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Abstract Floral divergence among congeners may relate
to differential utilization of pollinators and contribute
to reducing overlap in pollination niches. To investigate
whether and how floral differences are associated with
differential utilization of pollinators in three sympatric
Adenophora species, we analyzed floral traits and evalu-
ated the contribution of different visitors to pollination. We
compared visitation rates of different pollinator categories
in different years and sites. A suite of floral traits differed
among the three Adenophora species, suggesting adapta-
tion to diurnal versus nocturnal pollination and an inter-
mediate condition. However, many visitor species were
shared among the three plant species, suggesting that floral
traits did not rigorously filter visitors. Effective pollinators
were large bees and moths. The importance of large bees
as pollinators decreased whereas that of moths increased
along the gradient from typically bee-pollinated to moth-
pollinated flowers. The intermediate species (A. khasiana)
differed substantially from the other two species in polli-
nator species but not in pollinator categories. The princi-
pal pollinator category of each species was constant across
years and sites except in the intermediate species where
it differed between two sites. Overall, the three sympatric
species of Adenophora partition pollinators by floral diver-
gence and the principal pollinators coincide with the pre-
dictions based on floral syndromes.
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Introduction

Related species in sympatry may evolve discrete pollina-
tion syndromes, thereby partitioning pollinators, reduc-
ing overlap in pollination niches (Kay and Schemske
2005; Wolfe and Sowell 2006; Martin and Willis 2007,
Dell’Olivo et al. 2011), and minimizing the detrimental
effects of interspecific pollen transfer (see Armbruster et al.
1994; Muchhala and Potts 2007). Floral divergence associ-
ated with transition in pollinator categories has been docu-
mented in numerous taxa (reviewed in Johnson and Steiner
2000; Fenster et al. 2004; Goldblatt and Manning 2006;
Thomson and Wilson 2008; Johnson 2010; van der Niet
and Johnson 2012). Partitioning pollinators does not nec-
essarily entail completely different pollination syndromes,
involving whole suites of floral traits. For example, subtle
morphological modification may result in different pollen
placement sites on the same pollinator (Armbruster et al.
1994; Stone et al. 1998; Pauw 2006; Muchhala and Potts
2007; Botes et al. 2008; Schiestl and Schliiter 2009; Huang
and Shi 2013). In such cases, related species in sympatry
may use the same pollinators with some limited overlap
in pollination niches. Thus, the partitioning of pollinators
seems to be readily achieved in specialized plant—pollinator
interactions.

While comparative pollination studies continue to high-
light the striking association between floral syndromes
and pollination systems (Fenster et al. 2004; van der Niet
and Johnson 2012), large-scale and community-wide sur-
veys generally reveal that a given plant species commonly
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attracts a range of animal species (Waser et al. 1996;
Olesen and Jordano 2002; Ollerton et al. 2009), casting
doubt on the existence of specialized plant—pollinator inter-
actions in community contexts (Ollerton et al. 2007; Kes-
sler and Baldwin 2011). In lineages with nectar and pollen
well exposed and available to various visitors, the overlap
of pollinators may be substantial among sympatric related
species. Many floral visitors do not seem to match expecta-
tions based on floral traits, and the unexpected visitors can
sometimes transfer pollen (Ollerton et al. 2007). Moreover,
“there may be a widespread unconscious bias to ignore
visitors that seem ‘improper’ under the paradigm of polli-
nation syndromes” (Waser et al. 1996). Species may expe-
rience substantial interspecific pollen transfer if various
pollinators are shared in generalized pollination systems.
However, not all visitors contribute equally to the polli-
nation of a plant (Ollerton 1996; Fenster et al. 2004). For
example, among diverse visitors foraging on Clerodendrum
trichotomum flowers, only a swallowtail and a carpenter
bee were effective pollinators (Sakamoto et al. 2012). To
clarify pollen transfer dynamics among species with gener-
alized flowers, experimental designs should be adopted that
quantify the roles of different visitors in pollination.

The extent and pattern of pollinator partitioning among
related species in sympatry may vary with years and sites
if relative abundance of different floral visitors varies in
time and space (Herrera 1988, 1989; Schemske and Horvitz
1989; Ollerton 1996; Brunet 2009; Artz et al. 2010; Fang
and Huang 2012). For example, Artz et al. (2010) observed
substantial spatiotemporal variation in pollinator composi-
tion and abundance on two subspecies of Oenothera cespi-
tosa in which the floral syndrome predicts moth pollina-
tion. They found that medium-sized hawkmoths and large
matinal bees were the principal effective pollinators, but
their relative importance varied yearly and spatially. There-
fore, an investigation of variation in the composition, abun-
dance, and effectiveness as pollinators of the flower visitor
spectrum in different community contexts is essential for
an understanding of the relationship between sympatric
congeners and pollinators.

