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CHAPTER I

GENERAL INTRODUCTION

l.l.1 Review of,Problem

Haemocyanin is a copper containing protein which occurs
dissolved in the haemolymph of some arthropod and molluscan groups.

In the molluscs haemocyanin is found in the cephalopods (squid and
octopi), the amphineurans (chitons) and in the prosobranch and pulmonate
gastropods (snails). In the arthropods haemocyanins are found predomi~-
nantly in the Malacostraca (including all larger forms of crustaceans -
crabs, lobsters, woodlice etc.). It is also found in the Jiphosuran
Limulus polyphemus (the horseshoe crab) and is recorded in the Arachnida
(scorpions and spiders). (Redfield, 1934; llanwell, 19603 Prosser,
1966, 1973; Van Bruggen, 1968; Jones, 1972).

Although haemocyanin's role as a respiratory pigment has been
demonstrated in some arthropods, notably decapod crustaceans and Limulus,
in the cephalopod molluscs, and in at least one chiton, its role in the
oxygen transport system of the gastropod molluse has not been adequately
described.

"Wery little is known about the in vivo functioning of gastropod
haemocyanins. Respiratory studies on these haemocyanins have been
limited almost exclusively to the determination of oxysen equilibrium
curves" (Redmond, 19683.

In this study, as a step in closing this large gan in the under-
standing of the physiological role of haemocyanins in this group of
haemocyanin bearing organisms, the function of haemocyanin in three species

of marine archaeogastropods of the family ITaliotidae is investigated.
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1.1.2 Oxyzen eguilibrium curves of hagnocyanins

The oxygen equilibrium cwrve of a resniratory pigment is
described by plotting the percent saturation of the haenocyanin (% sat)
against the partial pressure of oxygen (PO Je Since the early

2

determination of oxygen equilibrium curves for the haenocyanins of

Limulus polyphemus, and the squid Loligo pealei by Redfield, et al.

(1925) a large body of data describing such curves for a variety of

haemocyanins has accumulated.,

Figure 1.1 below shows the oxygen equilibrium curves
deternined by Redfield, et al. (1925) for the haemocyanins of ILimulus
and Loligo. It can be seen that the curve for Loligo haemocyanin lies

far to the right of that for Limulus haemocyanin,

Figure 1.1

Oxygen equilibrium curves of the haemocyanins of Limulus

polyphemus and Loligo pealei (after Redfield et al., 1925)
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By convention the oxygen affinity of a given haemocyanin is
normally expressed in terms of the P50’ the partial pressure of oxygen
at which the haemocyanin solution is half saturated. ‘This expression

is used because the PRO is more accurately determined than the PO of
- 2

100> saturation (Prosser, 1966)., It is apparent that the Py of Loligo

haemocyanin - 70 nn Hg as determined by Redfield, et al. (1925) - is
considerably greater than the P5O of Limulus haemocyanin -~ 7 mm Ilg.
Hence a wuch higher P02 is required to saturate the squid haemocyanin,
than to saturate the haemocyanin of the horseshoe crab. (Tt should be
noted that later determinations of the PBO of Loligo haerocyanin give
sonewhat lower values.)

It has heen shown that such equilibrium curves are fairly closely

described by the equation

n
100(53~)
Y = _ 50
Pn
1+ (=)
Pso

where Y = A haemocyanin combined and ? = the Poz in mm Hee This equation
is known as the Hill approximation (liamwell, 1960; Drosser, 1966, 1973;
Jones, 1972). The slope of log TS%:T plotted against log P, at the point
where Y = 50% defines n, the sigmoid coefficient. =n gives a measure of
the degree of gigmoidicity of the oxygen equilibrium curve - as n
increases so does the sigmoid nature of the curve (cf. Jones, 1972
figure 8.3). This sigmoidicity of a riven oxygen equilibrium curve
depends on the interactions between subunits of the respiratory
pigment (Manwell, 1960; Jones, 1972; Frosser, 1973).

It can be seen then, that the position, and shape of an oxygen

equilibrium curve is defined b two constants, PEO and n, respectively.



