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Abstract

Laboratory experiments of a factorial design were used to
examine the combined effects of temperature and salinity on
the survival and growth of early and late-stage larvae of Adula
californiensis (Phillippi, 1847). Response-surface curves were
generated to predict optimal conditions for survival and
growth in order to better understand the successful recruit-
ment of this species within the Yaquina Bay estuary (Oregon,
USA). Three-day old cultured larvae were more sensitive to
reduced salinity than were 15-day old larvae. However, the
15-day old larvae showed a narrower temperature tolerance
than the 3-day old larvae. A. californiensis larvae survived
over a wider range of temperatures near optimum salinities than
at salinities near their lower tolerance limit, and conversely.
Temperature and salinity ranges for maximum survival
(10°to 15 °C, 31 to 33 %,) were narrower than the ranges which
occur within the estuary where the adult populations exist.
Larval size did not increase markedly during the 15-day
rearing period, and was not greatly affected by temperature or
salinity. No statistically significant temperature-salinity inter-
action was found for either survival or growth.

Introduction

The importance of the combined effects of tempera-
ture and salinity on an organism, and the need to
consider these factors jointly, has been emphasized
by Kinne (1963, 1964, 1970). Salinity may modify the
effects of temperature and change the temperature
range of many biological processes; likewise, tempera-
ture can modify the effects of salinity. The combined
effects of these factors on bivalve larval development
was first observed by Amemiya (1928), who found that
growing Crassostrea gigas larvae at the lower end of
their temperature range narrowed their range of sali-
nity tolerance. More recently, Bayne (1965) found that
the optimum salinity range varied with temperature
for Mytilus edulis larvae. Davis and Calabrese (1964)
were the first investigators to look at the combined
effects of temperature and salinity on bivalve larval
development using factorially designed experiments.
They found that the larvae of Mercenaria mercenaria
and Crassostrea virginica grew over a wider range of
temperatures near optimum salinities than near the
lower limit of their salinity tolerance. Similar studies

of the combined effects of temperature and salinity
on the early development of bivalve larvae have been
performed by Brenko and Calabrese (1969) for Mytilus
edulis, Calabrese (1969) for Mulinia lateralis, and
Lough and Gonorj(1971) for Adula californiensis.
However, these studies only examined the effects of
temperature and salinity by inspection of the data,
and not by a critical statistical analysis.

Statistical methods developed by Box and Youle
(1955) have made it possible to estimate the response
of larvae under a greater variety of environmental
conditions than is possible through experiments in the
laboratory, and to determine which factors are signi-
ficantly contributing to the response variation. This
response-surface technique has opened a new approach
to the study of larval ecology (see Costlow and Book-
hout, 1964), and has been applied to brachyuran larvae
by Costlow ef al. (1960, 1962, 1966) and Costlow (1967);
and to English sole, petrale sole, and Pacific cod larvae
by Forrester and Alderdice (1966) and Alderdice and
Forrester (1968, 1971 a, b). The use and evaluation of
response-surface techniques in marine ecology has been
reviewed in detail by Alderdice (1972). These tech-
niques have not been previously used on thelarvae of any
other marine invertebrates except Brachyura.

Our study examined the combined effects of tem-
perature and salinity on an early and a late stage of
development of the bivalve molluse Addula califor-
niensis in laboratory culture, by using response-
surface techniques to predict survival and growth in
nature. Part IT of this study will compare early larval
respiration with long-term larval survival and growth,
and will attempt to relate these findings to recruitment
to the adult population under natural conditions in its
Yaquina Bay, Oregon, habitat.

Materials and Methods

The methods used to obtain adult Adule califor-
niensis, secure gametes from them, and handle em-
bryos, glassware and seawater, are as described pre-
viously (Lough and Gonor, 1971).
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Preliminary Larval-Density Experiment

A suitable density of larvae for the culture of
Adula californiensis was determined by growing larvae
in densities of approximately 25 to 400/ml culture
water. To estimate the density of the original egg
suspension and the amount of error introduced by the
pipetting method, 0.25 ml egg samples were pipetted
into 40 vials of formalin with a 1 ml tuberculin
syringe. The total number of eggs in each of the
samples was counted in a Sedgewick-Rafter cell
under a 40-power microscope objective. The appro-
priate quantity of egg suspension was then pipetted
with a 4 ml-capacity Mini-pet syringe into duplicate
cultures to produce the desired density. One culture
of low larval density (50 larvae/ml} contained 50,000
units/l Penicillin G and 100 mg/l Streptomycin. The
antibiotic mixture was made with water of the same
salinity as that used in the experimental cultures.
This mixture and concentration of antibiotics was
found by Stickney (1964) to be effective in preventing
bacterial contamination of Mye arenaria larvae cul-
tures without adverse effects on development.

