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Reproductive biology of the llex species
(Aquifoliaceae) in Hong Kong, China

Anita C.W. Tsang and Richard T. Corlett

Abstract: Fourteen wild species of shrubs and trees in the dioecious genus /lex occur in Hong Kong (22 N, 114 E). All
species flowered and formed fruits once each year. Sex ratios at flowering were male biased in all but one large population
studied and. in most cases. this bias could not be explained by earlier flowering in males or higher female mortality. Apis
cerana accounted for >87% of flower visits in all species and there was a significant positive relationship across species
between the number of visits per flower per hour and the estimated mean number of flowers on a plant. The large green
fruits of Hex chapaensis Merr. were consumed only by masked palm civets, Paguma larvata. while the red or black fruits
of other species were consumed by birds. The rate of fruit removal across species was positively related to sugar content
and negatively related to phenolic and saponin contents. The mean number of pyrenes per fruit was 4.0-6.2 and the mean
percentage of pyrenes containing seeds was 49%-90%. Most embryos were immature (heart shaped) at fruit maturity. but
<50% of embryos developed further in some species. Floral investment was 0.93-5.84 times higher in male plants, but to-
tal reproductive investment was 0.62-8.3 higher in females.

Key words: germination, pollination. reproductive investment. seed dispersal. sex ratio.

Résumé : On retrouve 14 espéces d'arbustes et d’arbres sauvages du genre dioique /lex. 2 Hong Kong (22 N, 114 E).
Toutes ces espéces fleurissent et fructifient une fois par année. A l'anthése. les ratios sexuels ont un biais male chez toutes
sauf une grande population étudiée et. dans la majorité des cas. ce biais ne peut pas étre expliqué par une floraison plus
hétive chez les miles ou une mortalité plus importante chez les femelles. L'Apis cerana réalise >87 % des visites chez
I'ensemble des espéces. et on observe une corrélation positive significative. chez 'ensemble des especes. entre le nombre
de visites par fleur et par heure et le nombre moyen estimé de fleurs sur un plant. Les gros fruits verts de I'llex chapaensis
Merr. sont consommés uniquement par la civette palmiste masquée. Paguma larvata. alors que les fruits rouges ou noirs
des autres espéces sont consommés par les oiseaux. Le taux de prélevement des fruits. chez I'ensemble des especes. est
positivement relié a la teneur en sucre et négativement relié aux teneurs en phénols et en saponine. Le nombre moyen de
pyreénes par fruit est de 4.0-6.2, et le pourcentage moyen des pyrénes contenant des graines est de 49 % — 90 %. La plupart
des embryons sont immatures (cordiformes) a la maturité des fruits, mais <50 % se sont développés plus completement
chez certaines especes. L investissement floral est 0.93-5.84 plus élevé chez les plantes males. mais I'investissement re-
productif total est 0.62-8.3 plus élevé chez les femelles.

Mots clés : germination, pollinisation. investissement reproductif. dispersion des graines. ratio sexuel.

[Traduit par la Rédaction]

Introduction also includes some very large trees, a few epiphytic shrubs,
and in Asia, apparently, a few climbers (Andrews 1998).
Despite the predominantly tropical-subtropical distribu-
tion of the genus, almost all the ecological studies of Ilex
have been done on the relatively few temperate zone spe-
cies. The combination of woodiness, dioecy. entomophily,
and endozoochory is unique in most temperate floras, so the
genus has received a disproportionate amount of scientific
attention. The northern European species, I. aquifolium L.,
has become a model for woody dioecy (e.g., Obeso et al.
1998) and several North American and Japanese species
have also been the subject of ecological studies. The llex
species in the temperate zone are evergreen or deciduous di-
oecious shrubs or trees with small. insect-pollinated flowers

Ilex (holly) is the largest genus of woody dioecious
plants, with at least 600 species (Galle 1997; Loizeau and
Spichiger 2004). Although the genus is almost cosmopolitan,
most species occur in mesic subtropical or tropical mid-
montane habitats in East Asia and America: there is only a
single widespread species in sub-Saharan Africa, a single
species in northern Australia, and a single species in most
of Europe. Outside the tropics, llex species extend north to
64 and south to 33-, and the genus includes some of the
most cold tolerant of all broad-leaved evergreens. Most spe-
cies are shrubs or small trees, but in the tropics the genus
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Table 1. The /lex species in Hong Kong.

