
CHAPTER TWO 

MOVEMENTS OF BENTHIC INVERTEBRATES 

Migration is as fundamental to, and characteristic of, the life cycles of motile 
marine invertebrates as it is to fishes or non-aquatic vertebrates and insects. However, 
the marine milieu challenges merely observing, much less measuring, marine benthic 
migrations. For this reason, and perhaps because of a generally pervasive 
vertebrocentrism in zoology, information on benthic migratory orientation, regulation 
and function is neither well-known nor intensely sought. One even gets the 
impression sometimes that scientists percieve marine invertebrate migratory 
performance as either simply explained, irrelevant to migration biology or otherwise 
uninteresting. Those of us peculiarly motivated to persist in our inquiry of marine 
invertebrate migrants find these perceptions to be incorrect. We believe that the five 
papers to follow illustrate migratory phenomena that are more complex, more 
extraordinary and more approachable to research than recognized heretofore. More so, 
they may lure some developing migrationist into this fascinating and rewarding area, 
thereby strengthening our ultimate conceptualization of the mechanisms and 
adaptiveness of migration. 

William F. Herrnkind 
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ABSTRACT 

This report summarizes two decades of research on all facets of the migration of the spiny 
lobster Panulirus argus (Crustacea: Palinuridae). Autumnal mass migrations in this species 
involve explosive, localized population movements which are triggered by polar front storms 
wherein the migrants walk continuously in parallel single-flle queues for several days from 
shallow areas to the edge of oceanic channels. It is hypothesized that mass queuing emerged 
during past glacial cycles as a mechanism that allowed lobsters to evade the deleterious winter 
conditions in the food-rich shallows typically exploited by lobsters during warm seasons. 
Queuing probably evolved from antipredator formations but also serves mass migration by 
reducing hydrodynamic drag. A proposed neuroendocrine-mediated internal state, or 
zugunruhe, is probably regulated by seasonal photoperiodic and thermal conditions linked also 
to molting and reproduction. Recent findings show that sharply increased water motion triggers 
mass queuing. Complex orientation to hydrodynamic guideposts is suggested to guide 
migration. 

It is not perhaps too much to expect that the ...application of modern techniques, 
such as underwater frogman observation to the behavior of littoral animals, will 
produce just those data and ideas necessary to integrate what is yet a rather 
amorphous mass of information. 

(R. Bainbridge 1961) 

1. Contribution number 1018 from the florida State University Marine Laboratory. 
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INTRODUCfiON 

Richard Bainbridge's ( 1961) last sentence in his chapter on migration in the 
Physiology of Crustacea (Vol. 2) called attention to the fact that while we knew at the 
time that a wealth of crustaceans migrated, the marine medium had thwarted direct 
observation and, in tum, deeper insights into the phenomenon. The application of 
underwater research and other techniques foreseen by him as promising have not yet 
provided the depth of knowledge comparable to that on insects, birds, or fish but the 
mass of information is perhaps less amorphous than two decades ago (see reviews by 
Creutzberg 1975; Hermkind 1980, 1983; Rebach 1983). The movement patterns of the 
western Atlantic spiny lobster Panulirus argus have been the subject of intense study 
over the last 20 years. Here, I present a synopsis of spiny lobster migration with 
respect to ecological and evolutionary considerations, long- and short-term climatic 
features, energetics, physiological regulation, environmental triggering, and 
orientation. Special emphasis is given to hypotheses of migratory orientation and 
reporting new findings on the environmental effects triggering the unique mass 
migrations in single-file "queues" (Fig 1). 

MASS MIGRATION: SUMMARY 

The various species of Palinuridae occupy marine benthic habitats from the 
nearshore ( < 10 m) to the continental shelf ( :::::: 40 m) in mainly tropical and 
subtropical seas but range into the extreme temperate zones (George and Main 1967). 
Certain tropical species are nonmigratory (e.g., Panulirus femorestriga), while others 
migrate only in certain areas or ecological conditions (e.g., Panulirus guttatus); many 
species are characteristically migratory, especially Panulirus cygnus (western 
Australia), P. argus (western Atlantic, Brazil to Bermuda) and Jasus edwarsii (New 
Zealand). 

Over its range and lifetime, P. argus exhibits several types of lengthy 
movements including nomadism during the late juvenile phase and migration by adults 
in association with vernal reproduction. Mass migrations occur typically in autumn, 
depending on latitude and climatic factors; October in Bermuda, late October and 
November in the Bahamas and Aorida, December in Yucatan and Belize. 

The mass migratory syndrome, summarized below, is based on Hermkind 
( 1980) and the reports cited therein. Bahamian spiny lobsters during summer and early 
autumn mainly occupy the extensive shallow (3-10 m) "banks" where food is 
apparently abundant but shelter is sparse and poor in quality. The nomadic lobsters 
forage nocturnally on benthic invertebrates, then aggregate by day in exposed clusters 
about the bases of sea whips and large sponges or, when available, under ledges of 
rock, seagrass rhizome mats or an occasional coral head. In mid-autumn ever 
increasing numbers of lobsters emigrate in nocturnal queues from the banks to deeper 
(10-20 m) rock and coral shelters along the bank fringe. The benign condition of the 
shallows (moderate temperature of 27-28°C and calm water) is sharply disturbed by 
the onset of a major polar storm front which typically brings several days of reduced 
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Figure 1 
Migratory queue of spiny lobsters (Panulirw argus) in 10-m depth west of Bimini. Bahamas . 

temperature (5°C drop in sea temperature), high northerly winds (up to 40 km ·h -I 

sustained) with large sea swells, constant overcast and rain squalls. After such a 
storm, thousands of lobsters mass migrate throughout the day and night in queues of 
up to 50 individuals along the bank fringe (Fig 2). Queue bearings are consistent for 
a given locality but vary markedly over the migratory region (e.g., headings are 
southerly at Bimini, Bahamas, but northerly near Boca Raton. Florida). Daytime 
queuing wanes after a few days, leaving the sheltered habitats adjacent to the 
migratory pathway crowded with lobsters which gradually disperse over several 
weeks. Tagging studies suggest movement on the order of 30-50 km during the 
migratory period. Subsequent storm fronts do not stimulate equivalent movements, 
although mass migrations are reported to follow especially violent winter storms and 
hurricanes. Dispersal back into the shallows occurs as nomadic nocturnal movements 
spread over several months; no analogous mass return migration has been documented. 

MASS MIGRATION: EVOLUTION 

Adaptiveness 

Perspective on migratory adaptiveness can be found in Dingle's (1980) excellent 
comparative discussion, Baker's (1978) migratory compendium, George and Main's 
(1967) study of the evolution of Palinuridae. and Herrnkind's (1980) discussion of 
palinurid migration. Determining the selective forces that underlie mass migration 
requires explanation not merely for the shift in location of migrants but also for its 
synchrony, specialized locomotory behavior and explosiveness. Some facile migratory 
functions are improbable, in particular those linked directly to reproduction and 
spawning. Mating and spawning occur with a strong annual peak in mid- to late spring 
(April- June in north latitude migrant populations). Gonads are largely inactive in the 
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Summary of lobster movements before the mass migratory period (left), during build-up (center), and 
during diurnal mass queuing near Bimini, Bahamas. Lobsters move nornadically about the shallows east of 
Bimini until midfall when numbers move westward to the oceanic fringe. Following the first major polar 
front, thousands of lobsters in queues travel southward along the fringe (right). (Inset) Scattergram of mean 
bearings of 119 queues recorded at various locations west of Bimini (small dots with arrows). 

fall migrants and begin maturing in late winter (Quackenbush 1981). The movement 
does not serve solely as an ontogenetic habitat shift because migrants in areas such as 
Yucatan are mostly old adults. Bahamian migrants include both late juveniles and 
adults, although the bulk comprises individuals in their first year of sexual maturity. 
Nutritional enhancement also seems unlikely because food abundance undergoes no 
apparent decline during fall (personal observation). Dispersal by first coalescing then 
scattering hardly seems consequential to a species rampantly nomadic with one of the 
most extensive larval broadcasting mechanisms known (Phillips and Sastry 1980). 

Evidence favors the hypothesis that migrants evade the physical stresses of 
probabilistically severe winter cold and water turbulence. The tropical physiology of 
P. argus provides little resistance to severe winter cooling to 10°C as recorded during 
periodic fish kills in south Florida waters. Substantially reduced locomotory and 
feeding ability occurs at 12-14°C during severe but seasonally realistic temperature 
declines. Individuals eventually became moribund and behaviorally unresponsive 
(Wynne 1978); molters die during exuviation under these conditions (Davis 1978). 
Our recent work suggests that many migratory lobsters in Florida and Bahamas molt 
sometime during late fall and early winter (Quackenbush and Herrnkind 1983). 
Molters in shallow water are most susceptible to direct mortality because thermal 
conditions there are most extreme (Kanciruk and Herrnkind 1978). The evasion 
hypothesis is supported by the rapid exodus from the shallows manifested by storm
induced local synchrony, continuous locomotion, energetic advantages of queuing and 
cessation of intense migration once lobsters reach sheltered habitats on the oceanic 
fringe. 
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Paleoclimate and Origin of Mass Migration. 

Long-term climatic conditions have had the most profound impact on the 
evolution of migration in animals and bear directly on any discussion of adaptiveness 
(see the informative review by Gauthreaux 1980). 

The succession of glaciations over the past several 100,000 years caused 
modulation of two major forcing effects on coastal waters: latitudinally shifting 
temperature profiles and changing sea levels. For a shallow subtropical lobster like P. 
argus, the temperate limit range is bound by the thermal minima of offshore waters 
migrants can reach in winter. Vagile species would be expected to exploit warm, 
food-rich summer shallows, then migrate offshore as conditions deteriorated. 
Populations of P. argus at the present temperate boundary along the northern Gulf of 
Mexico behave in just this way (W. Herrnkind, unpublished data). During peak 
glaciation the species range would have been constricted toward low latitudes, while 
the annual inshore-offshore movements would be adjusted to the redistributed coastal 
habitats. I contend that the extreme and sharply defined autumnal cooling, during peak 
glacial periods even in low latitudes, placed a premium on the migratory capability of 
P. argus to allow the species to exploit the shallows yet evade the rigors of winter. 
The evolution of explosive mass queuing is, perhaps, a product of such conditions. By 
comparison, P. guttatus and P. laevicauda, the nonmigratory sympatric congeners of 
P. argus, are limited both in geographic and ecological range. Both latter species 
occupy mainly coral reef habitats in the Bahamas and Aorida and do not occur in the 
summer shallows of the northern Gulf of Mexico and Carolinas. 

In overview, the tropical ancestors of P. argus likely exploited the extensive 
non-reef shallows, characteristic of the tropical western Atlantic, through migratory 
prowess. Mass migration became specialized through selective action of glacial 
winters. This efficient migratory behavior that evolved has thereafter permitted the 
species to sustain its range in temperate regions uninhabitable by its congeners. 
Moreover, the migratory ability of P. argus underlies the numerical prominence of this 
species by permitting its members access to immense food and habitat resources 
unattainable by other tropical lobsters of similar physiological constitution. 

MASS MIGRATION: MECHANISMS 

Energetics 

Energetic enhancement characterizes the migratory performance of birds, insects 
and fishes (Blem 1980). Although lipid storage, increased metabolic efficiency, and 
behavioral adjustments reducing energetic costs serve those groups, only the latter is 
presently suspect in spiny lobsters. Moving in queues of 5 or more reduces the 
average hydrodynamic drag on each lobster by approximately one-half at the migratory 
walking rate (ca. 1 km·h- 1, Fig 3, Bill and Herrnkind 1976). The metabolic savings 
from drag reduction remains to be measured but probably is substantial over a period 
of five days of walking for 20 hrs per day. Other behavioral features of queuing are 
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also consistent with drag reduction. Pointing the antennae ahead at maximum queuing 
speed reduces drag by over 30% as compared to the perpendicular antenna! position 
typical of foraging and other slow movements. lnterlobster positioning places each 
follower within the optimal distance to benefit from the wake trail of its predecessors 
(Bill 1980). Queuing by numerous individuals is a behavioral specialization for 
conserving energy during rapid, continuous locomotion over long distances. 

Queuing probably evolved from stationary antipredator formations which are 
exhibited by several species of spiny lobsters, as well as by P. argus, when away 
from shelter in daylight. Pods, circular "rosettes," and clusters tail-to about sea whips 
probably provide protection from predaceous fish otherwise capable of attacking the 
modestly armored abdomen of a solitary lobster. The great shallow banks presently 
occupied by the bulk of P. argus populations have little cover, and one often observes 
barely sheltered pods resting by day. Queuing migrants form into pods by spiraling 
about the lead animal and reform queues by falling in line behind moving individuals, 
all the while maintaining tactile contact. Theoretically, this is the most efficient and 
practical action to both sustain individual proximity and achieve maximum sensory 
(especially visual) surveillance by a moving group (Treisman 1975). 

Priming 

The environmental signals that stimulate the neuroendocrine processes directly 
and prepare animals for migration, and the nature of those processes, are generally 
reviewed by Meier and Fivizzani (1980). Dorgelo (1976) declared that little is known 
about such processes in crustaceans and called for active study. Recent reviews of 
crustacean neuroendocrine processes (e.g., Aiken 1980, Adiyodi and Adiyodi 1970) 
mention nothing about control of migratory state. Our research since 1977 on seasonal 
signals and endocrine mechanisms controlling molt and reproduction in spiny lobsters, 
although very incomplete, }>rovides potential insight. 

Premigratory queuing in early fall, and the reduced responsiveness of lobsters to 
storms outside the fall, suggests some predisposed internal state or zugunruhe analog. 
Lipcius (in preparation) showed that male pre-reproductive hyperactivity, as well as 
male and female courtship, were regulated in accord with particular photoperiodic and 
thermal regimes. Quackenbush (1981) and Quackenbush and Herrnkind (1983) found 
interactive regulatory effects of photoperiod and temperature on molting physiology 
which also influence the level of locomotory activity in P. argus (Lipcius and 
Herrnkind 1982). Photoperiodic and thermal features of the fall period, which bring on 
molting and repress gonadal maturation in P. argus, may also organize the 
neuroendocrine process underlying zugunruhe. 
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Figure 3 
Preserved spiny lobsters towed at migratory speed in queue alignment yield substantially less drag than 

the sununed values for the same lobsters towed individuallly (details in Bill and Herrnkind 1976). 

We earlier hypothesized that some storm-related stimulus triggers synchronous 
mass queuing (Hermkind and Kanciruk 1978). The sharp temperature drop 
accompanying storms strongly correlated with queuing activity of lobsters held 
outdoors in circular pools of free-flowing seawater (Kanciruk and Hermkind 1978). In 
addition, because hydrodynamic stimuli strongly influence lobster orientation, the 
sharply increased water movements accompanying storms such as current flow, wave 
surge and turbulence, were suspect as well. 
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Figure 4 
Schematic of the indoor lobster migration pools, environmental controls, and monitoring instruments. 

Shown are four of six 2000-1 pools with independent air-lift seawater recirculation, coarse sand substrate and 
central concrete den. Temperature is regulated by 1000 W pool heaters; graded sunset and sunrise is 
controlled by an astronomical clock linked to banks of fluorescent lights. Monitoring instruments include a 
pan-tilt mounted TV camera with infrared illuminator linked to a time-lapse videotape deck with time-date 
generator. An additional activity monitor consists of pool-edge actographs constantly recorded on 
microcomputer floppy discs and on a backup chart-paper event recorder. 

Migratory Triggering 

Lobsters in circular outdoor pools (2 m dia) queue nearly continuously about the 
periphery in concert with the passing of autumnal squalls (Kanciruk and Herrnkind 
1978). To determine which of the many potential storm-caused stimuli trigger such 
mini-mass migrations, we tested likely factors in indoor pools with environmental 
controls and behavioral monitors (Fig 4). Lobsters captured in early fall (before 
migration) from a known migrant population in the Florida Keys were held under 
photoperiodic, thermal and salinity levels reigning at the time of capture. The 7-9 
lobsters in each pool were fed live crabs (similar to natural diet) and monitored for 
general activity on a constant recording computer-actograph. The experimental 
protocol provided natural levels of stimulation on a schedule consistent with field 
measurements taken during previous migrations. We tested sharply increased current 
flow (raised from < 1 to 20 cm·s- 1

), reduced temperature (5-6°C decline over 
24-36 hrs) and shelter removal, first in combination then individually. The criterion 
for migratory triggering was defined as the appearance of sustained daytime queuing 
such as that which occurs in nature only during mass migration. Behavior was 
monitored continuously by time-lapse videotaping using infrared illumination at night. 
Up to 4 pools were monitored for 5-min periods each 20 minutes by a panning TV 
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camera. Treatments lasted for 2-4 days. 
The queuing frequency in each test pool that had received stimulation was 

compared to the queuing frequency in that pool during the last day of ambient 
conditions prior to a manipulation. Simultaneous controls consisted of adjacent pools 
retained under ambient conditions. Videotape analysis involved point scan recording of 
behavioral state (queuing, individual locomotion, inactive). 

