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ABSTRACT

Background: Floral longevity has been assumed to reflect a balance between the fitness gain
through increased pollination and the cost of flower maintenance.

Question: Is there variation in the amount of resources allocated to male and female
functions within flowers? Does floral longevity vary with temporal variation in floral sex
allocation?

Organism: Adenophora jasionifolia, a perennial species with flowers differing greatly in floral
sex allocation.

Field site: Shangri-La Alpine Botanical Garden, Yunnan Province, southwest China.
Methods: Daily observations of flowers for floral longevity, counts of traits indicating

resource allocation, bagging flowers to reveal the effect of pollinator visitation on floral
longevity.

Results: Within a six-flowered inflorescence, the apical flower opened first followed by the
middle flower, before two pairs of flowers in different spatial positions opened simultaneously.
The patterns of floral sex allocation and floral longevity were strongly associated with the order
of flower opening but not with the spatial arrangement of flowers within inflorescences. The
shift to male-biased sex allocation in late-opening flowers corresponded with a decrease in floral
longevity, and reduced female allocation.

Conclusion: There is a temporal decline of floral longevity and female sex allocation in A.
jasionifolia. This positive relationship between floral longevity and floral sex allocation provides
new insights into the evolution of floral longevity.

Keywords: Adenophora jasionifolia, Campanulaceae, dichogamy, floral longevity,
floral sex allocation, mating-environment hypothesis, pollen–ovule ratio,
pollen removal and receipt.

INTRODUCTION

Variation in floral longevity, the time over which a flower remains open and functional,
affects the total number of pollinator visits and consequently the amount and quality of
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pollen removal and receipt (Primack, 1985; Ashman and Schoen, 1996; Harder and Johnson, 2005). Increased
floral longevity may increase mating opportunities, but investing resources to increase floral
longevity may come at the cost of plant maintenance and growth (Ashman and Schoen, 1994; Castro

et al., 2008). As plants often experience pollination failure because of inefficient pollen transfer
(Harder and Routley, 2006), male reproductive success might be maximized by having flowers that
have a relatively high investment in pollen also have a relatively long male phase (see Itagaki and

Sakai, 2006), given that the length of the male phase could limit pollen removal and waste
resources. In other words, floral longevity might correlate with investment and pollinator
attraction within flowers. Experimental evidence in support of this hypothesis is scarce.
Observations by Kerner von Marilaun in 1895 suggested that floral longevity was positively
related to pollen production per flower (see Ashman and Schoen, 1996). A comparison of 110 species
from a Costa Rican forest indicated that individual flower longevity was positively related to
flower size and ovule number per flower (Stratton, 1989). Lastly, floral longevity was positively
correlated with flower size and nectar reward in 13 bee-pollinated Labiatae species in Israel
(Dafni, 1991).

Floral sex allocation, or the proportion of resources allocated to male and female
functions within flowers, and floral longevity generally vary with flowering sequence. Early-
opening flowers tend to allocate more resources to female function (Stephenson, 1981; Wyatt, 1982;

Ashman and Hitchens, 2000; Medrano et al., 2000; Mazer and Dawson, 2001; Diggle, 2003) and to remain open
longer relative to later-opening flowers (Sargent and Roitberg, 2000; Ishii and Sakai, 2001; Itagaki and Sakai,

2006). For example, a survey of 14 liliaceous species found that ovule production commonly
declined among sequentially blooming flowers but pollen production did not (Thomson, 1989).
Such a temporal pattern of floral sex allocation has been attributed to variation in the
mating environment (opportunity for pollen donation and/or receipt) experienced by
individual flowers, i.e. the mating-environment hypothesis (Brunet and Charlesworth, 1995). For
example, in protandrous species, flowers produced early may have a low ratio of available
ovules to pollen competing for these ovules (Brunet, 1996; Ishii and Sakai, 2002; Huang et al., 2004; Brookes

and Jesson, 2010). The hypothesis predicts that protandry would select for a more female-biased
allocation (more ovules) in early flowers with an increase to male-biased allocation (more
pollen) in later blooming flowers.

