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ABSTRACT

Response surface techniques were used to investigate the tolerances
of the planktonic larvae of three spionid polychaetes to a variety of
temperature aﬁd salinity combinations. Two of the splionids were mor-
phologically very similar mémbers of the genus Poccardiz, B. proboscidea
and B. columbiana which occupy nearly identical geographic ranges. The
other was Polydora giardi a common coinhabitant with B. columbiana.

In addition a third independent parameter, food concentration, was added
to the study of B. columbiana and P. giardi.

The larvae of the two Boccardia specles were extremely euryhaline,
in marked contrast to thqse of Polydora gilardi which were confined to an
- extremely narrow salinity range. They were distinctly sepéfated by
thei; temperature tolerancés, however; B,-proboscidea exhibiting maximum
growth and éurvival at the upper temperature extremes of the design,
while B. columbiana preferred amoderate to low temperature regime.

The larvae of P. giardi are extremely eurythermal and are only slightly
affected by temperature variations.

_It is suggested that the reproductive schedule of the three spionids
can be explained, at leaét in part, in terms of the information generated
by the response surfaces. The long duration of the regroductive season
of P. giardi is a reflectioﬂ of the larvae's eurythermal nature. fhe
inability of the larvae of P. giardi to cope with osmotic stress and
the lack of an abundance of food items in the plankton during the

winter months are probably of greater consequence in aictating the




cessation of the reproductive season, than the minimum water temperatures
that occur at this time. The Boccardia larvae are in contrast less
subject to the above considerations but are very dependant on the

ambiént'water temperature to promote larval_survival and growth.




INTRODUCTICN

Boccardia proboscidea Hartman (1940) and Boccardia columbiana
Berkeley {1927} are two closely relatéd spionid polychaetes oécupying
nearly identical rangés along the California coast and northwards into
British Columbia (Wbodwigk, 1963). The only disparity in.their ranges
occurs in southern'Califo;nia Where B. proboscidea is présent as far
south as San Diego, Califorﬁia,'while B. columbiana occurs onlf'aé far
south as Santa Barbara (Hartman, 1940; Wﬁodwick, 1963).

These spioﬁids are morphologically seperable by only a single
characteristic, namely the.presence of a conspiquoué fascicie‘of long
notosetae on the first setigerous ségmept of Boccardia columbiéna;
Boccardia proboscidea bears short notosetae.on setiger 1. Adult size
presents another possible distinguishing characteristic; with
B. columbiana attaining a maximum size of 15 mm and B. proboscidea

reaching vp to 35 mm in léngth {Woodwick, 1963).

Boccardia pioboscidea irhabits shale and limestone reefs {Hartman,
'1940,'1941), soft sandy mud, coralline algae (Lithophyllum spp.),

gastropod shells inhabited by hermit crabs, and piling material (Woodwick,

1963). Boccardia columbiana also occupies most of these habitats and

is the dominant organism in open surf regions when the two species are




" found to?ether. in bays and esfuaries,_hOWEVer, B. columbiana is rare
and norﬁally does not occur in a sandy or muddy substratum.

| Boccardia columbiapa an& B. proboscidea exhibit similar forms of
reproduction and early larvai morphology, but details have only been
published for the latter species {Hartman, 1940, 1941; King, 1976;
Woodwick, 1977). Both species depo;it their péar—shaped egg capsules
.in rows within the female's tube; each capsule containing between 35
-anﬁ 77 eggs. The capsules are ihdividually attached teo the wall of
the tube by two thin extensions of caspular material. Ail capsﬁles
occur singly an@ are not cénnected to one.anﬁther. Planktotfophic
" larval development occuré in.both species, begiﬁning with the release
of tﬁe'encaﬁsulated larvae aﬁ thé 3-setiger stage. A% this timé the

alimentarv tract is complete and functional; the long larval setae are

completely formed. The larvae remain planktonic until they have acquired

hetween 15 and_18 segments; at which time if they are proﬁided wiﬁh a
suitable substratum, they settle and'begin'their sédeqtary existance.
The planktonic larvae of both species are indistinguishaﬁle from one
another..

A second type of development has béen described by Hértman {1240,
1941) and Woodwick.K (1977) for Boccardia proboscidea, In this type of

_developmental_sequence, not all of the eggs are fertilized and only a

few iarger individuals develop per capsule to the 12 to 15 setiger stage

prior to release. These larvae utilize the remaining eggs as a nutrient

source. This type of development was not encountered in this study.

A third spionid polychaete, Polydora giardi Mesnil (1896) was also




considered in the present study. A common asgociate of Boccardia
columbiana in the qoralliﬁe algae (Lithothampiun pacificum Foslie) at
Dillon Beagh, California, P, giardi'provided convient comparative
material. The larval development of P. giardi has been described
recently (Day and Blake, 1979) ahd Qith the addition of the larvae of
£his species to this study, a comparison could be ﬁade of the telerances
of the two Bogcardia gpecies and a close assocliate, hoth geographically
_ and taxonomically. Of particulérrinterest was the fact that P. giardi
was much more abundant in the coralline algae and exhibited a much
broader reproductive season, suggesting a greater potential survival

of the offspring and less of an effect of temperature on the reproductive
season.

Hartman (1941) states that adult Boccardia proboscidea aré tolerant
of a widé ranée.of salinities representing both oceanic and brackish
conditions; moreover, the extreme geographical range_qf both Boccardia
species suggests a wide lat?tude éf temperature tolefance. Planktonic
1arvée are even more likely ﬁo encounter a variety of £emperature and
salinity regimes than their sessileladult forms, subjéct as they are
to -the vagaries of currents, prevailing winds and tidal flow. Lyster
- {1965) reports that for the polychaete larvae he studied, adult
tolerance to salinity flucuations is mirrored by the larvae &f the
.species. This paper also offers the important observation that salinity

stress for polychaete larvae is reduced when they are at some optimum

temperature. In other words, the broadest salinity tolerance corresponds'

to a particular temperature, and will be narrower at any significantly




lower or higher temperature. fThe timing of reproduction to cﬁincide
with this température should help to maximize the chance of reproductive
succéss. Conversely, those species with a wider temperature tolerance
should also exhibit more latitude in the timing of their reproduction;

Tvpically two approaches are used to.investigate an organism's
response to a suite of environmental parameters: (1) the parameters
are studied separately in a univariable relationship or ' (2) they are
studiéd together as a multivariable relationship. Since the univariable
approach cannot ascertain possible synefgistic effects of the different
parameters, a multivariable is preferable. QOne such multivariaﬁle
approach is known'as "f£itting" a response sufface to the data, the -
approach used in this study (see Appendix I).

2he_present study was undertaken to examine the surﬁival of the
larvae of three.spionid polychaetes, Boccardia proboscidéa, B. columbiana

and Polydora giardi exposed to a variety of combinations of temperature

‘and salinity. Of all previous studies employing response surface

techniques, only that of Gray (1976) dealt with a lar§a1 pquchaete°
Working with the larvae of Serpula ?ermicularis, he investigated their
respbnse to different levels of salinity, temperature and mercury
concentratioﬁ. Gray, however, examined only trocﬂophores up to four
days old, leaving a large portién of the larval duration unexamined. 1In
contrast, this study considered the entire 1ar§a1 period from initial
release from the eygg cépsule'until the surviving larvae were physically

capable of settling and beginning their adult, benthic exist ence. A

third parameter, that of food concentration available to the larvae, was

': _T-I.—Hklﬁi” f il Lo




~added to the study of B. columbiana and P.‘giardi. This resulted in
dhree independent variables being considered simﬁltaneously; Food con—
scentration was added as a parameter in order to consider the possibility
sthat a well fed ofganism with greater metabolic reserves might he able to
~tolerate more stress than an organism recéiving only a minimal amount

-+0f food. This_gould be particularly important in determining differential
~raproductive success for populations reproducing ﬁnder marginal conditions.
zof -temperature or salinity and could be éritical for'range extension

- sinyears with greatef than normal planktonic food availability.

-'the following guestions will be eiplored by this study._ What are
ﬂthe-physiqal.extremes of temperature and salinity beyond which no swvival
As-possible for the three spionid larvae considéred? this is of major
~dmportance to the especies as a whole because these limits defing its
«sgreatest possible geographic range, which is further modified.by'
smumerous other factors.. Within theée‘gxtremes, how is survival affected
ﬁby:aschanée.in either or both of the parameters? In other words, are
~iboth factors of equal importance in determining survival; are they

antagonistic -or synergistié in their effects upon the larvae's well-
“heing? What role does food availability play in ameliorating the
wedetrimental effects of temperature and salinity extremes? Are
“HAzonomically clﬁseiy reléted organisms more alike in theif response to
-#similar -conditions than more distantly related species? Finally, what
-#5 »the ctonsequence, with regards to planktonic developmental time and
'ﬁthe-zesultant-vulnerabilit§ to predators in the plankton, of the

wparticular salinity-temperature regime to which' the larvae are subject?




Fach of these questions and their ramifications will be explored in this

paper.

MATERIALS AND METHODS

Adult Boccardia proboscidea we?e collecteé_frém the banks of the
small mariculture pond maintained by the Pacific Marine Station.
Sediment from the pond'was sieved through a 0.5 mm stainless steel sieve
and the tubes of the adults were carefully removed and dissected ﬁpen
under a dissecting microscope. Adnult tubes éontaining egg capsules were
isolated; the egg capsules were counted, removed to a 9 ¢m fingerbowl
containing filtered séa water and placed in a fefrigerated cooler set
to maintain a temperature of 15° ¢ (ila C). The water was changed daily
until the encapsulated larvae had reached the 3 setiger stage; at
which point, the capsules were opened and the larvae released. This
was nacessary since Hartman (1941} reported that B; proboscidea were
unable to effect their own release when the capsules were removed from
the tube and the subsequént influence of the aduit female's moﬁements.
The larvae were counted as they emérged from each caésule and -30 were
placed in each of nine 9 em fingerbowls containing 50 mls of seawater
at the desired temperature and salinity combination. Three different
salinities and three different temperatures were used corresponding to
a 32 experimental design (Appendix I). The salinities of 20% , 30%,
and 40% (t 0.5%.) were me%sured by a hydrometer. Hyposaline 1e§els

were produced by dilution with distilled water; hypersaline levels by




. , o o )
evaporation. Refrigerated coolers set at 10 ¢, 15 C, and 20 ¢

(£1° C) were used to maintain the experimental temperatures. The

"larvas were fed frcm a culture of Dunaliella tértiolecta Butcher.

Every third day the suriviving larvae were counted, transferred to
fresh cultures, and fed at a level of 55,000 cells/ml.

The growth experiments were maintained in an identical manner
except that the original number of larvae per culture was increased to
40. At three day intervals 5 larvae were removed from each culture and
anesthetized in 7.5% MgCL. These larvae were measured with an optical
micrometer and the number of setigers was recorded. Subseguently the
larvae were discarded.

. It was assumed thet a second degree polynomial of the form:
=5 + b.x + b x + b x2 +b x2 + b, xx +F
V7% TR 111 7 P22%2 T P121%
would approximate the survival and growth data. Survival was expressed

in terms of the angular transformation of the per cent survival (y = arcsin

(per cent)%)._ Growth was expressed ag the number of setigers. Response

surface isolpleths were calculated for each 3 day interval.

Adult Boccardia columbiana were collected by removing pieces of
the coralline algae, Lithothamnium paqificﬁm FPoslie, form the surfaces
of the rocks ‘just norph of the beach at Dillon Beach, California.
Removing the coralline algae from the rock exposed the galleries bored
through the algae by the spionids. Egg capsules were removed when they
were found and treated identically as before with B. prbboscidea until
hatching.

Instead of the 32 design used for Boccardia proboscidea a third

f‘:ﬁ\‘?]lii'} H I
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factor, food concentration was added; and this required the use of an
érthogonal central composite design with three independent variables
(Appeﬁdix II),-

An arﬁificial seawater preparation Instant Ocean was used because
of the large.numbet of cultures required by the design for 2 replicate
‘experiments. ' Previous studies (Fo;rester and Alderdice, 19265; Alderdice
and Forraster, 1971; Alderdice and Forrester, 1967).had employed a
commercial seawater preparation and Sulkin and Minasian {1973) showed
only a maréinally significant increase in mortality of the xanthid crab,
Rhithropancpeus harrisii, larvae due to synthetic seawéter at salinities
below 11% . In order to insure that no significant difference.occured
betwéen cultures raised in artificial seawater as opposed to natural
seawater, a pair of replicate cultures were_raised in artificial and

natural seawater at 30% . The resulting single classification ANOVA -

indicated no significant difference between the cultures. The salinities

were prepared-within'f‘0.0S%s as measured by a Knudsen titration. The
following levels were prepared in five 22 liter carboys with glass
distilled water: 18.85% , 20% , 30% , 40%, and 42.15% . Temperatures
were as before, with the addition of the two axial point temperatures
required by the central composite design 8.925° ¢ and 21.075° C.

The third factor employed was food concentration per ml of culture..
Appropriate amounts of a monoculture of Dunalielia tertiolecta were
calculated with a 1 ml calibrated cell counting chamber according to the
method described in Standard Qethods for the Examination of Water and

Wastewater (1971). These amounts were added every three days when the

w;r{'}i'@; did

i ‘
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cultures were changed and the surviving larvae counted. The following
levels of the number of cells/ml were used: 325, 10,000, 55,000

100,000, and 109,675,

It was assumed that a second degree polynomial of the form:
2 2 2 ' ;'
y = b + blxl + h 2%y + b 3%3 +b 11%1 b22x2 + b33x3 + bllex2 + .

bigx X5 + bygx X3+ E

‘would adequetely represent the data. Response surface iscpleths were

H ERE
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|

calculated aﬁ three day intervals with the dependent variable being the

L 'TWHE

angular transfromation of the per cent survival.

Adult Polydora giardi were collected in the same locality as

Boccardia columbiana and often in the same pieces of coralline algae.
P. giardi unlike the Boccardia will hatch by themselves an& did not

need to be freed from the capsule even in the female's absence. The
experimental design and treatment were identical to that of B. columbiana - e

with the exception that 50 larvae were used per culture and natural

seawater was used. The 20 additional larvae per culture allowed growth

measurements to be taken on days 9, 18, and 27. After anesthetization

K 1 _IZ}Ii|Z

in 7.5% MgCl and counting the number of setigers present in 5 randomly
.selected larvae, the larvas were discarded.

