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Background and aims — Autonomous selfing is a potential strategy to overcome pollinator scarcity
or unreliability, but the specific mechanisms of autonomous selfing need further study to clarify our
understanding of this phenomenon. This study investigated the mechanism of autonomous selfing in a
subalpine population of Prunella vulgaris (Lamiaceae), a species with didynamous stamens.

Methods — We studied the floral biology, pollinator activity, and breeding system of Prunella vulgaris
in a natural population. The short stamens and long stamens were removed separately to examine their
contribution to self-pollinated seed production. In addition, the stamens were removed at different
developmental stages to determine the timing of autonomous selfing.

Key results — The short stamens were closer to the stigma than the long stamens. Seed production after
removal of the long stamens was higher than following removal of the short stamens, suggesting that spatial
separation of the anthers from the stigma is crucial and pollen from the short stamens contributes most
frequently to self-pollination. Self-fertilization started at the final bud stage of flower development, which
may be consistent with the prior selfing mode, but seed production gradually increased during the flower
life-span, suggesting that competing selfing and delayed selfing may also contribute to autonomous selfing.
Bagged flowers set as many seeds as flowers hand-pollinated with outcross pollen or self-pollen, and
thus the population shows a high capacity for autonomous selfing. Emasculated flowers open to visitation
by pollinators produced almost no seed, showing that the pollinator-visitation rate was low, and that the
majority of the seeds in intact flowers resulted from self-fertilization.

Conclusions — The findings show that under low pollinator availability, preanthesis autogamy is likely to
be selectively advantageous as a reproductive assurance mechanism in a subalpine population of Prunella
vulgaris.

Key words — Outcrossing, pollinator scarcity, reproductive assurance, self-fertilization, didynamous
stamens.

INTRODUCTION

Approximately 80% of flowering plant species may be pol-
linated by biotic and abiotic vectors, whereas about 20% are
self-pollinated species (Barrett 2002, Ollerton et al. 2011).
Vogler & Kalisz (2001) proposed that 33% out of 80% of
outcrossing species have a mixed reproductive strategy in-
corporating both selfing and outcrossing. To fully understand

the high frequency of autonomous selfing among flowering
plant species, the benefits and costs of selfing under natural
conditions should be considered (Eckert & Herlihy 2004).
Two main hypotheses have been proposed to account for the
benefits of selfing. One hypothesis is that a gene for selfing
has a transmission advantage over those causing outcrossing
(Busch & Delph 2012). The second hypothesis is that self-
ing evolves when pollinator availability is low, because it
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provides reproductive assurance (Darwin 1876, Baker 1955,
Brys & Jacquemyn 2011, Delmas et al. 2014). The latter hy-
pothesis can be tested by emasculating the flowers before
the pollen grains are released from the pollen sacs and al-
lowing pollinator visits (Schoen & Lloyd 1992, Fenster &
Martén-Rodriguez 2007). If emasculated flowers set fewer
seeds than intact flowers, autonomous selfing would pro-
vide a degree of reproductive assurance (Lloyd & Schoen
1992). However, the benefit of reproductive assurance alone
cannot be determined without accounting for fitness costs
associated with pollen/seed discounting and inbreeding de-
pression (Herlihy & Eckert 2002). The benefits of selfing
will be eroded when pollen used in selfing reduces pollen
availability for outcrossing as pollen discounting (Nagylaki
1976, Wells 1979, Charlesworth 1980) or when seed fitness
of selfers is lower than that of outcrossers owing to inbreed-
ing depression (Charlesworth & Charlesworth 1987, Lloyd
1992, Jacquemyn & Brys 2015). Hence, the benefits and
costs of selfing that rely on the timing of self-fertilization
and functional pollinator effectiveness must be investigated
(Lloyd 1992, Kalisz et al. 2004, Elle et al. 2010).