All densities of larvae were reared in 100 ml of
33.1%, S seawater at 15° + 0.01 °C. After 72 h develop-
ment at 15 °C, the larvae had developed shells and
could be handled without damage. The larvae were
sieved with a 54 pm mesh nylon screen, washed into a
graduated cylinder, diluted to 100 ml, agitated with
a plunger, and & 5 ml aliquot taken from each culture
with a 41 ml Mini-pet syringe. The 5 ml sample was
preserved with formalin, and a total count of normal
larvae was later made in a Sedgewick-Rafter cell under
a 40-power microscope objective. The remaining larvae
in the graduated cylinder were washed back into the
culture flask with fresh seawater of the same salinity.
A sample was taken for counting, and the water
changed every 24 h until the larvae had developed for
120 h.

Immediately after changing the water, all cultures
were fed Isochrysis galbana every other day, starting
from 72 h of development. Algal cultures were grown
at room temperature (ca. 20 °C) in Matthiessen and
Toner {1966) medium. The different larval concentra-
tions received varying concentrations of I. galbana to
make the final ratio of algal cells to larvae about 23 to 1.
Algal densities were determined by counting in a
haemocytometer. Every 24 h, the pH value was deter-
mined for all cultures. The pH values remained in the
range of 7.70 to 7.91 during the experiments.

The results and analysis of the larval density ex-
periment and the effect of the antibiotic treatment are
given in Tables 1 and 2, respectively, in which the
number of larvae per milliliter are converted to per-
cent survival. The greatest number of larvae surviving
in any culbure at a given density over the 5 days of
rearing was selected ag 1009 survival. An analysis
of variance indicated a significant difference in survi-
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val between the density levels (Table 2). The least-
significant difference (LSD) test among treatment
means indicated that cultures of the lowest density had
the poorest survival. There was no significant differ-
ence among the other density levels. Sinee survival at
all higher densities was the same, the apparent poor
survival in the lowest density cultures probably re-
sulted from sampling error associated with the small
numbers of larvae in these cultures. The effect of the
antibiotic mixture on larval survival was determined
to be not significant using raw percent survival or
transformed percent (arcsin transformation) data in
one-way analyses of variance.

Table 1. Adula californiensis. Effect of warying densities of
larvae on survival in replicate cultures reared in 100 mi sea
water of 33.1% 8 at 15° + 6.61°C

Number at % Surviving
fertilization 72h 96 h 120 h Mean
{eggy/ml}
25 60.8 59.4 48.3 74.6
100 78.7 74.8
50 100 84.1 94.7 90.6
83.7 84.1 83.7
502 92.5 87.5 88.3 90.8
83.3 81.9 100
99 160 90.7 94.1 95.8
97.1 94.9 91.9
199 88.3 90.2 89.8 93.1
100 90.9 91.2
398 100 100 971 93.4
77.7 71.7 89.5

2 Cultured with antibiotics: concentration of 50,000 units/1
Penicillin G plus 100 mg/l Streptomycin.

Table 2. Adula californiensis. Analysis of variance of the effect
of different densities of larvae on survival over & days of
rearing, using arcsin iransformed percentage survivol data.
DF: Degrees of freedom; SS: sum of squares; MS: mean

square
Source DF S8 MS F Significance
level
Density 4 117241 29310 542 5%
Time 2 469.55 234.78 410 Not
significant
Density x time 8 45798 57.26 048 Not
significant
Duplicate
cultures
(experimental
error) 15 1792.74 119.52
Total 29  3892.74
Least significant difference (5% level) = + 9.4 %.
Least significant difference (1% level) = + 16.8%.
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Fig. 1. Bottom salinity (solid line) and temperature (dotted line, T) of Yaquina Bay, Oregon, for year 1965, at selected

navigational buoy (B) stations, where the larvae of Adula californiensis might be expected to be found in the plankton.

