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ABSTRACT

The embryonic development of the Gulf grunion, Leuresthes 

sardine, and the California grunion, l,* tenuis, is highly temperature 
dependent between 10 and 25 C0 A reduced temperature dependence is 

noted at laboratory incubation temperatures above 25° G during all 

developmental stages, except hatching, for both species=

Development of the Gulf grunion tends to be less temperature 
dependent than that of the California grunion* However, hatching is 
more dependent upon temperature in the Gulf grunion than in the 

California grunion.

Gulf grunion embryos are ready to hatch earlier than California 

grunion embryos when both are incubated at temperatures greater than 

20° Go At 20° C, embryos of both species are ready to hatch at the
I

same time (10.2 days), but California grunion embryos hatch first at 

temperatures less than 20° C.

The thermal tolerance limits of embryonic development of the 

Gulf grunion (15 to 32° C) are wider than those of the California 

grunion (18 to 30° C). Incubation temperatures outside these limits 

produce various embryonic and prolarval abnormalities.

The tidal regime of the northern Gulf of California is more 

regular in tide height between moon phases than is that of the Cali

fornia coast. As a result, the natural incubation period on California 

beaches can be twice as long as those on northern Gulf beaches. The 

2.56 times greater egg volume of the California grunion is believed to

xii



xiii
be an adaptation to this prolonged incubation period* California 
grunion embryos incubated at 20 and 25° C, remain viable (capable of 

hatching) longer than those of the Gulf grunion*

The in-sand incubation of the grunions acts to thermally 

insulate developing embryos from temperature extremes that occur during 
the grunions' respective spawning seasons* ’

It is suggested that the extreme tidal-amplitude fluctuations 

and the fine-grained deltaic substrate of the northern Gulf of Cali

fornia was the ideal environment for the evolution of the beach

spawning habit of the grunions* And that the California grunion, the 

less primitive of the two species, has adapted to the more irregular, 

but less fluctuating tidal regime of the California coast*



INTRODUCTION

The Gulf of California grunion, Leuresthes sardina (Jenkins and 

Evermann 1888), and the California grunion, Lo tenuis (Ayres 1860), are 
unique among fishes in that they leave the water to spawn in beach 

sando There the embryos develop and remain until the spawning sites 

are inundated; the eggs are washed out of the sand by the next series 

of high tides; and wave agitation stimulates hatching (Hubbs 1916, 
Thompson 1919a, 1919b, Walker 1949, 1952)„ •

Reproductive habits, including spawning grounds, should be 

naturally selected to maximize survival rates of the offspring. Gener

ally, developmental stages are believed to be the most sensitive and 

vulnerable in the life history of teleosts (Hayes, Pelluet, and Gorham 

1953, Brett 1956, Sylya 1969)„ Marine teleost eggs and larvae are 

subject to high mortality rates due, primarily to biological factors, 

i.e., predation, parasitism, disease and starvation, and only second- . 

arily to physical factors (Marshall 1966)„

Atypically, grunion embryos develop in beach sand (Fig. 1), a 

terrestrial environment alien to other teleosts. Fertilization rates 

in the sand have been maximized by the tremendous massing of indi

viduals for precisely timed spawning runs, as well as by large male to 

female ratios in spawning populations (10 to 1 in L« sardina and 4 to 1 

in L. tenuis). The precise timing of the spawning runs also insures 

that the eggs are not washed out of the sand before they are fully 
developed (Walker 1949, 1952, Thomson and Muench 1976, Muench 1977).

1



Fig o' 

shows

o Naturally-deposited egg pod of the Gulf grunion.

A vertical cut through the sand at El Golfo de Santa Clara 
the pale orange pod of L„ sardina eggs*,



Fig. 1. Naturally-deposited egg pod of the Gulf grunion
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Despite some parasitism by dipterans and some bird and ground 

squirrel predation (Olson 1950, Constant 1976, Thomson and Muench 
1976), the grunion eggs are better protected in the sand than are 

cluraped-demersal or planktonic eggs = Dip ter an (Fucellia rejects.) 

infestation in Gulf grunion eggs is most significant near large bird 

resting areas (Constant 1976)« And egg pod predation by birds and 

ground squirrels occurs primarily, on the first day after deposition, 

before the succeeding tides deposit more sand on the spawning sites and 

before the surface sand dries = Grunion development, therefore, may 
more safely take a longer period of time, so that their newly-hatched 

prolarvae are more mature, immediately capable of feeding and do not 

experience a critical period, as compared to those of other teleosts 

(Hjort 1914, 1926, Marr 1956, May 1971, 1974, Houde 1974).

Incubation in the sand insures more predictable times and sites 

of hatching than would planktonic incubation, and consequently, pro- 

larval development is assured of beginning in the nutrient-rich waters, 

inshore. The precocious prolarvae of the grunions, which orient to 

their respective environmental preferenda, warm temperatures, high 

light intensity, moderate to heavy turbulence, etc. (Reynolds 1973, 

Reynolds and Thomson 1974a, 1974b, 1974c, Reynolds, Thomson, and 

Casterlin 1976, 1977), are therefore, not carried out to sea by cur- . 

rents, but remain inshore throughout larval development.

Background

The Gulf of California grunion, L. sardina, is found in the 

upper Gulf of California from Bahia Concepcion, Baja California Sur and



4
Guaymas, Sonora to the Rio Colorado, Sonora, Mexico0 The California 

grunion, L= tennis, is presently found from Monterey.Bay, California to 
Bahia Magdalena, Baja California Sur, Mexico«

The congeneric status of the grunions has been recognized since 

1960 (Walker 1960) and only recently documented (Moffatt and Thomson 

1975)o The grunions are believed to have originated from populations 

of a single species, isolated by the Baja California peninsula (Walker 

1960, Hubbs 1960) and the absence of appropriate spawning beaches in 
southern Baja California (Moffatt and Thomson 1975)„ In light of the 

evolutionary trends in the Atherinidae and because_L<, sardina is more 

representative of. the family as a whole, it is considered to be the 

more primitive of the two grunions (C, L„ Hubbs, Professor of Biology 

Emeritus, Scripps Institution of Oceanography, Peps. Comm. September 
1974).

Recent comparisons of these "sibling species" show that morpho

logical , behavioral and physiological differences do exist between 

them. The grunions are very similar in appearance, the most diagnostic 

morphological characteristics distinguishing them are lateral scale row 

counts; the mean number in L. sardina is 55 and in L= tenuis 75. L. 

sardina adults are also significantly longer and more slender than L. 

tenuis adults. The Gulf grunion has a smaller eye diameter, shorter 
pectoral fins and longer pelvic fins. It also has better developed 

teeth; they are very weak or completely lacking in 1j. tenuis (Moffatt 

1974, Moffatt and Thomson 1975)=



5
The grunions spawn fortnightly following the higher high tides 

of the new and full-moon series. The Gulf grunion spawns at night and 
during the daytime, coinciding with the highest tides in the upper Gulf 

of California from late January through May (Thomson 1972,. Thomson and 

Muench 1976, Muench 1977). The California grunion, L. tenuis, spawns 

only at night from March through August (Walker 1949, 1952).

The females of both grunions swim onto the beach with the 

waves, where they are met by the males. Arching her body and wriggling 

from side to side, she drills her body into the sand tail first. The 

male or males wrap around the protruding body of the female. They 

extrude milt onto the surface of the sand as the female deposits her 

eggs in a spherical pod at a depth of 4 to 8 cm. The milt percolates 

into the sand beside the female, fertilizing the eggs. The spent 

female frees herself, flip-flops toward the water where the next wave 

carries her back to sea..

The duration of the spawning act of the Gulf grunion is much 
briefer (3 to 7 sec) than that of JL. tenuis (up to 30 sec) and is 

judged to be an adaptation to the short wave period of the upper Gulf 

of California (Thomson and Muench 1976).

Larvae of L» sardina exhibit a slightly wider temperature 

tolerance (7.5 to 35° C) and a higher preferred temperature (32° C) 

than I j .  tenuis which tolerates 7.5 to 32° C and prefers 25° C (Reynolds 

1973, Reynolds and Thomson 1974a, 1974b, Reynolds et al. 1976, 1977)=

L. tenuis embryos develop and hatch normally in temperatures ranging 

from 14.8 to 26.8° C (Hubbs 1965) and from 14.0 to 28.5° C (Ehrlich
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and Farris 1971) with 15-minute and 1-hour delays, respectively, 
between field fertilization and introduction to laboratory incubation 
temperatureso The thermal tolerance limits of Lo. sardine embryos had 

not been determined prior to the present investigation..

The prolarvae and larvae of the Gulf of California grunion, Lo 

sardina, are also more euryhaline* The salinity tolerance limits of 

Lo sardina prolarvae range from 4 to 65»5 o/oo, whereas those of Lo 

tenuis range from 4,2 to 42 o/oo (Reynolds 1973, Reynolds and Thomson 

1974a, Reynolds et al, 1976), Both species show a salinity tolerance 
shift in older larvae: 5 to 57,5 o/oo in 30-day-old L, sardina and 8,6

to 38 o/oo in 20-day-old L, tenuis (Reynolds 1973, Reynolds and Thomson 

1974c, Reynolds et al, 1976), L, sardina ova are capable of normal 

fertilization, development and hatching in salinities to 60 o/oo. How

ever, viability of hatched prolarvae is decreased when they are incu

bated at 45 o/oo and above, the result of high yolk absorption rates 

prior to hatching (Constant 1976), The hypersalinity tolerance of 

embryonic JL« tenuis has not been investigated.
Light responses in these species is positive during larval 

stages (Reynolds 1973, Reynolds and Thomson 1974b, Reynolds et al,

1977)o Lo sardina adults are strongly attracted to light; so much so 

that spawning adults will strand themselves around a lantern during a 

nighttime spawning run and soon die (Muench 1977), Unlike L, sardina 

adults, those of I,, tenuis do not seem to be attracted to light while 

spawning, These responses are consistent with the general
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surface-dwelling tendency in the Atherinidae and with the day-night 

spawning differences between these species«

Recently the grunions, sardina and L0 tenuis, were artifi

cially and reciprocally hybridized (Moffatt and Thomson MS)« Develop
ment proceeds normally in the hybrids«, The hybrid embryos and pro-
I ■ . . ■

larvae resemble the maternal control embryos in coloration, size, eye 
diameter, motility and dentitiono Reciprocal hybrid larvae, reared for 
141 days, exhibit scale counts intermediate to and significantly dif

ferent from the parents and from each other, substantiating the genetic 
integrity of the grunions o

The successful hybridization supports the close phylogenetic 

relationship of the grunions o To date, the knowledge of the grunions1 

life history, physiology, ecology and evolution seems to be more con^ 

sistent with the two-species hypothesiso Comparison of these data 

supports the genetic divergence of the grunionso Until such time, that 

the degree of their divergence can be quantified, the Gulf of Cali

fornia and the California grunions are to be considered two specieso

Research Rationale

In terrestrial environments physical factors are more widely 

fluctuatingo It appears that selection has maximized grunion embryonic 

success by exchanging marine biological mortality factors for physical 

ones on land, ioe0, temperature, oxygen, water, etc*
The coastal zone of the upper Gulf of California is sonoran 

deserto Daily extreme air temperatures ranging from -803 to 417° C 

have been measured at Puerto Penasco, Sonora; monthly mean air
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temperatures varied between 11.4 and 29.7° C during the years 1964 to 

1973. Monthly mean water temperatures ranged from 12.1 to 30.7° C 

during the same years (Thomson and Lehner 1976). The,thermal range of 

the Rio Colorado delta area is even more thermally rigorous, mean 

monthly air temperatures at Yuma (90 miles north of El Golfo) vary from 

12.8° C in January to 32.9° C in July (Thomson, Mead, and Schreiber,
Jr. 1969). In California, coastal mean monthly air temperatures vary 
from 13 to 22.1° C and surface-water temperatures from 13.5 to 20.5° C 

(Elford 1974, USCGS 1967).

