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ABSTRACT:  many benthic marine invertebrates develop by means of free-livlng, dispersive larval 
stages. The presumed advantages of such larvae include the avoidance of competition for resources 
with adults, temporary reduct~on of benthic mortality while in the plankton, decreased likelihood of 
inbreeding in the next generation, and increased ability to withstand local extinction However, the 
direct~on of evolutionary change appears generally b ~ a s e d  toward the loss of larvae in many clades, 
implying that larvae are somehow disadvantageous. Poss~ble disadvantages include dispersal away 
from favorable habitat, mismatches between larval and luvenile physiological tolerances, greater sus- 
ceptib~lity to env~ronmental stresses, greater susceptibihty to predation. and vanous costs that may be 
associated with n~etanlorphosing in response to specific chemical cues and postponing n~etamorphosis 
in the absence of those cues. Understanding the forces responsible for the present distribution of larval 
and non-larval (aplanktonlc) development among benthic marine invertebrates, and the potential 
influence of human activities on the direct~on of future evolutionary change in 1-eproductlve patterns, 
will require a better understanding of the following issues. the role of macro-evolutionary forces in 
selecting for or against dispersive larvae, the relative tolerances of encapsulated embryos and free-liv- 
ing larvae to salinity, pollutant, and other environmental stresses; the degree to which egg masses, egg  
capsules, and brood chambers protect developing embryos from environmental stresses; the relative 
magmtude of predation by planktonic and benthic predators on both larvae and early juveniles; the 
way In which larval and juvenile size affect vulnerability to predators; the extent to w h ~ c h  encapsula- 
tion and brooding protect against predators; the amount of genetic change associated with loss of lar- 
vae from invertebrate life cycles and the time required to accomplish that change; and the degree to 
which continued input of larvae from other populations deters selection against dispersive larvae The 
prominence of larval development in modern life cycles may reflect difficulties In loslng larvae from llfe 
cycles more than selection for their retention. 
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INTRODUCTION adults, they reach the juvenile stage through a con- 
spicuous metamorphosis (Giese & Pearse 1974, Hill 

The life cycles of most benthic marine invertebrate 1991, McEdward & Janies 1993, Nielsen 1998). Other 
species include microscopic, free-living dispersive reproductive patterns lack dispersive larval stages: 
stages that may be feeding (planktotrophic) or non- individuals develop to the juvenile stage entirely 
feeding (lecithotrophic). In this paper I refer to these within egg masses, egg capsules, or brood chambers, 
free-living developmental stages as larvae. Larvae are although they often pass through a distinctly larval 
morphologically and ecologically distinct from the morphology; I refer to such reproductive patterns as 

'aplanktonic.' My definitions thus emphasize where 
prejuvenile development takes place rather than dif- 
ferences in developmental morphology. Jablonski & 
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Lutz (1983), Grahame & Branch (1985), McEdward & 

Janies (1993), Havenhand (1995), and Levin & Bridges 
(1995) discuss alternative terminologies. This paper 
concerns the forces that may drive reproductive pat- 
terns toward larval or aplanktonic development and 
the constraints that may deter evolution from one pat- 
tern to the other. 

Of the approximately 40 animal phyla represented in 
the ocean, only nematodes, chaetognaths, gastrotrichs, 
kinorhynchs, gnathostomulids, and tardigrades do not 
include a morphologically or ecologically distinctive, 
free-living dispersive larval phase in their life history 
(Strathmann 1985, Levin & Bridges 1995). Thorson 
(1950, 1966) estimated that 55 to 85% of all benthic 
marine invertebrate species produce long-lived plank- 
totrophic larvae (spending weeks to months in the 
plankton), 5 % produce short-lived planktotrophic lar- 
vae (spending hours to days in the plankton), and 
about 10 % produce lecithotrophic larvae. Even if these 
estimates should prove excessive in some groups as 
more life histories are described (Giangrande 1997), it 
seems safe to say that free-living larval development- 
particularly planktotrophic development-is at least 
very common within the life cycles of benthic marine 
invertebrates (Morgan 1995a) and that planktotrophic 
development has persisted in many clades for hun- 
dreds of millions of years (Wray 1995). Because so 
many species produce dispersive larvae, it is generally 
assumed that larvae have been selected for (reviewed 
by de Beer 1958, Underwood 1974, Rex & WarCn 1982, 
Grahame & Branch 1985, Hedgecock 1986, Levinton 
1995, Wray 1995). However, certain apparent trends in 
life cycle evolution suggest that larvae have been 
selectively disadvantageous in many groups. 

Although it is not certain whether early larvae were 
feeding or nonfeeding (e.g. Rouse & Fitzhugh 1994, 
Hadfield et al. 1997, Ponder & Lindberg 1997; re- 
viewed by Nielsen 1998), it is generally believed that 
free-living larvae of some sort are primitive in marine 
invertebrate life histories and that the loss of larval 
stages is a derived condition (e.g. Berrill 1931, Jager- 
sten 1972, Hoagland 1986, Jackson 1986, Strathmann 
1986, Emlet et  al. 1987, Raff 1987, 1996, Reid 1989, 
Giangrande et al. 1994, Page 1994, Rawlings 1994, 
Mooi & David 1993, Rieger 1994, Strathmann & 
Eernisse 1994, Havenhand 1995, Wray 1995, Bhaud & 
DuchBne 1996, Byrne & Cerra 1996, Hart et al. 1997, 
Ponder & Lindberg 1997, Nielsen 1998). This assump- 
tion is supported by logical argument and intuition, 
and by some cladistic analyses (e.g. Arndt et al. 1996, 
Hart et al. 1997, Ponder & Lindberg 1997), rather than 
by direct evidence. If external fertilization is primitive, 
or, as argued by Nielsen (1998), if the ancestral animal 
life cycle was entirely planktonic, then it is easy to see 
how morphologically distinctive larvae would be se- 

lected for as developing embryos became increasingly 
well adapted to their planktonic habitats (Jagersten 
1972, Strathmann 1993, Wray 1995). That aplanktonic 
development is often associated with substantial 
behavioral and anatomical modification of adults (e.g. 
Fretter & Graham 1994, Byrne & Cerra 1996, Mooi & 

David 1996) also suggests a derived condition in at 
least many clades, as does the occurrence of what 
seem to be vestigial larval organs (e.g. the velar lobes 
of developing gastropods) in the development of many 
aplanktonic species (Jagersten 1972, Hadfield & Iaea 
1989, Olson et al. 1993, Strathmann 1993, Byrne & 
Cerra 1996, Moran in press). 

Free-swimming larval stages have clearly been lost 
one or more times within many groups, including gas- 
tropods, echinoderms, and ascidians (e.g. Strathmann 
1978, Gallardo & Perron 1982, Raff 1987, 1996, Wray 
1995, Arndt et al. 1996, Poulin & Feral 1996, Hart et al. 
1997, Jeffrey 1997, McEdward & Janies 1997, Ponder & 

Lindberg 1997, Nielsen 1998). Larvae are unlikely 
to be regained within a clade once lost, particularly 
when that loss has been accompanied by substantial 
morphological simplification during embryogenesis 
(McEdward & Janies 1997). McEdward (1992, 1995) 
has documented what appears to be an intriguing 
exception, the asteroid Pteraster fesselatus, which has 
apparently evolved a morphologically unique, lecitho- 
trophic larva from a brooding ancestor. 

The apparently biased tendency toward the loss of 
larval stages from life histories in at least some clades 
suggests that larvae can be a liability, something that 
selection has acted against. Dispersive larvae are 
unlikely to be lost in sessile species such as barnacles, 
but even here there has been selection for reduced dis- 
persal in some cases (e.g. Newman & Ross 1977, as 
cited in Jablonski & Lutz 1983, p 44, Anderson 1994). 
Particularly among clonal animals selection has clearly 
favored retaining offspring near the parents (Jackson 
1986). Although there is growing understanding about 
the genetic mechanisms mediating the loss of larval 
stages, particularly among ech~noderms and ascidians 
(Swalla et al. 1993, Wray 1995, Raff 1996). the pres- 
sures selecting for such loss are still unresolved 
(reviewed by Grahame & Branch 1985, Emlet et al. 
1987, Olson et al. 1993, Havenhand 1995, Wray 1995). 

The apparent selection against dispersive larvae in 
at least some major marine invertebrate groups raises 
two intriguing questions: (1) To what extent are larvae 
d~sadvantageous in marine invertebrate life cycles? 
and (2) if the direction of evolutionary change has been 
primarily toward the loss of larval stages, why is larval 
development still so common? This latter question 
has been posed explicitly a number of times (e.g. Jack- 
son 1986, Havenhand 1995) but never thoroughly 
addressed. This review addresses both questions. 
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The ancestral nature of larvae has been questioned 
several times in the past dozen years. Chaffee & Lind- 
berg (1986) have argued that if early metazoans were 
small, and if small adults are limited to internal fertil- 
ization because of low fecundities, then internal fertil- 
ization and brooding may be ancestral in at least some 
groups, with dispersive larvae representing a derived 
condition. Assuming that predation and other pres- 
sures were similar now and then, production of many, 
vulnerable larvae would only have become feasible 
with the advent of large body sizes. This intriguing 
argument is not convincing, however, as at least some 
small-bodied invertebrates (e.g. gastropods in the 
genus Caecum and some small-bodied opistho- 
branchs) persist even though they release small, long- 
lived, planktonic veliger larvae (Thiriot-Quievreux 
1980, Page 1994, Nielsen 1998). Moreover, planktonic 
predation pressures may have been far lower 600 or 
more million years ago than they are now (Nielsen 
1998). Even if free-living larvae were feasible only 
after metazoans attained large body sizes, increased 
body size does not in itself explain a shift from aplank- 
tonic to planktonic development. Rouse & Fitzhugh 
(1994), Wolpert (1994), and Raff (1996) present alterna- 
tive arguments for the primitiveness of internal fertil- 
ization and aplanktonic development. In particular, 
larvae may have arisen from ancestors with aplank- 
tonic development in some polychaete groups (Rouse 
& Fitzhugh 1994, Bhaud & Duchkne 1996) and in one 
asteroid species (McEdward 1992, 1995). To date, how- 
ever, most arguments and evidence favor the evolution 
of aplanktonic development from ancestors with 
planktonic development. 

The common assumption that larvae are often lost 
but rarely regained has also been called into question 
(reviewed by McHugh & Rouse 1998). Intuitively, it 
must be easier to lose complex structure than to regain 
it (Strathmann 1978, 1985). However, McEdward & 

Janies (1997) argue that echinoderms may lose disper- 
sive larvae from their life history without major 
changes in developmental morphology. We might be 
unable to detect the reacquisition of free-living larvae 
in such cases, as the returning larvae could be mor- 
phologically indistinguishable from the ancestral 
aplanktonic stage; the apparent bias toward loss of lar- 
vae in that group would then be more imagined than 
real. In consequence, McEdward & Janies (1997) pre- 
dict that loss and reacquisition of free-living larvae has 
occurred more frequently among echinoderms than 
presently realized. Documenting that such evolution- 
ary swings have occurred will be problematic. How- 
ever, if shifts between planktonic and aplanktonic 
development are frequent and fully reversible, we 
would expect to see more populations in the midst of 
such shifts. Yet, documented cases of poecilogony are 

rare (Jablonski & Lutz 1983, Jablonski 1986, Levin & 
Bridges 1995, Chia et al. 1996, Krug 1998); either the 
variation in reproductive patterns within populations 
has been poorly sampled, or the shifts between plank- 
tonic and aplanktonic modes do not happen fre- 
quently. 

The loss of larvae may be less readily reversible- 
and the reacquisition of larvae may be more readily de- 
tectable-in gastropods, ascidians, and other groups 
in which the evolution of aplanktonic development 
is generally associated with a conspicuous reduction or 
other modification of larval structure. Gastropod spe- 
cies in the genus Epheria may have regained feeding 
larvae from ancestors with brooded aplanktonic de- 
velopment, but in this case the full velar structure was 
never lost by the brooding ancestors so that any re- 
acquisition would simply require redeployment of ex- 
isting structures (Nielsen 1998). On the other hand, loss 
of structure need not signal the loss of genes coding for 
that structure (Raff 1996), making the undetectable 
reacquisition of larvae theoretically possible even when 
larval structures have been greatly reduced or entirely 
lost for millions of years. 

