PLANT-INSECT INTERACTIONS

Role of Honey Bees (Hymenoptera: Apidae) in the Pollination
Biology of a California Native Plant, Triteleia laxa
(Asparagales: Themidaceae)

S. A. CHAMBERLAIN' axp R. A. SCHLISING

Department of Biological Sciences, California State University, Chico, CA 95929-0515

Environ. Entomol. 37(3): 808-816 (2008)

ABSTRACT A central focus of pollination biology is to document the relative effectiveness of
different flower visitors as pollinators. Ongoing research seeks to determine the role that introduced
honey bees (Apis melliferaL.) play in the pollination of both invasive and native plants. Here we report
on the importance of A. mellifera as pollinators of a California native plant, Triteleia laxa Bentham.
In observation plots and transect censuses, A. mellifera overwhelmingly dominated the T. laxa flower
visitor assemblage. We believe the proximity to agriculture, where A. mellifera density is higher relative
to areas far from agriculture, contributes to the discrepancy between A. mellifera abundance at the
two sites. Although A. mellifera were inferior flower visitors qualitatively (visited less flowers per
minute), they were the most frequent interactors with flowers. Furthermore, the proportion of visits
to flowers on the same plant among flower visitor species did not differ, suggesting a general
mechanism by which insects forage at T. laxa flowers and that A. mellifera do not cause more
deleterious geitonogamy than do native pollinators. Flower visitation rates as a function of floral
display size did not differ between A. mellifera and other flower visitors. The difference in the
magnitude of flower visitation (largely by A. mellifera) between sites is consistent with a difference
in seed set between sites. These results suggest that non-native A. mellifera bees can play an important

role in the pollination of native plant species.
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Invasive species are a major cause of species extinction
and environmental degradation (Mack et al. 2000).
Often invasive species are not economically benefi-
cial, making eradication desirable. However, when
invasive species form mutualisms with native and non-
native species in the introduced range, the overall
impact of the invader becomes complicated. Apis mel-
lifera L. (the western honey bee) has been introduced
around the globe to pollinate crops and provide honey
and is a conspicuous visitor to many native plant spe-
cies. The economic benefits in agricultural pollination
by A. mellifera are enormous (e.g., $14.6 billion in 2000
in the United States, Morse and Calderone 2000),
whereas the negative consequences of A. mellifera
facilitating spread of invasive plants continue to
emerge. For example, widespread impacts on an entire
community may occur if A. mellifera facilitates inva-
sion of keystone invasive plants (e.g., yellow star-
thistle, Centaurea solstitialis in California; Barthell et
al. 2001; see also Simpson et al. 2005). Although Butz
Huryn (1997) posits that A. mellifera do not benefit
invasive plants, she assumes that most invasive plants
are not insect pollinated and thus do not depend on
insect pollination for reproduction. Contrary to this
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assumption, many invasive plants are indeed insect
pollinated (Goulson 2003). The role of A. mellifera as
pollinators of native plants is less clear.

Whether A. mellifera generally have negative or
positive effects on native plants and pollinators is still
debated (Butz Huryn 1997, Paini 2004). A recent re-
view suggested that invasive pollinators often have
negative effects on native plant-pollinator mutualisms
(e.g., decrease seed set, male fitness, and population
growth in native plants; Traveset and Richardson 2006;
see also Gross and Mackay 1998, Kenta et al. 2007).
Some studies have shown that A. mellifera often de-
crease flower visitation by native bees (Roubik 1978,
Gross 2001), but no studies have documented local
extinction of native bees caused by A. mellifera
(Moritz et al. 2005). However, A. mellifera could fa-
cilitate spread of native plants previously limited by
availability of pollinators (Gross 2001, Dick et al.
2003). For example, in an Amazonian tropical tree,
Dinizia excelsa (Fabaceae), African honey bees (Apis
mellifera scutellata) linked individual plants in frag-
ments with those in continuous forest populations,
thereby expanding genetic neighborhood area. Given
the ongoing decline of native pollinators and the re-
cent decline of A. mellifera (Buchmann and Nabhan
1995, Committee on the Status of Pollinators in North
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America, National Research Council 2007), there is a
need for more studies addressing the role of A. mel-
lifera in native plant pollination.

