2-
.
=
=
O
=~
-
9
an)

e
=]
=
-
=
"
&
(=]
(s]
(=]
&
-
=
&)
Q
=]
=
=
=
%]
B
=]
[
=
S
2
&
(]
=

BIOTROPICA 42(3): 336-341 2010

10.1111/j.1744-7429.2009.00585.x

Passerine Pollination of Rhodoleia championii (Hamamelidaceae) in Subtropical China
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ABSTRACT

The pollination ecology and breeding system of the Hamamelidaceae tree species Rhodoleia championii were studied in an evergreen broad-leaved forest in Nankunshan
National Forest in Guangdong Province in China. Rhodoleia championii produces lipid-rich pollen grains and dilute nectar (averaging 0.7 mL/d and 9% sugar), with
nectar production peaking before 0800 h; the species is self-incompatible and does not set seed asexually. Seven species of nectar-foraging birds visited the in-
florescences, with the most common visitors being Japanese white-eyes (Zosterops japonicus, Zosteropidae) and fork-tailed sunbirds (Aethopyga christinae, Nectarini-
idae). Bumblebees and honeybees played limited roles as pollinators. As documented by fossils from Europe, the Rhodoleia stem lineage dates back at least to the
Paleocene. Bird pollination, however, is unlikely to have evolved before the Oligocene when sunbirds arrived in Europe, and pollination by Z. japonicus cannot be
much older than 250,000 million years ago, when Z. japonicus diverged from its closest relative.

Key words: Aethopyga christinae; bird pollination; European cretaceous fossils; Hamamelidaceae; nectar-feeding passerines; Zosterops japonicus.

CHINA IS HOME TO SOME 40 SPECIES OF BIRDS that forage for floral nec-
tar (Mackinnon et /. 2000), but few of these bird/flower interactions
have been studied (reviewed by Corlett 2004). Among Asian bird-
pollinated species studied in some detail are Bruguiera gymnorhiza
(Rhizophoraceae) and Camellia japonica (Theaceae). The former is a
mangrove species that ranges from SE Asia through Micronesia and
Polynesia to East Africa. In Thailand, it flowers in December/January
and is an important nectar source for species of Zostergps (white-eyes)
(Kondo et al. 1991). Camellia japonica occurs in China and Japan
and flowers from the end of November to March/April; it, too, is
pollinated by white-eyes (Yomoto 1988, Kunitake ez a/. 2004). The
Chinese nectar-foraging birds belong to the Nectariniidae, Dicaeidae,
Zosteropidae, Chloropseidae (synonym: Irenidae), and Pynonotidae
(Mackinnon et al. 2000, Corlett 2004), with some species foraging
mainly on introduced Bombax, Erythrina, Calliandra and Callistemon
(Corlett 2004, 2005; http://www.wwichina.org/birdgallery 2004-
onwards; G. Lei, pers. obs. in Guangdong).

Here we contribute to the knowledge of Asian bird-pollinated
species with a study of the pollination ecology of Rhodoleia cham-
pionii Hook. f., a member of the Hamamelidaceae. Rhodoleia cham-
pionii is a tree of evergreen broad-leaved forests occurring at an
altitudinal range of 700-1000 m in Guangdong Province and the
neighboring provinces Hong Kong, Guizhou, and Hainan (Yang
et al. 1983). The genus Rhodoleia comprises about 10 species that
occur in China, Vietnam, Thailand, Myanmar, Malaysia, Sumatra,
and Indonesia (Exell 1933, Suddee & Middleton 2003, Zhang
et al. 2003). There are six species in China of which three are
endemic (Yang et al. 1983). Rhodoleia is most closely related to
Exbucklandia, which comprises four species distributed from the
Himalayas to Burma, Indo-China, southern China, Peninsular
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Malaysia, and Sumatra (Magallén 2007). Together, Rhodoleia and
Exbucklandia form the sister clade to the other 25 genera of Ham-
amelidaceae (Li er al. 1999, Stevens 2001-onwards, Magallon
2007). Unlike most Hamamelidaceae, which have inconspicuous,
usually unisexual Hlowers, Rhodoleia has bisexual flowers borne in
tight heads, each with four to six flowers that are vividly pink to
purplish, scentless, and nectar producing. Bird pollination in
Rhodoleia was first documented in the Buitenzorg Botanical Gar-
den, where Doctors van Leeuwen (1927) observed white-eyes, sun-
birds (Aethopyga), spider-hunters (Arachnothera), and bulbuls
(Pycnonotus) taking nectar from Rbodoleia teysmanni. Very rarely
there were visits by Bombus and a few wasps. On Hong Kong Is-
land, Corlett (2001) recorded Zosterops japonica and Aethopyga
christinae on R. championii.

