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Insights into the Witheringia solanacea (Solanaceae) Complex in
Costa Rica. Il. Insect Visitors and Pollination Biology of
W. asterotricha and W. meiantha!
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ABSTRACT

Isolating mechanisms are important in maintaining the taxonomic integrity of closely related sympatric taxa. A previous
study found strong post-zygotic isolating barriers between two species, Witheringia asterotricha and W. meiantha, of
the W. solanacea (Solanaceae) species complex in Costa Rica. This study examines the presence of pre-zygotic barriers
between the two species at La Selva Biological Station in Costa Rica. Both species offer pollen and nectar as floral
rewards and are visited primarily by solitary or semi-social bees, some of which sonicate (“buzz”) the anthers to
discharge pollen. No evidence was found for phenological differences in flowering time between W. asterotricha and
W. meiantha, but pre-zygotic factors, such as ethological isolation and possibly fine-scale ecological or geographic
barriers, may be responsible for restricting gene flow between the two species.

RESUMEN

Los mecanismos de aislamiento son importantes para mantener la integridad taxonomica de especies estrechamente
relacionadas que ocurren simpatricamente. Un estudio anterior halld fuertes barreras reproductivas poscigoticas entre
dos especies, Witheringia asterotricha y W. meiantha, del complejo W. solanacea (Solanaceae) en Costa Rica. Este trabajo
examina la presencia de barreras precigoticas entre las dos especies en la Estacion Bioldgica La Selva, Costa Rica. Las
flores de ambas especies ofrecen polen y néctar como recompensas florales, y son visitadas principalmente por abejas
solitarias y semi-sociales, algunas de ellas “zumban” las anteras para descargar el polen. No se hall6 evidencia de
barreras de aislamiento fenologicas entre W. asterotricha y W. meiantha en La Selva, pero factores precigoticos como
barreras etolbgicas y posiblemente un aislamiento ecoldgico o geogréfico de escala pequefia son responsables de res-
tringir el flujo genético entre las dos especies.
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IsoLATING MECHANISMS LIMITING GENE FLow Dbe-  flow, and are interesting systems in which eluci-
tween closely related taxa are important in tax- dation of isolating mechanisms can lead to in-
onomic diversification and the maintenance of sights into processes of evolutionary differentia-
species identity (Dobzhansky 1937, Stebbins tion. Knowledge of actual or potential gene ex-
1950, Mayr 1963, Levin 1978, Grant 1981). Iso- change among morphologically differentiated
lating mechanisms can be classified as pre-zygotic ~ population systems also can inform taxonomic
or post-zygotic, and include spatial, temporal, decisions (Anderson 1995).

ethological, and mechanical factors, as well as ge- The Witheringia solanacea complex (Solana-
netic incompatibility and hybrid inviability, ster- ~ ceae) affords an opportunity to examine repro-
ility, and breakdown (Levin 1978, Avise 1994). ductive isolating barriers in a group of closely
Although more than one type of isolating mech- related sympatric taxa. _Th_e comp[ex consists of
anism may be operating in a given system, there th_ree morphologically S|m|Iar_ species [W. astero-
are many examples in plants of one predominant ~ tricha (Standl.) Hunz., W. meiantha (Donn. Sm.)
factor leading to genetic isolation between sym- ~Hunz., and W. solanacea L'Her.] with ranges that
patric taxa. Closely related sympatric taxa lack ©OVerlap in Costa Rica. The group has been “tax-

obvious geographic barriers to inter-taxon gene onom|cal_ly d|_ff|cult” due to real or percelved
complexities in morphological variation that

have led to varying opinions of species delimi-

1 Received 15 January 1998; revision accepted 9 Novem- tation (for a review of previous taxonomic con-
ber 1998.

2 Current address: Department of Biology. University of cepts in the co_mp_lex,_see Bohs 2000)_' The mor-
Utah, Salt Lake City, Utah 84112, U.S.A. e-mail: Phology and distribution of the taxa in the com-
bohs@biology.utah.edu. plex are described in Bohs (2000).
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TABLE 1.
on La Selva map (January 1996 version).

