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s - o Three pelecygo@%molluscs Modiolus demis s, .
R . Mya arenaria, and Hy!z.zlus edulis were subjected tﬂ acute o

P ™~ -
s

. thermal stress follow:ng acclimation varxausly to 5 0, 15.0 . .

- 25. 0 C and f%,o3ﬂ%o s. Mbrtallty responses, for exposures

1asting up to 10, 000 mmn, were measured for each of the

s species~acclimation COmblnatlons. A substantial delayed

<

. ~ ' mortality, for most test temperatures, occurred during the
%
flrst 10~12 days of the post-bxaassay»recmvery perlod. Times

’ to 50% mortality were;salculifed at z—day intervals dur;ng
5‘ »»%‘ / & <
g the 28—day post~bioassay recovery period. . . .
R N o . o

oo . s ® ¢
7 W P - ’ * M a
‘ ; . &' Thermal resistance ‘lines, for zero-time ‘and thé\“‘4§

EN #

zath day of past—hloassay recovery, are.presented. . Zero-

-

day thermal resxstance lines: were eiﬂﬂ’; linear or curvi-

. linear whereas those fgr the 28th day were invariably linear.

R kY - 4 N .

7 S Upper lethal temperatures for-a 5760-min (96 hr)
@ : -
L, exposure are presented for>the species, acclimation temperature,

acclimation salinity combinations. Analysis of variance ,
1 w L0
% indicates th4t "species" and "acclimation température” ., :
coméonents are sigqiq;hant whereas the "acclimation salinityl

component is nat. 5 .

g o
& The range of upper lethal temperatures for each
spegies in these bioassays is demonstrably higher than the

mean -ambient field conditions. ‘Thcrnal resistance capacities
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Wt e A, general bmloga.eal pnm:xple states sthat every

. . specms ;LS adaphed in some degree to the specx.i;‘ic mnditions

f
" L °

oo of its envxromnent. By that means, the probable survival

o \

. of an organxsm ‘is enhanced across the total scale of phys:.co»

£ chemlcal cond:,tmns which nomlly occur in its particnlar
o B et

© xange of d:.strlbutxoq. l

P L . £ . o !

? ®t
g [
N ¥

v Phys;ologzcal adaptat‘:mn is the relat,ianshz.p among

t

the physiologmal capac;txes of the organim ahd the hiot:ic

©

S~ and abjotic qualities of their. e.nvironnem:. Prosser (1964)

& Y from onviromntauy induced ‘adaptation among lpocin by

.

suggests that the process of physiological adaptatinn can be
" examined at two distinct levels. Genetic adaptat;lon: are
deteminé and initiated by natural variation and selection
, during the evolution of ‘a specie}s: Genetic idapta\xt:lona are
‘;'gcspefties of populations. The tiuey course of these adapta-
tions is in the order of many generations. Envirommentally \
indu&ed‘adaptétipn or acclimatization say be considered as °
a term embracing those adz;ptation ocesses resulting from
exposure to i‘ocal ehviromntal changes (Pi:hcr; 1958).
Acclimatization represents the properties of single organisms.
The time course of the changes brought about by acclimatization
is in the order of minutes, days or weeks. Adaptations due
to acclimatization are ponible only vithink range as
prescribed by the gmtic compositions of the organism.
Gonatical&y induced adaptations among species can be separated
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acclmation expezimem:a. Genetlcally mduced ana environ~ Q“
mentally induced adaptatzons within u specaes can be separated

by b:eeding experimexits in dlfferent envxxonments ta

, determine whethez: or not qbserved ﬁlffexences in adaptation @

N ~ s
z [ . P

are pera;l.stent‘ . “hp :\ L. i _—

- A 4 &N o ? Al
v Al R o » » u
4 U

Physiologa:cal adaptatxons vcan he studa.ed at three

organizational levels. 'me moleculas propertzes of the -

0

. biochemical systems of an organie‘sm qan;be inves’txgated St
(Read, 1963; ﬁrown et al., 1967) . The physiolog:wal capacxtaes »

and reactions of cert:ain tissues can be stud-;ed (Vernbérq

~

m,,

ot 41.. 1963; Schlieper, 1966. Bzhmusova, 1967, xhzmunsky, -
1967. 1933)

4

Fimlly. the phyuologicql :teactmns o the .

@
¥

©

intact organism can be amlysed’ under var,ious condlt‘:.ons, of -

an environmental variable (Loeb and. iiasteneys; 1912; . E —
S TP .

bDoudoroff, 1942; Fry et al.,1946; Read. 1967; Read zmd S

Cusming, 1967; Kennedy aMl-\uxsky, 1971, “Waugh and Garsa.de. y
4

1971; Waugh, 1972).

0
According to Fry et al.(1946), Fry (1947) the '

limits of an environmental variable within which an animal -~
can survive indefinitely with respect to the effects of that
variable is the sone of tolerance. The levels defivning
this zone are the upper and "low;x incipient lethal levels‘
for mh/n of acelimations. An ani;al has a capacity to
survive for a finite time the influence of a variable whose.

level is beyond the levels defined by the zone of tolerance.
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- <, Under, thése clrcumstances the animal is in the zone of

7 .
&

v reszstance wath respect to the variable. The animal will-

he.in a state of acute stress and its potential for survival

wzll depend upon’ the lntensaty and the t;me interval of

e

v expogure to the varldble. ' .

v

g » A L™

* Breth: (1958) defines stress ag:
., a state produced by any environmental or othey

- . S factor which extends the normal adaptive responses

r

. of an aqidal{*o: which disturbs the normal

o T\\(\;\ fnnqtianing,ta such an extent that the chances of

survival are significantly reduced. ‘

u

Bxatt$(195&} further states that 4' .
by thlS defxnxtlon the magnxtude of the stress
then becomes possmble of qnantitativo‘pxpréssion
by ‘an est;mate of the chances of survival (where '"
actual losses can be recorded) or by a measure of

reduction in capacity for g@qﬁal»performance. ’

‘
"

! Two major subdivisions have been estabiiaﬁbd within
Fhé general context S?ng;ess. Brett (1958) defines
’discriniﬁat; stress as a stress which applies tq/individualt,
singly wiéhin a population and not to the total populatioﬂ:
indiscriminate stress is a st;eas which applies to every

member of a population and is not discrete in its action. 4

]

-
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Physical and chemical stresses are almost invariably’

-indiscriminate 8trg§8es. Brett (1958? sugéésts that

indiscriminate stressez\mmy'operate in a variety of ways.

The extreme effect of ny stréss is to destroy the animdl.

In this case the stress is considered to operate as a lethal

stress. Temperature, pressure and toxicants are examples
n

of potentially lethal stresses. ‘Factors which reduce the

L

[S v

ability of the Snimal,to perform normal functions which lead

to significantly .reduced chances of survival aAré inhibiting :

stresses. Narcotics, endocrine inactivation and low,

<.

~

temperatures fall in this category. - Any environmental factor

which places an undue burden on an‘animal, ﬁeceésitating
the rapi&’or steady release of energy, invokes a loading
stress. Abnormal osmotic pressure, high temperatures and
excessive muscular axartion’can induce a loading stress.

' \\o
; h“"‘{

3

Exogenous éheé;al energy or heat is obviously one

of the most important environmental variables that affects
e

- the activities of heterothermic organisms through itg'control

of matabolic rate. These organisms are continually subjected

to some degree of heat, and it is the magnitude of this

degres that is of importahce to the organism. A high level

of thermal energy can act to induce indiscriminate stress

according to Brett's d.tinition.‘ When temperature operates

as a lethal stress, the level required to kilf‘nn organism
depends upon the thermal history of the organism and the
physiological status of the organism (Doudoroff, 1942;
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Fry, 1947; Orr, 1955; Kinne, 1970) and the intensity and tiime
interval of the stressful thérmai exposure (Fry, 1947).

Variations in the ambient‘salinitj in an estuary
.can be pronounced and with dramatic effects. Butler, (1949,

1952) reports mass ﬁortalities of oysters along the Mississippi

. u
‘. Coast associated:with reductions in ambient salinity. -

Thomas and White (1962) report mass mortality of estuanine
fauna at Bideford, P.E.I. (Canada) associated with abnormaily

| low salinities. In accordance with Brett's (1958) classi- ~
fication of stresses, variatiéns in ambient salinity maf operate
as apindiscriminate stress when osmotic gradients elicit

supranormal y}tabolic responses. -

Modiolus demissus (Dillwyn), Mya arenaria® (Linn€)
and Mytilus edulis (Linn€) have been chosen as typical

estuarine intertidal pelecypods of temperate latitudes

., suitable for an experimental study of physiological reaction

to stress reésulting from prescribed thermal and osmotic

conditions at the organismic level.

The ribbed mussel (Nodiolus demissus) is classified
f’in the Family Mytilidae. Its distribution ranges from the
southern Gulf of St. Lawrence south to Georgia (Bousefield,
1960). At the southern limit of its distribution the ribbed
mussel occurs in the lower portion of the 1ntortidgl sone
(Kuenzler, 1961) whereas at the northern limit it occurs in
the higher portion of the intertidal zone (Thomas, 1970).
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The normal habitat is in salt marshes where it is mo&monly
attached by byssal, thx:eads to burfed stems and roots‘of .

b

marsh grass. i, . R .

~
!

The snft—ghﬁll clam {Mya arenaria} is a member of
the FPamily Ryacidae. It oqcura from Labrador! to North
Carolina. At the southern limit of its distributzon it |
is almost exclus;vely subt.xdal .(Bousefield, 1960). Soft-
shell clams near the northem limit of distribution are more
ccwlonly intertidal (Thanas, 1970). The eustmry substrate
is wmuddy sand of intertidal esi:ﬁaries which are not subjected
to straong cu;rents or wave actio;x. Stanley ’(1970i states
that depth of burial for larger clams K210 cm)\is about
20 cm whereas depth of burial for smaller clams /{5 to 6 cm)

ranges from about 10 to 20 cm. ™ )

The blue mussel (Aytilus edulis) is classified

in the Family Mytilidae. It ranges from Baffin Island to
South Carolina (Bousefield, 1960). It is almost ekélusively
subtidal at the southern limit of its range but occurs al
intertidally to several meters subtidally in the northern
'pOtib:im of its distribution range where rocky surfaces are
the preferred substratum, but ahen; or stones qjmy serve.

as muclei for the formation of large clumps of individuals

on intertidal mud flats.
\
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The expermental phase of th:l.s study consisted of
' o
the determmation of upper lethal temperatures for dea:.gnated '

sets of acclimation. conditions in the three species .

accordmg to the general procedures developed by Fry and 4., .-
coworkers (1946, 1947). cgrtax.n modifications to wuch

prqcedy;:es had td)be ini:roduced because recognition of the /
npo:intq of death in these éryp;:ic animals is necessarily

achieved only indirectly. Subsequently, some attent\jion

was diverted from the assessmient of lethal temperatures

ée.z\;& ge to an evaluation of latent mortality which’ attends '

pE 3

" some of the animals several days after a poténtially lethal

Al

stress had ‘i\:een removed. |
3 -~ f {
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METHODS 'AND MATERIALS / . !

» - 7 . )t

, : , ¥ j
Ecological conditions of Petpeswick Inlet

© &

Physical description of Petpeswick Inlet

-

Petpieswiﬁk Inlet (lat 44" 45 and\% 63" 10} o
is situated 35 km east of Ha:ligax, Nova Scotia (Fig. 1).

Lémcks .and Sadler (1971),Platt and Irwin (19;{2) describe ¢
it as’'a small, shallow, marine inlet 9,5 km long with a
surface area of 7.75 sq km and % waximum defth of 24 m.

