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e Background and Aims Flower morphology and inflorescence architecture affect pollinator foraging behaviour
and thereby influence the process of pollination and the reproductive success of plants. This study explored poss-
ible ecological functions of the lever-like stamens and the floral design in Salvia cyclostegia.

e Methods Flower construction was experimentally manipulated by removing either the lower lever arms or the
upper fertile thecae of the two stamens from a flower. The two types of manipulated individuals were intermixed
with the control ones and randomly distributed in the population.

e Key Results Removing the sterile lower lever arms significantly reduced handling time per flower of the main
pollinator, Bombus personatus. Interestingly, this manipulation did not increase the number of flowers probed per
plant visit, but instead reduced it, i.e. shortened the visit sequence of the bumble-bees. Both loss of staminal lever
function by removing lower lever arms and exclusion of self pollen by removing upper fertile thecae significantly
reduced seed set per flower and seed set per plant. Both the manipulations interacted significantly with inflores-

cence size for the effect on female reproductive output.

e Conclusions Though the intact flowers demand a long handling time for pollinators, the reversible staminal
lever is of advantage by promoting dispersal of pollen and thus the male function. The particular floral design
in S. cyclostegia contributes to the floral constancy of B. personatus bumble-bees, with the lower lever arms

acting as an optical cue for foraging cognition.

Key words: Adaptation, Bombus personatus, experimental flower manipulation, floral constancy, floral design,

foraging behaviour, geitonogamy, Salvia.

INTRODUCTION

Flowers are widely believed to be functionally integrated
organs promoting efficient pollination through their interaction
with pollinators (e.g. Endress, 1994; Armbruster ef al., 2004;
Harder and Barrett, 2006; Ordano et al., 2008). Flower mor-
phology and inflorescence architecture affect pollinator behav-
iour and pollen transfer efficiency and, thereby, influence both
the mating system and reproductive success of plants (Harder
and Barrett, 1995; Williams, 2007; Karron et al., 2009;
Sandring and Agren, 2009).

It has been demonstrated that plants employ a variety of
strategies to manipulate the foraging behaviour of pollinators
to their own advantage, i.e. to increase rates of outcrossing
and fertility (Iwasa et al., 1995; Harder et al., 2001). To
promote pollen dispersal, plants can distribute pollen among
pollinators by either a packaging or a dispensing mechanism,
i.e. restricting the pollen removed in a single flower visit
(Lloyd and Yates, 1982; Harder and Thomson, 1989). In
addition, complex floral design has been seen as one of the
strategies by which plants manipulate a pollinator to leave
the inflorescence relatively early (Ohashi and Yahara, 2001).
Thereby, the degree of geitonogamous self-pollination,
which is one of the main costs of large floral displays

(Darwin, 1876; Harder and Barrett, 1995), can be reduced
(Ohashi, 2002). Another important aspect of floral design for
adaptation is its association with floral constancy when polli-
nators visit the flowers of one species, bypassing rewarding
flowers of other species (Grant, 1950; Waser, 1986; Goulson
and Cory, 1993; Lewis, 1993; Laverty, 1994; Gegear and
Laverty, 2001). In the context of adaptation, it has been
argued that complex flower constructions reflect the behaviour-
al constraints associated with the cognitive abilities of pollina-
tors (Darwin, 1876; Lewis, 1993; Gegear and Laverty, 2001).

The lever-like stamen in Salvia (Lamiaceae) is a particular
form of modified stamen, which is derived from the elongation
of the stamen’s connective (Hildebrand, 1865; Troll, 1929;
Trapp, 1956; Claen-Bockhoff ez al., 2004a). In each flower,
two stamens are present with their lower lever arms (LLA) cen-
trally positioned in the entrance of the corolla tube with the
fertile anthers located below the upper lip, forming a lever
mechanism for pollination (Fig. 1C). Many studies have
focused on the morphological and morphogenetic aspects of
the lever-like stamens in Salvia (e.g. Correns, 1891; Troll,
1929; Trapp, 1956; ClaBen-Bockhoff et al., 2004a) and also
the systematic and phylogenetic relationships of Salvia species
(e.g. Cantino, 1992; Wagstaff ef al., 1995; Walker et al., 2004;
Walker and Sytsma, 2007). Studies on pollination and
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Fic. 1. Salvia cyclostegia’s inflorescence (A), floral morphology (B, C) and manipulated flower constructions (D, E). (A) The inflorescence with verticillasters

of five or six flowers each; (B) side view of a flower; (C) floral and staminal lever structure in an intact flower (the control); (D) LLA-removal treatment (removing

stamen’s lower lever arm); (E) UFT-removal treatment (removing stamen’s upper fertile theca). fth, Fertile thecae; lla, lower lever arms of stamens; st, stigma;

sth, sterile thecae; stl, style; ula, upper lever arms of stamens. Arrows show the direction pollinators enter the corolla. (C—E) The upper lips of the flowers were
removed to reveal the lever-like stamens and styles.

functional ecology have explored the lever’s functional signifi-
cance (e.g. Grant and Grant, 1964; ClaB3en-Bockhoff et al.,
2004b; Reith et al., 2007; Wester and ClaBBen-Bockhoff,
2007). However, little is known about the functional interplay
between the lever mechanism and a particular flower design,
and no experimental manipulations have been done to explore
this relationship.

