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INTRODUCTION 

Swimming behaviors of marine invertebrate larvae had already been stud
ied for more than 30 years when it was discovered in the 1920s that larvae are 
capable of actively selecting settlement sites and of delaying metamorphosis 
until a suitable substratum is found (Mortensen, 1921; Wilson, 1932; history 
reviewed by Young, 1990). These important findings brought larval behavior 
to the center stage of marine ecology, where it has remained a major subject 
of investigation ever since (Young, 1990; see recent reviews by Pawlik, 1992; 
Butman. 1987), but a recent focus on the role of oceanographic processes in 
recruitment (Roughgarden et al., 1988) has also resurrected interest in the 
behaviors larvae exhibit during the planktonic dispersal phase. It is clear from 
a large body of evidence that many larvae control their horizontal distribution 
and di spersal by nav igating vertically in the water column on both ontogenetic 
and diet schedules. In this review, I summarize the ways that larvae respond 
behaviorally to the biotic and abiotic attributes of their environment while 
swimming. This large body of work has been reviewed so many times (Sulkin, 
1984; Forward, 1976; Young and Chia, 1987), that a comprehensive review is 
unnecessary. I will use examples from the recent literature to illustrate the 
range of known larval behaviors, while attempting to place the observations in 
a realistic ecological and oceanographic context. 

BUOYANCY, DRAG, AND LOCOMOTION 

BuoYANCY AND DRAG 

Most larvae are heavier than seawater and sink when swimming ceases. 
Some slow the ir rate of sinking by increasing drag with large feathery append
ages (e.g., phyllosoma larvae of spiny lobsters), long setae (e.g., rostraria and 
mitraria larvae of polychaetes), or neutrally buoyant shells (e.g., echinospira 
larvae of Lamellarid gastropods). Buoyancy of many lecithotrophic larvae is 
conferred by lipid stores, though other low density substances (e.g., ammonia 
in the follicle cells of some ascidian eggs; Lambert and Lambert, 1978) may 
also be used tor flotation. Larval density is important from a behavioral 
standpoint because it either reinforces or counteracts the effects of vertical 
swimming (Sulkin, 1986). 

It is often assumed that buoyant lipids, particularly in lecithotrophic larvae, 
come from parental investments in the egg, that lipids are metabolized during 
larval life, and that the resulting decrease in buoyancy oflate-stage larvae is an 
important mechanism by which larvae sink to the bottom for settlement (Chia 
et al.. 1984). These ideas have recently been challenged by R. Olson (personal 
communication). who has demonstrated that late-stage lecithotrophic sea cu
cumber larvae as well as newly settled juveniles tloat. 
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Some planktotrophic larvae accumulate lipids as they feed (Holland , 1978), 
thereby becoming increasingly buoyant as larval life progresses. Larval sand 
dollars (Pennington and Emlet, 1986) increase in density from 1.05 g ml- 1 in 
the prism stage to more than 1.25 g ml- 1 in the 6-arm stage. then decrease in 
density to 1.17 g ml ·1 as additional lipids are accumulated in the 8-arm stage. 
Addition of the echinus rudiment just before settlement does not substantially 
increase density; the young echinoid becomes heavier only after settlement, 
when juvenile ossicles are added (Pennington and Emlet, 1986). Nauplius 
larvae of the barnacle Balanus ehurneus feed in the plankton and store lipids 
in specialized oil cells. which are readily visible in the non-feeding, terminal 
cyprid stage (West and Costlow, 1987). In both of these examples (sand dollars 
and barnacles), the adults live in shallow water, making buoyancy a useful 
attribute for the late-stage larvae, but it is not clear whether lipid accumulates 
for the purpose of depth regulation or if buoyancy is a fortuitous by-product of 
lipids stored for another purpose. The auricularia larvae of some holothurians 
contain granules which appear to be lipids (Chen et al., 1991 ), but they do not 
have the ultrastructural characteristics of neutral lipids (W. Jaeckle, personal 
communication) and their potential role in buoyancy regulation remains unre
solved. 

A recent interesting study (Bhaud and Cazaux, 1990) investigated the 
buoyancy of the aulophora larvae of terebellid polychaetes. Aulophora larvae 
reside within a gelatinous tube open at both ends. It has previously been 
assumed that the tube is a tlotation device (Kessler, 1963). Bhaud and Cazaux 
( 1990) demonstrated that the isolated tubes actually sink faster than tubes 
containing larvae. This apparent paradox was resolved by the discovery of a 
long strand of mucus secreted by the primary tentacle and extending from the 
upper opening of the tube. This mucus strand slowed sinking by increasing 
drag. Mucus strands are also secreted by some cnidarian planulae (Tranter et 
a!.. 1982; Siebert. 1974) as a mechani sm of entrapping food particles. The 
potential role of these strands in reducing sinking rates has not been investi
gated. 

LOCOMOTION 

Larval behavior requires that larvae control the direction, frequency, and/ 
or speed of swimming. Aspects of larval locomotion have been reviewed by 
Chi a eta!. ( 1984 ), Mileikovsky ( 1973) and Em let ( 1991 ). Most larvae are small 
animals that move at low Reynolds numbers where inertial forces are very low 
and completely overwhelmed by the effects of viscosity . In general, therefore, 
larvae move only when swimming appendages or cilia are actually in motion 
and they stop ''dead in their tracks" when swimming ceases. 

Crustacean larvae. ascidian tadpoles, cercaria larvae of trematodes, and 
larval cephalochordates propel themselves by contraction of muscles in a tail 
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or in appendages. In muscular locomotion involving appendages. the larva 
maximizes thrust on the effective stroke by presenting a large surface area to 
the water, then minimizes backward thrust by reducing the area of the append
age on the recovery stroke, either by folding the appendage or by holding it 
close to the body as it is moved back into position. Benthic larvae of some 
scyphozoans (Otto, 197R) are unciliated and do not swim, but move instead by 
creeping along the bottom with muscular contractions. Some large ciliated 
larvae (e.g., bipinnaria larvae of Luidiid starfish and late-stage larvae of 
polychaetes) supplement ciliary activity with muscular flexions of the body or 
appendages (Hardy, 195R; Bhaud and Cazaux , 1988). 