It seems that the grunions have not only exchanged a relatively 
constant physical environment of the sea, for embryonic development in 

a fluctuating one on land, but have done so successfully in two very 

different environments, a maritime mediterranean climate and a sonoran 

desert coastal zone.

As a result of greater wave action, the descending tides of a 

tidal series deposit more sand on the spawning sites along the Cali

fornia beaches than is deposited on the beaches of the northern Gulf of 

California, where wave activity is low (Bascom 1964). Consequently, 
the eggs of L= sardina develop in 3 to 10 cm of beach sand (Reynolds 

1973, Reynolds and Thomson 1974a, Constant 1976), whereas those of _L. 

tenuis develop at depths of 10 to 30 cm (Walker 1949, 1952).

It is, therefore, suggested that Gulf of California grunion 

embryos are subject to a wider range of temperatures throughout the 

spawning season than L. tenuis embryos, due to shallower natural-pod 

depths and because of the more rigorous thermal regime of the northern
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Gulfo It is predicted that ho sardina embryos will exhibit wider 

thermal tolerance limits of normal development} and possibly other 

physiological rate adaptations which insure normal development and sur

vival in a more thermally variable environment»

In addition, the semidiurnal tides occurring along the Cali
fornia coast are more irregular in height between the new and full-moon 

phases than those in the northern Gulf of California,, As a result, it 

is expected that the California grunion may exhibit a longer develop

mental time and, perhaps, longer embryonic viability than the embryos 

of the Gulf grunion, L= sardina-o

This investigation quantifies and compares the effects of tem

perature on the rates and success of embryonic development in the Gulf 

grunion (Lo sardina) and California grunion (Lo tenuis)„ The thermal 
tolerance limits and normal development and hatch rates of both species 

are determined and compared with the thermal and tidal regimes at El 

Golfo de Santa Clara, Sonora, Mexico and La Jolla, California,, And 

these factors are analyzed in terms of their potential and effective 

influence on the evolution of the grunion spawning habit and the 
speciation of the grunions„



MATERIALS AND METHODS

Eggs of the Gulf grunion, !,«, sardine, were collected during 

spawning runs at El Golfo de Santa Clara, Sonora, Mexico on 19 February 
1975, 3 April, 17 May 1976, and 21 February 1977e California grunion, 

Lo tenuis, eggs were collected during runs at Scripps Beach and Kellogg 

Park, La Jolla, California on 28 May 1975, 2 April, 1 May and 16 May 

1976= Spawning runs were predicted according to the methods described 
by Walker (1949, 1952), Thomson (1972) and Thomson and Muench (1976)=

Field notes were kept to include the dates, times and heights 

of high tides just prior to the spawning runs, the times of fertiliza

tion, as well as water, air and sand temperatures = Beach sand tempera

tures were monitored at various depths at the tidal levels of spawning 

when travel schedule permitted, El Golfo sand temperatures measured 

during this investigation are supplemented by those reported by 
Constant (1976)=

Males and females were collected by hand= The gametes were 

Stripped, by applying gentle pressure along the abdomen of both sexes, 

and mixed in plastic buckets, %-full of natural sea water= To achieve 

maximum artificial fertilization rates, 6 to 9 males were stripped per 

one female. Immediately following the spawning runs the fertilized 

eggs were strained, with a stainless steel kitchen strainer, rinsed of 

excess milt with fresh sea water and layered between moist paper towels 

in plastic refrigerator containers. The eggs were maintained at

10
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temperatures between 16 and 20° C in an insulated cooler during transit 

to the laboratory at The University of Arizona, Tucson*

The shortest travel time between both collection sites and 

Tucson, is 12 hours, by car from El Golfo, and by commercial airline 
from San Diego* Therefore, unlike those in Hubbs (1965) and Ehrlich 

and Farris (1971) the embryos were 12 hours old when introduced to the 

controlled incubation chambers«
Immediately upon arrival to the laboratory the eggs were 

sampled, inspected and the progress of development noted* Each egg 

layer (1000 to 5000 eggs) was placed into a separate plastic container 

on a sub-gravel aquarium filter suspended over 1 cm of synthetic sea 

water (Reynolds and Thomson 1974a, Constant 1976)* The containers were 

covered, partially sealed and placed into a series of incubators set at 

constant temperatures initially ranging from 2 to 37° C„ The tempera

ture varied only by ± 0*50° C or less*

A random sample of eggs was taken from each container daily and 

inspected with a dissecting microscope at magnifications of 18*57,

52.50 and 150 times* Each sample averaged about 100 eggs (50 to 150). 

Developing embryos were readily observed by sub-stage illumination of 

the transparent eggs.

The following data were recorded during daily inspections: 1)
time elapsed since fertilization; 2) sample size; 3) percentage fertil

ized; 4) stages of development represented; 5) percentage of embryos at 

each stage; 6) percentage of abnormal embryos and the specific abnor

malities present* The time of 50 percent hatching was determined by
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vigorously agitating samples of embryos daily in synthetic sea water 

beginning at the onset of stage 14 (first appearance of kidney). All 
eggs sampled were, discarded.

The duration of the stages of development as defined in Table 1 

are not equal, They are defined for this study by the appearance of 

major embryonic morphological characteristics, features also used by 

David (1939) and Constant (1976), to facilitate recognition and identi
fication, Stages 6, 11, 14, and 15 were photographed,

Results of the least-squares correlation-regression analyses 

(Simpson, Roe, ,and Lewontin 1960) performed on time-incubation tempera

ture data for development to stages 6, 10, 11, 14, and 15 are presented 

and discussed. Regression-correlation and_t-test probabilities are 

reported significant at 95 percent probability levels,. Q^q values, 

calculated from regression equations, ate presented for development 

from fertilization to stages 6, 10, 11, 14, and 15.

The temperature tolerance limits of normal development and at 

least 50 percent hatching are determined for both species.

Using published tide calendars (Thomson 1975, 1976, 1977,

Vaughan Aquarium 1975, 1976, 1977), estimates of the natural incubation 

periods were made by noting the height of the high tide just prior to 

egg deposition and counting the number of days to the next tide of 

equal or just greater height. These estimates are presented for spawn

ing runs of both species witnessed or documented during the 1975, 1976 

and 1977 collecting seasons. Comparisons are made between the spawning 

localities; and each with the length of time the embryos of each species



Table 1„ Definitions of the Embryonic Stages of the Grunions, L» sardina and L̂o tenuis

Fifteen stages were defined for this study by the appearance of major morphological 
characteristics, features also used by David (1939) and Constant (1976), to facilitate recognition 
and identifications The stages are not of equal time durations

Stage Major Characteristics

1 Cleavage from fertilization through the 32 to 128-cell blastodisc; germ ring surrounding
less than 1/3 of the yolks '

2 Blastodisc flattened; from less than 1/3 to completely surrounding the yolk, shown by 
shrinking of the yolk plugs

3 Embryonic streak visible; cell layer thickened into narrow stripes

4 Beginning of organogenesis; proencephalon forming; primordial optic region visible; 
embryos about 1/3 around yolk sac.

5 Optic lobes apparent; mesencephalon visible and enlarging.

6 Oil droplets consolidated into one; myomeres numerous and extending into tail fold; 
auditory vesicles visible.

7 Optic cup visible; lens formation in progress; cerebellum and medulla apparent.

8 Embryo 1/2 to 2/3 around yolk sac; notochord just visible.

9 IVth ventricle present; occasional movement; tail reach head in L. tenuis.

10 Two-chambered heart clearly visible and beating; vitelline veins cross yolk sac to heart;
red blood cells pale yellow-tan; eye pigment faint; tail reaches head in L. sardina.. _  —  ■ H



Table 1— Continued

11 RBGs red and plainly visible; eye pigmentation dark, lens colorless; tail past head,

12 Retina silver, reflects dark green on black eye; melanophores developing on head and 
along the sides; rapid embryonic growth begins and continues up to Stage 14=

13 Large stellate melanophores on head arid yellow pigment visible =

14 Accumulation of blood cells into a distinct redspot = kidney«

15 Hatching will occur in 50 percent of embryos when agitated in sea water, (at 20° C, 
L» sardina reaches this stage in 10 =,20 days; 10,18 in L, tenuis.



is capable of 50 percent hatching at specific temperatures within their 

respective tolerance limits.

The laboratory temperature tolerance, developmental-time and 

duration of hatch viability analyses and hatch time estimates are com
pared with the water, air and beach sand temperature data collected 

during this study and by Constant (1976)„

15



Gametes and Artificial Fertilization
( ' ‘ -Natural fertilization of grunion eggs occurs in the sand as

milt from one or more males percolates through the sand grains to the 

eggs being deposited by the femaleo The process of fertilization pro

ceeds as it does in other teleosts* A single sperm penetrates the 
chorion by way of the micropyle? Impregnation initiates an immediate 

change in the chorion, preventing potential polyspermy* Shortly after 

penetration, the egg swells as water enters the permeable chorion; at 

the same time the vitelline membrane, which initially lines the inner 

wall of the chorion, shrinks away from the chorion and becomes the 

fertilization membrane. Fig, 2a shows live sperm cells of L, tenuis 
(63x), Figs, 2b and 2c depict an unfertilized and two fertilized ova 

(63x) 10 to 20 minutes after fertilization, respectively. The fertili

zation membrane is clearly visible in the latter.

