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Studies on temperature acclimation in the freshwater

pulmonate mollusc Lymnaea stagmalis (L.)
P,7.C. Harrison

ABSTRACT

This work is concerned with procecses of thermal acclimation in the
frechwater pulmonate, Lymnnea stagnalis, Three physiological functions
were studieds heart rate, rate of oxygen consumption and assimilation
efficlency, Seasonal changes in rate-temperature curves of the first two
processes were investigaied and compared with alterations induced by exposure
to conastant temperatures in the laboratory, Simple comparisons were made
to determine whother season affeoted assimilation efficiency., The airs
of the investigation were to show whethar the measured physiological funotions
exhibited acclimatory responses, to determine ths precise nature and inter-
relationship of any such adaptations, and to suggest possidble nmechaniems
responsible for the changes,

It was found that changes in the heart rate-terperature relation
were induced both by meason and by laboratory acclimation, Results of the
seasonal study showed apparent capacity adaptations, so that winter animals
hag & higher heart rate than sumer animals at temperatures botween 15 and
25°C, and also resistance adaptations, which gave summer animals increased
resistance to heat and winter animals greater tolerance of cold.
Laboratory acclimation induced resistance adaptations at both tempsrature
extremes but capacity adaptation was absent. Observed bimodality in heart
rate-temperature curves of both studies indicated that control of heart
rate is complex, These results are discussed further with reference 4o
changes in physiological mechanisms,

Seasonal chanzes occurred in the size-rate regression for oxygen
consumption and in the goneral shape of the rate-temporature curves,
There was evidence for a 'reverse acclimation' in response to seasonal
changes in temperature, These seasonal responsss were not produced,
however, by exposure to conatant temperature in the laboratory, 1t is
proposed that the observed changes resulted essentially from reproductive
activity and ssaconal changes in dietary conditicna., Hormonal influances
are thought to be most important in mediating these changes,

No significant differences were found in the assimilation
efficiencies of winter and summer snails. Results of this and other
studies suggest that the assimilation funstion doss not show acclimatory

changes in response to either temperature or season,

The results are discussed in relation to the known dlology of
Lymnaea stasnalis and with reference to fundamental aspects of
tenmparature acclimtion,
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CHAPTER I

INTRODUCTION 1 e,

Brief aims of the siudy
1t 18 now well established that poikilotherms frequently exhibit

compensatory changes in various metabolic rate functions in response

to temperatures encountered in various spatial and tecmporal hobitats.
Such ndaptations may also be induced by “exposure to constant conditiona
in the laboratory, and are frequently described by the term'!thermal
acclimation?,

This study aims to determine whother ecasonal changes occur in
three basic physiological processes of the great pond snail Lymnaea
stagmalio (L.) (beart rate, oxygen consumption and essimilation) and
to discover if any of these changes may be induced by exposure to
‘constant temperature in the laboratory. It is also intended to ideniify
some physiological mechanisms responsible for the obaerved changas and
to relate the Ffindings to the mown scology of the animal,

" Thermal acolimation | ~ - Lo
It i8 accepted that, in goneral terms, temperature affects the
rate of physiological processes in a similar wanner to the way in which
it {nflusnces chamical reaction velocity. Snyder (1508) found that the
heart rate of & nudibranch mollusc sxhibited changes with texpsrature
aceording to the formula of Arrherdust 10z K'm =3 + B, where A and B
are constants and X is the measured rate at T Abaoclute. Krogh (1914),
in reviewing the influence of temperature on respiratory exchange,
distinruished batwsen the influence upon the central nervous system and

that upon the metabolic processes in the tissues themselves, WUhen

A7



studied under standard conditions with nervous influences-abolished,
the effect of temperature on the metadbolism of an animal was.indeed
shown to:be regular. Crozier (1924) attempted to standardime : ' -,
respiration measurements using ‘critical thermal increments'!, being

defined as log CO production/-f%- Abs, Later studies (Crosgier and -

2
Stier, 1926) showed various modifications of this rate-temperature

characteristic according to seasonal or experimental conditions, =
Belebradek (1930) reviewed the application of mathematical formulae '@+
(including Berthelot's exponential rule, the QJ.O relation and the
Van't Hoff—Arrhenius Law) and deduced that attempts to apply such
chemical temperature-velocity formulae to biological data were invalid.
Nevertheless, Crozier and Stier's data had suggestsd that real changes
in metabolic rate~temperature relations could be'induced by changes in'
external oconditions, o
Despite Belehradek's and, later, Mellanby's (1940) criticisms of
the use of Qio in analysis of rate-temperature relations, this remained
popular, Rao and Bullock (1954), holding rigidly to the use of'Qy
considered in more detail the effects of size and addptation temperature
on metabolism and quoted several cases where Qlo was found to increase
with increased temporature of adaptation. Later studies stresaed the
importance of considering the whole metabolioc rate~temperature curve
in auch comparisons (for example, Precht, 1958), With regard to effects
of body size on respiration rate, various theories were proposed,
stating that metabolic rate was proportional to surface area (the .
‘SBurface Law'), body weight or volums, or an intermediate function.

b

Expressed in the foxm R = aW , whore R = rate, W = size (e.g. weight)

and a and b are constants, the value of the exponent 'b' was generally
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found to 1lie botween 0,67 and 0,75 (soe Kleiber's (1961) review on
relations between body oize and motabolic rate, also "*Zeiithen’,' 1947, IR
19533 * Hemmingsen, 1950, 19603 “Bertalanffy, 1951 and Rao and Bullock,
1954). . 1 " e RN

- Acceptance of trus amd conatant*relationahipa’batween*ﬁeiabéum
and size allowed more meaningful comparisons to be undertaken, and
acclimation studies bacame popular in the analysis of netabolic ratee
temperature relations and the search for causal factors in texporaturs
adaptation, =~ ‘ T S

Studies on acclimation effects in poikilotherms have been well
reviewsd by various authors. Initial interest lay in-the differences
found between arctic and tropical species, Althoush exposed to widely
different envirommental temporatures, cold-blooded animals oan maintain
comparable levels of activity at difforent latitudes, This was first
fully investigated by Fox nnd Wingfield (Fox, 1936, 1938, 1939;
Wingfield, 19393 Fox and Wingfield, 1937).

Respiratory movements and heart-beat of various amﬁtdéaaﬂé wore
observed, also oxygen consumption rates of polychaeto wornms and
achinoderms, and gill movements of scallops, Various adaptations were
observed in these animals according to their latitude of origin, -
Similar studies on arctic mnd tropical spacies wers parformed by  °
Scholander et, ‘'al. (1953), who investigated comparative rates of oxygen
consumption in various animals, includiny f£ish, crustadeans, molluscs
and insects. Those atithors in most caa;a found very considerabdla,
though not complete, metabolic adaptation in the orotic forms relative”
to tropical forma, More recently, Wohlscheg (1957), Vernberg end -
Vernbarg (1964) and Leo and Fenchel (1972) have investigated latitude
effects in further detail,

19



. Tk i“'

Seasonal and laboratory-indmed ctnngea in metabolio :ata SN
functions nve been broadly investigated in many different poikilotheml
and these studies have been extensively reviewed, for example, by
Bullock (1955), Precht et. a _L. (1955, 1973)l Precht (1958)3 " Prosser
(1958)y Fry (1958, 1964), Kinn6 (1964); Newoll (1966)1. MoWhirnie
Segal.'n

(1967)3 Weiser (1973).and Vernberg and Vermberg (1975).
(1961) review pays specific attention to acclimation in the Molluseca.

Host authors attempt physiological explanations for their findings and
Newell in piarticular (1969, 1973, “ISTSYMWroppaed sone possible
mechanisms for respiratory acclimation, whilaf :biochemical changes at
the subcellular level have been detailed, for example, by Hochachka
and Somero (Hochachka, 1965, 1967, 1973} Somero, 19693 Hochachka and
Somero, 1968, 1973). | SN

.
1 . “ S m
»

- The earliest and most useful reviewd on non-genatic compensation
in poikilotherms Wargf,:wﬁgten by Bullock (1955), Proaser (i§55) and
Precht et, 9_}_._'(195}5). These formed a sound basis for later work and
were followed by similar roviews written by Fry (1558), Precht (1958),
Prosser (155'8')“ and Kinne (1964)., These articles are particularly
useful for explanations and dofinitions of terme. Initianlly there was
much confusion over the use of terms describing matabolic temperature
compensation, and 'adaptation', 'acclimation' and ‘acclimatization' all
had common usage in the literature, Various descriptions were also
given %o differant typen of mtﬁbﬁlio compeh;ation. In scne;'al the
terms adopted by Precht (1958) will be used in this ntuﬁy,‘ excopt that
'acolimation! 18 to be considered in all senses as particular subjection
or adjustment to temperature and uss of the term ‘acclimatization!,

which is riofmatlly appiﬁied to soasonal chd:gééwgkﬁll be avolded,
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Acclimation responses are considered to comprise of' two basic’and

separate features, nomaly ‘capacity adaptation' and 'resistance

edaptation', Changes in the shape of rate~temperature curves caused
by acclimation may consist of vertical or horigontal translation, a
rotation of the whole curve, or a cembination of such movements' (see:

Fig. 1)» 4As a result of these changes there may be an adaptation -

within the normal temperature range, manifesting itself as an apparent

vertical shift in the curve, called a 'capacity adaptation', or there

may be adaptations to extreme temperatures at either end of the rate-
temperature curve; called ‘'resistance adaptations', which result in-
increased or reduced sensitivity to high or low temperstures,
Resistance adaptations may bdeo coupled with cepacity sdaptationy dut
the former are more comnon than the latter. : Few papers exist in whioh
both adaptation types are examined togather in thae mame species.
Precht (1958) and Prosser (1958) both categorised capacity adaptations
according to the comparative shapes of resultant rate-temperature

curves, including 'ideal’, 'missing'y ‘inverase!/'reverse' and other
types. Here, capacity adaptations, if presant, will be referred to
sinply a8 'normal' or 'reverse', f , s

This study will show whether apparent tharmal zncolimation of any
type ocours in respanse to season and, if it occurs, whather it can be
roproduced by subjeoting the experimental animals to conatant teuperatures

in the laboratory. It will be seen that several factors other :than.

temperature are important in obmerved seasonal changes,

Tha biﬂl of _*_t Al Dwag alig L.