All cultures ﬁere kept in the dark excépt when counting and
culture maintenance was taking place. According to Dean and Mazurkiewicz
{1972) total darkness encourajes a random dispersel of larvae throughout
a standing culture thereby preventing congregation of the larvae which
apparently retards growﬁh.

The computer program used for the regponse surface analysis was
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~swWritten in FORTRAN IV by the author based on the techniques described

by Myers. (1971) and is provided in Appendix III.
RESULTS

.ﬁ&kmxprdia‘proboscidea: SURViVAL
3"DAY (Fig. 1l): After 3 days exposure to the experimental cenditions,
A response surface was fit to the per cent survival data associated
~with the larvae of B. proboscidea. This response surféce estimated that
:%maximum‘survival should be 9Q% withiﬁ the region of the experimental
+~design. The stipulatibn that all predictions are valid only within the
- wregion of the design.i§ important since the usual aangers_of extraponlation
“beyond this region are critical. The surface was generated bf the foll-
dxmdng.pélynomial (expressed in terms of the coded variablesfz
cy-=-60.99 -+ 4.44 (T} + 4.13 (8) { 18.65 (TZ) + {-23.89) (Sz) + 0.91 (7w«8)
f%The:coeffiéient of determination (r2) = 97%, which means that the
gpolynomial‘explains 97% of the variance about the meah (Mendenhall, iéGé);
#From the ‘associated ANOVA tTable la) it ié séen that the fit of‘tﬁe
~Amiltiple regression is significant at the 5% level Sut that none of the
Andividual terms .alone were significant at this level or above. The
*%surfaéegcontains a;saddle point aé shown by the opposite signs of the
#Eigenvalues {18.65, —23.70) calculated during the cancnical analysis.
“There is.approximately equal sensitivity, after 3 déys of exposure, to
:both of the independent variables, as shown by the approximately equal

- smagnitudes . of the eigenvalues and the lack of a significant interaction

PRl e A
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term (a significant interaction term would indicate a significant
rotation of the axes of the design and a corresponding compounding of
the variablés contribution}. The stationary point is within the design
region and represents a saddle point, és previously mentionad, occurring
at 14.39° ¢ and 30.85% . The percentage survival increases as one moves

along the w, axis {(closely approximated by'the temperature. axis) in

1
either direction away from the stationary point, but decreases in either
direction alohg the W, axis'ﬁ=salinity. It is particularly interesting
to note that high survival is predicted for both very high and very low
temperatures buf not for the middie range of the design. There is a
very slight tilt of the surface towards a coupling of high salinity
tolerance ﬁith high temperatures. -

The predicted maximum of surviwal (90%) occurs above 19% ¢ and
exhibits the broadest salinity range at the design extreme of temperature
(20° C) where salinities spanning the 25-38% region produce the same .
response,

6 DAY (Fig. 2): After 6 days of eprsure to the experimental

conditions a similar surface is obtained, generated by the following

equation:

y = 57.51 + 16.36 (T) + 6.09 (5} + 10.59 (Tz) + (~24.25) (52) + 0.86 (7Tx8)

The sﬁrface again contains a stationary peint within the experimental
region, but slightly lower in temperature than the previous surface
(]_.1.,11o C, 31.12%) and is again the saddle point of the design. The
_ eigenvalues associated with this surface are, 10.59 and -24.25; the

relative magnitude of the second one, which is agsociated with the
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salinity axis, more than twice as large as the other. This indicates that
the surface is elongated along the v, axis (X temperature axis) and
that survival is more affected by a move away from the stationary

point along the w, axis (2 salinity axis). Maximum survival for this

2
surface remains at 90%; once again located at the high temperature
extremes of the design, above 18.5% c. .The region of broadest salinity
tolerance again occurs at 20° C where a zone of 26-37%. produces the'

maximam survival.

The ANOVA associated with design (Table 1b) indicates that the

fit of the response surface is significant at the 5% level. The coefficient

of determination is 97%.
‘g_ggg_tyign 3} :  The maximum survival after 9 days éf exposure remains

at the 90%llevel. The response surface is generated by the polynomial:

¥ = 54,01 + 27.03 (T) + 6;29 (8) + 2.54 (Tz) + (-25.86) (Sz) + 3.92 (TxS)
fhe associated ANOVA (Table 2a) indicates that the fit of ﬁhe surface

is significant at the 5% level, as is the iinear temperature term. The
coefficient of determination remains at a high level (r2 =.96%) but is 
slightlf lower than the values for the previous. two surfaces. This
indicates an increasing aﬁount of variance is not accounted for by the
second order model which is being used to generate the survival isopleths.
Probably thié indicatés that higher order terms are becoming increasingiy
important.

The respéﬁse surface remains similar in shape to the previous

surfaces; elongated along the temperature axis and contracted along the:

axis associated with salinity. Moving along the w2 axis of the surface -

e
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results in decreasing survival at the extremes of salinity for all
temperature values. The rotation of the axis of the surface towards
high salinity and high temperature values is becomiﬁg-increasingly
noticeable, although it remains insignificant. Nevertheless, some
interaction between temperaturé and salinity is beginning to modify

the survival of the larvae. The stafionary point is located outside of
the experimental region, but conﬁiﬁues to remain a saddle point for thg
surface. The region of maximum survival cccurs aboveaiao C, but remains

broadest at the design extreme of temperature (ZOO'C). At this temper-

'ature, a salinity range of 25-39% is spanned by the 90% survival iscopleth.

This range of salinities is slightiy narrower than the previous & day
values for.the same 20o C temperature, suggesting the larvag are
bacoming more stenoplastic in their response.

15 DAY (Fig. 4): The final response surface calculated for the
survival of B. proboscidea larvae takes placé after 15 days of exposure
to the experiméntal conditions. After 15 days the second order model
no longer fits the data with any adeguecy. The response surface generated
by the polynomial:

¥ = 38.31 + 26.36 (T) + 4.84 (S) + (~1.24) (Tz) + (~16.07) (52) + 8.03 (Tx8)

centinues to reflect the tfends of the previous surfaces witﬁ a single
major‘exception~  The surface no longer contains a saddle point, but
rather a simple local maximum is obtained as a stationary point. This
is illustrated by the eigenvalues which posess the same sign, if not the
same magnitudé (-0.22, -17.08). The staticnary point however, remains

outside of the design region. & simple ellipse replaces the more
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complicated shapes of the previous*éurfaceé. 'The associated ANOVA-
(Table 2b) once again indicates that the fit and the linear temperature
are significant at thé 5% level.

Although the surface is now strictly elliptic in nature, the broad
trénds of the previous surfaces.continue to be valid. Maximum survival
(80%) cdnﬁinues to occur ét_the highest temperqtufes. A temperature of
at least 19.5° C is necessary to attain this survival level. Interestingly
at 20° C the salinity range is even narrower than that predicted by the ‘
9 day response surface;.maximum survival achieved onlf between 30-38%..
Beloﬁ 12° ¢ less than 20% survival is achieved; a temperature of at least

_150 C is needed to attain qt least 50% surviﬁal.
Boccardia proboscidea GRDWTH-

6 DAY (Fig. 5): The second order model exhibits an éxcellant
representation of the growth of the larvae of B. proboscidea after © days
of exposure to the.design conditions. The cpefficient of determination
indicates that 99% of the variation around the mean of the data is
adequetly accounted for by the model coefficients. " An ANOVA {(Table 3a)

performed on the regression indicates that the fit of therregression is
significant at the 0.1% level, while the linear temperature term is
significant at the 1% level and the quadratic temperature term is
significant at ﬁhe 5% level. |

The surface has a stationary point well within the confines of the
design at 11.86° C and 30.15% . This stationary point represents a saddle

:point of the design surface with growth increasing as you move away

from the stationary point along the temperature axis; decreasing along




the salinity axis as one moves away'from the stationary point. The
eigenvalues associated with this stationary point are 0.68 and ~0.34.

Sinece the larvae were introduced into the experimental salinity

and temperaﬁure combinations at a 3 éetiger stage, that being the
minimum size at which feeding on phytoplankton can occur and fhe usual
size of release, this was taken as the.O giowth 1ével, After'S days
of exposure to the test conditions the maximum groﬁth of 3_setigérs

occurred above 19.4° ¢C. No growth is predicted below 11° c. The

surface is generatgd by the following polynomial:
y = 3.39 + 0.83 (T) + 0.16 (8) + 0.67 (Tz) + (—0,33) (SZ) + 0.25 (TxS)

‘9 DAY (Fig. 6): The larvae of B. proboscidea are able to attain a
~maximuﬁ_growth of 5 setigers at 20° ¢ after 9 days of elapsed time. They -
are abie to achieve this size (5 setigers) within a salinity =zone
covering 30% to 38% . Under these coﬁditions, they have reached

approximately 50% of their final séttling size after less than a week

and a half in the plankton, In contrast, no growth cccurs below 10° ¢

at either of the salinity extremes.
*Thé 9 daf response surface is calculated by the eﬁuation;

¥ o= 5.39 + 2.25 (1) + 0.17 (S) + 0.42 (T°) + (~0.83) (S°) + 0.38 (TxS)
which explains-99% of the variation about the mean. The surface's
stationary point is outside of the design limits and represents the
-gsaddle point of the design. The associated eigenvalues are 0.44 and
—-0.86, and as seén, are of opposite.sign, Growth increases as the
experimental conditions are moved away from the stationary pdint along

the w1 axis which is approxiametly coplanar with the temperatﬁre axis.
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Any movement along the w, axis away from the stationary point impairs

2
growth.

An ANOVA (Table 3b) performed on the responsé surface indicates
that the fit of the.surface to the data is significant at the 1% level.
Also significant at this level is the §Ontribution made by the lineaxr
temperature term. -

12 pay (Fig. 75: After 12 days of exposure to the varicus combin-
ations of design parameters, the maximum growth predicted by the response
surface fit to this data was 7 setigers, a_£wo setiger increase in 3 days.
The response surféce wés generated from the polynbmial:

y = 6.67 + 2.92 (T) + 0..6_7 (s) + 0.25 (TZ) + (~1.50) (32) + 0.88 (TxsS)
and is gimilar in shape to the previcusly obtained surfaces. The
coefficient of determinationlis equal to 99%, again indicating an
extremely good accounting of the variancé.about the mean by the model.

The stationary point of the design falls outside of the expefimental
region and as indicated by ﬁhe eiéenvalues (0.35, ~1.60) represents a
saddle point. Asg in the brevious surfaces the axes of the surface a#e
approximately coplaner with_ﬁhe des%gn axes. The stationary point
represents a temperature minimum and a salinity maximum, indicatiné
that movement away from the stationary point along the temperature axis
will increase growth; movement along the salinity axis, however, will
decrease growth. The linear temperature term was shown to be significant
at the 1% level by an ANOVA (Table 4a).

The maximum growth of 7 setigers was achieved at temperatures in

excess of 19.5% C.. The broadest salinity spectrum associated with the

LT
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maximum growth level continues to be associated with the high temperature
extreme of the experimental region. At 20° ¢ this growth isopleth
encompasses salinities between 30% and 40%.. No growth occurs below

13° ¢ at the salinity extremes of the design.

18 DAY (Fig. 8): The response surface for growth of the l&?vae
subsequeﬁt to 18 days of continuous exposure to the experimental conditions
was generated by the following equation:

v = 8.67 + 3.83 (T) + 0.33 (8) + 0.50 (‘I‘2) + (=3.50) (52) -} 0.75 (Tx3)
which explains 95% of the variance about the mean. The shape of the
surface remains nearly the same as those of the previous days with a
stationary point representing a saddle point outside of tﬁe experimental
region. The magnitude of the eigenvalues (0.53,‘—3.53) indicate that
the rate of change is becoming more rapid along the v, axis (:x salinity

axis) as one moves egqual distances away from the stationary point.

There is a very slight tilt towards a correlation between high salinities

~and temperatures, but this remains statistically insignificant as shown

by the ANOVA performed on the model equation (Table 4b).
Maximum growth of 11 setigers occurs at 20° ¢ over a salinity range
of 30-33% . After 18 days, no growth is predicted below 12° C at

-either salinity extreme of the design.

-Boccardia columbliana: SURVIVAL

3 DAY (Figs. 9, 10, 1l1l): This response surface represents the first
of the'central.composite designs incorporating 3 independent variables.
The three dimensional figures that are generated by the medel equations

are secticned at the 1000, 50000 and 100000 cells/ml levels and these
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slices are presented as three two dimensional surfaces in the relavent
figures.

After 3 days of exposure to the various combinations of temperature,

salinity and food concentration, the survival of the larvae of

B. columbiana is predicted by tﬁe'following equation:

g = 82.17 + (-4.80) (T) # (-8.97) (S) + (4.57) (F) + (~4.91) (T°) +
(~4.26) (8%) + (=4.72) (F%) + (~4.80) (TxS) + (-3.91) (TxF) + (-1.75)

(SxF)

This eguation explains 98% of the variatiop about the mean. The surface
is an ellipsoid with a stationary point that is a simple maximum. The
stationary point lies outside of the experimental'region. Survival
decreased along every axis as one moves away from the étationary'point.
An ANOVA (Table 5a) indicétes that the fit of fhé response surface is
gsignificant at the 0.1% level. In addition the linear salinity term is
significant at the 0.1% level.

At the level of 1000 cells/ml of Dunaliella the maximum predicted

survival of the larvae was 80% in a region below 14° C for the entire

salinity spectrum. Raising the.temperature to 20° C narrowed the range
to 20-34%,. Increasing the food concentration available to 50600 ceils/ | - -
ml raised the maximum possible survival. to 90% below 13° ¢ for the.eﬁtife_ ' —
range of salinities. 1In ﬁhis case, raising the temperature to 20° ¢,
narrowed the acceptable salinity range to 20-31%.. At 100000 cells/
ml, maximum survival remains at the 90% level. The widest salinity
.tolerance zone occurs at the low extreme of the'temperature.regime. At

10° C, 90% survival occurs between 20-36% .

cE



-at the 0.1% level, the linear food term is significant ét the 5% jevel

term is also significant at the 3% level, indicating a significant

survival isopleth to 13° C, but the salinity tolerance ié narrowed by 2%

~spanning the region from 20-34% The broadest temperature range occurs

=10
6 DAY ( Figs. 12, 13, 14): Subsequent to 6 days of exposure to the
test conditions a response surface was generated employing the polynomial:

¥ = 70.71 + (-23.41) (T) + {-4.23) (8) + 6.07 (F) + (—24.86).(T2) + (=7.59)

(5%) + (-3.24) (F%) + (=2.46) (TxS) + 4.25 (TxF) + (-6.64) (Sx¥)
This equation explains 97% of the variance about the mean. The ANOVA
(Table 5b) indicates that not only is the fit of the regression significant

as well. It is important to notice that the salinity and food interaction

rotation of the surface about these axes.

