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LARVAL INVERTEBRATE WORKSHOP

LONG-DISTANCE DISPERSAL BY PLANKTONIC LARVAE OF
SHOAL-WATER BENTHIC INVERTEBRATES AMONG

CENTRAL PACIFIC ISLANDS

Rudolf S. Scheltema

ABSTRACT
The geological origin of central Pacific islands by volcanic activity at "hot spots" through

a pre-existing ocean floor requires that their original colonization by invertebrate organisms
must have resulted from long-distance dispersal. It is proposed that among most tropical,
shoal-water, sediment-dwelling invertebrates such dispersal was largely accomplished by
means of planktonic larvae. Evidence to support this hypothesis comes from plankton samples
taken in the area bounded by 1400E to 1400W longitude and from 400N to 40"S latitude which
show that larvae ofa wide variety of benthic invertebrates are found in the epipelagic waters
of the tropical Pacific, including but not restricted to gastropod and bivalve molluscs, sipun-
culans, polychaetes, echinoderms and brachyuran decapod crustacea. Data from drift bottles
in the South Equatorial Current give a model surface velocity between 20 and 25 km day-I,
enough to account for dispersal of teleplanic larvae for at least 2,000-4,000 km over the 3-
6 months' period of their pelagic existence. The number oflarvae that may be successfully
transported between islands will depend on (a) the number that "escape" the influence of the
"parent" or donor island, (b) the mortality oflarvae during transport, and (c) the chance that
larvae that encounter an island survive to reproduce. It is estimated on the basis of drift-
bottle returns (assuming a 1% survival) that once a larva is entrained in the South Equatorial
Current, its chance of encountering an island is about 3 x 10-4 (ca. I in 3,300). Fecundity
(usually large insofar as known) and the size of the "parent" population (difficult to estimate)
must also importantly influence the frequency of exchange between islands by teleplanic
larvae. The relatively low endemism and attenuated Indo-Pacific faunas found on central
Pacific islands support the hypothesis that there is not only (a) sufficient capacity for dispersal
to colonize new islands as they appear, but also (b) that dispersal and the attendant gene flow
between islands is frequent enough to account for the persistence of most shoal-water, sed-
iment-dwelling Indo-Pacific species (rather than the allopatric speciation and high endemism
found among many terrestrial forms). Data on the dispersal of particular species in conjunction
with information on their genetic variation between islands is required to further test such
an hypothesis.

That planktonic larvae are transported over long distances by ocean currents
has been firmly established for a wide variety of warm-temperate and tropical
benthic invertebrates (Mileikovsky, 1966; 1968; Robertson, 1964; Scheltema,
1964; 1968; 197Ia). This knowledge has been acquired through direct observa-
tions of planktonic larvae in the epipelagic waters of the open ocean. Included
have been the cerianthula and sempers larvae of coelenterates; the metatrocha,
chaetosphera, mitraria and rostraria larvae of polychaetes; bivalve and gastropod
veligers; zoea and megalopa ofbrachyuran crabs; stomatopod larvae; the nauplii
and cyprid larvae of cirripeds; pluteus, bipinnaria and auricularia larvae of echi-
noderms; and the tornaria larvae of Enteropneusta. I Among those whose dispersal

, Coe/enlermes-Leloup, 1964; Scheitema, 1968; 1971a; Po/ychaeles-Hiicker, 1898; Scheltema, 1971a; 1974; Sipuncu/ans-Hiicker,
1898: Scheltema and Hall, 1975: Diva/I'es-Allen and Scheltcma, 1972; Scheitema, 1971c; Simroth, 1896; Thiede, 1974; Gaslropods-
Laurscn, 1981; Lebour, 1945: Scheitema, 1971b; 1977; 1978; 1979; Simroth, 1895; Thorson, 1961; Drachyuran Decapods-Evans,
1961; Rice, 1970; S/Omalopods-Lebour, 1934; Cirripeds-Roskcll, 1975; Scheitema and Cariton, 1984; Echinoderms-Monensen,
1898; 1913; Scheitema, 1977; EllIeropneusla-Bjornberg, 1955; Hadfield, 1978; Scheltema, 1970.
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has been most extensively studied are the larvae of gastropods because their
veligers can be identified by indirect means through comparison ofthe larval shell
with intact proto conchs of identified juvenile or adult museum specimens (Thor-
son, 1950; Shuto, 1974; Scheltema, 1977; Jablonski and Lutz, 1980).