If the direction of change has been toward the evolu- 
tion of larvae in some groups or at  some times, then the 
problem becomes that much more interesting: we must 
explain not only the transitions that have been clearly 
biased toward the loss of larval development in some 
groups (e.g. gastropods, asteroids, and ascidians), but 
also how selection could simultaneously favor transi- 
tions in the opposite direction in selected cases within 
those groups or for members of some other groups. 
Molecular studies over the next several years will 
undoubtedly reveal much about the extent to which 
larval genomes have merely been temporarily 
'silenced' rather than lost on the path to aplanktonic 
development, and increasingly thorough and convinc- 
ing phylogenetic analyses may help to resolve contro- 
versies about the direction of evolutionary shifts in 
reproductive patterns within particular groups. In the 
meantime, it seems safe to assume that the direction of 
evolutionary change has generally been toward the 
loss of larval stages, but that shifts in the opposite 
direction may have occurred at least a number of times 
in some clades. 

It is important, then, to consider both the advantages 
and disadvantages associated with dispersive larvae 
that might account for their evolution, maintenance, or 
loss from life cycles. Because the advantages of larvae 
have been widely discussed, in this review I focus 
more on the potential disadvantages of having larvae 
in the life cycle. I then consider why larval stages typi- 
cally dominate marine invertebrate life cycles when 
the direction of evolutionary change apparently favors 
their loss. These issues are of interest not only for 
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understanding the forces that have shaped th.e present 
distribution of reproductive patterns among benthic 
marine invertebrates but also in considering how 
human activities may be selecting for shifts in repro- 
ductlve patterns for the future. 

Throughout the paper I refer to 'short-term changes' 
as those occurring within individual lifetimes and to 
'long-term changes' as those occurring over many gen- 
erations. 

ADVANTAGES AND DISADVANTAGES 
OF DISPERSAL 

The presumed advantages of producing larvae have 
been discussed for many years, with the emphasis on 
dispersal and its consequences (e.g. Mayr 1970, 
Mileikovsky 1971, Cnsp 1974, Underwood 1974, 
Obrebski 1979, Jablonski & Lutz 1983, Valentine & 
Jablonski 1983, Grahame & Branch 1985, Scheltema 
1986, Havenhand 1995, Levinton 1995, Wray 1995). 
Although considerable dispersal can also be ach~eved 
by egg masses and small juveniles in both aplanktonic 
and planktonic life cycles (Highsmith 1985, Jackson 
1986, Scheltema 1986, 1995, Johannesson 1988, Jokiel 
1989, O'Foighil 1989, Martel & Chia 1991, Giangrande 
et al. 1994, Helmuth et al. 1994, Gebruk et al. 1997), 
and although free-living larvae do not guarantee 
extensive dispersal (Burton 1986, Prince et al. 1987, 
Petersen & Svane 1995, Parsons 1996), long-lived lar- 
val stages confer greater dispersal potential in general 
(Shuto 1974, Jablonski & Lutz 1983, Jackson 1986, 
Emlet et al. 1987, Grantham 1995, Palumbi 1995, 
Scheltema 1995). Under some current regimes, larvae 
may be retained near or return to the parental habitat 
despite a long period in the plankton (Johnson 1971, 
Knowlton & Keller 1986, Young & Chia 1987, Pollock 
1992, Shanks 1995, Scheltema et al. 1996), but disper- 
sal away from the original parental habitat, and away 
from siblings, is probably common (Johnson 1939, 
1974, Scheltema 1971, 1995, Strathmann 1974, 1986, 
1993, Jackson & Strathmann 1981, Knowl.ton & Keller 
1986, Roughgarden et al. 1988, Morgan 1995a, Lessios 
et al. 1998). Even short-lived larvae can achieve sub- 
stantial dispersal from parental populations when 
water current velocities are high and unidirectional 
(Dirnberger 1993). 

What are the potential benefits of dispersal? Over the 
short term, exporting offspring from the parental 
neighborhood avoids competition for resources be- 
tween parent and offspring (Istock 1967, Havenhand 
1995), and can discourage habitat saturation (Holland 
et al. 1984, Price 1984). Dispersal can also minimize 
competition for food among developing siblings (Eco- 
nomou 1991). It also facilitates rapid range expansion 

and the colonization of new habitats (Mayr 1970). Dis- 
persal into the plankton has also been viewed as a 
means of decreasing predation by benthic predators 
(Pechenik 1979, Strathmann 1985, Lindquist & Hay 
1996); as discussed later, this advantage can be only 
temporary, as the larvae must eventually descend to 
the benthos as they begin exploring potential sub- 
strates for metamorphosis, and requires that mortality 
rates from planktonic predators be lower than those 
brought about by benthic predators (Pechenik 1979). 

Having long-lived dispersive larvae in the life cycle 
should also reduce the likelihood of inbreeding, with its 
concomitant depressive costs (Jackson 1986, Pusey & 
Wolf 1996, Saccheri et al. 1996, Husband & Schemske 
1997, Sakai et al. 1997): larvae disperse away from 
parents (Thorson 1961, Scheltema 1971, Morgan 1995a, 
Shanks 1995) and away from siblings (Strathmann 
1974), and any given population will receive recruits 
from many distant populations (Gaines & Lafferty 1995, 
Caley et al. 1996). Thus, close relatives are generally 
unlikely to mate with each other (Jackson 1986). 

Over the longer term, extensive dispersal minimizes 
the likelihood of extinction: individuals have an  effec- 
tive means of escape if local conditions deteriorate, 
regions experiencing local extinction can be readily 
recolonized from distant sources lf  and when condi- 
tions improve, and range extensions can be effected 
quickly as appropriate new habitat becomes available 
(Crisp 1974, Brown & Kodric-Brown 1977, Obrebski 
1979, Jablonski & Lutz 1983, Valentine & Jablonski 
1983, Bryan et  al. 1988, Ridley 1996). 

Evidence from the fossil record supports the con- 
tention that species with high dispersal potential per- 
sist longer in geological time than do those with lower 
dispersal potential (Verrneij 1978, Jablonski & Lutz 
1983, Gili & Martinell 1994, Ridley 1996). Within the 
prosobranch gastropod genus Nassarius, for example, 
no species that lacked planktotrophic larvae (based on 
protoconch morphology) persisted longer than about 
5 million years; in contrast, many species with long- 
lived larvae persisted 15 or even 20 million years (Gili 
& Martinell 1994). The potential dangers of defining 
valid species from fossil shell morphologies are dfs- 
cussed by Hedgecock (1986), and some of the difficul- 
ties in deducing developmental mode from early shell 
morphology are discussed by Lima & Lutz (1990). 

While extensive dispersal can bring both short- and 
(especially) long-term benefits, there is no convincing 
evidence or logical argument that larvae have been or 
are selected for as dispersal agents (Pechenik 1980, 
Strathmann 1985, 1986, 1993, Hedgecock 1986, Emlet 
et al. 1987). Indeed, Strathmann (1985) and Hedgecock 
(1986) see few apparent advantages to extensive dis- 
persal in the short term. Since species that are able to 
postpone their metamorphosis for the longest periods 
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of time tend also to have longer precompetent periods 
(Pechenik 1980, Jackson & Strathmann 1981), greater 
dispersal potential may reflect selection for greater 
ability to delay metamorphosis, in proportion to the 
degree of difficulty that larvae will experience in locat- 
ing suitable juvenile or adult habitat (e.g.  Crisp 1974, 
Doyle 1975, Obrebski 1979, Pechenik 1980, Bickell & 
Kempf 1983). If  this is so greater dispersal potential is a 
byproduct of greater adult habitat patchiness, and dis- 
persal is simply an important consequence of having 
long-lived larvae in the life cycle. 

Indeed, extensive dispersal has a very clear disad- 
vantage: larvae will typically be denied the opportu- 
nity to metamorphose into the same habitat in which 
their parents were able to survive, grow, mature, and 
reproduce (Caley et  al. 1996). Instead, larvae risk 
being transported to less hospitable environments or 
being dispersed offshore, never to return (Thorson 
1946, Johnson 1960, 1974, Strathmann 1986); parallel 
arguments have been made for larval fishes (reviewed 
by Economou 1991). Moreover, extensive dispersal 
makes species less able to finetune adaptation to local 
conditions (Strathmann et al. 1981, Bertness 1989, 
Storfer & Sih 1998). Particularly when selection coeffi- 
cients vary markedly among populations, dispersal can 
be maladaptive and decrease overall fitness (Hedge- 
cock 1986, Storfer & Sih 1998). These disadvantages 
apply primarily to species with long-lived larvae: some 
species with aplanktonic development can also dis- 
perse, by rafting, for example (e.g. Highsmith 1985, 
Jokiel 1989, O'Foighil 1989, Martel & Chia 1991, 
Scheltema 1995), but dispersal is not imposed upon 
them, and most offspring may well remain in the 
parental habitat. 

Larvae of many, perhaps most, benthic species, have 
2 characteristics that will at least partially compensate 
for the likelihood of dispersal away from the favorable 
natal habitat. First, larvae of many species do not meta- 
morphose at a particular age or size, but rather meta- 
morphose in response to particular environmental 
cues, often chemical or physical cues associated wlth 
conditions especially appropriate for the juvenile 
(Thorson 1950, Scheltema 1961, Burke 1983, Hadfield 
1986, Pawlik 1990, Morse et al. 1994). Larvae of some 
species, for example, metamorphose in response to 
chemical cues associated with a particular prey species 
(e.g. Hadfield & Scheuer 1985, Lambert et al. 1997). 
For sedentary or sessile organisms, like barnacles, oys- 
ters, and tube-dwelling polychaetes, that cue may be 
associated with adults or juveniles of the same species 
(e.g.  Knight-Jones 1953, Hidu 1969, Highsmith 1982, 
Yule & Crisp 1983, Jensen & Morse 1984, Pearce & 
Scheibling 1990, Toonen & Pawlik 1996, Bryan et al. 
1997), a relationship with obviously favorable repro- 
ductive consequences. Such selective metamorphosis 

is presumed to be adaptive, but the benefits have 
rarely been quantified. The clearest evidence for a 
relationship between selective metamorphosis and its 
postmetamorphic benefits is given by Olson (1983) for 
the colonial ascidian Didenmum molle and by Stoner 
et al. (1996) for the queen conch, Sfrombus gigas, but 
more studies of this sort are clearly needed. 

In the absence of specific environmental cues, larvae 
can generally postpone their metamorphosis-and 
prolong larval life-for hours, days, or even weeks or 
months in some species (reviewed by Pechenik 1990, 
Morgan 1995a), increasing the likelihood that the lar- 
vae will eventually metamorphose into an appropriate 
habitat. This combination of selective metamorphosis 
and the capacity of competent larvae to delay meta- 
morphosis has been demonstrated for some species in 
most marine groups, including sponges, anthozoans, 
scyphozoans, trematode flatworms, turbellarian flat- 
worms, polychaetes, bivalves, gastropods, chitons, 
crustaceans, echinoids, ascidians, and even coral reef 
fish (O'Connor 1991, Harms 1992, Harvey & Colasurdo 
1993, Boettcher & Targett 1996, Harvey 1996, Lasker & 
Kim 1996, Weber & Epifanio 1996, Cowen & Sponaugle 
1997, Fitzgerald et al. 1998, Gebauer et  al. 1998; older 
literature reviewed by Pechenik 1990). 

On the other hand, the substratum specificity for 
metamorphosis that may partially compensate for dis- 
persal away from adult habitat may create several 
problems that have rarely been discussed or investi- 
gated. For example, preferential metamorphosis in 
response to very specific habitat cues can potentially 
limit juveniles to suboptimal habitats. Juveniles and 
adults of some sedentary species might be better able 
to survive and grow, or might leave more offspring, in 
some habitats and microhabitats other than those in 
which they are found, but be excluded from living in 
those habitats by a narrow responsiveness of larvae to 
environmental cues. Juvenile queen conch, Strombus 
gigas, for example, can grow very well on certain algal 
substrata that induce few or no larvae to metamor- 
phose (Stoner et al. 1996), a possible exaillple of larval 
pigheadedness: an overly narrow response to environ- 
mental c'ues potentially limits juvenile or adult success. 
Related phenomena have been reported among 
insects, with adults sometimes failing to oviposit on 
suitable food plants because those plants lack the 
chemical cues required to trigger oviposition (Bernays 
& Chapman 1978, Fox & LaLonde 1993). More exam- 
ples of larval pigheadedness will probably be found 
among marine invertebrates once they are sought. 