1) Occurrence and goneral habitatss
The habitat of Lymnaea stagnalis in Britain is descrided by
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Boycott and Oldham (1936) and driefly by McDonald (1969). This
freshwater pulmonate ensil, comzonly called the great pond snail
(Class: Gastropoday Sub-classs Pulmonatag Order: Basommatophora
Familys Lyrnaeidae), has a preforence for large, open habitats, though
it is not uncommon in cattle ponds and occurs scmetimos in fairly swift
- Tivers, ospeclially in the south-gast of England, It occurs throughout
Englend except in tho West, over most of Irelend and & few places in
the South of Scotland, The chief considerations for aquatic Mollusca
are calgium, for shell growih, and water which is not badly polluted
by decaylng orgonic matter, Foul media and food shortage are the most
comzon growth=inhibiting facters in L. stagnalis, Effects of ovoz_'-'
crowding have been studied by Turner (1927) and Thomas et. al. (1975).
Generally speaking northorn temperate freashwater molluscs are active,
crow and breed only in late spring and summer, Often the most important
factor to tho enails is the temperature in the shallow woedy water at
the edge of the pord or river, Lymnsea stagnalis mostly lives in this
zone, except in the colder months, The water here readily warms wp
in the sunshine until, particularly in summer, the mean temperature
may exceed that of tho air. OSome temperature characteristics of the
pond where the animals for' the present study were collected ore
presented in a later section of this chapter. In winter L, stagnalis
can endure low temperatures, and although the snails normally hibernate
~ in the mud or deoper water during tho colder months, they are somatimes
Soen crawling about under ice and may be frozen into ice for a long
time without being killed. ) o

Rith reozard to reproductive activity, the animals can bragd long

beoning
before attainment of full size, The breeding season %ﬂ-cgfw in spring
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and ia Pag:o:r;tiﬂimua throughout aﬁmef, during which time the gonad.s

i nerease greafly in siza. The somatic growth of L. stagnalis begins
at & moderate rate, after which follows & périod of quickened growth '
untii the older the animal the slower the growth. Thie results in a
sigmoidal growth curve which is very much related to ceason, Young:
snails appear able to assinilato food and grow only when the water
attains a temperature of about iloC, (Taylor, 18943 Ellis, 1926
Crabb, 1329 Wilbﬁr and Owen, 19643 Berrie, 1965). Maximum shell
length normally attained by L. Btm' 148 18 approximately 5 cm,

Lyrnaea starnalis obtains its food from three mé.iﬁ sources!
fae&im on rootod submerged vegetation, i‘aking small pleces of food
from the surface film, and scraping material from rocks, etec. In
addition, these animals are known to feed on dead animal Temains and
in this sense may be considered to be cmnivorous. Certainly the diat
is very varied.

Baihg a pulmonate, 1. Btag_'&iiﬂ i8 edble ¢o rospriré atmospheric
oxyg:en and does Boh oven ;when diasblved pOé is high. l’u’ﬁeh the oxygen
tension of the pulmonary cavity falls to a low level a negative geotroplc
responge obtains (mediated by paired statocysts) and the snail ascends
to the surface. When the oaﬁtj is filled the geotropic reaction
becomas positive and the enail descends, When oxygen tension is’ low,
in summer for example, the snail must visit the surface very frequently.
There may, therefore, be a conflict in behaviour between feeding and
refilling the pulmonary cavity (Jones, 1961y licDonald, 1969),
Strategio aspects of time allocation in the ecology of ‘freshwater
pulmonate enails have been studied in some detail by Townsend“(1975).
'Bovbjerg (1975) studied the behaviocur of ’Lm 00 Etm‘ 1is in relation

to three experimental environmontal factors, namely presence or absence
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of vegetation, of animal carrien and a. thermal gradient. .In the .-
presence of single factors the enallo regponded with a kinesis to an
aggregation on vegetation, a nogative thormotaxis from high temperature
amd a strong chemotaxis towards carrion. In combination, vegetation
tended to slightly mask the aggregailons on carrion in cooler water,

The life-span of L, stagnalis in the natural situation is
normally ong or two years, although soms suggeations of three to four .
years bave been made (Barrie, 19655 KoDonald, 1963). Normally the
adulta lay eggs in tho latter part of tho summer, the eggs hatch in .
tho autwn and tho newly hatched snalls survive the winter, rosume
growth and roach coxual maturity by the end of summer (KoDonald, 1969).
Tho animals raver pasa tho winter as eggs (Boycott and Oldham, 1936),
Certainly in tho present investigation it was noted that over-wintering
populations conclot essentially c¢f very cmall encils, entering their
first year of growth, and larger animals passing into their second year.
Hatural death appears to be the result of expansion of the gonad amd.
degenerative changes in those internal organs not directly connected
with reproduction (McDonald, 1969).

2) lyrmaea starmalis es on experimental enimals
The great pond snail is common in South-Sanst Engzland and is
easy to collecty, ntore and foed. Moreover, it has been extensively
otudied and there are many reports on ita Lie ard i1ts requirements for
gtorage in ladoratory conditions, Perb.apap the woat usoful of these is
that published by Io;@ ard Carrikér (19_46 ) who observed the New

World sub-epscies lLymnaea stapnalis appressa during twenty generations
in laboratory culture, These authors deoscribed simple gtorage
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conditions, consioting escentially of large tanks of aerated ‘hard!
water, regularly changed and furnished with some fine sand which 18-
uged in trituration of food in the gizzard. The enails were fed with
lettuce leaves and, weekly, wheat cereal cooked in milk,. supplemented
with a 'balianced nixture of salts. ‘Subsequent authors have suggested

that lettuce alone is sufficient food. The present study adopts
Foland and Carriker's basic method but the lattuce diet is supplemented

with smll amounts of Tetraliin fish food (Tetra Werke, W. Germany),
vhich congists of various natural dried substances and contains in all

46% protein, 5% fat and 8% fibre. Water used is London tap-water,

which has a high salt content. This is chlorinated, but Noland and -
Carriker showed chlorination to be unimportant. More refined storage
oystens and associated influences of various artificial conditions,

including food, rlight and temperature are discussed by Van der Btoen

(1967, 1969).
In egreenent with Nolend and Carriker's findings, L. starmalis

is shom to be an excellent experimental animal which, moreover, can

be ¢asily marked using slcoholebased fibre-~tipped pens,

3) Processes under investigationt

(a) Heart rate

The anatomy of mollusc hearts and the nature of bdHlood
circulation is described by Darwin (1876), Hill and Welsh (1956) and,
specifically for Lymnaea stasmalis, by Bekius (1972).

A1l pulmonate molluscs bave an open circulatory syatsnm in
which movement of blood is at least partially dependent on a sinple
two chambered heart which receives blood from various sinuses and pumps



it out through arteries to circulate and again make its way back to

tho sinuses. Tho bkoart of L. stacnalis lies in a pericardium which

1o located on tho left mide of the body. It consists of a thin-
wvalled auricle, which liea dorso-caudally and receives blood from the
veno-pulmonalis, and & thick-walled ventricle which lies medio-
ventrally and pwps blood into the sorta. Tho circulation is - .
regulated by a pair of valves in the conatriction between the two
chombers and a croscent=-gchapad aortic valve which l1lies in the
beginning of the aorta. It has been suggested (Krijgsmsn and Devaris,
1955) that the total volune of the pericardial fluid plus auricular
contents nmust remaln constant. When the asuricle contracts. the contents
are transferred to tho veniricle, a change which involves no alteration

in ths volure of tho systemy when the ventricle contracis 1ta contauts

are transferred to the sorta and to proserve the total volume of the
heart. an equal volume of bLlood ia sucksd into the auricls fiom the
voino, the poricardial fluid acting as intermsediary..

The bheart is the major, dut not the only, .propulsive mechanism
for the circulation of blood. The buccal mass, for aexample, contains
nurarous venousd spaces located within the muaclas, and eating rosulis .
in blood transport in this organs Tho sama holds for the giszard, and
movemant of the entire animal may have an even greater impact on . .
circulation,

{he general physlology of the molluscan heart, including
innervation mochaniems, has been discussed by various authors, most
notably Carlgon (19052, by 6) and, nore recently, Hill
and Uelsh (1966), Keriut (1967) and Cardot (1971), It.is accepted that
hoart beat is of myogenio originm, and there are localized pacemaker
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regions, Existence of direct neuronal stimulation is debated, dut -
certainly cardiorsgulation by neurohumoral egents is.proved,. these -
substances inoluding acetylcholine, 5-hydroxytryptamine and categhol
amines,.

s,
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(b) Respiration
Basic aspects of respiration in pulmonates are adequately

described by Fusser and Krliger (1951) and Chiretti (1966). Although
oxygen uptake usually takes place through the lung,:cutanecus™ ¢~ "
respiration, by general diffusicn " through the moist skin, is always
important to a greater or lesser extent depending on the enimals!
habitat and level of activity. The lung has evolved as a"highly
vascularized part of the mantle cavity in which relatively large *
quantities of blood may be brought into close proximity with-air which
£111s the vavity: Pulmonates possess various modifications which-
minimize evaporation from the respiratory surface and also have a
punping mechanism for the renewal of air. The opening of the
respiratory (mantle) cavity is reduced ¢6 & narrow hole, the
pneumostome,and the muscular floor contracts rhytbmically to.aid "*/
gaseous exchange. Spaecies such as Lymnaea visit the surface frequently
to take in air, but are able to live for long periods of time (indeed
for generations:s 6ee Noland and Reichel, 1943) completely submerged,
In this case the mantle cavity functions as'a gill; being filled with
water rhythmically drawn into and expelled from:-the body. : The blood
of lymmaea stamalis does not contain a respiratory pigment.

The general relationship botween respiration rate and body sice
has already been desoribed ns R = awb, ar 102 R = b.log W.+ log &,

b 'is the slope of the log size-rate rogression and may vary from about
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0.45 t0 1,00, It is known that season can influance this parameter.
Jeasonal variations also occur in sctual rates of oxyzen ¢onsumption.
duch changea will be discussed further in Chapter 3. Direct effects

of temperature.on metadbolisnm have baean previcusly discussed, but in

Lymnaea stagnalis increagsed temperature, leading to increased rates of

respiration, also causocs wmore regular visits to the surface %o

replenish the alr supply. Although, for example, a rise in temperature

may cause a two-fold increase in oxygen consumption, the animal.must
surfage more than three times as often.at the higher temperature-
(McDonald, 1969).

Other factors affecting respiration in pulmonates inoclude
starvation and oxygen tension., It is known that in many poikilotherms
starvation results in reduction 1n'the rate of oxygen consumption. -

Changes in oxygen tension cause various metabolic responses. Some -

species of freshwater snail maintain their consumption relatively
unchanged with decreasing oxygen content of the water until = critical

point is reached, whilst in other species -the respiratory rats

decreases gradually in response %o oxygen supply., Lymnnea stasmalis

is thought to fall into the former category, with increased pulmonary
uptake compensatirng for reduced cutaneous respiration (Jones, 1961).
Newell and Roy (1973) and Newell et. al. (1976) attempted to
relate many varisble fectora affegting oxygen consunption in multiple
regression equationa. This was done for Ligia ocsanica and the -

intortidal gustropod Littorina littorea,

(¢) Digestion and mssirmilation. .
The morphology of the alimentary system of L, starnalis ias

been descrided in detail by Carriker (1946, 1947) and briefly by
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McDonald (1969). Carbohydrate metadolism in nolluscs has been
discussed by Goddard and Martin (1966) and Goudsmit (1972), and
assimilation efficiency in various gastiropods has been studied by
Crahame (1973), Richardson (1975), Hargrave (1970, 1971), Kofoed
(1975a, b) and Calow (1970). Tho diet and feeding habits of

L., stagnalis lnve been previously discussed.

The digeative system is described briefly as follows: Ths
mouth, bounded by oral lappeis, opens into the buccal cavity housing
the tongue-lika odontﬁphore anl chitinous radula., The radula, lying
over the heavily muscularized odontophore gerves as a powsrful
abrasive tool to rasp and scrapo food. Pleces of food are then passed
into the buccal cavity vhere they are mixed with mucus which containa
the digestive enzyme amylase whicﬁ is produced by the grahular cella
in the secretory ducts of the salivary glands, Food particles pass N
from the buceal cavity through the oesophagus and the orop to the

strongly muscularized gizzard, where eand acts as an effective tool
for grinding food. Tha food particles are filtered out and passed
through ciliated ducts into the bilobed hepatopancreas (midgut gland
or disgestive gland) for intracellular digestion., Extracellular |

digestion occurs in the lumen of the disgestive tract. Indigestible

material and large food particles are gathered into mucus ﬁtringﬁ
which are carried out into the ciliated intestine whore they are
compressed into pellets and passed through the anus to the exterior.
The two main mechaniems responsible for the pacsage of food through the
digestive tract are ciliary action and muscular contraction, With the

oxception of thoe anterior portion of the buccal cavity and the gizzard

the entire digentive tract is ciliated.