Larvae may swim using either uniform ciliation or ciliary bands (Chia et 
al. , 1984; Emlet. 1991). Unit(mn ciliation is found in amphiblastula and 
parenchymula larvae of sponges, planula larvae of cnidarians, miricidia larvae 
of trematodes, Iwata's larvae of nemerteans, MUller's, Gotte's and Luther's 
larvae of platyhelminths, and non-feeding larvae of various phoronids, hemi
chordates, and echinoderms. In some of these forms, the cilia are longer in 
some regions of the body than others. For example, among the polyclad 
flatworms, MUliers larvae and Goette's larvae have especially long c ilia arising 
from "prototrochal" cells that run along the arms (Ruppert, 197R; Lacalli. 
1982) • as well as sensory tufts anteriorly and posteriorly, and Luther's larvae 
have several anterior bands of long cilia in addition to the short cilia which 
cover the entire body (Ruppert, 1978). Uniformly ciliated parenchymula larvae 
of sponges often have very long cilia on one end (Woollacott, 1990). 

Ciliary bands are used for locomotion by (I) Semper' s larvae (zoanthina 
and zoanthella larvae) of zooanthid cnidarians, (2) trochophores, nectochaetes, 
rostraria. and mitraria larvae of polychaetes, (3) larvae of echiurans. pogono
phorans, entoprocts. and brachiopods, (4) gastropod veligers, bivalve veligers, 
and other larval forms of molluscs, (5) cyphonautes and coronate larvae of 
bryozoa. (6) actinotroch larvae of phoronids, (7) tornaria larvae of hemichor
dates. and (8) bipinnaria, echinopluteus, ophiopluteus, auricularia, and doliolaria 
larvae of echinoderms. In most spiralians, including molluscs and polychaetes, 
the main propulsive force is provided by a strong band of cilia called the 
prototroch. However, additional bands of cilia may be added later in develop
ment. and these bands may take over the major function of locomotion. For 
example. the transformation of some sipunculans from a trochophore to a 
pelagosphaera is accompanied by a reduction of the prototroch and dominance 
of a mesotrochal band (Rice. 1967). In polychaetes, bands of cilia are generally 
added with each setigerous segment, so incremental gains of mass are compen
sated by additional cilia. Entoproct larvae swim with a prototroch (Nielsen, 
1971 ). but they also crawl using a ciliated foot. 

Ontogenetic changes in ciliary arrangement are well exemplified by the 
Echinodermata. For example, some lecithotrophic holothurians begin life as 
uniformly ciliated vitellaria larvae, then pass through a doliolaria stage char
acterized by serial rings of cilia, and finally to a pentactula stage that can either 
swim or crawl (McEuen and Chia, 1985. 1991 ). Echinoids also show dramatic 
ontogenetic changes in ciliation. 
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Em let ( 1991) noted that species with appendages or lobes generally have 
ciliary bands and that uniformly ciliated species generally lack appendages. A 
few intermediate forms violate this general rule. Muller's larva (Figure I A), 
which bears the uniform ciliation that one might expect of a flatworm, also has 
larval anns with the cilia elongated to form a sort of band (Ruppert, 1978; 
Lac alii, 19H2). Coronate larvae of ascophoran bryozoans (Figure I B) have a 
wide band of cilia called the corona which is homologous to the thinner band 
of cilia found on cyphonautes larvae of anascans. Thus coronate larvae con
form to Emler's generalization from a functional standpoint (they are almost 
completely ciliated) though not morphologically (they have just a single band). 

In most uniformly ciliated larvae, the effective beat of cilia is from anterior 
to posterior, but the ciliary fields or bands also demonstrate visible waves of 
activity that pass either clockwise or counterclockwise around the larva at a 90" 
angle to the direction of ciliary beat. This phenomenon, known as metachrony, 
causes the larvae to spin as they swim (Knight-Jones, 1954 ). In larvae that feed 
and swim with a single ciliary band (e.g., echinoderm larvae, cyphonautes, 
actinotrochs, tornarias), cilia beat away from the circumoral field without any 
consistent orientation relative to the anterior-posterior axis. The combined 
effects of the various resulting currents propel the larvae forward. 

Swimming Speeds and Trajectories 

Only a few kinds of larvae, most notably crustacean zoeae and echinoderm 
plutei, have a bilaterally symmetrical arrangement of appendages or cilia that 
allow them to swim in a more-or-less straight path. Most ciliated larvae, 
especially those with uniform ciliation or circular ciliary bands. move along 
helical paths and spin while swimming. Examples include doliolaria larvae of 
crinoids (Mladenov and Chia, 1983). sponge larvae (Bergquist et al., 1970), 
and bivalve veligers of clams (Jonsson et al., 1991 ). Viewed from the posterior 
end. spinning may be either clockwise or counterclockwise, with the latter 
being most common. This pattern results from laeoplectic metachrony (Knight
Jones. 1954) in which waves of ciliary activity move at a 90" angle to the left 
of the direction of the effective stroke (Knight-Jones, 1954 ). Both counter
clockwise and clockwise spinning may be found in closely related species (e.g., 
congeneric sponges; Woollacott, 1990). The holothurian Molpadia intermedia 
spins counterclockwise while swimming with the anterior end forward when it 
first hatches, then reverses its direction of spin at 59 h and swims with its 
posterior end forward by d 6 (McEuen and Chia, 1985). 

Tadpole larvae of ascidians also spin as they swim (reviewed by Svane and 
Young. 1988). possibly because of asymmetrical insertion of the tail on the 
trunk or a spiral arrangement of myofibrils in the tail muscles (Grave, 1920). 
Spinning is important in ascidians because it permits phototactic orientation 
with a single ocellus (Mast, 1921; see detailed explanation in Svane and 
Young. 1988). 

Jonsson et al. ( 1991) have presented a detailed kinematic analysis of the 
swimming trajectory for a larval bivalve, Cerastodcrmc cdule. They provide 
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FIGURE 1 Two forms of ciliated larvae with ciliation patterns that do not conform to the 
generalized pattern. (A) Uniformly ciliated Muller's larva of the poly clad flatworm Pseudoceros 
crozieri showing elongate cilia on the arms formed into a ciliary band. Five rnetachronal waves 
are marked with asterisks. The arrow indicates the direction of swimming, which is at right 
angles to the direction of metachronal wave propagation. (B) Coronate larva of the bryozoan 
Bugula neritina, a species with a ciliated band so large that it covers most of the larva, making 
it uniformly ciliated from a functional standpoint. The arrow indicates swimming direction as 
in A. 
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equations for estimating the pitch. radius, and angular velocity of the swim
ming path from the larva's translational and rotational velocities, parameters 
that can be obtained in two dimensions from a single video camera. Helical 
swimming allows larvae to control the speed of vertical movement without 
cessation of swimming and without changing the speed of ciliary beat (Jonsson 
et al.. 1991 ). The larvae apparently accomplish this by modifying the radius 
and pitch of the helical swimming path behaviorally. Since food is collected by 
the same velar cilia that are used for locomotion, depth regulation by alternate 
sinking and swimming would interrupt the feeding process whereas depth 
regulation by helical swimming does not. Mann and Wolf ( 1983) have demon
strated that the diameter of the helical swimming path and the upward gain per 
revolution of the helix change ontogenetically in Arctica is/andica larvae. The 
ecological consequences of these age-related differences are not known. 

