


pennsylvanicus, S. ichneumoneus), and two butterflies
(Danaus plexippus, Speyeria cybde). However, visita-
tion rates varied with both insect and plant taxa. For
both years, the most common visitor,B. griseocollis,
accounted for 44%–51% and 46%–57% of the
foraging bouts onAsclepias incarnataand A. syriaca,
respectively, but only 7%–19% of bouts onA.
verticillata. Apis melliferavisited A. syriaca(20%–
26% of bouts) more often than other asclepiads (6%–
13% of bouts), whereas carpenter bees (X. virginica)
found onA. verticillataandA. incarnata(e.g., 13%–
17%, respectively, in year 3) were rare onA. syriaca
(0%–2% of visits). Among lepidopterans, nymphalids
and papilionids occurred often onA. incarnataandA.
syriaca(up to 26% of observed visits). In contrast,
butterflies were infrequent onA. verticillata(4%–5%)
and included hesperids and pierids instead.

Insects differed somewhat in their behaviors on
different plant taxa. The mean number of flower visits
by a particular insect taxon varied significantly with
plant species only forBombus griseocollis(P 5 0.01,
df 5 2, N 5100 bouts,x2 5 9.3, Kruskal-Wallis), but
all major native pollinators, i.e.,B. griseocollis, Sphex
species, andXylocopa virginica, consistently visited
more flowers while foraging onAsclepias incarnata
than on co-flowering species (Fig. 2A). In addition,
Bombusvisited more plants/bout (m 5 5.66 0.5) than
other major visitors toA. syriaca(P , 0.001,df 5 4,
N 5 152 bouts,x2 5 40). OnA. incarnata, papilionid
and nymphalid butterflies, respectively, visited the
most plants/bout (m 5 6.7–8.46 1–3), although the
mean for X. virginica (4.75 6 0.8) significantly
exceeded that forA. mellifera, B. griseocollis, both
Sphexspecies, andDanaus plexippus(P , 0.001,df
5 7, N 5 477 bouts,x2 5 37). In contrast, wasps
visited more plants/bout (m 5 3.6–3.96 0.33–0.66)
than other foragers onA. verticillata(P , 0.001,df 5

5, N 5 126 bouts,x2 5 19). The number of flower
visits per plant did not differ among the major insect
taxa foraging on any of the plant species (Fig. 2A;P
5 0.29–0.74, Kruskal-Wallis), but sample sizes were
low for bouts with complete data for this variable (N 5

3–58 bouts).
Visit duration in seconds varied significantly

among insects foraging onAsclepias syriaca(P ,

0.001, df 5 7, N 5 208 bouts,x2 5 26) andA.
incarnata(P 5 0.02,df 5 8, N 5 241 bouts,x2 5 18;
Fig. 2B) but not onA. verticillata(P 5 0.20,df 5 6, N
5 105 bouts). Non-nativeApis melliferaexhibited the
highest residence times onA. syriaca, whereas visits
to A. incarnatawere longest forBombus griseocollis,
Xylocopa virginica, and Danaus plexippus(Fig. 2B).
Visit duration for a given insect varied significantly
among plant species only for the high duration ofA.
melliferaonA. syriacaversusA. verticillata(P 5 0.02,

Mann-Whitney) andB. griseocollison A. incarnata(P
5 0.03, df 52, x2 5 7.2) relative to these same
foragers on co-flowering plant congeners (Fig. 2B).
For a given insect species, among-year differences
also did not change the rank order among plant
species; however, visits byB. griseocollisto A.
incarnata and A. syriacadecreased in duration in
the second study year (Mann-Whitney,P 5 0.001–
0.04) while visits bySphex ichneumoneusto A.
incarnataandA. melliferato A. verticillataincreased
that same year (P , 0.05, Mann-Whitney).

The proportion of insect pollinator movements
between conspecific plants in the common garden
(‘‘constancy’’) varied temporally (‘‘season’’:F2, 39195

78.43,P , 0.0001); it was lowest early in the season
(least squares mean6 standard error of the mean
(SEM)5 0.66 6 0.03), peaked mid-season (0.936
0.01), and tapered somewhat toward the end of the
season (0.836 0.02), and all these values differed
significantly from one another by Tukey-Kramer
adjusted pairwise post-hoct-tests (P , 0.0001). On
average, there were no differences among plant taxa in
constancy (‘‘plant’’:F2, 3919 5 0.49, P 5 0.6),
suggesting that the ability of a plant to inspire fidelity
was not affected by its particular floral or other traits.
In contrast, insect species varied significantly in
constancy (‘‘insect’’:F5, 3919 5 2.29, P 5 0.04).
Specifically, Sphex pennsylvanicuswasps were less
likely to fly between conspecifics than honeybees
(Apis mellifera; Fig. 2C, P , 0.05, Tukey); other
insects did not vary significantly (P . 0.05, Tukey).
The constancy of visitors also depended on the plant
taxon visited (Fig. 2C, ‘‘insect3 plant’’: F10, 39195

13.72, P , 0.0001). These patterns suggested that
visitors distinguished one plant species from the
others. For example, honeybees were more likely to
move conspecifically when foraging onAsclepias
syriaca, lepidoptera had the highest constancy onA.
incarnata, and S. ichneumoneushad the highest
constancy onA. verticillata (Fig. 2C, Tukey,P ,

0.05). In contrast,Xylocopa virginicawere more likely
to move to another taxon while foraging onA.
verticillata(Fig. 2C, Tukey,P , 0.05).