A related phenomenon has been described for 2 
coral reef fish species on the Great Barrier Reef, Poma- 
centrus amboinensis and Dascyllus aruanus. Larvae of 
both species apparently recruit to the coral Pocillopora 
damicornis to such a degree immediately upon enter- 
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ing the particular lagoon studied that the best habitat, 
located more centrally in the lagoon, remains uncolo- 
nized (Jones 1997). In this situation adult fitness is 
potentially reduced by a rapid response to a particular 
chemical cue, rather than by a response to the 'wrong' 
cue. Marine invertebrates with planktonic larvae are 
potentially subject to the same effects. 

The impact of larval pigheadedness and related phe- 
nomena is potentially reduced if larvae become less 
selective with age. Such declining sensitivity has been 
documented for larvae of some (Pechenik 1990, Gibson 
1995, Jarrett 1997) but not all (e.g. Toonen & Pawlik 
1994, Plaut et al. 1995) species. On the other hand, 
postmetamorphic growth rates and competitive abili- 
ties can be markedly reduced as metamorphosis is 
delayed (reviewed by Pechenik 1990, Pechenik et al. 
1998), so that older, less selective larvae may be less 
likely to survive to reproductive maturity following 
metamorphosis. This is discussed more fully later in 
this paper. 

Another potential disadvantage of metamorphosing 
in response to particular chemical cues, or even simply 
being induced to explore substrates by those cues 
(Coon et al. 1990, Zimmer-Faust & Tamburri 1994), is 
that predators can potentially mimic the cues and 
induce larvae to metamorphose under false pretences. 
I do not know of any examples of this in the marine 
invertebrate literature, but the widespread responses 
of larvae to specific chemical signals certainly opens 
up that possibility. Examples of related subterfuges 
among insects include the mimicking of female firefly 
flash patterns by different species of photurid fireflies 
(Lloyd 1975) and the mimicking of female moth sex 
pheromone odor by bolas spiders (Stowe et al. 1987), 
with predation as a consequence in both cases. Marine 
species most likely to prompt the evolution of such 
chemical subterfuge by potential predators would be 
those with large-bodied larvae or rapid postmetamor- 
phic growth. 

A similar phenomenon has been described for lar- 
vae of the barnacle Balanus balanoides by Holland et 
al. (1984). When slates were coated with a thin layer 
of oil from a natural oil seepage, more larvae meta- 
morphosed in response to the oil than onto control 
pieces of slate. Presumably some component of the oil 
mimics, at least partially, the natural chemical cue 
inducing metamorphosis. Similarly, cyprids of the bar- 
nacle Balanus glandula were often induced by sub- 
strate cues into metamorphosing preferentially into 
regions of the intertidal zone least likely to support 
their survival to adulthood (Strathmann et al. 1981). 
These two examples demonstrate the potential of 
marine invertebrate larvae to be induced by chemical 
cues into metamorphosing into disadvantageous cir- 
cumstances. 

Finally, resistance to temperature and salinity stress 
can vary during development (e.g. Costlow et al. 1960, 
1966, Bigford 1977, Bambang et al. 1995, Anger 1996, 
Sulkin et al. 1996). When larval tolerance to physiolog- 
ical stress exceeds that of the juveniles, larvae may 
metamorphose into habitats that do not support juve- 
nile survival. For example, megalopae of the Dunge- 
ness crab, Cancer magister, survive temperatures 
between 14 and 22°C very well, but 3rd crab juveniles 
die at 22°C; in consequence, megalopae metamorphos- 
ing within the warm waters between British Columbia 
and Vancouver Island are unlikely to reach adulthood 
(Sulkin et al. 1996). Similarly, larvae of the brackish 
water crab Rhithropanopeus harrisii can develop at 
salinities well above those at which adults are found 
(Costlow et al. 1966). 

Selective metamorphosis and the ability of larvae to 
postpone metamorphosis in the absence of appropriate 
triggering cues may partially compensate for the nega- 
tive effects of dispersal away from favorable habitat 
(Thorson 1950, 1966). However, not all larvae will sur- 
vive to become metamorphically competent, and not 
all that survive will eventually encounter appropriate 
cues or metamorphose into appropriate habitats. Mini- 
mizing dispersal from the natal population could thus 
be a major selective force acting to rid life cycles of 
free-living larvae. The disadvantages of long-distance 
dispersal are best avoided by not producing larvae, or 
by producing larvae that metamorphose almost as soon 
as they are released into the plankton (Jackson 1986, 
Olson & McPherson 1987, Young et al. 1988, Davis & 

Butler 1989, Stoner 1990, Bhaud & Duchene 1996, 
Turon & Vazquez 1996). 

ENERGETIC ADVANTAGES AND DISADVAN- 
TAGES OF PRODUCING LARVAE 

Larvae might be selected for if they cost less to pro- 
duce, or if planktonic development produces the great- 
est number of offspring surviving to reproduce per unit 
of invested energy (Morgan 1995a). Since planktonic 
larvae-particularly planktotrophic larvae-often de- 
rive from small eggs (Vance 1973, Havenhand 1995, 
Levin & Bridges 1995, but see Byrne & Cerra 1996 and 
Giangrande 1997), larval production could require a 
lower total energy investment than that required by 
alternative reproductive patterns (Vance 1973, Menge 
1974, Gallardo & Perron 1982). However, selection for 
larvae based on energy considerations has been diffi- 
cult to demonstrate. For one thing, the extent to which 
maximizing the efficiency of energy investment has 
played a major role in life-history evolution is not 
always clear (Underwood 1974, Pechenik 1980). More- 
over, an investment in planktonic development does 
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not necessarily carry a smaller cost (reviewed by 
Grahame & Branch 1985, Strathn~ann 1985, Levin & 
Bridges 1995). Indeed, Crisp (1974) and Chia (1974) 
suggested that total reproductive expenditure might 
be greater for species with planktotrophic develop- 
ment than for those with aplanktonic development, 
because of the much larger fecundities associated with 
the planktotrophic mode. Some data support this idea 
of a greater cost for larval production (e.g.  Grahame 
1977, Todd 1979), while other data indicate that total 
energy investment is comparable regardless of repro- 
ductive mode (Grahame 1982). 

In short, then, it is difficult to argue convincingly that 
larvae have been selected for or against on the basis of 
short-term advantages or disadvantages associated 
with energy efficiency or dispersal. In the next sections 
I argue that larvae may in fact be generally disadvan- 
tageous in benthic marine invertebrate life cycles, and 
suggest that their persistence might reflect causes 
other than natural selection. 

Relative susceptibility to environmental stress 

Species with free-living larvae would be at a disad- 
vantage if larvae are more susceptible than encapsu- 
lated or brooded individuals to environmental stress. 
Major environmental stresses to which developn~ental 
stages are potentially exposed include bacterial and 
viral infection, thermal stress, salinity stress, low oxy- 
gen concentrations, chemical pollution, and ultraviolet 
(UV) irradiation (reviewed by Pechenik 1987, Morgan 
1995a, Cohen & Strathmann 1996, Rawlings 1996). The 
influence of pollution and UV stress is discussed in a 
later section, as susceptibility to these stresses may 
influence future evolutionary trajectories but is un- 
likely to account for the present distribution of larval 
and aplanktonic developments. 

The relative susceptibilities of free-living larvae and 
encapsulated or brooded individuals to microbial 
infection has not been well documented, although 
individuals in both categories are clearly vulnerable to 
fungal, protozoan, and bacterial infection (reviewed by 
Pechenik 1979). Developmental stages are also sus- 
ceptible to fluctuations in salinity and temperature 
(Pechenik 1987, Richmond & Woodin 1996), but again, 
it is not clear that free-living larvae are more suscepti- 
ble than encapsulated or brooded embryos to such 
stresses. For the few gastropod and polychaete species 
that have been studied to date, egg capsules and egg 
masses were found to be permeable to water and salts 
(Galtsoff et al. 1937, Carriker 1955, Pechenik 1982, 
1983, Eyster 1986, Medernach 1995, Bhaud & Duchene 
1996, Woods & DeSilets 1997). For example, rapid de- 
clines in ambient salinity are accon~panied by rapid 

declines in the osmotic concentration of intracapsular 
fluid for the prosobranch gastropod Nucella lapillus 
(Pechenik 1983); encapsulation therefore does not 
spare embryos exposure to salinity fluctuation in that 
species. Similarly, changes in external salinity effect 
rapid changes in salinity within jelly masses of the 
polychaete Eupolymnia nebulosa (Medernach 1995). 
On the other hand, encapsulated embryos of several 
gastropod species survived exposure to salinity stress 
far better than embryos exposed to the same magni- 
tude of salinity stress after being removed from their 
capsules or egg masses (Pechenik 1982, 1983, Woods & 

DeSilets 1997). Thus, encapsulation can protect devel- 
opmental stages from salinity stress even when the 
capsules and egg masses are permeable to salts and/or 
water; protection is probably achieved by slowing the 
rate of salinity change (Pechenik 1983, Woods & 
DeSilets 1997). 

Additional laboratory studies are required to deter- 
mine how widespread these protective benefits of 
encapsulation are. However, the results of laboratory 
experiments comparing embryonic and larval toler- 
ances of salinity and other stress factors may mislead 
us about the relative susceptibilities of embryos and 
larvae in the field: encapsulation potentially imprisons 
embryos in stressful situations that free-living larvae 
can avoid by passive dispersal or active vertical migra- 
tion (Carriker 1951, Richter 1973, Pechenik 1979, 1983, 
Heslinga 1976, Pennington & Emlet 1986, Sulkin et  al. 
1983, Forward 1985). Encapsulating structures may in 
fact increase exposure to osmotic stress (Carriker 1955, 
Gibbs 1968, Pechenik 1982, 1983, Richmond & Woodin 
1996, Woods & DeSilets 1997), desiccation stress (Kohn 
1961, Spight 1975, 1977, Pechenik 1978), and oxygen 
deprivation (Perron & Corpuz 1982, Chaffee & Strath- 
mann 1984, Cohen & Strathmann 1996, Lee & Strath- 
mann 1998). The degree to which developing embryos 
are protected from these and many other stresses may 
depend more on where parents attach capsules and 
egg masses than on the properties of encapsulating 
structures per se (Spight 1977, Pechenik 1978, Bier- 
mann et al. 1992). 

Although brooding is typically assumed to confer 
greater safety (reviewed by Emlet et  al. 1987, Levin & 
Bridges 1995), even less is known about conditions 
within brood chambers than about conditions within 
egg masses and egg  capsules. Morritt and Spicer 
(1996) have shown that the intertidal amphipod Orch- 
esha gammarellus maintains the osmotic concentration 
of fluid within its brood chamber within tight limits in 
the face of large declines in external salinity; I know of 
no similar studies on fully marine species, nor of any 
data on the degree to which the brood chambers of 
marine species are  accessible to water-borne pollu- 
tants. Developmental mortality within brood chambers 
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of the holothurian Leptosynapta clark1 can be remark- 
ably high (up to 100 %), but the source of that mortality 
has not yet been determined (Sewell 1996). Similarly. 
the number of embryos brooded by the asteroids Lep- 
tasterias tenera and Asterina phylactica can decline 
dramatically during development, although the source 
of those losses is again unclear (Hendler & Franz 1982, 
Strathmann et al. 1984). With respect to both survival 
rate and lifespan, Medeiros-Bergen & Ebert (1995) 
could find no apparent advantage of brooding in two 
brittlestar species. 

In summary, the extent to which free-living larvae 
and encapsulated embryos differ in their vulnerability 
to environmental stress is not clear. More data are 
needed concerning (1) the incidence of microbial in- 
fection in free-living larvae and encapsulated and 
brooded embryos; (2) the permeability properties of 
encapsulating structures and brood chambers to water, 
salts, and oxygen, and the extent to which capsules, 
egg masses, and brood chambers are exposed to salin- 
ity or low-oxygen stress in the field; and (3) the relative 
sensitivity of embryonic and larval stages of particular 
species to particular stresses. 