Most invertebrate larvae captured in open waters of the North and South
Atlantic Ocean and subsequently held in laboratory culture retained their com-
petence to settle and metamorphose. Veligers of certain gastropods (e.g., Archi-
tectonicidae, Cymatiidae) and bivalves (e.g., Pinnidae), the metatrocha larvae of
chaetopterid polychaetes (e.g., Chaetopterus, Phyllochaetopterus), the pelago-
sphera larvae ofsipunculans (e.g., Sipuncula, Aspidosipha, etc., Rice, 1981; Hall
and Scheltema, 1975), the tornaria larvae of hemichordates (e.g., Ptychodera),
and the zoea and megalopa larvae of various oxystomatid crabs (e.g., Calappa,
Raninoides) survive and metamorphose in culture when removed from open ocean
plankton samples (unpubl. obs. unless noted above).

In the laboratory Strathmann (1978) showed that the larvae of many species
of echinoderms, including holothuroideans, asteroids, ophiuroids, and echinoids,
can delay metamorphosis for long periods of time; for example, plutei of the
echinoid Allocentrotus fragilis delayed settlement for 252 days. Kempf (1981)
found that veligers of the opisthobranch Aplysiajuliana could attain competence
to settle after only 28 days, but were able to delay settlement and retain the ability
to metamorphose up to 311 days in the absence of an appropriate environmental
cue for metamorphosis. Survival of A. juliana larvae in the natural environment
is apparently sufficient to account for its wide Indo-West Pacific distribution.
Many other larvae found in the epipelagic waters of the open ocean very likely
will also be found to settle and metamorphose when provided with an adequate
surface and the proper cues. Larvae that delay settlement and that have morpho-
logical and physiological adaptations for a long planktonic life (e.g., Cymatiidae,
Richter, 1984; Pechenik et aI., 1984) are termed "long distance" (Thorson, 1961)
or teleplanic larvae (Scheltema, 1971b, p. 12, from teleplanos, Gr., far wandering).

Owing to their geologic origins, oceanic islands present a singular opportunity
for investigating the role of long-distance dispersal for the biogeography of
sublittoraF invertebrate species. The Central Pacific or Polynesian islands all have
arisen on the large Pacific plate from volcanic activity and therefore show discrete
discontinuities with the sea floor from which they arise. Differences in age of
islands along a chain are the result of their sequential formation as the Pacific
plate moved toward the northwestward (e.g., the Hawaiian archipelago, Dalrymple
et aI., 1973) and passed over "hot spots" resulting from convection currents within
the earth's mantle (Morgan, 1972). Since the sea floor pre-dates the origin of all
Polynesian island arcs, no connection can have ever existed with continental land
masses, and hence colonization can only have come about as the result of some
form of long-distance dispersal. There are two principal ways that long-distance
dispersal may occur among benthic invertebrates across otherwise impassable
biogeographic barriers; these are (1) rafting (Scheltema, 1977, p. 91; Scheltema
and Carlton, 1984) under which will also be included "island integration" (Ro-
tondo et aI., 1981), and (2) the transport of planktonic larvae on ocean currents
(Scheltema, 1971a). Anecdotal evidence exists for rafting of a variety of inver-
tebrate taxa (Highsmith, 1985; Scheltema, 1977). Especially interesting recent
documented instances are the dispersal of sexually mature polyps of the herma-

2The term "sublittoral" is llsed here as in Hedgepeth (1967, p. 18, fig. I) 10 include those species that occur subtidally to approximately
200 m. As oceanic islands do not have shelves, the terminology of Ekman (1953, Chapter I), "warm-water fauna of the shelf," is
inappropriate.
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typic coral Porites on drifting pumice (Jokiel, 1984) and the transport of intertidal
and sublittoral mollusks on the carapace of marine turtles (Frazier et aI., 1985).

Clonal species (e.g., compound ascidians) usually have either a very short plank-
tonic stage (often less than an hour) or completely lack a free-drifting larva, yet
many have very wide geographic ranges (Jackson, 1986). Because clonal benthic
forms usually attach to hard substrata they include those species that are most
likely to be rafted. On the other hand, among infaunal species, only few are likely
to be rafted since most are unable to survive outside of sediments for protracted
periods. Some epibenthic species have the possibility for more than a single mode
of transport (e.g., barnacles, serpulids, oysters, small gastropods, etc.) and may
be dispersed by either rafting or planktonic larvae.