In the present study, flowers of Salvia cyclostegia were
manipulated to investigate the influence of variation in floral
design on aspects of pollinator foraging. First, the sterile
LLAs of the two stamens in each flower, which act as a
barrier blocking access of visitors to nectar, were removed.
We predicted that removal of the LLAs would reduce the
probing time per flower and would also affect the sequence
of pollinators visiting (i.e. the number of flowers probed per
plant visit). Secondly, the fertile anthers hidden below the
upper lip were removed. As no own pollen was now present,
all seeds would be the product of outcrossing.

With these manipulations, the hypothesis was tested that
variation in flower structure affects the foraging pattern and
floral constancy of pollinators and thereby the reproductive
success of the plants. Specifically, three questions were
addressed. (1) Does the removal of LLAs reduce the handling
time per flower and increase the number of flowers probed per
plant visit? (2) Does the change in floral design affect the pre-
ference (or floral constancy) of the pollinators probing flowers
of S. cyclostegia? (3) Does the staminal lever mechanism influ-
ence the female reproductive success, i.e. does its loss have
any consequence for seed set?

MATERIALS AND METHODS
Study site and species

The study was conducted during the flowering season of 2009
at Wenhai village, Lijiang City, Yunnan province, south-west
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China (27°00'N, 100°09’E; 3160 m a.s.l.). Salvia cyclostegia
E. Peter. (Lamiaceae; Fig. 1C), a species endemic to China,
is a small perennial herb distributed mainly in north-west
Yunnan and south-west Sichuan provinces. It inhabits hill-
sides, meadows and pine forests, usually around 3000 m
a.s.l. The study population is about 30 x 50 m” and includes
approx. 4500 individuals, located on a slope next to a pine
forest. The flowering season is usually in May. Each
plant flowers for 20-25 d, i.e. the total flowering time is
about 4-5 weeks.

Inflorescences are 30—50 cm tall, usually unbranched with
verticillasters of five or six flowers each. Flowers are zygo-
morphic, white or white-yellow, with a hooded upper lip
(Fig. 1B). Nectar is produced at the base of the ovary and
accumulates in the narrow corolla tube. The style is exserted
and protrudes out of the upper lip, thus contributing to a well-
developed approach herkogamy (Fig. 1B). The connective of
each stamen is widened, separating the two thecae of each
anther from each other. The upper theca of each stamen is
fertile and hidden below the upper lip, while the lower one
is mostly reduced and acts as a barrier on the pollinator’s
way to nectar (Fig. 1C). The filaments are relatively short
and thick; a joint is formed at each of their distal tips enabling
the reversal movement of the lever-like connective. When a
pollinator pushes its head into the flower for nectar, the
LLAs are pushed backward and the pollen sacs swing down
to deposit their pollen on the back of the pollinator.
Immediately after the pollinator leaves, the two fertile thecae
move back below the upper lip.

Experimental manipulations of flower structure

At the beginning of the 2009 flowering season, 120—150
plants of S. cyclostegia, randomly distributed in the popu-
lation, were labelled with plastic tags. Almost all of the
sampled plants flowered synchronously and possessed only
one unbranched inflorescence per plant. The labelled plants
were randomly assigned among three treatments, with the
treatments intermixed and randomly distributed throughout
the population, and each treatment involving 40—50 plants.

(1) LLA-removal treatment. To test the functional signifi-
cance of the lever mechanism, in all freshly opened flowers
on an inflorescence the LLAs were removed with a pair of
small curved scissors (Fig. 1D). This treatment disabled the
staminal lever mechanism, preventing pollen grains from
being deposited on the pollinator’s back.

(2) Upper fertile thecae (UFT)-removal treatment. To test
the consequence of the loss of staminal lever’s function for
female reproductive success without a change to floral
design, in all freshly opened flowers on an inflorescence, the
UFT were removed by gently unwrapping the upper lip
without touching the stigma (Fig. 1E). The UFT-removed
flowers are apparently similar in their construction to the
intact ones because the fertile thecae are enclosed in the
upper lips and are not exposed to the insects.

(3) Control treatment. All flowers on an inflorescence were
left intact (Fig. 1C) and exposed to insects for natural
pollination.