To examine how co-existing closely related species with
relatively generalized flowers reduce potential reproduc-
tive interference, we explored the reproductive ecology of
three species of alpine ladybells (Adenophora) in southwest
China. Flowers of Adenophora are presumed to be mainly
pollinated by bumblebees (Roquet et al. 2008). However,
a shift from bee pollination to moth pollination can be
assumed based on floral syndromes (Susanne Renner, per-
sonal communication). We predict that the blue flowers are
pollinated by bumblebees and the white flowers are polli-
nated by moths in the study species. The species with varia-
ble floral color may attract both bumblebees and moths. On
the other hand, other foraging insects may also be attracted
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because pollen and nectar are not fully concealed. Our
objectives were to investigate whether the three sympatric
Adenophora species partition pollinators as predicted by
floral syndromes, and whether the plant—pollinator interac-
tions vary among years and sites.

Materials and methods
Study species and site

The ladybells Adenophora jasionifolia, A. khasiana, and A.
capillaris (Campanulaceae) are perennial herbs endemic
to southwest China. They grow in alpine meadows or the
edges of forests. The three species produce stems each
with a terminal inflorescence, which has 1-8 blue flowers
and no branches in A. jasionifolia, 15-60 whitish to blue
flowers and often a few small branches in A. khasiana, and
large racemose cymes with about 20—100 white flowers in
A. capillaris. Anthesis lasts approximately 3.5 days in A.
Jjasionifolia, 5 days in A. khasiana, and 6 days in A. capil-
laris. Each corolla tube of the ladybells has five lobes. The
inflated bases of filaments (we call them nectar covers)
cover the secretory floral disc and the nectar. Pollen grains
shed from the anthers before anthesis are held among pol-
len-collecting hairs on the dorsal surfaces of stigmatic lobes
in the male phase. This type of secondary pollen presenta-
tion with protandry is typical in the Campanulaceae (Erbar
and Leins 1995; Muchhala 2006).

The three species were studied in sympatry at a field sta-
tion in Shangri-La Alpine Botanical Garden (SABG), Yun-
nan Province, southwest China (27°54/23"N, 99°38/30"E;
3,200 m altitude) where A. jasionifolia was evenly distrib-
uted on the slopes and A. khasiana and A. capillaris grew
in sparse large patches. The three species bloomed approxi-
mately from late July to early September at the field station
where we quantified floral traits and conducted pollination
experiments. Plant—pollinator interactions were also inves-
tigated at two other sites. At each of these, two of the stud-
ied plant species occurred. Adenophora khasiana and A.
capillaris co-existed at Cangshan Mountain, Dali, Yunnan
Province (25°44/26"N, 100°07’39"E; 2,700 m altitude),
while A. capillaris (28°21/23"N, 98°5740"E; 3,550 m
altitude) and A. jasionifolia (28°21'18"N, 98°57'39"E;
3,700 m altitude) grew in allopatry at Shengping, Deqin,
Yunnan Province.

Floral traits

To compare the floral morphology of the three species,
we measured corolla length, corolla orifice diameter, and
stigma exsertion in 2009 in SABG. We also recorded the
timing of pollen and nectar presentation. Since the timing
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Table 1 Comparison of floral traits in three Adenophora species

A. jasionifolia A. khasiana A. capillaris Difference among species
Attraction
Color Blue Whitish to blue White
Odor Absent Absent or light Present
Morphology
Corolla lobes Not reflexed Not reflexed Reflexed
Pedicel texture Thick, stiff Thick, stiff Slender, soft
Corolla tube Campanulate, pendent Funnel-form, pendent Urceolate, nodding
Stigma exsertion (mm) 3.74 + 0.34b 4.78 £+ 0.40b 13.35 £ 0.39a F =88.07
Corolla length (mm) 18.44 £+ 0.37b 20.59 + 0.36a 13.90 £ 0.19¢ H=282.10
Orifice diameter (mm) 29.19 £ 0.80a 24.65 £ 0.41b 495+ 0.13¢ H=194.19
Nectar cover Tight Loose Loose
Nectar
Concentration (%) 42.9 4+ 0.019a (day) 39.8 £ 0.010a (day) 19.2 4 0.006b (night) H=63.63
17.9 £ 0.004b (night)
Secretion (day), (nl) 2.56 £0.193a 0.46 £ 0.040b - Z=-744
Secretion (night), (1) - 0.60 £ 0.030b 1.71 £ 0.084a 7Z=-732