Autonomous selfing has been classified into three types,
termed prior (before anthesis), competing (during anthesis),
and delayed selfing (at late anthesis), on the basis of the tim-
ing of self-fertilization during the floral life-span (Lloyd
1979, Lloyd & Schoen 1992). Prior selfing occurs when
anthers dehisce and stigmas are receptive before the flower
opens (Lloyd & Schoen 1992). Both prior selfing and com-
peting selfing can cause pollen discounting compared with
delayed selfing, because pollen or ovules that participate in
self-fertilization in early in anthesis are no longer available
for outcrossing (Elle et al. 2010). However, when the pol-
linator visitation rate is low, pollen or ovule discounting does
not act as a barrier to the evolution of prior selfing (Lloyd
1992, Kennedy & Elle 2008).

Autonomous selfing may also evolve as a derivative of
floral structure (e.g. cleistogamy or variation in floral size)
(Lloyd 1992, Fenster et al. 1995, Elle et al. 2010). Cleisto-
gamous flowers are self-fertilized in the bud stage without
opening of the flowers (Anderson 1980), whereas chas-
mogamous flowers can be cross-pollinated with pollen from
another individual (Darwin 1877, but also see Forrest &
Thomson 2008). An additional category of cleistogamy is
“preanthesis cleistogamy”, through which self-fertilization
occurs in the bud, followed by anthesis and the opportunity
for outcrossing (Culley & Klooster 2007). Several genera
(Ajuga L., Lamium L. and Salvia L.) in the Lamiaceae dis-
play a mixed reproductive strategy in which a plant can pro-
duce both cleistogamous and chasmogamous flowers (Culley
& Klooster 2007). Within the same population of Prunella
vulgaris L., smaller flowers show preanthesis cleistogamy,
whereas larger flowers are chasmogamous (Nelson 1964,
1967). Other studies suggest that in P. vulgaris, selfing is
favoured under pollinator limitation, whereas outcrossing
is favoured when pollinator visitation rate is high (Miiller
1883, Aluri 1995). Prunella vulgaris is frequently visited by
bumblebees, butterflies and honey bees and exhibits a wide
elevational range up to 2,050 m a.s.l. (Aluri 1995, Qu &
Widrlechner 2011, Kuriya et al. 2015). Thus, this species is
likely to have a mixed reproductive strategy of both self- and
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cross-pollination within the same population depending on
floral size and pollinator availability.

Qu & Widrlechner (2011) showed that, although P. vul-
garis flowers release pollen grains before the flower opens,
selfing in the bud did not result in effective seed production in
some flowers. In this species, it is not clear how many pollen
grains are deposited on the stigma and effect self-fertilization
in the bud stage, but pollen deposition is indicated to gradu-
ally increase with the flower age. Kuriya et al. (2015) stated
that in all manipulated flowers of different sizes, no pollen
grains were deposited on the stigma during the bud stage in
P vulgaris. Qu & Widrlechner (2011) documented that some
P. vulgaris flowers bear exerted styles and show extremely
low seed set, including accessions from a population in Si-
chuan Province, China. Thus, rather than floral size, in this
species spatial separation between the anthers and stigma
and also the amount of pollen grain deposition with floral
age may determine seed production by selfing, because the
capacity or mode of selfing is suggested to depend on the
spatial separation or movement of the anthers and stigma dur-
ing anthesis (Kalisz et al. 1999, Duan et al. 2010, Fan & Li
2012). In each flower of P. vulgaris the filaments are of un-
equal length: two are short and two long. It remains unclear
whether the relative contribution of the two pairs of stamens
to selfing is different in species with a mixed reproductive
strategy. Thus, additional detailed studies on the roles of the
breeding system, potential differences in seed contribution
between the two pairs of anthers, and the mode of autono-
mous selfing in P. vulgaris are needed. In the present study,
we investigated the mechanism of selfing in a subalpine pop-
ulation of P. vulgaris. Three questions were addressed: (1) is
the study population capable of autonomous selfing? (2) If
so, when and how does autonomous selfing take place? (3)
Does autonomous selfing provide a degree of reproductive
assurance?

MATERIAL AND METHODS

Study site and species

Observations on a natural population of Prunella vulgaris
were conducted at the Lijiang Alpine Botanical Garden
(27°00'N, 100°01'E; 2,830 m a.s.l.) from July to September
2015. The site is located on the south-facing slopes of the
snow-capped Yulong (Jade Dragon) Mountains, approxi-
mately 24 km from Lijiang, Yunnan Province. The mean
annual precipitation at Lijiang City (2,393 m a.s.l.) is 934.9
mm, and the peak rainy season is from July to August (Zhang
& Li 2008, Fan & Li 2012).