Two groups of lobsters that had received multiple stimuli emerged from shelter 

within one hour and formed queues of 3-5 individuals which circled the tank 
periphery primarily in the downcurrent direction (Fig 5). Thereafter, most individuals 
remained active for the duration of stimulation, some leaving a queue to briefly feed, 
change direcion, or rest. This behavior was indistinguishable from that of pool-held 
lobsters during migration and met all criteria of natural migratory queuing as 
constrained by pool configuration. 

Among individual factors, only the current increase induced mass queuing (3 of 
5 groups). Reduced temperature induced a slight increase of daytime queuing in one of 
five groups but generally suppressed activity in the others (3 groups; Fig 6). Shelter 
removal yielded slightly increased individual locomotion because lobsters in resting 
pods along the pool wall were disrupted by foraging individuals, often causing brief 
periods of walking and resettlement (Fig 6) . The groups responding most strongly to 
current behaved analagously to those stimulated by multiple factors. Again, the 
queuing direction was predominantly downcurrent (Fig 5). 

Behavior of lobsters in the current trials was consistent with a response to water 
motion rather than locomotion forced by hydrodynamic drag. Lobsters walking 
upcurrent showed no signs of postural adjustment to severe water motion (i.e., 
appressing the body to the substrate and anchoring the walking legs). The maximum 
velocity tested, 20 cm·s- 1, is only a moderate flow rate in nature; lobsters during field 
observations readily walked about in velocities of 30 cm·s- 1

• Moreover, water motion 
was nil in the pool center, providing a rarely-used refuge. Therefore, sharply increased 
current alone probably serves as a natural trigger to mass queuing although potential 
stimuli remain untested (e.g., reduced light, turbidity, wave surge) . 

Several other observations provide potential insights into triggering stimulation, 
orientation and zugunruhe. Mass queuing was induced once in three trials by use of 
turbulent water action (no net directional flow) which approximated the water velocity 
of the current trials (Muller 1981). Behavior differed from the latter only in 
directionality; lobsters in turbulence queued equally often in either direction about the 
pool (Fig 5). Increased water motion per se hypothetically triggers migration but some 
guidepost must provide direction. Although directional choice in the pools was 
limited to up- or downcurrent, the strong downcurrent response implies that the 
regional current or wave surge prevalent at the outset of mass movement may set the 
initial migratory bearing. 

Differences in responsiveness of groups and individuals to the identical current 
stimulus suggests differing internal states affecting susceptibility to migratory queuing. 
Comparison of pretest queuing frequencies yielded a positive correlation between 
spontaneous queuing for a group under ambient conditions and the strength of queuing 
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Figure 5 
Comparison levels of activity (open histograms) and queuing (darkened histogram) through one day of 

ambient conditions (left) and one day of stimulation (right). Histogram height shows the percent of lobsters 
active and queuing, either clockwise (CW) or counterclockwise (CCW). A: stimulation by combinations of 
current increase, temperature decline and shelter removal. Open arrow denotes current flow direction. C: 
stimulation by increased current only; ambient temperature and shelter present. Trb: stimulation by 
turbulent water movement only; ambient temperature and shelter present. 

responses of the same group under hydrodynamic stimulation (n = 11; Spearman 
r = 0.847). I plan to screen lobsters for variation in zugunruhe and further seek 
understanding of the factors regulating internal states. 

Orientation 

Spiny lobsters orient accurately both during homing and migration. Although 
vertebrocentric orientationists typically dismiss nearly everything but bird navigation 
as 11 simple, 11 nightly relocating a den from 400 m distance, or maintaining a 
consistent heading for 10 km through variable topography and hydrodynamic 
conditions cannot be explained by present orientational knowledge. Excellent reviews 
of orientational mechanisms appear in Able ( 1980) for animals generally, Cruetzberg 
(1975) for marine invertebrates, Rebach (1983) and Hermkind (1983) for crustaceans, 
and Hermkind (1980) for spiny lobsters. 
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Figure 6 
Comparison of activity and queui.gby lobsters receiving sharp temperature declines only (T-), shelter 

removal only (S-), or left in ambient conditions (Control). 

The orientational process underlying migratory guidance must account for 
establishing and maintaining consistent directionality for 15 km or more. The 
submarine terrain undulates irregularly in depth from 2 to 20 m with virtually flat sand 
stretches as well as sharp vertical relief which probably requires detouring. Moreover, 
optical conditions are typically poor at night and even by day in turbid waters stirred 
by squalls. Water motion in migratory areas is variable because of changing tidal 
flow, topographically channeled currents, and wave surge. Certain known crustacean 
guideposts, including visual orientation to the moon, sun, polarized light or visual 
landmarks, are unavailable under typical migratory conditions. Simple upslope or 
downslope response, upwave or downwave surge orientation and bidirectional 
rheotaxis, whether chemically mediated or not, cannot account for the migratory 
performance, although those responses can guide lobster orientation under other 
conditions. Nonmigrant spiny lobsters orient over short distances even when magnets 
disrupt the earth's magnetic field (Walton and Herrnkind 1977), although magnetic 
influence on orientation during migration is untested. Guidance by ideothetic or 
inertial mechanisms seems unlikely to play a primary role. Hydrostatic pressure, 
thermal or ionic conditions, and waterborne chemicals probably provide cues to 
location or serve as releasing factors rather than directional guideposts. If known 
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mechanisms are inadequate, we must hypothesize others. 
Our field and wave-tank orientation data suggest menotactic responses to both 

wave surge and flowing current. Some individual lobsters repeatedly exhibited strong 
directionality which differed by 90° or more from the current or surge axes during 
field experiments under nonmigratory conditions (Fig 7). Rayleigh values of 0.9 and 
higher demonstrate high accuracy by such lobsters despite different bearings among 
individuals. In fact, individual lobsters released in a waveless lagoon oriented strongly 
in currents exceeding 5 cm·s- 1 but showed no common group bearing; individuals 
released at the same site in still water were disoriented. The hypothesis of menotactic 
orientation should be tested because its confirmation would open up the possibility that 
migrants can sustain angular paths relative to hydrodynamic cues or adopt new angles 
depending on releasing conditions in different parts of the migratory route. For 
example, as migrants reach oceanic waters, water depth, temperature or chemical cues 
may cause an orientational shift from upwave to downcurrent. 

The behavior of nonmigrants may provide a reasonable assessment of the 
guidepost array used by spiny lobsters but seemingly does not explain how migrants 
orient by these guideposts. Just as celestial cues serve the differing orienting needs of 
local homing and long distance migration in birds, hydrodynamic or other cues may 
serve lobsters. I hope to artificially induce lobster zugunruhe and thereby compare 
orientational responses of lobsters before and during migration under controlled 
conditions. 

Strong downcurrent orientation by lobsters triggered to queue in circular pools 
may imply a significant guiding effect. Migrants, at the outset, conceivably are both 
triggered by sharply increasing water motion and initially directed by the prevailing 
current or wave surge. Alternatively, the migratory direction, while not precisely 
downcurrent, may be oriented to sustain some downcurrent component serving energy 
conservation. More field data are needed on net current flow and the interaction of 
wave surge and current vectors in the migratory pathways to evaluate this hypothesis. 

Magnetic remanence has been discovered recently in spiny lobster promoting the 
possibility of magnetic sensitivity used during orientation (Lohmann, in press). The 
magnetic orientation hypothesis has not been adequately tested in spiny lobsters. With 
an ultrasonic tracking system and either naturally or artificially induced migratory 
lobsters, orientation over long distances (exceeding 1 km) could be compared among 
magnetically disrupted, field-reversed and control specimens. 

Of course, some explanation not yet considered may be the correct one; bright 
ideas accompanied by research data are welcome. 
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Figure 7 
Spiny lobster orientation in field releases. (a) Individuals often orient into the wave surge (i.e., toward 

the direction of wave approach) on repeated releases. (b) Dots represent statistically significant mean 
directions based on eight releases of each lobster. The mean directions of well-OOented lobsters cluster in 
the direction of wave approach although four individuals show markedly different beadings. (c) Directions 
chosen upon six repeated releases of two lobsters in a waveless lagoon with current flow as depicted by the 
arrow. d. Although the mean bearings of several lobsters show possible positive or negative rheotaxis (into 
or with the currentsolid arrow), others exhibit directional preferences at various angles from the current axis. 
Figure based on Herrnkind (1980, 1983). 
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ABSTRACf 

Most infonnation about molluscan behavior deals with movement and orientation. Tidal 
migrations are accomplished by gastropods which inhabit all types of shorelines and by clams 
on exposed sandy beaches. Up to 90 m of horizontal movement may occur during one tidal 
cycle. Movement may be active, and guided by phototaxis, geotaxis, or orientation to waves, 
or it may be passive and involve controlled displacement by wave action. Annual and 
reproductive migrations are described for intertidal and subtidal gastropods, and octopods. 
Similar migrations claimed for nudibranchs and scallops are questionable. 

The sea hare Aplysia brasilillna is capable of long-distance migration. Sea hares can 
swim continuously at the surface for more than 2 h, and can cover distances exceeding 1 km. 
They apparently can detect wave surge with the rhinophores, can use celestial cues in 
orientation, and may be able to see objects above the water's surface. In southwest Aorida, the 
abundance of benthic macroalgae, the food of sea hares, peaks in shallow water grassbeds in 
midwinter and declines drastically by summer. Furthermore, late summer temperatures in 
shallow water approach or exceed the lethal limit for A. brasiliana. In response to these 
factors, adult sea hares probably migrate (by swimming) from deep to shallow water in the 
spring and juveniles, from shallow to deep water in midsummer. Further tagging and tracking 
studies are needed to clarify basic questions about migration in Aplysia and other molluscs. 

INTRODUCfiON 

The Mollusca comprise the second largest phylum of animals, and its modem 
representatives exhibit a great diversity of structural designs and life history strategies. 
Despite their status, however, much less is known about the behavior of molluscs than 
of many other groups. The reasons for this situation are that, prior to the last few 
decades, the primary emphasis of molluscan research was on the shell rather than on 
the animal which built it and that ethology has traditionally emphasized relatively 
fast-moving animals such as vertebrates and insects. 
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Most existing data on molluscan behavior concern locomotion and orientation, 
primarily of easily accessible intertidal species. Homing in limpets and chi tons has 
been studied for over a century. Other research has explored how gastropods maintain 
their intertidal position and has involved experiments on phototaxis and geotaxis, and 
tracking snails displaced short distances in the field. Tidal and seasonal migrations 
have been documented directly or inferred from life history data for numerous species. 

The movement patterns of molluscs have not been reviewed previously, and a 
thorough review is needed. However, due to space limitations here, I omit discussion 
of migrations in pelagic cephalopods and planktonic molluscs, of homing in 
gastropods, chitons, and octopods, and of some of the simple daily movements of 
gastropods and bivalves. I review the migratory movements of benthic molluscs, and 
I summarize research on the apparent migratory movements and orientational strategies 
in the sea hare Aplysia brasiliana. I do not provide an exhaustive bibliography, but I 
do cite articles through which the interested reader can access the literature. 

MIGRATIONS BY MOLLUSCS 

Tidal Migrations 

Highly mobile marine animals such as fishes and crabs regularly move in and 
out of the intertidal zone with the tide in order to exploit its periodically available 
resources. While some intertidal molluscs are sessile, many others are motile; and 
despite their more modest locomotory abilities, many motile molluscs also exhibit 
distinct movement patterns synchronous with the tides. 

Protected Shores-Low wave energy beaches often have a mixed sand-mud bottom 
and a gradual slope. These conditions permit establishment of vegetation in many 
locations and colonization of vegetation and the bottom by motile molluscs. Thus, 
tidal migrations may be directed either vertically or horizontally in this habitat. 

Along northern Gulf of Mexico beaches, marsh periwinkles (UUorina irrorata) 
scrape organic material from the substratum at low tide, then ascend plant stems at 
high tide. Plant stems are located visually. The cyclic movement minimizes their 
exposure to predators active in the intertidal zone at high tide, such as crown conchs 
(Melongena corona), blue crabs and fishes (Hamilton 1977). A similar vertical 
migration on plants is made by the snails Melampus bidentatus and Cerithidea 
scalariformis in Gulf marshes, and on African mangroves by C. decollata (Cockcroft 
and Forbes 1981; see also Kitting, this volume). 

Melongena undergo a horizontal tidal migration on some protected beaches 
along the northern Gulf of Mexico. After being covered by the ascending tide, conchs 
move out of the substratum and crawl up to 30 m shoreward, where they search for 
infaunal clams and L. irrorata on short plant stems. Later they move back offshore, 
and soon after being stranded by the descending tide they bury in the substratum again 
(Fig 1). A similar onshore-offshore movement is reported for the detritivore 
Bursatella leachii (Henry 1952), but the ecological advantage of their behavior is less 
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Figure I 
Sequential positions of two Melongena corona on a protected beach in northwest Aorida during 

different tidal phases (S = start; E = end). 

clear. The orientational guideposts used by these molluscs have not been identified, 
but wave involvement seems likely. Other gastropods are known to detect waves 
(Gendron 1977, Hamilton and Russell 1982a). 

Exposed Sandy Shores-Most molluscs inhabiting exposed sandy beaches live 
beneath the sand, yet several groups undergo substantial horizontal migrations with the 
tides. On the ascending tide the coquina clam (Doruu:) ejects from the sand just as a 
wave breaks; it is transported up the beach, where it quickly reburies before the swash 
drains. On the descending tide, the clam ejects into the seaward-flowing swash; it is 
transported down the beach, where it reburies before the next wave breaks. For some 
Donax species this tidal migration does not occur in all populations (Mikkelsen 1981) 
and at all times of year (Leber 1982). 

Bullia, a carnivorous prosobranch, may move a total of 90 m horizontally over 
one tidal cycle on South African and Indian beaches. Displacement is controlled by a 
timely combination of ejection and burying, as in Donax, and the foot may be 
extended as a "sail" during displacement (McLachlan, Wooldridge and Vander Horst 
1979). Similar migrations may occur in Olivella and Terebra. 

The adaptive function of these migrations may be to maintain an optimal 
intertidal position for feeding or to minimize exposure to predators. The use of water 
flow to facilitate horizontal movement by these molluscs is analogous to the use of 
tidal currents for displacement by various marine animals which alternate periods of 
swimming with periods of rest on the bottom. 

Exposed Rocky Shores-Distinct tidal migrations seem rare among molluscs that 
inhabit exposed rocky intertidal zones. The tidal migration of Nerita textilis on an 
almost vertical rock cliff in Somalia (V annini and Chelazzi 1978) is one clearly 
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documented example. Several researchers conclude, on the basis of records of day
to-day positions, that other rocky shore gastropods move randomly (Underwood 1977, 
Petraitis 1982). Tidal movement patterns could easily be missed by this observational 
method. Horizontal tidal migrations in rocky intertidal zones may be unnecessary 
because of the abundance of refugia (tide pools, crevices), or may be incompatible 
with the high species diversity and vertical zonation often characteristic of this habitat. 

Annual and Reproductive Migrations 

The physicochemical features of surface waters change considerably with season 
at all but tropical latitudes, and many marine animals undergo annual migrations 
coincident with these changes. In molluscs that live for several years, a complete 
migration cycle may occur several times during the lifetime of one animal; only the 
later cycles coincide with reproductive behavior. In species with one-year or shorter 
life cycles, different life history stages are usually involved in one migration cycle. 

Intertidal Migrants-Fall offshore and spring onshore migrations have been reported 
at temperate and boreal latitudes for Nassarius (Borowsky 1979, Tallmark 1980), 
Thais (Moulton 1962), Urosalpinx (Carriker 1954), several littorinids (Batchelder 
1915, Williams and Ellis 1975), the Antarctic limpet Patinigera (Branch 1975), 
Donax parvula (Leber 1982), and freshwater gastropods (Clampitt 1974). These 
migrations reduce exposure to cold stress during winter. Late spring offshore and 
early fall onshore migrations are ·reported for the limpets Patella and Acmaea (Branch 
1975), and may reduce heat stress during the summer. Strombus tricomis, Cypraea, 
and Turbo reportedly migrate toward cooler offshore waters during the summer on a 
Saudi Arabian reef flat (Hughes 1977). Whether migrations occur at all locations 
within a species' range may depend on intertidal slope and climatic conditions. 

Annual migrations are linked to reproduction in some gastropods. Adult 
Littorina brevicula probably spawn during the late winter, while positioned near the 
low tide line, before commencing their spring onshore migration (Kojima 1959). 
Juvenile Patella (Branch 1975), Cellana (Corpuz 1980), and L. littorea (Smith and 
Newell 1955) settle out below the low tide line and gradually migrate onshore as they 
grow; other intertidal species probably undergo similar migrations, which undoubtedly 
reflect size-dependent acquisition of resistance to intertidal stresses. Gibbula and 
Monodonta migrate upshore to spawn in the spring and early summer (Underwood 
1973). The orientational mechanisms involved in the annual migrations of most 
intertidal gastropods probably involve simple phototaxis and geotaxis. 

Subtidal Migrants-Hesse's (1979) study of Strombus gigas is one of the best 
documented examples of annual migration in any mollusc. She tagged 213 conchs 
and conducted 85 relocation searches over 1 year. Distinct migrations were directed 
offshore in September and onshore in March, with conchs traveling an average 
(straight-line) speed of 98 m·day- 1 while migrating. The migration may be related to 
avoidance of high wave surge near the shore in winter, and not to avoidance of cold 
water temperatures. 
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A massive shoreward migration in January is reported for juvenile Bursatella in 
Aorida, with queues of animals orienting perpendicular to wave fronts (Lowe and 
Turner 1976). Benthic Octopus reportedly migrate offshore in the fall and onshore in 
the spring in the English Channel, especially during abnormally cold winters (Rees 
and Lumby 1954). 