Natural fertilization rates achieved in the sand depend on the 

intensity of the spawning run. Artificial fertilization rates are 

similar for L, sardina and L» tenuis, They range between 80 and 95+ 

percent, depending on the supply of spawning adults and are comparable 
to those of eggs spawned naturally during a heavy run.

The fusion of the gamete nuclei establishes the diploid number 

of chromosomes (2n = about 40 in these species, Moffatt and Thomson 

MS), and initiates cleavage and development of the zygote,

RESULTS

16



Figo 2„ Gametes of the California grunion

Live sperm cells (a), unfertilized ovum (b) and fertilized 
eggs, 15 minutes post-fertilization (c), are pictured (63x)„ The 
fertilization membrane is clearly visible in Co

Photographs courtesy of Drs= Lanna Cheng and Ralph Lewin, 
Seripps Institution of Oceanography„
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Fig. 2 Gametes of the California grunion
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By 12 hours post-fertilization, when maintained between 16 and 
20° G, cleavage in zygotes of both species has progressed to a 32 to 

128-cell blastodisc, stage 1 (Table D o  Figs«, 3 and 4 shows the . 

blastodiscs of Lo sardina and 1. tenuis, respectively0 These photo

graphs illustrate the difference in the egg diameters of the two 

specieso The:diameter of Lo sardina eggs range from lo10 to 1»40 mm 

(x = lo25 i o0928mm) and those of tennis vary from 1»75 to 2=20 mm
(x = 2o00 ± o1010mm)o This diameter difference results in an egg 

volume 2oS6 times greater in L̂o tenuis o
The carotenoid pigments of the oil globules and yolk are red- 

orange in the Lo tenuis (Fig, 5) whereas, those of the L, sardina are 

paler, orange or yellow-orange (Fig, 1)= In both species the colors 

and diameters of the eggs vary with season. Eggs of both tend to 

become smaller and more lightly colored as their respective spawning 

seasons progress.

Developmental Time-Incubation Temperature 

Preliminary analyses of developmental time-incubation tempera

ture and temperature tolerance data show neither seasonal nor year-to- 

year variations within either species. Therefore, the results reported 

herein are based on cumulative data from eggs spawned throughout the 

February to late May 1975, 1976 and 1977 collection periods.
As expected the developmental time-temperature data .for L, 

sardina and L= tenuis are curvilinear (Price 1940, Lasker 1964, Hubbs 
1965, 1966, Ehrlich and Farris 1971, Colby and Brooke 1973, Hokanson 

and Kleiner 1974, Westernhagen 1974, Santerre 1976), Complete



Figo 3o Gulf grunion blastodisc

The developing zygote of JLo sardina (75x) shows the disc-shaped mound of 
germ cells0 The numerous oil globules and large yolk volume, present in the egg 
at deposition, are apparent0





Figo 4= California grunion blastodisc

The individual cells of the L. tenuis blastodisc (60x) are readily visible 
at 12 hours post-fertilizationo The egg pictured has an unusually small yolk 
volume, as compared to most L0 tenuis eggs0



Fig. 4. California grunion blastodisc K>o



Fig. 5. Fertilized eggs of the California grunion

Freshly-fertilized eggs (3/4x) of the California grunion 
illustrate the bright red-orange color characteristic during the 
peak of the L. tenuis spawning season.
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Fig. 5. Fertilized eggs of the California grunion
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rectification of.these data requires second-degree polynomial analysis» 

However, the time-incubation temperature data presented herein are only 

partially rectified, on semilogarithmic coordinates, to emphasize dis

continuities within the experimental range and to facilitate comparison 

with results in the literature.

Each plotted point represents a mean sample of about 100 eggs 
(50 to 150), of which 50 percent or more (up to 70 percent, insuring 

the accuracy of developmental time to within 3 to 4 hours) exhibited 

the characteristics of the stage being analyzed,. The correlation- 
regression (TC = temperature coefficient or slope; C I ^  = 95 percent 

confidence interval of TC; r = regression coefficient of TC; p = 

probability level of r), jt -test (P = probability level of t); and Q^q 

analyses for development to stages 6, 10, 11, 14, and 15 are presented. 

The time-temperature correlations of L= sardina (A, B and C)

and L, tenuis (D and E) for development to stage 6 are illustrated in
1Fig, 6, Appendix A summarizes the mean times and rates (pay"s x 100) 

for development to this stage at each experimental temperature for both 

species. Fig, 7 depicts the head characteristics of L_, tenuis at stage 

6, when tail-fold myomeres are present.

Regression analyses (summarized in Table 2) of L, sardina 

development to stage 6 at incubation temperatures between 10 and 34° C 

show three distinct temperature coefficients (slopes). Between 10 and 

16° G the temperature coefficient equals -,0325 (A), from 17 to 25° C 

the TC equals -,0206 (B) and from 27 to 35° C the TC equals ,00017 (G), 

A and B are significantly different from zero (p < ,001, for both).



Figo 60 Developmental time-temperature correlations to the presence 
of tail-fold myomeres (stage 6)

The time-temperature relationship of Lo sardina (Gulf grunion) 
development to stage 6 exhibits three (A, B, C) temperature coeffi
cients (slopes)© The ” * n denotes a statistical difference in the 
slope from zero at the 95 percent probability.level or greatero 
Although A, B, and G, are statistically identical (P > d), develop
ment time shows a major discontinuity between 15 and 17° C® This 
discontinuity, although present in Xo tenuis (California grunion), is 
less pronounced and, therefore, only two regression slopes are 
exhibitedo

Lo sardina develops to stage 6 faster than L* tenuis between 
15 and 25° C and at temperatures over 27° Co At temperatures below 
15° C and at 25° C, L 0 tenuis reaches stage 6 first*
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Fig. 6. Developmental time-temperature 
correlations to the presence of tail-fold myomeres (stage 6)



Figo 7o Anatomical features of the head region at the myomere stage

The optic cup and early lens are clearly visible in this Lo tenuis 
embryo between stages 6 and 7*



Fig. 7. Anatomical features of the head region at the myomere stage



The Q-̂ q values, temperature coefficients (TC), temperature coefficient 95% confidence 
intervals (CI^), regression coefficients (r), and probability levels (p) are summarized for 
development to stages 6, 10, 11, 14, and 15 for both grunions within the temperature ranges 
analyzed, N = the number of samples (50 to 150 eggs/sample) in each temperature range. Paired 
slopes denoted by "a, b, c" show significant (t-test) differences (P < ,05), All other stage- 
specific comparisons within and between the species are not significant (P > ,1),

Table 2, Summary of Developmental Time-Incubation Temperature Correlation-Regression Analyses

Developmental
Stage

Temperature 
Range (° C)

N
L,

Q10
sardina

TC
(eV

r
Cp )

N %
L. tenuis 

TC
(cIt c)

r
Cp )

6 . 10 - 16 10 2,11 -,0325
(±,1601)

-,9383
(<,001)

- - - -

6 10 - 20 - - - - 15 2.87 -.0457*
(+.1303)

-.9553
(<.001)

6 17 - 25 10 2,66 -,0206
(+,1162)

-,9181
(«,001)

- ■ - - -

6 25 - 34 - - - — 12 1.12 -.0048*
(+.0485)

-.6438
(<cQ5)

6 27 - 35 10 1,00 +,00017
(±,0134)

+,0376
(>,1)

■ — - -

10 10 - 25 18 2,49 -,0396
(+,1035)

-,9774
(<,001)

21 2.73 . —,0437 
(+.1098)

—.9404
(<.001)

10 27 - 34 8 1,15 -,0060
(+,0402)

-.8344
(<,05)

7 1.21 -.0084
(+.0754)

-.7434
(<.l)



Table 2— Continued

11 10 - 25 19 2.74 -.0438
(+.1127)

11 27 - 34 12 loll -.0048
(+.0496)

14 10 - 25 16 2.65 -.0424
(+.1199)

14 27 - 34 12 1.12 -.0050
(+.0506)

15 11 - 33 23 2.46 -.0390
(+.0914)

15 15 - 32

a(P < .001) 

b(p < .02) 

C(P < .05)

-.9747
(<.001)

19 3.08 -.0488b
(+.1157)

-.9233
(<.001)

-.2954
(>.l)

13 1.04 -,0016b
(±.0266)

-.2360
(>.l)

-.9649
(<.001)

17 3.57 -.0553°
(+.1324)

-.9730
(<=001)

-.3185
(>.D

15 1.19 -.0074°
(+.0532)

-.2964
(>.l)

-.9829
(<.001)

- - - -

- 14 1,68 -.0225
(+.1479)

-.8531
(<.001)
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The' TC of A is lo58 times greater than that of B, however, they are not 

significantly different from each other (P > =1)= The TC of G does not 
differ from zero (p > vl)., nor does it differ from A .or B (P > »1, for 

both)o

As in Lv sardina, there is discontinuity between the data

points at 15 and 17° C in Lo tenuis„ This jump in developmental time

does not, however, result in a shift in temperature coefficients as it
odoes in L, sardina* Within the same temperature range (10 to 34 C), 

the time-temperature correlation analysis of I.* tenuis to stage 6 is 

best fitted statistically by only two temperature coefficients; TC 

equals -*0457 from 10 to 20° G (D) and TC equals -=0048 between 25 and 

34° C (E)* Both are different from zero (p < *001, for both), as well 

as from, each other (P < .001)*

The developmental rate plateau exhibited by both species demon

strates that development shifts from being very temperature dependent 

to less dependent above 25° C.

Although the temperature coefficients of L* sardina and L. 

tenuis are not significantly different from each other (P > .1, in all 

cases), comparison of these and the Q^q values show that L* sardina 

development tends to be less temperature dependent over the entire 

experimental temperature range at stage 6. At temperatures below 15° C, 

L= sardina embryos reach stage 6 after L. tenuis embryos, as is the 

case at 25° G* Between 15 and 25° G and at temperatures over 27° C,

L= sardina reaches stage 6 before L* tenuis*
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Figo 8 shows the time-temperature relationships of development 
to stage 10 (Appendix B)„ Plots of the data from both species exhibit

otwo temperature coefficients« Those for development between 10 end 25
G are significantly temperature dependent (p < o001, for both), whereas

those for development above 25 C are less so (p < =05 for B; p » d
for D), although A, B, G, and D are not significantly different from

each other (P >=1, for all comparisons)„ Development in Lo sardina

(Q1A = 2=49) tends to be less sensitive to increased incubation tem- lu
perature than Lo tenuis (Q-̂ q = 2.73) between 10 and 25° Co Within this 
range, Lo sardine reaches stage 10 before Lo tenuis at all temperatures 
except 17 and 23° C, At 17, 23, 25° G and above, L« tenuis embryos 

exhibit the characteristics of stage 10 first,

Figo 9 compares the time-temperature correlations of develop

ment to stage 11 (Appendix C)« Fig, 10 pictures stage 11 in a JL« 

sardina embryo incubated at 20° G,
During development from stage 10 to stage 11, primarily a 

period of pigmentation (the red blood cells and retinas deepen in 

color), both species show increases in Q^q effects (10 percent in I,, 
sardina; 12«8 percent in L, tenuis) between 10 and 25° C, Between 27 

and 34° 0, Q^q values decrease; by 3,5 percent in JL, sardina and 14 

percent in Lo tenuis.

