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I ABSTRACT
I

Leuresthes sardina (Jenkins & Evermann) is the endemic Gulf of 

California grunion, a beach-spawning fish of the Atherinidae, I have 

hatched larvae of this fish in the laboratory from artificially ferti

lized eggs obtained from spawning adults captured with a beach seine«

The larvae were reared in the laboratory on brine shrimp (Artemia salina) 

nauplii, under controlled conditions (12;12 light cycle, 22-24°C, 35-37 

o/oo S), to an age of more than ten months„

Grunion at different developmental stages (prolarvae, postlarvae, 

metamorphosed juveniles) were subjected to artificial gradients of tem

perature, salinity, light intensity, turbulence and oxygen concentration 

in order to determine their locomotive responses (modal preferences) to 

these variableso

I observed their salinity responses in a Staaland salinity gradi

ent deviceo I designed an apparatus for establishing gradients of 

temperature, light intensity, turbulence and oxygen concentrationo This 

MSelectstron'* has 16 chambers ( 4 x 4 )  in which four experiments can be 

conducted simultaneously for rapid acquisition of data0

The behavioral responses were related to lethal levels with 

measurements of tolerances to high and low temperatures and salinitieso 

The lowest and highest temperatures to which juveniles could be accli

mated were 8°c and 35°C, respectively, and the area of the tolerance zone 

was 436 C squared= ' \,v ,1 : . ■ ' ' : ■ : .



- xii
The lower and upper incipient lethal salinities for 35-37 o/oo 

acclimated juveniles were 5 o/oo and 57*5 o/oo, respectively0 Newly 

hatched prolarvae were more resistant to both temperature and salinity 

extremes than were the older fish.

Behavioral responses to temperature and salinity changed with the 

age of the fisho Prior to 3 weeks post-hatching, no temperature response 

was observed, while older fish exhibited a marked preference for a tem

perature range of 30-34°Co

Pfplarvae preferred a salinity range of 15-24 o/oo, while late 

postlarvae and juveniles selected a range of 45-54 o/ooo A bimodal pref

erence was shown by early postlarvae*

Grunion of all ages, from hatching through at least 150 days,
- ' . 

were strongly photopositive, moving into the highest available light

intensity (3000 ft-c) 0 In a gradient of turbulence, juvenile grunion 

selected an intermediate turbulence level in preference to extreme or 

very slight turbulence., In an oxygen gradient, avoidance of concentra

tions below 5 ppm occurred <,

The observed laboratory responses are related to the habitat, 

distribution, and behavioral and physiological ecology of the gruniono



INTRODUCTION

Failure of marine fishes and invertebrates to respond to 
changes in salinity, temperature and food supply in their 
environment may bring swift retribution; such changes as well 
as light changes generally stimulate rather abrupt adjustments 
in position or behavior--a reorientation on the part of organ
isms— or may result in extensive mortality if. the animals fail 
to adjust, «—  (Je'Mo Moulton, 1963, p„ 37)

The larvae and juveniles of marine fishes are worthy of experi

mental investigation for their inherent biological interest, for their 

obvious importance to recruitment of adult fish populations, and for 

their relevance to problems associated with fish culture. Little is 

known of the behavior of most larval and juvenile fishes, of their 

physiological tolerances or of the factors influencing their movements. 

Juveniles fishes often occupy a habitat different from that 

occupied by the adults of the species, a habitat to which the young fish 

migrate from the place where they are hatched— which is often different 

from the habitats of either adults or juveniles. In the case of species 

with pelagic eggs, for example, the eggs are hatched at sea, and the 

young fish may migrate inshore to intertidal waters, as has been demon

strated for the opaleye Girella nigricans (Norris, 1963) and the surgeon- 

fish Acanthurus triostegus (Sale, 1968a), Such shallow inshore waters 

serve as a nursery for many species of fishes, for here large predators 

are effectively excluded, and food is often abundant.

1



The larger question, to which this research is aimed at finding a 

partial answer, is: How do the larvae and juveniles of marine fishes

find and remain in habitats conducive to their survival and growth? More 

specifically. What are the roles of various physical variables of the
■ft

marine environment in the orientation of these larval and juvenile marine 

fishes? What are their behavioral, especially locomotive, responses to 

gradients of temperature, salinity, light intensity, turbulence and 

oxygen concentration? How do these responses change with the age of the 

fish?

“Before predictions of the behavior of any species can be 

attempted it will be necessary to„„»understand the directing and con

trolling factors of the external environment» »oresponses to various 

gradients in the environment must be understood => 0 =18 (Hoar, MacKinnon and 

Redlich, 1952, p. 273),

The Experimental Animal

“Silversides (Atherinidae),,,and other common fishes of the 

coastal waters,*,should be studied because they are important elements of 

the biomass** (de Sylva, 1969, p, 233), The fish chosen as the experi

mental animal for this research is an atherinid: the endemic,

beach-spawning Gulf of California grunion, Leuresthes sardina (Jenkins & 

Evermann) 1888, Among the considerations governing this choice is the 

ready availability of the eggs, which can be dug from the sand, or 

stripped from spawning adults and artificially fertilized. Techniques 

have been developed for maintaining the eggs, larvae and juveniles in 

the laboratory under controlled conditions,



3
Lo sardina is one of only two species of fish which deposit their 

eggs in beach sand, entirely out of water= The two species, both com

monly known as "grunion,*1 comprise the genus Leuresthes in the family 

Atherinidae, or silversideso

Nearly all published work to date has dealt with the California 

grunion, Leuresthes tenuis (Ayres), which ranges along the Pacific coast 

from Monterey Bay to central Baja California (Walker, 1952)= The publi

cations have dealt with spawning behavior and periodicity (Barnhart,

1918; Thompson and Thompson, 1919; Walker, 1952), life history (Clark, 

1925; 'Walker, 1952), physiology (Carey, 1962; Scholander, Bradstreet 

and Carey, 1962), embryology (David, 1939), effects of temperature on 

development (Hubbs, 1965; Ehrlich and Farris, 1971), effects of light 

on development (Hubbs, 1965; McHugh, 1954), and techniques of rearing 

larvae and juveniles (Ehrlich and Farris, 1972; May, 1971; McHugh and 

Walker, 1948)= A number of popular articles have also appeared (Clark, 

1928a, 1928b, 1938; Funkhouser, 1940; Mercieca and Miller, 1969; 

Phillips, 1943; Walker, 1947, 1959; Woodling, 1968)= Much valuable 

data (from Walker, 1948) has never been published.

The Gulf of California grunion, Leuresthes sardina— formerly 

placed in the genus Hubbsiella— has heretofore received little attentiono 

The only publication devoted to this species has been a popular article 

by Rechnitzer (1952) describing its daylight spawning at San Felipe,

Baja California Norte, Mexico? However, other manuscripts are presently 
in preparation by graduate students at The University of Arizona, 

dealing with lunar and tidal periodicities, spawning behavior and ecology



(Muench, in prep.), and with the effects of hypersalinity on embryonic 

development (Constant, in prep.).

L. sardina, called "pejerrey" by Mexicans, is endemic to the 

northern Gulf of California, from the Colorado River delta to Guaymas.

It is most numerous in the north near San Felipe and El Golfo de Santa 

Clara. Very similar in appearance and habits to 1. tenuis, it spawns 

earlier in the year (January to May), and during the daytime as well as 

at night, in accordance with the thermal and tidal regimes in the 

northern Gulf.

Apparently, the life history of L. sardina is essentially similar 

to that of L» tenuis. Every two weeks, from January through May, the 

adults deposit their eggs and milt in the sand at the upper edge of the 

surf zone, on descending high spring tide series following each new and 

full moon. The eggs develop 7-10 cm beneath the sand, and the prolarvae 

hatch as they are washed out of the sand by the following high spring 

tide two weeks later.

Walker (1947) has written that L_. tenuis spends most of its life 

near the sandy beaches, probably not venturing far from the mainland, 

close to the surface, feeding on zooplankton. This appears to be gener

ally true for L. sardina as well, but data are lacking.

Environmental Variables Investigated

Of the many possible environmental variables which may aid a fish 

in its orientation to its surroundings, temperature, salinity, light 

intensity, turbulence and oxygen concentration have been included in the 

present investigation. These factors.were chosen 1) because of their



potential importance in guiding the movements of fishes in shallow in

shore waters, where juveniles fishes, including grunion, are commonly 

found, and 2) because of the availability of apparatus and techniques 

for establishing gradients of these factors0

Temperature is probably the single most important physical vari

able determining the distributions of marine organisms (Elcman, 1953; 

Hutchins,.1947;. Norris, 1963)= According.to Fry (1958b, p= 207), "it 

is likely that all mobile organisms have some behavioral regulation with 

respect to temperature,n

Light appears to be an important factor Controlling the vertical 

distribution of fish larvae (Woodhead, 1966), Salinity gradients may 

become directive factors in regions of steep, continuous gradients 

(Houston, 1957), and very sharp salinity gradients might act as barriers

to the movements of fish (Holliday, 1971)= Furthermore, salinity may
< :

determine the plankton spectrum and hence the availability of suitable 

food for fish larvae (Fleming and Laevastu, 1956),

The degree of turbulence can be an important variable in shallow 

inshore waters, due to the interactions of waves and tidal flows with the 

substrate, and fishes might be expected to exercise some selection Of the 

degree of turbulence in their environment by means of their movements, 

Oxygen concentration may influence the distribution of fish 

inhabiting.certain restricted areas (Fleming and Laevastu, 1956), In the 

shallow, areas of the Gulf of California inhabited by L, sardina, oxygen 

is unlikely ever to be a directly lethal factor; however, in areas of 

high temperature and salinity it could limit active metabolism signifi

cantly due to decreased solubility and increased metabolic demands,I . " " ‘ -



Mechanisms of Fish Orientation 

The actual mechanisms by which fishes orient themselves in 

environmental gradients are still rather obscure» Within the framework 

of Fraenkel and Gunn (1961), kineses or undirected reactions are usually 

operative in responses to gradients of intensity which lack directional 

propertieso In an aquatic environment, such non-direcfcional stimuli 

include temperature as well as chemical stimuli such as salinity and 

oxygen concentration,.