The ocourrence of digestive enzymes in gastropods varies
considerably (cee Owen, 1966). In some species the only extracellular
enzymes appear to be amylase and possidly a cellulase, whilst others!
gastric julces contain proteases, lipases and carbohydrasses, Which
enzymes other than amylese are present in Lymnoea staznalis is not
known, but certainly the terresirial pulmonate Helix ponatia containe

a wide range of digestive enzmes (Myers end Northoote, 1958).

The ecollection site

The main collection site for animals used in these studies was a
small shallow pond in open parkland at Chase Cross, near Romford,
Essox (lat. 519 36¢ N, longt 0% 12' E), This water body 18
approxinmately 80 yards long and 40 yards wide and is roughly
rectangular with skaliow grassy or muddy banks, It is bordered on one
edge by scrubland but is not overhung by trees. Most of the aquatlc
vegatation is found near the extremities of the pond, being particularly
dense at the Bastern and Northern edges, It ia stocked with coarse
fish, mostly rudd, roach, carp and paerch.

General metsorological data for ths area were collected about
3 mile due South of the pond., Also, various temperature recordings of
the pond and environs wore mnde at different times of the year %0
determine relative temperature conditions of the pond. The meteorologicsal
data is shown 4in graphical form in Fig. 2a. The mean monthly teamperature,
mean maximm and minimum temperatures and extreme maximum and minimum
temporatures are shown here for the period april 1975 to Uay 1976.
Figure 2b is constructed from data derived from recordings mede on
seven days throughout the period Auzust 1975 to July 1976 of maximm
and minimm tomperatures in the area of collection in the pond, and also
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Mg, 2 (a Local air tg_mgeraturé data for the period

April 1 to iay 1976
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Legonds

Various pond temperature characterintice recorded

over a periocd of 24 bhours (1llth Aurust 1S

1, Ares of collection
2. w,=y=, Ixtreme edge of pond

3, wessaw Air temperature

4¢ o..... Mud temperature (10 cm depth)
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naximum and minimum asr temperatures. This was done to determine the
epproximate relationship between alr {temperature and water temperature
so that the data shown in Fig. 2a could be better related to tho pond
situation., It is seen that the range of femgam'aturﬁs in ths pond is
gensrally slightly less than the range of alr temperatures and that in
the warmer months the former range lies within the latter. Also the
pond temperatures tended to be higher thon measured air tecperatures,
This is to be expected since water has a high thermal capaclity and 80
ratains heat during the night whilst abaorbing heat from sunlight during
the day. The meteorological data, then, is a good guide %o pond
temperature except that the range of mean maximum and minionm | .
temperatures shown here {(Fig. 2a) is likely to be slichily greater than
that actually encountered in the pond., oxireme maxirmum and minimum air
temperatures would likewise be somewhat moderated in tho pond aituugon.
To follow in more detail the diurnal relationship between alr
temperaturs and pond temperature, recordinrs were made over 24 hours
on a warm sunny summer day when maximum temperature fluctuationa' were
likely to occur. Recordings were made of air {emperaiure, mud
tomperature (at 10 cm depth at the edge of the pond), temperature of

wator 4n the mnin area of collection of the enails (about 6 £t. from

the edge, woell vegotated) and temperature of water at the extreme edge
of 4the pond (ﬂhallow, no vecetaticn), using standard thermistor probes

connected %0 a portable chart recorder. These data ere shm in Pig. 3.
It i8 geen that maximum diurnal temperature chm ocoura in mter at
the extreme edge of the pond. Clearly this area auffers moat ra.pid
heating and cooling through the day. £nails were genarally mt found

here. Mud temperature, howover, shows little tcmperature changa and is

therefore a moderating influence. The temperature of water in the area
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of collection follows qul te closely the diurnal uhmié-ég' in aly
temgeratue but iz ne.rly clways higher than air temperature, by &
margin of sbout 3 or 4 do-rees, Minimum temperature occurs shortily
after down and maximum temperature in mid-afternoon. It is also seen,
a8 before, that the rangec of air temperatures (16—2800) is
considerably greater than the range of temperatures in the area of -
collection (20-27°C),

In conclusion i% may be stated that the meteorological (air
temperature) data give a good indication of general seasonal changes
in pond temperature, but the mean pond temperaturs (at area of
collection of snails) is always slightly highsr than mean air tenperature,
espacially in winter, and tho range of tempsrature is less particularly
with regard to minimum temperatures,

Snails were collected using & broad 'ahrimpingf net. Thoy wore
placed immediately in a Dewar vacuum flask containing a quantity of
pond water and transported as soon as possible to the laboratory.

Animals used in the simple seasonal study of assimilation
efficlency were collected from ths Grand Union Canal at Mile End,

London (1at. 51° 31¢ N, long. 0° 2' W). No temperature data are

avallable,

Data Analysis
Statistical enalysis of experimental data was performed with

reference to three basic texts (Moronsy, 19563 Simpson et, al., 19604
Snedecor and Cochran, 1967). Means and standard deviations were

calculated according to standard formulae incorporaiing correctlion,

vhare neceassary, for emall sample sige. Ccmparison of mesns was



performed using the 'students' t-test'. 95% confidence intervals
(E : -}%‘-— ) were plotted aps error bars on graphs etc. to aid
comparison of data points. The standard level of significance uged
throughout was p = 0,05 (955 level).

Further data processing, which is described in more detail in
‘the. relevant chapters, inocluded correlation and regression analysis,
Computer programs (Fortran language) were written as necessary.  Other
facilities used inoluded a Hewlett~Packard prograrmable calculator

‘wlth graph-plotter.



CHAPTER IX

b gy

ACCLIVATION OF HZART RATE

INTROTUCTION

- i

., ..This section is concerned with seasonal and laboratory-induced
°W?“ in the relationship bstween heart rate and temperature in .

Lymnaea starmalis, Like most physiological processes in poikilotherms,

mollusc. heart rate is increased by heating and slowed by cooling,
within physiological ranges., Zarly investigations were undertaken by
Brvde;',_,,(190_6), who attempted to quantify the relationship between
heart rate and temperature in the nudibranch Phyllirhoe sp. using
Arrheniua' formula, and by Crozier and Arey (1919) and Skramlik (1929).
Many studies have since been made o investlgate heart rats~iemperature
relations in various invertebrate snimals. [However, comparatively .
1lit¢tle information 18 available regarding thermal acclimation of this.
function either sozoonally or as produced in the lgboratory. The.
presont study investigates the relationships baetween heart rate and

temperature in L. starmalis and determines whether these relationships

change with season or are affected by thermal aceclimation in the
laboratory, Possidle physiologicasl mechanicms involved in control of

heart rate are discussed.

BASIC ‘METHOD AND VATERIALS

In the main seasonal and laboratory studies, heart rate was
measured over ful. ranges of temperature, from 5°C to at least 30°C at
intervals of 5°C. Poaks in the heart rate-tempsrature curves wore morTe

accuz;ateiy definad, whore necessary,by further racoi:‘dinéu at 2,5°C

int Gm1ﬂ¢
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Snzils used in those investigations were collected as required
from the Esgex pond described in Chapter I... They were rimovad to the
laborat;;y and, where necessary, 8tored until uso in an ocutside tank
which was supplied with a slow flow~through of tap watar to prevent
stagnation, The animls were fed gd libitun with lettﬁcé leaves and
Tetraiin fish food end ware supplied with cmall quantities of fine
sand, ag prev.loualy aaacribed. - hsasuremant of hoart mtes was namally
completed wlthir} ten days far &ny particular group of animals, Random
aanples of ten or twanty milu’ ﬁ#ﬁ?@ﬁ*ffbr each exporimental - - ;
temperature. Tha shall length of cach enimal wos measured with
calipers.

/The enalls wera mounted for observation by pushing the spire of
the shall into a piece of plasticene held in & emall glass stwd, and
maamrdmts wore cai‘;'ioﬁ out in asrated water at conatant temperature,
Tempgmtnre control w3 achieved by paaaing‘ water from & Crant pumping
water bath through uoj.ln of plastic tubing attach&d to the inside walls
of the glasa obaarmtihunp waaa‘l.i The morcury-contact thermostat
thermoweter tma *mouﬁtadinaide this tank, Heart rate was measured by
direot observation through the shell, ths enimals boing illuminated
from beneath by mezns of n 1) watt microscope lamp. The apparatus is
shown in ¥igs 4 and Plate 2 (b). The described method of mountingz and
observing the enails 4o &n irprovoment on that -used by Tsukuda and
Ohsava (1959) in thoir studies on heart mta—-ﬁmmtum relations in
& red snall Physs op,

Prolininary obasrvations revealed that an initial increase in
heart rate causod by tho sudden increase in light intensity following
switching on of the illunminating lump was reduced to negligidle
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Fig.4 Heart-rate observation tank
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Plate 2: Heart rate observation apparatus

a) General view showing vater chméa siphons,

regervoir and chart recorder.

b) Close-up view chowing cooling coils,
1 thermometer, thormostat and thermistor, with
enadl 4n position. The air stone is hidden
behind the ripple screen. N.B, Vater was

removed from the apparatus for the purpose

of the photograph.,
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Table 13 . Change in heart rate following switching-on of lamp

g=minute interval numher
T 2 3 b 5 6 7 8 9 10

Mean

(Mo Of baats'

in 30 secs) 6032 628 6627 6419 6412 6,18 6.06 5,97 6,05 64,00
S.D. 1.38 1e32 1.27 1.29 1.21 1.16 1,22 1,19 1,07 111

Mean number of beats in 30 seconds with Standard

Daviation,
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proportions within five minutes. These results, shown in Table 1,

were derived from 30-second boat counts measured over five mimutcn

at 10°C using 106 animals., To prevent the snails from extruding tho

foot and obscuring the heart from view, a small, neutrally buoyanty .
object was introduced to each animal under study. This was couotructed
from comprocsed Parafilm rolled into a ball, weighted with placticene

and covered with aluminiua foil. Such practice resulted in a previcusly
obtained normal distribution of heart rate measurementa beconing ckewod,

A logarithaic tranoformation, however, returned the distribution to the
nornal form, a8 indicated in Fig. S5« The results for these pgropha

wvere derived fronm half-zinute heart bLeat counts over a fiveeminuto

period for a random sample of 106 animals, measured at 10°C, Tho strolght
line in this logeprobability plot implies normality (see lawlp and Teylor,
1967)« All _hoart rate measurctonts and related statistics will

therefore bo expreased in logarithms (base 10), except in the proliminary

exporiments,

PRELIMINARY EXroRIMENTS

" The firet of the experiments described here was undertalien to : -
investigate the direct dependence of heart rate dn temperature, Thins
wvas done by cubjecting snails to gradual changes in experimental -« =’
temperaturc... Tho second preliminary investigation secks to dotermine
the naturo of changes in heart rate induced by rapid increapes in
oxposure .temperatures Thesa initial atudies ware performed inh order:-to -
verify that the described basic experimental method was practicable -
and free fron erroneous assumptionsi” also to determine the reguirecd
tize lapse before wmeasuring hoart rates following immersion of tha: ' -

cnall,
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I). Effects of Slow Temperature Changes on Heart Rate