The Q10 values also show that decreased temperature tends to 

retard development less in 1.= sardina than it does in L, tenuis. At 

temperatures in the upper range (25 to 34° C), Lo sardina (Q^q = 

shows a slightly greater developmental response to increased

loll)



Figo 80 Developmetital time*temperature correlations to vitelline vein 
function (stage 10)

Both species exhibit two distinct temperature coefficients in 
developmental time to stage 10« Those significant from zero are 
denoted by " * 11B Circumscribed dots indicate superimposed data points

Temperature dependence is less in L» sardina (Gulf grunion) 
at temperatures below 25° C, even though its development is faster.
At temperatures above 25° C, L, tenuis (California gruniOn) develops 
faster to this stage.
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Fig. 8. Developmental time-temperature 
correlations to vitelline vein function (stage 10)



Figo 9, Developmental time-*temperature correlations to red blood cell 
pigmentation (stage 11)

By stage 11 development is faster in L= sardine (Gulf grunion) 
at all temperatureso Q^q values indicate that Lo sardina development 
is more dependent upon temperature above 25° C and less dependent 
below 25° C than that of L«, tenuis (California grunion).

" * "denotes the slopes different from zero. Only the tem
perature coefficients of L. tenuis (C and D) are different from each 
other (P < .02). -
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Fig. 9. Developmental time-temperature 
correlations to red blood cell pigmentation (stage 11)



Figo 10= Gulf grunion embryos at the red blood cell stage

The red blood cells and the retinas of these L= sardina 
embryos (25x) show advanced pigmentation characteristic at stage 11= 
At this stage the embryo surrounds the yolk, the tail just meets 
the head=
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Fig. 10. Gulf grunion embryos at the red blood cell stage
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temperature than L» tenuis (Q-̂ q = 1=04), although TC values show no 
significant difference from zero (p > =1), nor from each other 
(P >.l)o

Lo sardina embryos develop to stage 11 before Lo tennis at all 
temperatures below 15° G and above 23° C; at temperatures in between Lo 

tenuis reaches stage 11 first.

At experimental temperatures greater than 29° C, temporary 

retardation in retina pigmentation is exhibited by embryos of both 
species.

Between stage 11 and stage 14, a period of rapid growth, L, 

sardina shows decreases in Q^q effects in both temperature-range seg

ments , A and B, L, tenuis, on the other hand, shows a minor increase 

in the Q^q of A and that of B remains the same (Fig, 11), The data for 

the time-temperature analyses are summarized in Appendix D, Fig, 12 

illustrates L, sardina embryos at stage 14,

Temperature coefficients of B and D show no difference from 

zero (p >,1), nor from each other (P >,1), Segments A and C differ 

from zero (p < ,001, for both), but not from each other (P > ,1), L, 

sardina embryos reach stage 14 at all temperatures' (except 25° C) 

before those of Ij, tenuis, Little or no growth occurs, in embryos of 

either species once stage 14 is reached.

Once the embryos of both species are capable of at least 50 

percent hatching, the agitation required to stimulate hatching is less 

in L, sardina than it is in L, tenuis.



Figo 11o Developmental time-temperature correlations to the 
presence of the kidney (stage 14)

Le sardina development to stage 14 is affected less by 
decreased temperature than is that of Lo tenuis, especially in the , 
lower temperature range«

The slopes of Lo tenuis (C and D) are different from each 
other (P <o05)o " * " denotes those slopes which are significantly
different from zeroo Circumscribed dots indicate superimposed data 
pointso
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Fig. 11. Developmental time-temperature 
correlations to the presence of the kidney (stage 14)



Figo 12o Fully—developed W  sardine embryos (stage 14)

Gulf grunion embryos (25x) at stage 14 fill the entire 
volume of the egg*



Fig. 12. Fully-developed L̂. sardina embryos (stage 14)
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Figo 13a and 13b show the newly-hatched prolarvae of L» sardina 

and Lo tenuis, respectively= At hatching L» sardina prolarvae are 10 

percent shorter (mean total length - 6.93 t 01609 mm), than Lo tenuis 

prolarvae (mean total length = 7.70 t ,1678 mm) 0 tenuis prolarvae 

are particularly longer in the tail region. The mean wet weight of L. 

sardina prolarvae equals 1.26 i .1419 mg, as compared to 1.73 t .0218 

mg in _L. tenuis, a 27 percent difference. L. tenuis prolarvae are also 
more darkly pigmented dorsally and laterally, have larger eyes, and 

have a more sensitive alarm than those of L= sardina.
Unlike developmentto stages 6, 10, 11, and 14, the time-: 

temperature correlations of the grunions to stage 15, hatching (Fig.

14), exhibit Only a single temperature coefficient. (The data are sum

marized in Appendix E.) Neither species shows a temperature inde

pendent segment at high temperatures. The plot of L. tenuis not only 

shows wider scatter around the regression line (CI^, = .1402) than does 

that of L. sardina (CI^ = .0914), but also a less significant regres

sion coefficient (r = -.8531, as compared to that of L= sardina, r - 

-.9829), although p < .001 for both slopes. It is possible that the 

limited number of data points scattered over a narrower temperature 

range for L. tenuis disguises a less temperature dependent segment, but 

this is definitely not the case in L= sardina. Not only is L. sardina 

50 percent hatching more predictable (occurring over a narrower 

scatter) but it also occurs over a wider range of incubation tempera

tures (11 to 33° C) and sooner (except at 20° C and below) than in L. 

tenuis (18 to 30° C).



Figo 13o Newly-hatched prolaryae of the Gulf and California grunions

p sardina (a, 25x) and L= tenuis (b, 60x), both incubated at
20 C, show yolk-sac remnant and pigmentation differences present at 
hatchingo Large stellate melanophores and xanthophores are clearly 
visible, dorsally and laterally, on L0 tenuis„
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Fig. 13. Newly-hatched prolarvae 
of the Gulf and California grunions



Figo 14o Developmenta1 time-temperature correlations to 50 percent 
hatching (stage 15)

Both grunions exhibit a single temperature coefficient over 
their respective ranges of hatching. Although both are signifi
cantly different from zero (*), L, sardine shows more temperature 
dependence as well as a narrower scatter around the regression line 
than Lo tenuis»

L» sardina embryos are ready to hatch sooner over most of 
the temperature range, and over a more predictable time span.
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Fig. 14. Developmental time-temperature 
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The Q10 values show that I,9 sardina hatching tends to be more 

temperature dependent CQ-̂ q = 2c64) than is that of JL. tenuis (Q-̂ q = 

lo 68)c The TG values of both species are different from zero (p < 

cOOl), but they are not different from each other (P > d ) «

Figo 15 compares the mean numbers of days required for embryos 
of both species to reach each of the developmental stages analyzed at 

temperatures from 10 to 30° G, at 5° C intervals= These families of 

curves emphasize the developmental-time discontinuities that occur in 

both species between 15 and 20° C at all stages«
Lo sardina embryos exhibit similar development rates at 10 and 

15° C up to stage 15o However, embryos incubated at 10° C fail to 

attain hatching in 50 percent of the embryos» At 15° G, Lo tenuis 

development is noticeably retarded between stages 11 and 14, before 

failing to reach stage 15« At 10° C, developmental retardation occurs 

between stages 10 and 11, and fails to reach stage 14 in at least 50 

percent of the embryos sampled,

. The 25 and 30° C curves of L= sardina show a more linear rela

tionship in developmental time through hatching than do those of Lo 

tenuiso Between stages 14 and 15, L, tenuis shows a diminished rate of 

development as compared to that between stages 6 and 14, At 20° G, L, 

sardina and L, tenuis exhibit similar developmental-time curves, as 

also shown by regression analyses»

Fig, 16 illustrates the maximum hatch rates (percentages) 

achieved by both species when incubated at temperatures between 10 and 

35° Go Both species show.rather bell-shaped histograms, however,



Figo 15o Incubation tiine-developmental stage curves at five 
experimental temperatures

These curves emphasize the discontinuities in developmental 
time between 15 and 20° C at all Stages in both specieso They also 
demonstrate that at 25 and 30° G hatching tends to be more tempera
ture independent in JLo tenuis, as compared to !,« sardina embryos«,
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Fig. 15. Incubation time-developmental 
stage curves at five experimental temperatures



Fig, 16o Temperature-specific maximum hatch percentages

L. sardina is capable of at least 50 percent hatching over a wider 
range of incubation temperatures (11 to 33° C) than is L= tenuis (18 to 30°
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hatching in Lo aardina peaks at a lower temperature and remains at a 

high rate over a wider temperature range than does Lo tenuiso Fifty 

percent or more of _L0 sardina embryos hatch between 11 and 33° C, 
whereas those of Lo tenuis only hatch between 18 and 30° G when incu

bated from 1.2 hours post-fertilizationo

The Effects of Incubation Temperature 

Prior to stage 10 there exists little visible morphological 

difference between the embryos of either species incubated at different 

temperatureso Cessation of development occurs in a few embryos of both 
grunions at various stages and throughout the experimental temperature 

rangeo The most commonly observed stages of embryonic death are the 

blastodisc (stage 1), gastrula (stage 2) and between stages 11 and 14, 

the major growth period* Because these stages are most easily dis

tinguished at low temperatures (due to lower rates of yolk and zygote 

degradation), no attempt is made in this investigation to quantify the 

differential mortality rates at specific stages and temperatures *

At stage 10 the development and function of the two-chambered 

heart is essentially normal in embryos kept at 14° G, however, 

vitelline vein formation is often retarded, incomplete or completely 

lacking in individual embryos, especially in L* tenuis * By stage 14 

these same embryos are visibly smaller-sized, despite greatly depleted 

yolk stores (Fig* 17), than those with normal vitelline vein circula

tion; and they rarely hatch* Although high temperatures tend to speed 

up differentiation and growth processes, temperatures above 29 C 

temporarily inhibit eye pigmentation in most embryos of both species*



Figo 17= Abnormally small-sized L= tenuis embryo
- . -

Embryos of both grunions, incubated at constant 10° G , exhibit 
the small size and severe yolk depletion depicted here in this 10-day- 
old Ji= tenuis at stage 11 (60x)= The reddish color in the tail region 
is a stream of red blood cells*
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Fig. 17. Abnormally small-sized L. tenuis embryo



