Marine Biology 69, 175-185 (1982)

MARINE BIOLOGY
© Springer-Verlag 1982

Terrestrial Runoff As a Cause of Outbreaks of A canthaster planci

(Echinodermata: Asteroidea) *

C.Birkeland

Marine Laboratory, UOG Station, University of Guam; Mangilao, Guam 96913

Abstract

Outbreaks of adult Acanthaster planci (Linnaeus) have
appeared at irregular intervals, arriving 3 yr after heavy
rains (> 100 cm in 3 months) following droughts (<25 cm
in 4 months) or 3 yr after rains exceeding intensities of
30 cm in 24 h. Outbreaks of A. planci follow typhoons that
bring heavy rains. but do not follow “dry” typhoons of
equivalent wind force. Outbreaks occur around the high
islands in Micronesia and Polynesia, but not around the
atolls at intermediate locations. Phytoplankton blooms
appear off high islands at the beginning of the rainy
season in bays with large watersheds and with sufficient
residence time of the waters; these are the initial sites of
A. planci abundance on Guam. The spawning seasons of
A. planci occur at the beginning of the rainy season on
both sides of the equator. 1 hypothesize that, on rare
occasions, terrestrial runoff from heavy rains (following
the dry season or a record drought) may provide enough
nutrients to stimulate phytoplankton blooms of sufficient
size to produce enough food for the larvae of A. planci.
The increased survival of larvae results in an outbreak of
adults 3 yr later. This hypothesis can be tested by pre-
dicting future outbreaks. An outbreak of A. planci on
Saipan in the summer of 1981 was predicted on the basis
of heavy rains in August 1978.

Introduction

Outbreaks of Acanthaster planci are a natural phenome-
non that recur at irregular intervals. That outbreaks recur
is evidenced by aggregations of skeletal remains in sedi-
ment core samples (Frankel, 1977), by a second recent
increase in abundance on Guam, and by the folklore and
memories of Samoans (Birkeland and Randall. 1979).
Solomon Islanders (Vine, 1970, 1973), New Ireland Is-
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landers (Pyne, 1970). Ponapeans (Chesher, 1969a) and
Palauans (Birkeland. 1979) of previous outbreaks of
A. planci (Fig. 1). That outbreaks are a natural phenome-
non is implied by their occurrences hundreds of years ago
(Frankel. 1977), by their occurrences in areas far from
agricultural activity or industrial and urban development
[c.g. the north coast of Tutuila, American Samoa (Birke-
land and Randall. 1979) and south of Urukthapel Island.
Palau (Birkeland, 1979)] and by the lack of correlation of
timing of any construction or industrial activities with the
local outbreaks of 4. planci (Birkeland and Randall, 1979).
Only rainfall with terrestrial runofl’ was correlated with the
outbreaks and evidence for this is presented in this paper.

Observations
Abruptness of the Population Increases

Initial outbreaks of Acanthaster planci (Linnaeus) appear
suddenly. within a few months, and do not build up
gradually over years. This characteristic of outbreaks of
A. planci is fundamental to my hypothesis.

Acanthaster planci appeared suddenly in American
Samoa in late 1977. Despite their frequent and widespread
activity, fishermen who were on the reef nearly every day
during the last few decades very rarely saw an A. planci
from about 1938 to late 1977 (Birkeland and Randall,
1979; Flanigan and Lamberts, 1981). Weber and Wood-
head (1970), Vine (1970), and Devaney (Devaney and
Randall, 1973) reported A. planci to be very scarce in
American Samoa between 1966 and 1971. R. C. Wass
(personal communication) saw no more than 6 individuals
during 3 yr of extensive diving around American Samoa
prior to November 1977. The first group of A. planci
(roughly 50 per 30 min) was seen in November 1977 at
Fagatuitui Cove. northeast of Fagasa Bay on the north
coast of Tutuila (Wass, 1979). In the next month., an
aggregation of about 83 000 individuals moved as a front
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Fig. 2. Acanthaster planci. Numbers removed from the ocean for bounty (open numbers) or observed in surveys (numbers in parentheses)

at Tutuila, American Samoa

along Taema Banks off the south-central coast of Tutuila
(Wass, 1979). In early 1978, 384477 individuals were
collected from two small bays on the northeast coast
(Fig. 2). A total of 486 933 individuals were removed from
the ocean less than a year from the time the first group
was observed (Birkeland and Randall, 1979).