Can. J. Bot. Vol. 83, 2005

Maximum
Species Subgenus®  Section® height (m)>  Status?
Ilex asprella Benth. Prinos Prinoides S:2 Very common
Ilex chapaensis Merr. Aquifolium  Aquifolium 20.0 Rare
Ilex cinerea Benth. Aquifolium  Aquifolium 7| Uncommon
Ilex dasyphylla Merr. Byronia Lioprinus 3.5 Very rare
llex ficoidea Hemsl. Aquifolium  Aquifolium 15.0 Uncommon
Illex graciliflora Benth. Agquifolium  Aquifolium 8.6 Uncommon
Ilex hanceana Maxim. Aquifolium  Pseudoaquifolium 6.0 Uncommon
Ilex kwangtungensis Merr. Byronia Lioprinus 15.4 Rare
Ilex limii C.J. Tseng Byronia Lioprinus 5.0 Rare
Ilex lohfauensis Merr. Byronia Lioprinus 3.5 Uncommon
Ilex memecylifolia Benth. Aquifolium  Pseudoaquifolium 4.8 Common
Ilex pubescens Hook. & Arn.  Aquifolium  Pseudoaquifolium 5.1 Very common
Ilex rotunda Thunb. Byronia Lioprinus 5.6 Uncommon
llex viridis Benth. Byronia Lioprinus 10.2 Common

“According to Galle (1997).
’In Hong Kong.

dividually enclosed by woody endocarp and have undevel-
oped embryos when the fruits reach maturity, resulting in
dormancy and a seed bank that persists for only a few years
(Hu 1975; Naka and Yoda 1984; Baskin and Baskin 2001;
Shelton and Cain 2002; Arrieta and Sudrez 2005).

One major objective of the study reported here was to
compare the reproductive biology of the 14 native species
of Ilex in Hong Kong, on the northern margins of the East
Asian tropics, with that of the better-known temperate-zone
species. The Hong Kong species (Table 1) range from
shrubs to large trees and represent all three subgenera and 5
of the 12 sections recognized by Galle (1997), although the
available phylogenetic information (which includes only two
Hong Kong species) suggests that this morphological classi-
fication is not an accurate representation of the real relation-
ships among the taxa (Cuénoud et al. 2000; Manen et al.
2002). The second objective was to make use of the coexis-
tence in the same area of 14 congeneric species, which have
morphologically similar flowers and fruits and which are ex-
posed to the same fauna, to investigate the role of flower
and fruit characters in attracting pollinators and seed disper-
sal agents. Two major hypotheses were tested: firstly, that
pollinator visitation rates are related to the traits of individ-
ual flowers (flower size and nectar production) and of floral
displays (number of flowers per branch and per plant) and,
secondly, that fruit removal rates are related to pulp chemis-
try (positively to nutritional chemistry, negatively to defen-
sive chemistry) and the percentage of fruit mass consisting
of pulp.

Materials and methods

Study area and species

Hong Kong (22°N, 114°E) consists of a biogeographically
arbitrary 1100 km? of the South China coast and nearby is-
lands. It has a population of almost 7 million people, but the
rugged topography means that only 20% of the land area is
urbanized (Dudgeon and Corlett 2004). Most of Hong Kong
is underlain by igneous rocks of Jurassic age. The climate is
subtropical, with distinct hot, humid and dry, cool seasons.

Mean annual rainfall in the study sites is 1600-3000 mm,
with about 80% falling between May and September. Mean
annual temperature ranges from 22.8 °C in lowland Kow-
loon to 18.3 °C near the summit of the highest hill, Tai Mo
Shan (957 m). Subzero temperatures occur annually at the
highest altitudes and less frequently down to around 400-
450 m on Tai Mo Shan and to sea-level in northern Hong
Kong. Deforestation of coastal South China started at least
1000 years ago and the original forest cover of the Hong
Kong region had largely disappeared by the nineteenth cen-
tury, except for some tiny, disturbed patches in inaccessible
sites at high altitude (Dudgeon and Corlett 2004). There are
also a number of small (<4 ha), old-forest patches of uncer-
tain origin preserved for feng shui reasons behind traditional
villages, but most non-urban areas are now covered in fire-
maintained grassland, shrubland, secondary forest, or exotic
plantations (Zhuang and Corlett 1997).

The two main study sites, on Tai Mo Shan and on the
western half of Hong Kong Island, were chosen because of
accessibility and the diversity of Ilex species present.
llex asprella, 1. ficoidea, 1. kwangtungensis, I. lohfauensis,
L. pubescens, 1. rotunda, and 1. viridis occur on Tai Mo
Shan, and this is one of only two sites in Hong Kong with
L lohfauensis. Western Hong Kong Island has I asprella,
L. chapaensis, 1. cinerea, I ficoidea, I graciliflora,
L hanceana, I. memecylifolia, 1. pubescens, and I. viridis.
Additional sites were included as replicate populations and
for two rare species, I. kwangtungensis and I. cf. limii,
which did not occur in the main study area. A 14th species,
L. dasyphylla, is known in Hong Kong only from a single
male plant on Lantau Island. A possible 15th species is
known only from six individuals, on Ma On Shan, that
were not seen to reproduce, so it was not considered further.
Because of their differing relative abundances and accessi-
bilities, the number of individual plants sampled varied con-
siderably among species and most aspects of reproductive
biology could not be evaluated for all species.

Flower biology
The reproductive phenology (flowering period and the pe-
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Table 2. Sex ratios at flowering of /lex populations in Hong Kong.