It is open to the 48k BY a long narrow channel with a %}
minimum depth of 2 m at low /1;5:de and a width of 50 m at

its narrowest point. Tides’ are of the semi~diurnal type,
0.6 to 2.0 m in amplitude. At low tide approximately 70%
of the surface area of the inlet is ex:posed.. Extensive

mud flats and eel griss {Zastﬁu marina) beds pr;dminaté j:n

the intertidal area. - .
Summer thermal conditions of Petpeswick Inlet

Air and water temperatures in Petpeswick Inlet
were obt;.ino& from various sources. Mean wmonthly air tempera- k
tur;n for Petpeswick Inlet (Fig. 2a) were estimated from the
average of the mean monthly temperature at Sh rwatex, Nova
scotia (3% km SW of Petpeswick Inlet) ?é :
Umit Scotia {130 km SE of Petpeswick . The mean
-;nmy temperatures for Shearwater And Ecum Secum were monthly
means for the period from 1931 to 1960 (Anonymous, 1967).

v s / Q



Figure 1. Map of 'Petpeswick Inlet, Halifax CLunty, Nova
Scotia, Canada.
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?ocation of recording stations and

collection sites for samples of Nodiolus demissus, Nya
arenaria, and Mytilus edulis are indicated.
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Figure 2(a). Estimates of monthly mean temperatures for
Petpeswick Inlet, Nova Scotia (Canada). The estimates
were obtained by averaging the monthly mean temperatures
for Shearwater, Nova Scotia and Ecum Secum, Nova Scotia for
the period from 1931 to 1960. -

" Figure 2(b). Surface water temperatures at station 1 and

station 2 in Petpeswick Inlet during the period from
" May 1971 to October 1971.
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surfacg water tempePatures for station } were obtained from”
. Platt and Irwin (1972) (Fig.’2b). Surface water tempera-
tures %qr staigéqmz were obtained from Loucks-(;973$ {Fig. 2b).
. ) ~ P I

- 7

- IR Infoxmatzon is not available on substrate tempera~

tures in Petpesw;ck Iniet, ﬂowever. Waugh (1972) obtainqﬁ
substrate temperatuéé for a populgtion cf ribbed mussels
.whlch.Were l6cated in the ‘intertidal zone of Bideford River,
a similar estuarlne habxtat, in Malpeque Bay, Princn Edward
Island. These observations qpre made during theusummax of
1967 (¥ig. 3a). .Thomas (1970) reported the mean monthly
water temperatures for a lacation adjacent to this ribbed
hussel populat;ong(Fxg. 3a). Mean monﬁhly air temperatuxez
+ in the same geographica;_%pcation were obtalined {or ‘the summers
. of 1967 and 1971 (éig. 3b). This information was provided,
by the Atmospheric Environmenf Service, Environment Canada.
_ P;gure 3b presents the manthly mean temperatures of the
nean monthly teuperatures (1931 to 1960) for Summerside,

g L

Prince Edwarﬂ iélqnd, Canada {40 km SE of Ellerslie, Prince

i '
Edward Island). ! o ‘

.. BB ‘

-

. ) Figure 4 shows the subtttate temperatures for a
’ populaticn of ribbed ;ussel;xlocatod in Bidotord Rivor, Prince
Edward Island. The tiue‘intcrval covered by this information
‘was from July 18, 3967, to JulN24, 1967. &
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Fijure 3(a). Mean monthly water and substrate temperatures -

. (1967) for a population of Nodiolus demissus located in R
1 ., Bldeford River, Prince Edward Island (Canada). ~
. :\.ﬁ ! :
¢ ) R \ .
! / . < ’
. ¥

W \ .
i :
5,

e Pigure 3(b). Mean monthly air temperatures (1967, 1971)
s, for Ellerslie, Prince Edward Island (Canada) and monthly
i mean air temperatures of the mean monthly air temperatures
& for the interval from 1931 to 1960, for Summerside, Prince
o Bdward Island (Canada).
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Figure 4{{ Substrate temperatures for a population of '
Nodiolus demissus located in Bideford River, Prince Edward

Island (Canada). The time interval covered by this )
isformation was from July 18, 1967 to.July 24, 1967.
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F)
bescription of collection sites .
v N
Clams and mussels used for all experiments were

¥

7
collected from Petpeswick Inlet. "Locations of the collecting
& . )

2

sites are indicated in Figure 1.

The ribbed mussel population was located in a zone
of dense growth of the intertida..l grass Spartina alterniflora
This vegetation provides the mussels with a considerable _
degree of insulation from solar heat during the summer.

The zone of the ribbed mussel population had a horizontal

.width ranging up to 10 m but mostly less than 3 m. The lower

edge of the population was approximately 0.1 m vertically
below mean low water with the upper edge 0.4 m vertically

above mean low water (Figure 5).

Estimates of j;::1:«:3.111::&: density were obtained by ]
counting the number of animals within a 0.33 x 0.33 m frame

{(area 0.1 n‘). Density of animals :{:anged from 0 to 45, kﬁ

*

The average, for 45 samples, was 23 per 0.1 m*,

The soft-shell clam popx}xation was located in a
substrate of coarse sand and fine gravel. This population
had a horizontal width of approximately 4 m beginning at
mean low water line and through a vertical drop of 0.2 m
(rigure S). ,

»

-

°
»
~

4



Figure 5 .
Modiplus demissus, Mya arenaria, and Mytilus edulis in

Diagram indicating the vertical location of

relation -to mean low tide. Approximate intertidal range
of each species is indicated.
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Popuiation density estimates were obtained in the

manner described for the ribbed mussel. Counts ranged - .

4 " e
“from 0 to 36 per 0.1 m® with an average, taken over 20

<

samples, of 16 per 0.1 m*,

The blue mussel- population was located in an exten-
. L
sive mud :Elat which was covered with eel grass (Zostrea

marina). ,Substrate cons:.sted ;f extremely f:me sand and
decaying vegatatlon. ‘I‘he pbpulat;.on éxhibited a horizontal
d:.stnbutmn which frequently exceeded 50 m, however, the
h:.ghest populatm{x densities ovcurred in narrow bands (5m)

along the edges of the water channels in the mud flats.

The 1cwer edge of the most dehsely populated zone was 0.5 m

- beﬁow xqean low. water. The upper edge was 0.3 m.vertically i

A
below mean low water (Fig\gre 5). &

| ‘
¢ o %

*Population densities were difficult to determine .
due ta the extreme degree of contagious di;tribution \exhibited
by blue mussels. However, denmsities in the highly po{:mlatod
zones ranged from 0 to 46 ;mer 0.1 m® with t\.he gveraqe

for fifty samples,-being 22 per 0.1 m®™.

»

Care' and feeding of collected animals 4.

-

Smpies were removed from the collac’;:ion site as
required, with care beir}gn taken not to damage tha: They
were then transported directly to the Life Sciences Centre, .
Dalhousie University, where they were placed in aquaria.

These latter facilities consisted of fiberglass tanks
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" measuring 1.5 m by 1.5»"m’ by 0.2 m deep. Each ‘tank was.

supplied with continuously flbwing filtered sea water and
compressed air. Sea water temperature at all tlmes was
slightly above ambient at source, the Northwest Axm,
Halifax Harbour. Approximately 1,000 animals were placed

. in each tank { Daily food rations consxsted of 500 ml of

#
Phaeodactylum which had a density in excess of 6 million
cells per ml. ggntaperigd was held at 14 hours light and

@

10 hours dar¥ness.

Acclimation

Acclimatiqns were performed in a laboratory in

the Biolagy Department, Life Sciences Centre, Dalhousie
Uhivexdigy, Hdlifax, Nova Scotia. Cantinuously flowing sea
water wa; mixed with dechloxinateg/fresh water, via a dilution
;ppuratus, In the éppropriate proportions to achieve the
dasigg& salinities. Thia'ﬁkter was subsequently fed by
qravigy.fron a head tank to the acclimation tanks. Each
acclinntion tanflwas of fiberglass construction and measured

0.9mby 0.6m amd 0.5 m éeep. The flow rate in each tank

was maintained at approximately 500 ml per minute. Temperature

roqulattén was achieved by thg uge of “"Jumo® contact thermo~-
meters in donjunction with triac semi-conductor relays which
controlled either a heating element or a refrigeraiing
ounpriaaor. The choice of unkt depended upon the tem@erature
of the incoming water and upon the desired level of thermal
acclimation. ,

./

y
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y Animals for acé}./imag:icn \gere‘ taf:gn/ from the holding

facilities and placed <i '/thex: tanks in which the tempera-

ture and salinity were| adjusted to carrespond with those of
1 .

the holding cond:;t:x.ons Appmxmately 500 animals were

placed in each acclimation tank. Temperature ’and aelinity
of the acclimation tanks were then adjusted by 0.5 degrees
anli 1% S per day unti /the desired levels of t;-perature
ed. The animlgﬁ were then held at
:.tional.mtwo(jeeks ’;zefoxe being sub-

ch acclimatign tank regeived a total

and salin{ty were achi
these levels for ah ad
jected to ba.oassay. E

-7

of 500 ml of Phaeodactylum culture per day which had a density

in excess of six millipn cells per ml. %photoperiod <
was controlled manually and approximated 14 hrs light and

10 hrs darkness. =

Acclimations were pkrformed on samples of ribbed
mussels, soft-shell clams and blue mussels, at three tempera-
tures (5 C, 15 C and / 0 ), and at two sali:;tij (153.‘ and

;
:?ﬁ?. ).x'rhpi.s :f:esulted ; n a total of 18 acclimation series.
Apparatus -for Bioasslx

. - * e

gt

Bioassays L re perfofméd in glui agquaria, 0.44 m
x 0.22mx 0.28 m dee . Standpipe levels were adjusted so
that each aguarium c:o tained 22 1. Wwater from the head tank

"flowed into each unit jat the ra\tt_zf/ 80 ml per min. The time

« J
Cd al for partial replacement of water in each _test aquarium

was determined from information supplied by Spnquo (1972).
Maintenance of the atatad flow rate nonld result 1n 99%

replacement every 24 hours.

L)
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The thermostat apparatus consisted of a triac -

-

2

semi~conductor relay connected to a “Jumo™ contact thermo- -

meter and a 300 w calrod heater- coated with epoxy resin ;am'/{\

bl

(Fig. 6 ). The base of each test aquarium'was placed on'a
board of the same area which was marked into 50 equal squarés.
Each square was assigned a number and then a rank so that the
grid uitinately consisted of<’50 randomly identi;\:med squares.q
Those squares that were ranked from-1 to 10 were painted red.
This procfﬁure was repeate;l for those squares tha;: were

ranked from 11 to 20 except that the squares were painted
white. This pxo‘cedure was repeated using different colours
until all squares were coloured in five series each containing

&

10 randomly positioned squares.

Bioassays

L4

) The first step in the bioassay procedure’ consisted
of unselectively drawi;xg approximately 100 animals from an
acclimation tank A u&nple of 50 animals, all of which were

in excess of 30 mm in 1epgt:h, were selected from this group.

The selected sample of animals was then placed in a test ?quari\m.
The test agparium contained water which had been heated to

a predetermined temperature. Saiinity of the test aquarium

was regulated to correspond to the salinity of the

acclimation ‘ank from which thé sample was drawn. Each

animal was placed over a randomly positioned square. Sub-

samples of 10 animals each were removed from a colour unit
at arbitrarily determined time intervals. The procedure
for bioassays was repeated until several subsamples exhibi:ted

7
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Figure 6. Bioassay equifinent

: {a) solid state relay
{b) salt water line -
o (e} contact ‘thermometer
(d) calrod heater
" (&} air stone
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* Post~Bioassay Recovéry Period - "

‘
Q o «

13 ¢

§ x b
initial morta}ity regsponses that ranged fram 0% to 100%.