We here report on the floral phenology, nectar secretion pattern,
pollinators, and breeding system of R. championii and then discuss
the evolution of bird pollination in the Hamamelidaceae, a family
whose pollination has rarely been studied (Anderson & Hill 2002:
Hamamelis; Xiao et al. 2004: Disanthus). Hamamelidaceae have a
rich fossil record that extends from the Upper Cretaceous to the Mi-
ocene (Mai 2001, Magallén 2007, Benedict ez 4/. 2008), and fossil
fruits and seeds of Rhodoleia have been described from the Upper
Cretaceous (Maastrichtian) and Tertiary of Europe (Mai 1968, 2001;
Knobloch & Mai 1986). This raises the question of how long this
Laurasian lineage may have interacted with nectar-foraging birds.

METHODS

STUDY SITES AND sPECIES.— The study sites were located in the Nan-
kunshan National Forest Park in Guangdong Province, China
(23°38’ N, 114°38’ E, ca 700 masl). Rhodoleia championii is a
dominant species of the local evergreen broad-leaved forest; the
density of R. championii trees in the areas is cz 450/ha (Yang et al.
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1983). Observations and pollination experiments were carried out
between 28 December 2005 and 5 April 2006 at two sites in the
park, located 5 km apart, one a natural patch of mixed forest with
many individuals of R. championii, the other a stand of about 200
individuals of R. championii planted for horticultural use. At both
study sites, air temperatures during the day were recorded about
once every hour. We selected and marked 20 trees (30-40 cm dbh
and 7-13 m in height) from among hundreds in bloom for the pol-
lination experiments and 8 for pollinator observation.

NECTAR SECRETION.—Nectar production was measured once a day
at 1200 h by extracting all nectar with 1 mL syringes (a fresh syringe
each day) from all flowers in 20 inflorescences (on 12-14 January
2006). Between extractions, the inflorescences were bagged with
fine nylon mesh. In addition, diurnal patterns of nectar secretion
were monitored by sampling 20 bagged inflorescences at 2-h inter-
vals over a period of 24 h. The sugar concentrations of the sampled
nectar were estimated in terms of sucrose equivalents using a hand-
held refractometer.

POLLEN HISTOCHEMISTRY AND STIGMA RECEPTIVITY.—Pollen was col-
lected from dehiscing anthers to examine its starch and lipid con-
tents by staining the grains with iodine in aqueous potassium iodide
(IKI) or Sudan IV solutions, before examination under a micro-
scope. Stigma receptivity was tested just after flower opening and
then every 2 h until the end of anthesis, using MTT (3-4,5-dime-
thylthiazol-2-yl-2,5-diphenyl-tetrazolium bromide, Sigma M-2128,
Sigma, St. Louis, MO, USA) as described by Dafni (2001). In
addition, pollen from dehiscing anthers was collected at 2-h inter-
vals, tested with MTT; pollen grains were considered viable when
they were fully stained, suggesting normally formed cytoplasm
(Rodriguez-Riano & Dafni 2000).

POLLINATION EXPERIMENTS.—Between 12-14 January and 14-16
February, five treatments were applied to the flowers and in-
florescences of 20 trees to examine the breeding system and the
effectiveness of different visitors as pollinators: (1) Open—
inflorescences exposed to visitors without any manipulation; (2)
Emasculated and hand cross-pollinated—Dbagged flowers were emas-
culated before the anthers dehisced and then hand-pollinated with
fresh pollen taken from the flowers of trees at least 100 m away; (3)
Untreated—inflorescences were bagged before anthesis, but re-
ceived no further manipulation; (4) Hand self-pollinated—in-
florescences were bagged before anthesis and then hand-pollinated
with pollen taken from dehiscing anthers on the same plang; (5)
Emasculated—fowers were tested for agamospermy by emascula-
tion of all the anthers before opening, followed by bagging and later
checking for fruit set.