Each day during the experimental period, these treatments
were performed repeatedly until all the flowers on the

treated inflorescences were withering. Because flowers of
S. cyclostegia are usually open early in the morning, the treat-
ments were usually started at 0730 h (sunrise) and finished by
0900 h when pollinators begin their activities. Finally, all
treated inflorescences were collected about 20 d after flower
withering. Each one was stored in a bag. The numbers of
fruits and seeds per inflorescence were counted, and then the
total flower number on each inflorescence determined by count-
ing the number of pedicels which remain on the inflorescence
after flower withering. In this way it was possible to estimate
the percentage fruit set and seed set per flower to measure
maternal reproductive success.

Pollination observation

Almost every day in the experiment, pollination was
observed for 3—5h after flower manipulations. In a defined
area of the population, the frequency of each species of polli-
nator that appeared was recorded. When observing the behav-
iour of the visiting pollinators, one of the bumble-bees was
randomly followed that appeared in the population at a time,
recording the pollinator’s visitation sequences on the differ-
ently treated inflorescences, i.e. the number of flowers
probed per plant visit. Meanwhile, the handling time per
flower visit was also measured for each type of treated
flowers, i.e. the duration from landing on the lower lip and
crawling into the corolla tube to leaving the flower after
taking nectar. To investigate pollinator foraging preference
among treatments, the frequency of each type of flower
encounter (probing: land and feed successfully; non-probing:
approach closely and/or land but reject without attempting to
feed) was recorded. The preference was determined by calcu-
lating the percentage of probing times in observed approaches
for each type of treated inflorescence.

Five to seven individuals of each pollinator species were
collected for species identification and for morphometric
measurements, which included body length, thorax thickness,
thorax width and tongue length (naturally extended length).

Data analysis

The probing time per flower was compared among treatments
with ANOVA, prior to which the data were log-transformed to
meet the assumptions of ANOVA; then Tukey multiple com-
parisons of means were performed.

The proportion of flowers probed per plant visit was calcu-
lated by dividing the number of flowers probed per plant visit
(visitation sequence) by the number of open flowers on the
inflorescence (floral display). The treatment effects on the pro-
portion of flowers probed in floral display were tested by bino-
mial regression with a logit link function.

The pollinators’ probing preference was tested with
Pearson’s chi-squared test for the data on the frequencies of
real probing or non-probing when pollinators approached
each type of treated inflorescence.

Fruit set was calculated as fruit number per inflorescence
and seed set as seed (nutlet) number per flower per inflores-
cence. For these data, linear regression was used to test the
difference between the control and each of the two manipulat-
ing treatments. The overall statistical significance of the
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treatment effects was determined using ANOVA with
treatment as categorical variable and total number of flowers
per inflorescence as random variable. Prior to analysis,
arcsin square root transformation for fruit set, and
sqrt-transformation for both seed set per flower and seed
output per inflorescence was performed. For all data analyses,
R version 2-7-2 (R Development Core Team, 2008) was used.

RESULTS
Pollinator assemblage

In the study population of Salvia cyclostegia, the pollinator
assemblage mainly consisted of bumble-bees of three
species: queen Bombus personatus, worker B. friseanus and
queen B. remotus. Of the three species, B. personatus is the
largest, with a mean (+ s.e.) body length of 27-3 +
0-96 mm (n=15), thorax thickness 7-2 + 0-09 mm (n=)5),
thorax width 83 + 021 mm (rn=35) and tongue length
12-5 £ 1-0l mm (n =35). In terms of body size this species
fits the flower proportions of S. cyclostegia very well. When
bumble-bees probe flowers, they first touch the stigma and
are then loaded with pollen on their back by contact with
the anthers. Bombus personatus occurred with the highest fre-
quency (>90 %) of all pollinators and was thus the dominant
pollinator in the population. The other two species,
B. friseanus and B. remotus, are almost identical in body
size and considerably smaller than B. personatus. Their
mean (+ s.e.) body length is 156 + 0-72mm (n=7),
thorax thickness 5-1 4+ 0-35 mm (n = 7), thorax width 5-6 +
0-37 mm (n="7) and tongue length 52 + 0-47 mm (n=7).
Individuals of the two species only appeared at the end of
the flowering season with a very low frequency (<10 %).
When probing flowers, bumble-bees of the two species have
to enter the flowers completely to access nectar, with pollen
being deposited on their dorsal abdomens. All bumble-bees
of the three species visit flowers mainly for nectar, but
occasionally the two small species also collect pollen.

Effect of manipulations on the dominant pollinator’s visitation

Removal of the staminal lower lever arms (LLA-removal
treatment) significantly reduced the probing time per flower of
B. personatus individuals (ANOVA, F; 194 = 154, P < 0-001;
Fig. 2). Mean probing time per flower ( + s.e.) was shortened
from 3-66 + 0-14 s (n = 102) of the control to 2-70 + 0-14 s
(n = 58) of the treated flowers (P < 0-001). For UFT-removal
treatment, mean probing time per flower (+ s.e.) was 3-74 +
0-23 s (n = 37), very similar to the control, and also significantly
longer than in the LLA-removal treatment (P < 0-001).