It remains unclear whether temporal variation in floral sex allocation correlates with
variation in floral longevity. Specifically, it is of interest whether variation in floral longevity
covaries with the shift of floral allocation from female- to male-biased in protandrous
species. Itagaki and Sakai (2006) found a positive relationship between floral sex allocation
and floral longevity in the protandrous, two-flowered plant species, Aquilegia buergeriana,
in which the second flower opens one week after the first. The first flower remains open a
greater number of days, has a significantly longer male phase, and produces more pollen
grains than the second flower (Itagaki and Sakai, 2006). These results suggest that the longer
duration of the male phase could be related to the larger number of pollen grains in the
first flowers. However, the male-biased allocation in the first flowers contrasts with the
expectation of protandrous species, which have been shown frequently to exhibit relatively
lower pollen production in earlier- than later-blooming flowers (Brunet, 1996; Vogler et al., 1999;

Mazer and Dawson, 2001; Hiraga and Sakai, 2007; Delesalle et al., 2008; Zhao et al., 2008).
To examine the relationship between floral sex allocation and floral longevity, we investi-

gated the proportion of reproductive resources allocated to male and female functions
within flowers in the six-flowered inflorescence of the alpine ladybell Adenophora jasionifolia
(Campanulaceae). Floral sex allocation has frequently been reported to vary among flowers.
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In inflorescences in which flowers mature either acropetally or basipetally [the normal
situation (see review in Stephenson, 1981; Thomson, 1989)], it is difficult to separate the effect of position
from the effect of the flowering sequence (Wesselingh and Arnold, 2003; Huang et al., 2004; Buide, 2008).
However, in A. jasionifolia, the time of flower opening and position on the inflorescence are
largely decoupled. Flowering begins with the apical flower and then follows an unusual
sequence: a relatively distal flower may open earlier or later than a basal flower. In par-
ticular, some flowers blooming simultaneously occupy different positions, while overall
the flower positions can be divided into different temporal ranks that each contain one or
two flower positions. This characteristic provides an ideal opportunity to disentangle
temporal from positional effects. Additionally, flowers of A. jasionifolia are protandrous
with secondary pollen presentation typical of many Campanula species, making male
and female phases distinguishable. Thus, the great variation in sex allocation within
inflorescences and distinct demarcation between male and female phases enabled us to
investigate the relationship between sex allocation and floral longevity.

MATERIALS AND METHODS

Study species and site

Adenophora jasionifolia Franch. (Campanulaceae) is a perennial herb, endemic to southwest
China. It grows in alpine meadows or at the edges of forests. Individual plants produce 1–4
unbranched stalks in late spring. Each stalk develops a terminal inflorescence in summer
with 1–8 blue bell-shaped flowers (Fig. 1). The inflorescence is called a ‘pseudoraceme’,
which is essentially a monochasium (Hong, 1983). The apical flower bud develops first but the
developmental process of the inflorescence does not follow the basipetal pattern that is
common in monochasia. Flowers of A. jasionifolia are strongly protandrous, and exhibit
secondary pollen presentation like other Campanulaceae species (Nyman, 1993). The male
phase lasts 1–3 days and is followed by a female phase of 2–4 days (see Results). Before
flowers open, the five anthers release pollen onto pollen-collecting hairs of the style when
the stigmatic lobes are still closed with no receptive surface exposed. At this point, the style
functions as the pollen-presenting organ. In late anthesis (female phase), the stigmatic lobes
open with the receptive surface exposed following the retraction of pollen-collecting hairs.
Bumblebees are effective pollinators (Liu and Huang, 2013).

In late July to August 2008 and 2010, we studied a natural population with hundreds
of individuals, 3200 m above sea level in Shangri-La Alpine Botanical Garden, Yunnan
Province, southwest China (27�54�05″N, 99�38�17″E). In this study, we chose plants with
six-flowered inflorescences (Fig. 1), which were the most common in the field.