Male:female Nonflowering G test
Species Site n ratio Male  Female plants p value
1. asprella Pok 121 2.11 74 35 12 0.0002
T™S 108 1.27 56 44 8 0.2296
SS 148 1.12 75 67 6 0.5019
PSL 131 1.26 68 54 9 0.2045
KL 81 2.68 51 19 11 0.0001
1. chapaensis MN 14 1.17 7 6 1 0.7814
WKT 11 1.00 5 S 1 1.0000
1. cinerea Pok 74| 0.87 33 38 6 0.5528
PSL 16 0.78 { 9 0 0.6166
L. ficoidea Pok 44 1.36 19 14 11 0.3832
MN 12 1.33 4 3 5 0.7050
1. graciliflora TT T2 2.00 46 23 3 0.0052
1. hanceana Pok 51 1.29 27 21 3 0.3859
SS 22 1.50 9 6 i/ 0.4370
I. kwangtungensis PU 14 1.00 3 3 8 1.0000
1. lohfauensis TMS 83 1.82 51 28 4 0.0091
1. memecylifolia Pok 18 0.80 4 5 9 0.7386
Abe 47 1.44 26 18 3 0.2265
I. pubescens Pok 117 1.86 65 35 17 0.0025
1. rotunda T™MS 38 1.08 13 12 13 0.8415
I viridis Pok 91 1.11 39 35 17 0.6419

riod with ripe fruits) of all Jlex species was recorded at sev-
eral sites from numerous visits in 2001-2004. At 1-5 sites
for each species (Table 2). the entire accessible population
of reproductive size (i.e., all plants at least as large as the
smallest plant we have seen flowering) was sexed at flower-
ing time to determine the sex ratio. Where possible, at least
20 individuals of each species and sex, growing in full sun-
light or in the typical light environment for the species, were
selected for more detailed studies, but the numbers were
smaller for some less common species. In most cases. all in-
dividuals came from a single large population at a typical
site for the species, but data were pooled from two popula-
tions for some less common species. Floral longevity was
examined by labeling 10 haphazardly selected flower buds
of each sex and species before they opened and then observ-
ing them daily until the corolla wilted or detached. The
number of flowers or flower buds was counted on a standard
8-mm-diameter branch on each individual and. for female
plants, the fruit set (as a percentage of total flowers) was
also determined. The corolla diameters of fully opened flow-
ers. flower colors, and flower dry masses were also re-
corded. The volume of nectar was measured by
micropipette between 1230 and 1800 (the main period of
nectar secretion in female plants of most species) on a sunny
day, and the sugar concentration was determined with a
hand-held refractometer (S/Mill-E, Atago Co. Ltd., Tokyo,
Japan). If the volume of nectar secreted from a flower was
less than 0.2 pL, 15 pL of distilled water was added to the
flower before the nectar was sampled. A Dionex HPLC sys-
tem with an ED40 electrochemical detector (Dionex Corp..
Sunnyvale, California) was used to determine the propor-
tions of sucrose, glucose, and fructose in the nectar samples
after storage at —20 C. Pollen/ovule ratios were estimated
for 1-2 flower buds from two haphazardly selected individ-
uals of each sex of each species. Ovules were counted by

dissection under a stereomicroscope. All anthers in each
flower were submerged in 500 pL of 10 mol/L sodium hy-
droxide solution and completely macerated with a pair of
extra fine forceps. An aliquot of 5 pL was then transferred
to a haemocytometer and the number of pollen grains was
counted.

Flower visitors were observed casually throughout the
flowering period and systematically on several calm and
clear days for all except the three rarest species. Part of a
flowering plant was observed for 20-60 min and the number
of visitors, number of visits. and the number of open flowers
were recorded. The total number of open flowers on the
whole plant was also estimated. Only visitors that attempted
to collect nectar or pollen were recorded. Visitors were col-
lected and identified to species or genus level where possi-
ble. All llex species were also observed at night

Fruit and seed biology

In 2001-2003. for each species and site, depending on
availability, 3-5 fruiting plants were haphazardly selected.
and 20-100 ripe fruits were haphazardly collected from
each individual plant. Fruits were determined to be ripe
from their colour and attractiveness to frugivores. Within
2 h after fruit collection, 20-30 undamaged fruits were ran-
domly selected for each individual plant. Fruit dimensions
(height, length, and width), fresh and dry mass, and the
number of pyrenes per fruit were recorded. For the pyrenes.
dimensions (length and width), fresh and dry mass. and the
percentage containing seeds were recorded. Fruits and pyr-
enes were oven-dried at 70 C for a minimum of 7 d to ob-
tain dry masses. Embryo maturity was determined from the
shape of the embryo in 40 seeds of each species: embryos of
llex undergo development from an undeveloped heart-
shaped stage. through a partly developed torpedo stage, to
the mature stage (Sansberro et al. 1998). Germination tests
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Fig. 1. The flowering periods of female (F) and male (M) plants of the /lex species in Hong Kong.