. In all bicassays, test temperature. subsample exposure periadg

and<subsamplé mortality wére r’éozded. Also, size measured
as length, width and thickness of ribbed mussels akd blue

o

mussels and Jength and width of soft-shell clams were .

recorded for each subsaﬁple.

&

. Thig procegure was repeated for a range.of fixed

temperatures for'gachnacclimafion series. The ultimate

"aim was to establish for each series, a range of test

x teméeratures: the higheégﬁihich would provide a range of

mortality responses for approximately 100 to 500 minute
exposures. and the lowest which would give a range of
mortality responses. for exposure extending from 8, 000 to
10,000 minutes, ana temperatureswhich»gbuld-Yield intcrnediatc

values. ’ - -

L} /
¢ [N 1 ‘im "

n

e Moftality determinations were conducted on individuals

R

of each- subsample as they wexe removed from the test tank.
An animal was considered’to be dead if the mad%ln failed

tqQ contract when st&mulated with a glass rod. thoa. animals
uh;ch appeaxed to be alive wqre then placod in a portoratod

w [

250 ml plastic bea&pr suspendod in the acolinat!on tank from
which these animals had been drawn. In cascnco. a group of
animals was acclimated to a specific set of temperatire

L

and salinity conditions, remqved and subjected to bioassay,

[«]

o



.

PRTRR
ry
Sy L
P

ix
-

vy S
V;*'@mf““:‘?’*‘*ﬁﬁ et o
> " - hd

.

and then returned to their original acéﬁmtion conditions

fo:r: further observation of possiblg subsequent 'mortality
‘" ,in each subsample.

Routine mortality determination was then m&e on
the remaining animals in each sugsample at two day intervals
for the next 28 days. Animals dead at any inspection were a
removed and measured. In addition, the time interval in
which they died during the post-biocassay recovery périod

was recorded,

i

Control experiments were used to determine natural
mortality during the biocassay and post-bioassay recovery
periods. The procedure was to'place a 250 nl perforated
buka;, containing 10 acclimated animals, ir the
appropriate acclimation tank. Five replicates were used.
Mortality in each container was checked at two-day intervals

duripq the bio;uaay and post-biocassay recovery periods.

Statistical procedures

The data fros a bioassay consists of mortality
xesponses, expressed as per(;cntaqeq .‘ for a series of time
exposures at-a fixed temperature level. The statistical
procedure gppropriatc for handling dose - response data is
probit analysis (Pinney, 1971). In this analysis, the
independent variable (time) is transformed.into logarithms
and the dependent variable (percent mortality) is transformed
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into probits. These transformations normalize the data.

*The anal&sisﬂis then conducted to reduce:the data to Ehe\\ v
T~
4

~

form . ,
° &

\

. y=a+bix - X)

which Fry (1947) describes as a time-mortality curve.

v

The next steg consists of.?etsrnininé the time to
50% mortality for'each test temperature in the series.
This, is done by solving this equation for y = 5.0 (probit

" 5.0 = 50%) for a series of bioassays. The result is a
value which expressés the duratiogﬂgf exposure, at a specific
‘test- temperature, which is requigéd to bring about 50%

mortality in a sample of animals.

5
!

Regression equations were determined for times to

¢

‘508 mo;tality and test temperatures for each acclimation

éeries. In this case, log'tin; is represented on the
x-axis and test temperature is represented on the y~axis. .

+ The logarithmic transformation of time is employed to normalize
the data so that linear regression analysis can be performed.
Generally, this reduces the data to a first order éolynonial
équation in the form of

y=a+b(x - x) :

which has been described by Pry .(1947) as a resistance line. f

- Higher order polynomial equations were used to
describe the thermal resistance lines if they provided ;
an improved fit by reducing the mean square due to dsviations

¥ -
LI » . LT oA
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about the regression. ., These polynomial equations &escrihe a

the relationship between the test tempgrature and the

Fime to 50% mortality over a range ofntest temperatures

for a specific sét'gf acclimation conditions,
f‘\ .

Since for each subsaqple; percentage mortality
was determined and accumulated at two-day intervals during
the post-bioassay recovery,periéd, time to 50% mortality
was detarniéad for each of these inspection points. Thermal
resistance lines were then established for zero-time p&# -
bioassay recovery and for the 28th day of ‘post-bivassay

. Tecovery in each oé the three species for the six various

combinations of thermal and osmotic acclimations. \\;}
Thermal resistance-lines were, also determined’ '
for times to 108 mortality and test temperatures for the -
acclimation se;ies in ea?pnﬂpec§es which showed the highest
upper lethal temperature for the 28th day of post-bicassay
recovery. 1

i
ra

There are two parameters which can be used to
describe a thermal resistance line, .These are regression
cootficioné and' unadjusted mean. An upper lethal tempera-
ture for a 50% mortality response can be obtained from the
oquatiop of the thermal resistance line by soléi?q the
equation for a specific time exposure. This is equivalent
to adjusting the unadjusted mean of x to a specific level

i

of x for the thermal resistance line equation.: The thermal

kg
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resistance line can now be characterized by a regression .
v coefficient, ‘and an adjﬁsted mean which isvﬁn effect,an y
upper lethal temperature for a ggeyified:timé interval
\ c of thexm§1 exposures - ‘ T ) ) \\
. 7\, . )
+  Statistical comparisons among thermal fesistanbe

F a

lines are based onj§djusted me;ns. Therefore, upbe; lethal
temperatures ﬂad to be calculated for a specific time

* interval of thermal e;posure. * The initial expefimenéal
design called for upper lethal temperatures for 10,000 min '
thermal exposures. The subsequent occuxﬁ;nce of post-
bicassay mortality necessitated the calculation of upper
lethal temperatures for a tyermal exposure of 1e;her duration.

7 The lonéest thermal exposure for whigh data were available:

, from all thermal resistance lines w;s 5760 min. Therefore,

upper';etbal temperatureé for a 50% mortality response. are

based on a thermal exposure period of 5760 min.

1
g

Be%ore stati§tica1 tests can be conducted on thé
) differences among resistance lines, it is necessary to test
)§», ™~ for homnggggity.cf variances. Bartlett's test (Li, £964) '
+ *  was used to test' the nmull hypothesis that the variances of
’ k populations are egual. If this hypothesis is accepted,
~—~—*"“"§;;ther analyseé may be ?anducted using paianetric statistical

analyses.

! li

Statistical analyses of the parameters of the thermal
resistance lines resulting from the 18 acclimation combinations

4
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.multiple comparisons among upper

s " - 26 ™

‘ . ﬂ )
were conducted in accord with the following sc + Initially,
. Factorial analysis of variance waskperfot} n the upper |

Jethal temperatures to determine the separate effects of thé
treziuents. The test éor homogeneity of.agjusted means was
parforned’to teut“tﬁe hypothesis that the upper lethal teﬁgerau
tures are equai. ‘if the hypothesis is rejected,. then -the
‘Student-Newman-Kuels Test (Sokul and Rohlf, 1969) for

1 temperatures mnst

- a
be used. The results of this tes icate ‘whether specific
b - ~ '
comparisons made between any two lethal temperatures. are

significantly different.

Régression coefficients were examined by factorial
analysis of“variance to determine the separate effects of °
the treatments. Since there wer; no replicaﬁés, “within-
cell® variances could not be determined. Therefore, the

significance levels of the treatment interactions are hot

" statistically reliable. : ‘

I
M .

AN . nnqression coefficients were further examined for

homogeneity with the procedure described by Li (1964).

‘In this case the null hypotheuis being tested is that all

regression coefficients are equal. Rejectigg of this hypothesis
requires further analysis of the data by the Simultaneous

Test Procedure for ditfaxenceu among a-set of ragrassion
coefficients (Sokal and Rohlf, 196%). '
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Upper lethal temperatures. and regression coefficients

for thermal resistance lines representing 10% and 50%

i

-mortality, for the prescribed aﬁclimation conditions, were

statistically compared by using Students t-test.
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y : RESULTS .

Results of the experiments on control an:‘uuais
revealed a cumulative norta}ity of 10%- or less during the &
combined biocassay and ‘post—bioaasay recovery periods. t
is assumed that such a mortality response ievel is not a
fqault .0f thermal stress. Therefore, Abbott's formula

- (Finney, 1971) was not used to adjust experimental mortality
responses at higher temperatures. ’

it

Figures 7 to 24 (part a) show the times to 50%
mortality, during the 28 day post-bioassay recovery period,
¥
for different test températures in the 18 acclimation

series.

3

Logarithmic transformation of the times to soi '
jzgtﬁfin’t‘y resulted in)noml,im_:tion of the data for the 28th
day of post-biocassay recovery. Linear regression analysis
vas then conducted on the data from each set of acclimation

conditions. The resulting thermal resistance lines are ’

’

shown in Pigures 7 to 24 (part b).

‘ Similar transformations for the ti.us to 50%
mortality. for uro-t& post-bioassay recovery period did not
result in mlixltion of the data for all sets of acclima-
tion conditions. Yirst and second order polynomial equations
vare then upplhdrto the data from each set of acclimation
oni/&um- in exder to provide a line which ad.qtntcly'

. MM rélationship Detween time to 508 mortality and
e e oear a renge of test tqontuzu. negrouion
Wy s N
Jp;", p ) N ﬂﬁw Nk e - .
e btk o1 R § e VA e, h
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Figure 7(a). Series of curves showing the relationship
between log\time to 50% mortality and post-bioassay
recovery period for a series of test temperatures for
samples of Modiolus demissus acclimated to 15% salinity,
3 C and tésted at 15% salinity. i ' .

.

i

&

'

Figure ,7(b). Theérmal resistance lines for zero-time

and 28th day of post-bioassay .recovery period for gsamples
of Modiolus demissus acclimated at 15% salinity, 5 C

and tested at 15% salinity.
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Figure 8(a). Series of curves showing the relationship
between log time to 50% mortality and post-bioassay - °
recovery period for a series of test, temperatures for
samples of NModiolus demissus acclimated to 15% salinity,
15 C and tested at 15%¢ salinity.

1 5

b

2

Figure 8(b) Thermal resistance lines for zero-time

and 28th day of post-biocassay recovery period for :auples
of Modiolus demissus acclimated at 15!. salinity,15 C

and tested at 15%. aalinity.
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Figure . 9(a). Series of curves showing the ralationship ¢
between log time to 50% mortality and post-bicassay —
recovery period for a series of teést temperatures for =
samples of Modiolus demissus acclimated to 15% .salinity,

25 C and teste& at 15%0 salinity.

=

. Figure 9{(b). Thermal resistance lines for zero-time and

28th day of post-bioassay recovery period for samples &
of Modiolus demissus acglimated at 15%. salinity, 25 C

and tested at 15%. salxnxty.
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Figuré 10(a). Series of curves showing the relationsl’;ipm
'  between log time to 5(% mortality and post-bioassay

recovery period for a series.of test temperatures for
samples of Modiolus demissus acclimated to 30%. s3linity,
, 8 C and ‘tested at 30% salinity. )
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L ﬁi?igure 10(b). Thermal resistance lines for zero-time and
- 28th day of post-bioassay recovery period for samples
< of Modiolus demissus acclimated at-30%e salinity, 15 C
and tested at 30% salinity. ’
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Figure 1ll(a). Series of curves showing the relationship .
between log time to 50% mortality and post-bioassay
* recovery peridd for a series of test temperatures for

samples of Modiolus demissus acclimated to 30% salinity,
15 € and tested at 30% salinity. '
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Figure 11{(b) Thermal resistance lines for zero~time and
28th, day of posﬁibioassay recovery period for samples
of Modiolus dexissus acclimated to 30%. salinity, 15 C

" and tested at 30% salinity. '
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Figure 12(a). Series of curves showing the relationshi
between log time to 50% mortality and post-bicassay
recovery period for a series of test temperatures for

samples of Modiolus demissus acclimated at 30% salinity,
25 C and tested at 30%s salinity.
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‘Figure 12(b). Thermal resistance lines for zero-time
and 28th day of post-bioassay recovery period for samples

« of Modiolus demissus acclimated at 30% salinity, 25 C
, and tested at 30% salinity. ;
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Figure 13{a). Series of curves showing the relationship
between log time to’'50% mortality and post-bioassay
recovery period for a series of test temperatures for
samples of Mya arenaria acclimated to 15%. salinity,

5 ¢ and tested at 15% salinity.

