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Flowerings and flower visitors were observed continuously in a lowland dipterocarp forest in Sarawak, Malaysia, for 53
mo in 1992–1996. Flower visitors of 270 plant species were observed or collected, and pollinators were assessed by
observing body contact to stigmas and anthers. We recognized 12 categories of pollination systems. Among them, plants
pollinated by social bees included the largest number of species (32%) and were followed by beetle-pollinated species
(20%). Pollination systems were significantly related with some floral characters (flowering time of day, reward, and floral
shape), but not with floral color. Based on the relationships between pollinators and floral characters, we described pollination
syndromes found in a lowland dipterocarp forest. The dominance of social bees and beetles among pollinators is discussed
in relation to the general flowering observed in dipterocarp forests of West Malesia. In spite of high plant species diversity
and consequent low population densities of lowland dipterocarp forests, long-distance-specific pollinators were uncommon
compared with the Neotropics.

Key words: beetle; floral shape; flowering time; general flowering; lowland dipterocarp forest; pollination syndrome;
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Pollination biology at the community level in tropical
forests has been studied only in the Neotropics (Bawa et
al., 1985; Kress and Beach, 1994). In a tropical rain forest
in La Selva, Costa Rica, medium-sized to large bees and
small diverse insects are the main pollinators in the can-
opy (Bawa et al., 1985; Kress and Beach, 1994), while
hummingbirds and euglossine bees are prevalent in the
forest understory (Janzen, 1971; Stiles, 1978; Endress,
1994; Kress and Beach, 1994). Little information is avail-
able on pollination biology in West Malesia, where plant
reproductive phenology, fauna, and flora are greatly dif-
ferent from the Neotropics.
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On the topic of plant reproductive phenology, the phe-
nomenon known as general flowering has been reported
from West Malesia and as might be expected this has
consequences for the co-evolutionary processes between
plants and pollinators. Over 80% of the emergent and the
canopy tree species bloom in short periods of 3–4 mo at
irregular intervals of 2–10 yr (Ashton, Givnish, and Ap-
panah, 1988; Appanah, 1993). In general flowering pe-
riods (GFP), such a large number of species bloom in so
short a period that pollinator shortages might occur unless
there are pollinators that can quickly respond to the gen-
eral flowering (Ashton, Givnish, and Appanah, 1988).
According to these authors, thrips are capable of such
response. Thrips maintain a low population density using
floral resources in gaps during flowerless seasons. They
have a short generation time and high fecundity, so as
soon as a general flowering starts, they can increase in
numbers quickly using the massive floral resources. How-
ever, a thrip pollination was only found in the genus Sho-
rea, sect. Mutica in the Malay Peninsula (Appanah and
Chan, 1981). Are all trees that bloom in GFP pollinated
by thrips, or are there other types of pollinators that can
quickly respond to the general flowering? This is the first
question that we address in this paper. Appanah (1990)
provided one clue to the answer. Carpenter bees (Xylo-
copa spp.) shift foraging areas in GFP from forest edges
to closed forests and pollinate some plants in closed for-
ests. However, we question whether such shifts of for-
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Figs. 1–6. Monitoring of plant phenology, collection of flower visitors, and various types of flowers and pollinators. 1. Monitoring of phenology
of individually marked plants to check their flowerings from the canopy access system in Lambir Hills National Park, Sarawak, Malaysia. 2.
Sweeping of flower visitors on a temporary wood terrace set at the crown top of Shorea falciferoides (Dipterocarpaceae), at 60 m above the ground.
3. Bat pollination: Macroglossus minimus (Pteropodidae) visiting flowers of Fagraea racemosa (Loganiaceae). 4. Bird pollination: Arachnothera
robustra (Nectariniidae) visiting flowers of Amylotheca duthiana (Loranthaceae). 5. Social bee pollination: a worker of Apis dorsata (Apidae)
collecting pollen from a flower of Dryobalanops aromatica (Dipterocarpaceae). 6. A worker of Apis koschevnikovi visiting a flower of Dillenia
excelsa (Dilleniaceae) that is mainly pollinated by Apis dorsata.

aging areas could provide sufficient pollinator popula-
tions.

Bawa (1990) stated that long-distance pollen flow is
intensified in species-rich tropical rain forests, because
conspecific plants are spatially isolated from each other.
Hummingbirds and euglossine bees are the most impor-
tant long-distance-specific pollinators in the Neotropics
(Kress and Beach, 1994), but they are absent in Southeast
Asia. From La Selva, Costa Rica, 1287 species of wild
flowering plants have been recorded (Hartshorn and
Hammel, 1994). The exact number of plant species in
Lambir, Sarawak, is unknown, but even when restricted
to trees (dbh [diameter at breast height] $ 1 cm) found
in a 52-ha plot, over 1200 species have been recognized
(P. S. Ashton, Harvard University, personal communica-
tion). In and around a Canopy Biology Plot (8 ha), 999
species of flowering plants have been collected (Naga-
masu and Momose, 1997). In Lambir, species richness is
very high, and conspecific plants are considered to be
spatially isolated from each other. It would be expected
that long-distance specific pollinators have also important
roles in the species-rich lowland dipterocarp forest. If so,
what types of long-distance-specific pollinators are there
in lowland dipterocarp forests? This is our second ques-
tion.

In tropical rain forests in Borneo, the canopies are
sometimes over 70 m above the ground and up to five
forest strata are distinguishable (Yamakura, 1992). Higher
strata are especially active in primary production and re-
production of plants. Because of technical difficulties, in-
formation on plant reproduction and plant–animal inter-
actions in the forest canopy has been very limited (Low-
man and Nadkarni, 1995; Lowman and Wittman, 1996).
A canopy observation system composed of tree towers
and aerial walkways was constructed by the Canopy Bi-
ology Program, Sarawak in Lambir Hills National Park,
Sarawak, Malaysia (Inoue and Hamid, 1994; Inoue
1995). Using this facility, we are monitoring reproductive
phenology of individually marked plants (Yumoto, Inoue,
and Hamid, 1996; S. Sakai et al., unpublished data), an-
imal temporal dynamics (Kato et al., 1995), and plant–
pollinator interactions (this study).