It is commonly reported that adult opisthobranch gastropods appear suddenly in 
shallow water where they mate, lay eggs and die. Adult appearance in shallow ~ater 
is speculated to result from either a mass migration of adults or a gradual migration 
(with growth) of juveniles that originally settled offshore. On the basis of long-term 
sampling studies of intertidal populations, Miller (1962) and Nybakken (1978) rejected 
the claim that nudibranchs migrate. Nybakken suggests that the 11 sudden 
appearances 11 of nudibranchs may actually reflect the sudden adoption of less cryptic 
habits by sexually active adults. 

Reports by fishermen of sudden appearances or disappearances of scallop 
11 beds 11 have led to the claim that scallops migrate. A scallop may swim for a few 
minutes when escaping a benthic predator, or on other occasions, and local 
movements may be facilitated by currents (Gruffydd 1976). However, direct 
observations and tagging data reveal no tendency for long distance or seasonal 
movements (Baird 1954, Hartnoll 1967). 

SWIMMING IN SEA HARES 
AND THE QUESTION OF MIGRATION 

The sea hare Aplysia is a popular model for neuroethological research. Over 
1,300 publications on Aplysia in just the last decade provide abundant anatomical, 
physiological and laboratory-behavioral information. However, much less is known of 
the natural behavior and ecology of this opisthobranch gastropod. 

Studies of Aplysia brasiliana along the west coast of Aorida reveal an annual 
sequence of life history events. In late winter and early spring, large numbers of 
adults are seen swimming near the surface in bays and are found in shallow water 
seagrass beds feeding on macroalgae, copulating and laying eggs. The average size of 
animals found stranded on beaches decreases steadily into the late spring, apparently 
as a combined result of adult mortality and recruitment of newly-settled juveniles. By 
midsummer, sea hares are rarely found either swimming or stranded on beaches 
(Hamilton, Russell and Ambrose 1982). A similar seasonal pattern of abundance is 
reported for A. brasiliana on the Brazilian coast by Sawaya and Leahy (1971). 
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Figure 2 
Tracks of surface-swimming sea hares. Tracks are based on positions a1 3-min intervals. One group 

(A) was released in B3 Lagoon during a strong incoming tidal current, and the ocher group (B) was released 
a1 Mote Beach when current speeds were much slower (After Hamilton, in press). 

Migration of adult Aplysw from deep to shallow water in late winter, followed 
by migration of juveniles from shallow to deep water during the summer, could 
account for the changes in sea hare size and abundance observed in the shallow water 
of bays during the spring. If such a migration occurs, then there ought to be an 
ecologically sensible reason for undertaking the migration and an adequate means of 
traveling the required distances. Along the southwest coast of Aorida, there appears 
to be both a reason and a means for A. brasilUlna to migrate. Our research has 
concentrated on swimming and its orientation, so I summarize those data before 
discussing possible reasons for a migration. 

Although sea hares are primarily benthic, they often swim just beneath the water 
surface in protected bays and tidal inlets (Hamilton and Ambrose 1975). Swimming is 
accomplished by the rhythmic closure over the dorsum of two large lateral flaps, the 
parapodia. Water speeds from 2.5 to 14 m·min- 1 are achieved. Tracks of swimming 
animals show that the behavior is an effective means of horizontal movement (Fig 2) . 
The farthest swimming animal that I tracked (not shown) traveled 953 m in 114 min 
and was assisted by a weak current during part of its swim. A strong tidal current can 
result in even faster ground speeds; several of the animals released in B3 Lagoon on a 
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Figure 3 
Map of the Placida Harbor, Aorida study area showing distributions of mean vectors for the swimming 

headings ( f = directions of thrust vectors) by groups of 20 sea bares released near three shorelines which 
have different offshore directions. Each mean vector is based on five releases per animal (After Hamiltoo 
and Russell 1982a). 

strong incoming tide (Fig 2A) traveled at speeds exceeding 40 m·min- 1• 

Early in this research we sought a repeatable swimming response which could 
subsequently be examined under different experimental conditions in order to identify 
some of the orientational guideposts and sensory modalities involved in swimming. 
Selection would favor an offshore-oriented swimming response by sea hares finding 
themselves in shallow near-shore waters because their vestigial shell provides no 
protection from desiccation stress if they become stranded out of water. We found 
that Aplysia released near shorelines in water 15 to 65 em deep showed a significant 
tendency to swim offshore, regardless of the shoreline direction (Fig 3). 

In order to identify the orientational guideposts used to determine the offshore 
direction, 370 releases of 74 animals were conducted at the same location at Mote 
Beach (see Fig 3). Bottom slope was less than 2° and trees to 10 m tall grew 
supratidally. Analysis of the distributions of directions taken by the sea hares, relative 
to the direction of each potential guidepost variable when each animal was tested, 
indicated that the primary guidepost was wave direction. The ability of swimming sea 
hares to orient into the waves was confirmed by an additional series of releases which 
were conducted at a shallow-water dredge spoil located about 475 m from any shore 
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Diagramatic summary of oriented responses of nonnal, sham, and eyeless sea hares released near a 

shoreline (Based on Hamilton and Russell 1982a). 

(see "Harbor Spoil" in Fig 3). Wind and wave direction changed over the period of 
these releases, yet the sea hares swam into the waves regardless of their direction. 
Wave direction seemed a logical guidepost for this response because waves moving 
onshore refract such that their direction of travel becomes increasingly perpendicular to 
the shoreline. 

Because waves are sometimes absent and because some other animals depend on 
a hierarchy of guideposts for orientation, we also examined the offshore-oriented 
response of sea hares when waves were negligible. Sixty releases of 12 animals were 
conducted at Mote Beach when wave heights were 0 to 2 em. The 2-cm waves were 
too small to be refracted at the depth of the release site, and were traveling parallel to 
the shoreline, instead of perpendicular to it . The 12 sea hares still swam in the 
offshore direction, suggesting that a second guidepost was involved under these 
conditions. The second guidepost has not been identified, but swimming sea hares 
can visually orient to celestial cues (see below) and probably can see some objects 
above the water surface (Hamilton, in press). 

To identify the sensory modalities used in offshore-oriented swimming, two sets 
of releases were conducted at Mote Beach using animals with ablated sense organs. 
In one set, 270 releases were conducted with 54 animals. One-third were normal, 
one-third had their eyes ablated by cauterization, and one-third were sham cauterized. 
The normal and sham-cauterized animals oriented straight offshore. The eyeless 
animals started swimming straight offshore, but after only 3 to 4 m of travel, they 
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began following circular paths and were carried parallel to the beach by the along
shore current (Fig 4). In the second set, 300 releases were conducted with 60 
animals. One-third were normal, one-third had their oral tentacles removed, and one
third had their rhinophores removed. The normal and oral tentacleless animals 
oriented straight offshore; the rhinophoreless animals followed straight paths 
throughout their swims, but they oriented randomly as a group. 

The ablation experiments suggested that two sensory modalities are involved in 
offshore-oriented swimming. The random orientation of animals that lacked 
rhinophores suggested that the guidepost cue for offshore direction (presumably 
waves) is detected by the rhinophores. The failure of eyeless animals to follow a 
consistent offshore heading suggested that vision might be involved in maintaining a 
straight path once a sea hare is swimming near the surface (Hamilton and Russell 
1982a). 

The role of vision in the orientation of swimming was explored further by 
returning to the Harbor Spoil site and testing sea bares in cone-shaped arenas which 
were mounted on posts. The arenas were filled with enough water for the animals to 
swim, but not enough for them to be able to see any shoreline objects. Each test 
animal was allowed to swim across the adjacent sand flat for 45 sec before being 
picked up and placed at the bottom of an arena. It usually recommenced swimming 
immediately, and we observed its heading every 30 sec for 3 min through the clear 
bottom of the arena. Sea hares with no cover over the arena (n = 17) or with a clear 
plastic cover (n = 20) showed a significant tendency to swim in the same direction in 
the arena as they had been going at the end of their 45-sec free-swimming experience 
on the sand flat. However, when light from above was diffused by a white plastic 
cover, sea hares (n = 20) oriented randomly. These results suggested that a clear 
view of the sky is involved in maintaining a swimming direction (Hamilton and 
Russell 1982b). 

One fmal aspect of sea hare swimming behavior is especially intriguing. When 
the current speed is higher than average, sea bares modulate their swimming thrust 
relative to the angular difference between their heading and the current direction (the 

current aspect); their water speeds are greatest when swimming into the current, least 
when swimming with the current, and intennediate when swimming across current. A 
similar Thrust Modulation Response (TMR) is also seen in migratory birds (Bloch and 
Bruderer 1982). There is considerable variability in the TMR of both sea hares and 
birds (Hamilton 1984). 

The method of determining the direction in which the surrounding medium 
(water or air) is moving and the adaptive function of the TMR are both unknown. Sea 
hares and birds deprived of normal visual infonnation still show the TMR (Hamilton 
and Russell 1982a; Able, Bingman, Kerlinger and Gergits 1982), a finding which 
indicates the involvement of some method of detecting the moving medium's direction 
without reference to fixed landmarks. For all swimming or flying animals there 
should be a single water speed or air speed that maximizes the distance traveled per 
unit of energy expended; all other speeds would be sub-optimal. (This water speed 
has been determined exactly for shad, a fish showing a TMR; Leggett and Trump 
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1978). The fact that sea hares and migratory birds show a TMR suggests that the 
advantage accrued from the TMR outweighs the disadvantage of not always swimming 
at a constant, energetically-optimal speed. Perhaps the TMR enables more exact 
measurement of water current or wind direction over a range of current or wind 
aspects, by an as yet unidentified method. Such information about the surrounding 
medium would certainly have adaptive value to a goal-directed migrant. 

The Migration Question 

For sea hares, swimming is clearly an effective means of local movement when 
near land, and not just an escape response from benthic predators, as is the case for 
most other opisthobranchs. The sensory capabilities and some of the orientational 
guideposts used by sea hares in shallow water should also be available when they are 
swimming farther from shore, as would be the case during a migration. If sea hares 
swim when tidal currents are minimal or flowing in an advantageous direction, long 
distance movements could occur. 

The suggestion that sea hare abundance in shallow water peaks during the spring 
is based primarily on records of animals stranded on beaches. Because subtidal 
grassbeds in shallow water have not been sampled rigorously (Hamilton et al. 1982), 
an alternate explanation exists for the spring peak in stranding, which does not involve 
migration: Populations of sea hares in subtidal grassbeds may be seasonally stable, 
but swimming (and thus stranding) may only occur in the spring. 

Two arguments oppose this alternate explanation. First, the diversity and 
abundance of macroalgae associated with grassbeds is great in the winter but decreases 
strikingly by the summer (Phillips 1960; Dawes 1974, 1983, personal 
communication). This algal bloom would comprise an attractive food source for 
spawn-producing adults, a more cryptic environment for egg mass protection, and a 
favorable growth environment for newly settled juveniles. Gev, Achituv and Susswein 
(1984) note that "the Aplysia season" in shallow water coincides closely with the 
period of peak algal abundance. Second, summer water temperatures in the shallow 
bays of southwest Florida often exceed 30°C, and 39°C has been recorded (Philips 
1960). Sawaya and Leahy (1971) reported that sustained exposure of A. brasiliana to 
water at 27°C is almost always fatal, and Ambrose (unpublished) found that exposure 
to 31°C was fatal within 24 hrs. Sawaya and Leahy speculated that A. brasiliana 
migrate to deeper water when shallow water temperatures become high. Many other 
marine and freshwater molluscs (and other animals) undergo annual migrations to and 
from shallow water in avoidance of temperature stress (see examples above and 
Gauthreaux 1980). In summary, the same southwest Florida grassbeds whose algae 
provide an abundant source of nutrients for conversion into eggs in late winter and a 
favorable growth environment for newly settled juveniles during spring are less 
hospitable to sea hares during summer. Therefore, it seems quite unlikely that sea 
hare populations in shallow-water grassbeds are seasonably stable. 
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I suggest that Aplysia brasiliana undergo an annual migration between deep and 
shallow water in southwest florida. The deep water habitat could be farther offshore 
within the bay system, or out in the Gulf of Mexico. Thalassia grassbeds are not 
usually found deeper than about 2 to 3 m in bays (because of turbidity) but reportedly 
occur at depths exceeding 20 m in the Gulf of Mexico (Dawes 1974). A. brasiliana 
have been collected in the Gulf at a depth of 13 m (Tunnell and Chaney 1970), and 
other Aplysia species occur to depths of 30 or 40 m (Marcus 1972). I have collected 
stranded A. brasiliana on the Gulf of Mexico side of a barrier island from beaches 
located farther than 8 km from any pass connecting the Gulf to protected waters 

behind the island. 

PROSPECfUS 

Our understanding of orientation and migration in molluscs is limited. Very 
little is known about subtidal species and, even for intertidal molluscs, hypotheses 
about underlying orientational mechanisms and adaptive values rarely have been 
tested. 

Many migrations claimed for molluscs are based only on inferences drawn from 
population sampling, and this has led to controversy about whether some of the 
speculated migrations actually occur. Direct evidence in the form of movement 
records of tagged individuals needs to be obtained for many species, including 
Aplysia. Shelled species can be tagged easily by various methods. The freeze
branding technique used on terrestrial slugs (Richter 1976) may work for some of the 
shell-less opisthobranchs. Heat branding works well for Aplysia. Sonic tracking has 
been used only rarely for molluscs (Clifton, Mahnken, Van der Walker and Waller 
1970; Auffenberg 1982; Mather, Resler and Cosgrove, in review) and this technique 
could be used more extensively as very small transmitters are now available. 

The oriented movements 'of many gastropods have been attributed to simple 
phototaxis or geotaxis, or to chemodetection of mucous trails. However, research on 
Littorina i"orata and Aplysia brasiliana suggests that the orientational strategies and 
sensory worlds of some molluscs are considerably more complex. Molluscan 
ethologists must recognize that many animals use a hierarchy of orientational 
guideposts for homing or migration; elimination of only one potential guidepost at a 
time in experimental studies can lead to erroneous conclusions if involvement of only 
one guidepost is assumed. 

Finally, molluscs are a very diverse group with a long geologic history, so 
conclusions about orientational mechanisms or adaptive functions for particular 
movements should be extrapolated across species cautiously. Many swimming 
methods exist within the opisthobranchs (including at least four within just the 
Aplysiidae) and the role of swimming may vary among species. Homing behavior has 
evolved independently at least four times, so the guideposts used by one species may 
not be the same ones used by all others. Visual capacities of gastropods range 
widely, even within a single g!nus such as Littorina (Hamilton, Ardizzoni and Penn 
1983), so making generalizations about the role of vision in gastropod orientation is 
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risky. Behaviors of many molluscan species must receive thorough and unbiased 
analysis if valid conclusions about the entire group are ever to be reached. 
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ABSTRACf 

Behavioral changes during an animal's migration and in corresponding experiments can 
indicate selection pressures that alternate in importance during the migration. Anachis avara 
semiplicata snails in seagrass meadows migrate daily up and down seagrass blades. The snails 
move up at night and graze areas of epiphytic algae on the blades; they return to dense cover in 
bottom refuge areas during daylight. Repeated exposure to each algal substrate on the seagrass 
blades leads to the accumulation of that substrate material on snail shells. Bare shells appear to 
match the mud bottom, where experimentally transferred shells lose their algae. Large adult 
snails of ample age to be coated with algae showed long-term differences in the types of algae 
coating the shell. Laboratory and field analyses showed that the Anachis snails were very 
mobile among various substrata at night. Yet individuals without algae on their shells tended to 
occur among mud patches during daytime and to move only ca. 10 em up seagrass blades at 
night. Two additional shell categories had coralline or filamentous algae on their shells, and 
tended to migrate ca. 20 em up shoalgrass or turtlegrass blades. At dusk the latter phenotypes 
emerged from being hidden at the bottom and moved high up onto the particular seagrass 
species whose algal overgrowth matched their shell overgrowth. Female Anachis laid their eggs 
on turtlegrass blades near the base, yet bare snails and individuals with coralline algae coating 
the shell showed very similar sex ratios. 

Various fishes and bluecrabs (Callinectes sapidus) are significant predators on Anachis. 
The presence of such predators in this study caused snail distributions to shift to the bottom. 
An hypothesis is derived that such predators provide selection pressures favoring movement of 
individuals in one of several different migration patterns (i.e., long migrations up the seagrass 
"blades in the case of algae-covered snails, or very short vertical movements for bare-shelled 
snails). Each migration pattern appears to provide a thoroughly hidden refuge by day and a 
particuhlr appearance for crypsis, either on the bottom or up among their preferred algal foods. 
Analogous selection pressures appear to influence many diel ~igrations. 



