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Abstract Selection favoring avoidance of stigma clog-

ging, pollen discounting, self-fertilization, and other neg-

ative effects of self-pollination can produce intricate

patterns of intra- and interfloral dichogamy in plants

bearing numerous flowers. Here we report an extensive

study of the relationships among dichogamy, floral sex

allocation (pollen-to-ovule ratios), nectar production, floral

visitors, mating system, and fruit set in natural populations

of Schefflera heptaphylla, a widespread paleotropical sec-

ondary forest tree that produces thousands of flowers in a

blooming season. Each tree produces 15–30 sequentially

blooming, paniculate, compound inflorescences. Each

compound inflorescence has up to three orders of umbel-

lets, which also bloom sequentially. While hand-pollina-

tions showed that S. heptaphylla was capable of self-

fertilization, our observations of thousands of flowers

showed that strong intra- and interfloral protandry severely

restricts both autogamous and geitonogamous self-polli-

nation. All flowers were bisexual, thus the sexual system of

the populations we studied was hermaphroditism. The

pollen-to-ovule (P/O) ratios were characteristic of out-

crossing species, and P/O ratios of flowers in the last-

maturing (third order) umbellets were significantly higher

than those in earlier-maturing (first and second order)

umbellets. Floral visitors were primarily flies (Chrysomya

sp. and Syrphinae sp.) and wasps (Vespula sp. and Eu-

menes sp.). Flowers produced nectar during both the male

(pollen presentation) and female (stigma receptivity) stages

of their development, and the volume of nectar production

was higher in the female stage. Nevertheless, flowers

received fewer visits in the female stage than they did in

the male stage, and natural fruit set was low, especially in

first and third order umbellets. Fruit set from hand cross-

and self-pollinations was significantly higher than natural

fruit set, indicating pollen limitation of fruit set. Schefflera

heptaphylla has also been reported to be andromonoecious.

Both hermaphroditism and andromonoecy are consistent

with theoretical predictions for variation in sex allocation

among sequentially maturing flowers in protandrous

species. Further studies comparing hermaphroditic and

andromonoecious populations of S. heptaphylla could

elucidate the selective factors affecting sex expression,

nectar production, and fruit set in species with numerous

flowers displaying both intra- and interfloral dichogamy.

Keywords Araliaceae � Dichogamy � Hermaphroditism �
Phenology � P/O ratios � Protandry

Introduction

Flowering plants are under strong selective pressure to

synchronize pollen export and stigma receptivity among

individuals in order to maximize both male and female

reproductive success. In addition to increased levels of

successful pollination and outcrossing, synchronous flow-

ering and fruiting of individuals within a population may

satiate predators and allow more seeds and seedlings to
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escape predation (Janzen 1974; Kelly and Sork 2002;

Michalski and Durka 2007). At the same time, individual

plants are typically under selective pressures to separate

pollen release and stigma receptivity of their own flowers,

in order to reduce stigma clogging, and in genetically self-

compatible species, also pollen discounting, self-fertiliza-

tion, and inbreeding depression (Lloyd and Webb 1986).

As a result, angiosperms often exhibit intricate phenolog-

ical patterns involving dichogamy, the temporal separation

of anther dehiscence, and stigmatic receptivity, both within

individual flowers (intrafloral) and among different flowers

on the same plant (Lloyd and Webb 1986; Bertin and

Newman 1993). There are two forms of dichogamy: prot-

andry, in which anthers dehisce before stigmas become

receptive, and protogyny, in which stigmas become

receptive before anthers dehisce (Sprengel 1793).

Marked, synchronized, intra- and interfloral protandry is

characteristic of the primarily tropical and woody Aralia-

ceae (Schlessman et al. 1990a, 2010). Individual plants

may produce hundreds to thousands of small, white to

greenish-white flowers, which are typically borne on

compound inflorescences composed of two or more struc-

turally distinct flower clusters (Philipson 1970; Frodin and

Govaerts 2003). The way that interfloral dichogamy is

expressed in these compound inflorescences, i.e., whether

orders of umbels mature synchronously or sequentially,

appears to be key in determining the sexual system. Syn-

chrony among umbel orders is correlated with hermaph-

roditism (all flowers bisexual), while sequential maturation

is correlated with andromonoecy (Schlessman et al. 1990a,

2010).