In this paper we report on plant–pollinator interactions
across the whole community of a lowland dipterocarp
forest both during the general flowering periods and other
periods. Detailed experimental studies on the pollination
biology of some plant species and analyses on relation-
ship between pollination systems and other plant char-
acteristics will be reported in other papers.

MATERIALS AND METHODS

Study site—The study was carried out in the Canopy Biology Plot
(CBP, 8 ha: 200 3 400 m) and a belt transect along the waterfall trail

(5 ha: 1 km 3 50 m) established in a lowland dipterocarp forest in
Lambir Hills National Park, Sarawak, Malaysia (4829 N, 1138509 E,
150–250 m in altitude). CBP includes humult and udult soils (sandy
clay, light clay, or heavy clay in texture), several ridges and valleys,
closed (mature-stage) forests, and gaps. At the center of CBP a canopy-
access system (two tree towers, nine aerial walkways, and seven tree
terraces) was constructed (Inoue et al., 1995). The waterfall trail was
located along a stream on yellow sandstone, from the headquarters of
the park to the Operation Raleigh Tower (ORT). The belt transect in-
cluded closed forests and open habitats along river banks. Soils were
ultisol or entisol. Waterfalls and wet sandstone cliffs were also included
in the transect.

Monitoring of flowering events—A census was carried out contin-
uously for 53 mo from August 1992 (just after a general flowering has
finished) to December 1996 (when the next general flowering finished).
We monitored 576 individually marked plants (310 species including
trees, lianas, and epiphytes) to check their flowering events (Fig. 1;
Yumoto, Inoue, and Hamid, 1996; S. Sakai et al., unpublished data),
monthly from the forest floor and bimonthly from the canopy using the
canopy access system in CBP and the Operation Raleigh Tower. At the
same time as the above census we searched flower buds and flowers in
CBP and the belt transect. Ad hoc searching was intensfied in the gen-
eral flowering period (from March to December 1996, when the per-
centage of flowering individuals among the marked plants continuously
exceeded 10%).

Observation and collection—When flowers were found on individ-
ually marked plants and those found in ad hoc searching, plant speci-
mens were collected and floral characters (flowering time in day, re-
ward, color, and shape; see below) were recorded. Plant specimens were
identified in SAR (Sarawak Herbarium, Sarawak Forest Department).
They were sent to some herbaria, among which SAR and KYO (Her-
barium, Kyoto University) have complete sets of our collection (Plants
of Sarawak, Canopy Biology Program, Sarawak; Appendix).

Flower visitors and their behavior on flowers were observed both in
daytime and nighttime on the day on which we found flowering and on
following days. When flower visitors made contact with stigmas and
anthers, those visitors were regarded as pollinators. When pollinators
were vertebrates, they were identified in the field. When pollinators
were insects, they were collected as far as possible by flower beating
and net sweeping (Fig. 2). All insect specimens were pinned and iden-
tified to families. All bees and some beetles were identified to genera.
Family Apidae (honey bees and stingless bees, Hymenoptera) were
identified to species. Figs (Ficus spp., Moraceae) were not included in
this study, because they have specialist pollinators, fig wasps (Galil and
Eisikowitch, 1968; Compton, Wiebes, and Berg, 1996) whose behavior
cannot be observed in the same ways as pollinators of other plants, and
they belong to completely independent pollination guilds from the other
plants. The fig–fig wasp interaction is being studied separately by R.
D. Harrison.

Floral characters—We recorded flowering time, reward, color, and
shape.

Flowering time—We defined flowering time of day as the time when
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TABLE 1. Numbers of genera and species, and main pollination systems of the 73 plant families observed in a lowland dipterocarp forest in
Sarawak, Malaysia.

Family No. of genera No. of species Pollination systems

Acanthaceae
Actinidiaceae
Alangiaceae
Anacardiaceae
Annonaceae
Apocynaceae

2
1
1
2

12
1

2
3
1
2

22
1

Nomia
Amegilla, Xylocopa, Trigona
Apis
social bee/diverse insect
beetle, etc.
social bee/diverse insect

Araceae
Asclepiadaceae
Bombacaceae
Burmanniaceae
Burseraceae
Celastraceae

1
1
2
1
4
1

1
1
5
1
6
1

beetle
social bee/diverse insect
bird, etc.
fly
social bee/diverse insect
social bee/diverse insect

Compositae
Convolvulaceae
Cornaceae
Costaceae
Crypteroniaceae
Dilleniaceae

2
1
1
1
1
2

2
2
1
2
1
3

social bee/diverse insect
social bee/diverse insect, beetle
beetle
Amegilla
social bee/diverse insect
Apis, Xylocopa

Dipterocarpaceae
Ebenaceae
Elaeocarpaceae
Euphorbiaceae
Fagaceae

5
1
1

15
1

27
1
2

23
2

beetle, Apis, etc.
beetle
social bee/diverse insect
social bee/diverse insect, Apis
social bee/diverse insect

Flacourtiaceae
Gesneriaceae
Gnetaceae
Gramineae
Guttiferae

2
1
1
1
3

2
1
3
1
5

social bee/diverse insect, etc.
Amegilla
moth, fly
social bee/diverse insect
social bee/diverse insect, Apis

Hypericaceae
Hypoxidaceae
Icacinaceae
Ixonanthaceae
Lauraceae
Lecythidaceae

1
1
1
1
2
1

1
1
2
1
2
1

social bee/diverse insect
social bee/diverse insect
social bee/diverse insect, beetle
Apis
social bee/diverse insect
moth

Leguminosae
Loganiaceae
Loranthaceae
Lowiaceae
Marantaceae
Melastomataceae

8
1
3
1
2
3

13
1
3
1
3
5

social bee/diverse insect, Apis, Megachile, etc.
bat
bird
beetle
Amegilla, Nomia
social bee/diverse insect, Xylocopa