INFLUENCE OF LARVAL EXPERIENCE ON POST- 
METAMORPHIC PERFORMANCE 

Free-living larvae can also be disadvantageous in 
more subtle ways if stresses experienced during larval 
life decrease postmetamorphic performance. Such ef- 
fects have now been documented for a number of spe- 
cies from several phyla (Pechenik et al. 1998). Starving 
the larvae of the slipper shell snail, Crepidula forni- 
cata, for 3 to 5 d either before or after they became 
competent to metamorphose reduced the average 
growth rates of well-fed juveniles significantly for at 
least the first 3 to 4 d after metamorphosis (Pechenik et 
al., 1996a, b). Juvenile growth rates were significantly 
reduced even when larvae were not starved, but only 
subjected for 2 to 3 d to a greatly reduced food concen- 
tration (Pechenik et al. 199613). Similarly, not feeding 
the facultatively planktotrophic larvae of the opistho- 
branch gastropod Phestilla sibogae lengthened the 
time between metamorphosis and reproductive matu- 
rity (Miller 1993). Thu.s, to the extent th.at larvae are 
food-limited in the field (Olson & Olson 1989, Fenaux 
et al. 1994), even short periods of reduced food avail- 
ability during larval life may limit postmetamorphic 
rates of growth or development, potentially increasing 
the period of maximum vulnerability to predators, 
increasing the time to reproductive maturity, or reduc- 
ing competitive abillty. 

Similar effects have been found in the laboratory 
when larvae, especially lecithotrophic larvae, of vari- 

ous species were forced to delay their metamorphosis 
(Highsmith & Emlet 1986, Woollacott et al. 1989, Orel- 
lana & Cancino 1991, Pechenik et al. 1993, Wendt 
1996). In 14 experiments conducted with the bryozoan 
Bugula stolonifera, for example, prolonging larval life 
by as little as 10 h at 20°C led to significantly reduced 
rates of colony development; in some experiments, the 
effects were seen when larval life was prolonged by 
only 6 to 8 h (Woollacott et al. 1989). Similar results 
have been reported for Bugula neritina by Wendt 
(1996), who showed that the slower rate of colony 
development owes to significantly reduced size of the 
juvenile feeding structure, the lophophore. Delaying 
metamorphosis of the barnacle Balanus amphitrite by 
3 d at 28°C also caused a significantly reduced rate of 
juvenile growth (Pechenik et al. 1993). Delaying meta- 
n~orphosis of planktotrophic polychaete larvae, 
Hydroides elegans, by at least 3 d reduced both juve- 
nile survival and juvenile growth rate, whether larvae 
were fed during the delay period or not (Qian & 
Pechenik 1998). For B. neritina, the effects of delayed 
metamorphosis persisted for at least 2 wk in field trans- 
plants, reducing both the rate of colony development 
and reproductive output (Wendt 1998). In addition, 
long delay periods for some lecithotrophic larvae (e.g. 
the asteroid Ophidiaster granifer) can result in abnor- 
mal juveniles (Yamaguchi & Lucas 1984) or smaller 
average sizes at metamorphosis (Yamaguchi & Lucas 
1984). Delaying metamorphosis, previously considered 
as purely advantageous in promoting placement of 
juveniles into appropriate habitat, can clearly compro- 
mise the ability of juveniles to compete for space, 
heighten vulnerability to predators, and possibly re- 
duce tolerance to physical stress and increase post- 
metamorphic mortality (Highsmith & Emlet 1986, 
Pechenik 1990, Pechenik & Cerulli 1991, Pechenik et 
al. 1996b); the potential advantages of a prolonged 
stay in the plankton beyond the onset of metamorphic 
competence may thus never be fully realized. 

To date, documented effects of food limitation and 
delayed metamorphosis on juvenile performance have 
been mostly short term. Long-term studies, such as 
those of Miller (1993), may reveal additional effects on 
maturation periods and total reproductive output in 
some species. Also, other stresses experienced by lar- 
vae-short-term pollutant stress, for example-may 
be found to produce similar effects on postmetamor- 
phic performance once they are sought. 

Correlations between larval experience and post- 
metamorphic performance have rarely been examined 
in field populations. The growth potential of recently 
metamorphosed acorn barnacles, Sem~balanus bal- 
anoides, has been shown to differ significantly among 
groups of larvae recruiting on different days at a par- 
ticular site in Massachusetts (Jarrett & Pechenik 1997). 
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These results are consistent with the hypothesis that 
larvae of this species delayed their metanlorphosis 
more frequently later in the season, or that they expe- 
rienced substantial variation in food quality or quantity 
at different times during the reproductive season. 
Alternatively, the results could reflect recruitment 
from genetically and physiologically distinct adult pop- 
u la t ion~ at different times during the breeding season 
(e.g.  Watts et al. 1990). 

In summary, larval experience has the potential to 
play subtle but important roles in reducing postmeta- 
morphic recruitment success in at least some species. 
Unfortunately, there are as yet no data on the extent to 
which brooding or encapsulation protects developing 
embryos from this effect. Stresses experienced within 
capsules and brood chambers may also affect post- 
emergence growth, survival, maturation time, or fe- 
cundity, but the necessary studies have not yet been 
done. It is not yet clear, then, that free-living larvae are 
uniquely susceptible in this regard. 

RELATIVE SUSCEPTIBILITY TO PREDATION 

Extent of planktonic mortality. Few of the phenom- 
enal number of eggs that are fertilized by species pro- 
ducing planktonic larvae ever reach adulthood (Thor- 
son 1950). Thorson (1950) concluded that most of this 
implied loss during development was due to plank- 
tonic predation, and that view has changed little over 
the past nearly 50 yr. However, many unresolved ques- 
tions remain about exactly how much mortality occurs 
in the plankton and the source of that mortality, as 
discussed in several extensive reviews (Hines 1986, 
Young & Chia 1987, Rumrill 1990, Morgan 1995a). In 
particular, what proportion of the total pre-juvenile 
loss is due to other factors such as permanent dispersal 
away from favorable sites, or developmental defects 
inherent in the larvae (Heath 1992)? How does vulner- 
ability to predators change as larvae grow? What pro- 
portion of mortality occurs during planktonic dispersal 
and what proportion occurs during benthic substrate 
exploration? How much of the total mortality occurs 
between the time of metamorphosis and the time at 
which individuals have grown to a size easily sampled 
by marine ecologists? 

Direct evidence of predation on larvae includes find- 
ing larvae in the guts of predators and documenting 
predation in laboratory studies. In at least some cases, 
estimated high predation rates on larvae may be arti- 
facts of field sampling or laboratory methodologies 
(Johnson & Brink 1998). In addition, direct observa- 
tions of planktonic mortality have been made for some 
ascidian species living in clear waters and producing 
large, conspicuously colored larvae that are competent 

to metamorphose immediately upon their release into 
the plankton (Olson & McPherson 1987, Davis & Butler 
1989, Stoner 1990). Predation rates observed in the 
field were remarkably high, with as many as 87 % of 
larvae being eaten within only 2 min of release (Olson 
& McPherson 1987). It seems unlikely that most inver- 
tebrate larvae suffer such high predation rates, how- 
ever; at  such rates we would be left with only a single 
larva within 15 min for every 100000 larvae released! 
Direct observation of larval mortality may be mislead- 
ing: possibly SCUBA divers attract predators to the 
area. In any event, direct observation is not possible for 
the larvae of most species, as they are microscopic and 
require at  least days or weeks before even becoming 
competent to metamorphose. 

Other indirect evidence certainly points to substan- 
tial predation in the plankton: predation has appar- 
ently been substantial enough to select for specific tim- 
ing of adult spawning behavior (reviewed by Forward 
et al. 1982, Morgan 199513, Lindquist & Hay 1996, Mor- 
gan & Christy 1997) and the evolution of behavioral 
(Young & Chia 1987, Forward & Hettler 1992), physical 
(reviewed by Morgan 1995a), and chemical defenses 
against predation (Lindquist & Hay 1995, 1996, Harvell 
et al. 1996, Uriz et  al. 1996; reviewed by Young & Chia 
1987, Morgan 1995a). As Morgan (1995a) points out, 
however, we cannot be certain that such traits are 
adaptive unless we can determine that they effectively 
increase adult reproductive success. 

Most mortality estimates for planktonic larvae (re- 
viewed by Strathmann 1985, Hines 1986, Rumrill 1990, 
Morgan 1995a; see also Ayers 1956) are understand- 
ably indirect, made by comparing concentrations of 
larvae in different stages of development, comparing 
estimates of fecundity and recruitment, and occasion- 
ally by following cohorts over time. Interpreting such 
data is fraught with difficulties (Hines 1986, Young & 

Chia 1987, Rumrill 1990, Morgan 1995a); in particular, 
it is usually difficult to distinguish between losses from 
predation and losses from other sources, including dis- 
persal out of the sampling area (Thorson 1950, Rough- 
garden et al. 1988, Hill 1991), vertical migration of lar- 
vae to different depths (Cronin & Forward 1986), 
metamorphosis to the benthos, and loss due  to devel- 
opmental defects inherent in the larvae (Heath 1992). 
These and other difficulties are usually ignored, so that 
although losses are certainly high, the extent and 
sources of those losses, and when they occur, are not 
generally known. 

Size-dependent vulnerability to planktonic preda- 
tors. It is conlmonly assumed that vulnerability to 
predators declines with increasing larval size. How- 
ever, the relationship between larval size and vulnera- 
bility to predators has not been well explored for 
marine invertebrates. Most data are based on labora- 
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tory experiments with particular predators of particu- 
lar sizes confined with prey in small volumes of water 
(reviewed by Rurnrill 1990). As discussed below, the 
relationship between larval size and vulnerability to 
predators may be more complicated than is generally 
appreciated. 

Some of the most sophisticated studies and complex 
models of changing vulnerability to predators are 
described in the fisheries literature (e.g. Bailey & 

Houde 1989, Fuiman 1989, 1994, Cowan & Houde 
1992, 1993, Heath 1992, Litvak & Leggett 1992, Pepin 
& Shears 1995, Cowan et al. 1996, Elliott & Leggett 
1996, Gleason & Bengston 1996, Letcher et al. 1996, 
Luo et al. 1996, Olson 1996). In some of these studies 
greater-sized larvae escaped (e.g. Fuiman 1994), 
while in other cases predation fell most heavily on the 
largest individuals (e.g. Litvak & Leggett 1992, Cowan 
& Houde 1993, Pepin & Shears 1995). In studies on 
Inland silverside larvae (Menidia beryllina), striped 
bass and white perch preyed preferentially on the 
smallest larvae, while bluefish preyed preferentially 
on the largest larvae (Gleason & Bengtson 1996). While 
larger larvae may be too big for some predators to 
ingest whole and be better able to detect predators and 
evade attack, larger larvae may also be more conspic- 
uous to visual predators (e.g. Fuiman 1989), and those 
that swim more rapidly because of their larger size pro- 
duce higher potential encounter rates between preda- 
tor and prey, particularly if the predator is slow moving 
(Bailey & Houde 1989, Fuiman 1989, 1994, Cowan et 
al. 1996, Letcher et al. 1996). Moreover, prey in some 
instances become less vulnerable to some predators 
but more vulnerable to other predators as they grow 
larger (e.g. Gleason & Bengston 1996), and in some 
cases prey behaviors that decrease vulnerability to one 
set of predators increase vulnerability to another set of 
predators (Crowder et al. 1997). Finally, extensive pre- 
dation may take place early in development, before 
larvae have been able to grow large enough to achieve 
any protective benefit from a more rapid growth rate or 
larger size (e.g. Rice et al. 1993, Cowan et al. 1996). 
Thus, the effects of faster growth and larger size on lar- 
val mortality in the field are remaritably uncertain for 
larval fishes; the effects will vary according to the size 
and behavioral characteristics of the predators and the 
prey (Bailey & Batty 1983, Cowan & Houde 1992, 
Yamashita et al. 1996), prey concentration (Luo et al. 
1996), and availability of alternative prey (Pepin & 
Shears 1995, Fortier & Villeneuve 1996). The extent to 
which these factors influence predation on inverte- 
brate larvae in the field is even less certain, and 
remains to be determined. It may be that invertebrate 
larvae remain fully vulnerable to planktonic predators 
throughout their planktonic lives; they may even be- 
come more vulnerable once they exceed a particular 

size, by becoming more conspicuous to predators or 
through an effect of increased swimming speed on the 
frequency of predator/prey encounters. 

