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Abstract The influence of floral display on male and

female reproductive success is variable without consistent

patterns. Few studies concentrate on the integrated influ-

ence of the different components of floral display on

reproductive fitness at population level. We studied the

impact of different components of floral display on repro-

ductive success in the Chinese orchid Phaius delavayi. This

deceptive orchid has flowers in which male and female

success can be readily assessed in the field by observing

rates of pollinarium removal and fruit initiation. The results

showed that mean pollinarium removal (52.05 ± 2.08%)

was higher than fruit set (36.78 ± 1.89%), and both male

and female reproductive success decreased with increasing

clump size in Phaius delavayi. Nevertheless, floral display

expressed by clump size and flower position impacted both

female and male reproductive success, whereas flowering

initiation and duration, and inflorescence size had no effect.

Keywords Clump size � Inflorescence size � Flower

position � Flowering initiation � Rewardless orchid

Introduction

In animal-pollinated plants, reproductive success is

expected to increase with larger floral display as a result of

increased attractiveness to pollinators (Peakall 1989;

Aragón and Ackerman 2001; Ackerman and Ackerman

2001). Several studies have shown a positive relationship

between floral display and frequency of pollinator visits at

individual plant level (Ohashi and Yahara 1999). However,

the impact of floral display on male and female reproduc-

tive success seems variable, with no consistent results

among those studies so far (Tremblay et al. 2005 and ref-

erences therein). This may be due to different factors that

have different effects on plant reproductive success and

how these different factors interact. However, few studies

concentrate on the integrated influence of the different

components of floral display on reproductive fitness at

population level.

In addition, most studies that measure reproductive

success in plants deal solely with female fitness, whereas

male fitness has been largely ignored (Pellegrino et al.

2005a). There have been a few studies that measured both

female and male reproductive success (Fritz and Nilsson

1996; O’Connell and Johnston 1998; Parra-Tabla and

Vargas 2004; Pellegrino et al. 2005b). As pointed out by

Fritz and Nilsson (1996), orchids offer excellent opportu-

nities to measure both female and male reproductive
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success due to their countable pollinaria. However, because

the frequency of pollinarium removal and fruit set of

orchids are relatively low, it can be difficult to collect

enough statistical data to adequately measure male and

female reproductive success, particularly in rewardless

orchids, which account for about one-third of the Orchid-

aceae (Van der Pijl and Dodson 1966; Nilsson 1992;

Cozzolino and Widmer 2005; Tremblay et al. 2005).

Our study subject, Phaius delavayi, usually grows in

clumps of 10–50 flowering individuals (Li et al. 2005).

This rewardless orchid species is self-compatible, and its

pollination success is strictly dependent on the pollen

vectors, which are Bombus spp. (Li et al. 2010). This

orchid has unusually high fruit set, which is probably due,

in part, to the large amount of pollen carried by the bees;

in most cases, both pollinaria, each with eight pollinium

lobes, are removed and carried away by the bumblebee

pollinator, in a single visitation (Li et al. 2010). Female

and male reproductive success can be readily measured

through direct counts of the capsules and close inspection

of the anther to determine pollinarium presence or

absence.

Phaius delavayi is thus an excellent subject in which to

measure both male and female fitness under field condi-

tions. We took advantage of these qualities to investigate

intrinsic and extrinsic factors that may influence this

orchid’s fitness. The aims of this study are to examine how

male and female reproductive success are influenced by the

varied components of floral display: clump size, inflores-

cence size, flower position within an inflorescence, and

flowering initiation and duration of individuals in the

nectarless orchid P. delavayi. We addressed the following

questions: (1) Are male and female reproductive success

impacted, and if so differently, by floral display? (2) Which

components of floral display influence reproductive suc-

cess? (3) Do inflorescence size and flower position within

the inflorescence affect pollinarium removal and fruit set

differently in different clump sizes?