Recently, the traditional idea that plant-pollinator
interactions are typically specialized has been over-
turned; in fact, most plants and pollinators are rela-
tively generalized (Waser et al. 1996). Indeed, studies
of mutualistic (plant-pollinator, plant-seed disperser)
communities suggest that most pairwise species inter-
actions are relatively weak (i.e., small per capita effect
of aspeciesinteraction), with a small number of strong
interactions (Bascompte and Jordano 2007; but see
Dicks et al. 2002). If interactions involving A. mellifera
and native plants are weak (as a result of extreme
generalist foraging of A. mellifera), A. mellifera im-
pacts on native pollination mutualisms may be negli-
gible (Traveset and Richardson 2006). However, even
though A. mellifera may interact weakly averaged over
the range of a plant species, weak interactions often
show the greatest variation in total effect (Berlow
1999). In other words, because weak interactions av-
eraged over a large scale can be geographically vari-
able and locally strong (Berlow 1999), plant species
may sometimes depend strongly on a generalist pol-
linator species such as A. mellifera. Geographically
variable interactions between A. mellifera and native
plants are especially likely given locally dense con-
centrations of managed honey bees.

Here we describe the role of the non-native A.
mellifera in the pollination of a native California pe-
rennial, Triteleia laxa Bentham (Themidaceae). First,
we examine the composition of flower visitors to T.
laxa within observation plots and transects. Second,
there are generally two components considered when
evaluating how “good” a pollinator is: quantity and
quality. Quantity is the abundance of a particular
flower visitor (Herrera 1989), whereas quality is, for
example, the amount of pollen deposited on a stigma
(Herrera 1987). We contrast the quality of flower
visits (e.g., time spent in a single flower) by common
flower visitors. Third, we determine how different
flower visitors respond to T. laxa floral display. Last, we
examine how flower visitation (number of visits per
plot) varies in relation to mean percent seed set. Our
results suggest that A. mellifera are important pollina-
tors of T. laxa, and we discuss the circumstances under
which A. mellifera may be important pollinators of
other native plants.

Materials and Methods

Study Areas and Study Species. Two study areas
were used during the months of March and April 2003
and 2005. “Park” is within Bidwell Park, on the east side
of Chico, CA (39°46'42.8" N, 121°45'10.8” W) at ~99-m
elevation. The vegetation there is savanna, with a
sparse overstory of Quercus douglasii Hooker and Ar-
nott, with abundant bunchgrass Nassella pulchra (A.
Hitchcock) Barkworth present in the herbaceous
layer. “Vina” is ~16 km north of Chico, in extreme
northern Butte County (39°52'46.6" N, 121°58'34.5"
W) at 52 m in elevation, at the Vina Plains Preserve
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(owned and managed by the California Nature Con-
servancy). The vegetation there is rolling grassland
with many forbs. The climate at both sites is typical
mediterranean, with cool, wet, winter half-years al-
ternating with hot, dry summers. An average of 555
mm of rain precipitation falls in this area, mostly be-
tween November and May (NOAA 2005). These study
areas are described in detail in Schlising and Cham-
berlain (2006).

Triteleia laxa (Ithuriel’s spear) is a native geophyte
found in the mediterranean climate region of Califor-
nia. T. laxa is widespread from sea level to 1,500-m
elevation and is most common in low elevation savan-
nas and grasslands. In our study areas, the perennating
corm of T. laxa first produces two long, grass-like
leaves during the cool and rainy mediterranean winter
season and then a single flowering stem (23-32 c¢cm
high) bearing an umbel with large bluish trumpet-
shaped flowers in the spring as the rainy season ends.
Mean percent fruit and seed set are low (range: per-
cent fruit set, 50-74%; percent seed set, 40-58%;
Schlising and Chamberlain 2006) and vary among sites
and years. Plants are largely self-incompatible. How-
ever, a previous study showed that hand self-pollina-
tion results in a mean of ~1.4 seeds per fruit compared
with hand outcross pollination, which resulted in
~11.7 seeds per fruit (Schlising and Chamberlain
2006). After seed production, above ground activity
ceases during the summer months (Schlising and
Chamberlain 2006).

Insects were identified to the lowest taxonomic
level possible using Hurd (1955), Hurd and Michener
(1955), Thorp et al. (1983), Vockeroth and Thompson
(1987), and Michener (2000). Specimens are kept at
Rice University in the personal collection of the first
author (S.A.C.). All plant names follow Hickman
(1993).

Flowering Phenology. One 30-m transect through a
population of T. laxa at Vina was used to record flow-
ering phenology from flower buds to ripe fruits on 60
randomly chosen plants. The number of buds and
flowers per plant and percent fruit and seed set per
plant were determined. The extent of matching be-
tween flowering and flower visitation among different
pollinators was visually compared.