Vulnerability at the time of substrate exploration. 
Although planktonic mortality must be substantial, lar- 
vae may be at far greater risk during substrate explo- 
ration than during the planktonic period (MacGinitie 
1934, Carriker 1955, Pechenik 1979, Strathmann 1985, 
1986, Hines 1986, Emlet et al. 1987, Morgan 1995a). 

In a direct observation of planktonic mortality in the 
field, 86% of ascidian larvae lost to predation were 
killed by benthic, as opposed to planktonic, predators 
(Stoner 1990). The apparently widespread ability of 
larvae to delay metamorphosis in the absence of suit- 
able substrate (Pechenik 1986b, 1990, Scheltema 1995) 
implies that predation in the plankton is less critical 
than the advantages of eventually locating habitat 
appropriate for subsequent juvenile development. The 
widespread distribution of mixed development, in 
which embryos spend days or weeks developing 
within masses, capsules, and brood chambers before 
emerging into the plankton for another several weeks 
or more as larvae, also supports the proposition that 
the plankton may be safer for larvae than the benthos 
(Pechenik 1979): the advantages of mixed develop- 
ment are easily recognized if mortality in the plankton 
is lower than what would be experienced by helpless 
embryos drifting over the bottom (Pechenik 1979). 
Similarly, the apparent rarity of free-living demersal 
(benthic) larvae in invertebrate life histories may 
reflect the relative safety of planktonic versus benthic 
habitats (McEdward & Janies 1997). The potential 
impact of benthic predators during larval substrate 
exploration may be augmented by slow larval swim- 
ming speeds (Chia et al. 1984), which can confine lar- 
vae through hydrodynamic forces to the few millime- 
ters above the substrate (Jonsson et al. 1991, Andre et 
al. 1993). 

Mortality from benthic carnivores, benthic suspen- 
sion-feeders, and benthic deposit-feeders must be 
extremely high (Thorson 1946, 1966, Young & Chia 
1987, Rumrill 1990. Andre et al. 1993, Tamburri & Zim- 
mer-Faust 1996, Naylor & McShane 1997, Moksnes et 
al. 1998), although more carefully designed studies are 
required to fully quantify the effects (Mileikovsky 
1974, Young 1990, Morgan 1995a). The key issue now 
is whether exploring larvae or newly metamorphosed 
juveniles are more susceptible to benthic mortality 
than individuals newly emerged from egg cases or 
brood chambers, as discussed in the next section. 

Relationship between reproductive pattern and vul- 
nerability to benthic predators. Clearly, larvae must 
suffer considerable mortality both in the plankton and 
during the time of substrate exploration; a species will 
avo~d both mortality sources by eliminating larvae 
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from the life history. On the other hand, if there is an 
'escape in size' from benthic predators, having plank- 
totrophic larvae in the life history could improve juve- 
nile survival by allowing growth to a large size before 
metamorphosis takes place. Newly metamorphosed 
invertebrate juveniles experience dramatically high 
mortality from a variety of predators (reviewed by 
Thorson 1961, Gosselin & Qian 1997, Hunt & Schelb- 
ling 1997, Ray-Culp et al. 1997). Meta~norphosing at 
larger sizes might reduce postmetamorphic mortality, 
to the extent that juveniles are protected against pre- 
dation by larger body size. 

Although individuals within egg capsules and brood 
chambers may in some cases compete for food and 
consequently emerge at  very different sizes (Spight 
1976, Rivest 1983, Byrne 1996, Byrne & Cerra 1996), 
the supply of food to individual eggs, capsules or egg 
masses is fixed by the parent (Rivest 1983, Hoagland 
1986). In contrast, free-living, feeding larvae can 
potentially take advantage of phytoplankton produc- 
tivity and grow to a larger size before exploring sub- 
strates or metamorphosing. Species most likely to ben- 
efit are those in which juvenile growth rates are rapid 
and vulnerability to predators declines markedly with 
increased juvenile size. We can explore this issue in 2 
ways: (1) is there an escape in size for benthic juve- 
niles? and (2) are planktotrophic larvae larger at meta- 
morphosis than individuals of closely related species 
when they emerge from benthic encapsulating struc- 
tures or brood chambers? 

Is there an escape in size for juveniles, and if so, in 
what size range does it occur? In some studies with 
snails, lobsters, crabs, and barnacles, larger individu- 
als experienced less predation than smaller individu- 
als, but even the largest individuals always remained 
somewhat vulnerable (Palmer 1990, Wahle & Steneck 
1992, Sousa 1993, Moksnes et al. 1998). In other cases, 
larger size increased vulnerability to some predators, 
probably by increasing the ease with which the preda- 
tors could manipulate the prey (Sousa 1993, Osman & 
Whitlatch 1996). However, prey were at least 5 mm 
long in most of these studies, well above the size at 
which most invertebrate larvae metamorphose. In a 
population of the barnacle Balanus glandula, mortality 
during the first 24 h after attachment (30 to 40%) was 
1.5 to 6 times greater than that for the second 24 h, and 
the extent of mortality was not related to size at the 
time of attachment (Gosselin & Qian 1996). Indeed, 
extensive mortality during the first few days or weeks 
is likely to be the rule for most invertebrates (Gosselin 
& Qian 1997, Hunt & Scheibling 1997, Ray-Culp et al. 
1997). Walters and Wethey (1996) report mortality 
rates up to 44 % per day for the bryozoan Schizoporella 
errata, and 37 % per day for juveniles of Balanus spp. 
Thorson (1966) found that about 98% of newly meta- 

morphosing benthic animals were killed before reach- 
ing a size of 2 mm. To the extent that there is an escape 
in size then, that escape seems available only after 
juveniles have had time to grow substantially larger 
than the size at which larvae typically metamorphose. 
However, further studies relating size to predator vul- 
nerability for newly metamorphosed individuals are 
needed. 

As mentioned earlier, delaying the metan~orphosis of 
species with lecithotrophic larvae can result in smaller 
juveniles at metamorphosis (e.g. Yamaguchi & Lucas 
1984, Wendt 1996); in such cases, to the extent that 
larger size at metamorphosis reduces predation on 
early juveniles, prolonging the life of lecithotrophic 
larvae will be disadvantageous, not advantageous. 

Similarly, there is no convincing evidence that plank- 
totrophic larvae are generally larger at  metamorphosis 
in comparison with the sizes at emergence for species 
with aplanktonic development. Data on the sizes at 
which planktotrophic larvae and brooded or encapsu- 
lated individuals enter the benthos are summarized in 
Table 1.  Typically there is considerable overlap in the 
slzes at which juveniles emerge and larvae metamor- 
phose. For the 4 listed species of Littorina, for example, 
and for the various Crepidula species, individuals enter 
the benthos at about the same size whether they derive 
from free-living larvae or not. These data are surprising 
in that gastropod larvae of tropical species can achieve 
far larger sizes before metamorphosing (e.g. Thorson 
1961, Scheltema 1971); the limited size ranges tabled 
here for metamorphosing gastropod larvae must not 
reflect the functional constraints against large body size 
associated with larval design that were postulated for 
ophiuroid larvae by Hendler (1975). Large larval size 
will be selected against in temperate waters if larger 
larvae are more vulnerable to planktonic predators. In 
such a case, maximum larval size could reflect a trade- 
off between increased vulnerability to planktonic 
predators before metamorphosis and reduced vulnera- 
bility to benthic predators during substrate exploration 
and following metamorphosis. 

In some invertebrate groups, brooded individuals 
enter the benthos at a substantially larger size than 
individuals of related species that develop as plank- 
tonic larvae, as seen for ophiuroids (Hendler 1975, 
1991) and within the asteroid genus Patiriella (Byrne & 

Barker 1991, Byrne & Cerra 1996). In such cases, if 
there is an escape in size-if larger juveniles are less 
vulnerable to predators-the advantage will go to the 
brooders, not to the species with larvae. Thus larval 
development may increase vulnerability to predators 
at the start of juvenile life rather than lessen its impact; 
there is as yet no indication that larvae typically enter 
the benthos at larger sizes than brooded or encapsu- 
lated embryos. 
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Table 1 Relationship between developmental mode and size at which juveniles enter the benthos [p: planktotrophic larva, 1: 
lecithotrophic larva, a: aplanktonic (lacking a free-living larval stage), ae: aplanktonic encapsulated, ab: aplanktonic brooded] 

Species Developmental mode Size (pm) Reference 

Gastropods 
Anachis avara 
A. transLirata 
Bittium alternatum 
B. reticulatum 
Buccinum undatum 
Cerithiopsis barleei 
C. tubercularis 
Conus abbreviatus 
C. rattus 
C. textile 
Crep~dula convexa 
C. aculea ta 
C. cerithicola 
C. dilata ta 
C. dila ta ta 
C. dilatata 
Crepidula fornicata 
C. fornicata 
Ljttorina littorea 
L. obtusata (= littoralis) 
Littorina picta 
L. saxa tilus 
Ilyanassa obsoleta(= Nassarius obsoletus) 
Nassarius reticulatus 
N. tnvittatus 
N. vibex 
Natica pallida 
N. poLiana 
NuceMa crassila brum 
N. emarginata 
Philbertia gracilis 
P. Lineans 
Rissoa mem branacea 

Type A 
Type B 

Asteroids 
Asterias vulgaris 
Astenna bathen 
A. burtoni 
A. gibbosa 
A. phylactica 
A. minor 
A pseudoexigua pacifica 
Patirelid regularis 

P. calcar 
P. parvivipara 
P. vivipara 

Echinoids 
Heliocidaris erythrogramma 
H. tuberculata 
Anthocidaris crassipina 
Echinometra lucunter 

Ophiuroids 
Vanous species 

Amphioplus abditus 
Amphiophiura pachyplax 
Amphiopholis japonica 
Astrothorax wajtei 
Ophiacantha vivipara 
Ophionotus hexactis 

200-900 
(disc diameters) 

300 
900 
1200 
2000 
2500 
8300 

Scheltema (1969) 
Scheltema & Scheltema (1963) 
Pechenik (1980) 
Thorson (1946) 
Thorson (1946) 
Lebour (1937) 
Lebour (1937) 
Perron (1981) 
Perron (1981) 
Perron (1981) 
Hendler & Franz (1971) 
Hoagland (1986) 
Hoagland (1986) 
Gallardo (1977) 
Chaparro & Paschke (1990) 
Chaparro et al. (1999) 
Calabrese & Rhodes (1974) 
Pechenik & Heyman (1987) 
Thorson (1946) 
Lebour (19371, Thorson ( 3  946) 
Struhsaker & Costlow (1968) 
Lebour (1937), Thorson (1946) 
Scheltema (1967) 
Thorson (1946) 
Scheltema & Scheltema (1965) 
Scheltema (1962) 
Thorson (1946) 
Lebour (1937) 
GaUardo (1979) 
Gosselin & Chia (1995) 
Lebour (1937) 
Lebour (1937) 

Waren (1996) 
Waren (1996) 

Emlet et al. (1987) 
Emlet et al. (1987) 
Ernlet et al. (1987) 
Emlet et al. (1987) 
Emlet et al. (1987) 
Emlet et al. (1987) 
Byrne 1996 
Byrne & Barker (1991); 
Byrne & Cerra (1996) 
M. Byrne, pers. comm. 
Byrne & Cerra (1996) 
Byrne (1996) 

Emlet & Hoegh-Guldberg (1997) 
Ernlet & Hoegh-Guldberg (1997) 
Emlet & Hoegh-Guldberg (1997) 
Emlet et al. (1987) 

Hendler (1991) 

Hendler (1975) 
Hendler 1991 
Hendler (1975) 
Hendler (1975) 
Hendler (1975) 
Hendler (1975) 
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Larvae are clearly vulnerable to predation while 
planktonic, while exploring substrates, and as juve- 
niles following metamorphosis, and no evidence exists 
that larvae take advantage of the potential benefits 
associated with metamorphosing at sizes large enough 
to reduce postmetamorphic predation intensity. Loss of 
larvae from marine invertebrate life cycles could 
reflect selection by predators, assuming that embryos 
are safer while developing within capsules or egg 
masses, as discussed in the next section. 