The percentage of flowers probed per plant visit of
B. personatus individuals was significantly different
among treatments (Fig. 3; n =221, P<0-001). For the
LLAs-removed inflorescences, the mean proportion of flowers
probed per visit was 52-4 %, significantly <63-2 % of the
control (Z= —-4-732, P <(0-0001), while the UFT-removal
treatment did not differ from the control (Z= -0-006, P >
0-5). The mean number of flowers probed per plant visit (visita-
tion sequence) was 2-53 + 0-19 (mean + s.e., n = 62) for the
LLAs-removed, 3-28 + 0-322 (mean =+ s.e., n =49) for the
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Fic. 2. Mean probing time (+ s.e.) of Bombus personatus on the intact
(Control), simplified (LLA, stamens’ lower lever arms removed), and emasculated
(UFT, upper fertile theca removed) flowers. Probing time on the LLAs-removed
flower is significantly shorter than on the intact one (P < 0-001). Different
lower-case letters represent significant difference at P < 0-05.
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Fi1G. 3. Mean percentage ( + s.e.) of flowers probed per visit to the inflores-

cences with the intact (Control), simplified (LLA, stamens’ lower lever arms

removed), and emasculated (UFT, upper fertile theca removed) flowers,

respectively. LLA removal significantly shortened the visitation sequence of

B. personatus (Z= —4-732, P <0-0001). ***, Significantly different from
control at P < 0-0001.

UFT-removed, and 3-37 + 0-19 (mean + s.e., n = 110) for the
control inflorescence, respectively.

With respect to the pollinators’ visiting preference (Fig. 4),
removing LLAs of the stamens significantly reduced the
likelihood of a flower being probed (x* = 8-90, P = 0-003),
i.e. the percentage of probing times in the total approaching
times for the flower; while the treatment of removing UFT did
not impose obvious effects on the visit selectivity compared
with the control (y* = 0-23, P = 0-632).

Consequences of experimental manipulations on female
reproduction success

Fruit set was significantly different among treatments
(Fig. 5A; F59g = 3-10, P = 0-049). Fruit set of the controls
(mean =+ s.e.: 0-79 + 0-019, n = 33) was significantly higher
than of that of the LLAs-removed inflorescences (mean +
s.e.: 073 + 0-016, n =37; t = —-2-57, P = 0-012); that of the

2702 ‘12 Arenige4 uo (991 X) usples oiueiog eaidos ] euuegbuenysix e /Bio'sfeuinolploxo qoe//:dny wouj papeojumoq


http://aob.oxfordjournals.org/

Zhang et al. — Adaptation of staminal lever mechanism in Salvia 625

100 -

~

%

95

Hm Probing
I Non-probing
80 -

75

Percentage of approaches
[e:]
[§)]
T

70

Control LLA UFT
Treatment

F1G. 4. Percentages of successful probes and/or non-probes in B. personatus
approaches of inflorescences with the intact (Control), simplified (LLA,
stamens’ lower lever arms removed), and emasculated (UFT, upper fertile
theca removed) flowers, respectively. LLA removal significantly reduced the
probability of the manipulated flower being probed (x° = 8-90, P = 0-003).
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FiG. 5. Mean (+ s.e.) fruit set (A), seed set per flower (B) and seed set per

plant (C) on the intact (Control), LLAs-removed (LLA, stamens’ lower lever

arms removed) and emasculated (UFT, upper fertile theca removed) inflores-
cence, respectively. *, Significantly different from the control at P < 0-05.

UFT-removed (mean =+ s.e.: 0-75 + 0-020, n = 32) was inter-
mediate and not significantly different from the others.

Seed set per flower also differed significantly among treat-
ments (Fig. 5B; Foo3 =319, P=0-045). Seed set per
flower of the control (mean =+ s.e.: 1-26 &+ 0-057, n = 33)
was significantly higher than that of both the LLAs-removed
inflorescences (mean + s.e.: 1-06 +0-073, n=37, t=
-2-22, P =0-028) and the UFT-removed ones (mean =+ s.e.:
1.06 + 0-097, n = 32; t = -2-34, P = 0-021).

Seed set per plant (total number of seeds, i.e. of nutlets,
per inflorescence) differed significantly among treatments
(Fig. 5C; Fp93 =426, P=0-017). Mean seed number per
plant (+ s.e.) was closely similar for the LLA and UFT treat-
ments (32-8 + 2:69. n =37 and 32-1 + 2.75, n = 32, respect-
ively) and both were significantly lower than the control
(404 + 2-38, n = 33), respectively (each P < 0-03).

