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Ecological Determinants of Life History Evolution of Two
Indian Bamboo Species'

Madhav Gadgil and S. Narendra Prasad
Center for Theoretical Studies, Indian Institute of Science, Bangalore 560 012, India

ABSTRACT

Almost all (70 out of 72) of the Indian bamboo species possess a long period of vegetative growth followed by a single suicidal
bout of reproduction. Only about eight of these 70 monocarpic species exhibit synchronized seeding over an area of several hundred
square kilometers. Of the two commonest species, Bambusa arundinacea, which forms dense stands along water courses in areas
of less variable rainfall, belongs to this minority of synchronized seeders; Dendrocalamus strictus, which occuts in scattered numbers
in areas of more variable rainfall, exhibits sporadic seeding behavior. Individuals of both species grow exponentially during the
vegetative phase. Observations on the synchronized seeding of B. arundinacea show it to be spread over 5-6 years, with flower
and seed production by any individual clump being completed over the dry season from December to April. An average clump
produced 100 kg of seed, corresponding to 30 percent of its above-ground biomass. One major cohort of B. arundinacea widely
distributed over peninsular India seeded in 1868-72, 1912-16, and 1958-62; while a number of minor cohorts have seeded at
other times.

There is no defined direction over which seeding progresses in time. The bamboo seeds are subject to high levels of predation,
and we propose that the exponential nature of clump growth in conjunction with predator swamping has led to the evolution of
a long pre-reproductive period and monocarpy, which characterize most Indian bamboo species. Synchronized mast seeding is a

further independent adaptation favored in a few species occurring in dense stands in more constant environments.

MOST BAMBOO SPECIES OF THE SEASONAL TROPICs and sub-
tropics of the Indian-Asiatic region are notable for their
long period of vegetative growth followed by a single
suicidal bout of reproduction. Even more strikingly the
populations of some of these species seed synchronoously
over large tracts. The majority of the species, however,
do not seed in this synchronized fashion, but rather seed
sporadically over their range (Brandis 1906, Troup 1921).
Janzen (1976) first' posed the question of the adaptive
significance of this life cycle and concluded that the mast
seeding serves the purpose of swamping predators (Lloyd
and Dybas 1966). He postulated that the long pre-re-
productive period, monocarpy, and synchrony all evolved
together in response to predation and that asynchronous
seeding in species like Dendrocalamus strictus is a second-
arily derived condition resulting from human interference.
Janzen also raised a number of intriguing questions about
the seeding behavior of bamboos, for most of which he
adduced few if any answers. In this paper, we present
data that will answer some of these questions for two of
the commonest monocarpic bamboo species of peninsular
India, Bambusa arundinacea and Dendrocalamus strictus.
We propose that Janzen’s suggestion of the secondary
nature of the sporadic seeding behavior of D. strictus is
unlikely to be correct. Instead, we show that the long
pre-reproductive phase and monocarpy must have evolved
in response to predator swamping and the exponential

! Received 4 October 1982, Revised 28 September 1983, Ac-
cepted 3 November 1983.

pattern of growth of bamboo clumps, and that synchrony
is a further adaptation in species occutring in dense stands
and in relatively constant environmental regimes.

MATERIALS AND METHODS

The results presented below are based on an ecological
investigation of B. arundinacea and D. strictus over a
five year period from April 1976 to February 1980 in
the state of Karnataka in southern India (lat. 11°40'N
to 18°22'N and long. 73°55'E to 78°40'E). Our inves-
tigations included estimations of population density, bio-
mass, productivity as well as growth and mortality rates
for both the species in 14 different localities in the state.
We maintained notes on any sporadic seeding during the
course of these investigations. Further observations were
made-on mast seeding by B. arundinacea of Sampaji
forest range (lat. 12°30’'N and long. 75°33'E) over the
years 1976—80, including two periods of detailed obser-
vations in April 1979 and March 1980. We also exam-
ined all official documents of Karnataka Government,
particularly the forest working plans for information on
seeding of bamboo species in the state (Prasad and Gadgil
1981).