Floral longevity

To document the order of flower opening in an inflorescence, we randomly tagged 46
(in 2008) and 51 (in 2001) inflorescences, each from a different plant, and recorded
flowering status at 8:00 and 17:00 h every day. From top to bottom, we named the six flowers
flower A (the apical flower), B, C, D, E, and F, respectively (Fig. 1). On each inflorescence,
we assigned a number to each flower according to the temporal flowering sequence. We used
the average value of these temporal series per spatial position to represent the sequential
flowering of the inflorescences.
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To compare duration of male and female phases, the time of each flower opening on 30
(in 2008) and 50 (in 2010) inflorescences was monitored in detail twice per day. Reflexation
of stigmatic lobes and exposure of receptive surfaces was considered to be the beginning
of the female phase (see Evanhoe and Galloway, 2002). The beginning of corolla wilting was defined
as the beginning of senescence. We defined floral longevity as the duration from flower

Fig. 1. An inflorescence of Adenophora jasionifolia. Flowers are labelled according to basipetal pos-
ition. The apical flower is wilted. In this inflorescence, D flowered, followed by C.
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opening to senescence, the male phase of the flower as the duration from flower opening
to exposure of the stigma, and the female phase of the flower as the duration from exposure
of the stigma to senescence.

To examine whether pollen removal or receipt affected floral longevity in A. jasionifolia,
we bagged the apical flowers (flower A) with nylon nets to exclude pollinators. To
demonstrate the effect of pollen removal on the duration of the male phase, we bagged 27
flowers before they opened in 2010 and used 27 open-pollinated flowers as controls. To
determine the effect of pollen receipt on the duration of the female phase, we bagged 30
flowers that were at male phase according to morphology, but that already had their pollen
removed from the styles by insects; 28 open-pollinated flowers were chosen as controls.
To reduce the possible effects of weather and fluctuation in pollinator visitation, an equal
number of flowers received the above treatments on a given day.

Floral allocation and pollinator attraction

To evaluate floral sex allocation, we collected the anthers of each flower on 22 (in 2008) and
48 (in 2010) six-flowered inflorescences. Young flowers are light blue and turn dark blue
just before anther dehiscence and anthesis (Liu and Huang, 2013). This colour change permitted
us to collect anthers and estimate pollen number before dehiscence with secondary pollen
presentation. We longitudinally incised each corolla with a razor blade, and removed the
anthers with forceps. All anthers from the same flower were fixed in standard FAA solution
(formalin–acetic acid–70% ethanol in a ratio of 5:6:89 by volume) in one microcentrifuge
tube. In the laboratory, the anthers were split and suspended, and pollen grains in ten
drops of pollen solution (amounting to 20 mL) were counted under a microscope. To count
ovules, we correspondingly collected the flowers from which anthers were removed for
counting 3 weeks after the last flower wilted. Pollen and ovule production and pollen–ovule
ratio were calculated for each flower position.

To investigate whether floral longevity was positively related to flower size in A. jasioni-
folia, we measured the length of the corolla tube to 0.1 mm, using calipers from each fully
open, male-phase flower per inflorescence from those 28 randomly chosen inflorescences
for which we measured floral longevity. Length of a corolla tube was the distance from the
corolla base to the apex of the longest corolla lobe.

Statistical analyses

Repeated-measures analyses of variance (ANOVAs) followed by Bonferroni tests were used
to compare floral sex allocation, flower size, and floral longevity, as well as the duration of
male and female phase among flower positions. To detect whether the pattern of floral sex
allocation and floral longevity among temporal flower positions differed between years,
two-way ANOVAs were used. We used Pearson’s correlation tests to examine the relation-
ship between average floral sex allocation and floral longevity, as well as the duration of
male or female phase of each flower position. The effect of insect visitation on the duration
of the male and female phases was assessed with one-way ANOVAs. We analysed the data
using SPSS 16.0.1.
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RESULTS

Flowering sequence

Flowering sequence did not differ between the two years, as indicated by the lack of a
significant interaction between year and flowering sequence in the two-way ANOVAs.
Flower positions differed significantly in flowering sequence (F5,45 = 220.66, P < 0.0001 in
2008; F5,50 = 261.07, P < 0.0001 in 2010) (Fig. 2). Bonferroni tests further demonstrated that
there were significant differences in flowering sequences for all flower positions, except
between positions C and E, B and F, and D and E (the latter differing only in 2008). Based
on flowering sequence, the six positions could be classified into four temporal ranks. Flower
A was always the first to bloom. Flower D was the most likely flower to follow. Next came
flower C and E with equal probability. Flowers B and F bloomed last (Fig. 2).