Study sites at La Selva Biological Station. Numbers in parentheses correspond to approximate grid coordinates

Site 1. Sendero El Atajo (SAT) 550, secondary vegetation on sides of trail in full sun (900 X 000).

Site 2. Lab clearing behind air-conditioned lab (600 x 800).

Site 3. Successional plots, margin of four- to five-year-old plot (1000 x 1800).

Site 4. On Sendero Occidental (SOC) in “Discovery Woods,” margin of large treefall gap (300 X 300).
Site 5. Sendero Occidental (SOC) 250-300, margin of trail near forest gap (400 X 700).

Site 6. Sendero Las Vegas (SLV) 0 (junction of SLV and SOC), border of agricultural plot (200 X 500).
Site 7. Next to trail between lab clearing and river station just over bridge (650 X 950).

Site 8. Sendero Sura (SUR) at entrance to arboretum, edge of light gap (800 x 600).

Previous authors (Hunziker 1969, D’Arcy
1973) have hypothesized that inter-taxon hybrid-
ization contributed to the taxonomic difficulty of
the complex by blurring morphological distinc-
tions. A previous study used artificial hybridiza-
tions to examine post-mating isolating mecha-
nisms among Costa Rican accessions of the three
taxa (Bohs 2000). Results indicated that crosses
nearly always failed between accessions of W.
meiantha and the other two taxa, but that acces-
sions of W. asterotricha and W. solanacea could
cross freely and produce viable and vigorous F,
hybrids. This study also found that W. asterotri-
cha and W. meiantha are self-incompatible (SI),
and therefore depend upon intergenic pollen
movement for successful fruit and seed set.

Concurrently, a field study was initiated to ex-
amine pre-mating isolating barriers among the taxa
in the complex. Possible pre-mating barriers to
gene flow include temporal differences in flowering
phenology and ethological isolation via specialized
pollinators. Pre-mating reproductive barriers may
be superimposed on a background of post-mating
factors, potentially reinforcing isolation or render-
ing it more efficient by eliminating gamete wastage.
In addition, the pollination biology of Witheringia
was completely unknown,; thus it was of interest to
document flower visitors to the W. solanacea com-
plex. For logistical reasons, this work was done at
the La Selva Biological Station, Prov. Heredia, Cos-
ta Rica, where two of the three species of the com-
plex, W. asterotricha and W. meiantha, are native.
Thus far, W. solanacea is known only from higher
elevations outside the station boundaries (for rep-
resentative sites, see Bohs 2000).

MATERIALS AND METHODS

The study site at the La Selva Biological Station
near Puerto Viejo, Costa Rica, is described in
McDade et al. (1994) and a previous publication
on the W. solanacea complex (Bohs 2000).

Insect visitors were collected from W. asterotri-
cha and W. meiantha during 26-31 March 1991,
29 March-3 April 1992, and 28 March-1 April
1993. Information on sites for observing insect vis-
itors is given in Table 1. Witheringia asterotricha
plants were observed at sites 1-4; W. meiantha
plants were observed at sites 5-8. No site included
both species.

In an initial survey, plants from all sites were
examined at irregular intervals throughout the day
from 0530 (just after sunrise) to 1745 h (dusk).
Plants also were observed several times after dark.
In the morning, no insect visitors were observed on
any plant until anthers began to dehisce on open
flowers; this occurred sporadically during the day,
starting after ca 0700 to 0730 h in W. asterotricha
and after 0900 h in W. meiantha. In general, the
time of anther dehiscence seemed to correlate with
amount of solar exposure of the plants, with an-
thers opening earlier in plants exposed to full
morning sun, with dehiscence also occurring dur-
ing cloudy or rainy weather. Only flowers with
freshly dehisced anthers displayed an appreciable
amount of pollen; older flowers had most pollen
removed either by flower visitors or by rain or con-
densation. Although many flowers of W. meiantha
and a few of W. asterotricha remained open in the
evening, no visitors were observed. As a conse-
guence, subsequent continuous observations of
both species were spread out over the day to in-
clude all hours between ca 0700 and 1745 h. A
total of 22 hours was spent on W. asterotricha at
the four sites. Witheringia meiantha plants were ob-
served for 29 hours.