RESULTS AND DISCUSSION

DistriBution.—Under climax conditions, B. arandinacea
is restricted to the formation of dense stands along water
courses in localities with an annual rainfall of 1000—2000
mm, while D. strictus occurs in a wider variety of habitats
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in scattered populations in localities with an annual rain-
fall of 600—1500 mm. Rainfall, the major environmental
parameter governing vegetation in seasonal tropics such
as Karnataka, is much more variable in the drier habitats
of D. strictus, with a coefhcient of variation of around
0.4; this coefficient is uniformly around 0.2 in the higher
rainfall tracts inhabited by B. arundinacea (Rao 1976).
In keeping with its greater ecological amplitude in more
variable habitats, D. strictus shows much greater mot-
phological variation. Deogun (1937) recorded the exis-
tence of at least five varieties of this species in Karnataka
differing in growth habit and thickness of culm wall.

Like all bamboos, B. arundinacea and D. strictus are
shade intolerant and have profited from the opening of
the forest canopy due to human intetference. This has
permitted B. arundinacea to colonize habitats away from
water courses in localities with an annual rainfall of 1500—
2000 mm, and D. strictus to form much denser stands
than under climax conditions in the drier habitats. When
the British tremendously stepped up the pace of forest
exploitation in India after the 1860’s, they regarded bam-
boo as a weed, and forest working plans of the Karnataka
state advocated its eradication from plantations as well as
natural forest until the 1940’s (Kadambi 1943). The
villagers did, however, plant some bamboo on their farms
and along irrigation channels, the preferred species being
B. arundinacea in tracts of rainfall up to 1500 mm and
Oxytenanthera stocksii in the wetter regions. Very limited
forest plantations of bamboos—a few square kilometers
in a few localities—were planted only after the 1930’s.
Contraty to the suggestion of Janzen (1976), there is
absolutely no evidence of any significant change in the
composition of forest populations of D. strictus or any
other species by human agency in the state of Karnataka.
Our reading of the literature for the rest of India, espe-
cially the forest working plans, indicates this to be true
for the country as a whole.

Liee cycie—Both B. arandinacea and D. strictus are
monocarpic, with a long period of vegetative growth fol-
lowed by seeding and death of the clump. All species of
bamboos are modular organisms. The term “‘clump’ is
customatily applied to a “‘genet” and “culm” to a “‘ra-
met”’ of bamboo species (McClure 1966). During our
field work over the five years from 1976-80, we noticed
many stray clumps of D. strictus in seed in many parts
of the state; this, however, was not the case with B.
arundinacea. Only one population of B. arundinacea in
the Subramanya-Sulya-Sampaji tracts (lat. 12°30'N to
12°40'N, long. 75°22'E to 75°38'E) seeded synchro-
nously as a whole over this period. We have no infor-
mation on the genetic constitution of this population,
which was dispersed over 4800 ha at an average popu-
lation density of 100 clumps (genets) per hectare. All the
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clumps observed died in the year following seeding. There
was also a synchronous seeding of D. strictus populations
near Katur (lat. 14°52'N, long. 75°02'E) beginning in
1981, after our systematic observations were concluded.
These obsetvations conform to the earlier records of con-
sistently synchronous seeding in B. arundinacea and a
combination of sporadic and synchronous seeding in D.
strictus (Nicholson 1922, Deogun 1937, Gupta 1952,
Mathauda 1952, Mathur 1964, Mohapatra 1969).

Figure 1 presents an analysis of the available records
of two consecutive mast seedings by B. @rundinacea and
D. strictus (Prasad and Gadgil 1981). The range is from
26 to 64 years for B. arundinacea with over three-quat-
ters of the records falling within the limit of 44 to 48
years. The lone record for 64 years from Walayar in
Tamilnadu is suspect, because its second seeding of 1959—
60 coincides with that of a widespread cohort which had
seeded earlier, around 1912—16, and the record of an
eatlier seeding in 1896 may be in error. For D. strictus
the range is wider, from 17 to 48 years, with a much
less sharply defined mode around 36—40 years. This is
in conformity with the more sporadic nature of seeding
in D. strictus.