This paper is not concerned with rafting but rather deals with the evidence for
long-distance dispersal of planktonic larvae and its possible consequences for the
geographic distribution of shoal-water sublittoral invertebrate species among cen-
tral Pacific islands. Specifically, I (1) demonstrate that larvae ofa wide variety of
benthic invertebrate taxa actually occur in surface waters of the central Pacific
Ocean and are available to colonize oceanic islands; (2) give evidence from the
literature that shows that the currents are sufficient to account for the transport
of such larvae over long distances and between islands; (3) consider the probability
that a larva will encounter an island once entrained within an Equatorial Current;
and finally (4) argue that the exchange oflarvae between the populations of various
islands is very likely sufficient to account for the low endemism of shoal water,
sediment-dwelling invertebrate species of the central Pacific islands.

METHODS

Data on the occurrence of teleplanic larvae in the Pacific are based on 210 oblique plankton tows
collected over a period of 26 years between 1953 and 1979. Recent samples specifically taken for the
present studies consisted of 36 20-min oblique tows with nets ofO. 75 m diameter from approximately
150 m to the surface on a voyage of the R/V KNORRbetween Wellington, New Zealand and Honolulu,
Hawaii from 18 January to 8 February 1979 (Scheltema and Williams, 1983). These samples were
reduced to a volume of 0.5-1.0 liter, depending upon the quantity of zooplankton taken, and subse-
quently preserved in 10% formalin with sodium borate added to control pH. Detailed data for the
above cruise of the R/V KNORR (Cruise 73) can be found in the archives of the Woods Hole Ocean-
ographic Institution or at the National Oceanographic Data Center. The remaining 174 samples came
from the plankton collections of the Scripps Institution of Oceanography and lie within the region
bounded by 140·E to 140·W longitude and 400N to 40·S latitude. The detailed data for these collections
are given by Snyder and Fieminger (1965; 1972). The samples selected were all obtained by oblique
tows with plankton nets of I m diameter. Material was examined from the following expeditions: (I)
Transpac, November 1953, Snyder and Fieminger, 1965, p. 49, Chart 8,15-25 min, 110-150 m
depth, Sta. 123A-136A incl. (2) Capricorn, November-January 1952-1953, Snyder and Fieminger,
1965, p. 39, Chart 12,25-30 min, 200 m depth, Sta. 1-17 incl. (3) Troll, March 1955, Snyder and
Fleminger, 1965, p. 63, Chart 25, 15 min, 200 m depth, Sta. OA-5A; 7; 8A-16A. (4) Equapac (R/V
HORIZON),August 1956, Snyder and Fleminger, 1965, p. 78, Chart 8, 0.5 h, 400 m depth, Sta. 2-41
incl. (5) Equapac (R/V STRANGER),August-September 1956, Snyder and Fleminger, 1965, p. 79, Chart
8, 15 min, 140 m depth, Sta. 1-46 incl. (6) Monsoon, September 1960; March-April 1961, Snyder
and Fleminger, 1965, p. 105, Chart 36-37, 30 min, ca. 200-300 m depth, Sta. 3-5; 34-40 incl. (7)
Circe, April 1968, Snyder and Fleminger, 1972, p. 28, Chart II, 15 min, ca. 200 m, Sta. 1-8. (8) Scan,
June-July 1969, Snyder and Fleminger, 1972, p. 122, Chart 39, 15 min, 200 m depth, Sta. 4-6, 40P,
450,460,490, Leg IV; 1-8 Leg V. (9) Antipode, August 1970, Snyder and Fleminger, 1972, p. 9,
Chart 5, 0.5 h, Sta. 4, Leg IV. In all instances, the entire sample was sorted under a Wild stereomi-
croscope at 12 x magnification.

RESULTS

A summary of the relative frequency at which major taxa of invertebrate larvae
are found in the central Pacific (Table 1) shows an essential similarity to that of
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Table I. Percentage occurrence of planktonic larvae of benthic invertebrate taxa in surface waters
of the Central Pacific Ocean (Based on 210 stations shown in Figs. 1-4)

Taxon and larvallype

Sipunculan pelagosphera
Gastropod veliger
Polychaete "chaetosphera," metatrocha, etc.
Brachyuran zoea and megalopa
Bivalve veliger
Enteropneust tomaria
Echinoderm (pluteus, bipinnaria, auricularia)
Phoronid actinotrocha

No. stations

171
163
126
106
99
51
29

5

Percentage occurrence

81.4
77.6
60.0
50.5
47.1
24.3
13.8
2.4

the tropical Atlantic Ocean, with gastropods and sipunculan larvae the most
common in both oceans (Scheltema, 1971a). These two taxa, wherever they occur,
include species that have teleplanic larvae either morphologically and physiolog-
ically adapted fOf a delay in settlement and a long planktonic life.