) )

Figure 13(b).  ,Thermal rg;istance lines for zero~time and
28th day of post~bioassay recovery period for samples of
Mya arenaria acclimated at 15%. saliniﬁy, 5 € and tested

-+ at 15% @alinity. ,
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Figure.l4(a). Series of curves showing the relationship
between log time to 50% mortality and post-bioassay
recovery period for a sefies of test temperatures for
samples of Mya arenaria acclimated to 15% salinity,

15 C and tested at 15% salinity. \
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Figure l4{(b). Thermal resistance lines for zero-time and
28th day of post-bioassay recovery period for samples of
Mya arenaria acclimated at 15%s salinity, 25 C and tested
at 15% salinity.
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Figure 45{a). Series of curves showing the relationship
betweén log time to 50% mortality and post-biocassay
recovery period for a series of test temperatures for
. Samples of Mya arenaria acclimated to 15% salinity,
- 25 C and tested at 15%« salinity.
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Figure 15(b). Thermal resistance lines for zero-time and
28th day of post-bioassay recovery period for samples of
. Mya arenaria acclimated at 15% salinity, 25 C and tested
at 15% salinity.
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Figure 16{a).. Series of curves showing the relationship
between log time to 50% mortality and post~bioassay
recovery period for a series of test temperatures for
samples of Mya areparia acclimated to 30% salinity,

5°C and tested at %ﬁi:-salinity.
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Figure 16 (b). Thermal resistance lines for zero~time
and 28th day of- post~bioassay recovery period for samples
of Mya aremaria acclimated at 30%. salinity, 5 C and
tested at 30% salinity.
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Figure 17(a). Series of curves showing the relationship
between log- time to 50% mortality and post-biocassay
recovery period for a'series of test temperatures for

samples of Mya arenaria’acclimated to 30%e salinity,
- 15 C and tested at 30% salinity.
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Figure 17(b). Thermal resistance lines for zero~time and.
28th day of post-bioassay recovery period for samples of

. Mya areparia acclimated at 30%.salinity, 15 C and tested
' at 30%« salinity. ) . ‘
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Figure 18(a). Series of curves showing thé relationship
between log time to 50% mortality and post-biocassay
recovery period for a series of test temperatures for

samples Jf Mya arenaria acclimated to 30% salinity,
25 C and tested at 30% salinity.
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Figure 18(b).

Thermal resigtance lines for zero-time

of Mya arenaria acclimated

30%» salinity, 25 ¢ and
‘tested at 30% sakinity. ! '
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- Figure 19(a). Series of.curves showing the relationship
* between log time to 50% mortality and post-bioassay .
recovery period forpa series of -test temperatures for o
\ - samples of Mytilus edulis acclimated to 15%‘salinity,
» 5 C.and tested at 15% 'salinity. .
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% Figure 19(b), Thexmal resistance lines for zero-timg,
' and 28th day of post-biocassay recovery period for samples
of Mytilus edulis acclimated at 15% salinity, 5 C and
LR 4 »
: tested at 15% salinity~ -
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Figure 2a(a). Serjes of curves showing “the relationship
between log time to 50% maxtal;ty and post~-bicassayy.;
recovery period for a series of test temperatures for

samples of Mgtilues edulis acclimated to 15% salinity,

15 C and tested at 15% salinity.
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Figure 20(b). Thermal resistance lines for zexa»timé
and 28th day of post-~bivassay recovery period for samples

of Mytilus edulis acclzmateﬁ at 15%. salznxty, 15 ¢ _.and
tésted,at 15%. salinity. = '
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Figure 21{a). Series of curves showing the relationship .
between log time to 50% mortal;ty and post—-biocassay .
recovery period for a series of test temperatures for

samples of Nytilus edulis acclimated to 15% salxnzty,
25 C and tested at 15% salinity.

¥ »

o l%ﬁ*c

Figure 21(b). Thermal resistance lines for zero-time and
28th day of post-biocassay recovery period for samples of

Mytilus edulis acclimated at 15%. salinity, 250C and teatéd
at 15% salinity.
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Figure 22(a) Series of curves showing the relationship
between log time to 50% mortallty and post-bioassay
recovery period for a series of test temperatures for

samples of Mytilus edulis acclimated to 30%. sa11n1ty.
5 C and tested at 30% sallnlty. . "
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Figure 22(b). Thermal resistance lxnes for zero-time and
, 28th day of post-bioassay recovery period for samples of
Mytllus edulis acclimated at 30% salznxty, 5¢C and tested
at 30%. sal;nlty.
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Figure 23(a). Series of curves.showing the relationship
between log time to,50% mortality and post-bicassay
recovery period for a series of test temperatures for

samples of Mytilus edulis acclimated to 30% salinity,
i5 ¢ and tested at 30%. salinity,

o~

!

Figure 23 {ky. Thermal resistance llneé for zera*time and
- -28th day of post~bioassay recovery period for samples of

Mytilus edulis dcclimated at 30% salinity, 15 € and teste&
at 30% salinity.
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Sei*;es of curves show::.ng ®re relationship
betwgen log time to’ 50%'morta11ty and post~bioassay

recovery period. forsa séries of test temperatures for

. Samples of Mytilus edulis -acelimated to “30%. * salinity,
25 C and testea\ at 3G%a salinity,
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1

) kggggnificant\ (P'} .05) and thgrefore the null hypothesis is

now appr iriate \ . . ' , v ;

. s
1 ’ I

' - 47 - : : :

analysis was performed on all polynomial eqnatimng’that wé’;'e

obtained. , the second order polynomial ,,L-quati'on was considered

to provide a more adequate fit to the data if the F-value °

wa; significant and if ‘the sum of squares due to aevia%ion
about the regression was less than t‘hat e&btained for the
first ‘order polynomial. Table 1 indicates the results of
the above p::ocedu:r:e; <0 ‘ “ .

-

s

“ All subseguent statistical andlyses were performed
on the thena‘tal resistance lines obtained from the data for

the zath“gaf of the postrbiocassay recovery period. .

Equations for thermal resistance -lines and upper

L

lethal tempera%:ures (LD50) for 5760"min exposure for samples

of:; ribkad mu:?‘-sels,-soft—shell"‘ clams and blue mussels aacclixpated

at 5 and 15% S, ahd at 5, 15 or 25 C and subjected to bioassay

at 15 or 30% S are shown in Tabjle 2. ' i .

. 1

! Before further si\:atisticalwcomparisons wére made, -

<

it was necessary to test* the null hypothesis that the variances

o P
of fthe arrays common to each “line of regresswn are equal..

Bartlett's test for homogene:.ty of \rananc:es was used to '

test th:.s hypcthes:.s. The resulting Chi-~square value was

2.’7102* wii';h 17 degrees of freedom. This value is not

acceptééi Further .analykses usmg parametmc st&tisttcs are

t +

o
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A thermal res;stance lmne can be descrlbed by two

= A

parameters, the adjﬁsted mean (upper lethal temperaturel

and regression coefficient. "It is of interest to determine .’

o

¢

nmans or whether they can he separated into homogeneous

sub-groups which can ‘be assoc1ated with a varlable balng

N ¥

considered. The same questmons .can be poseﬂ for the regre351cn

coefficients oﬁ»the thermal’ resastance lines.

0 N . ] N o
A «
¥ / N

. Edgure 25 shows' the upper lethal temperatureg

1

(LD50) as determ;ned for rlbbe& mnssels, soft-shell clamg’

- 4
£

and blue mussels in relatxan to thexmal~acclmmatlons of "

v

5, 15 and 35 ¢; osmotic acclzmatmons of  15. and 30%, S. l

and test sal;nltles.gf 15 and 30%. s _ o’ - ,

-

A

o \
» k3

The sepaxate effects of ' specmes, acclimation .

¢

temperature and accllmatlon salxnlty were determlned by © © -
’fac;orxal analysxs of\vaxlanca jTahle 3). The analysxs of

vﬁiianae for ﬁpper lethal temperaturés in&icates that

temperature. ! ¢ — 6 . .y
T : A d: ¢

-

= ' Bn a posteriori test for mulﬁ%yl&‘momparisbns

I

amonq upper 1ethal temperatures was pgrformed usxng the ’
Student*ﬂewman~xuals test (Sakal and(pnhlf,.lQGQ) ‘The .

results of the mnlt;gle ccmpaxxsons intdicate that all upper

lethal temperatures, exckpt those llsted in Table 4, are >

w?

~4

¢ a&gn;fzcant&y different at th& 0. GS%'probahllxty level. *

o !

whether all resistagce lines show hémcgépeityrof adjusted - .
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Figure 25, Upper lethal temperatures (LD%0) as . -
‘deternined for Modiolps demissus, Mya arenaria ar;d

: Mytilus edulis in relation to osmotic acclimations’
of .15 and 30% S, thermal acclimations of 5, 15 and ‘
25 C, and test salinities pf 15 and 30%s S. Ninety~

, five percent confidence limits accqﬁﬁéﬁﬁ each uppei
lethal temperature. » |
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- 54 = -
The upper lethal temperatures fcr rzbhed‘mussels \
(Table 2) ranged. from $6.38 C, for samples acclimated to 5¢C \\\;
and 15% S, and tested at 15%¢ S, te 37. 39(:fbr'samples
acclimated to 25 C and 50%. S and teste& at 30%e S. Upper
lethal temperatures for éaftrshell clams - (Table 2) ranged"

&

from a low of 27.70 C, for samples acclimated to 5 C and
30% S and tﬁsted at 30% S, and a high of 30,22 for samples
acclimated to 25 C and 30% S and tested aﬁ,33%¢ S. The

h o

.lowest upper lethal temperature abta;ned for blue mussels

{Table 2) was 25.62 C for acclimation to 5¢ anﬂ 36%- S and

I3 ¥

ntested at 30% S. The hxghe§t ‘upper lethal temperature was .
28.40 € for samples acclimated to 25 € and 30%e S°and tested '

a

at 30% 'S. ) ’ . o

e
4

. g Figure 26 shows the relation between the regression
.. s
coefficients of individual thermal resistance lines, and

the acclimation condit%ﬁhs from which they were determined,
for each species. Table 5 presents the results of the °
‘factorial analyszs of vaxlance wh;ch was yerfmrmeu Qn the

regression coefficients. ‘sq e :
by

%

'y v ¢

Analysis of variance among regression coefficients
S,
indicatés that szgnlflcant effects were prcduced by species..