GrowrtH.—Bamboos are grasses that have evolved into
a tree form. The partitioning of biomass in a clump of
D. strictus, namely leaves (8.8%), stem (69.9%), and
thizome and roots (22.3%), is very similar to the average
pattitioning of leaves (8%), stem (67%), and roots (25%)
reported for a stand of trees in Thailand (Rodin and
Bazilevich 1967, Patil 1979). In B. arundinacea, how-
ever, our observations show that about one-third of the
biomass is underground. In bamboos the stems are green
and participate in photosynthesis. Furthermore, the bam-
boos have a radically different pattern of growth com-
pared to the other trees with which they compete. In a
normal forest tree the growth is predominantly in height
of the stem, so that the proportion of photosynthetic
tissues to the structural tissues steadily declines with an
increase in size, with a consequent decline in the relative
growth rates of the tree (Prodan 1968, Evans 1972). The
growth curve of a tree therefore conforms to the sigmoidal
pattern.

Once a bamboo clump has passed through the seed-
ling and bush stage, it begins to produce culms of the
full adult height which reach the top of the canopy in a
single, concentrated burst of growth lasting a few months.
Beyond this stage, the growth of a bamboo plant is es-
sentially by radial enlargement of the underground thi-
zome and addition of more and more culms, all of the
same form. The proportion of photosynthetic tissue to the
total biomass thus should change very little once a bam-
boo clump has been established. Consequently, the rela-
tive growth rate of an individual bamboo clump is ex-
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FIGURE 1. Frequency distribution of intermast intervals of B. arundinacea and D. strictus.

pected not to decline with size, but to remain constant.
The bamboo clump as a whole should therefore exhibit
an exponential pattern of growth.

The available data bear out this supposition. Kadam-
bi (1949) monitored the total number of bamboo culms
in three different plots over a period of 7 to 9 years
beginning in 1935. A reanalysis of his data shows that
the total number of culms in the population as a whole
increased exponentially at the rate of about 4 percent per
year over this entire period. Our own obsetvations of
individual D. strictus and B. arundinacea clumps over 3
years show that under protected conditions the number
of culms per clump increases exponentially at the rate of
10 percent per year. The individual bamboo clump then
exhibits exponential growth, presumably until the age of
seeding, although the undisturbed populations accessible
to us were 8—12 years old and therefore did not permit
us to verify if the exponential growth slowed down with
an increase in size. However, historical records exist of
clumps with over 200 culms, suggesting that an expo-
nential growth rate of up to 10 percent a year could very
well have been maintained from the establishment of the
clump at the age of 8—10 years until the age of seeding
of 45—50 years (Rawlinson 1931).

PrenoLoGy.—The state of Katnataka receives most of its
rainfall from the monsoons, with the rainy period varying
from April-November in the southern part of the state
to June—September in the northern part. The production
of new culms begins about a month after the onset of
the rains and continues until the end of the rainy period.
The culms are produced year round in irrigated planta-
tions. An individual culm completes its full growth in
about 80 days.

We have detailed information on flower and seed
production from the mast seeding of B. arundinacea in
Sampaji range. Here, the rains last from May—October
(Fig. 2). Flower production is initiated in the month of
December, and the seeds ripen and fall in three waves
over the dry season. The first wave of seed fall lasts for
3 weeks in February, accounting for 20 percent of the
total seed collected by the local villagers; the second wave,
for 2 weeks in the month of March, accounting for 30
percent of the total seed collected by villagers; and the
last wave, for 2—3 weeks in April, accounting for the
remaining 50 percent of seed production. These obset-
vations agree with those of Nicholson (1945), who stud-
ied B. arundinacea populations in the state of Orissa in
eastern India. The bamboo clump dries completely within
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FIGURE 2. Mean monthly rainfall and phenology of B. arun-

dinacea at Sampaji.

a couple of months after cessation of seed production.
The seeds germinate at the onset of the rains in May and
June, forming an incredibly thick carpet of seedlings on
the ground, particularly by the side of the water courses.
There is no dormancy and the viability of seeds is down
to 5 percent within 6 months.