Iritroduction

W
When pérforming experiments concerning adaptation of metabolic

ﬁmationﬁ 14 mz necensary to complete recordings in as sghort a time as
possible, beforas re-adapitation can occur. kieaéﬁremmt of heart rate
can be ﬁerfamd very quickly. It is important, hom;ai;, t0 ensure
that any response to a temperature change ims fully developed before
measurements are begun, to allow for initial hystereses (see Spaargaren
et. al., 1977). This experiment shows how heart rate of L, stacnalis

changes as ambient temperature is slowly and oteadily increased through

a8 large range of temperatura,

Hothod and Materials
The method of observation of heart rate is as descridbed in the t*

main methods %_ﬁéo:cion. The epparatus was adapted, howsver, to enadble
the tampargfué of water contained in thc; observation tank to be
suitably i;aised. A microtheraistor mﬁinmrporated for fast and
scourate recordins of temperature close to the enail, The calibration
curve for this bead thermistor ic shown in-Appendix 1, The apparatus
used in this investigation is shown in Fig, 6 and Plate 2 (a), The
essential features of the spparatus are the Biphona, vhich enabled water
{n tho observation tank to bo removed and replaced without physically
disturding the snail under alti:dyéj The'animals used in this study were
collectad in March 1975 arnd stored at ‘io“c until required. Experimental
procedure was as followst The temperature of water in the obseorvation

tank was controlled initially to 1000, and that in the reservoir tanks

controlled to 4000. Heart rate recoxdings were then begun, After two
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Fig.6  Slow temperature change apparatus
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mmuteu the water bath controlungj tho ftahé&#aﬂon tank tmﬁmﬁﬁiéi was
awitch;d off and the stop tap on the outlet siphon opened, with the
flnw-raio tap already adjusted to give the required rate of change.
This oauaed a drap in water level in the ohumtion tank, resulting in
wator, heated to 40%C, flowing f£rom the rpsarvcir tanks into the
observation tank and ra{a.mg the experimental temperature, Mixing was

achieved by aeratim. Heart rate recordinge me continued untj.l the
water in the nbumtion tank reached a tmaperaturo of about 35° c, this

Ope ration taking approximately eipght nminutes, Water temperature was
manitored during thia time on & E’aﬂhimon multi-chanml ahart mordar.
J'm 'Went markar' wag uuod to recwd haa.rt beats on the uam ohart.
This procedurs was repeated for five enimals of different aige.

” ﬁInfomnti on- i*;corded on the ¥ashington m&&”o;: was rodraﬁ in
sirple gmph.tc;al form, making use of the appropriate thermistor calibration
curve (Appendix 1), The original traces vé;‘e split into sub-unite of
0.7 nins, for which. mean- tmmtm and hoa.rt rate were. caloulatod. :
These graphs, rapre&onted 1n Fig. T, show how tamperaturn and hmt
rate changed with . time for the five snails 1menti@ted. Shall

length, initial heart rata at 10°C and twpmturo for peak heart rate
are show in Table 2.

.

_H.i
&
-

Discussion
It has been shown in this study that heart rate in L, stamalie

is extremoly temperature-dependent and that en upper thermal limit in
the physiological range ia marked by & decline in heart rate as
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FIGURE 7 HEART RATE CHANGE'S
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temperature increases beyond this point (Fig. 7). Orr (1955)
describes in some dotall the physiclogical effocts of high texperature

R ST T S SR D e PR el TN TR PO Ve
on hoart beat in the frog Rana pipiens. The slow texperature

increases in the present investigaticn were closoly followed by =
chenges in heart raté. All five graphs ghown are similar in ahapo.
with differmaa in the relative g;mdlmta of the ‘tmperatura nnd

heart rate”cméi; and 4n hatualjpe'aﬁthgﬁrrt rate valuss, The tomperature
for peak heart rate, to be referred to s the upper thermal imit
(U.T.L.) was sizilar for all enails studied here, ranging batween' 30,8
end 33.5°C. Yo obvious cssoclation 1o evident botween observed

differences and 8lzo of animal used,
IX. Effects of Rapid Temperaturse Chances on Heart Rate

. L]
e Sl

o ¥
+ * ¥

" Introduction

The provious otudy showed that ‘Blow mnreaaea in tﬁpwmwra,
within a physiological rmm. vere quickly and eoothly followed by
increases in rate of heart beat. The chosen mothod for the rain
investigation, however, necessarily involved sudden tampsrature changes,
reMﬁﬁJﬁE repid irmorsion of animals into the terperature
controlled observation tank. Tho experimonts daacri.bad here mvaﬂtigate
heart rate raapomea %o abrupt incronses in emwm'a twmeratura.
Seral (1962) and Opaargaren ot, g." (1977) have descridbed somo such
changes in invertebrate heart ,.o.tes, “and 1t {8 known that a degree of
‘hunting' or oéﬁmuon of rate freqwhuy”écm following ‘sudden
tempernture changes, It was nocossary to deternine if euch oscillations
ocour in L. starmilis and if so, to dlocover their duraticn 80 that

sufficient time could be gllowed, in tho experimental method proper, for
gtabilization of heart rate before commoncement of recordingsa,
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Hathod

The method for observation of heart rate wad as préeviously

describad, Otepwiso increases in experimental temperature were

achieved by adding to the observation tank 500 ml auquou or watcr
heated to 50°C. Mixinz was achieved by aeration. Five animaln,
which wers collectad in March 1975 and stored at 10° C, ure used 1n
this investigation. GRater in the obaemtion tank was contmned to -
10°C, the pumping water bath being switched off izmediately before
additicn of the hot water. Two consecutive temperature increases were

tnduced, from 10°C to epproximtely 16°C and thence to about 25°C.
Hoart rate was recorded for two minutes before addition of the first
aliquot of heated water. The sscond sliquot was edded 4} minutes
1ater and heart rate followed for a further 4% minutes, As before,
temperature wis measured using a microthermistor and recorded
simultanoously with hoart bveats on a Fashington multi-charmel rm:ﬁ&.

The exporinents were repeated on animals acclimatoed to 5 and 20°C;
those regulis are not shown here but will be driefly discussed below.

Roegults

Results are shom in graphical form in Fig. 8. Hoart rates were

calculated for each succeedins 30 second period during the experiment,
Temperature was continually recorded. The original trace was transcribed
using the thermistor calibration cuxrve pravioualjf obtained (see

Appendix 1). The shell length of animls used here and their initianl
heart rates at 10°C are schown in Table 3, The results show considerable
individual variation but do indicate certain regular tendencies with no

obvious size effectn,
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Shell length and initial heart rate of

animals used in Preliminary Experiment Il

Aninal No,

Shell length (em)

Initial heart rate at 10%¢
(beatn/min)

135
16,0
1345
14,5
12,5



Discusnipn
Results of the prescnt investigation show that rapild tonperature

chanres are not followed cmoothly Ly changes in heart rate, but instead
1fnduce fluctuation of heart rate frequently preceded by an overshoot

reaotion, especially at higher temperatures., These cacillations,
howover, appear t0 bo ghorte-lived and become damped and axtinguiam

within shout four minutes of the causal rise in taxperature. An overw
ahoot recponse is eopecially marked in Fig. 8 (b), following tho second
teoporature increaso., ‘Hunting' 4s woll illustrated in Fg. O (Lé.).
Similar results vere also obtained from experirants porformed on
anizalo acclimated to 5 and 20°C. Overshoot amd hunting reactions
were tore apparent in the latter and were invariably greater following
the second temperature riso,

Various sotivity rates of poikilotherms, following a mid change
in tecperature, freguently chow an overshoot or undershoot bvefore

stabilizins at & level characterictic of tho now texperature (Grainger,
1956, 1958). This initial resporwe to temperature chonge is much
neglected end 1littleo understood. Overshoot reactions and subsequent
effects in the heart rate of molluscs hava been inveatigated by Legal
k1962), and Opaargaren ot, al, (1977) have studied similer reactions in
marine end brackish-water cruastocecns, It is dAifficult to interpret

rate oscillations in terma of functional significance; 1t is nore
probable that an abrupt tuuperature change causes & terporary imbalance
in certain physiological syntens (nervous end perhaps hormonal), and
thesa fluctuations are merely incidental to the adjustments that aro

forced upon tho animal,
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Segal (1962) found that the initial response of the gastropod
Acmaea limatula to abrupt chaonges of 40, 20 and }400 (ct. 8%
tenperature increases in the present study) was an overshoot after an
increase and an undershoot after a decrease in temperature. lHe
found also that the peak frequency uzuzlly was attained within a
minute and rarely later than 4wo minutes after the temperature change.,
Such findings are in agreement with those of the present study. In
addition he found th.t the greater the temperature increment the longer
the heart-rate takes to stabilize at the now level, and, as desoribed
here, the same temperature increment causes a greater overshoot at
higher temperatures,

w b

Thus, although this otudy bas shown that fluctuations in heart

rate normally die out within four mimutes of an abrupt temperature
change 1n stated conditions, this poriod could be longer at higher
temperatures. It was therefore decided to allow a ten-tuirmte lapse

before measuremont of heart rate in the followlng experiments,

Conclusions

PR A

It has already bYeen established that 10 minutes is anple time for
a snail to recover from the sudden changes in light intensity
encounteroed during the experimonits. The preliminary obaervations
described here show, firstly, that within a phymiological range heart
rate smoothly end rapidly foliows & gradual rise in experimental
temporaturo and, secondly, that ten minutes should bde sufﬁoie;xt time
for the extinotion of flustuations in heart rate following sudden

temparature changos, -
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1t 48 concluded that the descrided basio method of heart rate
weagurement 18 valid, but that a ten minute lapse should be allowed
after immersion of each animal into the observation tank before
commencement of heart beat recordings. This finding was incorporated

into the meth od used in the main investigations,

SCASOFAL CHANGES IN HEART Rall

Introdustion

Little information 18 available regarding seasonal adaptation
of the hsart rate function in poikilotherms. Barcroft and Igquierdo
’(1931) and Stier and Taylor (1937) have shown distinot ﬂaasonal' cmos
in the heart rate responses of frogs, and Segal (1956) found that tl:;o
heart rate of the limpet Acmaea 14matula varied geasonally over a range
of temperatures between 9 and 29°C, having a paa;.k in winter ard a
minipum in sumser. Further, Crozier and Stier (1924) found clear
seasonal changes in Q’lO for heart beat frequency in tha slug L:lmat
maximus, Conversely, Eith (1974) stated that for several species of
anuran the temperature-dependence of heart deat was independent of
seagon of the year, and Pickens (1965), following experiments with the
mugsels Mytilus edulis and M, californianais, could reach no poaitiva
conclueions with regard to seascnal adaptation of the heart-rata
function.,

This study aims to establish the precise :alationahip batw‘aén J

heart rate and temperature in Lymnaea stam alis, and to determing

whether this relationship changes with seacon.

9
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Snails were collected hapi:roﬂmafaly every eight weeks, from
April 1975 to ¥ay 1976. They wore stored and fed until use as
previously described., Each animal was allowed ten minutes to adjust
to a new experimental temperature before heart beats were recorded
for two minutes using a hand-counter and stop-watch. Bhell lengths
were carefully measured, Recordings were begun as eoon as possidle

after collection snd normnlly wers.completed within tem days.