Can. J. Bot. Vol. 83, 2005
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Fig. 2. The fruiting periods of the Jlex species in Hong Kong.
I asprella
I. chapaensis
L cinerea
——— L ficoidea
1. graciliflora
L. hanceana
e — L. kwangtungensis
— L limii
I. lohfauensis
1. memecylifolia
I pubescens
............................... 1 vorusda
................... 1 viridis
Apr May Jun Jul Aug  Sep Oct Nov Dec Jan Feb Mar Apr

were carried out in the greenhouse by sowing 50-250 pyr-
enes of each species in soil.

For the analysis of fruit pulp chemistry, ripe fruits of
11 Ilex species were collected in 2002-2003 and stored at
—20 °C. Before analysis, the fruits were freeze-dried, the
pyrenes were removed, and the fruit pulp ground to pass
through a 40-mesh screen. Extracts for sugar and phenolic

analysis were made using 70% alcohol. Sugar content of
fruit extracts was determined using the same method as
was used for nectar sugars. Total phenolics were deter-
mined as described by Price and Butler (1977). Phenolics
are reported as percent dry mass of tannic acid. Saponin
content was determined as described by Hiai et al. (1976),
with diosgenin as a standard. Tannin content was deter-
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Table 3. Flower characters and fruit set of /lex species in Hong Kong.

Petal Diameter  Nectar pro- Sugars Apis visit  Total diurnal ~ Fruit set

Species Sex  color? (mm) duction® (G:S:F)° rate? visit rate? (%)
I. asprella M w 6.3 0.06 63:00:37 1.02 1.11

F w 6.2 0.07 63:08:29 0.67 0.74 64
I. chapaensis M w 13.0 2.49 2.64

F w 133 1:37 1.45 40
L. cinerea M g,y 7.8 0.81 45:19:36 8.04 8.39

F g,y 6.0 0.34 35:27:38 5.97 6.15 72
1. dasyphylla M p 6.7
L ficoidea M w,Y, 8 8.0 0.23 4.04 4.18

F w, Yy, g 7.2 0.09 1.65 1.73 37
I. graciliflora M w,y 54 4.14 4.23

F w 5.6 2.70 2.7 46
I. hanceana M w 6.1 0.06 25:53:22 2.38 2.44

F w 59 0.04 26:33:41 0.75 0.79 22
I. kwangtungensis M p 7.0

F p 9.9 37
L limii M p 54

F p 5.4 30
1. lohfauensis M w, p 44 0.05 45:00:55 5.61 5.76

F w, p 5:1 0.05 39:34:27 2.53 2.67 8
1. memecylifolia M w 6.7 0.18 60:12:28 3.02 347

F w 8.4 0.22 64:10:26 242 2.62 25
I. pubescens M w, p 5.8 0.07 45:29:26 2:72 2.78

F W, p 5.8 0.07 30:31:39 1.20 1.24 37
I. rotunda M W,y 49 0.17 34:21:45 12.18 12.46

F W,y 44 0.07 33:37:30 11.02 11.20 60
L. viridis M W, p 6.9 0.09 2.49 2.53

F W, p 8.1 0.07 222 2.26 48

“w, white; g, green; y:,yellow; p, pink.
*Measured as mg sugar-flower"-h™".
‘G, glucose; S, sucrose; F, fructose.
“Measured as visits-flower -h™'.

mined using a radial diffusion method (Hagerman 1987),
with tannic acid as a standard.

Observations of frugivory events were made with binocu-
lars at weekly intervals during each fruiting period for all
species except the three least abundant species and
I. memecylifolia, which had very few ripe fruits at any one
time. For I asprella, 1. chapaensis, 1. cinerea,
I graciliflora, and I. rotunda, an individual tree with more
than 200 fruits was observed. For I. lohfauensis, which has
few fruits on a plant, observations were carried out where
several fruiting individuals could be observed simultane-
ously. For I. hanceana, I. pubescens, and I. viridis, observa-
tions were made along a pre-set route at the two main study
sites. For 1. chapaensis, additional observations were made
at night because daytime observations found no diurnal visi-
tors, but there was evidence from fallen fruit remains that
vertebrates were visiting all fruiting trees. In each observa-
tion period, the number of ripe fruits on the observed
plant(s), the number and species of birds feeding on the
fruits, and the time interval between arrival and departure
for each bird were recorded.

Data analysis
The absence of a reliable phylogeny for most (12 of 14)
Hong Kong Ilex species made it impossible to control for

possible phylogenetic effects during statistical analyses.
This may have resulted in inflation of the degrees of free-
dom, although the broad taxonomic spread of the species
studied (all three subgenera and 5 of 12 currently recognized
sections) should reduce the seriousness of this problem. A
potentially even bigger problem arises from the large num-
ber of variables measured for each species in this study
(>30 for the common species) and the resulting temptation
to simultaneously test many statistical hypotheses, thus in-
creasing the number of falsely rejected null hypotheses. We
have minimized this risk by making only a small number of
planned statistical tests, based on hypotheses in the relevant
literature and (or) expected functional relationships. All stat-
istical tests were carried out using SigmaStat for Windows
version 3.0.1.