However, the most comprehensive studies of araliad

floral phenology to date have been conducted on eastern

North American herbaceous species of the temperate gen-

era Aralia and Panax, and the latter is unusual in that it

lacks compound inflorescences. Aralia hispida exhibits

multiple cycles of protandry as sequentially maturing

cluster of flowers (umbels) open, and this temporal sepa-

ration of male and female function is thought to reduce

opportunities for self-pollination, promote out-breeding,

and intensify competition among staminate flowers for

ovules (Thomson and Barrett 1981; Thomson et al. 1982;

Barrett 1984). In the simple, single umbel inflorescences of

Panax quinquefolius, intra- and interfloral protandry

reduces opportunities for selfing but does not entirely

prevent it (Lewis and Zenger 1983; Schlessman 1985;

Anderson et al. 1993; Mooney and McGraw 2007). Simi-

larly, marked intra- and interfloral protandry restricts aut-

ogamous and geitonogamous selfing in the simple

inflorescences of Panax trifolius (Schlessman 1990).

Studies of the floral biology of the more common and

representative tropical Araliaceae have been somewhat

narrow in scope. Intra- and interfloral protandry, along with

complex cycles of dichogamy, have been documented in

the genera Polyscias (Henwood 1986; Schlessman et al.

1990b), Raukaua (Merrett 2005), and Arthrophyllum,

Delarbrea, and Schefflera (Schlessman et al. 1990a).

However, observations are often limited to just a few

individuals or populations per species, and typically only

to portions of extended flowering seasons. Consequently,

data on floral visitors to tropical araliads are also limited.

Here we report an extensive study of the floral phenol-

ogy, sex expression, mating system, and fruit set of the

widespread tropical araliad tree, Schefflera heptaphylla.

Our study spanned two flowering seasons, and we exam-

ined thousands of flowers among numerous individual trees

in three distinct populations. We documented floral phe-

nology, pollen and ovule production, nectar secretion,

floral visitors, self-fertility, and fruit set. We predicted

that (1) like other species with small, white to greenish-

yellowish flowers, S. heptaphylla would be pollinated by

small, generalized insects (Willemstein 1987; Bawa 1990;

Proctor et al. 1996); (2) like other araliads, S. heptaphylla

would exhibit both self-fertility and intra- and interfloral

protandry that limited opportunities for both autogamy and

geitonogamy (Schlessman et al. 1990a); and (3) the pollen-

to-ovule ratios of S. heptaphylla flowers would be within

the range reported for animal-pollinated, primarily out-

crossing species (Cruden 2000). We proposed that her-

maphroditism was consistent with theoretical predictions

for variation in sex allocation among sequentially maturing

flowers in protandrous species.

Materials and methods

Study species and populations

Schefflera heptaphylla (L.) Frodin (Araliaceae), the ‘‘ivy

tree,’’ is a winter-flowering species common in tropical or

subtropical evergreen broadleaved forests. It is widely

distributed in Fujian, Guangdong, Guangxi, Guizhou,

Hunan, Jiangxi, Xizang, Yunnan, Zhejiang, and Taiwan in

China, and also in the neighboring countries India, Japan,

Thailand, and Vietnam (He and Zeng 1974; Xiang and

Lowry 2007). Individual trees range from 2 to 8 m in

height, and the trunk diameter at breast height can exceed

0.30 m. Mature trees typically produce 15–30 compound,

paniculate inflorescences during a flowering season. A

typical compound inflorescence consists of a first order

(primary, terminal) umbel, 15.55 ± 0.67 branches

(mean ± SE, n = 20) terminating in second order (sec-

ondary, lateral) umbels, and 7.45 ± 0.40 third order (ter-

tiary, sublateral) umbels (n = 20) on each branch. Each

umbellet is composed of 11.70 ± 0.53 small (ca. 5 mm

diameter) flowers (n = 20). Thus, a single compound
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inflorescence may have 1,337.60 ± 86.40 flowers

(n = 20), and trees typically produce thousands of flowers

in a single blooming season. We provide a figure of the

Schefflera heptaphylla floral and/or fruiting display

(Fig. 1). We examined over 5,200 flowers among 15 trees

and three populations, and all were bisexual (perfect, her-

maphroditic) with five pale yellow hairless petals, five

stamens, and usually seven ovules per fused carpel.