Acanthaster planci appeared in large numbers on
Western Samoa (at Upolu, 59 km from Tutuila) during
1977 (A. Banse, personal communication). A. planci thus
appeared at approximately the same time in widely
separated locations (on all sides of Tutuila and at Upolu,
Fig. 2).

Sudden increases in abundance of Acanthaster planci
occurred at Guam in late 1967 and in 1979. A. planci
started to appear frequently in June 1967 and by June
1968 about 200 individuals could be observed per dive at
Tumon Bay (Randall, 1971). I observed a total of less than
20 individuals during about 240 dives (averaging about
30min each) in 4yr from August 1975 to May 1979.
Beginning in May 1979, we could find 29 to 50 individuals
per 30-min period at the north ends of Agana and Tumon
Bays.

A sudden and widespread increase in abundance of
Acanthaster planci occurred in Palau (Belau) in the spring

of 1977 (Government of Palau Office of Marine Re-
sources, personal communication). Over 354 470 A. planci
were removed from the area around Ngadarak (Ngeder-
rak) reef (S.Birk, personal communication). The out-
breaks seemed to have started at discrete locations, widely
separated by Urukthapel (Ngeruktabel), a very long island
(Birkeland, 1979). Although each outbreak was concen-
trated on a geographic scale, occurring in some island
groups but not in others, the outbreaks appeared suddenly
at more than one location within these groups across an
area subjected to similar climatic conditions.

“Secondary infestations” (Endean, 1973) sometimes
follow initial outbreaks. Examples were found at Guam
(Chesher, 1969b), in Palau (Birk, 1979), and on the Great
Barrier Reef (Kenchington, 1977). This paper is only
concerned with causes of the initial outbreaks. Endean
(1973, 1974) and Kenchington (1977) discuss secondary
infestations.

QOutbreaks and Rainfall Records

All major outbreaks of Acanthaster planci have been
associated with unusually heavy rainfall 3 yr previous to
their first appearance (Table 1). If we accept the spawning
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Table 1. Acanthaster planci. Association of outbreaks with heavy rainfall 3 yr previous

Year when  Location Minimum estimates References Weather event at the References
outbreak of outbreak size location 3 yr previous
was first to the outbreak
observed
1962 Queensland Coast 44 000 individuals Barnes. 1966; The third most FS. DO,
between were killed by Endean, 1973, intense typhoon on Brisbane.
Townsville and control measures at 1974: Endean record with heavy 1959: ACR,
Bowen Green Island. but and Stablum, rainfall causing 1975: 16;
the outbreak was 1975; Harding, extensive river Newman and
was more extensive 1968 discharge in 1959 Bath, 1959
1967 — 1968  Suva, Fiji 9 860 individuals: Owens, 1971; Severe floods and Cooper, 1966
“many” were observed Weber and heavy rains early
in an area where none Woodhead, 1970 in the wet seasons
were observed the year of 1964 and 1965
before (1966)
1968 Guam 63 000 individuals Randall, 1971; Most severe dry spell NOAA,
were destroyed by Marsh and on record (since 1956) 1980 b
control measures, but Tsuda, 1973 came in February to
many remained May 1965 followed by
39.9 cm (15.7 inches)
of rain in July which
was 12 cm greater than
expected
1969 - 1972 West-Central 240 000 individuals Nishihira and 119.4 ¢m rain at Nago Koichi
Okinawa removed by control Yamazato. 1974 during the early Kujirai,
measures reproductive season Director-
of Acanthaster General,
(April-June) in 1966; Japan
154.2 cm rain in Meteorological
same period at Agency
Nago in 1969 (pers. comm.)
1973 Rarotonga. Cook 80 974 individuals Cook Island 117.5 ¢m rain fell IMA, 1975
Islands killed by control News, 19 during the early
measures February 1973 reproductive season
of Acanthaster
(December 1970 —
February 1971)
1977 Tutuila, 486 933 individuals Birkeland and Record drought in NOAA, 1980¢
American Samoa  were collected for Randall, 1979 1974 (13.5 cm
bounty. thousands [5.3 inches] in 4
more remained months) immediately
followed by heavy
rains (112 cm [44 inches]
in 3 months)
1977 Palau 354 470 individuals Serge Birk The highest annual NOAA, 1980a
were removed from (personal rainfall on record
Ngederrak Reef. but communication) for Palau was 470 cm
more remained south (185 inches) in 1974;
of Urukthapel 35 ¢m (13.9 inches)
on a single day in
January
1979 Guam scattered Personal observations 68.6 cm (27 inches) Records at
aggregations and personal of rain on 22 May the NOAA
of up to 200 communications from 1976 and a total of station on
individuals others 83.8 cmin 2d Guam
with Typhoon Pamela
1981 Saipan “thousands” Joaquin Villagomez, 114 cm (45 inches)
of individuals Chief, Division of of rain in 48 h