Flower Visitor Observation Plots. We chose a sin-
gle, large population of T. laxa at both Vina and Park
sites to quantify flower visitation in 2003 and 2005.
Observers sat on stools =1 m away from randomly
placed 1-m® plots, without casting a shadow on the plot
and presumably not affecting the visiting insects. In
2005, on each of 6 (Vina) and 8 (Park) d, we recorded
the number and identity of flower visitors to six ob-
servation plots during each of four 2-h time periods
per day (1000-1200, 1200-1400, 1400-1600, and 1600 -
1800 hours), for a total of 102 (Vina) and 138 (Park)
plots during 2005. In addition, we recorded the num-
ber and identity of flower visitors for 18 plots at each
of Vina and Park in 2003. We used analysis of variance
(ANOVA) to study the effects of site, date, time of day,
and floral display (number of open flowers that ap-
peared to have available pollen and/or nectar) on
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mean flower visits per plot (total visits/flowers per
plot). Before analysis, data from plots within daily time
periods (e.g., 1000-1200 hours) were averaged to
avoid pseudoreplication. Plants per plot and flowers
per plot were highly correlated (pearson correlation
coefficient, r = 0.8; P < 0.00001; N = 240), so only the
variable with greater explanatory power (flowers per
plot) was included in the final model. Temperature
and humidity were measured but were not included in
the final model because early exploratory analyses
showed no relationship of these variables to flower
visitation. Mean visits per plot was square-root trans-
formed before analysis to meet assumptions of nor-
mality and homogeneity of variance (JMP 5.1.2; SAS
Institute 2004).

Flower Visitor Transects. We surveyed T. laxa
flower visitors along belt transects (140 m long, 3 m
wide), walking at a slow, consistent pace, at both Vina
and Park. On each of 6 (Vina) and 7d (Park), transects
were surveyed during each 2-h time period (1000-
1200, 1200-1400, 1400-1600, and 1600-1800 hours),
for a total of 20 (Vina) and 25 (Park) data points.
Flower visitors were mostly easy to identify on the
wing or while alighting on flowers, in which case their
visits were recorded. Unknown flower visitors were
captured and later identified. We used ANOVA to
study the effects of the variables site, date, time of day,
and visitor type on flower visitor abundance (number
of individuals per transect census). Flower visitor
abundance was In-transformed before analysis to meet
assumptions of normality and homogeneity of vari-
ance (JMP 5.1.2; SAS Institute 2004). No interactions
were significant and thus were not included in the final
model (all P > 0.4).

Response to Floral Display. Using the data from
observation plots, we used multiple regression to eval-
uate the response of A. mellifera versus all other flower
visitors to floral display, with floral display (number of
flowers per plot), visitor type (A. mellifera versus all
others), and the interaction between floral display and
visitor type as explanatory variables. Number of visits
per plot, floral display, visitor type, and floral display X
visitor type interaction were In-transformed to meet
assumptions of normality and homogeneity of vari-
ance (JMP 5.1.2; SAS Institute 2004).

Potential for Geitonogamy. Geitonogamy is polli-
nation of flowers by pollen from other flowers on the
same plant (de Jong et al. 1993). In T. laxa, we have
shown, using hand-pollination experiments, that gei-
tonogamy produces very little seeds relative to out-
cross pollination (mean * SE seeds per fruit: geito-
nogamy, 1.4 *= 0.7; xenogamy, 11.7 * 1.6; open
pollination, 15.3 * 1.4; Schlising and Chamberlain
2006). Using observation plot data, we studied the
tendency for different flower visitors to visit flowers in
a fashion that could increase geitonogamy. The per-
cent of bouts (a sequence of flower visits among many
plants by a single flower visitor) that contained visits
to multiple flowers within an inflorescence was
calculated separately for Battus philenor hirsuta
(Skinner) (Papilionidae, Lepidoptera), Autographa
californica (Speyer) (Noctuidae, Lepidoptera), Apis
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mellifera, Bombus vosnesenskii Radoszowski (Apidae,
Hymenoptera), and two syrphid flies (Sphaerophoria
sp., and Scaeva pyrastris L.; Syrphidae, Diptera). In
addition, using a x* test (JMP 5.1.2; SAS Institute
2004), we compared the mean number of flowers per
plant for plants that received visits to multiple flowers
within an inflorescence to those plants that did not
(regardless of visitor identity).