The phenology of D. strictus follows the same pattern
of new culm production over the monsoon, flower and
seed production over the dry season, and death of the
patent clump by the next monsoon.

SEED PRODUCTION AND REPRODUCTIVE EFFORT.—OQOur ob-
servations at Sampaji revealed that a B. arundinacea clamp
produces an astronomical number of flowers. At each
node of a culm there was an average of 133 spikes, and
each spike had an average of 156 flowers. Since a single
culm had an average 65 flower-bearing nodes, each culm
bore some 1.3 million flowers. Some of the bigger clumps
had as many as 52 culms in this population; B. arundi-
nacea clumps with as many as 200 culms have been
recorded. Thus, even in this population, a single individ-
ual produced as many as 68 million flowers. Of the seeds
fallen on the ground, about 24 percent had a developed
endosperm. Each bamboo culm thus may be estimated
to produce 312 000 fully developed seeds; since each seed
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TABLE 1. Yearly distribution of spatial extent of mast seeding
of Bambusa arundinacea populations in North Ka-
nara.

Extent of mast
Year seeding (km?)
1863-64 743.4
1864-65 —_
1865-66 289.7
1866-67 1405.4
1867-68 —
1868 877.2
1868-69 813.1
1869-70 —
1870-71 —
1871-72 —
1872-73 1110.8
1868-75 723.3
Total 5962.9

weighed 0.012 g, this comes to a seed production of
3.744 kg per culm.

In the mast seeding population we observed, an av-
erage bamboo clump had 23 culms, so that an average
bamboo plant could be estimated to have produced 86
kg of seeds. This agreed very well with the estimate of
the local villagers, who had carefully collected seed under
selected clumps throughout the season. Their estimate
came to 4 to 4.5 kg of seeds per culm, or a total of 92
to 103.5 kg for an average clump with 23 culms. We
also estimated the amount of bamboo seeds accumulated
under two clumps by 5 April 1979, when three-quarters
of the total production was teported to have been com-
pleted by the villagers engaged in bamboo seed collection.
Our estimate came to 1.2 kg per culm. Since a significant
fraction of the seeds accumulating since February is ex-
pected to have been destroyed by seed predators, this
estimate agrees well with the expectations.

Using the regressions of culm diameter and number
of internodes on culm dry weight, we can estimate the
average weight of a culm in this Sampaji population as
13 kg. Further, the ratio of underground to above-ground
biomass for B. arundinacea is 1:2 (Prasad and Gadgil
1981). The ratio of seed weight to dry weight of aerial
biomass is about 0.3 and to total biomass about 0.2.
This ratio falls in the range for r-selected herbaceous plants
or most grain crops and is well above the upper limit of
the range for trees (Harper, Lovell, and Moore 1971,
Abrahamson and Gadgil 1973).

SeED PREDATION.—Like most other grasses, bamboos pro-
duce seeds that are highly palatable to a number of ani-
mals, including pheasants, rodents, deer, wild pigs and
possibly the Indian elephant (Troup 1921, Soderstrom
and Calderon 1974, Janzen 1976). Since a single clump
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may produce as many as 100 kg over a few months, and
there may easily be as many as 100 clumps per hectare,
the seed production may amount to 1 kg per every square
meter—a veritable bonanza. Moreover, this seed produc-
tion takes place in a deciduous forest, where under climax
conditions relatively few fleshy fruits or palatable seeds
are produced. As Janzen (1976) points out, predation on
these seeds must have been an important evolutionary
force, and it is therefore of much interest to estimate the
magnitude and time course of this predation.

We have only a limited amount of data on the pre-
dation of B. arundinacea seeds near the peak of seeding
in 1979, thus leaving unanswered the significant question
of the relative magnitude of predation on the peak versus
the tails of seed production curves. As noted above, we
estimated the seed accumulation under the clumps by 5
April 1979, when about 75 percent of the total seed
production was over, by the estimates of the local vil-
lagers. The amount of seed still present under the clumps
that the villagers had left undisturbed was about 40 per-
cent of the quantity they had obtained through regular
daily collections. This suggests that about 60 percent of
the fallen seed had been destroyed over the 2-month
period from mid-February to mid-April. As larger her-
bivores were eliminated from this forest tract, the main
agents of this predation are likely to have been rodents
and gallinaceous birds (e.g., partridges, jungle fowl, quails).