Materials and methods

Study species and site

Phaius delavayi is a terrestrial orchid species native to

China (Perner and Cribb 2002). This terrestrial plant is up

to 30 cm tall and bears a raceme with up to seven but

usually three to five flowers. The flowers are yellow with

red markings on the labellum. No floral nectar or other

form of reward is produced. Each flower has two pollinaria,

each containing eight pollinia. Flowering period extends

from late June to late July in the study population. The

experiment was conducted in Huanglong Valley,

Huanglong Nature Reserve (32�410–32�540N, 103�440–
104�30E; altitude 3,100–3,570 m), Sichuan, China.

Experimental design

We chose three sites with similar habitats in Huanglong

Valley. Within each site, three different sized clumps,

containing 20, 30, and 40 flowering individual plants,

respectively, were chosen. The clumps within each site

were separated by at least 10 m in order to decrease the

interaction among clumps in attracting insects. We ran-

domly chose clumps that approximated the sizes of the

experimental design, which mimicked the most typically

occurring clump sizes, and removed excess flowering

individuals to make the number of flowering individuals in

each clump type exactly 20, 30 or 40. All flowering indi-

viduals were tagged with small plastic labels inserted into

soil at the base of each plant.

Each flower was checked every 3 days at similar time of

day to record the flowering process and presence or

absence of pollinaria. Two weeks later, after all flowers had

withered, the ovaries of the flowers were examined to

identify those that were swollen enough to be distinguished

as developing capsules. In this paper, male reproductive

success is defined as the ratio of flowers with pollinaria

removed to the number of flowers on the individual plants.

Female reproductive success is the ratio of number of

capsules produced to the number of flowers on the indi-

vidual plants (Broyles and Wyatt 1990; Fritz and Nilsson

1996).

Data analysis

The relationship between male and female reproductive

success of individuals was evaluated with the Pearson

correlation coefficient, and the relationship between overall

flowering numbers and those with pollinaria removed and

capsules formed in all clumps and sites at any given

moment was analyzed using simple regression.

There was no difference in male and female reproduc-

tive success among the three sites (nonparametric test:

male reproductive success, P = 0.262, P = 0.170, and

P = 0.141 and female reproductive success, P = 0.638,

P = 0.925, and P = 0.273, for clumps with 20, 30, and 40

flowering individuals, respectively). For this reason, clump

data from each of the three sites were pooled together, and

the pooled data were then tested for the effect of clump size

on male and female reproductive success using nonpara-

metric tests [Kruskal–Wallis analysis of variance

(ANOVA)], because the assumptions for distribution nor-

mality could not be met (Vallius and Salonen 2000).

Since clump size had significant effects on male and

female reproductive success (see below), the effects of
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inflorescence size and flower position on male and female

reproductive success were analyzed separately in each

clump size. The effects of inflorescence size on male and

female reproductive success were tested using ANOVA.

The effects of flower position on male and female repro-

ductive success were tested using chi-square test.

Based on the measurements of flowering initiation and

duration in individual plants, we sorted individuals into

those with earlier or later (than the average) flowering

initiation time, and those with shorter or longer (than the

average) flowering duration. We then compared pollinari-

um removal and fruit set using ANOVA to estimate the

effects of flowering initiation and duration on male and

female reproductive success, respectively. Variables of

pollinarium removal and fruit set per flower were subject to

arcsine transformation prior to analyses. SPSS (SPSS,

USA) for Windows was used for all tests.

Results

Correlation between male and female reproductive

success

Average pollinarium removal of individual plants was

52.05 ± 2.08% (mean ± SE, n = 270), and average fruit

set of individual plants was 36.78 ± 1.89% (mean ± SE,

n = 270). Male and female reproductive success of indi-

vidual plant were highly correlated (Pearson correlation

coefficient, all data pooled, n = 270, r = 0.666, P \ 0.01).

The relationship between overall flower numbers and those

with pollinaria removed in all clumps and all sites at any

given time showed high correlation (regression analysis,

r = 0.9657, t = 11.7582, n = 12; Fig. 1) also.