Flower Visitor Quality. We compared the quality of
four species of visitors to the flowers of T. laxa, A.
mellifera, B.p. hirsuta, Osmia sp. (Megachilidae, Hy-
menoptera), and Papilio glaucus rutulus Lucas (Pap-
ilionidae, Lepidoptera), at Vina (20 April 2003) and
Park (11 and 18 April 2003). Two people followed each
flower visitor: one person with stopwatch that also
recorded times and one person observing each flower
visitor. No times were recorded for visitors that merely
contacted a petal without contacting anthers or the
pistil. Care was taken not to follow too closely as to
affect the path of the flower visitor. Only flower visitor
paths with 10 or more plants visited are included in
analyses. Four response variables were analyzed: vis-
itation rate (number of flowers visited per min), han-
dling time (time contacting a flower), flight time (time
between flower contacts, whether within or between
plants), and flowers visited per plant. Handling time
and flight time were In-transformed, and flowers vis-
ited per plant was square root transformed to meet
assumptions of normality and homogeneity of vari-
ance (JMP 5.1.2; SAS Institute 2004). Results for B.p.
hirsuta and A. mellifera timing were compared by
t-tests.

Flower Visitation in Relation to Seed Set. In 2003
and 2005 at Vina and Park, we measured plant repro-
duction variables of flowers and fruits per plant, ovules
per ovary, and percent seed set. We contrast percent
seed set (number of seeds/number of ovules + seeds)
at both sites to flower visitation in observation plots in
both 2003 and 2005. Non-normal and heteroscadistic
residuals required use of nonparametric Wilcoxon
tests to test the hypothesis that flower visitation
differed between Vina and Park; this was done sep-
arately for 2003 and 2005. We used t-tests to test the
hypothesis that percent seed set differed between
Vina and Park; this was done separately for 2003 and
2005.

Results

Flower Visitors in Relation to Site, Date, and Time.
In transects, a total of 16 and 12 insect taxa were
recorded visiting flowers of T. laxa at Park and Vina,
respectively (Table 1). Additional T. laxa flower vis-
itors were found during opportunistic searches at Park
and Vina but were not abundant. A. mellifera was by
far the most abundant flower visitor in both transects
and observation plots. A. mellifera visited a wide array
of forbs other than T. laxa, including, for example,
Convolvulus, Delphinium, Dichelostemma, Erodium,
Geranium, Lasthenia, Triteleia hyacinthina (Lindley)
E. Greene, and Vicia. B.p. hirsuta was the next most
common visitor to T. laxa flowers but was much less
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Table 1. Insects recorded visiting flowers of T. laxa during transects, observation plots, and opportunistic collections
Transects” Observation plots”
Flower visitor
Park Vina Total Park Vina Total
Hymenoptera
Apis mellifera L. (Apidae) 178 270 448 177/242 267/373 444/615
Bombus edwardsii Cresson (Apidae) 1 1
Bombus vosnesenskii Radoszkowski (Apidae) 4 1 5 10/13 10/13
Chelostoma sp. (Megachilidae)® — —
Eucera (Synhalonia) sp. 1, female (Apidae) 11 11
Eucera (Synhalonia) sp. 1, male (Apidae) 7 2 9
Eucera (Synhalonia) sp. 2 (Apidae) 1 1
Halictus sp. (Halictidae) 7 7
Lasioglossum (Dialictus) sp. (Halictidae) 2 9 11
Lasioglossum (Lasioglossum) sp. (Halictidae) 11 4 15
Nomada sp. (Apidae) 1 1
Osmia sp. (Megachilidae) 21 21 1/1 1/1
Lepidoptera
Autographa californica (Speyer) (Noctuidae) 3 7 10 14/20 14/20
Battus philenor hirsuta (Skinner) (Papilionidae) 66 10 76 11/15 4/5 15/20
Coenonympha tullia (Mller) (Nymphalidae)® — —
Papilio glaucus rutulus Lucas (Papilionidae)® — —
Scaeva pyrastris (L.) (Syrphidae) 8 4 12 3/4 5/5 8/9
Vanessa cardui L. (Nymphalidae) 4 39 43
Diptera
Dalmannia blaisdelli Cresson (Conopidae)® — —
Helophilus sp. 1 (Syrphidae) 1 1
Helophilus sp. 2 (Syrphidae) 1 1
Muscidae sp. 1 1
Sphaerophoria sp. (Syrphidae) 5 5 1/1 6/7 7/8

Oligodranes sp. (Bombyliidae)®

Males and females are lumped unless otherwise noted.

