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ABSTRACT: A major activity of the brain of most vertebrates
during waking behavior is the processing of sensory informa-
tion, preponderantly visual. This processing is not fully compat-
ible with the brain’s spontaneous oscillatory activity that main-
tains (refreshes) infrequently used circuits that store inherited
and experiential information (memories). Great reduction in
sensory input and processing during sleep permits the refresh-
ment of memory circuits to occur unimpededly. Accordingly,
sleep may have evolved as ever augmenting needs for process-
ing visual information during waking behavior by brains of great
complexity conflicted increasingly with needs to refresh mem-
ory circuits. The lack of a need for sleep by genetically blind
fishes that live in caves, and sighted fishes that swim continu-
ously, is consistent with this thesis, as their needs for process-
ing of sensory information, predominantly visual, are either
greatly reduced or nil. Reduced requirements for processing
sensory information by continuously swimming fishes owe to
the following aspects of their behavior and ecology: (1) visual
input is greatly reduced or absent during lengthy periods of
nocturnal activity; (2) schooling greatly reduces needs for sen-
sory information, particularly visual; (3) being maintained
through frequent use, circuitry for most inherited memories
needs no refreshment; and (4) inasmuch as they lead a com-
paratively routine existence in essentially featureless, open wa-
ters, pelagic species acquire, and have need to refresh, rela-
tively few experiential memories. Analogous circumstances
could account for the ability of migrating birds to fly for days
without rest or sleep. © 1998 Elsevier Science Inc.

KEY WORDS: Vision and sleep, Memory circuit refreshment,
Schooling functions, Continuous swimming, Sharks, Reef-
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INTRODUCTION

Efforts to identify sleep’s basic function are complicated by an-

they spend much or all of their lives under conditions of reduced,
minimal or nil visual input and, for many of them, also with
reduction of other sensory inputs.

These findings raise the possibility that the selective pressure
for the evolutionary origin of sleep was a conflict between the
brain’s waking needs for processing sensory information, predom-
inantly visual, with its needs to refresh memory circuits for infre-
quently used functions. The conflict might have arisen as non-
sleeping animals acquired increasingly complex brains, behavior,
and visual competencies, together with ever enlarging stores of
experiential and inherited memories. If under selective pressure,
the brain were to achieve a more profound state of unresponsive-
ness to sensory inputs than usually occurs during restful waking,
namely the state of sleep, circuit refreshment could have proceeded
unimpededly. Evidence consistent with this thesis is presented in
this article.

Nonsleeping vertebrates encompass a wide range. Almost all of
them swim continuously. A few rest most of the time. Some are
genetically blind, others have excellent visual acuity, still others
have great visual sensitivity at low light levels but their acuity is
poor. They cover the gamut from being color blind to having
four-pigment color vision and a greater diversity of visual pig-
ments than all other vertebrates combined. Some can occlude their
pupils, others have only limited occular control over ambient light
reception.

Adult weights range from several g to hundreds of kg. Some
hunt by day, some by night, others take food at any time. Some
inhabit shallow waters and coral reefs, others are pelagic, range far
into the great ocean basins, and migrate between the continents.
Some are strict ectotherms (loosely speaking cold-blooded), others
are “partially warm-blooded”, maintaining their bodies at temper-
atures above external ambient values.

With the exception of some salamanders, all nonsleeping ver-

cillary benefits in mammals and birds, such as bodily rest andebrates considered here are fishes. Several studies indicate that a
rejuvenation, physiological restoration, regulation of hormonalfrog and three reptiles also do not sleep, engaging only in restful
secretions, and reinforcement of the immune system [29,140waking [12]. Inasmuch as they provide less clear-cut examples,
Such efforts can be more sharply focused by identifying thethey are not considered further. As employed here, “restful wak-
ecobehavioral property common to all nonsleeping vertebratesng” or “rest” is characterized minimally by behavioral quiescence,
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characteristic postures, vigilance, reduced or absent complex vbasic aspects of mechanisms that achieve short-term and long-term
sual processing, and unaltered sensory thresholds. It usually synaptic efficacy tend to be evolutionarily conservative, one ex-
engaged in only under conditions of relative safety, in which therepects the primordial basis for long-term maintenance of memories

is little need for close monitoring of sensory information. to exist in some “simple” nervous systems, and this coordinated
spontaneous activity appears to be the underlying mechanism.
REFRESHMENT OF MEMORY CIRCUITS AND Not only are spontaneous, stereotypic activations of synaptic
PROCESSING OF EXOGENOUS INFORMATION terminals, synapses, and neural pathways in the embryo and fetus

Spontaneous. endogenous activities of the brain durin Sleeneeded to achieve circuit development, maturation, fine-tuning,
P us, g u viti In auring End maintenance [14,45,48,54,75,79,108], they also are essential

gr? treatetﬂ here, ;"”T a dlsdcussmn of tl’lle_'ngIS (fjor the co_nfllc synaptic remodelling through selective eliminations [103]. Si-
etween these acliviies and exogenously-induced pProcessing g uyis)» synapses are maintained only if they are functionally

sensory input, chiefly complex visual information. Examples arelevant to developing circuits, with the connections used most

drawn largely from mammals [56-58]. frequently becoming established “permanently” [16]. As the sense
. . . organs mature, however, specific inputs at specific times are es-
Spontaneous Brain Activities During Sleep sential for normal sensory and related cortical development, as the

In 1966, Roffwarg et al. [108] proposed that spontaneousprain comes to depend increasingly on exogenous activations from

repetitive activations of circuitry in the central nervous systemsensory experiences [54,86,90,122].

(CNS) of the human embryo during rapid-eye-movement (REM)

sleep facilitate the development and maintenance of inheriteensory Dominance of Visual Input Processing

(genetically programmed) memory circuits. They suggested that
such activations during REM sleep maintain (refresh) inheritedtio
circuitry throughout life. Subsequent investigators extended th
concept to include refreshing of circuits storing experiential infor-
mation [46,100,124].

Functional and “nonutilitarian” “dynamic stabilization.”The
concept provided the basis for a paradigm of “dynamic stabiliza
tion” (DS) of neural circuitry [55]. According to it, synaptic
efficacy in circuits storing inherited and experiential memories is
maintained both by frequent use (“functional DS”) and by activa-
tions induced by spontaneous oscillatory brain activity (“nonutili-
tarian” DS). The spontaneously induced activations are referred tQ,
as being “nonutilitarian” because they customarily do not trigger
circuit functions—usually inhibited by temporarily increased

The essence of waking brain function in the absence of voli-
nal activity is the processing of sensory input, the great prepon-
erance of which normally is visual. Wide regions of cortex,
including many cortical fields, apparently interact during even
simple visual tasks [51]. Of over 52 areas of macaque monkey

(Macaca fascicularis neocortex, 25 are devoted solely to visual
‘processing, including visuomotor performance. Another seven ar-
eas process visual information but are multimodal, some also
processing auditory and/or somatosensory inputs. The 32 areas
together cover over one-half the surface of the brain [109,139].
A very rich subcortical network interconnects the cortical vi-
al areas [152]. For example, each visual area in the owl monkey
(Aatis trivirgatug projects to approximately five to 15 subcortical
thresholds for activation structures and nu.cllei, many closely related to motor peﬂormance

Spontaneous oscillatc.)ry activitj.has long been suspected that [48]. Similar <_:ond_|t|ons also apparently apply to the t_)ralns of tree
self-generated, spontaneous brain. oscillations play a fundamentS rews _'Q'apala 9“3’ bush _bableng‘aIago senegalengisand the_

’ fomestic catKelis domesticus In the cat, 40% of the neurons in

role. In .braln activity [65]. The major funct.u.)n pf many of these the primary visual cortices are sensitive to both visual and auditory
oscillations during sleep may be the nonutilitarian DS of Synapseg i i [25]

in infrequently used circuitry. Although it was proposed initially
that the oscillations play this role during REM sleep, it now is
recognized that they also act during nonrapid-eye-moveme

(NREM) sl_eep_ [1.1'125_127]' Conc_erning the lethal effects Ofila), for normal assembly of optic ganglia and compound eyes, and
sleep deprivation in mammals [29], it can be suggested that thesgf about 50% of all neurons to serve visual functions [132]. And

owe, not so much to the cessation of nonutilitarian DS of memory,, regulatory homeobox variaRax-6 at the top of the cascade
circuits, but to the deleterious influences of the loss of some of th?or eye development, which is a master control gene in both
ancillary benefits of sleep referred to previously. '

. > ... vertebrates andDrosophilg is interchangeable between them
Examples of spontaneous oscillatory activity (nonutilitarian 1{102]

DS) that may refresh circuits are: the theta rhythm (4-10 Hz) o

REM sleep, which may refresh hippocampal circuits [94,98,110]; . . . .

irregular sharp spikes (1/50—3 Hz) of NREM sleep, which maygte;bsiﬁ;);tligl;ormatlon Processing Interferes with Dynamic

refresh circuits targeted by the hippocampus [11,15]; cyclic trains

of single spikes or rhythmic spike bursts in thalamocortical axons There is an intrinsic basis (the “fundamental dogma” [105]) for

resulting from spindle oscillations (7-14 Hz wavelets occurringpotential incompatibilities between the brain’s endogenously ini-

every 3-10 s), delta oscillations (1-4 Hz), and continuous synaptitiated nonutilitarian DS of circuitry and the simultaneous occur-

bombardment from the intrinsic cortical networks that generate theence of exogenously-initiated processing of ongoing sensory in-

slow sleep oscillation{ 0.3 Hz) of NREM sleep, which may put (primarily firing at 14-30 Hz; the beta band); learning and

refresh synapses in cortical association circuits [126,127]. Accordmemory involve many of the same cortical regions that process

ingly, the refreshing activations apparently have their origin pri-sensory information and control motor output [137]. Therefore, for

marily in low frequency oscillations below the beta band (14—30example, neuronal activity circulating in cortical and thalamic