Fine nylon mesh was used for bagging, and pollen was trans-
ferred using Chinese calligraphy brushes in the hand-pollination
treatments, using trees from outside the experimental area as pollen
donors in the cross-pollination treatment. Rhodoleia pollen is rich
in pollenkitt and sticky; it is not dispersed by the wind. Immature
fruits were counted 30 d after the onset of the experiment, and ma-
ture fruits were counted a month later.
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FLORAL VISITORS.—Visitors were observed through binoculars be-
tween 16 and 28 February 2006, including one full night of obser-
vation at the natural forest site, using an electric torch. Two days of
diurnal and 6h of nocturnal observations were also carried out in
the planted stand during the same period. Visiting frequency was
recorded as the number of inflorescences that a visitor interacted
with on a single tree in 1 h. The numbers of visitors and of in-
florescences on each visited tree were extrapolated from observa-
tions on single branches. A mist net was used to catch the birds
visiting R. championii and photographs in bird guides were used to
identify them. Bill length (upper mandible length) measurements
were taken from white-eye and sunbird specimens in the Biological
Museum of Sun Yat-Sen University to measure the potential for
pollinator relationships between these birds and Rhodoleia flowers.
The bird skins studied came mainly from Guangdong Province.

RESULTS

FLORAL CHARACTERS.— The inflorescence heads of R. championii are
pendulous and comprise four to six flowers with pink to purplish-
red petals and tan-pubescent bracts (Fig. 1A). The hypanthium and
peduncle are sturdy (Fig. 1B, peduncles in fruit) and can withstand
pecking by a bird’s bill. There are four to six pairs of styles and
36-48 stamens per inflorescence. The styles are 29 & 0.6 mm long
(mean & SE) and the filaments 30 & 0.7 mm.

Flowering began in late December 2005 and ended in early
March 2006. Single inflorescences lasted 5-7 d. Flowers opened
before noon, without any perceptible odor. MTT staining showed
that the stigmas were receptive just after flowers opening. Anthers
began to dehisce 4—6h after the onset of anthesis, and pollen was
available for 2-4 d. Stigmas wilted shortly after most pollen had
been dispersed, and this was followed by withering of the petals and
filaments. Medium-sized trees produce about 2400 simultaneously
blooming inflorescences.

NECTAR SECRETION PATTERN.—Nectar secretion began shortly after
anthesis and peaked in the early morning, with dilute nectar so
abundant that it collected among the filaments and ovaries at the
bottom of the inflorescence cup (Fig. 1C). The amount of nectar
produced per inflorescence per day was 0.7 mL (V=20), with an
average sugar concentration (in sucrose equivalents) of 9 percent
(IV=20). Changes in nectar volume and concentration at 2-h in-
tervals during the day are shown in Fig. 2. Little nectar was
produced after 1400 h, until secretion began again the following
day. Nectar sugar concentration was fairly constant throughout
the day.

POLLEN HISTOCHEMISTRY AND POLLEN VIABILITY.—Pollen grains
stained slightly with IKI solution and more strongly with Sudan
IV. Under the microscope, Sudan IV-stained pollen showed con-
spicuous oil drops. Changes in pollen viability and stigma receptiv-
ity at 2-h intervals are shown in Fig. 3. Pollen viability declined
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FIGURE 1. (A) Inflorescences of Rhodoleia championii; (B) Fruits of R. championii; (C) Nectar drops among filaments; (D) A Zosterops japonicus individual visiting an

inflorescence; (E) An Aethopyga christinae individual visiting an inflorescence; and (F) Pollen grains on the forehead feathers of a Zosterops japonicus.

rapidly about 22 h after the anthers opened, while stigma receptiv- ~ most common were Japanese white-eyes (Zosterops japonicus) and
ity remained constant. fork-tailed sunbirds (Aethopyga christinae; Fig. 1D and E). In the

planted Rhodoleia stand, European honeybees (Apis mellifera, Ap-
FLORAL VISITORS.—Seven species of nectar-foraging birds visited the ~ idae) collected pollen from Rhodoleia flowers, while in the 5km
inflorescences (Table 1, which also shows species authors). The
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TABLE 1. Visitors observed on Rhodoleia championii. Visiting frequency:
it =very frequent, 1t =frequent, t=rare. Reward: N = nectar,
P = pollen.