Meliaceae
Menispermaceae
Moraceae
Musaceae
Myristicaceae
Myrsinaceae

2
1
1
1
3
2

3
1
2
1
5
2

social bee/diverse insect, Nomia, Apis
social bee/diverse insect
social bee/diverse insect
bird
beetle, thrip
bird, Nomia

Myrtaceae
Olacaceae
Opiliaceae
Orchidaceae
Palmae
Pentaphragmataceae

1
2
1
3
2
1

3
2
1
3
2
2

social bee/diverse insect
social bee/diverse insect
social bee/diverse insect
Trigona, Apis
social bee/diverse insect
Amegilla, Nomia

Piperaceae
Polygalaceae
Proteaceae
Rhamnaceae
Rhizophoraceae

1
1
1
1
1

2
1
1
1
1

social bee/diverse insect, beetle
Amegilla
social bee/diverse insect
social bee/diverse insect
social bee/diverse insect

Rosaceae
Rubiaceae
Rutaceae
Sapindaceae

1
9
1
2

1
13

1
3

social bee/diverse insect
butterfly, social bee/diverse insect, bird
social bee/diverse insect
social bee/diverse insect

Sapotaceae
Simaroubaceae
Sterculiaceae
Theaceae
Tiliaceae
Trigoniaceae

4
1
4
1
2
1

7
1
7
1
4
1

bird, etc.
social bee/diverse insect
beetle, social bee/diverse insect, Apis
social bee/diverse insect
social bee/diverse insect
Nomia
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TABLE 1. Continued.

Family No. of genera No. of species Pollination systems

Triuridaceae
Ulmaceae
Urticaceae
Verbenaceae
Xanthophyllaceae
Zingiberaceae
Total

1
1
2
6
1

10
165

1
1
2
8
2

26
270

fly
social bee/diverse insect
Trigona
social bee/diverse insect, Nomia, etc.
Megachile, Xylocopa
Amegilla, Nomia, bird

male or female functions are maintained (pollen is served, stigmas are
receptive) and flower visitors are attracted. To ensure the latter, we
checked the following conditions: flower opening, reward production
(except deceit pollination), and odor emission (if it existed). We cate-
gorized it into daytime (0600–1800) and nighttime (1800–0600).

Reward—We identified rewards (nectar, pollen, floral tissues, and oth-
ers).

Floral color—We selected the visually most attractive parts in flowers
(corolla, calyx, bracts, etc.), and recorded the color (white, yellow, red-
orange, and the others).

Floral shape—We followed Harris and Harris (1994).

Pollination systems—Based on the obligate or dominant pollinators
observed, we determined pollination systems (mode of pollination; ob-
ligate or main pollinators if zoophilous). Relationships between floral
characters and pollination systems were tested by the G test (Sokal and
Rohlf, 1981) on the basis of the number of plant species. According to
the relationships between pollination systems and floral characters, we
described plant–pollinator interactions in a lowland dipterocarp forest.

RESULTS

We collected or observed flower visitors of 270 plant
species of 73 families (Table 1, Appendix). Flowerings
of more species were observed, but flowers of some spe-
cies were difficult to access. Flower visitors that were
regarded as pollinators (attachments to stigmas and an-
thers were observed) were mammals, birds, and insects.
Gironniera spp. (Ulmaceae) and Artocarpus elasticus
(Moraceae) appeared to be wind pollinated, but we did
not include them in our results, because this has not been
confirmed. Other observed flowers were all animal pol-
linated.

Based on obligate or dominant pollinators, 12 catego-
ries of pollination systems were found: (1) mammal pol-
lination (obligately pollinated by bats and squirrels); (2)
bird pollination (obligately pollinated by birds); (3) social
bee pollination (dominantly pollinated by the genera
Apis, Trigona, and Braunsapis, Apidae, Hymenoptera,
but several other insect families also became pollinators);
(4) Xylocopa pollination (obligately or dominantly pol-
linated by Xylocopa spp. Anthophoridae); (5) Amegilla
pollination (obligately pollinated by Amegilla spp., An-
thophoridae); (6) halictid pollination (obligately or dom-
inantly pollinated by Nomia spp. or Thrinchostoma spp.,
Halictidae, Hymenoptera); (7) Megachile pollination (ob-
ligately pollinated by Megachile spp., Megachilidae, Hy-
menoptera); (8) butterfly pollination (obligately pollinat-
ed by butterflies); (9) moth pollination (obligately polli-
nated by moths); (10) beetle pollination (obligately or

dominantly pollinated by beetles); (11) diverse insect pol-
lination (pollinated by several families of multiple insect
orders and not dominated by any insect families); and
(12) others (obligately or dominantly pollinated by thrips,
flies, wasps, or cockroaches).

Plants pollinated by social bees included the largest
number of species (32%), followed by beetle-pollinated
species (20%).

Pollination systems and floral characters—Flowering
time—Flowering time of day was significantly related
with pollination systems (G 5 95.7, P , 0.001; Table 2).
Most plants pollinated by mammals and moths and some
plants pollinated by diverse insects (Artocarpus spp., Mo-
raceae) and social bees (Dipterocarpus spp., Dipterocar-
paceae, pollinated by Apis dorsata) flowered at night.
Beetle-pollinated plants flowered both in daytime and
nighttime.

Reward—The relationship between pollination systems
and rewards was significant (G 5 65.1, P , 0.001; Table
2). In most plant species (78 %) the reward was nectar
and/or pollen. The relative importance of nectar and pol-
len varies among plants, but this was not quantified.
Thus, in the above analysis, we treated nectar and pollen
as the same category. Flowers offering floral tissues as
reward were found in plants pollinated by mammals, bee-
tles, and thrips. Deceit (pollination without reward) was
found in Apis- and Trigona-pollinated orchids (Inoue,
Kato, and Inoue, 1995; T. Yumoto et al., unpublished
data) and a beetle-pollinated herb (Orchidantha lambi-
rensis, Lowiaceae; S. Sakai et al., unpublished data).