Hz) (for a treatment of the evolution of sleep and its NREM andnetworks is modified by activity engendered by incoming sensory

REM phases, see [57,58]). information [141]. A classical example of sensory interference is
The need for spontaneous neural activations to refresh memonylocking of the alpha rhythm (see later) of restful waking by

circuits probably is of very ancient origin. This is suggested by thealerting stimuli [87].

finding that “coordinated spontaneous acivit . is afundamental Information processing and firing in the gamma ba&ihce

feature of the most primitive nervous systems” [10]. Inasmuch agprocessing of visual information interferes with refreshment of

Further indication of the overwhelming sensory dominance of
isual systems comes from the requirement of over 2/3 of the
000-7000 vital (lethally mutable) genes of the fruit ijr¢soph-
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infrequently used circuitry, any characteristic electrical activity in Jurassic, including three streamlined lines adapted largely for
the visual cortex during visual processing that supplements firingoreying on teleosts. Shark evolution was essentially complete by
in the beta band also would be a candidate for the source othe end of Cretaceous period, by which time most living families
interference. Such a candidate has come to the forefront in recehtad appeared. The remaining living genera evolved in the Tertiary
years in the form of synchronous, relatively fast, rhythmic spikeduring the Cenozoic rebound from the wide-ranging extinctions at
bursts in the gamma band (30—80 Hz) that begin to fire in manythe end of the Cretaceous. The morphology, ecology, and behavior
cells of the striate and prestriate cortex of cats and monkeys upogf living marine elasmobranchs (i.e., sharks, skates, and rays) are
receipt of effective visual stimuli. the most diverse of any marine-vertebrate group except teleosts
Synchrony of this firing is thought to play a crucial role in [9,67].
combining different visual features of objects [27,33,122], and it The body form of many sharks is well-adapted for efficient
may be the neural correlate of awareness [23,66]. This firingcruising. Some species in the families Carcharhinidae, Triakidae,
appears to have its origin in rhythmic, intrinsic bursting of pyra- sphyrnidae, Hexanchidae, and Lamnidae apparently swim contin-
midal excitatory cells (“chattering cells”) in cortical surface layers yously, although many others sleep [13,20,21,62]. Most carchar-
[34]. o _ _ hinids (requiem sharks) range far into the great ocean basins,
The assignations become even more likely with the knowledgesingly or in small to large schools; many are migratory— often
that fast, synchronous, gamma-band firing is a general property Qfquced by seasonal changes in water temperature. Carcharinoid
brain networks during information processing, including sleep,schooling— conspicuous in all fishes in pelagic (open water) hab-
particularly REM dreaming [66]. For example, gamma-band firingjtats [149]—rarely is as cohesive as that of teleosts [99]. Although
(of intracortical origin) occurs in the primary and secondary audl-many carcharinoid species swim continuously, some rest “motion-
tory cortices during audition, coordinated and modulated by thqags o the bottom for extended periods [20,21,67].
acoustic thalamus [2]. Some Triakids (e.g., houndsharks, smooth-hounds, topes) are

Although it is suggested that high-frequency beta-band andey active, swift swimmers, such as the tope or soupfin shark
gamma-band firing induced exogenously in the processing o Galeorhinus galeus a species also believed to swim continu-

sensory inforrpatign interfere With the Iow-frequgncy spontaneou usly. The dusky smooth-hound(stelus canis patrols con-

;'rgn%gggor:;tr:"tggei‘g Eg’t ?notlrjiﬂlscitcb?/tvv:lqeein f]:'rrl'r?g :2 tggtshe :i;geéin?sstantly on the bottom while seeki_ng food, but congeners (m_embers

inch]Jced anog?enously during sléep it occursg cooperativelg/ of the same genus) of both species that also patrol, sometimes rest
’ ) on the bottom [20]. Sphyrnids (e.g., bonnethead, hammerhead, and

NON-SLEEPING VERTEBRATES scoophead sharks) also are very active swimmers, at times forming
) large migratory schools. Scalloped hammerhe&gyrna lewin
Sightless Cave-Dwellers often are seen in large semistationary schools (schooling at a more

One group of nonsleeping vertebrates consists of geneticall@r 1€ss fixed location) [20,21,62,104]. The Pacific sevengill hex-
sightless cave-dwellers, known as “troglobionts” (also called “tro-anchid (Notorynchus maculat)s. . . swims constantly and rarely
globites”). Numerous studies, including lengthy breeding, have'ests on the bottom” [41]. o
yielded no evidence of the existence of sleep [5,96,111]. The family Lamnidae includes large to gigantic mackerel,

The vagal lobes and forebrain of some piscine troglobionts ardorbeagle, great white, and mako sharks. Five lamnoid and two
enlarged, associated with the importance of chemoreceptive con@lopioid (thresher sharks) species, and 13 species of tunas (tribe
munication in dark caves [96,101,138]. The superficial neuromastghuninni) are “partially warm-blooded”—able to maintain a body
on parts of the head of the Mexican blind cave fish (the tetratemperature significantly above external ambient values. This is
Astyanax mexicanuse., cave-dwelling populations &. fascia-  achieved by a high level of muscular activity, and by energy
tus) are increased in number [148]. There is a dense, well orgaconservation via extremely efficient heat-exchanging retia mira-
nized somatosensory representation in the optic tectum, althougbilia—systems of parallel arterioles and venules in close contact,
there is no tectal response to auditory or lateral line stimuli [142].which act as physiological barriers to loss of metabolic heat.
The latter elaborations could contribute to hypersensitivity toPartial warm-bloodedness is facilitated by extraordinarily high
water movements (self-induced in piscine troglobionts) and enoxygen carrying capacities of the blood.
hanced localization, avoidance, and discrimination of objects. Body temperatures higher than ambient support greater speed,

Some vertebrate troglobionts alternate periods of activity andaster and more efficient digestion, and niche expansion (i.e., an
rest, but exhibit no locomotor periodicity [96,138]. Troglobiontic ability to range into colder waters). Because of the great energetic
salamanders, which also possess a lateral-line organ, appear to bests involved in maintenance of a high-speed lifestyle, the ability
resting at all times or moving very slowly [28]. Some piscine to swim rapidly must be presumed to be critical to the success of
troglobionts have periods of inactivity, described only as “rest.” In partially warm-blooded fishes [3,26,37,80,118].

more than 1 year of study, 30 blind catfisfyphlobagrus krongi Because the lamnids also are superbly streamlined, fast-swim-
were “actively swimming in the aquarium at all tise..and  ming, active, pelagic, and epibenthic (bottom to 200 m above), one
accepted food at any time” [97]. might expect them, also, to swim continuously. Indeed, “[i]t is

In detailed studies by Gertychowa [31], “[t]he observations of probable that all of these fast-moving sharks swim constantly and
other authors that the Mexican blind cave fish is a continuallydo not rest on the bottom at any time” [40]. Sandtiger sharks
active fish, which has no periods of rest, were confirmed.” BredefOdontaspis taurys‘spend their life continually swimming” [70].

[5] describes its movements as “aimless wandering.” It can bet can be concluded from the previously mentioned review that

concluded that some vertebrate troglobionts swim continuouslymany sharks swim continuously.

others rest lengthily, but none sleeps. Lengthy rest by some species sharks, several tuna species, the eastern Pacific b&utolg

is not surprising in nutrient impoverished cave environments.  chjliensig, and the Atlantic mackereBScomber scombriisack a

Sharks gas bladder, usually comprising 4—6% of body volume in marine
teleosts [61]. Many of them are obligate continuous swimmers,