Larval swimming speeds and fall velocities have been summarized by 
Mileikovsky ( 1973), Konstantinova (1966, 1969). and Chi a et al. ( 1984). 
Although many additional data have appeared in the literature since these 
reviews were written (e.g., Bhaud and Cazaux, 1990: Woollacott, 1990; Jonsson 
et al.. 1991; Podolsky and Emlet, 1993; Shanks, 1985, and many others), the 
swimming speeds generally fall into the range reported in the earlier studies. 
Ciliated larvae cannot swim fast enough in a horizontal direction to influence 
their distribution. but large crustacean larvae may use horizontal swimming 
to migrate long distances. The best documented example is the puerulus stage 
of a spiny lobster, Panulirus cygnus. which swims toward the coast of 
Western Australia for 40-60 km and at velocities up to 30 cm/s (Phillips and 
Olsen, 1975: reviewed by Phillips and Sastry , 1980). Shanks ( 1985, this 
volume) has noted that mcgalops larvae of grapsid crabs swim well enough 
to resist the downwelling currents at surface convergence zones marked by 
slicks. 

Like other biological rates , swimming speeds change as a function of 
temperature (Hidu and Haskin. 1978; Sulkin et al., 1980; Ott and Forward, 
1976; Podolsky and Emlet, 1993) and they can also be influenced by salinity 
(Hidu and Haskin, 1978; Sulkin et al. , 1980). The observed temperature effect 
is always positively thermokinetic: either the frequency of locomotory activity 
or the speed of locomotion increases with environmental temperature. This 
effect is partly physiological, caused by an increase in biochemical reaction 
rates, but is also attributed in part to the change in water viscosity that occurs 
with temperature changes. In an elegant experimental study, Podolsky and 
Em let ( 1993) have recently demonstrated that for sand dollar (Dendraster 
e.rcentrims) larvae, about 40°/n of the reduction in swimming speed occurring 
over a I 0" degree temperature drop could be attributed to the effect of increased 
viscosity. Because of viscosity differences, larvae living in cold water should 
require less drag to stay afloat than larvae living in tropical waters (Hardy, 
1965; Smayda, 1970). Young and Cameron ( 1987) invoked viscosity to ex
plain depth-related changes in the flotation rates of deep-sea lecithotrophic 
echinoid eggs. 
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DEPTH REGULATION AND 
ORIENTATION BEHAVIOR 

A major function of larval locomotion is to control the position of larvae 
in the water column . This sort of behavioral control allows larvae to avoid 
predation, optimize feeding, increase or decrease dispersal distance, and maxi
mize or minimize spread with respect to both siblings and parents. Verwey 
( 1966), in a synthetic discussion of the factors influencing orientation, distin
guished between external factors that are used for orientation and factors that 
release behaviors. Sulk in ( 1984) has elaborated on this general idea with a 
behavioral model of depth regulation in which larval orientation and locomo
tory activity interact with the inherent positive or negative buoyancy of the 
larvae to control vertical position. In the Sulkin model. orientation and swim
ming are controlled behaviorally by positive and negative feedback systems 
stimulated by environmental factors. Positive feedback results in the move
ment of larvae toward the surface or bottom and negative feedback maintains 
larvae at particular depths (Sulkin, 1984 ). 

TERMINOLOGY 

Standard terminology for the classification of animal orientation behavior 
was proposed by Fraenkel and Gunn ( 1940). Although some of the complexi
ties of this classification system have not been used widely in the literature on 
larvae, the basic differences between tactic, tropic, and kinetic responses 
remain unambiguous and easily understood. It is surprising, therefore, that we 
still see occasional incorrect usage of these terms in the literature and frequent 
mistakes in oral presentations. Tropism (e.g., ' 'phototropism") describes a 
response in which a sessile organism turns toward or away from a stimulus as 
it grows. This term is used most commonly for rooted or attached plants, 
though it is also appropriate in describing growth responses of some sessile 
animals such as gorgonians, colonial ascidians, and scleractinian corals. As all 
known larvae are motile, it is inappropriate to use any term containing the root 
"tropism" to describe larval behavior. 

All known orientation behaviors of larvae can be broadly categorized as 
taxes or kineses. A taxis, or "tactic response" (e.g., phototaxis. geotaxis) is 
directional in nature and involves the movement of an organism with respect 
to some cue which itself contains directional information. A kinetic response, 
or kinesis, (e.g., barokinesis) is not directional. It may involve changes in the 
speed of locomotion , the frequency of locomotory activities, or in the rate of 
turning. Any of these changes can carry an organism in a particular direction. 
However. a kinetic response generally takes the organism on a circuitous route, 
whereas a tactic response leads down a more-or-less direct path. 

The distinction hetween taxes and kineses becomes more obvious if we 
consider the kinds of stimuli that elicit these two general classes of responses. 
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Table 1 
Some Common Scalar and Vector Cues 
Used By Swimming Larvae and the 
General Categories of Behavioral 
Responses Associated With Each 

Type of 
Cue 

Scalar 

Cue 

l'ressure 

Salinit y 

Tl.'mpcraturc 

l .ight int..:nsit y 

Solid objects 

Ciravity 

Light 

Current 

Light polarit y 

Category of 
Response 

Rarokim:s is 

llalokincsis 

Thcrmokincsis 

Photokinesis 

Thigmokinesis 

Geotax is 

Phototaxis 

Rheotax is 

Polarotax is 

257 

Physical stimuli to which larvae respond, either for orientation or to "release" 
orientation behaviors (Verwey, 1966). may he classified as scalars or vectors 
(Table I). Scalars (e.g .. salinity. dissolved oxygen, temperature, pressure) vary 
in magnitude from place to place, hut do not contain directional information at 
any given point. Vectors (e.g. light. gravity . water flow) vary in magnitude but 
also have associated information about direction. Larvae may orient to vector 
stimuli kinetically hy either ignoring or failing to detect the directional infor
mation. or they may orient with a tactic response by using the directional 
information. Scalars can elicit only kinetic responses. Thus, a larva can swim 
directly toward the light because at any given place in the photic zone, there 
exists not only a light intensity gradient, hut also perceptible information about 
light direction . A larva cannot. on the other hand, swim directly toward an area 
of high salinity. as the only information available to the larva is the salt 
concentration at the particular place where it is located. In theory, a larva with 
sensory structures spread far apart on opposite sites of the body (e.g .. a 
phyllosoma larva that may have chemoreceptors at the ends of appendages; 
Phillips and Macmillan. 19R7) might he able to detect sharp gradients occur
ring on small scales. thereby orienting with respect to the gradient and demon
strating something akin to tactic behavior. However. to my knowledge, there 
is no behavioral evidence for this in the literature. 