“Numbers are abundance. N: belt transects of equal length and width censused 25 (Park) and 20 (Vina) times.
” Numbers are no. of visitors/no. of total visits to flowers. N: 1,380 (Park) and 1,020 (Vina) min of observation.
¢ Opportunistically collected (i.e., not found in transects or observation plots) visiting T. laxa flowers; all only present at Park.

abundant than A. mellifera. In addition to T. laxa, B.p.
hirsuta often visited species of Delphinium, Dich-
elostemma, Eriodictyon, Petrorhagia, Triteleia bridgesii
(S. Watson) Greene, T. hyacinthina (Lindley) Greene,
and T. liliacina Greene. We observed on a few occa-
sions large Xylocopa tabaniformis Smith (Apidae, Hy-
menoptera) nectar-robbing flowers of T. laxa at Park.
However, X. tabaniformis were not abundant enough
to warrant further consideration.

On two occasions in 2003 (1600-1630 hours, 18
April; 1100-1230 hours, 22 April), B.p. hirsuta individ-
uals visiting T. laxa flowers were captured and checked
for easily recognizable blue T. laxa pollen on various

body parts and subsequently released. Sixteen of 19
(84%) individuals carried T. laxa pollen, whereas 1 of
the 19 carried the pollen of Dichelostemma multiflo-
rum (Bentham) A.A. Heller as well. Pollen was carried
on the ocular setae, frontoclypeus, labial palps, anten-
nae, proboscis and other facial sclerites, and setae. A.
mellifera carried pollen on various parts of the body,
but the large majority of pollen was stored in corbicu-
lae. No pollen was found on two other lepidopteran
visitors (Autographa californica and Vanessa cardui
L.), despite their pubescent vestiture.

Flower visitor abundance in transects varied signif-
icantly with visitor type, site, and date (Table 2; Figs.

Table 2. Multifactor ANOVAs for the influence of multiple factors on mean no. of visits per plot (all flower visitors combined;

observation plots), and flower visitor abundance (transects)

Observation plots Transects
Source of variation
SS df F P SS df F P
Model 19.5 7 79 <0.0001 42.9 6 12.7 <0.0001
Site 6.3 1 17.6 <0.0001 2.8 1 5.0 0.0272
Date 0.4 1 1.1 0.3054 44 1 7.8 0.0062
Time of day 5.5 3 5.2 0.0029 0.7 1 1.2 0.2642
Floral display 2.1 1 6.0 0.0170 — — — —
Site X date 6.9 1 19.6 <0.0001 — — — —
Visitor type — — — — 38.2 3 22.5 <0.0001
A. mellifera versus other insects — — — — 36.1 1 63.7 <0.0001
Error 23.8 67 56.6 100

A planned contrast was done for A. mellifera versus all other flower visitors for transect data. Only those interactions that were significant

are shown.

Floral display, mean no. of flowers per plot; visitor type, A. mellifera, other bees, flies, and lepidopterans
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Fig. 1. Triteleia laxa flower visitor composition as deter-

mined by transects (A) and observation plots (B and C) at
two sites: Park and Vina in 2005. (A) Mean (*=SE) flower
visitor abundance censused during transects. Bars that share
uppercase (Park) or lowercase (Vina) letters are not signif-
icantly different at P < 0.05 (Tukey honestly significant
difference test [HSD]|; N = 21, 16, 7, and 17 [Park] and N =
19,9, 6, and 12 [Vina| for A. mellifera, other bees, flies, and
Lepidoptera, respectively). (B) Mean (*SE) number of
visits per flower during observation plots. Bars that share
uppercase (Park) or lowercase (Vina) letters are not signif-
icantly different at P < 0.05 (Tukey HSD test; N = 52, 2, 4,
and 8 [Park| and N = 67, 0, 5, and 4 [Vina| for A. mellifera,
other bees, flies, and Lepidoptera, respectively). (C) Total
number of flower visitors to observation plots. Note that most
of the bees were A. mellifera.

1 and 2), but did not vary with time of day (Table 2).
A. mellifera was significantly more abundant than all
other flower visitors (planned contrast, F| ,, = 63.7,
P <0.0001; Table 2; Fig. 1A). In observation plots, total
flower visitation varied significantly with mean flow-
ers per plot, site, and time of day (Table 2; Fig. 1).
Although visitation did not vary significantly with date
overall (Table 2), the difference between sites in
flower visitation depended on date (Table 2; Fig. 2C).