From October 2007 through January 2009, we studied

three populations of Schefflera heptaphylla in Guangdong

province, south China. We obtained most of our data from

a population located at the South China Botanical Garden

of the Chinese Academy of Sciences in Guangzhou

(23�110N, 113�210E, hereafter SCBG). This population of

65 trees is within a well-preserved ca. 300 ha secondary

forest. We also studied populations in Huolushan Forest

Park near Guangzhou (Huolushan Mountain; 23�110N,

113�220E; 22 trees studied, hereafter HM) and Nankunshan

Nature Reserve in Huizhou (Nankunshan Mountain;

23�380N, 114�380E; 40 trees studied, hereafter NM).

Development, dichogamy, and nectar production

of individual flowers

We followed the intrafloral phenologies of 40 individu-

ally marked flowers at SCBG. In 2007–2008, we fol-

lowed 30 flowers among two second-order umbels on

each of three trees (six umbels total, five flowers per

umbel). In 2008–2009 we followed five flowers on each

of two first-order umbels on one tree. We recorded the

following events for each flower: petals opening, falling

(abscising), or all fallen; stamens with anthers undehis-

ced, dehiscing (exposing pollen), or empty (no pollen

remaining); stamens senescing and falling, or all fallen;

nectar secretion, no or yes; stigma color green, yellow-

green, or brownish; stigma receptive or not; ovary size;

and sexual stage. The floral sexual stages we scored

were as follows: male stage, with fresh pollen in

dehisced anthers; neuter stage, no pollen visible on

anthers, stigma receptivity undetected; and female stage,

stigmatic surfaces exposed and receptivity detected

(Bhardwaj and Eckert 2001).

At SCBG we also measured nectar volumes of flowers

that had been bagged to prevent floral visitors from

removing nectar. On separate days in 2007–2008 and

2008–2009, we collected nectar every 2 h from each of five

flowers among two or three second-order umbels on the

same tree. We collected nectar in calibrated glass micro-

capillary tubes (Sigma-Aldrich, 0.5 and 1 lL).

To correlate our observations of stigma development

and color change with the timing of stigmatic receptivity,

we marked more than 150 flowers (among five second

order umbels on each of five trees) in the SCBG population

and sampled 10 flowers each day during the flowering

period. We scored stigmas as receptive if they turned a

brownish color after 15 min of staining with MTT method

(dimethylthiazol-diphenyl-tetrazolium bromide) (Dafni

1992).

To estimate the consistency of intrafloral dichogamy

among flowers from different inflorescences, trees, and

populations in 2007–2008 we conducted persistent obser-

vations on the sex expression of 5,240 flowers distributed

Fig. 1 Schefflera heptaphylla
floral/fruit display. Each

compound inflorescence

includes one terminal umbellet

(i.e., the first order) and several

branching panicles. Each

panicle includes one lateral

umbellet (i.e., the second order)

and several tertiary umbellets

(i.e., the third order)
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as follows: SCBG, 2,640 flowers, three inflorescences on

each of five trees; HM, 1,700 flowers, two inflorescences

on each of five trees; NM, 900 flowers, one inflorescence

on each of five trees.

Interfloral phenology, fruit set, and pollen-to-ovule

ratios

To assess the degrees of phenological synchrony among

flowers on different inflorescences and on different trees,

we recorded the development of flowers and fruits on seven

compound inflorescences among five trees in the SCBG

population (two inflorescences from each of trees 1 and 2,

and one inflorescence each from trees 3, 4, and 5). As

described previously, there is a large number of inflores-

cences on each tree and flowers in each compound inflo-

rescence, which compels us to make a trade-off between

the sampling numbers of tree/inflorescence and the suffi-

ciency to account for the sex expression. We recorded the

numbers of open flowers and the numbers of fruits on

the selected seven inflorescences every day during the

2007–2008 flowering season. Flowering occurred in three

distinct phases corresponding to the three orders of um-

bellets found in the compound inflorescences. We calcu-

lated the percentages of the total open flower production of

each inflorescence that occurred in each phase, and also the

percentages of total fruit of each inflorescence (fruits/

flowers 9 100) set in each phase.

We also examined variation in pollen and ovule pro-

duction among flowers of the three orders of umbellets

(SCBG population, 2007–2008). We collected ten flower

buds (1–2 days before anthesis) from five individuals and

fixed them in formalin–acetic acid–alcohol solution. To

estimate pollen production, we crushed individual unde-

hisced anthers in 200 lL staining solution (a 1:3 mixture of

glycerine/aniline-blue in lactophenol), vortexed the sample

for 45 s to ensure suspension of pollen grains in the solu-

tion, and counted the grains in ten separate 1 lL samples

under 209 magnification. We then multiplied each count

by the dilution factor of 200, took the average of the ten

counts as our estimate of the number of pollen grains in the

anther, and finally added the five per anther estimates to get

the total number of pollen grains produced by the flower.

