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ABSTRACT

Leaf and fig phenology (including leafing, flowering, and fruiting) and syconium growth of Ficus racemosa were studied in Xishuangbanna, China. Leaffall and flushing
of E racemosa occurred twice yearly: in mid-dry season (December to March) and mid-rainy season (July to September). The adult leaf stage of the first leaf production
was remarkably longer than that of the second. £ racemosa bears syconia throughout the year, producing 4.76 crops annually. Asynchronous fig production was
observed at a population level. Fig production was independent of leafing. Fig production peaks were not evident, but fluctuation was clear. Diameter growth rates of
syconium were normally higher in early developmental stages than in later stages, and reached a peak coinciding with the female flower phase. The mean & SD of
syconium diameter of the female flower phase was 2.19 % 0.36 cm, and reached 3.67 £ 0.73 cm of the male flower phase. Syconium diameter and receptacle cavity
quickly enlarged at the female and male flower phases. Monthly diameter increment of the syconium was primarily affected by average monthly temperature, rather

than rainfall or relative humidity.
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SEASONAL RHYTHM IS A BASIC CHARACTERISTIC OF LIFE (Zhu & Wan
1975). The study of plant phenology provides knowledge about the
patterns of plant growth and development as well as the effects of
the environment and selective pressures on flowering and fruiting
behavior. The flowering of certain plants signals agronomic time
(Richards ez al. 1996), and changing phenology may also indicate
climate change (Penuelas & Filella 2001, Fitter & Fitter 2002). De-
tailed investigations on plant growth and development can improve
our understanding of the strong effects of environmental factors on
life-forms in nature.

In contrast to temperate regions, seasonal changes in the tropics
are less evident. As a result, individuals of the same plant species are
often less synchronous in reproductive and leaf phenology (Richards
et al. 1996). Asynchronous reproduction and leaf turnover occur
in most figs (Ficus species), which bear fruit year-round (Galil &
Eisikowitch 1968b, Milton et al. 1982, Milton 1991, Patel 1997).
Figs are therefore very important resources for frugivores when
other foods are in short supply, and continuous fruiting may be
a mechanism that maintains biodiversity in tropical rain forests
(Janzen 1979, Lambert & Marshall 1991, Xu 1994, Nason et al.
1998).

Figs have an obligate mutualistic relationship with their species-
specific pollinating wasps (Galil & Eisikowitch 1968b, 1971;
Ramirez 1969; Wiebes 1979; Herre 1987, 1989; Bronstein 1988,
1999; Patel 1996, 1997; Anstett et al. 1997; Ma et al. 1997; Herre
et al. 1999; Kerdelhue & Rasplus 2000; Cook & Lopez-Vaamonde
2001; Hossaert-McKey & Bronstein 2001; Weiblen 2002), and
therefore have special phenological characteristics in both monoe-
cious and dioecious species (Galil & Eisikowitch 1968b; Kjellberg
& Maurice 1989; Bronstein ez al. 1990; Khadari e al. 1995; Patel
1996, 1997; Kerdelhue ez al. 2000; Patel & Hosaert-McKey 2000).
Fig development is divided into pre-female flower, female flower,

Received 11 October 2004; revision accepted 1 November 2005.
2Corresponding author; e-mail: songqs@xtbg.ac.cn

334

interfloral, male flower, and postfloral phases (Galil & Eisikowitch
1968a). Fig wasps emerge from gall flowers of figs at the male flower
phase followed by pollination by the female fig wasps searching for
figs in the female flower phase for oviposition (Janzen 1979, Weiblen
2002).