Results

Phenology

All Ilex species in Hong Kong are evergreen, except
I asprella and I. chapaensis. All species flowered and fruited
once a year, with little difference among years, except for the
forest trees, 1. chapaensis and I. kwangtungensis, in which
the numbers of flowers produced, but not their timing, varied
considerably among years. In 2002, for which the most de-
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Table 4. Relative reproductive investment by female (F) and male (M) plants of /lex spe-

cies in Hong Kong.

Flower Flower dry Floral investment  Reproductive in-
Species no. (F:M) mass (F:M) (F:M)“ vestment (F:M)?
I. asprella 0.27 1.47 0.40 5.09
L. chapaensis 0.08 2.06 0.17 4.30
I cinerea 0.18 1.45 0.27 4.79
L. ficoidea 0.16 243 0.38 3.33
L. graciliflora 0.15 2.00 0.31 2.66
I. hanceana 0.22 227 0.50 2.20
I. kwangtungensis  0.36 1.89 0.68 4.83 (
L limii 0.25 2.13 0.53 8.33
I. lohfauensis 0.19 2.00 0.37 0.62
1. memecylifolia 0.42 2.56 1.08 3.72
L. pubescens 0.40 1.00 0.40 3.48
1. rotunda 0.30 1.00 0.30 3.08
I viridis 0.41 1.97 0.81 8.29

“Floral investment = no. of flowers on 8-mm-diameter branch x dry mass of the flower.

"Reproductive investment of male = no. of flowers on 8-mm-diameter branch x dry mass of flower;
reproductive investment of female = (no. of flowers on 8-mm-diameter branch x dry mass of flower) +
(no. of fruits on 8-mm-diameter branch x dry mass of fruit).

tailed information is available, most species flowered be-
tween March and May, although some individuals of
I pubescens started flowering earlier, and all I. lohfauensis
flowered in June (Fig. 1). Ilex asprella fruited in summer,
while fruits of the other species became ripe between late
September and mid-December (Fig. 2). Fruit ripening was
more or less synchronous at the individual level in all species
except I. memecylifolia, in which ripening was spread over
several months. Fruit persistence times after ripening varied
both among and within species, at least partly because of
varying removal rates, and fruits persisted on some individu-
als of I rotunda and I. viridis until the start of the next flow-
ering season,

Sex ratios

Sex ratios of flowering plants were male-biased in all
large populations (>20 flowering individuals), except for
one of I. cinerea (G test; Table 2). In most cases, this male
bias was retained even if all nonflowering individuals were
assumed to be female. The sex ratios in five large popula-
tions of I asprella ranged from 1.12:1 to 2.68:1 and were
significantly heterogeneous among populations (Gy = 12.53,
p = 0.014). In general, the male bias was present in all size
classes, but the smallest size classes had more nonflowering
individuals, so it was not possible to distinguish between a
male-biased sex ratio and a male bias in flowering among
small plants. The mean heights of male and female plants
differed significantly (¢ test, p = 0.05) in only 2 out of 21
populations, which is similar to the number expected by
chance, so there was no evidence of sex-biased mortality.

Flower biology

Male flowers lasted 1 d while female flowers remained
open for 3-7 d. Male and female flowers of the same spe-
cies were generally similar in size and petal color (Table 3),
although easily distinguishable to human eyes by the pres-
ence or absence of the superior ovary. The mean number of

___________________________________________________________________________________________
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flowers produced on an 8-mm-diameter branch was inver-
sely related to flower size (as dry mass) across species
(Pearson product moment correlation, males r = —0.62, p <
0.05; females r = -0.75, p < 0.005), but male plants pro-
duced 2.4-11.2 times as many flowers as female plants
(Table 4). Individual female flowers were heavier than male
flowers in most species, so floral investment (number of
flowers x dry mass) varied less between the sexes, with
male investment 0.93-5.84 times that of the females. Nectar
volume, rate of production, sugar concentration, and chemis-
try varied widely among species (Table 3).

Apis cerana was by far the commonest diurnal flower vis-
itor, accounting for >87% of all flower visits of both sexes
for all species (Table 3). Minor diurnal insect visitors in-
cluded other bees, wasps, butterflies, ants, and beetles. Male
tflowers of all species received more A. cerana visits and to-
tal visits than female flowers, although the difference was
small in some species. There was no significant relationship
between Apis visitation rates per flower and nectar produc-
tion (as mg nectar sugar-flower--h-!) or flower size in either
sex (simple linear regression, R? < 0.2, p > 0.1), but there
was a marginally significant relationship between Apis visits
per male flower and the mean number of flowers on an 8-
mm-diameter branch (R? = 0.25, p = 0.06) and a very strong
relationship between Apis visits per flower and the estimated
total number of flowers on the plant in both male (Spearman
rank order correlation; r, = 0.75, p = 0.006) and female (r, =
0.75, p = 0.007) plants. Moths and beetles were the major
nocturnal flower visitors, but nocturnal visitation rates were
at least two orders of magnitude lower than diurnal rates, so
these insects are unlikely to contribute significantly to polli-
nation.