Raﬂultﬂ . 1 ‘ e

T

Hea?? beat rrequeﬁcléa were tecorded and transformed to
logarithms. The mean, standard deviation and 95% confidence limits
of the data were then caleulated. In addition, correlation coefficlenis
for lt:glo shell length esalnst 1bg‘m heart rate were calculated for
each geasonal sample of animals at esch experinental temperature.
Sigze was found to change consideradly with season (see Fig. 10) and
44 was necessary to determine the relationship, if any, between #8120
and heart rate. The values of these correlation coafficients are shown
in Table 4. It is saeen that only thirteen of the ssventy computations

proved to be significant at the 95% level of significance. Therefore

1t i8 concluded that size-offects were minimal in these experinments,
The heart rate data are showm in Table H and dsrived ratoe
temperature curves, with 95% confidence intervals, are illustrated in
Fig. 9. It was found that heart rate increased with temperature up to
a peak, the upper thermal limit, beyond which it declined (as meen in

Preliminary Experimont I) and tho beats decame erratic, resuliing in a
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Table h:

375

N

Values of the correlation coefficient (r) for log heart

rate against log shell length

10

Juno

Uelh

035

10

August October Nov-Dec February

0.20

=0,85
«0¢39

«0¢05

=0 kly

0.19
=008

10

=051

Month

~0e13
0.02
«04l3

«04438

=0 ¢ 5k

10

~0,09
«0e17
0,08
0.4

-0.0?
Q.22

=050
0,29

..-l'

~0¢58
«0,29
0,72

=0,68

10

March
=01t
=071
“0,61
=0,87

=0 ¢75
Q.05

w0 ¢ 52
~Qe¢35
Qelo

Underlined values are significant at the P = 0.05 level

Hay
0¢335
«0e¢bl

=0 905
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TABLE 5t Seasonsl heart rate data . -
- o « |
. Experimental temporature { C) | M ﬁ
m W | w, Ksan shell length

Konth 5 10 15 22 25 '27.5 - 30 32.5 35 ~ 375 40 N (102,, ca)
PRI 0,79 120  1.39 1.63 L7 - 1.85 L& L1y . ¢ - 10 0,296

20.06 0,03  I0.02 .04 10,03 .02  p.04 0,08 T 20.043
JUEE 0.83 11.20  1.39 162  1.76 - 1.82 186  1.88  1.86 = 10 0.450

20,04 20,02 .04 002 20,02 .03 0.0z o0z  0.02 3 *
AUGUST 0,61 . 0.94  1.28  1.46  1.62 - 1.83  1.89  1.88 - 1350 - 1.85 10

or oo . oo o.os 0.04 =0.0* 0,06 20,04 Ip.04
CCTORCE 0.8 114 1,33 1.5  1.61 - 1.74 1.78 1.2 1.8 7 a 10

.07 .06 Lo.e6 0,05 .06 20.06 .03 .0 oo
HOV-DEC 0,72 0.97 1.21 1.45 1.55 1,55 1.66 1.51 - - - 8

11 %0.07 0.1 .03 a2 a4 o000 L2

FERRUARY  0.85 1.05 1.0 1.55 1.7T1 1.69 1.76 1.71 - - - 10

+ + > 2 + 4+ - + + + ..

0,04  20.06 20,0t  20.05 0.06 fo.05 to.os Xolov
UARCH 0.58 1.29 1.45 1.65 1.79 1.84 1.72 1.82 1.68 - - 10

20.06 20,00 In,03 2003 Yo.o2 0.0 oomr Eou 6.6
E Hiom H.l B H : fWuw Htg N-i.ﬁ\«w - Hi@tﬂ Htmm Hiwu- H-i .Nw hand Ho

+ + + . 2 + . o - +

(3,04 =0, 04 «0,0€ -0 .04 0,01 -, 02 +03 -~ ,04 0,13

S e . .

Ksan Homu.o heart rates for eoch season at each expericental temperature with saxple sizes and mean
955 confidence lircits of the ceansars given.

log,y shell lensth (Is.D.).




FIG. 9 SEASONAL HEART RATE-TEMPERATURE CURVES
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genaral increase in variability of the-data., Fig. 10 is a suzmary of
the year's results in graphical form, It shows how upper thermal limit

(UTL), beart rate at 5°C (an indicator of low~-temperature sensitivity)
and wean 10g,, shell length varied with season (Apridl 1975 to Yay 1976).

Discusgion

Fig, 9 shows changes in the relationshlp batween heart rate and
temperature through the course of the year, the most distinst
differences occcurring at eithor end of the curves, There i3 a clear
shift in the low temperature portlion of the curve and & change in the
position of the peaks The shape of tho peak also changes, In
addition thore is evidence for translation of tha curves between 15
and 25°C,

Corparison of tho March and August curves provides an exampleo of
translation. The log,, heart-rate in liarch excesds that in August by
0417 at 15°C) 0,19 at 20°¢ and by 0,17 at 25°C (see Table 5). All
thoge differences nre significant at tha 955 lavel of confidence, Tho
surmer hoart rato-~temperaturs curve .therefora shows a deprsssion
compared to that recorded in winter. (Seaaocnal temperaturs data are
shown in Fig. 2). This vertiaai tranalation of the curve represents
a capacity adaptation and is equivalent to Prosszer's (1958) acclimation
type II. There im not, howaver, a clear and straightforward seasonal
progression in the shift of the rate temperature curves, and only when
temporally well=spaced curves are compared do significant changes.. ...
become opparent, Miller and Mizell (1972) likewise found distinct

winter-gummar differences in the heart rate of Rana pipiens but stated



that during intervening months the Tesponse was intermediate with no
predictable pattorn.

The changes ‘dccurring at the temporature extromes provide ' -
evidence for seasonal resistance cdsptation, The temperature for peak
heart rato (UTL) varies consideradbly with season., For example, r
comparing August with February, tho UTL in sumer is approximately
37.500, whereas in winter the peak occurs at about 30.5°0. Warm =

ad'apted snimals are therofore more tolerant of hlgh exposure teaperatureds,
The determination of a lower thermal 1limit is more problematic because
this is indicated not by a peak but dy a disproportionate drop in

heart rate at low temperature, However, if resistance adaptation to-
low tenperature is present, then winter animals will exhibit a
considerably higher heart rate at 5°C than summer animals. A comparison
shows that the mean 10.310 heart rate of August animals at 5°C 1@ 0,37
lower than that of March animals, a significant difference (P < 0,01).”
This change in rate at low tomperature 18 not due solely to the general
vertical translation of the curve discussed earlier, ‘aince couparicon
of the samoe months'® results shoxs a displacenent of only 0,17 loglo
beats/min in tho 15 = 25°C temperature range, It is concluied that

the mechanisme of capacity end resietance mdaptation ect together to
produce significant seasonal differences in heart rate at extreme low
temparature,

Figuro 10 shows how upper thermal limit increases through epring
and surmer to reach & maximum in August, then falls ¢0 a minicum in
December and February, Heart rate at 5°0H shows & more.erratic variation
with seamon, exhibiting a minimum in August end increasing through

autunn end winter to schow o maximum in opring. These two sets of
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results therefore do not exactly concur,. ' For example, a minimum UTL
does not ¢oincids with s maximum rate at 50(:. This finding appears to
contradict Precht's (1958) suggestion that adaptation to low tempsrature
necessarily incurs changes in heat tolerance, and vice versa, It
infers, instead, that changes in heat and cold tolerance are not
inseparably linked but may each be controlled by separate mechanious,
Furiher evidence that no single factor is responsible for the observed
seasonal changes in heart rate is provided by the oscurrence of a
bimodality in the rate-temperature curve at certain seasons., Figure 9
clearly shows & progression in the development of a saecondary pesk at
lower temperature. This first becomea apparent in Noveazber-December,
reaches & maximum in March and declines by June., The pessibility of
this and other effects being ciéused by changes in the sige distridbution
of enimals through the year is ruled out because there is no strong
correlation betwesn hoart rate and size (see Table 4). Figure 10 shows

further svidonce that sige is not a major influence on heart rate.

Comparing the June and August results, the change in mean log shell
lengthis insignificant but ths UTL increases by 3°C and ° log _ heart
rato at 5°c decreasas by 0.22, a significant change. Koreover, a large
and significant increass in sige from March t0 Kay has no significant

offaot on the heart rate parameters illustrated.

Digcusaion of the results has mo far etressed the importance of
goasonal temperature changes, but other factors may well be involved.
Breeding condition may be considered an important* factor uffecting
heart rata, although Begal (1956) found in Acmaes limatula that size of
gonad 4id not contribute to the variation in heart rate between samples,

Food avallability may affect the heart rate-temperature relaticm.also.

‘? ¥ T :r.’:ﬁ""xe



Various anomalous results were ob;ained by Pickens (1965) from field
and laboratory-acclimated populations of the mussels Mytilus

californianus and M, edulis., He susgested that although temperature

compensation in heart rate could not be ruled out, a more likely
explanation for the rate changes was that they reflected adjustments’
to different food conditions.

The moin ;findim-ﬂ of the Q;;ﬂanqth ctudy are }that‘ Lm nen starm ;115
embita seasonal chanzes in tho heart-rate temperature relation
resulting in capacity and resistance adaptations which are dus to
physiological adjustments controlled b:v more then one independent
mechanien, Temperatﬁ:{:‘e may Or may not ':be a direct causal factor,

Similar results have been quoted by other workers. TSegal (195651
etudying the intertidal wollusc Acmasa linatula, found that both high
and low level animals had faster rates in winter than in summer at any
temperature bétweené and 2900 and therefore exhibited clear seasonal
capacity adaptatiohs. Sinmilarly Piokené (1965) found that in the
surmor, hoart rates of kytilus edulis ‘and M, californianus acclimatided
to colder corﬂitiané were always higher than those in warm wator
pobulationa moasured ot the same temperatures, Distinct seasonal
changes have been observed in the shape of the heoart rate~temperature
curves of excised and intact frogﬁ' hearts, with changes also in th;
position of the peak (Barcroft and Izquierdo, 19313 Smith, 1951}
Stier and Bock, 1966; liller and Mizell, 1972 and Harri end Talo,
19758, b). A study by Stier nnd Taylor (1937) on the behaviour of the

heart of Rana pipiens at hich termmerature showed that the upper linit

of temperature at vhich normal éontractiaﬁ was maintained varied with
season and thus revealed a resistance adaptation. Lang (1910, cited

by Crozier and Stier, 1924), found gifferent heart rato Qm'a according



to Beason in the torrestrial gaﬁtrdpod Hellx,

Conclusions

- With regard to possible errors incurred in this investigation,
it is nssumed that no changes in heart rate~temperature relations -
occurred during the short storage period before measursment, induced:
either by changes in nutritional status or by a differsnt temperature
regims, Size effecto, which appeared to be negliglble, were ignored.

.. Mo gumnarize the results, it has been found that the seasonal
rate=-temperature curves showed  translation between 15 and 25°C. This
capacity adaptation was most distinct when comparing wvinter and swmner
animals., During intervening months the response was intermediate with
no clear seasonal progression. Upper thormal limit and heart rate at
5°0 {an indicator of cold-sansitivity) both changed considerably with
seascn, illusirating reasistance adaptations at both temperature
oxtremes. Changes in heat and cold tolerance appear %o be controlled
by separate mechanisms. Tho cccurrence of a secondary peak in winter
and opring curves was considersd to be further evidenca for ihe
complexity of heart rate conmtrol. This investigation haa shown,
therefore, that time of year considerably influences the shape of the
hoart rate-tamperature curve, but the precise seasonal influences are
not knowm. Although the results have becn exclusively related to
temperature effects, othaxr factors such as daylength, reproductive
atatus and fpod aval labllity may a.lgo beo 1mpqﬁ§nt. It* io likely that

an inter-relationship of environmental factors is responsible for the

complex changes obaerved,



LABORATORY=-INDUCED CHARGES IN HEART RATSH

Introduction

I+t bas been shown that Lymnaea ntammalis exhibits seasonal
adaptations of the heart rate-temperature relation, although the
precise factors responsible for these changes could not be spacified.