Representative samples of insect visitors were
captured from the plants and killed with cyanide,
and other flower visitors were noted. Pollen loads
were examined by submersing the bees in aniline
blue—lactophenol stain on a microscope slide and
scraping pollen from their bodies or scopae. Pol-
len loads were observed with a compound mi-
croscope to determine the number of polleno-
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morphs (morphologically different types of pol-
len grains) per load and the presence of Wither-
ingia pollen. All bees were identified by Dr. Terry
Griswold of the National Bee Research Labora-
tory, Logan, Utah, and Dr. David Roubik of the
Smithsonian Tropical Research Institute, Balboa,
Panama. Bee vouchers were deposited at the Mu-
seo Nacional in San José, Costa Rica, at the In-
stituto de Biodiversidad in Heredia, Costa Rica,
or in the National Bee Research Laboratory in
Logan, Utah. Herbarium vouchers were depos-
ited in the National Museum in San José (CR)
and at the Garrett Herbarium at the University
of Utah. Accession numbers and provenance data
for greenhouse plants are given in Bohs (2000).

Calculations of percent similarity (based on bee
species visiting each plant taxon) and similarity in-
dex (index of association based on bee species and
frequency of visitation) follow Whitaker (1952).

Observations of flowering and fruiting phenol-
ogy were made in the field and in the University
of Utah greenhouse. To determine flower longevity,
flowers of greenhouse plants were tagged with col-
ored threads and observed daily. Flowers were clas-
sified as senescent if the corolla was completely
closed, or if it was judged that a pollinator would
not be able to reach the anthers because of the
narrowness of the corolla opening.

Nectar was collected in calibrated capillary
tubes (Kimble, Inc.) from greenhouse plants of W.
asterotricha. Although nectar was present in W.
meiantha flowers, quantities were so low that they
defied collection. Nectar sugar content was mea-
sured with a handheld Bausch and Lomb refrac-
tometer on a weight to weight basis (g solute/100
g solution) and converted to mg sucrose per flower
using the method of Bolten et al. (1979; Kearns &
Inouye 1993). Nectar from several flowers was
pooled for a refractometer reading.

To detect the presence of secretory tissues,
flowers were stained in a solution of 0.01 percent
aqueous neutral red for one to seven hours.

RESULTS

PrenoLocy.—Published accounts from Costa Rica
indicate that W. asterotricha produces flowers and
fruits year-round (Opler et al. 1980, Loiselle &
Blake 1990). No published reports of W. meiantha
phenology exist, but herbarium collections at CR
and Duke University, Durham, North Carolina,
have flowering specimens from all months of the
year and fruiting specimens from all months except
December. My observations were made near the

end of the dry season in March and April; abun-
dant flowers and fruits were present on both spe-
cies. Both taxa have a “steady-state” mode of flower
production (Gentry 1974); each plant flowered
over an extended period with some new flowers
appearing each day. Typically, W. asterotricha has
many more flowers per inflorescence and per plant
than W. meiantha.

Flowers of W. asterotricha and W. meiantha
open at various times during the day. Flowers of
W. asterotricha last an average of 2.94 days in fresh
condition (N = 149 flowers, range = 1-6 d).
Those of W. meiantha remain open for an average
of 2.42 days (N = 171, range = 1-5 d). In both
species, the corolla opens and the stigmas appear
receptive before the anthers dehisce. Corollas of W.
meiantha are smaller and deeper yellow than those
of W. asterotricha and lack the basal maculations
usually found in the latter species. In both species,
most anthers dehisce on the second day following
anthesis. Anthers begin to dehisce at the distal end,
so that initially the anthers are open only at the
tips and dehiscence proceeds proximally. The an-
thers do not necessarily dehisce simultaneously. At
maturity, the anthers of both species split longitu-
dinally, and the two halves of the thecae fold back
to expose the pollen completely. The style exceeds
the anthers at all times, but pollen shakes out of
the anthers easily and may contact the stigma.