Relative vulnerability of larvae and brooded or 
encapsulated embryos. To what extent are brooded or 
encapsulated embryos less vulnerable to predators 
than free-living larvae? Capsules and egg masses are 
conspicuous, accessible, and lack physical defenses 
and escape behaviors. Moreover, they are rarely 
defended chemically (see Pawlik et al. 1988 and 
Lindquist & Hay 1996 for 2 exceptions), possibly be- 
cause compounds that are effective against predators 
are likely to be toxic to developing embryos (Orians & 

Janzen 1974). There are many reports of intense 
predation on egg capsules and egg masses by a wide 
variety of predators (Spight 1977, Brenchley 1982, 
Rawlings 1990, 1994; reviewed by Pechenik 1979, 
Eyster 1986). Reports of 50 to 70% predation are not 
uncommon. Similarly high predation rates have been 
reported for demersal egg masses of flounder and 
other fish species (Bailey & Houde 1989). Brooded 
embryos of the holothurian Cucumana lubrica are 
preyed on by the amphipod Parapleustes pugettensls 
(Engstron? 1982). 

The question of whether larvae are more vulnerable 
to predators than encapsulated or brooded en~bryos re- 
mains unresolved. Estimated mortality rates for encap- 
sulated embryos often overlap with those for plank- 
tonic larvae (Strathmann 1985, Hines 1986, Rumrill 
1990). Similarly, Spight (1975) found that the number 
of juvenile snails per adult at a site along the Washing- 
ton coast was similar for species with planktonic and 
aplanktonic development, suggesting that comparable 
numbers of fertilized eggs survive to the juvenile stage 
regardless of developmental mode. Having larvae in 
the life history may have no net impact on vulnerabil- 
ity to predators. 

ACCOUNTING FOR LARVAE IN INVERTEBRATE 
LIFE HISTORIES 

Clearly there are long-term benefits associated with 
the dispersal mediated through larval stages. But it is 
equally clear that dispersal carries numerous short- 
term disadvantages, the most obvious of which is the 
likelihood that larvae will be dispersed away from 
proven habitat. In addition, larvae face potential1.y 

greater exposure to chemical and physical stresses, 
and only larvae are exposed to both planktonic and 
benthic predators. When substrate searching begins, 
larvae are also potentially more susceptible to benthic 
predators due to small larval size. Substrate specificity 
for metamorphosis may partially compensate for dis- 
persal away from parental habitat, but larvae then 
become potentially vulnerable to chemical subterfuge, 
and postmetamorphic fitness may be reduced if larvae 
delay metamorphosis for too long while awaiting con- 
tact with suitable substratum. Nutrient limitation and 
other stresses experienced by larvae can also decrease 
postmetamorphic fitness. In addition, specificity of the 
metamorphic response can potentially deter the spread 
of adults into favorable new niches. How can we 
explain the prevalence of larval development in ben- 
thic marine invertebrate life cycles? 

Chaotic dynamics in a patchy environment should 
favor the evolution or maintenance of dispersal (Gal- 
lardo & Perron 1982, Jablonski & Lutz 1983, Holt & 
McPeek 1996). On the other hand, larvae should be 
lost from life cycles when habitats are so rare and 
patchily distributed that larvae would have a low prob- 
ability of encountering them once they have been dis- 
persed away from the parental location (Jablonski & 
Lutz 1983, Hoagland 1986). Larvae should also be 
selected against when planktonic mortality rates are 
very high (Johst & Brandl 1997) or when habitat qual- 
ity varies spatially but not temporally (Holt & McPeek 
1996, Johst & Brandl 1997). However reproductive pat- 
terns often vary widely among CO-occurring species, 
even within the same genus (e.g. Mileikovsky 1975, 
Strathmann 1987, Hart et al. 1997). What selective 
forces could account for the retention of larvae in some 
species and the loss of larvae in closely related co- 
occurring species with similar niches (e.g. species 
within the gastropod genus Littorina)? It seems un- 
likely that such CO-occurring species experience dra- 
matically different variation in juvenile or adult patch 
quality, or dramatically different rates of larval mortal- 
ity in the plankton. A better understanding of when 
reproductive patterns diverged in related species, geo- 
graphical distributions at the time of the divergence, 
and the phylogenetic relationships among the species 
concerned would help to resolve these issues. But in 
general it is difficult to argue that dispersal is advanta- 
geous in the short tern? (Strathmann 1986, 1993). As 
discussed earlier, the documented and potential disad- 
vantages of dispersal are substantial. It seems unlikely 
that larvae have been selected for directly as dispersal 
agents (Pechenik 1980, Strathmann 1985, 1986, 1993, 
Hedgecock 1986, Emlet et al. 1987). 

If producing larvae has so many apparent drawbacks 
and if the direction of evolutionary change has tended 
generally toward the loss of larval stages from life 
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cycles, then why is larval development so common 
among benthic marine invertebrates, particularly if the 
Permian-Triassic extinction selected against plank- 
totrophs, as suggested by Valentine (1986)? I consider 
the following possibilities in sequence: 

(1) Species with planktonic larvae may speciate more 
readily than those with aplanktonic development. 

(2) Species with planktonic larvae may better with- 
stand periodic local catastrophes, and so accumu- 
late over time. 

(3) Opportunities for losing larvae may be limited by 
developmental, genetic, physiological, or ecolog- 
ical constraints. 

Role of differential speciation rates. In the absence 
of extinction, higher speciation rates for species with 
larval dispersal could create over time the observed 
prevalence of this developmental pattern. However, 
speciation rates are probably lower for species with lar- 
vae and higher for species with aplanktonic develop- 
ment (Hansen 1983, Jablonski & Lutz 1983, Grantham 
1995). Species with aplanktonic development are more 
readily divided into genetically isolated populations, 
and so are more susceptible to the effects of drift and lo- 
cal selection (Valentine & Jablonski 1982, Allcock et al. 
1997, Hoskin 1997). In contrast, species with long-lived 
larval stages tend to show less genetic differentiation 
over long distances (reviewed by Palumbi 1995, Hoskin 
1997), although exceptions exist as discussed below. 
Thus, far from helping to explain the prevalence of lar- 
val development, differential speciation rates should in- 
stead have increased the proportion of species with 
aplanktonic modes of development. 

Macroevolutionary considerations, the role of ex- 
tinction, and the constraint of time. To the extent that 
species with aplanktonic development have smaller 
geographic ranges and more limited dispersal capabil- 
ity, they should be more likely to become extinct than 
species with long-lived larvae (reviewed by Jablonski 
& Lutz 1983, Grantham 1995, Jablonski 1995, McEd- 
ward & Janies 1997). Over the past 540 million years, 
there have been at least 12 recognizable extinction 
events, including five particularly spectacular ones 
(Jablo~ski  1995, Sepkoski 1996). The most recent mass 
extinction took place at  the end of the Cretaceous 
about 65 million years ago. But probably more than 
90% of recorded species extinctions have occurred 
outside the five major extinction episodes, during peri- 
ods of so-called background extinction (Jablonski 
1995). Certainly there have been adequate opportuni- 
ties for species selection to have played a role in favor- 
ing dispersal capability by selecting against nondis- 
persers, but determining the extent and direction of 
the effect is problematic. 

Among prosobranch gastropods, whether a species 
had planktotrophic or nonplanktotrophic development 

can be inferred through differences in the embryonic 
and larval shell morphology preserved at the apex of 
fossilized juveniles and adults (Thorson 1950, Shuto 
1974, Jablonski & Lutz 1983, Lima & Lutz 1990). Both 
before and after the massive end-Cretaceous event, 
species with nonplanktotrophic development had 
approximately twice the extinction rate of species with 
planktotrophic development (Hansen 1978, Jablonski 
1995). Such differential extinction has been attributed 
to differences in geographic ranges and population 
genetic structure owing to differences in dispersal 
ability (Shuto 1974, Hansen 1978, Jablonski & Lutz 
1983, Jablonski 1995), and so reflects true species 
selection in the restrictive sense (Grantham 1995). 
Note that fossil evidence can distinguish only between 
species with planktotrophic and nonplanktotrophic 
development, not between those with planktonic and 
aplanktonic development. Whereas all species with 
planktotrophic development have planktonic larvae, 
nonplanktotrophs can have either nonfeeding, disper- 
sive larvae or aplanktonic development. However, at 
least some of the species with nonplanktotrophic 
development were likely to have been aplanktonic; if 
the greater susceptibility of nonplanktotrophic species 
to extinction is a consequence of limited dispersal abil- 
ity, those nonplanktotrophic species with aplanktonic 
development should generally be affected to the great- 
est extent. Thus, species selection could have played 
an important role in creating or maintaining a high 
proportion of species with planktonic development, 
even if long-lived planktonic larvae are selectively dis- 
advantageous on a short-term basis. Because of their 
lower extinction rates, species with planktotrophic 
development should accumulate over time. 

But species with aplanktonic development seem to 
speciate at higher rates, in proportion to their smaller 
geographical ranges and lower dispersal potential 
(Hansen 1983, Jablonski & Lutz 1983, Grantham 1995). 
This should promote a more rapid accumulation of spe- 
cies with aplanktonic development, not by conversion 
from one developmental pattern to the other, but 
through the more rapid proliferation of species with 
aplanktonic development. By this argument, the pro- 
portion of species with planktotrophic development 
should be diminishing with time. Thus, macroevolu- 
tionary forces could be acting during periods of back- 
ground extinction either to increase or decrease the 
proportion of species with long-lived planktonic lar- 
vae, depending on the balance between extinction and 
speciation rates. 

Among antarctic ech~noids, species with phyto- 
planktotrophic larvae may have been especially vul- 
nerable to decreased primary production during major 
glaciation events, perhaps accounting for the preva- 
lence of brooding among present-day antarctic echi- 
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noids (Poulin & Feral 1996). Species with feeding lar- 
vae may also have been generally selected against 
during extinction events concluding both the Permian 
(Valentine 1986) and Ordovician (Chatterton & Speyer 
1989) periods (reviewed by Wray 1995), although it is 
not clear whether this would necessarily select for 
aplanktonic development or merely lccithotrophic 
development in general. For the more recent end-Cre- 
taceous extinction, species with planktotrophic larvae 
were apparently neither more nor less vulnerable than 
species with nonplanktotrophic development, for both 
prosobranch gastropods (Jablonski 1986, 1995) and 
echinoids (Smith & Jeffery 1998). Again, a greater vul- 
nerability of species with aplanktonic development 
could not be determined through this type of analysis. 

Let us consider a scenario in which species with 
aplanktonic development were more vulnerable dur- 
ing the end-Cretaceous extinction, and that species 
producing long-lived larvae were favored. If there was 
substantial selection for species with long-lived larvae, 
then the present preponderance of larvae in the life- 
histories of benthic marine invertebrates may simply 
reflect insufficient time for species subsequently to 
lose larvae from the life cycle. We are just beginning to 
have estimates of how long it takes to evolve from one 
mode to another. The loss of the feedlng pluteus from 
the life cycle of the echinoid Heliocidar~s erythrogram- 
mica probably required less than 10 million years 
(Wray & Raff 1991) and the shift from planktonic to 
aplanktonic development for species within the aster- 
oid family Asterinidae may have occurred within only 
2 million years (Hart et al. 1997), in both cases only a 
small fraction of the time available since the last major 
extinction event. Even if species with planktonic 
development were favored during the end-Cretaceous 
extinction, lack of time to evolve alternate reproduc- 
tive modes does not seem to explain the dominance of 
larvae in present-day life histories, particularly when 
species that lose larvae from the life cycle should then 
speciate at faster rates (Jablonski & Lutz 1983, 
Grantham 1995). 

In summary, extinction events, both major and minor, 
may have played a role in creating the presently ob- 
served distribution of planktonic development among 
benthic marine invertebrates, but the extent of that role 
is generally uncertain. Further resolution may be diffi- 
cult to achieve unless there is some way to distinguish 
between fossilized nonplanktotrophs that developed as 
larvae and those that had aplanktonic development. 