We also collected newly fallen seeds over a period of
10 days in April 1978. Of these, 63 to 69 percent had
no endosperm, 6 to 7 percent were damaged by birds,
and 3 to 5 percent had insect emergence holes. We ac-
tually observed several species of fringillid birds feeding
on bamboo seeds in large flocks. These birds may ingest
the majority of seeds in their entirety, leaving a small
number of them in a damaged condition. A number of
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insects also emerged later from seeds stored from this
collection, so that the eventual insect damage must be
much more than 3 to 5 percent.

The villagers of the Sampaji range collected a certain
amount of bamboo seeds for sale to the forest depart-
ment, as well as for domestic consumption. The amounts
of seed collected annually by one villager from 1977
through 1981 were: 200 kg, 400 kg, 400 kg, 600 kg,
and 100 kg. These were collected from just a few clumps
by clearing the ground under them. The total amount
collected from the whole locality was less than 1 percent
of the total seeds being produced. Man was therefore not
a very significant predator on bamboo seeds in this lo-
cality, and this is likely to have been so throughout the
historical period. :

There are, however, accounts of enormous amounts
of seeds being collected when a famine coincided with
mast seeding of bamboo. Two earlier records of such an
occurrence exist for the state of Karnataka, involving large-
scale migrations of people from famine-stricken areas to
collect seeds of B. arundinacea in Supa in 1865 (Camp-
bell 1883) and Sagar in 1966—1967 (H. R. Bhat, pers.
comm.). Janzen (1976) quotes other records of such hu-
man collection of bamboo seeds in India, including that
of D. strictus. These must have been sporadic occurrences,
however; there is no evidence that bamboo mast seeding
always accompanies drought years, as has been suggested.
There was no famine at the time of the very widespread
mast seedings of B. arundinacea in peninsular India over
1912 to 1916 and 1958 to 1962, and no records of any
extensive collection of seeds during this period. Since such
collection on a massive scale is apparently related to the
occurrence of famine elsewhere, it may not necessarily
have fallen on the peak years of seeding rather than the
tails of seeding distribution.
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One may speculate here on the very large fraction—
about 65 percent—of seeds without a developed endo-
sperm. Such seeds may simply relate to the impossibility
of securing any higher levels of pollination. Alternatively,
they may help reduce the predation on fertile seeds by
forcing seed predators to waste part of their energy on
sifting through a lot of chaff.

COURSE OF A MAST SEEDING.—We have 124 records of
mast seeding in B. arundinacea and 122 in D. strictus
(Prasad and Gadgil 1981). Nearly 70 percent of these
record the seeding for one or two years, while only about
8 percent record it as being spread over more than five
years. The mast seeding of B. arundinacea we observed
at Sampaji began with a few clumps coming into seed in
1976, with the vast majority seeding in 1978, 1979, and
1980 and the last few stragglers seeding in 1981. Reliable
observers who have witnessed other mast seedings also
report it as lasting over 4—5 years. It has been suggested
that the mast seeding of B. arundinacea spreads like a
wave in a definite direction, taking a few years to extend
over the whole flowering area (Troup 1921). The best
information pertaining to this point is available from the
Uttar Kannada (eatlier known as North Kanara) district
of Karnataka from the records of the District Gazetteer
compiled soon after the mast seeding of 1863—1875
(Campbell 1883). While there likely is some inconsisten-
cy in how the dates of seeding are recorded with the
spread, such as 1868—75 for Ankola (including all the
tail years) and 1872 for Karwar (only the peak year), the
information appears on the whole to be very carefully

compiled. It is all the more valuable because this was and
continues to be one of the most thickly forested districts
of peninsular India.