Adult populations occur at Stations B-11 and B-15. Distances in nautical miles from bay mouth to stations are: B-11,12:
1.4; B-15: 2.8; B-21: 4.3; B-29: 6.6; B-39: 8.0; B-45: 9.2

32 Marine Biology, Vol. 22
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Factorial Experiments on Survival and Growth

Using conditions known to occur within the ex-
tremes found in Yaquina Bay (Fig. 1), a 4 x 4 fac-
torial experiment was conducted to produce a graded
survival response to temperatures of 7°, 11°, 15° and
20 °C and salinities of 20.3, 23.2, 26.2 and 32.99,. The
experiment was carried out twice.

In the first set of duplicate cultures, unequal
volumes of eggs were pooled from more than 5 females
to insure a response representative of the population.
After the pooled egg-volume was estimated and
adjusted, the eggs were fertilized with pooled sperm.
One milliliter of the fertilized egg suspension was pi-
petted to each of the experimental salinity cultures to
produce a density of approximately 100 larvae/ml, and
transferred to the proper temperature. In this and the
subsequent experiment, larvae were cultured in 200 ml
of water at densities of about 100 larvae/ml. From
previous work, it did not appear to make any differ-
ence whether eggs were transferred into low salinities
directly or by slow dilution. The antibiotic mixture
described above was initially added to each culture.

After 72 h development, the water was changed in
each culture and the larvae were fed equal concentra-
tions of Isochrysis galbana every other day. The algal
concentrations used at each feeding varied from 1,220
to 1,430 cells/ml seawater in the culture flask. A 5 ml
sample was taken from each culture at the end of the
3rd and 15th day, preserved, and the total number of
larvae in the sample counted. The 3 and 415-day percent
survival was calculated by regarding the highest sur-
vival among all of the temperature-salinity combina-
tions of the combined duplicate cultures as 1009,
survival. The mean length of larvae after 3 and 15 days
under the experimental conditions was determined by
measuring the long axis of 15 larvae from each culture
with an ocular micrometer to the nearest 1.5 pm.

The second set of duplicate cultures differed from
the first in two ways: (1) equal volumes of eggs from
4 females were pooled ; (2) all the larvae were fed start-
ing 24 h after fertilization instead of after 72 h. The
first modification was made to control any variability
between egg batches from different females. The second
change was made to determine whether the larvae
were starving, since larvae at the higher temperatures
were reaching the feeding stage before 72 h. The algal
concentrations at each feeding varied from 1,060 to
1,220 cells/ml seawater in the culture flask. During
both sets of experiments, variations in salinity be-
tween water changes were +0.5%, The percent sur-
vival and the mean body length at the end of the 3rd
and 15th day were averaged for both sets of experi-
ments,

Estimation of Experimental Error
Larval survival within a particular temperature-
salinity cell of these factorial experiments has three
components of error: sampling, counting, and re-
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sponse error due to inherent biological variability. In
order to provide a basis for determining if the response
in one cell was significantly different from that in
another cell, the 95% confidence intervals for a single
observation have been estimated by the 4 following
methods.

A three-factor (temperature, salinity, duplicate
cultures) analysis of variance was computed for larvae
surviving to 15 days (Table 3). The 959% confidence
intervals for a single observation were estimated. as
+14.5% by taking the square root of the mean
square error (MSE = 54.4225) and multiplying by
1.96.

The second method used 3-day old survivors of 32
identical cultures reared under the optimum conditions
of 15°C, 33.2%, S, with a larval density estimated at
100/ml. Computation of the 95% confidence intervals
for a single observation based on the mean were
estimated at 1+17.49%,.

The third and fourth methods were based on the
larval density experiment. From Table 2, the 95%
confidence intervals for a single observation were
estimated to be +13.49% ()119.5161.96). Using
arcsin transformed percent-survival data from Table 1,
the 959, confidence intervals of a single observation
were estimated as +17.39% of the mean.

Therefore, the 95% confidence intervals of a single
observation in our experiments lie between approxi-
mately +13 to 18%.

Statistical Treatment of Experimental Data

Our experiments were of a factorial design, in
which the treatments consisted of all combinations of
different levels of a set of factors. Such experiments
provide a greater precision for estimating overall
factor effects, permit the interactions between different
factors to be explained, and allow the range of validity
of the conclusions to be extended by the insertion of
additional factors (Cox, 1958). The fitting of a re-
sponse surface to a factorial experiment may greatly
add to our understanding, by suggesting the form of
the underlying factor combinations that are of most
significance for the system. A response surface is
produced by plotting the treatment effect against
variables (temperature and salinity in this case) in a
three-dimensional diagram. The statistical calculations
involved are a special example of the method of multi-
ple linear regression.