The percent fruit set varied widely among species (8%—
72%) (Table 3) and was not significantly related to the Apis
or total visitation rates to female flowers (R? < 0.2, p>0.1).
Total reproductive investment (total flower dry mass plus to-
tal fruit dry mass on an 8-mm-diameter branch) was 2.2-8.3
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Table 5. Fruit characters of /lex species in Hong Kong.
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Diameter Total phe- Fruit removal

Species Color  (mm) Pulp® Water”  Total sugars' Saponins nolics rate?
I. asprella Black 5.90 81.9 76.9 238 1.9 24 6.8
1. chapaensis Green  19.95 76.2 66.7 18.2 0.5 0.6

I. cinerea Red 6.66 66.9 65.8 50.3 0.7 1.1 20.0
L. ficoidea Red 6.05 75.8 589 29.5 1.2 2.0 6.0
1. graciliflora Red 555 75.0 58.7 25.4 0.5 2.0 14.2
I. hanceana Red 542 70.1 64.9 37.0 0.9 44 8.6
I. kwangtungensis Red 8.90 89.0 60.8 323 0.6 6.3

L limii Red 10.21 82.9 59.7

1. lohfauensis Red 3.92 71595 74.0 32.8 1.2 0.3 10.1
1. memecylifolia Red 5.44 86.1 72.1

. pubescens Red 4.59 78.5 68.7 274 1.0 3.2 10.3
1. rotunda Red 4.54 81.7 71.8 243 1.5 5.0 1.5
L. viridis Black 6.73 53.0 56.5 28.2 1.0 33 35

“As a percentage of fruit fresh mass.
"As a percentage of pulp fresh mass.
‘As a percentage of pulp dry mass.
“Per 1000 fruitsh™".

times higher in females than males. except in I lohfuensis.
which had the highest number of male flowers and the low-
est fruit set (Table 4).

Fruit biology

Fruit characters varied widely among species (Table 5).
llex chapaensis has the most distinctive fruits. They are too
large (20 mm diameter) for any widespread bird species in
Hong Kong to swallow whole (Corlett 2002) and their green
color, even when fully ripe, makes them inconspicuous in
the evergreen forest canopy. They also had the lowest total
sugar content, although the other fruit characters were not
extreme. No diurnal frugivores were seen visiting this spe-
cies, but nocturnal observations discovered a masked palm
civet (Paguma larvata) in the same individual tree in two
consecutive years. Atypically for civets. which usually swal-
low fruits whole (Dudgeon and Corlett 2004). the animals
dropped the fruit skins and some of the pyrenes. Similar re-
mains were found under all fruiting trees of 1. chapaensis
examined, suggesting that masked palm civets are the major
consumers of this fruit species in Hong Kong.

The fruits of the other species were black (/. asprella.
I. viridis) or red (the others) and consumed by birds. The
two most common avian frugivores in Hong Kong, the
light-vented bulbul (Pvenonotus sinensis) and the Japanese
white-eye (Zosterops japonica), removed most of the fruits
of all species. The rates at which fruits were removed by
birds (per 1000 fruits per hour) were related to pulp chemis-
try (all as percentage of wet pulp mass) but not to the per-
centage of the fruit mass consisting of pyrenes (Table 5). In an
all-subsets regression (a procedure that considers all possible
regression models). the ‘best” model for removal rate (min-
imum Mallow’s Cp and near maximum adjusted R-) included
sugar, phenolic, and saponin contents (Cp = 3.04. R’ = .84,
adj R? = 0.74). Simple linear regressions showed that fruit re-
moval rates were related positively to sugar content (R°
0.34, p = 0.1) and negatively to phenolic (R° = 0.58. p
0.016) and saponin (R° = 0.21. p = 0.21) contents. with only
the relationship with phenolics being statistically significant.

It should be noted that sugar contents increased and saponin
and phenolic contents decreased over 4 weeks in /1. asprella
and I pubescens, so the chemical analyses for a single collect-
ing date in the other species may not adequately reflect the
variation in pulp chemistry to which frugivores are exposed.
No tannins were detected in the flesh of any species (in agree-
ment with the results of Gargiullo and Stiles (1991) for two
North American species).

Seed biology

The mean number of pyrenes per fruit ranged from 4.0 (7
species) to 6.21 (1. chapaensis). while the percentage of pyr-
enes containing seeds ranged from 49% (l. ficoidea) to 90%
(I. pubescens) (Table 6). Most embryos were at the imma-
ture. heart-shaped stage when the fruits were mature. but
<40% of embryos were at the torpedo stage and <10% were
mature in some species. Germination trials are on-going, but
the time to first germination ranged from 2 (I. lohfauensis)
to 67 (1. chapaensis) weeks and the percentage that had ger-
minated after | year ranged from zero (I. chapaensis) to
62% (1. memecvlifolia). The relatively rapid germination of
I lohfauensis is consistent with its relatively mature em-
bryos, but the pattern for other species is less clear.