Among gastropod veligers found in the Pacific (Table 2, Fig. 1), the 12 most
common families are also represented in the Atlantic. Indeed, some species be-
longing to families appearing in Table 2 either occur or have analogs in the
Atlantic. Among the bivalves (Fig. 1) there are also similarities. For example, the
veligers of the Pinnidae and Teredinidae commonly occur in samples from both
oceans (Scheltema and Williams, 1983). A common bivalve encountered is
"Planktomya henseni," a form which occurs in tropical waters throughout the
world. The larva (perhaps to more than one species) is of the superfamily Lep-
tonacea and probably the family Montacutidae (=?Sportellidae) (Moore, 1983).
It has not been possible to induce Planktomya henseni to metamorphose in the
laboratory; however, members ofthe Montacutidae are all commensal, and prob-
ably will not settle without the presence oftheir host species. Larvae of the family
Pinnidae have been previously reported in Polynesian waters (Scheltema and
Williams, 1983).

Pelagosphera larvae of sipunculans were found at more than half the locations
(Fig. 2); most appear to belong to the same "forms" (possibly genera) as those in
the Atlantic. Although living sipunculan larvae from plankton samples are readily

Table 2. Gastropod families whose veliger larvae are commonly found in surface waters of the
Central Pacific Ocean (Based on 210 stations shown in Fig. I)

Taxon

All gastropods
Architectonicidae
Cymatiidae
Naticidae
Neritidae
Cypraeidae
Thaididae
Triphoridae
Coralliophilidae
Bursidae
Tonnidae
Strombidae
Other*

No. stations

163
88
63
42
28
27
25
23
19
12
11
II

129

Percentage occurrence

77.6
41.9
30.0
20.0
13.3
12.9
11.9
11.0
9.0
5.7
5.2
5.2

61.4
• Includes: Cassidae, Columbellidae, Cerilhiidae, Turridae, Ovulidae, Conidae, Litiopidae and Muricidae at <3% of all slalions.
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Figure 1. Distribution of epipelagic gastropod and bivalve veligers from 210 plankton tows taken
in the central and west Pacific Ocean. For families represented see Table 2. Symbols are defined at
lower right.

maintained to settlement in the laboratory, their identification presents a difficult
problem owing in part to their morphologic plasticity and to changes during post-
larval ontogeny.

Families of polychaetes whose teleplanic larvae are most commonly found in
the central Pacific include Spionidae and Chaetopteridae (Table 3, Fig. 2). "Chae-
tosphera" larvae (Hacker, 1898) ofSpionidae, common in the Atlantic (Sche1tema,
1971a, fig. 5), are also abundant from the central Pacific. According to Bhaud
(1984) at least six kinds of "chaetosphera" larvae which can be referred to the
genus Scolelepis are found off New Caledonia. The Chaetopteridae include the
genus Chaetopterus and probably also Phyllochaetopterus and Spiochaetopterus;
the latter two genera must be confirmed by inspection of the modified seta of the
4th segment using scanning electron microscopy (Bhaud, 1978; Scheltema, 1974).

Ophiopluteus, echinopluteus and bipinnaria larvae of ophiuroids, echinoids,
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Figure 2. Distribution of epipelagic polychaete and sipunculan larvae from 210 plankton tows taken
in the central and west Pacific Ocean. For families represented see Table 3. Symbols are defined at
lower right.

and asteroids, respectively, are found in the North and South Equatorial Currents
of the Pacific (Fig. 3) (Mortensen, 1898; Scheltema, 1977, shows Atlantic distri-
bution of echinoderm larvae). The skeletal elements of plutei can be used to
identify some genera and species (Mortensen, 1921 and subsequent papers), but
these structures do not preserve well in samples with a low pH. Most ofthe larvae
from the older Scripps samples examined are therefore not identifiable.