The computer program *STEP, a stepwise mul-
tiple linear regression-analysis program discussed by
M. A. Efroymson (Ralston and Wilf, 1960) was used
for the analysis. It was assumed that the nature of the
response surface could be described by a regression
equation of the form:

Y= byt by @+ by @y + byy 2% + byy 2%+ by 7y 2,
where Y = percent survival or mean length, x,=
temperature (°C), z, = salinity (%,), and b, = constant,
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b, = linear effects of temperature, b, = linear effects
of salinity, b,;= quadratic effects of temperature,
byy = quadratic effects of salinity, b,,= interaction
effects between temperature and salinity (Box and
Youle, 1955).

Regression coefficients (b’s) were calculated by the
computer from the experimental points by the method
of least squares. A ¢ test was made, indicating the
equality of the individual regression coefficients to
zero and the level of significance. Those factors below
the 109 significance level were not considered impor-
tant. ‘

I-levels were set equal to zero to enter and re-
move variables. This allowed all variables to come
into the equation by a forward selection procedure,
their order of insertion being determined by using the
partial correlation coefficient as a measure of their im-
portance. The contribution a variable makes inreducing
the variance of the equation can also be considered by
looking at various values given as the program pro-
ceeds. One of the more useful is the square of the
multiple correlation coefficient, R%, defined as the sum
of squares due to regression, bo/total sum of squares,
corrected for the mean. It is often stated as a percen-
tage, 100 R2. The larger it is, the better the fitted
equation explains the variation in the data. Values of
R2 can be compared at each stage of the regression
program.

The calculated regression coefficients from a partic-
ular equation were fitted by computer to a full qua-
dratic equation in temperature and salinity, in order
to print a contour diagram of the response surface.
The computer program was designed to print 20%
survival contour intervals, wide enough to approxi-
mate the 95% confidence interval calculated for single
observations.

Results

Survival after 3 and 15-Day Rearing Periods
at Different Temperatures and Salinities

Since a two-tailed ¢ test indicated that there was
no significant difference at the 5% level in mean per-
cent survival at 3 or at 15 days between the two sets
of duplicate experiments, the results were averaged for
each time period. The averaged survival data for the
Adule californiensis larvae after 3 and 15 days in the
experimental temperature and salinity combinations
are presented in Table 3. Pooling equal volumes of
eggs from 4 adults in contrast to pooling unequal
volumes of eggs from many adults produced com-
parable results. Larvae that were initially fed 24 h
after fertilization showed no significant difference in
survival at any temperature from those fed initially
at 72 h.

Maximal survival for the 3-day larvae occurred in
32.9%, S and at temperatures of 11° and 15 °C (Table
3). There was approximately a 10 to 209, decrease in

32*
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survival for each level of decreasing salinity. Because
of difficulties encountered in counting larvae without
shells, survival values for the temperature-salinity
combinations of 7°C, 32.9%, S and 7 °C, 26.2%, S are
considered to be inaccurate, and were not used in the
statistical analysis.

After 15 days under the experimental conditions,
maximal survival still occurred at 11° and 15 °C and
32.9%, 8 (Table 3). The optimum temperature for
survival in all salinities appeared to be 14 °C. Below
26.2%, S, there was a sharp decrease in survival to
virtually no survivors at 20.3%, S at any temperature.
Temperatures of 7° and 20 °C narrowed the range of
salinities for larval survival; the higher temperature
producing a greater mortality.

Table 3. Adula californiensis. Percentage of larvas swrviving
in 16 temperature-salinity® combinations

Salinity Temperature

( %0) 7°C 11°C 15°C 20°C
After 3 days

32.9 29.2v 100.0 98.3 78.5

26.2 51.3v 88.4 82.5 85.7

23.2 61.7 62.1 7.8 61.8

20.3 0 41.4 52.8 341
After 15 days

32.9 7941 99.2 98.5 44.4

26.2 21.8 93.8 82.6 13.3

23.2 0 66.8 48.3 0.3

20.3 0 0.5 0.4 0

@ Averaged salinity values +0.5 %.
b Because of difficulties in counting, these values were
not included in the statistical analysis.

A multiple regression analysis was applied to the
3 and 15-day survival data to determine the linear and
quadratic effects of temperature (7', 72), the linear
and quadratic effects of salinity (S, §2), and the inter-
acting effects of temperature and salinity (7’ x S).