43
qAt temperatures above 25 G, the most commonly observed abnor

malities and the most easily quantified are those occurring in hatched 

prolarvae« In both species prolarvae show decreases in total length 

and weight With increased incubation temperature= At temperatures 

greater than 30° G, both show greater percentages of individuals with 

deformities such as small size and varying degrees of spinal curlingo 

Eigo 18 pictures a newly-hatched prolarva of L» tenuis, incubated at 

32° C showing a severely curled spine» The swimming ability and 

therefore, the viability is greatly impaired in such individuals* 

Embryos incubated at high temperatures also show abnormal accumula
tions of red blood cells throughout the vascular system, although most 

commonly in the tail and heart regions»
The tolerance limits (highest and lowest temperatures at which 

normal hatching occurs in 50 percent of the embryos) of Lo sardina are 

wider than those of L« tenuis when both are incubated from 12 hours 

post-fertilization* Fig* 19 depicts the mean percentages of abnormal 

hatching at temperatures throughout-the experimental range for both 

species* The abnormalities exhibited, primarily at the experimental 

temperature extremes, narrow the 50 percent hatch limits (11 to 33° G) 

in L* sardina to tolerance limits of 15 to 32° G* The tolerance limits 

of L* tenuis are the same as the 50 percent hatch limits, 18 to 30° C*

The Influence of Tidal and Thermal Regimes ■

The relationship between incubation temperature and the number 

of days each species is capable of 50 percent hatching is compared to 

estimates of the natural incubation periods at each of the collection



Figo 18o Deformed California grunion prolarva

Incubation at constant temperatures, greater than 30° C in 
Lo tenuis and 32 C in L= sardina, commonly causes varying degrees 
of spinal curling, as shown in this j,* tenuis prolarva (60x) incu
bated at 32 Co An abnormal accumulation of red blood cells is 
apparent anterior to the severely depleted yolk sac*
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Fig. 18. Deformed California grunion prolarva



• Fig, 19o Temperature-specific abnormal hatch percentages

The occurrence of lethal abnormalities, such as small size, spinal 
deformities and swimming disabilities, narrow the 50 percent hatch limits to 
tolerance limits of 15 to 32° C in L. sardine. The tolerance limits of 
Lc tenuis are the same as the 50 percent hatch limits, 18 to 30° G.
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localities (Fig, 20)«, The estimates of washout times are summarized in 
Appendix Go

At El Golfo de Santa Clara the first possible day of washout 

(hatching) is day 6 post-deposition0 The longest time period to 

inundation and hatching is 12 days (x = 8.27 t 0.94' days)• At La 

Jolla the first possible day of hatching is day 8. Due to greater 

tidal Irregularity between moon phases, Lo tenuis eggs, deposited and 

fertilized on descending tides of a new-moon tidal series must remain 

in the sand until the second successive tidal series (the next new- 

moon series), as long as 25 days (x = 16.47 t 4.03 days)«

Lo sardine, embryos incubated at 30° C are capable of hatching 

two days prior to the first possible day of washout, as are those of 

Lo tenuis.  L» sardina embryos remain viable throughout and beyond the 

last day of possible hatching, whereas L . tenuis embryos incubated at 

30° C only remain viable until day 17, one day past the mean number of 

days to inundation and being washed out of the sand.

At 25 and 20° G, both species are first capable of 50 percent 

hatching at about the same time, days 7 and 10, respectively» As pre

dicted, Lo tenuis is capable of 50 percent hatching for a longer period 

of time (4 and 3 days longer for 25 and 20° G, respectively) than Lo 

sardina embryos incubated at the same temperatures. However, L» 

sardina embryos incubated at 20° C would not be ready to hatch. 11 out 

of the 15 times estimated (Appendix G) because of the narrower range of 

time to washouto Whereas, L= tenuis embryos incubated at 20° G would



Figo 20, Temperature-specific hatch viabilities and estimates of 
natural incubation periods at El Golfo and La Jolla

The range and mean number of days from egg deposition to tidal 
inundation, washout and hatching at both collection sites are illus
trated, At El Golfo the first possible day of hatching is day 6, the 
last is day 12 (x = 8,27 days), At La Jolla the first day is day 8, 
the last is day 25 (x = 16,47 days). The difference between the two 
means is significant (P < ,001),

At 30° C L, sardina and L, tenuis exhibit similar ranges of 
50 percent hatch viability (11 days). The California grunion embryos 
would be inviable about 50 percent of the time when incubated at 
30 C, due to the irregularity of the tides between moon phases.

At 25 and 20° C L, sardina is capable of hatching over a 
narrower span of time, than JL, tenuis, which correlates with the 
shorten duration of possible hatching in the Gulf,

Embryos of L, sardina Incubated at 15° C would not be ready 
to hatch by the time of inundation and washout, L, tenuis does not 
reach 50 percent hatching when incubated at 15° C,
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be ready and waiting to hatch 9 out of the 15 estimated times to wash

out.

At 15° C, L. sardina embryos are capable of at least 50 percent 
hatching, while those of L. tenuis are not- However, L. sardina 
embryos incubated at a constant 15° C are not ready to hatch by the 

time they would be washed out of the Sand.

At the times of egg deposition, sand temperatures equal those 

of the water. As time progresses and the surface sand dries, sand 
temperatures and consequently, incubation temperatures vary with fluc

tuations in air temperature. Fig. 21 depicts the beach sand tempera

ture profiles and gives the water and air temperatures measured at El 

Golfo and La Jolla at assorted times during the collection periods of 

1975, 1976 and 1977. The data from El Golfo are supplemented and 

averaged with temperature data reported for 1970 by Constant (1976).

These data show that the temperature in the sand environment of 

L. sardina embryonic development are more widely fluctuating throughout 

their spawning season, as well as from night to day (February and 

March). This is not only due to the more rigorous thermal regime of 

the northern Gulf, but also because the eggs of L= sardina develop at 

shallower depths than those of L. tenuis. These profiles also show 

that the temperatures experienced by L. sardina would rarely be 

equivalent to a constant 15° C, since temperatures fluctuate so widely 

in February and March, the coldest months. Since spawning ceases by 

June, L. sardina embryos would not be subjected to constant tempera

tures over 32° C, their upper tolerance limit.



Figo 21o Beach sand temperature profiles at El Golfo and La Jolla

The thermal regime of the northern Gulf of California is more widely 
fluctuating throughout the spawning season of the Gulf grunion, as well as from 
day to night (February and March) than that at La Jolla, California, The 
effect is augmented by the shallower depth of embryonic development of the Gulf 
grunion.
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Lo tenuis embryos, on the other hand, experience much narrower 

thermal fluctuations, the average incubation temperatures fall between 

18 and 25° C, during the early and peak months of the tenuis spawn
ing season* These embryos would rarely be subjected to temperatures1 ■ ' '

over 25° C or less than 15° C, and then not constantly®



SUMMARY

1= Gulf grunion eggs have a 2,56 times smaller volume than do 

those of the California grunion,

2, Neither species show seasonal or year-to-year variations in 

developmental time-incubation temperature relationships or in tempera
ture tolerance limits,

3= Developmental time-incubation temperature correlation- 

regression analyses show multiple temperature coefficients, "Turning 

points" in the developmental rates at all stages except hatching, occur 

at about 25° C, within the tolerance limits of both species,
4b Gulf grunion embryos reach 50 percent hatching before the 

California grunion embryos at all temperatures above 20° C, At 20° G 

they are both ready to hatch at the same time (10,2 days) and at 

temperatures below 20° C the California grunion hatches first,

5, Gulf grunion development tends to be less temperature dependent 

up to hatching, however, hatching is more temperature dependent than it 

is in the California grunion,
6, Tolerance limits are wider in the Gulf grunion (15 to 32° C) 

than they are in the California grunion (18 to 30° C),

7, Incubation at low temperatures (less than 15° C) produces

small-sized and non-hatching embryos; while temperatures above 30 or 

32° C commonly produce small-sized and deformed prolarvae in both 

species, x
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8= The northern Gulf of California tidal regime is more regular in 
tide height between new and full-moon phases than is that of the 
California coast= The period of natural incubation is, therefore, one- 

half as long for Gulf grunion embryos„

9» The duration of 50-percent hatch viability is shorter in the 

Gulf grunion than in the California grunion when embryos of both are 

incubated at 20 and 25° C0

10o Although Gulf grunion embryos, incubated at 15° C, are capable 

of at least 50 percent hatching, the embryos would not be ready to 

hatch when washed out of the sand under natural conditions o
11. The thermal regime of the northern Gulf of California coastal 

zone is more widely fluctuating than that of the California coastal 

zone during the spawning seasons of the grunions„

12. Incubation in the sand acts to insulate the embryos from cold 

water and air temperatures during the early weeks of the spawning 

seasons and from extremely warni temperatures during the latter weeks =

13o Gulf grunion embryos are exposed to more widely variable sand 

temperatures than are those of the California grunion due to the Gulf 

thermal regime as well as the shallower depths of natural incubationo
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DISCUSSION

Developmental-rate Responses to 
Incubation Temperature

The developmental rates of most teleost eggs, planktonic or 
demersal, are shown to be highly temperature dependent (Needham 1942, 

Hayes 1949, Alderdice and Forrester 1958, 1971a, 1971b, Sylva, 1969, 

Colby and Brooke 1973, and others)o The developmental rates of the 

Gulf grunion (Leuresth.es sardina) and the California grunion (Lo 

tenuis) are also temperature dependent®

Arithmetic, semi-log and log-log representations of the 

grunions1 deve1opmental time-incubation temperature data.are curvi

linear 0 The deve1opmental rates of all embryonic stages, except hatch

ing, increase with temperature up to about 25° Co Development at 

temperatures over 25° C is much less dependent upon temperature« This 

plateauing of the temperature-dependent developmental-?]:ate increases is 

probably due to limitations imposed on metabolic reactions associated 

with cell division, differentiation and growth®
The plot of deve1opmenta1 time of the Gulf grunion to stage 6 

shows a major discontinuity between 16 and 17° C® While this shift is 

also apparent in the California grunion, the result is less pronounced; 

there is no shift in the temperature coefficient at 16° C as there is 

in the Gulf grunion® These time-temperature discontinuities may result 

from temperature shock brought about by abrupt introduction to low 

temperatures after 12 hours of development between 16 and 20° C®
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However, rather wide discontinuities persist, beyond stage 6 and 
throughout development, between 15 and 20° C in both species (Figo 15), 

which are not consistent with thermal shock effects noted by Hagen 
(1964) and Hubbs and Bryan (1974)„