Marine Resources,
Commonwealth of the
Northern Marianas
(pers. comm.)

in mid-August 1978
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scason of A. planci north of the equator to be June-
August (Yamazato and Kiyan, 1973) and south of the
equator to be November—January (Lucas, 1973), and if we
define a “rainy spawning season” to be a three-month
period in which there is more than 100 em of rain, then we
find a significant tendency for A. planci outbreaks to be
associated with heavy rainfall during the spawning season
three years previous (Table 2).

It is not certain whether there were one or two
outbreaks of Acanthaster planci off west-central Okinawa.
The outbreak of 4. planci at Okinawa was first observed in
1969 and the population was still abundant in 1972
(Nishihira and Yamazato. 1974). Weather records show
that the heaviest rains during the spawning seasons in
Okinawa were in 1966 and 1969. I have not been able to
determine whether there were one or two outbreaks
because A. planci were common throughout this period
and 240 000 individuals were removed intermittently over
a prolonged period (Nishihira and Yamazato, 1974). If
there was only one outbreak at west-central Okinawa in
1969, there was a total of 6 outbreaks in 173 place-years
(Table 2). If there was a second outbreak in 1972 (cf.
Nishihira and Yamazato, 1974), then there were 7 out-
breaks in 173 place-years.

If we set operational definitions of “heavy rains”
(>100 cm during 3-months of the spawning season) follow-
ing “droughts” (<25 cm of rain during 4-months imme-
diately preceding the spawning season) and “intensive”
rains (>30 cm in 24 h) and examine areas for which daily
precipitation records exist (Table 3), we find that all
outbreaks have occurred 3 yr after one of these two
weather events (P < 8.1 X 107° that this association is a mat-
ter of chance).

This association of future outbreaks with the weather
allows predictions to be made. There were 45 inches
(114 cm) of rain in a 48-h period on Saipan in August
1978. Predictions were made (Birkeland and Randall,
1979; Birkeland, 1980) that an outbreak would occur
on Saipan in the summer of 1981, three years after the
rains. Several thousand Acanthaster planci were found

Table 2. Acanthaster planci. Association of outbreaks with heavy
rainfall (> 100 cm) during 3 months of the spawning season 3 yr
previous. Monthly rainfall data were from American Samoa
(1960 —1979). Rarotonga (1899 —1980), Palau (1947 —1979).
Guam (1956 — 1979) and Nago, Okinawa (1966 — 1979)

Acanthaster planci outbreak No. years with rainfall
(during spawning season)

3 yr previous

< 100 cm > 100 cm

present
absent 116 51

|
~

6
P(6)= ( ) =0.0013 (assuming one outbreak at Okinawa)

wn
‘ = d

-~

rin=( 2

7
) =0.00042 (assuming two outbreaks at Okinawa)
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Table 3. Acanthaster planci. Association of heavy rains (> 100 cm
in 3 months) following droughts (<25 cm in 4 months) or inten-
sive rains (>30cm in 24 h) with 4. planci outbreaks 3 yr later.
Daily records are from American Samoa, Palau. and Guam

Outbreak of Acanthaster planci ~ Heavy rains following

drought or intensive rains

No. years No. years
with without
present 4
absent A

4\ ¢
P4)= (7?) =8.1x107¢

as a moving front in southern Saipan in August 1981
(J. Villagomez, Chief of the Division of Marine Resources,
Northern Marianas. personal communication). I predict
an outhreak of A. planci in Palau in the summer of 1983
because there were 17 inches (43 cm) of rain in Palau on
13 April 1979.

Tests of hypotheses can be made by predicting previ-
ous weather records. “Huge numbers” of Acanthaster
planci were last seen (prior to the 1977 outbreak) on
American Samoa in 1938 (Flanigan and Lamberts, 1981).
I have not yet been able to obtain daily weather records
for Tutuila for January 1935, but I predict that they would
contain records of exceptionally intensive rains around
January 1935.