Floral color—Floral colors were not significantly re-
lated with pollination systems (G 5 45.7, NS; Table 2).
Mammal-pollinated and moth-pollinated flowers were
white. However, white flowers did not strongly charac-
terize the two pollination systems, because many flowers
pollinated by bees and diverse insects were also white to
the human eye.

Floral shape—Floral shapes were significantly related
with pollination systems (G 5 92.9, P , 0.01; Table 2).
Cup-shaped and rotate flowers were common in plants
pollinated by social bees, beetles, and diverse insects.
Amegilla- and Halictidae-pollinated plants had bilabiate
flowers. Megachile-pollinated flowers were papiliona-
ceous. Lepidopteran-pollinated flowers were tubular or
brush-like.
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TABLE 2. Floral characters of 270 plant species in various pollination systems.

Pollination
system

No. of
plant

species

Flowering time1

d d, n n

Reward2

n, p fl. t. Other

Floral color3

White Yellow
Red,

orange Other

Floral shape4

Bilabiate Tubular Brush
Urceolate,

campanulate Cup, rotate Other

Mammal
Bird
Social bee
Xylocopa
Amegilla
Nomia

5
19
86
8

17
21

0
18
78

8
17
21

2
1
4
0
0
0

3
0
4
0
0
0

3
19
83

8
17
21

2
0
0
0
0
0

0
0
3
0
0
0

5
7

46
2
8

18

0
1

21
2
0
1

0
6
8
1
7
0

0
5

11
3
2
2

1
6
5
1

14
15

0
2
0
0
0
0

0
0

13
0
0
1

0
2

10
1
0
1

0
4

48
2
2
3

4
5

10
4
1
1

Megachile
Butterfly
Moth
Beetle
Diverse insect
Other

4
6
3

56
37
8

4
6
0
4

33
5

0
0
0

50
2
3

0
0
3
2
2
0

4
6
2

14
35

4

0
0
0

19
0
1

0
0
1

23
2
3

1
0
2

15
16

3

0
0
0

28
14

2

1
6
0
4
2
1

2
0
1
9
5
2

0
0
0
1
1
0

0
4
0
0
0
0

0
1
1
0
7
0

0
0
1
6
0
2

0
0
0

28
22
2

4
1
1

21
7
4

Total 270 194 62 14 216 22 32 123 69 36 42 44 6 23 23 111 63

1 d: daytime (0600–1800); n: nighttime (1800–0600); d, n: both in daytime and nighttime. G 5 95.7, P , 0.001.
2 n, p: nectar and/or pollen; fl. t.: floral tissue; others: stigmatic secretions, deceit, etc. G 5 65.1, P , 0.001.
3 G 5 45.7, NS.
4 G 5 92.9, P , 0.01.

→

Figs. 7–14. Various types of flowers and flower visitors. 7. A stingless bee Trigona canifrons (Apidae) visiting a flower of Dryobalanops aromatica
that is mainly pollinated by Apis dorsata. 8. Xylocopa pollination: a female of Xylocopa sp. (Anthophoridae) collecting, by buzzing, pollen of a
flower of Melastoma malabathricum (Melastomataceae). 9. A stingless bee collecting pollen of Melastoma malabathricum from anthers without
touching a stigma. 10. Amegilla pollination: Amegilla insularis (Anthophoridae) entering a long floral tube of Zingiber longipedunculatum (Zingi-
beraceae). 11. Halictid pollination: Thrincostoma afasciatum (Halictidae) entering a bilabiate flower of Elettariopsis kerbyi (Zingiberaceae). 12.
Megachile pollination: a female of Megachile sp. (Megachilidae) inserting its mouthpart into a papilionaceous flower of Callerya nieuwenhuisii
(Leguminosae). 13. Butterfly pollination: Troides brookiana (Papilionidae) visiting and sucking nectar from newly opened yellow flowers of Bauhinia
sp. (Leguminosae). Red flowers were old, remaining for a long time. 14. Butterfly-pollinated tubular flowers of Ixora caudata (Rubiaceae).

Descriptions of plant-pollinator interactions—
Mammal pollination—Four species in three families (Le-
guminosae, Loganiaceae, Sapotaceae) were pollinated by
bats (Macroglossus spp., Fig. 3) and one species (Sapo-
taceae; T. Yumoto et al., unpublished data) by squirrels
(Calosciurus prevostii caroli, Sundasciurus hippurus in-
quinantus, S. lowii) and flying squirrels (Petaurista pe-
taurista rajah). Rewards were nectar in three bat-polli-
nated species and a berry-like sweet corolla in one bat-
pollinated species (Ganua beccarii, Sapotaceae) and the
squirrel-pollinated species (Ganua sp., Sapotaceae).
Flowers of all five species were white and emitted a
strong scent, but shapes were various.

Bird pollination—Nineteen species in seven families
were pollinated by birds (Nectarinia jugularis, Arach-
nothera longirostra, and A. robusta, Nectarinidae; Fig.
4). Flowers were bilabiate or tubular in shape (some that
burst open); white, red, or orange in color; without scent
or with strong scent (Yumoto, Itino, and Nagamasu,
1997; T. Yumoto et al., unpublished data).

Social bee pollination—Flowers of 86 species in 42
families were predominantly visited and pollinated by the
genera Apis (honey bees), Trigona (stingless bees), and
Braunsapis. Among them, the number of Apis dorsata
(giant honey bee; Fig. 5) colonies increased greatly dur-
ing the GFP by migration and colony multiplication, but
they were much fewer in non-GFP. In daytime, they were
found together with other social bees and diverse insects
of several families of Coleoptera, Diptera, and Hyme-

noptera. However, in the early morning before sunrise
(0500–0600) and from evening to early nighttime (1800–
2000), only A. dorsata among social bees foraged. Two
species of Dryobalanops, Dipterocarpus tempehes (Dip-
terocarpaceae) and Dillenia excelsa (Dilleniaceae) flow-
ered in the early morning (0500). Other species of Dip-
terocarpus flowered in the evening (1800). Apis dorsata
was an especially important pollinator for those plants
(K. Momose et al., unpublished data).