Finally, the locations at which zoea and megalopa larvae of decapod crustacea
were recorded in tropical epipelagic waters of the Pacific are shown in Figure 4.
Families included, but were not restricted to, Calappidae, Raninidae and other
oxystomatids; Dromiidae, Portunidae and Grapsidae. These families are among
those known to include widely distributed tropical Pacific species (Yaldwyn, 1973).

The evidence shown in Figures 1 through 4 and summarized in Tables 1 through
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Figure 3. Distribution of epipelagic bipinnaria, echino- and ophiopluteus larvae from 210 plankton
tows taken in the central and west Pacific Ocean. Symbols are defined at lower right.

3 demonstrates that larvae of a wide variety of benthic invertebrate taxa actually
occur in surface waters of the central Pacific Ocean.

DISCUSSION

The relationship between passive long-distance dispersal by planktonic larvae
and the geographic distribution of benthic invertebrates in the tropical Pacific has
been the subject of considerable intermittent speculation (Ekman, 1953; Garth,
1966; Zinsmeister and Emerson, 1979; Horikoshi, 1982). Most of these discus-
sions have been based on inferences from or the knowledge of other regions (such
as the Atlantic); practically no direct evidence existed for the transport of inver-
tebrate larvae in tropical Pacific waters (Marumo and Kitou, 1956; Scheltema
and Williams, 1983). The data presented here show not unexpectedly that larvae
of a wide variety of benthic invertebrate taxa do indeed occur in the epipelagic
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Figure 4, Distribution of epipelagic zoeae and megalopae of brachyuran decapod crustaceans from
210 plankton tows in the central and west Pacific Ocean. Symbols are defined at lower right.

of the central Pacific and that potentially may provide a means for colonization
of newly formed islands as well as for genetic exchange between shoal-water
benthic populations of existing islands. Successful dispersal of larvae between
islands will depend in part also upon (1) the proximity of islands to one another,
and (2) the position of islands with respect to ocean currents.

Although it is quite impossible to follow individual larvae over long distances
at sea, one can nonetheless, from knowing the location of its capture, gain an
insight about the probable origin as well as the route a larva may have taken had
it remained adrift. Since larvae can only be carried "downstream" along an ocean
current, the direction and rate of transport can be predicted, although only ap-
proximately, from a knowledge of the net direction and velocity of surface currents.

The Pacific circulation forms two very large anti-cyclonic gyres, one in the
northern and the other in the southern hemisphere (Knauss, 1966; Warren, 1966).
Their tropical portions are designated the North and South Equatorial Currents,
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Table 3. Polychaete families whose larvae are commonly found in surface waters of the central Pacific
Ocean (Based on 210 stations shown in Fig. 2)

Taxon

All polychaetes
Spionidae
Chaetopteridae
Amphinomidae
Sabellariidae
Other*

·Owcniidae and other families at <3% ofstalions.

No. stations

126
73
50
30
6

53

Percentage occurrence

60.0
34.8
23.8
14.3
2.9

25.2

respectively, and flow from east to west across the tropical Pacific. Between these
two westwardly flowing currents the Equatorial Countercurrent moves in the
opposite sense, from west to east. Beneath the South Equatorial Current, centered
at approximately the equator and at depths exceeding 50 m down to about 200-
300 m, the Equatorial Undercurrent or Cromwell Current flows from west to east
toward Central America. The actual details of the surface circulation are, of course,
much more complex, and there are also known to be seasonal differences, par-
ticularly in the Countercurrent (Pilot Charts, U.S. Hydrographic Office).

From this rudimentary description of the tropical Pacific circulation given
above, it is possible to understand how a larva can be carried from east to west
on the North and South Equatorial Current and from west to east on either the
Equatorial Countercurrent or the Equatorial Undercurrent. Even though larvae
may be temporarily diverted into minor eddies their net drift will follow this
major pattern of circulation. Only vertical changes made by the larvae can make
any difference in the net direction of their transport.