Use of terms such as ‘capacity adaptation' and ‘resistance addptation‘
implies adjustnent to temperature a.lm;m. This investigation sesks to
determine whether chanzes in heart rate function can be induced by
thermal acclimation in the lsboratory.

Studies on acclilmation of heart rate are relatively few, and
from the work published it appears that scme poikilotherms do exhibit
acclimtory reabomea in this rateetemperature relation {(Mellandy, |
19403 Segal, 19563 Tsukuda and COhsawa, 1959), vhereza others do not
(Ahsenullsh and Newoll, 19703 Widdows, 19733 weathers, 1975).

Rarely have laboratory studies been directly compared with seasonal
obasrvations however. Temperature may or may not be the mét 11mpnrta.nt

factor affecting seasonal adaptations, but certainly it is known

(Fry, 1958) that direct effects of temperature may be oppozed or

‘reinforced by the effects of other environmmta].;condi‘tionﬁ. it is
of special interest to isolate which of the observed seasonal changes,

if any, may be induced by ncclimation to temperature alona,

Materials snd Methods

Animals were colleoted in March 1975 and £Toups of twenty oxr
more animals stored in Ema.ll tanks of aerated water m Fisons
environmental cabinets at 5, 10, 15, 20 and 25°C (allc - 130). Lighting

regines were rmintained at 12 bours lightil2 hours dark and the enailo



fed ad 1ibitum with lettuce and Tetrallin fish food, as before. The
animalﬂ wore ?allomd to ac;limta to theaa‘ conditiono for 3 ~ 6 weeks,
Randonm samples of —10 or 20 animals were tixén taltceﬁ ard heart rates
neasured according to the mothods previously described,_ Shell sige

was recorded., With regard to tho required time for complete
aci:limaﬁm, a period of 3 to 4 woerks is némally considered sufficlient,

although shorter times have been reported” for various metabolic rate

flmc'ti 0113 .

Hemultn ’ q s
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Heart beat frequanclies we;'; recca‘d&cﬁl,*ﬁ ';ransformad to loe;ai'itm
anﬁ the mean, standard deviation and 956 confidence intervals calculated,
Correlation coefficients for logm cshell length againat loglo heart
rate ware alco calculated for each ucclimation group at each experimental
texperature., These valuos are aho%n in Table 6. It is seon that only
T of 43 size-~rats correlations proved to be aigniﬁcaﬁt at the 95% level,
It was therefore concluied that sige-effects wore minimal in theso
exporiments, Such findings are in agreexent with those of tho peasonal
stuldy, The basic heart rate data are shown in Table T and the five
rate~temperature curves derived from thase are representad, with O5%
confidence intervals, in Fig. 11, It is seen that theoo are of
generally similar shape except for a bimodality observed in the Tas 20°¢
curve., (Ta » temperature of acoclimation), In order to show more
clearly the differences betwasen these ocurves, the graphks for tha Tas 5,
15 and 25°C animals are superimposed in Fig. 14, Figure 13, which is
essentially a summary of results in sraophical form, shows logm haart

rato at 5°C (an indicator of cold sensitivity), upper thermal limit

T1



Table 63 Values of the correlation coefficient (r) for
log heart rate against log shell length

Acclination temperature (Ta °c)

Te °C 5 10 15 20 25
5 -0.10 0.20 0e35

10 «0433 0.2k 0400
15 -0.11 O.1h 0400
20 =0.59 w0433 0«00
25 -0439 0,2k 034

275 - - -
30 «0426 0.22  «0,10

3245 =030 0432 «0Del3
35 045 0,00 0,03

375 - - - «0,10
My - - - -

N 20 20 20 10 10

Underlined values are significant at the P = 0,05 levol

12
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Table 7t laboratory acclimation heart rate datoe
Experimental temperature nﬂ.ﬁ °c) Mean shell
10 15 0 25 275 20 2200 25 275 LO N length (cm)
JIAP Jiuu JGWN Jim-._. Almw.N Jtnw.\ - - - <0 -
*o002 o002 tow2 2o0.02 2005 =o0.04
1 io.m d lmm ;— 'WN d tmm - 1 .3 A tﬂ# - - 8
*0.05 f0.03 20,03 =o0.02 = 0,02 2 0.04
dlg dlmﬂ ;—lﬂN - Jimd Jtﬂm - - B
20.03 0,03 =0,03 = 0,02 2 0.02 2 0,04 2 0.32
1,07 1,28 1.48 1.65 - 1.77 1.74 1.83 1.68 10 2,32
2008 0,08 20,05 = 0.05 Y005 *o0.07 Lo.04 Z0.Mm - Z0.12
0.97 1032 148 1.65 - 1.75 100 1.82 1.73 1.75 10 2.87
*0.06 20,06 20,03 = 0,03 20,03 = 0,03 = 0,02 Yo.oh 2 0.06 2 0.14

lean ubm._o heart rate for each acclimation temperature (Ta) at cach experimental temperature (Te)

with sample size (N) and mean shell length.

intervals for heart rate means and by standard deviation for shell length,

Variability of data represented by 955 confidence




Firure 11:

Heart rate~temperature curves for

each acclimation temperature (Ta)

Mean values with 95% confidence intervals
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(UTL).and mean shell length for each acclimation group, Figure 14 is
an acelimated rate-terperature (R«T) curve and chows heart rate for

each acclimation group measured at the respective acclimation temperatures

(TG = 'I'a).

Discussion

Tho sicple heart rato-temperature curves illustrated in Fig. 11
aﬁow how tho relationship bestween heart ratev and experimental
tezperature (Te) varies according to the temperature of acclimation (Ta),
The most obvious changes occur at each end of the curves. Direct
compariton of the Tas 5, 15 end 25°C curves is facilitated by the
superimposition showmn in Fig. 12, Betwsen Taest 15 and 2500 theroe i
1ittle difference botween the curves, but beyond these limits clear
rosistance adaptations are evident, Comparison of the data points
between 15 and 25°c for all five curves (Table7) shows that confidence
intervals overlap the means in most cases, indicating an absence of
clear capacity adaptation. The temperature for poak beart rate (the
upper thermal limit, UIL) and heart rate at 5°G, however, change
conaideradly with temperature of acclimation. An increase in Ta
gonarally results in a rise in UTL, The upper thermal limit for Tas 5°c
10 25°C and for Tas 15°C 1t is 30°C, risinz to 35°C for the Tas 25°C
group, Acclimation thsrefore changes tolerance of high teumarattﬁ;éa.
Heart rate at 500, vhich gives an indication of sensitivity to low
tem;mratﬁre, increanes as Ta decreases and this suggosts that acclimation

1o low temperatures results in a resistance adaptation to low tenmparature.

Thermal acclimation therefore affects both upper and lower limito of the

rato=-teuporature curve and effectively extends tho viable tempé’fafturﬁ

-
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ranze. These results are summarised in Fig. 13. Mean shell length is
also indicated hore. It i3 seen that somewhat larger animals wore used
in the Ta 20 and 2500 groups, However, it has already bteen shown that
size has 1ittle offect on heart rate and Fig. 13 gives further evidence
for thia‘_ agsertion, Cowmparing tho Tas § and 15°C resulis, for exmmple,
animal s£zo is not simificantly different yot both UTL and heart rate
at 5°C differ considerably. A significant difference in size betwoen
Tas 15 and 20°C animals results in no real change in hsart rate at 5°C.
The acclimated rate-temperature curve shown in Fig, 14 is similar in
shape ta the normal curfs‘a of Mge 11 and further illustrates that
capacity adaptation of rate is absent., For perfect or total acclimation
the 8lope of this line would E“alzera; heart rate would be equal for
aachi acclimntion temporature. ..f..;oordin{; to Bullock (1955) the
acclimated rate-temperature curve showg a slope indicating the degree
of Gensitivity to temperature, a length indicating temperature rango and
& shape at the endn indlcating the sharpnecs of ecologic limits,

It 18 apparent from the i;esulta of this invesatigation that
acclimation to tenpesrature afEng ras{i’ltg}n reaistance adaptation at
each temperature extreme, but there hhlgoheiridance for capaclty
adaptation. Provicus studies have prndpﬁed conflicting results,
Capacity adaptation of heart rate rémts;lting from thermal acclimation
has been shown t0 cccur in the oreat;d newt irituwum cristatus (MeRanby,
1940}, in the limpet Acmaea limatula (Segzil, 1956), ard in a fréahﬁater
enail, Physa sp, (Teukuda and Ohsawa, 1959). Conversely, kowever, no
acclimatory changes have bean found in tho heart rate responass of

crabas Carcinus maenas {Ahsanullah and Newall, 1970), various anurans

(Riith, 19743 Weathors, 1975) or russels Mytilus edulis (Widdows, 1973).
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14 appears that factors controlling compensatory responses in ths
heart rate-tomperature relation differ betwean epecies so that no
generalisation can be made regarding the induction of capacity
adaptation of this function by temperature zcolimation,

A further rosult of interent 48 the occurrence of a double peak
in the ratoe-temperature curve for Tas 20% (FMig. 11), similar to that
sometimes observed in tho geasonal study. Ueasuremenis were repeated
on the saxmo group of mimals four weeks later (total acclinmation tine
then 9 weeks) and o pimilarly shaped curve was obiained (see Pig. 15), -
indicating that 4t was not an artefact of masasurement. Further, the
lower peak, at 3000, corresponds to that of the Ta 15%C ourve end the
upper peak, at 3500, corresponds to thot of the Tas 25°c curve, It
appears that separate factors are m_spemi‘ble for the position of the
maximm, 'These factors are temperature-induced and at intermediate
terperatures of acclimation may occur together to affect the upper
region of the heart'rateutmpemfure curve,

Further discussion of the results in comparison with those of the

gseasonal study will be considered in the final seotion of the chapter,

Concluslions

el AR

All conditions, excopt temperature, were held constant for all
groups of animals in the environmental cabinats, Lighting regin;es were
naintainad at 12 howrs light:l?2 hours dark in all cases, 7The
assunption that photoperiod effects wore equal in asli cases ignores ony
possible inter-reiantionships betwoen photoperiod end teuperature, end
further doos not account for possible physiocloglcal changes in all
animals induced by the sulden change from epring lighting conditions

02



{28 encountered by the animals bafore collection) to the artificisl
12:12 lighting conditions. The nutritional aspect i8 also important

here, Animals were fed ad 1ibltunm and snalls maintained at bhigh

acclimation temperaturo were seen to consume food at a faster rate
thz;;x cold acclimated onas, Any regstriction in food raﬂoning, however,
nay have resulted in starvation in certain groups and would have been
practically wore difficvlt, RHelationships between temperature and
feading rates and possible affeots on metadbolic functions will be
discussed in the )ast chapter. <8 in the seasonal study, size effeocts,
which appeared neglicible, were ignored. The assumptions listed here
may have resulted in some misinterpretation of the derived resulis.,
Further, if tho experimenis were repeated using animals collected at
a different time of year, identical results may not have besn obtained,
To swmarise the ifinlings presented 1n this section it mny be
stated that acclinmation to a wide range of temperatures resulted in
resistance adaptations at both ends of the heart rate-temperature
curves, but there was no evidence for capacity adaptation, Resistance
adaptations wore indicated by genoral increases in wpper thermal limit
and reductions in heart rate at 5°C (indicator of cold mensitivity) for
incraeased temperature of ccolimation. The Tas 20°C curve showed a
bimodality with maximn occurring at 30 and 35°C, these peaks
corresponding to those of the Tas 15 znd 25°C rate-temperature curves
respectively. This raéult suggesta that more than one factor in
feﬁpmaible for tho nosition of the UL amd that thens are not equally

affected by acclimation to constant temperature.