Other social bees (Figs. 6, 7) seldom migrate and were
important pollinators especially in non-GFP (Inoue et al.,
1984a; Momose, Nagamitsu, and Inoue, 1996; Nagamitsu
and Inoue, 1997a), when A. dorsata were rare. They were
found together with diverse insects of several families of
Coleoptera, Diptera, and Hymenoptera. Flowers domi-
nated by social bees were brush-like, rotate, or cup-
shaped in shape, and white or yellow in color.

Xylocopa pollination—Eight species in seven families
were mainly pollinated by Xylocopa spp. (carpenter bees;
Fig. 8). They usually had large flowers with long pistils.
The arrangement of anthers and stigmas suited to the
body sizes of carpenter bees, but other visitors like sting-
less bees were not excluded (Fig. 9). Some Xylocopa-
pollinated flowers had porose anthers, from which car-
penter bees collected pollen grains by buzzing. Carpenter
bees usually foraged at forest edges and open habitats,
but were sometimes found in the forest canopy. Although
Appanah (1990) reported carpenter-bee pollination of for-
est trees in the Malay Peninsula, they were not the main
pollinators in the forest trees in our study site in Sarawak,
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Figs. 15–21. Various types of flowers and flower visitors. 15. A chrysomelid beetle, pollinator of Shorea parvifolia (Dipterocarpaceae), feeding
on the tip of a petal. 16. A thrip in a flower of Shorea parvifolia. 17. Chrysomelid pollinator beetles in a pollination chamber of Enicosanthum
coriaceum (Annonaceae). 18. Pollinator beetles of Parastasia (Scarabaeidae) in a spathe of Homalomena propinqua (Araceae). 19. Chrysomelid
pollinator beetles in the urceolate calyxes of Sterculia stipulata (Sterculiaceae). 20. A scarabaeid beetle on flowers of Drypetes longifolia (Euphor-
biaceae), which are pollinated by diverse insects. 21. Pyralid moths visiting a female spadix of Artocarpus odoratissimus (Moraceae), which is
pollinated by diverse nocturnal insects.

because of their much lower density than social bees.
However, carpenter bees sometimes visited papilionaceus
flowers (usually Megachile-pollinated; see below) and
became dominant pollinators, if plants were located in
gaps.

Amegilla pollination—Seventeen species in six fami-
lies (Costaceae, Gesneriaceae, Marantaceae, Pentaphrag-
mataceae, Polygalaceae, and Zingiberaceae) were polli-
nated only by the trap-lining long-tongued bees, Amegilla
pendleburyi and A. insularis (Fig. 10). They had odorless
bilabiate flowers colored white, yellow, purple, or orange
with nectar guides. Rich nectar was secreted and pro-
tected from other insects by specialized floral shapes
(Kato, Itino, and Nagamitsu, 1993). Males of A. pendle-
buryi were observed to make mating territories around
flowers. Whereas A. pendleburyi and A. insularis forage
on forest floors only, A. andrewsi usually foraged at for-
est edges and open habitats. Amegilla andrewsi often vis-
ited Xylocopa-pollinated flowers, but were not predomi-
nant.

Halictid pollination—Twenty-one species in nine fam-
ilies (Zingiberaceae, Verbenaceae, Acanthaceae, etc.)
were pollinated by smaller trap-lining bees, Nomia spp.
or Thrincostoma spp. (Fig. 11). Their flowers were sim-
ilar to Amegilla-pollinated flowers in shape but smaller
in size.

Megachile pollination—Megachile spp. appeared twice
(May-July 1993 and May-July 1996) in the 53-mo census
period. Plants with papilionaceous flowers (four species
of two families: Leguminosae and Xanthophyllaceae)
flowered in synchrony with the emergence of Megachile
spp. and were pollinated by them (Fig. 12). Megachile-
pollinated flowers seem to have shorter flowering cycles
than the general flowering plants. Nectar and pollen were
protected by keels from other visitors. However, after vis-
itations of Megachile spp., a small amount of pollen fell
from the anthers and was deposited on the surface of
petals. Stingless bees and beetles were often found to
collect pollen grains on petal surfaces, but they did not
touch stigmas.

Butterfly pollination—There were two shapes of but-
terfly-pollinated flowers, one brush-like (Fig. 13) and the
other tubular (Fig. 14). Butterfly-pollinated flowers (six
species in three families: Leguminosae, Rubiaceae, and
Verbenaceae) were usually odorless, and orange in color
when fresh, but they often remained in inflorescences,
turning reddish, even after pollination. This phenomenon
was common in both brush-like flowers (Bauhinia spp.,
Leguminosae) and tubular flowers (Ixora spp., Rubi-
aceae).

Moth pollination—Moth-pollinated flowers (two spe-
cies in two families: Dipterocarpaceae and Lecythida-
ceae) were also blush-like or thinly campanulate (mostly
tubular). They had scent and were white or pale yellow
in color. Moth pollination of a gymnosperm, Gnetum gne-
mon (Gnetaceae), has been reported in our study site
(Kato and Inoue, 1994; Kato, Inoue, and Nagamitsu,
1995).

Beetle pollination—Fifty-six species in 11 families
were pollinated by beetles. There were three types of re-
wards for beetles: floral tissues, stigmatic secretions, and
pollen. Beetle-pollinated flowers were rotate, urceolate,
or forming a floral chamber, and yellow, white, or pink
in color.