Vine (1970, 1973) was informed that an outbreak
occurred in the Solomon Islands about 40 yr prior to 1970.
The weather records for Honiara, Guadalcanal (JMA.
1975), show extremely heavy rains during the spawning
season of Acanthaster planci in 1923. There were 1 506 mm
(59.3 inches) of rain in January 1923, 2639 mm of rain
during the spawning season (November 1922 to January
1923) and 7964 mm (314 inches) of rain for the year
(April 1922 to March 1923). This was over 3 times the
expected rainfall for January. the spawning season, and
the year.

Wet and Dry Typhoons

Typhoon Karen and Typhoon Pamela were two very
strong typhoons that struck Guam with sustained winds of
220 to 270 km h™. Typhoon Pamela brought 83.8 cm
(33 inches) of rain (68.6 cm in 24 h) in May 1976 and was
followed by an increase in abundance of Acanthaster
planci first seen in May 1979. Typhoon Karen (1962) was
a dry typhoon with a wind intensity equivalent to that of
Typhoon Pamela; it caused tremendous structural damage
on Guam, but brought no flooding. Typhoon Karen was
not followed by an increase in abundance of A. planci.

The only recent major typhoon in American Samoa
was a dry typhoon in 1966; it was not followed by an
outbreak in 1969. A wet typhoon in Fiji in 1965 (Cooper,
1966) was followed by an increase in abundance of
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Acanthaster planci in 1968 (Weber and Woodhead, 1970).
The intense typhoon on the Queensland coast in 1959
(Newman and Bath, 1959) was accompanied by heavy
rains and followed by an outbreak of A. planci in 1962
(Endean, 1973). The 1968 outbreak at Guam and the 1977
outbreak of Samoa followed heavy rains, but not strong
winds.

Role of Rainfall and Terrestrial Runoff

The main spawning season of Acanthaster planci south of
the equator is November—January (Lucas, 1973). The
main spawning season north of the equator is June—
August (Yamazato and Kiyan, 1973). In both regions,
these periods begin about a month after the beginning of
the rainy season. Field studies off Guam led Marsh (1977)
to conclude that phytoplankton blooms *...are usually
associated with the beginning of the rainy season. It is
probable that heavy rains coming after an extended dry
season wash a pulse of nutrients, especially phosphorus,
off the watershed and stimulate a bloom. Eventually, as
the most easily available nutrients wash off the land. the
runoff water becomes more dilute and the plankton bloom
in the bay dies out. With the onset of the dry season,
accumulation of easily leachable nutrients begins again on
the watershed and the seasonal cycle is repeated”. Marsh
(1977) noted that no phytoplankton blooms have been
observed in Pago Bay which has a_generally smaller
watershed and a lower input of groundwater than Tumon
Bay. Phytoplankton blooms have been recorded in Tumon
Bay as far back as the earliest Spanish occupation of
Guam (Marsh, 1977). Outbreaks of A. planci originating in
Pago Bay have not been seen. but outbreaks have origi-
nated twice at the north end of Tumon Bay, near San
Vitores cut, where Marsh did his study. Outbreaks of
A. planci generally seem to start around Agana and
Tumon Bays, large bays with large watersheds.

Phytoplankton blooms may be necessary for abundant
larval recruitment of Acanthaster planci. Lucas (1974)
determined that the greatest percentage of larval A. planci
survived to late brachiolaria stage at 5000 diatom
cells ml™. Marshall’s (1933) study is the only comprehen-
sive analysis of phytoplankton on the Great Barrier Reef
(Lucas, 1974). Marshall sampled phytoplankton for almost
a year and found most samples to contain phytoplankton
at very low concentrations, about 2 cells mI™. At irregu-
lar intervals, phytoplankton (mostly diatoms) reached
maximum concentrations of about 170 cells ml™*. These
phytoplankton densities are a small fraction of the mini-
mum densities required to support larvae of A. planci.

High Islands and Atolls

Marsh (1977) found that phytoplankton blooms around
Guam were associated with availability of nitrate-nitrogen
and reactive phosphorus. His values for nitrate-nitrogen
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levels around Guam., a high island, were over an order of
magnitude higher than those found by Webb e al. (1975)
around Enewetak, an atoll or low island. He found slightly
higher values of reactive phosphorus around Guam than
Pilson and Betzer (1973) found around Enewetak. He
predicted that reefs around high islands might generally
be more heavily influenced by terrestrial runoff of nutri-
ents than would low islands or atolls.