Drift bottle data provide (1) an integrated estimate of the mean rate of surface
transport and (2) an estimate for the likelihood that an object passively drifting
in the sea surface, such as an invertebrate larva, will ultimately encounter an
island or continental coastline. Data from returns of drift bottles released in the
epipelagic waters of the central Pacific have been published by Barkley et al. (1964,
pp. 20-22). Considered here are only those releases made outside the influence
of the Hawaiian Islands, that is south of 18°N latitude, which included 80 locations
and a total of 2,127 bottles. Data on the returns are summarized in Table 4;
Figure 5 shows all positions where bottles were released. The mean rate of transport
computed from Table 4 for bottles that were returned was 27.0 km day-I, and
ranges between 4.1 and 66.5 km day-I. The modal value falls between 20 and 25
km day-I. There is no apparent relationship between the rate of transport and
distance traversed; for bottles that drifted> 2,000 km the rate is 26.5 km day-I,
whereas for those that drifted <2,000 km the rate is 27.5 km day-I. If the modal
value is applied to an object drifting passively on the surface, about 44 days will
be required for it to be transported 1,000 km in the South Equatorial Current.
Teleplanic larvae have been held in the laboratory for 3-6 months (some even
longer) and such larvae in theory could have drifted from 2,000 to 4,000 km in
the surface waters of the South Equatorial Current. The estimates for mean surface
transport from drift bottles are likely to be conservative because (1) the route
taken by a bottle is not precisely known but is usually longer than the great circle
distance upon which the calculations in Table 4 are based, and (2) the time elapsed
between stranding and the recovery of a bottle varies and is unavoidably added
into any calculation of rate of transport, leading to an underestimate.
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Table 4. Positions of release, point of recovery and mean rate of transport for drift bottles released
in the central Pacific Ocean·

Rate of
Dislancet Dayst drift

drifted to re· (km
Position of release Point of recovery (km) covery day-I)

6°18'N, 175°33'W (34) 7"31'N, I 52"05'E; Onari Is. 3,573 208 17.2
7°1O'N, 171°13'E; Ine, Amo Atoll 1,463 74 19.8

2°52'N, 179°34'W (37) 5°19'N, 162°59'E; Tafunsak, E. Caroline Is, 1,954 79 24.7
3°08'N, I72°54'E; Makin Atoll, Gilbert Is. 837 15 55.8

1033'N,171"OI'E (38) 1°24'S, 138°45'E; St. Mathias, New Guinea 4,486 86 52.2
7°25'N, 151°47'E; Epitar, Caroline Is. 3,180 122 26.1

0014'N, 177°44'E (39) 0055'N, I73"00'E, Maiana, Gilbert Is. 532 8 66.5§
532 13 40.9
532 34 15.6

0°56'5, 176°22'E (40) 7°47'S, I 56°22'E; Vella Lavella, Solomons 2,341 257 9.1
5"00'5, I 55°20'E; Green Is., New Guinea 2,376 57 41.7
2°40'S, 147"00'E; Nihau Is., Manus, New Guinea 3,265 86 38.0

10"28'8, 150"30'E; Finschhafen, New Guinea 3,047 230 13.2
2°25'S, 175°11'E (41) 5°1O'S, 154°30'E; Bougainville, New Guinea 2,493 58 43.0
3°27'S, 173°10'E (42) I 1025'S, I52"00'E; Conflict Group, Papua 2,493 238 10.5

10049'S, I65°57'E; Nambalue, Santa Cruz Is. 1,140 147 7.8
4°57'S, I 72°35'E (43) 8°21'5, 162°40'E; Sikaiana, Solomon Is. 1,158 97 11.9
2044'S, 159°34'W (46) 1043'S, 142°54'E; Wulvulu Is. 1,854 454 4.1
70s, 142°W (WHOI) 5°30'S, 145°45'E; Madang, Papua New Guinea 7,975 569 14.0
• Data from Barkley et aI., 1964, pp. 20-22, Cruise 55, R/V CHARLESH. GILBERT.Numbers in parentheses after the position of release
refer to station numbers in original source. Source oflast entry (WHOl) from "Anonymous, 1982" (see Literature Cited).
t "'Distance drifted" is the "great circle" or shonest distance, usually underestimates the actual distance.* "Days to recovery" overestimates the number of days adrift since there is a variable and unknown time interval between stranding
and recovery of bottles.
§ Includes II bottles treated as one observation.

Twenty-eight or 1.3% of the 2,127 bottles released were eventually recovered
on islands (Table 4; "WHOI" bottle has not been included in calculations because
it is not known whether other bottles were cast at this location at the same time).
All these recoveries were from bottles released in the South Equatorial Current
between January and early April. If the frequency of returns is computed solely
on the 980 bottles released in the South Equatorial Current, then the percentage
becomes 2.9%. This estimate for the stranding of drift bottles is probably con-
servative for a variety of reasons, e.g., many returns may not be reported because
the finders could not read the card written in English inside the bottle or had no
way to post a reply. Nonetheless, from the frequency of returns it can be proposed,
as an hypothesis, that once entrained within the South Equatorial Current, the
odds that a larva encounters an island (other factors disregarded) lies between 2
to 3%.