For effects on both seed set per flower and seed set per plant,
the interaction between treatment and inflorescence size was
significant (seed set/flower: F, g6 = 3:396, P = 0-038, seed
set/plant:  Fh 96 = 3948, P =0-023; Fig. 6). Total seed
number per plant was significantly positively correlated with
flower number per inflorescence both for the control
(Fig. 6D; Pearson’s correlation, R*= 0-30, t =3-69, n = 33,
P < 0-001) and for the LLA treatment (Fig. 6E; Pearson’s cor-
relation, R?>= 0-26, t = 3-52, n =37, P =0-001), but not for
the UFT treatment (Fig. 6F; Pearson’s correlation, R~ 0,
t=-0-37,n =32, P =0-717). Seed set per flower was signifi-
cantly negatively correlated with the number of flowers on the
inflorescence for the UFT treatment (Fig. 6C; Pearson’s corre-
lation, R? = 0-21, r = -2-80, n =32, P = 0-009), but not for
the control nor for the LLA treatment (Fig. 6A, B).

DISCUSSION

Salvia consists of over 900 species distributed world-wide and
is characterized by modified lever-like stamens and a dorsal
pollination mode (see Claen-Bockhoff ef al., 2003). In this
study, the flower construction was changed by means of exper-
imental manipulation, and the results indicated that the
removal of the sterile LLAs and the resulting change in
floral design generated significant effects on the foraging be-
haviour of pollinators with consequences for female reproduc-
tive success.

Manipulation of floral design and pollinator visitation

The interaction between plants and bees is based on conflict-
ing interests (Jong and Klinkhamer, 2005; Westerkamp and
ClaBen-Bockhoff, 2007), as plants evolved to receive and
export pollen as efficiently as possible, i.e. at the lowest
cost, while bees evolved to collect the highest rewards in the
most economical ways, i.e. with the lowest possible efforts
and within the shortest possible time.

In this study, it was shown that the removal of LLAs signifi-
cantly reduced the probing time per flower of the Bombus
personatus individuals by over 30 %. This result is similar to
previous studies (see Harder, 1983; Laverty, 1994; Gegear
and Laverty, 1995; Ohashi, 2002). It implies that the presence
of LLAs makes access to nectar more difficult and demands
more handling time for pollinators. Although the particular
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Fic. 6. Relationships of seed set per flower (A—C) and seed output per plant (D—F) with inflorescence size (total flower number) in different treatments. Both

the intact (Control) and the LLAs-removed (LLA, stamens’ lower lever arms removed) individuals had significantly increasing seed output with increasing inflor-

escence size (D, E; each P < 0-01); whereas in the emasculated inflorescences (UFT, upper fertile theca removed) individuals had significantly decreasing seed
set per flower with increasing inflorescence size (C; P = 0-009).

floral design reduces the pollinator’s handling efficiency, the
staminal lever in S. cyclostegia is of advantage as a mechanism
for dispensing pollen. Given many pollen-removing visits, an
individual plant would maximize its total pollen dispersal by
presenting only a small portion of its pollen at one time
(packaging mechanism) and/or by limiting the amount of the
presented pollen removed during a single visit (dispensing
mechanism) (Harder and Thomson, 1989). The repeatability
of the staminal lever movement in S. cyclostegia ensures
pollen is removed by a few successive visits and thus enhances
male function.

Pollinators tend to act as efficiently as possible for reward by,
for example, visiting flowers of one species sequentially (floral
constancy; Darwin, 1876; Gegear and Laverty, 2001) and
probing more flowers per plant visit (Heinrich, 1979;
Klinkhamer and de Jong, 1993). However, this will increase
the opportunity for geitonogamy, reducing efficiency of pollen
export for plants (Jong and Klinkhamer, 2005). It has been
demonstrated that complex floral design evolves partly as one
of the strategies to reduce the degree of geitonogamy by manip-
ulating pollinators to probe fewer flowers per plant visit (Ohashi
and Yahara, 2001). Ohashi (2002) found that the reduction in
floral complexity in S. nipponica through removing the whole
stamens of all flowers increased the number of successive
probes of pollinators within the inflorescence, i.e. extended
the visit sequence. However, in the present study, the removal
of LLAs, although removing the obstacle for the pollinator
entering the corolla tube, did not encourage the bumble-bees
of B. personatus to probe more flowers in sequence than did
the control, but instead shortened the visit sequence. One

possible reason is that B. personatus individuals have formed
floral constancy to flowers of S. cyclostegia (see Lewis, 1993;
Gegear and Laverty, 1995, 2001). In the population studied,
the LLAs-removed plants were comparatively rare and were ran-
domly distributed among the other two types of plants whose
flowers were intact in appearance. Therefore, when landing on
the manipulated plants with non-LLA novel flowers, it is most
likely for flower-constant foragers to leave early for other
familiar-flowered ones where they can skilfully probe.
Consequently, the LLAs-removed plants received an overall
smaller number of successive probes than the control ones in
the same population.