The first order interactions for speulesfacalzmatxan fempera-
//V‘NF-\\ . -

tures and for s eczes acclimation salinities are also

. significant but these Afﬁhire cautious evaluation since.the

X

experimental designid-not provide replicates "within cells"
..:"‘* P a v . { ‘ ¢ ) - . R . A
o °, © ‘ - &

.
- e
.
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whxch pravxdes tﬁa source Qﬁ/ﬁﬂlth1n°@e11” varlance f@r t@e

o
-

interactions. ° - - '

) -, The results of the test for ﬁimﬁgenemty of

e
- éé§§gssimn coefficients (Li, 1964) iIndicate that h@ter@genexty

exists among the 18 regfession coeffinients that were -

- 8

2 & . ~——

“tested (Table 6). This is indicated by the Fact that the
‘ . variation among b*@ampgnents is sxgnxfican* (P«ﬁ@“ﬁ@lag
Thms 1ea&s to the rezectm@n of the nnll hypothesis whach
; stated that the regression cdoefficients 'of the is8 regressi@n
*  lines are'equal. The rejection of the null h”@ﬂﬁh@Slm a
necessitates the appimaatxgn of an a yavt@x ori test for
+ ‘differences among a set @Ewxeqressxen.cagffxci@nts_ The ¢
mgthea uséd in tﬁis case is the Bimultanecus Test Pr@aeéﬁre

(STP} as "described by Sokal and PoHlL £1969). ‘ y

) . El
“

Table 7 presents a summary of the Simgltane§ﬁ$
‘Test Procedure. Hc&ogeneity of regression aceffi@ientsumceuré
i gﬁmﬂ"within each séecies as well as between rilbed mussels and ’
soft~shell c¢lams. However, hctéreqenei%y ol regyression
coefficients 1s indicated between blue mussels and soft-
shell clams as well as between blue mussels anﬁ tibbéd

s8els., y
sy : . ®

[

Figures 27 to 29'show the thermal resistance lines
g

p for 10% and 50% mortality for ribbed mussels, soft-shell

clams and blue mussels when acclimated to 25 C and 310%.5.

Parameters of the thermal reaxsta:ce lines are gshown 1in

&

&
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‘ ?ost-:bicassay mortali;:}
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A techn:mque for determz.natz.on of the time to 50%

QQ

mortality in‘a t:hemal hmassay 1s described by Fry, Hart

and Walker (1946;.. Fry (1947).
the classical phamamloéical method of Sioassaj_f (Finney, 1971).

‘!rhexr approach is based on

The technique consists of recording the time to death fo:r.

ga\ch animl of a sample in a bmassay. The time 'ﬁ%'y 5(1% <

m:tality is determined by either a geometn.c mean or by

probit ana.lyszs.

same result.

&

method as described by Fry (1947) is that ':.t: is not

b

1

Both procedures p;;?ide vx.rtually the

1

E

! 2

One of -the problems encountered in using the-

5

conduci\re to the furthef examination of any rv:.vors wof a

particular bioass&y.

In addition, time to 50%

mortahty 15

determined from a series of observations on the times to .
death for single animals.

]

An aberrant response on the part,

of any test subject carries as much weight as any other in

the determination of a time-mortality l;ine for that biocassay.

dstermined by probit mlylin for each subsample in the sample.

3
E4 L]

In tbe preunt study, percentage mortality was
rceo:ﬂnd for gubsamples wbich wers rmved at arbitrarily
¢ determined time intervals.

2

/

'ri-a to 50% wmortality was

~

\

- -

L)
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- The 1mmedlatg‘aﬂvantage of-this method is that

Q

' w
it provides a mechanlgﬁ whereby furt er<ana1y51s aan be

L

[

)2 conducted on any surylvors in any set Of tegt condxt;cns.
. "Percentade ﬁértality as determined for each subsample
e - ) - -
& v ° s O - v‘ -
represents a mean’ pe¥centage mortality, for that particulay

Fer
~

gﬁ- L4 T
set of test gcnditions. i . . Cos

. . -
.- ° 2 2 *
T f .

o % v

The times to’ 50% mortal;ty during the 28~day post~

¥ - bloassayarecovery perlod are shown in Figures 7 to 24

4part a). In most~cases,”%ﬁe time to 502 moxtalmty decreasea .

EREI rap1dly‘dur1ng the f;rstglﬂ to 12 days °of the post-bicassay .
recovery per;ad. By the ‘28th day, time to 50% mortalxty has
»  become relatmvely,stable.

x
A‘Q) Pl P >
1 L]

indicate the absence of appxe01ab ress duging the
2 - postfbmnassay xecovéry per;aa, Thergfore, decreas
to 50% mbrtalzty durxng the post~bxoassay recovery period

g can.be attrxbuf%d, at 1east in part, to the latent effects
of the acute tﬁfrmal stra%s whmcg was imposed on the animals
during ?ggrmaitbiuassay. .

o
,Infoiyation peftaining tanthe extended effects of

-]

a terminatfed thermal stregs is scant. The general conclusions
I'4 1] . o
.of a séries of studies concerned with the effects of the
. severe winter of 1962/1963 on marine life along the British

ff’“ﬁ coasts (Crisp, 1964) reveal that the full effects of thermal

"

»n

3
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. extrmely h::.gh temperatnres :m the southernc Gulf of St. ’ .

_additional 26days at 18 C, ="

-

. - 68 - ' v
. o X . N
stress resulting from exposure to lower temperatures was

niot mamfest until several weeks after the thermal exposure.
Dick:.e and Medcof (1963} xeport similar c:m::umstances for ‘

scallqps (Placopecten iagel,zanmus) which were exppsed to \

Lawxence {canada). sSwith (1973) repoz:teﬁ that both Gammarus
pxeudal.immeus and Gammarus lacustris, , when acclimated to -
18 G, had an upper lethal temperature'of 26 C when exposed’

to ‘higher tempemtures for 5760 min. ’ Ha;ever, , e upper W
1atha1 temperatures ﬁe:ce re\\duaea to 24 C ami 25 C respectlveg&

when tha ahiimals were held, fonmng bioassay, for an

- A

> Thermal resistance lines were calculated for
ro~time post-bicassay recoﬁty and for the/ 28th day of post-

13

ou:auy ; recovery. These are illustrated in Figures 7 to 24
{part b). When a logarithmic transformation is applied to
the times to 50% mortality, the calculated thermal resistance
line is usually’ upq;r: gzy. Hart and Walker,1946). In the
present work, logarithmic transfomtion% of the times to
50% mortality for the formulation of a thermal resistance
line for zero-time post-bioassay rscovery does not consistently
result in a thermal resistance line which is linear. J

tero~time post-bioassay thermal resistance lines
are curvilinear for :11 species when samples are thermally
adclimated to 5C, regardless of the level of osmotic acclima~

tion (Table 1). Second order polynomial equations were '

%
-4 Pty A LE vk
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. used to describe these thermal 'zéegsistance lines since they

previdea a more a&equate description of the data than did.
the first order polynomial equations. Linear thermal
\’éesistanee lines result for;lll species when samples are

- adclimated to 25 c regarﬁless of the level of osmotic ac-
ac::tima@mq‘ Wihen samples are acclimated to 15 C both Iinear
arid cl;gviianefar tifemal resistancé lines result (Table 1):
In this cdse, no apparent relation exists between t:re;tment,
and the ofder of’the polynomial equation which most

adequately descrihes the data.

- A strong correlation exists if the.temperature
increment between the level of thermal acclimation and the
A temperatures at which samples were st‘zbjected to bioassay
islcbrrelated with the 'ordexg. of the polynomial equation which
is used to describe the data. The smaller the temperature,
increment, the greater i€ the probability that the thermal

ARSI

' resistance line will be ]éi ’ ‘
plausible explafation for the existence of

curvilinear thermal resistance lines is a probable lag in
thermal equilibration time which would act as a buffer between
the animal and the stimulus as it is transferred from .
/acclizuation to bicassay cohditions. This interval would

be an inverse function of the tanpcr;uture change. Thus,

the thermal equiiibtation\ time would represent increasingly

e

q/v

!
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larger proportions of the time’ interval requared to el;c;t

oa specific response as the bioassay temperature is zncreased

‘
4 ¢ g

w

’ cGnsi&efatlonﬁnf any of the curv:linear thermal
resistance 1ines will show that the portion of ﬁhe line

. associated with low test temperatures is essentially-linear

whexeas the paztion.oﬁ»the line associated with the.higher
test temperatures is markedly ékewed to the‘riéhy (Fig. 7(b).-
At low test temperatures, the thermal eguilibration time is |
probably smsall in gelatioﬁ'to the t@ﬁe interval xequiféa/to
elicit a 50% mgxtality xeaponsel Aé the %eét temperature

is increased, the lag for thexrmal equilibration -would ) :
represent increasingly larger proportions of th;“time tb \}

50% mortality. Thus, the resistance lzne would exhibit a

progrennlve increase in deviations from linearity with
2

-t -«

increasing levels of test temperature.

- - ; ey .
Suspected causes of death of animals at higher ° T

temperatures are many but poorly demonstrated. 'Kinng (1970}

states that "evidence from field observations sdggestg that <

the primary cause of thermal death at higher temperatures

is related to the breakdown in physiological integrqtéoﬁ

rather than to direct cell dauag;s". Heat ‘of chill coma \
usually precedes actdal cell damage and criti?ully incapa~ |, .
citates ;;o individual concerned. Brett (1956)° suggests

*
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1ndlcatea to be the uervous system (Brett, 1956). However,

- of the nervous s;}qtemW Higher temperatures. tend ﬁbjcaése

At still higher temperatuxes protein ﬁen@ﬁuratxan,may oceur

¥ o
* e 4 " J f
.

) . =71 - , -
.

» . il

that the thezmal 1etha1 level,mmst be set by ‘the xesxstance

AN

“of the ‘most sensxtxve syst&m. th‘f;sh, this has beaen

Hl@lbrunn=et al. {1546) state that muscle tissue of fxsh is

| more/reaally'mnactzvated by high temperatures than is tissue

an’ insufficient supply of oxygen {Battle, 1926); énzymes i
pasé %he phase where inactiviation exceeds activation an& o
synhhesxs {Somero, 1969); and thexe ray be alteration pf 3 ‘
the lmpid h;layer af cellular memhranes (Chapman, 1367}.

.
{Prosser, 1958) and toxic substances may be released fxam .
cells (Rxnne, 1963}¢ Brett’ (1952) shcws that non—lxnear

thermal resistance llnes result fax yaung caha, chum and

scckeya salm@n acclimated to hzgh temperatures and subjeaﬁed

to lower lgthal temperatures. The suggestion is made that

e e vt e
- et —— s -
A e i S he

thermal death at temperatures approaching O C results

rS

from more than one cause. Therefore, *it is not without

-y

precedence that curvilinedr thermal resistance lines could |
f}ﬁm

result

/thermal bioassays which encompass a relatively

broad temperature range.

+
o ¢ ©
‘ v
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_ Upper lethal temperatures 4 .0

i
- b1

, l g The xesults of the andlysis of variance on upper

~,
lethal t ratures indicate that acclimation temperature and

species components are highly significant, The acclimation

salinity component wag not significant. '
’ . e

4

The underlyxng relatlonshxps for 'within species*
upper lethal tempe:atures/were examined by the Student-Newman
Xuels test. In general, increases 1n upper 1%§ha1 tem;era-
tures for these comparisons are positively correlated,wath
increaseg in the level of thermal acclimation. A ‘species - -

effect' on upper lethal %emperatures was statistically

tested by the same method. The results indicate that levels

of uppér lethal temperatures show a Qigh degrée of species~

»
' ’

specificity. |

. ¢ ’ ®

?

\

’
’J,('

.. _Upper_lethal temperatuiea within species — - -

- fj . )
o Upper leghal temperatures of Nodiolus demissus,

'
[

The highest upper lethal temperature for ribbed /

v
/
g

mussel was 37.39 C for samples acclimated t6 25 C and 30% S.

Since this upper lethal temperature was deterﬁingd for a .

. specific exposure period, it cannot be considered as an ~
incipient or an ultimate upper lethal temperature. This
statement applies to all upper lethal tempera%ures ieporéed
ih this study unless opharwise indicated. Incipient amd:

ultimate upper lethal temperatures are measures of tolerance

'4’
»
-

]

U oy
.

\
<
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and’are determined from thermal exposure of animals whit%h
. are of sufflcment txme duration to ensure. that death,oﬁ nmére
than a specxflc propoxtlon cf the sampi%, does not xesult

frcm,thexmal conditions.,

¢ 3

, Waugh and Garside (1971) reported that the highest,

-

upper lethal temperature determined for this 9pec1es was 40718 c

M

U for a‘1446 min exposure period.for’ thermal.accl:matxon of .

