetative propagation, whether the
species is self-compatible, and
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whether the species depends on seed-
ling recruitment. Based on this in-
dex, as many as 50% of the 300
species of Proteaceae of the South
African Cape can be classified as
vulnerable (Bond 1994). Most of
these potentially vulnerable species
produce few, large seeds, are seed
limited, and will not resprout after
fire. Many are dioecious. However,
Bond (1994) found that many of the
species that appear vulnerable have
compensatory mechanisms that
buffer them in part from pollinator
failure: The bird-pollinated species
can be pollinated by beetles, and the
dioecious ones can be wind polli-
nated. A greater risk to these plants
is the threat imposed by the introduc-
tion of an Argentine ant ( Tridomyrmex
humilis) to parts of the region. Many
of the species in this area depend ex-
clusively on native ant species for seed
dispersal. The introduced ants do not
disperse the seeds, and as they displace
native ant species, seedling recruit-
ment decreases.

Examples of disrupted pollinator—
plantinteractions. The repercussions
from the disruption of particular
pollination systems indicate wide
variation in vulnerability among dif-
ferent plants and communities. The
following examples illustrate the
variation in vulnerability among dif-
ferent types of plants.

® Freycinetia arborea (Pandanaceae),
the ieie vine, is native to Hawaii. It
produces large, colorful inflores-
cences that are visited by an intro-
duced bird, the Japanese white eye
(Zosterops japonica), which serves
as its major pollinator. Cox (1983)
wondered what the original pollina-
tors of this plant might have been
and studied the writings of early
Hawaiian ornithologists to see
whether any rare or extinct endemic
birds visited this plant. Finding oc-
casional references indicating that
such visits occurred, he examined
pollen loads on the feathers of mu-
seum specimens of two extinct Ha-
waiian birds, the Ou (Psittirostra
psittacea) and Loxiodes kona
(Drepanididae), and of the endan-
gered Hawaiian crow (Corvus
tropicus). The two extinct species
carried large amounts of Freycinetia
pollen, and the endangered bird car-
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ried moderate amounts. None of these
birds carried other species of pollen,
and Freycinetia pollen was not found
on other endemic birds specimens that
were tested. Cox (1983) thus suggests
that Freycinetia received less pollen
once these three species began to de-
cline and that the plant then repro-
duced largely by clonal growth until
the Japanese white eye was introduced
to Hawaii in 1929. This introduced
bird seems to have filled effectively
the vacant niche, and once again
these plants reproduce sexually.

¢ Johnson and Bond (1993) con-
ducted research in South African
fynbos that indicates that a single
species of Satyrid butterfly (Meneris
tulbaghia) is virtually the only polli-
nator of a guild of 14 red-flowered
plants belonging to four different
families (Iridaceae, Orchidaceae,
Amaryllidaceae, Crassulaceac).
Most of the species require pollina-
tors, and more than half lack com-
pensatory mechanisms to insure their
persistence in the absence of pollina-
tors, although some have bulbs or
produce hundreds of tiny seeds when
they are pollinated. Most of the spe-
cies are rare, possibly because of this
need for a specific pollinator. At
least one of these species, Disa
uniflora (Orchidaceae), sets signifi-
cantly less seed in habitats that the
butterfly does not favor, as a direct
result of low-visitation rates (John-
son and Bond 1992).

o Thelymitra epipactoides is an en-
dangered orchid found on the coastal
heaths of southeastern Australia
(Cropper and Calder 1990). Al-
though it is visited by many bee
species, it appears to be pollinated
largely by bees of the genus Nomia
(Halictidae). The flowers produce a
sweet scent but do not offer nutri-
tional rewards; thus, the relation-
ship is one of “deceit pollination.”
Extant populations of the orchid
produced no seeds, and few pollinia
had been removed from the flowers,
although a small number of Nomia
bees were observed carrying pollinia
(Cropper and Calder 1990). The rar-
ity of the plant has been blamed on
orchid lovers who collect the plants
and on general habitat destruction.
However, Cropper and Calder
(1990) suggest that habitat manage-
ment and a consequent reduction in
fires has contributed to the plant’s

rarity. The lack of fires results in a
climax community with low species
diversity and with a decreased total
floral abundance. Because Nomia is a
polylectic species, the reduced floral
abundance probably makes the habi-
tat less attractive to pollinators, result-
ing in poor pollination.

¢ A rare fynbos shrub of the African
Cape,Ixianthes retzioides (Scrophu-
lariaceae), grows in rapids and wa-
terfalls, with its roots anchored in
rock crevices (Steiner 1993). Its flow-
ers produce oil as a pollinator attrac-
tant. Its nearest relatives (Bowkeria
and Anastrabe) also have oil flowers
and are pollinated by bees of the genus
Rediviva. Female bees collect the flo-
ral oil to provision nests or as a precur-
sor for a material for lining nest cells.
These same bees visit other flowers for
nectar. Over the course of four years,
Steiner (1993) observed only a few
insects visiting the flowers (a honey-
bee, a halictid bee, and one small
unidentified bee), and fruit set was
extremely low. However, when the
flowers were hand pollinated, they set
seven times as many fruits. Based on
the oil composition, flower morphol-
ogy, and size of the plant, Steiner
(1993) suggests that it is adapted to
pollination by a large, oil-collecting,
specialist bee, although no oil-collect-
ing bees have been observed visiting
the flowers. An undescribed bee of the
appropriate size, morphology, and phe-
nology—probably of the genus
Rediviva—has been collected at three
sites outside the known range of the
plant. Despite this apparent “uncou-
pling” of plant and pollinator through
loss of the local pollinator population,
Ixianthes persists through vegetative
propagation.