The fossil record of sharks, the oldest jawed fishes, extendaerating their blood by “ram gill ventilation.” Without also gaining
back at least 450 million years. “Modern” lineages arose in thelift by swimming continuously, they would sink [22]. The advan-
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tage of giving up the gas bladder appears to be increased verticathools. Schooling may begin as early as postlarval stages [19,
mobility, particularly near the sea surface [72]. 116]. It depends largely, but not exclusively, on vision, as schools
usually disperse in the dark [73,95]. The pronouncedly schooling
mackerel may disband and reform dense schools with daylight
variations [116], a strong indication that the urge to school is
Earliest teleosts (bony fishes) appeared in the Middle Triassicinfluenced strongly by “seeing conditions” and the amount of
about 235 million years ago. The main line of evolutionary pro-visual input.
gression was through a series of generalized carnivores with in-
creasing improvements in basic feeding mechanisms, more oVt
erful swimming, greater agility, and greater potentials for adaptive
radiations. All major phyletic lines were established by Cretaceous Schooling has been regarded primarily as a social grouping
times, occupying both marine and fresh-water environments.  based on mutual attraction [119]. But individuals continually re-
Teleosts weathered the extinctions at the end of the Cretaceoappraise the costs and benefits of being social, as reflected in
comparatively unscathed, prefacing a very marked increase in thedtecisions to join, stay with, or leave aggregations [99]; for exam-
diversity and abundance. The teleost “explosion” of the earlyple, in mixed schools of two species of juvenile parrotfishes
Eocene (about 55 million years ago) was the most dramatic evofScaridae), one species continued to school while the other sought
lutionary radiation in vertebrate history, numerically eclipsing thatshelter when threatened with predator models [38].
of both mammals and birds. Teleosts not only are the dominant Roughly 2000 marine and 2000 freshwater piscine species
vertebrate group in oceans and continental waters, they have thengage in fully developed schooling [119]. The habit is strong and
most diverse morphology, ecology, and behavior [44,49,61,67,74jgid, with departures from it being associated with special cir-
136]. cumstances [6]. Some teleosts school from the beginning of inde-
Daytime-schooling, reef-dwelling teleosiocturnally feeding  pendent locomotion until death, including periods of breeding
teleosts that inhabit coral reefs include another nonsleeping grougexcept courtship). Others school only as newborn or fry [59].
These engage in a widespread practice of schooling relativelAmong continuously swimming fishes, schooling is an even more
stationarily during the daylight hours. The schools break up attharacteristic phenomenon than partial warm-bloodedness.
nightfall, as individuals scatter to feed on small invertebrates. Nonscombroid schools usually are composed of conspecifics,
Smallest juveniles may feed on plankton in the water column inof similar age and size, engaged in the same activities at a given
“feeding clouds;” when threatened, they descend to the reef. Théme, with a high degree of synchrony and polarized swimming
pattern of diurnal schooling and solitary nocturnal feeding occurg72,88,99]. Schoolers act in concert, moving forward simulta-
in many perciforms and is highly characteristic of silversidesneously, keeping equal distances apart, and changing direction at
(Pranesus insularuin It may be universal among inshore clupeids apparently the same moment, even during complicated evasive
(herrings), the pelagic members of which also form highly polar-maneuvers. There may be little change of position in a well-knit
ized schools [42—44,59,76]. school, but in a looser one individuals constantly shift as they
Scombroid teleost®ther continuously swimming teleosts be- change speed [119]. During internal “churning,” one member after
long to the family Scombridae—including tunas, mackerels, bo-another becomes exposed peripherally [6].
nitos, and albacores. Scombrids range the seas of the world, often School members usually are equipotential, and schools, just as
over water so deep that contact with the bottom is lost [40].pods (aggregations in contact) and shoals (unpolarized, unsynchro-
Continuous scombroid swimming has coevolved with extremes ofionized aggregations), usually are leaderless. For example, all the
adaptations for reduced drag, efficient, fast cruising, and higtsaithe Pollachius virenyin a still, unpolarized ball follow the first
levels of energy utilization [72,73,80]. “The tan. .swim contin-  fish to move out, all polarized on parallel courses [146], and in
ually, never stopping to rest;” " . all life’s activities . . . aredone  pods of young catfisheA(neiurus melgs “[[Jeadership always
on the move . . [p]ersistence of sustained swimming is impres- falls to the fish which happens to be in thenva . or to the
sive . . .[t]ime of day, temperature, dissolved oxygen, and foodindividual farthest in that direction [of turning]” [4].
deprivation have little influence on sustained swimming” [71-73].  Schooling may optimize foraging benefits (as, also, in
Tunas are basically warm-water species [84], capable of highlyshoals)—being quite prevalent among plankton feeders—may
efficient, long-distance travel in open waters. Some cross the greabnfer hydrodynamic benefits, and the visual contacts may facil-
oceans [78]. Having very efficient peripheral or cutaneous heaitate juvenile growth (social facilitation). Although it can play a
exchangers, and great weight and thermal inertia, the highly mitarge role in protecting small fishes from predation, through syn-
gratory bluefin tuna groupThunnu$ penetrates far into much chronized cooperation (confusing predators) and increased vigi-
cooler waters [115,123]. The bigeye tureh(nnus obes)sisu-  lance, predation is facilitated in some circumstances. lllustrating
ally inhabits still deeper and colder water [18,19]. It can vary that schooling under threat of predation generally is adaptive, is the
whole-body conductivity by a factor of 100 by disengaging its heatreaction of many group-living fishes to an approaching predator:
exchangers during ascent from cold to warm surface waters, anthey clump more closely and swim away in a polarized school
reengaging them to conserve heat when returning to the depth$,7,59,63,99,116,119,149].
[37]. But protection hardly could apply for large sharks, perhaps not
Many mackerels (including the Atlantic mackerel), lacking heateven for largest tunas, which lose their otherwise strong propensity
exchangers, tend to stay in the warm oceanic surface layer. Thie form tightly organized schools and may occur solitarily [6,40].
very slender, fusiform-bodied wahoo8danthocybium solandri  Just as some reef-dwelling fishes school inactively during the day,
are migratory, epipelagic (surface to 200 m deep) and oceaniso do some large sharks. For example, many hammerheads school
found around the world in tropical and subtropical waters [40,60,semistationarily during the day and disperse and move into deep
130]. water or close to the bottom at night to feed [20,21,62,104]. Not
Schooling by scombrid#igrating and hunting scombrids gen- only is protection unlikely to be needed during this heretofore
erally form large, highly-polarized schools [120], which tend to be puzzling, semistationary schooling, hammerheads school even
of mixed species, of 100-5000 individuals. There is a strongwhen no possible predator is present [20].
tendency to assort by size, with larger fishes travelling in smaller A basic function of schoolingrhe key consideration pointing

Teleosts

btaining the Essential Benefits of Sleep by Schooling
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to a basic function of schooling, of previously overlooked signif- vision having come to bear the entire sensory burden of maintain-
icance, relates to brain activities facilitated by the lesser requireing synchrony, polarization, and orientation.
ments for sensory processing in school members (see later). The The lateral line enables a fish to perceive water currents and
great majority of fishes, at inner positions of schools, need noturbulence directly around its body [113] and appears to be in-
exercise the full range of their sensory capabilities—they have nwolved in monitoring speed and direction of travel of nearest
need to “listen,” “smell,” “taste,” or process complex visual infor- neighbors, functions that overlap partially with those of vision [95]
mation. They need only maintain awareness of their position with(in fact, there is a visuo-acousticolateral interaction in the torus
respect to nearest neighbors, to which the lateral line contributesemicircularis [113]). As a station-keeping device, for example,
(see later) and which sometimes is achieved directly througtihe lateral line of spratsQlupea sprattus which, “hardly ever
contacts. collide,” apparently senses earliest changes in a neighbor’'s move-
On average, the amount of sensory processing carried out in th@ments by monitoring the neighbor’s tail [24].
brains of schooling fishes is greatly reduced compared to the Consonant with these findings, schooling of tunas can occur in
amount in alert, solitary swimmers. In effect, the burden of sensoryhe absence of both moonlight and bioluminescence [134]. In most
processing is shifted from individuals to the entire school collec-species, visual input apparently is essential; for example, for the
tively. In functional terms, the act of daytime schooling (some-young catfish A. mela3, “[n]either blinded fishes nor normal
times even referred to as “resting” schooling [76]) provides thefishes in the dark ever aggregat. . ” [4]. Nor does any piscine
benefits for these fishes that sleep and restful waking provide fotroglobiont school.
other fishes. Consistent with this interpretation, when dense veg-
etation becomes available, schooling bluegllsgomis macrochi-
rus) disperse and seek cover in it [38]—a site at which there would RESTFUL %QE'QSRQ%RT |_(|)EF %Y_%E%TDNARY
be less sensory input than in schools, and at which even less
sensory processing would be required. That restful waking, which typically is an antecedent to sleep,
One might have suspected that schooling, sleep, and restfyrobably also was the evolutionary precursor of sleep, is indicated
waking are analogous phases of inactivity from the knowledge thaby the continuity of electroencephalographic (EEG) changes from
schooling can be even more cyclically stereotyped than restfulvakefulness to restful waking to sleep. These phenomena also are
waking and sleep, and that it often is temporally coincident withsuggestive of the close reciprocal relationship between reception
them. Thus, fishes in large daytime resting schools stream off theiof visual information and sleep.
patchreefs to their feeding grassbeds at very predictable times after In humans, the beta rhythm (14-30 Hz) of waking gives way to
sunset; they return along the same routes just before sunrise, at ttiee alpha rhythm (813 Hz) on either closing the eyelids or merely
precise times that other fishes are terminating and initiating rest doeing deprived of patterned visual stimuli. It ceases on opening the
sleep [38,77]. Also suggestive of analogy, behavior in schoolsyelids and conscious analysis of the visual environment. As one
would apply as well to fishes resting or sleeping in aggregateslapses into NREM sleep, the alpha rhythm slows, fragments, and
Usually there is no apparent behavioral differentiation, no leader odisappears, as it is replaced by slower waves in the sequence:
dominance, no persistent tie or pair bond, and no overt aggressiospindles, delta waves, and the slow sleep oscillation [65,68,87,114,
Additionally, schooling only as newborn or fry in some species 150]. This close association of the alpha rhythm with cessation of
parallels the need for greater amounts of sleep in fetuses, newborthe reception of patterned visual information and eyelid closure
and young of mammals and birds than in adults [55,56]. suggests that one of its principal functions is the initiation of
The contact schools (pods or “tightly packed masses”) ofconsolidation of recently acquired visual memories, the refresh-
striped mullet fugil cephalu$ and rockfishesebastodes pau- ment of which in mammals and birds, after an initial consolidation,
cispinig [59], and of the young of siluroid fishes, the catfishes andapparently occurs primarily during REM sleep [58].
bullfishes (e.g.A. mela$ [4], remind one of Weber's [147] de- Brain waves closely related to the alpha rhythm occur in other
scription of sleeping bichirsRolypterug packed together like mammals and in birds. During restful waking, with the eyelids
sardines in a box (“. . wie in einer @sardinenbuhse dicht zusam- open or partly closed, there also are increases in synchronous,
mengepack. . . "). slow-wave EEG activity; further increases occur on eyelid closure
Reduced needs for complex visual processing probably als{2,112,135] or in darkness [93]. Contrariwise, slow-wave EEG
underlie the attraction between two individual conspecifics, andactivity decreases on alerting a restful waking bird [121].
even between noncongeners of commensurate size, leading to their The comparable EEG activity in reptiles (and some teleosts and
tendency to swim close together. Thus, for several species, amphibians) is a superimposed high-voltage, arrhythmic spiking
mirror image is not as conducive to close-knit swimming as athat emerges during quiescence and sleep. This is related, and
conspecific. With conspecifics, including mackefhéumatopho-  similar in waveform, to mammalian ventral hippocampal spikes,
rus grey and oceanic bonito or kawawaw&uthynnus affinls which are rare or absent in active waking, augmented in restful
even when separated by transparent partitions, close, parall@aking, and increase still further during NREM sleep. For exam-
swimming may continue for days, or as long as parallel orientatiorple, in crocodilians and iguanas, such spiking increases on eyelid
can be maintained [39,119]. closure. Conversely, spiking is reduced or eliminated on eyelid
That schooling functions sometimes transcend reduction obpening by sleeping iguanas, or arousal of sleeping tortoises and
visual processing is shown by findings with temporarily blinded chameleons [12,30,36,129].
individual saithe, although not with Pacific (chub) mackerel Concerning the background frequency in reptiles, it generally
(Scomber japonicysor jewel fish Hemichromis bimaculat)s  declines by approximately 50% on initiation of the sleep state; for
Blinded individuals joined, and maintained indefinitely, their po- turtles, the decline is from 11-13 Hz to 6—8 Hz [45]. In the catfish
sition in actively swimming schools of normal saithe. Their (Ictalurus nebulosuyslow frequency (8—-12 Hz) oscillations in the
schooling, however, was not normal, as reaction times wer@ptic tectum during waking give way to lower frequencies (8—-10
slower. Schooling was not possible, however, if the lateral line alsdz) during sleep [53].
was sectioned. Lateral line section, alone, led to more accurate Because the alpha rhythm arises in posterior temporal and
side-by-side orientation of neighbors (with eyes more closely inprimary visual regions of the neocortex [114,150], and ectothermic
apposition) [95]. This more accurate orientation is consistent withvertebrates have only a primordium of neocortex, they are not
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expected to have an alpha rhythm. Nor is it unexpected that the Most inherited memories of continuously-swimming fishes
brain waves that begin when they close their eyelids are similar t@robably are maintained by functional DS, that is, through fre-
mammalian hippocampal spikes, for even the most primitive ver-quent, around-the-clock use. Inherited memories include, at least,
tebrates have a hippocampus, sometimes called the “oldest” comotor circuits, circuits for autonomic functions, and circuits for