Ficus racemosa L. is a common species in Xishuangbanna, with
a wide distribution in Southeast Asia (Wu 1995). The species
exists in almost all tropical rain forest types in Xishuangbanna.
E racemosa is the only Asiatic species belonging to the monoecious
section of the subgenus Sycomorus, as most Sycomorus species occur
in Africa (Galil & Eisikowitch 1968a). Ficus racemosa is also the only
fig species in Xishuangbanna with a leafless phase. Ficus racemosa
is a large-sized tree species, reaching 2540 m in height and 60—
120 cm in DBH. Owing to a high seed germination rate, large
amount of fruit production, fast growth, spreading crowns, and
great dimensions, £ racemosa is a dominant species in the riverside
rain forests of Xishuangbanna. Ficus racemosa are also excellent host
trees for lac insects. The species is well preserved by local Dai peo-
ple in accordance with their Buddhist religious traditions (Xu e a/.
1996). Ficus racemosa is a monoecious species, and unisexual flowers
develop inside one syconium, with male flowers and female flow-
ers maturing asynchronously. Pollination of £ racemosa can only
succeed through its fig wasp (Chalcidoidea, Agaonidae, Ceratosolen
fusciceps Mayr 1885), and the pollinating wasp depends on the fig
for habitat to lay eggs and complete their life cycle. Because of this
obligate mutual relationship, it may be necessary for E racemosa to
regulate its phenology and syconium growth to fit the life cycle of its
pollinating wasp, as discovered in other “fig—fig wasp” mutualisms
(Herre 1989, Kjellberg & Maurice 1989, Patel 1996, Kerdelhue
et al. 2000, Patel & Horsaert-McKey 2000, Song ez a/. 2001, Yang
et al. 2002). However, little is known about the basic ecology and
life history of this fig species.

In this paper, we ask the following questions: (1) What are
the patterns of leaf and reproductive phenology of £ racemosa in
Xishuangbanna, and is there a correlation between fruit production
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and leaf-changing as in other species (Routhier & Lapointe 2002)?;
(2) What is the growth pattern of syconium in # racemosa, and
what is the syconium diameter when pollinators enter the recepta-
cle through the ostioles, and wasps emerge from the syconium?; and
(3) Does the fig—fig wasp system respond to local seasonal change?
Understanding these questions may contribute to our understand-
ing of the propagation (Richards ez a/. 1996, West ez al. 2000, 2001;
Otero-Arnaiz & Oyama 2001), plant—insect interactions (Corlett
1987, Kjellberg & Maurice 1989, Windsor ez a/. 1989), coevolution,
and effects of climate change (Gunster 1994, Morellato & Leitao-
Filho 1996, Corlett & Lafrankie 1998, Harrison 2000, 2001) on
the fig-fig wasp mutualism, and perhaps provide constructive sug-
gestions for the conservation of biodiversity in the tropics.

METHODS

Xishuangbanna has a typical tropical monsoon climate which is al-
ternately dominated by a warm—wet air mass off the Indian Ocean
during the summer and a continental air mass of subtropical Asia
during the winter. This weather pattern results in an annual rainy
(May to October) and dry (November to April) seasons (Zhang
1963, Cao er al. 2000). Field investigations were conducted in the
vicinity of the town of Menglun (21°41’N, 101°25’E), in north-
ern Mengla County. Study sites were covered with fragmented
riverside rain forest characterized by Bombax malabarica, E race-
mosa, and several species of bamboo (Cao & Zhang 1997, Zhu
et al. 20006).

LEAFING AND FIG PRODUCTION.—Leafing and fig production (in-
cluding flowering and fruiting) of six large mature individuals of
E racemosa were monitored every 5 d from January 2000 to January
2002, and the same phenological characteristics of an additional
14 trees were recorded from January 2001 to January 2002. For
fig production we followed the procedures suggested by Galil and
Eisikowitch (1968a) and divided the developmental period into five
phases (Table 2). Thirty syconia of each tree were collected for dis-
secting and determining the stages of development. Leafing and fig
production were determined by scores according to the rules stated
in Figure 1.