We counted ovules with a dissecting microscope at 109

magnification. These data allowed us to assess variation in

sex allocation among flowers of different umbels. We

could also calculate pollen-to-ovule (P/O) ratios, which are

indirect indicators of the mating system (Cruden 2000).

We used one-way ANOVAs and Tukey post-hoc HSD

tests to determine the statistical significance of differences

among phases (umbel orders) in open flower production,

fruit set, and P/O ratios.

Floral visitors

We studied floral visitors from 12 November to 16

December 2007 at SCBG, and from 25 October to 9

December 2008 at all three populations. We made several

observations during the first, the second, and the third

flowering phase over the period 2007–2008. The nectar

secretion and visiting frequencies of insects of the three

flowering phases were similar, so we selected the results

observed from the second flowering phase (i.e., the major

flowering phase), as representative. We recorded the

identities, frequencies, and behaviors of floral visitors

during 30 min observation periods conducted every 2 h

from 0700 to 1930 h. We also collected representative

samples of floral visitors immediately after their visits and

examined them with scanning electron microscopy to

confirm that they carried Schefflera heptaphylla pollen. All

voucher insects were deposited in the Pollination Biology

Laboratory, SCBG.

Pollination experiments

We conducted pollination experiments from 28 November to

9 December 2007 at SCBG. During the middle of the flow-

ering period (i.e., second flowering phase, mostly secondary

umbels), we performed four treatments on flowers of each of

five different trees. The treatments were as follows: hand

cross-pollinations with pollen from different trees; hand self-

pollination with pollen from different flowers of the

adjoining order umbels within the same tree (geitonogamy);

open pollination (flowers marked but otherwise untreated);

and emasculation before anther dehiscence and bagging to

exclude floral visitors). Numbers of flowers per treatment

ranged from 168 to 236, representing only very small frac-

tions of a tree’s thousands of flowers. We recorded fruit set

by flowers in all four treatments 30 days after hand-polli-

nations were made, when fruits were nearly mature. Com-

paring fruit set of hand cross-pollinations to that from open

pollinations tests whether natural fruit set is pollen limited;

hand self-pollinations test whether self-fertilization is pos-

sible; and the emasculation and visitor exclusion treatment

tests whether agamospermy (asexual seed production)

occurs. We used one-way ANOVA and Tukey post-hoc test

to determine the statistical significance of differences in fruit

set among the four treatments.

Results

Phenology and sexual stages of single flowers

All of the thousands of individual flowers we observed

were bisexual (i.e., perfect, producing both functional
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stamens and functional ovaries). Individual flowers also

exhibited strong and consistent protandry, with three floral

stages (Table 1). The first stage—the male stage—lasted

5.1 ± 0.2 days (mean ± SE, n = 40). The anthers of the

five stamens dehisced sequentially, the pale yellow pollen

grains were exposed and removed by floral visitors, but

stigmatic receptivity could not be detected. At the end of

this stage, anthers were empty, petals had begun to senesce

and fall, and ovaries had increased to 1.5 times their

original size.

The second stage—the neuter stage—lasted for

2.8 ± 0.1 days. During this stage, pollen was already dis-

persed, and the stamens began to senesce and fall off. The

stigmatic surfaces changed color from green to yellow-

green, but stigmas were not yet receptive (Table 1).

The third stage—the female stage—lasted

1.9 ± 0.1 days. Stigmatic receptivity was detected at the

ninth or tenth day. Stigmas remained green or yellow-green

until they either received pollen, or they spontaneously

senesced and turned a brownish color on approximately the

11th day. As fruits developed, the ovaries grew to twice

their original size (Table 1).

Strong intrafloral protandry appeared to be highly

effective at preventing autogamous self-pollination. None

of the 40 marked flowers on the same order that we fol-

lowed to document intrafloral phenology exhibited any

overlap between the male and female sexual stages. None

of them had undehisced anthers or pollen remaining in

dehisced anthers at the same time that stigmas were

receptive. Similarly, we found no overlap between male

and female sexual stages of single flowers belonging to the

same order within the same tree observed in our extensive

surveys of floral sex expression in the SCBG, HM, and NM

populations.