25 C and osmotic acclimation of 25% 5. Recalculation of . -
vI ~ ]
N, the present data for a similar time exposure gives an upper
A ) lethal temperatuxe of 33.96 C., Waugh (1972) reported an .
1 ¢ \ 5

upper lethal temperdture of 39.46 C for. ribbed mussels
- e gﬁiased to elevated temperatures “for 1440 min. Mean -
/ month1§rtemperature of the substrate atathe,collectian sjté
was 24.2 C at the time of sampling. Read and Cumming (1967) ’
reported a value of 4& C which was obtained by placing the

animals in a test bath at appraxxmateiy 20 C and sabsequentiy

e

S e e

", . Ancreasing the temperature one degree each 3.5 days. The
upper lethal t;mperature recorded was that temperatute at '
which the last an;mal d;ed in the teat sample, Vernberg '
et al. (1963) xepcxted an upper Iethal temperature af 43.5 c,
baséd,on 150wm1n exposure of gill tissue from samples of

. ribbed mussels aeclimated to 25G. An upper lethal temperature ¢

of 41.7 F was obtained frnmtﬁhe present data for a similar
time exposifre for sanples of whale animals acclimated to 25 ¢ ¢
and 30%s S. Lent '(1968) states that the upper lethal tempera-

ture for ribbed mussel is 36.4 C for animals mechanically

A
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- closed and 37.8 for air-gaping animals when subjected t6 a -

10 hr thermal exposure .}_n air at 80% m:m:.d:u:y. Consideration

of i:he ahove data :Lnd:.cates that the present results are gu:.te

A

gimilar to those abtameé by. several other methoﬂs( . .

3
~
-

Upper letha}. temperatures for thermal acclmatxons

»

3

of 5, 15 and 25 ¢ m a medium of 30% S are not significantly

]
d:.fferamt from each other. Hnwevex, upper lethal tempera-

tures for smxlaz levels of thermal acclxmatmn in a med:.um s

. -of 15% S'are s;gnxﬁ:.cantly different. They 1ncrease with

- ¢
increasing levels of thermal acclimation. y

4

Upper lethal temperatures for coxrespondiné levels

of thermal -acclimation are signi icantly lower for osmotic

acclimation to 15%. S than for osmot:.c acclmatmn to 30%. S.

A similar trend in upper lethal )@:a(\ures :Eor ribhed ' . <
. mussels was shown by Waugh and Garsa,de (1971) . 'I.‘hey reported

that upper lethal temperatures zncmase as the level of

osmotic acclimation is increased provided that the salinity

of the test medium is similar to that of the osmotic . ;

acclimation medium. They reported this trend for all levels
\_.v 1

of thermal acclimation. -~

Upper lethal temperatures of )ﬁm arenaria
AN - ] 4 °

' Upper lethal temperatures for soft-shell clams
increase with increasing levels of thermal acclimation for
30% salinity acclimation. The lowest upper lethal temﬁeraw
ture was 27.70 C for acclimation conditions of 5 C and



2

/ -v75¢-& :
3

. 4 . D -
. 30%5/5. The highest upper lethal temperature was 30.22 ¢

for a thermal acclimation of 25 C and an psmgtic acclima-

‘
I . I3

tion of 30%. 5. A similar gattern emerges fof osmotic

by

< acclimations at 15% S except that the upper lethal tempera-
‘ x tu}e for a thermal acclimation of 2% C is not significagtly ‘
. different from the corresponding value fos a thermal acclim-
ation at 15 C. The different levels oﬁ/asmetic “acclimation °
éxert anly a minoxr effect on the upper lethal temperatures ' -
For comparable levels of thermal acelmmatﬁgg}f—In ?ontrast,
o 9 Theede and Lass;g {1967) present average surviva; tzmesnfor
v isolated gill tissue of Mya &renéﬁga,;hich was aéalimateﬁ
to va%icus salinity levels. Whe.avefg;e surviﬁal times %
were 26, 50. anﬁ 178 min for cxlma tested at 36 C and at
salmnzty levels of 6, 15 and 30%¢‘ Their results indicate .
;s

a-high degxee of interaction am@ng average survival times

and acclmmatman salinity levels.

iy i @ a
-

. Rennedy and Mmhursky {1971} repor& upper,iethal
temperatures for the softsshell clam.- Theqx determinations
were made on three size xanges:' newly set ii.Sw& mm} , young-
of-the-year (14-23 mm) and adults {45-76 mmgg Samples
were tested for 1440 min in a medium that fluctuated
exratically from 11.2 to 17% S. Upper lethal temperatiures
of the adult samples when acclimated to 5, 15 and 25 €
were 30g3,'30:5 and 32,1 C respectively. The present data
for thermal acclimations at 5, is and 25 C for 15% S osmotic

acclimation were recalculated to estimate upper lethal

+
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temperatufes for ‘1440 min exposures. The resultxng upper

lethal temperatures were 29.87, 31.09, and 31. 33'6, respectively.

-

Henﬂenson"{lQZQ) reported an upper lethal temperature of o
40.6 C for samples of softrshell clamg held in full sea

water which was heated at the rate of one .ddgree ‘every 5 min.

o /\ \

&Henderson s result 15 not comparable with those Of the >

present study because of the dxfﬁerence in pxaceﬂure. ) ‘

5

Upper 1?:§§E\temperatures of H§E§§E§‘ed\;ls

=

u

/ The highest upper lethal temperature~dbta1ned f3r

" blue mussels was 28.40 C. Thms valua‘waa obtained for

samples aaglimated to 25 C and 30%« S. Read and Cumming
{1967) report an upper lethal temperature of 30 C for the :
blue mussel when the temperature of the test bath was incxeaseﬁ
at the rate of one dégxeacevery 3.5 days. Henderson (1929)
obtained an upper léthal temperature of 40.8 C for samples
tested in full sea water which was heated at the rate of

one degree every five minutes,

%]
{ <

Upper lethal temperatures inﬁi@gse slightly, but
&

aigniﬁieanilx with increasing levels of tHermal acclimation ° %\*¢Zi

3

when the level of osmotic acclimation i? ﬁalﬁ at 30% 5. -
Osmotic acclimations to 15%« 8 result ih vpper lethal
temperatures which increase over the lower levels of thermal
acclimations but decrease at the upper level, This pattern
is very similar to that‘abﬁérved in the ﬁpper lethal tempera-

tures for the soft~sghell ¢lam, ’ | {
Q;) - [



.
ba

- 77 - | y ‘

The level of osmotic aeclimation exerts only a

i

small effect on the upper lethal temperatures obtainefl "

1

‘Erom similar levels of thermal acclimation. BSchlieper and

&

Rowalski (1956} repnrt‘thataéurviiai‘tiﬁé“bf gill tissue

' of blue mussel is lower at 15%e S than at 30% S when

tests were conduéted at 35 C.  This was confirmed by Theede
an& Lassig (1967) They chtaineﬂfsamy&es of blﬁe‘mussel
populations which were’ located at Biisum on the Nbrth Sea,
Kiél and Tuarmine on the Baltic. $alinity at these sites |
approximated 30, 15'§nd‘ﬁ%¢ respectively. Prior to experi-
ments, the samples were kept at a constant temperature of
10 € and at theix respective envzronmental sal;nxty. Tests
were conducted on isolated gill tissuve . The results show

égat the average :‘survival time at 36 C was 82 min at 30 S,

o
/

37 min at 15%.§?nd 21 min at 6% S. . '

\

o

!
/ 4

Upper leﬁhal“temgefatures améng Speci&éw

Results of the Studen?~Newman~Rhais test for
multiple comparigsons among means %ndicate that the upper
iethal temperatures detexmined for ribbed mussel ;ié
significantly Higher than those determined for both the
saétmshell clam and blué:musaelg Uéper lethal temperatures
for soft~shell clams are s;gnificanfiy higher than those
determined for the blue mu&sel at similar acclimation
conditions. However, Figqure 75 indicates that there jis a

small degree of oveérlap in upper lethal temperatures for
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' a?ftvshell clams and hlne‘mussels whef upper lethal tempera-

tures of these two specmes ate compared for different - .

acclumat:an condxt%ons., us it would appear that upper

’
Ve

lethal temperatures are species-specific.
Species—sbegificity for fieimal response has .
been shown to exist at the molecular and cellular level for '
' molluses. 'Read (1963) determined thermal inactivation
points for preparation of asgdftic/glptamic transaminase
obtained from three specie;'ofﬂmytilids which inhabit
different positions in tée snbtidar>§na intertidal zones, ;
Preparations were assayed at 56 C for 12 min. Enzymes fram
the suhtidal mollusc Nodiolus modiolus yxel&bd the highest:

degree of thermal inactivation and preparations from the

© high intertidal mollusc Brachidontes demissus exhibited

only minor thermal inactivation. Preparations from the

~’~lew~intezhiéai~mu&&usc*xgtiina—ad“xzs“ghowea an ;ntezmed;ate B

I3 ¥

degree of thermal inactivation.

¥
[}

/ zn:rmnnsky {1967) xeparted.that.marmne invertebrates
are chaxacterizea by a certain specxes~spec1fxcxty in |
xelatioq to cell tharmastabxlity. The spec;es~specmfzcity ofe
theruonhahixity was established by determining the survival
time qﬁ ciliated epithelial cells when tested in a range of

tanpcfatuxai. The temperhture causing thermonarcosis of

ciliated epithelial cells, in one min was used to compare levels

of cell theéhoutability within and among species. In this

case, the teuperatura causing thermonarcosis in one min is

B

-
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analogous to_an upper lethal temperature which causes a

- specific mortality response within a defined exposure

' period. Cell thermostability levels were cbtained for 14 f%h"““-

7 species which included echinaderms, mélluscs and coelenterates.
‘ The results indicated a considerable consexvatlan of cell’
thermcstabm}xty'wlthln gach ‘species. The temperature level
. of ;‘e:u thermostability in different populations gathered
ea#her in different or in the same waters, but at various
dﬁpths, was virtually 1&entlca1¢ The study of Theeﬁe {1972}
/éan be used to show that wzdely separated populations of k
Mytilus edulis (North Sea and Cape Cod) gxh;b;t only[
// slight differences in their cellular thermal resistance anda

A

celiular upper lethal temperaﬁuggié\&

&

t

‘Dzhamusova (1967} obtained muscle”tﬁe?mcstabiliﬁy
lines for seven species of littorinids by measuring the time

_to irreversible loss of muscle excitability in responke to

an induction current at a series of test teméeratures, The
seven species are characterized hy ﬁiﬁfexegt muscle thermo~
/stabiiity temperatures for a specified exposure time.
Dzhamusova states that u fﬂ ‘ B
differences in mu;ele thermostability of
closely relateé species give every reason to
- consider muscle heat-resistance as a cytophysio-

logical species criterion.

Reshoft {1961) reports species-spetific differences

in cellular thermal resistance among the thr;é lamellf-

=

o
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branch species, Spisula solidd, Modiolus modiolus and.

”

« - & ~ -
Mytilus edulis. 'ThHe three spzcies occur at different depths

[

-~

in the North Sea. Spisula ocC at the greaiest.&ater depth

4\
and exh;blts thermal -resistance at’ temperatures well below '

]
» - ~ L.

those at_whxch.thermal resistance beg;ps in Mytilus

which inhabits shallower waters. . Schlieper (1966) has shown
that cilia of isclatéﬂ gill pieces of the subtidal mgilusc\
Aegaipecten ;rradzans ceased beating when expcsed‘tc 3Tc, .,
for 130 mxn‘whereas Yernberg et alw (1963) lndlcated that °
isclated gill pieces of the 1ntertzdai molluscs Nodiolus -
demissus and Crassostrea virginica survived 44 C for the same
period of time.“ schlieperﬂ(1966); Schlieper et all. (1967)
exposed isolated gill pleces of mar;ne mnlluscs toa.
temperature increase of one degree per 5 min interval. Gill
tissue of the tropical species Chama ¢orn;copia showed u
thermal tolerance over a range of temperatures which were

lethal to gill tissue of the temperate speéieé Mytilus
g . i

&

edulis,

Data presented by Zhirmunsky {1967) indicate that

)
¢

there is a hig? degree of correlation be%weén the q%ecies~
spéaific temperatuke for cell thermostability of intertidal
molluscs and the l;titudinal distribution of the species.