Pollen and ovule allocation, and flower size

Although pollen counts and the pollen–ovule ratio varied among flowers, the pattern of
variation in these two variables among flowers did not change between years (no significant
interactions were observed between position and year). Variation in floral allocation
between flower positions was significant (Table 1; Fig. 2). Both pollen and ovule production
declined from early to late flowers, but ovule production declined more abruptly. The
earlier flowers opened, the more pollen they produced (F5,21 = 72.62, P < 0.0001 in 2008;
F5,47 = 36.54, P < 0.0001 in 2010) (Fig. 2C, D), although flower D did not produce signifi-
cantly more pollen than flower C or E (Bonferroni tests, P > 0.05 in both years). Two flowers
within any one temporal rank (flowers B and F, flowers C and E) did not differ significantly
in pollen production (P > 0.05 in both years; Fig. 2C, D).

The sequentially opening flowers differed significantly in ovule production (F5,21 = 147.64,
P < 0.0001 in 2008; F5,47 = 112.23, P < 0.0001 in 2010) (Fig. 2E, F) and early flowers con-

Table 1. Results of two-way ANOVAs examining whether patterns of floral sex allocation and floral
longevity differed among flower positions and between years

Pollen production Ovule production Pollen–ovule ratio

Variable d.f. F P F P F P

Year 1 9.8 0.002 1.6 0.207 8.9 0.003
Flower position 5 10.2 <0.0001 50.7 <0.0001 18.5 <0.0001
Year × flower position 5 0.1 0.994 0.7 0.607 0.2
Error 408

Male phase duration Female phase duration Total floral longevity

Variable d.f. F P F P F P

Year 1 200.3 <0.0001 5.7 0.017 170.8 <0.0001
Flower position 5 0.5 0.747 43.9 <0.0001 21.6 <0.0001
Year × flower position 5 0.5 0.812 0.1 0.983 0.3 0.905
Error 468
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tained more ovules than later flowers (multiple comparisons, P < 0.05 in both years). Two
flowers within any one temporal rank did not differ significantly in ovule production
(P > 0.05 in both years).

The pollen–ovule ratio increased significantly from early to late flowers (F5,21 = 34.07,
P < 0.0001 in 2008; F5,47 = 29.21, P < 0.0001 in 2010) (Fig. 3). Compared with late blooming

Fig. 2. Flowering sequence (A, B), variation in pollen (C, D), and ovule production (E, F) in the
six-flowered inflorescence (mean ± 1 ..) in two years: 2008 and 2010. Positions sharing a superscript
letter are not significantly different.
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flowers, the apical flower produced the greatest number of pollen grains but had the lowest
pollen–ovule ratio.

Like pollen and ovule production, corolla-tube length declined from early to late flowers
(F5,27 = 41.35, P < 0.0001), except the length of flower D did not differ significantly from
that of flower C or E (P > 0.3).

Floral longevity

The duration of the female phase and total floral longevity were significantly different
between years and flower positions (except male phase duration), but there was no sig-
nificant interaction (Table 1; Fig. 4). Total floral longevity varied among sequentially
blooming flowers, with earlier flowers lasting longer than later flowers (F5,29 = 9.06,
P < 0.0001 in 2008; F5,49 = 20.36, P < 0.0001 in 2010). While the duration of the female
phase declined significantly between early and late flowers (F5,29 = 22.96, P < 0.0001 in 2008;
F5,49 = 39.02, P < 0.0001 in 2010), the duration of the male phase did not vary significantly
among flowers (F5,29 = 0.30, P = 0.914 in 2008; F5,49 = 1.21, P = 0.303 in 2010) (Fig. 4).

Effect of pollen removal and receipt on floral longevity

Compared with open-pollinated flowers, the duration of the male phase of flowers from
which pollen was not removed was significantly prolonged (F1,52 = 149.63, P < 0.0001), while
the duration of the female phase of flowers that did not receive pollen was not significantly
affected (F1,56 = 0.491, P = 0.486) (Fig. 5), indicating that pollination only affected the male
phase in this species.