Drost-Hansen (1956) proposed that major shifts in physiological 

and mechanical rates are sometimes due to.liquid-water phase changes 
which occur within 2° G of 0, 15, 30, 45, and 60° C (Lavergne and 

Drost-Hansen 1956)0 It is possible that the discontinuities displayed 

just above 15° C in the developmental rates of both grunions are due to 

the switching between metabolic pathways in accordance with the therm
al ly-dependent structural changes in water (Drost-Hansen 1956, Oppen- 

heimer and Drost-Hansen 1960)«

The temperature coefficients reported here for both grunions, 

when incubated from 12 hours post-fertilization, are similar to those 

for the California grunion when incubated from 1 hour (P < =001) 

(Ehrlich and Farris 1971), which were not different from those calcu

lated from Hubbs (1965) for incubation from 15 minutes. The slopes of 

development for incubation from 1 hour (Ehrlich and Farris 1971) are 
steeper; however, they are not significantly different from zero (a 

function of sample size), as are those for both species presented 

herein. These shallower developmental-time slopes result from the 

initial 12 hours of development at temperatures between 16 and 20° C, a 
rate slower than would occur at higher temperatures, and faster than at 

lower temperatures,
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Q10 values fall into four categories; 1) those about two, 2) 

those much less than two, 3) those much greater than two, and 4) those 

about one (Giese 1962)» In herring, Q^_ values for development to 

hatching only equal about two within the temperature limits naturally 
experienced by the embryos« At temperatures above these, the Q^q 

values decrease to about one, and below these limits they increase.

The Q1() values of development in the grunions are consistent with these 

observations, except that the Q^q values of the Gulf grunion decrease 

to about one well within the temperature limits the embryos normally 

experienceo Whereas, those of the California grunion decrease at 

25° C, near the upper limit of natural incubation,. The decreases in 

the Q10 values At temperatures above 25° C, exhibited by both species, 

are probably a function of metabolic rate limitations (Belehradek 1930, 
Alderdice 1976)„

Q10 values are known to increase with age and deve1opmental 

stage (Belehradek 1930)« Those for California grunion development 

below 25° C are essentially consistent with this general trend up to 

hatching; they increase from 2=87 at stage 6 to 3<>57 at stage 14. At 

stage 15, the Q^q drops to less than half that at stage 14. The Q^q 

values and temperature coefficients of the Gulf grunion development 

increase up to stage 11 (2.74), after which, during the growth period, 

they decrease to 2.46 at hatching. The Q^q values for development 

above 25° C equal about one throughout the development to stage 15 for 

both species, as was reported for the California grunion by Ehrlich and 
Farris (1971).
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The Q1q values presented hy Ehrlich and Farris (1971) for Cali

fornia grunion development to hatching between 14 and 22° C average 
about 4o91<> These indicate a much greater response to increased tem

perature for a longer period of time, than occurs in the development of 

either grunion species incubated from 12 hours post-fertilization.,

The California grunion spawn only at nighttime, 2200 to 0200= 

During the early part of the Gulf grunion spawning season, the tides 

are highest in early morning, 0300 to 0500= Newly-fertilized grunion 

zygotes, spawned at either El Golfo de Santa Clara or La Jolla during 

these hours, do not experience the highest daily temperatures until 

about 12 hours post-deposition..

By mid-March at El Golfo, the two semidiurnal tides approach 

the same height, the transition period (Thomson and Muench 1976, Muench 

1977), at which time spawning runs may occur on successive tides (morn

ing and afternoon)«, ■ During the latter weeks of the Gulf grunion spawn

ing season (late March through late May), the higher high tides of the 

day occur in the daytime (late afternoon)» Because sand temperatures 

approximate water temperatures at the time of egg deposition, Gulf 

grunion zygotes do not experience extreme-high temperatures until about 

20 hours after fertilization.

These natural incubation conditions and the lower values 
exhibited by the grunions, when incubated from 12 hours (as compared to 

those exhibited when California grunion are incubated from 1 hour), 

suggest that the 12-hour delay, inherent in this investigation, may 

actually simulate the conditions in the natural sand habitat of grunion
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development more closely than did the 15-minute or 1-hour delays in the 
studies of Hubbs (1965) and Ehrlich and Farris (1971)„

Smith (1957) describes development as a series of successive 
and branching reactions. Temperature may hinder or promote certain of 
these reactions, such that visible characteristics may not appear in 

any set order at all temperatures (Hayes et al, 1953), At high tem

peratures, eye pigment formation is temporarily retarded in salmon 

embryos (Hayes et al, 1953) as it is in the grunions above 29° C=

Hatching has been shown to be independent of the stage of dif

ferentiation in some fishes, because the actual process depends on the 

production and amount of hatching enzyme, as well as on embryonic 

activity (Hayes 1942, Hokanson and Kleiner 1974), The "turning point" 

in- the temperature-rate curves of individual metabolic reactions (the 

temperature at which the maximum reaction rate is achieved) need not 

occur within the zone of tolerance of the whole organism (Alderdice 

1976), The absence of a rate shift in the Gulf grunion at hatching may 

be because the "turning point" of hatch-enzyme production falls outside 

the tolerance limits of the whole embryo.
The Q10 values of California grunion development at 25° C and 

below are consistently higher than those of the Gulf grunion at the 
same stages, except hatching. This indicates that, while development 

is more temperature dependent in the California grunion than in the 

Gulf grunion, hatching is not,

1 The pronounced two-day delay in California grunion hatching at

30° C and the high 95 percent Confidence interval (wide scatter of
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points around.the hatching regression line) may result from temporary 

hatch-enzyme production retardation at these temperatures, even though 

no rate shift is apparent. This delay, between the species, decreases 

with decreased temperature, to the point where both grunions are ready 

and capable of hatching at the same time (about 10=20 days), when incu

bated at 20° G, The California grunion embryos hatch before those of 
the Gulf grunion at temperatures below 20° C, indicating that hatch- 
enzyme production may be somewhat impaired in the Gulf grunion at lower 

temperatures, despite the fact that the Gulf grunion is capable of 50 

percent hafchihg at temperatures lower than the California grunion, 
Ehrlich and Farris (1971) determined that the developmental 

tolerance limits of the California grunion are 14,0 to 28,5° G (with a 

1-hour delay from fertilization to the initiation of incubation).

These are slightly wider than those reported in 1965 by Hubbs (14,8 to 

26,8° C, with a 15-minute delay). The 12-hour delay herein, has 

extended the tolerance of California grunion embryos by 1,5° C at the 

upper limits and narrowed it by 4° C at the lower limits. This indi

cates that, as determined by Battle (1929) and Baldwin (1948) for other 

fishes, grunion cleavage (stages 1 and 2) is more susceptible to the 

effects of heat than are more advanced stages. This agrees with the 

fact that embryos of both species are deposited and spend at least the 

first eight hours of cleavage at or near water temperatures. Gulf 

grunion eggs, deposited during late afternoon, are not subjected to 

high temperatures for about 22 hours.
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Hagen (1964) demonstrated that the effects of temperature 

shock, heat or cold, tend to diminish with advanced development* This 
is consistent with the fact that Gulf grunion embryos, incubated from • 

24 or 38 hours post-fertilization, are capable of higher hatch per

centages when incubated at 14° G than those first exposed to 14° G at 

12 hours post-fertilization (Hoffatt, research in progress)* However, 

these increased delays in the onset of incubation do not extend the 

upper tolerance limits of either species*

. The effects of high developmental rates on growth and differ
entiation due to high temperatures are well documented (Hubbs 1926,

Garside 1966, Ehrlich and Farris 1970), Meristic counts tend to be 

lower in embryos incubated at high temperatures, because as differen

tiation rates are accelerated, the duration of the differentiation 
period is shortened. Therefore, fewer meristic units are produced* 

Ehrlich and Farris (1971) found that myomere counts in California 

grunion prolarvae decreased with increased incubation temperature* 

Smaller-sized prolarvae are associated with lower myomere counts, as 

are the abnormal spinal curvatures (Hubbs 1926) displayed by the pro- 

larval grunions» Total length decreases with increased incubation 

temperature in these species as well.

Environmental Influences on the Gametes,
Embryonic Development and Viability

The seasonal variations observed in the egg quality (diameter 

and color) of both grunions are probably due, at least in part, to the 

nutritional condition of the spawning females. Foraging conditions
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during the pre-spawning season are known to influence gamete quality 

and viability in many teleosts (Major and Craddock 1962, Blaxter and 

Hempel 1963, Cushing 1967, Nikolskii 1969, Bagenal 1971, Wooton 1973, 

Gall 1974, Shul'man 1974, Southward and Demir 1974, Ware 1975,

Lyagina 1975, Wpoton and Evans 1976)„

As sea-surface temperatures increase, planktonic productivity 

decreases and correspondingly, so does egg quality in spring and summer 

spawning fishes (Blaxter and Hempel 1963, Cushing 1967, Southward and 
Demir 1974)« In addition, it has been shown, in both the Cornish 

pilchard (Sardina pllchardus) and the whiting (Merlangus merlangus), 

that as seasonal temperatures rise, oocyte maturation rates increase, 

resulting in more numerous, but smaller eggs (Southward and Demir 1974, 

Hislop 1975), These variations in egg quality have adaptive signifi

cance, in that the smaller larvae that result are better suited for 
feeding on the small zooplankton most abundant during spring and summer 

months (Jones and Hall 1974, Ware 1975)„

Since productivity levels peak early in the spawning seasons 

and sea-surface temperatures are rising throughout the spawning seasons 

of the grunions, the observed variations in their egg qualities is not 
unexpected (Clark 1925).

The smaller summer eggs spawned by the northern populations of 

herring (Clupea harengus) and the Cornish pilchard, like those from 

more southern waters, develop faster than winter eggs (Blaxter and 

Hempel 1963, Southward and Demir 1974)« This faster rate is due to 

higher developmental temperatures rather than the direct effect of egg
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sized The lack Of seasonality, indicated by preliminary analyses, in 
the grunions * developmental time with variations in egg size, is there
fore, not unusual.