Such an estimate does not take into account losses from mortality by predation
or disease. However, few published estimates exist of predation on larvae in
natural populations (Mileikovsky, 1959), and the diseases oflarvae, such as fungi,
are mostly known from contamination of laboratory cultures.

Even when mortality is very high, the frequency at which larvae reach islands
may, nonetheless, be significant because this number depends also on the number
of larvae entrained into the current system and thus on (1) the fecundity of a
species and the size of the source population, and (2) the chance that a larva will
escape the local circulation around an island and get carried out to sea to enter
the ocean circulation.
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Figure 5. Locations of drift bottle release and recovery in the central and west Pacific Ocean. (Data
from Barkley et a1., 1964; R/V CHARLESH. GILBERT,cruise #54, Sta. 54-12 through 54-43; cnlise
#55, Sta. 16 through 63). Lines connect points of release and recovery and suggest possible routes of
surface transport. Data on distance and rate of transport are given in Table 4. Bottles along transect
"a" were released between the end of September and the beginning of December 1961; there were no
recoveries. Bottles along transect "b" were released in January 1962; recoveries were obtained from
8 of the 28 points of release (28.6%). However, all came from 10 release points between 6°N to 50S
latitude, where the transect crosses the South Equatorial Current. Bottles along transect "c" were
released between the last week in March and first week in Apri11962; recoveries were obtained from
only I of the 20 points of release (shown by dashed line). This return was from I of 8 release points
within the South Equatorial Current. Forty bottles were released at each of the locations along the
three transects except where closely spaced near the Hawaiian Islands; here 10 were released. Location
"d" indicates a single release point northwest of the Marquesas Islands (Anon., WHOI, 1981) made
by E. A. Balloch in January 1981. See text for discussion.

The fecundity of species with teleplanic larvae, in the few instances where this
is known, is generally quite high. Wilson (1985, p. 76) notes that some tropical
cowries (Cypraeidae) may have from 10,000 to 500,000 veligers from a single egg
mass. Tun shells (Tonnidae) have large egg masses with 300,000-600,000 ova
(Scheltema, 1971b, for references). Thais haemastoma, a thaidid with a teleplanic
veliger, produces 500,000 larvae per year (Butler, 1954). However, the fecundity
of most invertebrate species with teleplanic larvae is not precisely known.

The question of retention of invertebrate larvae around oceanic islands and
their subsequent recruitment to local populations has been almost unstudied even
though it has been suspected for some time that hydrographic mechanisms must
exist to keep planktonic organisms around oceanic islands (Boden, 1952; Emery,
1972). Hadfield (1978) offered biological evidence that seems to show that tomaria
larvae of Ptychoderaflava are retained in local waters near Hawaii for 3-9 months.
Studies by Lobel and Robinson (1983) show how coral-reef fish larvae may be
retained around Hawaii by off-shore quasigeostrophic eddies, and propose that
larvae probably find their way back to their "parent" or other nearby populations.
Since the occurrence of these eddies is seasonal it is probable that the escape of
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invertebrate larvae from the influence of island circulation will also prove to vary
seasonally. Indeed, timing of reproduction may become important for the reten-
tion, or alternatively the "escape," of larvae from island circulations. The fore-
going considerations show that the dispersal between islands is probably com-
plicated by numerous variables that need further research.

Once a teleplanic larva is entrained within the major oceanic circulation such
as the South Equatorial Current, the theoretical chance that it will encounter an
island (assuming a 99% mortality) would be in the order of 3 x 10-4 [0.03
(=estimate of island encounter from drift bottles) x 0.01 (=an assumed survival),
Scheltema, 1971b; 1978 for further discussion]. How many larvae will actually
settle and survive to sexual maturity is, however, another question. The above
theoretical example shows that if the number oflarvae entrained is large (500,000
or more, not an unrealistic assumption for gastropods) then the odds that at least
some reach another island become relatively good, even though much temporal
variation may occur. Dispersal need not be continuous and may vary from year
to year and still be important for chance colonization and the genetic exchange
between islands. To summarize: What is not known for understanding the chance-
for and frequency-of exchanges between islands are (1) data on the numbers of
larvae that "escape" their parent island to become entrained in the oceanic cir-
culation, (2) the extent oflarval mortality in the open sea, and (3) the chance that
post-larvae that encounter another island will survive to reproduction.