The response surface is an ellipsoid with a stationary point
representing a local maximum, outsidz of the design region. Maximum

survival (80%) at the 1000 cells/ml level occurs below 12o C. At this

temperature maximum survival can cccur between 24%. and 40%. . Less than

10% survival is predicted for the region above 19.3% ¢.  The predicted
maximum survival at the 50000 cells/ml increases to 90%. This isopleth

occurs below 12.5° ¢ and spans the salinities between 20% and 36%..

Survival does not improve markedly at this level of food concentration, -
however, at the upper end of the temperaturs spectrum. Less than 10%
survival occurring above 19.5% ¢ in the region spanning 34-40%, ' s

Increasing the food concentration up to 100000 cells/ml expands the 90% '27

at 24%. and extends from 10.2o C to 16.2o C.

9 DAY (Figs. 15, 16, 17): The 9 day response surface is generated
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by the eguation:

y = 61.00 +_(—ﬁ0.52) {T) + 1.38 {(5) + 7.49 fF) + (~26.45) (Tz) +

(~3.81) (S%) + (~6.39) (F°) + (=2.00) (TxS) + (-5.85) (TxF) +

{~5.46} (sxF)
The coefficient of determination is egqual to 94%. The shape of the
surface remains an ellipsoid with a stationary point that is a local
maximum. The stationary poiht-is located at 12.60° c, 26.11%» and
98747 cells/ml. The temperature terms, both linear and quadratic
dominate the remaining regression terms contribution to the fit of the
equation. The linear foodutermvis significant, but at the 5% level
indicating less of a cont;ibution to the overall regression. (Table 6a).
As can ke seen from the mégnitude of the eigenvalues (~26.95, ~2.06,
-7.64) the most rapid change in survivél occurs along the temperature
axis. This‘is also very-apparent in the plots of the response surfaces
for this day, which shqw.a small change in temperatﬁre is sufficient
to raise or lower survival by 10%.

Maximum survival is.lowest at the minimum rlotted food concentration
(1000 cells/ml).attaining a maximum level of only 70% within the design
boundaries. At this food concentration the broades£ salinity tolerance
ocgurs at 14o €. Survival decreases rapidly as the temperatﬁré is
increased until lgss than 10% survival is predictéd ahove temperatures
of 19.8°c. An increase in the concentratiqn of food available to

. the larvae improves the survival potential dramatically. At a con-
.centration of 50000 cells/ml a 90% survival isopleth exists; spanning

o]
the salinities of 25% to 40% at 13 C. The widest temperature span

B PR
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of this contour occurs at 33%. where the temperatﬁres bounded by this
isopleth range from 11.2° ¢ to 14.5° C. By the time a.concehtration
of 100000 cells/ml is attained, this-temperatﬁre range has increased
o include as%c range but the salinity producing this spectrum
has fallen to 26%a. The broadest salinity tolerance occurs at 12 C.
15 pAY (Figs. 18, 19, 20): The final surface that I will consider
for the larvae of B. columbiana, is one fit to the data éfter 15 days of
 exposure to the experimental combinations. Subsequent to this time
period, the second order model fails to provide an adequate fit to the
data. Only 77% of the variance about the mean is ekplained by the
model equation genefated for this time period; The equation:
-y = 32,69 + (~5.58) (T) + (~7.98) (S) + 10.44 (F) + Gié.BZ) (T2) +-
(=3.81) (57) + (=3.98) (FO) + 2.99 (TxS) + (-6.43) (TxF) + (-2.99) (SxF)
howevar continues to provide a significant £if to the data at the 0.1%
level (Table 6b). The-quAdratic temperature term is also gignificant at
this level, reaffirming the critical role played by the experimental
temperaturg in determining these isopléths of survivai. ther signif-
icaﬁt terms include the linear food contribution, significant at the
1% level and the linear salinity cohtribution, significant at the 5%
level. |
“The surface remains an ellipsoid with survival decreasing in all
zdirections away from the stationary point, which lies beyond the borders
of the experimental design. The level of maximum survival is much
lower than the previous surface, reaching only 50% under the most

favorakle of the design conditions. At a food concentration of 1000
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cells/ml the isopleth corresponding to the highest predicted survival
is only a 20% contour. Above a temperature of 19 C this falls to less

than 10%. Raising the available food concentration to 50000 cells/ml,

results in only a small gain in predicted survival (30%). This contour

encompasses a region which is_widest, in respect to salinity, at.about
14° C. Even ét an elevated Ffood éoncentxation of 100000 cells/ml

the maximum predicted éurvival only attains a level of 50%.
Polydora giardi SUﬁVIVAL

3 baYy (Figs. 21, 22, 23): The first response surface generated for

the larvae of P. giardi contains a saddlé point.. This saddle point is
located.outsi&e of the experimental region at the stationary point of

thé design. The 3 day survival isopleths are generated by the equatidn.
(]’.‘2 = 99%} : |

¥y = 87.49 + (=1.61) (T) + (=12.56) (S) + (=7.24) (F) + (-2.92) (T2)
" (-16.46) (82) + (—5.66).(F2)-+ (—4;081 (TxS} + 4.60 (TxF) + (-12.15) (Sx¥F)
The eigenvalues determined by the cahonical ana;ysis of this response
gurface are ;5.83, 519.24.and 0.02; thé magnitude of the second eigenvalue
suggests that the'surface is extremély attenuated along the w_. axis

2

which is primarily composed of the salinity contribution. This can be

‘seen very clearly in the plot of the surface, survival changing rapidly

with a relatively small shift in salinity. The ANOVA (Table 7a) performed

on this multiple regression equation indicates that both the linear and
guadratic salinity terms are significant at the 0.1% level. In addition.
to the salinity contribution, the linear food term is significant at the

1% level. The axes of the surface are rotated due to a significant
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(p < 0.001) contribution of the salinity and food interaction term.

The predicted maximum survival of 100% occurs over.the entire
salinity spectrum below a temperature of 16° c, and.even at its narrowest
(20o C)} it spans a range of 22-36%., for food concentrations of 1000 .
cells/ml. Interestingly as food concentration in the cultures is
increased, the level of maximum survivai decreases td 90% and shifts
towards the lower salinity region;w At 100000 cells/ml on;y~the region
-encompassed by the salinities of 20-28%. exhibits,tﬁe maximum level
-of survival at all design temperatures.

.énggg (Figs._24, 25, 26}): After 6 days of exposure to the
experimental combinations of temperature, salinity and food concentration,
thé response surface generated from the equation:

¥ = 80.98 + (~0.36) (T) + (-21.39) (S) + (-4.27) (¥) + (-10.83) (T°)

(-28.66) (52) + (=0.67) (F2) + (=2.08) (TxS) + 2.04 {TxF) + (~-6.46) (5x7)

explained 97% of the variénce-about the mean and provided a significant
fit at the 0.1% level (Table 7b). This resédnse surface is an ellipsoid
with a statiénary point representing a simple maximum. The stationary
point remains outside of the experimental regiomn. |

Maximum survival is ﬁredicted as 90% at all.3 food concentrations
. considered. The iSopleths delimiting maximum'survival at the three
food levels.are also similar in shape and general location. At 1000
cells/ml the greatest salinity range of this-contour-occurs_at l4.5° c,
while at 100000 cells/ml this point has shifted to about 15.5° ¢ with
only‘a slight nérrowing of the salinity range. The saliﬁities'at this

food level range between 20%. and 31.5% , instead of between 20%. and

R pot i |
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34.5%. seen at the 1000 cells/ml concentration.
The significant individua) terms of the regression, all of which are
significant at the 0.1% level, are linear temperature, linear salinity,

and quadratic salinity. A rotation along the salinity and food axes

is present, illustrated by a significant interaction term (.001 < p £ .01).
2 paYy (rigs. 27, 28, 29): The 9 day surface assumes.a.more compli~
cated geometry, once again containing a stationary point that is a saddle

point rather than a simple maximum. This surface is generated by the

' : 2
equation (r = 98%):

y = 74.57 + (~1.00) (T) + (~25.46) (S) + (-1.39) (F) + (-7.22) (T°) -
(-33.65) (S%) + 0.54 (F%) + (~2.88) (TxS) + 1.54 (TxF) + (~5.08) (Sx¥)
The stationary point of tﬁe design'is located at 14.83Q C, 26.48%, and
40411 cells/ml.' Eigenvalues of 57.24, -33.91 and 0.83 indicate that
the surface is most sensitive to movement along the axis dominatéd by
the salinity terms. A steeper gradient is exhibited in this direction
as predicted by the magnitude of=the-second eigenvalue. Some rptation

along the salinity and food axes is apparent} increasing food concentration

-

resulting in a shift of the center of the maximum survival isopleth

to increasingly lower salinities. The_ANOVA (Table 8a) indicates that

the interaction term is significant at the 5% level. " Continuing to
dominate the significant individual terms are the salinity contributions,
both displaying significance at the 0.1% level. One other individual.

term is significant, the guadratic temperature term at the 5% level.

The maximum survival predicted at the 9 day extent of the experiment

is 90% at all food levels examined. The widest portion of this isopleth,
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corresponds to the broadest salinity tolerance which occurs at 15° C
at the 1000 cells/ml concentration and shifts only slightly higher
(15.5%° ¢) at 100000 cells/ml level. Concurrent with this slight upward

shift of the 90% survival isopleth is a small displacement of the

salinity range towards lower salinities. . At 1000 cells/ml, the range

of salinities at the broadest portion ofrthis isopleth inciudes

~wvalues from 22% to 32%;; which increases to include salinities from

20%, to 31%. at the 100000 cells/ml level.

15 pAY (Figs. 30, 31, 32): After 15 days of exposure to the

test conditions, the predicted survival of the P. giardi larvae remains

high. Roth the 50000 and 100000 cells/ml plots contain 80% survival
isopleths, oniy the 1000 cells/ﬁl level does not exhibit this high
of a survival-level, 70% survival being the maximum in this case.
These isopleths are centered about a stationary point of 13.78° C;

27.37% and 72643 cells/ml, the local maximum of the design. The

contours are approximately with the axis corresponding to the individual

- parameters; a significaﬁt interaction term being absent from the

ANOVA (Table 8b). -The only significant terﬁs at this point in time
are the salinity contributions, linear salinity significant at the
1% level aﬁd quadratic salinity at the 0.1% level. The equation
generating these response surfaceé is:
y = 64.92 + {~2.91) (T) + (-12.85}) (S) + 7.20 (F) + (-8.61) (Tz)
(-29.74) (82) + (~1Q.3) (Fz) + 5.46 (TxS) + 0.39 (TxF) + (=3.8l) (sxF)

18 DAY (Figs. 33, 34, 35): The response surfaces generated for

th 18 day conditions are almost identical to those of 15 days.
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The polynomial generating this surface:
v = 66.74 + (=3.77) (T) + (~13.19) (S) + 4.37 (F) + (~13.87) (1°)
(—34.34) (sz) + {-5.56) (F2) + 6,54 (TxS8) + 1.21 {TxF) + (-2.65) {sx¥)

explains 98% of the variance about the mean.

The isopleths are almost identical to the 15 day situation and are
: 0
centered around a similar stationary point of 14.15 €, 27.75% and —

74236 cells/ml. Once again the stationary point represénts a local

RIRTR R

maximum with survival decreasing in all directions on the surface as

R

one moves away from this point. fThe only difference in the isopleths

between this and the previous surfaces is found in the slightly broader

fcontours of the 100000 cells/ml level. = ‘ | ”

It
I
0

" An ANOVA (Table 9%9a) indicates that the linear salihity,rquadratic
salinity and quadratic.temperature terms are all significant at the O.l%
1¢vel, Also, the linear food contribution is significant at the 5% level.
Particularly interesting, is the fact that the temperature and salinity
interaction term is éignificant (0.001 < é < 0.01) indicating that |

the surface is rotated along these axes.

27 DAY (Fig§,.36, 37, 38): The final response surface calculated -
for the survival data is that after 27 days of exposure to thé eﬁperimental
aesign. The sfationary point of this surface is similar to the previoﬁs A
15 and 18 day surfaces; a maximum located at 14,37° C, 28.75%. and
68483 cells/ml. Predicted survival howevef has decreased at all 3 food
levels with the maximum survival of 70% reached at the 50000 cells/ml
concentfation. The surface continues as an ellipsoid; canonical analysié

indicating that the most rapid change in predicted survival results
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from movement alorng the axis approximétgly coplaner with the salinity axis.
The 27 day survival isopleths are generated by the egquation (r2 = 90%):

y = 58.43 + (-2.72) (T) + (-7.30) (S) + 4.61 (¥) + (-13.14) (T9) |
(-31.61) (89) + (=7.58) (F%) + 5.63 (TxS) + 0.35 (TxF) + 0.35 (SxF)
The ANOVA (Table 9b) indicates ﬁhat the fit of the equation is good at
the 0.1% level, as is the quadratié salinity term which continues

to doﬁinaté the contribution of the-indebendent terms. Other significant
independent terms inciude the quadratic.temperature contribution
at the 1% level and the linear salinity COntributioh ét the 5% sig-
nificance levél.
Polydora giardi GROWTH

9 DAY ( Figs. 39, 40, 41): Growth in setigers is éredi‘cﬁed after

9 days of exposure ot the design conditioné by the following pquﬁomial:

y = 5.92 + 0.05 (T) + (-0.16) {S) + o.es"(F) + (=1.26) (T°) + (~1.70)

(52}.+0.1o (1-“2) + (~0.05) (TxS) + 0.0 (TxF) + (-0.18) (SxF)
This equation explains 96% of the variance around the mean. The

canonical analysis produces the eigenvalues -1.25, -1.70 and 0.10
indicating that the surfacé contains a saddle poiﬁt. This saddle
point occurs at the stationary point of the design whiqh is outsidé of
“the experiméntal region. Any moéement.along the axis which_is
#pproxiamétly coplanetr to the_food.axis results in increased growth,
conversely, any movement along the other axes reduces the amount of

growth predicted by the design.