ORIENTATION MECHANISMS 

The overwhelming majority of studies on larval orientation document 
swimming responses of larvae to physical vectors such as light or gravity. A 
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smaller number of studies consider either how vectors interact (e.g., light/ 
gravity interactions) or how responses to vectors are modulated by scalars such 
as salinity and pressure. Crustacean larvae. which have been studied much 
more extensively than any other kind of larva, often demonstrate complex 
migratory and depth regulation behaviors which involve the interplay of nu
merous vector and scalar cues. 

The responses of many species change ontogenetically. For example, 
larvae that are positively phototactic soon after release often become photone
gative or geopositive later in life when it is time to seek a benthic habitat. The 
literature on larval orientation behavior has been reviewed several times in 
recent years (Thorson. 1964; Forward, 1976, 1988; Young and Chia, 1987; 
Sulk in. 19R4 ). so the range of known behaviors will be described by reference 
to only a few examples chosen from the recent literature. 

Tactic Responses to Vector Cues 

Phototaxis- Light and gravity are the two major vectors to which larvae 
orient in the marine environment. It has often been observed that early-stage 
larvae of invertebrates from many phyla are attracted to light (Thorson, 1964), 
a response that would carry larvae away from benthic predators, toward high 
concentrations of phytoplankton. and into more rapidly moving surface cur
rents where dispersal is most efficient. However, Forward ( 1988) has noted 
that most studies of phototaxis have been done in the laboratory with concen
trated beams of white light that do not bear much resemblance to the scattered 
and filtered light found in the sea. Larvae of the estuarine crab Rhithropanopeus 
harrisi are strongly photopositive in narrow beams of light (Forward, 1974), 
but do not demonstrate any attraction to light under conditions simulating an 
underwater angular distribution of sunlight (Forward, 1986). On the basis of 
these and other data. Forward ( 1988) suggests tentatively that most positive 
phototactic responses reported in the literature are laboratory artifacts and 
cannot be used to infer field movements. 

Stage I barnacle nauplii with their prominent cyclopodian eyes are among 
the best studied larvae showing positive phototaxis in the early stages (Lang et 
al., 1979; Barnes and Klepal, 1972; Crisp and Ritz, 1973). Following a 15 min 
exposure to bright white light, dark-adapted nauplii of Balanus halanoides 
change the sign of phototaxis from positive to negative, causing the larvae to 
swim toward the bottom (Crisp and Ritz, 1973). Such short term photo
adaptation has been found in laboratory experiments with a variety of larval 
forms (e.g .. serpulid polychaetes: Young and Chia, 1982; brachyuran crabs: 
Forward, 1974). Assuming light adaptation occurs under field conditions, it 
could be the mechanism that controls twilight migration in which the larvae 
migrate to the surface at dawn and dusk , move down during the day, and spread 
throughout the water column at night. This migration pattern is very common 
among holoplankters and is known for some meroplanktonic polychaete and 
mollusc larvae as well (Daro. 1973 ). 
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Not all larvae demonstrate short-term light adaptation; indeed, some re
spond to light in exactly the opposite way. For example, zoea I larvae of the 
Alaskan King Crab, Parafithodcs camtschatica, remain positively phototactic 
indefinitely at high light intensities but become negatively phototactic at low 
intensities (Shirley and Shirley, 1988). These behaviors correlate well with the 
reverse migration pattern (shallow by day , deep by night) documented for king 
crab larvae in the field (Shirley and Shirley, 1987). Marsden ( 1986) has 
reported that photopositive larvae of the tropical serpulid polychaete 
Spirohranchus giganteus demonstrates no photoadaptation, unlike a temperate 
serpulid, Scrpufa verrnicularis (Young and Chia, 1982). The field movements 
and distributions of these two species remain undocumented. 

Crustacean larvae sometimes demonstrate polarotaxis, which is orientation 
to light that has been polarized by suspended particles in the water (Via and 
Forward, 1975; Bardolph and Stavn , 1978). This behavior may aid in orienta
tion or may increase contrast perception for predator avoidance or prey capture 
(Sulkin, 1984 ). 

Geotaxis- Gravity is probably the most important vector used by larvae 
for orientation. Some larvae have statocysts for detecting the direction of 
gravitational pull, whereas others rely on an uneven distribution of body mass 
for orientation. For example, echinopluteus larvae of sea urchins have a low 
center of gravity (Pennington and Strathmann, 1990), so ciliary activity auto
matically results in upward movement (Figure 2A). The long arms act like the 
feathers of a badmiton shuttlecock and the uneven distribution of skeletal mass 
keeps the arms pointing up. Dead larvae sinking through the water column 
orient exactly the same way as living ones (Figure 28), indicating that orien
tation is indeed passive. However, if the skeleton is dissolved from fixed larvae 
using ascorbic acid, some larvae fall through the water column at abnormal 
orientations (Figure 2C), showing that the skeleton plays a role. Veliger larvae 
often orient with the velar lobe pointed up and the heavy shell trailing (Andrews, 
1979; Mapstone, 1970). Setigerous polychaete larvae propelled mainly by a 
large anterior prototroch also tend to orient with the heavy posterior end toward 
the substratum. None of these passive orientation mechanisms can technically 
be classified as a behavior, since orientation is automatic and not dependent on 
sensory structures. However, swimming speed and frequency are under behav
ioral control, allowing the larvae to control vertical distribution (if not orien
tation) by turning cilia on and off. 

True geotactic behaviors occur in species with statocysts such as crusta
cean zoeae, some veligers, and asci dian tadpoles. When a crustacean zoea stops 
swimming, its high center of gravity causes it to flip over and sink head first 
through! the water column (Sulkin, 1984 ). The larva must therefore swim 
actively to maintain an upright orientation. Zoeae are also capable of swim
ming actively downward with the head pointed toward the bottom of the sea 
(Sulk in, 1984 ). The orientations of zoea larvae during active swimming are 
maintained by the power stroke of the maxillipeds (Sulk in, 1984 ). 
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FIGURE 2 Orientations of echinopluteus larvae of the sea urchin Arbacia punctulata. (A) 
Living larvae. (B) Dead larvae with skeletons intact. (C) Dead larvae with skeletons removed 
by decalcification. 

By simulating the force of gravity in a centrifuge, Pires and Woollacott 
(1983) demonstrated that some, though not all, bryozoan coronate larvae 
respond actively to gravity. This response took place in spite of the apparent 
absence of any sort of statocyst. 