Correlation between floral longevity and floral sex allocation

Floral longevity was significantly correlated with allocation to female and male functions
in both study years. Given that the patterns were similar in 2008 and 2010, we only report

Fig. 3. Temporal decline in pollen–ovule ratio in sequentially blooming flowers (mean ± 1 ..) in two
years: 2008 and 2010. Means sharing a superscript letter are not significantly different.
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the results for 2008 (Fig. 6). Female-phase duration and floral longevity were both signifi-
cantly correlated with average pollen production per flower (r = 0.981, P = 0.0003; r = 0.986,
P = 0.0005), ovule production per flower (r = 0.997, P = 0.001; r = 0.992, P < 0.0001),
and pollen–ovule ratio (r = −0.939, P = 0.005; r = −0.932, P = 0.007). However, neither trait
correlated with male-phase duration (all P > 0.3). Corolla-tube length was significantly
correlated with pollen production (r = 0.950, P = 0.004), ovule production per flower

Fig. 4. Variation in the duration of female and male phases in sequentially blooming flowers
(mean ± 1 ..) in two years: 2008 and 2010. Means sharing a superscript letter are not significantly
different.

Fig. 5. Effects of pollen removal and receipt on the duration of male and female phases. Means with
different letters are significantly different.
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Fig. 6. Relationship between allocation to floral sex functions and floral longevity in 2008. Floral
allocation was significantly positively correlated with floral longevity and female phase but not with
the duration of the male phase.
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(r = 0.975, P = 0.001), female-phase duration (r = 0.980, P = 0.001), and total floral
longevity (r = 0.979, P = 0.001), but not with male-phase duration (P = 0.379).

DISCUSSION

Flower-level investment into pollen and ovule production varied with the temporal
sequence of flowering rather than the spatial position of flowers in inflorescences of
Adenophora jasionifolia. Both pollen and ovule number declined with the sequence of
blooming (early to late flowers) whereas the pollen–ovule ratio increased. This demonstrates
temporal variation in floral sex allocation in a dichogamous species consistent with the
predictions of the mating-environment hypothesis (Brunet and Charlesworth, 1995; Brunet, 1996).
Duration of the female phase and overall floral longevity declined with flowering sequence,
but the duration of the male phase did not. This correspondence of allocation of sex-
specific resources with floral longevity may reflect adaptation to variation in the mating
environment.

In particular, the flowers that simultaneously bloom in different positions (flowers B
and F, flowers C and E) have similar flower size, floral allocation, and floral longevity.
Additionally, if the temporal reduction in total floral allocation stems from resource
competition between flowers (Stephenson, 1981), one might expect later-blooming flowers
to be smaller than earlier-blooming flowers (Brunet, 1996). Pollen and ovule production in
A. jasionifolia did decline among sequential flowers but ovules declined more rapidly,
resulting in higher pollen–ovule ratios in later blooming flowers. The resource-competition
hypothesis, which predicts that variation in temporal floral allocation results from com-
petition for resources, incorporates the possibility of a trade-off (e.g. between the invest-
ment in female and male function). A shift from female- to male-biased sex allocation
in sequential flowers is, however, predicted by the mating-environment hypothesis in
protandrous species (Brunet and Charlesworth, 1995).

Brunet and Charlesworth (1995) proposed that temporal variation in the mating environ-
ment might select for a change in the relative investment in female vs. male function among
sequential flowers. Consistent with the mating-environment hypothesis, studies have found
an increased allocation to male function in late flowers in protandrous plants (Brunet, 1996;

Vogler et al., 1999; Mazer and Dawson, 2001; Hiraga and Sakai, 2007; Delesalle et al., 2008; Zhao et al., 2008; Brookes and

Jesson, 2010; but see Itagaki and Sakai, 2006) and an increase in allocation to female function in
protogynous species (Thomson, 1985; Huang et al., 2004; Guitián, 2006). However, in these studies
temporal variation in floral allocation could not be completely confirmed because temporal
effects were confounded with positional effects. With such confounding effects removed,
our results in A. jasionifolia provide stronger support for the prediction of the effects of
dichogamy on floral sex allocation.

Previous studies have identified two major factors governing variation in floral longevity:
the benefit of successful pollination and the cost of floral maintenance (Primack, 1985; Ashman and