SYCONIUM GROWTH PATTERN.—Sixty syconia of each of the six trees
were collected at regular 10-d intervals from January 2000 to March
2001. Size parameters were measured for 30 syconia from each col-
lection. For external size, two vertical diameters and one axial length
of a syconium were measured with a caliper. The syconium was then
split into quarters through the pole, and four measurements of the
thickness of flank-fig-wall were taken. Thickness of the fig wall near
the ostiole was also measured. The remaining 30 syconia were used
to determine dry weight after oven-drying at 120°C. The fig sizes
suitable for pollination and pollinator emergence, syconia internal
and external color, and the pollinator associated with each syco-
nium were also investigated. In the period from 3 March to 13 May
2000, the thickness of the female flower layer and bract layer along
the axial line of syconium were also surveyed. Meteorological data

Phenology of Ficus racemosa 335

including air temperature, relative humidity, and rainfall were ob-
tained from Xishuangbanna Tropical Rainforest Ecosystem Station
near the study site.

RESULTS

LEAFING AND FIG PRODUCTION.—Based on the visual observation
of 20 individuals of £ racemosa, leaffall and flushing occurred twice
a year: once during the mid-dry season (December to March) and
again during the mid-rainy season (July to September). The green
adult leaf stage of the first leaf production was much longer than
that of the second (Table 1).

Ficus racemosa bore fruit crops several times throughout the
year. For trees 1 through 6, the number of crop-bearing times in
25 mo were 8, 11,9, 12, 10.2, and 10.5, respectively (Fig. 1). Thus,
E racemosa usually bears crops 4.76 times a year. Fig production
asynchrony in the population was obvious. Fig production seems to
act independent of leafing. Peak fruit production was not evident;
however, fluctuations were clear. Generally, a relatively small pro-
duction episode followed a mass-production episode and eventual
decline. Syconia production curves varied among trees of differ-
ent ages. Young trees produced smaller crop sizes than middle-aged
trees. The middle-aged trees usually bore the largest amount of
syconia, while the very old trees had a lower production. Abortion
of young syconia occurred on several occasions, including tree 1 in
the middle of June 2001, tree 4 in the first 10 d of March 2000,
and tree 6 in the last 10 d of November 2000, and again over the
last 10 d of May 2001.

Ficus racemosa had normal syconium development while indi-
viduals were in leafless stages. For instance, tree 1 in the first 10-d
period of December 2001, and tree 6 in the first half of January
2001 and the second half of December 2001. In addition, some
trees started producing new syconia while some immature syconia
of the previous crop were still on the tree.

SYCONIUM DEVELOPMENT.—According to Galil and Eisikowitch
(1968a), the development of syconia is divided into five phases:
phase A (pre-female), phase B (female), phase C (interfloral), phase
D (male), and phase E (postfloral). The duration of each phase in £
racemosa was identified by dissecting the syconia and identifying the
characteristics of the syconium and pollinating wasps. Developing
phases of syconium were considerably longer in the foggy—cool
season (Table 2).

Diameter and axial length growth of syconia were highly cor-
related (= 0.98, N = 5762) and were in a very strong synchronous
rthythm. The values of diameter and axial length of syconium were
almost equal, and the average diameter/length of axial (D/L) ratio
was 1.07 £ 0.10 (N = 5762).

Syconium diameter increment was highly variable during dif-
ferent developmental phases and seasons. Syconium diameter in-
crease was higher in early developmental phases (including phase
A, phase B, and early phase C) than in later phases, and reached a
peak around phase B, the female flower phase (Fig. 2). The aver-
age (£SD) diameter of syconium at the female flower phase when
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FIGURE 1. Leaf and fig production rhythms of Ficus racemosa. Development phase scoring: leafless = 0, bud-break = 1, leaf-bud opened = 2, beginning of leaf
expansion = 3, peak leaf expansion = 4, leaf matured = 5, leaf yellow = 4.5, beginning of leaffall = 3.5, peak of leaffall = 2.5, end of leaffall = 1.5; no syconia on

the tree = 0, a few syconia = 0.2, pre-female phase = 1, female phase = 2, interfloral phase = 3, male phase = 4, postfloral phase = 5; no syconia production = 5.3,

very few production = 5.5, a few production = 6, not so much production = 6.5, much production = 7, very much production = 7.5.