Both species of Witheringia offer pollen and
nectar as rewards to flower visitors. Droplets of
nectar were observed on the outside of the ovaries
of fresh flowers. Nectar secretion apparently origi-
nates from cells of the receptacle in a ring around
the base of the ovary, as judged by staining in neu-
tral red. Nectar quantity ranged from ca 0 to 3 pl/
flower. Nectar secretion began after anther dehis-
cence and continued until the flowers senesced.
Thus, flowers were usually open for a day in which
they offered no reward to visitors. Nectar sugar
content ranged between 34 and 47 g sucrose equiv-
alents/100 g solution and represented ca 0.76-0.95
mg sugar/flower.

In neutral red, both species showed a similar
staining pattern, possibly indicating the presence of
scent glands, or osmophores. Both abaxial and ad-
axial calyx surfaces had glandular hairs that stained
in neutral red, but the epidermal tissues were oth-
erwise unstained. The corolla margins are ringed
by several-celled uniseriate unbranched and
branched hairs; uptake of stain by these hairs was
responsible for the positive staining response of the
corolla margins. Microscopic examination of the
adaxial corolla surfaces showed numerous epider-



mal papillae with a structure typical of osmophores
(Vogel 1990). These took up neutral red stain, es-
pecially in older flowers. The papillate osmophores
were located over the entire adaxial surface of the
corolla lobes except at the base of the corolla, so
that an older corolla stained in neutral red had
deeply stained petals except for an unstained “star”
at the base. Cells of the abaxial surface did not have
a papillose morphology and took up stain only
weakly, if at all. Part of the dark red color of the
corollas visible abaxially and adaxially when ex-
posed to neutral red was due to staining of un-
identified inclusions in the cells within the corolla.
The flowers have a dense ring of uniseriate, mul-
ticelled, branched and unbranched hairs within the
corolla at the point of insertion of the filaments;
these hairs did not stain. The anther thecae and
anther connective tissue were generally darkly
stained in older flowers, but often only weakly so
in younger flowers with undehisced anthers. No
papillate osmophores could be seen on the anthers
or filaments. Pollen grains and stigmas always
showed a positive staining reaction. No scent could
be detected by the author.

InsecT visiTors.—Bees were by far the most com-
mon insect visitors to Witheringia flowers. A list
of bees captured on the two species is given in
Tables 2 and 3. Other flower visitors to W. as-
terotricha included occasional nectar-drinking
hummingbirds and beetles, but it is doubtful
that these were effective pollinators. The grass-
hopper Drymophilacris bimaculata was a com-
mon herbivore of both Witheringia species, upon
which it was seen eating flowers, pollen, and
leaves. This grasshopper also was observed on
other Solanaceae at La Selva, such as W. cuneata
(Standl.) Hunz. and Solanum lanceifolium Jacq.,
and is apparently a specialist on Solanaceae
(Rowell 1983); however, it played no evident role
in pollination. Ants patrolled branches and inflo-
rescences of both Witheringia species and were
seen drinking nectar from the flowers. No ex-
trafloral nectaries were evident on the plants. Al-
though it is doubtful that the ants play a role in
pollination, their effects on herbivory or com-
petition for nectar in Witheringia remain to be
elucidated.

Witheringia asterotricha was visited by at least
21 species of bees in nine genera and four families
(Table 2). Most bees were collected from W. aster-
otricha between 0700 and 1100 h (Fig. 1). Bee
visitors collected from W. meiantha belonged to ap-
proximately five species representing three genera
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in two families (Table 3). With one exception, all
bees were collected from W. meiantha between
1000 and 1130 h. Visitation rates calculated from
both observed and captured bees are shown in Fig-
ure 1. Minimum visitation rates to roughly equiv-
alent areas of plants (ca 1 m2) were highest in the
morning, and ceased completely after ca 1700 h.
No bees were seen on Witheringia plants during
rainy periods. Witheringia asterotricha averaged 3.7
bee visits/h, whereas the average rate for W. meian-
tha was 0.5. Bee visits to W. asterotricha were thus
on the order of seven times more frequent than
those to W. meiantha. The most commonly col-
lected visitors from both Witheringia species were
female halictids and colletids. Three species of bees
(Caenaugochlora sp. A, Lasioglossum sp. 3, and Col-
letes sp. NN) were collected from both W. astero-
tricha and W. meiantha. The percent similarity for
bee visitors to the two Witheringia taxa was 16.9
percent and the similarity index was 0.129, indi-
cating ca 13-17 percent overlap in species of bees
that visited the two plant taxa.