Cowan and Clayshulte (1980) found that the total
soluble inorganic nitrogen in waters surrounding all high
islands sampled (Kosrae, Ponape. Moen, Dublon, Yap,
and Koror) to be higher than in waters around any of the
atoll islands sampled (Majuro, Ebeye, Gugeegue). Except
for Yap, which had unusually low orthophosphate levels,
the waters around the high islands had higher calculated
potentials for phytoplankton blooms or biomass yields
than did waters around any of the atolls.

If phytoplankton blooms are more likely to occur
around high islands than around atolls because of nutrient
runoff following rains, and if phytoplankton blooms are
necessary for initial outbreaks of Acanthaster planci, then
we would predict that outbreaks should occur more
frequently around high islands or continents than around
atolls. Indeed, Okinawa (Nishihira and Yamazato, 1974),
Guam (Chesher, 1969 a. b), Palau (Birkeland, 1979), Truk
(Chesher, 1969b: Cheney. 1973), Ponape (Chesher, 1969b),
Upolu (Western Samoa, cf. Garlovsky and Bergquist,
1970), Tutuila (American Samoa, cf. Birkeland and
Randall, 1979). Rarotonga (Cook Islands, cf. Devaney and
Randall, 1973; Syme, 1980), Tahiti (Devaney and Randall,
1973) are all high islands and the initial outbreak at the
Great Barrier Reef appeared to have begun near the
continental coast of Queensland, Australia (ACR, 1975).
Outbreaks have been found around the high islands of
Palau (Chesher, 1969a,b; Marsh and Tsuda, 1973;
Birkeland, 1979) but not around Kayangel, the atoll of
Palau (Marsh and Tsuda, 1973).

To test the hypothesis of more frequent occurrence of
Acanthaster planci outbreaks around high islands, we can
analyze the data in Marsh and Tsuda (1973). Marsh and
Tsuda categorized islands as high islands or atolls and
ranked the abundance of A. planci on a scale from 1 to 6.
Conditions 1 and 2 were essentially normal conditions of
abundance of A. planci, Conditions 3 to 5 designated large
populations of A. planci, and Condition 6 indicated a case
in which A. planci was not actually seen but the coral
community appeared to have been influenced extensively
by predation. Condition 6 was excluded from the analysis
because of inadequate documentation. Further explana-
tion of this scale of ranking can be found in Chesher
(1969a) and in Marsh and Tsuda (1973).

Outbreaks of Acanthaster planci have a significant
tendency to occur around high islands and rarely around
atolls (Table 4). The two instances of abundant A. planci
on atolls (Table 4) might be disregarded for two reasons.
First, only one individual was actually seen on Kuop and
only a few were seen on Ant (Marsh and Tsuda, 1973).
These atolls were categorized in Condition 5 because the
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Table 4. Acanthaster planci. Results of surveys 1969 —1972, in
Micronesia. The data were tallied from Table 1 in Marsh and Tsu-
da (1973) and “normal” and “abundant” conditions are defined in
that reference.

High Low islands Total
islands  (Atolls)
Conditions | and 2 4 20 24
(normal densities of A. planci)
Conditions 3 to 5 19 2 21
(abundant A. planci)
23 22 45

x?ldjll]=2l'5 (P < 0.001)

“. .. reefs appeared to have been substantially killed off at
some time in the past” although there was “...not
convincing evidence that the kill was due to Acanthaster”
(Marsh and Tsuda. 1973). Second, both of the atolls were
very near the outer reefs of high islands and the initial
outbreaks could have occurred as a result of proximity to
the high islands. Kuop is 3km from the outer reefs of
Truk and Ant is [0km (and directly downstream) from
Ponape.

Other sources of evidence for a long-term tendency of
outbreaks of Acanthaster planci to occur around high
islands but not around atolls are the linguistics and
cultures of peoples from the respective island groups.
People from high islands remember previous outbreaks,
have traditional cures for punctures from A. planci, and
have species-specific names for A. planci (Flanigan and
Lamberts, 1981; Birkeland, 1981). People from atolls do
not remember previous outbreaks and refer to A. planci
with names that are general terms for starfish (Birkeland,
1981). Hypergeometric distribution analysis of names for
A. planci among island groups (Birkeland, 1981) indicates
a probability of less than 0.04 that the association of terms
for A. planci with high islands rather than atolls is a matter
of chance.