Factors which may modify the oxygen eguilibrium curve of a ,diven

haemocyanin
There are two major factors which may modify the shape and

position of the oxygen equilibrium curve of any haemocyanin,

Lffect of CO2 on oxygzen affinity - the Bohr effect

In their early paper Redfield and Hurd (1929) described the
- effect of various pasrtial pressures of Co, (PCOg) on the oxygen
equilibrium curves of various haemocyanins.

They found in the case of Loligo blood that increasing the
PCOz decreased the affinity of the haemocyanin for oxyszen. This is
analogous to the normal Pohr effect observed in human blood in the
presence of COZ' (This effect is also sometimes called the negative
Bohr effect - as defined by Jones (1972)).

The Limulus haemocyanin demonstrated an entirely new

characteristic when 002 was added to the gas nmixtures The affinity of

the pigment for oxygen was increased in the presence of COZ' This
phenomenon is now known as the reverse (or positive) Bohr effect. The
Bohr effect or reverse Tohr effects are now known to be consequences of

PH changes brought about by the varring PCOQ and can be induced by other
acidic metabolites (c¢f. Jones, 1972). Thewmagnitudes and directions of
the Bohr effects of the haemocyanins of the various.haemocyanin bearing
groups are described in more detail in section 2.2.11.

The role which the Bohr effect plays in the oxysen transport

systems of specific organisms is discussed Ffurther later in the

introduction.

Temmerature
In early studies (e.g. Redfield and Ingalls, 1933) it was
demonstrated that the temperature at which the oxygen equilibrium of a

given haemocyanin was determined affected the relationship between % sat
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and POZ. With increased temperature the oxygen equilibrium curves of
haemocyanins were shifted to the right. Accumulated studies have shown
that this is generally the case (Jones, 1962), although the degree to
which temperature affects the PSO of a haemocyanin varies considerably
between organisms (Redmond, 1955, 1968a; Young, 1972).

The posgsibility that temperature sensitivity of a haemocyanin,
ag recognised by the change in P5O for a given temperature change, may
be the result of adaptation to a particular temperature environment is

discussed in some detail by Redmond (1968) and Young (1972) and is

referred t0 again in section 2.,3.11l of thig thesis.

Other factors which may»influence the_oxygen eguilibrium curve of

haemocyanin

The form of the oxygen equilibrium curve of a haemocyanin can
be considerably influenced by the salt environment of the blood (cf,
Jones, 1972). This has lead to the fact that many oxygen equilibrium
curves determined on haemocyanins in dialysed solutions bear little or
no relationship to the oxygen equilibrium curves of unaltered haemolymph

(section 2.3.13).

Oxygen equilibrium curves of haemocyanins must be determined under

conditions which are controlled with respect to factors such as

temgerature,APno , and salt environment of the blood
2

1.1.3 Oxygzen capacity of haemocyanin

The oxygen capacity is the amount of oxygen carried in the
blood at saturation. Oxygen capacity is usually expressed in terms of
volumes of oxygen per 100 volumes of blood (vol %}e Using a modified
Van Slyke apparatus Redfield et al. (1926) determined the oxygen

capacities of the blood of Loligo, Limulus, 3usycon and Cancer. They
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also determined the amount of oxygen carried in solution in these
haemocyanin bearing bloods, uging a method devised by Stedman and
Stedman (1925). This method was simply based on comparing the O

2

content (Vol %) of a blood sample at two P, where the haemocyanin was

2
100% saturated - any increment in 02 content at the higher P, was

2

therefore due to dissolved 02 alones, They found that at a given PO
' 2

the amount of oxygen in solution in the haemolymph was about 90% of that
dissolved in seawater under the same conditions. Xnowing this, and
knowing the total amount of oxygen carried by the blood Redfield et al
were able to deduce the amount of oxygen actually bound to the haemocyanin,
Their O2 capacity data is summarised on Tables II and TIIT of their paper.
At high Poz (153-749 mm Hg) the bloods of all species yielded much more
oxygen than could be accounted for by solubility alone. By far the
greatest percentage of oxygen in the blood is therefore bound to the
haemocyanin.,

Redfield et al. (1926) also noted that although there were
obvious differences in - O2 ~ capacities between the species, Loligo
blood having a higher O2 capacity than Limulus blood, there was also
considerable variation within a species, particularly in Limulus blocd.
They sttributed this variation to observed variation in the haemocyanin
contents of the blood.