Four genera of bees (Augochloropsis, Caenau-
gochlora, Pseudaugochloropsis, and Colletes) were
observed sonicating flowers for pollen (Tables 2
and 3). The behavior observed was typical of that
described for other buzzing bees, with the bee
seizing the anther cone and rotating around the
flower while vibrating its indirect flight muscles
(Macior 1964; Buchmann, 1983, 1985). Other
bees, such as Lasioglossum, did not buzz the an-
thers but gleaned pollen from the stamen and
corolla surfaces. A few bees appeared only to
drink nectar from the base of the corolla. Even
very small bees, such as certain Lasioglossum spe-
cies, crawled back and forth over the stigma
when gleaning pollen, so they probably were ef-
fective pollinators in spite of their small size.

Pollen loads were generally homogeneous, with
one to five pollenomorphs per load (Tables 2, 3).
Pollen conforming to that of Witheringia was
found in loads of all captured bees except Epeolus
and one Colletes. It was neither possible to differ-
entiate pollen from the two Witheringia species nor
to distinguish with confidence Witheringia pollen
from that of other common solanaceous taxa such
as Solanum. Although pollen grains from various
subfamilies and tribes of Solanaceae can be distin-
guished using light microscopy (Basak 1967; Gen-
try 1979, 1986), most genera within the tribe So-
laneae have very similar spheroidal tricolporate pol-
len with little sculpturing (Murray & Eshbaugh
1971, Roubik & Moreno 1991). Detailed statisti-
cal analysis (Murray & Eshbaugh 1971) and/or ex-
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TABLE 2. Floral visitors to Witheringia asterotricha.

Number
collected

Taxon?

Number of

Site(s)° Behavior® pollenomorphs

F. Anthophoridae
SF. Anthophorinae
Tr. Exomalopsini
Paratetrapedia (Paratetrapedia) sp. 6 ¢

SF. Nomadinae
Tr. Epeolini
Epeolus sp. 2
F. Apidae
SF. Meliponinae
Tr. Trigonini

Plebeia jatiformis @
P. frontalis @
Trigona (Tetragonisca) angustula @

F. Halictidae
SF. Halictinae
Tr. Augochlorini

Augochloropsis auriferia ¢

A. ignita @

Augochloropsis sp. @

Augochloropsis sp. 1 ¢

dCaenaughochlora sp. A @
Caenaughochlora sp. B ¢
Caenaughochlora (Caenaugochlora) sp. 5 ¢
Pseudaugochloropsis graminea @

Tr. Halictini

Lasioglossum (Dialictus) sp. @
Lasioglossum (Evylaeus) sp. @
Lasioglossum (Evylaeus) sp. 2 @
dLasioglossum (Evylaeus) sp. 3 @

F. Colletidae
SF. Colletinae
Tr. Colletini

Colletes punctipennis ¢
C. rugicollis nigrior ?
C. ?rugicollis nigrior &
Colletes sp. LL @
dColletes sp. NN 2

Total collected
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2 Taxa not identified to species follow provisional species notations of T. Griswold, National Bee Research Laboratory,
Logan, Utah. F = family; SF = subfamily; Tr = tribe; parentheses = subgenus.

b See Table 1.

¢B = buzzing; G = gleaning; N = drinking nectar; — = no information.

d Species also captured on W. meiantha.

amination of fine surface features using scanning
electron microscopy (SEM; e.g., Anderson & Gen-
sel 1976, Edmonds 1984) may aid in distinguish-
ing pollen grains of W. asterotricha and W. meian-
tha, but these methods were outside the scope of
this study. In general, there was little evidence that
the bees were carrying pollen loads from taxa other
than those of the tribe Solaneae.

