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Highly efficient pollination by bumblebees ensures seed production in
Pedicularis lachnoglossa (Orobanchaceae), an early-flowering
Himalayan plant
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Abstract Pedicularis (Orobranchaceae) is a common high altitude genus of the Himalayas that may be affected
by pollination limitation. Using Pedicularis lachnoglossa from Yulong (Jade Dragon) Snow Mountain in Lijiang
(Yunnan Province, southwest China), we investigated the effects of high altitude habitats on the process of pollination
and seed production. Floral biology, pollinator foraging behavior, breeding system, and pollination efficiency were
examined using observation and exclusionary techniques. Pedicularis lachnoglossa was found to be entomophilous
and exclusively pollinated by Bombus friseanus and B. yunnanicola. Our results indicated that pollination limitation
in P. lachnoglossa was not significant. Under open pollination, approximately 80% of flowers were successfully
pollinated and developed to fruits, and about 38% of ovules developed to mature seeds. Bumblebee pollination is
highly precise and efficient in P. lachnoglossa, because its flowering phenology and floral characters enhance the
foraging of bumblebees on flowers. This study supports that animal pollination plays a crucial role in the outbreeding
of the early flowering Pedicularis. The evolution of floral specification in Pedicularis has the advantages of adaptation
to bumblebee pollination in adverse high altitude habitats.
Key words alpine plant, bumblebee pollination, floral specialization, Pedicularis lachnoglossa, pollen dispensing
mechanism, pollinator limitation.
Alpine environments are characterized by extremely low temperatures with frequent strong winds,
and short and unpredictable growing seasons (Billings,
1974a; Korner, 1999), however, alpine flora shows extraordinary diversity, with approximately 8000–10 000
species of higher plants (Korner, 1999). Some studies
have documented that the abundance and activity of pollinators decrease with increasing altitudes (Arroyo et al.,
1982, 1985, 2006; Yumoto, 1986; Totland, 1994, 1997;
Bergman et al., 1996; Bingham & Orthner, 1998). Thus,
reproduction of anthophilous plants in high altitudes
may be compromised by weather (Molau, 1993; GarciaCamacho & Totland, 2009), suggesting that the number of autogamous and wind-pollinated plant species
could increase with altitude (Berry & Calvo, 1989;
Totland & Sottocornola, 2001; Arroyo et al., 2006;
Garcia-Camacho & Totland, 2009). However, field investigations show that animal pollination plays a crucial
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role in outbreeding for many alpine plants (e.g., Galen
& Stanton, 1989; Kudo, 1993; Macior et al., 2001; Kudo
& Suzuki, 2002; Wang & Li, 2005; Duan et al., 2007).
Delayed selfing provides reproductive assurance
for some alpine plants under unpredictable pollinator
environments (e.g., Sun et al., 2005; Zhang & Li, 2008;
Duan et al., 2010), but evolutionary reduction of inbreeding depression may promote outbreeding in extreme alpine environments (Harder & Barrett, 1996),
especially for early flowering species (Molau, 1993).
Wirth et al. (2010) and Ai (2010) showed that outcrossing rates increased with altitude, using molecular techniques. Therefore, alpine plants have developed series of strategies to achieve outbreeding in their
harsh environment (Billings, 1974a; Korner, 1999). For
example: floral heliotropism provides the benefit of
warmth for visiting pollinators (Zhang et al., 2010);
large and showy flowers enhance pollination attractiveness (Billings, 1974a); prolonged stigma receptivity and
high pollination efficiency can complement lower flower
visitation rates (Bingham & Orthner, 1998; Blionis &
Vokou, 2001); and floral traits are evolved to adapt to
generalized pollinators (Kearns, 1992; McCall & Primack, 1992).
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Community-level investigations show that fly and
bee pollination are the dominant pollination systems
at high altitudes (Arroyo et al., 1982; Yumoto, 1986;
Kearns, 1992; McCall & Primack, 1992; Blionis &
Vokou, 2001). Bumblebees (Bombus Latr.) are the primary pollinators for most tubular and/or zygomorphic
flowers in the high altitudes of mountains in the Northern Hemisphere (Billings, 1974b; Macior, 1974; Yumoto, 1986; Galen & Stanton, 1989; Bergman et al.,
1996; Korner, 1999; Blionis & Vokou, 2001). Some
studies have documented that bumblebees have high
pollination efficiency (Galen & Stanton, 1989; Wilson
& Thomson, 1991; Bergman et al., 1996), and their
sophisticated foraging behavior favors complex, especially zygomorphic, flowers (Neal et al., 1998; Kalisz
et al., 2006; Rodriguez et al., 2004).
Pedicularis, with more than 600 species, mainly
grow in cold, high altitude, and high latitude or montane habitats throughout the Northern Hemisphere. The
greatest morphological diversity and species richness
of this genus are found in the Himalayan region (Hong,
1983). More than half of the Pedicularis species are
narrowly concentrated in this small region at an altitude
above 2500 m, mostly between 3000 m and 4000 m (Li,
1948, 1949; Tsoong, 1956; Yamazaki, 1988). There is
striking diversity in the shape of corolla galea and the
length of corolla tube of Pedicularis species (Li, 1951;
Ree, 2005; Yu et al., 2008). The beaked galea is very
peculiar in flowering plants. It resembles a glass funnel
that controls pollen dispersal and enhances pollination
success (Harder, 1990; Kawai & Kudo, 2009).
Pedicularis are almost exclusively pollinated by
bumblebees, and their floral characteristics are closely
associated with the foraging behavior of bumblebees
(Macior & Tang, 1997; Wang & Li, 1998, 2005; Tang &
Xie, 2006; Yu et al., 2008). Pollination co-adaptation between Pedicularis and bumblebees has been investigated
in many regions around the Northern Hemisphere (e.g.,
Kwak, 1973; Macior, 1982, 1990; Macior & Tang, 1997;
Wang & Li, 2005; Tang & Xie, 2006). However, we
know less about the specific contribution of bumblebee
pollination on the reproductive output of Pedicularis.
Some bagged experiments show that seed production
of Pedicularis is entirely dependent on pollinators (e.g.,
Williams & Battzli, 1982; Eriksen et al., 1993; Macior
et al., 2001; Wang & Li, 2005; Huang & Fenster, 2007;
Xia et al., 2007), and autogamous selfing only occurs
in a few beakless species under unpredictable pollinator conditions (Eriksen et al., 1993; Sun et al., 2005).
In the Arctic regions of North America and Europe,
studies show that the seed set of early-flowering Pedicularis species is lower than that of later-flowering species
(Williams & Battzli, 1982; Eriksen et al., 1993; Philipp
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et al., 1996), and the seed set of high elevation species is
lower than that of lower elevation species (Eriksen et al.,
1993). In the Himalayan region, bumblebees effectively
pollinate some mid- and later-flowering Pedicularis in
mid-altitude meadows (Macior et al., 2001; Wang & Li,
2005; Yang et al., 2005; Xia et al., 2007). To date, there is
no information about the reproductive biology of earlyflowering Pedicularis in the Himalayan region. In this
study, therefore, we chose an early-flowering lousewort,
Pedicularis lachnoglossa Hook. f., to evaluate the contribution of bumblebee pollination to reproductive output under natural pollination. The main aims were to:
(i) evaluate whether P. lachnoglossa experienced pollination limitation, and if not, which factor(s) enhanced
pollination success; and (ii) estimate the pollination efficiency of bumblebees.