Means (£SE) are shown for quantitative traits (n = 40 for all measurements; except for nectar concentration, for which n = 21). Statistical tests

for among species differences in traits are shown in the last columns

Values with different letters are significantly different at P = 0.05 among the three species

of pollen presentation can be associated with specific pol-
lination agents (Stone et al. 1998; Thomson et al. 2000),
we recorded whether anthesis of a flower had begun at
half-hour intervals. To characterize the tempo of nectar
secretion, in 2010 the nectar covers were removed and
the nectar was absorbed into filter paper strips from each
flower; a small cotton ball filled the corolla tube to prevent
visitation. A thread was fastened on the corolla tube to fix
the cotton ball in A. jasionifolia and A. khasiana flowers.
The nectar was left to accumulate from 0700 to 1700 hours
(diurnal secretion) and from 1700 to 0700 hours the next
morning (nocturnal secretion). The volume of accumulated
nectar and the sugar concentration were measured with
capillary tubes and a pocket refractometer. One flower
was measured per plant, but the nectar from more than one
flower in a plant was used if the amount of nectar in one
flower was too small to measure concentration. We chose
male-stage flowers for morphological measurements and
female-stage flowers for nectar measurements because the
female stage lasted longer and the three species were all
protandrous. Color, odor, corolla, and corolla lobe shape
and pedicle texture were recorded (see Table 1). Data on
style exsertion were normally distributed and were ana-
lyzed with one-way ANOVAs followed by Tukey tests.
The other data in this study were analyzed with Mann—
Whitney U tests or Kruskal-Wallis tests followed by
Mann—Whitney U tests due to non-normality and/or non-
homogeneity of variances. All analyses were performed in
SPSS v.16.0.

Overlap in flowering time

To document flowering time, we monitored flowering indi-
viduals of each species within six 4-m? quadrats in the
garden once every 3 days to record the number of bloom-
ing flowers until all the flowers on these plants wilted. We
recorded 1,512, 2,662, and 3,166 blooming flowers in A.
Jjasionifolia, A. khasiana, and A. capillaris, respectively,
through the observation period in 2010, and 1,860, 3,050,
and 3,529 blooming flowers, respectively, in 2011. To
depict the overlap of flowering time among the three spe-
cies, we plotted their flowering curves. For each species,
the number of open flowers recorded per count was divided
by the total number of open flowers recorded throughout
the flowering season so that each point in the curve desig-
nates the percentage of the total number of flowers recorded
(see Martin and Willis 2007).

Flower visitors

To examine whether visitors discriminate among the three
species, we observed flower visitors in summer 2009, 2010,
and 2011 in Shangri-La. To detect geographical variation
in visitor assemblages and visitation rates, we observed
visitors in Dali and Deqin in 2011. To obtain one sample
of visitation rate, the visits by all visitors of different cat-
egories were recorded during one observation period (half
an hour) in sunny weather. Visitors were subdivided into
three different categories in terms of behavior on flowers
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and activity time, including large bees, moths, and small
bees and flies. We shifted to another patch before proceed-
ing to the next observation period. Only one or two sam-
ples of visitation data were obtained within any single day.
The visitation rate per flower per hour was estimated as the
number of visits per observation period multiplied by two
and divided by the number of observed flowers. Nocturnal
observation began at 2010 hours; moths did not emerge ear-
lier. A small flashlight covered with thick red plastic film
was used during nocturnal observation. Our observation
periods were scattered from August 5 to 20 for A. jasioni-
folia and A. capillaris, and from August 10 to September
5 for A. khasiana. During each observation period, we
observed about 20, 30, and 100 flowers of A. jasionifolia,
A. khasiana, and A. capillaris, respectively. These flower
numbers were appropriate given that both the visitation rate
and spatial density of flowers differed among species.

Pollination experiments

To examine the relative importance of diurnal and noctur-
nal pollinators, we conducted five treatments in 2009 in
SABG. The treatments started when the floral buds were
about to open and finished after anthesis. (1) Diurnal polli-
nation: flowers were exposed after sunrise and bagged after
sunset. (2) Nocturnal pollination: flowers were exposed
after sunset and bagged after sunrise. (3) Control: flowers
were always exposed. Two additional treatments were con-
ducted to examine the potential of autogamy and seed set
after cross-pollination. (4) Autogamy: flowers were always
bagged. (5) Hand pollination: the flowers were bagged
and hand-pollinated with cross pollen from another plant
more than 10 m away. In each treated plant, at least the first
four treatments were conducted, and in some plants, the
last treatment was also conducted. Each of the five treat-
ments was conducted on one flower per plant. In 2010, we
repeated the above treatments except autogamy. The nylon
nets for pollinator exclusion were fixed on bamboo poles
thrust into the earth close to the stems, to avoid the risk of
the nets pressing on flowers. More than 3 weeks after the
flowers had wilted, we harvested the fruits and counted
seeds and ovules per fruit, and calculated seed set per fruit.