DISCUSSION

Whether or not pre-zygotic isolation via pollinator
specialization plays a major role in preventing pol-
len exchange between W. asterotricha and W. meian-
tha is an open question. The records of insect vis-
itors to both Witheringia species show at least three
bee species in common; however, the values for



Pollination Biology of Witheringia 85

TABLE 3. Floral visitors to Witheringia meiantha.
Number Number of
Taxon?2 collected Site(s)P Behavior® pollenomorphs
F. Halictidae
SF. Halictinae
Tr. Augochlorini
dCaenaugochlora (Cagnaugochlora) sp. A ¢ 3 5 B 2-3
Caenaugochlora (Caenaugochlora) sp. C ¢ 1 5 — 1
Caenaugochlora (Caenaugochlora) sp. 6 3 57 B 1-4
Tr. Halictini
dLasioglossum (Evylaeus) sp. 3 9 3 57 G 1
F. Colletidae
SF. Colletinae
Tr. Colletini
dColletes sp. NN ¢ 2 5 B 1-5
Total collected 12

2 Taxa not identified to species follow provisional species notations of T. Griswold, National Bee Research Laboratory,
Logan, Utah. F = family; SF = subfamily; Tr = tribe; parentheses = subgenus.

b See Table 1.

¢B = buzzing; G = gleaning; N = drinking nectar; — = no information.

d Species also captured on W. asterotricha.

percent similarity and association of samples of bee
visitors to the plants were low (ca 13-16%), indi-
cating relatively little overlap in species visiting
both W. asterotricha and W. meiantha. Such data
are difficult to interpret without more information
on insect visitors over longer periods, movements

8
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FIGURE 1. Visitation rate (bees/h) versus time of day

for flower visitors to W. asterotricha and W. meiantha at
all study sites. Data are from both observed and collected
bees.

of individual bees, and precise identification of the
pollen they carry.

On one hand, it seems possible for the guild
of bee visitors to move between the two plant spe-
cies. This perhaps is expected, given the spatial and
temporal complexity of plant—pollinator assem-
blages noted by other investigators (e.g., Horvitz &
Schemske 1990, Thompson & Pellmyr 1992) and
the constraints on the evolution of specialized co-
evolved plant—pollinator mutualisms (Feinsinger
1983, Schemske 1983, Howe 1984). On the other
hand, the probability of an individual visitor mov-
ing pollen between the two plant taxa may be very
low, based on the spatial separation of plants, tem-
poral differences in observed bee activity, and rel-
atively little overlap of bee species that visit both
Witheringia taxa.

Nonetheless, pollinator isolation may be a rela-
tively unimportant issue, because the two plant spe-
cies are isolated by internal genetic barriers to crossing
(Bohs 2000). In fact, the similarity in flower mor-
phology of W. asterotricha and W. meiantha may pro-
mote pollinator sharing and increase visitation rates,
as has been suggested for Solanaceae and other buzz-
pollinated taxa (Michener & Kerfoot 1967; Macior
1968, 1971; Linsley & Cazier 1970; Bowers 1975;
Thorp & Estes 1975). Schemske (1981) described a
similar case in Costus (Zingiberaceae) and proposed
that pollinator sharing may be tolerated or even se-
lected for when sharing increases the rate of pollinator
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visitation in plant taxa that have strong genetic or
environmental barriers to hybridization. Witheringia
asterotricha and W. meiantha, however, have not been
observed growing intermixed at any site, and it is not
known if individual bees actually effect interspecific
pollen transfer. Depending on the flight distances and
behaviors of flower visitors, spatial separation of
plants, possibly due to differences in microhabitat
preferences between W. asterotricha and W. meiantha,
may effectively prevent interspecific gene flow.

Although Witheringia flowers offer both pollen
and nectar, most captured bees probably were col-
lecting pollen to some extent, as reflected by the pres-
ence of Witheringia pollenomorphs in nearly all pol-
len loads examined. Exceptions include male bees,
which do not collect pollen, that probably were vis-
iting the flowers for nectar, and parasitic bees such as
Epeolus, which have larvae that feed on the nest pro-
visions of other bees (Michener 1974, Roubik 1989).
Epeolus has no morphological adaptations for pollen
manipulation and is only sparsely hairy, unlike the
other bees collected from Witheringia. The single
Epeolus captured from W. asterotricha had just a few
pollen grains recovered from its body, and none con-
formed in morphology to Witheringia pollen. It is
likely that the pollen recovered from Epeolus was
placed there only incidentally in the course of its
flower visits for other purposes. For instance, Epeolus
may feed on Witheringia nectar, as do other bees.
Parasitic bees may lie in wait on flowers for host bees,
which they follow back to the nest (Roubik 1989).
Epeolus is known to parasitize nests of Colletes (Linsley
1958), a common visitor to W. asterotricha. Also, bees
may mate in or near flowers (Linsley 1958, Roubik
1989); thus the Epeolus and the male Colletes collected
at W. asterotricha may have been waiting there for
mates.