Furthermore, the finding that pollinators have forage selec-
tivity further supported the view for floral constancy. When
encountering LLAs-removed flowers, the B. personatus
bumble-bees were more likely to choose to ignore rather
than probe than they did with the intact one, although the
treated flowers were easier to probe. Also, the finding eluci-
dates the role staminal lower arms play in the pollinators’ fora-
ging cognition. Probably they serve as a key cue in forming a
search image for the flowers of S. cyclostegia when a pollina-
tor is moving within and among plants (e.g. Wilson and Stine,
1996; Goulson, 2000). This viewpoint is also in agreement
with the proposition that the staminal lower arms in Salvia
may function as a guiding and/or attractive structure for polli-
nators (ClaBen-Bockhoff et al., 2004a). Apart from these
aspects of the staminal lever’s function discussed above, the
clipping manipulation possibly resulted in some other
impacts, e.g. on odour emission of flowers, which could also
affect pollinators’ response to the change in floral design.
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Consequences of manipulation with flower structure on
reproduction success

In the present study, it was shown that LLA manipulation
incurred remarkable consequences for female reproductive
success in S. cyclostegia at the individual level. The
LLAs-removed individual has a significantly lower fruit set
and seed output than the control. Most likely, this can be attrib-
uted to the reduction in pollinator attractiveness due to LLA
removal as B. personatus showed remarkable discrimination
against the manipulated flowers. Besides, LLA removal dis-
tinctly reduced both the probing time per flower and the
number of flowers probed per plant visit. Consequently, the
treated individuals received an overall reduced probing rate
per flower and reduced pollen deposition on the stigma
(Thomson, 1986; Harder, 1990; Young and Stanton, 1990;
Conner et al., 1995). Furthermore, given that fertile pollen in
the upper thecae cannot be effectively deposited on a pollina-
tor’s back as a result of the lever function’s loss, LLA removal
will ultimately lead to insufficient pollen availability for
female reproduction due to the exclusion of self pollen.

It was found that UFT removal (i.e. emasculation) neither
affected probing selectivity nor probing time per flower and
the number of flowers probed in sequence by bumble-bees,
i.e. the UFT-removed individuals had the same opportunity
to receive out-crossing pollen for female reproduction as the
intact ones. Nevertheless, the UFT-removed inflorescences
had a significantly lower seed set per flower and seed output
per inflorescence than the control. Therefore, it is suggested
that geitonogamy makes an indispensable part of female
fitness realization in a population of S. cyclostegia. This
result also implies that S. cyclostegia has a limited pollen
carry-over in the population of the present study (see
Robertson, 1992). Hence, when a bumble-bee probed several
flowers on a large floral display, it is likely that the stigmas
of flowers sequentially probed received self pollen, thus result-
ing in a high-degree of geitonogamy (also see Karron et al.,
2009).

Finally, with inflorescence size being taken into account, it
was suggested that only for the UFT-removed inflorescences
did seed output not increase linearly with increasing flower
number per inflorescence, and thereby only their seed set per
flower significantly decreased with inflorescence size.
According to field observations, it was found that the individ-
uals of B. personatus mostly performed mop-up probing to
various-sized inflorescences (also see Ohashi and Yahara,
1998, 2001), i.e. different-sized inflorescences largely stood
an equal chance of receiving cross pollen. Even if large inflor-
escences have a high visitation rate, the probing rate per flower
rarely increases (Ohashi and Yahara, 1999), and even
decreases with increasing floral display (Jong et al., 1992;
Wang et al., 2005). Therefore, it is highly probable for the
UFT-removed inflorescences that exclusion of self pollen
speeded up the reduction in pollen availability per flower
with increasing inflorescence size and, consequently, led to
seed set per flower decreasing with increasing inflorescence
size.

In summary, as predicted, the removal of LLAs reduced pol-
linator’s handling time per flower, but it did not result in a
higher number of flowers probed in sequence within an

inflorescence. The change in floral design and the loss of
lever function resulting from LLA removal incurred a distinct
effect on the foraging cognition of B. personatus, with signifi-
cant consequences for the female reproduction success. It is
concluded that the staminal lever, although reducing pollina-
tor’s handling efficiency, to some extent, is of advantage as
a mechanism for dispensing pollen, and that this particular
floral design is associated with a remarkable floral constancy,
with LL.As contributing to pollinator attractiveness and/or fora-
ging cognition in S. cyclostegia.

ACKNOWLEDGEMENTS

We thank Anthony R. Ives for help with data analysis,
Zheng-Hua Xie for the identification of bumble-bee specimens,
Spencer C. H. Barrett and two anonymous reviewers for their
valuable comments on the manuscript. This work was supported
by National Basic Research Program of China (973)
2007CB411603, the CAS/SAFEA International Partnership
Program for Creative Research Teams and the Fund for Top
One Hundred Young Scientists of Chinese Academy of
Sciences.

LITERATURE CITED

Armbruster WS, Pélabon C, Hansen TF, Mulder CPH. 2004. Floral
integration, modularity, and accuracy: distinguishing complex adap-
tations from genetic constraints. New York, NY: Oxford University Press.