Water Residence Time in Lagoons

Kosrae and Ponape are high islands which have the
greatest potential for phytoplankton blooms of all of the
Carolines (Cowan and Clayshulte, 1980). Acanthasier
planci was common in Ponape just after World War Il and
in 1969 (Chesher, 1969a), in 1970, 1971, 1972 (Cheney,
1973; Marsh and Tsuda, 1973). and in 1979 (R. A. Croft,
personal communication), but it was not common in
Kosrae in 1973 (Wass, 1973) or 1979 (Eldredge eral,
1979). Ponape is surrounded by a lagoon which is enclosed
by a barrier reef. Kosrae is surrounded by fringing reefs.
Although the waters off Kosrae contain enough nutrients
to allow phytoplankton blooms (Cowan and Clayshulte,
1980), the waters probably move away from the island
before the phytoplankton have undergone enough cell
divisions to build up a standing crop sufficient to support
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larvae of A. planci. At Ponape, the lagoon may act as an
incubator with the water in the lagoon having a long
enough residence time to allow phytoplankton to build up
a standing crop large enough to support larvae of
A. planci. The dispersion of water could also thin out the
concentration of A. planci larvae as well as the food supply
of the larvae. Studies of fish larvae indicate that upwelling
of nutrient-rich water leads to phytoplankton blooms, but
the movement of the upwelling waters disperse food
organisms so that the food particles are too low in concen-
tration to support larval anchovy growth (Smith and
Lasker, 1978).

The populations of Acanthaster planci at Guam in-
creased originally at the northern ends of Agana and
Tumon Bays in both 1968 and 1979, but not in Pago Bay.
After heavy rains, the sediment flume is carried directly
out of Pago Bay and dispersed into the open sea. The
movements of waters on the reef flat at the north end of
Tumon Bay is sluggish and probably has a relatively long
residence time in the areas in which phytoplankton
blooms are observed (Marsh, 1977).

Owens (1971) showed that Acanthaster planci was
significantly more abundant on inshore fringing reefs of
the high island of Viti Levu, Fiji. than on the offshore
barrier reefs. D. L. Woodland (personal communication)
pointed out that the densities of A. planci given on Owen’s
(1971) survey map declined along a gradient from the
relatively rainy southeast [Suva, with about 120 inches
(305cm) per year] to the relatively arid northwest
[Lautoka, with about 30inches (76 cm) per year] on the
south coast of Viti Levu.

Discussion

Initial outbreaks of Acanthaster planci occur suddenly,
within a year, which implies that outbreaks originate from
especially successful larval recruitment during particular
seasons. Populations of adult A. planci do not appear to
build up to outbreak levels gradually over several years or
generations, a response which could result from release
from predation or competitive pressure. The magnitudes
of the initial outbreaks also imply that increases must
result from survival of larvae, where a small percent
increase in survival could produce great increases in
absolute numbers of adults. A. planci suddenly appear in
such numbers in so many localities in an area that major
outbreaks are difficult to attribute to behavioral aggrega-
tions.

Acanthaster planci were 25-35cm in diameter when
they first appeared in abundance in American Samoa
(Birkeland and Randall, 1979), Palau (Birkeland, 1979),
and Guam (Birkeland, unpublished observation). Juve-
niles were difficult to find: they apparently stay concealed
within the interstices of the reef. R. Caldwell (personal
communication) found juveniles under coral and rubble
fragments covered with crustose coralline algae at Phuket
(Thailand), at Moorea (Society Islands), in the Gulf of
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Chiriqui (Panama), and on the coast of Australia between
Cairns and Townsville. Lucas (1974) in Australia and
Yamaguchi (1974) on Guam each raised A. planci from
the egg to the juvenile stage and independently obtained
similar growth curves. Analysis of size frequency data
from field studies by Kenchington (1977) gave growth
curves compatible with the information from laboratory
studies by Lucas (1974) and Yamaguchi (1974) and also
with field experiments of Pearson and Endean (1969).
Although size classes are very poor indicators of age
classes in asteroids (Mead, 1900), results from these four
studies provide the best estimate available and indicate
that A. planci requires about three years to reach 25-
35 cm diameter.