Prunella vulgaris (Lamiaceae) is widely distributed
throughout the Northern Hemisphere. It is a small, herba-
ceous perennial inhabiting lowlands, gravel streams, moist
pasturelands and subalpine meadows. The flowers of this
species are protandrous and have didynamous stamens, two
short and two long stamens (Aluri 1995). The study popula-
tion grows in a subalpine meadow and contains more than
1,000 flowering individuals. The four stamens and the style
of mature flowers adhere to the upper lobe of the corolla. The
corolla is purple and flowers are borne from June to Septem-



ber, a period that includes the peak rainy season at the study
site.

Floral biology

To investigate floral morphology in the study population,
we selected one flower per inflorescence and one inflores-
cence per plant from thirty individual plants. We counted the
flower number per inflorescence and recorded the floral lon-
gevity for a single flower and floral longevity for all flowers
per inflorescence. We selected an additional thirty plants to
measure plant height, floral length, corolla tube length, style
length, long stamen length, and short stamen length from a
single flower per individual plant with a Vernier calliper (to
0.01 mm accuracy). A single flower from a single inflores-
cence was selected from an additional fifty plants to calculate
the percentage of exerted styles. Styles that were longer than
all of the stamens or exerted beyond the upper lobe of the co-
rolla were considered to be exerted, whereas styles that were
shorter or the same length as the long stamens were classi-
fied as inserted. One-way ANOVA was performed using a
post-hoc least significant difference (LSD) test to reveal the
significance of differences in length among the two pairs of
stamens and the style.

One flower bud per plant (n = 15) was collected and fixed
in FAA solution (formalin: acetic acid: ethanol at a ratio of
5:5:90 by volume) in an individual vial for determination of
the total number of pollen grains. Each pair of anthers was
dissected from the stamens and the pollen sacs were opened
and the pollen grains were dispersed in 1.5 ml micro-centri-
fuge tubes containing 0.5 ml FAA solution. For each pair of
anthers, ten subsamples of 10 ul each were placed on a glass
microscope slide, the total number of pollen grains on the
slide was counted under a light microscope (XSZ-0900, Wu-
zhou Oka Optical Instrument Co., Ltd., Wuzhou, Guangxi,
China) and the mean was calculated. We used an independ-
ent-sample #-test to determine the significance of differences
in pollen number between short stamens and long stamens.
The pollen-to-ovule (P/O) ratio was calculated (Cruden 1977,
Dafni 1992) as the total number of pollen grains per flower
divided by four, the number of ovules per flower in the La-
miaceae.

Breeding system and the role of autonomous selfing

To examine the breeding system and the capacity for autono-
mous selfing, 180 flower buds were randomly selected and
subjected to the following six pollination treatments. Two
buds from the middle position (the second whorl from the
inflorescence base) per inflorescence per plant (n = 15) were
chosen for each treatment: (I) buds (before dehiscence of
the pollen sacs) were carefully emasculated without harm-
ing floral development and the whole inflorescence was cov-
ered with a fine nylon mesh bag before anthesis to test the
potential for apomixis; (II) buds were emasculated and left
uncovered to examine the contribution of pollinators (open
pollination) to seed production; (III) buds were covered with
a fine nylon mesh bag to examine the potential for autono-
mous selfing; (IV) buds were emasculated and covered with
a fine nylon mesh bag before the anthers dehisced, and then
hand-pollinated after the corolla had opened with fresh pol-
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len collected from the same plant (geitonogamy) to test for
self-compatibility; (V) buds were emasculated and covered
with a fine nylon mesh bag before the anthers dehisced, and
then manually pollinated with fresh pollen collected from
multiple individuals located at least 5 m from the pollinated
plant (cross-pollination); and (VI) flowers were left undis-
turbed for open pollination, as a control. In each treatment,
we carefully emasculated all anthers of non-manipulated
flowers without harming floral development to prevent self-
pollination resulting from pollen transfer from other flowers
on the same inflorescence and then covered the whole inflo-
rescence with a fine nylon mesh bag. We excluded potential
manipulated flowers that were damaged after emasculation.
Therefore, the results presented are an accurate indication of
the final seed production from all treatments applied.