1 Material and methods
1.1 Plant material and study sites
Pedicularis lachnoglossa is a semiparasitic perennial herb that starts to bloom in late May, reaches peak
blooming between middle June and early July, and rarely
extends to early August (Yu, 2007). Plants are usually
10–25 cm tall with 2–15 cespitose stems and numerous
permanent leaves at the base (Fig. 1: C). Taproots are
thick and long with loose xylem and marrow (Fig. 1:
D). Inflorescences are raceme at the ends of stems, and
can produce approximately 10–50 flowers per inflorescence, blooming from the bottom to top. A monosymmetric flower consists of a short corolla tube and a
beaked galea (upper lip) covered with long reddishpurple jointed hairs, especially on the corolla galea and
beak (Fig. 1: E).
Field observations were carried out at two sites
on Yulong (Jade Dragon) Snow Mountain (27◦ 01 N,
100◦ 11 E), Lijiang county (northwest Yunnan, China),
from May to August, for two consecutive years (2006,
2007). Site Cikeba (CKB) is located in a shrub habitat at
altitude 3690 m (Fig. 1: A), and site Maoniupo (MNP)
is located in an alpine meadow habit at altitude 3980 m
(Fig. 1: B). The size of each sample site was approximately 100 m × 50 m. In 2006, the flowering density
of CKB was on average 1.93 (standard deviation (SD),
0.62, hereafter) plants m−2 , and that of MNP was on
average 1.76 (0.37) plants m−2 (Yu, 2007). The field air
temperature and humidity at MNP were automatically
recorded using a temperature data logger (AZ8829; AZ
Instrument, Taichung City, Taiwan, China) from May
22 to July 22, 2006 (Yu, 2007). The mean ambient temperature began to increase at 07:00 h, and decreased
after 17:00 h. During the recording period, the highest
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Fig. 1. Pedicularis lachnoglossa and bumblebees. A, Site Cikeba (CKB),
a shrub habitat. B, Site Maoniupo (MNP), an alpine meadow habitat. C,
Habit and inflorescences. D, Root. E, Flower. F, A bumblebee approaching flowers. G–K, Bumblebees foraging with a sternotribic pattern. L,
Infructescences. F–J, Bombus friseanus Skorikov. K, Bombus yunnanicola Bischoff. CB, corolla beak; CG, corolla geala; CL, corolla lower
lip; PC, pollen cloud; SPP, strategic pollination position; ST, stigma; TR,
taproot; VW , vibrating wings.

temperature reached 27.5 ◦ C, and the lowest temperature was only 1.4 ◦ C.
1.2 Floral biology and pollinator observations
To examine the timing of floral development under natural conditions, 20 randomly selected flowers
from 10 plants at each site were marked, and the onset of stigma receptivity, anther dehiscence, and floral
longevity were observed. Floral longevity of bagged
flowers was recorded. A solution of benzidine–hydrogen
peroxide (1% C12 H12 N2 :6% H2 O2 :H2 O = 4:11:22) was
used to test stigma receptivity (Kearns & Inouye, 1993;
Jiang et al., 2010). To examine anther dehiscence, we
dissected one side of the galea to check whether the
introversive anther wall was cracked. Single flower
longevity was counted from the lower lip unfolded to
the whole flower withered. Open pollination and bagged
treatments investigated 20 flowers each. To evaluate
the effect of pollination on floral display of inflores-
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cence, we compared differences in floral display size
between the two treatments (open vs. bagged). Thirtyfive open inflorescences and 24 bagged inflorescences
were marked, and the number of open flowers on an inflorescence were recorded from the beginning of flowering to the peak of flowering (i.e., 12–27 June 2006) at
MNP.
Pollinator observations were carried out at both
sites at 10:00 h–15:00 h on five sunny days between 10
and 30 June (2006 and 2007). Observers systematically
walked through the population to track potential pollinators and recorded the number of pollinators visiting
flowers (Dafni et al., 2005). Foraging behavior of pollinators included how visitors approached flowers and
collected pollen, where pollen was deposited, and where
the stigma contacted the body of the visitors. At least
three individuals of each pollinator were captured for
identification. Voucher specimens of insect pollinators
were deposited at the Insect Collection of the Kunming
Institute of Botany, Chinese Academy of Sciences.
At the MNP site, two approaches were used to measure the floral constancy of different pollinators (Dafni
et al., 2005). First, pollinators were captured, and at least
15 corbicular pollen loads per species were collected.
Each pollen load was dissolved in a 0.5 mL centrifugal
tube in 0.1 mL 70% ethanol. Five microliters of solution was extracted and mounted in glycerin jelly on a
microscopic slide, which was used to identify pollen
types under a light microscope. Each pollen load was
examined using five slides, 100 pollen grains per slide.
In addition, at least 15 individuals for each pollinator species were tracked on a foraging trip within the
sampled population. We counted the number of flowers
visited successively by an insect within an inflorescence
and/or a plant.