Tropical species tend to exhibit higher thermal levels for

cell thermoatabilxty than do arctic species, However,

- Zhirmunsky (1960) has shown that the temperate intertidal

pelecypod Nodiolus atrata Sas a higher thermal level for

o

>

4
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cell thermostahlllty thampthe tropical subtzdal pelecypo&
Hbd;olns'phllzppznarum‘ Such dmscr&pan¢1es in the relation- -
_sh;p among cell thermostabllltﬁﬁg and latitudlnal distribution

of species are- in accordance wmth zoogeographxcal ev;dence

M
=]
¢ o

suggestmnq in sopg cases the predomxnance of vertical -

D

czonatgon (habxtiy} over latitudinal znnat;on (range) .
(Shelfbrd, 1911). - : ° .

- a
¥
e

o

‘For intact organisms, Sprague (1963) has shown
that"the "ultifiate 24-hr LC50" is species-specific, among:

¢

ﬁourespecies of gammaridé (Cxustaceéf. Sprague states that

o

the “ultimate 24~hr IC 50 «+.. is comparable to the ultimate

¢,

)

uébax incipient lethal temperature Qﬁ Fry (1947)".
? *

The results of the, present study indicate that
upper lethal temperatures of the intact organism are species-

specific, In add:t;on. 1ncreases in species~speciflc

@

‘upper_ lethal temperatures are pcs;txvely correlated with

specific vertical position of habxtat within the intertidal

3 L3
¢

5
¥
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<
Thexrmal resistance . :
&

.ﬁherm§} resistance lines within species

¥

d . X g

CEQ Resu1£§~af the test for hoﬁ%qeneity of regression
coefficients and of the Simultaneous Taat Procedure fo;
axfferences ‘among a sef of regression coetficientl indicate

that the regreasion coefficientn of the thermal resistance

Y
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lines for ‘'within species’ couparisons are equal.
[

Dzhamusova (1967) presents ther-ostabilx.ty curves
for muscle tissue of nollusas of different populations of
. Littorina ‘squalida. One populatiod was collected from the °
Sea of Japan which has a aummer water tenperiture of 20
to 23 C.) The second population wasicollecte& from the Sea
‘of Okhotsk which has a summer water temperature of l1l0-12 C,
'rhe muscle thermostability of the two populatmns of
Littoriua sqnt.l.id«l is characten:ed by the same straight
line. An analogous situation resulted when muscle thermo~
stability lines were determined for populations of Zittorina
mandchurica which were also collected in the Sea of Japan
and in the Sea of Okhotsk.. This information indicates that
separate populations of a species have similar muscle”
thermostability lines even when there is a considerable
diftarme. in habitat temperature of ﬂthe separate populations.

Thermal resistance linex among species

Homogeneous regression coetfici'ents‘ of thermal
resistance lines can be further grouped into\two distinct
categories. Regression coefticients of the thermal resistance
lines for the ribbed mussel and for th: soft-shell clam are
M-oqcuou The mean value of the combined regression
coefficients of the thermal resistance lines for ribbed
mussel and soft-shell cln is ~2,6539 and the range extends
from -2.0943 to ~§.9326,. The mnn'ion coefficients of
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thé thermal res?#tance iines for blue mussels are not
bomogeneous when compared to those for either the soft-
shell clam or ribbed mussel. Tﬁe mea& of the ;9gresaion
coefficients for the blue mussel is ~3.5162 and ﬁie rangé
s fxoﬁ,~4.10§7 to =3.8913. The absolute value of each
rbgressioq'coefficient is used to compare magnitudes of
regression.ccefficf;nts aiong regression lines which have
negative regression c?efficients. ‘The result is tﬂat the
absolute values of the regression coefficients of the,
thermal resistance lines obtained for blue mussels are larger
than the absolute value of the regression coefficients
of the thermal resistance lines obtained for either the,

”

soft~shell clam or the ribbed mussel.

x4

’

%

The work of Dzhamusova (1967) on littorinids l\\

indicates that slopes of muscle thermostability lines are
a bpgcies-apecifiq@characteriatic. The regression coefficient
of the muscle thermostability line for Littorina :qu;lida

has a smaller absolute value than do;s that obtained for
- Littorina mandchurica. Zhirmunsky (1967) obtained th;IUO?
stability lines for ciliated epithelial cells which were
isolated from 29 species of intertidal molluscs. These
results confirm the work of Dzhamusova "(1967) which suggests
that the regression coefficients of thermal response lines
are specific-specific.
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Upper lethal temperatures and regression coeff;clents ,
of thermal résistance 1ines . L.

-

In the genexal case, the a&ﬁusted me%n,qf"so%

mortality response. line indicates a dose intensity of a_

defined stimulus at which a 50% mortalzty response is manx-

fest.

The xegresaion coefficient of a 508 mortality response

line cax be used to describe & range of the dose over

which a 50% mortality response is detectphle. For a thermal

resistance line, the adjusted mean is an upper lethalw

temperature (LD50) far a standardized time exposure of a

sample of animals which,has been kept in a aefined set of”

environmental conditions. The regxess;on caefflczent of

a thermal resistance line is used to descrxhe a range of

temperatures, above the upper ‘lethal temperature, over -

which a 50% mortality response can be detected. Thisnraﬁge‘

is the thermal resistance range.

2

Sulp; ,

Since the regrassion coetfiéient of ihe thexrmal

resistance line can be used to describe the thermal

resistance range, it is not necessary to state the actual

range unless absolute comparisons among responsé lines are

d‘;ltd necessary. Standardized upper and lower limits

can be applied to the range of dose intensities of the defined

stimulus in order gh;t absolute comparisons can be made amony

stimulus ranges applied during different experimental

conditions. A regression og,ﬁficiént of a thermal resistance

1ine which is of larger absclute value indicates a broad

-
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‘ themal responses for molluscs. However, little or no

_ 8 /—; 85 - N
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thermal resistance range whereas a regression coefficient of

smaller absolute value implies a narrom; thermal resistance range.

3

-

Numerous studies have been conducted to determine '

;mterest has :been shm‘ in combining a specific upper P

1gtha1 tempexatum and a thermal resistance range in an

attempi: to provztde an enlarged aescnpltion of the theml

response of various molluscan papulations.,

!/

4

, _ A study repﬁrted by Dzhamusova {1967) -indicates
that the i:enperature level for themstability of muscle
tissue of zittorina squalida is ﬁxgh and the range of thermo-
stability is narrow as compared to Littorina mandchurica in

which the temperature level of thermostability is low

‘ nanﬂ the range is broad. Zhimn;ky {(1967) presented the .

results of an extensive study on the thermostability of
ciliated epithelial cells from 29 species of intertidal
molluscs which range from the tropics to the arctic. The
trend of the results indicates that the temperature. level

for themstabxlxty dec£eases whereas the themutability
range /Ancreases as the/ 1atitudina1 position of z00geo-~

graphic distribution of the species increases. A more detailed
examination of a series of thermostability curves for the
ciliated epithelial cells of tropical intertidal invertebrates
enabled Zhirmunsky to.place aach apoci“ in its appropriate
relative intertidal pocitgton.. Tbo“ mciurvhich occur in the
higher intertidal zone exhibited a hithr temperature level of

1

~

s
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'decresse with increasing latitide of species habitat when
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s

thermostability-while those from the lower intertidal

- zone exhibited a lower temperatﬁre level of thermostability.

However, changeh in thermostability ranges in relation to

intertidal dihtribution ca@ld not be detected. -

s ("

In the case of intact organzsms, Read (1967)
determined a thermal resgistance line for samples of the
tropical subtidal mollusc Li?a s¥abra. Samples were
collected in water: 0. 5 - 1 m deep. Watel temperéture durzng
the collection period was about 26 C. Recalculation of
Reaﬁ‘s data gives an~ugper lethal tempe?ature of 32 C for 5
an exposure period of 5760 min and a regression coefficient \
for the line of <2.41. Results of the present, study  indicate
that the blue mussel, which best approximates the vertical
distribution of Lima scabra, has an upper lethal témperature .
of 28.40 C and a regression coefficient of ~3.52 for the

thermal resistance line.

A%
o -
\

In the zoogeographical distribution atlmaﬁluscs, :
thermal response levels and upper lethal temperitures \
cosparisons are conducted at the cellular and whole organism

level. However, thermal response ranges and thermal

resistance raﬂgea broaden with increasing latitudinal \

distribution of :ﬁecicn habitat when canpaxiaoné’are
conducted at the cellular and whole organism level,

s
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lines for gill tissue of seven species of
3

in differeﬁi depths in the Mediferranean

resistance responses and depth distribution -
among the species. _H§gher'temperature levels for thermal

" resistance response were obtained for those species inhabit~
in§ shallow waters whereas lower temperature levels for Q

theémal resistance response were associated with those

species inhaﬁiting greater deﬁths. However, differences

(, in thermal response ranges could not be detected. . ’
b . ' ' »

Resh?ft {1961}&grésented data farz%ellular~?eat'
resistance in three species of subtidal lameilibéénch
molluscs which occur a& different depths in the Nérth Sea,
Resistance lines have been established forleach species by,
recalculation of those data. Comparisons among the three

s+ species indicate that the deepwater lamellibranch spisula

3

solida has the ldwest,cellulé%&upéer 1eth§1 temperature
"  but the broadest thermal resistance range. The shallow
watér lamellibranch Mytilus edulis has the highest cellular
upper lethal temperature but thﬁ narrowest thermal )
registance range. A species of inteimediate depth, Modiolus
n;diolus, has a cellular upper lethal. temperature .which is '
higher than that for Spisula solida but lower th;n the

cellular upper lethal temperature of wsytilus edulis.
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’ ‘ Spragugfﬂsﬁa) presents 24-hr upper’ lethal tempera- 4

tures for four species of freshwater amphxpod crnstaceans '

‘ * which occur m different ecological condit:.ons. He states
that "the xelat;wc rank of the spec:.es acccrdmg to the:.r , !
resistance .agrees’ in general with expegtatmns from their" e !
acalogy" Those species uhzch are found ;m waters which ]
become relatively warim in sme:: have upper lethal tempera- o

tures which are higher than those'for species which aré

X 5

typical of cooler waters. - ,

’ ‘ or the ribbed mussel. The ribbeq mussel which oc
highest position in the intertidal zone has the highest N "
range of upper hth‘al tenperat\'xres, The soft%hell _clém
which occupies a position in the intertidal . zone :imediatnaw
sbove the positioh oé::upied by the blue nussel‘ has a’'range
of uppor lethal temperatures which is \slightly above the '
’ range exhibited by the blue mussel. However, co;pariaons
among vidtbn of thermal rﬁhtmc‘ ranges indicate that

the range for the blue mu\l is considerably widex: than it
is for either the soft-shell clam or ribbed mussel.

The latter two species have thermal resistance z;angcs which ’

N are approximately equal in width.
Fosb
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to genetic variations. In this study, the term adaptation
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Ecological significance of thermal responses
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<

Adaptation.is a word which has pumerous meinixigs
vin biology. It broadly relates differences within and
among organisms to environmental vaxiatian:/ ﬁon physiologists,
the term refers to environmentally determined as well as QW
refers to)any property of an oxganism.qhich favours survivalﬁ
in a'§pecific environment, paﬁt;cularly a stresstul one.