tex. instinctive (not involving learned components) responses, includ-
ing those associated with reproduction. Concerning motor mech-

IMPLICATIONS OF THE ECOBEHAVIOR OF anisms, a high proportion of piscine bodies are comprised of the
TROGLOBIONTS muscles used in forward propulsion [80], but probably not a day

) . . goes by without all muscles being in frequent use. Any inherited or
A major clue to the basic function of sleep comes from thegyperiential memories not adequately maintained through use

ecobehavior of nonsleeping, genetically blind troglobionts. Themight be refreshed during schooling or nighttime swimming (see
crucial factor relieving troglobionts of a need for sleep appears Qater).

be the total absence of visual input. This translates to the total
abse_nce of the l:_)rain’s need to process complex visual informatio_r]nﬂuences of Schooling
The increment in neural processing needed to accommodate in-
creased somatosensory representation in the optic tectum [142] With the brain’s need to process sensory input during schooling
and the increased numbers of superficial cephalic neuromasgyeatly reduced, in some circumstances possibly dispensed with
[148] would be insignificant compared to the decrement accomalmost entirely, conditions during schooling would be more or less
panying absence of vision. equivalent to those during restful waking or sleep—favorable for
Because the low level of processing of sensory input to troglorefreshing memories, with minimal interference from sensory pro-
bionts probably interferes to a relatively minor degree with re-cessing. The nonpelagic fishes that are most likely to have their
freshment of memories, there is no need to engage in sleep to brirf@)hOO"ng provide these benefits would be the reef-dwellers that
about reduction or elimination of sensory processing. Furthermoreschool throughout the day and disperse at night to feed.
in the more or less featureless, monotonous, cave-pool habitat, the With daytime schooling providing the essential benefits of
accumulation of memories gained through experience would béleep, some schooling fishes probably lead no less challenged an
minimal, with lesser needs for refreshment. existence during their nighttime feeding than is led during the
The suggested implications are that: (1) the spontaneous rectivity periods of fishes that rest or sleep. Challenges of nightly
freshment of memory circuits by the brain during sleep is not fully €xperiences would be met through learning and memory, with the
compatible with the processing of complex visual information memory circuits refreshed during schooling.
during active Waking; and (2) the basic function of S|eep is to It will be evident that benefits similar to those obtained by
reduce or eliminate the reception and processing of sensory infoschooling fishes also probably would apply for migrating members
mation, chiefly visual, so that the spontaneous refreshments can I8¢ avian flocks. The reduced need for sensory processing when
carried out with minimal interference. flying continuously in formation, or merely as a cohesive group, in
an essentially featureless environment and at night (even for sol-
BASES FOR ABSENCE OF REST OR SLEEP IN itar_y_birds)_, could account for the ability to su;ta_in such c_ontinL_Jous
CONTINUOUSLY SWIMMING FISHES activity, without a need for rest or sleep. Similar considerations
may apply to varying degrees to individuals in other nonpiscine
Four major influences are proposed for the absence of a neeshgregates, even those of sighted invertebrates, such as squids and
for rest or sleep in continuously swimming fishes: (1) most inher-cuttlefishes.
ited memory circuits need no refreshment, as they are maintained
by functional DS during continuous day and night swimming; (2) Influences of a Comparatively Routine, Pelagic Existence
by reducing needs for sensory information processing, schooling i L
provides the essential benefits of sleep and restful waking; (3) life Many continuously swimming fishes are exposed repeatedly to
in the largely featureless pelagic environment is comparativehgSSentially the same topographically featureless, largely epipe-
routine, with a need to store relatively few experiential memoriesiagic, and mesopelagic (200-1000 m deep), environments that
and (4) input and processing of visual information are at a lowtheir ancestors encountered over a span of many millions of years.

level or nil during a large fraction of nighttime activity. Lengthy existence in the.se unchang_ed or little changed environ-
ments may be reflected in the very little outward change seen in

such continuously swimming, pelagic fishes over millions of years
[67].

These four influences not only have eliminated the need for rest  While pelagic fishes do not encounter identical circumstances
or sleep, in many cases they have led to the coevolution oévery day, differing circumstances probably are encountered suf-
adaptations that preclude rest or sleep. Continuously swimmindjciently frequently to have memories of them maintained by
sharks and many scombrids, as mentioned earlier, are obligafenctional DS. Memories of less frequent events might be re-
“ram gill ventilators.” They would suffocate if they were to cease freshed by nonutilitarian DS during schooling and nighttime swim-
swimming more than momentarily [18,71-73,146]. Some marineming. It is not implied that scombrids are incapable of learning and
mammals also must swim continuously to maintain their orienta-storing memories of learned responses. Indeed, learning is be-
tion and to emerge at the surface at short intervals to breathe, blieved to occur in all teleosts under natural conditions [119]. Just
while doing so, they are able to sleep alternately with only oneas for scombrids, large, continuously swimming sharks may be
brain hemisphere at a time (see later) [81-83,91]. capable of learning simple associations and storing memories for

In a striking example of this need, placing surface-trolled future use, but their mode of life is such that these capabilities may
skipjack tuna,Katsuwonus pelamig41-61 cm long), in a small be called upon rarely.
livewell (81 X 109 X 170 cm) invariably is fatal; in their “frantic” Patterns of escape, hunting, prey capture, and reproduction by
attempts to swim rapidly enough to gain sufficient gill ventilation, continuously swimming, pelagic fishes are included among inher-
they suffer fatal, blunt-force injuries through repeated head-orited memories. Except for very large fishes, predator avoidance
collisions with the livewell walls [131]. and prey capture behaviors usually would be in use on a more or

Influences of Continuous Swimming
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less daily basis. This mode of existence deviates significantly fronjaws, and pharyngeal teeth [127] (i.e., purely inherited memories
that of nonpelagic fishes having daily cycles of activity and inac-are involved).
tivity. Learning plays an important, rather than minor, role in
nonpelagic teleosts, in modifying feeding, foraging strategies, anq
responding to environmental variability, particularly seasonal
[119]. Only epipelagic and mesopelagic marine environments (the A consideration of this topic highlights a crucial difference
“Oceanic Province”) are sufficiently unvarying to allow a com- between terrestrial and aquatic (and aerial) vertebrates, as regards
pletely stereotypically behaving predator to survive. to limitations on activity that usually must be imposed during
Even reproductive systems (and behavior) of Cominuougyrefreshment of memories. It is essential that terrestrial vertebrates
swimming teleosts receive more continuous use and occur muckemain in a nonlocomotory state (resting or sleeping) during pe-
less competitively than is typical for terrestrial vertebrates. In thisfiods of reduced visual input and processing, because vision almost
connection, many teleosts apparently mate indiscriminately, go@lways is essential to guide locomotion. Many fishes (and birds),
nadal sex reversal occurs in some during development, some af® the other hand, can be fully active under conditions of greatly
self-fertilizing, others are simultaneous hermaphrodites, in stilfeduced or excluded visual information. _ _
others males do not exist (unisexual gynogenetic species) [136]. The great reduction in sensory information processing, partic-
Temperature permitting, reproduction throughout the year igularly visual, in those continuously swimming fishes that have no
characteristic for scombrids [19,117,144]. Similar circumstanced'€ed to spend the entire night hunting, makes available lengthy
prevail for small pelagic fishes. For example, among the Clu-Periods for refreshment of memory circuits. Such benefits of
peoids, the anchoveteENigraulis ringen} in Peruvian waters nlghttlme_ swimming would accrue particularly to those continu-
spawns at low intensity throughout the year, with peaks in August-2USly swimming fishes that may have the greatest need for them,