liore recent determinations of O2 capacities of haemocyanin
have yielded results vhich are generally sinmilar to the early
determinations of Redfield et al. (1926) for the various groups of
haemocyanin bearing organisms, e.g. cephalopods (Wolvekamp, 1942
Lenfant, 1965; Johansen, 1965), decapod crustaceans
(Redmond, 1955, 1962a,1968b jLenfant et al., 1970), and gastropod and

amphineuran molluscs (Redmond, 1962k ). In Chapter 2, section 2.3.2, a
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detailed comparison of the O, capacities of the various classes of
molluscs is made, and the relationship between 02 capacity and
haemocyanin concentration is discussed in the light of results obtained

in this study.

1.1.4 Tunction of haemocyanin in the living organism

For a haemocyanin to function effectively as a respiratory
pigment its oxygen affinity must be such that it loads with oxygen at
the respiratory surface and unloads at the metabolising tissues (cf.
Redfield et al., 1925, 1926), lioreover, the oxygen delivered to the
tissues by the haemocyanin rust significantly contribute to the organism's
overall oxygen needs.

The understanding of the in vivo functioning of haemocyanin
involves relating the characteristics of the haemocyanin (oxygen
equilibriun curves, Oz capacities) to the gas tensions within the living
animal,

For those groups of haemocyanin bearins animals for which the
physiclogical role of haemocyanin as a regpiratory pigment has been
adequately described, the in vivo oxygen tensions of the organisms have
beer described. The internal zas tensions of gastropod molluscs are
however largely unknown, and it is this fact which has resulted in the
lag in the understanding of the physiological role of haemocyanins in
these organismes compared to some other grroups.

Before discussing in more detail the state of knowledse of
haemocyanin function in gastropod molluscs, a brief summary of the in vivo

respiratory role of haemocyanin in other organisms will te given.

l.1.41 Cephalopods

Ag early as 1878, Fredericqg had shown that it was relatively
easy to cannulate the blood vessels of the cephalonod molluscs,

Redfield et al. (1929), took blood saiples directly from the svstemic
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ventricle (arterial), and posterior sinuses (venous) of living specimens

of the cephalqpod Loligo pealei, and analysed them for 02 and CO2 content
using Van Slyke apparatus. Redfield et al. (1926) had determined oxygen
equilibrium curves and C02 equilibriun curves of squid blood. Combining
these data, Redfield et al. (1929) found that for animals in which fresh
seavater was washing the gills, the mean arterial O2 content was 4,27

vol %, corresponding to a PO of about 120 mm at the mean 002 content of

2
x4 ' -1
3496 vol % (= 2 mm Hg PCO Yo The rnean venous O .content was «37 vol %

2
2
corresponding to a PO of gbout 48 mm Hg at the mean 002 content of 8,27
vol % (Pooz = 6 mm),
Knowinz the O2 capacity of the blood; Redfield et al thereiore

demonstrated that for a squid in aerated conditions

1. the blood is saturated with oxrgen at the gills
Ze the venous blood has given up nearly all its dissociable oxygen

even though the PO is still 4& mm Iz and

2
3. 1in increasing from 3.98 vol % to 8,27 vol % CO,, the corresponding
o

P has only increased 4 mm,
CO2

Jones (1963), Figure 3, Redmond (196&), Figure 1, and Jones (1572),
Pigure 9.14 are diagrammatic representations of the O2 transport by the

blood of the squid Loligo pealei, constructed from the data of Redfield

et al., (1928)., Tigure 2 below shows this O2 turnover, as given by
Redmond (15683 « It can be seen that the difference in position of the
oxygen equilibrium curve between the arterial, and vencus blood due to
the Bohr effect associated with a 4 mn Iz increase in PCOg’ causes the
amount of oxygen to be given off to the tissues to be considerably
increased compared to what it would have been in the absence of such

an affecte



Jgure 1.2

Uxygen transport by the blood of Lolizo pealei

(after Redmond 1968

100% OxyHey Gills

v¥® OXYGEN

100 120 140

In fact, quoting the Tisures of Redfield et al, (1929}, in the
course of a respiratory cycle 3.9 vol % oxveen is siven up to the tissues.
If CO2 were not produced during the course of the cycle, and the nosition
of the oxygen equilibrium cuxrve had not changed, only 2.3 vol % 0, world
llave been given up.