Role of developmental constraints. There may be 
developmental constraints limiting shifts in reproduc- 
tive pattern; the events of embryogenesis may be so 
tightly orchestrated and mutually interdependent that 
even small perturbations can not be tolerated. Raff 
(1996) argues convincingly against such limitations for 

most of development, supporting suggestions ad- 
vanced earlier by Garstang (1922) and de Beer (1958). 
The apparent modularity of key developmental steps, 
and the apparently common co-opting of duplicated 
genes (e.g. Shubin et al. 1997) for novel functions 
should make at least some radical shifts in develop- 
mental pathways easy to accomplish (Raff 1996). 
Development is subject to selection (Wray 1995, Byrne 
& Cerra 1996, Raff 1996). Early, and especially later, in 
development the genetic modules apparently operate 
independently of each other, so that constraints on 
modification are largely removed (Raff 1996). 

Role of physiological constraints. Brooding is often 
associated with small body size (reviewed by Strath- 
mann & Strathmann 1982, McHugh 1993, Giangrande 
1997). In part, this association inay reflect an inability 
of larger animals to adequately oxygenate larger 
broods (Strathmann & Strathmann 1982). However, at  
least some larger individuals circumvent this potential 
constraint (reviewed by Grahame & Branch 1985, 
McHugh 1993). Moreover, selection for brooding 
among species with small-sized adults does not neces- 
sarily explain the production of larvae in species with 
larger adults: production of egg masses and egg cap- 
sules provides another means of keeping developmen- 
tal stages out of the plankton (Pechenik 1979), and yet 
many large-bodied animals do not utilize such cap- 
sules or egg masses. Furthermore, many species that 
do encapsulate their offspring release larvae, not juve- 
niles (Pechenik 1979, McHugh 1993). 

Role of behavioral and anatomical constraints, and 
the problem of escape. Loss of larval stages may be 
difficult to accomplish if it requires substantial al- 
teration of adult behavior or reproductive anatomy. 
Production of egg masses or egg capsules, or the de- 
velopment of specialized brood chambers among 
gastropods, for example, requires considerable ana- 
tomical specialization of adults (Fretter & Graham 1994, 
Levin & Bridges 1995). In addition, encapsulating 
embryos is feasible only if those embryos have evolved 
a means of escape from the capsules or jelly masses; 
larvae of at least some gastropod species escape from 
egg capsules by releasing a species-specific chemical 
(reviewed by Pechenik 1986a). Thus, whereas the 
transition between feeding and nonfeeding develop- 
ment may require only a small number of mutations 
(Wray 1995, Raff 1996), transition to aplanktonic devel- 
opment may require a considerably greater number of 
changes, for both adults and larvae; this could limit the 
opportunities for loss of larvae from life histories. 

Two pieces of evidence argue against this. Firstly, 
aplanktonic development has been accomplished far 
more simply in some echinoderm species, without ex- 
tensive morphological, physiological, and behavioral 
specialization by adults (McEdward & Janies 1997; see 
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Mooi & David 1993 for some exceptions), and yet larval 
development still predominates. Secon.dly, the wide- 
spread appearance of mixed developments in inverte- 
brate life histories (Pechenik 1979) also argues against 
anatomical specialization as an effective barrier to the 
evolution of aplanktonic development. Within mixed 
life histories, adults release free-swimming larvae from 
egg capsules, egg masses, or brood chambers: the 
machinery for switching to aplanktonic develop- 
ment-by increasing egg size, for example, or provid- 
ing nurse eggs-is in place, and yet larvae persist. 
Surprisingly few cases of possible transitional stages 
from mixed development to aplanktonic development 
have been documented (Levin & Bridges 1995). 
Unhealthy and disintegrating embryos of the gastro- 
pod Thais canaliculata (Spight 1977) and various spe- 
cies in the gastropod genus Crepidula (Hoagland 
1986) are ingested by healthy capsulemates, suggest- 
ing a possible move toward aplanktonic development. 
Other examples may have been overlooked; alterna- 
tively, mixed life histories may be generally stable, 
selected for by reduced mortality in early development 
(Pechenik 1979, Grant 1983). 

Role of population genetic structure. Even, if larvae 
are generally disadvantageous in the short term, 
extensive gene flow may limit opportunities for shifts 
from planktonic to aplanktonic development. It may be 
difficult to lose larvae from life histories when local 
populations are largely or entirely renewed in each 
generation by large numbers of propagules derived 
from distant populations potentially experiencing dif- 
ferent selective pressures; local reproductive success is 
in such cases effectively decoupled from recruitment 
success (Caley et al. 1996). 

The extent of gene flow among populations has long 
been thought to play a central role in determining the 
rate of evolution.ary change and th.e 1.ikelihood of speci- 
ation (Mayr 1970, Vermeij 1978, Slatkin 1985, Grant & 
Silva-Tatley 1997). As with plants (e.g. Linhart & Grant 
1996), insects (e.g. Price 1984), amphibians (Storfer & 
Sih 1998), and terrestrial mammals (Peacock & Smith 
19971, input from other populations reduces prospects 
for local genetic differentiation and speciation (Mayr 
1970, Hart1 1980, Vermeij 1982, Valentine & Jablonski 
1983, Slatkin 1985, Futuyma 1986, Strathmann 1986, 
Yamada 1989, Barton 1992, Bossart & Scriber 1995, 
Craddock et al. 1995, Scheltema 1995, Gallardo & Car- 
rasco 1996, Garcia-Ramos & Klrkpatnck 1997, Johan- 
nesson & Tatarenkov 1997, King & Lawson 1997, Kruuk 
& Gilchrist 1997, Peacock & Smith 1997). Even a low 
rate of lnput from distant populations can 'swamp se- 
lection' and prevent major evolu.tionary change (Mayr 
1970, Barton 1992, Peterson 1996, Grant & da Silva-Tat- 
ley 1997, King & Lawson 1997). Consistent with this re- 
lationship, species with wide geographic ranges and 

planktonic larvae generally show less genetic variation 
among locations than do species with aplanktonic de- 
velopment (e.g. Janson 1987, Palumbi 1995, Gallardo & 
Carrasco 1996, Williams & Benzie 1996, Allcock et al. 
1997, Hoskin 1997, De Wolf et al. 1998). Very small 
amounts of immigration can prevent differentiation due 
to genetic drift, and even when there is differential 
selection for or against certain alleles it is theoretically 
difficult to maintain alleles at low frequency (Slatkin 
1985). Some studies document substantial genetic 
differentiation despite dispersive larvae in the life his- 
tory (Koehn et al. 1980, Watts et al. 1990, Palumbi 1995, 
Edmands et al. 1996), but these results typically reflect 
differential postmetamorphic selection forces or the 
one-time recruitment of genetically distinct cohorts in 
different locations; the genetic differences are there- 
fore not self sustaining or cumulative but must be re- 
newed in each generation (Johnson & Black 1984). 

How can aplanktonic development evolve from 
planktonic precursors when genes for dispersal contin- 
ually enter from outside-carried in by successfully 
dispersed larvae-and dilute local selective pressures 
that may favor reduced dispersal? What conditions 
facilitate loss of larval stages from life histories? Can 
the widespread existence of larvae in the life histories 
of marine invertebrates reflect, to some extent, the dif- 
ficulty of losing larvae rather than selection for main- 
taining them? 

Under what conditions might a population experi- 
encing substantial gene exchange with other popula- 
tions split off at least one genetically isolated popula- 
tion? Frequent shifts in ocean current systems during 
the Pleistocene epoch may account for greater specia- 
tion rates in the lobster genus Panulirus, by periodi- 
cally reducing gene flow among populations (Pollock 
1992). In addition, larvae may be retained in some 
areas by particular hydrographic conditions, which 
might also prevent input of larvae from outside popu- 
la t ion~ (e.g. Hedgecock 1986, Parsons 1996); under 
such conditions aplanktonic development might arise 
under favorable selective pressures. It is probably not 
coincidental that aplanktonic development is espe- 
cidlly well represented among certain island popula- 
tions (Knudsen 1950, Moore 1977, Jablonski & Lutz 
1983) and other areas experiencing strong offshore 
currents. Although some island populations may have 
been founded by the arrivaI of long-distance Iarvae 
(reviewed by Jablonski & Lutz 1.983, Sch.eltema 19951, 
Johannesson (1988) has argued that successful colo- 
nization is more likely to be accomplished by the occa- 
sional arrival of apIanktonic indiv~duals transported 
via rafted egg masses. Thus, a high incidence of 
aplanktonic development in a location could reflect 
either the evolutionary loss of larvae in situ under in- 
tense selection, against dispersal (Jablonski & Lutz 
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1983), or an initial colonization of the area by aplank- 
tonic developers, which then persisted and speciated. 
Studies of the phylogenetic history of island popula- 
tions are needed to resolve this issue. 

Aplanktonic development could also evolve from 
planktonic development despite extensive gene flow if 
certain life-history traits correlate with strongly herita- 
ble differences in tolerance to certain degrees of envi- 
ronmental stress. Suppose, for example, that larger 
eggs are associated both with shorter larval life and 
increased tolerance to low salinity in some particular 
species. Differential survival along a salinity gradient 
(e.g.  Koehn et al. 1980) would then select simultane- 
ously for differences in physiological tolerance and dif- 
ferences in life-history pattern, through differences in 
egg size. Further up the estuary, where average salini- 
ties are lower, offspring would be less likely to be 
exported. Most importantly, those offspring remaining 
in the population would be less likely to mate with 
good dispersers in the next generation, because the 
best dispersers would be selected against by the low 
salinity before they reach reproductive maturity. This 
hypothetical mechanism provides a novel model for 
parapatric speciation. There is an obvious need for 
studies relating life-history characteristics to the vari- 
ety of physical stresses experienced within the range of 
particular species, and studies documenting the heri- 
tability of differential tolerance to physiological stress. 
To date, Hilbish & Koehn (1985) provide one of the few 
studies documenting the functional significance of 
genetic differentiation along a stress gradient. 

IMPLICATIONS OF HUMAN INFLUENCE AS A 
SELECTIVE AGENT ON INVERTEBRATE 

REPRODUCTIVE PATTERN 

In general, the species most likely to become extinct 
are those with small geographic ranges, limited disper- 
sal potential, and limited tolerance of environmental 
stress, both biological and physical (Vermeij 1978, 
Carlton et al. 1991). To the extent that brooding and 
encapsulating species are associated with small ranges 
and limited dispersal, species with aplanktonic devel- 
opment should be least likely to persist in the face of 
global warming, increased UV penetration, and con- 
tinued habitat degradation (e.g. Carlton et al. 1991, 
Byrne & Cerra 1996). Although at least some brooding 
species have large geographical ranges (Johannesson 
1988, Grant & Silva-Tatley 1997) and show limited 
genetic differentiation over those ranges (Grant & 
Silva-Tatley 1997), and although larval stages do not 
guarantee extensive dispersal (Palumbi 1995), the ass- 
ociation between aplanktonic development and hm- 
ited dispersal probably holds in general. 

Extinction probabilities should also vary inversely 
with tolerance to environmental stress. To what extent 
does stress tolerance correlate with reproductive pat- 
tern? To the extent that greater physiological adapt- 
ability (plasticity) is a consequence of greater gene 
flow among populations (Yamada 1989, Parsons 1998), 
we might expect species producing well-dispersed lar- 
vae to be more tolerant of environmental stress. I do 
not believe that the relationship between adult suscep- 
tibility to stress and reproductive mode has ever for- 
mally been examined. But if larvae are generally more 
sensitive than earlier developmental stages to physical 
and chemical stress, and if brooding and encapsulation 
protect developing embryos from exposure to those 
stresses, then continued broad-scale pollutant input 
could select against larval stages, ultimately increasing 
the likelihood of extinctions from local calamity. 

To what extent are larvae more susceptible to pollu- 
tants and UV irradiation than species with aplanktonic 
development? We know that embryos and larvae are 
typically affected by pollutants at one-tenth to one- 
hundredth the concentration required to affect juve- 
niles and adults of the same species to the same degree 
in the same amount of time (reviewed by Pechenik 
1987). The greater vulnerability of larvae compared 
with adults may be caused, at least in part, by faster 
accumulation of toxicants by larvae (Ringwood 1989). 
But to what extent do egg cases, gelatinous egg 
masses, and brood chambers prevent or reduce embry- 
onic exposure to pollutants? 