Pollen deposition and pollinator importance

To estimate the contributions of different diurnal visi-
tor categories to pollination, we calculated the number
of pollen grains deposited per visit and pollinator impor-
tance (visitation rate x number of pollen grains deposited)
(Reynolds et al. 2009). The flowers were bagged before
the female phase. Once the stigmas matured, the flowers
were exposed to visitors. The stigmas were collected after
one insect visit and pollen grains deposited on each stigma
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were counted under a stereomicroscope. Conspecific pollen
could not be distinguished from heterospecific pollen but
we could at least estimate the quantity of pollen deposited
by different visitor categories.

Results
Floral traits

Trait analysis revealed considerable floral difference in
traits of attraction (color and odor), morphology, nectar,
and the timing of anthesis between three Adenophora spe-
cies (Table 1; Fig. 1). Compared to A. capillaris which had
white fragrant flowers, dilute nectar, and loose nectar cov-
ers, A. jasionifolia had dark blue scentless flowers, concen-
trated nectar, and nectar covers that seemed difficult to pen-
etrate through, given that small bees had to bite holes in the
nectar covers to get nectar. While A. jasionifolia secreted
nectar during the day, A. capillaris began to secrete at
night. Compared to the former two species, A. khasiana
had intermediate floral traits. Its flowers did not emit per-
ceptible fragrance, floral color varied among individuals
from blue to whitish, and it secreted nectar throughout the
day, but nectar concentration differed between day and
night (Table 1). The three species bloomed and started to
present pollen at different times of day. Most flowers of A.
Jjasionifolia opened around midday, while all flowers of A.
capillaris opened at dusk. Flowers of A. khasiana were also
inclined to open late within a day but not as regularly as
those of A. capillaris did (Fig. 1).

24 -
—0o0— A. jasionifolia
—A— A. khasiana
201 —e— A. capillaris

S\

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time of day (h)

Flowers opening (No.)
o o

ES

0

Fig. 1 Timing of anthesis in three Adenophora species. Data were
determined from observations of 40 plants of each species in 2009
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Fig. 2 Flowering phenology of three Adenophora species in a 2010
and b 2011 at Shangri-La Alpine Botanical Garden. In each year, the
proportion of open flowers of a given day was calculated for each
species from six 4-m? quadrats

Flowering phenology among the three species over-
lapped to some extent: A. jasionifolia and A. capillaris
reached flowering peak synchronously (Fig. 2); A. khasiana
and A. capillaris started to bloom at the same time but the
overlap of their flowering phenology was less; and while A.
khasiana had a long flowering season, A. capillaris seemed
to burst into bloom and to cease flowering abruptly.

Visitor observations

A variety of insects was recorded visiting flowers of three
Adenophora species in SABG, including bees, flies, moths,
beetles, earwigs, and mites (Table 2), confirming our pre-
diction that the relatively open flowers would attract a
broad assemblage of floral visitors. Given that bumblebees

and honeybees behaved in similar ways and had larger bod-
ies, we use the term “large bees” here to contrast them with
other visitors. The other bees and flies contributed little to
pollination and were combined in the same group (“small
bees and flies”) in the statistical analysis.

Large bees

Large bees were the most frequent pollinators in A. jasioni-
folia and A. khasiana (Fig. 3a, b, d). Adenophora jasioni-
folia was visited by bumblebees and not by honeybees
while honeybees were dominant bees visiting A. khasiana
(90.8 % in 2009, 76.5 % in 2010, and 78.5 % in 2011). Vis-
itation rates of large bees differed among three Adenophora
species in 2009, 2010, and 2011 (H = 23.10, H = 30.24,
and H = 34.93, all P < 0.0001), respectively (Fig. 4).
The visitation rate of large bees was higher in A. jasioni-
folia than in A. khasiana (P = 0.004) in 2010 but not in
other years (P > 0.5), and was lowest in A. capillaris in all
3 years (P < 0.0003). Among the 3 years, the visitation rate
in A. jasionifolia was highest in 2010, and in A. khasiana
was highest in 2011 (P < 0.02). Large bees contacted the
stigmatic lobes or pollen with their ventral abdomens. In A.
khasiana and A. capillaris, large bees sometimes took an
inappropriate posture and did not touch the pollen or stig-
mas so precisely as in A. jasionifolia (Fig. 3d).

Small bees and flies

The bees and flies rarely touched the receptive stigmatic
surfaces, and they sometimes acted as pollen thieves
(Fig. 3c, 1) and delivered little pollen (see “Pollen deposi-
tion and pollinator importance”). Their visitation rate dif-
fered among three Adenophora species in 2009 (H = 34.62,
P < 0.0001), 2010 (H = 33.17, P < 0.0001), and 2011
(H = 9.16, P = 0.01) (Fig. 4). The visitation rate was the
highest in A. jasionifolia (P < 0.005) and lowest in A. cap-
illaris (P < 0.03) in the 3 years of study, except that there
was no significant difference between A. jasionifolia and A.
khasiana (P = 0.43) in 2011.