Table 1 gives the yearly distribution of the spatial
extent of mast seeding, which varies from 290 to 1110
km?. This may be compared to the extent of 565 km?
over Bhagamandala-Sampaji-Sulya-Subramanya ranges for
the mast seeding of 1976—81 that we observed. Figure
3 shows conclusively that there was no particular direction
in which the wave of mast seeding spread from year to
year.

MasT SEEDING coHORTs.—Finally, we may consider the
evidence for synchrony in mast seeding on spatial scales
greater than those of a few hundred square kilometers
mentioned above. For this purpose, we consider the num-
ber of localities reporting mast seeding of D. strictus ot
B. arundinacea over peninsular India in any given year.
Since records for the 19th century are somewhat incom-
plete, the three oldest records of mast seeding of B. arun-
dinacea in 1804, 1812, and 1818 have been left out of
Figures 4 and 5, which present the rest of the available
information.

If mast seeding in one locality is independent of what
happens in other localities, the number of localities re-
porting seeding in any given year is expected to follow a
Poisson distribution with variance equalling the mean.
This is not the case for either of the species. The mean
number of localities reporting seeding in a year is very
similar: 3.185 for D. strictus and 3.222 for B. arundi-
nacea. The variance is 7.064 for the former and 18.716
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for the latter. Thus, while both species show a greater
incidence of mast seeding in certain years than is expected
by chance alone, such concentration of seeding is much
more pronounced in the case of B. arundinacea. Consid-
ering four consecutive years in periods of concentrated
seeding, as many as 60 and 53 localities report seeding
in the case of B. arundinacea, while only 32 do so in the
case of D. strictus. The former deviates markedly from
what is possible randomly and suggests that there is a
strong correlation in the incidence of seeding for a number
of different localities in B. arandinacea. In fact, there
appears to be one dominant cycle of mast seeding of B.
arundinacea with peaks in 1868-72, 1912-16, and
195862 over much of peninsular India. The intermast
intervals of 44 and 46 years between these peaks corre-
spond to the well-defined mode depicted in Figure 1.
Figure 6 shows geographical distribution of the localities,
most of which are in common for these mast seedings of
1868-72, 1912-16, and 1958-62.

There are no such well-marked peaks of seeding for
D. strictus. One possibility is that a widespread cohort
seeded in 1920-23 and again in 1947-51. However, an
examination of the actual localities involved shows that
very few seeded at both times; for B. arundinacea, in
contrast, many localities were in common for the three
consecutive large-scale seedings.

One is then tempted to speculate that the entire pen-
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insular Indian population of B. arandinacea may have
originated from a single mast seeding cohort. As the co-
hort spread over India, some populations inhabiting iso-
lated pockets may have assumed seeding at other times,
pethaps due to mutants among the founders. Figure 7
shows the extent and dispersion of four such known co-
horts co-occurring with the dominant cohort in the state
of Karnataka. There is no evidence of any systematic
spatio-temporal progression of mast seeding on this scale,
either.

ENVIRONMENTAL cLUES.—The occasional but striking co-
incidence of mast seeding with conditions of drought in
certain areas has given rise to the notion that such seeding
is prompted by low rainfall. There is, however, no real
evidence for this. An examination of the rainfall records
for Karnataka in fact indicates a slight excess of good
rainfall years both preceding and coinciding with seeding
of either bamboo species in a given locality, although this
is not significant statistically (Parthasarathy and Mooley
1981).

Lire HisTorY EvOLUTION.—Three intriguing questions arise
in connection with the life historier. of the Indian bamboo
species: (1) Why do almost all species, some 70 out of
72, seed just once and die? (2) Why do most species wait
so long, from 12 to 60 years or more, before they seed?
(3) Why do some, about 7 or 8 of these 70 monocarpic
species, seed synchronously over large areas? Janzen (1976)
attempts to answer all these questions in terms of predator
swamping. He adduces considerable evidence of extensive
predation, by both sedentary and nomadic predators, on
bamboo seeds. He suggests that a bamboo plant will
minimize the risk of mortality suffered by each of its seeds
by producing these seeds in enormous quantities and in
synchrony with other members of the population, so that
many seeds will escape after fully satiating the predator
population. Since large seed crops may be produced by
vegetatively growing for a long time and then throwing
all the reserves into one ultimate effort of breeding, this
would simultaneously favor monocarpy as well as a long
pre-teproductive period, along with the synchrony of
seeding by a whole population. As a corollary he regards
the sporadic seeding by species like D. strictus as a sec-
ondarily derived condition due to human predation con-
centrating on peaks of seeding and humans mixing up
different mast seeding cohorts.