An adaptationnpermits maintenance ofvpyysiclogical activities
and survival when the envirqnmg;t is altered with respect

to one or more variables. Prosser fieéél states that %hose
adapﬁa?ions ghich afevgenetically deﬁermkned can be separated
from those which are enyjrcnmentaily induced by acclimation

v » ‘
and ultimately by breeding experiments. . -

The aéé#tiveﬁsignific;nbe of upper lethal. tempera-
tures and thexmal resistanceorénges pose a difficult problem
for intexpxetatién.* Answers myst be provided for two dis-
tinct questions before theﬂzgzgﬁive significance of these
capacities can be stated with any degree of &é{taingya '
Firstly, it is necegggfy to determine the specifi? proportion
of a population which must be destroyed as a result of
exp§sur§ to a potentially lethal stress before the results
of a selection process are manifest in the subsequent
generations. Added to this is the possibility that the
selection process may be effective at a sublethal level of

2
4
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thermal stress., Secon&lg:gtﬂermal tolerances should be
defined for sevééégi%gvelsmof mortality response?¢ Generally,
the- level of the;méiyiolérance is é&presééa or %;50%
mogtality re§pcnse'but it is cogceiyable\that this is much

top high a mortality response to consider in relation to

adaptive significance:.t ¢ ;
It would be an arduous and time consuming task
M *
to determine the response level at which a selection process

e v
need operate to bring about an adaptive regponse to a

potentially lethal thermal stress. Within the context of
the present study, the best that can be achieved is to con-
sider thermal resistance lines and upper lethal tempera-
tures for lower levels of moxtaliyy‘QQSQOnse. Comparisons: ,
between thermal resisﬁ%nqe lines resulting £rom 10; to 50% .
mortality responses indicate that the regression coefficients
are h;mogeneoua. Therefore, the absolute value of thermal
resistance ranges are not altereé as the ﬁartaliﬁy response
level is changed from 10% to 50%. Upper lethal temperaéureé
for a 5?60 min 'exposure at higher temperatures are less

than 0.7 degrees lower at a 10% mortality response ieve; ﬁ;.
than at a 53% mortality response level. BSuch a decrease

could of course be ecologically siqhifiaantf However,

further consideration’of the adaptive sibnificance of upper
lethal temperatures and thermal resistante ranges will be

!

considered for ‘a 50% mortality response.

s

3



- k]
' -

A ' - 9] - N
% ~!

- 4

o mhe level of thermal tolerance is not available -
f@r’any~morta11ty response level in the present study.
The onlg}statement that can be made relatxng upper lethal
temperatures (LD50) to levels of thermal tolerance is that .u
the thermal tolerance for a specific set of acclimation /
conditions would cceur at a temperature equal to or helow%kp ,

the stated upper lethal temperature for the specified

acclimation qgnditions. o S

’ ! ; i/"
- ‘ - R N
. Within these limitations-a plausible explanation
1 d
for the adaptive significande of upper lethal Zemperatures

{LD50) ana thexmal xesmstance~iﬁ§§es can be deduced from a

eonsl&eratzon ¢f the thermal conditions of a temgerate

intertidal zone. © I “ /
| \

t

L e ' ’ ¢ -
The thermal conditions of such a zone can be

xésp&ved into two basic components which are related to the
duration and intensity of thermal exposure. The first
component is the sex;es of daiiy temyerature'minima which is
asgociated w@th seasonal changes which, in summer, is the
period of extenﬁeﬁ warming of the species habxtat {(Fig. 2b) «
The second component is the diel thermal cycle which is
associated with local conditions and in whicb excessive warming
exists for iny_a few hnursgz;ikjfcle téiq. 4}. This

. component is .imposed on the eXfended series of temperature

minima. Survival of a population dJdepends upon

A o,

1

™



- habitat {Brett, 1952; Read, 1967).’
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the ability of ingivkduals in the population to adapt to

these -components of the thermal conditions found in a

tegperate intértidal zope. ' , ‘ ’

13

7
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v

. ﬁgpeﬁ 1etha1 temperatures,\fs defined in thls *
study, represent the ability of a populatlen to resist those
thermal }evels which, when applied for several thousand
minutes, constitute a potentially lethal stress. This ,
ah%}%}y varie; among sﬁecies and has been shown to be

correlated to the extended warming. conditions of the species

-~

K !
Diel thermal conditions represent a somewhat different

problem to a population. They represept Iocal thermal ]
conditions which are of short duration but of higher thermal
intensities in velation to the extended warming conditions

of the species habitat. These conditions can be most acute

- and represent stress which comes about too’ rapidly to be affu

‘set by acclimation.- Survival under these. conditions would
necessitate a resistance range which would be a reflection
Q L

of the relative intensities of -the short~term thermal

‘ s ot . .
characteristics of the species habitat. Adaptation to daily

\sthexual cnnditzons an which' the thermal level was slxghtly

above the extendeﬁ warming level weuld result in a
relatively narrow thermal resistance range. Diel:thermal
conditiong which were considerably higher than the extended
warming level could act as a selective force for a much

broader resistance range, This leads to the supposition
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that thermal resistance levels for thermal exposures in

excess of severai dayg are established in response to tgg
extended warming conditjons of the species~habitat while
the thermal resistéﬁpe range reprfesents a response tﬁ’the
intensity of short-term thermal exposure. This scheme can
be tested by considering the thermal response charactef=
isticé of blue mussels, soft-shell clams and ribbed ﬁuﬁgels

in relation to the thermal wonditions of their habitats,

. 5

| The blue muqscl oceurs almost exclusively in the
lower portlan of the intertidal zone. In this éﬁbﬁtdﬁ,
exposure to relatively high temperatures (>25 C), which are -
due to insolation, is ' wusually infrequent and of short
duration (< 300 min). DTim adaptative advantage of an upper
lethal temperature much above 25 C @ould not be signiﬁicaﬁta
Hawévér, a wide resistance rénge would provide an adéptive
advantage in relation to resistance of thermal stress which
resulted from short—term exposure at excessivgiy high tgmpe%aw

§

tures.

7

t

The soft-shell ¢lam ocoupies a position in the
intertidal gradient which is only slightly hiqﬁ&r than the
position of the Qlue mussel, Exposure to %yiendea -
conditions would be gimilar to those experienced by the
blue mussel. The resulting upper lethal temperature would

be expected to Le similar to that of the blue mussel.
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Similarity of upper letha?z t;eméerature; shéuld be
observed for species which inhabit areas in whicix there is
similarity of extended warming conditions. ‘.l‘he results
ag’i:ee wi{:h,: this' statement. The upper lethal t:empetatures
:for the suft-shell clam are only slxghtiy higher than those
for the blue mussel. The thermal resistance range of soft-
shell clam xs cons:.derably natrower than that of blue mussel.
Soft-shell clam is a benthie species which is usuallg
covered by about 0.2 m of sand. " "The I:ayer of sand acts as

a thermal insulator which moderates thermal fluctuations before 4

they reach the soft—-shell clam. The adaptive advantage of

b s
£l

_ a wide thermal resistance rangé wobyld be minimal. "

p o 5 & a
éd £y ¢ 5 y

) Ribbed mussels occupy a position in the intertidal '
zone which is considerably higher than the posit;;.mxs » '
occupied by either the soft-shell clam or the blue mussel. “ N
Ribbed mussels experience themal fluctuations whic;’h ‘are
relatively intense (2§ C) and of extended duration (3 days)..

A high uppe¥ lethal temperature would represent an” adaptive
advantage for organismsliving in this, habitat, The results
indicate that the upper lethial temperatures of the ribbed
musselsare considerably.higher than those determined for
soft-shell clams and blue mussels. In the ribbed mussel

the source of extended periods of elevated temperatures is
atnospheric thermal c:ondi!:iox;m An additional thermal effect

is experienced by ribbed mussels during periods of

direct insolation. The resulting highest short-term
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temgfratures experienced by ribbed mussels {30 C for 300 min)
are only moderately h;gher than the temperature levels whxeh
represent the extendea warming conditions of the species
habitat. “?nde; these conditions the adaptive advantage of

a broad thermal resistance-grange would be minimal.

- " ¢
b Qp

"The information on thermal resistance, as related

to the thermal condltxons of the specmes habltat, leads to

z

the presentation of a hypothesis which states that upper lethal

temperatures are correlated with the extended warmzng condi-
tions of the sp ‘es hab;tat whereas thermal resistance
ranges are correlhtea with the intensity and duration ‘of

diel thermal fluctuations within the Epeciesihabihut.

&

¢

) A test'of this hypgthes;s,could be presented if
an upper 'lethal temperatpre, as.deflned in this study, and
a resistance line were available “for another species £rom
a dafferentf%hermal environment. Read (1967) presented a

¢ &

thermal resistance line fox samples of the tropzcal subtidal
moiiusc Lima scabra where water temperatures are about 26 C.
Since thms spe01es'?§ tropical in distrxbutlon, a relatively
high upper lethal temperature would be predicted. 7Its-sub-

tidal distribution would enjoin a relagively ‘stable thermal

e?vﬁrﬁamgnt which would suggest a narrow resistance ;pnge.m,‘
Tﬂ; resistance line has been rec&}cu}atea to provide an upper
}ethal fempergture an%,thegxessicn Eoefficient for the

thermal resistance line. The results are indicated in Fig. 30
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Asl in inciden al ﬁote,'it mpsé befaddg&,ﬁhat.the
cap;éj:t; of an organism to tolerate or resist the thermal
conditions of a hahiéat is probably not the only cond;tion N
which determines habitat suitability apd‘ranée.

In summar&;"the levels of higher: temperatures at

B

which thermal resistance is initiated in molluscs are

Y '

correlated with the extended warming conditions of the specie

P

habitat. The thermal resistance range is correlated with

the intensity and duration of short-term thermal fluctuations

13

within each species habitat, N B
v SO

s ¢

3
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*
1

Eor all specles and accl:knatmn cahb:ma}:z.ohs. *

¢

. tme to 50% mortality’ dec[,-"xeased as the level of the téat '

tem'pexature ‘(‘rs' increased. : -

A4 °

} Time to 50% mortality ;Eor each test temperature e
decreased during a 28-~day post~biocassay recovery period.
This decrease has been attributed to the latent effects -

of a terminated thermal stress.

» “

o

Thermal resistance lines are presented for zero-

\ o timg and ‘the 28th~day lafa posE‘-bicassa;y recovery. Zerm\ $
. timé thermal resistance lines were curvilinear.or linear,

depenéiﬁg“upqn the temperature increment between acclimation

and test temperature. The greater the inc;}:ent, the

greater the probability that the thermal resistance line

will be curvilinear.

Upper lethal temperatures for a 57@-:11:1 expomre
are presented for all species~acclimation combinatiom.
/.l\'mlys;a of variance indicates that *gpecies™ and “acclimation i
- temperatures™ components are significant whereas the

*acclimation salinity" component is not significant.

R
¥

Regression coefficients of the thermal resistance

lines were shown to be species-specific.
k i

« 4
>
. o . Y L 2 - H
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The range of upper lethal temperatures forsgach
, species in these bioassays is*demanstrably higher thgn the

- i

mean ambient field temperatures. .

-
i -

Thermal resistancé capacities are sufficient.to
¢ i/

compensate for the diel thermal fluctuations at the :

\
i

. collecting sites. . o
' =~ i e s

v £’

3

Upper lethal weratures and regression coefficients

of thermal resistance lilies are species-specific.

' A 12 7 4
N -

I ‘ An expianationdis presented for the addptive .
. significance of upper lethal temperatures apnd thermal

registance ranges. . .o .o

/
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