Interfloral phenology, P/O ratios, and fruit set

The umbellets on the three orders of each compound

inflorescence flowered sequentially, dividing the flowering

period into three temporally distinct phases that lasted for

7.9 ± 0.3 (mean ± SE, n = 10), 10.3 ± 0.3, and

6.3 ± 0.3 days, respectively (Fig. 2). The intervals

between phases when no flowers were open lasted

16.2 ± 0.4 (between first and second phases) and

17.4 ± 0.5 days (between second and third phases, Fig. 2).

Individual trees bore 15–30 compound paniculate inflo-

rescences that flowered sequentially, with more than half of

flowers overlapping among inflorescences. Thus, the

flowering period for a single compound inflorescence was

ca. 47 days (Fig. 2b). Temporal synchrony within umbels

of the same order and the intervals between flowering

periods of umbel orders appeared to severely restrict

opportunities for geitonogamous self-pollination.

Because second order umbels were the most numerous,

they produced ca. 69% of the flowers in each inflorescence,

significantly more than either first or third order umbels.

Table 1 Intrafloral phenology of Schefflera heptaphylla

Time Petals Anthers/stamens Nectar

secretion

Stigma color/receptivity Ovary size Flowers/

fruit

Day 1 a.m. Opening Undehisced No Green, not receptive Original size (OS)

Day 1 p.m. Opening Dehiscing Yes Green, not receptive Male stage

Day 2 Opening Dehiscing Yes Green, not receptive Male stage

Day 3 Opening Dehiscing Yes Green, not receptive Male stage

Day 4 Opening Dehiscing Yes Green, not receptive Male stage

Day 5 Falling Empty Yes Green, not receptive 1.59 OS Male stage

Day 6 Falling Falling Yes Green, not receptive Neuter stage

Day 7 All fallen Falling Yes Yellow-green, not receptive Neuter stage

Day 8 All fallen Yes Yellow-green, not receptive Neuter stage

Day 9 Yes Yellow-green, receptive Female stage

Day 10 Yes Yellow-green, receptive 2.09 OS Female stage

Day 11 Yes Brownish, not receptive

Day 12 Seldom

Day 13 No

���
Day 30 3.09 OS Fruits

This table summarizes our observations of 40 marked flowers from SCBG and our MTT method determinations of stigmatic receptivity (see

‘‘Materials and methods’’)
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The difference in mean flower production between first

(12%) and third (19%) order umbels was not significant

(Table 2).

Flowers of all umbel orders produced equal ovule

numbers (the ovules per carpel in third vs. second vs. first

umbel order were 6.8 vs. 6.8 vs. 7.0), but the number of

pollen grains was significantly reduced in flowers of second

and first order umbels (the number of pollen grains per

flower in third vs. second vs. first umbel order was 28,672

vs. 19,016 vs. 17,784) (F = 12.06, P = 0.001). Thus, P/O

ratios for flowers in third order umbels were significantly

higher than those in either first or second order umbels after

Tukey post-hoc test (P = 0.001 for first vs. third;

P = 0.005 for second vs. third), while those for flowers in

first and second order umbels were not significantly dif-

ferent (Table 2).

Flower visitors and nectar secretion

The most frequent flower visitors were blow flies (Chry-

somya sp.), hover flies (Syrphinae sp.), and wasps (Vespula

sp. and Eumenes sp.) (Fig. 3). Butterflies, the common

house fly (Musca domestica), and honeybees (Apis sinen-

sis, A. cerana) also visited Schefflera heptaphylla flowers

but with much lower frequencies. Scanning electron

microscopy confirmed that Chrysomya sp., Vespula sp.,

Eumenes sp., and Syrphinae sp. were carrying S. hepta-

phylla pollen (Fig. 3).

At first glance, nectar secretion by male-stage flowers

appeared to have two daily peaks, one in late morning at

1115 h and one in mid-afternoon at 1515 h (Fig. 4a).

However, given the variances of our measurements, a

plateau of nectar production from ca. 1100 to 1530 h is

more likely. Visits to male-stage flowers by flies reached

their maximum (299.6 times per 30 min) at about the same

time that nectar production peaked in the morning, then

declined through the afternoon even though nectar pro-

duction remained high (Fig. 4a). In contrast, visits by

wasps were relatively constant through most of the day

(from 2.6 to 33 times per 30 min during 0700–1500 h),

then rose rapidly to a peak at 1700 h and just as rapidly

declined.