October; the sardineS@rdinella anchovipin Venezuelan waters Namely, the very large fishes that sometimes do not school. Sharks
also spawns throughout the year, most intensely in DecemberWomd benefit less than teleosts, as their visual acuity is relatively
' poor [32], with lesser processing of complex visual information,

April. It is no coincidence that continuously swimming, daytime- - . .

schooling, tropical reef fishes, such as carangids (jacks or pomp&-\’en in bright light.

nos), lutjanids (snapper-like fishes), and pomadasyids (grunts) also

spawn the year around, with a peak in the coldest months [69]. NO EVIDENCE OF UNIHEMISPHERIC SLEEP IN
A similar fairly clear-cut case cannot be made for sharks. All FISHES

those of interest in the present connection are viviparous, with . . . .

relatively long gestation periods. Their young are born as efficient, Dolphins engage only in NREM sleep, and with only one brain

active predators. No period of learning or indoctrination is needed emisphere at a time, as determined by EEGs. They accomplish

This is an essential attribute for a predatory, pelagic, viviparouéhIS by closing the lids of anly one eye at a time, usually the one

species, as the newborn face immediate intense selection for rapﬂ?ett‘:eﬂﬁﬁgﬁ'tgyzdiscg;?; Osrzefﬁénga?ﬁ?:ggerree'm%mygggr:'?g‘lc]’f

?r:gvrvéh rﬁgﬂ C?i%%rﬁi)slglenﬁfﬁq&??h ;?Il(tgoiltjgh lg:?slﬁkkerromgtacgogﬁhis is feasible for dolphins because their optic nerves cross over
p 9y - 1tapp y virtually completely in the optic chiasma [17].

the inherited memories for bodily functions, those for reproductive Of all endothermic vertebrates, some marine mammals come

activities are the ones most likely to be ”S‘?d |nfrequ¢ntly. T.hes%losest to confirming the thesis that the basic function of “sleep is
memories, then, probably are refreshed during schooling or, in th%f the brain, by the brain, and for the brain” [45]. Thus, some

'aTge pela_glc predators that sometimes do not school, during SV‘””Holphins and porpoises show the least dependence on ancillary
ming at n'ght' - . . . benefits of sleep. Certain of them, such as the sea porpise (

In their many millions of years of existence in the relatively coena phocoenaand the IndusRlatinista ind), and Amazonian
constant epipelagic and mesopelagic conditions (including inter(mia geoffrensiy dolphins are on the move cc;ntinuously (with, at
actions with prey and predators), continuously swimming fisheg,, < momentary immobility) while engaged in unihemisph’eric
very likely encountered all poten_tial cont_ingencies, and_incor_po-NREfVl sleep (the Indus dolphin, which is blind, is a possible
rated responses to all of them into their repertory of inheritedgyception, but there is no reason to doubt that like other dolphins,
memories (exceptlng. possnble interactions with humans .and CONt also sleeps unihemispherically). The bottlenose dolpirs-
ditions of human origin). It would follow that, of all sighted ops truncatul on the other hand, requires some respite from
vertebrates, the large, continuously swimming, pelagic fishes probsontinuous swimming—in the form of quiet “hanging” behavior
ably give the most purely instinctive (inherited) behavioral re- (250 of recorded time when studied in an aquarium), during which
sponses. We may be seeing a reflection of this in the assessment@byements of its flippers maintain an orientation that allows
Philippe Cousteau [22] that, *. the shark is the most mechanical periodic breathing [81-83,91].
animal | knav....” An example is failure of many captive car- ~ The optic nerves of birds also cross over virtually completely
charhinoid sharks to use their opaque, nictitating lower eyelids 19133], and many birds also sleep with only one brain hemisphere
shield their eyes from artificially introduced bright light, though at a time. As soon as the lids of one eye are closed, the half of the
they struggle violently to avoid the light. On the other hand, theprain on the opposite side falls asleep. Avian sleep and eyelid
eyelids are employed promptly against naturally occurring hazardglosure are so closely associated that it is asserted that the eyelids
[32]. close only in sleep, and that eyelid closure is the equivalent and

In the same vein, and reminiscent of circumstances in manynost reliable behavioral index of sleep [1,52,128].
invertebrates, some complex piscine behaviors are performed pre- Despite possessing this ability, there is no evidence that birds
cisely the first time, developing with remarkable stability despitesleep with only one brain hemisphere at a time while flying
environmental perturbations [47]. Numerous examples could beghousands of miles for many days. In the conditions encountered in
given of behaviors that develop, not as a result of experience (i.eflight, there is little need to exclude visual input, as there is little or
learning) but as a consequence of maturational changes. For ero detail to be seen, and almost half of the time is spent in dim
ample, swimming and feeding modes of Pacific mackerel, develotight or darkness. Any employed terrestrial or celestial cues would
in three stages, with the successive development of the caudal finpt require detailed visual analysis. On lengthy flights, then, the

nfluences of Nighttime Swimming
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avian brain also might get the essential benefits of sleep with botler brood members (predominantly male care with territorial de-
eyes open. fense) [38].

In view of the existence of unihemispheric sleep in birds and  Although many fishes in aquaria exhibit diurnal cycles of
some marine mammals, and the fact that there also is completctivity, the uniform conditions encountered, inasmuch as they
optic nerve decussation in many fishes [107], one must considdead to a virtually routine existence, might favor continuous swim-
the possibility that some continuously swimming fishes sleepming in some fishes. Such an influence occurs with flounders
unihemispherically. Concerning this possibility in sharks, candi-(Pleuronectes flesisProvided with a sand substrate, they buried
date members of the Lamnidae, lacking nictitating lower eyelidsthemselves by day, swimming only in the dark of the night. When
(NLEs), would have to occlude a pupil with the upper and lowerno sand was available at dawn, a flounder did not sleep, but
lids, rotate the eyeball to occlude it, or severely constrict the iris.continued to swim throughout the day and following night. With
For the other families all having NLEs, sleeping unihemispheri-sand made available the next morning, it resumed its previous
cally, with unilateral occluding of a pupil by the opaque nictitating daytime inactivity [8].
membrane would be possible. In another example, minnowPljoxinus laeviswere diurnal in

However, the failure of sharks to employ NLEs or eyeball an open aquarium, but became nocturnal when provided with a
rotation for purposes other than corneal protection, a generallghelter [63]. Unable, at first, to sleep in a shelter and refresh
reduced contribution of vision to their activities, except at com-memory circuits during the daytime, as they normally do, the
paratively close quarters, and the absence of any observation ofinnows found it necessary to reverse phase, with memory circuit
eyeball rotation, or closure of eyelids or a nictitating membranerefreshment being carried out largely at night.
during continuous swimming (except during prey consumption or
close approach to inanimate objects), renders it very unlikely that DID THE FIRST LAND VERTEBRATES SLEEP?
they engage in unihemispheric sleep during sustained activity
[20,32,35,64,145].

Much the same situation applies to teleosts, except that witl

Since continuous swimming without sleep by some fishes is a
ighly derived condition, and many living fishes sleep [89,106,
7], the first land vertebrates also might have slept. From the

rather sluggish. To occlude their pupils almost all teleosts mus n the brain of a C_:arb_o_niferous, osteolepiform, _rhipidistian fish
e.g.,Ecosteorhachis nitidgs—ancestral to amphibians (an ances-

rotate their eyeballs [145,147]. . . el
The most weighty evidence against the occurrence of unihemitral relationship that remains in dispute [17,153])—appears to have

spheric sleep in continuously swimming teleosts is that neither irpee_n un_ll_Jrs]_ua_IIy exlpkandhed, Wi:jh nolevili:i_encs O.f optifc Ir?be special-
captivity nor in free-living conditions has a continuously swim- 'Zation. IIS 1S UI’;.I € fj ef. mho errll 00 Ilng .ra!gs 0 ;].ehCﬁnélem-
ming teleost ever been seen with a pupil occluded by rotation of it@ore:jrydeary rla)t/)- |nn5e0 Ishes, the paleoniscids, which had ex-
eyeball—despite the prominence and conspicuoushess of piscirﬂ?n ed optic lo es_[ ] . . . .
eyes and untold numbers of observations of scombrids over many ,Dt@ are notavailable on the brains of candidate panderichthyid
years in various captive conditions. For example, a catch of skiplShes, which share many unique characters with, and are strikingly
jack tuna (1-3 kg) was observed in captivity in a large pool fors'm'.Iar to, the eaf"¢5t known tetrapods [49,74]. Nor are data
5-1/2 months. The fishes remained healthy and schooling, an vailable for the earliest known tetrapods, themselves, such as the
never were seen to rest or occlude their pupils [85]. Late Devoniarichthyosteggoften regarded as the most general-
ized, or primitive, tetrapod)Acanthosteggaor Tulerpeton the axial

ANOTHER PERSPECTIVE ON SCHOOLING skeletons of which closely resemble those of osteolepiforms [49,

FAILURES IN THE ABSENCE OF VISION 74,143]. _ _
Accordingly, based on available data, central, complex visual