Moths

In the 3 years of study, we did not observe any moths vis-
iting A. jasionifolia. Furthermore, moth scales were not
observed on stigmatic lobes in A. jasionifolia but were
common in the other two species (Fig. 3e, h). Five moth
species, Thysanoplusia intermixta, Autographa excelsa,
Autographa nigrisigna, Autoculeora locuples, and Panchry-
sia tibetensis, dominated the visitations (86.8 % in 2009,
68.7 % in 2010, 79.8 % in 2011) in A. capillaris but they
played a minor role in A. khasiana (0 % in 2009, 11.4 %
in 2010, 27.3 % in 2011). The visitation rate of moths was
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Table 2 Insect species observed visiting flowers of three Adenophora species in Shangri-La during summer 2009-2011

Visitors A. jasionifolia

A. khasiana

A. capillaries

Bees Bombus richardsi
Lasioglossum sp. 1
Lasioglossum sp. 2
Unidentified solitary bee

Moths

Flies Syrphus ribesii
Asarkina sp.
Sphaerophoria sp.

Beetles Chrysomeloidea sp.

Earwigs Forcipula sp.

Mites Tetranychidae sp.

Apis cerana
Bombus richardsi
Lasioglossum sp. 1
Lasioglossum sp. 2
Noctuidae

Mpythimna separata

Bombus richardsi
Bombus festivus
Apis cerana

Lasioglossum sp. 2

Autographa excelsa

Autographa excelsa Autographa nigrisigna

Thysanoplusia intermixta Autoculeora locuples

Albocosta ellapsa Thysanoplusia intermixta

Albocosta musiva
Agrotis trifurca
Platoplusia tancrei
Agrotis sp.
Mythimna sp.
Dictyestra sp.
Xestia sp.

Others
Arctiidae sp.
Pyralididae sp.
Syrphus ribesii

Asarkina sp.

Panchrysia tibetensis
Euxoa intolerabilis
Mythimna separata
Dictyestra reticulata
Albocosta ellapsa
Trichoridia canosparsa
Actebia sp.
Hadena sp.
Agrotis sp.
Heliophobus sp.
Unidentified sp. 1
Unidentified sp. 2

Geometridae sp.
Pyralidae sp.
Episyrphus balteatus

Asarkina sp.

Musca sp.
Chrysomeloidea sp.
Forcipula sp. Forcipula sp.

Tetranychidae sp.

significantly higher in A. capillaris than in A. khasiana in
2010 (Z = —2.75, P = 0.005), but not in 2009 (Z = —1.24,
P = 0.22) and 2011 (Z = —0.81, P = 0.43) (Fig. 4). In
A. capillaris, the visitation rate was higher in 2010 than in
2009 (P = 0.02). The moths alighted on flowers by catch-
ing hold of the small reflexed corolla lobes with the two
forelegs. As the moth hung onto the corolla, its proboscis
was extended to probe inside the flowers and sometimes
the head entered the floral tube. In the course of feeding,
the wings kept vibrating, the body shaking slightly with the
flower. The moth’s abdomen could thus contract the pollen
or stigmatic lobes (Fig. 3h).

Beetles, earwigs and mites

Beetles and mites visited flowers to feed on pollen grains.
Earwigs took both pollen and nectar. These insects stayed
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on flowers for so long that we could not calculate their visi-
tation rate. We rarely observed them moving among flow-
ers or touching stigmas (Fig. 3f). We thus defined them as
pollen or nectar thieves.

Observations at the other study sites

Although the visitation rate and pollinator species dif-
fered among study sites, the principal pollinator categories
of A. jasionifolia and A. capillaris were constant (Fig. 4).
The visitation rate of bumblebees (Bombus convexus) to A.
Jjasionifolia was far lower in Deqin than that of B. richardsi
in Shangri-La (Z = —3.57, P = 0.0002). Moths did not
visit A. jasionifolia in either site. Moths and very few bum-
blebees were observed to visit A. capillaris in Deqin and
Dali. The visitation rate of moths was lower in Dali than in
Shangri-La (marginal significance, Z = —1.95, P = 0.051)
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Fig.3 How different pollinators enter flowers to collect nectar or
pollen from the three Adenophora species. a—c A. jasionifolia. d—f A.
khasiana. g—i A. capillaris. a, b, g Bombus richardsi sucking nectar. ¢
Lasioglossum sp. 2 collecting pollen. d Apis cerana sucking nectar. e

and Deqin (Z = —3.16, P = 0.001). In Dali Thysanoplu-
sia intermixta, Autographa excelsa and Autoculeora locu-
ples dominated the visits to A. capillaris (77.5 %), but
common Vvisitors in Shangri-La (Panchrysia tibetensis and
Autographa nigrisigna) were not observed there. In Deqin,
the moths Autographa excelsa and Autoculeora locuples

Platoplusia tancrei sucking nectar. f Forcipula sp. consuming pollen.
h Autographa excelsa sucking nectar. i Episyrphus balteatus consum-
ing pollen

accounted for only 13.3 % of the visits. The other moths
were Albocosta, Polia, and Sideridis species, none of which
were found in Shangri-La and Dali.