Accordingly, various authors have attempted to demonstrate that 

fish orientation is the result of such kinetic mechanisms (e0 go, Elson, 

19425 Fisher and Elson, 1940, 1950; Fisher and Scott, 1942; Fisher 

and Sullivan, 1958; Fry and Hart, 1948; Graham, 1949; Fo R„ H 0 Jones, 

1955; Shaw, Escobar and Baldwin, 1938), although Sullivan (according to 

Fry, 1964, p* 720) "objects to classifying the temperature selection 

response in fish as a thermokinesis in the sense of Fraenkel and Gunn on 

the grounds that the thermal experiences of the fish from moment to 

moment may be continuously modifying its response in the gradient, a 

situation by no means within the compass of their definition,"

However, the relationships between the activity levels of the 

fish and temperature have been contradictory among various studies, 

leading to considerable doubt as to the existence of a direct causal 

relationship between kinetic effects and temperature selection behavior 

(Fry, 1964)0 Rozin and Mayer (1961), who conditioned goldfish to press 

a bar to regulate water temperature, add further condemnation: "It has

been suggested (Fisher and Elson, 1950) that temperature selection can 

be accounted for as a direct effect of temperature on the locomotion of



: '■ : “ ; ■ '■ ■ ■ 7
fish. This study indicates that other factors are involved in tempera

ture selection, since the goldfish will perform an arbitrary response to 

change the temperature of its environment=n

With regard to salinity preference, Mclnerney (1964, p, 1013) 

speculates that "within Franekel and GunnTs framework, salinity prefer- 

ence is probably a kinesis," and that it "resembles klinokinesis more 

closely than orthokinesis0" He is forced to add, however, that "suffi

cient evidence is not available to characterize the salinity preference 

mechanism as klinokinetic," and that "absolute salinity discrimination 

might be incompatible with the sensory adaptations essential to klino

kinetic orientation,"

Hbglund (1961, p, 90) recognizes oxygen as a "non-directive 

stimulusj" and labels deficient oxygen as a "releasing stimulus" in 

the sense of Tinbergen (1955), leading to an "emergency reaction" or 

Increased swimming activity or "appetitive behavior" (p, 94), Hbglund 

therefore attributes oxygen preference to an orthokinesis in the sense 

of Fraenkel and Gunn, but wisely adds (pv 95) that "much remains to be 

done until the reactions shown in.oxygen as well as salinity gradients 

are fully understood from the physiological and ethological points of 

view," Indeed, the work of Van Sommers (1962), in which he trained 

goldfish , to break a light "beam in order to regulate the oxygen content 

of the water, seems to rule out a simple orthokinetic mechanism as the 

sole mode of response to oxygen in fish.

Gradients of light have directional properties as well as a 

gradation of intensity, and so light can serve as a directive stimulus 

(Hbglund, 1961j Tinbergen, 1955) and is thus accessible to taxes



(directed reactions) as well as to kineses0 Francis and Horton (1936),.

Fo R» Ho Jones (1955), Woodhead (1957) <, and Woodhead and Woodhead (1955), 

among .others, have cited taxes or kineses as the bases of the photore

sponses of fisheso . However, as Hoar, Keenleyside and Goodall (1957, p 0 

827) have observed, in regard to their experiments on juvenile Pacific 

salmon, "the light responses of these fish are never of the * all or none? 

typeo The term 1 phototaxisf does not seem appropriate0»othe reactions 

lack the precision of classical taxes or forced movementsoM

A more recent hypothesis advanced by Sale (1968a) for fish 

orientation behavior in general, contends that exploration activity is 

higher in "poor" environments and lower in "good" environments, where it 

is replaced by other activities such as feeding, etc* Sale claims that 

this hypothesis accounts for more aspects of habitat selection behavior 

than do .other previously proposed hypotheses; but he appears to borrow 

Tinbergen*s (1955) concepts of appetitive and consummatory behavior0

The Innateness of Fish Orientation Behavior 

Fraenkel and Gunn (1961, p 0 3) state that the examples of reac-* 

tions of fishes and other animals which they cite are "as far as is known, 

spontaneous and inborn," ioCa, "performed by all the members of the 

species in question, without previous training or experienceo"

, With respect to fish specifically, Hoar, MacKinnon and Redlich 

(1952, p 0 273) believe that, "when all the facts are assembled, each of 

the many movements and activities of a fish will be seen as a part of . 

some particular innate behavior pattern," and that "external environ

mental variables guide and direct the different activities involvedo"



9
Temperature preference, for example, has been characterized by 

Fry (1964, p. 721) as a "pure expression of the behavioral responses to 

temperature based on a given genetic constitution and physiological 

state*" Girsa (1969, p* 134) has emphasized the "unconditioned reflex 

nature of light reactions under natural conditions * * ..reaction to light is 

an inborn characteristic in fishes*" Scherer (1971, p* 1306) concludes 

that "innate behavioral responses to environmental factors* * *can be 

considered as essential tools developed by the species along with the 

evolutionary process of establishing its ecological niche* By means of 

preference and avoidance mechanisms, environmental identities become 

directive clues that guide the animal in selecting suitable factor 

conf igurations *" - —

Evidence for the direct inheritance of orientation behavior in 

fishes is presented by Feddern (1968), who found that hybrid angelfishes 

exhibited habitat preferences intermediate to those of the two parent 

species, and by Dzyan (1959), who has demonstrated matroclihous inheri

tance of temperature preference in sturgeon hybrids* Anderson (1949, 

p* 13) states that "habitat preferences are inherited in substantially 

the same manner as any other character*" Furthermore, "selection of a 

habitat characteristic for the species will form part of normal repro

ductive isolation," (Manning, 1967, p* 139), thus playing a role in the 

evolution and maintenance of the species*

Sensory Abilities of Fishes 

In order to respond to environmental cues, fishes must be able 

to sense them* What, then, is the evidence regarding sensory .
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discrimination abilities of fishes? Bull (1936, 1938) has shown, on the 

basis of conditioned response experiments, that at least some teleost 

fishes can perceive temperature changes as slight as 0o03°G and salinity 

changes as slight as 0„2 o/oo So Bull (1952, p0 23) concludes that "the 

physical distribution of these properties of sea water is such that they 

might well serve, on the basis of this evidence, as directive stimuli

Visually, fish discriminate among a considerable range of light v 

intensities and other visual cues (Blaxter, 1970; Brett, 1957)o The 

pineal area of the brain also plays a direct role in light responses of 

some fishes, especially those fishes in which the pineal area is exposed, 

such as atherinids (Breder and Rasquin, 1950; Hoar, 1955)a

Although Bull (1957) and Gray (1937) have cast doubt on the 

ability of fishes to sense moderate rectilinear accelerations by other 

than visual means, blinded fish can respond directly to linear accelera

tions of 160-200 cm/sec, presumably mediated through the inner ear 

(Ft, R 0 Ho Jones, 1956b) <> Furthermore, a change in direction of current 

flow of 90° or more has perceptual significance to fish, irrespective of 

the orientation of the fish to the current (Bull, 1935); such direc

tional changes would be frequent in areas of turbulence*

Detection by fishes of low oxygen concentrations is indicated by 

the.work of J* R* Eo Jones (1952), Hdglund (1961), Scherer (1971), Shel- 

ford and Allee (1913, 1914), and Whitmore, Warren and Doudoroff (1960), 

but these authors disagree as to how fishes perceive changing oxygen 

concentrations *
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Previous Experimental Investigations 

of Fish Orientation Behavior

Temperature _

Only one previous investigator (Doudoroff, 1938) has examined the

temperature preference of atherinids, which were uncertainly identified

Cpo 495) as "either Atherinops affinis (Ayres) or Atherinopsis California

ensis Girardoodost before they had been identified*" These fish, from
othe Pacific coast near San Diego, had been acclimated at 21«5 C, and when 

placed in a 14-32°G gradient, spent "74 per cent of the time in four ad

jacent compartments (2 2 ° to 28°)," with a mean selected temperature of 

25=2°C (p. 505)o Doudoroff also studied Girella nigricans and Fundulus 

parvipinniSe

The temperature responses of few other strictly marine fishes 

have been examined: Girella nigricans by Norris (1963), Clupea palasii,

Lepidopsetta bilineata and Oligocottus gorbuscha by Shelford and Powers 

(1915), and Gillichthys mirabilis by de Vlaming (1971) <,

The bulk of temperature preference work has been performed on 

anadromous or freshwater fishes (Badenhuizen, 1967; Beamish, 1970;

Brett, 1952; Dzyan, 1959; Evropeyzeva, 1944; Ferguson, 1958; Fisher 

and Elson, 1940, 1950; Fisher and Scott, 1942; Fisher and Sullivan, 

1958; Fry, 1947; Fukosho, 1968; . Garside and Tait, 1958; Ivlev, 1960a; 

Javaid, 1967; Javaid and Anderson, 1967a, 1967b; Jones and Irwin, 1962; 

Lenkiewicz, 1964; Mantelman, 1958a, 1958b; McCauley and Pond, 1971; 

McCauley and Tait, 1970; Neill, Magnusdn and Chipman, 1972; Ogilvie 

and Anderson, 1965; Pearson, 1952; Pitt, Garside and Hepburn, 1956; 

Rozin and Mayer, 1961; Schmeing-Engberding, 1953; Sengupta, 1962;
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Sullivan, 1949, 1954; Sullivan and Fisher, 1947, 1953, 1954; Wells, 

1914; Zahn, 1962, 1963).