Itis proposed that the breakup of schools of some teleosts in thprocessing probably was not extensive, with complex retinal pro-
dark, and the failure of piscine troglobionts and blinded teleosts t@essing playing a relatively great role, as it continues to do in
form schools, are not because the fishes lack the necessary namenmammalian vertebrates and some mammals [57,58]. One can
visual sensory means to form and maintain schools. Rather, thesgpeculate that the first land vertebrates had progressed no further
phenomena may result because there is no reception and processward sleep than a state of restful waking. Some Carboniferous
ing of visual information in the brain in these circumstances,fishes (e.g., paleoniscids), however, probably slept.
thereby eliminating a need for a principal function of schooling. In
other words, the failure to school results from lack of “instructions SUMMARY—SCHOOLING, CONTINUOUS SWIMMING,
to do so from the brain,” which cease “being given” when visual REFRESHMENT OF MEMORY CIRCUITS
processing no longer interferes with refreshment of memory cir- A ted earli " — ithout df ¢
cuits. In those blinded fishes that school (e.g., saithe), and sighted S Noted earfier, continuous swimming without a need for res

fishes that school in the dark, other advantages of schooling mu$Y’ ?_Ieep |sfa hlghtl1y lderlvedhconollltlon, degendznt onfr1|1_fanyAstpeC|aI-
become determinate. izations of morphology, physiology, and modes of life. At one

extreme are the large fishes that sometimes do not school as adults,
occupy essentially featureless, pelagic habitats, and lead a com-
paratively routine existence. Their memory circuits, of which those
in the experiential category would be minimal, are maintained and
Within the framework of the paradigm presented for the ab-refreshed by functional and nonutilitarian DS during schooling and
sence of a need for sleep in continuously swimming fishes, it caswimming at night, with greatly reduced or nil visual information
be suggested that periods of inactivity might be acquired angrocessing.
dispensed with in response to relatively minor alterations of be- At the other extreme are the reef-dwelling fishes that school
havior and ecology. Indeed, this is a common occurrence: nocturduring the entire day and disperse at night to feed. In most regards,
nal or diurnal fishes that otherwise have periods of inactivity,their daily experiences during feeding are no different from those
become active continuously when engaged in parental care of eggd comparable fishes that rest or sleep. In entailing greatly reduced

PISCENE FLEXIBILITY REGARDING ACTIVITY AND
SLEEP
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needs for sensory processing, schooling provides them with the22.

essential benefits of restful waking and sleep, that is, it provides

favorable conditions for the refreshment of memory circuits that 23.

are not in frequent use.

Between these extremes lie the medium to large fishes that?®

characteristically school, lead a comparatively routine existence,
and occupy chiefly pelagic habitats. Their significant needs to
refresh memory circuits, of which those in the experiential cate- ,g
gory also would be minimal, are met chiefly during daytime
schooling and at night.

ACKNOWLEDGEMENTS

This research was supported by grants from the UCLA Faculty Re-
search Committee. | thank two anonymous referees for their incisive
comments and suggestions, and Marisa G. Kavanau for assistance with the

manuscript.

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

. Barth, D. S.; MacDonald, K. D. Thalamic modulation of high-

. Block, B. A. Endothermy in fish: Thermogenesis, ecology and evo-

. Bowen, E. S. The role of the sense organs in aggregatioAmefu-

. Breder, C. M., Jr. Fish schools as operational structures. Fish. Bull.

. Budker, P. The life of sharks. New York: Columbia University Press;

REFERENCES

28.
. Amliner, C. J., Jr.; Ball, N. J. Avian sleep. In: Kryger, M. H.; Roth,

T.; Dement, W. C., eds. Principles and practice of sleep medicine.
Philadelphia: W. B. Saunders; 1994:81-94.

frequency oscillating potentials in auditory cortex. Nature 383:78—
81; 1996.

lution. In: Hochachka, P. W.; Mommsen, T. P., ed. Biochemistry and
molecular biology of fishes, vol. 1. Oxford: Elsevier; 1991:269-311.

rus melas Ecol. Mono. 1:1-35; 1931.

. Breder, C. M., Jr. Problems in the behavior and evolution of a species 33

of blind cave fish. Trans. New York Acad. Sci. 5:168-176; 1943.

. Breder, C. M., Jr. On the survival of fish schools. Zoologica 52:25—

40; 1967.

47:471-502; 1976.

. Bregnballe, F. Plaice and flounder as consumers of the mi(:roscopic35

bottom fauna. Medd. Dan. Fisk. Havunders. Kbh. 3:133-182; 1961.

1971.

Bullock, T. H.; Horridge, G. A. Structure and function in the nervous
systems of invertebrates. San Francisco: W. H. Freeman; 1965.
Buzs&i, G. Two stage model of memory trace formation: A role for
“noisy” brain states. Neuroscience 31:551-570; 1989.

Campbell, S. S.; Tobler, I. Animal sleep: A review of sleep duration
across phylogeny. Neurosci. Biobehav. Rev. 8:269-300; 1984.
Castro, J. |. The sharks of North American waters. College Station:
Texas A & M University Press; 1983.

Changeux, J. P.; Danchin, A. Selective stabilization of developing
synapses as mechanism for the specification of neuronal networks.
Nature 264:705-712; 1976.

Chrobak, J. J.; Buzkia G. Selective activation of deep layer (V-VI)
retrohippocampal cortical neurons during hippocampal sharp waves
in the behaving rat. J. Neurosci. 14:6160-6170; 1994.

Cline, H. T.; Wu, G.-Y.; Malinow, R. In vivo development of

neuronal structure and function. Cold, Stream Harbor Symp. Quant. 43.

Biol. 61:95-104; 1996.
Cloutier, R.; Ahlberg, P. E. Morphology, characters, and the intere-

lationships of basal sarcopterygians. In: Stiassny, M. L. J.; Parenti, 44

L. R.; Johnson, C. D., eds. Interrelationships of fishes. New York:
Academic Press; 1996:445-479.

Collette, B. B. Adaptations and systematics of the mackerels and45.
tunas. In: Sharp, G. D.; Dizon, A. E., eds. The physiological ecology 46.

of tunas. New York: Academic Press; 1977:7-39.

Collette, B. B.; Nauen, C. E. Scombrids of the world. Rome: FAO 47.

Fish. Synopsis 125:1-137; 1983.

Compagno, L. J. Sharks of the world. Rome: FAO Fish. Synopsis
125:1-655; 1984.

Compagno, L. J. Sharks of the order Carcharhiniformes. Princeton:
Princeton University Press; 1988.

26.

27.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

48.

49.

277

Cousteau, J.-V.; Cousteau, P. The shark, splendid savage of the deep.
New York: Doubleday and Co.; 1971.

Crick, F.; Koch, C. Towards a neurobiological theory of conscious-
ness. Seminars Neurosci. 2:263-275; 1990.

Denton, E. J.; Gray, J. A. B. Mechanical factors in the excitation of
the lateral lines of fishes. In: Atema, J.; Fay, R. R.; Popper, A. N.;
Tavolga, W. N., eds. Sensory biology of aquatic animals. New York:
Springer-Verlag; 1988:596—-617.

. Diamond, I. T. Changing views of the organization and evolution of

the visual pathways. In: Morrison, A. R.; Strick, P. L., eds. Changing
concepts of the nervous system. New York: Academic Press; 1982:
201-233.

Dizon, A. E.; Brill, R. W.; Yuen, H. S. H. Correlations between
environment, physiology, and activity and the effects on thermoreg-
ulation in skipjack tune. In: Sharp, G. D.; Dizon, A. E., eds. The
physiological ecology of tunas. New York: Academic Press; 1977:
233-239.

Eckhorn, R.; Bauer, R.; Jordan, W. Coherent oscillations: A mecha-
nism of feature linking in the visual cortex. Biol. Cybern. 60:121—
130; 1988.

Eigemann, C. H. Cave vertebrates of America. Washington, D. C.:
Carnegie Institute; 1906.

Everson, C. A. Functional consequences of sustained sleep depriva-
tion in the rat. Behav. Brain Res. 69:43-54; 1995.

Flanigan, W. F., Jr.; Wilcox, R. H.; Rechtschaffen, A. The EEG and
behavioral continuum of the crocodilia@aiman scleropsElectro-
enceph. Clin. Neurophysiol. 34:521-538; 1973.

Gertychowa, R. Studies on the ethology and space orientation of the
blind cave fishAnoptichthys jordanHubbs et Innes 1936 (Characi-
dae). Folia Biol. 18:9-69; 1970.

Gilbert, P. W. The visual apparatus of sharks. In: Gilbert, P. W., ed.
Sharks and survival. Boston: Heath; 1963:283-326.

. Gray, C. M.; Konig, P.; Engel, A. K.; Singer, W. Oscillatory re-

sponses in cat visual cortex exhibit inter-columnar synchronization
which reflects global stimulus properties. Nature 338:334-337; 1989.

34. Gray, C. M.; McCormick, D. A. Chattering cells: Superficial pyra-

midal neurons contributing to the generation of synchronous oscilla-
tions in the visual cortex. Science 274:109-113; 1996.

. Gruber, S. H. The visual system of sharks: Adaptation and capability.

Am. Zool. 17:453-469; 1977.

Hartse, K. M. Sleep in insects and nonmammalian vertebrates. In:
Kryger, M. H.; Roth, T.; Dement, W. C., eds. Principles and practice
of sleep medicine. Philadelphia: W. B. Saunders; 1994:95-104.
Hazel, J. R. Thermal biology. In: Evans, D. H., ed. The physiology of
fishes. London: CRC Press; 1993:427—-467.

Helfman, G. S. Behavioral responses of prey fishes during predator-
prey interactions. In: Feder, M. E.; Lauder, G. V., eds. Predator-prey
relationships. Chicago: University of Chicago Press; 1986:135-156.
Hemmings, C. C. The mechanism of orientation of roditilus
rutilus L. in an odour gradient. J. Exp. Biol. 45:465-473; 1966.
Herald, E. S. Living fishes of the world. New York: Doubleday &
Co,, Inc.; 1961.

Herald, E. S. Fishes of North America. New York: Doubleday & Co.,
Inc.; 1972.

42. Hobson, E. S. Diurnal-nocturnal activity of some indoor fishes in the

Gulf of California. Copeia 1965:291-302; 1965.

Hobson, E. S. Activity of Hawaiian reef fishes during the evening and
morning transitions between daylight and darkness. Fish. Bull. Nat.
Mar. Fish. Serv. 70:715-740; 1972.

Hobson, E. S. Feeding relationships of teleostean fishes on coral reefs
in Kona, Hawaii. Fish. Bull. Nat. Mar. Fish. Serv. 72:915-1031;
1974.