1.3 Breeding system
To evaluate the contribution of insects and wind in
pollen transportation, we carried out three experimental treatments using 15 plants for each type of pollination at both sites for 2 years. The treatments were: (i)
self-pollination, in which flowers buds were covered for
exclusion using plastic bags before anthesis, which excluded anemophily and entomophily; (ii) anemophilous
pollination, in which flower buds were bagged using nylon nets before anthesis, which excluded entomophily;
and (iii) open pollination, which acted as the control
and marked inflorescences were kept accessible to pollinators. All infructescences were harvested before fruit
dehiscence. The seed production was recorded for 60
mature fruits that were randomly selected from 15 plants
(four for each plant, at each site in both years).
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1.4 Pollination efficiency
Pollination efficiency was estimated by counting
the number of pollen grains deposited on a stigma after a single visit. Inflorescences were bagged by nylon
nets before anthesis. When flowers opened, the nylon
nets were taken off. The flowers were immediately harvested after the first pollinator visit and fixed in the
formalin-aceto-alcohol solution. At least 15 flowers for
each pollinator were used to count stigmatic pollen
loads.
During the peak flowering time, 50 mature flowers per day (replicated five times at each site per year)
were randomly collected and fixed into formalin-acetoalcohol solution. Pollination rates were estimated as the
number of flowers bearing at least one pollen grain on
the stigma divided by the total number of examined
flowers. Fifty pollinated flowers of each site were used
to measure stigmatic pollen loads. Stigmas were dyed
using Fast Green FCF for approximately 5 s, then placed
on a slide and pressed with a glass cover. The number of
pollen grains per stigma was counted under a light microscope. The ovary was carefully dissected and placed
into a drop of water on a slide. The entire placenta with
attached ovules was removed through a longitudinal slit
in the ovary wall. The ovules were carefully loosened
from the placenta and spread in the drop of water to be
counted under a dissecting microscope.
1.5 Data analysis
All data were analyzed using SPSS version 13.0
for Windows (Gaur & Gaur, 2006). Two-way ANOVA
was used to analyze the difference in floral longevity
among treatments and sites, and that of fruit-sets, seed
production, pollination rates, and visitation rates among
sites and years. An independent-sample t-test was used
to analyze the difference in stigmatic pollen loads between virgin and open pollinated flowers.

2 Results
2.1 Floral biology and pollinator observations
The stigma became receptive and the anthers dehisced at the first day of blooming. Ovule production
per flower varied from 11 to 22, and the two sites had
no significant difference (Table 1). Under open pollination conditions, flowers bloomed on average 3.55 (0.64)
days, however, the bagged treatment significantly prolonged floral longevity (Tables 1, 2). The altitude had
no effect on the flower longevity of open pollination or
bagged flowers (Tables 1, 2). At the beginning of flowering, the inflorescence floral display size of open and
bagged treatments was equal, but the floral display of
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Table 1 Observations of floral biology and pollinator behavior in Pedicularis lachnoglossa made over two years and under different treatments
at Cikeba (CKB) and Maoniupo (MNP) sites in Yunnan, China
Traits
Ovule production per flower
Pollinator frequency per day
2006
2007
Total
Pollination rate per day
2006
2007
Total
Stigmatic pollen load
Fruit-set per inflorescence
2006
2007
Total
Seed production per capsule
2006
2007
Total
Floral longevity (days)
Control
Bagged