Flowers in the female stage secreted higher volumes of

nectar than those in the male stage, and they also had a

Fig. 2 The flowering

phenology of Schefflera
heptaphylla. a Numbers of open

flowers on seven compound

inflorescences distributed

among five individual trees in

the South China Botanical

Garden (SCBG). b Durations of

the three cycles of protandry

within compound

inflorescences. The symbols #,

$, and the letter N indicate male,

female, and neuter floral stages,

respectively. NA Flowers were

not available, i.e., the interval

between the two flowering

phases

Table 2 Comparisons among orders of umbels (flowering phases) within compound inflorescence of Schefflera heptaphylla

Trait Mean ± SE One-way ANOVA (df = 2) Tukey HSD (P value)

1st order 2nd order 3rd order 1st vs. 2nd 1st vs. 3rd 2nd vs. 3rd

Open flowers (%) 12.07 ± 1.98 68.99 ± 2.02 18.94 ± 1.79 F = 257.90, P = 0.000 0.000 0.065 0.000

Pollen grains/

flower

17,784 ± 1,396 19,016 ± 437 28,672 ± 2,589 F = 12.06, P = 0.001 0.869 0.002 0.005

Ovules/flower 7.0 ± 0 6.8 ± 0.20 6.8 ± 0.37 F = 0.222, P = 0.804 – – –

P/O ratio 2,541 ± 200 2,814 ± 151 4,334 ± 588 F = 6.85, P = 0.01 0.862 0.013 0.032

Fruit set (%) 3.98 ± 1.04 41.50 ± 1.43 9.70 ± 0.68 F = 341.68, P = 0.000 0.000 0.008 0.000
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more distinct late morning peak of nectar production

(compare Fig. 4b to a). The ten female-stage flowers that

we used to assess nectar production together produced a

total of 5.42 lL, which was 1.71 times more than the ten

male-stage flowers (3.17 lL). But despite their lower

nectar production, male-stage flowers received 2.88 times

as many visits as female-stage flowers. Visits by flies

closely tracked the morning rise and early afternoon

decline in nectar volumes. The peak of visitation by wasps

occurred at 1300 h, about 4 h earlier than that for male-

stage flowers.

The combined (flies ? wasps) overall frequency of

visits to male-stage flowers was 848 visits per inflorescence

over 12 h of observation, while for female-stage flowers it

was only 292. At the male and female stages, the total

visiting frequencies of flies were 4.07 and 5.98 times

higher than that of wasps, respectively (Fig. 4). The

Chrysomya sp. and Syrphinae sp. dominated the total vis-

iting frequencies of insects. We found that the visiting

frequencies of wasps were significantly different between

the male and the female stages, specifically Vespula sp. at

the male flowering stage (accounting for 14.98% of the

total 848 times per 30 min) was more frequent than at the

female stage (accounting for 2.05% of the total 292 times

per 30 min), while Eumenes sp. at the male stage

(accounting for 4.71% of the total 848 times per 30 min)

was less frequent than at the female flowering stage

(accounting for 12.33% of the total 292 times per 30 min).

However, we found no significant difference for flies

between the male and the female stages, specifically

Chrysomya sp. with 48.35% at the male stage and 51.71%

at the female stage, and Syrphinae sp. with 31.96% at the

male stage and 33.90% at the female stage (Fig. 5).

Pollination experiments

The mean (±SE) fruit set of open-pollinated flowers was

41.52 ± 1.86 (n = 5 trees, 236 total flowers). Fruit set of

hand cross-pollinated flowers was 52.35 ± 1.14% (170

total flowers),and that of hand geitonogamously pollinated

flowers was 50.60 ± 2.09% (168 total flowers). None of

the bagged flowers (178 total flowers) set fruit. Clearly,

there were significant differences among treatments. Fruit

sets for the hand pollination treatments were not signifi-

cantly different from each other (Tukey post-hoc test,

P = 0.724), but both were significantly higher than that for

open pollination (Tukey post-hoc test, P = 0.003 and

0.011, respectively).

Fruit maturation continued for ca. 18 days after cessa-

tion of the female phase. By the 30th day from flower

opening, fully mature fruits were ca. three times larger than

the original ovary size (Table 1). In general, fruit set was

rather low, seldom exceeding 50%. However, there were

significant differences among umbel orders (Fig. 6), with

flowers in second order umbels four times as likely to set

fruit as those in third order umbels, and flowers in third

order umbels twice as likely to set fruit as those in first

order umbels.