Shorea spp., Hopea spp., and Vatica spp. (all Dipter-
ocarpaceae) flowered mostly in GFP and were visited by
multiple species of beetles that fed on petals and occa-
sionally on pollen and pistils (Fig. 15). Flowers were pale
yellow or pink in color, producing scent, and rotate in
shape, but sexual parts were located within a central cup-
shaped part. The predominant family among visitors was
Chrysomelidae, followed by Curculionidae and Nitiduli-
dae. All of these three beetle families were regarded as
pollinators, because pollen deposition on the body sur-
faces and stigmatic contact of beetle bodies were ob-
served. Several flower-visiting chrysomelid species were
found on dipterocarp fresh leaves in non-GFP. In Pasoh,
Malay Peninsula, thrips pollination of Shorea section Mu-
tica has been reported (Appanah and Chan, 1981). In our
study site in northwestern Borneo, thrips (Fig. 16) were
not important pollinators of dipterocarps even in the same
species that Appanah and Chan (1981) studied, because
the density of thrips per flower was far lower (;0.3
thrips) than Pasoh (;3 thrips). Details on beetle-polli-
nated dipterocarps will be reported by S. Sakai.

Most species of Annonaceae (91% in 22 observed spe-
cies) were also pollinated by beetles. They were proto-
gynous and had floral chambers (Fig. 17). Beetles were
attracted by a strong scent during the female stage and
remained in the floral chambers until they were released
in the male stage, as reported by Gottsberger (1970). Re-
wards were stigmatic secretions and/or mating sites. Bee-
tles found in flowers were Carpophilus spp. and Epuraea
spp. (Nitidulidae) and Endaenidius spp., Endaeus spp.
(Curculionidae) in most species. These beetles were not
found on flowers of dipterocarps. In two species (Eni-
cosanthum coreaceum and Polyalthia motleyana) of An-
nonaceae, Scarabaeidae and Chrysomelidae were found
to feed on the petals. Stingless bees often visited male-
stage flowers to collect pollen, but they did not visit flow-
ers in the female stage.

Homalomena propinqua (Araceae) had its spathe
forming a chamber, and several hundred male and female
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flowers were located in this chamber (Fig. 18). The in-
florescence was protogynous (after female flowers have
finished, male flowers open; Young, 1986). It was polli-
nated by Parastasia sp. (Scarabaeidae), which fed on the
staminodes and pollen, and Dercetia sp. (Chrysomeli-
dae), which fed on pollen and used the spathe chamber
as a mating site (Kato, 1996). These beetles also were
not found on flowers of dipterocarps.

The genera Diospyros (Ebenaceae), Gymnacranthera,
Knema (Myristicaceae), Heritiera, and Sterculia (Ster-
culiaceae) were pollinated by beetles (Chrysomelidae
were the commonest), which fed on pollen and/or nectar.
Flowers were unisexual (monoecy or dioecy), drooping,
and sexual parts were located at the bottom of the urce-
olate corolla / calyx, which had small entrances by which
other visitors were excluded (Fig. 19).

Diverse insect pollination—Thirty-seven species in 22
families were visited and pollinated by several orders of
insects (Coleoptera, Diptera, Hymenoptera, etc.) and
were not dominated by any families (Fig. 20). The floral
characters were those common to social bee-pollinated
plants (except Artocarpus spp.; see below). Large flower
patches including rich floral resouces tended to be dom-
inated by social bees. Otherwise no insect families dom-
inated.

Artocarpus spp. has a unisexual spadix containing
many tiny flowers. Secretions from the spadix and scent
were emitted at night. Several families of insects, Dro-
sophilidae (Diptera), Pyralidae, Geometridae (Lepidop-
tera), Nitidulidae (Coleoptera), Blatteridae (Blatteria),
etc., visited the spadix to feed on the secretions (Momose
et al., in press; Fig. 21).

Others—Flies (Culicidae, Lauxaniidae, Drosophilidae,
Calliphoridae: Diptera) were attracted to four species in
three families (Burmanniaceae, Gnetaceae, and Triurida-
ceae) of forest floor plants (Kato, Inoue, and Nagamitsu,
1995; Kato, 1996). Wasps (Vespidae) were attracted to
Casearia grewiaefolia (Flacourtiaceae; Kato, 1996).
Cockroaches (Blatteridae) were attracted to Uvaria aff.
elmeri (Annonaceae; Nagamitsu and Inoue, 1997b).
Mechanisms of attraction of special pollinators and ex-
clusion of other insects were uncertain in these examples.
The genera Popowia (Annonaceae; Momose, Nagamitsu,
and Inoue, in press) and Horsfieldia (Myristicaceae) at-
tracted thrips (Thripidae, Thysanoptera) by scent and of-
fered floral tissues and pollen as rewards. Other visitors
were excluded by the small entrances of the pollination
chambers.

DISCUSSION

Our observations were intensive for some plants but
brief for many others (Appendix). The purpose of this
paper was to clarify the characteristics of the plant–pol-
linator community of a dipterocarp forest. For this pur-
pose it was necessary to observe as many species as pos-
sible. Because of the high species diversity and very low
population density of many plant species, numerous ob-
servations in each plant species were not always possible.
Hence, with limited pollinator observations for some spe-
cies it is possible that we have incorrectly assigned the

main pollinator. However, given that we have only used
broad categories to describe the pollinator systems and
the good fit found between pollinator systems and certain
floral characteristics, we believe that this is an accurate
characterization of the plant–pollinator interactions in our
study site.

We monitored flowering phenology and pollination
systems of plants in a fixed area (13 ha in total) of a
lowland dipterocarp forest in Sarawak, Malaysia, contin-
uously for 53 mo in 1992–1996. In and around the Can-
opy Biology Plot (8 ha), 999 species of flowering plants
were collected (Nagamasu and Momose, 1997). Pollina-
tors were determined in only 270 plant species (24% of
the list by Nagamasu). However, this study is the first
systematic observation of pollination systems at the com-
munity level in the Asian tropics, although our sampling
ratios do not exactly reflect the abundance of species in
respective plant habits. As we are continuing these com-
munity-level observations and, in addition, several plant
groups, e.g., Dipterocarpaceae, Zingiberaceae, Ficus, etc,
are being intensively studied by individual members in
the Canopy Biology Program in Sarawak, much more
information will be accumulated in the next decade.