Hobson, J. A. Sleep. New York: Scientific American Library; 1995.
Hobson, J. A.; Steriade, M. Intrinsic regulatory systems of the brain.
Handbook Physiol. IV:701-823; 1986.

Huntingford, F. A. Development of behavior in fish. In: Pitcher, T. J.,
ed. The behaviour of teleost fishes. London: Chapman and Hall;
1993:59-83.

Jacobson, M. Developmental neurobiology. New York: Plenum
Press; 1991.

Janvier, P. Early vertebrates. Oxford: Clarendon Press; 1996.



278

50.
51.
52.

53.
54.

55.

56.

57.
58.
59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Jerison, H. J. Evolution of the Brain and intelligence. New York: 79.

Academic Press; 1973.

Kaas, J. H. Why does the brain have so many visual areas? J380.

Cognitive Neurosci. 1:121-134; 1989.

Kare, M. R.; Rogers, J. G., Jr. Sense organs. In: Sturkie, P. D., ed.81.

Avian physiology, 3rd ed. New York: Springer-Verlag; 1976:29-52.
Karmanova, |. G. Evolution of sleep. New York: Karger; 1982.
Katz, L. C.; Shatz, C. J. Synaptic activity and the construction of
cortical circuits. Science 274:1133-1138; 1996.

Kavanau, J. L. Sleep and dynamic stabilization of neural circuitry: A 83.

review and synthesis. Behav. Brain Res. 63:111-126; 1994.
Kavanau, J. L. Memory, sleep, and dynamic stabilization of neural

circuitry: Evolutionary perspectives. Neurosci. Biobehav. Rev. 20: 84.

289-311; 1996.

Kavanau, J. L. Origin and evolution of sleep: Roles of vision and
endothermy. Brain Res. Bull. 42:245-264; 1997.

Kavanau, J. L. Memory, sleep, and the evolution of mechanisms of
synaptic efficacy maintenance. Neuroscience 79:7—-44; 1997.

Keenleyside, M. H. A. Diversity and adaptation in fish behaviour. 86.

Berlin: Springer-Verlag; 1979.

Kitchell, J. F.; Neill, W. H.; Dizon, A. E.; Magnusen, J. J. Bioener-
getic spectra of skipjack and yellowfin tunas. In: Sharp, G. D.; Dizon,
A. E., eds. The physiological ecology of tunas. New York: Academic
Press; 1977:357-368.

Lagler, K. F.; Bardach, J.; Miller, R. Ichthyology, 2nd ed. New York:
Wiley & Sons; 1977.

Last, P. R.; Stevens, J. D. Sharks and rays of Australia. Australia:
CSIRO Fisheries; 1994.

Lindsey, C. C. Form, function and locomotory habits in fish. In: Hoar,
W. S.; Randall, D. J., eds. Fish physiology, vol. 7. London: Academic
Press; 1978:1-100.

Lineaweaver, T. H.; Backus R. H. The natural history of sharks. New
York: Lippincott; 1973.

Llings, R. R. The intrinsic electrophysiological properties of mam-
malian neurons: Insights into central nervous system function. Sci-
ence 242:1654-1664; 1988.

Llinas, R. R.; Ribary, U. Coherent 40-Hz oscillation characterizes
dream state in humans. Proc. Natl. Acad. Sci. USA 90:2078-2081,
1993.

Long, J. A. The rise of fishes. Baltimore: The Johns Hopkins Uni-
versity Press; 1995.

Lopes da Silva, F. Neural mechanisms underlying brain waves: From
neural membranes to networks. Electroenceph. Clin. Neurophysiol.
79:81-93; 1991.

Lowe-McConnell, R. H. Ecological studies in tropical fish commu-
nities. Cambridge: Cambridge University Press; 1987.

Lythgoe, J.; Lythgoe, G. Fishes of the sea. Cambridge: The MIT
Press; 1991.

Magnuson, J. L.; Weininger, D. Estimation of minimum sustained gg
speed and associated body drag of scombrids. In: Sharp, G. D.;
Dizon, A. E., eds. The physiological ecology of tunas. New York:
Academic Press; 1977:287-311.

Magnuson, J. L. Locomotion by scombrid fishes; hydromechanics,

morphology, and behavior. In: Hoar, W. S.; Randall, D. J., eds. Fish gg.

physiology, vol. 7. New York: Academic Press; 1978:239-313.
Magnuson, J. L. Foreword. In: Sharp, G. D.; Dizon, A. E., eds. The

physiological ecology of tunas. New York: Academic Press; 1977: gg.

Xi—Xiii.

Maisey, J. G. Discovering fossil fishes. New York: Henry Holt and
Company; 1996.

Marks, G. A.; Shaffery, J. P.; Oksenberg, A.; Speciale, S. G.; Roff-
warg, H. P. A functional role for REM sleep in brain maturation.
Behav. Brain Res. 69:1-11; 1995.

McFarland, W. N.; Hillis, Z.-M. Observations on agonistic behavior 101.

between members of juvenile French and white grunts. Bull. Mar.
Sci. 32:255-268; 1982.

McFarland, W. N.; Ogden, J. C.; Lythgoe, J. N. The influence of light
on the twilight migration of grunts. Environ. Biol. Fish. 4:9-22;
1979.

Migdalski, E. C.; Fichter, G. S. The freshwater and saltwater fishes of
the world. New York: A. A. Knopf; 1976.

82.

88.

91.

100.

102.

103.

KAVANAU

Mirmiran, M. The function of fetal/neonatal rapid eye movement
sleep. Behav. Brain Res. 69:13-22; 1995.

Moyle, P. B.; Cech, J. J., Jr. The fishes, an introduction to ichthyol-
ogy. New Jersey: Prentice Hall, 1996.

Mukhametov, L. M. Sleep in marine mammals. Exp. Brain Res.,
Suppl. 8:227-236; 1984.

Mukhametov, L. M. Unihemispheric slow wave sleep in the brain of
dolphins and seals. In: Koella, W. P.; Opb.; Schulz, H.; Visser, P.,
eds. Sleep '86. Stuttgart: Fischer-Verlag; 1988:154-156.
Mukhametov, L. M.; Lyamin, O. I. Rest and active states in bottle-
nose dolphins (Tursiops truncatus). J. Sleep Res. 3(Suppl. 1):174;
1994.

Nakamura, H. Tuna longline fishery and fishing grounds (trans. Van
Campen, W. G.). Washington; U.S. Fish & Wildlife Service Special
Scientific Report, Fisheries No. 112; 1954.

85. Nakamura, E. L. The establishment and behavior of skipjack tuna

(Katsuwonus pelamjsin captivity. U.S. Fish & Wildlife Service
Special Scientific Report, Fisheries No. 415:32; 1962.

Neville, H. J. Developmental specificity in neurocognitive develop-
ment in humans. In: Gazzaniga, M. S., ed. The cognitive neuro-
sciences. Cambridge: MIT Press; 1995:219-231.

87. Niedermeyer, E.; Lopes da Silva, F. Electroencephalography: Basic

principles, clinical applications and related fields, 3rd ed. Baltimore:
Williams and Wilkins; 1993.

Noakes, D. L. G.; Godin, J.-G. J. Ontogeny of behavior and concur-
rent developmental changes in sensory systems in teleosts. In: Hoar,
W. S.; Randall, D. J., eds. Fish physiology, XIB. New York: Aca-
demic Press; 1988:345-395.

89. Norman, J. R. A history of fishes. New York: F. H. Stokes Co.; 1931.
90.

Oksenberg, A.; Shaffery, J. P.; Marks, G. A.; Speciale, S. G.; Mi-
hailoff Roffwarg, H. P. Rapid eye movement sleep deprivation in
kittens amplifies LGN cell-size disparity induced by monocular de-
privation. Dev. Brain Res. 97:51-61; 1996.

Oleksenko, A. |.; Chetyrbok, I. S.; Polyakova, I. G.; Mukhametov,
L. M.; Rest and active states in Amazonian dolphins (Inia Goeffren-
sis). J. Sleep Res. 3(Suppl. 1):185; 1994.

92. Ookawa, T. The avian wakefulness and sleep on the basis of recent

electroencephalographic observations. Poultry Sci. 51:1565-1574;
1972.

93. Ookawa, T.; Gotoh, J. Electroencephalogram of the chicken recorded

from the skull under various conditions. J. Comp. Neurol. 124:1-14;
1965.

94. Otto, T.; Eichenbaum, H.; Wiener, S. I.; Wible, C. G. Learning-

related patterns of CA1 spike trains parallel stimulation parameters
optimal for inducing hippocampal long-term potentiation. Hippocam-
pus 1:181-192; 1991.

95. Partridge, B. L.; Pitcher, T. J. The sensory basis of fish schools:

Relative roles of lateral line and vision. J. Comp. Physiol. 135:315-
325; 1980.

. Parzefall, J. Behavioural ecology of cave-dwelling fishes. In: Pitcher,

T. J., ed. The behaviour of teleost fishes. London: Chapman & Hall:
1993:573-606.

97. Pavan, C. Observations and experiments on the cave fish pimelodella

kronei and its relatives. Am. Nat. 80:343-361; 1946.

Pavlides, C.; Greenstein, Y. J.; Grudman, M.; Winson, J. Long-term
potentiation in the dentate gyrus is induced preferentially on the
positive phase of theta-rhythm. Brain Res. 439:383-387; 1988.
Pitcher, T. J.; Parrish, J. K. Functions of shoaling behavior in teleosts.
In: Pitcher, T. J., ed. The behaviour of teleost fishes. London: Chap-
man and Hall; 1993:363-439.