Clump size

There were no differences in inflorescence size among

clumps of different size (ANOVA, F = 0.083, P = 0.773).

Average male reproductive success of individual plants

was 65.20 ± 4.40% (mean ± SE, n = 60), 51.53 ±

3.65% (mean ± SE, n = 90), and 45.86 ± 2.95%

(mean ± SE, n = 120) for clumps with 20, 30, and 40

flowering individuals, respectively. Average female

reproductive success of individual plants was 49.94 ±

3.97% (mean ± SE, n = 60), 35.33 ± 3.48% (mean ±

SE, n = 90), and 31.29 ± 1.89% (mean ± SE, n = 120)

for clumps with 20, 30, and 40 flowering individuals,

respectively. Clump size had significant impact on both

male and female reproductive success (F = 14.831,

P = 0.001 and F = 15.219, P \ 0.001 for male and

female reproductive success, respectively) (Fig. 2). There

was a tendency for both male and female reproductive

success to decrease with increasing clump size (Fig. 2).

Male reproductive success in clumps with 20 flowering

individuals was higher than that in clumps with 30 and 40

flowering individuals (P = 0.02 and P \ 0.001, respec-

tively), but there was no difference between clumps with

30 flowering individuals and those with 40 flowering

individuals (P = 0.171). Similarly, female reproductive

success in clumps with 20 flowering individuals was higher

than that in clumps with 30 and 40 flowering individuals

(P = 0.013 and P \ 0.001, respectively), but there was no

difference between clumps with 30 and 40 flowering

individuals (P = 0.194).

Inflorescence size

Inflorescence size had no effect on either pollinarium

removal or fruit set in all three clump size levels (all

P [ 0.113 for both male and female reproductive success)

(Table 1; Fig. 3).
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Fig. 1 Relationship between flower number and pollinarium removal

in Phaius delavayi. White column, flower numbers, black column,

number of flowers with pollinaria removed
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Fig. 2 Pollinarium removal and fruit set in different clump sizes in

Phaius delavayi. White column, pollinarium removal; black column,

fruit set; 1, clumps with 20 plants; 2, clumps with 30 plants; 3, clumps

with 40 plants
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Flower position

Pollinarium removal and fruit set decreased from the basal

to distal positions within inflorescences in clumps with 20

flowering individuals (Table 2; Fig. 4), but only fruit set,

not pollinarium removal, was significantly different in

clumps with 30 flowering individuals (Table 2; Fig. 4).

There were no differences in pollinarium removal and fruit

set in clumps with 40 flowering individuals (Table 2;

Fig. 4).

Initiation and duration of flowering

The average initiation date for flowering in individual

plants was 23 ± 3 (mean ± SE) June, and the average

individual plant flowering duration was 22 ± 4

(mean ± SE) days. Plants that flowered earlier in the sea-

son had no difference in pollinarium removal or fruit set

compared with those that flowered later (ANOVA, polli-

narium removal, P = 0.671; fruit set, P = 0.474). There

was no significant difference between male and female

reproductive success with regard to flowering duration

(ANOVA, pollinarium removal, P = 0.758; fruit set,

P = 0.474).

Discussion

The relationship between male and female reproductive

success in Phaius delavayi was statistically significant

(r = 0.666, P \ 0.01), which indicates that male and

female function are highly correlated and function simul-

taneously. In deceptive orchids, similar results have been

observed in many cases (Schemske 1980; Barrett and

Helenurm 1987; Ackerman 1989; Ackerman and Montalvo

1990; Proctor and Harder 1995). Nevertheless, the com-

ponents of floral display showed different effects on male

and female reproductive success in P. delavayi. Inflores-

cence size and flowering time had almost no effect on

reproductive success, while clump size and flower position

impacted variably.