Geotaxis often changes during the course of ontogeny. For example, 
virtually all Stage I crab larvae are negatively geotactic, but some become 
positively geotactic in the 7th larval stage (Sulkin et al., 1980). Many other 
species, however, retain their negative geotactic behavior even as late as the 
megalopa stage. 

Late-stage crab larvae do not swim toward the bottom; they reach the sea 
floor by increasing the proportion of time spent sinking (Sulkin, 1984). Bigford 
( 1979) has referred to this as "geokinesis." However, inasmuch as the magni
tude of gravitational pull is constant at all depths, larvae cannot respond 
behaviorally to gravitational changes, so this term is probably inappropriate. 
Gravity may indeed cause sinking when locomotion ceases, but the reason for 
the cessation of swimming must be attributed either to another scalar cue or to 
some internal, perhaps ontogenetic, clock. 

Rheotaxis- Water flow is a vector cue that generally has no value for 
depth regulation, but is used by some crustacean larvae for navigating horizon
tally . Dramatic mass migrations of megalopae of the grapsid crab Varuna 
Litterata have been observed in estuaries of India and Fiji (Ryan and Choy, 
1990). In the latter case, upstream mass migration was attributed to a strong 
positive rheotaxis. When larvae moved into regions of still water, they reversed 
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their paths and sought moving water. Larvae were only capable of swimming 
upstream against water moving 0.4 m/s: when the flow exceeded this rate, 
larvae often left the water and walked upstream along the river bank. 

Zoeae of Alaskan King Crabs are positively rheotactic but their swimming 
speed is so slow that they are incapable of resisting most currents that they 
might encounter in their natural environment (Shirley and Shirley, 1988). 
Positive rheotaxis is also known for the larvae of the lobster Hornarus americanus 
(Ennis. 1986). The strength of the rheotactic response increases significantly in 
stage IV larvae and it has been hypothesized that this response aids the larvae 
in locating nearshore settlement sites (Ennis. 1986). 

Kinetic Responses to Scalar Cues 

Barokinesis- Pressure is the most reliable and consistent cue for deter
mining depth in the sea, so it is not surprising that a wide variety of planktonic 
organisms, including meroplanktonic mollusc, crustacean. and polychaete lar
vae use pressure as a cue for depth regulation (reviewed by Knight-Jones and 
Morgan, 1966; Digby, 1977: Sulkin, 1984; Young and Chia, 1987). The 
mechanisms of pressure reception and the locations of pressure receptors are 
generally unknown for invertebrate larvae (Digby. 1977). In most species that 
have been investigated, larvae respond to a pressure increase by upward 

swimming and to a pressure decrease by sinking or swimming down (but see 
Forward and Buswell, 1989, for several exceptions among decapod larvae). 
Such high and low barokinetic responses acting together form the cornerstone 
of Sulkin's (1984) negative feedback model of depth regulation. Larvae sink 
ing below the correct depth range increase locomotory activity. Because the 
larvae orient vertically while swimming, increased activity carries them up
ward until they encounter a low enough pressure to stimulate a cessation of 
swimming that results in passive sinking back into the correct water depth. 
Forward ( 1990) found that the relationship between swimming speed and 
pressure in larvae of Rltitltropanopeus harrisii is a graded response, not 
simply a switching between two speeds. Thus, crustacean larvae are capable 
of very precise depth regulation using barokinesis. Larval bivalves also 
demonstrate barokinctic responses (Cragg and Gruffydd, 1975; Mann and 
Wolf. 1983). 

Halokinesis and Thermokinesis - Salinity and temperature are two 
other common scalars that elicit kinetic responses. Some ascidian tadpoles 
respond to low salinity water by cessation of swimming, which causes them to 
sink into waterofhigherdensity (C. Young, I. Svane, E. Vazquez, unpublished 
data). Crab larvae sometimes respond to high salinity water by swimming more 
frequently and by increasing their upward swimming speed, a behavior which 
should have the effect of keeping estuarine larvae in shallow water (Sulkin, 
1984). Some estuarine bivalves exhibit similar behavior (Haskin. 1964; Wood 
and Hargis, 1971 ), apparently to facilitate upstream transport on flood tides. 
Crab zoeac sometimes demonstrate low thermokinesis (cessation of swimming) 
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when encountering temperatures either above or below that to which they have 
become acclimated (reviewed by Sulkin, 1984). 

Depth Regulation Mechanisms Involving 

Multiple Cues 

Responses to opposing vectors - Negative geotaxis is sometimes rein
forced by positive phototaxis, causing larvae to swim toward the surface (e.g., 
eyed larvae of the mussel Mytilus cdulis; Bayne, 1964). It is not uncommon, 
however, to find species in which larvae are simultaneously geonegative and 
photonegative, thereby exhibiting behaviors that work in opposition to each 
other. In such cases, negative phototaxis or low photokinesis may override 
geotaxis during the day, and geotaxis dominates at low nighttime light inten
sities. This results in nocturnal migration, the most common vertical migration 
pattern of invertebrate larvae (Young and Chia, 1987; Forward, 1988), in 
which larvae move close to the surface at night and reside in deeper water 
during daylight hours. A good example comes from the work of Pennington 
and Em let ( 1986) on larvae of the echinoid Dendraster excentricus. Like other 
echinoplutei, this species orients passively to gravity, causing the larvae to 
concentrate at the surface at night. During daylight hours, however, swimming 
is inhibited by ultraviolet light below 315 nm (i.e., low photokinesis) , causing 
the larvae to sink into deeper water (Pennington and Emlet, 1986). 

Rhithropunopeus hurrisi also demonstrates a nocturnal migration pattern 
controlled by negative geotaxis and phototaxis (Forward, 1985). This species 
remains within a narrow window at a particular isolume (2.8 x 10 11 photons 
nr2s 1) by demonstrating negative phototaxis at low light intensities, then 
swimming upward by negative geotaxis when passing below its physiological 
threshold for the detection of light (Forward, 1985, 1988). 

Interactive Effects of Scalar Cues - As mentioned earlier, depth regu
lation in crustacean larvae often depends on a negative feedback system in 
which gravity (a vector) is used as an orientation cue but depth is controlled 
primarily by high and low barokinetic responses (Sulkin, 1984). Larvae of the 
portunid crab Cullincctes supidus respond to pressure increases with the usual 
barokinesis (Sulkin et al.. 1980), but the rate of locomotion and therefore the 
strength of the kinetic response may be strongly influenced by salinity. Re
duced temperature has a similar effect on barokinesis in the later larval ins tars, 
but not in the early stages (Sulkin et al., 1980). 