pollinating wasps enter the syconia was 2.19 & 0.36 cm (N = 246).
The diameter of syconium at the female flower phase during the
dry—warm season was the largest, and differed from the foggy—cool
or rainy season significantly. However, the diameter of syconium

at the male flower phase when fig wasps emerge was smallest in
the dry—warm season, followed by the rainy and foggy—cool seasons
(Fig. 3). Mean =% SD of syconium diameter when fig wasps emerged
from the syconia was 3.67 £ 0.73 cm (N = 647).
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TABLE 1. Duration of leaf-changing stages of Ficus racemosa (d; Mean £ SD), N = 28 plants.

Leaf-bud flushing Leaf expanding Mature leaf Color changing Leaffall Leafless
First cohort (December to March) 7.7 £4.8 13.0 7.1 132.0 + 30.1 7.5+3.5 19.0 £ 11.0 6.0+£79
Second cohort (July to September) 5.1£2.0 13.0 £ 6.0 76.0 £ 25.0 8.4+067 13.0 £ 18.0 9.2+09.1
INCREMENT OF THE FIG WALL THICKNESS.—Because it is impossible T, = 0.1646 D878 )

to preserve a fig while measuring its wall thickness (that requires
cutting the syconium), we tested whether syconium diameter might
be used to predict the wall thickness. Thus, two significant regression
equations were calculated: a linear function expression for the flank-
fig-wall (equation (1); R? = 0.88), and an exponential expression
for the fig wall near the ostiole (equation (2); R* = 0.80; Fig. 4).

Ti = 0.1436D + 0.0329 1

Here, 7% is the thickness of flank-fig-wall, 75, is the thickness of fig
wall near the ostiole, and D is the diameter of fig syconium (D <
6.18).

DRY WEIGHT ACCUMULATION OF SYCONIUM.—Dry weight of syco-
nium includes two elements: the dry weight of the inflorescence

TABLE 2. Duration and characteristics of syconium developing phases of Ficus racemosa.

Syconium developing

Duration (d)

External appearances and Dry—warm Rainy season  foggy—cool

phase Sequence of events internal characteristics season (N=12) (N=14)  season (N = 6)
Phase A (pre-female) Newly formed syconia swell rapidly, Syconia are small (D < 2.19 cm) and 23.17£11.39 1793 £5.17 19.50 £5.50
female flowers develop, male flowers delicate green, with tightly closed
remain in anlage ostiolar bracts. In the early stage, the
syconium cavity is nearly full of bracts,
later, it enlarges, and stigma color
changes from pistachio to pink
Phase B (female) Female flowers within individual syconia ~ Syconia are bright green, small white spots 5.11 £ 1.01 2.234+0.00 8.69+3.13
are receptive to pollen. Pollinator wasps can be seen on the surface, ostioles are
enter syconia, lay eggs, and complete relatively loose, syconia are odoriferous.
pollination, and then die in the syconia Stigmas inside the receptacle become
white
Phase C (interfloral) ~ Each wasp larva feeds on the contents of ~ Syconia become bottle green, with beige 28.58 £ 6.05 21.86 £4.31 44.67 £17.34
one ovule, and seeds develop in syconia. spots on the surface. In the middle of
Male flowers develop quickly into the this phase, watery fluid is produced in
visual form the cavity of syconia then disappears. At
the later stage of this phase, syconia
become yellow
Phase D (male) Mature offspring of fig wasps emerge and ~ Syconia become rose-red and somewhat 2.36 £ 0.00 1.58 £0.00 5.21+0.82
mate within the natal syconium. soft, the cavities of them are dry. Inside
Simultaneously, male flowers mature, the cavities, there are fig pollinating
producing pollen. Female pollinating wasps and some other species of
wasps collect pollen from the newly parasitic wasps
mature anthers and exit the syconium
from the hole chewed by male wasps
and search for other receptive syconia to
lay eggs
Phase E (postfloral) ~ Seeds in the syconia mature, the syconia Syconia become amaranth, eventually 5.20 £ 0.94 411+£0.03 7.03+1.98