Inflorescence size is an important trait that may affect

the reproductive success of animal-pollinated plants, and

choices made by pollinators can affect male and female

reproductive success differently (Stanton et al. 1986). It

has been stated that, in many orchid species, plants with

larger inflorescence have higher pollinator visitation and

probability of fruit set (Schemske 1980; Montalvo and

Ackerman 1987; Frimage and Cole 1988; Broyles and

Wyatt 1990; Calvo 1990; Robertson and Wyatt 1990;

Young and Stanton 1990; Sabat and Ackerman 1996).

Other, more recent studies, however, indicate that male and

female reproductive success may be independent of inflo-

rescence size, and that reproductive success seems to be

more due to random pollinator movements than differences

in attractiveness to pollinators (Ackerman 1989; Mattila

and Kuitunen 2000; Aragón and Ackerman 2001; Lipow

et al. 2002; Pellegrino et al. 2005a, b). In our study, the

flower numbers in an inflorescence had no effect on either

male or female reproductive success (Table 1; Fig. 3),

concurring with the later body of research.

Several studies have investigated the relationship

between flowering time and reproductive success (Camp-

bell 1989; Fritz and Nilsson 1996). Evidence suggests that

early flowering in nonrewarding orchids is advantageous

because earlier-flowering plants will attract more naı̈ve

pollinators (Smithson and Macnair 1997; Castillo et al.

2002; Johnson et al. 2003; Parra-Tabla and Vargas 2004).

In Cypripedium acaule, earlier-flowering plants have the

greatest male and female pollination success (O’Connell

and Johnston 1998). Zimmerman and Aide (1989) reported

Table 1 Nonparametric test of effect of inflorescence size on polli-

narium removal and fruit set in different clump sizes in Phaius
delavayi

Clump size Pollinarium removal Fruit set

df F P df F P

20 4 0.214 0.771NS 4 0.129 0.776NS

30 5 0.676 0.643NS 5 0.542 0.744NS

40 4 0.113 0.978NS 4 1.050 0.385NS

NS not significant
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Fig. 3 Relationship between inflorescence size and pollinarium removal and fruit set in Phaius delavayi. White column, percentage of

pollinarium removal; black column, percentage of fruit set
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that fruit set of earlier-flowering plants was about three

times higher than that of later-flowering ones in Catasetum

viridiflavum. In contrast, Kropf and Renner (2005) found

that the latest flowers in an inflorescence had higher

reproductive success in Dactylorhiza sambucina. Parra-

Tabla and Vargas (2004), however, found that individuals

flowering earlier or later have higher reproductive success

than population peak flowering in Myrmecophila christi-

nae. However, our study showed no reproduction differ-

ence between individuals flowering early versus later, or

between plants that had shorter or longer flowering dura-

tion, also indicating that pollinators may visit P. delavayi

randomly during the whole flowering period.

In contrast, our results showed that pollinarium removal

and fruit set were higher in small clumps than in large ones

(Fig. 2). Although earlier studies showed that larger

clumps may have higher reproductive success because they

attract more pollinators (Peakall 1989; Aragón and

Ackerman 2001; Ackerman and Ackerman 2001), the

patterns we found in P. delavayi may be explained by the

pollinator’s foraging behavior. Rewarded pollinators in a

clump of rewarding plants tend to visit neighboring plants,

whereas deceived pollinators usually immediately leave the

clump (Johnson 2000). Firmage and Cole (1988) found

that, in rewardless Calopogon tuberosus, pollinators

abandon the plant clump after exploring a few unrewarding

flowers, thus resulting in lower fruit set for flowers in the

whole clump. Kull (1998) found that fruit set per flower of

Cypripedium calceolus decreased in larger clones. Phaius

delavayi has a deceptive pollination system, and its poll-

inators are bumblebees (Li et al. 2010). Bumblebees can

learn to discriminate flowers that offer no reward (Johnson

et al. 2003; Schiestl 2005), although larger clusters would

be more attractive to pollinators, receiving a greater num-

ber of approaches (Ackerman and Ackerman 2001), so they

may have abandoned the clumps after a few visits, and had

fewer visits per flower in larger clumps, subsequently

decreasing the whole male and female reproductive success

in larger clumps compared with smaller clumps.