228 Christopher L. Kitting 

INTRODUCfiON 

In the marine environment, vertical migration has been studied most extensively 
with various zooplankton. Angel (this volume) describes zooplankton migrations 
through marked depth gradients of predation pressure and food; such movements often 
appear to facilitate avoidance of visual predators during daylight hours, yet provide a 
means to reach appropriate food resources when the risk of visual predation is 

diminished. 
As with vertical migration over large depth gradients by zooplankton, shorter 

diel movements of benthic animals may be a response to opposing selection pressures; 
benthic migrants may avoid visual predators by day, yet permit grazing at night on 
palatable foods in exposed locations. Such opposing selection pressures for hiding 
versus feeding during diel migrations are noted by Alldredge and King ( 1977) and 
Bell, Walters and Kern (1984). These authors describe migrations of potentially 
planktonic animals that often occupy the bottom by day. 

The study described below presents an example of an apparently similar 
phenomenon among bottom-dwelling gastropod browsers, Anachis avara semiplicata, 
in a shallow seagrass community. Anachis shows a feeding preference for epiphytic 
algae that cover upper seagrass blades (Kitting 1984). The snails appear to move out 
along the blades at night for foraging. The downward or return migration at dawn is 
thought to be a response to visual predators. Evidence for the latter hypothesis 
includes the observation that the snail's distribution on the seagrass blades shifts 
downward in the presence of predators; previous reports also suggest that seagrass 
meadows provide densely concentrated small animals with a refuge near the bottom, 
protected from larger predators (Heck and Orth 1980; Stoner 1982; Orth, Heck and 
van Montfrans 1984). Furthermore, two groups of individuals in the study population, 
which show different degrees of crypsis, are seen to differ in the distance that they 
migrate. 

Direct, in situ, close-up monitoring methods used in the present study are 
sometimes the most practical way to quantify behaviors of individuals repeatedly 
without disturbance (after Herrnkind 1974), even when the behaviors are hidden from 
view. Kitting ( 1979, 1984) has shown that easily distinguishable sounds of small 
molluscan browsers correspond to (1) differences among consumer species (due to 
different mouth parts and feeding behaviors), (2) different foods, distinguished by 
different textures and consistencies of algal foods, and (3) location and time of 
feeding. One can quickly learn to recognize the distinctive sounds through simulation 
of feeding or other behavior with forceps. Such studies can also expand our 
perception of other periodic behaviors of organisms, such as scraping of the shell 
during movement or periods of no such activities at all. 
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MATERIALS AND METHODS 

The study area is several kilometers from Gulf passages into Redfish Bay, near 
Corpus Christi and Port Aransas, Texas (27°50'N, 97°5'W). Redfish Bay and 
surrounding bays average l-2 m in depth, are several kilometers wide, have little 
wave action, tide, or current and have five species of seagrasses in roughly adjacent 
patches. At Redfish Bay the major species of seagrass is turtlegrass Tlullassia 
testudinum. The most common animals include the gastropods Anachis avara 
semiplicata (200·m-2; l per blade) and Bittium (Diastoma) varium (2000·m-2; 20 
per blade). Ecological aspects of local bays have been studied extensively by 
Hedgpeth (1947) and Odum and Wilson (1962). 

Quantitative field observations were conducted primarily from July through 
November 1981-3, when gastropods were especially numerous. In situ, time-lapse, 
underwater photographs were made with a remotely triggered motor-driven camera and 
a flash in underwater housings. A remote timer enabled automatic photographs at 16
min intervals. The resulting color transparencies were scored on an eyepiece grid by 
viewing the transparencies with diffuse transmitted light on a stereo microscope at 
lOX -20x magnification. 

Traditional methods such as direct observations of small animals are very limited 
for quantifying animal behaviors during slow migrations. Common, slow-moving 
animals (especially molluscs) are often hidden from view, and lights can be a major 
disturbance. I developed close-up listening methods as a promising solution, and they 
sometimes prove very useful for quantifying hidden foraging behaviors (Boyden and 
Zeldis 1979; Kitting 1979, 1980; Kitting, Fry and Morgan 1984). Rather than the 
usual, pooled data on groups of individuals, repeated sampling is possible for each 
individual without much disturbance. The underwater camera was aimed at four 
underwater contact hydrophones (Sound Wave, of Micro-Communications, Santa Ana, 
CA). Microphones were anchored on the sediment and blades with wooden 
clothespins. Readily available electric components were used, including Sony D5M 
and WMD6 stereo cassette recorders. When feeding occurs near the hydrophone, one 
can often determine when and where (and generally what) each individual organism is 
eating. Tapes of such distinctive feeding sounds have been compared successfully to 
feeding behavior and confirmed with stomach analyses. After initial starvation and 
clearing of the gut, analyses of the empty stomachs of quiet individuals demonstrated 
virtually no inaudible feeding even on detritus; simulated feeding disturbances, 
produced with a probe, confmn that even delicate motion is audible quite clearly with 
contact microphones (e.g., Kitting 1979, 1984). 

Concurrent photographic samples, as time-lapse color transparencies, were 
surveyed with a stereo microscope. Positions of animals were traced through time and 
compared to the recordings of feeding noises. These tabulations quantified changing 
distributions of the snails and their corresponding feeding occurrences. Periodic 
sounds from the camera's shutter and motor kept the data synchronized. Data from 
different time periods were tabulated separately. Most algae were concentrated at the 
blade tip, and dense dead blades and detritus were near the bottom. Therefore the 
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data can reflect movement and feeding among algae up on the blades versus such 
activities among the dense detritus and dead blades on the bottom. 

Over 20 individual snails were marked conspicuously in order to follow them in 
dense seagrass cover beyond the 24-h photographic coverage. A 5-cm length of 
monofilament fishing line was striped distinctively with durable fingernail polish 
topped with a reflective "sequin" and epoxy-cemented out from the posterior end of 
each snail shell. It provided a "whip antenna" trailing out from under most forms of 
cover and introduced minimal obstruction to the snail's movement, as viewed in 
aquaria and in the field. Red filters (Kodak #29 gel) placed in underwater lights 
minimized disturbance during direct observations. 

A laboratory experiment compared algal recruitment onto living versus dead 
Anachis shells. Eight live snails and 8 empty shells were cleaned thoroughly and 
placed in aquaria with coralline algal cultures on the walls. Empty shells were 
cemented onto aquarium walls with underwater epoxy cement. Live Anachis were 
dabbed with cement to control for any effect of cement, but were allowed to move 
throughout the aquarium. After 3 weeks, coralline algal colonists on the shells were 
enumerated in 2 x 2-mm fields under a dissecting microscope. 

Further observations of Anachis distributions were conducted with and without 
predators in three laboratory aquaria (50 I each) with freshly collected Thalassia sod 
and flowing seawater at ambient conditions (27°C). An LD 12:12 light cycle under 
fluorescent bulbs, provided 100 J..LEin·m- 2·s- 1 of light to the bottom, as in the field. 
Ten Anachis of each of two phenotypes (coralline algal-coated and uncoated shells) 
were added to each aquarium and allowed to acclimate for ~ 24 h. Each aquarium 
was then stocked with either three 10-cm wide bluecrabs (Callinectes sapidus), three 
10-cm long toadfish (Opsanus beta), or with no predators (as a control). Numbers of 
each phenotype on the bottom or blades were then tabulated at 2-h intervals overnight 
(1700-0300 hrs). On subsequent nights, predators were transferred among tanks and 
left for ~ 24 h before further tabulations of snail distributions. Such substituted 
treatments thus standardized availability of substrata while minimizing any effects of 
different turtlegrass sod or snail populations and left predation as the experimental 
variable. Tabulations were thus based on three aquaria for each predator species or 
control. 

Finally, a similar field experiment was conducted in the natural environment of 
a shallow (0.5-m deep) turtlegrass meadow. Paired cages 1m x 1m x 0.7-m high 
were made with polyester "double-knit" fabric sewn loosely around steel frames that 
were coated with nontoxic epoxy paint. Cages were anchored down into the sod 
securely with wooden stakes and covered with 1 em galvanized steel mesh to prevent 
bird predation. The loosely secured (unstretched) fabric enabled wave action to 
propogate freely through the cage, to minimize cage effects (see Virnstein 1978). An 
adjacent 1-m2 area was defined between the sides of the two cages, as a partial fence 
open to natural predators such as fishes, crabs and birds. At 3-day intervals during 
this three-week field experiment, a 20-cm wide "aquarium net" was swept 10 em 
above the bottom for four sweeps (I m long) in each of the three 1-m2 areas. After 
each sweep 10 em off the bottom, a separate sweep was made along the bottom. 
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Figure 1 
Summary of animal population densities observed up on shoalgrass and turtlegrass blades, throughout 

most of a 24 h period. Thick bar on time axis denotes darkness. Vertical bars denote standard error of 
sample, if larger than symbol. 

Vertical distributions and relative abundances of each Anachis phenotype were thus 
tabulated for different levels of predation, being returned to their respective plots 
immediately after each tabulation in the field . 

RESULTS AND DISCUSSION 

Tabulations of snails in the time-lapse photographs from the field showed 
noticeable vertical migration of the snail population throughout 24 h of monitoring. 
The overall Anachis population tended to remain low on the seagrass blades or on the 
sediment throughout the day, but a vertically migrating portion climbed and descended 
a net distance of 20 em along the blades, rising near dusk and descending near dawn 
an average 4 em· h-I along blades (Fig 1). 

As the blades grow quickly from a basal meristem (den Hartog 1970), they are 
colonized by a variety of epiphytic organisms that build up progressively toward the 
(older) tip of each blade. These epiphytes begin accumulating visibly about 2 em up 
the blade. Thin, flexible shoalgrass blades (Halodule wrightil) had frequent 
filamentous red algae Acrochaetium flexuosum and Polysiphonia denudata, and 
green algae Cladophora spp. (Morgan and Kitting 1984). Turtle grass blades, which 
are thicker and less flexible, were covered with a lightly calcified coralline red alga 
Heteroderma lejolisii and Spirorbis borealis tube worms, eventually leading to a 
heavier coralline red alga Dermatolithon pustulatum near the tip. A large diatom 
Rhopalodia gibberula grew on the crustose algae and was eaten selectively with 
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Figme2 
Feeding activities of animals sampled periodically ~ in Figure 1. but from bydaopbooes for 

microacoustic monitoring. Each point iS based on feeding data from six. 6-min periods. 

adjacent algae (Kitting 1984). These species were also found on shells of Anachis. 
Sparse diatoms and much organic detritus and blue-green algae occur on the sediment 
surface. Stomach analyses of the present population showed primarily unrecognizable 
debris, along with various diatom species (Kitting 1984). Such dietary observations 
could not show when or where the animals were feeding during their migrations. 
Previously studied molluscs that tend to be sedentary have shown periodic migrations 
over rocks and include prosobranch and pulmonate limpets (summarized in Abbott, 
Epel, Phillips, Abbott and Stohler 1968; Cook and Cook 1981) and chitons 
(summarized in Burnett et al. 1975). The movements were thought to be feeding 
migrations in such studies, although actual feeding was usually hidden from view 
(Kitting 1980). Direct microacoustic monitoring in the present study showed that 
during Anachis migrations, feeding activity is indeed much more frequent while these 
snails are on the seagrass blades, particularly near dusk (Figs 1 and 2). Distinctive 
feeding sounds from the hydrophones corresponded to animals up on the blades during 
the sequential photographs and supplementary observations. Because microphones on 
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the bottom detected simulated and the occasional natural feeding clearly, the increased 
feeding frequency evident among epiphytic algae appears to be accurate; it is 
confmned by laboratory analysis of Anachis feeding preference in which algae is 
preferred over detritus when both are made readily accessible (Kitting 1984). 

Previous studies have reported other such diel vertical migrations among 
sheltered seagrasses as 0 2 concentrations were depleted nocturnally at the bottom 
(Ledoyer 1962, 1964, 1969; Odum and Wilson 1962). The present study area is 
shallower and more turbulent than those investigated by Ledoyer ( 1962 et seq.) and 
Odum and Wilson (1962), and numerous other inve!"lebrates and fishes remained near 
the bottom as Anachis (and Bittium varium snails) migrated upwards. It appeared 
very unlikely that oxygen depletion accounted for these particular migrations (Pulich, 
Kitting and Garcia, in preparation). 

The present monitoring along with underwater observations and laboratory tests 
indicate that these Anachis select epiphytic algae rather than the detrital material 
commonly observed on the sediment surface (Kitting et al. 1984, Kitting 1984). The 
nocturnal shift up onto blades is evidently for feeding. The question arises, what is 
the function of the return movement? 

Differences in Crypsis and Migration within the Population 

At least two types of crypsis and migration occur within the adult Anachis 
population. Two visually rather distinct groups of adult snails (ca. 10 mm long) were 
found among turtlegrass. One generally had no macroscopic algae on the shell . The 
other had much of its shell covered with coralline algae HeterodemuJ lejolisii and 
Dermatolithon pustulatum. Many of the algae on the snails were reproductive, 
indicating significant age. Other than the algal coating, both groups appear to be 
morphologically indistinguishable, represent mature individuals, and have shells of 
ample age (ca. 1 yr) to accumulate algae. Many smaller individuals ( < 6 mm long) 
have these algae on the shell, and adults re-acquire the algae less than 1 mo after its 
experimental removal. Living Anachis snails that were free to move among aquarium 
algae showed significantly greater algal growth on their shells than did adjacent empty 
shells that had remained stationery in the aquarium (Fig 3). Because the shell 
covering of Anachis consists of adjacent or most frequently encountered algal 
material, each type of shell appears cryptically colored primarily on one type of 
substrate: coralline epiphytes on turtlegrass, or filamentous epiphytes on shoalgrass. 
To the human eye, barren shells blend into the mud bottom, and algae on the shell 
blend in with an epiphytic alga on one of the seagrass species (Fig 4). Particularly 
during daytime, however, each shell type was generally hidden from view more 
thoroughly on the bottom, among dense and fallen seagrass blades. Since the shell 
covering is apparently acquired as the snails spend time on the blades, the choice of 
one or the other type of seagrass blade as a foraging area very likely precedes the 
acquisition of the cryptic covering. Such migrations out onto an appropriately 
matching background of algae or sediment do not require that the individual snails 
recognize their shell overgrowth or particular substrate; rather, a consistent migration 
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Figure 3 
Algal recruitment onto Jiving versus dead Anachis shells in aquaria for 3 weeks , with coralline algae 

on glass . Each pair of bars represents Heteroderma on the left and Dermatolithon on the right, ::!: 1 s .d. 

Figure 4 
A 60 X 90-mm view of two Anachis undisturbed on Thalassia in situ . One is cryptic on coralline 

algae that match the shell coating. The lower snail has a barren shell. 

pattern for each individual appears to lead to the most frequently encountered algae 
accumulating on the individual's shell (Figs l, 3 and 4). In the laboratory, individuals 

transferred to the sediment are observed to lose the algae from their shells, apparently 

due to abrasion and insufficient light at the bottom. 

The most common shell categories among turtlegrass could be distinguished in 

time-lapse photographs; their movement along the blades was tabulated at 2-h 

intervals. Roughly similar day-night migration patterns were seen, but the coralline 

algae-coated individuals tended to be higher on the blades than the bare-shelled 
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Figure 5 TIP'£ OF DAY 

Distributions of each of two common phenotypes of Anachis on turtlegrass over 24 h. Each vertical 
"histogram" (analogous to a "kite diagram") represents a distribution for a ca. 2-h period. Other 
individuals thoroughly hidden on the bottom sediment were not quantified or plotted; on the average, they 
would contribute to a roughly constant total (for each phenotype) throughout the 24 b. 

individuals during most of the 24-h period (Fig 5). The exception was during early 
morning, when observed distributions of the two were very similar (0000-0800: 
G = 6.0, 4 d.f., 0.1 < p < 0.5; Sokal and Rohlf 1969). Their observed distributions 
were significantly different during 0800-1600 (G = 77, 5 d.f., p << 0.005) and 
during 1600-2400 (G = 17, 2 d.f., p < 0.005). Total numbers of observed 
individuals changed in the area photographed; bare-shelled individuals were seen less 
frequently during the daylight hours (Fig 5), and supplementary observations showed 
many individuals to be hidden on the bottom. Figure 5 shows that when snails were 
on the blades, the distance they moved along the blades corresponded to their shell 
appearance. Individual snails did not remain stationery on a matching patch but 
tended to move among overlapping blades at a particular height from the bottom. 
Qualitative observations of the very large lateral movements of individuals showed 
that tagged and untagged snails were moving widely at night. 

Over large areas of seagrass meadows two less common groups are also found 
whose shells are coated with a dark, encrusting (noncalcified) alga (Peyssonellia sp.) 
or with dense diatoms and filamentous green algae (Cladophora spp.). Intermediate 
categories of shell overgrowth are also present, but uncommon. Such intermediates 
can be pooled with their most similar category, but illustrate that these various 
phenotypes all represent Anachis avara semiplicata (see Hatfield 1979). 
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Figure 6 
Frequency distributions of tbe three phenotypes commoo among Halodule and ThtJiossia seagrasses, 

and on nearby mud. Anochis was collected quantitatively from adjacent patches that totaled tbe same area 
(ca. 2m2) for each type of substrate. "Fleshy" algae were filamentous algae that grew on Halodule. 