While developmental time is independent of egg size, embryonic 
and prolarval viability and survival is not* The amount of yolk still 

available at hatching critically influences prolarval survival (Blaster 

and Hempel 1963, Southward and Demir 1974)*

In planktonic or demersal eggs, which hatch when hatch-enzyme 

and embryonic activity levels are sufficient, egg size-viability rela

tionships may be relatively temperature independent, since increases in 

metabolic rate at high temperatures are compensated for by the yolk 

reserves conserved by the shorter developmental time to hatching and 

feeding (Blaster and Hempel 1963)» In the grunions, which must remain 

in the sand until uncovered and agitated before hatching, the effects 

of temperature on metabolic rate, yolk utilization and viability are 

especially critical.

Ehrlich and Farris (1971) believed that the yolk reserves pres

ent in the California grunion egg at deposition had two functions; 1) 
an energy source for differentiation and growth (up to stage 14), and 

2) an energy source for maintenance from stage 14 to hatching (stage 

15)o They attempted to elucidate the adaptations evolved by the Cali

fornia grunion that enhanced embryonic survival, over a wide tempera

ture range, from the time development is complete, to hatching and the 

start of prolarval feeding. They found no apparent developmental rate
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differences, except the statistically insignificant plateauing of rate 
at about 22° C and above0

The results of this investigation shed light on this anomaly« 
Because the tides in the northern Gulf of California are much less 
irregular in height between new and full-moon tidal series, Gulf 

grunion embryos rarely remain in the sand more than 8 or 10 days 

(x = 8o27 days)o The California grunion embryos, on the other hand, 

must often remain in the sand until the ascending tides of the second 
successive tidal series, as long as 25 days (x = 16=5 days).

While newly-hatched California grunion prolarvae are 10 percent 

longer, 27 percent heavier and more maturely pigmented, than those of 

the Gulf grunion, these dissimilarities Can not quantitatively account 

.for the 2.56 times greater egg-volume difference between the two 

species. Rather, it is more likely that the doubling in egg volume, 

and the corresponding increase in yolk reserves, is one of the adapta

tions evolved by the California grunion to survive extended incubation 

periods. This is supported by the longer viability of hatching in 

California grunion embryos, when incubated at 20 and 25° C.

Assuming that the yolk-utilization efficiency decreases with 

unchecked metabolic-rate increases, as is indicated by the shorter 
viability of hatching in California grunion embryos incubated at 30° C, 

the plateauing of developmental rate, found to be significant in this 

study, would operate to conserve yolk reserves at high incubation tem

peratures.
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The Gulf grunion shows a reduced temperature response from the 

beginning of the growth period (stage 11) and once stage 14 is 

attained, growth ceases in both species» Preliminary analyses of 0^ 

consumption measurements in Gulf grunion embryos indicate that con

sumption at stage 14 is less temperature dependent than it is at stage 

11 (Moffatt, research in progress)« Therefore, it appears that the 

only energy required, from stage 14 until hatching is for metabolic 

maintenance.. These adaptations enhance the survival of embryos of both 

grunions, but especially those of the California grunion.,

The activation of hatching in Gulf grunion embryos is more 
sensitive to slight agitation than is that in California grunion 

embryos«, This is consistent with the low wave turbulence, character

istic in the northern Gulf, which.acts to stimulate hatching under 

natural conditions» Hatching in California grunion embryos requires 

the vigorous turbulence typical of the wave action on the California 
coast.

The faster rate and more precise completion of development,

(low Cl value) in Gulf grunion embryos incubated above 20° C, are 

consistent with the narrower range and the difference in the mean 

number of days to washout and hatching, that coincides with the tidal 

regimes in the habitats of the two grunion species.

The longer developmental period provided for by the security of 

in-sand incubation affords greater maturity in the newly-hatched pro- 

larvae of the grunions. It insures immediate feeding capability, since 

the digestive system is functional (May 1971), as compared to other
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teleost prolarvae (Harr 1956, May 1971, 1974, Houde 1974)= The 
presence of the kidney at hatching accounts for the wide salinity 
tolerances, particularly the hyposalinity tolerances, exhibited by both 

species (Reynolds 1973, Reynolds and Thomson 1974a, 1974c, Reynolds et 

al, 1976)o

Gulf grunion prolarvae prefer salinities from 15 to 24 o/oo 

(Reynolds and Thomson l974e), which formerly oriented the prolarvae to 

the nutrient-rich and brackish outflow of the Rio Coloradoo The hyper- 

salinity tolerances of the Gulf grunion prolarvae seem to be a response 
to the high salinities caused by high evaporation rates and the recently 
diminished river outflow. The rather wide tolerance limits, in both 

hyposalinity and temperature, have apparently been evolutionarily con

served in the California grunion, as shown for thermal tolerance limits 
of pupfishes (Brown and Feldmeth 1971),

The Evolution of the Beach-spawning Habit 
and the Speciation of the Grunions:

An Hypothesis

Most of the marine members of the family Atherinidae exhibit 

inshore or estuarine spawning habits. These atherinids spawn clumps of 

eggs, attached demersally to rocks or seaweeds by gelatinous threads 

(Clark and Moulton 1949, Fitch and Lavenberg 1975, Middaugh and 

Lempesis 1976),

The major spawning ground of the Gulf grunion is in an area of 

extreme tidal fluctuation. The northern Gulf of California experiences 

one of the widest tidal-amplitude ranges in the world; the spring range 

equals 31,5 feet (9,6 m) and the mean range equals 21,5 feet (6,55 m)
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(Thomson et alo 1969)„ The width of the intertidal zone (from the 
lowest low to the highest high waters) may exceed 15 miles in some 
areas.

Given that the ancestral gruhion spawned inshore, like other 

members of the family, the deltaic sandy bottom afforded little irregu

larity for the attachment of clumped, demersal eggs. In addition, 

eggs deposited on the surface of the Sand in the vast intertidal zone 

were doomed to exposure by the semidiurnal recession of the tideso The 

only alternative was to bury their eggs in the sand.

Eggs burled too low in the intertidal zone or on ascending 

tides of a tidal series were washed out of the sand before they were 

completely developed. Those eggs deposited close inshore, just after 

the highest tides of the high-tide series were fully developed and 

ready to hatch by the time they were washed out of the sand by the 

erosion of the beach by the next series of ascending tides. Thus, the 

spawning grounds were selected and the beach-spawning habit was evolved.

Were the grunion restricted to the water for embryonic develop

ment, and given its present embryonic thermal tolerance limits, the 

spawning season would have been restricted to March through late May,

The sand, however, provided a natural and thermally-insulated incu
bator , because once the .tide receded and the surface sand dried, tem

perature extremes, cold in early weeks and warm in later weeks, were 

minimized during incubation. As a result, the spawning season could 

begin earlier, in late winter, and continue through late May in the 

Gulfo

J
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Morphological and physiological evidence points to the Gulf 

grunion as the more primitive of the two grunionso It is not incon
ceivable, therefore^ that the California grunion, in retaining this 

unique beach-spawning habit, has adapted to the more irregular tidal 

regime of the California coast» The larger yolk reserves provide for 
the prolonged incubation period in the sand and enhance embryonic 

viability to hatching, as does the slightly slower developmental rated

The greater wave activity on the California beaches deposits 

more sand on the spawning sites, burying the eggs deeper and minimizing 

even more the thermal extremes in the sand incubator* In response, the 

embryonic thermal tolerance limits of the California grunion have nar

rowed slightlyo In addition, the sensitivity of hatching to agitation 

has diminished.

Since the coastal waters' of California begin warning later; 

warm more slowly and not as greatly as those of the northern Gulf of 

California, the California grunion spawns in the spring and summer.

The tidal and thermal conditions characteristic of the northern 

Gulf of California provided the ideal environment for the evolution of 
the grunion spawning habit. The California grunion has adapted this 

unique habit to the more irregular tidal, and more constant thermal 

regimes of the California coast. While the grunlons, L, sardina and 

L* tenuis, vary only in the degree to which they employ their unique 
spawning behavior, the morphological, behavioral and physiological dif

ferences they display demonstrates their divergence in response to 

environmental selective pressures.



APPENDIX A

MEAN DEVELOPMENTAL TIMES AND RATES TO THE PRESENCE
OF TAIL-FOLD MYOMERES (STAGE 6)

Times (days) and rates (%/day) of L„ sardina and L= tenuis 
embryonic development, incubated between 10 and 35° C0 N = the number 
of samples (50 to 150 eggs/sample) averaged to calculate the mean times 
and rateso Rate = x 100; " " = no data availableo

L<> sardina L. tenuis
Temperature

(° c) (N)
Time
(Days)

Rate
(7,/Day) (N)

Time
(Days)

Rate
(7,/Day)

10° (2). 5,92 16,89 (1) 5,62 17.79

11° (2) 5,72 17,48 - - -

12° (1) 5,21 19,19 (1) 5,38 18.59

12,5° - - - (1) 5,46 18,32

14° (2) 5,24 19,10 (1) 4,50 22,22

14,5° - - (1) 4,38 22.83

15° - - - (2) 3,69 27.10

16° (3) 3,85 26,00 r - ■-
17° (2) 2,46 40,65 (2) 2,52 39.68

18° (1) 2*27 44,05 - - *
19° - - -■ (2) 2,77 44.05

20° (3) 2,09 47,85 (4) 2.34 42.64

(1) 1,92 52,08 - - -

23° ‘ Cl) 1,83 54,64 - — 1 -

25° (2) 1,66 60,06 (1) 1.54 64.94
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Temperature(° c) (N)

L. sardine 
Time Rate
(Days) (%/Day) (N)

L. tenuis 
time 
(Days)

Rate 
(7./Day)

C
M - - (1) 1.54 64=94O

0
0

C
M (1) 1.27 78. 74 - - -

0

- - - (1) 1.38 72.46

% (2) 1.30 76.92 (1) 1.38 72.46

31° - - - (1) 1.38 72.46

31.5° - - (2) 1.41 70.92

32° (1) 1.33 75.19 (1) 1.44 69.44

33° (2) 1.30 76.92 (2) 1.45 68.97

34° (1) 1.33 75.19

35° (1) 1.27 78.74



APPENDIX B

MEAN DEVELOPMENTAL TIMES AND BATES TO VITELLINE
VEIN FUNCTION (STAGE 10)

. ... Times (days) and rates (%/day) of Lo sardina and L« tenuis .. 
development to stage 10 incubated between 10 and 34° Go N = the number 
of samples (50 to 150 eggs/sample) averaged to determine the mean times 
and rateso Rate = x 100; " - ” = no data available»

Temperature 
(° G) (N)

Lo sardina 
Time Rate
(Days) (%/Day) (N)

L. tenuis 
Time 
(Days)

Rate
(%/Day)

10° (!) 7.81 12.80 (!) 9.5 10.52

11° (2) 7.68 13.03 . - - -

12° (1) 8.27 12.09 -

13° - - - (1) 8.12 12.32

14° (1) 6.22 19.16 (!) 9.17 10.90

14o 5° 

15°
- * (1) 7.46 13.40

(1) 4.81 20.79 (2) 6.02 16.62
16° (3) 5.18 19.30 (1) 5.62 17.79
17° (2) 4.44 22.52 (3) 4.17 23.96
18° (1) 4.15 24.10 - - -
19° - - - ■ (2) 3.99 25.06

20° (3) 3.16 31.65 (5) 3.49 28.62
22° (1) 2=83 35.34 (!) 3.42 29.24
23° (1) 2.81 35.59 (1) 2.67 37.45
24° (1) 2=67 37.45

69



70

L0 sardina L= tenuis
Temperature 

(° C) (N)
Time
(Days)

Rate
C7,/Day) Cn)

Time
CDays)

Rate
C7./Day)

25° CD 2,27 44.05 : CD 2.50 40.00
27° (2) 1,81 55.25 CD 1.79 55.87

5 (2) 1,81 55.25 CD 1.79 55.87

29° * - CD 1.54 64.94 .