While Janzen's central hypothesis of the role of pred-
ator swamping is attractive, there are difficulties in ac-
cepting his entire argument. First, the vast majority of
the species are sporadic rather than synchronous seeders,
indicating that monocarpy with a long pre-reproductive
period need not always go together with mast seeding.
Second, there is simply no evidence for the kind of human
interference Janzen postulates. In Karnataka at least, con-
trary to expectations on this hypothesis, it is the synchro-
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nous-seeding B. arundinacea rather than the sporadic-
seeding D. strictus that is somewhat susceptible, though
to a minor degree, to the kind of interference invoked by
Janzen in explaining the secondary evolution of sporadic
seeding. We therefore postulate that a long pre-repro-
ductive life and monocarpy are common adaptations
evolved by most bamboo species in seasonal tropics, while
synchrony of seeding by an entire population is a further
independent adaptation evolved by a few of these species
because of some special features of their ecological setting.

The forces molding these parameters are best eluci-
dated in terms of the so-called reproductive effort model
of the evolution of life histories (Gadgil and Bossert 1970,
Schaffer and Gadgil 1975, Schaffer and Rosenzweig 1977,
Charlesworth 1980). This model considers a plant as pos-
sessing a limited amount of resources, such that any al-
location of resources leading to higher seed output at a
given age incurs costs in lower survivorship and vegetative
growth (for reproduction at future ages). In other words,
b, is a monotonically increasing function of E,, while p,
and V..., /V, are monotonically decreasing functions of E,.
Here:

E,—reproductive effort at age i is the fraction of
available resources allocated to reproduction

b,—fertility at age i

p,—probability of survival from age i toi + 1

1+1

—reproductive value as defined by Fisher at age
° i+ L

The reproductive value, which for simplicity will be
referred to as V,,, from now on, is a measure of the
contribution to population growth by all individuals of
age i+ 1. This will be lowered if growth and, therefore,
ability to reproduce or survive beyond age i is reduced.
The product p,V,,, has been termed residual reproductive
value.

Natural selection is then expected to maximize the
sum:

b, + pV.i,

and the reproductive effort E, favored at any age will be
that which achieves this (Fig. 8). In terms of this model,
a monocarpic life cycle with a long pre-reproductive pe-
riod will be that in which optimal E, is zero for many
initial ages, and one for some advanced age.

The significance of the exponential growth pattern of
bamboo clumps becomes clear in the context of this mod-
el. This growth pattern implies a substantial cost in terms
of future reproduction, if reproduction at an eatly age
cuts into growth. In terms of the model, b,, the current
fecundity, will be rather low compared to pV,;,, the
residual reproductive value, so that a zero reproductive
effort will be optimal (Fig. 8a). As Hamilton (1966) has
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FIGURE 8. Possible configurations of current fecundity (b,)

and residual reproductive value (p,[V,.,/V.}) as functions of
reproductive effort (E,). The optimal reproductive effort will be
zero for (a) and one for (b) and (c).

shown, this balance gradually will shift in favor of higher
reproductive effort as the organism ages even if the growth
were to continue exponentially (Fig. 8b). In addition, as
the bamboo clump grows, a larger proportion of the culms
will be crowded in the center and will be unable to pho-
tosynthesize propetly, thereby further reducing the cost
incurred by cutting into growth.