At 1000.célls/ml the maximum predicted growth after 9 déys is 3

setigers which occurs in a region between 25.8%0 and 35% at a




temperature of about 150 C. 1Increasing the food concentration at this

stage in time plays little direct role in promoting additional growth

with 3 setigers remaining the maximum level of growth for the other
two food concentration levels as well. A slightly wider maximum growth
isopleth at the elevated food levels is the only observable effect.

. . : o
The 3 setiger isopleth spans a salinity range of 22-37% at 15 C and

50000 cells/ml, abeout a 6% increase in salinity tolerance. At

100000 cells/ml this contour is slightly compressed and gpans the
salinities between 23% anﬁ 35.5% . VThe contours themselves, are
approximately circular, reflecting the almost equivalent rate of change
élong either the temperature or salinity axis.

‘ An ANGVA (Table 10a) indicates that the fit éf the regression is
significant at.tﬁe .13 level and the important individual contributions
are the linear food (1% level), quadratic temperature (1% level) and
the guadratic salinity terms (0.1% level)}.

18 DAY (Figs. 42, 43, 44): .The surface generated bﬁ the equation
(r2 = 91%}: |
y =11.72 + 0.37 ({T) + (~0.18) (8) + 1.51 (F} + (~2.01) (Tz) + (-5.40)
(5%) + (-1.33) (F2) + (=0.07) (TxS) + 0.08 (TxF) + (-0.25) (SxF)

is an elliﬁsoid with a stationary point lying within the borders of

"the experimental design. The stationary point is located at 15.5° c,

29.69%. and 80786 cells/ml. An ANOVA (Table 10b} indicates that the

regression is significant at the 0.1} level as is the quadratic salinity

term contribution. The linear food term is significant-at the 1% level;

the quadratic temperéture at the 5% level.




~29~

After 18 days of exposﬁre to the test conditions the growth isopleths
are becoming more sensitive to the food concentration and the salinity
of the water. This is reflected in incréased growth at the more elevafed
fond concentrations.and a flattening of the contours_along the salinity

axis. The maximum predicted growth at the 1000 cells/ml level is 9

.setigers while this improves to 11 setigers at the 50000 cells/ml level.

At the extremes of the design surface the greatest predicted growth
is only 5 setigers or in other words, only about 56% of the naximum
possible growth. The maximum growth isopleths remain fairly central
to the design surface with moderate temperatures and salinities
préferredf At 100000 cells/ml, at 15,5°_C for instance, the widest
salinity range.is from 55,8%, to 34%.; the wideét temperature range
(12.1° ¢ to 19° ¢) occurring at 30%. .

‘_gz_gég_(Figs. 45,46,47) : The final response surface calculated-
for the growth of the larvae éf Poigdora giardi is generated by the
equation (r2 = 92%):
¢ = 6.67 +0.23 (T) + (-0.10) (S) + 1.85 (F) + (-1.09) (T9) + (-3.6) (F%) +

{(~8.95) (52) + 0.14 (TxS) + (-0.14) (TxF) + (-0.14) (SxF)
The contours produced by this equation aré generally similar to the 18
day contours but are even mdre compressed about the saiinity axis; the

surface itself remains ellipsoid in shape. The stationary point

" represents a local maximum of the surface and is located at 15.45° C,

29.93%. -and 66507 cell/ml. Maximum predicted growth is 13 setigers at
the 100000 cells/ml level; the isopleth producing this growth includes

salinities from 27%. to 33%. at 15.5 C. BA wide range of temperatures
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(ll° C to 19.3° C) at 30% produce the same level of growth. At the
1000 cells/ml level of food concentration, growth of only 11 setigers
is predicted by the respconse surface; the range of suitszble tempe#atures
(13.6° C to 18° C) also being narrower than the 100000 cells/ml level.
Growth at the higher salinities is less than 4 setigers which is leés
than 31% of the possible growth after this time span under more
favorable conditions.

An ANOVA (Table 11) performed on the response suiface indicates
that the fit of the surface is significant at the 0.1% level. The
- quadratic salinity terﬁ is aléo significant at this level and remains
the dominant independent term. Also*significant‘are the linear food

term at the 5% level ahd_the quadratic food term at the 1% level.
DISCUSSION

Envirconments are multidimensional and techniques considering
‘séveral parameters simultaneously are to be preferred to an examination
- of a single variable isolated in its effects. The dimensions of the
response domain delineated by fhese parameters should be invéstigated
:as completely as possible. These factors will define the limits of an
organism's ability.to survive and reproduce successfully. Thorson
(1950, p.'2) states "But if, on analysing the ecological facfors, we
consider the limiting wvalues, not the average values, on analyzing
an animal population we have té focus our attention upon the most

sensitive stages within the life cycle of the animal. These stages-




-3~

the weakest link of the chain- will normally bé found during the
breeding period-and larval development, when th¢ requirements of the
qrganisms from the environment are often much more definite than
during the other periods of their life cycle.f These "limiting

values” and their influence upoﬁ the "weaklink of the chain', the

larval period is the concern of this study.

Previous studiés {Dean, 1965; Hatfield, 1965; Simon, 1967, 19868;

Blake, 1969; Blake and Woodwick, 1975) have often commented on the

approximate duration of the planktonic larval stage of spionid

polychaetes. Laboratory studies when employed in these investigations

-have been analyzed in a univariable manner; temperature being the

most.frequent.indepéndenﬁ variable considered. None of these studies,
have thus far concerned themselves with mortality iﬁduced by altering
more than a single variable at a'time, or with the intertwined -
relatiopship between survival and growtﬁ of the organism. Energy
devoted ta growth.mﬁst be'balancéd‘against enexgy eﬁpended to maintain
the 6rganisﬁ. Resisting extreme abiotic éonditions may upset.this
balance; the o;ganism is able to sqrvivé; but unable to increase in
size, this in turn contributing to increased mortality.

_The larvae of Boccardia proboscidea exhibit the classic effect
of teméerature'on developing larval organismsg, Increasing the
ambient température,.accelerates larval growth and improves the
chance ﬁf survival of thé larvae. The maximum growth rate and
percentage survival occur at ﬁhe upper temperature extfemes of the

experimental design (Figs 1-8). As suggested by Lyster (1965), this
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region correspends to the broadest area of salinity tolerance.
Initially, lowered temperature has little apparent effect on the
predicted survival of the larvae, but after 15 days of continuous
exposure to temperatures iess than 12° C, predicted survival is

less than 20%. This prajected level of survival may not be pfohibitively
low in order to assure adult population replacement levels being

met, if these abiotic factors are the 6n1y-source of larval mortality.
Dorsett (1961) , for example, suggests that the survival of approximately
0.3% of the larvae of Polydora ciliata is all that is necessary.for

the maintainence ﬁf the‘adult population. Two other factors may
contributg éignificantly to the mortality experianced by the spionid
larvae and these effects must be superimposed oﬁ the survival projectiohs.
First, all planktonic larvae are subject to some level of predation
unlike those individuals in laboratory cultures. Larvae that are
alrgady weakened by extreme physicai conditions may suffef increased
predétion, due to their reduced ability to avoid predators, for instance.
Lough (1976’ suggested this may be the case in his étudy of the larvae
of Cancer magister. Secondly,; below 12°'C growth is also ektremely
élow; iess than 2 setigers being added at all-salinities after 12

days of exposure to the test conditions (Fig. 7). This growth
represents énly 29% of the possible'growth at_'20o C, the larvae
apparently channeling the greatest poition of their energy budget

into resiéting the environmental extremes and very little into the
addition of new body material. While this retardation of the growth

rate in itself does not decrease the survival of the larvae, it does
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result in an increased amount of time spent in the plankton and,
consequently, increases fhe risk that the o;ganisﬁ will be lost to
predétion before succcessful settlemenﬁ and metamorphosis can.take placef
The results of this study, knowledge of the local timing of
egg capsule preduction in Boccardia proboscidea {Personal obsefvationSf
and information about ambient water conditions in the area over
several seasons.(Smith et. al., 1971) provides the opportunity to
4draw together this infurmation and suggest some reasons for the
reproductive schedule of B. proboscidea that is observéd locally.
Surface water temperatures range form 9.80 C to 15.2° c at Tomales
Point, the station most élearly reflecting.oceanic conditions.
Va:iafions in water temperature become more extreme as 6ne moves up
the bay, é condition that a larval organism must deal_with if it is
contained in a water mass undergoing some exchange with water neér the
head of the bay. In this region surface water temperatﬁres havé'been
recorded from 5°C tb 25.5%. Peak water temperatures.for the entire
bay occur during the summer and early fall usually frﬁm late June until
early September; If an organism whosé planktonic larval form grows
most rapidly at elevated temperatures and whose survival is also
markedly increased at these temperaturés, it should prﬁduce its larvae
-at such a time that they might take advantage of seasonally higher
temperatures. Adult Boccardia proboscidea should produce egg capsules
in late spring and early summer as water temperatures climb to their
seascnal peak and'shou;d cease production before late summer in order

that the larvae will develop sufficiently prior to the seasonal decline
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of temperatures in September. Thisg is exaétly what occurs in the area
of Tomales Bay; the earliest egg.capsules that wére found were present
in early May and the latest in Mid~Jﬁ1y. During this period at all
stations the water temperature is above 15° C and is rising. Larvae

of B proboscidea released dﬁring this period can be expected to attain
at least 6 setigers of gréwth within 18 days.(Fig; 8) and at least 50%
survival (Fig. 4) is predicted if we consider only sources of mortality
that occur due to variations in temperature and salinity. Since

B. proboscidea larvae settle when they have between 15 and 18 setigers,
they could complete théir development within 36 days. The rising water
temperatures will in turn acéelerate this growth rate still more. Egg
capsules, if they were proéuced later in the season, would produce larvae
that may initially benefit from high water temperatures but must contend
with a continual decrease in water temperature as the seascnal temperature
cycle falls to its minimum in December and January. This would result

in decreased éurvival} steadily increasing developmental time and,
consequently, increased likélihood of death in the blankton.

The response surfaces (Figs. 2-4; 6-8) exhibit a slight tilt
towards a combination of high temperatures and salinities suggesting‘
‘some degree of interaction between these variables, although this
correlation is not significant at the 5% level. This éuggesfs that
the larvae demonstrate their maximum salinity tolerance in conjunction
with their exposure to high temperatures. In central California,
low salinity surface waters occur during.the winter months when heavy
rains occur_aﬁd reach their maximum values duiing the relatively dry

summers. -

UL LEE
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In marked contrast to the surfaces generated for Boccardia

_ proboscidea_with maximum growth and survival at the upper temperature
extreme of the dgsign, the surfaces generated for B. columbiana exhibit
a ﬁarked preference for iow to moderate temperatures over a wide range
of salinities (Figs 9-20}. Sinée these designs also employed the

third indeperndent variable of food,concenfration; the effect of the
level of food available to the developing larvae could bé ascertained.
Temperatures in excess of 19° ¢ invariably lower survival to less than
10% for all surfaces generated after 6 days of exposure, regardless of
the amount of food available. Maximum survival cccurs after 15 days
between 10.8° C and isae"c at the highest food level (Fig. 20) and
between 13.8°C and 16°C ét the lowest (Fig. 18). This information
suggests that B. columbiana larvae éhould do equally well in the plankton
at all times of the fear with the_eXCeption of the coldest months under
oceanic conditiﬁns. Increased summer femperatures and_increased
salinity in the upper bay will ;apidly decrease their level of survival
and should result in litfle if any 1arvaé surviving transit towards

the head of the bay. This agrees well with the adult distfibution of

B. columbiana in Tomales Bay since they are only found in regions
expoéed to stfictly oceanic water.

Boccardia columbiana produces egg capsules from April through
October with the greatest number of capsules produced in April and May.
This agrees well with fhe inférmation generated from the response surfaces
since by late Ocﬁdber ﬁhe water temperature is normally about 11° ¢

and falling, a temperature regine Which is rapidly retreating from the
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optimum temperature range for survival prédicted by the response surface.
This optimum temperature isopleth is again.entered in February with the
seasonal rise in water.temperatures, A spring bloom in the phytoplankton
numbers which normally occurs in fhe north Pacific waters {Anderson, 1964)
iwnuld considerably expand the upper and iower temperature limits of the
“highest survival iéopleth (Fig..ZO). .8ince this bloom occurs later in
the season this_lack of available food would suggest that the minimum
food response surface (Fig 18) is érobably more accurate for the late
winter. The narrower and considerably higher minimum temperature pre-
dicted by this surface is probablj the reason no egg capsules are found
prior to April.

We can_conclﬁde that the survival of larvae of ﬁoccardia Eolumbiana
is dominated by ﬁhe individual paiamefers of temperature #nd.;ﬁailable
food (Table 6a,b). This is:in marked contrast to'the surfaces generated
for B; probascidea which prefer the highest seasonally awvailable
temperature rather than the more moderaté temperature regime preferred
by B. éolumbiéna. The addition of a third-individual paraméter, food
conqentration, provides the supplementary informatibn that the width of
the temperéture isopleth is expénded with increasiﬁg food availability.
which may be imp@rtant in allowing the_larvae to enter the plankton earlier
in-the season than strictly predictéd.by temperature considerationé alone.

The larvae of Polydora giardi are much more stenohaline_than the
Boccardia sp. previously discussed. The.salinity terms dominate all
other terms iﬁ the calculated regression equation (Table 7,8,9) over

the entire experimental period. The ambient water temperature plays




far less of a rolé in contrcliing the shape of the survival isopleths;
the 50% survivai isopleth almost always spans the entire experimental
temperature ra..nge‘= A very small shift in salinity, however, drastically
decreases the prédicted survival of the larvae. Less than l%. change
in salinity is ofteﬁ sufficient to decrease survival by as much as 10%.
The growth rate of.P. gia:diiis alse very dependent on very small
alterations in salinity, at the same time mimicing the suxvival isopleths
in their eurythermal nature. A deviation from the oétimum salinity
contour of less than 2% is sufficient to decrease growth hy 1 setiger.
In order to decrease the gxowth rate by a.similar amount a temperature
change of greater than 10 degrees is reguired.