CKB (mean ± SD) MNP (mean ± SD)
15.66 ± 2.67

15.50 ± 2.74

97.60 ± 9.21
97.20 ± 9.09
97.40 ± 8.63

91.80 ± 8.67
93.80 ± 7.15
92.80 ± 7.47

0.82 ± 0.09
0.82 ± 0.09
0.82 ± 0.08
36.84 ± 9.44

0.80 ± 0.07
0.78 ± 0.06
0.79 ± 0.06
35.16 ± 9.18

0.84 ± 0.07
0.87 ± 0.06
0.86 ± 0.07

0.79 ± 0.11
0.83 ± 0.08
0.81 ± 0.10

5.98 ± 1.92
6.37 ± 1.83
6.18 ± 1.88

5.95 ± 1.85
5.98 ± 1.48
5.97 ± 1.67

3.50 ± 0.61
6.25 ± 0.97

3.60 ± 0.68
6.40 ± 0.94

bagged inflorescences increased as the peak flowering
arrived (Fig. 2).
Pedicularis lachnoglossa was exclusively pollinated by two bumblebee species, Bombus friseanus Skorikov and Bombus yunnanicola Bischoff (Fig. 1: F–K).
During peak flowering, we recorded 82–111 bumblebee
workers of B. friseanus/B. yunnanicola visiting flowers
in a sunny day (Table 1). The flowers did not have nectaries (Wang et al., 2006, unpublished data), thus pollinators were rewarded with pollen only. Bumblebees
collected pollen in a sternotribic pattern (i.e., the bees
grasped the corolla beak while hanging in an inverted
position) (Fig. 1: G–K). Due to P. lachnoglossa having
beaked galea (Fig. 1: E), bumblebees collected pollen
using wing vibrations to dislodge pollen (Fig. 1: G).
Buzz pollination is usually associated with poricidally
dehiscent anthers (see Buchmann, 1983, for a review).
The anthers of P. lachnoglossa are longitudinally dehiscent, but the beaked galea resembles a glass funnel and
its tip restricts the pollen removal. Generally, the visiting bumblebee (Fig. 1: F) approached the flower from
the right side (Fig. 1: G), and the mouthpart bit the inferior margin of the galea and the forelegs grasped the
beak (Fig. 1: H). While the bumblebee was vibrating its
wings, pollen grains were released from the tip of the
corolla beak onto the anterior ventral abdomen of the
bee’s body with a pollen cloud around the flower and
bee (Fig. 1: I). Simultaneously, the corolla beak forced
the stigma to contact the same body location (Fig. 1: J).
Both own and other plants’ pollens could be simultaneously deposited on the stigma.
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Table 2 Two-way ANOVA of floral longevity (days), fruit-set, seed production, pollination rate, and pollinator visitation rate in Pedicularis lachnoglossa
showing the effect of study site and year/treatment, and the interaction between site and year/treatment
Source of variation

Type III SS

df

MS

F-value

P-value

Pollinator frequency per day
Corrected model
116.20a
3
38.73
0.53
0.670
Site
105.80
1
105.80
1.46
0.250
Year
3.20
1
3.20
0.05
0.840
Site × Year
7.20
1
7.20
0.10
0.760
Error
1161.60
16
72.60
Pollination rate per day
Corrected model
0.01b
3
0.00
0.39
0.760
Site
0.01
1
0.01
1.04
0.350
Year
0.00
1
0.00
0.17
0.700
Site × Year
0.01
1
0.00
0.08
0.780
Error
0.10
16
0.01
Fruit-set per inflorescence
Corrected model
0.49c
3
0.16
2.37
0.080
Site
0.03
1
0.03
4.42
<0.050
Year
0.02
1
0.02
2.61
0.110
Site × Year
0.00
1
0.00
0.81
0.780
Error
0.39
56
0.01
Seed production per capsule
d
Corrected model
7.05
3
2.35
0.74
0.530
Site
2.60
1
2.60
0.83
0.370
Year
2.60
1
2.60
0.83
0.370
Site × Year
1.84
1
1.84
0.58
0.450
Error
746.75
236
3.16
Floral longevity (days)
Corrected model
154.34e
3
51.45
77.65
<0.001
Site
0.31
1
0.31
0.47
0.490
Treatment
154.01
1
154.01
232.47
<0.001
Site × Treatment
0.01
1
0.01
0.02
0.890
Error
50.35
76
0.66
a, R2 = 0.09; b, R2 = 0.07; c, R2 = 0.11; d, R2 = 0.01; e, R2 = 0.75. df , degrees of freedom; MS, mean squares; P, significance; R2 , coefficient of
multiple determination; SS, sum of squares.

Analysis of corbicular pollen loads showed that
both bumblebee species had a high degree of foraging fidelity on flowers of P. lachnoglossa. Of corbicular pollen loads from B. friseanus and B. yunnanicola,
88.9% (16 of 18) and 93.3% (14 of 15) were com-

Fig. 2. Comparisons of the floral display size of Pedicularis lachnoglossa
between open and bagged inflorescences from the beginning of flowering to the peak of flowering. n, number of studied inflorescences. Error
bar = mean ± SE.

posed entirely of P. lachnoglossa, respectively, and more
than 90% of pollens in the mixed loads were from this
species. Pollinator tracking showed that both species of
bumblebee workers favored flowers of P. lachnoglossa
to other plants flowering at the same time. Only three
of 15 individuals of B. friseanus and two of 15 individuals of B. yunnanicola left P. lachnoglossa to visit
Aster batangensis Bureau & Franch., Ranunculus yunnanensis Franch., or Veronica piroliformis Franch., all of
which reward bumblebees with nectar. In addition, most
bumblebees visited more than two flowers on an inflorescence and multiple flowers on a plant before leaving
(Fig. 3).
2.2 Breeding system
None of the bagged inflorescences bore fruit,
whereas on average approximately 80% of open pollinated flowers produced fruits (Table 1, also see Fig. 1:
L). These results showed that P. lachnoglossa depended
entirely on bumblebees for ovule fertilization, and selfpollination and anemophily did not occur. Flowers are
herkogamous (referring to the spatial separation of stigmas and anthers within flowers), and the four anthers
are tightly enclosed by the beaked galea (Fig. 1: E), thus
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Fig. 3. Number of successive flowers visited by an individual pollinator within a foraging trip on Pedicularis lachnoglossa. A, An individual inflorescence
as a unit, so that some plants may be divided into more than one unit. B, A plant with more than one inflorescence considered as a unit. n, number of
subtotal inflorescences/plants visited by each species of bumblebee.

selfing is virtually impossible and wind is unlikely to
dislodge pollen.
There were no significant differences between
years in mean fruit-set of open pollinated plants at the
two sites (Table 2), however, the mean fruit-set at the
low altitude site (CKB) was significantly greater than
the high altitude site (MNP) (Tables 1, 2). There were
no significant differences in year or site effects for seed
production (approximately six seeds per capsule).
2.3 Pollination efficiency
Bombus friseanus and B. yunnanicola deposited at
least 21.87 (5.08) and 20.87 (4.78) pollen grains per visit
to virgin, respectively. The pollination efficiency of the
two bumblebees had no significant difference (t = 0.56,
P > 0.50). Under natural conditions, on average more
than 78% of flowers were pollinated by bumblebees
(Table 1). The stigmatic pollen loads of open pollinated
flowers showed no significant difference between the
two sites (t = 0.90, P > 0.10, Table 1).