We removed the short and long stamens separately to ex-
amine their possible relative contribution to seed production
as a result of autonomous selfing. We manually performed
emasculations as follows: (I) removal of the short stamens
of flower buds and bagging of the buds before anther dehis-
cence; (II) removal of the long stamens of flower buds and
bagging of the buds before anther dehiscence; and (III) con-
trol: flowers were not subjected to any treatment and bagged.
In each treatment, at least two flower buds from the middle
position (the second whorl from the inflorescence base) per
inflorescence per plant (n = 15) were selected and the whole
inflorescence was covered with a fine nylon mesh bag. For
the emasculation, we chose buds that were almost open but
in which the pollen sacs had not dehisced. After 45 days,
seed number per flower was counted.

Data were analysed using generalized linear mixed mod-
els (GLMMs) to test for significant differences in seed pro-
duction among treatments using treatment as a fixed factor,
plant as a random factor, and considering treatment x plant
interaction. Post-hoc LSD tests were used to explore all pos-
sible pairwise comparisons between treatments. The data for
seed production among the treatments were not normally dis-
tributed; we therefore selected a Poisson distribution for the
errors with a log-link function to test the statistical signifi-
cance of paired-comparisons between treatments. All statisti-
cal analyses were conducted with IBM SPSS version 19.0 for
Windows (2010, IBM Corp., Armonk, NY, USA).

Timing of autonomous self-pollination

To determine the timing of autonomous selfing, two flower
buds per plant (n = 15) were selected and bagged for each
treatment. The two buds on each plant were subjected to one
of the following treatments and then re-bagged: (I) emascu-
lation at the final bud stage before the corolla was fully open,
in which the upper lobe of the corolla was still in contact
with the lower lobe (1 day before full opening); (II) emascu-
lation on the first day of corolla opening; (II) emasculation
on the third day of corolla opening. Non-treated flowers were
used as a control. For treatments (I) and (II), emasculation
and bagging were performed as described for the treatments
in the breeding system experiment. A GLMM analysis was
used to test for significant differences in seed production
among treatments using treatment as a fixed factor, plant as
a random factor, and considering treatment x plant interac-
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tion. A post-hoc LSD test was used to explore all possible
pairwise comparisons between treatments. The data for seed
production were not normally distributed; therefore, a Pois-
son distribution for the errors with a log-link function was
used to determine which pairs of means were significantly
different.

Pollinator activity

We observed floral visitors to Prunella vulgaris during the
peak of the flowering season on three consecutive clear,
sunny days from 09:00 to 18:30 h. Before we started the
observation on each day, we carefully counted the numbers
of flowers and selected a total of 4,312 flowers for each ob-
served day within an area of 30 m X 30 m in the study popu-
lation. Given that the frequency of pollinator visitation was
low, we were able to observe when each pollinator visited
each flower, and thus all visits to flowers by individual pol-
linators within the observation period were recorded. The
visitation rate per flower per hour was calculated for the dif-
ferent pollinators. All insect visitors were collected using a

Long stamen

Stigma

Short stamen

butterfly net and were killed in jars filled with ethyl acetate
fumes. All pinned and labelled specimens were preserved at
the Kunming Institute of Botany, Chinese Academy of Sci-
ences.