POLLINATOR EFFECTIVENESS AND EFFICIENCY: CAPTURE DATA

We collected a total of 722 insects from 15
populations over three years. Insect pollinators varied
significantly (Kruskal-Wallis,P , 0.05, df 5 19;
Fig. 3) in the number of pollinia carried (vector pollen
load).Apis melliferacarried more pollinia ofAsclepias
incarnataandA. verticillatathan ofA. syriaca(x2 5

77.1, df 5 2, P , 0.001; Fig. 3), as didBombus
species (x2 5 81.1, df 5 2, P , 0.001),Xylocopa
virginica (x2 5 10.1, df 5 1, P , 0.001), sphecid

Volume 94, Number 2 Theiss et al. 509
2007 Pollinator Effectiveness in Sympatric Asclepias







to be tested is that the small flowers ofA. incarnata
relative toA. syriacamay allow more contact points/
flower visit and, hence, more pollinium removals. Its
vertical umbel position during insect visits versus the
flexibleA. verticillatapedicels and lax peduncles ofA.
syriacamay have a similar effect. The relatively flat-
topped, upright umbels or other floral cues may also
influence the high prevalence, constancy, and dura-
tion times of large lepidopterans (e.g.,Danaus,
Papilio, Battus) onA. incarnata. Long foraging times
for non-native honeybees onA. syriacarelative to
native pollinators further suggest that geitonogamous
selfing may reduce the effectiveness ofApis mellifera.
Similarly, the number ofA. incarnataplants visited
per bout by honeybees averaged 0.25–0.5 times that of
native Bombus, Xylocopa, and both nymphalid and
papilionid butterflies, corroborating the high potential
for geitonogamy detected by Ivey et al. (2003) forA.
melliferarelative to other pollinators.

Pollinators varied with respect to constancy, but the
idiosyncratic nature of variation in constancy among
plant species suggests that species-specific floral
traits do not consistently induce fidelity. In contrast,
different insect taxa varied significantly in their
probabilities of moving conspecifically when foraging,
and this behavior varied seasonally and with the plant
species visited (Fig. 2C). Annual variation in insect
emergence and flowering phenology (e.g., Wiggam &
Ferguson, 2005) can potentially influence the relative
abundance or efficiency of pollinators over the course
of a season or between years. For all milkweeds,
constancy was highest during peak flowering, when
pollinators are primarily foraging within a species.
This increases potential intraspecific pollen transfer
while maximizing resource gains to insects by
decreasing handling time (Slaa & Biesmeijer, 2005).
In all, further research is essential to understand the
dynamics of foraging variability in multispecies
assemblages and its effect on pollination efficiency,
e.g., the near absence ofXylocopa virginicaon
Asclepias syriacalikely reflects its late season
emergence, but this requires more intensive study
across years.

A third goal of our study was to compare several
commonly used pre- and post-visit indices of
pollinator effectiveness across co-occurring plant
populations. We especially sought to compare major
pollinators for two widely used measures: (1) pollen
load on captured insects, and (2) pollen removal from
anthers and deposition on stigmas after single visits of
insect pollinators to virgin umbels. In both measures,
non-target variables that may influence the outcome-
dependent variables are not fully controlled. Vector
pollen loads are potentially affected by the insect age
and foraging time. The pollinium load on a captured

insect is not a direct evaluation of pollinium removal
or insertion and is confounded by pollinium loss due
to insect grooming or other behaviors (Lynch, 1977;
Morse, 1985). Similar challenges exist for single-visit
data using virgin umbels. Although some investigators
inspect pollinators after a floral visit (Lynch, 1977;
Morse, 1985; Fishbein & Venable, 1996; Ivey et al.,
2003), most researchers find it highly impractical to
measure the pollen levels on an animal’s body prior to
floral visitation. This problem has been little dis-
cussed in the literature (Morse, 1985), yet a high prior
pollen load (e.g., from an insect that has foraged all
morning vs. a newly emerged insect) likely affects the
probability of pollen deposition on virgin flowers.
Some of the bias involved in capture data should be
diminished by a large sample size or by observing
pollinium removal and insertion after single visits to
virgin flowers. Although we found some congruence in
these measures, low visitation rates in the populations
used for single-visit analyses and shifts in weather and
mowing schedules on sampling dates prevented a more
robust comparison of effectiveness based on capture
data and single-visit removal rates.

We detected variation in pollinator fidelity, pollinia
removal, and pollinator efficiency among sympatric
species ofAsclepias. Overall, pollinators were more
efficient in transferring pollinia ofA. syriaca, although
they carried more pollinia ofA. incarnata. Native and
non-native bees performed similarly across taxa,
although the non-native honeybee,Apis mellifera,
tended to be inefficient in transferring pollinia even
after high removal rates (Table 2). Further exploration
of the correlations among pre- and post-contact
measures of pollinator effectiveness as well as
designing of experiments to evaluate the potential
associations of lepidopterans and hymenopterans with
effective pollination ofAsclepiasspecies that differ in
floral traits would be beneficial to our understanding
of this system. Overall, we know remarkably little
about how generalized pollination systems affect floral
divergence and about the effect of spatio-temporal
variation in pollinators on sympatric populations of
plants with differing floral cues or architectures.
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