Cascade effects. In some systems,
factors that affect a pollinator have
the potential to create a cascade of
events affecting multiple species. The
following examples illustrate this
point:

* Male euglossine bees pollinate
many neotropical orchids that are
obligate outcrossers. The male bees
have brushes on their front legs that
are used to collect fragrances and a
modified hind leg for scent storage.
They visit the flowers to collect
scents, which appear to be impor-
tant for mating success. Approxi-
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mately half of the euglossine—orchid
mutualisms involve a single bee spe-
cies, and half involve from 2 to 12
euglossine species per orchid species
(Roubik 1992). In contrast to males,
female euglossines normally travel
long distances along predictable
routes, visiting widely dispersed
woody plants that occur at low den-
sities in the tropical forest. As the
number of these trees has decreased
due to lumbering, grazing, and de-
velopment, bee nesting sites have
been destroyed and the total number
of bees has decreased. Female bees
have shifted to feeding on weedy shrubs
in disturbed sites, and it is unlikely
that they will continue to serve as
reliable outcrossers of distantly spaced
flowering trees. Reduced visitation by
female bees will further decrease the
chances of survival of the tree spe-
cies, and the relationship will spiral
into decline. The fates of the or-
chids, the bees, and the native woody
plants are all intimately connected
(Janzen 1974).

* Fig trees are keystone species in
tropical communities. For example,
in Cocha Cashu, Peru, several pri-
mate species, procyonids, marsupi-
als, toucans, and other birds depend
on figs as a staple food (Terborgh
1986). Worldwide, there are ap-
proximately 800 species of fig, each
of which depends on a unique spe-
cies of wasp for pollination. The fig
wasps are tiny, approximately 1 mm
in length. Asynchronous flowering
is essential for the year-round sur-
vival of the fig wasps, which die if no
flowers are available within a few
days after hatching (Thomson et al.
1991). Thus, areduction in tree num-
bers could negatively affect wasp
population viability; simulation
models suggest that a minimum
viable population size of 300 trees
isneeded to maintain a wasp popu-
lation (Thomson et al. 1991). If
wasp pollinator populations are
lost, then the food base of many
species could collapse (LaSalle and
Gauld 1993).

Preservation of plant—
pollinator systems

Management of pollination systems
is a relatively new and untried strat-

egy for their conservation. For both
plants and pollinators, preservation
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Figure 3. A bumble-
bee queen (Bombus
occidentalis) visits a
male catkin to col-
lect pollen. Willow
flowers (Salix spe-
cies) are important
sources of nectar and
pollen for flower
visitors early in the
spring. Willows pro-
vide the pollen re-
quired for some spe-
cies of bumblebee to
initiate nests but are
soon replaced in the
bees’ diets by a se-
ries of later-bloom-
ing species.

may require little
more than protec-
tion or manage-
ment of appropri-
ate habitat. For
example, leaving
unplowed strips of
land between agri-
cultural fields may
encourage nesting
by native bees,
such as bumble-
bees. Similarly,
fragmentation of
forests may result in decreased pol-
lination and seed production (e.g.,
Aizen and Fein-singer 1994b), and
protection of forest habitat may help
to prevent such a decline. Preserva-
tion of habitat for plants that pro-
vide nectar and pollen throughout
the season during which a pollinator
species is active may also be impor-
tant in conserving pollination sys-
tems. To ensure provision of a sea-
son-long supply of nectar and pollen,
knowledge of the phenology of flow-
ering is essential (Figure 3). In other
cases, more active measures, such as
controlled burns, may be required to
exclude woody plants and maintain
communities of herbaceous plants
to provide appropriate floral re-
sources for pollinators.
Reintroductions of locally ex-
tinct populations of plants or polli-
nators are also a possible strategy
for reestablishing plant—pollinator
relationships. For example, an ef-
fort is underway in Japan to re-
store native bumblebee pollinators
to an area where seed production
by a rare primrose species, Primula

sieboldii, has been greatly reduced.?
In the absence of a native pollinator,
it may be possible, as an interim
measure, to use hand pollination for
seed production. In those cases in
which introduced honeybees have
outcompeted native pollinators, re-
sulting in reduced seed production
by native plant species, then it may
be possible to reduce the density of
the introduced bees by removing
apiaries or trapping feral colonies.

The biology of small popula-
tions presents special problems for
management of plant-pollinator
systems. Small plant populations
may have reduced seed set because
of a lower density of flowering
plants, genetic effects such as in-
breeding depression, or failure to
set seed due to incompatibility
problems. For example, DeMauro
(1993) found that a sand dune
population of the rare species
Hymenoxys acaulis (Asteraceae) was

2]. Thompson, 1995, personal communica-
tion. State University of New York, Stony
Brook, NY.
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effectively extinct because it con-
tained only a single self-compatibility
typeand could no longer produce seeds.
In this case, the population could po-
tentially be rescued—albeit at the cost
of introducing foreign genes from an-
other population—by importing plants
of a compatible mating type. Manage-
ment of habitat to prevent fragmenta-
tion of plant populations is another
means to forestall reproductive prob-
lems resulting from small population
size.

Extinctions of ecological interac-
tions may be more difficult to notice
than extinctions of individual species.
One of the partners may persist for
several years after the other is gone
because of long-lived individuals or
compensation mechanisms (Janzen
1974). Predicting the effects of loss of
a particular pollinator is extremely
difficult, but it is important to remem-
ber that no species exists in isolation.
Each is part of an ecological web, and
as we lose more and more pieces of
that web, the remaining structure must
eventually collapse.
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