The 3-day statistical analysis (Table 4) shows that
all variables except the interacting effects of tempera-
ture and salinity significantly contributed to variation
in the survival data. The linear and quadratic effects
of salinity were the two most significant factors. A
polynomial expression incorporating all the variables
explained 93.29 of the variation:

Yoy, survivar=—603.95 - 39.16 (S) + 16.72 (T')
—0.24 (T x 8)— 0.59 (8§%)— 0.37 (7?) .

The 15-day statistical analysis (Table 4) indicated
that only the linear and quadratic effects of tempera-
ture were contributing significantly to variance in the
survival data. The linear effect of salinity was only
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Table 4. Adula californiensis. Statistical analysis of larval

survival in 16 temperature-salinity combinations. S, 8% and

T, T2%: Linear and gquadratic effects of salinity and tempera-
ture, respectively,; DF : degrees of freedom

Regression Variable R-square ¢ value Significance
step no. (8 DF) level
After 3 days
1 S 0.632 4.96 1%
2 82 0.803 4.04 19,
3 T 0.810 3.86 19
4 Vi 0.908 2.46 59
5 Tx 8 0.932 1.68 Not
significant
After 15 days
1 S 0.543 2.07 109,
2 Vi 0.588 4.59 1%
3 T 0.831 4.08 19%
4 S2 0.859 1.47 Not;
significant
5 Tx8 0.873 1.05 Not
significant

important at the 109% significance level based on £ test,
but was ranked first by partial correlation coefficients.
The resulting equation incorporating all variables
explained 87.39%, of the variation:

Yo, survival = —0608.43 -- 29.25 (8) + 33.72 (7))
—0.21 (T x 8)— 0.38 (52)— 1.06 (T2) .
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The significance of the differences between the fitted
equations of the effect of temperature and salinity on
survival at Days 3 and 15 was tested using the
method described by Ostle (1963, p. 205) to test the
significance of the difference between two polynomials.
The results of this analysis of variance, summarized
in Table 5, indicate a significant difference between the
equations at the 1% level.

Table 5. Adula californiensis. Comparison, by analysis of

variance, of the polynomial equations for 3 and 15 days

survival. Hypothesis: no significant difference between 3 and

15-day survival polynomials. DF: Degrees of freedom; SSE:
sum of squares error; MSE : mean square error

Source DF SSE MSE F
Polynomial 1: 3-day

survival 8 666.91
Polynomial 2: 15-day 10 3119.85

survival
Total: Polynomial1& 2 18 3786.76  210.38
Polynomial 3: Combined

3 & 15-day survival 24 11816.15
Difference: between

Polynomial 3 and Total 6 8029.39 1338.23  6.36*

s Significant at 1% level. F(g,s,.90) = 4.01.
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Fig. 2. Adula californiensis. Response-surface estimation of percent survival of larvae after (A) 3 days, (B) 15 days devel-
opment at 16 different temperature and salinity combinations
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Graphical estimations of percent survival for the
3 and 15-day larvae based on the fitted response-
surface to survival under 16 different combinations
of temperature and salinity are presented in Fig. 2.
Assuming the survival estimations apply to the tem-
perature-salinity conditions in nature, and assuming
optimal nutrition, the following predictions can be
made.

One hundred percent survival for the 3-day larval
stage (Fig. 2A) can be expected between salinities of
28 and 33 %, and between temperatures of 9° and 16 °C.
Survival decreases with lower or higher temperatures
and salinities. Some survival is predicted at tempera-
tures as high as 30 °C and as low as 0 °C. The nearly
circular shape of the fitted contours indicates the ab-
sence of any significant interaction effect.

Maximal survival for the 15-day larvae (Fig. 2B)
can be expected between salinities and temperatures
of 31 and 40%, and 9.5° and 15°C. No survival is
predicted in salinities below 18%, and at temperatures
outside of the range 2° to 22 °C.

Growth of Larvae after 3 and 15 Days of Rearing
at Experimental Temperatures and Salinities

Mean-length data of the larvae after 3 and 15 days
rearing at the experimental temperatures and salini-
ties are given in Table 6. Both the greatest 3-day and
greatest 15-day mean length occurred at 20 °C and
32.9% S. Mean length decreased with decreasing sali-
nity, while the standard deviations show that the size
range of the individuals increased.