3 Discussion
Pedicularis lachnoglossa was frequently visited by
two species of bumblebee workers. Pollinator frequency
and stigmatic pollen loads of pollinated flowers showed
that P. lachnoglossa did not suffer from significant pollination limitation at either site. Under open pollination, on average approximately 80% of flowers were
successfully pollinated and developed to fruits, and approximately 38% of ovules developed to mature seed,
even though 78% of ovules were fertilized (Yu, 2007).
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Fruit-set and seed:ovule (S/O) ratios of this species are
at a middle level of investigated Pedicularis species in
the Himalayan region (fruit-set, 64.5%–94%; S/O ratio,
15%–52%; Macior et al., 2001; Sun et al., 2005; Wang &
Li, 2005; Xia et al., 2007), as well as other regions (fruitset, 59%–99.5%; S/O ratio, 19%–60%; Kwak, 1973,
1979; Williams & Battzli, 1982; Macior, 1983; Eriksen
et al., 1993; Macior, 1993; Philipp et al., 1996). The
S/O ratio of P. lachnoglossa is between the mean values of early-flowering (30%) and mid-flowering (55%)
species (Molau, 1993) indicating that the early flowering P. lachnoglossa favors outbreeding with selected
abortion of zygotes.
Flowering phenology of Pedicularis matches the
life-cycle of the bumblebee that has been stated by
Macior and his colleagues (Macior, 1970, 1974, 1982;
Macior & Sood, 1991), which may enhance pollination success of Pedicularis. Generally, the spring flowering species with beakless and nectariferous flowers
are primarily pollinated by bumblebee queens, and the
estival and autumn species with beaked and nectarless
flowers are exclusively pollinated by bumblebee workers (Macior, 1982). Pedicularis lachnoglossa blooms
in early summer, one of the earliest flowering Pedicularis species in the Himalayan region. For developing the colony, bumblebee workers could prefer pollenrewarding species to nectar-rewarding species. Each
flower of P. lachnoglossa produces on average 37 382
(4675) pollen grains (Yang & Guo, 2004), which are
concealed and can be collected only by bumblebees
using buzz pollination (Macior, 1982). The concealed
anthers prevent ineffective visitors from consuming
pollen, and enhances the pollination efficiency of the
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system (Harder, 1990). In addition, favorable temperatures, high flowering density, and pollen-rich flowers
of P. lachnoglossa enhance the visitation and pollination rates of bumblebees; thus, this species avoids the
problem of pollinator limitation occurring in other earlyflowering plants in high mountains (Kudo, 1993; Molau,
1993; Kudo & Suzuki, 2002).
Bumblebees are the most effective pollinators for
many alpine plants in the Northern Hemisphere (e.g.,
Billings, 1974a; Macior, 1974; Bauer, 1983; Galen &
Stanton, 1989; Bergman et al., 1996; Bingham & Orthner, 1998). Many Pedicularis species are entirely dependent on bumblebees for seed production (Williams &
Battzli, 1982; Macior, 1983; Macior et al., 2001; Wang
& Li, 2005). Floral traits of Pedicularis are closely correlated to the bumblebees’ physical form and behavior
(Macior, 1982). For beaked and nectarless flowers, bumblebees collect the pollen using the vibration of their
wings with nototribic or sternotribic patterns (Macior,
1982). For P. lachnoglossa, bumblebees had sternotribic
foraging behavior, and the strategic pollination position was on the anterior ventral abdomen of the bee’s
body. This pollination mechanism is also found in other
species with a straight beak, such as P. racemosa Douglas ex Benth., P. resupinata L., P. integrifolia Hook.
f., and P. tricolor Hand.-Mazz. (Macior, 1970, 1988;
Wang & Li, 2005). Some species with an S-shaped
corolla beak, such as P. davidii Franch., P. longiflora
Rudolph, and P. siphonantha D. Don, are also exclusively pollinated by bumblebees using the sternotribic
pattern (Wang & Li, 1998; Tang & Xie, 2006; Yu et al.,
2007, unpublished data).
The pollen of P. lachnoglossa was discharged along
the funnel-shaped beak and deposited onto a specific position of the bumblebee’s venter. The beak also forced
the stigma to contact this position on the bumblebees’
body (Harder, 1990). Because the diameter of the beak
tip directly controls pollen removal rates, it is a type
of pollen dispensing mechanism (Harder, 1990). As
reported by previous field investigations, all beaked
species are nectarless (Macior, 1982; Ree, 2005), and
they reward pollinators with pollen only (Yu et al., 2008,
for a review); thus, the pollen dispensing mechanism
enhances pollination success of the beaked species of
Pedicularis by increasing the visitation times (Kawai
& Kudo, 2009). Stigmatic pollen loads of open pollinated flowers exceeded that achieved in the single
visit, indicating that most open pollinated flowers of
P. lachnoglossa receive multiple visits, and our observations of visitation rates suggest that is certainly the
case.
Analyses of corbicular pollen loads and pollinator tracking showed that the two types of bumblebee
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workers had high flower constancy to flowers of P.
lachnoglossa. As documented by Macior (1970), bumblebees show higher fidelity to the pollen-rewarding
species of Pedicularis than to the nectar-rewarding
species. Thus, beaked flowers with complex shape could
promote pollinator fidelity (i.e., flower constancy) in
Pedicularis, because they require additional learning
and handling time investment of the pollinator (Neal
et al., 1998; Chittka et al., 1999; Gegear & Laverty,
2001). Bumblebees are the primary pollinators for
many alpine plants. Thus, high flower constancy to P.
lachnoglossa could not only reduce pollen wastage and
interspecific pollen transportation, but also enhance pollination efficiency and accuracy of pollinators to flowers.
At the study sites, overcast and/or rainy days are
frequent and continue for several days during the flowering time. Pollinator visitations and pollination rates are
depressed. Unpollinated flowers enlarging floral display
size could enhance pollination attractiveness to pollinators, and increase pollination success when the weather
is sunny. Plasticity of floral longevity may be an advantage used to cope with adverse pollination conditions at high altitudes. However, the disadvantage of
geitonogamy caused by large floral displays is still not
clear. In P. densispica Franch. ex Maxim., P. longiflora, and P. siphonantha, Xia et al. (2007) and Yang
et al. (2005) found that self-pollen sources reduced seed
production because of inbreeding depression limiting
the development of self-zygotes. Further investigations
should test whether pollen quality or resources, or both
factors, restrict seed production in this species.
Acknowledgements We are grateful to Jun HE, Jie
LIU, Shu-Dong ZHANG, and Zong-Xin REN from the
Kunming Institute of Botany, Chinese Academy of Sciences (Kunming, China) for their help in the field; and
we would like to thank Elizabeth GEORGIAN from the
University of Wisconsin-Madison (Madison, WI, USA)
for reading an earlier version of this manuscript. This
study was supported by grants from the National Basic
Research Program of China (973 Program, Grant No.
2007CB411600), the National Natural Science Foundation of China (Grant Nos. 30970201, 30570115), and
the West Light Foundation of the Chinese Academy of
Sciences.