"The differences between this value and the 3.2 vol % of the

nornal cycle, or 1.6 volunes per cent, represents the oxyren

exchange due to the influence of carbon dioxide on the syster,

Redfield et al. then deronstrate that this oxygen sup»lied by
the haenocyanin is necessary %to gsustain life in Loligo, They conducted
a series of experiments in which aninals were placed in o0il sealed seavater
aguaria enriched with varicus concenbrations of CO20 Tiey found that with

increased concentrations of COZ’ higher concentrations of oxygen are
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required for survival of the squid, Because of the Bohr effect,
increased concentration of 002 in the seawater caused the O,2 affinity
of the haemocyanin at the gills to be decreased so that the haenocyanin
could not be sufficiently saturated to supply the animals oxygen needs,

Death of the squid occurred when the PO and PCO in the environment were

2 2
such that the 02 content of the bhlood was limited to hetween 1.5 and .5

vol %. As will be seen, for the relatively inactive gastrovod and
amphineuran nolluscs, and for some crustaceans, this is not necessarily
a very lov value; however in the extremely active squid this is only a
fraction of the oxygen normally bound by the haemocranin.

Jones (1963) surmarised data from two early studies on the

in vivo function of haemocyanin in another cephalopod Octopus vulearis

(Fredericq, 19113 “Vinterstein, 1909), and concluded from the limited

data availablc that the respiratory cyele of Octonus vulraris was

similar to that of Lolifo "except that it works at a relatively low
arterial oxygsen tension and the Fohr effect must be nuch less important',
The more recent series of papers describing the oxygen equilibrium

characteristics and in vivo conditions of Octopus dofleini (Johansen
—— —— ’ 7

1965; Lenfant and Johansen, 1965; Johansen and lenfant, 1966) has

supported the early determinations with Cetopus vulgaris, and verified

Jones's deductions from them, Table I, presents a summary of the

parameters describing the role of haenocyanin in the delivery of

oxygen in Octopus vulgaris (Jones, 1965) and in Getonus dofleini

(Johansen, 19653 Johansen -and Lenfant, 1966), with the data of
Redfield and Goodhind, (1929) for Loligo as a comparison.

In both species of Octopus it is apparent that the arterial
PO is considerably lower than in Loligo. IHowever the arterial

2
haemocyanin of Octopus dofleini is still highly saturated, although not

always approaching 100% saturation as proposed for Loliro.



Table 1,1

Oxygen delivery by haenocyanin in cephalopods

Arterial Venous Arterial Venous Arterial Venous

O2 Arterial Venous Arterial Venous Venous Arterial

Source

. [¢]
Species T C PO PO haem?- haemg- O% O% delivery PCO PCO 002 002 PSO 1350
2 2 cyanin cyanin con ent con ep‘t 2 2 vol < vol % on E o E
m Hg mmHg % sat ¢ sat vol¢h  vol % A=V m g m g ” ' & &
ég&%ﬁ% 120 48,0 100® 7 4,27 W37 3,9 2 6 3,98 8.27  90%  s55° Redfield &
bealel Goodkind
1929
%ﬁ%ﬁﬁ%ﬁs 55-85 4,6 o4 4,2 3.8 646 Jones
mE=== 1963
QoOPUS 17 gg,9 904 82,2 18.8 5.43 72 2471 Johansen
dofleini
dofleini 1965
P + +
Octopus 17y, 9.7 82,4 9.6 33 A 2.9 3.1 4.5 4.2 746 55 57 Johansen &
dofleini
201 el Lenfant
1966

* . .
Aporoximate values from Fige 1.2

+ Approximate values from Pig. 5
Johansen & Lenfant 1966

Tt
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The venous Py for Octopus dofleini is considerably lower than that of
2

Loligo., However, although there is a considerable arterio-venous

gradient in 002 content resulting in an increase in PCO from 3.1 mwm Hg
2

in arterial blood to 4.5 mm Hg in venous blood, the Bohr effect in

Qctopus haemocyanin is not nearly as pronounced as in Loligo haemocyanin.