The gradient devices used have been diverse in design, and have 

been classified into basic types by Fry (1958a)0 The type which is used 

in this study is the horizontal linear gradient; in contrast to vertical 

types, horizontal temperature gradients have the advantage that "tempera

ture is almost certainly the only variable responsible for the observed 

preferential frequency distributions of the fish" (Javaid and Anderson, 

1967b, p» 1512)o Fry (1958a) has observed that in this type of device, 

"constrictions at appropriate intervals together with vigorous stirring 

in the expanded sections of the tank, will satisfactorily maintain the 

gradient" (p„ 41)»

The number of fish present in a given segment of the gradient is 

the observation usually recorded (Fry, 1958a), and the mode of this fre

quency distribution is then usually taken as indicating the preferred 

temperature; as Pitt, Garside and Hepburn (1956, p„ 556) put it, "it is 

considered that the mode is the statistic that best describes the pre

ferred temperature, since it is the most frequently occupied position 

and thus is in fact the definition of the preferred temperature„" The 

frequency distribution can be compared statistically with the distribu

tion expected to occur by chance (or with the control distribution
- 2derived from a null experiment) by means of the X test (Fry, 1958a)«, 

Salinity

Little experimental work has been done with salinity gradients, 

due to the ''technical difficulties of establishing and maintaining
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salinity gradients other than vertical ones" (Holliday, 1971, p„ 1028), 

although there are suggestions that "sharp salinity gradients might act 

as barriers to the movements of fish,”

Some laboratory investigations have been conducted by Baggerman 

(1957, 1960a, 1960b, 1963), Houston (1957), Mclnerney (1964), Otto and 

Mclnerney (1970), and Shelford and Powers (1915)o Staaland (1969) has 

published a novel salinity gradient design which he used for marine 

gastropods; however, it has not heretofore been used for fish studies.

Light

Numerous laboratory investigations have been made of the light 

responses of fishes (e,g,, All, 1959; Andrews, 1946; Blaxter, 1968; 

Breder and Rasquin, 1950; Breder and Harris, 1936; Fields and Finger, 

1954; Gibson and Keenleyside, 1966; Girsa, 1966, 1969; Heard, 1964; 

Hoar, 1954; Hoar, Keenleyside and Goodall, 1957; Hoar, MacKinnon and 

Redlich, 1952; Ivlev, 1960b; Johnson, Fields, Karekar arid Finger, 1958; 

Fo.Ro Ho Jones, 1955, 1956a; Kawamoto and Konishi, 1955; Kwain and 

MacGrimmon, 1969; Pinhorn and Andrews, 1963, 1965; Scherer, 1971; 

Tayolga, 1950; Volkova, 1970; Woodhead, 1956, 1957, 1966; Wbodhead 

and Woodhead, 1955),

Fo Ro Ho Jones (1955) and Woodhead (1956) have attempted to 

separate the effects of light intensity from light direction. However, 

the distinction between the two types of reaction is often "artificial 

and unwarranted in many respects," since a light gradient implies a 

"more or less conspicuous directional character of the light field" 

(Verheijen, 1958),



Turbulence

Only MacKinnon and Hoar (1953) have examined the responses of 

fish (juvenile salmon) to different degrees of turbulence as sucho Sale 

(1968a) investigated degree of water movement as one aspect of habitat 

selection by juvenile surgeonfisho Most studies of fish reactions to 

water movement have dealt with rates and directions of current flow 

(Carney and Adkins, 1955; Davidson, 1949; Elson, 1939; F. RQ H« Jones, 

1956b; Keenleyside and Hoar, 1954; Northcote, 1958)»

Oxygen Concentration

Reactions of fishes to gradients of dissolved oxygen have been 

studied by Bishai (1962), Htiglund (1961), Htiglurid and HHrdig (1969),

Jo Ro Eo Jones (1952), Lozinov (1952), Olthof (1941), Shelford and Allee 

(1913, 1914), Shelford and Powers (1915), Whitmore (1957), and Whitmore, 

Warren and Doudoroff (1960)0 Van Sommers (1962) demonstrated that 

oxygenated water could serve as an unconditioned reinforcement for fish 

held in deoxygenated water.

Objectives of the Research 

The immediate objectives of this research are to determine the 

locomotive responses (modal preferences) of larval and juvenile grunion 

in gradients of temperature, salinity, light, turbulence and oxygen 

concentrationo In addition, the acute tolerances (incipient lethal 

levels) for temperature and salinity are determined, in order to relate 

behavioral avoidance responses to levels which would otherwise lead to 

death in less than 72 hours.



Knowledge of the physiological tolerances and behavioral 

responses can then be related to what is known of the grunion’s habitat 

and ecology, and qualified predictions can be made as to behavior and 

distribution of the fish in natureo This should inspire further studies 

with other species, and will lead to increased understanding of the 

behavioral and physiological ecology of fishes0



METHODS AND MATERIALS

A large supply of grunion was readily available for experimenta

tion due to the relative ease of procuring several thousand eggs from 

each spawning female, and to the relative ease of raising large numbers 

of the small fish in aquarian

Procuring the Eggs 

On 18 March 1972 and on 16 April 1972, I captured a number of 

adult Leuresthes sardina with a 50-foot bag seine during daylight 

spawning runs on the beach south of El Golfo de Santa Clara, Sonora, 

Mexico, The ripe eggs from approximately twenty females were expressed 

into a plastic pail, then fertilized with milt from an approximately 

equal number of males.

The eggs were shielded from.direct sunlight by setting the pail 

into a larger opaque bucket with a lid. After about 45 minutes, the 

excess milt was decanted, and the eggs rinsed with fresh seawater. The 

eggs were then spread in single layers between paper towels, three layers 

deep,

The paper towel layers were then placed on plastic undergravel 

aquarium filters set in rectangular plastic trays containing seawater, so 

that the eggs were suspended above the seawater. The edges of the paper 

towel were folded beneath the undergravel filters, immersed in the sea

water , so that the eggs were kept moist by water seeping up through the 

paper towels. There were four such trays in all, each containing three
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layers of eggs. The trays were then covered loosely with tinfoil to 

retatd evaporation, and placed in an insulated chest to further preserve 

the humidity and temperature during transportation back to the laboratory»

Incubating the Eggs 

Upon reaching the laboratory, the eggs were placed in a 

controlled-temperature incubator at 18°C, in total darkness (since light 

is detrimental to their normal development— -see Hubbs, 1965j McHugh, 

1954)o Fungal and bacterial growth on the eggs are retarded by keeping 

them at 18°C (Co Lo Constant, personal communication)„

I checked the seawater in the trays daily with a refractometer, 

and added distilled water, if necessary, to compensate for evaporation 

and maintain the salinity within the range 35=37 o/oo S, comparable to 

the salinities presently found in the northern Gulf of California,,

Hatching the Eggs 

The eggs were ready to hatch 9 days after fertilization, but 

could still be hatched after an interval as long as 32 days» The 

hatching percentage averaged about 67%0

Hatching was initiated by transferring the eggs to a beaker of 

seawater agitated by vigorous aeration (these eggs will not hatch unless 

agitated)o The hatched prolarvae (sac fry) were then transferred by 

means of a large-bore pipette to 38-liter (10-gallon) rearing tanks, or 

in some cases directly into experimental gradients or test tankso

The relatively large, robust larvae hatch in a comparatively 

advanced condition= The eyes are well developed, they swim rather well.
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and their mouths and digestive tracts are open, enabling them to begin 

feeding almost immediately on Artemia naupliio They do not appear to 

undergo a "critical period" typical of some other fish larvae (see May, 

1971)o They do, however, seem to require a fairly high food density for 

good long-term survival„

Maintaining the Fish 

The rearing tanks were kept at room temperature, 22-24°Go Timers 

maintained a 12:12 light:dark cycle, with the lights on from 1000 to 2200 

hours MST, in accordance with the preferred schedule of the investigator 

(there are no windows in the laboratory)» The rearing tanks (thirteen 

38-liter, one 57-liter and one 76-liter) were provided with undergravel 

filters* Salinity was maintained at 35-37 o/oo, using a synthetic sea- 

salt mixture ("Instant Ocean")* Mortality was negligible so long as large 

amounts of food were provided*

The fish were fed daily on nauplii of the brine shrimp Artemia 

salina, which were freshly hatched each day (cf= Ehflich and Farris,

1971| May, 1971; McHugh and Walker* 1948)* This food alone has proven 

sufficient to maintain the fish in apparent good health for more than six 

months, but their growth is apparently limited by the amount of food or 

space available, and is much slower than in nature*

The yolk sac is absorbed at about 4 days post-hatching, trans

forming the prolarvae into postlarvae* At 30-40 days post-hatching, 

metamorphosis occurs, with the adult-type fins replacing the simple fin

folds of the larvae, which are thereby transformed into juveniles* Ages
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given for the various experiments indicate the number of days since 

hatching at the beginning of the experiment„

The Staaland Salinity Gradient

The salinity gradient apparatus is constructed according to the 

design of Staaland (1969)» It is made of Plexiglass, and has alternate 

vertical partitions which in conjunction with density discontinuity 

layers, permit a series of up to eight graded salinities to be maintained 

along the length of the device (Figo 1)» The salinities are prepared by 

mixing synthetic sea salts with the desired amount of distilled watero 

The transition from one salinity to another in the device is quite abrupt, 

rather than presenting a smooth, continuous gradient. However, this 

presents the animal with a discrete choice at each salinity interface.