The principal pollinators of A. khasiana switched from
large bees in Shangri-La to moths in Dali. In Dali, we only
observed four visits by a bumblebee (Bombus funerarius)
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and no honeybees visited flowers during the observation
periods despite their notable abundance on sympatric flow-
ers. In contrast to Shangri-La, the moths Thysanoplusia
intermixta, Autographa excelsa, and Autoculeora locuples
accounted for 84.2 % of the total moth visits to A. khasiana
in Dali. The flowers emitted a faint fragrance in Dali but no
perceptible odor in Shangri-La.

Pollination experiments

Seed sets were significantly different among the five pol-
lination treatments in each of the three Adenophora species
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A khasiana
Species

A capillars

in 2009 (A. jasionifolia: H = 142.25, n = 40 in diurnal pol-
lination, 40 in nocturnal pollination, 40 in control, 40 in
autogamy, 37 in hand pollination; A. khasiana: H = 111.01,
n = 40, 40, 40, 40, 31; A. capillaris: H = 109.66, n = 34,
34, 34, 34, 31, all P < 0.0001) and 2010 (H = 193.71,
n = 60, 60, 60, 60, 40; H = 231.39, n = 96, 96, 96, 40, 78;
F =228.38,n =96, 96, 96, 34, 78, all P <0.0001) (Fig. 5).
The three species set very few seeds by autogamy (seed
set <3 %). In A. jasionifolia, seed set was not significantly
enhanced by hand pollination compared to open-pollinated
controls (P > 0.5), suggesting no pollen limitation. Seed
set under night pollination (2.1 %) was not significantly
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Fig. 5 Proportion seed set per flowers under different pollination
treatments in the three Adenophora species in a 2009 and b 2010.
Bars mean £ SE; different letters above bars indicate significant dif-
ferences between treatments within species

different from that of the autogamy treatment (P > 0.2),
suggesting that pollination in A. jasionifolia depended
exclusively on diurnal pollinators, consistent with pollina-
tor observations (moths were not observed). In A. jasioni-
folia, bumblebees were effective and reliable pollinators
in that pollen limitation was absent even in 2009 when
bumblebees were relatively scarce. In A. khasiana, too,
no pollen limitation was observed in either year (P > 0.4).
In A. khasiana, both the day and night pollination treat-
ments yielded higher seed set than the autogamy treatment
(P < 0.0001), suggesting that both diurnal and nocturnal

pollinators contributed to pollination. However, diurnal
visitors were more important than nocturnal visitors as pol-
linators (P < 0.0001) in terms of seed set (Fig. 5). Diurnal
pollinators (compared to hand pollination, P > 0.06) rather
than nocturnal pollinators (P < 0.0001) could achieve
adequate pollination for the species. In A. capillaris, pol-
len limitation was observed in 2009 (P < 0.0001) but not in
2010 (P = 0.144). Both day and night pollination yielded
higher seed set than did autogamy (P < 0.0001), suggest-
ing that both diurnal and nocturnal pollinators contributed
to pollination. In contrast to A. khasiana, in A. capillaris
seed set was significantly lower under day pollination than
under night pollination (P < 0.0001), indicating that moths
rather than bees were major pollinators in this white-flow-
ered species.

Pollinator importance and pollen deposition

Large bees deposited significantly more pollen grains
(P < 0.0001) per visit than did small bees and flies in each
of the three species (Table 3). Combining pollen deposition
and visitation rate, the pollination importance of large bees
was more than 50 times that of small bees and flies, indicat-
ing that large bees contributed most to diurnal pollination
and that solitary bees and flies played only a negligible role
as pollinators in these Adenophora species.