Forward ( 19X9) has documented the involvement of light intensity (though 
not direction; hence light acts as a scalar in this instance) as an additional factor 
contolling barokinetic depth regulation in Rhirhropunopeus harrisi. When 
larvae are adapted to high irradiance, descent distances are greater than ascent 
distances. When adapted to low light levels , the opposite is true. Thus, the 
depth window in which larvae reside is asymmetrical and shifts up and down 
at different times of day. Forward has termed this mechanism " light-dependent 
negative feedback." Larval barokinesis of at least one species of decapod 
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crustacean, Neopanope sayi. is not influenced by the level of light adaptation 
(Forward et al., 1989). 

Tactic Responses Modulated By Scalar Cues - Zoea larvae of 
Rhithropanopeus harrisii, are known to change the sign of geotaxis when 
encountering different temperature or salinity conditions (Latz and Forward, 
1977; Forward, 1990). The salinity effect occurs in larvae that have been 
adapted to 10 or 20 ppt. In both cases, a reduction of only 1-2 ppt causes a 
reversal in the signs of both phototaxis (positive to negative) and geotaxis 
(negative to positive) . Harges and Forward ( 1982) determined that larvae 
respond directly to NaCI. not to some other covariate of salinity, although 
osmolality and pH can both intluence the perception of salinity increases. 
Thus, a number of different scalars can affect the sign of tactic cues. Tempera
ture decreases also cause larvae of R. harrisii and Neopanope sayi to ascend 
in the water column (Forward, 1990), presumably by negative geotaxis. A 
similar response to salinity was observed in fourth instars of Callinectes 
sapidus. some of which switch from positive to negative geotaxis when salinity 
drops from 30 to 25 ppt (Sulkin et al., 1980). 

BEHAVIORAL RESPONSES 
TO OTHER ORGANISMS 

There are few published reports describing behavioral interactions among 
conspecific larvae or between larvae and other zooplankters under field con
ditions. Natural selection operates on larvae as well as adults, so larvae should 
evolve behaviors to deal successfully with the biotic components of their 
environments. Such behaviors should include the means for locating, collect
ing. and handling food organisms, and for avoiding or evading predators. 
Indeed, larvae must accomplish virtually all of the functions of adult organ
isms, with the exception of reproduction (but see Bosch et al., 1989; Jaeckle, 
1994, for exceptions even to this rule!). To date, most behaviors involving 
biological interactions remain unsought and therefore undiscovered. 

Strathmann ( 1987; see Hart and Strathmann, this volume) has reviewed the 
extensive I iterature on mechanisms of particle capture by ciliated planktotrophic 
larvae as well as a much smaller literature on prey capture by carnivorous 
crustacean larvae. Where food is patchy and growth is food limited, one might 
predict a kinetic response in which larvae increase their rate of turning to 
remain in a patch. One might also predict that larvae should attempt to traverse 
more of the water column quickly, either by changing vertical migration 
pattern or by sinking and swimming more rapidly when food is in short supply. 
There is little evidence for or against such behaviors. Starved crab larvae swim 
more slowly than fed ones, presumably for physiological reasons (Cronin and 
Forward, 19RO), but in the early stages they may also exhibit a stronger positive 
phototaxis. This behavior may direct them to high food concentrations near the 
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surface. Mapstone ( 1970) reported differences in the number of veliger larvae 
swimming near the surface of a culture vessel in the presence and absence of 
certain algae. In an unpublished experiment by students working in my labo
ratory. it was found that the migration patterns of sea urchin larvae in field 
mesocosms changed with the addition of food. In mesocosms with low food 
concentrations. larvae exhibited a nocturnal migration pattern similar to that 
reported by Pennington and Emlet ( 1986). but in mesocosms with high levels 
of microalgal food. larvae distributed themselves more evenly throughout the 
water column both by day and by night. Responses of planktotrophic larvae to 
food patches should prove to be a fruitful area of investigation in the future. 

DEFENSIVE BEHAVIORS 

Behavioral defense mechanisms have been reviewed by Young and Chia 
( 1987) and by Morgan (this volume). Some ciliated larvae apparently escape 
predators by ciliary reversal (e.g., Pennington et al.. 1986). Gastropod veligers 
draw in the velum. close the operculum and sink when disturbed (Barile. 1993) 

and zoeae of porcellanid crabs move quickly away when the spines or upper 
carapace are touched ( Gonor and Gonor, 1973). 

Most ciliated larvae are unable to escape feeding currents of suction
feeding planktivores such as ascidians and bivalves (Young, 1989; Bingham 
and Walters, 1989). However. Singarajah ( 1969) documented negative rheotaxis 
in large larvae of decapod crustaceans, cirri peds. and polychaetes which could 
facilitate escape from filter-feeders. 

Some crustacean larvae (Forward. 1976; Forward and Cronin, 1978) and 
most ascidian larvae (Svane and Young. 1988) exhibit photokinetic responses 
to abrupt shading. Although defensive functions have been attributed to both 
of these kineses, experimental evidence is lacking and the crustaceans may not 
even exhibit these behaviors in natural light fields (Forward, 1986). 

INTRASPECIFIC AGGREGATION 

It has often been noted that larvae maintained at high concentrations in 
laboratory dishes may swarm together in vertical columns or in localized 
regions of a culture vessel (e .g., Oysters : Andrews, 1979; Echinoids: Harada. 
1976; Ascidians: Kajiwara and Yoshida. 1985). Such swarming has sometimes 
hcen attributed to behavior. but is more likely an artifact of convection currents 
or artifically high densities. 

Planktonic larvae tend to spread apart by shear and turbulent eddies as they 
drift (Strathmann. 1974; Jackson and Strathmann. 11)81 ), so one would expect 
that any aggregations of weakly swimming larvae would he rapidly dispersed. 
However. swarming of cuphausiids and mysids is well known (Mauchline, 
19XO). and post-metamorphic juveniles of some galatheid crabs form massive 
swarms (Jillett and Zeldis. I!JX5). Rice and Kristensen ( 1982) reported large 
surface swarms of portunicl crah megalopae in the West Indies. In 19XO. a large 
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swarm was tracked over a distance of 15 km in 2 d, during which there was no 
indication that the larvae were being dispersed by turbulent diffusion. This 
observation suggests that aggregations are maintained behaviorally, presum
ably by interactions among larvae. Chace and Barnish (1976) reported an 
aggregation more than I 0 km long of a raninid crab near the island of St. Lucia. 
Both of these swarms resembled the mass upstream migration of grapsid crabs 
reported by Ryan and Choy ( 1990) in Fiji. Andrews ( 1979) reports that larval 
oysters sometimes swarm in shaded areas, but it is not clear if his observations 
were made in the laboratory or the field. 