Due to. the: small- difference in- size- between the
larvae in any temperature-salinity combination, the
statistical analysis did not show any single variable
to be highly significant (Table 7). The 3-day analysis
showed the linear and quadratic effects of salinity to
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be significant only at the 10% level. The resulting
equation explained a significant 93.99, of the variation
for the 3-day survival data:

Y mmean length = —241.75 + 23.63 (S)— 3.05 (7T)
0.1 (T x S)— 0.40 (82) + 0.004 (T?) .

None of the variables were significant for the 15-
day mean-length analysis (Table 7). Only 37.4%, of the
variation in the data was explained by the equation
incorporating all the variables.

Table 7. Adula californiensis. Statistical analysis of mean
length for larvae surviving in 16 temperature-salinity combi-
nations. Abbreviations as in Table 4

Regression Variable R-square ¢ value Significance
step no. (3 DF) level
After 3 days

1 8 0.802 2.41 109%

2 s 0.915 2.37 10%

3 x 8 0.919 1.06 Not
significant

4 T 0.939 0.51 Not
significant

5 /i 0.940 0.02 Not
significant

After 15 days

1 r 0.041 0.94 Not
significant

2 r 0.108 0.98 Not
significant

3 xS 0.112 0.33 Not
significant

4 s 0.130 1.28 Not
significant

5 N 0.374 1.25 Not
significant

Table 6. Adula californiensis. Mean length (um) and standard devia-
tion of larvae surviving after development in 16 temperature-salinity

combinations
Salinity Temperature
(%} 7°Ca 11°C 15°C 20°C

After 3 days
32.9 — 1064 + 31 1078 + 3.1 111.2 + 3.0
26.2 — 98.0 + 6.1 95.1 + 6.3 103.3 + 6.9
23.2 — 84.0 + 8.1 86.8 + 7.4 77.3 + 134
20.3 — — — -

After 15 days
32.9 1174 + 4.5 1169+41 1171+ 29 1201 + 74
26.2 110.2 + 9.0 1139+ 47 1079 + 6.8 120.2 + 10.0
23.2 - 1124 £+ 84 1091 £ 117 —
20.3 — — — -

s No shell development at this temperature by 3 days.
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Fig. 3. Adula californiensis. Response-surface estimation of mean length (um) of larvae after (A) 3 days, (B) 15 days
development at 16 different temperature and salinity combinations

The computer output of the variables, based on
partial correlation coefficients, ranked the Iinear
effect of temperature followed by the quadratic effect
of temperature as first and second, respectively, in
importance, although they were not significantly
important. The linear and quadratic effects of salinity
made the greatest contribution to E-square.

The 3-day mean-length response surface (Fig. 3A)
estimates the experimental points well, despite the
fact that none of the variables in the fitted polynomial
were highly significant. The greatest mean length is
estimated to occur at temperatures above 15 °C and at
salinities between 28 and 389%,. The ridge of maximum
mean length is slightly skewed towards the higher
salinities, indicating a slight interaction effect, i.e.,
greater mean length at higher temperatures is coupled
with higher salinities.

The 15-day mean-length response surface (Fig. 3B)
contours are nearly circular, indicating the absence
of a significant interaction effect between temperature
and salinity. Maximum mean length is estimated to
occur between temperatures and salinities of 8° and
22 °C and 23 and 33Y%,, respectively.

Discussion

In Adule californiensis larvae, maximum survival
after 3 days of development occurred in a much
narrower range of conditions than did fertilization

{Lough and Gonor, 1971). Salinities between 28 and
33%, and temperatures from 9° to 16 °C are required for
maximum estimated survival (Fig. 2A). This indicates
that success of early development in Adula cali-
forniensis, from fertilization to veliger stage, is limited
to the normal range of inshore oceanic conditions rath-
er than the broader range of conditions possible in the
estuary. Young (1941) showed that salinities less than
29.6%, also decreased larval survival of Mytilus cali-
fornianus, another common mytilid on the Pacific coast.