The initial outbreak of Acanthaster planci in Samoa
occurred on both sides of Tutuila and on Upolu, 59 km
away (Birkeland and Randall, 1979). The outbreak at
Palau occurred in at least two locations, separated by a
long island (Birkeland, 1979). Therefore, I looked for
meteorological events because they would cover areas of
this magnitude. An examination of weather records
produced a significant association between initial out-
breaks of A. planci and unusually heavy rains 3 yr previ-
ous, but heavy rains (>100 cm per spawning season) was
too general a category for predictive value. Therefore, [
examined those situations which would facilitate nutrient
runoff and found a very significant association between
heavy rains (>100cm in spawning season) following
droughts (<25 cm of precipitation in 4 months prior to the
spawning season) or intensive rains (>30 cm in 24 h) and
outbreaks of A. planci 3 yr later.

If nutrient runoff is the ultimate cause of Acanthaster
planci outbreaks, then land-clearing activities by humans
should increase the chances of outbreaks (Nishihira and
Yamazato, 1974; Pearson, 1975). Although land-clearing
for agriculture and urban development could conceivably
facilitate nutrient runoff to the point of increasing the
frequency of outbreaks of 4. planci in the future, there is
no direct evidence in my studies for this having occurred.
This is concluded because outbreaks probably have been
occurring for hundreds of years (Frankel, 1977) and the
sites of the two most intensive outbreaks on record
(Table 1), American Samoa and Palau, are in relatively
pristine areas, isolated from any agricultural, industrial, or
urban land-clearing activities (Birkeland and Randall,
1979; Birkeland, 1979).

Lucas (1973) demonstrated that survival of larvae of
Acanthaster planci increased as the salinity was lowered to
30%0 S. According to Pearson and Lucas (in: Advisory
Committee on Research, 1975), “. .. the right combination
of heavy run-off (lowering salinity), light wind conditions
(preventing mixing with more saline water) and an abun-
dance of A4. planci larvae could lead to a high survival rate
in larvae and subsequent expansion of juvenile and adult
populations”. Pearson (1975) found optimal salinity levels
for development of larval A. planci as a result of terrestrial
runoff into reef waters near the coast of Queensland where
infestations were common.
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Heavy runoff may be favorable to the survival of
larvae of Acanthaster planci, but the main benefit of the
runoff is not the lower salinity itself (a proximate adapta-
tion), but the ultimate increase in nutrients (nitrate-
nitrogen and reactive phosphates) which stimulate phyto-
plankton blooms (Aleem, 1972; Marsh, 1977) which, in
turn, provide food for the larvae. The spawning season of
A. planci coincides with the beginning of the rainy season.
The larvae are adapted to relatively low salinities (30%o S)
in which ample nourishment most probably occurs.
Himmelman (1975, 1978, 1980) presented evidence from
both controlled laboratory experiments and field observa-
tions which indicated that phytoplankton induced spawn-
ing in chitons and the echinoid Strongylocentrotus droe-
bachiensis.

Many coastal marine invertebrates with planktotrophic
larvae show irregular recruitment (Coe, 1956). They may
generally be related to terrestrial nutrient runoff. Sutcliffe
(1972, 1973) showed that correlations exist between the
amounts of land drainage or river discharge and bivalve,
fish, and lobster catches. As with the 3-yrlag between the un-
usual terrestrial runoff and the appearance of an outbreak
of adult Acanthaster planci, the correlations of river dis-
charges with commercial catches are found if lag periods
are included to account for the time that is required for
the animals to grow to commercially harvestable size. The
timing of the runoff is important. Sutcliffe found the
runoff data must be taken from early in the reproductive
season for each species under consideration, just as we
must remember that relevant rainfall data for the 4. planci
study are 6 months apart on the two sides of the equator
because of the different reproductive seasons in the two
hemispheres. Sutcliffe (1973) found that the major effect of
land drainage was in increased production of larval stages,
probably through increased primary production. The
degree of correlation was highest for the earliest larval
stage and decreased with increasing larval stages. Ben-
Tuvia (1960) and Chidambaram and Menon (1945)
showed positive correlations between abundances of ju-
venile sardines and rainfall during the preceding peak
spawning season. Aleem (1972) found that when nutrient
concentrations in the Nile flood water decreased, the
phytoplankton blooms associated with the flood disap-
peared and, consequently, the fisheries catches decreased
to 3.7% of their former level.