It is not known how bees locate Witheringia
flowers. Both species have small, pendant, and
rather dull-colored flowers which in many cases are
hidden beneath the foliage. Although they exude
no discernible scent, the positive staining reaction
of the flowers in neutral red indicates that the co-
rolla, anthers, or pollen may emit volatile com-
pounds detected by bees. D’Arcy et al. (1990)
found that anthers (including pollen) of two other
Witheringia species emitted an odor detectable by
humans after flowers were concentrated in jars. Ev-
idence has shown that Colletes can use olfactory
cues from pollen and floral tissues to discriminate
among pollen sources (Dobson 1987). Putative flo-
ral osmophores and scented pollen have been de-
scribed in other solanaceous taxa (Buchmann et al.
1977, Buchmann 1983, D’Arcy et al. 1990, Sazima

et al. 1993, Dean 1995), but much remains to be
discovered regarding their systematic distribution
and evolutionary importance. In particular, the
presence and role of floral scents in pollinator at-
traction for Witheringia species needs to be tested
experimentally.

Pollen loads recovered from bees were largely
homogeneous, but this does not necessarily imply
oligolecty (reliance on one or very few plant species
as pollen sources). Flower constancy (visitation of
only a few plant taxa) is a general behavioral char-
acteristic of many foraging bees (Grant 1950, Lin-
sley 1958, Michener 1974). Even polylectic bees
often visit flowers of a particular plant or plant
species on a given foraging trip, and some bees
prefer returning to localized foraging areas on con-
secutive trips or throughout the duration of the
plant’s flowering season (Linsley 1958, Michener
1974). Although oligolecty is well known in soli-
tary bees from temperate regions (Linsley 1958),
most tropical bees are polylectic, as are most social
bees from temperate and tropical regions (Linsley
1958, Wille 1963). Thus, the nearly homogeneous
pollen loads on captured bee visitors do not nec-
essarily imply that they are oligoleges on Wither-
ingia, or on Solanaceae. Detailed studies on for-
aging behavior of individual bees in many areas and
examinations of colony diets are needed to establish
pollen collecting preferences conclusively.

Despite the possible polylecty of Witheringia-
visiting bees, they are probably effective pollinators.
Nearly all the bee visitors, even very small gleaning
bees, contacted the stigma surface at some time
during their visit and probably deposited pollen
there. Most bees visited several open flowers on a
single plant, and therefore may have contaminated
the stigma with self pollen. The extent of move-
ment among genetically different individuals is not
known, but judging from the abundant fruit set of
both self-incompatible Witheringia species, enough
intergenic movement of pollinators must be occur-
ring to effect pollination on a regular basis. Roubik
(1989) suggested that pollen also may be ex-
changed among bees in the nest, and thus inter-
plant pollen transport may take place by mecha-
nisms other than foraging trips.

Kress and Beach (1994) reported that small
bees were the predominant flower visitors of 16
percent of the understory species studied at La Sel-
va, making them the fourth largest pollinator guild
behind hummingbirds, medium to large bees, and
beetles; however, further research on pollination
systems in understory families such as the Solana-
ceae, Melastomataceae, and Piperaceae may in-



crease the proportion of taxa visited by small bees.
This study highlights the importance of small sol-
itary bees as pollinators of tropical understory
plants.