Pollination syndromes—We revealed by statistical
tests that the main pollinators were mostly determined by
floral characters. Main pollinators were significantly re-
lated with flowering time, reward, and floral shape. Such
relations among pollination systems and multiple floral
characters can be called pollination syndromes (Faegri
and van der Pijl, 1979; Table 3). In the study of polli-
nation syndromes, floral characters are understood as
mechanisms to attract proper pollinators and exclude
low-efficiency visitors.

The reward is an important character to attract polli-
nators. Most species offered nectar and/or pollen as re-
wards, but some species had other types of reward (floral
tissues, stigmatic secretions, etc.). These species that pro-
vided rewards other than nectar and pollen were visited
by peculiar pollinators (squirrels, some beetles, etc.). The
flowering time is also important for attracting certain pol-
linators but excluding other visitors. Bat- and moth-pol-
linated flowers were nocturnal. Some plants pollinated by
Apis dorsata, which can forage both in daytime and in
nighttime (Dyer, 1985), avoided visitations of diurnal in-
sects (other social bees and diverse insects) by flowering
in the early morning or evening. The floral color seems
to have a role in attraction, but we could not detect a
significant relationship with pollination systems from a
classification based on colors recognized by humans. In
this paper, we did not quantify nor qualify the floral scent,
one more factor of pollinator attraction, but we have col-
lected floral odors from various flowers and the analyses
are in progress. Floral morphology is important in ex-
cluding low-efficiency visitors in some plants. Plants re-
lying on specialized pollinators (solitary bees, lepidop-
terans, and vertebrates) and offering rich nectar per flow-
er need to protect their rewards from other visitors (Hein-
rich and Raven, 1972). They usually have tubular,
bilabiate, papilionaceous, or urceolate flowers. On the
other hand, flowers pollinated by social bees and diverse
insects are considered to have no morphological mecha-
nisms to exclude any flower visitors. They have rotate,
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TABLE 3. Pollination syndromes found in a lowland dipterocarp forest in Sarawak.

Pollinator group
Pheno-
logy1 Sex2 Time

Re-
ward3 Color Scent4 Shape Protection5 Habit6

Mammal g, (n) h, (m) night n, f white 3 various flowering time 3, 4
Bird g, n h, (m) day n white, orange,

red
1–3 bilabiate, tubular, burst

open
long floral tube, tightly

closed petals before
picked

2, 3, G, E

Social bee, diverse
insect

g, n h, m, d day,
(night)

n, p white, yellow 1–3 brush (small), rotate,
cup-shaped

nothing, (flowering time) 2, 3, 4, 5, G, L

Xylocopa (g), n h day n, p yellow, purple 1–2 long pistil, large petal,
(papilionaceous)

nothing, (keel) G

Amegilla n h day n (p) white, yellow,
orange

1 bilabiate long floral tube 1, G

Nomia (g), n h day n (p) white, yellow,
orange

1 bilabiate small fl. with relatively
long floral tube

1, G

Megachile n h day n, p pink, red 1–2 papilionaceous keel covering sexual part 1, L
Moth (g), n h, (d) night n white, pale yel-

low
3 brush (large), tubular flowering time, long

slender floral tube
1, L

Butterfly (g), n h day n orange turning
red

1 brush (large), tubular long slender floral tube 1, L

Beetle g, n h, m, d day and
night

p, f, l yellow, pink,
white

3 rotate, chamber, urceo-
late

type of reward, floral
chamber with small
entrance

1, 2, 3, 4, 5, L

1 g: flowers only in the general flowering period; n: flowers in non-general-flowering periods or both in general and eneral-flowering periods.
2 h: hermaphrodite, m: monoecy, d: dioecy.
3 n: nectar, p: pollen; f: floral tissue; 1: liquid (non nectar).
4 1: inconspicuous, 2: conspicuous, 3: strong.
5 Ways of excluding nonpollinating visitors (especially against social bees).
6 1: forest floor herbs or treelet, 2: understory, 3: subcanopy, 4: canopy, 5: emergent, G: gap (or open habitat) trees, L: liana, E: epiphyte, in

brackets: exist but rare.

cup-shaped, or brush-like flowers. The flowers should
have suitable arrangements of sexual parts for efficient
transfer of pollen, but such detailed flower measurements
were not carried out in this study.

Using the results of this study, as summarized in Table
3, we can, more or less, predict pollination systems from
floral characters. However, perfect prediction is impos-
sible, because pollinator guilds are not always clearly
separated from each other (Roubik, 1992). For example,
Xylocopa spp. sometimes dominated on papilionaceus
flowers, which are usually pollinated by Megachile spp.
In this study, we have just shown that there is an overall
pattern of significant relationships between floral char-
acters and main pollinators.

General flowering and pollination—In general flow-
ering periods (GFP), such a large number of species
bloom in so short a period that pollinator shortage might
occur unless pollinators can quickly respond (Ashton,
Givnish, and Appanah, 1988). In the case of thrip polli-
nation of Shorea, sect. Mutica in Malay Peninsula, num-
bers quickly increase using massive floral resources (Ap-
panah and Chan, 1981). In our study site, their quick
increase was not observed and they had limited roles as
pollinators (S. Sakai et al., unpublished data). Carpenter
bees (Xylocopa spp.) shift foraging areas in GFP from
forest edges to closed forests in the Malay Peninsula (Ap-
panah 1990), but were not common in closed forests dur-
ing GFP at our study site.

We hypothesize that some beetles can use such sud-
denly increasing flower resources, and several plant spe-
cies reproducing in GFP use those beetles as pollinators.
Chrysomelids pollinating some dipterocarps fed on
leaves of dipterocarps in non-GFP and shift resources to

floral tissues in GFP, because they were collected on dip-
terocarp leaves in flowerless seasons.

Social bees (Trigona, Apis, and Braunsapis) also had
important roles as pollinators in the lowland dipterocarp
forest compared to the Neotropical forest in Costa Rica,
where medium to large anthophorid bees are dominant
(Bawa et al., 1985; Kress and Beach, 1994), and the ge-
nus Apis is absent. Unlike the predictable annual flow-
ering cycles in Costa Rica (Newstorm et al., 1994), the
general flowering of lowland dipterocarp forests is a su-
pra-annual (2–10 yr) cycle, and its intervals are not con-
stant. Social bees can use such unpredictably fluctuating
floral resources by long-distance migrations (Apis dor-
sata) or by resource stocking (Trigona).