Food concentration élafs very little role in altering the shape
of the survival isopleths. An inspection of the response surfaces
concerned with sﬁrvival-(Figs; 21-38) indicates very little shift in
the isopleths.particularly at the moderate and high levels of food
provided to thé larvae. .From this we can infer that if some minimal
vaiue of food availabilitﬁ is met, increased amounts of food do not
dramatically imprbve survival. Thorson (1950 p. 15) states that we need
"to distingnish betweeﬂ such quantities of food as 1) starve and kill
the larvae, 2) allow the‘larvae to vegetafe for some time though
without groﬁth and development, and 3) actually support the grcwth
and development of.the larvae.” The fe#ults of starvation, the death
of the larvae, is readily apparent and understandable. Life may continue

for some time, as stored metablic reserves are consumed, but death

inevitably results. Less evident is the effect of substandard rations
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on tﬁe developihg'larvae, where the minimum. amount necessary for
survival is available but little or no energy is left over for growth
and &evelopment. In this case, the prolonged time necessary to complete
thé larval period and the consequential-increase in the duration of the
plarktonic existance give rise fo an increased likelihood that the
larvae will be lost to pfedaﬁion.

If we compare the maximum survival iscpleth to the maximum growth
isopleth the overlap defines a much smaller region than either of the
isopleths do singly. This is trué for efery level of food concentration
and time of experimentél duration. The oveflap region defines an area
almost immediately central to the.design spaceQ An area defined by
lower femperatures and salinities is able to.suppoft the maximum survival

rate but at the cost of a decreased growth rate. Conversely, a region

.of higher temperatures and salinities is able to support the maximum

growth rate, but at the expense of lowered survival.

Polydora giardi egg capsules can be found throughout most of the

year with the possible exception of the pericd from late December

thrdugh early February. This aggrees well with the eurythermal nature
of the larvae. The response surfaces predicf that variaticns in
salinity away from.values reﬁresenting nearly oceanic salinity would .
be'a much more crucial concern of the planktonic larvae. Smith‘et. al.
{1971) reports that for the Tomales Bay region the most variable
conditions of salinity ocbur during the winter monﬁhs between Decemher
and February, a period of heavy rains and freshwater runoff. Since this

period is also normally pricr to a‘spring bloom of phytoplankton observed
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in Pacific ocean coastal waters {Anderson, 1964} the concentration of
available food could be expected tc be low, further decreasing the
overall survival chénces.éf the larvae and reducing the growth rate
precipitously at the salinity extremes. |

The response surfaces generated fof the three species of spionid
larvae are extremely dissimilar in ;hape, which suggests a markedly
_different approach in coping with the extremes and fluctuations of the
physical environment. ‘The two Boccardiaz species have in common their
broad tolerance to changes in salinity, in marked contrast to the ex-
tremely stenohaliné larvae of Polydora giardi. Their respénse to temp- -
erature, however, clearly sgperatés them; elevated temperatures promoting
exceilant gfowth and survival in B. proboscidea, while B. columbiana
prefersAa more moderate water tempefature.

.Bince these species of Bocvcardia are seperable by only a single’

morphological character, the presence or absence of a conspicucus fasicle

of long notoéetae on the first sétigerous segement, we may question the
validity of seperating these spionids into two distinct.species. Woodwick
(1963) . states that the stage at_which these loﬁg nﬁtosetae develop is
unknown. One of the B. columbiana larvae in my cultures settled at the

17 setiger étage in a clean Qlass fingerbowl.r This individual remained
alive for 5 additional Weeks in culture and during that time I ﬁas able

to make pericdic obsgervations of its development. Prior to its death,

it added 7 additional setigerous segments for a total of 24, but at no
time did the fasicle of long notosetae develop on sétiger 1. This sug-

gests that the character used for the morphological seperation of these
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two species may be piastic, depending on_thé substratum of settlement.

The response surfaces, however, clearly support the two species concept
despite the marginal natﬁre of the character uséd for the morphological
seperation of the two species. The marked preference of B. proboscidea
larvae for higher water.temperatﬁres and.the poor survival of B. columbizna
at these same temperatures is most likely the undérlying reason for

B. proboscidea's Qreater southern range along the California coast.

! E,_-:;_
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a) ANOVA - Boccardia proboscidea 3 DAY % SURVIVAL

b) ANOVA - Boccardia proboscidea 6 DAY % SURVIVAL

# 0.0L <p < 0,05
*#% 0,001 < p < 0.01

cEkk o< 0,001
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SOURCE DF 58 juts] F
REGRESSION 6 31928.36 5321.39 14.83%
MEAN 1 29885.47
- LINEAR TEMP. 1 1;8,37_. . 118.37 0.33  :%=:
LINEAR SAL.. 1 102.26 -102.26 0.28 L
QUADRATIC TEMP. 1 €92.30 692.30 1.93 T
QUADRATIC SAL. 1 1126.69 1126.69 3.14 f%;;
TEMP. * SAL. 1 - 3.28 3.28 0.01 %f_
ERROR 3 1076.50 358.83 E__
TOTAL 9 33004.86 }
SOURCE DF SS MS F B
REGREssiON 6 24311.59 4051.93 16.46%
MEAN 1 21079.12
LINEAR TEMP. 1 1605.24 1605.24 6.52 S
LINEAR SAL. 1 222.16 222,16 0.90
QUADRATIC TEMP. - 1 222.62 222.62 0.90 7
QUADRATIC SAL. 1 1179.48 1179.48 4.79 =
TEMP. * SAL. 1 2.96 2.96 0.01
ERROR 3 738.46 246.15
TOTAL . 9 25050.05
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a) ANOVA - Boccardia proboscidea 9 DAY % SURVIVAL

b) ANOVA - Boccardia proboscidea 15 DAY % SURVIVAL

*# 0.01 < p < 0.05
‘RF 0,001 < p < 0.01

*** < 0.001
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' SOURCE DF 85 MS F
REGRESSION 6 19351.01 = 3225.17 11.51
MEAN 1. 13316.01
LINEAR TEMP. 1 4383.18 4383.18 .15.64
LINEAR SAL. 1 237.64 237.64 0.85
QUADRATIC TEMP. 1 12.59 12.59 0.04
QUADRATIC SAL. 1 ©1340.12 1340.12 4,78
TEMP. * SAL. 1 61,47 61.47 0.22
ERROR 3 840,93 280.31
TOTAL 9 20191.93
- .
SQURCE DF 515) ‘MS F
REGRESSTON 6 11538.53  1923.09 12.37%
MEAN 1 6449.91
LINEAR TEMP. 1 4169.62 4169.62 26.82%
LINEAR SAL. 1 140.46 140.46 0.90
QUADRATIC TEMP. 1 3.15 3.15 o 0.\02
QUADRATIC SAL. 1 '517.46 517.46 3.33
TEMP. * SAL. 1 257.92 257.92 1.66
ERROR 3 466.46 155.49
9 12004.99

TOTAL
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a) ANOVA - Boccardia proboscidea 6 DAY GROWTH SETIGERS

'b) RNOVA - Boccardia proboscidea 9 DAY GROWIH SETIGERS
* 0,01 < p < 0.05
*% 0,001¢< p < 0.01 ' o T

*¥% p < 0,001
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SOURCE DF S5 MS F

REGRESSION 6 123.06 © 20.51 316.43%%*
MEAN 1 117.36
LINEAR TEMP. 1 | 4.17 4.17 64.20%+
LINEAR SAL. 1 0.17 0.17 .57
QUADRATIC TEMP. 1 0.88 0.88 13.60%
QUADRATIC SAL. 1  0.23 0.23 3.48
TEMP. * SAL. 1 0.25 0.25 3.86

ERROR 3 0.19 0.06

TOTAL 9 123.25

SOURCE, DF | - 88  MS k3

REGRESSION 6 267,95 44.66 86.51**
MEAN 1 235.10
LINEAR TEMP. 1 ~ 30.38 30.38 58.84%*%
LINEAR SAL. 1 0.17 0.17 0.32

- QUADRATIC D, 1 0.34 0.34 0.66
QUADRATIC SAL. 1 1.40 1.40 2.72
TEMP. * SAL. 1 0.56 0.56 1.09

ERROR 3 1.55 0.52

TOTAL

S 269.50
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a) ANOVA -~ Boccardia proboscidea 12 DAY GROWTH SETIGERS

b) ANOVA - Boccardia proboscidea 18 DAY GROWTH SETIGERS

£ 0,01< p < 0.08
** 0.,001< p< 0.01

f** P < 0.001
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SOURCE DF 5S MS F

REGRESSION 6 367.65 61.27 59,22#%
MEAN 1 306.23
LINEAR TEMP. 1 51.04 .51.04 49.33%%
LINEAR SAL. . 1 2.67 2.67 2.58
QUADRATIC TEMP. 1 0.12 0.12 0.12
'QUADRATIC SAL. 1 4.53 4.53 4.37
TEMP. * SAL. 1 3.06 3.06 2.96

ERROR 3 3.10 1.03

TOTAL 9 370.75

SQURCE DF oic] MS . P

'REGRESSION 6 1516.08 86.01 9.08
MEAN 1 399.94
LINEAR TEMP. 1 88.17 88.17 9.31
LINEAR SAL. 1 0.67 - 0.67 0.07
QUADRATIC TEMP. 1 0.49 0.49 0.05
QUADRATIC SAL. 1 24.57 24.57 2.59
TEMP. * SAL. 1 2.25 2.25 0.24

ERROR 3 28.42 9.47

TOTAL 9 544.50
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TABLE

a) ANOVA - Boccardia columbiana 3 DAY % SURVIVAL

‘b) ANOVA - Boccardia columbiana 6 DAY % SURVIVAL

* 0.01< p < 0.05
#% 0,001< p < 0.01

%% p < (0.001
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SOURCE DF SS . Ms F
REGRESSION 10 159553.40  15955,34 101.33%**
MEAN 1 155601.69
LINEAR TEMP. 1 505.47 505.47 3.21
LINEAR SAL. 1 1761.98 1761.98  11.19%*
LINEAR FOOD 1 457.63 " 457.63 2.91
QUADRATIC TEMP. 1 210.99 210.99 1.34 s
QUADRATIC SAL. 1 159.15 159.15 1.01 —
QUADRATIC FOOD 1 194.75 194.75 1.24 -
TEMP. * SAL. 1 368.16 368.16  2.34 e
TEMP. * FOOD 1 244.53 244.53 1.55 -%__
SAL. * FOOD 1 49.04 49.04 0.31 g
ERROR 20 3149.21 157.46 B
TOTAL 30 162702.60
SOURCE DF s Ms : F
REGRESSTON 10 80203.24 8020.32 65.78%*%
MEAN 1 59922,40 - |
:INEAR TEMP. 1 12005.32  12005.32 98. 46 *¥*
LINEAR SAL. 1 391,98 391.98 3.21 -
LINEAR FOOD 1 .807.53 807.53 6.62%%
QUADRATIC TEMP. 1 5394.32 5394.32 | 44.24%%%
QUADRATIC SAL. 1 498.45 . 498.45 - 4.09 5
QUADRATIC FOOD 1 92.08 92,08 0.76 T
. TEMP. * SAL. 1 96.48 96.48 0.79 :
TEMP. * FOOD 1 288.58 288.58 | 2.37
SAL. * FOOD 1 706,10 706.10 5.79%
ERROR 20 2438.51 121.93
TOTAL 30 82641.75
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a) ANOVA -~ Boccardia columbiana 9 DAY % SURVIVAL

b) ANOVA - Boccardia columbiana 15 DAY % SURVIVAL

* 0.01< p < 0.05
#% 0,001 < p & 0.01

C k% p < 0,001
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SOURCE DF _sS_ MS F

REGRESSION 10 53348.89 5334.89 29.46%%*
MEAN 1 35176.99
LINEAR TEMP. 1 9225.75 9225.75 50.94%%*
LINEAR SAL. 1 41.84 41.84 0.23
LINEAR FOOD 1 1229.77 1229.77 6.79%
QUADRATIC TEMP. A 6102.60 6102.60 33.69%*%
QUADRATIC SAL. 1 127.22 127.22 0.70
QUADRATIC FOOD 1 357.37 357.37 1.97
TEMP. * SAL. 1 64.16 64.16 0.35
TEMP, * FOOD 1 546.86 546.86 3.02
SAL. * FOOD 1 476.33 476.33 2.63

ERROR 20 3622.31 181.12

TOTAL 30 56971.20

SOURCE DF ss MS F

REGRESSION 10 14041.01 1404,10 6.83%+%
MEAN 1 1 5276.54
LINEAR TEMP. 1 681.45 681,45 3.31
LINEAR SAL. 1 1394.54 1394.54 6.78%
LINEAR FOOD 1 2385.64 2385.64 11.60%%
QUADRATIC TEMP. 1 3089.55 3089.55 15. 0% +#

_ QUADRATIC SAL. 1 127.21 127.21 0.62
QUADRATIC FOOD 1 138.97 138.97 0.68
TEMP. * SAL. 1 142.86 142.86 0.69
TEMP. * FOOD 1 661.39 661.39 3.22
SAL. * FOOD 1 142.86 142.86 0.69

ERROR 20 4112.95 205.65

TOTAL 30 18153.96
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TABLE 7
a} ANOVA - Polydora giardi 3 DAY % SURVIVAL

b}

ANOVA - Polydora giardi 6 DAY % SURVIVAL

# 0.01< p < 0.05
#% 0,001 < p < 0.01

%% p < 0.001
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SOURCE DF S8 MS F

REGRESSION 10 153986.95  15398.70 146,62%*+
MEAN 1 143644.67
LINEAR TEMP. 1 56 .44 56.44 0.54
LINEAR SAL. 1 3453.45 3453.45 32,88%%*
LINEAR FOOD 1 1146.91 1146.91 10.92%*
QUADRATIC TEMP. 1 75.08 ) 75.08 0.71
QUADRATIC SAL. 1 2365.37 2365.37 22.,52%%%
QUADRATIC FOOD 1 280.73 280.73 2.67
TEMP. * SAL. 1 265.93 265.93 2.53
TEME. * FOOD 1 338.10 338.10 3.22
SAL. * FOOD 1 2360.26 2360.26 22,47%%%