In addition, flower position showed different effect

patterns on male and female reproductive success in this

study, a result clearly different from previous studies.

Flower position effects on reproductive success in decep-

tive orchids have shown that either fruit set increases

steadily from the top to the bottom of the inflorescence

(Berry and Calvo 1991; Diggle 1995), that capsule pro-

duction rates are highest in the middle part of the inflo-

rescence (Vallius 2000), or that reproductive success may

be independent of flower position (Vallius 2000; Pellegrino

et al. 2005a, b). However, in P. delavayi, flower position

did not produce a consistent effect on either male and

female reproductive success. For male reproductive suc-

cess, flower position had a significant difference in clumps

with 20 flowering individuals, but not in clumps with 30 or

40 flowering individuals (Table 2; Fig. 4). However, for

female reproductive success, flower position had a signif-

icant difference in clumps with 20 flowering individuals

and with 30 flowering individuals, but not in clumps with

40 flowering individuals (Table 2; Fig. 4). It seems that the

male function appears to be more buffered than the female

function against the effect of flower position. These sig-

nificant effects on male and female reproductive success

may have been affected by pollinator behavior. Bumble-

bees may visit the lowest flowers first because of their

inherent foraging behavior, and visitors may depart the

inflorescence after encountering several nonrewarding

Table 2 Chi-square test of effects of flower position on pollinarium

removal and fruit set in different clump sizes in Phaius delavayi

Clump size Pollinarium removal Fruit set

v2 P v2 P

20 15.593 0.001*** 14.553 0.012*

30 6.149 0.144NS 16.291 0.001***

40 7.018 0.132NS 3.068 0.546NS

NS not significant

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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Fig. 4 Relationship between flower position and pollinarium removal

and fruit set in Phaius delavayi. White column, percentage of

pollinarium removal; black column, percentage of fruit set. The

number 1 indicates the basal flower in the raceme and 6 the distal,

with 2–5 being intermediate flowers, respectively
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flowers (Johnson et al. 2003; Schiestl 2005). Upper flowers

will then receive less visitation compared with lower

flowers, resulting in less pollinarium transfer and less

pollinarium deposition. Insufficient availability of resour-

ces is probably another major reason for the reduction in

capsule production from the bottom to the top of inflores-

cences (Light and MacConaill 1998; Vallius 2000). It is not

yet clear why in our study flower position showed signifi-

cant effects on male and female reproductive success in

smaller clumps, but not in larger clumps. It seems that

flower position may show variable effects on male and

female reproductive success if clump size were taken into

account. To our knowledge, this is the first study to

investigate the effects of flower position on male and

female reproductive success combined with clump size.

Additional studies are needed to understand the relation-

ship between flower position and male and female repro-

ductive success with clump size.

Plants of Phaius delavayi grow in clusters of 10–50

individuals. However, we used only classes of 20, 30, and

40 individuals, representing the more common size clas-

ses. It is possible that the effects of fitness on display are

mainly felt in the extreme classes, especially if the pop-

ulation is under stabilizing selection pressure, leading to

disadvantage of the extremes and making the classes near

the mean (20, 30, and 40) behave similarly. However,

most plants of P. delavayi grow in clusters of 20–40

individuals, and classes of 10 or 50 individuals occur

rarely without more than three in nature. Therefore, we

chose the classes of 20, 30, and 40 individuals to mimic

common naturally occurring groups. In addition, the

number of repetitions of each class is a little low (n = 3),

which may also influence the analysis and partly explain

the results. However, we could show the patterns of floral

display on reproductive fitness, and our study showed that

floral display expressed by clump size and flower position

impacted both female and male reproductive success in

P. delavayi, whereas flowering initiation and duration, and

inflorescence size did not.
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