Schoen, 1994; Rathcke, 2003; Giblin, 2005; Clark and Husband, 2007). In some species, however, rapid removal
or receipt of pollen did not shorten the male or female phase of manipulated flowers, as
might be expected if doing so minimizes the cost of maintenance. Instead, a minimum floral
longevity appears to exist (Devlin and Stephenson, 1984; Ishii and Sakai, 2000). For example, within the
sequentially blooming inflorescences of Narthecium asiaticum (Liliaceae), the longevity
of lower- and middle-positioned flowers was significantly greater than the length of time
required for the completion of male and female functions. An alternative hypothesis for the
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decline of floral longevity within inflorescences is that longevity of early flowers creates
a large display size, increasing pollinator attractiveness (Ishii and Sakai, 2001). However, the
pollinator-attractiveness hypothesis cannot be applied to A. jasionifolia, because earlier
flowers (distal) with longer duration than other flowers within the inflorescences wilted
before later flowers opened, such that they did not increase the floral display for subsequent
flowers (Fig. 2). Floral longevity may be shortened by unfavourable weather, such as high
temperature (Motten, 1983; Schoen and Ashman, 1995). The temporal decline of floral longevity in
A. jasionifolia is unlikely to be attributable to temperature change given that air temperature
in our study site tends to decrease during the flowering season from July to August. To our
knowledge, the finding that the duration of the female phase declines concurrently with a
decline in floral sex allocation within inflorescences has not previously been reported.

Observations from other species suggested that floral longevity was related to pollen or
ovule production per flower and flower size (Stratton, 1989; Ashman and Schoen, 1996), but it remained
unclear whether variation in floral sex allocation affected floral longevity. An investigation
of petal abscission in 12 hybrid tea rose (Rosa hybrida) cultivars suggested that floral
longevity was inversely related to their flower size, and fertilization had little effect on the
time to abscission in most cultivars (van Doorn and Schröder, 1995). In general, floral longevity
declines with flowering time; for example, a seasonal decline in male-phase duration has
been reported in the protandrous species Chamerion angustifolium (Sargent and Roitberg, 2000),
and longevity has been found to be shorter for late compared with early flowers in the
sequentially blooming plant Narthecium asiaticum (Ishii and Sakai, 2001). Both floral longevity
and the total amount of nectar were found to vary with flower position in the inflorescences
of Platanthera chlorantha, in which lower flowers had more nectar and greater longevity
than upper flowers (Stpiczyńska, 2003). Although both floral longevity and floral sex alloca-
tion show similar trends to those reported here in the two sequential flowers in Aquilegia
buergeriana, their relationship remains largely unexplored (Itagaki and Sakai, 2006). We found a
positive relationship between flower size and floral longevity, as well as floral sex allocation
and duration of the female phase within inflorescences of A. jasionifolia. Compared with
early flowers, late flowers produced fewer ovules but occurred in a mating environment with
higher pollen–ovule ratios. Therefore, in this environment with greater pollen availability,
a shorter duration of female phase may have been favoured to reduce the cost of flower
maintenance (Brunet and Charlesworth, 1995). In contrast, to maximize the probability of adequate
pollen receipt for the fertilization of a large number of ovules, early flowers may benefit
from a long female-phase duration. Greater variation in female-phase than male-phase
duration was observed between two populations of Campanula rotundifolia, and both
phases were affected by mating opportunities (Giblin, 2005). The relatively constant duration
of the male phase of individual flowers in A. jasionifolia may reflect a minimum duration
for completing pollen removal (Devlin and Stephenson, 1984; Ishii and Sakai, 2000; Evanhoe and Galloway, 2002;

Clark and Husband, 2007; Castro et al., 2008).
The styles of species in the family Campanulaceae are sensitive to touch or pollen

removal, which provides a mechanism by which male-phase duration can be adjusted
(Nyman, 1993). A significantly extended male phase in bagged flowers compared with open-
pollinated flowers in A. jasionifolia is consistent with such a mechanism. In this protandrous
species, it seems that female phase was triggered by pollen removal from pollen-collecting
hairs of the style, which represents the cessation of male function. Indeed, we observed that
male phase was one day longer in 2008 than in 2010, and pollinator visits were abundant
in 2010 (Liu and Huang, 2013). The variability in floral longevity has been considered a plastic
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response to pollinator abundance (Giblin, 2005; Clark and Husband, 2007; Castro et al., 2008; Forrest and

Thomson, 2010).
In conclusion, we have demonstrated that A. jasionifolia adjusts the relative investment

into male and female functions in a pattern that follows the flowering sequence, inde-
pendent of the spatial position of flowers in the inflorescence. By separating the typically
confounded factors of flower position and flowering order, our detection of a positive
relationship between floral sex allocation and floral longevity supports the mating-
environment hypothesis.
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