We do not know how larvae resist being spread by turbulence, but the 
examples reported from the field are all large megalopae with well developed 
eyes. Perhaps they maintain visual contact with adjacent individuals and swim 
more actively when the inter-individual distances become too great. It is also 
possible that early stage larvae disperse. then later come together as megalopae 
by responding to some common cue. In any case, larval swarming would only 
be expected in circumstances where dispersion by turbulence does not exceed 
the swimming speed of the larvae, or where there are oceanographic features 
such as eddies, langmuir cells, etc., that tend to concentrate rather than disperse 
particles (see Shanks, this volume). 

RESPONSES TO OTHER ZOOPLANKTON 

Very few observations have been made of interactions between different 
species of larvae or between larvae and holozooplanktonic animals. Perhaps 
the most remarkable is the habit of phyllosoma larvae of spiny lobsters to 
attach themselves to the bells of medusae. This phenomenon has been observed 
repeatedly by divers (Shojima, 1963; Thomas, 1963; Herrnkind et at., 1976), 
though little is known concerning the relative advantages and disadvantages of 
the association to the larvae and hosts. A similar behavior has been reported by 
Shanks ( 19H5) for the megalopa larvae of grapsid crabs. In this case, however, 
larvae attach not to medusae but to fragments of debris floating in surface 
slicks. Shanks attributes this behavior to positive thigmokinesis (the tendency 
to grasp objects which are touched) . It is possible that the association between 
phyllosoma larvae and medusae is the product of a general thigmokinetic 
behavior rather than a species-specific association. 

LARVAL BEHAVIOR IN AN 
OCEANOGRAPHIC CONTEXT 

fiELD STUDIES OF BEHAVIOR 

With very few exceptions, most studies of larval behavior have been done 
in small containers of still water in the laboratory, holding constant all but one 
or two environmental factors. Sulkin ( ll)H6, 1990) has argued persuasively that 
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such reductionist approaches help us understand the species-specific traits that 
influence larval distribution and dispersal, and Forward ( 1988) supports this 
viewpoint while warning of serious potential pitfalls. The extent to which real
world processes can be inferred from laboratory studies remains open to 
question (Mann, 1988a), and there has been a renewed emphasis on sampling 
of larval distributions in the field and on observations of larvae in their natural 
habitats (reviewed by Levin, 1990). Most observational studies have involved 
large lecithotrophic larvae of ascidians (Olson, 1985; Davis and Butler, 1989; 
Young, 1986; Stoner, 1992; Bingham and Young, 1991 ), though there have 
also been some observations of crustacean larvae under field conditions (e.g., 
Shanks, 1985; Herrnkind et al., 1976 ). Larvae of colonial ascidians generally 
demonstrate behaviors that limit rather than promote long-distance dispersal 
(e.g .. Bingham and Young, 1991; Olson and McPherson, 1987), a conclusion 
that is supported by some electrophoretic information on the distribution of 
recruits surrounding rare ascidian genotypes (Grosberg and Quinn, 1988). 
Field observations by Shanks ( 1985) indicate that megalopae released in the 
water column move immediately to the surface where they are carried most 
efficiently toward shore. Direct field observations are still needed to aid in the 
interpretation of laboratory behavioral studies in virtually all groups of inver
tebrate larvae. though logistical problems must still be resolved before small 
ciliated larvae can be observed easily in the field. Close-up underwater video 
of the water column is one technique that holds some promise for studying the 
postures and movements of small larvae (S. Gallagher, personal communica
tion). 

VERTICAL MIGRATION 

Vertical migration is perhaps the best studied aspect of larval behavior 
under field conditions. The earlier literature has been reviewed several times 
(Forward. 1976; Young and Chia, 1987; Forward, 1988), and good studies on 
larval migration continue to appear (e.g., Lagadeuc, 1991; Rothlisberg et al., 
1983; Tremblay and Sinclair, 1990). A common theme in recent papers is that 
larvae can control their horizontal dispersal by migrating with respect to 
current shear. Attempts to correlate the laboratory behaviors with actual migra
tion patterns have been summarized by Forward ( 1988). Nocturnal migration 
patterns. which are common in larvae, may be explained either by the 
"preferendum" hypothesis or the "rate of change" hypothesis. The evidence is 
neither complete nor convincing for either alternative. 

RESPONSES TO OCEANOGRAPHIC fEATURES 

Much has been written in recent years on the role of currents and other 
oceanographic features in transporting larvae of invertebrates (e.g., Rough garden 
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et al., 1988: Kingsford, 1990; Pearse and Phillips, 1988; Shanks and Wright, 
1987; Mann, 1988b; Smith and Stoner, 1993; McConaugha, 1988, and many 
others) . Although it is often assumed that larvae are transported as passive 
particles, this is clearly not the case. Smith and Stoner ( 1993) demonstrated in 
a computer simulation the potential importance of tidally cued migration in 
enhancing dispersal of conch larvae. As we have seen, larvae can also respond 
to numerous physical, chemical, and biological attributes of their environment. 
Oceanographic features such as fronts, discontinuity layers, and turbulent 
boundary layers are sites where the cues may change quickly over relatively 
short distances. One might expect, therefore, that larvae should use tactic and 
kinetic behaviors to respond to some of these features. A detailed consideration 
of larval transport with respect to internal waves, surface slicks, and other 
linear oceanographic features is treated by Shanks (this volume). Here, I 
provide a few examples of how behaviors may interact with oceanographic 
features to determine larval distribution. 

Pycnoclines 

Discontinuity layers (pycnoclines), whether they be haloclines, thermoclines 
or both, are often places where larvae accumulate in larger numbers than the 
surrounding water column (Young and Chia, 1987). In some cases, the steep 
density gradient at the pycnocline may act as a physical barrier to the larvae, 
but there are also cases when larvae respond behaviorally to the thermal or 
salinity change in the pycnocline. When larvae enter the pycnocline from 
below, they often demonstrate a low kinesis; larvae stop swimming and sink 
for at least a short distance before they resume upward swimming. Such 
behavior has been documented for larval hermit crabs (Roberts, 1971 ), lobsters 
(Scarratt and Raine, 1967), sea urchins (S. Ekaratne, personal communication), 
ascidians (Young and Svane, unpublished data; E. Vazquez, unpublished data), 
and bryozoans (E. Vazquez, unpublished data). Pelagic postlarvae of the 
lobster Homaru.\· amcricanus at the surface sometimes fail to locate suitable 
settlement sites on the bottom when the thermal gradient is too steep (Boudreau 
et al., 1991, 1992). 