For filling, the device is tilted to a 45° angle, and water is 

siphoned into each compartment from a series of tanks containing the 

desired salinities, beginning with the most dense/saline water and con

tinuing with successively decreasing.salinities, The device is then 

lowered into a horizontal position, and the "discontinuity layers 

obtained during filling persist owing to the transversal walls" (Staaland, 

1969, p, 854)„

A 1 cm thick Plexiglass cover plate was substituted for the 

wooden plate used by Staaland, permitting it to be left in place during 

experiments to retard evaporation, without obscuring visibility from 

above. Also, % cm thick self-adhesive weatherstripping was substituted 

for the soft rubber plate used as a gasket by Staalandj this was much 

less expensive, and did not obstruct visibility.



Fig. 1. The Staaland Salinity Gradient Device. —  Top, side and end 
views. Dotted lines represent density/salinity interfaces. 
The filling holes are plugged with rubber stoppers. Length 
1.6 meters. For further details see text and Staaland (1969).

roo
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Staaland (1969, p 0 854) has stated that "to maintain the system 

with discontinuity layers it is necessary to prevent turbulence,P„ 

bubbling through airstones is therefore not appropriate," Although he 

diffused Oxygen through latex tubing, he found "local oxygen deficits" 

where a number of animals (whelks) were aggregated.

Aeration by means of airstones is, however, possible if the air- 

stones are placed between alternate partitions which are not occupied by 

discontinuity layers| this does not adversely affect the stability of 

the system, which was found to change no more than a few parts per 

thousand over a period of many weeks,

The oxygen concentration in each salinity was monitored daily 

with a Yellow Springs Instrument Company oxygen probe, and any inequities 

due to aggregations of fish or differential oxygen solubilities in the 

different salinities were compensated by adjustments in airflow.

The "Selectatron"

The other apparatus used in these investigations was designed

and constructed specifically for this work, and has been dubbed the

"Selectatron" (Figs, 2 and 3), It was designed for maximum flexibility 

and has been used to produce gradients of temperature, light intensity, 

turbulence and oxygen concentration. It is constructed of plywood, 

waterproofed with white Porceramic paint, and the joints sealed with a 

silicone aquarium sealer.

As shown in Fig, 2, there are sixteen 20 cm long by 20 cm wide

by 25 cm deep compartments, interconnected at the top by 2,5 cm wide
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Fig. 2. The "Selectatron." —  Schematic diagram; top and end views. 
Each chamber is 20 cm x 20 cm x 25 cm deep. Dotted line is 
water level (20 cm deep). Passageways are 2.5 cm wide, and 
extend 7.5 cm from top. For further details, see text.
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Fig# 3# The Lid of the ’’Selectatron.’1 —  End and bottom views# The 
four fluorescent lights are 30 watts each. The observation 
holes are 0.5 cm in diameter# Dimensions are 92 cm x 92 cm x 
30 cm.
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passageways which extend 7«5 cm downward from the top. Sliding or clip- 

on gates are used to close these passageways.

Airstones are affixed to the bottom center of each chamber to 

provide aeration and mixing, A bank of sixteen air valves controls the 

airflow to each of these, in addition to a master valve which permits all 

air to be shut off temporarily to assist in making observations,

A great deal of flexibility is possible with this gradient tank 

design. The gates can be adjusted so as to provide four parallel, simul

taneous experiments along either axis. With all gates closed, the device 

could be used as a grid for acclimating fish to different levels of 

temperature, light intensity, salinity or oxygen concentration. Also, 

the photoperiod can be controlled by plugging the lights into a timer.

The entire square plywood inner portion just described is set 

within a steel U, S, Government surplus shipping case, lined inside with 

7,5 cm thick sponge insulation. The latter provides a degree of insula

tion from external temperature, shocks and vibrations.

Finally, a hinged wooden boxlike lid (Fig, 3), containing four 

parallel cool white 30-watt (F30T12CW) fluorescent lamps is set atop the 

apparatus. The lighting arrangement is bilaterally symmetrical along 

either axis. Also, the lid is provided with peep-holes which afford a 

view of the interior of all compartments without raising the lid. The 

light fixtures and the entire inside of the apparatus are painted white 

for uniformity.



Temperature Control

Temperature control is provided by heating the water at one end 

of the gradient and cooling the water at the other end= A bank of four 

Wil-Nes #77 aquarium heaters at one end provide heating and temperature 

control; these have separate heating and sensing elements, and can be 

set for a wide range of temperatures from less than 5 C to more than 

450Co They can each be adjusted independently, or all can be linked to 

one of the sensing elements.

Cooling is indirect. A refrigeration unit cools a tub of water, 

while a sump pump set in the tub pumps the secondary coolant water 

through loops of clear plastic tubing in each of the four compartments 

at the end opposite the heaters. The tubing circuit is arranged in 

parallel, so that the cooling is equal in all chambers. This system is 

capable of cooling the water in the end chambers to 7.5°0, at a room 

temperature of 23°C.

Adjustment of the heaters at the other end controls the overall
orange of temperatures in the gradient. A differential of 12 C is ordi

narily maintained between the two ends, with a 4°C differential between 

each chamber. The maximum differential is modifiable somewhat by

adjusting either the water level (normally 20 cm deep, providing a 6=25 
2cm water passageway between each chamber), or the intensity of aeration, 

which must, however, be sufficient to prevent horizontal temperature 

lamination.

The moderate level of aeration used in the temperature gradients 

maintained the temperature within each chamber uniform to within -0.5°C, 

with a sharp transition zone near the passageways between chambers. The
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12 C range results in an average gradient of 0,15 G/cm, comparable to 

most gradients previously used, which have ranged from about 0o07°C/cm 

to 0o3°C/cmo The 12°C range can be moved upward or downward on the 

temperature scale by varying the heater thermostat setting* The gradient 

is monitored by means of a telethermometer, with additional periodic 

checks with a mercury thermometer*

Control of Light Intensity

A gradient of light intensity is produced by turning on only the 

lamp at one end. The light intensity, as measured with a Gossen Lunasix 

exposure photometer at the water surface directly below the light source, 

is 3000 foot-candles (32000 lux). In compartments successively further 

removed from the light source, the average intensity decreases to 500,

260 and 195 foot-candles (5400, 2800 and 2100 lux).

By covering over the two farthest compartments with black plastic, 

the intensities in these compartments can be further reduced to 16 and 

0,26 foot-candles, respectively (172 and 2,8 lux). In the compartments 

not directly under the light source, the source itself is visible only 

through the passageways.

Turbulence Control

Different levels of turbulence can be produced in different 

compartments simply by adjusting the intensity of aeration, A minimum 

level of aeration is always maintained to ensure that the water remains 

saturated with oxygen, as determined periodically with the YSI oxygen 

probe.
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The maximum intensity of turbulence generated by opening the air 

valves to maximum was designated "extreme" turbulence; the thin stream 

of air bubbles necessary to aerate the water was termed "no" turbulence, 

and the intermediate levels, "slight" and ^moderate,," Visual criteria 

used to distinguish among these levels included the generation of concen

tric standing waves on the water surface at the higher turbulence levelsi 

at the "moderate" level, a single standing wave became just clearly 

distinguishable, while the "extreme" level produced three prominent 

concentric, rings= No standing waves were distinguishable at the two 

lowest turbulence levels; at the "slight'.1 turbulence level, however, 

water movement was clearly discernible by the motions of air bubbles in 

the water, while at the level of "no" turbulence the air bubbles moved 

upward in a thin vertical stream without obviously disturbing the water„ 

For graphic purposes, these visual criteria, which were used in 

the absence of any more adequate means of quantification, were assigned 

the following numerical values;

1 = "no" turbulence

2 = "slight" turbulence

3 = "moderate" turbulence

4 = "extreme" turbulence

Control of Oxygen Concentration -

An oxygen concentration gradient was established by connecting a 

compressed oxygen cylinder into the air line, through a pressure regula

tor,' and then adjusting the air valves at one end of the gradient so as 

to produce a very thin stream of bubbles, while all other valves were
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closed* The oxygen concentration in the non-oxygenated chambers is 

gradually reduced by the respiration of the animals* Oxygen concentra- 

tions from about 22 ppm down to 1*6 ppm were produced in this way, 

although it is difficult to adjust the gradient to acheive a steady 

state at any point*

Experimental Methods and Measurements

Temperature Preference Experiments

When the desired temperature gradient had been established, eight 

fish were introduced into each of the four compartments nearest their 

acclimation temperature (usually 24°C)> for a total of thirty-two fish or 

an average of two per chamber in the device as a whole* The gates were 

adjusted so that four simultaneous and parallel experiments were con

ducted at one time* Eight fish proved to be the largest number that 

could be conveniently counted if all happened to be in one chamber at the 

same time (which happened occasionally), due to their continual movements 

within the chamber *

This density permitted a higher rate of data gathering, with 

fewer observations, than would have been possible with single fish, and 

did not produce undue overcrowding* Furthermore, since the grunion is in 

nature a loosely schooling fish (Blaxter, 1960; Ehrlich and Farris,

1972; Van 01st, 1968), it is likely that solitary fish might not react 

normally to stimuli, since a solitary grunion "could be subjected to 

increased stress or increased activity" (Ehrlich and Farris, 1972, p* 

270).



29
At no time did any type of social interaction appear to interfere 

with the gradient responses« No territorial or agonistic behavior was 

ever observed. On the other hand, no actual schooling behavior or obvi

ous orientation to one another was observed within the confines of the 

experimental apparatus, probably due to space restrictions. This con

forms to the observation by Ehrlich and Farris (1972) that L, tenuis did 

not school or aggregate in any of their rectangular tanks, In short, the 

fish generally seemed to ignore one another in the experimental situation, 

concentrating largely on exploratory behavior in the unfamiliar surround

ings.