Fig. 3 Major flower visitors of

Schefflera heptaphylla, showing

the pollen carried by the insects.

a Chrysomya sp. is sucking

nectar on a female-stage flower

when petals have faded.

b Syrphinae sp. is visiting the

blooming flowers. c Vespula sp.

is visiting the flowers when

petals are opening. d Eumenes
sp. is visiting the top umbellet

on newly opened flowers. The

pollen micrographs are inset at

the top right corner of each

photo. Bar 10 lm
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Discussion

Dichogamy, sexual system, and mating system

Our extensive field observations clearly show that in the

populations we studied, all flowers are bisexual and the

sexual system is hermaphroditism. Thus, the sexual system

of the populations we studied was clearly hermaphroditism

(Sakai and Weller 1999). As we predicted, Schefflera

heptaphylla exhibited strong and consistent intra- and in-

terfloral protandry. Intrafloral protandry appears to be an

ancestral and strongly canalized trait for Araliaceae

(Schlessman 2010). The sequential maturation of orders of

umbels within each compound inflorescence, giving three

cycles of protandry, is similar to the hermaphroditism with

two cycles of protandry that occurs in the araliad genus

Arthrophyllum and probably also in the genera Polyscias

and Schefflera (Schlessman et al. 1990a). Theory regarding

variation in sex expression among sequentially blooming

flowers on individual plants predicts that strong protandry

and distinctly sequential maturation of flowers, such as we

have documented (five individual trees and seven

Fig. 4 Visiting frequencies of flies and wasps and the mean nectar

volume of flowers (mean ± SE, n = 10) at the male floral stage

(a) and female floral stage (b). Visiting frequencies and the volume of

nectar were recorded every 2 h from 0700 to 1930 h. For visiting

frequencies of insects, each point is the mean value of visiting

frequencies of flies or wasps observed for 5 days. For nectar

secretion, each point is the mean nectar volume of ten flowers

bagged in advance

Fig. 5 The composition of visiting frequencies of four major insects

at the male (a) and the female floral stage (b). Flies (Chrysomya sp.

and Syrphinae sp.) dominated the total visiting frequencies of insects,

but without significant difference between the male and the female

stages. Wasps took a secondary place, but with significant differences

between the two stages, specifically Vespula sp. was a more frequent

visitor at the male stage, whereas Eumenes sp. was a more frequent

visitor at the female stage

Fig. 6 a Flower production (percentages of total flowers) and

b percent fruit set of flowering phases (umbel orders) within

compound inflorescences of Schefflera heptaphylla (mean ± SE,

n = 7). One-way ANOVAs showed that differences among flowering

phases were statistically significant (open flowers: F = 257.9, df = 2,

P = 0.000; fruit set: F = 341.68, df = 2, P = 0.000; post-hoc

comparisons are reported in the text)
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compound inflorescences do not represent an immense

amount of sampling but are sufficient to account for the sex

expression) here for S. heptaphylla, should favor male-

biased sex allocation in later-blooming flowers because

when stigmas of those flowers (in this case, those of third

order umbels) become receptive, little pollen will be

available and they would be unlikely to be successfully

pollinated (Darwin 1877; Brunet and Charlesworth 1995).

In addition, depletion of available resources by fruit set in

earlier-blooming flowers should also favor male-biased sex

allocation in later-blooming flowers (Brunet and Charles-

worth 1995). Our finding that P/O ratios of flowers in third

order umbels were significantly higher than those of

flowers in first and second order umbels is consistent with

these predictions.

Interestingly, S. heptaphylla has been previously

described as andromonoecious, with bisexual flowers in the

first order (terminal, primary) umbels, and bisexual or

‘‘more often’’ male (staminate) flowers in the second order

(lateral, secondary) umbels (Xiang and Lowry 2007).