ERROR 20 2100.45 105.02

TOTAL 30 156087.40

SOURCE DF ss MS F

* REGRESSTON 10 99463.64 9946.36 72.46%*+
MEAN 1 80038.08
LINEAR TEMP. 1 2.89  2.89 0.02
LINEAR SAL. 1 .10021.71  10021.71 73.01%%%
LINEAR FOOD 1 399.78 399.78 2.91
QUADRATIC TEMP. 1 1025.83 1025.83 7.47%
QUADRATIC SAL. 1 7168.78 7168.78 52.23%%%
QUADRATIC .FOOD 1 4.03 4.03 0.02
TEMP. * SAL. 1 69.01 69.01 0.50
TEMP. * FOOD 1 66.46 66.46 0.48
SAL. * FOOD 1 667.06 667.06 4.86%

ERROR 20 2745.28 137.26

TOTAL 30 102208.91
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"TABLE 8

a) 'ANOVA - Polydora giardi 9 DAY % SURVIVAL

b) ~ANOVA - Polydora giardi 15 DAY % SURVIVAL

* 0.01 <p< 0.05
** 0.001< p < 0.01

%% p < 0,001
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SOURCE DF s3 MS F

REGRESS ION 10 86281.14 8628.11 124,31%%*
MEAN 1 61091.75
LINEAR TEMP. 1 21.74 21.74 “ 0.31
LINEAR SAL. 1 14204.17  14204.17 204.65%%%
LINEAR FOOD 1 42,16 42.16 0.61
QUADRATIC TEMP. 1 456.01 456.01 6.57*
QUADRATIC SAL. 1 987924 9879. 24 142.33%%%
QUADRATIC FOOD 1 . 2.43 2.43 0.04
TEMP. * SAL. 1 132.99 132.99 1.92
TEMP. * FOOD 1 38.04 38.04 0.55
SAL. * FOOD 1 412.60 412.60 5.95%

ERROR 20 1388.13 69.41

| TOTAL 30 87669.32

SOURCE DF $S MS F

REGRESSION 10 40840, 80 4084.08 14.29%%%
MEAN 1 25892.61 '
LINERR TEMP. 1 185.57 185.57 0.65
LINEAR SAL. 1 3615, 36 3615.36 12.65%*
LINEAR FOOD- 1 1134.33 1134.33 3.97
QUADRATIC TEMP. 1 648.25 648,25 2.67

' QUADRATIC, SAL. 1 7719.51 7719.51 27.01%%%
QUADRATIC FCOD 1 933.65 933.65 3.27
TEMP. * SAL. 1 477.42 477.42 1.67
TEMP. * FOOD 1 2.45 2.45 0.01
SAL. * FOOD 1 231.65 231.65 0.81

ERROR 20 5715.32 285,77

TOTAL 30 46556.12

P 1 1 T\,‘|\\ [T |




a) ANOVA - Polydora giardi 18 DAY % SURVIVAL

b) ANOVA - Polydora giardi 27 DAY % SURVIVAL

* 0.01<p<0.05
** 0,001 < p < 0.0l

#%% p < 0.001
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MS

SOURCE DF ss F

REGRESSION 10 40248.09 4024.81 51.68%%*
MEAN 1 22644.03
LINEAR TEMP. 1 311.58 311.58 4.00
LINEAR SAL. 1 3813.39 3813.39 48.96%**
LINEAR FOD 1 417.92 417.92 5.37%
QUADRATIC TEMP. 1 1682.16 1682.16 21.60% %%
QUADRATIC SAL. 1 10287.87  10287.87 132.09%*%
- QUADRATIC FOOD 1 271.73 271.73 3.49
TEMP. * SAL. 1 683,43 683.43 8, 78%*
TEMP. * FOOD 1 23.35 23.35 0.30
SAL. * FOOD 1 112.63 112.63 1.45

ERROR ' 20 1557.67 77.88

TOTAL 30 41805,76

SOURCE DF §S MS F

REGRESSION 10 25334,98 2533.50 17.13%%%
MEAN 1 12307.12
LINEAR TEMP. 1 - 161.70 161.70 1.09
LINEAR SAL. 1 1166. 59 1166.59 7.89%
LINEAR FOOD 1 465.09 465.09 3.15
QUADRATIC TEMP. 1 1508. 24 1508.24 10.20%*
QUADRATIC SAL. 1 8717.22 8717.22 58.95%%*
QUADRATIC FQOD 1 _498.23 498,23 3.37
TEMP. * SAL. 1 506.93 506.93 3.43
TEMP. * FOOD 1 1.93 1.93 0.01
SAL. * FOOD 1 1.93 1.93 0.01

ERROR 20 2957.63 147.88 '

TOTAL 30 28292.61
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TABLE 10

a) ANOVA - Polydora giardi 9 DAY GROWTH SETIGERS

b)

ANOVA - Pblydora giardi 18 DAY GROWTH SETIGERS

* 0.01< p< 0.05
% 0,001< p < 0.01

#*% p < 0.001
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SOURCE DF s$ _Ms F

REGRESSION 10 491,72 49.17 49.87%%%
MEAN 1 442.36
LINEAR TEMP. 1 0.05 0.05 0.05
LINEAR SAL. 1 0.60 0.60 0.60
LINEAR FOOD 1 9,23 9.23 9.36%*
QUADRATIC TEME. 1 13.77 13.77 13.96%%
QUADRATIC. SAL. 1 25.10 25.10 25,46%%*
QUADRATIC FCOD 1 0.08 0.08 0.09
TEMP. * SAL. 1 0.04 0.04 0.04
TEMP, * FOOD 1 0.00 0.00 0.00
SAL. * FOOD 1 0.49 0.49 0.50

ERROR 20 19.72 0.99

TOTAL 30 511.44

SQURCE DF ss MS F

REGRESSION 10 1213.68 121.37 20.28%%%
MEAN 1 853.31
LINEAR TEMP. 1 . 2.92 2.92 0.49
LINEAR SAL. 1 0.73 0.73 0.12
LINEAR FOOD 1 50.20 50.20 8.39%*
QUADRATIC TEMP. 1 35.38 35.38 5.91*%
QUADRATIC SAL. 1 254.36 1254.36 42,51 %%*
QUADRATIC FOOD 1 15.59 15.59 2.61
TEMP. * SAL. 1 0.09 0.09 | 0.02
TEMP. * FOOD 1 0.09 0.09 0.02
SAL. * FOOD 1 1.00 1.00 0.17

ERROR 20 119.68 5.98

TOTAL 30 1333.36
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TABLE 11
a) ANOVA - Polydora giardi 27 DAY GROWTH SETIGERS
% 0.01< p < 0.05

** 0,001< p < 0,01

*k%k o < 0,001
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SOQURCE DF S5 MS F

" REGRESSION 10 2234.08  223.41 23,404+

MEAN 1 © 1333.30 -
LINEAR TEMP. 1 | 1.18 1.18 0.12 T
LINEAR SAL. i 0.22 0.22 0.02 -
LINEAR FOOD 1 75.23 75.23 ~ 7.88% o
QUADRATIC TEMP. 1 10.53 10.53 110

QUADRATIC SAL. 1 699.37 699.37 73.25%%* :
QUADRATIC FOOD 1 113.33 113.33 11,87%* f;;
TEMP. * SAL. 1  0.30 0.30 . 0.03

TEMP. * FOOD 1 0.30 0.30 0.03 )
SAL. * FOOD 1 0.30 0.30 0.03 -

ERROR 20 190.96 9.55

TOTAL | 30 2425.04
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APPENDIX I

A response surface is a graphical. representation of the expression:

s o

yo=Ex x0Tl
where the observed response (y) is a function of a suite of k independent
variables. The actual f;rm of ﬁhe function f is unknown but for this study
it waslassumed that it could be approximated by a second order polyﬁomial‘
function. The choice of a polynomial function to approximate the unknown
function was made hecause A)'it possesses a simply defined optimum, B)
the method of least sguares provides a relatively simple and straight-

forward method of calculating estimates of the model coefficients and

- ) it is easy to expand to a multidimensional relationship between the

dependent variable and several independent variables. Other possible

.choices were rectangular hyperbolae, inverse polynomial and exponential

functions (Mead and Park, 1975).

The calculation or "fitting" of a response surface has two geals:
1) Finding a suitable approximation of the unknown function in order to
predict future response and 2) Detérmining what levels of the independent

variables are reguired in order to optimize the response. An exampie

~ of the methods used to fit a response surface will now be illustrated.

Let us assume that the response we are interested in examining can
be approximated by a second order polynomial containing two independent
variables:

2 2 .
Yy = + + +
¥y bo blxl bzx2 bllxl + b22x2 + bllex2 + E

000198 T e o0 e o
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where y is the cobserved response; xy and %, are the independent variables,

and E is the experimental error which is assumed to be independent from

X . ) 2 .
run to run with a mean = 0 and a variance = . The model can be written

in matrix notation as follows:

Y=XB+ E
where:
Yl lxll._.xlk bO
¥y 1ox1 *2k by
Y = . X = . " B = .
: yn _ -1 xnl vaas xnk bk

Since the chserved responses (yl) are determined by the experimenter

.and-the levels of the independent variables are fixed, the fitting of

the_response surface.requires only the estimation of the model coefficients
(bfs) These coefficients can be determined by a least squares procedure,
which results in a minimum value for.the-sum of squares associated with
the-deviatiohs of the estimated value of the response from the actual
observed response. We can express this sum of squares (L) in terms of
our p;eviouély defined wvectors and matrix and then'minimizing it and
solving for B.

L= (Y- XB)' (Y - ¥xB)

L =._Y‘Y - (XBY ¥ -¥' (xB) + (XB)' (XB)

L= Y'Y~-B'X'Y-YX8+B'X'XB

[
[

Y'Yy - 2B'X'Y + B'X'"XB

[T

* N T O I T
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IL = -2X'Y + 2(X'X) B
oB
0 = 2X'Y + 2(X'X) B
B = (x'x)"1 X'y

The last espression is the least square estimatqr of the model coefficients
that is required to fit the response s';urface..

in order.to simplify many of the calculations involved in the
estimation of ﬁhe model coefficienté, the independent variables are coded
in the following manner. It is apparent tﬁat choosing coded: values of
-1, 0 and +1 for a Sk design will greatly simplify_the necessary calculations
and will maintain the basic orthoéonality bf the design. The following
formula allows this conversion::

original variable - central level
spacing of the levels

coded variable =

It can be seén that for example if x, is temperature in degrees

1
Centigrade, as it is in this study; the original levels are lO° c, 15 C;
and 200(3 they will indeed co&e to the desired -1, 0, and 1 with the
centra1 Va1ue equal to 15° ¢ and the spacing egual to‘5o C.

As previously mentioned the experimental error is aésﬁmed to be
independent from.ruh to run and tﬁe.modelrcaefficeints therefore
uncorrelated. This assumption and the assumption that ﬁhe residuals
(deviations of expected responses from observed) are normaily distributed
allow significance testing of the type:

H0 2.Bi =0
H, 3 Bi A0 (i=1,2...k

L g e e

ey T ]
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~using an ANOVA. The ANOVA is performed very simply using information

already available from thecdlculations involved in estimating the model

coefficients.
SSREG = B'X'Y
SSTOTAL = ¥'Y
SSER.ROR = ss

SSporar ~ *°rec
In addition if the design is orthoéonal in nature; that is #f each
of the estimators is ﬁndorrelated with one ancther, a simple partitioning
of the regression sum of sguares into iﬁdependent components can be
performed{ each describihg the contribﬁtion to the regression of
an-individual parameter in the model (Draper ané Smith,-l966).

Response surface techniques were proposed by Box and Wilson
(1951) as a statistical method for optimizing industrial processes
in response to varying conditions. Several dgsign refinements were
propesed by Box (1954) and Box and Youle.(1955).' Costlow, Bookhout and
Monroe (1960) applied these techniques to biolegy in a study investigating
the sufvival of the larvae of the crab Sesérma cinerapm under varying
temperature and salinity combinations. FoiloWiﬁg ﬁﬁa£'work and other
studies on crab larvae by Costlow, Bookhoﬁt and their students,
responsé surface techniques have been employed in studies on a variety
of crganisﬁs. These include investigations on the bivalves, Adula
californiensis {Lough &nd Gonor, 1973a,b), Crassostrea Virginica,_
Mercenaria mercenaria and Muilinia lateralis {Lough, 1975}, Trichoﬁya .
. hirsuta (Wallis, 1976a,b}, Mytilus galloprovincialis (Hrs-Brenko et; al.,

1977), Mytilus edulis (Widdows, 1978 a,b) and Rangia cuneata.
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{Cain, 1973), a prosobranch gastropod Hydrobia ulvae (Fish and Fish,

1977), the crabs Hemigrapsus edwardsi and H. crenulatus (Hicks, 1973)

"and Pagurus longicarpus {(Briggs and McDermott, 1973}. A variety of

fish species, have also been investigated including the coho salmon -

(Oncarhyncus kisutch) (Alderdice, 1963), the Pacific cod (Gadus
macrocephalus} (Forrester and Alderdice, 1965) and the petrale sole
.(Bopsetta jordani) (Alderdice and Forrester, 1971). In addition, an
excellent review of reéponse surface methodology as épplied to the

study of marine organisms has been provided by Alderdice (1972).
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APPENDIX II

" The experimenta1 design employed in this study upon the additiéh
of the third independent variable (i.é. food concentratiqn), was a
central composite design. This design was chosen for two reasons: 1)
The central composite desigh exhibits an econcmy of design points with
which to fit a guadratic polynomigl in three.independent variables as.
compared to a full 33 design (15 design points vs 27 design points for
-each set of replicates. 2) The central composite design can be méde
orthogonal with an appropriate choice of tﬁe axial points (& 'g)
resulting in a diagonal X'X matrix which; in turn provides uncorrelated
estimates'df the model coefficients (Myers, 1971). Thé group of designs
'knéwn as composite designs are composed of first order factorial designs.
~augmented by additional design pointé, known as the .axial points of the
design, which allows the coefficients of a second order_surface to be
determined. The addition of a design point at the center of the design
Space results in a ﬁentral composite design.of the type used in this study.
A gecmétric representation of a central composite design with threé
independent variables is illustrated in figure 48. The axial points (eC's)
can bezchosen, as in this study, to make:the resulting central composite
-design orthogonal. This results in a design matrix for three independent

variableg (k = 3) of the form:



L % %
-1 -1 -1
-1 -1 1
-1 1 =]
=1 1 1
1 -1 -1
1 -1 1
D= 1 1 ~1
1 1 1
0 0 0
- .0 0
Soc ") 0
0 - 0
0 4 0
0 0 -
4] 0 + o
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(Redrawn after Myers)
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APPENDIX 111

$RESEY FREE

FILE 6= UUTPUTaUNI?=REHUT&;RECURD’22

FILE ZO—DESGNCaUhlT»DISK¢RECOR0—14;BLOCKING~’0
FILE 21=DESGN2; UNIT=DISK-RECORD=14,BLOCKING=30Q.