References
Ai H-L. 2010. Reproductive biology of Incarvillea mairei and
I. lutea (Bignoniaceae) in the Hengduan Mountains region.
PhD thesis. Kunming: Kunming Institute of Botany, Chinese
Academy of Sciences.

C

2012 Institute of Botany, Chinese Academy of Sciences

YU et al.: Pollination of Pedicularis lachnoglossa
Arroyo MTK, Armesto JJ, Primack RB. 1985. Community studies in pollination ecology in the high temperate Andes of
central Chile. II. Effect of temperature on visitation rates
and pollination possibilities. Plant Systematics and Evolution 149: 187–203.
Arroyo MTK, Munoz MS, Henriquez C, Till-Bottraud I, Perez
F. 2006. Erratic pollination, high selfing levels and their
correlates and consequences in an altitudinally widespread
above-tree-line species in the high Andes of Chile. Acta
Oecologica 30: 248–257.
Arroyo MTK, Primack RB, Armesto J. 1982. Community studies
in pollination ecology in the high temperate Andes of central
Chile. I. Pollination mechanisms and altitudinal variation.
American Journal of Botany 69: 82–97.
Bauer PJ. 1983. Bumblebee pollination relationships on the
Beartooth Plateau tundra of southern Montana. American
Journal of Botany 70: 134–144.
Bergman P, Molau U, Holmgren B. 1996. Micrometeorological
impacts on insect activity and plant reproductive success in
an alpine environment, Swedish Lapland. Arctic and Alpine
Research 28: 196–202.
Berry PE, Calvo RN. 1989. Wind pollination, selfincompatibility, and altitudinal shifts in pollination systems
in the high Andean genus Espeletia (Asteraceae). American
Journal of Botany 76: 1602–1614.
Billings WD. 1974a. Adaptations and origins of alpine plants.
Arctic and Alpine Research 6: 129–142.
Billings WD. 1974b. Arctic and Alpine vegetation: Plant adapations to cold summer climates. In: Ives JD, Barry RG eds.
Arctic and alpine enviroments. London: Methuen. 403–443.
Bingham RA, Orthner AR. 1998. Efficient pollination of alpine
plants. Nature 391: 238–239.
Blionis GJ, Vokou D. 2001. Pollination ecology of Campanula
species on Mt Olympos, Greece. Ecography 24: 287–297.
Buchmann SL. 1983. Buzz pollination in angiosperms. In: Jones
CE, Little RJ eds. Handbook of experimental pollination
biology. New York: Van Nostrand Reinhold. 73–113.
Chittka L, Thomson JD, Waser NM. 1999. Flower constancy,
insect psychology, and plant evolution. Naturwissenschaften
86: 361–377.
Dafni A, Kevan P, Husband B. 2005. Practical pollination biology. Cambridge: Enviroquest.
Duan Y-W, Zhang T-F, Liu J-Q. 2007. Interannual fluctuations in
floral longevity, pollinator visitation and pollination limitation of an alpine plant (Gentiana straminea Maxim., Gentianaceae) at two altitudes in the Qinghai-Tibetan Plateau.
Plant Systematics and Evolution 267: 255–265.
Duan Y-W, Dafni A, Hou Q-Z, He Y-P, Liu J-Q. 2010. Delayed selfing in an alpine biennial Gentianopsis paludosa
(Gentianaceae) in the Qinghai-Tibetan Plateau. Journal of
Integrative Plant Biology 52: 593–599.
Eriksen B, Molau U, Svensson M. 1993. Reproductive strategies in two arctic Pedicularis species (Scrophulariaceae).
Ecography 16: 154–166.
Gaur AS, Gaur SS. 2006. Statistical methods for practice and
research: A guide to data analysis using SPSS. New Delhi:
Sage Publications.
Galen C, Stanton ML. 1989. Bumble bee pollination and floral morphology: Factors influencing pollen dispersal in the
alpine sky pilot, Polemonium viscosum (Polemoniaceae).
American Journal of Botany 76: 419–426.