In some experiments, I adjusted the temperature range upward or 

downward in order to establish the approximate preferred range, and to 

see if the fish would tend to follow the moving isotherms rather than 

remaining in a given location within the apparatus, In other experiments 

the temperature range was held constant. In different experiments, the 

range was set so that the preferf'ed temperature occurred in a different 

part of the device, so as to eliminate the possibility of orientation to 

any extraneous cues other than temperature.

In most temperature experiments, the normal 12:12 light cycle was 

maintained, although a few preliminary experiments were run in complete 

darkness or in constant light for comparison, A group of fish were used 

only once in a particular gradient. The fish were fed about two hours 

prior to introduction to the gradient. After introduction of the fish, 

observations of the numbers of fish in each compartment were recorded at 

intervals, at least one half hour apart, to determine temporal changes in 

the modal response. Salinities were maintained at 35-37 o/oo.



Salinity Preference Experiments

Twenty-four fish (an average of three per chamber) were intro

duced to the area of the salinity gradient containing the salinity 

closest to their acclimation salinity (35-37 o/oo). The experiments were 

conducted at room temperature, which varied between 22-24°Co The exact 

ranges of salinities available, and their positions within the device, 

varied among individual experiments due to changing of the watero

As in the temperature experiments, the distribution of fish was 

recorded at intervals of a half hour or longer» The salinities and oxygen 

concentrations were monitored at least once a day. The water was aerated 

by means of airstones as previously described, and the proper adjustments 

made to compensate for oxygen variationse

Light Intensity Preference Experiments

Two fish were placed in each of the sixteen chambers of the 

nSelectatron" (total thirty-two)0 The lid was then closed and the light 

at one end turned on, establishing the gradient of light intensityc I 

recorded the positions of the fish at random intervals0 The light gradi

ent was periodically reversed during some experiments as a further test 

of the strength of the response; this was accomplished most easily in 

the light gradient, by simply resetting the switches.

Turbulence Preference Experiments

The fish were introduced into each chamber of the "Selectatron" 

(total thirty-two fish); then the turbulence gradient was established*

A 12:12 photoperiod was maintained* The turbulence gradient could be 

established along either of the two horizontal axes of the apparatus
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(in contrast to the temperature and light gradients, which were limited 

to one axis only), so the direction of the gradient could be rotated 90°, 

180° or 270° during the experiment (with proper adjustment of the gates), 

permitting multiple testing of the response. Oxygen was monitored 

periodically (with the aeration shut off momentarily), to ensure that no 

appreciable oxygen gradient was present to interfere with the desired 

response.

Oxygen Preference Experiments

Thirty-two fish were again distributed in the "Selectatron," two 

per chamber, The gradient was then established as previously described, 

and the fish distributions were observed periodically. The gradient was 

also monitored periodically, with the oxygen flow momentarily shut off, 

using the YSI oxygen meter.

The range of the gradient varied considerably due to slight vari

ations in the oxygen flow, but the oxygen tension was always considerably 

higher at one end than at the other. The very thin stream of oxygen 

bubbles did riot cause any appreciable water movement.

Treatment of the Gradient Data 

Where four simultaneous experiments were conducted in the 

"Selectatron," the data of all four experiments were combined. The mode 

of the combined frequency distribution was then taken as the selected 

region at each observation. The modal values were plotted against time 

to determine the modal response sequence.

Preliminary experiments showed that a characteristic response 

always occurred within about 24 hours after the fish were placed in the
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gradient,, On the other hand, after about 48 hours the distributions 

often became erratic, especially with respect to temperature and salinity» 

Therefore, the combined frequency distributions for all observations made 

on the day following introduction of the fish to the gradient were taken 

as the most reliable and reproducible indication of the preference 

responses.

Chi-square values were computed to provide a statistical compari

son between the raw empirical distributions and the distribution values 

expected from null, experiments (no gradient present), The chi-square 

values thus obtained give a measure of the probability that the observed 

distribution differs from the expected distribution entirely by chance, 

and also give some indication of the relative intensity of the reaction 

(Fry, 1958a), Probability values less than 0,001 were regarded as sig

nificant in the present work.

Tolerance Experiments 

Physiological tolerances for temperature and salinity were deter

mined in order to relate the preferenda to directly lethal levels. This 

was necessary in order to assess the behavior of the fish within a physi

ological and ecological framework.

Temperature Tolerance

The upper and lower incipient lethal temperatures were determined 

from resistance time experiments according to the methods described by 

Doudoroff (1945), Both newly hatched prolarvae and. prejuveniles (30 days 

post-hatching) were tested. Thirty-seven groups of ten fish were used,
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including replications* Salinity was maintained at 36-l°C throughout the 

tests*

Acclimation temperatures for the prejuveniles were 22°G and 30°Co 

The newly hatched prolarvae had been incubated at 18°Co The ultimate 

upper and lower temperatures to which the older fish could acclimate were 

determined by acclimating groups of fish slowly, in 1°C increments or 

decrements every 72 hours, until no fish survived for 72 hours at a given 

temperature, which was taken to indicate that no further acclimation was 

possible* This method is similar to a very slow,CTK (critical thermal 

maximum— see Fry, 1967, 1971), and probably gives outside limits for the 

ultimate upper and lower incipient lethal temperatures„

All this data was then used to generate a polygon (Fig* 4„ p„ 36) 

delimiting the zone of temperature tolerance, and the area of the polygon 

was calculated in degrees Centigrade squared as an indication of the 

eurythermality of the species (see Brett, 1956)* Data for the newly 

hatched prolarvae are added to the figure as triangles, which fall out

side the polygon (Fig* 4)o

Salinity Tolerance

The upper and lower incipient lethal salinities were determined 

in a manner.analogous to that used for temperature tolerance: the time

to death of 50% of ten fish (previously acclimated at 36-1 o/oo) at a 

given test salinity was taken as the median resistance time for that 

salinity; then the logarithms of median resistance times were plotted 

against salinity, and the point at which the slope of the line changes 

abruptly to zero was taken as the incipient lethal salinity*
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The tests were conducted at 23-l°C« Fifty-two groups of ten fish 

were used in all for the salinity tolerance tests6 Three age groups were 

tested: newly hatched prolarvae, ten-day-old postlarvae, and thirty-day-

old prejuvenileso The incipient upper and lower lethal salinities were 

then plotted against age (Fig. 5, p. 37).



; RESULTS

The results of the temperature and salinity tolerance tests, and 

the null-experiment distributions, are presented first in order to place 

the results of the preference experiments in proper perspective.

Temperature Tolerance 

The thermal tolerance zone for 30-day-old L, sardina (at 36 o/oo 

salinity) is shown in Fig, 4, and encompasses an area of 436°G squared. 

Also shown are the upper and lower incipient lethal temperatures for 

newly hatched prolarvae (triangles), which fall outside the tolerance 

zone for the older fish, indicating that the younger fish are somewhat 

more eurythermal. Note that the incipient lethal temperatures are 

plotted against acclimation temperature on the abscissa.

The total range of temperatures within which the young grunion 

could be acclimated was 8-35°C, a spread of 27°G, However, for a given 

acclimation temperature the range was only 17°G, The prolarvae, on the 

other hand, tolerated a range of 23»5°C (7,5-31°C) at an acclimation 

temperature of 180C,

Salinity Tolerance

Fig, 5 shows the decrease in salinity tolerance which occurs
■ ■ '' ■ . o ■between hatching and the age of thirty days (at 23 C)o The upper incipi

ent lethal salinity shows a decrease of 10 o/oo, from 67o5 o/oo at 

hatching to 57o5 o/oo at thirty days0 The lower incipient lethal
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squared. Prejuveniles used were thirty days old at start of 
tests. The two triangles represent the upper and lower lethal 
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acclimated at 36-1 o/oo salinity. Tests were conducted at 23°C.



salinity undergoes a much more modest increase, from 4ol o/oo to 5 o/oo 

in the first ten days, with no further change between ten and thirty 

days.. Newly hatched prolarvae are, then, more euryhaline than older 

fish*

Nul1-Experiment Distributions 

The expected random distribution of fish in the gradient tanks 

with no gradient present should result in a frequency distribution ratio 

among the various chambers of 1;1;1:1 along either axis of the "Selecta- 

tron" and 1:1:1:1:1:1:1:1 along the eight-chambered length of the 

Staaland device. However, the empirical null distributions obtained for 

the '’Selectatron” are closer to a ratio of 2:3:3:2 (based on twenty 

experiments: two replications of four simultaneous experiments along'

each axis, plus four experiments with all gates open, testing both axes 

simultaneously). The combined frequency distribution for all these 

experiments, including both axes, is shown in Fig, 6, There is a 10% 

greater chance of a fish being found in a center chamber than in the 

adjacent end chamber.

As shown in Fig, 7, a similar situation occurs in the Staaland 

device, where the empirical distribution based on ten null experiments, 

each using twenty-four fish, yields an approximate ratio of 1:2:3:3: 

3:3:3:2, Reference back to Fig, 1 shows that the #1 chamber at the left 

end contains a slightly smaller volume than the other chambers, perhaps 

accounting for the lower frequency there (the "chamber" boundaries are 

delimited by the dotted lines, which show the usual position of density 

interfaces).