Anachis appeared to lay eggs at the base of seagrass blades, but sex ratios from 
60 individuals with and without algal overgrowth, from upper blades versus the base, 
suggested no significant differences in sex ratios or size; 40% of the algae-coated 
(mean length 9.4 ± 1.2 mm) and 47% of the bare-shelled individuals (mean length 
9.2 ± 0.8 mm) were females. 

Analogous sampling of shell types in adjacent shoalgrass (Halodule wrightil) 
meadows showed that filamentous algae were very common on Anachis shells (Fig 6). 
At night these snails were usually among the filamentous algae on the Halodule 
blades. Crustose Pessonellia-coated individuals were too rare to demonstrate any 
distinctive distributions. 

In the absence of the conspicuous labels on individual Anachis, my own 
observations of Anachis were hindered by their concealment on the bottom, and their 
remarkable crypsis when they were out. Similarly other visual predators appear to 
provide a selection pressure that would perhaps account for the daytime occupation of 
the bottom, and the restriction of movement primarily to their "matching" substrate. 

Effects of Predators 

Distributions of snails of different phenotypes were monitored in laboratory 
experiments in the presence and absence of common predators (toadfish and 
bluecrabs) . Bare-shelled individuals again were on the bottom more frequently than 
algae-coated individuals. Actual consumption of snails by the predators was not 
detected, but the presence of each predator changed the distribution of the snails 
significantly, relative to their distribution in tests with no predators (Fig 7 A; each 
t > 2.0; p < 0.03). In the presence of toadfish the distribution of algae-covered snails 
was markedly affected such that roughly half as many were found on seagrass blades 
when the fish were present as when they were absent. Similarly, toadfish reduced the 
proportion of bare-shelled animals on the grass, but the difference between the 
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Figure 7 
A. Proportion of Anachis of each shell-type that occurred up off the bottom sediment in experimental 

aquaria. Different types of predation were present. Observations were tabulated overnight at 2-h intervals. 
Beginning, then final numbers of individuals observed are averaged for the replicate tests and listed at the 
right. No noticeable Anachis mortality occurred. 

B. Frequencies of each shell-type that occurred on 11ullossill blades in field plots. Predators were 
excluded from two plots, and two plots were open to predators. Observations were tabulated at 3-day 
intervals for 3 weeks. Beginning, then final numbers of individuals per sample, averaged for replicate 
samples, are listed at the right. Sampling variability appeared larger than any overall prey depletion during 
the experiment. 

distribution in the presence and absence of fish was less for bare-shelled than for 
algae-covered snails (Fig 7 A). Thus in spite of their cryptic coloration, algae-coated 
snails were clearly affected by the presence of toadfish. Bluecrabs caused a similar 
shift to the bottom in bare-shelled snails but had less effect on algae-coated individuals 
(Fig 7 A). Direct observations suggested that snails were being dislodged as the 
predators moved among them. Tests with each type of predator shared the same 
available areas of each substrate, as use of aquaria rotated (see methods). Repeated 
observatio~s indicated that virtually no exposed individuals were being overlooked by 
the observers, although snails were often very cryptic. 
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In the analogous field test with periodic observations (not strictly independent), 
individuals were distinguished as bare-shelled, completely coated with coralline algae, 
or partially coated. Composition of the population on the blades differed between plots 
with natural versus decreased predator access (Fig 7B, G = 9.8, p < 0.05). In the 
presence of predators, bare-shelled and fully coated snails were shifted further onto the 
bottom as in the laboratory experiment, but surprisingly, snails only partially coated 
with algae were more frequently seen on the blades in the presence than in the absence 
of predators, possibly because attempted predation resulted in the removal of shell 
algae. 

Three major groups of predators are commonly active in such shallow-water 
communities: birds, fishes and crabs. Barrass and Kitting (1982 and in preparation) 
summarize the sparse data available on the influences of avian predators on seagrass
meadow invertebrates and show experimentally that bird activities can change 
distributions of small crustacea more than expected from actual minor consumption of 
the prey; a variety of invertebrates may similarly flee such disturbance by predators. 
Human pursuit of Anachis caused disturbed snails to fall to the bottom as did 
disturbance by predators. Such activity sometimes caused algae to be chipped off the 
shell. Other would-be predators appear to cause such shifts in distributions. 
Common, aggressive pinfish (Lagodon rhomboides) or bluecrabs (Callinectes sapidus) 
have been kept in field enclosures where invertebrate distributions were compared with 
control enclosures; undisturbed invertebrates were up among seagrass blades more 
frequently than when disturbed (Huh 1983; Eldred, in preparation). Various fishes 
(Adams 1976, Nelson 1981, Livingston 1982) and crabs (Hamilton 1976, Orth 1977, 
Heck and Thoman 1981) are known to prey on local snail species. CaUinectes 
sapidus may affect prey distributions even more than prey abundances (Young, Buzas 
and Young 1976; Barrass and Kitting, in preparation). 

Analogous invertebrate migrations out into the open at night are reported from 
similar environments for other seagrass invertebrates (Ledoyer 1962, 1964, 1969; 
Greening and Livingston 1982) such as sea urchins (Kempf 1962), grass shrimp 
(Hubbs and Velderman 1968), subadult lobster (see Lipcius and Herrnkind 1982) and 
meiofauna (Bell et al. 1984). The roles of coloration and predation in such diel 
migrations are reviewed by Angel (this volume) who notes that organisms from 
plankton to mammals often show close relationships between their coloration, habitat 
shifts, and periods of visual predation. Lee (1965) has presented one of the few such 
examples studied physiologically and ecologically: a marine isopod that spends a 
period of its life on seagrass and obtains its cryptic coloration from its substrate after a 
long migration from other, algal substrata. 

The distance that Anachis migrates up the blade corresponds to its shell 
appearance. Analogous examples of individually different distributions and crypsis are 
suggested for limpets on different backgrounds (Giesel 1970) and for nudibranch and 
ovulid molluscs that accumulate pigmentation from their diets of hydroids (Harris 
1973) and sea-whips (gorgonacea; Chapter 3 in Fotheringham 1980). Kellogg (1980) 
uncovered evidence that certain nudibranchs may avoid fish predators largely through 
such matching coloration which can sometimes change when an animal moves to a 
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new patch of food and incorporates new pigments from that food (Harris 1973). 
An additional adaptive significance of such an acquired camouflage in a 

particular microhabitat is that it may function chemically even in darkness. Fishlynn 
and Phillips (1980) showed that the shell of a seagrass-dwelling limpet accumulates 
compounds from the seagrass where it is less recognizable by chemically sensitive 
predatory starfish. Vance ( 1978) showed analogous temporary chemical camouflage 
by scallops that avoided seastar attack after acquiring overgrowth of surrounding 
sponges. Even when predators such as bluecrabs are foraging with chemotaxis, algal 
overgrowth of snails may provide such chemical camouflage. 

My observations on Anachis foraging migrations suggest the importance of two 
opposing selection pressures: requirements for foraging versus protection from 
associated predation (or other possible risks of daylight hours, such as excessive heat 
in summer months). Previous seagrass meadow research has shown active 
disagreement about the relative effects of food versus predators in these very dense 
concentrations of small animals in various seagrass meadows. One can hypothesize 
that food requirements influence the change in distributions of small animals at night, 
but large visual predators (or other daytime hazards) favor migrations of such 
vulnerable animals down into more protected microhabitats during daylight. 

Future studies may test such a broad hypothesis further. One can consider 
migrating plankton vulnerable to small fishes (cf. Zaret and Suffern 1976; Enright 
1977; Robertson and Howard 1978; Tranter, Bulleid, CampbeJI , Higgin, Rowe, 
Tranter and Smith 1981; Bird and Kitting 1982), demersal or benthic invertebrate 
migrations (e.g., Alldredge and King 1977), or a variety of other animals in 
terrestrial, aerial, or marine environments. It is becoming clear that diel or other 
migrations can, in response to opposing selection pressures, provide the "best of both 
worlds": the alternation of microhabitats suitable for feeding and then hiding during 
the diel period. 

ACKNOWLEDGMENTS 

Gratitude is extended to the symposium organizers, particularly M. Rankin and W. 
Herrnkind. They also provided useful comments, as did P. Hamilton, C. Hubbs, B. Pearson 
and two anonymous reviewers . Very helpful field and other assistance came from J. Moyer, H. 
Young, A. Garcia, D. Snodgrass, L. Godker, D. Brunton, F. Jackson and C. Schneider. 
University of Texas Research Institute, C. Kleberg Foundation, and National Oceanic and 
Atmospheric Administration, U.S . Department of Commerce, provided grant support on 
analyzing such ecological differences among conspecific individuals. 



240 Christopher L. Kitting 

LITERATURE CITED 

ABBOTT, D.P., P. EPEL, J.H. PHILLIPS, I.A. ABBOTT and R. STOHLER (eds). 1968. The 
Biology ofAcmaea. The VeUger 11, (Supplement). 112 pp. 

ADAMS, S.M. 1976. The ecology of eelgrass, Zostera marina (L.), fish communities. II. 
Functional analysis. Journal of Experimental Marine Biology and Ecology 22: 293-311. 

ALLDREDGE, A.L. and J.M. KING. 1977. Distribution, abundance and substrate preferences 
of demersal reef zooplankton at Lizard Island Lagoon, Great Barrier Reef. Marine 
Biology 41: 317-333. 

ALTEVOGT, R. 1965. Lichtkompass- und Landmarken-dressuren bei Uca tangeri in 
Andalusien. Morphologie Okologie Tiere 55: 641-655. 

ANGEL, M. 1985. Vertical migrations in the oceanic realm: possible causes and probable 
effects. Pp. 45- 70 in M. Rankin (ed.) Migration: Mechanisms and AdaptiW! 
Significance. Contributions in Marine Science, Vol 27 (Supplement). 

BARRASS, A.N. and C.L. KITTING. 1982. Responses of CalUnectes sapidus bluecrabs to 
recorded group feeding vocalizations of StenuJ terns and Larus atridiiil gulls. (abstract) 
American Zoologist 22: 906. 

BELL, S.S., K.W. WALTERS and J.C. KERN. 1984. Meiofauna from seagrass habitats: a 
review and prospectus for future research. Estullries 7: 331-338. 

BIRD, J.L. and C.L. KITTING. 1982. Laboratory studies of a marine copepod (Temora 
turbinata Dana) tracking dinoflagellate migrations in a miniature water column. 
Contributions in Marine Science 25: 27-44. 

BOYDEN C.R. and J.R. ZELDIS. 1979. Preliminary observations using an attached 
microphonic sensor to study feeding behavior of an intertidal limpet. Estuarine and 
Coastal Marine Science 9: 759-769. 

BURNETT, R., D.P. ABBOTT, I. ABBOTT, C. BAXTER, F.A. FUHRMAN, M. 
GILMARTIN, C. HARROLD, G. MPITSOS, J. PHILLIPS, B. LYMAN and R. 
STOHLER (eds.) 1975. The Biology of Chitons. The VeUger, Vol 18 (Supplement). 
128 pp. 

COOK, S.B. and C.B. COOK. 1981. Activity patterns on Siphonaria populations: beading 
choice and the effects of size and grazing interval. Journal of Expnim.mtal Marine 
Biology and Ecology 49: 69-79. 

DEN HARTOG, C. 1970. The seagrasses of the world. Verluuullungen der Kininklinjlce 
Nederlilndse Alaulemie van Wetenschappm, AFD. Naturkutuh 59: 1-275. 

ENRIGHT, J. T. 1977. Diurnal vertical migration: adaptive significance and timing part I. 
Limnology and Oceanography 22: 856-872. 

ASHLYNN, D. and D.W. PHILLIPS. 1980. Chemical camouflaging and behavioral defenses 
against a predatory seastar by three species of gastropods from the surfgrass Phyllospadix 
community. Biological Bulletin 158: 34-48. 

FOTHERINGHAM, N. 1980. Beachcomber's Guide to Gulf Coast Marine Ufe. Lone Star 
Books, Houston. 124 pp. 



Short-Range Diel Migrations of Seagrass Meadow Snails 241 

GIESEL, J.T. 1970. On the maintenance of a shell pattern and behavioral polymorphism in 
Acmaea digitalis, a limpet. Evolution 24: 98-119. 

GREENING, H.S. and R.J. LIVINGSTON. 1982. Diel variation in the structure of seagrass 
associated epibenthic macroinvertebrate communities. Marine Ecology-Progress Series 
7: 147-156. 

HAMILTON, P. V. 1976. Predation of littorina irrorata (Mollusca: Gastropoda) by Callinectes 
sapidus (Crustacea: Portunidae). Bulletin of Marine Science 26: 403-409. 

HARRIS, L. 1973. Nudibranch associations. Comparative Pathobiology 2: 102-204. 

HATFIELD, M. 1979. Food Sources for Anachis avara (Collumbellidae) and a discussion of 
feeding in the family. The Nautilus 93: 40-43. 

HECK, K.L., JR. and R.J. ORTH. 1980. Seagrass habitats: the role of habitat complexity, 
competition and predation in structuring associated fish and motile invertebrate 
assemblages. Pp. 449-464 in V.S. Kennedy (ed.) Estuarine Perspectives. Academic 
Press, New York. 

HECK, K.L., JR. and T.A. THOMAN. 1981. Experiments on predator-prey interactions in 
vegetated aquatic habitats. Journal of Experimental Marine Biology and Ecology 53: 
125-134. 

HEDGPETH, J.W. 1947. The Laguna Madre of Texas. Transactions of the North American 
Wildlife Conference 12: 364-380. 

HERRNKIND, W.F. 1974. Approach to marine behavioral research. Pp. 55-98 in R.N . 
Mariscal (ed.) Experimental Marine Biology. Academic Press, New York. 

HUBBS, C. and J. VELDERMAN. 1968. Diel captures of a freshwater shrimp. The Southwest 
Naturalist 16: 121-128. 

HUH, S.H. 1984. Seasonal variation in populations of small fishes concentrated in shoalgrass 
and turtlegrass meadows. Journal of the Oceanological Society of Korea 19: 43-55. 

KELLOGG, D.L. 1980. Prey defenses and predator learning in the Nudibranchia. M.S. Thesis, 
University of Texas at Austin, Austin, TX. 98 pp. 

KEMPF, M. 1962. Recherches d'ecologie comparee sur Paracentrotus lividus (Lmk) et 
Arbacia lixula (L.) (1). Recueil des Travaux de Ia Station Marine d'Endoume Bulletin 
25: 47-116. 

KITIING, C.L. 1979. Using feeding noises to determine the algal foods being consumed by 
individual intertidal molluscs. Oecologia 40: 1-18. 

KITIING, C.L. 1980. Herbivore-plant interaction among individual limpets maintaining a 
mixed diet of intertidal marine algae. Ecological Monographs 50: 527-550. 

KITIING, C.L. 1984. Selectivity by dense populations of small invertebrates foraging among 
seagrass blade surfaces. Estuaries 7: 276-288. 

KiffiNG, C.L., B.D. FRY and M.D. MORGAN. 1984. Detection of inconspicuous epiphytic 
algae supporting food webs in seagrass meadows. Oecologia 62: 145-149. 



242 Christopher L. Kitting 

LEDOYER, M. 1962. Les variations mycthemerales de Ia faune vagile au sein des herbiers 
superficiels et algues littorales. Record and Traveaux de Ia Station Marine d'Endoume. 
Bulletin 25: 173-224. 

LEDOYER, M. 1964. Les migration mycthermerales de Ia faune vagile an sein des herbiers de 
Zostera marina de Ia zone intertidal en manche et comparison avec les migrations en 
Mediterranee. Record and Traveaux de Ia Station Marina d'Endoume. Bulletin 34: 
241-247. 

LEDOYER, M. 1969. Ecologie de Ia faune vagile des biotopes Mediterraneens accessible in 
scaphandre autonome. V. Etude des phenomenes nycthemeraux. Tethys 1: 291-308. 

LEE, W.L. 1965. Pigmentation of the marine isopod ldothea montereyensis. Comparative 
Biochemistry and Physiology 18: 17-36. 

LIPCIUS, R.N. and W.F. HERRNKIND. 1982. Molt cycle alterations in behavior, feeding and 
diel rhythms of a decapod crustacean, the spiny lobster Panulirus argus. Marine Biology 
68: 241-252. 

LIVINGSTON, R.J. 1982. Trophic organization of fishes in a coastal seagrass system. Marine 
Ecology--Progress Series 7: 1-12. 

MORGAN, M.D. and C.L. KI1TING. 1984. Productivity and utilization of the seagrass 
Halodule wrightii and its attached epiphytes. limnology and Ocetrnography 29: 1066
1076. 

NELSON, W.G. 1981. Experimental studies of decapod and fish predation on seagrass 
macrobenthos. Marine Ecology Progress Series 5: 141-149. 

ODUM, H.T. and R.F. WILSON. 1962. Further studies on reaeration and metabolism of Texas 
bays. Contributions in Marine Science 8: 23-55. 

ORTH, R.J. 1977. The importance of sediment stability in seagrass communities, Pp. 281-300 
in B.C. Coull (ed.) Ecology of Marine Benthos. University of South Carolina Press, 
Columbia, SC. 

ORTH, R.J., K.L. HECK, JR. and J. VAN MONTFRANS. 1984. Faunal communities in 
seagrass beds: a review of the influence of plant structure and prey characteristics on 
predator-prey relationships. Estuaries 7: 339-350. 