Loosanoff (1964), from 25 consecutive years of ob-
servations, showed that the abundance of adult Asterias
forbesi (starfish) and the size of sets had no predictive
relation to each other. Individual female Acanthaster
planci can produce hundreds of thousands of eggs. When
conditions favoring abundant larval survival occur, the
high reproductive potential of even a few adult A. planci
may allow the production of a massive settlement of
juveniles. In fisheries studies, there is often no correlation
between the size of the reproductive stock and the size of
the resultant year class (Lasker, 1978). Larval survival and
the size of the resultant year class may be predicted more
reliably from availability of larval food (Hjort, 1926; May,
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1974; Lasker,
Kramer, 1979).

It might be contended that phytoplankton constitute
only a minor fraction of the organic matter in seawater
anywhere and organic detritus might be more important
as a source of larval food in nature. However, larvae may
rarely, if’ ever, starve in nature; quality and quantity of
larval food may only influence rate of development.
Methods for determination of age of larval anchovy have
shown that growth of anchovy in the sea is always faster
than the growth of anchovy on limited rations in the
laboratory (Methot and Kramer, 1979). If larvae survive,
then they have apparently obtained enough food for rapid
growth. The slower growing and presumably weaker
individuals may never actually die of starvation. but may
be more susceptible to predation.

Plagues of insects in the tropics may also be related to
rainfall pattern and added nutrition for larvae, although
for different reasons. White (1976) reviewed the literature
for 7species of locusts from around the world and found
that very young locusts usually have an inadequate or too
thinly dispersed food supply. Most individuals die before
reaching maturity. When there are periods of alternating
unusually dry and wet seasons, the food supply becomes
more favorable for the very young locusts. An increased
survival of very young locusts later results in a plague.
Parasites and predators have little influence on their
abundance; the determining factor is added nutrition for
early instars which results from extreme changes in rainfall
patterns. Wolda (1978a) presented evidence that fluctua-
tions in populations of tropical herbivorous insects were
strongly affected by irregularities in rainfall. I suggest that
this situation is generally the same for shallow-water
marine invertebrates with planktotrophic larvae. Out-
breaks occur when runoff of terrestrial nutrients coincide
with the reproductive season of the marine invertebrates.

It is sometimes asserted that “... pronounced short-
term fluctuations in population densities are not features
of the population ecology of specialized coral reef species
and Acanthaster planci can be shown to be such a
specialized coral reef species” (Endean, 1977). The defi-
nition used for the term “specialized” (Endean, 1974)
is not definitive enough to clearly include or exclude most
species. but if we consider tropical marine invertebrates
with planktotrophic larvae. we find that many species are
characterized by great year-to-year fluctuations in recruit-
ment success. Frank (1969) characterized tropical gastro-
pods as being long-lived with irregular reproductive
success. Marsh eral. (1977) noted that an extensive settle-
ment of Diadema setosum and Echinothrix diadema oc-
curred in 1973 and the abundant year class of 1973 was
still prevalent in 1977 (and perhaps longer). Outbreaks of
A. planci have received more attention than have out-
breaks of other species because of the spectacular effects
the A. planci outbreaks have on the coral reef communi-
ties. Many species with planktotrophic larvae may be
characterized by an occasional year of abundant recruit-
ment followed by several years of very sparse recruitment.

1975, 1978; Arthur, 1976; Methot and
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The abundant recruitment comes at different times for
different species, possibly because of different combina-
tions of factors favoring larval development and successful
settlement for each species. Similarities in larval biology
alone, however, does not necessarily produce similar
patterns of reproductive success. The survival rate of the
very similar lecithotrophic brachiolaria larvae of Mediaster
aequalis and Hippasteria spinosa was about the same, but
H. spinosa has much greater percent mortality shortly after
metamorphosis in both field and laboratory (Birkeland,
1974),

Endean (1977) argued that infestations of Acanthaster
planci were not periodic or cyclic because coral reef
systems are regarded as having “. .. a particularly stable or
predictable organization because they are biologically
accomodated”™. I suggest that coral reef systems might

fluctuate as do temperate marine systems, but the fluctua-

tions of small motile invertebrates have been unnoticed
and unstudied while the fluctuations in coral and sponge
populations are on a long-term time scale because of the
longevity of individuals. Tropical insect populations were
assumed (o fluctuate less than temperate insect popula-
tions on the basis of the diversity-stability hypothesis,
Once comparative data were obtained from the tropical
rain forest (Wolda, 1977, 1978b), it was found that there
was no empirical basis for the theoretical assumption of
less fluctuation of invertebrates in tropical rain forests.
The same might hold for coral reef systems.
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