Surprisingly little is known about capsule, egg mass, 
or brood chamber permeability to water-soluble toxi- 
cants, or about the susceptibility of encapsulated or 
brooded embryos to pollutant stress (Pechenik 1986a). 
Middaugh & Floyd (1978) suggested that extraembry- 
onic membranes protect embryos of the crustacean 
Palaemonetes pugio from heavy-metal exposure, but 
they made no permeability measurements. The egg 
capsules of several prosobranch gastropods are per- 
meable to glucose and other small organic molecules 
(Galtsoff et al. 1937, Carriker 1955, Pechenik 1982, 
1983), and the gelatinous egg masses of the opistho- 
branch gastropod Melanochlamys diomedea (Woods & 
DeSilets 1997), the polychaete Euypolymnia nebulosa 
(Bhaud 8? Duchsne 1996), and several species in the 
gastropod genus Lacuna (Hertling 1928) are perme- 
able to salts. These data imply that at least some 
encapsulating structures may allow heavy metals and 
other low molecular weight, water-soluble pollutants 
to reach developing embryos. 

Few studies have specifically considered the degree 
to which encapsulating structures or brood chambers 
shield embryos from pollutant stress. Pechenik & Miller 
(1983) found no reduction in hatching success when 
newly deposited egg capsules of the mud snail, Ilyan- 
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assa obsoleta, were exposed to a high concentration of 
No. 2 fuel oil (1 ppm water-accommodated fraction) for 
3 to 6 wk; embryos successfully hatched from about 
90% of capsules (50 to 80 capsules per treatment) 
whether or not those capsules were incubated in the 
presence of fuel oil. Encapsulated embryos developed 
more slowly in the presence of the fuel oil, however, 
suggesting that the egg capsules may not have pre- 
vented fuel oil components from reaching the embryos. 
Instead, hatching success in the presence of oil may re- 
flect insensitivity of nonfeeding embryonic stages to the 
fuel oil stress rather than impermeability of the capsule 
wall to oil compounds. Early-stage, nonfeeding em- 
bryos removed from capsules and exposed directly to 
1 ppm No. 2 fuel oil were substantially more tolerant of 
the stress than were later-stage, feeding larvae 
(Pechenik & Miller 1983). Ingestion of contaminated 
food is an important route of pollutant entry for a num- 
ber of marine invertebrate species in both larval (Rossi 
& Anderson 1976, Debroski & Epifanio 1980, Reinfelder 
& Fisher 1994) and adult stages (Boehm & Quinn 1976, 
Young 1977. Sanders et al. 1989, Weston 1990, Selck et 
al. 1998), but the relative importance of ingestion and 
diffusion in moving toxic substances into embryos and 
larvae needs to be studied in greater detail. Oil compo- 
nents may enter the intracapsular fluid but not affect 
embryos as long as they subsist on endogenous re- 
serves. Exposing crab embryos (Cancer anthonyi) to 
sublethal concentrations of copper, cadmium, or mer- 
cury slowed development to hatching (Macdonald et al. 
1988), again suggesting that the extraembryonic mem- 
branes were permeable to these heavy metals. 

Alternatively, an oil coating on the outer surface of 
mud snail capsules may have reduced the rate of oxy- 
gen diffusion across the capsule wall and delayed 
development by that means; oxygen stress slows the 
development of molluscan embryos (Morrison 1971, 
Chaffee & Strathmann 1984, Cohen & Strathmann 
1996, Lee and Strathmann 1998). More data on the 
permeability of egg masses and egg cases to water-sol- 
uble pollutants are needed to understand the degree to 
which they confer protection. Brooded, embryos of the 
freshwater cladoceran Daphnia magna are fully sus- 
ceptible to both inorganic and organic toxicants (Baird 
et al. 1991); similar studies have not yet been con- 
ducted on marine specles. 

To evaluate the potentially protective benefits of en- 
capsulated or brooded development with respect to 
pollution susceptibility, we must also know when in de- 
velopment biochemical defense mechanisms first be- 
come functional. If detoxification pathways become 
functional late in development, the potential benefits of 
encapsulation are greater, assuming that capsules ef- 
fectively shield embryos from those stresses. However, 
the limited data gathered to date indicate tha.t detoxifi- 

cation pathways can become active very early in devel- 
opment. Certain metal-binding proteins, for example, 
are already present in early embryos of the sea urchin 
Strongylocentrotus intermedius (Scudiero et al. 1996). 
Similarly, Toomey and Epel(1993) have demonstrated a 
multixenobiotic transport protein that is already func- 
tional in embryos of the echiuran worm Urechis caupo 
and may be responsible for their substantial tolerance 
to environmental toxins. Larvae of the crab Cancer a n -  
thonyi survived exposure to copper and zinc if embryos 
were exposed to low concentrations of these elements 
earlier in development, implying induction of metal- 
binding proteins (Macdonald et al. 1988). I know of no 
comparable data for other marine invertebrates, partic- 
ularly those which begin their lives withln encapsulat- 
ing structures or brood chambers. A cytochrome p450 
monooxygenase system that oxidizes toxic organic 
compounds has been described from adults in a num- 
ber of marine invertebrate groups (e.g. Fries & Lee 
1984, den Beston et al. 1990) and from larval fishes (e.g. 
Peters & Livingstone 1996), but when the system be- 
comes functional during the development of marine in- 
vertebrates has not yet been documented. 

Laboratory studies have documented for a number of 
species that larvae are vulnerable to UV irradiation 
(reviewed by Gleason & Wellington 1995, Morgan 
1995a, Rawlings 1996). And Rawlings (1996) has dem- 
onstrated that egg capsules produced by the gastropod 
Nucella emarginata are highly effective at absorbing 
UV-B irradiation, and somewhat effective in protecting 
embryos from UV-A irradiation. These limited data 
suggest that encapsulation may protect embryos from 
UV exposure. But, as discussed earlier, the results of 
laboratory studies can be misleading in that in nature 
larvae may readily avoid exposure to environmental 
stresses; even though egg capsules of at least some 
species confer a degree of protection from UV irradia- 
tion and perhaps pollution stress as well, capsules may 
also increase exposure to these stresses by confining 
embryos to stressful habitats from which larvae are 
readily dispersed. 

To evaluate the relative susceptibility of larval stages 
to pollution and UV irradiation, we need more infor- 
mation concerning (1) the relative roles of diffusion 
and ingestion in the uptake of pollutants by develop- 
ing embryos and larvae; (2 )  the stage In development 
at which detoxification systems first become func- 
tional; (3) the permeability properties of encapsulating 
structures and brood chambers; and (4) the relative 
magnitude and duration of exposure to these stresses 
for free-living larvae and encapsulated embryos. 

To the extent that encapsulated and brooded em- 
bryos are fully exposed to environmental stresses, con- 
tinued habitat degradation should favor dispersal as a 
means of escape from local conditions, and thus select 
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for retention of larvae in life histories. On the other Table 2. Summary of advantages and disadvantages associ- 
hand, extensive habitat degradation and correspond- ated with having larvae in the benthic marine invertebrate 

ing local extinctions could facilitate the loss of larvae life cycle 

from life histories by potentially isolating subpopula- 
tions from the homogenizing effects of dispersal. 
Understanding the direction of evolutionary change 
favored by human influence requires more data on the 
relative tolerances and susceptibilities of embryos and 
larvae of closely related species, and more data on the 
permeability properties of capsules, egg masses, and 
brood chambers. We also need a better understanding 
of the conditions under which extensive gene flow can 
maintain larvae in life histories despite selective pres- 
sures favoring their loss. 

SUMMARY 

Planktonic larval stages are common components of 
the life cycles of benthic marine invertebrates, even 
though the evolutionary trend seems biased toward 
their loss. There are both advantages and disadvan- 
tages associated with having larval stages in the life 
cycle (Table 2). The apparent reacquisition of larval 
stages within a few clades suggests that larvae can, 
under at least some circumstances, be selected for. 
However, the widespread distribution of larvae is not 
readily explained from energetic considerations, and 
the major advantage, dispersal, may be only a conse- 
quence of having larvae, not a selective agent main- 
taining them in the life cycle. The apparently biased 
transitions from planktonic to aplanktonic develop- 
ment within many groups (including prosobranch gas- 
tropods, polychaetes, ascidians, and echinoderms) 
suggest, in fact, that larvae are, on balance, a liability. 
Selective pressures operating to remove larvae from 
life cycles are probably not large, as long as adults can 
produce enough larvae to overcome the losses associ- 
ated with dispersal away from favorable sites, preda- 
tion in the plankton, and predation during substrate 
searching. It seems equally likely that larvae are not 
easily lost from life histories in which local populations 
are largely or entirely renewed by large numbers of 
individuals derived from other populations. The 
present distribution of planktonic and aplanktonic 
development may also be shaped, at least in part, by 
long-term macroevolutionary forces reflecting the dif- 
ferences in geographic ranges and population genetic 
structure associated with differences in dispersal 
potential between the two major modes of develop- 
ment: planktonic species tend to have lower extinction 
rates while species with aplanktonic development tend 
to speciate with greater frequency. 

To better understand the forces that have shaped the 
present distribution of planktonic and aplanktonic 

- 

I. Advantages 
Greater dispersal potential: 

a.  reduced competition for food among siblings (plank- 
totrophs only) 

b. reduced competition between parent and offspring 
c. increased ease of recolonization following local 

extinction 
d. reduced likelihood of inbreeding 
e. large geographic range 
f .  lower risk of extinction, greater persistence in 

geolo ical time 
~ e t a m o r ~ a o s i s  triggered by specific cuesincreased prob- 
ability that juveniles will occupy favorable habitat 
Lower total energetic expense of reproduction(?) 

11. Disadvantages 
Dispersal away from favorable parental habitat 
Increased v.ulnerability to planktonic predators 
Increased vulnerability to benthic predators(?) 
Greater vulnerability to chemical and UV stress(?) 
Greater gene flow over greater distances: 

a. reduced opportunity for local adaptation 
b. increased likelihood of outbreeding depression 

Substrate specificity for metamorphosis: 
a. larvae might metamorphose under suboptimal or 

disadvantageous conditions 
b. might limit ability of adults to shift or expand niche 

Reduced juvenile fitness through delayed metamorphosis 
Nutritional and other stresses experienced by larvae can 
reduce postmetamorphic performance 
Greater total energetic expense of reproduction(?) 

development, and to better understand how human 
activities might alter or accelerate selective regimes in 
the future, more information on the following points is 
needed: 

(1) the relative vulnerability of larvae and encapsu- 
lated embryos to both planktonic and benthic 
predation, and the extent to which vulnerability 
to predators increases or decreases with increas- 
ing larval size; 

(2) the relative vulnerability of larvae and encapsu- 
lated embryos to physical and chemical stress, 
and the degree to which larvae and encapsulated 
stages are exposed to such stresses in the field; 

(3) the extent to which larval and encapsulated 
experiences affect postmetamorphic fitness; 

(4) the frequency with which larvae have been 
regained within clades once lost, and the amount 
of time and genetic change required to evolve 
from one mode to the other in different groups; 

(5) the relative importance of ingestion and diffusion 
in the uptake of pollutants by larvae, and the 
extent to which encapsulating structures and 
brood chambers prevent such uptake ; 
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( 6 )  when in development biochemical detoxification 
systems first become functional; 

(7) the extent to which substrate specificity for meta- 
morphosis increases juvenile survival in the field, 
and the extent to which it limits the opportunities 
for expanding adult niches or places juveniles 
into suboptimal habitats; and 

(8) the extent to which the population genetic conse- 
quences of dispersal can deter the loss of larvae 
from life cycles in the face of selection for their 
loss, and the conditions under which subpopula- 
tions of species with planktonic development may 
become isolated from other populations. 

The prevalence of dispersive larvae in the life histo- 
ries of benthic marine invertebrates may, to a large 
extent, reflect the difficulty of losing larvae from the 
life cycle more than selection for their maintenance in 
the life cycle. It will be important to determine whether 
the conditions under which larvae can be lost from life 
cycles are limited, and if so, what those limitations are. 
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