Apis mellifera versus Other Flower Visitors. Apis
mellifera abundance was far greater relative to other
flower visitors at both sites in transect censuses (Fig.
1A), and that finding is mirrored in flower visitation
rates measured in observation plots (Fig. 1C). How-
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Fig. 2. Flower visitor composition of A. mellifera and all
other insects through time. (A) Abundance of flower visitors
along transects at Vina (with mean number of flowers per
plant). (B) Abundance of flower visitors along transects at
Park. Note that flowering phenology data are not shown for
this site. (C) Mean flower visitation to observation plots at
Vina and Park. Note the abscissa is Julian date (days from 1
January).

ever, these findings do not translate into greater mean
visitation on a per flower basis (Fig. 1B). At Park, A.
mellifera was significantly more abundant than other
bees, whereas other bees were not more abundant
than moths and butterflies, but bees, moths, and but-
terflies were each more abundant than flies (Fig. 1A).
At Vina, A. mellifera was more abundant than other
visitors, and abundance did not vary among other
visitors (Fig. 1A).

Total visitation to observation plots was heavily
dominated by A. mellifera (Fig. 1C), with 87 and 91%
of visits to flowers by A. mellifera at Park and Vina,
respectively. However, from an individual flower’s
perspective, greater A. mellifera abundance does not
mean greater visitation (Fig. 1B). Nonetheless, A. mel-
lifera is likely effecting far more pollination in T. laxa
than other flower visitors through their high abun-
dance.

Last, we combined all plots for both sites to analyze
overall visitation response to floral display. There was
a highly significant effect of floral display and visitor
type on total visits per plot (overall model, * = 0.78,
F3 135 = 30.0, P < 0.0001; Fig. 3). As the size of floral
display increased, total visits per plot increased
(Fy 135 = 194.3, P < 0.0001), and the magnitude of A.
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Fig. 3. Total flower visitation in observation plots (each
point is an individual 1-m? plot) as a function of floral display
(flowers per plot) and flower visitor type (A. mellifera [open
circles, dashed line] versus all other insects [solid circles,
solid line] ). Lines are best fit linear regression. Slopes of the
two lines are not statistically different.

mellifera visits differed relative to other visitors
(Fl 135 = 8.9, P = 0.0035). However, there was no
interaction between floral display and visitor type
(Fy 135 = 11, P = 0.2995), indicating no difference
between A. mellifera and others in the rate at which
visitation changes with floral display. Interestingly,
other insects very rarely attained the high visitation of
A. mellifera.

Potential for Geitonogamy. The percent of bouts
(sequence of flower visits among many plants by a
single flower visitor) that contained intra-inflores-
cence floral visits did not seem to differ among six
major T. laxa flower visitors (percent intra-inflores-
cence visits, number of bouts): B.p. hirsuta (22%, 9),
Autographa californica (21%, 14), A. mellifera (20%,
379), Bombus vosnesenskii (20%, 10), Sphaerophoria sp.
(17%, 6), and Scaeva pyrastris (14%, 7). However,
plants that received intra-inflorescence visits (N = 30;
mean = 2.76; 95% CI = 2.43-3.10; median = 3.0) had
significantly more flowers per plant (x> = 9.04, P =
0.0026) than those plants that did not receive intra-
inflorescence visits (N = 186; mean = 2.17; 95% CI =
2.04-2.31; median = 2.0).

Flower Visitor Quality. The quality of pollinator is
often related to its ability to effect plant reproduction,
but good substitute measures are time spent moving
among and within flowers and plants. A. mellifera
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visited significantly fewer flowers per minute than did
B.p. hirsuta (Table 3). A. mellifera also spent signifi-
cantly more time in flowers and between flowers than
did B.p. hirsuta. Average number of flowers visited per
plant did not differ significantly between the two spe-
cies. A. mellifera was more variable in handling time
and flight time than B.p. hirsuta. Visitation by Papilio
was similar to that of B.p. hirsuta, and Osmia visi-
tation was intermediate between A. mellifera and
B.p. hirsuta.

Flower Visitation in Relation to Seed Set. In the
absence of direct measurement of flower visitor ef-
fects on plant reproduction, insight can be gained
through correlative evidence. As we measured flower
visitation and plant reproduction in the same patches
of T. laxa at both Vina and Park, flower visitation and
plant reproduction can be visually contrasted. The
mean number of visits to observation plots was sig-
nificantly greater at Vina than at Park in both 2003 and
2005 (Fig. 4A); the difference, however, was much less
in 2005. Percent seed set was significantly greater at
Vina than at Park in 2003 but was not different be-
tween sites in 2005 (Fig. 4B). The greater difference
in number of visits between sites in 2003 versus 2005
parallels the difference in percent seed set in 2003
versus 2005, suggesting arole of flower visitation in the
percent of seeds matured. In addition, because almost
all flower visits to observation plots were by A. mel-
lifera (Fig. 1C), we can attribute the relationship be-
tween visitation and seed set largely to A. mellifera.