Cantino PD. 1992. Evidence for a polyphyletic origin of the Labiatae. Annals
of the Missouri Botanical Garden 79: 361-379.

ClaBen-Bockhoff R, Wester P, Tweraser E. 2003. The staminal lever mech-
anism in Salvia L. (Lamiaceae): a review. Plant Biology 5: 33-41.
ClaBen-Bockhoff R, Crone M, Baikova E. 2004a. Stamen development in
Salvia L.: homology reinvestigated. International Journal of Plant

Sciences 165: 475-498.

ClaBen-Bockhoff R, Speck T, Tweraser E, Wester P, Thimm S, Reith M.
2004b. The staminal lever mechanism in Salvia L. (Lamiaceae): a key
innovation for adaptive radiation? Organisms, Diversity and Evolution
4: 189-205.

Conner JK, Davis R, Rush S. 1995. The effect of wild radish floral mor-
phology on pollination efficiency by four taxa of pollinators. Oecologia
104: 234-245.

Correns C. 1891. Zur Biologie und Anatomie der Salvienbliithe. Pringsheims
Jahrbiicher fiir wissenschaftliche Botanik 22: 190-240.

Darwin C. 1876. The effects of cross and self fertilization in the vegetable
kingdom. London: John Murray.

Endress PK. 1994. Diversity and evolutionary biology of tropical flowers.
Cambridge: Cambridge University Press.

Gegear RJ, Laverty TM. 1995. Effect of flower complexity on relearning
flower-handling skills in bumble bees. Canadian Journal of Zoology
73: 2052-2058.

Gegear RJ, Laverty TM. 2001. The effect of 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, 1-20.

Goulson D. 2000. Are insects flower constant because they use search images
to find flowers? Oikos 88: 547—552.

Goulson D, Cory JS. 1993. Flower constancy and learning in the foraging be-
haviour of the green-veined white butterfly, Pieris napi. Ecological
Entomology 18: 315-320.

Grant KA, Grant V. 1964. Mechanical isolation of Salvia apiana and Salvia
mellifera (Labiatae). Evolution 18: 196-212.

Grant V. 1950. The flower constancy of bees. The Botanical Review 16:
379-398.

Harder LD. 1983. Flower handling efficiency of bumble bees: morphological
aspects of probing time. Oecologia 57: 274-280.

2702 ‘12 Arenige4 uo (991 X) usples oiueiog eaidos ] euuegbuenysix e /Bio'sfeuinolploxo qoe//:dny wouj papeojumoq


http://aob.oxfordjournals.org/

628 Zhang et al. — Adaptation of staminal lever mechanism in Salvia

Harder LD. 1990. Pollen removal by bumble bees and its implications for
pollen dispersal. Ecology 71: 1110—1125.

Harder LD, Barrett SCH. 1995. Mating cost of large floral displays in her-
maphrodite plants. Nature 373: 512—515.

Harder LD, Barrett SCH. 2006. Ecology and evolution of flowers. Oxford:
Oxford University Press.

Harder LD, Thomson JD. 1989. Evolutionary options for maximizing pollen
dispersal of animal-pollinated plants. American Naturalist 133: 323—-344.

Harder LD, Williams NM, Jordan CY, Nelson WA. 2001. The effects of
floral design and display on pollinator economics and pollen dispersal.
In: Chittka L, Thomson JID, eds. Cognitive ecology of pollination:
animal  behavior and floral evolution. Cambridge: Cambridge
University Press, 297-317.

Heinrich B. 1979. Resource heterogeneity and patterns of movement in fora-
ging bumblebees. Oecologia 40: 235-245.

Hildebrand F. 1865. Ueber die Befruchtung der Salviaarten mit Hilfe von
Insekten. Jahrbiicher fiir wissenschaftliche Botanik 4: 451-476.

Iwasa Y, de Jong TJ, Klinkhamer PGL. 1995. Why pollinators visit only a
fraction of the open flowers on a plant: the plant’s point of view. Journal
of Evolutionary Biology 8: 439—453.

Jong TJd, Klinkhamer PGL. 2005. Evolutionary ecology of plant reproduc-
tive strategies. Cambridge: Cambridge University Press.

Jong TJd, Klinkhamer PGL, van Staalduinen MJ. 1992. The consequences
of pollination biology for selection of mass or extended blooming.
Functional Ecology 6: 606—615.

Karron JD, Holmquist KG, Flanagan RJ, Mitchell RJ. 2009. Pollinator vis-
itation patterns strongly influence among-flower variation in selfing rate.
Annals of Botany 103: 1379-1383.

Klinkhamer PGL, de Jong TJ. 1993. Attractiveness to pollinators: a plant’s
dilemma. Oikos 66: 180—184.

Laverty TM. 1994. Bumble bee learning and flower morphology. Animal
Behaviour 47: 531-545.

Lewis AC. 1993. Learning and the evolution of resources: pollinators and
flower morphology. In: Papaj DR, ed. Insect learning: ecological and
evolutionary perspectives. New York, NY: Chapman and Hall, 219-242.