These observations are also consistent with theory, as the

combined effects of strong, synchronous protandry and

depletion of resources by earlier maturing fruit could result

in abortion of entire ovaries in later-maturing flowers. In

the populations we studied, flowers in the first, second, and

third umbel orders could fruit, though fruit set was con-

sistently low, and it appeared that resource depletion was

not drastic enough to cause such a reduction in the female

allocation of later-blooming flowers to zero. We argued

that S. heptaphylla should be hermaphroditic (at least in the

three field populations we observed in Guangdong prov-

ince); simultaneously, we agreed that the flowers in the

second/third order umbel might play a role as functionally

‘‘male’’ flowers providing pollen grains, possibly with the

existence of andromonoecy. The low fruit set (especially in

the third umbel order) we observed may have been due to

pollen limitation, as both our hand-cross and hand-self

pollinations produced significantly greater fruit set than

open, natural pollination.

Molecular systematics places S. heptaphylla in a well

supported clade informally known as ‘‘Asian Schefflera’’

(Plunkett et al. 2005). Phylogenetic analysis of the evolu-

tion of sexual systems in this clade indicates that her-

maphroditism in S. heptaphylla would be derived from

dioecy (Schlessman 2010). Further detailed studies of

variation in pollination, floral sex expression, and fruit set

among populations of S. heptaphylla could substantially

elucidate how different selective factors interact to deter-

mine which sexual system is expressed.

Our pollination experiments showed that S. heptaphylla

does not produce asexual fruits and that it is genetically

self-compatible and capable of self-fertilization. However,

our extensive observations of both intra- and interfloral

dichogamy suggest that autogamous self-pollination never

occurs and that opportunities for geitonogamous self-pol-

lination are rare. Taken together, these results indicate a

xenogamous (outcrossing) mating system. The P/O ratios

of flowers in first and second order umbels are below the

mean but well within the range for xenogamous species,

while those for third order umbels are slightly above the

mean for xenogamous species (Cruden 2000). With respect

to sexual systems, the P/O ratios were typical for her-

maphroditic (‘‘homoecious’’ in Cruden 2000) animal-pol-

linated species, but low for andromonoecious species.

Flower-pollinator interaction

As we predicted, the flowers of Schefflera heptaphylla were

visited by a variety of primarily generalized insects, in this

case blow flies, hover flies, wasps, house flies, bumblebees,

and butterflies. Of these, blow flies and hover flies were by

far the most frequent visitors, followed by wasps. There are

very few reports on Araliaceae (especially tree species)

pollination, but as shown for closely related Apiaceae,

several publications provide cases that bees and flies may

be efficient pollinators (Lindsey 1984; Schlessman and

Graceffa 2002; Zych 2007). The lack of additional data on

preferences towards pistillate/staminate umbel phases or an

experimental assessment of insects’ efficiency keeps us

from making firm conclusions regarding major pollinators.

However, taking the high visiting frequencies of insects

and the existence of pollen grains of the species on the

insect body into consideration, we infer cautiously that the

flies are potentially major pollinators, with wasps and

perhaps also bees of secondary importance in the Aralia-

ceae tree species S. heptaphylla.

Production of nectar during both pollen presentation

(male stage) and stigma maturation (receptivity, female

stage) has been reported for other Araliaceae (Thomson

et al. 1989; Schlessman et al. 1990b; Gillespie and Hen-

wood 1994; Liu et al. 1998) and also for protandrous

species of the closely related Apiaceae (Koul et al. 1993;

Langenberger and Davis 2002). It is interesting that in

S. heptaphylla, nectar volumes of female-stage flowers are

significantly higher than those of male-stage flowers.

Increased nectar production in the female stage might be

predicted for all protandrous flowers, as pollen is absent

from the female stage (but see below). Such a difference

has been reported for several Apiaceae (Koul et al. 1993;

Langenberger and Davis 2002; Zych 2007), but our study

appears to be the first documented case in Araliaceae. In

spite of the higher nectar production by female-stage

flowers, visitation rates for female-stage flowers were sig-

nificantly lower than for male-stage flowers, and this may

have contributed to the low fruit set that we observed.

Preference for male-stage flowers occurs in protandrous

Synchronized protandry of Schefflera heptaphylla 37
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and protogynous Apiaceae (Schlessman and Barrie 2004;

Davila and Wardle 2007; Zych 2007), but again, our study

appears to be the first report for Araliaceae.

Thomson et al. (1989) argued that in the absence of

pollen limitation, floral rewards such as nectar would

function primarily to enhance male reproductive success,

and thus flowers would be expected to secrete more nectar

in the male stage than in the female stage. Our study

appears to illustrate a contrasting scenario in which pollen

is limiting and nectar functions to enhance deposition of

pollen on female-stage flowers as much or more than it

enhances removal of pollen from male-stage flowers.
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