Discussion

Observations of visitors to flowers of T. laxa in
observation plots and in transects showed a dispro-
portionate abundance of A. mellifera relative to other
(native) flower visitors. Despite mean visits to indi-
vidual flowers not differing between A. mellifera and
other flower visitors (Fig. 1B), absolute abundance of
A. mellifera was far greater (Tables 1 and 2; Fig. 1A and
C). The difference in abundance between A. mellifera
and other flower visitors differed between sites (Table
2; Fig. 2), with Vina having higher A. mellifera abun-
dance relative to other flower visitors. A. mellifera
abundance may have varied between Park and Vina

Table 3. Contrast of quality components of T. laxa flower visitors
Osmia sp. Papilio gzlaucus Apis mellifera Batt;l‘?' philenor Apis mel‘lifem versus
Variable (Megachilidae; rutulus (Apidae; irsuta Baitus philenor hirsuta®
Hymenoptera) (Papilionidae; Hymenoptera) (Papilionidae;

y P Lepidoptera) Y P Lepidoptera) df t p
N 3 2 15 13 — — —
Total observation time (min) 74 4.6 52.8 28.5 — — —
Visitation rate (flowers/min) 47+0.6 76*+0.2 38+04 75*+0.5 26 5.7 <0.0001
Handling time (s) 7707 54+ 0.3 104+ 1.3 50 *0.7 26 4.0 0.0005
Flight time (s) 6.0 1.0 2.7*0.0 77*+11 39*03 26 41 0.0004
Flowers visited per plant 1.2+0.1 1.4+0.1 1.2*01 1.3*0.1 26 —2.0 0.0584

Values are means = SE except for total observation time. Although some variables were transformed for analyses, untransformed values are

shown here.

“ Results of two-sample t-tests (A. mellifera versus B.p. hirsuta) are shown for the four variables.
Handling time, time from initial contact with flower to departure; flight time, time spent flying between subsequent plants.



814 ENVIRONMENTAL ENTOMOLOGY

10

A) . [ m Park
- O Vina
o
o 8-
]
[=%
2
3 6
>
g
2 T
£ 47
3
-4
&
g 29
0- T
65 -
B)

60 . ns T
3
w
3 55 4
[
w
€ g5
g 50
[
a
S 45
@
=

40

35 -

T

2003 2005

Fig. 4. Representation of T. laxa visitation in relation to
percent seed set at Park and Vina for 2 yr. (A) Mean (*=SE)
visits per plot (N, number of plots: 2003, Vina [ 18], Park [18];
2005, Vina [102], Park [138]); nonparametric two-sample
Wilcoxon tests were used. (B) Mean (*=SE) percent seed set
(N, number of fruits: 2003, Vina [98], Park [102]; 2005, Vina
[47], Park [48]); parametric two-sample t-tests were used.
#xxP < (0.001; ns, not significant.

through the effects of proximity to agriculture and/or
feral colonies. Three studies reported honey bees for-
aging on average 1.7, 5.5, and 1.5 km from the nest
(Visscher and Seeley 1982, Beekman and Ratnieks
2000, Steffan-Dewenter and Kuhn 2003). The distance
of managed honey bees to our Vina site is well within
this range. Although Park is much farther removed
from agriculture, feral honey bee colonies exist
nearby. In addition to distance to managed honey
bees, honey bee abundance is higher near agriculture,
as reflected in this study.

After A. mellifera, the next most abundant flower
visitor (B.p. hirsuta) likely varies in importance for T.
laxa throughout the plant’s range through availability
of its larval host plant (Aristolochia californica Torrey,
[Aristolochiaceae|; Gilbert and Singer 1975). The
Park site is a blue oak savanna, bordering a riparian
corridor in a canyon that hosts an abundant source of
A. californica. The greater distance to the corridor at
Vina may be responsible for the lower abundance of
B.p. hirsuta at Vina. The effects of lower abundance of
butterflies on pollination rates may be counteracted to
some extent by their ability to carry pollen longer
distances relative to bees and flies (Courtney et al.
1982). In Lavandula latifolia Medicus (Lamiaceae),
lepidopterans visit flowers more frequently and fly
farther than bees and therefore are more likely to
facilitate meta-population dynamics (Herrera 1989).