RESULTS

Floral biology

Plants of P. vulgaris began to bloom in late June, with peak
flowering in late July and early August, and completion of
flowering in mid-September. The mean plant height was
119.48 + 3.83 mm (mean =+ s.e., n = 30), with flowers 10.80 =
0.29 mm long and corolla tubes 7.78 £ 0.26 mm long (fig.1A
& B). Each inflorescence produced 20.10 + 1.26 flowers
(n = 30) and the longevity of an individual flower was 3-5
days (mean = 4.20 + 0.14, n = 30), in which up to twelve
flower buds opened simultaneously. All flowers in each in-
florescence completed blooming after 13-25 days (17.53 +
0.67, n = 30). Only 10% (n = 50) of the styles were exerted.
The short stamens were closer to the stigma than were the

Figure 1 — Prunella vulgaris flowers and their pollinators: A, mature flower; B, P. vulgaris plant; C, bumblebee (Bombus sp.); D, honey bee

(Apis sp.). The arrows point to a bifid stigma and the stamens.
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long stamens. A significant length difference was observed
between the short stamens, long stamens, and style (one-way
ANOVA, F, ., = 11.38, P < 0.001). The length of the long
stamens (9.64 + 0.32 mm, n = 30) was significantly longer
than that of the short stamens (7.70 + 0.29 mm, » = 30) and
the style (8.49 = 0.25 mm, n = 30), whereas no significant
difference between the lengths of the short stamens and the
style was observed (fig. 1). The numbers of pollen grains
produced in the short stamens and the long stamens per
flower were 643.33 +99.17 and 592.00 + 89.58, respectively.
The difference in pollen production between the short sta-
mens and long stamens was non-significant (¢-test, t = - 0.38,
P =0.70). The total number of pollen grains per flower was
1235.33 + 153.31 (n = 15). Thus, the P/O ratio was 308.83
+ 38.33. Some of the pollen grains were released before the
flower was fully open (the final bud stage), but no pollen
grains were released in flowers 2-3 days before opening.

Breeding system and capacity for autonomous selfing

Emasculated, bagged flower buds did not produce any seeds.
Bagged-intact flowers, emasculated hand-selfed flowers and
hand-outcrossed flowers did not show any significant dif-
ference in seed production (fig. 2), which also demonstrates
that emasculation did not have a negative effect on seed set.
However, bagged emasculated flowers showed greatly re-
duced seed production compared to bagged intact flowers
(GLMM: F | .= 14.352, P <0.001). Intact flowers produced
as many seeds as did hand cross-pollinated flowers. A sig-
nificant difference in seed production among plants was ob-
served, although the treatment x plant interaction was also
significant (&, = 2.78, P <0.01 for plant; F_ , =2.29, P <

. ) . 0,86
0.001 for treatment x plant interaction).

Compared with intact flowers as a control, removal of
the long stamens reduced seed production non-significantly,
whereas removal of the short stamens reduced seed number
significantly (GLMM: F, - = 4.414, P = 0.015) (fig. 3). No
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Figure 2 — Seed number of flowers subjected to different pollination
treatments. BE, bagged and emasculated flowers (apomixis); OE,
emasculated and open flowers; AU, bagged without manipulation
(autogamy); HS, hand self-pollination; HC, hand cross-pollination;
NC, natural control. Different letters indicate significant differences
(GLMM: F_ _=14.352, P <0.001). Bars indicate means (= s.e.).
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significant difference in seed production among plants was
observed and the treatment X plant interaction was non-sig-
nificant (F14,44 =1.74, P = 0.82 for plant; F,),, = 1.44, P =
0.14 treatment x plant interaction).

9,44

Timing of autonomous selfing

Flowers emasculated at the final bud stage produced as many
seeds as did flowers emasculated on the first day of anthesis.
However, compared with flowers emasculated on the third
day of anthesis and the intact (control) flowers, emasculation
at the final bud stage resulted in significantly decreased seed
production, whereas seed number after anther removal on the
first day after anthesis was not significantly different from all
other treatments (GLMM: F | = 3.441, P =0.019) (fig. 4).
No significant difference in seed production among plants
was observed and the treatment x plant interaction was non-
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Figure 3 — Seed number of flowers subjected to emasculation (E) by
removal of the long or the short stamens. Different letters indicate
significant differences (GLMM: F, . = 4.414, P = 0.015). Bars
indicate means (+ s.e.).
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Figure 4 — Seed number of flowers subjected to emasculation at
different stages of the floral life span. Different letters indicate
significant differences (GLMM: F,, = 3.441, P = 0.019). Bars
indicate means (+ s.e.).
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= 0.85,
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significant (£, = 1.17, P = 0.323 for plant; F
P =0.695 for treatment x plant interaction).