Thus, while the exponential growth patters will favor
a long pre-reproductive period, the reproduction once
commenced need not be total, leading to monocarpy.
Monocarpy will be favored when the b, and p\V,,, are
convex functions of E. In other words, monocarpy is
favored when every additional reproductive effort brings
greater returns in terms of effective reproduction, and
every additional reproductive effort is attended upon by
lower cost in terms of future survival and reproduction.
As Schaffer and Rosenzweig (1977) point out, predator
swamping implies the first of these conditions, since every
additional seed produced stands a better chance of escap-
ing predation. Predator swamping thus favors monocarpy,
but will not guarantee it unless the second condition also
is fulfilled. We suggest another mechanism which will
generate a form of b,(E) curve which will guarantee mon-
ocarpy: the role of death of parent in affecting the survival
of seedlings. Bamboos are light-demanding plants that
grow in a forest with a closed canopy under climax con-
ditions. The opening of the canopy therefore would make



a tremendous difference to the chance of sutvival of the
seedling. A suicidal bout of breeding followed by the
death of the parent creates such a gap in the canopy and
therefore may generate b, as an extremely convex function
of E, favoring monocatpy regardless of the form of
p.V..1(E) curve (Fig. 80).

Our suggestion is that (a) the exponential form of
growth of a bamboo plant, (b) the critical role of death
of the parent in ensuring the survival of seedlings, and
(c) progressive reduction in risk of seed predation with
increasing seed output all would favor the evolution of a
monocarpic life cycle with a long pre-reproductive period,
a common feature of almost all bamboo species in sea-
sonal tropics and subtropics. Given this, the evolution of
synchronous mast seeding will depend on two other fac-
tors: the extent to which predators on seeds of one indi-
vidual will prey on seeds of another individual, and year-
to-year variation in the probability of success of seeds and
seedlings due to fluctuations in parameters such as rain-
fall. If individuals of a species are so scattered that pred-
ators on seeds of one individual or its progeny are unlikely
to prey on the seeds of another individual, there will be
no special advantage for members of a population to seed
in synchrony. In fact, it may be advantageous for a plant
to program its offspring to reproduce in different years if
there is wide year-to-year fluctuation in germination or
seedling survival success, so that at least some of its grand-
offspring are born in a favorable year (cf. Murphy 1968).
D. strictus, known for its often sporadic seeding, occurs
at low densities under climax conditions and is character-

istic of regions of more fluctuating rainfall regimes. Fur-
thermore, D. strictus appears to occur in several different
ecotypes, each of which may have a different length of
life cycle. The asynchronous seeding of D. strictus there-
fore is much more plausibly explained as fitted to its
particular ecological niche, rather than as a recent, sec-
ondarily derived condition.

Bambusa arundinacea, on the contrary, occurs in dense
stands lining the water courses under climax conditions
and inhabits more constant environmental regimes. In
such a dense stand, there would be definite advantage to
the whole population seeding in synchrony in swamping
predators. Furthermore, the death of the whole popula-
tion and the great forest fires that follow enhance the
chances of survival of the seedlings. The last proposition
need not invoke group but only kin selection if the in-
dividuals in a stand are closely related, as appears possi-
ble. The mast seeding of B. arundinacea may then be a
further adaptation over and above monocatpy following
a long pre-reproductive period.

We have tried to set down in this paper some of our
observations on this fascinating biological phenomenon.
Unfortunately these observations have been limited, and
carried out in habitats which are now very different from
those in which bamboos must have originally evolved.
Nevertheless, the recording that is possible is a matter of
“urgent ecology,” for even these last populations in
changed habitats are fast approaching decimation, and
there may be no bamboos left for the next grand flowering
slated for A.D. 2005! (Gadgil and Prasad 1978).
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Plan for the ATB Meeting, 1985

The Association for Tropical Biology will hold its annual meeting for 1985 with The American Institute of Biological
Sciences (AIBS), at the University of Florida, Gainesville, August 11—15. This should be one of ATB’s most exciting
meetings, attracting many tropical biologists. People with ideas for symposia should contact Dr. Terry Erwin, Dept.
of Entomologyg—MNH, Smithsonian Institution, Washington, D.C. 20560, as soon as possible. Those interested in
presenting a contributed paper should obtain forms for abstracts from Dr. Laurence Skog, Department of Botany,
NHB 166, Smithsonian Institution, Washington, D.C. 20560 U.S.A.
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