Vol. 37, no. 3

This could be especially important in T. laxa, whose
seeds likely experience little long distance dispersal.
Thus, B.p. hirsuta’s role in T. laxa pollination likely
varies with co-occurrence of T. laxa and A. californica.

In addition to the importance of the abundance of
flower visitors is the quality of their visits. A. mellifera
visited fewer flowers per minute and spent more time
in flowers, than did B.p. hirsuta (Table 3). Based on
this evidence, B.p. hirsuta seems to be a “better” pol-
linator of T. laxa than A. mellifera because B.p. hirsuta
potentially pollinated more flowers per minute and
was perhaps less likely to cause self pollinations (but
see below). Indeed, many studies have shown that
flowering visits by A. mellifera cause more self-polli-
nation than do native pollinators (Enyard and Galetto
2002, Hansen et al. 2002, Dick et al. 2003, Dupont et al.
2004). B.p. hirsuta did visit slightly more flowers per
plant than did A. mellifera, but the difference was only
just significant (Table 3). If A. mellifera visitation in-
creases geitonogamy, A. mellifera would have had del-
eterious effects on T. laxa pollination because geito-
nogamy produces nearly zero seed set in T. laxa
(Schlising and Chamberlain 2006). These results are
inconsistent with those of Gross (2001), who found
that A. mellifera visited more flowers per minute and
spent less time in flowers than native pollinators.

Floral display often mediates plant-pollinator in-
teractions and may influence the effect that A. mel-
lifera has on plant species. One consequence of floral
display size is that larger floral displays attract more
flower visitors (Fig. 3). However, larger floral display
also increases the number of flowers visited per plant
and may result in geitonogamous self-pollination and
stigma clogging in many plants (Ohashi and Yahara
2001, Harder and Barrett 1995, de Jong et al. 1993). If
invasive pollinator species respond differently to floral
display size than do native species, the consequences
of floral display size for plants may change in the
presence of invasive pollinators. In this study, al-
though the magnitude of flower visitation as a function
of floral display was greater for A. mellifera than for all
other flower visitors (Fig. 3), A. mellifera did not
respond to floral display differently (i.e., slopes were
not different) from that of native flower visitors (Fig.
3). These results are consistent with those of prior
studies that found no difference among A. mellifera
and other pollinators in response to floral display
(Robertson and MacNair 1995, Totland and Matthews
1998).

The total effect of flower visitors on plant repro-
duction has recently been shown to be closely related
to interaction frequency (e.g., how many times bee
species A visits an individual of plant species Z, per
observation period; Vazquez et al. 2005). Specifically,
as interaction frequency increases, the total effect
tends to increase, regardless of interaction quality
(e.g., pollen deposition). A. mellifera were far more
abundant than other flower visitors in this study, sug-
gesting that, if the relationship that Vizquez et al.
showed holds here, A. mellifera delivers the largest
pollination benefit to T. laxa. Given current informa-
tion regarding frequency of interaction, A. mellifera
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are strong interactors with T. laxa, whereas B.p. hirsuta
are relatively weak interactors. Although we did not
measure plant reproductive response to specific pol-
linators in this study, results from a previous study on
T. laxa are informative. Although T. laxa produced
more flowers and fruits per plant and more ovules per
ovary, in each of two years at Park relative to Vina
(Schlising and Chamberlain 2006), percent seed set
was significantly higher at Vina in 2003, and higher, but
not significantly so, in 2005 (Fig. 4). Higher flower
visitation (Fig. 4), caused largely by A. mellifera (Figs.
1 and 2), is consistent with the difference in seed set.
The foregoing discussion is largely conjecture, but
data presented in Fig. 4 are highly suggestive.

Under what circumstances might A. mellifera be an
important pollinator of other native plants? First, rud-
eral native plants primarily associated with agricul-
tural settings may particularly benefit from A. mellif-
era. Second, native plants near feral colonies may
benefit from A. mellifera but to a lesser extent than
native plants near agriculture. Third, native plants
with few native pollinators may greatly benefit from A.
mellifera given native pollinator decline (Buchmann
and Nabhan 1995). Fourth, because A. mellifera col-
onies persist longer than most native bee species, A.
mellifera may be a more reliable pollinator throughout
a season than species that have shorter activity peri-
ods. Last, A. mellifera are simply more abundant than
their native relatives, such that they may be the most
frequent interactors with many plant species. How-
ever, does the “predictable unpredictability” of A. mel-
lifera behavior make their pollination services inferior
to those of native bees (Westerkamp 1991)? The issue
remains to be resolved.
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