. FILE 22=DESGNosUNIT=DISK,RECORD=14,BLOCKING=30

FILE 23=RESPONSE ¢UNIT=DISK,RECORD=14,BLOCKING=30
CFILE . 24=DESGN1, UNIT=DISKsRECURD=14,BLOCKING=30
FILE 25=DESGRXUNIT=0ISKs RECORD=14,BLOCKING=30
FILE 26—DESGN3; hIT-DISK;FECURD“i*rBLOCKENSSBG

NN AN OAMANNOOOBNNANNERNOOGONHAOARMEOM O

RESPONSE SURFACE PRUOGRANM

' PROGRAM DEVELOPED BY ALAN L. HILLYARD

:‘THIS'PROGRAH»HILL.PLDT'A THO OR THREE VAR!ABLE.

RESPONSE SURFACE. THE POSSIBLE RESPUNSES THAT

CAN BE PLOYTED ARE — PERCENT, ANGULAR TRANSFORM.
0¥ PERCENT DATA, GROWTH IN MICRONS, GROWTH IN
IN SETIGERS, OR CAYS ELAPSED. THE INDEPENDENT

. VARIABLES ARE TEMFERATURE AND SALINITY OR

TEMPERATURE, SALINITY AND FOOD CONCENTRATION.
ADDITIGNALLY . INPUT FILES FOR THE YARIOUS DESIGN

MATRICES MUST 'BE SUPPLIED. THESE ARE AS FOLLGNS:. 

DESGNL1 = 2 VARIABLE UNCORRECTED FOR HEAN
DESGN2 = 3 VARIABLE UNCORRECTED FOR MEAN
DESGN3 = CCP UNCORRECTED FOR MEAN
DESGNC = 2 VARIABLE CORRECTED FOR MEAN
DESGNX = 3 - VARIABLE CORRECTELD FUR MEAN
DESGNG = CLCP CCRRECTED FOR MEAN

THE MEASURED RESPLCNSE DATA IS ENTERED IN
RESPONSE. THIS PROGRAM YIELDS AS CUTPUT EITHER
AN ANOVYA TABLE OR AN ANOVA TABLE AND A  PLOT.
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DIMENSION XX{1C0,100} ,X{100,100}

" DIMENSION XTRANSE100,100%, DATA{100,1}

DIMENSION XFRCODU{100.1C0), XXPROD{10G,1002
DIMENSION B{3C},BB{Li00,100]), BXIlOleGﬁ!
DIMENSION B8L{100,100)

-DIMENSICN ARAY(I&G:IZO?:IPLE’ilO]leDRU(lSE‘

DIMENSION [ILBLAIL1},JLBLL{8)KLBLIS),LLELIS) .
DIMENSION BS{100-100),385PAR{15),HSPARILS} .
DIMENSICN NBORD(153, FPAR(lSl,DFPAR!lS? ‘
DIMENSTON SSR{100,100)

DIMENSION BF{100,100)

DIMENSION IARC{10Q}., IGRBH(%DI,ISET{303
DIMENSION EIGEAVi3,3)

- INTEGER DFREG,LFPAR,DFERR.OFTOT
REAL MSPAR,MSREG:MSERR -

HRITE{6,101}

READL{ 5, /INVAR
HRITE{64102)

READIS, /1 HN
WRITE(4,300C)

READ(5,/INPLOT

HRITE{6,44%%4)

 “READ({S5,/11CCR

KWRITE(64996})
READ{S5+/)10%P
WRITE{H,302)

READL{5,/] Dl;DZI

HWRITE(6,303)

READ(5,/1D4¢D3

IF{NVAR .EQ. 23C0 10 306
HRITE(645305)

HWRITE{5,304)

- 3206

307

-5

READ{S,/INC14NC2,NC3
READ(S5+/1D5+06

&0 10 307

NC1=10

‘NC2=10

-NC3=10

X3F IX=0.

N=-1 |
IF(NVAR .EQ. 23D6=1
CONTINUE

KLAST=0

IF{NVAR .EQ. 2160 TO §5
IFINVAR .EQ. 3) GO TO 96
IF(NVAR «EQ.4)G0 TO 97
CONTINUE |

M=9

N=6

M X=9%MM

D0 9 I=1,9

DU 16 J=1,6
"IF{ICOR 4EQe O)READ(20,/)XX(Isd) . .

JFLICOR -EQe 1IREAD(24,1040XXE1.d})



DG 8 LiI=14MN

K=Li# KLAST

LLL=LL _
X{KeJI=XX{1sd}
XTRANS{JsKI=X{Kq.d)

8 CONTINUE
16 CONTINUE

KLAST=LLL#KLAST

:9 CONTINUE

Ge 1O 111

- 96 CCNTINUE

M=217

N=11"

MA=2TEMHK

DO 6 I=1,27

O 7 J4=1s11 - ' '
IF{ICOR «EQ« OiREAE{ZSaI}XX{IsJ} :
IFLICOR <EQe 1)READ(21:892)XX(I:J3
DO 5 LL=1,MM

- K=LL#KLAST

e =W

97

N (PR}

3

Lil=LL . '

X{KaJ J=XXT1I,Jd1

XTRANS{JsKI=X{KsJ)

CONTINUE

CONTINUE -
- KLAST=LLL#KLASY

CONTINUE

GO TO 111

CONTINUE

M=15

N=10 :

MX=15%MM

DU 2 I=1.15.

Dgd 3 4=1,10.

IF{ICOR -EQs OIREAD{26'f}XXCI'J3
IF(ICOR -EQ« I)REAU{ZZ:lﬁﬁlXX(I!J)
DQ 4 Li=1l.MNM

K=LL+KLAST .

LiL=LL _

XIKsJ)=XX{1d}
XTRANS(J:KB-X(K:J’

CONTINUE

CONTINUE

KLAST‘LLL+KLAST

CONTINUE

CONTINUE

CALL MMULT (NoMXshs Xy XTRANS#XPRGQ}
CALL INVERT{XPRGD«N)
READ(23y%){LATAINN, L) +KK=1 UHX3
NB=1 L
CALL MMULT{AsMX sNB+CATALXTRANSJXXPRQDY
CALL MMULT{NsNyNBsXXPROD +XPROD,B)
DATA IBLANK, ISTAR/? 8, #"xdy

DATALIPLOT (i) I=1,10)/%1%, ‘2':'3'; 4%,%5%,'56%,

1'7!,!8.,]9',000,

o6 P TR H‘ TR B h

B
E
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ﬂArAiIARCiJ!:J=i,IGJ!'D’:‘1'{'2“3?3'3'4’:'5't’5'
1,97¢,989,8G%87 :
DATAL IGROWU I, Ix),40) /A SBT 007,00,k ,1F8,
llG!'GHI’IIE,adi'GKSjQLﬂiaml IYER T TIRT TR
2VQY $TRY g¥ ST o0 TV YT g PO TR g I RY T, 800,
3O, ,93% 40 uGe g€ STV 082 9Q0 a0d,

48BN S MY DGR R dgn )

DATA{ISET U1}y 1=1,30)/01%,929,939 048,959,060,
1'?i,ﬂ'ei'lgl’Icﬂ'?lAB'.BB,lCl IDI BE.,?F"'
2YGE gt M 1In’nJugagl,nLaiame,lﬂefngs'spt'

%IQI !RU GSJ'I'.I!'I ’ '
DATA{NBORDE1), I=iy15)/2%6 #,10%719,3%82%/
DATAIIBORD(1)s I=L,15)/%8°,9G%,00% 019 029 630
ll.jp!’l-BI Eé! ﬂ?ﬂ Ial ?'59#,308,3183?2!/' )
DATACILBLL 1)y J= 12110/ 0ET g OR1 1Y, P15 LA RT,
135! !Pf OMI !EI HY!,

DATACILBLE I3y I=1,8) /987 ;P A% 40170050340 [, ‘10
1g0Y¥/ | . ‘
DATAIKLBLITYy I=1,5)/2892F,20331,84%/.
CDATALLLBLET), I=1,5)/80%,95%,900,757,80%/

- DATA BOWBI35233335111322:33393123323131353123J

111=04 ‘
HRITE(6:130)

© IFINVAR .EQe. 2160 TO 71

31

IF(AVAR EQ. 3360 70 72
BO=B{1}

Bi=6(2)

B82=8(3) .

83814}

B11=8({5)

B22=B1{6)

‘833=6(7)

B12=B(8)

B13=B(9)

B23=B(10)
wnxrsts.*:50,31,52.33,311.322,333.3121513,523
60 TO 73

BO=B(1}

B1=8(2)

B2=8(3)

B11=B(4)

B22=B(5)

 B12=8{6) .

WRITIELS *380.51.32;811:3223512

- gn T 73

72

80=8{(1)
B1=B(2)
B2=B{3)
B3=B(&)
B11=B{5)
B22=B(6)
B33=8(7)

- 812=B{8)
- B13=B(9)

B823=8(10}




|
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B123=B{11}l .

' HRETEté;#lBGquyBZ,BBsBll,3223833381218133523g

73
C CAL

18123
CONTINUE .

CULATE THE STATIONARY PGIRT
BB{1,1i=811
BB{152)=B12/2
B8{2, 1}=822
BB(Zs 2}=B22
BX({1l,1)=-{81s21)

- BX{2+1)=-kB2/2}

NEOMB=2

“IF{NVAR -EQ. 2)G0 TO. 501 .
BX{3,1)=~{B3/2)
BB(1l,3)=813/2
BB{2,31=B23/2
88(3s 1}=B13/2
BB{3s2)=B23/2
BB{3,3)=833

. _NBOMB=3

DET 1= (Bﬁil:1)*58(2:2]*35(3;3)}*(BB{InZS#BBiZ 3%

188(3,1) )+ {BE(1,3i%BB(2,1)%8B(3,2))

DETZ={BBI2s3J4BE(2,2)%BBI3+1))+(BB{1v1)%BB{2,3)%

»158(3:2!J+(BB¥1:2]*BB12:1)*5813333l

DETR=DET1-DET2

BDi1:1}=££BB£2321$8813333!-{BB!Z:BJ*BB(S:Z)ili
1DETR

BDi1e23ﬁ((BB!Z:l]*BB{B:3)3—!85(2:3)*58{311}31*

. 1{-13/DETR .

BO{is3}= {iE&ilcli*&ﬂ(B:Z)l*!EE(2;23*88{3,1i]!I

10ETR

BD(Z:IJ"BDl1t23 : '
BD(zrzi—iiﬂﬂilsll*Bﬁ(333}3 {BE{I:33*BB(3:1}!JI.
IDETR ‘
BD{Z:2)= f555¢1s13*33131211-(ﬂﬁ(1:2]*33‘3#1333*
1{-1)/DETIR : _
BO{3:11=BD{1+3)

BD{ 3, 2)=8D(2+31} - "
BD{3,3)= (‘EE*I»I)*BB(Z:ZJ‘ (88!1123*53‘2:133}f

IDETR

501

709

GO 1C 709

DETRm(BBII'IJ*EB(2a2)l~!BB(1 23*88(2:13]
BD{1,1)=BB{2+2)/DETR
BD{1,2)=—BE{1,2}/DETR

BO(2,13=BD(1,2)

BD{2,23=BB(1+1)/DETR

CALL MMULT!NBEHB.NBGHB.NB.BX:BD BF)
Si=IBF{l,1320303+04

. $2=(BF{2,1)%D2)+D1

$3={BF{3,132061}+05
WRITE(6:107)

IF{NVAR -EQ. 2} GO TG 502
WRITE{6,108)51+52,583

GC TO 503

$02 WRITE{&,109151:52



503 CONTINUE

DO 15 M=NC1eNCZ2.NC2

C BLANK THE ARRAY

DO 52 I=1,1640

DO 53 J=1,4120

53 ARAY{I+J)=1BLANK
52 CONTINUE
€ READ IN THE BCRDER

TCOUNT=0

D0 1 I=9,151.

DO 62 J=9,4111
ARAY( I 39)=1STAR

 ARAY{1,121)=ISTAR

ARAY (9 J1=ISTAR
ARAY(151,J)=1STAR
CONTINUE
CONTI MUE
DO 63 I=105150410

ARAY(I,8)=ISTA%
ARAY(15112)=ISTAR

I1I=i/10

CARAY(1,7)=1EQRD(IL} .

43

€4

85

66

ARAY{I»6)=NBORD(11)-.
CONTINUE .
DO 6% I=10,110425

ARAYI 8,1)=15T4AR
ARAY{152,1i=1STAR’
J=I+l
ICOUNT=ICOUNT41 . |
ARAY{7,1)=#L1BL{ICOUNT}
ARAY{7,)=LLBL (ICOUNT)

CONTINUE

DO 65 1*65175

11=1-64
ARAY(1,33—1L3L£111
CONTINUE "

DO 66 I=47,54

11=1-46
ARAY{ 54 I)=JLBLLII)

X3F IX={ {M%1000)~D5)/ D6
X3F IX=1{(M% 1600 )-D5}/D6

- L -CALCULATE THE PERCENT RESPONSE

38
801

802

803

CONTUNKUE

GO T0 (801v5021fﬂ3s8041805311329
DO 80 II0=2C,:11G510 ~
YFIX={FLOAT(II()-10.3/100.
MQ=4{1I1C-10} /10

GO TO 999

DO 865 $1A=10,100,10
YFIX=11A-10 o
MO=11A/10

60 TQ 999

DO 866 IIB=50,2CC0.5C
YFIX=118
MG=1I8/50



. 804

805

999

GO 10 993

D0 867 {ID=1,25
YFIX=11D .
MQ=IID

6l 70 999

DO 868 I1E=1530
YFIX=11E

MQ=11E

CONTINUE

L INCREMENT SALINITY AND CALCULATE TEHPERATURE

DO 11 J=1046,20C
XZFIX—iiFLUﬁT(JiIS.)-DlJ/BZ

KKK=J-30 '

A=B 11 '
BBB~BJ#812*X2FIX#BI3*X3F1X+8143*X2F1X*X3FIX
C=BO+B2#FX2FIA+B3RAIF IX+B22#X2F IX¥X2FIX+B33 %

C LXBFIXAaX3FIR4C23RN2FIXEXIFIX-YFIX

36

Q={BBB*BEB }J-{44A%C)
IF(QI11$36:36.
SlPLOT=1{~BBB+SGRT&Q)in?ﬁAéi
S2PLOT={{~BBB~SQRT{QI}I/(2%A])

C UNCODE THE TEMPERATURES

SIPLDT=!£SlPLB?*DB?*ﬁé&*lO.,
SzPLDT—{152PLCT*033*D43*i0-
I¥Y1=51PLOT

 ROUND=S1PLCY-IY1.