39

Fig. 6

60 r

50

?̂40
>
O
23 0Id
3
aId
CC

20

10

B C
COMPARTMENT

The Null-Experiment Relative Frequency Distribution in the 
"Selectatron." —  The distribution is the same for both axes, 
with no gradient present.
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right corresponding to Fig. 1. The volumes of the left- and 
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In the absence of a gradient, then, the fish show a lower proba

bility of occurrence at the ends of the gradient tanks« Therefore, the 

gradients were often arranged so that the "preferred" region occurred at 

the end of a tank, to demonstrate that a preference reaction was suffi

ciently strong to overcome the "non-preference" of the fishes for the 

ends of the gradient tanks„

Preference Experiments

Temperature Responses

Larvae less than three weeks old showed no significant response 

to temperature (FigSo 8 and 9)0 Figo 8 shows the modal positions of two- 

day-old prolarvae (age at the beginning of the experiment) in a fluctu

ating range of available temperatures, At all but three observations, 

the mode was located in one of the two central chambers of the gradient, 

irrespective of the temperature available there« The chi-square value 

computed for this distribution versus the null distribution is 5=53, 

yielding a probability value between 0.100 and 0.250, which does not meet 

our criterion of significance, p = 0.001.

Fig. 9 shows the modal position of 19-day-old postlarvae in a 

fixed gradient of 20-32°C; the modal position remained unchanged from 

the 24°C introduction temperature over a period of more than 24 hours.

The chi-square value for this,distribution - is 13.19, yielding a probabil

ity between 0.010 and 0.025, which also fails to meet our criterion of 

significance.

In marked contrast to the behavior of the younger fish, the 

25-day-old postlarvae (Fig. 10) demonstrated a strong tracking response
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Fig. 9. Modal Positions of 19-Day-Old Postlarvae in a Fixed Temperature 
Gradient. —  No movement of the mode from the introduction 
temperature occurred in 28 hours. Gradient range, 20-32°C; 32
fish were used.
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Fig. 10. Modal Positions of 25-Day-Old Postlarvae in a Fluctuating 
Temperature Gradient. —  Note the pronounced tracking 
response to the warmest isotherm (to 31 C) during the first 
four days.



to the warmest available temperature.- The chi-square value in this case

is 44603, yielding a highly significant probability much less than O-OOlo

The fish remained in the warmest end chambers (to 31°C) for four days,

after which the distribution became erratic, a typical occurrence after

several days in the gradient-

FigSp 11 and 12 show the 32°C isotherm-tracking response of

45-day-old juveniles, in which the modal position moved from one chamber

to another in accordance with the changes in the range of temperatures

available- The chi-square values were 150-5 and 46-6, respectively,

yielding significant probability values much less than 0-001- All of
othese fish had been acclimated at 24 C.

Fig- 13 illustrates the independence of second-day modal, response 

from the original acclimation temperature, owing to rapid re-acclimation. 

These fish, 150 days old, had been acclimated for more than 30 days at 

15°C; yet, by the second-day they had shown the typical movement to a
otemperature of approximately 32 C (chi-square was 61-2, significant at 

0-001)- This indicates the speed of heat acclimation in this species, 

showing that 24 hours is sufficient time to reach its final preferendum 

(defined by Fry, 1947, as the point toward which a fish will finally 

gravitate regardless of its previous thermal experience) within this 

temperature range-

In response to Norris' (1963) objection to using fishes accli

mated at a fixed temperature for preference experiments, the fish in Fig- 

14 (160 days old) had been kept in a diurnally cycled temperature regime 

for several months, in which the temperature varied between 24°G.and 30°G



46

40

U
30HI

cr
0.20

0 0 012 12 12
TIME (HOURS)

Fig. 11. The 32°C Isotherm Tracking Response by 45-Day-Old Juveniles.
—  The modal position moved from one chamber to another in 
following the 32°C isotherm. The 32 fish were acclimated at 
24°C.
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Fig. 13. The Temperature Response of 15 C Acclimated Fish. —  These 
32 fish, 150 days old, were acclimated at 15 G for more than 
30 days. The speed of acclimation is indicated by attainment 
of the final preferendum in just over 24 hours.
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Fig. 14. The Temperature Response of Fish Accustomed to Cycled Tempera
ture. —  These 32 fish, 160 days old, had been kept for 
two months in a diurnally cycled temperature regime which 
varied daily between 24 C and 30 C. The response was identical 
to that of constant-temperature acclimated fish.
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on a 12:12 cycle which coincided with that of the lights* The response 

is the same as that seen in the previous experiments, and the chi-square 

value is'98o3, giving a probability value much less than 0*001*

Fig* 15 shows the combined second»day frequency distributions for 

five replicates of four simultaneous experiments (total twenty); the 

temperatures are grouped to include slight variations in available tem

perature range among different individual experiments0 The fish spent 

51% of their time in the range 32~20Cst although individual fish moved 

frequently from chamber to chamber* Note that the modal preferred tem

perature occurs in an end chamber, in marked contrast to the distribution 

seen in the null experiment (Fig* 6)* The chi-square value is 1486*3,

and the probability value very much less than 0*001*
'
Fig* 16 shows the relative frequency distribution for a 24-36 C 

temperature range (combined second-day sums for four simultaneous experi

ments) * Here again, the mode occurs at 32t2°C, with the fish spending 

48% of their time there— nearly the same percentage as the mode in Fig* 

15, despite the fact that it occurs in a center chamber* The chi-square 

value is 46*6, with a probability value less than 0*001*

In Fig* 17, the temperature range available is shifted still 

higher, from 26-40°C (combined second-day sums for four simultaneous 

experiments)* Here the chamber at the highest temperature, 40°C, is 

above the lethal point and therefore is unavailable to the fish, con

fining them to the three cooler compartments * Owing probably to this 

limitation of available space, the.mode in this case comprises 72% of the 

fish, again at a temperature range of 32-2°G and in a center chamber*
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Fig. 15. Relative Frequency Distribution in a 20-32°C Gradient.
Second-day combined frequency distribution for five replicates 
of four simultaneous experiments (total 20). The 160 fish 
spent 51% of their time at 32-2°C.
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Fig. 16. Relative Frequency Distribution in a 24-36 C Gradient.
Combined data from second-day distributions of four simultane
ous experiments. The 32 fish spent 48% of their time at 
32-2 C. The 36 C chamber is in the zone of resistance, per
mitting non-lethal incursions for up to an hour.
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Fig. 17. Relative Frequency Distribution in a 28-40°C Gradient.
Combined data from second-day distributions of four simultane
ous experiments. The 32 fish spent 72% of their time at 
32-2°C.
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Chi-square equals 150<,5e Individual fish in Figs, 16 and 17 made brief 

excursions into the 36°C range without apparent ill effect, since the
• ozone of resistance for these fish extends to 37„5 C for % hour and to 

36°C for one hour*

These experiments were performed with a 12;12 light cycle; the 

fish were fed about two hours prior to introduction to the gradient, and 

were introduced at the temperature closest to their acclimation tempera

ture „ However, preliminary experiments revealed no significant effect on 

the temperature response of constant light or darkness, of time of feed

ing, or of place of introduction into the gradient* No regular rhythms 

were, evident in the temperature responses*

Salinity Responses

Fig* 18 summarizes the second-day combined frequency distribu

tions for ten salinity-preference experiments on each of three age groups 

a) newly hatched prolarvae, b) 8-10 day old postlarvae, and c) postlarvae 

and juveniles older than three weeks* The respective chi-square values 

are 220*0, 44*5 and 115*7, all giving probability values significant 

beyond the 0*001 level* Figs* 19, 20 and 21 show typical modal response 

sequences for individual experiments with each age group *

It is evident that there occurs within the first three weeks 

post-hatching a marked shift in salinity preference*. Prolarvae (mode = 

65% of fish) moved decisively toward a salinity range of 15-24 o/oo, 

while fish at all ages beyond three weeks selected a range of 45-54 o/oo 

(mode = 53% of fish)* The older fish were somewhat more mobile in the
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Fig. 18. The Change in Salinity Preference with Age. —  Second-day 
relative frequency distributions for ten salinity-preference 
experiments on each of three age groups: a = newly hatched
prolarvae, b = 8-10 day old postlarvae, and c = fish older 
than three weeks. Twenty-four fish were used in each experi
ment, 720 in all.



56

60

50

° 4 0

30

<CZ)
20

10
►e-e-

12 0 12 
TIME (HOURS)

12

Fig. 19. A Modal Response Sequence for Newly Hatched Prolarvae in a 
Salinity Gradient. —  This is a time sequence of modal 
positions in a salinity gradient, from one of ten such 
experiments with this age group; 24 fish were used.
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Fig. 20. A Modal Response Sequence for 8-10 Day Old Postlarvae in a
Salinity Gradient. —  This is a representative time sequence 
of modal positions from one of ten experiments with this age 
group, using 24 fish.
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Fig. 21. A Modal Response Sequence for Juveniles in a Salinity Gradient.
—  This is a time sequence typical of fish older than three 
weeks• Here 24 fish, 40 days old, were used.
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gradient, as evidenced by their lower modal peak and wider distribution* 