ROBERTSON, A.l. and R.K. HOWARD. 1978. Diel trophic interactions between vertically 
migrating zooplankton and their fish predators in an eelgrass community. Marine Biology 
48: 207-213. 

SOKAL, R.R. and F.J. ROHLF. 1969. Biometry. Freeman and Co., San Francisco, CA. 776 
pp. 

STONER, A.W. 1982. The influence of benthic macrophytes on the foraging behavior of 
pinfish, Lagodon rhomboides (Linnaeus). Journal of Experimental Marine Biology and 
Ecology 58: 271-284. 

TRANTER, D.J., N.C. BULLEID, R. CAMPBELL, H.W. HIGGIN, F. ROWE, H.A. 
TRANTER and D.F. SMITH. 1981. Nocturnal movements of phototactic zooplankton in 
shallow water. Marine Biology 61: 317-326. 



Short-Range Diel Migrations of Seagrass Meadow Snails 243 

VANCE, R.R. 1978. A mutualistic interaction between a sessile marine clam and its epibionts. 
Ecology 59: 679-685. 

VIRNSTEIN, R.W. 1978. Predator caging experiments in soft sediments: caution advised. Pp. 
261-273 in M. Wiley (ed.) Estuarine Interactions. Academic Press, New York. 

YOUNG, D.K., M.A. BUZAS and M.W. YOUNG. 1976. Species densities of macrobenthos 
associated with seagrass: a field experimental study of predation. Journal of Marine 
Research 34: 577-592. 

ZARET, T.M. and J.S. SUFFERN. 1976. Vertical migration in zooplankton as a predator 
avoidance mechanism. Limnology and Oceanography 21: 804-813. 



DIRECTIONAL MOVEMENT IN A SEA STAR 
(OREASTER RETICULATUS): ADAPTIVE 

SIGNIFICANCE AND ECOLOGICAL CONSEQUENCES 

Robert E. Scheibling 

Biology Department, Dalhousie University 
Halifax, Nova Scotia, U:madtl, B3H 4Jl 

ABSTRACf 

The sea star Oreaster reticulatus is a microphagous grazer on sand and seagrass bottoms 
in the Caribbean. Foraging paths of 0. reticulatus are directional and the distance traveled 
between feedings generally approximates the sea star's diameter. This movement pattern 
prevents overlapping feeding sites and minimizes foraging effort on homogeneous substrata. 

In a large sand patch amid a sea grass bed, 0. reticulatus formed dense aggregations 
which migrated throughout the patch in protracted grazing fronts. Frontal movement was 
directional; fronts were retracted and deflected at the seagrass border. Intense feeding activity 
within a front resulted in a rapid turnover of sediment and a marked decrease in benthic 
microalgae. Sea stars foraging in the wake of a front, where food was scarce, moved greater 
distances than those within the front. When translocated from the sand patch to the surrounding 
sea grass bed, 0. reticulatus homed towards aggregations of conspecifics in the patch. This 
behavior would enable sea stars to locate and remain within preferred habitats and may account 
for the high density of 0. reticulatus in isolated sand patches. 

Directional foraging movements, mass migration, and homing behavior have been 
documented in other species of sea stars in relation to habitat preferences and food supply. 
Although the adaptive significance of such movement patterns seems clear, the orientational 
mechanism(s) are poorly understood. 

INTRODUCfiON 

Sea stars are active foragers and may move considerable distances, albeit 
slowly. However, information on sea star movements and migrations is largely 
anecdotal (see reviews in Feder and Christenson 1966, Sloan 1980); few studies have 
analyzed movement patterns (Burla, Ferlin, Pabst and Ribi 1972; Ferlin 1973; Pabst 
and Vincentini 1978; Thompson and Thompson 1982). 

In this paper, I present an overview of my studies of movement and migration in 
a tropical sea star Oreaster reticulatus (Scheibling 1979, 1980a,b, 1981a). I consider 
the adaptive significance of foraging movements in the context of optimality theory, 
and discuss possible orientational mechanisms underlying directionality of movements. 
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Figure 1 
Frequency distributions of the ratio of int.erfeeding distance-to-diameter (D1 I 2R) of Oreaster 

reticulatus in Horseshoe Patch and Buck Island Channel (from Scheibling. 1981b). 

I also examine feeding migrations and homing in 0. reticulatus and other sea stars, 
and the ecological consequences of these behaviors. I hope to show that despite their 
lack of cephalization, central nervous organization and complex sensory structures, sea 
stars are capable of directed movement. Indeed sea stars may be useful models for 
evolutionary/ecological studies of marine invertebrate movement patterns and 
migratory behavior. 
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Figure 2 
Frequency distributions of distances moved by OrmstB reticulatus in (a) Horseshoe Patch during 3-b 

intervals, (b) Buck Island Channel during 4-h intervals. 

FORAGING MOVEMENTS OF INDIVIDUALS 

Oreaster reticulatus is an omnivorous grazer of microorganisms and detritus in 
shallow sand and seagrass habitats in the Caribbean (Scheibling 1982a). Movement 
patterns of foraging individuals were studied using SCUBA at two sites off St. Croix, 
U.S. Virgin Islands: Horseshoe Patch, a large sand patch (30,500 m2

) surrounded by 
dense seagrass beds~ and Buck Island Channel, an extensive sand plain. The sand 
substratum of each area was relatively homogeneous in terms of grain size and organic 
content (Scheibling 1980c). Depth ranged from 10-13 m in both areas. Individual 
sea stars were marked by scarification and their movements measured with references 
to fixed point or grid systems on the bottom (Scheibling 1979, 1981a). Foraging 
paths were clearly demarcated by a series of sediment mounds indicating successive 
feeding sites. 

The average distance traveled by Oreaster reticulatus between successive 
feeding sites (interfeeding distance, D1) was positively correlated with individual size 
(measured as radius , R). To compare movements of individuals differing in size, 
interfeeding distance was expressed relative to sea star diameter by the ratio, D1 I 2R. 
Frequency distributions of D1 I 2R in Horseshoe Patch and Buck Island Channel are 
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Figure3 
Frequency distributions of the direction of movement (6d) of Oreastu miculatw in (a) Horseshoe 

Patch during 3-h intervals, (b) Buck Island Channel during 4-h intervals. 

unimodal and skewed to the right (Fig 1). The mode approximates unity, indicating 
that sea stars most frequently moved a distance equivalent to their own diameter 
between successive feeding sites. Average ratios of the net distance moved (distance 
between initial and final feeding sites, D) to total distance moved (~ D1) during 3 to 
4-h periods of observation were 0.82 in Horseshoe Patch and 0.93 in Buck Island 
Channel, which indicated that foraging movements were highly directional. This 
observation was substantiated by in situ observations of moving sea stars and the trails 
made by their tube feet between feeding sites. 

To examine movements over longer periods, successive positions of individual 
sea stars were recorded at 3 or 4-h intervals in each study sjte. Frequency 
distributions of net distances (Fig 2) and directions (Fig 3) moved per sampling 
interval, and of angular differences in direction of movement between successive 
intervals (Fig 4), indicate that Oreaster reticulatus maintains a pattern of limited and 
directional movement over 8- to 9-h periods of continuous foraging-feeding activity. 
The average movement in each study site (measured over successive intervals) was 
6-7% of the estimated maximum movement theoretically possible on the basis of 
average locomotion (:::::: 20 cm·min- 1 on sand). Non-uniform distributions of angular 
differences in direction of movement between successive intervals (Fig 4) indicate 
directional movement: 100% and 87% of individuals deviated< 90° in Horseshoe 
Patch and Buck Island Channel, respectively. The average angular deviation did not 
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Frequency distributions of angular differences in tbe direction of movement (~8.J in (a) Horseshoe 
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differ significantly from 0° (unidirectional movement) between successive intervals at 
each study site. 

In Horseshoe Patch, the distributions of directions of movement (Fig 3a) were 
significantly nonrandom and the average direction of movement was relatively 
constant throughout the day (it varied < 5° between successive intervals), reflecting a 
mass migration of sea stars across the sand patch. This migratory behavior culminated 
in the subsequent formation of dynamic 11 fronts 11 of sea stars in Horseshoe Patch (see 
below). In Buck Island Channel , the distribution of directions of movement (Fig 3b) 
was significantly nonrandom in the morning but random in the afternoon. It was also 
random for movements measured over 24 h. Occasional periods of randomly oriented 
foraging movements, and/or directional changes between activity periods, may account 
for the generally random spatial distribution of sea stars in Buck Island Channel. 
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ADAPTIVE SIGNIFICANCE 

The pattern of foraging movements of a predator is an integral component of its 
feeding strategy. Optimal foraging theory predicts that natural selection will favor 
behavioral patterns which maximize the net rate of food (or energy) uptake (Krebs 
1978). To assess whether observed foraging movements of Oreaster reticulatus 
optimize feeding efficiency, we need to consider both the sea star's feeding mechanism 
and the distribution of its food resource. 

Upon locating a feeding site, Oreaster reticulatus uses its tube feet to rotate 
about its central axis while simultaneously raking the organic-rich surface layer of 
sediment toward the mouth. The resultant sediment mound is enveloped by the 
everted stomach and particulate organic matter is ingested. Thus 0. reticulatus draws 
upon a circular area defined by its diameter while feeding (Scheibling 1980e). By 
moving a distance approximating its diameter between feeding sites, 0. reticulatus 
minimizes time and energy spent in foraging. For example, during continuous 
foraging feeding activity, sea stars feed at a different site approximately once every 
hour (Scheibling 1981a). Time spent in moving between feeding sites (search time) 
and in accumulation (handling time) represents approximately 5% and 15% of each 
hour, respectively, leaving 80% of the time for feeding. 

Overlap between feeding sites, when it occurs, is generally minimal relative to 
the total area of the site (7% and 1% in Horseshoe Patch and Buck Island Channel, 
respectively). Extensive overlap would decrease feeding efficiency since Oreaster 
reticulatus markedly reduces food resources within the feeding site (Scheibling 
1980e). 

Minimal foraging movements are clearly optimal for a microphagous grazer 
when the distribution of its food resource is continuous and uniform. These 
conditions are approximated on homogeneous sand bottoms. Measurements of 
chlorophyll and total organic content of sediments in both study sites (Scheibling 
1980c,e) indicate a relatively uniform horizontal distribution of microalgae and organic 
matter. Of course, sea star grazing in itself imposes patchiness. (This may become 
pronounced when sea stars form migratory fronts as in Horseshoe Patch.) In areas 
undisturbed by sea stars for several weeks, an even microalgal-detrital film was visible 
on the substratum. 

I have hypothesized that feeding activity in Oreaster reticulatus may be 
triggered by chemoreception of organic material in the sediment (Scheib ling 1981 a) . 
This may involve the summation of stimuli transmitted via sensory receptors on the 
tube feet. If the sediment is rich in organic material, the threshold of the feeding 
response may be reached before an individual has completely withdrawn from the 
previous feeding site, resulting in partial overlap of sites. Alternatively, if an 
individual encounters a patch of low organic content (perhaps due to grazing by 
conspecifics) it may travel a distance several times its diameter before locating a 
suitable feeding site. 
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Directional foraging movement may increase foraging efficiency by preventing 
an individual from re-encountering an area it has recently grazed. Directional foraging 
movements have been reported in other sea stars: Astropecten species on sand bottoms 
(Burla et al. 1972, Ferlin 1973, Pabst and Vincentine 1978) and Linckia hlevigata on 
coral reefs (Thompson and Thomson 1982). 

ORIENTATION MECHANISMS 

Studies of Buck Island Channel demonstrated the ability of Oreaster reticulatus 
to move in approximately unidirectional but variably oriented foraging paths. Such 
paths also have been documented in Linckia laevigata on a coral reef (Thompson and 
Thompson 1982). The orientational mechanism(s) underlying such directional 
movement is unknown. Some species of sea stars have been observed to move with a 
fixed leading ray (Reese 1966). However, an orientational mechanism based on a 
leading ray has been discounted for both 0. reticulatus and L. laevigata (Thompson 
and Thompson 1982). I have suggested that 0. reticulatus may utilize its own 
chemical trail (e.g., mucus) as a directional reference (Scheibling 1981b). 
Alternatively, it may 11 set 11 a directional bearing at the start of a foraging period, 
perhaps, in relation to some environmental cue (e.g., current direction) (Scheibling 
1980d). 

When individuals move in the same direction, as in migratory feeding 
aggregations, they may be responding to environmental gradients or directional cues. 
For example, movements of dense fronts of Oreaster reticulatus are oriented by 
gradients in food abundance (see below). Castilla and Crisp (1973) demonstrated 
positive rheotaxis in Asterias rubens. However, rheotactic orientation is unlikely in 
0. reticulatus since movements of individuals bear no directional relationship with 
prevailing currents (Scheibling 1980a, 1981b). Pabst and Vincentine (1978) suggested 
that directional movement of Astropecten jonstoni on sand bottoms may be oriented 
to wave surge or to sand ripples caused by surge. Ferlin (1973) found that large sand 
ripples may influence directional movements of Astropecten aranciacus. 
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Figure 5 
Map of Horseshoe Patch and time series maps of the density of Oreaster miculatus in the southern 

arm of the patch (delineated by dashed line). Darlc bands (fronts): 2-7 individuals per m2
; dense stippling: 

0.2-2 individuals per m2
; sparse stippling: 0.01-0.2 individuals per m2

; blank areas: 0-0.01 individuals 
per m 2• Rectangle delineates study grid referred to in Figure 6 (from Scheibling 1980a). 

MIGRATORY FEEDING AGGREGATIONS 

In Horseshoe Patch, Oreaster reticulatus formed dense feeding aggregations, or 
fronts, that migrated throughout the sand patch (Fig 5). Average sea star density was 
13 individuals per m2 along the leading edge of the 3-5 m wide fronts, but decreased 
to less than 0. 7 individuals per m2 in the wake. Movements of individuals were 
highly directional (Fig 6). The rate of advance of fronts averaged 7 m ·d -I but varied 
directly with sea star density as individuals continually circumvented or straddled one 
another to locate suitable feeding sites. The average ( ± s.d.) rate of movement of 
individuals in a front (8 ± 2 m·d- 1) was significantly less than that of individuals 
foraging in the wake of the front on recently grazed substrata (18 ± 7 m·d-\ 
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Figure 6 
Daily movement vectors of Orauter miculatus within a study grid in Horseshoe Patch (See Fig 5). 

Shaded area represents bordering seagrass bed; doued and dashed lines are successive positioos of sea star 

front ovef' 24-b periods. Note reversal in direction of movement following cootact with the seagrass bed (4 
August). (After Scbeibling l980a). 

Sea star fronts were deflected and refracted by the seagrass bed (Syringodium 
jiliforme) bordering the sand patch (Fig 5). Sea stars rarely penetrated more than a 
few meters into the bed; they generally moved along the border or reversed direction 
(Fig 6). Dense seagrass beds of this type severely restricted the mobility of Oreoster 
reticulatus and limited foraging efficiency (Scheibling 1980a,b). Aggregations of a 
large deposit-feeding sea urchin Meoma ventricosa also obstructed migrating sea star 
aggregations in the sand patch (Scheibling 1982b). 

The formation of dense fronts of Oreo.ster reticulatus in Horseshoe Patch 
coincides with the peak in the annual reproductive cycle of the sea star (Scheibling 
198lb). An increase in gregariousness, perhaps associated with reproductive state, 
may cause sea stars to form localized aggregations. This results in large-scale 
patchiness in the organic content of the substratum: low within grazing aggregations 
and high outside of them. As aggregations migrate across the patch, the movement of 
individuals along the leading edge is slowed as they advance into areas of high 
organic content. Trailing individuals, foraging upon recently grazed sediments, move 
greater distances. They eventually overtake those in the lead to precipitate a dense 
aggregation or front. A high population density and/or physical boundaries may be 
necessary preconditions for this phenomenon. Fronts were not observed among less 
dense populations of 0. reticulatus in extensive sand bottom habitats (e.g., Buck 
Island Channel). 

Intensive grazing by Oreaster reticulatus within fronts resulted in rapid turnover 
of surface sediments and a marked decrease in their organic content: the average 
chlorophyll content decreased by 64% across a front. Successive invasions of local 
areas of the Salld patch by migratory sea star fronts occurred at 3-4 week intervals 
(Fig 5). This disturbance may maintain micro- and meiobenthic communities at an 
early successional state, and may favor species which are resistant to periodic 
decimation and/or opportunistic species capable of rapid colonization of "clean" 
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surfaces (e.g., blue-green algae). 
Dare ( 1982) has described similar migratory feeding aggregations in a 

carnivorous sea star Asteritls rubens on intertidal mussel beds. The sea stars moved 
onshore in a highly directional manner and formed dense feeding fronts which 
consumed all mussels in their path. Dare suggested that A. rubens may use ebb tide 
currents to detect and move toward the mussel populations by chemoreception or 
positive rheotaxis. 