Conditions for maximum survival of 15-day old
veliger larvae (9.5° to 15°C, 31 to 40%, S, Fig.2B)
were estimated to be approximately the same as for the
3-day old larvae. However, the temperature range for
survival to 15 days (2° to 22 °C) is considerably nar-
rower than for survival to 3 days (0° to 30 °C). The
response surfaces for the two sampling periods were
shown to be significantly different by analysis of co-
variance. This suggests that the 3 and 15-day old
larvae may have different survival tolerances, despite
the fact that the two sampling periods were within the
same experiment and not independent. Larvae reared
to 3 days under the experimental conditions appear to
be more sensitive to small salinity changes than the
older larvae, while these same larvae reared to 15 days
appear to have become more sensitive to extremes of
temperature. It could also be argued that the major
effect of temperature and salinity on development
occurred within the initial 3 days, but that the mor-
tality response was not manifest until Day 15.
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From our experience with laboratory rearing of
Adula californiensis, it is doubtful that larvae reared
from fertilization would survive to settling stage out-
side the 809, survival contour range of 7° to 12 °C and
26 to 40%, S (Fig. 2B). Survival decreases rapidly in
temperature and salinity conditions more extreme
than the 80% survival contour. The response-surface
technique used here to investigate temperature-salini-
ty relationships should be considered to provide only
estimations, and not precise limits.

Adula californiensis larvae are able to survive over
a wider range of temperatures at near-optimum sali-
nities than at salinities near the lower limit of their
tolerance. This also was found by Davis and Calabrese
{1964) in their study of the combined effects of tem-
perature and salinity on Mercenaria mercenaria and
Crassostrea virginica. A. californiensis larvae also are
able to survive over a wider range of salinities near the
optimum temperatures. A true temperature-salinity
interaction, where the direction and magnitude of
change in one level would be required to maintain a
maximum response at a particular level of another
factor, was not found for A. californiensis larvae for
the 3 and 15-day survival data.

Since larval size remained about the same in all
temperature and salinity combinations where there
was survival, it appears to be relatively independent
of temperature and salinity. The normal range of
oceanic conditions appears to have only a slight effect
on the size of the veliger larvae.

Successful recruitment of young to the adult popu-
lations within the estuary is apparently dependent
upon the relatively limited period when the essentially
oceanic conditions required for successful larval deve-
lopment occur within the lower reaches of Yaquina
Bay. The ability of larvae initially reared at optimal
conditions to withstand subsequent salinity and tem-
perature changes was also examined in other experi-
ments. The results of these experiments and the effect
of these conditions on larval respiration, as well as the
implications of these results for larval survival within
the estuary, will be given in a subsequent paper.

Summary

1. Larvae of Adula californiensis (Phillippi, 1847)
were cultured in the laboratory from fertilization to
15 days of development, in factorial experiments
designed to investigate the effects of temperature and
salinity on survival and growth.

2. A 4 x 4 factorial approach was used to produce
a graded survival response to temperatures of 7°, 11°,
15°, and 20 °C, and salinities of 20.3, 23.2, 26.2, and
32.9%,. Maximal survival after 3 and 15 days of
rearing under experimental conditions occurred at
11° and 15°C, 32.9%, S. Below 26.2%, S, survival
decreased sharply to virtually no survivors at 20.3%, S
at any temperature.
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3. Percent survival to 3 and 15 days were analyzed
by multiple-regression methods. The linear and qua-
dratic effects of salinity were indicated by the statisti-
cal analysis to be the more important factors affecting
larvae reared from fertilization to 3 days of develop-
ment. Survival of the same larvae to 15 days was most
affected by the linear and quadratic effects of tem-
perature.

4. Survival response surfaces were estimated for
larvae reared to 3 and 15 days. Maximum survival
was estimated to be approximately the same for both
the 3 and 15-day old larvae (10°to 15°C, 31 to 33%, S),
but the temperature range for any survival to 15 days
(2° to 22°C) was considerably narrower than for
survival to 3 days (0° to 30 °C).

5. OQur experiments indicated that the 3 and 15-
day old larvae have different tolerances to tempera-
ture and salinity; a reflection of their different stages
of development. Larvae reared to 3 days, from fertili-
zation to veliger stage, appeared to be more sensitive
to salinity changes, while the same veliger larvae
reared to 15 days appeared to be more sensitive to
temperature extremes.

6. Larval growth was not significant over 3 and
15 days of rearing, and only small differences in mean
lengths were measured for larvae in any temperature-
salinity combination where there was survival. A
multiple-regression analysis of the 3 and 15-day mean
lengths showed no single variable to be highly signi-
ficant.

7. A. californiensis larvae survived and grew larger
over a wider range of temperatures near optimum
salinities than at salinities near their lower tolerance
limit. However, a statistically significant tempera-
ture-salinity interaction was not found for either
survival or size.

8. The early life stages of 4. californiensis through
15 days of development require essentially oceanic
conditions.
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