Pompeiano, O. Sensory inhibition during motor activity in sleep. In:
Yahr, M. D.; Purpura, D. P., eds. Neurophysiological basis of normal
and abnormal motor activities. New York: Raven Press; 1967:323—
375.

Poulson, T. L. Cave adaptation in Amblyopsid fishes. Am. Midl. Nat.
70:257-290; 1963.

Quiring, R.; Walldorf, U.; Kloter, U.; Gehring, W. J. Homology of
the eyeless gene @rosophilato the small-eye gene in mice and
Anaridia in humans. Science 265:785-789; 1994.

Rakic, P. Corticogenesis in human and non-human primates. In:
Gazzaniga, M. S., ed. The cognitive neurosciences. Cambridge: The
MIT Press; 1995:127-145.



NONSLEEPING FISHES AND FUNCTION OF SLEEP

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Randall, J. E. Sharks of Arabia. London: Immel Publishing; 1986.
Rauschecker, J. P. Developmental plasticity and memory. Behav.
Brain Res. 66:7-12; 1995.

Reebs, S. Sleep, inactivity and circadian rhythms in fish. In: Alj,
M. A., ed. Rhythms in fishes. New York: Plenum Press; 1992:127—
135.

Repeant, J.; Rio, J.-P.; Ward, R.; Hergueta, S.; Miceli, D.; Lemire,
M. Comparative analysis of the primary visual system of reptiles. In:

Gans, C.; Ulinski, P. S., eds. Biology of the reptilia, sensorimotor 131.

integration. Chicago: University of Chicago Press; 1992:175-366.
Roffwarg, H. P.; Muzio, J. N.; Dement, W. C. Ontogenetic develop-

ment of the human sleep—dream cycle. Science 152:604—-619; 1966.32.

Rolls, E. T. Information processing in the temporal lobe visual
cortical areas of macaques. In: Arbib, M. A.; Ewert, J.-P., eds. Visual

structures and integrated functions. Berlin: Springer-Verlag; 1991:133.

339-352.
Rose, G. M.; Dunwiddie, T. V. Induction of hippocampal long-term

potentiation using physiologically patterned stimulation. Neurosci. 134.

Lett. 69:244-248; 1986.

Roth, A.; Schlegel, P. Behavioral evidence and supporting electro135.

physiological observations for electroreception in the blind cave

salamandeProteus anguinusBrain Behav. Evol. 32:277-280; 1988. 136.

Ruckebusch, Y. The relevance of drowsiness in the circadian cycle of
the farm animal. Anim. Behav. 20:637-643; 1972.

Schellart, N. A. M. The visual pathways and central non-tectal137.

processing. In: Douglas, R.; Djamgoz, M., eds. The visual system of
fish. London: Chapman & Hall; 1990:345-372.

Scott, D. Understanding EEG. London: Duckworth; 1976.

Sella, M. Migrations and habitat of the tufd@nnus thynnygtrans.
Van Campen, W. G.). U.S. Fish and Wildlife Serv. Special Sci. Rep.
Fish. No. 76:1-20; 1952.

Sette, O. E. Biology of the Atlantic macker8comber scombryisf
North America, Part Il. Migrations and habits. U.S. Fish & Wildlife
Serv. Fish. Bull. 51:251-358; 1950.

Sette, O. E. Progress in oceanic fishery investigations. Washington,
D.C. U.S. Fish Wildlife Service Special Sci. Rep. Fish. No. 116:1-75;
1954,

Sharp, G. D.; Vlymen, W. J., lll. The relation between heat genera-142.

tion, conservation, and the swimming energetics of tuna. In: Sharp,
G. D.; Dizon, A. E., eds. The physiological ecology of tunas. New
York: Academic Press; 1977:213-232.

Shaw, E. Schooling in fishes: Critique and review. In: Aronson, L. R.;
Tobach, E.; Lehrman, D. S.; Rosenblatt, J. S., eds. Development and
evolution of behavior. San Francisco: W. H. Freeman; 1970:452—
480.

Shimada, B. M.; Van Campen, W. G. Tuna fishing in Palau waters.

Washington, D. C.: U.S. Fish Wildlife Service Special Sci. Rep. Fish. 145.

No. 42:1-26; 1951.

Silva, E. E.; Estable, C.; Segundo, J. P. Further observations ofh46.

animal hypnosis. Arch. Ital. Biol. 97:167-177; 1959.

Singer, W.; Gray, C. M. Visual feature integration and the temporal
correlation hypothesis. Ann. Rev. Neurosci. 18:555-586; 1995.
Smith, M. M.; Heemstra, P. C. Smiths’ sea fishes. New York:
Springer-Verlag; 1986.

Steriade, M. Cortical long-axoned cells and putative interneurons

during the sleep-waking cycle. Behav. Brain Sci. 1:465-514; 1978.149.

Steriade, M. New vistas on the morphology, chemical transmitters,
and physiological actions of the ascending brainstem reticular sys-
tem. Arch. Ital. Biol. 126:225-238; 1988.

Steriade, M.; Contreras, D.; Cubossi, R.; NUez, A. The slow €1

Hz) oscillation in reticular thalamic and thalamocortical neurons: 151.

Scenario of sleep rhythm generation in interacting thalamic and
neocortical networks. J. Neurosci. 13:3284—-3299; 1993.
Steriade, M.; McCormick, D. A.; Sejnowski, T. J. Thalamocortical

oscillations in the sleeping and aroused brain. Science 262:679—-683;53.

1993.
Szymczak, J. T.; Kaiser, W.; Helb, H. W.; Besczczynska, B. A study

129.

130.

138.
139.

140.

141.

143.

144.

147.

148.

150.

152.

279

of sleep in the European blackbird. Physiol. Behav. 60:1115-1120;
1996.

Tauber, E. S.; Weitzman, E. D.; Korey, S. R. Eye movements during
behavioral inactivity of certain Bermuda reef fish. Commun. Behav.
Biol. 3:131-135; 1939.

Tester, A. L. Establishing tuna and other pelagic fishes in ponds and
tanks. U.S. Fish Wildlife Service Special Sci. Rep. Fish. No. 71:1-20;
1952.

Tester, A. L. Olfaction, gustation, and the common chemical sense in
sharks. In: Gilbert, P. W., ed. Sharks and survival. Boston: D.C.
Heath; 1963:255-282.

Thaker, H. M.; Kankel, D. R. Mosaic analysis gives an estimate of the
extent of genomic involvement in the development of the visual
system inDrosophila melanogasteiGenetics 141:883—-894; 1992.
Thanos, S.; Bonhoeffer, F. Development of the transient ipsilateral
retinotectal projection in the chick embryo: Numerical fluorescence-
microscopic analysis. J. Comp. Neurol. 224:407—-414; 1984.

Tiews, K. F. W. Behavior and physiology. FAO (FAU UN) Fish.
Rep. 6:44-46; 1963.

Tradardi, V. Sleep in the pigeon. Arch. Ital. Biol. 104:516-521;
1966.

Turner, G. Teleost mating behaviour. In: Pitcher, T. J., ed. The
behaviour of teleost fishes. London: Chapman & Hall; 1993:307—
331.

Ungerleider, L. G. Functional brain imaging studies of cortical mech-
anisms for memory. Science 270:769-775; 1995.

Vandel, A. Biospeleology. London: Pergamon Press; 1965.

Van Essen, D. C.; Anderson, C. H.; Felleman, D. J. Information
processing in the primate visual system: An integrated systems per-
spective. Science 255:419-423; 1992.

Vertes, R. P.; Brainstem mechanisms of slow-wave sleep and REM
sleep. In: Klemm, W. R.; Vertes, R. P., eds. Brainstem mechanisms
of behavior. New York: John Wiley & Sons; 1990:535-583.
Verzeano, M. Activity of neuronal networks in cognitive function. In:
Thompson, R. F.; Hicks, L. H.; Shvyrkov, V. B., eds. Neural mech-
anisms of goal-directed behavior in learning. New York: Academic
Press; 1980:353-373.

Voneida, T. J.; Fish, S. E. Central nervous system changes related to
the reduction of visual input in a naturally blind fisstyanax
hubbs). Am. Zool. 24:775-782; 1984.

Vorobyeva, E.; Schultze, H.-P. Description and systematics of pan-
derichthyid fishes with comments on their relationship to tetrapods.
In: Schultze, H.-P.; Trueb, L., eds. Origins of the higher groups of the
tetrapods. Ithaca: Cornell University Press; 1991;68—-109.

Wade, C. B. Observations on the spawning of Philippine tuna.
Washington: U.S. Fish Wildlife Fishery Bull. 51:409-423; 1950.
Walls, G. L. The vertebrate eye and its adaptive radiation. New York:
Hafner, 1967.

Wardle, C. S. Swimming activity in marine fish. In: Laverack, M. S.,
ed. Physiological adaptations of marine animals. Scarborough: The
Co. of Biologists Ltd.; 1985:521-540.

Weber, E. Uer ruhelagen von fischen. Z. Tierpsychol. 18:517-533,;
1961.

Wilkens, H. Evolution and genetics of epigean and oastyanax
fasciatus(Characidae, Pisces). Evol. Biol. 23:271-367; 1988.
Williams, G. C. Measurement of consociation among fishes and
comments on the evolution of schooling. Publ. Museum Michigan
State University 2:351-383; 1964.

Winson, J. Brain and psyche: The biology of the unconscious. New
York: Anchor Press, Doubleday; 1985.

Wourms, J. P. Viviparity; The maternal-fetal relationship in fishes.
Am. Zool. 21:473-515; 1981.

Young, M. P. Objective analysis of the topological organization of
the primate cortical visual system. Nature 358:152-155; 1992.
Zardoya, R.; Meyer, A. Molecular phylogenetic information on the
identity of the closest living relatives of land vertebrates. Naturwis-
senschaften 84:389-397; 1997. AQ1 A wide range of what?