HOMING MOVEMENTS 

Dense populations of Oreaster reticulatus may arise in isolated sand patches, 
such as Horseshoe Patch, due to continual recruitment from, and limited emigration 
to, the surrounding seagrass beds. These beds may serve as nursery areas for juvenile 
0. reticulatus, but adults are rarely found there (Scheibling l980b,c). To examine 
whether sea stars in sea grass beds are attracted to a sand patch and/or its resident sea 
star population, groups of 0. reticulatus from Horseshoe Patch were translocated to 
release sites ca. 20 m into the surrounding seagrass bed and their positions were 
recorded after 24 h (Scheibling 1980d). The release sites were selected to vary the 
return direction to the patch or aggregations of sea stars within the patch. 

In all experiments, translocated individuals showed significant directional 
movement toward the sand patch, specifically, toward the nearest aggregation of 
Oreaster reticulatus (Fig 7). Chemotaxis is the most likely mechanism for these 
movements. Sea stars translocated to sites downstream of aggregations, relative to the 
tidal currents, were most successful in relocating the patch within 24 h. Translocated 
individuals may have oriented to chemical stimuli released by feeding sea stars in the 
patch (e.g., mucus, digestive fluids, excretory products). Ormond, Campbell, Head, 
Rainbow and Saunders (1973) showed that the feeding activity of the coral-feeding sea 
star Acanthaster planci attracted nearby conspecifics. 

The attraction of Oreaster reticulatus to sand patches containing conspecifics 
may result in the accumulation of large numbers of sea stars in these habitats. As 
density increases so does intraspecific competition for food. This may account for the 
small size (Scheib ling 1980c), low nutrient storage capacity, and low reproductive 
effort (Scheib ling 1981 b) of 0. reticulatus in Horseshoe Patch relative to less dense 
populations in other areas. 

Similar translocation experiments have demonstrated homing behavior in the sea 
stars (Astropecten jonstoni (Pabst and Vincineti 1978) and Linckia laevigata 
(Thompson and Thompson 1982). The ability of sea stars to return to favorable 
habitats via directional movements is clearly advantageous. 
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Figure 7 
Movements of translocated Oreaster reticulatus at Horseshoe Patch. Scattergrams show directions of 

movement of individuals relocated after 24 h; radius vectors indicate mean directions of movement, outer 
arrows indicate directions to immediate area of the sand patch (P) and to the nearest aggregation of 0. 
reticulatus (0) relative to each release site shown on map. (After Scheibling 1980d). 

CONCLUSIONS 

A pattern 
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of directional and 
efficiently exploit 

limited foraging movement en
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homogeneous substrata. It minimizes foraging effort and the probability of re
encountering recently grazed areas, while maximizing available feeding time. The 
extent of movement may vary inversely with food abundance, and may result in 
migratory feeding aggregations or fronts under conditions of high population density 
and/or spatial confinement. 0. reticulatus may home to aggregations of conspecifics 
via directional movement. 
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As radially symmetrical animals, sea stars are probably equally sensitive to their 
environment in all directions. Their sensory modalities, particularly chemoreception, 
are well known (see reviews in Reese 1966, Sloan and Campbell 1982). Further work 
is required to identify sensory mechanisms involved in sea star movement patterns. 
The ability of Oreaster reticulatus and other species to maintain approximately 
unidirectional foraging paths is particularly intriguing. 
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ABSTRACT 

The dramatic migrations performed by many terrestrial crustaceans mvlle comparative 
study by behaviorists and physiological ecologists. The potential cues for timing of migration 
and for orientation/navigation, and the mechanisms by which these cues are sensed and 
processed have not received the attention accorded vertebrate systems. Perhaps the most 
interesting questions about crustacean migrations concern their adaptive significance. In most 
cases necessity dictates that the animals migrate to the sea; they must release their larvae into 
high-salinity water. However, little attention has been paid to the stimuli for and limits upon 
movements in the other direction. The obvious hypotheses are that the animals move inland 
because of greater resource availability and that the distance of the movement inland is 
determined by their locomotor abilities and physiological tolerances. However, food availability, 
mobility and physical tolerances are not sufficient to account for the distributions of terresttrial 
crabs we have studied in the field. The limited infonnation presently available suggests that 
intraspecific competition, soil characteristics (for burrowing), and availability and quality 
(nitrogen : carbon ratio) of food can all play important roles in determining how far inland 
terrestrial crustaceans migrate. 

INTRODUCI10N 

The most dramatic migrations of terrestrial crustaceans which have marine 
larvae, i.e., migrations of the land-dwelling hermit crabs (Coenobitidae) and 
brachyuran 11 land crabs 11 (Gecarcinidae), will be the focus of this paper. These crabs 
are excellent research subjects; many are large, easy to observe in the field, and hardy 
in the J,aboratory. Nevertheless, in comparison with vertebrates they have received 
little attention from students of migratory behavior. Consequently, this paper cannot 
give many defmitive answers about what limits their migratory movements. We will 
survey the available literature, pointing out basic questions that remain unanswered in 
the hope of stimulating further work. We will also present evidence from our work 
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with 3 species of terrestrial crabs which suggests that physical limitation is not the rule 
for these animals despite their rigorous environments. In this paper, "land crab" 
refers to gecarcinids, "land hermit crab" to coenobitids, and "ghost crab" to certain 
ocypodids. We refer to all these species by the familiar adjective "terrestrial"; under 
the more precise gradation of terrestriality proposed by Powers and Bliss (1983), they 
are "extralittoral" (land-dwelling adults, marine larvae). 

The limited information that has appeared about migration of terrestrial crabs is 
largely descriptive and often anecdotal, ancillary to studies of distribution, ecology or 
physiology (Gifford 1962a, Bliss 1968, de Wilde 1973, Klaassen 1975, Henning 
1975a). Very little experimental work has been done. The literature has recently been 
reviewed by Herrnkind (1983) and Rebach (1983), so only a brief summary will be 
given here. 

Migration of terrestrial crabs is associated with reproductive cycles and therefore 
tends to be seasonal, often with a strong lunar or tidal component. This is true of both 
11 land crabs 11 (Gecarcinidae) (Gifford 1962a; Klaassen 1975; Henning 1975b; Bliss, 
van Montfrans, van Montfrans and Boyer 1978; Wolcott and Wolcott 1982) and land 
hermit crabs (de Wilde 1973). Distances of migration range from tens to hundreds of 
meters in ghost crabs (Rao 1968, Wolcott 1978) and the red land crabs Gecarcinus 
latera/is (Klaassen 1975, Bliss 1979, Wolcott and Wolcott 1982) and G. lagostoma 
(Fimpel 1975), up to several kilometers in the blue land crab Cardiso11Ul guanhumi 
(Gifford 1962a) and the land hermit crab Coenobita clypeatus (de Wilde 1973). 
Young ghost crabs (Ocypode quadrata) have been found 3 km up a fresh water 
stream, and C. clypeatus at elevations of 400 m on Dominica (Chace and Hobbs 
1969). 

Orientation relies upon several cues. During the day, ghost crabs use polarized 
light (Daumer, 1ander and Waterman 1963); the oriented microvilli characteristic of 
the crustacean rhabdom confer on several species the ability to detect differences in 
planes of polarization of light (Goldsmith 1973). Most migratory movements occur at 
night; observations near artificial lights suggest that nocturnal, long-distance 
orientation relies on detecting the brightest sector of the horizon (Wolcott and Wolcott 
1982). Near shore, extraneous light becomes less capable of diverting migrating 
crabs, suggesting that geotaxis and substrate vibration assume a more important role 
(Klaassen 1975, Bliss et al. 1978, Wolcott and Wolcott 1982), but this hypothesis has 
not been tested. Landmarks and prevailing winds may provide additional cues for 
land hermit crabs (Vannini 1975). 

The spatial limitations and adaptive significance of terrestrial crab migrations are 
not easy to explain. The reason for the seaward leg and its terminus at the shore are 
obvious; larvae develop normally only in high-salinity water (Costlow and Bookhout 
1968, Wolcott and Wolcott 1982). On the other hand, the adaptive value of migrating 
and dispersing inland, and the reasons for existing limits to those movements, are less 
obvious. We have used our data on the ghost crab Ocypode quadrata and the land 
crabs Gecarcinus latera/is and Cardisoma guanhumi to examine the traditional 
explanation of why and how far ranges are expanded inland. 
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In addressing these issues, we use the concept of 11 limiting factors. 11 By this we 
mean a proximate cause for a given set of range limits, although we recognize that 
several factors would ultimately limit the range of migration. For instance, we know 
several reasons why crabs could not migrate to the center of the Sahara, but emphasize 
that we are asking what actually stops them long before they get there. For purposes 
of discussion, we also draw a distinction between 11 physical 11 and "biotic 11 

interactions, while recognizing that this is a simplistic abstraction and that both types 
ultimately operate by physiological means. 

METHODS FOR TRACKING MIGRANTS 

In studying movements of crabs, we have used traditional observational 
techniques and newer 11 high-tech 11 methods. The physiology and behavior of 
terrestrial crabs are poorly suited to mark-recapture techniques. Long-term group or 
population studies (e.g., de Wilde 1973) are subject to error because crabs shed their 
exoskeletons and hermit crabs swap their snail shells. Even short-term mark-recapture 
has been of little use with the land crabs, which are highly mobile yet usually 
invisible in their burrows. Of several hundred G. latera/is marked with colored tape 
near Spittal Pond (Bermuda) in 1979, very few were seen again that season (L. Hall, 
personal communication). We saw two of the marked animals the subsequent year, 
indicating that the tape adhered satisfactorily and incidentally showing that molt 
interval in the field may be as long as 12 months. 

Our most useful information about crab movement patterns has come from 
short-term observation or tracking of identified individuals. We used a night-vision 
scope to observe the largely nocturnal ghost crabs, but its monochrome image still left 
the cryptically-colored crabs almost invisible. An electronic flasher tag (Wolcott 1977) 
permitted line of sight tracking to several hundred meters. Addition of a radio 
oscillator (Wolcott 1980a) facilitated location of hidden individuals. Slightly more 
elaborate systems allowed transmission of data (temperature, heart rate) from free
ranging crabs (Wolcott 1980b). 

Mechanical devices were more efficient than telemetry for collecting precise data 
on movements under some circumstances, since radio-triangulation is only 
approximate. The necessity of visually checking the animals' exact positions limited 
radio tracking to the number of individuals that could be followed simultaneously. 
The bare sandy surfaces on North Carolina barrier islands allowed us to track more 
ghost crabs with less labor, by trailing lead, split -shot fishing weights from the coxae 
of their major chelae on 5 em lengths of stranded wire. The dragging weights left a 
record of the crabs' nocturnal movements without impeding locomotion. On the 
following morning, unless erased by rain or strong wind, the tracks showed where the 
crabs had gone and, where tracks crossed, the sequence in which they were made. 
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WHY DO CRABS MIGRATE INLAND? 

Competition for food or suitable burrowing habitat, intraspecific aggression, and 
predation are the most probable selective forces for the expansion of ranges inland. 
Few data about these complex ecological interactions have been collected in the field. 
A vail able information indicates that inland migration serves different purposes in 
different species and cannot be explained by a single factor. 

Competition 

Competition for food could favor dispersal of terrestrial species inland from the 
supratidal zone, where rigorous physical conditions often lead to low biomass and low 
diversity. This generalization does not apply to 0. quadrata, because its principle 
food is intertidal filter-feeding invertebrates (Wolcott 1978). Fimpel (1975) and de 
Wilde ( 1973) suggest that the greatest availability of food for herbivorous crabs on 
Trinidade (a small island off the southern coast of Brazil) and Cura<;ao are inland. For 
the herbivorous land crab G. latera/is on Bermuda the abundance of food plants rises 
abruptly behind the beach. Once off the beach, however, we have observed little 
evidence of food depletion within the crabs' range or of large qualitative or 
quantitative differences in food abundance farther inland (Fig 1). Thus it is not clear 
that expansion of range farther inland on Bermuda would further increase food 
availability. There is stronger evidence that food limitation occurs in inland portions 
of the range of C. guanhumi. Near aggregations of burrows, the ground is often 
denuded of vegetation (Henning 1975b, our observation, Fig 2), and manipulating the 
food supply affects intensity of foraging activity (Henning 1975b). This may be a 
secondary effect, caused by the concentration of populations in limited areas of 
substratum suitable for burrowing (see below). 

Competition for burrows (or space suitable for burrowing) could also favor 
dispersal inland. There is some evidence for this in ghost crabs. Burrows are 
separated by minimum distances related to crab size (Hughes 1966, Lighter 1974, 
Fisher and Tevesz 1979), and conflict over them is common. Ghost crabs often 
appropriate an undersized burrow from a smaller crab instead of constructing a new 
one (T. Wolcott, personal observation). When rain or wind obliterate burrows on the 
beach, they do not quickly reappear. Ghost crabs returning from foraging in the 
intertidal apparently wander back into the vegetated dunes to find open holes. New 
burrows gradually appear on the beach over the next several days to weeks as the 
population shifts shoreward again (Wolcott 1978). Competition for burrows is 
problematic in the herbivorous land crabs. Henning (1975b) states that adult male C. 
guanhumi defend a burrow and at times also defend a surrounding 11 territory, " better 
described as an 11 individual space," since the crabs change burrows frequently. The 
area in which burrows can reach the water table is limited. If the populations were 
dense enough that all burrows were occupied (apparently not always the case), then a 
situation analogous to that of hole-nesting birds might arise. The population would 
have to either cease growing numerically or disperse. Competition for burrows 
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Figure 1 
Apparent superabundance of forage plants in habitat of Gecarcinus lateralis. Spinal Pond Nature 

Reserve, Bennuda. Burrows are found throughout the area of the photograph . from the sea (at left) well up 
into the hills (background, right). Individuals in the grassy areas are surrounded by an essentially ungrazed 
stand of a preferred food plant (St. Augustine grass Stenotaphrum secondatum). 

probably does not cause dispersal in G. latera/is; rather, competition results from 
concentration of the adult males near the shoreline during the summer breeding 
season. They construct burrows there and spend much of their time fighting over 
them (Klaassen 1975, T. and D. Wolcott, personal observation) . The function of this 
energy expenditure is not certain; Klaassen (1975) regards this area as a "copulation 
zone" where adult males congregate to court receptive females with ripe ovaries 
(within 5 days of ovulation). The impregnated females then remain in closed burrows 
nearby for about 2 weeks until the larvae are ready to hatch (Klaassen 1975) . 
However, on Bermuda we have not seen females enter the males' "copulation 
burrows," have only witnessed copulations farther inland (see also Bliss et al. 1978) 
and have seen ovigerous females with unripe (brown) eggs migrating toward the shore 
from areas over 200 m inland (Wolcott and Wolcott 1982). 

Intraspecific Aggression 

Intraspecific aggression could disperse populations, resulting in extension of 
ranges further inland. We think this accounts for the presence of 0. quadrata inland 
despite the lack of food there. Ghost crabs are cannibalistic (Wolcott 1978) and 
highly aggressive. Agonistic behavior results in spacing out of burrows, as noted 
above. Inland crabs are all subadults (< 2.5 carapace width, T . Wolcott, personal 
observation), and tracking indicates that they usually spend less than one week in the 
interior of North Carolina barrier islands before returning to the beach . Migration 
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Figure 2 
Bare ground in habitat of Cardi.wma guanhumi. Absence of understory vegetation suggests that food 

may be a limiting resource in these areas. Virgin Islands National Park, St. John, U.S.V .L (Photograph 
courtesy Nancy M. Berdasco). 

inland may allow them to escape a locally dense aggregation of adult crabs. By the 
time the subadults return to the shore, the adults will have dispersed or moved 
elsewhere. There is no evidence that juveniles of the herbivorous land crabs are 
similarly displaced inland (although there is evidence of cannibalism-see below), nor 
have we seen intraspecific aggregation in these species other than disputes over 
burrows. 

Predation 

Predation, if most intense near shore, could produce selective pressure for inland 
expansion of ranges. Terrestrial crabs on exposed shores are vulnerable to various 
avian and mammalian predators (Cott 1930; Feliciano 1960; Henning 1975b; Klaassen 
1975; D. Wingate, Bermuda Department of Agriculture & Fisheries, personal 
communication), but there is no reason to assume that a "vulnerability gradient" 
extends inland beyond the point where vegetation offers appreciable cover. No data 
are available to test this hypothesis. 

In summary, there is no single explanation for the adaptive value of inland 
migration by terrestrial crabs. For young ghost crabs, the value seems fairly clear. By 
leaving the beach they escape conspecific aggression and cannibalism, although they 
may also leave behind their major food sources. Cardisoma guanhumi may find 
increased availability of food farther from the shore, but the data are inconclusive. 
Existing information about G. latera/is does not reveal any clear advantage of 
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expanding the range inland. Clearly, too little is known about the basic biology of 
terrestrial crustaceans to generalize about the adaptive value of extending ranges 
inland. We need much more information about the advantages derived and the 
stresses avoided by such a strategy. 

WHAT LIMITS HOW FAR INLAND CRABS MIGRATE? 

Physiological limitation is often invoked to answer this question, with the 
assumption that there is a gradient of increasing__ cost of homeostasis or risk of death as 
an individual moves inland. These traditional hypotheses are relatively easy to test 
experimentally because they deal with physical rather than biotic factors. The two 
variables cited most commonly as proximal 11 limiting factors 11 for terrestrial 
crustaceans are water shortage and salt imbalance (e.g., Bliss 1968, Mantel and 
Farmer 1983, Powers and Bliss 1983). We tested their importance by measuring 
relevant microenvironmental variables in the field and correlating them with the 
animals' physiological capabilities in the laboratory. We conclude that neither water 
nor salt availability is likely to limit the ranges of the three species examined by us. 
We also reject the hypothesis that energetic cost of locomotion limits migratory 
movements, based on recent studies of crustacean locomotion. 