Lloyd DG, Yates JMA. 1982. Intrasexual selection and the segregation of pollen
and stigmas in hermaphrodite plants, exemplified by Wahlenbergia albo-
marginata (Campanulaceae). Evolution 36: 903-913.

Ohashi K. 2002. Consequences of floral complexity for bumblebee-mediated
geitonogamous self-pollination in Salvia nipponica Miq. (Labiatae).
Evolution 56: 2414-2423.

Ohashi K, Yahara T. 1998. Effects of variation in flower number on pollina-
tor visits in Cirsium purpuratum (Asteraceae). American Journal of
Botany 85: 219-224.

Ohashi K, Yahara T. 1999. How long to stay on, and how often to visit a
flowering plant? A model for foraging strategy when floral displays
vary in size. Oikos 86: 386—392.

Ohashi K, Yahara T. 2001. Behavioral responses of pollinators to variation in
floral display size and their influences on the evolution of floral traits. In:
Chittka L, Thomson JD, eds. Cognitive ecology of pollination: animal be-
havior and floral evolution. Cambridge: Cambridge University Press,
274-296.

Ordano M, Fornoni J, Boege K, Dominguez CA. 2008. The adaptive value
of phenotypic floral integration. New Phytologist 179: 1183—1192.

R Development Core Team. 2008. R: a language and environment for statisti-
cal computing. Vienna, Austria: R Foundation for Statistical Computing
(ISBN 3-900051-07-0; URL http:/www.R-project.org).

Reith M, Baumann G, Claen-Bockhoff R, Speck T. 2007. New insights
into the functional morphology of the lever mechanism of Salvia praten-
sis (Lamiaceae). Annals of Botany 100: 393-400.

Robertson AW. 1992. The relationship between floral display size, pollen
carryover and geitonogamy in Myosotis colensoi (Kirk) Macbride
(Boraginaceae). Biological Journal of the Linnean Society 46: 333—-349.

Sandring S, Agren J. 2009. Pollinator-mediated selection on floral display
and flowering time in the perennial herb Arabidopsis lyrata. Evolution
63: 1292-1300.

Thomson JD. 1986. Pollen transport and deposition by bumble bees in
Erythronium: influences of floral nectar and bee grooming. Journal of
Ecology 74: 329-341.

Trapp A. 1956. Zur Morphologie und Entwicklungsgeschichte der Staubblitter
sympetaler Bliiten. Botanische Studien 5: 1-93.

Troll W. 1929. Roscoea purpurea Sm., eine Zingiberacee mit Hebelmechanismus
in den Bliiten. Mit Bemerkungen iiber die Entfaltungsbewegungen der ferti-
len Staubblitter von Salvia. Planta 7: 1-28.

Wagstaff SJ, Olmstead RG, Cantino PD. 1995. Parsimony analysis of
cpDNA restriction site varition in subfamily Nepetoideae (Labiatae).
American Journal of Botany 82: 886—892.

Walker JB, Sytsma KJ. 2007. Staminal evolution in the genus Salvia
(Lamiaceae): molecular phylogenetic evidence for multiple origins of
the staminal lever. Annals of Botany 100: 375-391.

Walker JB, Sytsma KJ, Treutlein J, Wink M. 2004. Salvia (Lamiaceae) is
not monophyletic: implications for the systematics, radiation, and eco-
logical specializations of Salvia and tribe Mentheae. American Journal
of Botany 91: 1115-1125.

Wang Y, Wang QF, Guo YH, Barrett SCH. 2005. Reproductive conse-
quences of interactions between clonal growth and sexual reproduction
in Nymphoides peltata: a distylous aquatic plant. New Phytologist 165:
329-335.

Waser NM. 1986. Flower constancy: definition, cause, and measurement.
American Naturalist 127: 593-603.

Wester P, ClaBen-Bockhoff R. 2007. Floral diversity and pollen transfer
mechanisms in bird-pollinated Salvia species. Annals of Botany 100:
401-421.

Westerkamp C, ClaBen-Bockhoff R. 2007. Bilabiate flowers: the ultimate
response to bees? Annals of Botany 100: 361-374.

Williams CF. 2007. Effects of floral display size and biparental inbreeding on
outcrossing rates in Delphinium barbeyi (Ranunculaceae). American
Journal of Botany 94: 1696—1705.

Wilson P, Stine M. 1996. Floral constancy in bumble bees: handling effi-
ciency or perceptual conditioning? Oecologia 106: 493—-499.

Young HJ, Stanton ML. 1990. Influences of floral variation on pollen
removal and seed production in wild radish. Ecology 71: 536—547.

2702 ‘12 Arenige4 uo (991 X) usples oiueiog eaidos ] euuegbuenysix e /Bio'sfeuinolploxo qoe//:dny wouj papeojumoq


http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://aob.oxfordjournals.org/