Discussion

Hlex in the tropics

The reproductive biology of most of Hong Kong's llex
species is similar to that of the well-studied temperate-zone
species. As in the temperate zone, the Hong Kong hollies
are evergreen or deciduous dioecious trees or shrubs with
small Apis-pollinated flowers. most of which produce large,
synchronous crops of small. low quality, chemically de-
fended fruits that are eaten by birds and. in some species.
can persist for several months after ripening. The large,
green, mammal-dispersed fruits of I chapaensis. the short-
persistent summer fruits of I asprella, and the asynchronous
truiting of I memecvlifolia do not fit the temperate model.
however. All three could be considered adaptations to Hong
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Table 6. Seed characters of Ilex species in Hong Kong.
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Embryo shape

Mean no. of pyr- % pyrenes Torpedo Mature Weeks to first % germination
Species enes per fruit with seeds  Heart (%) (%) (%) germination within 1 year
I. asprella 4.92 77.7 975 2.5 0.0 9 32
I. chapaensis 6.21 60.5 100.0 0.0 0.0 67 0
I. cinerea 3.99 81.7 100.0 0.0 0.0 19 7
L. ficoidea 4.00 493 100.0 0.0 0.0 46 28
I graciliflora 4.00 56.6 80.0 20.0 0.0 9 21
I. hanceana 3.99 65.9 95.0 5.0 0.0 8 31
I. kwangtungensis ~ 4.15 61.7 100.0 0.0 0.0 49 14
L limii 4.89 7955 97.5 2.5 0.0 — 0
I. lohfauensis 4.01 51.8 50.0 40.0 10.0 2 44
1. memecylifolia 4.00 62.3 75.0 25.0 0.0 9 62
I. pubescens 5.56 90.1 55.0 40.0 5.0 8 13
I. rotunda 5.52 74.1 60.0 40.0 0.0 8 17
I viridis 4.00 77.0 100.0 0.0 0.0 8 10

Kong’s less seasonal climate and the presence of abundant
frugivores year-round. The milder climate may also reduce
the advantages of prolonged seed dormancy and thus the ad-
vantages of immature embryos, although tropical and sub-
tropical American [llex species apparently resemble the
temperate species in having mostly immature embryos at
fruit maturity (Sansberro et al. 1998, 2001).

While many features of the genus are unusual in temper-
ate floras, most aspects of the reproductive biology of Hong
Kong’s Ilex species do not stand out from those of other
woody plants in Hong Kong. Other dioecious species, in
genera such as Diospyros, Eurya, Ficus, Litsea, and Mallo-
tus, are prominent in the woody flora of shrublands and sec-
ondary forest. Most llex species flower during or slightly
before the peak flowering period for woody flora of April—
June and fruit during or slightly before the peak fruiting pe-
riod of November—January (Corlett 1993). The dominant
flower visitor, Apis cerana, was also the most common Vvisi-
tor to 46 (55%) of 83 common woody species investigated
by Corlett (2001) and the major frugivores for all llex spe-
cies except I. chapaensis were Pycnonotus sinensis, and Zos-
terops japonica, which are the two most important seed
dispersal agents in Hong Kong (Corlett 1996; Dudgeon and
Corlett 2004). With the exception of I. chapaensis, the Ilex
species have smaller fruits than most other fleshy-fruited
species in Hong Kong (median fruit diameter of 255 species
was 8 mm), but the fruits of most llex species have a higher
percentage of pulp (median 69% pulp for 255 species) and a
lower water content (median 78% water for 153 species)
(Corlett 1996). Sugar content as a percentage of dry mass is
apparently lower than that of non-flex species (median 53%
sugar for 153 species), but the higher values come from the
anthrone method, which is less specific to sugars than the
HPLC method used here. Glucose and fructose were the
only fruit sugars detected in the Ilex species studied here
and in 45 of 56 non-Ilex species included in an earlier study
(Ko et al. 1998). Sucrose has been found only in fruits eaten
by mammals in Hong Kong, but some fruits eaten by mam-
mals, including several fruits preferred by civets, have only
hexose sugars, so the absence of sucrose in I chapaensis
fruits is not unusual.

There are no data on the defensive chemistry of other

Hong Kong fruits, but Tang et al. (2005) measured the per-
sistence times of ripe fleshy fruits of 34 species under natu-
ral conditions and with frugivores excluded by nylon mesh
bags. Four llex species, I asprella, L. cinerea, I. pubescens,
and . viridis, were included in this study. Unbagged persis-
tence, which is a measure of unattractiveness to frugivores,
was longer than the non-/lex median (25 d) in all species ex-
cept I asprella (14 d), which fruits at a time when little
other fruit is available. Bagged persistence, which is a meas-
ure of fruit defense against microbes, was shorter than the
non-Ilex median (66 d) in I asprella (24 d), similar in
L cinerea (67 d), and considerably longer in I viridis (85 d)
and I pubescens (137 d). This agrees with our subjective
impression that the fruits of some llex species, particularly
I pubescens, I. rotunda, and 1. viridis, are eaten by frugivo-
rous birds only after alternatives have been exhausted. There
have been no other local reports of seeds with undeveloped
embryos in mature fruits, but /. hanceana, the only Ilex
tested, was one of only eight tree species (of 40 tested) to
retain viable seeds after being buried for 2 years in the for-
est (Zhuang and Corlett 1999).