Pollinator visitation rate

During the course of three consecutive observation days, two
types of pollinators visited flowers of P. vulgaris. Bumble-
bees (Bombus sp.) showed a mean of 0.06 £ 0.02 visits per
flower per hour (n = 53), whereas the mean rate of honey
bee (Apis sp.) visitation was 0.02 £ 0.02 visits per flower per
hour (n = 28) (fig. 1C & D). No significant difference in visi-
tation rate between these two pollinators types was observed
(t=1.63, P=0.155).

DISCUSSION

Our data revealed that Prunella vulgaris is not apomictic,
because emasculated and bagged flower buds (2-3 days
before flowering) did not produce any seed. However, as a
result of the short distance between the stigma and the an-
thers, bagged intact flowers produced as many seeds as did
flowers subjected to hand pollination. This finding indicates
that P. vulgaris has a high capacity for autonomous selfing,
which is consistent with the results of bagging experiments
conducted on multiple populations of P. vulgaris with in-
serted styles (Qu & Widrlechner 2011). Selfing begins in the
final bud stage (1 day before full corolla opening) and can
be classified as facultative autogamy following the definition
of Cruden (1977). The visitation rate of bumblebees in the
present study (0.06 + 0.02) was less than previously reported
rates (0.64 £ 0.10) (as reviewed by Duffy & Stout 2008, see
also Hegland & Totland 2005). These results support the hy-
pothesis that reproductive assurance developed in this spe-
cies as an adaptation under low pollinator availability, as
also suggested for two delayed autonomous self-pollinated
species in the Zingiberaceae, Roscoea schneideriana (Loes.)
Cowley (Zhang & Li 2008) and Roscoea debilis Gagnep.
(Fan & Li 2012), which grow under similar conditions near
to the present study area.

Mechanism and mode of autonomous selfing

Most previous studies on the spatial separation or the move-
ment of anthers and stigmas have documented how selfing
occurs under poor pollinator availability (e.g. Fan & Li 2012,
Ma et al. 2012). For instance, in the prior selfing stage of
Silene noctiflora L. (Caryophyllaceae), some of the anthers
dehisce and come into contact with the stigmas before anthe-
sis, thereby effecting self-pollination (Davis & Delph 2005).
Zhang & Li (2008) stated that delayed selfing in Roscoea
schneideriana is characterized by a progressive downward
curling of the stigmatic lobes towards the pollen-carrying
anther surfaces. In the present study, we observed that in a
subalpine population of Prunella vulgaris, spatial separa-
tion between the stigma and the two pairs of stamens con-
tributes to the frequency of self-pollination. Pollen from the
short stamens only, which are of similar length to the style,
is sufficient to produce as many seeds as observed for intact
flowers, whereas pollen from the long stamens contributes
to seed production at a much lower frequency. This finding
is in stark contrast to Qu & Widrlechner’s (2011) report of
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a population of P. vulgaris from Sichuan Province, China,
which was originally collected from an alpine meadow at
3,030 m a.s.l. but observed when cultivated in ITowa, USA
under low-elevation conditions (c. 300 m a.s.l.), displayed
styles exerted beyond the corolla lobes and anthers, which
represents an adaptation that favours outcrossing.

For flowers capable of autonomous selfing, the role of the
timing of self-pollination should be determined. According
to our results, self-pollination of P. vulgaris flowers started
from the final bud stage, which may be consistent with the
category of prior selfing. Thus, this finding supports previous
studies on this species, in which Qu & Widrlechner (2011)
observed that pollen grains were deposited on the stigma and
self-pollination occurred in the final bud stage. This phenom-
enon of self-fertilization has been termed “bud-autogamy”
(Noormets & Olson 2006) or “preanthesis cleistogamy”, in
which “self-fertilization occurs in the bud, followed by an-
thesis and opportunities for outcrossing” (Culley & Klooster
2007). Furthermore, we showed that seed production result-
ing from selfing gradually increased over the life-span of the
flower in P. vulgaris, which has not been previously reported
in this species. This phenomenon was found in a study on the
flowers of Tillandsia multicaulis Steud. (Bromeliaceae), in
which self-fertilization occurred prior to flower opening, but
seed production increased with advancing stage of floral de-
velopment (Bush 2009), suggesting that some of the autono-
mous seed set observed in P. vulgaris may also be caused by
modes of competing selfing and delayed selfing, as defined
by Lloyd & Schoen (1992). The timing of autonomous self-
ing does not always fit into the “prior”, “competing” or “de-
layed” categories (Zhang & Li 2008, Fan & Li 2012). Prior
selfing is not always considered to provide reproductive as-
surance in the classic sense, because of the costs associated
with pollen and seed discounting (Lloyd 1992). Under low
pollinator availability, these costs are reduced and prior self-
ing can evolve more easily (Morgan & Wilson 2005).