806
807
808
809
998

67
810
811
812
813
997

11

IFLROUND < GE. G. 5}1?&=1¥1+1
1¥2=52PL0T

ROWMD=S2PLOT-1Y2 -
IFLROUND .GFe 0.5)IV2=1V2+41 X
IF(UIYL oLTo 80} <OR. IVl 4CT. 22011 GD 10 67
LK=1Y1~70 .

GO TO (806:8C7¢8C8,809}0IDEP
ARAY(LKKKKI=IFLOT{MC)-

G0 T0 998

ARAY{LK,KKK )= IARC{MQ}

60 10 998

ARAY{LK (KKK I=1GRONEMQ)

GO TQ 998

ARAYILK ,KKKI=ISET{MQ)}

CONTINUE

IFELIY2 .LTe 801 .w0Re (IY2 G, 2201160 TO 11
LK=IV2~70

GO TD(810,811,512,813) (1DEP
ARAY{LK,KKK)=IPLOT{HGQ}

60 TO 987 |

ARAY{LK,KKK)=TARC{MQ)

GO 10 997

ARAY{ LK KKK }=IGRON {MC).

GO T0 997

ARAYE LK KKK 1= ISET(ME)

CONTINUE

CONTINUVE |

IF(IDEP .EQ. 1)60 TO 80

IF(IDEP .EQe 2) GO TO 845
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CIFLIDEP EQ..3) 60 TO E66
IF{IDE? JEl. 4) GU TG 8&7
368 LONTINUE . . o
' IF{IDEP .EQe 5)GD TO 954
8867 CONTIMUE : , -
IF(IDEP .EdQe 4} GO TC 994
866 CONTINUE
' IFLIDEP LEQ. 3) GO I0 %94
865 CONTINUE ' - ‘
IFLIDEP LEQ. 2) GO TQ 994
80 CONTINUE o
- 994 CONTINUE . L
. IFINPLOT <EQ- Z) GQ 7O 3001
00 54 L=l,16G '
: Ke=161—-L
54'HRETEfévaﬂﬂliﬁRAYlKKth9 J=14120) .
: IFIAVAR EQe 2) GO TU &9 _
NA=M*21000
HRITE(6,3003NN
15 CONTINUE
169fCCNTINUE'
3001 CONTINUE
: TOT AL=0>»
DFREG=N
- DFERR=MX~N
DFTOT=MX
D@ 88 I=1sN
88 DFPAR{I}=1 : '
"IF{ICOR .EQ. 1} GO TO 665
. DO 8% I=1l.HX o
84 TQTAL-DATAil:l]*ﬂATA(I: J*YUTAL
o DO 85 I=l+N . .
- 85 BS{l,1)=B{I)- :
CALL HMULT(hﬁrﬂrNBrKXPﬂﬁﬂeﬂS:SSRi
- SSE=TOTAL-SSREl,1)
WRETELS 2 ) (XXPRCD(121) o I*i'Nl
. DD 86 I=14N :
: SSPAR{II=({XXPRCD{I,132>854{1.,1)) .
. 86 MSPAR(IX=S5SPER{II/DFPARILI)
MSREG=SSKR{1,1)/0FREG ' '
MSERR=S SE/UFERR
- FREG=MSREG/MSERR
DO 87 I=1.«N
87 FPAR{I)}=SSPAR{I}/MSERR
HRITE(6,4401)
ERITELG,402) ‘ .
HRITEI&,403)DFREGQSSR(ltlJvMSRﬁﬁrFREG
NREG=N~1
IF(NVAR JEU. 23 60 TC 901
KRITE( 6, 406]‘0FPAR(!1:55PAR(131HSPAR(I’1F?AR(I33.
1i=] N}
IF{NVAR .NE. 3) GO TQ 903
HRITE(é!@O?JDFPﬁRf!I! SSPARQIIQQMSPAR€113:
IFPARILL)
GO T0 903
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9011¥R§Ti;6a404!€DFPAR(IlySSPﬂR!13 KSP&R(K3;FPAR!I!:
=19
903 CONTIMUE
HRITE16o632JOFERR»SSEa&SERR
"WRITE(6+408)0FTCT, TOTAL -
665 CONTINUE o S
401 FORMATIO? /45X YANOVA TABLE‘;/:SK;'SGURCE'i
IIOX,'DF',ISX;‘SS’.15Xs'HS'915Xa°F’i

- 402 FORMAT{® *",80{'-*}} :
403 FUORMAT(*0* s5Xs *REGRESSIONY 518, 2X,F35.692X,F15.6.-

11x1F15¢63

. 404 FORMAT{'0", Xg'MEAh‘.IIEgZXgFIS 631X3F 156079

15X "LINEAR TEMPL%916:2XeF 15.092XsF 15621 X%y
2F15-61f?913't!ﬁf§ﬂ SAL."Y ,17,2X Fil5. 5:3X:F15w69
31X2F1l5.65/7 95X, *QUADRATIC TEMPL?31342XsFi5469
42KX9F150651X2F15662 /95K, *QUABRATIL SAL. 3 1%y

. SF15.682X9F 15.691XsF15.69/ 95K TEMP & ALY 18y
62Xy F15.652X3F15.8651X%X,F15.61)

405 FORMAT(®0® SX43ERRCR*,1I13,2X¢F15. &gZX;Flﬁ 5,1x9
1F15.61

406 FORMAT{'0% ,5Xo"MEAN®,115,2XsF 135 é;2X1F15.6 LXy

LF15.6 1/ 95 X9 *LIMEAR TEMPLY41632X:F15.6:240
2F 154691 XyF 1546 4/95Xs ILINEAR S5ALLY 5 I732XyF15.6,
32Xy F15.65 1 X3F15.65/55Xs 'LINEAR FOUD®91742Xs
© AF15.6 42X F15.631 X9 FL5+639/ 55X QUADRATIC TEM?.
, 5;131?X,F15 5:2X F15-631X1F13¢6 lfSXf
HYQUADRATIC SAL.%01432XF15.622X:F154651X,
TF15:.6:/sSXy¥CQUALRATIC FUODY 2 145:2X9F15.6,2Xs
BF 15,69 1X;F15.63p/a5Xs " TEMP % SAL® 1842X,F15.694
Y2Xy FL5ubo LXoF1X569 /95X *TEMP * FOOD*,17,2X%,y
" OF 15459 2XF154691XsFLl5464/ 35X TSAL ® FUGD'
1189 2XsF154692X%,F15.691XsF15.6}

407 FORMAT{® *,5X, TEMP*SAL*F00D",15, 2X.Fl§.6g

- 12XsF15.631 X4F15.6) .

632 FGRMAT('Q',5X,'ERRDR‘.IIB,2X,F1J. '2X.F15.6)
. 408 FURMATI®C" o5Xo*TOTAL Y 113,2X4Fi5:6)
130 FORMAT(*0®,*1HE MODEL CGEFFICIEAT VALUES = ).

200 FORMAT(* '4120A1)
300 FORMAT{*0" 4 *FCCD CONCENTRATION = 'vl?i

- 101 FDRMATLY ¢ ,*CHCSE DESIGN 2—2VAR;3*3V§R.:4=CCP’3-
- 102 FORMATI®* *4*ENTER NUMBER UF REPLIEATES‘}
io03 FURMAT(ZIE! :

104 FORMATII3)

892 FORMAT{F6.491 .

105 FORMAT(O64FT.4%41X12

106 FORMATIF18.11) -

107 FORMAT{®0% s "THE STATIONARY POINT IS3%)

108 FCRMAT{%0% s *TENPERATURE =% yF10.7+% SALINITY =4,
1F13.7:*FOO0 CONCENTRATION = ,F18.8)

302 FORMAT(70®,"ENTER CENTRAL SALINITY VALUE, ENTER'

1 *SALINITY SPACING')

303 FORMAT{*0','ENTER CENTRAL TEMPERATURE VALUE ?-
1*ENTER TEMPERATURE SPACING?)

304 FORMAT('0T ,"ENTER INITIAL FOGD CDNC;!IOOO Py
L*ENTER FINAL FOOD CONC./1000, ENTER ', '
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2" INTERVALS/10C{Y)
305 FORKBATI(90% , 8 EATER CCNTF&L FGCD. £QN€mg ENTER %

: 19FO0D GONC. SPACING®)

. 996 FORMAT{* ¢, ENTER DEPENDENT VARIABLc CGDE ~«1ﬂp
19=R AW PERCENT, 2=ANGULAR TRANSFORMATICNS 3=
2YGROWTH IKN MICRONS; 4=GRORTH IN SETIGERS;i's

- 3% 5=0AYS*) : C K

109 FORMAT{'0®%, *TEMPERATURE= ' 3F1G.7s "SALINITY = 9,

_ LF10.7)

44% FORMAT{*0",*ENTER O FOR MEAN CORRECTYED BESIGH'v
- 1% ENTER 1 FUOR AN UNCORRECTED UESIGN®}
3000 FORMATI®0%,"ENTER 1 FOR PLOTS GR 2. FOR ANDVA 6
. 1*TABLE*} : '
CALL EIGEN{BB,EIGEAV.NBCMB,Nachss ‘
. END :
SUBROUTINE HHULT(NAwhcsMD,E,F,bi
DIMENSION EilCC.lOGJ:FilﬁﬂalﬁOl,GilGGgIOQ}
DO 10 I=1,NA L
D0 10 J=1,ND
G{is+Ji=0
© D0 10 II=1,NC ‘
10 Gilri=G{1¢J)+{FxIt113*5‘111J33
RETWRN
. END ' : ' ‘
" SUBROUT INE ENVﬁRT(HsNNN)-
DIMENSION H{1QG0 100}
- NP=NNN#Y - _
DC 100 I=1NAN
- DO 50 J=1,NBN
50 H{J NP}=0
- HUI.NP}=1.
Div=H{I1)
DO 60 J=1,NP . |
.60 H{IJi=H{1:J}/CIV
DO §9 J=1,KAN
-IF{ Y] LEQ. J)} GC TU 9s
FAC =HtJy1}
-~ DO 98 K=1.+KP
98 HtJ,KJ=H(J.K;—H(I,K)*FAC '
99 CONTINUE
-~ DO 80 J=14NBN
80 H{J;Ii=H{JsNP}
100 CONTINUE :
' RETURN
END
SUBROUTINE EICEN!A,B.N:Nli ‘
BIMENSION A(lﬂGelGOl Bi3,3) .
ANORM=0
DG 100 I =1:N
DO 101 J=1,.N
C TFCI=J12+41 42
+1 BL{lsdi=1
‘GO 10 101
2 8{]l4Ji=0 :
ANDRM=ANDRH*A(I-J!#A(I'J)



=134~

401 CONTINUE
ADO CUNTINUE | R
SANORM =3Q0RT(ANLRMI ' ‘ o
ﬂFNURM‘AhDRﬁ*laﬂE*QSIFLQA?(NE ' :
AHR=ANDRM.
23 THR = THR/FLOATIN)
;B.JNDmO ' '
Jlnl-l
D0 103 J~1:§1
. AF{ABSL AL, 333-?&R3193ﬂ434 :
& IND=1

Al=—A1d-1) :

kP H*iA!JgJ)»ﬂiie!Jé/Z

AO—‘—"-AL/SQQT(&L#ﬁL‘iﬂh*Aﬁ)

1AM 536495
A=—Al '
BINX=AN/SQRTI{Z *Sla%SQR?ila“AC*ﬁﬂﬁll

B INKZ=SINXFRINX .

LOSX=S0RT{ 1.~SINX2)

CHOSX2=COSXECOTX

D0 104 K=1l.N

AFIE~J3T21 057

AF{K~118s1C,.8

AT=AK,J)
uﬁiﬂ:Ji—ﬁf¢K£SX-£§K91i*SK&X

AN 1 I=ATHS INX2ALK o TIXCOSK
4D BY=B{Ksd) |

% o PBIKII=BTRLNSX=BIK T I 51X

BiKs I 3= BT*SINKiBixgli*CDSX

And CONTINUE

: . : nx1~2.¢azdglj$szax%c£sx

: g e AT=Ald:Jd) :

- S BI=AT 1)
-AédwdlwAI*££5ﬁ445T$SIN32°XT
AT g I I=ATASINX2+BTRLOS X224 XT
;A!Jsi}&(AT~8T3353NX$CGSX*£iJQI3$§§05X2—S§NX£3
AL Rd =ML 413

DO 105 K=1sN
ALIIKI=8{Ky )
AL HRI=ALKRTI2
405 CONTINUE
. 103 CONTINUE
302 CONTINUE
AF{INDI20+ 28,3
28 IF?THR&FNSRHJZ5@25323
2% DO 110 I=2,%. ,
A= ' _
29 xfmu-—;u»u*:N,Jnaa,aw,am
A0 AT=A{ S~1y4-1} .
Ald=led Iiwﬁidsdi
Al gd J=AT
B0 111 K=1.h
ATsBiKs =11}
-35%sJ*13=BEsté

é‘iiﬁ

ﬁsa‘é




BUK dI=AT .

. 111 CONTINUE
J=J=1 |
IF{J-111104110429

110 CONTINUE
HRITF!b,*BA#I.13;&(2.2!,&#3.3}
WRITE {548} {{B{1sJlsd=1aNDs I=1,N1)
RETIRN _
END



	A response surface investigation of the larval tolerances of three spionid polychaetes to temperature, salinity and food concentration
	Recommended Citation

	tmp.1520376845.pdf.2xRbv