Discussion

We found that the pattern of plant—pollinator interactions
in three Adenophora sympatric species across years and
populations was consistent with predictions based on flo-
ral syndromes. According to our pollinator observations
and pollination treatments, the principal pollinators were
bumblebees, honeybees, and moths in A. jasionifolia, A.
khasiana, and A. capillaris, respectively, in Shangri-La in
the 3-year study. Flower preference by bees and moths was
associated with the gradient of floral variation from typi-
cal bee flowers to typical moth flowers. In line with this,
the categories of principal pollinators did not vary among
years or sites in A. jasionifolia and A. capillaris despite

Table 3 Pollen deposition on stigmas of virgin flowers of three Adenophora species after one visit by the two categories of pollinators and pol-

linator importance

Pollen deposition

Pollinator importance

Large bees Small bees and flies Large bees Small bees and flies
A. jasionifolia 296.0 £ 42.7 (50) 34+2247) 3564 +£51.4 14+£13
A. khasiana 115.7 £25.5 (35) 1.2 £ 0.9 (26) 112.4 £20.9 0.5+04
A. capillaris 107.8 £ 27.7 (27) 2.7+ 1.7 (25) 10.4 £2.7 0.2+ 0.1

Pollinator importance is calculated following Reynolds et al. (2009) including both pollen deposition and visitation rate. Values are mean + SE (n)
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considerable spatiotemporal variation in visitation rates and
pollinator species. Adenophora khasiana with intermedi-
ate floral traits was pollinated principally by large bees or
moths in different populations and partitioned pollinator
species with the other two sympatric congeners in Shan-
gri-La. As predicted, each Adenophora species attracted a
broad assemblage of floral visitors, but only large bees and/
or moths were effective pollinators.

Floral difference and pollinator preference

Utilization of various pollinators by plant species with
overlapping flowering time can be associated with diver-
gence in floral traits. Differences in visitation rates of the
different visitor categories in the three co-flowering sympa-
tric Adenophora species indicated that visitors were sensi-
tive to the variation in floral traits. For example, the timing
of pollen and nectar presentation in A. capillaris corre-
sponded with the activity time of moths; the white corolla
and fragrance may help moths to discover the flowers in the
dark. The nectar sugar concentration in A. capillaris was
far from the optimal concentration for bees (see Kingsolver
and Daniel 1995) but similar to other moth-pollinated flow-
ers (e.g., Nilsson et al. 1990; Makholela and Manning
2006; Reynolds et al. 2009). Adenophora khasiana and A.
capillaris have no mechanical barriers against large bees
but the former species was mainly visited by honeybees
and the latter was occasionally visited by any large bees,
indicating that pollinator preference related to floral differ-
ence in attraction and reward.

Both the attraction of large bees (visitation rate) and
the dependence on large bees for seed set decreased from
phenotypically bee-adapted (A. jasionifolia) to typically
moth-adapted flowers (A. capillaris) (Figs. 4, 5), while the
attraction and dependence on moths varied in the opposite
way. The floral syndrome and pollinator categories of A.
khasiana both seem to be intermediate between those of
A. jasionifolia and A. capillaris. Wilson et al. (2006) sug-
gested that plants with intermediate traits may use both cat-
egories of pollinators and exhibit “despecialization” in pol-
lination, compared to species with definite floral syndromes
and mainly employing one category of pollinators. It is
noteworthy that despecialization in A. khasiana does not
lead to a pollination system in which any visitors become
pollinators (similar cases are described in Macior 1986;
Manning and Goldblatt 2005; Pérez et al. 2006; Alcantara
and Lohmann 2010).

Flowers may be visited and pollinated by various ani-
mals not predicted by pollination syndromes (Waser et al.
1996; Ollerton et al. 2007). Highly specialized floral phe-
notypes would filter visitors other than those with proper
characters (Armbruster 1984, 2012; Buchmann 1987; John-
son 1994; Schiestl et al. 1999; Martins and Johnson 2007;
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Hentrich et al. 2010). Nevertheless, flowers with nectar
and/or pollen readily available such as Adenophora species
here may often be visited by various visitors, as suggested
by Waser et al. (1996). We have demonstrated that the Ade-
nophora flowers attracted broad assemblages of visitors,
but visitors other than large bees and moths acted mainly as
pollen and/or nectar thieves. Compared with large bees, the
small bees and flies could deliver very few pollen grains in
all three Adenophora species, evidently due to their unsuit-
able body sizes. Beetles, mites, and earwigs did worse in
that they rarely moved between flowers and also could
hardly contact stigmas. In addition, the visitation rate of
low-efficiency small bees and flies tended to decrease when
the floral syndrome approached moth pollination from A.
Jjasionifolia to A. capillaris (Fig. 4). Low-efficiency floral
visitors can exert selection on plants as antagonists and may
affect the evolution of floral traits (Lau and Galloway 2004;
Hargreaves et al. 2010). Thus, the change in attraction of
the low-efficiency visitors may play an additional role in
the evolutionary transition between pollination syndromes.