In the Seine estuary, Thiebaut et al. ( 1992) demonstrated that the vertical 
distributions of mitraria larvae varied depending on the level of water column 
stratification. In the absence of pycnoclines, the early larvae were mostly at the 
surtace, where they were carried downstream, the Stage II larvae were concen
trated just above the level of no residual flow, and the later stage larvae resided 
below the level of no net flow, where they were transported upstream. How
ever, in stratified water, larvae in all stages generally resided below the 
pycnocline. In this way, behavioral responses to the pycnocline interacted with 
hydrographic conditions to retain larvae within the esturary. 

McConnaughey and Sulk in ( 1984) tested the responses of Stage I Ca/linectes 
sapidus larvae to artificial thermoclines in the laboratory. Most documented 
effects involved very large temperature gradients and it was concluded that 
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thermoclines should seldom influence orientation or migration behaviors under 
natural conditions. Tremblay and Sinclair ( 1990) demonstrated that slight 
thermal stratification in a shallow bay had no effect on the vertical migrations 
of scallop larvae. 

Turbulence 

Turbulence at various scales is a nearly ubiqitous characteristic of marine 
environments, being caused by wind, waves, currents, and tides, both at the 
bottom and at the surface (Denny, 19XX). Biological effects of turbulence have 
been reviewed recently by Kiorboe ( 1993 ). One important consequence is an 
increased encounter rate between organisms and their food (Rothschild and 
Osborn. 1988; Gerritsen and Strickler. 1977). Thus, planktotrophic larvae 
could potentially benefit by turbulence through enhanced feeding opportuni
ties. while simultaneously increasing the risk of encountering predators. A 
model by MacKenzie and Leggett ( 1991) predicted that natural levels of 
turbulence could increase predation rates by up to 10 times and Sundby and 
Fossum ( 1990) tested this prediction by counting nauplii in the guts of cod 
larvae under different wind conditions. Their model was supported by the data; 
larvae were more commonly eaten by cod when wind stress produced higher 
turbulence. Because food seems not to be limiting to larvae under even appar
ently oligotrophic conditions (Olson and Olson, 1989), the risks of living in a 
turbulent environment may outweigh the advantages . One might, therefore, 
predict that larvae should have evolved mechanisms for detecting turbulence 
and also behaviors for seeking habitats with lower turbulence . 

Arc larvae capable of detecting turbulence? If so. do they demonstrate 
behaviors which might reduce the time spent in turbulent environments? The 
available information is mostly anecdotal and speculative. Veliger larvae stop 
swimming and draw in their velum when disturbed by a tactile stimulus. This 
same behavior has been observed in conch (Stromhus gigas) larvae exposed to 
simulated turbulent conditions in the laboratory (P. Barile, personal communi
cation). 

Larvae could, in theory, detect turbulence by detecting shear. If the two 
sides of larva's body are being moved in different directions or at different 
speeds, it would tend to tumble. thereby stimulating a statocyst. Integumental 
organs in the phyllosoma larvae of rock lobsters, Jasus edwardsii (Hutton) 
have been implicated as detectors of water motion (Nishida and Kittaka, 1992). 

For larvae such as pueruli which have enough mass to experience inertial 
effects, small hairs or setae extending from the body could function as turbu
lence detectors. 

Fronts 

Horizontal fronts occur where two water masses of different densities 
meet. These are often places of high biological activity and sites where larvae 
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Tides 

and other plankters concentrate. Although much of the concentrating effect is 
a passive consequence of physical processes, the behaviors of larvae some
times play a role in maintaining high concentrations at or near the fronts. 
Epifanio ( 1987) found large concentrations of decapod zoeae in a 2-km long 
tidal front at the lower end of Delaware Bay. The high concentrations were 
explained by a combination of physical processes and behavior. In this model, 
larvae are moved along the surface toward the front, then are carried down 
along the frontal pycnocline to a depth of about 2.5 m, where they are carried 
away from the front. However, because brachyuran larvae tend to swim up
ward. they would quickly arrive in the water moving toward the front. Over 
several such cycles. larvae would tend to concentrate, as the individuals being 
carried to the front would never pass very far in the opposite direction. In a 
contrasting study, Pedrotti and Fenaux (1992) sampled the distribution of 
larvae in the Ligurian Sea of the Northern Mediterranean . They found that 
larvae arc limited to nearshore areas when there is a strong frontal zone at the 
edge of the Ligurian current. There was no tendency for larvae to concentrate 
at the front. and behavior was not invoked to explain the distribution. 

Ebb and flood tides arc important in dispersing larvae from estuaries and 
nearshore areas and in returning them for settlement. Larvae of estuarine 
bivalves and crustaceans respond to cues such as salinity, pressure increases, 
and currents that correlate with flood tides (reviewed by Young and Chia, 
1987; Epifanio. 1987: McConaugha, 1988: DeVries et al. , 1994). Some larval 
decapods undergo tidally correlated migrations that may be important in the 
upstream transport process (Little and Epifanio, 1991: Dittel and Epifanio, 
19t)O: Mense and Wenner. 198t)). These migrations involve endogenous 
circatidal and circadian rhythms in fiddler crab larvae (Cronin and Forward. 
1979: Tankersley and Forward, 1994), but blue crab larvae rely entirely on 
exogenous cues (Tankersley and Forward, 1994 ). 

CONCLUSIONS 

The literature on larval swimming behavior is extensive and continually 
growing. but this growth in knowledge is unevenly distributed across inverte
brate phyla and marine habitats. Larvae of decapod crustaceans, particularly 
ones living in nearshore and estuarine habitats, have been studied in much 
greater detail than any other group, and there is now a long list of environmen
tal cues used by zoea, megalopae, and pucruli for navigation and depth regu
lation. In my view. the major problem we now face is to form a composite view 
of depth regulation that incorporates all of the various factors. Work on 
decapod crustaceans has advanced rapidly because of careful studies under 
simulated natural light fields and extensive sampling of larval distributions and 
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abundances. Bivalve larval behavior has been studied even longer, but lab 
experiments with bivalve veligers have seldom reached the same level of 
sophistication as those with crabs. With few exceptions, behavioral responses 
of other kinds of larvae have been studied only with respect to one or two 
environmental cues. Although some of these studies appear to explain field 
distributions and vertical migrations quite well, the more advanced work with 
crab larvae suggests that we cannot make final conclusions unti I interactions 
among many more factors have been thoroughly explored. 

Over the past I 0 years, we have learned a great deal about tadpoles of 
colonial ascidians by direct observation in the field. This simple methodologi
cal breakthrough demonstrated that laboratory studies may give a very inaccu
rate picture of larval behavior. As we develop methods to observe even smaller 
organisms in their natural habitats, we will open a window to major new 
insights on how individual larvae interact with the biotic and abiotic compo
nents of their environments. At the moment, however, we do not even know 
which direction most larvae really swim. 
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