Autonomous selfing is commonly observed in smaller
flowers (e.g. Fenster et al. 1995, Runions & Geber 2000, Elle
& Carney 2003, Elle et al. 2010). Smith-Huerta & Huerta
(2015) also stated that smaller flowers within the same spe-
cies show a greater capacity for self-pollen deposition when
compared with larger flowers that are outcrossing. Flower
sizes of P. vulgaris are reported to vary along different al-
titudinal gradients (Kuriya et al. 2015), indicating that floral
size is closely related to environmental factors. The present
results showed that floral size (as presented by corolla tube
length) in our study population, at 7.78 + 0.26 mm (mean +
s.e., n = 30), was less than the shortest floral tube reported by
Kuriya et al. (2015), at 11.33 + 0.14 mm (mean + s.e, n = 50).
Thus, it is assumed that P. vulgaris is capable of autonomous
selfing, as was observed in smaller flowers of the species by
Nelson (1964). However, Kuriya et al. (2015) did not test
experimentally whether the breeding system associated with
floral size variation differed along altitudinal gradients. In ad-
dition, these authors mentioned that no pollen was deposited
on the stigma in early floral developmental stages of P. vul-
garis. Qu & Widrlechner (2011) reported variation in repro-
ductive success of this species between two types of flowers
differing in style length, with only 6% seed set recorded for
bagged flowers with an exerted style, whereas populations



with an inserted style showed up to 94% seed set. The exerted
style was only present in accessions from China (Sichuan),
Japan and one population from the USA (Oregon), whereas
inserted styles were exclusively observed in 27 populations
of P. vulgaris from the USA and the Republic of Georgia. In
the present study, 90% (n = 50) of the styles were inserted and
shorter than the long stamens, and up to 93% (n = 30) self-
pollinated seed set was observed in bagged-intact flowers.
Thus, the frequency of selfing in this species likely depends
on relative stamen length rather than floral size.

Reproductive assurance and opportunities for
outcrossing

Although P. vulgaris flowers are visited by a variety of in-
sects, including bumblebees (Kuriya et al. 2015), butterflies
(Aluri 1995), and honey bees (Qu & Widrlechner 2011), we
observed bumblebees and honey bees to be the most frequent
visitors in the subalpine population of the current study, but
at a very low visitation rate. This is reflected in our observa-
tion that emasculated flowers exposed to potential pollinators
produced significantly fewer seeds than did intact flowers,
indicating that the majority of seeds produced in intact flow-
ers were a result of autonomous selfing. For seed production
among plants as well as the treatment x plant interaction, sig-
nificant differences were only observed among treatments of
the breeding system experiment, whereas no significant dif-
ferences were observed among the emasculation treatments
and among the timing of autonomous selfing. This may be
because some of the plants, particularly those in which flow-
ers were emasculated and exposed to pollinators to exam-
ine the contribution of open pollination to seed production,
were probably not visited by some of the pollinators, and
thus would influence reducing seed production more in those
plants than in other visited plants.

Considering the present results collectively, this subal-
pine population of P. vulgaris shows a high rate of autono-
mous selfing (a trait common to many other populations of
this species), and the additional contribution of pollinator-
mediated outcrossing to seed production seems to be negli-
gible. These results support the hypothesis that autonomous
self-pollination serves as a means of reproductive assurance,
which likely developed under scarce pollinator availability,
in the present case associated with subalpine conditions.
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