The patterns of bee activity observed in this
study (Fig. 1) are similar to those reported for other
bees. Peak foraging for both pollen and nectar oc-
curs in the morning, often with a smaller peak in
the late afternoon (Roubik 1989). Bee foraging
patterns are affected by light, temperature, and
weather conditions, with most bees showing re-
stricted foraging activity in cloudy, cool, or rainy
weather (Linsley 1958, Roubik 1989). The timing
and rate of nectar secretion also may be affected by
light and temperature (Percival 1965), and thus
may affect bee visitation rates. The first bees were
not collected from W. asterotricha until an hour or
two after sunrise, and the earliest bees at W. meian-
tha were collected after 1000 h. Although this may
be a function of the time when intensive observa-
tions started, preliminary surveys showed that bees
were not present on the plants before new anthers
dehisced on W. asterotricha (after ca 0700 h) and
W. meiantha (after ca 0900 h; see Materials and
Methods). Witheringia asterotricha occurs in more
open habitats than W. meiantha, and sunlight
strikes the plants earlier. It is probable that bee vis-
itation patterns to Witheringia parallel flowering
phenology.

Bee visitation rates to W. asterotricha were
much higher than those to W. meiantha. This pat-
tern may reflect the greater number of flowers pre-
sent on W. asterotricha at any given time. Other
workers have noted that pollinator visitation in-
creases as flower density increases (e.g., Willson &
Price 1977, Schaal 1978, Augspurger 1980,
Schemske 1980, Thomson 1981).

Over 50 genera of bees in at least seven families
are known to buzz flowers (Michener 1962; Buch-
mann 1983, 1985; Buchmann & Cane 1989).
These include both solitary and social bees, and
both polylectic and oligolectic taxa. All four bee
genera observed to buzz Witheringia flowers in the
present study are known to buzz other plant taxa.
Buzz pollination is usually associated with poricidal
anther dehiscence, although there are cases in
which bees buzz non-poricidally dehiscent taxa and
examples of plants with poricidal anthers that are
not buzz pollinated (Buchmann 1983, 1985).

Flowers that are buzzed by bees often have a
“shooting star” flower form (sensu Vogel 1978,
Procter et al. 1996), with few stamens and anthers
connivent around the style. Anther dehiscence in
these flowers generally begins apically; the small
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apical openings may remain as anther pores or en-
large into longitudinal slits as the flowers age. Ex-
amples include Dodecatheon (Primulaceae; Macior
1964), Vaccinium (Ericaceae; Cane et al. 1985),
Borago, Onosma, Symphytum, Trichodesma (Boragi-
naceae; Corbet et al. 1988, Dukas & Dafni 1990),
and Solanum (including Lycopersicon), Lycianthes,
and Datura (Solanaceae; e.g., Rick 1950; Linsley
1962; Michener 1962; Linsley & Cazier 1963;
1970; Macior 1964; Bowers 1975; Buchmann et
al. 1977; Symon 1979; Buchmann 1983; de Ne-
vers 1986; Knapp 1986; Anderson & Symon 1988;
Dean 1995). Witheringia asterotricha and W.
meiantha have flowers that belong to this floral
form, although they differ from those of most So-
lanum and Lycianthes species by producing nectar
and having anthers that are longitudinally dehis-
cent at maturity but are functionally poricidal in
early stages. Witheringia anthers, particularly those
of W. meiantha, dehisce at various times, so young
flowers may be available throughout the day. In the
flowers observed during this study, buzzing took
place throughout the day, but it was not deter-
mined if buzzing occurred only on young flowers.
Buzzing is probably the most efficient method of
removing pollen from poricidal anthers (Buch-
mann 1983), and it also may be effective in gath-
ering pollen from fully dehisced longitudinal an-
thers.

In summary, there is some evidence for the ex-
istence of pre-zygotic isolating mechanisms restricting
gene flow between W. asterotricha and W. meiantha
at La Selva. Flowering phenologies of the two species
overlap, but ethological isolation via specialized pol-
linators is possible, given the low percentage of shared
flower visitors to the two plant species. Although both
Witheringia species are found at La Selva, fine-scale
geographic differences or microhabitat preferences
may prevent their coexistence at any one site; thus,
ecogeographic factors may be involved as reproductive
barriers. Investigations at sites where the two, or even
all three, species of the W. solanacea complex co-occur
(if they exist) will be useful in elucidating the presence
of pre-mating isolating mechanisms in this group of
plants.
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