become soft and fleshy and attractive to

dispersers

abscise from trees, many species of
birds, mammals, ants, butterflies, and

other animals eat them
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FIGURE 2. Diameter growth rates (cm/10 d, N = 30) of syconia of three randomly sampled trees in different seasons. Here, S is the starting of syconia initiation,

Pr is pre-female, F* is female, 1 is inter floral, M* is male, and Po is postfloral phase.

and the dry weight of the wasps within. Dry weight (g) of E race-
mosa syconium showed a significant exponential relationship with
diameter (Fig. 5):

W, = 0.1037 D>438¢ 3)

where Wy is the dry weight of a syconium, and D is the diameter
of a syconium (R* = 0.89; D < 5).

Furthermore, correlation analysis indicated that temperature is
the major environmental factor associated with syconium growth.
The correlation coefficients of average monthly diameter increase
with average monthly temperature, average monthly air relative

“
i

o
|

humidity, and monthly amount of rainfall were 0.73, 0.36, and
0.61 (N = 15), respectively.

DISCUSSION

Compared with Ficus variegata and most other tropical Ficus tree
species (Windsor ez al. 1989, Richards et al. 1996, Spencer et al.
1996), E racemosa in Xishuangbanna produces two cohorts of leaves
per year rather than one, and renews leaves continuously by alter-
nation. Two mechanisms may explain the observed pattern in leaf
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FIGURE 3.  Syconia diameter (mean &= SD; V= 110) at female and male phases in dry—warm, rainy, and foggy—cool seasons.
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FIGURE 4. The linear regression of fig wall thickness to diameter (N = 5762).

phenology. First, intracrown fruiting synchrony might be necessary
for monoecious figs such as £ racemosa to avoid inbreeding depres-
sion. Coinciding with patterns of reproductive phenology, regular
leaf replacement may have evolved in order to supply sufficient
photosynthetic materials for reproductive structures. Second, leaf
phenology of this fig species could be an adaptation to local cli-
mate as Xishuangbanna is in the northernmost region of tropical
Southeast Asia, and there is a marked dry season. It is still unclear,

Dry weight (g)

15 2 26 3 356 4 456 b b.E

Diamatar (cm)

FIGURE 5.
eter increasing (N = 186).

Dry weight accumulation of a syconium in the gradient of diam-

however, why £ racemosa turns over leaves in the middle of the rainy
season in Xishuangbanna. Future studies are needed to determine
the principle drivers of leaf phenology. Despite the general leaf phe-
nology of F racemosa, an individual display may reflect microhabitat
characteristics and age of the tree.

The unique flowering pattern in F racemosa of dichogamy
within one syconium and asynchrony at the population level has
been described as a common feature in monoecious figs (Galil &
Eisikowitch 1968b, Bronstein 1988, Bronstein ez 2/. 1990). The evo-
lutionary significance of this trait is mainly to avoid self-fertilization.
However, the selective force in the reproductive success of this kind
of fig species is the availability of receptive syconia within a dis-
tance that pollinating wasps are capable of flying. Thus, a number
of individuals are needed within a local fig population in order to
maintain the pollinator population (Bronstein ez /. 1990). If not,
young syconia abortion and local wasp extinction are both inevitable
(Kjellberg & Maurice 1989). Fluctuations in syconia production for
E racemosa indicated that the possibility of successful pollination
may limit fig crop size.