Water Shortage 

The ghost crab Ocypode quadrata is relatively permeable and has a high rate of 
water loss by evaporation compared to the more 11 terrestrial 11 land crabs (Bliss 1968, 
Herreid 1969a,b). This has been proposed as the reason it is primarily a beach crab 
(Bliss 1968). Ghost crabs compensate for these high water loss rates by taking up 
water from the sand in which they burrow (Wolcott 1976, Wolcott 1984, see also Rao 
1968 for 0. cordimana). Using tufts of 5-10 mm long setae, the crabs draw 
interstitial water from soil into the branchial chambers by creating a dramatic partial 
vacuum (to 76 mm Hg below ambient, equivalent to a 1 m column of water). This is 
sufficient to extract water from sand holding as little as 5% water by weight. On the 
North Carolina barrier islands, such sand is available within 2 m of the surface (a 
typical burrow depth) everywhere except under the highest dunes (Wolcott 1984). The 
crabs could obtain water ad libitum even in areas where they do not occur; water 
availability is clearly not limiting their distribution. 

The red or black land crab Gecarcinus latera/is has also been reported to take 
up water from damp substrata (Bliss 1963, Bliss and Boyer 1964) by means of small 
( < 3 mm) setal tufts and a capillary channel to the pericardia! sacs and branchial 
chamber (Mason 1970). We found that G. latera/is is less capable of extracting water 
from the substrate than 0. quadrata (Wolcott 1984). The maximum suction exerted, 
only 30 mm Hg, corresponds to a water content of 30-40% by weight in the highly 
organic, water-retentive soils of Bermuda. Water in soil from burrows of G. latera/is 
never exceeded 20% and therefore was not available to the crabs (Wolcott 1984). The 
crabs must rely on preformed water in food and upon free water (rain, dew). When 
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water is not available, the crabs remain in their burrows where the water-saturated air 
minimizes evaporative loss. Availability of water shows no gradient from shore to 
interior of the island and consequently cannot explain the restriction of G. lateralis to 
within 250 m of the shore. 

The blue or white land crab Cardisoma guanhumi lives up to 5 km inland along 
the banks of canals in south Aorida (Gifford 1962a, Herreid and Gifford 1963) and 
streams in Brazil (Fimpel 1975), where sharp gradients in water availability woul~ not 
be expected. However, this species is limited to areas where it can dig down to the 
water table and maintain a pool at the bottom of the burrow (Herreid and Gifford 
1963), i.e., to areas where water lies within about 2m of the surface (Feliciano 1960, 
Herreid and Gifford 1963). It is not clear from these reports whether suitable low
lying habitat is available farther inland than 5 km. If it is, then water availability 
cannot be limiting inland penetration along canals and streams, although it clearly 
does determine the small-scale distribution of burrows in the C. guanhumi colonies 
we have visited on Bermuda, Bimini and southern Aorida (T. and D. Wolcott, 
personal observation). 

Salt Balance 

Salt relations of terrestrial crustaceans have commonly been viewed in light of 
presumed water shortages. Continued intake of salts in food and inadequate water for 
excretion lead to salt loading. On the other hand, if sufficient water were available 
but were markedly hyposmotic to the crabs' hemolymph, salt shortage could become a 
problem. The latter appears to describe the situation of the three species we have 
examined. All of the water sources available inland are dilute. Ghost crabs 
burrowing farther than 20 m from the surf on the North Carolina barrier islands 
encounter the fresh water lens ( < 1 °/oo that overlies the salt water in the interstices 
of the sand. Gecarcinus latera/is relies on rain and dew (Wolcott 1984). Cardisoma 
guanhumi uses the pool in its burrow, which is fresh water except in intertidal areas 
(Herreid and Gifford 1963). We therefore tested the hypothesis that salt shortage 
limits the ranges of the two species to which we had access (0. quadrata and G. 
latera/is). The data indicate that it does not; both species are capable of 
osmoregulating under conditions simulating those beyond the normal range limit. The 
information available suggests that salt is not limiting for C. guanhumi either. 

Ghost crabs are excellent ion conservers. They osmoregulate over a fairly wide 
range of salinities under traditional immersion regimes (Aemister and Aemister 1951, 
Aemister 1958, Gifford 1962b), but under ecologically realistic conditions (sand 
dampened with the test salinities), they are able to regulate down to fresh ( < 1 °/oo) 
water (Hall 1982). Two major mechanisms available only in terrestrial habitats 
contribute to this ability. 

Unlike aquatic crabs, terrestrial species can limit their contact with, and select 
among, available osmotic environments. For instance, Coenobita clypeatus can 
proportion its "drinking" from a variety of available salinities according to its osmotic 
requirements (de Wilde 1973). If only very dilute water is available, terrestrial crabs 
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may restrict intake to what is needed to replace evaporative losses and excrete wastes. 
They are not subject to salt gain or loss through the general body surface, since they 
are surrounded by air rather than water. In short, they are able to become essentially 
closed systems under adverse osmotic circumstances rather than having to expend 
energy to maintain homeostasis in an open system. 

The second mechanism available to terrestrial crabs is extrarenal reprocessing of 
urine. Whereas urine of aquatic crabs is dispersed into the water as soon as it leaves 
the nephropore, that of terrestrial crabs is at least theoretically available for further 
handling. This is particularly important because the antenna! gland, the "kidney" of 
crabs, is only capable of producing isosmotic urine and is therefore ineffective as an 
organ of osmoregulation (Mantel and Farmer 1983). The gills, which can produce 
strong osmotic gradients and are the major osmoregulatory organs of aquatic crabs, 
cannot pump ions to or from an aerial medium. Terrestrial crabs could transfer 
isosmotic urine from the nephropores to the branchial chambers, pump part of the salts 
from the urine back into the blood, and then discard a final waste product hyposmotic 
to the blood. 

The morphology of terrestrial crabs is consistent with such a mechanism. The 
nephropores, particularly of the more terrestrial species, are located such that urine 
would tend to trickle toward the Milne-Edwards openings at the front of the branchial 
chambers. In the Gecarcinids the pores are actually behind the third maxillipeds and 
could eject urine away from the body only if the mouthparts were substantially 
displaced. 

Production of hyposmotic waste has been demonstrated in our laboratory. When 
ghost crabs are held in funnel-bottom containers over oil traps and infused with 
isosmotic physiological saline (after Skinner, Marsh and Cook 1965), the discarded 
fluid is osmotically and ionically similar to blood and urine. When the crabs are 
infused with distilled water, the waste fluid becomes markedly hyposmotic to blood, 
largely because of a marked decline in its sodium and chloride content (Fig 3; data 
from Wolcott and Wolcott, in press). We are currently examining whether this occurs 
by extra-renal resorption of salts (as we expect) or by extra-renal secretion of water, 
and what organs are involved in the process. 

Together these abilities allow ghost crabs to survive under simulated natural 
burrow conditions, even on acid-washed quartz sand dampened with deionized water, 
for weeks (Hall 1982). They could survive the osmotic conditions anywhere on the 
barrier islands for many times longer than they remain inland. Thus salt availability 
cannot account for their distribution. 

Gecarcinus latera/is possesses similar mechanisms, and it too is able to regulate 
blood concentrations under conditions of extreme ion deprivation. Like ghost crabs, 
G. latera/is produces a dilute excretory product when subjected to dilution stress 
(Wolcott and Wolcott, unpublished data). When held under ecologically relevant 
conditions (in a dry cage with access to a dish of distilled water) it is able to 
osmoregulate indefinitely using the salts in its food (Mantel, Bliss, Sheehan and 
Martinez 1975). Even if salt-free albumin "flavored" filter paper is the sole "food" 
passing through the gut, these crabs show only minor decreases in blood osmotic and 
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Figure 3 
Salt conservation by extrarenal modification of urine (originally isosmotic to blood) in Ocypode 

qUDdrata . Solid lines: crabs that have been infused with isosmotic saline (volume loaded) release a final 
excretory "product" ("P") isosmotic to blood and urine (800-900 m OsM·kg- 1) . Dashed lines: crabs 
infused with deionized water (volume loaded + dilution stress) release "P" markedly hyposmotic to blood 
and urine . 

ionic concentrations over six weeks (D. Wolcott, unpublished data). Strict ion 
conservation and utilization of dilute water sources may be characteristic of the genus; 
Gecarcinus lagostoma chooses fresh water exclusively over seawater (Fimpel 1975) in 
the laboratory. 

The existence of highly effective ion conservation mechanisms suggests that salt 
availability is unlikely to limit the range of G. latera/is in nature. This conclusion is 
supported by the lack of a gradient in salt content of food plants along transects from 
the shore to well inland of the crabs' range limit (Fig 4, from T. Wolcott, in 
preparation), even when accumulation of salt spray on leaf surfaces was considered. 
A variable that shows no gradient cannot present a limit. Salt availability in plants 
inland of the crabs' normal range was tested with land crabs depleted of salts by 
forced partial immersion in fresh water. One group was then fed the ion-free 
11 flavored 11 filter paper, while a second received inland vegetation. Blood electrolytes 

declined further in the filter paper group but returned toward initial values in the 
vegetation group (T. Wolcott, unpublished data). These values, determined from the 
conductivity of ashed blood samples (in the absence of more elaborate 
instrumentation), are indicative of total inorganic salts. They suggest that salt content 
of inland vegetation is sufficient for maintaining electrolytic balance, although we 
cannot exclude the possibility that some particular ion (e.g., Na+) is limiting. 
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Figure 4 
Salt availability (including surface deposits from spray) in preferred food plants of Gecarcinus 

lllteraJis near Spittal Pond, Bermuda, as a function of distance from shore. Tbere is no significant gradient 
in salt content of plants (except in a narrow zone affected by spray) from near shore to the limit of the crabs' 
range (about 200m inland), to high hillsides well beyond the range limit . Solid lines: Australian (whistling) 
"pine" (Cosuarina equisetifoliiJ); dry weight basis (squares) and wet weight basis (diamonds). Salts 
available to the crabs lie between these extremes since fallen 11 leaves" of this plant are consumed partly dry. 
Dashed line: St Augustine grass (Stenotaphrum S«<nd4tum), wet weight basis. This grass is normally 
consumed green. (Total salts estimated by conductivity of resuspended ashed samples of plants.) 

The information available for Cardisoma guanhumi indicates that salt 
availability is not limiting the range of this species either. The adults are capable of 
osmoregulating down to fresh water (Herreid and Gifford 1963) probably by 
mechanisms similar to those of 0. quadrata and G. latera/is. The salt content of 
water at the bottom of the burrows drops from brackish to fresh within a few meters 
of the shore (Herreid and Gifford 1963), but the crabs range extends inland far beyond 
the end of the salt-availability gradient. On the other hand, Fimpel (1975) states that 
C. guanhumi is found in Brazil only where brackish water is available. 

Energetics of Locomotion 

The energetic cost of locomotion is presumably proportional to the distance to 
be traveled and can be further elevated by behaviors which reduce risk to adults or 
larvae. For instance, ovigerous females leave the most direct seaward route to detour 
around pools of standing water, thus preventing premature hatching and mortality of 
larvae (de Wilde 1973, Wolcott and Wolcott 1982). Nevertheless, the frrst impression 
is that crabs move long distances with ease. Land hermit crabs are capable of moving 
500 m or more in a night (de Wilde 1973) although time spent in finding food and 
water can reduce the average speed to I 00 m per night or less. Land crabs typically 
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walk at> 2.5 cm·s- 1 which, if sustained, would carry them upwards of 100 m per 
hour. Ghost crabs, which are capable of sprinting at several m·s- 1

, are capable of 

sustained aerobic walking at 200 m·hr- 1 (Full and Herreid 1983) and we have tracked 

them over 700 m in a night. C.F Herreid and his associates at SUNY-Buffalo have 

done extensive work in the energetics of crab locomotion and have demonstrated that 

the cost of walking a kilometer or more would be a minor component of total 
respiration (Herreid 1982). It appears then, that these crabs could afford both the time 

and the energy to migrate kilometers, yet most populations are limited to within a few 

hundred meters of the shore. Radio tracking of migrating crabs to determine the 

average speed and duration of locomotion would shed additional light on locomotor 
costs. 

DIRECfiONS FOR FUTURE RESEARCH 

If the interactions of physiological tolerances with the physical environment do 

not account for the inland range limits of these terrestrial crabs, we need to examine 
interactions with other components of the biological community. Food is a universally 
required resource, and we might hypothesize that it becomes limiting with increasing 
distance from shore. This is probably true for ghost crabs, which rely on beach 
macroinvertebrates for 90% of their diet (Wolcott 1978). It seems absurd for 

Bermudian G. latera/is, which have superabundant food within and beyond the normal 
range (Fig 1). 

Many herbivores, like G. latera/is , appear to live in the midst of plenty. Why 
don't they expand their ranges? Why aren't their populations larger? It is becoming 
clear from a number of studies that food quality (content of some specific nutrient, 
usually nitrogen) can limit herbivores even when food is abundant and that this has 
profound ecological implications. 

The herbivorous land crabs and land hermit crabs behave as though nitrogen is a 
limiting nutrient. Carrion and other high-protein foods are preferred foods of the 
coenobitids, as are fresh feces of larger animals (Grubb 1971, de Wilde 1973). 
Gecarcinids avidly take high-nitrogen foods, including carrion and live prey, whenever 
available (Herreid 1963, Ehrhardt and Niaussat 1970, Fimpel 1975, Henning 1975a, 
Bliss et al. 1978). One of our students (N. Berdasco) found that on St. John, U.S. 
Virgin Islands, C. guanhumi consistently selects meat over normal forage plants in 

field trials. Caged G. lateralis in our laboratory become markedly more aggressive 
toward moving objects shortly after molting (T. and D. Wolcott, personal 

observation), when protein requirements are presumably elevated by the synthesis of 
new tissue to fill out the new shell. Food quality appears to limit tissue growth and 
nitrogen intake in G. latera/is (Wolcott and Wolcott 1984), because the crabs are 

unable to process a sufficient volume of the normal low-nitrogen diet to achieve 
optimal nitrogen intake. 
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Food quality also modulates cannibalistic behavior in G. latera/is. Crabs fed the 
normal low-nitrogen diet ad libitum quickly catch and consume conspecific juveniles 
placed with them in a vegetation-filled bucket, whereas adults fed the same diet 
supplemented with soybeans are much less cannibalistic and aggressive (Wolcott and 
Wolcott 1984). Cannibalism also appears to occur in G. planatus (Ehrhardt and 
Niaussat 1970) and G. lagostoma (Fimpel 1975). Land hermit crabs (Coenobita 
clypeatus) are also cannibalistic in the laboratory (de Wilde 1973) if they are not 
given "the right kind of treatment." 

Cannibalism is potentially an efficient feedback mechanism for population 
regulation because it acts at the level of recruitment instead of reproductive output. A 
species with a pelagic larva should keep reproductive output high even if local 
conditions are poor, because of the uncertainty of both larval survival and conditions 
juveniles will encounter wherever they metamorphose and settle. Such a species, by 
modulating cannibalism, could produce a response more appropriate to local 
conditions. Locally low food quality (nitrogen availability) would lead to increased 
cannibalism, which would both lower recruitment and channel available nitrogen 
(some of it derived from plankton, a source otherwise unavailable to adult crabs) into 
the breeding members of the population. Anecdotal information suggests this does 
occur. Dr. David Wingate of the Bermuda Department of Agriculture and Fisheries, 
in the course of re-establishing native plants in the Nonsuch Island Preserve, scattered 
castor-bean pomace as a high-nitrogen organic fertilizer. The net result was an 
outbreak of G. latera/is and substantial depredations upon his plantings. This local 
outbreak was almost certainly attributable to locally increased recruitment, rather than 
to greater output of larvae into the currents surrounding the isolated island. 

What relationship has food quality to the bounds of migratory movements of 
herbivorous terrestrial crustacians? If cannibalism of juveniles is a vital nitrogen input 
when availability of nitrogen to adult crabs is low, then during periods of poor food 
quality it would be advantageous for adults to remain near shore and to harvest 
recently settled juveniles. The result would be a contracted range and low 
recruitment. At times of good food quality, cannibalism would decrease in importance 
as a source of nitrogen, successful recruitment would lead to a growing population, 
and the advantages of concentrating near the shore would diminish, allowing the 
population to disperse inland. The mechanisms are demonstrable in the laboratory and 
the processes seem logical. Now we must tum to field experiments to rigorously test 
the hypothesis. 
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CONCLUSIONS 

We have attempted to determine what sets the bounds for migratory patterns in 
crabs, basically marine animals that have invaded the physically variable and 
potentially stressful terrestrial habitat. Despite the expectation that the limiting factors 
would be "physically dominated" ones (Sanders 1968), we find that physiological 
limitation is not the rule. In fact, none of the simple answers seems adequate. To 
even ask the right questions, we need a more thorough understanding of field biology 
than presently exists for most terrestrial crustaceans. 
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