C

2012 Institute of Botany, Chinese Academy of Sciences

225

Garcia-Camacho R, Totland O. 2009. Pollination limitation in
the alpine: A meta-analysis. Arctic, Antarctic and Alpine
Research 41: 103–111.
Gegear RJ, Laverty TM. 2001. The effective variation among floral traits on the flower constancy of pollinators. In: Chittka
L, Thomson JD eds. Cognitive ecology of pollination: Animal behavior and floral evolution. Cambridge: Cambridge
University Press.
Harder LD. 1990. Pollen removal by bumble bees and its implications for pollen dispersal. Ecology 71: 1110–1125.
Harder LD, Barrett SCH. 1996. Pollen dispersal and mating patterns in animal-pollinated plants. In: Lloyd DG, Barrett SCH
eds. Floral biology: Studies on floral evolution in animalpollinated plants. New York: Chapman & Hall. 140–190.
Hong DY. 1983. The distribution of Scrophulariaceae in the Holarctic in reference to the floristic relationships between Eastern Asia and Eastern North America. Annals of the Missouri
Botanical Garden 70: 701–712.
Huang S-Q, Fenster CB. 2007. Absence of long-proboscid
pollinators for long-corolla-tubed Himalayan Pedicularis species: Implications for the evolution of corolla
length. International Journal of Plant Sciences 168: 325–
331.
Jiang N, Yu W-B, Li H-Z, Guan K-Y. 2010. Floral traits, pollination ecology and breeding system of three Clematis species
(Ranunculaceae) in Yunnan province, southwestern China.
Australian Journal of Botany 58: 115–123.
Kalisz S, Ree RH, Sargent RD. 2006. Linking floral symmetry
genes to breeding system evolution. Trends in Plant Science
11: 568–573.
Kawai Y, Kudo G. 2009. Effectiveness of buzz pollination in
Pedicularis chamissonis: Significance of multiple visits by
bumblebees. Ecological Research 24: 215–223.
Kearns CA. 1992. Anthophilous fly distribution across an elevation gradient. American Midland Naturalist 127: 172–182.
Kearns CA, Inouye DW. 1993. Techniques for pollination biologists. Colorado: University Press of Colorado.
Korner C. 1999. Alpine plant life: Functional plant ecology of
high mountain ecosystems. New York: Springer.
Kudo G. 1993. Relationship between flowering time and fruit-set
of the entomophilous alpine shrub, Rhododendron aureum
(Ericaceae), inhabiting snow patches. American Journal of
Botany 80: 1300–1304.
Kudo G, Suzuki S. 2002. Relationships between flowering phenology and fruit-set of dwarf shrubs in alpine fellfields in
northern Japan: A comparison with a subarctic heathland
in northern Sweden. Arctic, Antarctic and Alpine Research
34: 185–190.
Kwak MK. 1973. The pollination of Pedicularis palustris by
nectar thieves (short tongued bumblebees). Acta Botanica
Neerlandica 22: 608–615.
Kwak MM. 1979. Effects of bumblebee visits on the seed set
of Pedicularis, Rhinanthus and Melampyrum (Scrophulariaceae) in the Netherlands. Acta Botanica Neerlandica 28:
177–195.
Li H-L. 1948. A revision of the genus Pedicularis in China. I. Proceedings of the Academy of Natural Sciences of Philadelphia 100: 205–378.
Li H-L. 1949. A revision of the genus Pedicularis in China.
II. Proceedings of the Academy of Natural Sciences of
Philadelphia 101: 1–214.

226

Journal of Systematics and Evolution

Vol.