What is known is that larvae of many shoal-water, benthic species are carried
out to sea and can be consistently found there. Teleplanic larvae can and do
survive for long periods in the epipelagic waters of the open ocean. Given sufficient
time, the chance that some of these larvae will settle and survive is virtually
certain (Simpson, 1952), but to fully understand the significance oflong-distance
larval dispersal it will be necessary to obtain information on the other areas of
ignorance outlined above.

The proportion of endemic species on oceanic islands provides indirect evidence
for their isolation or conversely the frequency of successful immigration and
exchange with other islands. Endemism can also be affected by (1) the geologic
age of an island (i.e., enough time must have passed for species to evolve); (2)
historic events over geologic time, for example (a) changes in sea level which can
result in an increase or decrease in the number of "stepping" stones, the guyots
and islands that act as intermediate points for the spread of species, (b) climatic
changes that may limit latitudinal range, and (c) changes in the position of islands
relative to major oceanic currents; and (3) ecological constraints, the biological
interactions which may determine whether or not a species will survive, or become
extinct. Specific examples show that the percent endemism of shoal-water benthic
gastropods, brachyuran decapods, polychaetes and echinoderms among those cen-
tral Pacific islands where it is known, ranges between 2 and 20%, much lower
than that of terrestrial fauna and flora (Table 5). For example, the endemism of
insects of Hawaii is 93.8% (Carlquist, 1974). Although the estimates shown in
Table 5 are open to modification as the fauna of central Pacific islands becomes
better known, it is unlikely that the conclusions from these data will change
substantially.

The benthic marine invertebrates of central Pacific islands represent an atten-
uated Indo-Pacific fauna (Salvat, 1967) and even include some species found also
in east Africa and the Red Sea. According to conventional wisdom, for a species
to exist over such a large range and on such widely scattered islands, gene flow
between the separated populations must be at least great enough to offset any
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Table 5. Some representative published values for endemism among benthic invertebrates on central
Pacific islands

Percent
Taxon Location No. species endemic Reference

Gastropoda Ducie Atoll 38 12.0 Rehder and Randall (1975)
Line Islands 229 2.0 Kay (1971)
Hawaiian Islands 598 19.2 Kay (1979)
Easter Island 12.0* Steele (1957)

Brachyura Easter Island 21 9.5 Garth (1973)
Polychaeta Easter Island 43 9.3 Kohn and Lloyd (1973)
Echinodermata S.E. Polynesia 20 15.0 Marsh (1974)
• This figure may be an underestimate. Rehder (1980) in a monograph on the EaSIer Island mollusks estimates 42% endemism. but
this value is inflated because 40 of the 48 endemic species are newly described. Among the 98 species of gastropods found by Rehder
(excluding the pelagic forms, i.e., Recluzia and Jan/hina), 39 (ca. 40%) are newly described and mostly minute species. If new species
are excluded, then only 17% are endemic to Easter and closely adjacent islands, 42% arc widely distributed Indo· Pacific forms, the
remainder (41%) 3fC West Pacific or Pacific Plate species.

differentiation that may occur by genetic drift. And indeed, it is the prosobranch
families that include mostly species with teleplanic larvae (e.g., the Architecton-
icidae, Coralliophilidae, Cymatiidae and Bursidae) that are also those that are
widely distributed on central Pacific islands. On the other hand, prosobranch
families such as the Volutidae, Vasidae and Cancellariidae, that lack species with
planktonic larval stages are quite restricted in geographic range and are absent
from central Pacific islands.

Lewontin (1974) has pointed out "a migration rate as small as one individual
in a thousand per generation is sufficient to prevent differentiation arising [from
random drift] between populations of moderate size." This conclusion suggests
that the numbers of larvae needed to maintain genetic exchange between popu-
lations is relatively small, and may be intermittent; it is probably less than that
required for the initial establishment of species on islands. The broad geographic
range and small tendency toward speciation found among the known sublittoral
invertebrate faunas of central Pacific islands support the hypothesis that a con-
tinuous gene flow exists not only among these islands, but indeed also over large
areas of the Indo-Pacific. One way that such genetic exchange is likely to occur
is by the dispersal of larvae. Further tests of such an hypothesis require data on
both the genetic variation among islands and the specific identification of larvae.
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