CENERAL DISCUCIICH

Fxporinental Pindin~s

It was secy in tho seasonal investigation tiot animals exhibited
both resistonce and czpacity adaptations of the heart rate function.
The ceanonal curves chowed distinct translation between 19 and 2‘5“0
and aleo olear chanzes in UlL and heart rate at 5°0,  The adaptationg
were most obvious when comparing winter (February) end summer (Auguat)
animals, Experimental msecclimation to texperature in tha laboratory,
howevor, produced only resistance adsptations) there was no ovidence
for capacity sdaptation botwean 15 ard 2SDG. The general ehapes of
the B~T curves were similar in both studies. Lt appesarg that tharmal
accliration produces the changes in thermal limlits of the heart rate
funotion algo founi at uiflerent tizen of year, but that capacity
adaptaticn occurs cnly in eeasonally adapted enimals, This sugzosnta
either that a longer time course is required for the rasﬁma or that}
othar feotors, such am fluctuation of temperature and photoperiod ar
reproductive status of the cnimal, are irportant. JIndeed, it is proper
not to over-esticate conatant temperature effects in seanonally
acclimted animals., Heproduotive activity cubstantielly affectis an
eninsl's activity, bshaviour and physiology. 4dn many speclies the
metabolic rateo becomen very high during the breeding scason, which often
coincides with warmor environmental temporatures, and soms spscies
underge a winter rest phasa,

The occurrence of a bimodality in the rate-torperaturs curves of
both studlen is & most interesting feature ond Durther suggests that

control of hesart rate is compleox and dependent on wore than ono mschenimm,

04



Possible physiological procesmes involved 1in heart-rate control are

discusged below.

PQ apible Heart~liate Control Mechanlisus

The relationship between heart rate and “temperature has Séan
shown to be very flexible, qt‘a.nging with season in the mturail aituatioh;
and with acclimation temperature in iabomtory studies, 1t is
pe::;tinent to briefly discuss some gensral plﬂ'ﬂiologicalfmeehaniﬂms :
involved in the control of the heart rate fumctlon,

It 18 gonerally accepted that molluscan hearts lack direct noural
control but have instead a diffuse generalised myorenic pacemaker
mechanien, However, electrical stimulation of visceral nerves or
ganzlia (Silvpy, 1968) has revealed cardioregulatory effects in most
cases, with botha excitatory and inhibitory nerve fibres controlling
frequency snd smplitude of beat (Hill and Welsh, 1966). Theseo offacts
inply ths involvement of nourohormones. Known neurohormonal
transmittera include acetylcholine, an 1nh1b1:tar, and S-hyd:roﬁ-
tryptamine, an excitatory transmitter (Hill and Welsh, 1966). Kale and

Rao (1973) showed thnt neurosceretions of the nervous system of earthe
worns have an important role in the control of netadbolioc activities
during cold scclimation, and Lagerspetz and Tirri (1968) bave indicated
that high heat resistanco of heart beat afj the freshwater mussel
Anodonta, induced by oceasonal scolimation, 18 ﬁ.uociated with
elovated S<hydroxrytryptamine concentrations in the heart., An annual
cycla of activity has indesd baen oboerved in the naufomaratorj cella

of the mollusc Viviparus I(mk by CGorif, quatad.zby Gersh, 1'1958). where

gramules were found in some ganglion cells. They were numorous in



‘gurner but few in wintor.

. Carter (1933) has investigated effects of -endocrine sudbstances
on the form 6f {ihe heart rate-«temperature curve in the frog.:. Mo
concluded that observed seasonal changes in this relationship were
indeed of endocrine origin and that the effective organ was the
thyroid, by increase of its activity 4in the summer, Further, according
to Smith (1951), the seasonal changes in the rate-temperature curves J
closely parallel the cycles of thyrold dstivity descrided by Bklower
{(1925) and Meisenkeimer (1936).

It 1s known that pulmonate malluacaffpogaaaa both nervous and
ném-mmua endocrine organs (Boer and Joéa:a‘a,*“ 1975) which similarly
may play important roles in the conirol of heart rate in Lymnaea
stasmalis, -

Other factors which may influsnce heart rate are ohanges in the
epeed of conduction in the myogenioc pacémaker mechanism and change in
the structure end/or function of the heart muscle, The gross effocts
of temperature on various aspects of ‘nerve aotiviiy have been studied -
by Hodgkin and Katz (1913), Carter (1931), Gasser (1931), Kerkut and
Ridge (1962) and Vislobokov (1975). The latter worker, siudying
L. starmalis, found interneuronal differencea but atated that the most
suddenly changeable paranmeters were velocity and duration of the action
potentlal. CGCarten amd Sulze {1913) showed that the belmviour of
isolated nerves of frogp at low temperature depsnds upon the previous
thermal bistory of the enimnls, A review by Lagerspetz (1974) records
that the conduction veloclty of the cormpound motion potentinl of
peripheral nsrves has shown compensatory acclimation to temperature in

e fich, a enail and a crabs Bingle sepiate glant fibres of earthworms

show compensatory tcmperature acclimation’ of conduction properties,
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the form of the action pofemml and of the axonal cable propertieca.

Tha gynthesls of egstyloholine rececptor molecules may aleo be affeatad
by tauperature acclimaticn. Feurouuscular transmission in ithe frog,
following acolization t0 tha cold, showa incressed resistance to low
tezperature and some indicationa of temperature compensation. Lagerspets
also verifics that cbangen in neurcsecretion appear %o be involved in
taaporature acclimation.

Evidence foz; groas changed in puacular responses ay different
temperatures bas boen provided by -Rao and $ingk (1907), who found in a
frog and in Mytilus that nugcle ione increases with temperature up to
2000, -thaen declinas between 35 end 40°C and increases again up 10 45 -
46°c. - This bimodal property of the musola tone-~teuperature curve is of
particular interest vhen considering the double-peaked heart rate~
tesperature curves obiained in tha present otudy. Dscrease ¢f temparature
vas found to decreass the rate of rise in {tension and 10 increase the
dateat period of th; responie to soetyloholine. Hadju (1951) found

apparent changes in tha ’tmemtura dependensa of frog musculus sartorius
according to season, ‘!:um;.es of suzmer frogo developed maximal tension
at o higher temperature than winter frogs. The ehapes of tho temporature
depenienco curves were ocimilar, but that of the sumer animalo was
shiftel to the right by 5°C on tho temperature sxis. Similarly Precht
(1960) has shovm that muscle from a warm edspted frog still contracts,
vhen stinmulated directiy, at o texperature at whioch musele from a cold
adapted frog will no longer rempord. Denthe (1954) foumd that the
excitability of thoe isolated foot of Lymaea stasmalis chanzed according
to acclimation terperature and, furthor, that tho tazporature at Wﬁiﬁh

tusclo nmombrang bscomss polarised is highor in the cass of warm adapted
animalg, PFurthar infomation rogarding sdaptaticn of poikilothem
muscle strusture and function has come to light through the work of
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Johnston et. al. (1975). At 1°C the myofibrillar ATPase activity of
cold acciimatod fish was 2,8 times higher than that af‘ warm acclimated
fiah; 'fha log plofa of activity versus temperature were found to be
significantly different. In addition to differences in engzyme agtivity,
myofibrils from cold and warm acclimated fish had different thernoe
stabilities, implying resultant resistance adaptations. 7The result also
provided strong evidence for a change in either siructure or
accessibility of the active site in response to temperature acclimation,

This brief survey of the literature t{an indicated that the complex
changes in heart rate-temperature curveg observed in the present
investigation, insluding development of secondary peaks, may result not
from any singls mechanism but from saevaeral working together, Hormones
or neurohormones produced in different amounts according to time of
year or acclimation temperature, changes in conduction properties of
muscles and nerves and changes in muscle performance and structure may
all affect heart rate and lead to considerable capability for seasonal
and temperature-~induced adaptation of this rate function,

Conclusions

Seasonal acclimation induced both capacity and resistanco
adaptations in the heart rate-~temperature curves, Acolimation to
constant temperatures in the laboratory resulted in realstance
adaptations at each temperature extreme, but there was no evidence for
capaclty edaptation in the mid-temperature range. It is proposed that

factars other than texmperature are responsidle for seasonal cafacity

&d&p tations ¢
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A bimodalitj in the ‘rate-temparature é@aa of both stuldien
suggests that conirol of heart rate is complex and dependent upon
nore than one mechanism. Possible control factors include neuroe
hormonal changes and alterations in heart musole structure and

S “ H

function,



CHAPTFR _IIX

ACCLIKATION OF RATL CF OXYQEN CONSUMPPTION

INTRODUCTION

Rate of oxygen conmmﬂnn iz the simplest and most frequently
used indicator ofh total metaboliss, .-Much intomatign 1is availablo
regarding adaptatiun of thia fumotion to temporatum and BeaIONe
Studies on seazonal variations of oxygen consumption in relation t
exposure temperature have been mderta}'en on & wide range of
poikilothernms, 1nc1uding a large number of gaatropod mollusen, It is
found that mmml chanzes do occur in most cases. This mtimticn

aima to estabdblich for lymnnen starnalis the precise relationghip

between oxygon consunption, temperature and body eize at different
times of the year and to determine how and why seasonal changses occur,
Further it is intended to show wvhich of these chanpes, if any, v bo
produced by acclimation to ecnst”ant ‘temperature in the laboratary.s In
view of the larpe ammmt of work dono on acclimation of oxyren
consunption it is perhaps surprieing that only ruruly have both

seasonal and laboratory studies boen performed on the same orpnnisy.

BASIC METHODS AND MATERTALS

Oxygen consumption wes measured using a Gilson respiromater
(Model GR 20), This apparatus was originally designed for measuring
unall changes in gns volume resulting from chemical reactions, Lut hog
nmany applications end hag been used to meansure respiration rates of
both isolated tissues and wholo animals,
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FIGURE 16 ILLUSTRATION OF THE PRINCIPLE OF THE GILSON DIFFERENTIAL RESPIROMETER
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The machine consistas essentially of twenty simple Warburg-type
manometers mounted in racks.; Temperature in the flasks is controlled
by imnersion in a large water bath which has heating and cooling
facilities. The respiration vessels contain a side-arm into which is
placed & carbon dioxide absorber. 4An animal placed in the respiration
vessel consumes oxygen and the carbon dloxide evolved is colleﬁted in
the absorber. A reduction in volume of ﬁe gas in the system results,
causing & change in the level of the manometer fluid. This change is
compensated for and measured by use of a micrometer screw attached to a
menbrane in the manometer. This is calibrated in wmicrolitres, The
volume change recorded over a chosen period of timo is corrocted for
temperature and presauro using 8 basic expression derived from Charloﬂ'
and Boyles'! Laws, An illustration of the principle of the Gilson
apparatus is shown in Fig, 16.(from Unbrecht set. al,, 1964). Plate 3
i8 a photograph of the actual machine uaed,