They also exhibit a small secondary peak at 15-24 o/oo„

Postlarvae of intermediate age (8-10 days) showed a bimodal dis

tribution, with the peak at 15-24 o/oo slightly stronger than the peak at 

45-54 o/oo (33% versus 30%)„ For all ages, a residual number of fish 

(23-27%) remained at the introduction salinity range (35-44 o/oo) on the 

second day* As with the temperature.experiments, durations of longer 

than 48 hours produced erratic distributions, while the characteristic, 

reproducible response always occurred within about 24 hours*

Light Responses

L* sardina of all ages from hatching through at least 150 days 

showed a strong positive light response, spending an average of 53% of 

their time at a light intensity of 3000 foot-candles (32000 lux), as seen 

in Fig* 22* Fig* 22 also indicates the range of frequency distribution 

values for four different groups of four experiments, with each group 

identified by the age of the fish in days* The chi-square values range 

from a low of 28=9 for the 150-day-old group, through 132=8 and 633=6 for 

the 0-day-old groups, to a high of 1702=8 for the 77-day-old group; all 

these values give probabilities significant beyond the 0*001 level*

There is a small secondary peak evident at the lowest light level 

(195 ft-c or 2100 lux), comprising an average of 24% of the time spent 

there= The lowest frequencies occur in the two center chambers, in 

marked contrast to the null distribution (Fig* 6)=

Fig* 23 shows a modal response sequence for newly hatched pro- 

larvae* Periodic gradient reversals (arrows) emphasize the rapidity of
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Fig. 22. The Response to Light Intensity. —  Relative frequency dis
tributions for four groups of four simultaneous experiments, 
each using 8 fish (total 128). Two groups of experiments used 
newly hatched prolarvae (age 0); one group was 77 days old, 
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range of frequencies, with hash marks indicating values for 
individual experiments identified by age in days. Circles 
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are: 2100, 2800, 5400 and 32000 lux, respectively.
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Fig. 23. Sequence of Modal Responses of Prolarvae to Light Intensity.
—  Periodic gradient reversals (arrows) emphasize rapidity of 
response recovery; by the succeeding observation, the fish 
had moved into the brightest light at the opposite end of the 
device. The four simultaneous experiments used a total of 32 
newly hatched fish.
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the response recovery, with the fish following the light to the opposite 

end of the device before the next observation one hour later» Figo 24 

indicates the temporal stability of the light response, which showed no 

decline after five days of continuous light, unlike the responses to tem

perature and salinity* The fish used in Fig* 24 were 77 days old; the 

relative frequency distribution is shown in Figo 22o

Turbulence Responses

Figo 25 indicates the modal response sequence in a turbulence 

gradient which ranged from ,?noH turbulence (=1) to "extreme" turbulence 

(=4), as described in the Methods section* After ah initial bimodal peak 

the mqde stabilized at level 3, "moderate" turbulence* This mode com

prised 537* of the fish (Fig* 26), with a chi-square value of 34*8, 

significant beyond the 0*001 level of probability*

Fig* 27 illustrates the modal response sequence in a gradient in 

which "moderate" turbulence (level 3) was available in one end chamber, 

with "slight" turbulence ( level 2) available in the other chambers * The 

oxygen levels remained at saturation in all chambers, as indicated.by 

periodic checks with the YSI oxygen probe* Response recovery is indi

cated after 90° and 180° shifts in the gradient direction, and also 

following an increase to turbulence level 4 followed by a subsequent 

decrease to level 3* The mode (Figo. 28) for the entire experiment com

prises 54% of the fish; chi-square is 460*0, significant beyond OoOOl*

No decline in the response with time is evident, but there is a 

movement of more fish toward the turbulent area in the afternoon of each 

day, as indicated by the mean positions plotted in Fig* 27 (lighter line)*
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Fig. 24. Modal Response Sequence of Juveniles in a Light Gradient. —  Temporal stability of
the light response is indicated by lack of change after five days of continuous light. 
The 32 fish were 77 days old. Dotted line represents movement of the mode to a 
central chamber of the device (indicated by the light intensity of that chamber during 
the experiment) after all four lights were turned on at the end of the experiment.
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Fig* 25. Modal Response Sequence in a Turbulence Gradient* —  The 32 
juveniles were 82 days old. Turbulence levels were: "no" 
turbulence = 1, "slight" turbulence = 2, "moderate" turbulence 
= 3, "extreme" turbulence = 4.



65

60

50

£ 4 0
>u
z  30 
bJ

S 20
ccU.

10

R E L A T W E  t u r b u l e n c e

Fig. 26. Relative Frequency Distribution in a Turbulence Gradient.
This is the distribution for the experiment shown in Fig. 25, 
The fish spent 53% of their time in "moderate” turbulence.
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Fig. 27. Modal Response to ’’Moderate” versus ’’Slight” Turbulence. —  ’’Moderate” turbulence 

(level 3) was available in the end compartment designated as ”A,” with "slight” 
turbulence (level 2) in chambers B, C and D. Response recovery followed 90 degree 
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to level 4 ("extreme") followed by a subsequent decrease to level 3 (arrows). Light 
line and small circles indicate rhythmic variation in mean position of fish.
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Fig. 28. Relative Frequency Distribution for the Experiment in Fig. 27.
—  The 32 fish, 75 days old, spent 54% of their time at the 
moderate turbulence level in the compartment designated "A.11
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During the three-day period in which gradient manipulations did not occur} 

there was a marked shift in the frequency distributions between the 

morning and afternoon observations (Fig. 29), with the mode increasing 

from an average of 53% for the earliest observation of each day to an ' 

average of 69% for the last observation of that day; a chi-square test 

comparing these two distributions yielded a value of 25.9, significant at 

the 0.001 level. A corresponding decrease occurred in the secondary peak 

at the end farthest from the turbulent area, from 33% in the morning to 

only 13% in the late afternoon. This shift very likely indicates either 

an activity rhythm or a correlation, with the light:dark cycle, a phenom

enon not evident in any other experiment.

Oxygen Responses

Fig. 30 indicates the combined modal response sequences for four 

simultaneous oxygen gradient experiments. There is evidence of a defi

nite avoidance reaction to oxygen concentrations less than 5 ppm, as the 

fish avoided this isocline by moving to successive chambers. When the 

highest available oxygen concentration had fallen to near the critical 

5 ppm level, and the fish were in the high-oxygen end chamber, the maxi

mum oxygen level was increased to 18 ppm. This resulted in a movement 

(escape response?) to the opposite end chamber, followed by a subsequent 

return to the preferred level above 5 ppm after the overreaction.

Individual fish were occasionally observed in chambers with 

oxygen concentrations as low as 1=6 ppm, remaining near the surface film 

where perhaps the local Oxygen tension was higher. The fish were not 

very active under these conditions, but did not appear distressed.
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Fig. 29. Difference Between Morning and Afternoon Distributions in the 
Turbulence Gradient. —  The mode increased from an average 
537. for the earliest observation to 69% for the latest obser
vation of each day, indicating a movement of more fish into 
the turbulent area in the afternoon.
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Fig. 30. Modal Response Sequence in an Oxygen Gradient. —  These 32 
fish, in four groups of 8, were 54 days old. Note the avoid
ance of oxygen concentrations below 5 ppm (71% saturation), 
except for the temporary overshoot following the supersatura
tion experiment. Lighter lines are limits of available oxygen 
concentrations•
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Since seawater at 36 o/oo salinity, 23°C and atmospheric pressure 

is saturated with oxygen at about 7 ppm, the critical 5 ppm concentration 

represents approximately 71% saturation, and 1,6 ppm is 23% saturation.

The mode for the experiment as a whole represents only 41% of the 

fish, but reached 49% at the point where only the end chamber contained a 

concentration greater than 5 ppm. The chi-square value for the entire 

experiment is 25,7, significant at the 0,001 level.



DISCUSSION AND CONCLUSIONS

Temperature Tolerance 

The 35°C ultimate upper incipient lethal temperature found for 

young Lo sardina is the maximum tolerated by most marine fishes (de Sylva, 

1969)o The 436°C squared tolerance zone (Fig» 4) for prejuvenile grunion 

is smaller than the values reported for other species» For example, the 

value for a temperate marine atherinid, Menidia menidia, is 715°C Squared 

(Hoff and Westman, 1966)« The three relatively eurythermal marine species 

tested by Hoff and Westman (1966) had an average tolerance rating of 

675°C squared, which is less than 75% of the average for the twenty-three 

freshwater species listed by Brett (1956; see also Brett, 1970)0

Brett (1970) has observed that in general, the range of tolerance 

for marine fishes varies from about 20°C in tropical latitudes to 27°C 

in temperate latitudes, narrowing to 8°C near the poles0 In this context 

the 27°C tolerance range (8°C to 35°C) for JLo sardina fits nicely into 

the temperate latitudes= This seems reasonable in light of its affinity 

to Lo tenuis of the temperate San Diegan fauna, and also in light of its 

range in the northern half of the Gulf of California, where temperatures 

fluctuate more widely than in the more subtropical southern Gulf«

It is an interesting result that the newly hatched prolarvae of 

Lo sardina appear to be more tolerant than the older fish, as evidenced 

by the fact that the tolerance limits (triangles in Fig. 4) fall outside
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the tolerance zone determined for the prejuvenilese There is some indi

cation that the early larvae of L„ tenuis may be similarly tolerant 

(Reuben Lasker, National Marine Fisheries Service, La Jolla, California; 

perSb commo)o ,

This wide tolerance range of the prolarvae is probably adaptive 

in that their smaller size and correspondingly lesser powers of locomo

tion render them less able to seek out more favorable conditions0 Their 

lack of behavioral response to temperature is also notable in this regardo 

The greater eurythermality of Lo sardina prolarvae stands in 

marked contrast to frequent statements regarding the supposed great 

sensitivity of such early stages (e0go, Brett, 1970; Lewis, 1965;

Norris, 1963; de Sylva, 1969)o This is probably due to a general lack 

of hard knowledge regarding the thermal requirements of various life 

stages of a sufficiently large number of marine species (Brett, 1956)»

Temperature Responses .

The finding that Lo sardina gravitate to their final thermal 

preferendum within about 24 hours (cfo Fig<? 13) is consistent with 

results obtained for other species (Ferguson, 1958; Fry, 1947; de 

Vlaming, 1971), and corresponds well with the observed rapid rate of 

high-temperature acclimation in fish (Brett, 1956)o

Lack of a regular diurnal rhythm in the temperature response is 

in agreement with the results of de Vlaming (1971) for the goby Gillich- 

thys mirabiliso The increasingly erratic behavior which occurred after 

more than a few days in the gradient also agrees with de Vlaming1s obser

vations 0
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The ecological and physiological implications of temperature 

selection behavior are several. Fry (1958b) describes an interesting 

relationship between.the thermal preferendum and metabolic rate, whereby 

the preferred thermal range corresponds to an interval over which the 

metabolic rate is little affected by increasing temperature, a phenome

non which he ascribes as primitively due to a thermal kinesis.