Pollinator partitioning

Closely related species can partition pollinators through
subtle floral modifications (e.g., Armbruster et al. 1989;
Kay 2006; Pauw 2006; Muchhala and Potts 2007; Botes
et al. 2008; Waelti et al. 2008; Huang and Shi 2013) or
complete divergence in pollination syndromes (Fulton and
Hodges 1999; Chari and Wilson 2001; Ramsey et al. 2003;
Kay and Schemske 2005; Wilson et al. 2006; Wolfe and
Sowell 2006). The Adenophora species whose stigmas
picked up pollen from the ventral abdomens of large bees
and moths (Fig. 3) were unlikely to use different sites on
the same pollinator to carry pollen. Instead, the timing of
pollen presentation and pollinator activity differed among
the three species. For example, white-flowered A. capilla-
ris was generally visited first by moths at night so that pol-
len grains were transferred first by moths among conspe-
cific plants before bees emerged the next day. The earlier
visits by moths reduced reproductive interference by limit-
ing pollen available to bees which might cause interspe-
cific pollination. Therefore, floral divergence associated
with pollinator behavior may reduce pollen loss caused
by interspecific visitation (Muchhala and Thomson 2012).
In addition, seed sets under the natural pollination treat-
ments were not lower than those in the hand pollination
treatments in the three species except in A. capillaris in
2009, suggesting that the effect of interspecific pollination
on seed production could be minimal. The moth visitation
rate was significantly lower in 2009 than in 2010, sug-
gesting that pollen limitation in A. capillaris in 2009 was
probably due to pollinator scarcity rather than interspecific
pollination.
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The floral traits involved in the partitioning of large bees
and moths in the other two species are intermediate in A.
khasiana. Honeybees ignored A. jasionifolia flowers, prob-
ably because the thick and tight nectar covers prevented
them from penetrating through. Bumblebees preferred A.
Jjasionifolia over A. khasiana, probably due to the differ-
ence in nectar production between the two species. It has
long been suggested that pollinator filtering can be achieved
by differences in the quantity or concentration of nectar
(Baker and Baker 1983). In two sympatric Lantana spe-
cies, the less rewarding species with short floral tubes was
mainly visited by short-tongued butterflies, while a more
rewarding species with long floral tubes was mainly visited
by long-tongued butterflies (Schemske 1976). Likewise,
Gottsberger and Silberbauer-Gottsberger (2006) suggested
that Luehea grandiflora exclusively attracted small bats and
was ignored by large bats because of the small amount of
nectar. This may be comparable with the partitioning of
bees between A. jasionifolia and A. khasiana. Given that A.
khasiana produced relatively little nectar and that honey-
bees competed for it with bumblebees, it was more reward-
ing for bumblebees to visit A. jasionifolia. Similarly, with
respect to the partitioning of moth pollinators, the main
nocturnal pollinators of A. capillaris rarely or never visited
A. khasiana, possibly also due to less rewarding nectar and
more foraging competitors on these flowers.

Spatiotemporal variation in plant—pollinator interactions

Visitor assemblages and visitation rates may exhibit sub-
stantial temporal and/or spatial variation (Herrera 1988;
Schemske and Horvitz 1989; Ollerton 1996; Waser et al.
1996; Fenster and Dudash 2001; Artz et al. 2010; Reyn-
olds et al. 2012; Zhao and Huang 2013). Pollinator cat-
egories differed between Shangri-La and Dali in A. khasi-
ana, indicating that pollination in the intermediate species
with less specialized flowers may be more dependent on
the local ecological context. In Dali, A. khasiana received
more visits from moths than bees. The flowers opened
3 weeks later than in Shangri-La and emitted a faint fra-
grance absent in the Shangri-La population, suggest-
ing that the species may have experienced local adapta-
tion to climate and floral visitors (Johnson 1997; Chess
et al. 2008; Anderson et al. 2009; Brunet 2009; Zhao and
Huang 2013).

The principal pollinators of the three Adenophora spe-
cies did not differ across years in Shangri-La. Moreover,
we observed that A. jasionifolia and A. capillaris were
also visited by bumblebees and moths, respectively, as
the principal pollinators at other study sites. The species
composition of large bees and moths and the visitation
rates varied yearly and spatially (Fig. 4), whereas a turn-
over of principal pollinator categories did not occur even

when the “proper” pollinators predicted by floral syn-
dromes were scarce. Our pollination treatments exclud-
ing diurnal and/or nocturnal pollinators indicated that the
roles of principal pollinators were quantitatively differ-
ent among the three sympatric species (Fig. 5). Overall,
our investigation of variation in flower visitor composi-
tion and pollinator effectiveness in these three sympatric
species with relatively generalized flowers indicated that
differences in floral traits between related species could
make a major contribution to pollinator partitioning. Par-
ticularly, compared to the two other congeners, A. khasi-
ana with intermediate floral traits employed two different
categories of pollinators and the relative importance of
diurnal and nocturnal pollinators could be shifted under
different community contexts. This study highlights the
importance of measuring the effectiveness of multiple
pollinators to understand species coexistence in natural
communities.
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