It is important to note that when very small volume changes are
being investigated the apparatus is particularly sensitive to temperature
change. Many of the complica,t:l:ons in the method result from necessary
compensatory ﬁrﬁrﬁceduraaﬁ end adjustments. A small quantity of distilled
water must be added to each vespiration vessel and to the reference
flask (see Fig. 16 and Plate 3f) which ia comotéd to the distal end
of the manometers. This ensures that o 'wet! gos volume is compared
to another 'wet' gas reference volume, Marked instability results when
attempting to run dry. Fortunately the snails used in this inveatigation
do require a water-saturated atmosphere to remain damp and maintain
respiration. The volume of the reference flask is approximately the

same as the total volume of all the respiration vessels in use, This
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FIGURE 17 MODIFIED RESPIRATION VESSEL
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is necessary because not all of the enclosed gas wolume is submerged.

in the controlled water bath and changes in awblent temperature -
thereforo affect the respirometer., It has been empirically determined
that when the active flasks are all of the same size the effect of
anbient temperature chonges are minimized by making the gas. volume of
the reference flasks equal to the sum of the gas volumes of the aciive
flasks, Accurate volume measurements are not nescessaryj approximations
using nominal valuss are cdequate, Original resplration vessals
supplied with the equipment were not usod because the necks were too

narrow to permit the introduction of some of the larger snails used in. .
the study. Slightly larger vessels with wider necks, and an adaptor

piece, were specially manufaeciured for use in these investigations
(sce Fig. 17 and Plate 3), These had a volume of sbout 50 ml., A
roference flask of suitable volume was used according to tt};oﬁzmmber of
flasks in use, normally ten. At least one control vesssl was included

in the manocster racks to monlitor volume changes caused by temperature

fluctuation. If the controls reglotered large deviations then the
results for that experiment were discarded. . Normally, hﬁaver, careful
control of laboratory heating and ventilation resulted in a.thermally
stable environment with only small volume changes being detecked in the
control flasks,

¥hen water bath temperature is changed, &8 when new experimental
temperatures are selected, it is vory important. to allow. sufficient time
for the system to atialn thormal and vapour pressure equalisation, .
According to the manufacturera instructions this period is at least.
fifteen minutes. Equilibration periods of one hour were allowed in the .

following investigations, . ey

[ P - r..l i_
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The respiration vessels were prepared for use in the following
manner, First the flasks were carefully cleaned and autoclaved to . ..
destroy any microorganisms present, A small plece of polymer wool was
then introduced into each vessel and moistened gith 1.4 ml of |
posteurized distilled water, It has been stated that a small volume of
water is required in the respiration vessels t0 lmprove stabllity of
the recordings. For simplification of technique 1t was decided to
measure the rate of aerial oxygen consumpiion of the snalls, and the
volume of water added was sufficlent to provide moisture and a humid
atmosphere for the animals. It is known that Lymnaea stagmalis has the
inherent ability to respire atmospheric oxygen and apparsntly does 80
even in th; natural situation whon dissolved p0, is high (Jones, 1961}
McDonald, 1969). To the mide-arm of each flask was then added 0.8 ml .-
of 10% KOH solution = a carbon dioxide absordber. A -small wick of rolled
and serrated filter paper was added to each 1sids> axm to increase the
surface area of the absorber and improve iks efficiency.- The snalls -,

could then be introduced into the flasks (except tha controls), taking

care not to allow contact with the KOH, Thg adaptor pieces were .added
and the labelled flasks attaohed to the appropriate numbered manomoters
of the Cilson apparatus, Seals were made airtight using lanolin, and
springs or dands fixed where necessary. Figure 17 shows :a Tespiration
vaasel prepared in the descrided manner, LR Tt e
To begin the experiment the racks of respiraticnivessels: were

lowered into the water bath and after the one~hour equilidration period
the appropriate valves were turmed and measurement of oxygen consumption
begun, Micrometer readinga for each:flask, including:the controls, were

taken every five minutes for thirty five minutes.axcept when. reapiration



rate was very low (e.g. small animals at’'low temperature), when

recordings were made every ten minutes for seventy minutes, Ladboratory

temperature recordings were almo made at these intervals and
atmospheric pressure was measured on a laboratory mercury bharometer
at the end of the experiment. A graph was drawn for each flask's
results of recorded volums against time, A straight line was then
fitted by eye to these points and the gradient measured, This value
represents the rate of oxygen consumption in microlitres per hour and

was corrected for temperature and pressure using the following
maltiplying factorie

o 273-x P where ¢ « temperature in °C -
t+273) x 1 end Pbh = barometric pressure in mm Hg.

At the end of the exporimental period the flasks were raised from

the water bath and the next experimental temperature selected by
adjustment of the mercury-contact thermostat thermometer, Oxygen .
consumption was msasured over a full range of experimental temperatures,
from 5 to 30°C at intervals of 5°C, end from 30 to 37.5°C or 40°C at
intervals of 2.5°C. Normally three runs were performed each dayy the
temperature increment between succeeding experiments usually boingESOC.
It was nacessary to choose & constant procedure and the order of
exposure temperature used was as followss 20, 25, 303 15, 10, 5y
32,5 35, 37.5 (40). A random sample of nine animals was normally used
for measurement although thore were occasional mortalities during the

courde of the experiments. The came animals were of neceseity used
throughout the nine or ten experimental runs of eaoch condition, At
the end of the series each cnimal was taken from the apparatus, the

surplus molsture removed using paper tissue and the shell length and
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fresh weight recorded.”’ The snails were then killed by heating'in
water, the soft tissues extracted with forceps amd dried on filter
paper anl the 'wet! tissue weight determined. Ths tissues were then
pleced on glass slides and dried for 24 hours at 6500, then weighed
again to obtain tissue 'dry' weight.

A computer program was written to calculate corrslation and
regression cbafﬁcien’ca, using the 1028t Bquares! mathod, for log
oxygen consunption againat log shall length, log fresh welght, log
tissue weight and log timsue dry weight for all conditions. Thls was
done in an attmpt to standardise the recults for animal ’ai.z.eaand to
ahow!how the size-rate relation chsnged with exposure ter?;:afgturetﬁand
season or temperature of acclimation, It is known (see Chapter I)_{ M
that ths size-rate relation is normally of the following formi 0 = a ;b,
whcr?ohm » metabolic rate, w » weight or other mea*uurel of size, and &
and b a.r; constants, Expressed in logarithms this equation s the
form: log m « log & + b log Wy where b, the exponent, is the gradient
of the loz sige-rats regression. It is normal to express body size in
terms of tissus dry welght, but 1t was found that t;jaéh w?ight yi?ldad
the greatest number of significant correlatlions witﬁ orxygen consumption,
Although measurement of freeh weight incurred inevitable errors »
resulting from 1nconnia___tanc;§lp in ﬁm removal of excess ﬁxoiet}:re from
the mnaile, 1t was clearly more aci?urate‘th_én the date@mti_jon of dry
weight, wﬁera conaiderable difficulty was encountered in removing all
body tiszues from frequently thin and 'bri'fttleililm}li. ﬁA unall ﬁamrhin
the estimate of dry weight (which is smaller than fresh waight by a

factor of about 20) would result in & large percentage error, whereas

measuransnt of fresh weight is relatively insensitive to methodologioal



mconsiﬂ{anﬁu. Furthermore, tissue water content may in itself be
en important faotor in metabolic raté. Fresh 'welght was therefore
ohosen as the best representative of sige and henceforth all discussion

of size effects will use fresh wiight as the basic measure.

SEASONAL CHANGES IN THE RATE OF OXYGEN CONSUMPTION *

Introduction

Studies on seasonal varlations of oxygen consumption in relation
to temperature have been psrformed on various gastropod molluscs,
including intertidal limpets (Davies, 1966 , 1967), marine winkles
(Hewall,ggd Pye, 1970), freshwater limpets (Berg, 1951j Berg et, al.,
19583 Burky, 19713 Mckahon, 19733 Calow, 1975), freshwater snails
(Dubkova, 1934j Berg, 1961) Calow, 1975) and terrestrial snails
(Blazka, 1955). It is found that aeaaonal chwaa do ocour in most
cases, 'I‘he aelective value of aaaaonal meta‘nona adapta.tion 1n
freshwater gaatropeda has baen dincuaaed, for axample, 'by Burk::f (1971).
Calow (1975) and Russell-Huntar (1971). although actual mochani sms
concerned were not oonsiderad.

The aim of thia inveatigation i to dafermine tha preciaa affeotu
of taﬂparatura on o::ygan conﬂwnption in L. Btgﬁ malia at diffarent |
seasons of the year, to ahcm whathar Blgnifioa.nt changea do occur, and
also to assess the 1nf1uenca of 'body siza on thiu ralatianship. Variou;
influences on the control of g:ruwth and matabonam will ba ‘briefly

I‘-*ilﬂ-_‘.
B £

discussed,
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Animzls used in this study were collected from the field
approximately every eight woeks, They were removed-to the-laboratory
and, as in the heart rate etudy, stored until use in an outside tank
supplied w:'lﬁ.;!h;;ulo; flow=through of tap water, 'I;he enimalse wa:r; fod
a8 previously described. Respiration was measured as soon as possidle
after collection, the recordings usually being completed within five
days. Oxygen consumption was determined over a full range of
experimental temporatures from 5°C to 37.5 or 4000. A random sample
of nine animals was normally used. After the experiments the animals

were killed and their sige detormined as dewmcribed,

Results

1) The effects of body size on oxygen consumpticni

The equations of thg regression lines relating logm oxygen
consumption and 10310 freosh wighff zgiormimd at each experimental
temperature (Te) for each seasonal group of animals, Associated values
of the correlation coefflclent were aleo recorded, These data are L
shown in Table 8. Further analyses were performed only on data derived
from significant aize—rataj* oax?alatioﬁa.

It can bo seen from Table 8 that only October, February and May
results ylelded significant correlations (p < 0.05) at all, or naarfy
all, experimental temperatures, However, all seasons ylelded Blgnificant
corrolations at Te 10 and 20°C, The gradient (b) of theme regressions
are shown with calculated standard errors in Table 9., These values are

seen to vary according io season, although there is no clear pattern to

the results, Values at Te 10°C (0.37 < b < 1,12) are genorally lower
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Table 83

Yonth

April
(1975)

June

August

- g o E
widt BE 4AYE T

To %

10
15

25

325
35
3T.5

10
15

25
30
32,5
35
37.5
40

15

25
30
32.5
35
31.5
40

Regression equation

log vy = 1.66 + 0.52 log
log y = .56 + 0.37 log
log y = 1.81 + 0.31 log
logy » 1.90 + 0.72 log
log y » 2.07 + 0.58 log
log y = 1.68 + 0.59 log
log y » 2.13 + 0.75 log
log y e 2.11 + 0,29 log
log y » 1.84 + 0.01 log

M M O H M M K O MH M WK

log y = 1.74 + 1.12 log
log y = 1.97 + 0.79 log
log y = 2,15 + 0.87 log
logy = 2.38 + 0.86 log x
logy » 2.32 + 0,25 log x
log yw 2,30 + 0,02 log x
log y » 2.17 = 0.00 log x
log ¥ » 2.12 = 0.0 log x
1oz ¥ = Q.85 -10,80 1oz x

M H M

log y = 0.81 - 1.98 log x
logy = 1,82 + 0,87 log x
log § » 1.94 + 0,80 log x
logy =»1.94 + 1.04 1log x
log y » 2.26 + 0.40 log x
logy=s 2.2 = 0.21 log x
logy » 2,25 + 0,38 log x
log y = 2.32 + 0,12 log x
10z ¥ @ 2,15 = 0,15 log x
log ¥y = 2,13 + 0,36 1log x
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Regression squations for seasonal drygen
congumption data.

0.89
0.T0
.87
.80
(.58
0. 17
0.84

0.39
0.01

0.72
0.57
0.81
0.75
0.16
0.02