50

No. 3

Li H-L. 1951. Evolution in the flowers of Pedicularis. Evolution
5: 158–164.
Macior LW. 1970. The pollination ecology of Pedicularis in Colorado. American Journal of Botany 57: 716–728.
Macior LW. 1974. Pollination ecology of the front range of the
Colorado Rocky Mountains. Melanderia 15: 1–59.
Macior LW. 1982. Plant community and pollinator dynamics
in the evolution of pollination mechanisms in Pedicularis
(Scrophulariaceae). In: Armstrong JA, Powell JM, Richards
AJ eds. Pollination and evolution. Sydney: Royal Botanic
Gardens. 29–45.
Macior LW. 1983. The pollination dynamics of sympatric species
of Pedicularis (Scrophulariaceae). American Journal of
Botany 70: 844–853.
Macior LW. 1988. A preliminary study of the pollination ecology
of Pedicularis (Scrophulariaceae) in Japan. Plant Species
Biology 3: 61–66.
Macior LW. 1990. Pollination ecology of Pedicularis punctata
Decne. (Scrophulariaceae) in the Kashmir Himalaya. Plant
Species Biology 5: 215–223.
Macior LW. 1993. Pollination ecology of Pedicularis palustris L.
(Scrophulariaceae) in North America. Plant Species Biology
8: 35–44.
Macior LW, Sood SK. 1991. Pollination ecology of Pedicularis
megalantha D. Don (Scrophulariaceae) in the Himachal Himalaya. Plant Species Biology 6: 75–81.
Macior LW, Tang Y. 1997. A preliminary study of the pollination ecology of Pedicularis in the Chinese Himalaya. Plant
Species Biology 12: 1–7.
Macior LW, Tang Y, Zhang J-C. 2001. Reproductive biology
of Pedicularis (Scrophulariaceae) in the Sichuan Himalaya.
Plant Species Biology 16: 83–89.
McCall C, Primack RB. 1992. Influence of flower characteristics,
weather, time of day, and season on insect visitation rates in
three plant-communities. American Journal of Botany 79:
434–442.
Molau U. 1993. Relationships between flowering phenology and
life-history strategies in tundra plants. Arctic and Alpine
Research 25: 391–402.
Neal PR, Dafni A, Giurfa M. 1998. Floral symmetry and its role
in plant-pollinator systems: Terminology, distribution, and
hypotheses. Annual Review of Ecology and Systematics 29:
345–373.
Philipp M, Woodell SRJ, Bocher J, Mattsson O. 1996. Reproductive biology of four species of Pedicularis (Scrophulariaceae) in West Greenland. Arctic and Alpine Research 28:
403–413.
Ree RH. 2005. Phylogeny and the evolution of floral diversity in
Pedicularis (Orobanchaceae). International Journal of Plant
Sciences 166: 595–613.
Rodriguez I, Gumbert A, de Ibarra NH, Kunze J, Giurfa M. 2004.
Symmetry is in the eye of the ‘beeholder’: Innate preference
for bilateral symmetry in flower-naive bumblebees. Naturwissenschaften 91: 374–377.
Sun S-G, Guo Y-H, Gituru RW, Huang S-Q. 2005. Corolla wilting facilitates delayed autonomous self-pollination in Pedicularis dunniana (Orobanchaceae). Plant Systematics and
Evolution 251: 229–237.
Tang Y, Xie H-S. 2006. A pollination ecology study of Pedicularis Linnaeus (Orobanchaceae) in a subalpine to alpine area

2012
of Northwest Sichuan, China. Arctic, Antarctic and Alpine
Research 38: 446–453.
Totland O. 1994. Influence of climate, time of day and season, and
flower density on insect flower visitation in alpine Norway.
Arctic and Alpine Research 26: 66–71.
Totland O. 1997. Limitations on reproduction in alpine Ranunculus acris. Canadian Journal of Botany 75: 137–144.
Totland O, Sottocornola M. 2001. Pollen limitation of reproductive success in two sympatric alpine willows (Salicaceae)
with contrasting pollination strategies. American Journal of
Botany 88: 1011–1015.
Tsoong P-C. 1956. A new system for the genus Pedicularis (continued). Acta Phytotaxonomica Sinica 5: 19–73.
Wang H, Li D-Z. 1998. A preliminary study of pollination biology of Pedicularis (Scrophulariaceae) in Northwest Yunnan,
China. Acta Botanica Sinica 40: 204–210.
Wang H, Li D-Z. 2005. Pollination biology of four Pedicularis
species (Scrophulariaceae) in northwestern Yunnan, China.
Annals of the Missouri Botanical Garden 92: 127–138.
Williams JB, Battzli GO. 1982. Pollination and dispersion of five
species of lousewort (Pedicularis) near Atkasook, Alaska,
U.S.A. Arctic and Alpine Research 14: 59–74.
Wilson P, Thomson JD. 1991. Heterogeneity among floral visitors
leads to discordance between removal and deposition of
pollen. Ecology 72: 1503–1507.
Wirth LR, Graf R, Gugerli F, Landergott U, Holderegger R.
2010. Lower selfing rate at higher altitudes in the alpine
plant Eritrichium nanum (Boraginaceae). American Journal
of Botany 97: 899–901.
Xia J, Sun S-G, Guo Y-H. 2007. Honeybees enhance reproduction
without affecting the outcrossing rate in endemic Pedicularis
densispica (Orobanchaceae). Plant Biolology 9: 713–719.
Yamazaki T. 1988. A revision of the genus Pedicularis in Nepal.
In: Ohba H, Malla SB eds. The Himalayan plants. Tokyo:
University Museum, University of Tokyo. 91–161.
Yang C-F, Guo Y-H. 2004. Pollen size-number trade-off and
pollen-pistil relationships in Pedicularis (Orobanchaceae).
Plant Systematics and Evolution 247: 177–185.
Yang C-F, Sun S-G, Guo Y-H. 2005. Resource limitation and
pollen source (self and outcross) affecting seed production
in two louseworts, Pedicularis siphonantha and P. longiflora
(Orobanchaceae). Botanical Journal of the Linnean Society
147: 83–89.
Yu W-B. 2007. Reproductive strategies of Pedicularis (Orobanchaceae) in the Hengduan Mountains region. M.Sc. Dissertation. Kunming: Kunming Institue of Botany, Chinese
Academy of Sciences.
Yu W-B, Cai J, Wang H, Chen J-Q. 2008. Advances in floral
divergence and reproductive adaptation in Pedicularis L.
(Orobanchaceae). Chinese Bulletin of Botany 25: 392–400.
Yumoto T. 1986. The ecological pollination syndromes of insectpollinated plants in an alpine meadow. Ecological Research
1: 83–95.
Zhang S, Ai H-L, Yu W-B, Wang H, Li D-Z. 2010. Flower heliotropism of Anemone rivularis (Ranunculaceae) in the Himalayas: Effects on floral temperature and reproductive fitness. Plant Ecology 209: 301–312.
Zhang Z-Q, Li Q-J. 2008. Autonomous selfing provides reproductive assurance in an alpine ginger Roscoea schneideriana
(Zingiberaceae). Annals of Botany 102: 531–538.

C

2012 Institute of Botany, Chinese Academy of Sciences