The preferred temperature has also been correlated with the maxi

mum scope for metabolic activity (Brett, 1956j Fry and Hart, 1948), with 

maximum cruising Speed (Fry and Hart, 1948), with maximum activity 

(Brett, 19.56), with optimum resistance to lethal temperature (Fry, 1964), 

with-maximum response to stimuli (Fisher and Elson, 1950), with an opti

mum balance of temperature-related compensatory mechanisms (Norris, 1963)s 

and with maximum appetite or feeding rate (Norris, 1963), Faster growth 

may also occur at the preferred temperature,

The importance of optimum feeding, and growth rates is no doubt 

of particular relevance to juvenile fish, which often seek warmer temper

atures than adults of the same species (Ferguson, 1958; Fry, 1937; 

Ogilvie and Anderson, 1965), often approaching voluntary temperatures 

near death (Lowe and Heath, 1969), The latter aspect applies well to 

L, sardina, where the preferred range (30-34OC) is very near the ultimate 

upper incipient lethal temperature of 35°C»

In addition to increased feeding and growth rates, the seeking of 

high-temperature, shallow-water environments (the two are often corre

lated) probably affords a measure of protection from predation on the 

young fish, since larger predators (perhaps including adults of the same 

species) are excluded not only by the shallow depth, but perhaps also by
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the high temperatures (in relation to their metabolic scope for pursuit, 

if not their actual lethal limits).

Salinity Tolerance 

The decline in salinity tolerance (Fig, 5) which occurs between 

hatching and metamorphosis in L. sardina is similar to that in Clupea 

palasii (Kurata, 1959) and in Clupea harengus and Pleuronectes platessa 

(Holliday, 1965; see also Holliday, 1971, Fig. 4-167). In these three 

species, as in L. sardina, there is a. greater decrease in tolerance for 

high salinities than for low salinities. The tolerated range at hatching 

for all for species lies betwefen 0-5 and 60-70 o/oo. Such early eury- 

halinity is now recognized for the prolarvae of a number of marine 

teleosts (Holliday, 1971).

Holliday (1971) has hypothesized that this early euryhalinity 

is possibly due to short-term tissue tolerance to internal osmotic 

changes in the relatively undifferentiated cells of the early larva, and 

secondarily to the ability of the undifferentiated epidermal tissues to 

regulate the body fluids and reverse the internal changes.

Salinity Responses 

A change in salinity preference with age, as found for L. sardina 

(Fig. 18), has been previously reported by Mclnerney (1964) and by Otto 

and Mclnerney (1970) for Pacific salmon, Otto and Mclnerney (1970) also 

reported the existence of a Mmodal preference in the coho salmon, which 

led them to hypothesize that two distinct preferenda exist in that 

species, one related to habitat preference and another, nearer the blood
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isosmotic point, related to a “physiological optimum" of minimum osmotic 

work 6

The latter hypothesis is interesting in relation to the lower 

salinity range selected by prolarval grunion, where lower osmotic energy 

expenditures may aid in conserving the yolk. It has also been suggested 

by Holliday (1965) that buoyancy differences may result in lower activity 

and therefore in lower metabolic demands on larvae at lower salinities, 

with maximum survival of starved herring and plaice larvae occurring at 

10 to 17o5 o/ooo

Development of a preference for higher salinities occurs at about 

the same age, i<>e«, during, the mid-postlarval stage, as the development of 

the temperature response* Salinities in the northern Gulf of California 

are generally higher close to shore than in open waters (Thomson, Mead 

and Schreiber, 1969)„ Therefore salinity as well as temperature prefer

ences could play a role in guiding the young grunion, prior to 

metamorphosis, into the shallow, warm, hypersaline esteros and inshore 

waters where they are usually observed and collected*

Juvenile grunion in the University of Arizona fish collection 

have all been captured inshore at depths less than 5 meters* They have 

not appeared in trawls, nor have they been observed or collected from 

boats or by divers in deeper waters*

Prolarvae, on the other hand, have appeared in surface plankton 

tows in open water.over 20 meters deep, where they had probably been 

carried largely by currents* Thus, young grunion may undergo an inshore 

movement reminiscent of that which occurs in young Girella nigricans
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(Norris, 1963) and Acanthurus triostegus (Sale, 1968a), even though they 

hatch from the beach rather than from pelagic eggs0

'Behavioral segregation of the younger larvae from the larger 

juveniles may help to reduce mortality due to cannibalism, as larger fish 

have been observed to eat prolarvae in an aquarium. Furthermore, hyper

saline environments may be conducive to faster growth of the juveniles 

(Holliday, 1971), The availability of suitable planktonic food may also 

by. correlated with salinity (Fleming and Laevastu, 1956),

Light Responses

The strong positive light response observed in L, sardina may be 
correlated with the exposed pineal area possessed by these fish, since 

Breder and Rasquin (1950) found that all species with exposed pineals 

tend to be strongly light-positive. They found that the atherinid 

Atherina stipes, which has such an exposed pineal, spent 100% of its time 

in the most strongly lighted half of a divided aquarium.
Another indication of the photopositive nature of L, sardina is 

found in their strong attraction to lights at night. They have even been 

observed, during a night spawning run, to struggle away from the water 

and further up the beach toward a light (D, A, Thomson, pers, comm,).

The positive light response is undoubtedly instrumental in 

keeping L, sardina near, the surface, in accordance with the, well-known 

effect of light on vertical fish distributions. Upward reflection of 

sunlight from a light sandy bottom would tend to increase the brightness 

of many shallow-water environments,-so that the light response should
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tend to reinforce the temperature and salinity responses in guiding the 

grunion into and keeping them in their characteristic shallow habitato

Comparison of feeding rates in aquaria at different illumination 

levels indicates that feeding is greatly facilitated by higher light 

intensities, in accordance with the importance of vision to particulate 

planktonophagic fishes (Girsa, 1969)0 The effect of enhanced feeding 

ability on the growth rate of juvenile fish is obvious,

Turbulence Responses 

The preference shown by juvenile grunion for moderate turbulence 

levels compares favorably with MacKinnon and Hoar’s (1953) finding that 

salmon fry respond maximally to intermediate turbulence levels=

Turbulence in water improves oxygenation and the circulation of 

nutrients necessary for plankton production. More important, however,, is 

the correlation of turbulence with shallow inshore waters, where currents 

and tides and wave action all interact with the shoreline. This turbu

lence, and perhaps also the sounds produced by it, may provide yet 

another guidepost in keeping the grunion in its characteristic inshore 

habitat.

Oxygen Re spons e s 

The avoidance by L. sardina juveniles of oxygen concentrations 

less than 5 ppm (at 23 ) is paralleled by the avoidance of concentrations 

between 1.5 and 6 ppm by various centrarchid and salmonid species 

reported by Whitmore et al. (1960), and avoidance reactions of stickle

backs, minnows and trout to concentrations between 3=2 and 5.5 ppm (at



• ' 79
13-249C) reported by J0 Ro E« Jones (1952), Other authors (see p, 14) 

have recorded similar results,

■As with temperature, salinity and light intensity, oxygen 

decreases with depth in the northern Gulf (Thomson et al„, 1969), Oxygen 

concentrations below 5 ppm usually occur at depths of 30-50 meters, 

depending on the time of year; however, in August, concentrations below 

5 ppm may occur at the surface, due to surface temperatures in excess of 

30°G<, The oxygen probably seldom or never reaches lethal concentrations 

for the grunion under natural conditions, but may limit the metabolic 

scope for activity at high temperatures (Fry, 1957, 1958b, 1971),

Correlation of Gradient Responses with 
Grunion Behavioral Ecology

In general, the responses of juvenile grunion to gradients of 

temperature, salinity, light, turbulence and oxygen are movements toward 

relatively high values of these variables, conducive to high metabolic 

and activity levels, as well as high feeding and growth rates. If the 

movements of juvenile Leuresthes sardina in nature follow these gradients 

we are led to predict that they should be found near the surface, and 

generally in shallow inshore environments.

This is in fact where juvenile grunion are found, although it is 

of course not, proven that the correlation is a causal one, nor has the 

sampling been rigorous. In nature, responses to other factors, such as 

biotic Ones (food availability, predators, competitors, etc,) may some

times override the adaptive expression of a particular orientation 

mechanism (Brett, 1970; Fleming and Laevastu, 1956),
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Generally, however, we may expect to find a correlation between 

the relevant biotic and abiotic factors, which has likely been instrumen

tal in the evolution of the observed habitat-selection or orientation 

responses* The natural habitat of L. sardina, which it seeks, perhaps 

along gradients for the variables studied herein, must usually be charac

terized by a suitable abundance of food and sufficiently low predation 

pressure, competition, etc*, for the behavioral traits to have evolved as 

they did*

How large a part learned associations may come to play in habitat 

selection by adult fish is not clear, but obviously the laboratory-reared 

fish used in these experiments had no opportunity to acquire such associ

ations with the natural habitat* It seems likely that, particularly for 

young fish, the evolutionary component must be the more important one*, 

HOglund (1961, p* 133) has stated a similar conclusion regarding the evo-
I ■ ' -

lution of orientation responses 2 "Most probably such responses have been 

evolved by means of natural selection vis-a-vis certain ecological fac

tors occurring in the natural habitats of fishoooo"

The normal balance among the various biotic and abiotic variables 

in the optimal habitat configuration of a species may be drastically 

altered, of course, by changes in the environment— particularly by rapid 

ones such as can result from the activities of man (eogo, introduction of 

hypersaline thermal effluents from nuclear desalting/power plants), which 

allow little time for evolutionary readjustmentso The extent of effects 

caused by such environmental changes is not easily predictable<>
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