Sex ratios

Although male-biased sex ratios are widespread in dioe-
cious plants and have been reported for other llex species
(e.g., Ferreira et al. 1983; Cavigelli et al. 1986; Kay and
Stevens 1986; Obeso et al. 1998), the consistency across
most species in this study is striking. Male-biased sex ratios
among flowering individuals are often assumed to result
from gender differences in survival and age at first repro-
duction, as a result of the differential costs of reproduction
in male and female plants, but biased sex ratios may also
occur at the seed stage (de Jong and van der Meijden 2004)
or result from differential mortality before reproduction
(e.g., Decker and Pilson 2000). The only study of an [lex
species that looked at the seedling sex ratio found equal
numbers of males and females (Clark and Orton 1967), sug-
gesting a primary (genetic) sex ratio of 1: 1. In most popula-
tions in this study, the male bias is retained even if all
nonflowering individuals are assumed to be female, showing
that earlier or more frequent flowering in males does not ex-
plain the observed sex ratios. Reproductive investment is
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generally much higher in females than males. which might
be expected to result in higher female mortality, but the
size structures of male and female subpopulations do not
provide any support for this. This suggests that there is al-
ready a male-biased genet ratio by the time the plants reach
reproductive size, although it was not possible to test this
with the data available. The significant heterogeneity in sex
ratio among populations of I asprella could then be ex-
plained by environmental influences on sex differences in
pre-reproductive mortality. The five populations ditfered
considerably in environment and population density, but
there were too many potential variables and too few repli-
cates for post-priori tests. Further work is clearly needed on
the dynamics of sex ratios in Ilex. ideally using molecular
markers for gender.

Comparisons among species

The results of the regressions relating bee and bird visits
to flower and fruit characteristics must be viewed with cau-
tion, since our inability to correct for possible phylogenetic
effects may have resulted in inflation of the degrees of free-
dom. The positive relationship between Apis visitation rates
and the number of flowers per plant. but not the characteris-
tics of individual flowers. requires further investigation.
Many previous studies have shown that bees spend longer
times in larger flower patches. but in the majority of these
studies they visited a smaller proportion of the available
flowers as patch size increased (Goulson 2000). the opposite
of the pattern observed here. However. these studies have
mostly used a single plant species with hermaphrodite flow-
ers, and it is not obvious that the same considerations would
apply in comparisons among dioecious species. Geitonog-
amy, which has been considered the major cost of large flo-
ral displays (Barrett 2003). is avoided in dioecious plants.
but large displays are still likely to reduce the frequency of
interplant movements. and thus pollination. The number of
flowers per plant also varies greatly within species, so future
studies could compare the effects of within and between spe-
cies variation in flower numbers on both visitation rates and
the movements of individual bees.

The observed relationship between fruit removal rate and
fruit chemistry was in the expected direction (positive for
nutrition, negative for defense). although the strength of the
relationship is surprising given the uncontrolled differences
in frugivorous bird density among sites and the changes in
chemistry as fruits ripen. A variety of evidence suggests that
fruit chemistry reflects an adaptive balance between attract-
ing dispersers and deterring pests and pathogens (Cipollini
et al. 2004: Tang et al. 2005). There is also evidence that
frugivores can detect small differences in fruit quality (e.g..
Schaefer et al. 2003a) and that ranking of fruit preferences
is fairly consistent across sites and time (Herrera 1998; Carlo
et al. 2003). In one of the few studies that studied fruit re-
moval by an entire frugivore community under natural con-
ditions. rapidly removed fruits had higher nutrient levels
(carbohydrate, lipid. and nitrogen) and lower defenses (phe-
nolics) than more persistent fruits, in agreement with our re-
sults (Schaefer et al. 2003b). However. higher removal rates
do not necessarily benefit the plant. if most fruits are eventu-
ally removed by trugivores. as is the case with /lex species
in Hong Kong (A.C.W. Tsang, personal observation).
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Conclusions

The results of this study considerably extend our knowl-
edge of the largest genus of woody dioecious plants. Unsur-
prisingly. the 14 Jlex species covered here add to the known
range of variation in the reproductive biology of the genus.
but the overall picture is still one of considerable uniformity.
which makes the genus instantly recognizable by the flowers
or fruits. No single trait stands out as a possible reason for
the extraordinary global success of this genus. which forms
a major component of plant communities in a wide range of
environments and in competition with very different local
floras. Like other widespread and successful clades. the ge-
nus Jlex appears to occupy a distinct volume of niche space
that allows it to coexist in a variety of different species as-
semblages (Vitt and Pianka 2005). However. any conclu-
sions on the genus as a whole are premature when the
majority of the species and the majority of the environmen-
tal and geographical range of the genus remain unstudied.
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