Floral visitor (FAMILY and species) Visiting frequency Reward

ZOSTEROPIDAE

Zosteraps japonicus Temminck and Schlegel, 1845 T N
Zosteraps erythropleurus Swinhoe, 1863 T N
NECTARINIIDAE

Aethopyga christinae Swinhoe, 1869 Tt N
Aethopyga gouldiae Vigors, 1831 F N
IRENIDAE

Chlorapsis hardwickii Jardine and Selby, 1830 T N
PYCNONOTIDAE

Pycnonotus jocosus L., 1758 T N
Pycnonotus sinensis J. F. Gmelin, 1789 T N
Hypsipetes mcclellandii Horsfield, 1840 +F N
Hypsipetes leucocephalus J. F. Gmelin, 1789 T N
APIDAE

Apis mellifera T P
Bombus spp. + P

*Species only recorded at the planted stand.

distant natural forest, no honeybees were seen visiting the flowers
despite the presence of bechives in the general area. Bumblebees
(Bombus spp., Apidae) rarely visited Rhodoleia at either site. Tem-
peratures at the forest site ranged from 9.2°C to 14.5°C; temper-
atures in the planted Rhodoleia stand rose to about 20°C at noon.
During the nocturnal observations, no visitors were observed at
either the planted or the natural sites.

White-eyes moved in flocks of 30-50 birds, while the sunbirds
usually visited singly or in pairs. White-eye flocks swept the obser-
vation area five to six times an hour, usually from the same direc-
tion, while several pairs of sunbirds and leafbirds (Chloropsis
hardwickii) stayed in the area foraging on one or two trees contin-
ually. Small birds were often driven away from inflorescences by
bigger birds: Thus, white-eyes, the smallest birds visiting R. cham-
pionii, were forced away by leafbirds. Nectar foraging on Rhodoleia
started at about 0700 h and continued until about 1600 h, when
activity declined; visiting frequencies of white-eyes and fork-tailed
sunbirds during the day are shown in Fig. 4. White-eye feeding
peaked around noon, that of sunbirds around 0900 h.

The bill lengths (means & SE) of the white-eye and sunbird
specimens measured in the Museum of Sun Yat-Sen University
were as follows: Z. japonicus, 9.3+0.2mm (3, N=21) and
9.4+02mm (9, N=15); A christinae, 13.4+0.1 mm
(8, N=30) and 134+ 0.3 mm (9, N=19). Thus, bills were shorter
than the filaments (30 £0.7 mm) and styles (29 4+0.6mm) of
R. championii, forcing birds to insert their faces deeply into the
flowers/inflorescences. A white-eye specimen caught in the mist
net, had a great deal of pollen on the forehead and neck feathers
(Fig. 1F).
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FIGURE4. Visiting frequencies (times/h/tree) of white-eyes and sunbirds on
Rhodoleia championii trees at Nankunshan National Forest in Guangdong

Province in China.

POLLINATION EXPERIMENTS.—At 30 d after the experiment, no fruits
had developed in emasculated or self-pollinated inflorescences,
demonstrating that R. championii is self-incompatible and incapa-
ble of agamospermy. Initial fruit set in open-pollinated flowers was
63 percent (160 fruits of 254 flowers on 11 trees) and 82 percent in
emasculated hand cross-pollinated flowers (83 fruits of 101 flowers
on 17 trees), which is not significantly different (G=13.1, df=1,
P=0.0003). Fruit set in the same flowers monitored a month later,
after numerous immature fruits had aborted, was 58 and 48 per-
cent, respectively, values that are also not significantly different
(G=3.1,df=1, P=0.08). Clearly, however, the percentage of im-
mature fruits aborting in the hand cross-pollinated inflorescences
(42%) was higher than that in the open-pollinated inflorescences
(8%; G=37.9,df=1, P < 0.0001).