30° (2) 1,73 57.80 CD 1.54 64.94

32° CD 1,67 59,88 CD 1.54 64.94

34= CD 1,67 59.88 C2) 1.54 64.94



APPENDIX C

MEAN DEVELOPMENTAL TIMES AND RATES TO THE 
PIGMENTATION OF THE RED BLOOD 

CELLS (STAGE 11)

Times (days) and rates (%/day) of L„ sardina and L° tenuis 
development to stage 11 incubated between 10 and 34° C« N = the number 
of samples (50 to 150 eggs/sample) averaged to determine the mean times
and rateso Rate nays 100; no data available=

L.o sardina L= tenuis
Temperature

(° c) (N)
Time
(Days)

Rate
(%/Day) (N)

Time
(Days)

Rate
(%/Day)

10° (1) 10.00 10.00 (1) 16.50 6.06

11° (1) 9.29 10.76 - - -
12° (1) 9.40 10.64 (1) 17=54 5.70

14° - - - ' (1) 11.34 8.82
15° (2) 7.30 13.69 (2) 6.50 15.38

16° (3) 7.12 14.04 - . -
17° (2) 5.86 17.08 (3) 5.83 17.14

18° (1) 5.21 19.19 - - —

19° - - (2) 5.02 19.92

20° (3) 5.03 19.88 (5) 4.43 22.55

22° (1) 3.23 30.96 Cl) 4.17 23.98

23° (1) 3.94 25.38 Cl) 3.46 28.90

24° - - - (1) 3.46 28.90
25° (3) 2.45 40.87 (1) 3.46 28.90

27° ' (2) 2.18 45.77 (2) 2.48 40.32
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Temperature
(° O (N)

L. sardine 
Time Rate
(Days) (%/Day) (N)

L. tenuis 
Time 
(Days)

Rate
(%/Day)

28° (2) 2.18 45.77 (2) 2.48 40.32
28.5° - - (1) 2.46 40.65

29° - - - (1) ; 2.42 41.32

8 o (3) 2.11 47.47 (2) 2.42 41.41

31° - -' - - : (1) 2.33 42.92
32° (2) 2.02 49.63 (2) 2.42 41.41

33° (2) 2.02 19.63 (1) 2.62 38.17
• 34° Cl) 1.83 54.64 (1) 2.33 42.94



APPENDIX D

MEAN DEVELOPMENTAL TIMES AND RATES TO THE
PRESENCE OF THE KIDNEY (STAGE 14)

Times (days) and rates (7=/day) of L̂o sardina and JLo tenuis 
development to stage 14 incubated between 10 and 34° G«, N = the number 
of samples (50 to 150 eggs/sample) averaged to calculate the mean times 
and rateso Rate = x 100; " - " = no data available.

L-o sardina . L. tenuis
Temperature 

(° G) (N)
Time
(Days)

Rate
(%/Day) (N)

Time
(Days)

Rate
(7./Day)

10° (1) 15.75 6.35 - -

11° (1) 16.27 6.15 - «» ■ - -

14° - - ' - . (1) 18.54 5.39

15° (2) 12.99 7.70 (2) 15.06 6.64

16° (2) 11.50 8.70 - -
17° (1) 10.00 10.00 (2) 13.18 7.59

18° (1) 8.27 12.09 - - -
19° - - - (2) 8.91 11.22
20° (3) 6.05 16.53 (5) 7.04 14.21

22° (2) 6.24 16.01 (1) 5.88 17.01

24° - ' - - (1) 4.79 20.88

25° (3) 4.31 23.20 (3) 4.60 21.76

27° (2) 3.59 27.86 (1) 4.54 22.03

£ 0 (2) 3.16 31.60 (3) 4.17 23.98

29° (2) 3.90 25.64
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Temperature 
(° G)

Lo sardina 
Time Rate 

(N) (Beys) (%/Day)
Le tenuis 
Time Rate 

(N) (Days) (%/Day)

30° (3)

31° (1)
32° /"N

C
M

33° (i)
34° (i)

3o33

3,50
3,25

3,33

30.03 

28,57 

30,77
30.03

(2) 3,67 27,25

(2) 3,96 25,25

(3) 3,86 25,91

(1) 4,52 22,12

(1) 3,42 29,243,00 33,33



APPENDIX E

MEAN DEVELOPMENTAL TIMES AND RATES
TO 50% HATCHING (STAGE 15)

Times (days) and rates (%/day) of L= sardina and Lo tenuis 
development to 50% hatching for incubation between 10 and 33° Co N = 
the number of samples (50 to 150 eggs/sample) averaged to calculate the 
mean times and rates« "0" = no hatching occurred; ,,-,r = no data avail
able, Rate = TjJ-g. x 100,

L» sardina JL, tenuis
Temperature Time Rate Time Rate

(° c) (N) (Days) (%/Day) (N) (Days) (%/Day)

11° (1) 21,65 4.62 0 0 0

15° (1) 20,65 4.84 0 0 0
16° (1) 15,35 6.52 0 0 0

17° (2) 15,34 6.52 0 0 0

18° (1) 12.44 8.04 (1) 14.31 6.99

19° -  - - - (1) 12.44 8.04

0 (3) 10,20 9.80 (2) 10.18 9.82

22° (2) 9,39 10.65 - -* -
23,5° - (1) 7.46 13.40
25° (3) 6,81 14.68 (1) 7.46 13.40

27° (2) 5,16 19.38 (1) 7.46 13.40

o00CM (2) 5,16 19.38 . (1) 6.58 15.20

28,5° - - - (2) - 7.98 12.53

29° - - - (1) 8.42 11.88

30° (3) 4.26 23.47 (2) 6.02 16.61
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Temperature 
(° G)

Lo sardina Lo tenuis
Time Rate Time Rate

(N) (Days) (%/Day) (N) (Days) (%/Day)

32° (1) 3.85 25.97 0 0 0

33° (1) 4.38 22.83 0 0 0



MAXIMUM HATCH AND ABNORMAL HATCH PERCENTAGES

APPENDIX F

Maximum hatch percentages achieved by L«, sardina and Lo tennis 
embryos incubated between 10 and 35° C and the percentage of each hatch 
exhibiting abnormal morphological characteristics, i.-e., small size,
curled spine or 
ing occurred;

abnormal red blood cell 
= no data available.

accumulationo n0n = no hatch-

Temperature 
(° C)

Maximum
Hatch
(%)

sardina
Abnormal
Hatch
(%)

Maximum
Hatch
(7.)

tenuis
Abnormal
Hatch
(%)

So
 '

11,0 100.0 O' 0
11° 52.5 30.0 0 0

15° 85.0 10.0 14.0 50.0

16° 100,0 6.0 29.3 7.0

18° 89,0 3.2 67,0 1.5

20° 100.0 3.0 98.0 13.0

22° 96.0 4.1 -
25° 93,0 2.5 . 97.0 6.0

27° 99.0 4.0 85.0 5.5

30° 96.0 11.5 85.0 8.5

32° 98.0 25.0 41.5 100.0

33° 54.0 78.0 31,5 100.0
35° 11.5 100.0 0 0
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ESTIMATES OF THE NUMBERS OF DAYS TO EGG
i n u n d a t i o n, w a s hout a n d h atching

APPENDIX G

The dates (D^) of witnessed or documented runs, tide heights 
(TH) just prior to egg deposition, dates of (Dg) and numbers of days 
(Dg - D]) to the next successive tide of the same height (TH) are given 
for El Golfo de Santa Clara and La Jolla, The means i 95% confidence 
intervals are presented. Estimates are made from published tide 
calendars (Thomson 1975, 1976, 1977; Vaughan Aquarium 1975, 1976,
1977),

Year
TH (m) 

D1

El Golfo 
D2 (I^ - D^) TH (m)

D1

La Jolla 
D2 (D2 " V

1975 3,96 
14 Feb

22 Feb 8 1,76 
29 Mar

23 Apr 25

3,66 
15 Feb

22 Feb . 7 1,67 
28 May

6 June 9

,4,27 
1 Mar

13 Mar 12 1,81 
11 June

19 June 8

3,96 
2 Mar

11 Mar 10 1,86 
23 June

7 July 14

3,96 
14 May

21 May 7 1,78 
24 June

6 July 12

3,66 
15 May

21 May 6 1,56 
26 June

4 July 8

1976 4,12 
18 Feb

27 Feb 9 1,73 
18 Mar

12 Apr 25

3,96 
19 Feb

26 Feb 7 1,65 
19 Mar

12 Apr 24

3,96 
19 Mar

29 Mar 10

78

1,45 
2 Apr

11 Apr 9



79

Year
TH (m)h

El Golfo 
D2 (D2- V TH (m)h

La Jolla 
D2 (D2 - D1)

1976 3 = 66 
3 Apr

10 Apr 7 1=81 
16 Apr

11 May 25

3 = 81 
17 May

26 May 9 1=67 
17 Apr

10 May 23

3 = 66 
2 June

8 June 6 1=59 
30 Apr

10 May 10

1 = 56 . 
1 May

9 May 8

1=95 
14 May

9 June 25

1=84 
15 May

8 June 23

1977 4=27 
7 Feb

16 Feb 9

3 = 96 
21 Feb

3 Mar 10

3 = 87 
9 Mar

16 Mar 7 '

Mean number of days ±. 95%
confidence interval to washout = 8=27 ± 0=94 16=40 ± 4=03
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