E racemosa provides food and habitat for the many species of
birds, mammals, and insects that were observed around trees when
syconia matured (Yang ezal. 1997). As akeystone resource in tropical
rain forests, figs, particularly the species with high fruit production
such as E racemosa, E sycomorus, and E hispida, contribute to the
maintenance of biodiversity in tropical rain forest systems by supply-
ing abundant foods to frugivores, soil animals, and microbes, thus
strengthening the food web in the forest ecosystem (Kimura e# al.
2001, Shanahan ez al. 2001).

The pattern of syconium diameter increment indicated that the
syconia growth process of F racemosa has a close relationship with
parasitic wasps (and its pollinator), because the increase rate was
remarkably higher in phase A than phase C when wasps had already
invaded the syconia. This was likely the result of resource compe-
tition between wasps and the inflorescence itself. A great number



SPECIAL SECTION

340 Zhang, Song, and Yang

of wasp larvae (usually several hundred to over one thousand) need
large amounts of nutrients for their development.

Thickness of the fig walls might be important for wasps. In the
period of phase B (female flower phase), several species of nonpol-
linating wasps attempt to oviposit through the fig wall. Thus the
thickness of the fig wall may be a limiting factor to the reproduction
of other parasitic wasps. At phase D (male flower phase), emergence
channels must be excavated by male wasps in order to allow the fe-
male wasps to exit. Therefore, fig wall thickness could be a limiting
factor to the wasp exiting process too.

The corresponding enlargement of syconium diameter and re-
ceptacle cavity indicates that the fig—fig wasp interaction is highly
evolved. Along the development process of a syconium, two peaks
of diameter increase were observed around the critical time for the
fig—fig wasp interaction, phase B, plant pollination and wasp ovipo-
sition, and phase D, where insects mate and pollen is dispersed
by the female wasps. A relatively large cavity at phase B may in-
crease the female fitness of the fig and pollinating wasp. A large
cavity at phase D may enhance the male fitness of the fig through
more active and sufficient pollen collection by female pollinating
wasps, and also offers adequate space for wasps to mate, increasing
fecundity.

Due to the short life cycles of fig wasps, and short growth
cycle of syconium, the fig—fig wasp symbiosis is an excellent model
for studies in ecology and climate change. Yearly change in the
phenology of E racemosa may shed light on the effects of climate
change on the mutualism of fig and fig pollinating wasp.

The duration of a syconium growth cycle of F racemosa was
much longer in the foggy—cool season (winter) than in the rainy
season (summer) in Xishuangbanna (Table 2). The key developing
stage in fig—fig wasp symbiosis is phase B, when the two part-
ners interact. There were several long phase B periods distributed
throughout the year. The limiting factor in the dry—warm season
might be high temperatures that restrict the flying and other ac-
tivity of wasps. In the rainy season, downpour may be the main
limiting factor, and in the foggy—cool season, population size of fig
may pass through a bottleneck. Climate change trends predicted
for the transitional tropical region are more seasonally restricted
rainfall, prolonged dry season, and higher rainfall intensity. These
changes in climate trends could potentially exacerbate the limiting
factors to the reproductive success of the figs and fig pollinating
wasps, especially at phase B. Climatic changes and local bottlenecks
in syconium and pollinating wasp production could threaten the
stability of the mutualism (Patel 1996, Corlett & Lafrankie 1998,
Harrison 2000, 2001). However, the capability of adjustment and
adapration of figs and fig wasps may be underestimated. Does the
mutualism between figs and fig wasps have enough flexibility to
adapt the climate change in the future? Although climate change
may threaten the fig—fig wasp mutualism, human disturbance to
natural ecosystems may be more problematic. Further studies on
the detailed life history of fig pollinating wasps, including chemi-
cal ecology, physiology, and molecular-level phylogeny, could greatly
improve the understanding of the coevolutionary mechanism of figs
and their pollinating wasps, and prompt the better conservation of
natural ecosystems.
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