DISCUSSION

BREEDING SYSTEM AND POLLINATION OF RHODOLEIA.—In its natural
habitat, R. championii bears abundant flowers and fruits, and the
results obtained here show that this is due to animal pollination
since Rhodoleia is self-incompatible and likely incapable of agamo-
spermy. Nine species from four passerine families were observed
pollinating R. championii, while Bombus and Apis played negligible
roles as pollinators. The major pollinators at Nankunshan were
Japanese white-eyes (Table 1). When visiting the brush-shaped
flower clusters, these birds always touched the anthers and stigmas,
transferring pollen grains picked up during previous visits. Other
plants in Guangdong Province and adjacent Hong Kong pollinated
by white-eyes include species of Camellia as well as introduced hor-
ticultural species of Bombax, Erythrina, Calliandra, and Callistemon
(Corlett 2004, 2005; G. Lei, pers. obs. in Guangdong). During the
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winter months in China (December to February), white-eyes con-
gregate in large flocks (Mackinnon ez /. 2000), and their visiting
mode of sweeping an area tree-by-tree probably makes them effi-
cient cross-pollinators. In contrast, leafbirds and sunbirds forage
singly and usually remain on just one or two trees for long periods
of time.

Seasonal food shortages can force birds that normally forage
on fruits, seeds, and insects to use nectar as a supplementary energy
source. For white-eyes this is well documented (Craig & Hulley
1996, Chen & Chou 1999, Symes ez al. 2008). The relative short-
age of fruits and seeds during the winter months at our study sites
can be inferred from the fact that only 1.9 percent (8 of 412) of the
woody plant species found on Hengshan Mountain, situated about
500 km north of Nankunshan, fruit between December and Feb-
ruary (Peng et al. 2005).

In experimental situations, honeybees begin to visit flowers
when temperatures exceed 15°C (Li ez al. 2006). The highest tem-
perature recorded at our forest study site was 14.5°C, while the
temperatures in the planted Rhodoleia stand at noon rose to about
20°C, explaining why honeybees were frequently observed there,
but not at the cooler forest site. The average highest daytime tem-
peratures for December, January, and February recorded at Nan-
kunshan from 1971 to 2000 are 13°C, 12°C, and 13.6°C (data
from Guangdong Provincial Meteorological Bureau). These long-
term temperatures and our own observations suggest that honey-
bees rarely pollinate R. championii in Nankunshan because the
temperatures are too low. Bumblebees, on the other hand, were
observed by Doctors van Leeuwen (1927) on R. teysmanni in Java
and by us on R. championii in Nankunshan.

THE EVOLUTION OF BIRD POLLINATION IN HAMAMELIDACEAE.—Today,
Rhodoleia occurs in China, Vietnam, Thailand, Myanmar, Malay-
sia, Sumatra, and Indonesia. However, seeds and fruits attributed to
Rhodoleia have been described from the Upper Cretaceous (Upper
Maastrichtian), Upper Paleocene, Upper Eocene, and Lower and
Upper Miocene of eastern Germany (Mai 1968, 2001). Photos of
these fossils match the seeds and fruits of extant Rbodoleia well. A
study that used other Hamamelidaceae fossils as calibration points
and two relaxed molecular clock approaches estimated the diver-
gence of Rhodoleia from Exbucklandia, its sister group (see “Intro-
duction”) as dating back to 43 (£ 5) to 73 (£ 5) million years ago
(Ma), depending on the clock approach used (Ickert-Bond & Wen
2005). Of the four species of Exbucklandia, one has bisexual flowers
and three have unisexual flowers with extremely reduced petals,
suggesting wind-pollination. The high age of the Rhodoleia stem
lineage documented by fossils and inferred from molecular clocks
raises the question of who pollinated Rhodoleia in the Early Tertiary
or Upper Cretaceous. The oldest Passeriformes in Europe are from
the Late Oligocene, those in Eastern Asian from the Miocene (Mayr
& Manegold 2004; G. Mayr, Forschungsinstitut Senckenberg,
Frankfurt, pers. comm., November 2008). Thus, Rhodoleia could
have been pollinated by birds from the Oligocene onwards. The
interaction between Rhodoleia and Z. japonicus, however, is ex-
tremely young. A dated molecular phylogeny for Zosteraps inferred
the divergence between Z. japonicus and its sister species, Z. pal-

pebrosus, to be < 250,000 Ma old (Moyle ez al. 2009; R. Moyle,
pers. comm.). This provides a striking example of the evolutionary
plasticity of pollination interactions.
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