Apis dorsata can migrate over 100 km (Koeniger and
Koeniger, 1980). In Sarawak, they migrate to lowland
dipterocarp forests as soon as the general flowering starts,
and as the general flowering finishes they abscond (T.
Nagamitsu and T. Inoue, personal observations). In non-
GFP, their nests are found in mountain forests (T. Inoue,
personal observations).

The stored excess honey of Trigona spp. enables a col-
ony to survive for 2–5 yr without resupply from floral
resources (Inoue et al., 1984b). Therefore, by stabilizing
the effects of temporal changes in floral resources at a
colony level, Trigona colonies can maintain forager
workers, which can quickly start foraging in response to
abrupt increases of ephemeral and massive floral re-
sources in both GFP and non-GFP, and then store these
resources in the nest (Inoue et al., 1984b, 1990, 1993;
Salmah, Inoue, and Sakagami, et al., 1990). Recruitment
behavior of social bees can further increase the quick
exploitation of mass flowering trees (Roubik, 1989; Rou-
bik, Inoue, and Hamid, 1995).
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Fig. 22. Comparison of the frequency distributions of pollination
systems between the two tropical regions: (top) a Neotropical lowland
rain forest in La Selva, Costa Rica (from Kress and Beach, 1994) and
(bottom) a Southeast Asian lowland dipterocarp forest in Lambir, Sa-
rawak, Malaysia (this study). The frequency of different pollination syn-
dromes was significantly different between two sites (G 5 18.0, P ,
0.05; wind pollination was excluded because of insufficient information
in Lambir).

Long-distance-specific pollinators—Hummingbirds
(long-billed nectar-feeding birds) and euglossine bees
(long-tongued bees) are important long-distance-specific
pollinators in the Neotropics (Kress and Beach, 1994). In
the Neotropics, hummingbirds and euglossine bees are
diversified and coexist by more or less partitioning floral
resources (Janzen, 1971; Stiles, 1978). Long-billed nec-
tar-feeding birds and long-tongued bees also are found in
Southeast Asia; the former are spiderhunters and sun-
birds, and the latter are Amegilla spp. However, the spe-
cies diversity of these long-distance-specific pollinators
is much lower in Southeast Asia. Only three species of
long-billed nectar-feeding birds (Arachnothera longiros-
tra, A. robusta, and Nectarinia jugularis) and two species
of long-tongued bees (Amegilla pendleburyi and A. in-
sularis) were major pollinators in our study site. The pro-
portion of plant species pollinated by these long-distance-
specific pollinators is smaller in Lambir than in La Selva
(bird: 7.0 vs. 14.9%; long-tongued bee: 6.3 vs. 8.7%; Fig.
22).

Plant species pollinated by mammals and lepidopterans
(other types of long-distance-specific pollinators) are also
less frequent in Lambir than La Selva (mammal: 1.5 vs.
3.6%; lepidopteran: 3.3 vs. 12.3%; Fig. 22). Xylocopa,
Halictidae, and Megachile are also long-distance-specific
pollinators in Lambir (not specified in the data set of
Kress and Beach, 1994). However, plant species polli-

nated by them in Lambir represent only 2.9, 7.7 , and
1.5% of the whole, respectively (Table 2). Some (maybe
not all) beetles can move long distances (Young, 1988).
However, if dipterocarps, which are pollinated by beetles
feeding on floral tissues in GFP are excluded, the fre-
quency of beetle pollination is similar between Lambir
(10.7%) and La Selva (12.7%).

Long-distance-specific pollinators have less important
roles in the species-rich lowland dipterocarp forest of
Lambir than in the Neotropical forest. They require a
continuous supply of rich resources, because their costs
for body maintenance and foraging are high (Heinrich
and Raven, 1972), and irregular and ephemeral floral re-
sources in lowland dipterocarp forests are inadequate for
their survival.

Highly eusocial bees (Apis spp. and Trigona spp.) are
not specific pollinators but generalists in the sense that
they use a wide range of floral resources. They commu-
nicate with colony members and can harvest floral re-
sources effectively (Seeley, 1985; Roubik, 1989). Ac-
cording to pollen analyses at bee nests by T. Nagamitsu
(unpublished data), at any one time, they often major in
one or a few plant species that offer the richest floral
resources (see also Seeley, 1985). In this case, conspecific
plant individuals can be selectively visited by social bees.
Especially, honey bees are considered to have wide for-
aging area (5 km or more), and enable long-distance pol-
len transfer (Seeley, 1985). To attract them, plants must
have a reproductive phenology of the mass flowering type
(set large amount of flowers within a short period). This
might be another way of achieving effective long-dis-
tance pollen transfer and is a more favored strategy in
lowland dipterocarp forests.

The plant-pollinator community of a lowland
dipterocarp forest—Some plants have mechanisms to at-
tract specific pollinators (mammals, birds, solitary bees,
lepidopterans, beetles, etc.) and exclude low-efficiency
visitors. Such mechanisms were partly detected as the set
of floral characters (flowering time, reward, and floral
shape). Otherwise, flowers were visited by diverse in-
sects, and if plants had large flower patches with a rich
reward, social bees dominated. Some pollinators can re-
spond to the sudden increase of floral resources in the
general flowering by shifting resources (beetles), long-
distance migrations (Apis dorsata), or maintaining for-
ager workers using stored resources (other social bees).
Long-distance-specific pollinators were less common
than in a Neotropical forest, probably because of the un-
predictably fluctuating environment. Instead, at any one
time, highly eusocial bees often major in one or a few
plant species that offer the richest floral resources, and
enable long-distance pollen transfer. To attract them,
plants must have a reproductive phenology of the mass
flowering type.
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