This results in the fact that, despite the hisher venous FP. in the latter

%2

species, the % saturations of the venous blood of Octopus and Toligo are
quite similar (Table 1.1).

Taking into account species differences in such factors as
oxygen capacities of the haemocyanins it would appear that the general
form of O2 delivery by haemocyanin is fairly similar in all cephalopods
described, and closely approaches that proposed in Redfield and Goodkind's

(1929) classical study on Loligo haemocyanin.

Cardiac output in Cephalopods

Johansen (1965) measured the oxygen consumption of his Uctopus
dofleini specimens. He then related the oxygen delivered by the blood
in a single circulation (A-V difference vol % 02) to the oxygen consumption
uging the Fick principle.

This principle, discussed in more detail in Chapter 3 is erpressed

by the equation

0, consumption ml/hr x 100

Cardiac output ml/min =
: A~V difference vol :» x 60

Johansen determined that the average cardiac output necessary for QOctopus
dofleini to maintain its oxygen consumption, given the measured A-V
difference, was 10 ml/kgm/min.

It is interesting to note that this calculated value compares
closely to that measured directly by Redfield et al. (1929) by cannulation

of the ventricle of a Loligo pealei heart (11 ml/kegm/min’.
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Johansen (1965) also determined the heart rates of the individual
Octopus specimens, and hence deduced the stroke volumes necessary to
maintain the calculated cardiac outputs. These data are discussed more

fully in Chapter 3, in the light of results obtained in this atudy.

1.1.42 Decapod crustaceans

Redmond (1955), described in detail the function of haemocyanin

in the decapod crustaceans Panulirus interruptus, Loxorhynchus grandis,

and Homsarus americanus.

The detailed examination of the role of haemoeyanin in
Panulirus is representative of his findings.

Redmond finds that Panvlirus haemocyanin demonstrated a normal
Bohr effect in response to increased PCOZ. However, as this effect was
much less pronounced than in the cephalopods, and as the pH difference
between freshly drawn arterial and venous bloods was very slight, he felt
justified in concluding that the Bohr effect would have little role in
the off-loading of O2 to the tissues.

From the position of the oxygen equilibrium curve, the arterial
and venous 02 contents, the oxygen capacity of the haemolymph, and the
amount of O/ in solution (Redfield et al. 1926) Redmond deduced the § sat
of arterialyand venous blood samples of the Panﬁliruﬁ. Redmond found that

even immediately post branchial blood was only about'Sq% saturatedy from

this it can be deduced that the arterial PO is only about 7 mm Hg, although

2
the PO ‘of the surrounding water is well over 100 mm Hg. The venous blood
2
was slightly more than 20% saturated, with the venous PO being about 3 mm
2

Hg (see Figure 1.3). For the average Panulirus, oxygen capacity about
1.5 vol %, it can be seen that despite its unsaturated condition the

haemocyanin delivers about .45 vols O, to the tissues, about 26 times as

2

‘mach O2 as that delivered in solution over the same range of P, values,
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Figure 1.3

Oxygen delivery by the hlood of Panulirus interruptus

(after Redmond, 1955)
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on Redmonds A=V vol ¢ data

Using theoretical values for oxygen consumption derived from the
data of Weymouth et al. (1944) for a series of other decapod crustaceans,
Redmond calculated the cardiac output of a 750 gm Panulirus to be 60 ml/min
(80 ml/kem/min) according to the Fick principle.

He then used a theoretical heartrate for Panulirus, derived
from Burger and Smythe's (1953) study on the circulation of another

decapod Homarus americanus, to calculate a theoretical stroke volume

for Panulirus. As this calculated stroke volume was of the same order
as that roughly measured by Burger and Smythe, Redmond concluded that the
premises of his calculation were correct.

‘Following Redmond's (1955) description of haemocyanin function
in three species of decapod crustacean, a series of studies supporting his

findings of low arterial Py » and unsaturated condition of arterial
2
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haemocyanins in these animals were carried out. A summary of this data

is given by Jones (1972) pg 104 Table 9,2. This Table is reproduced
below on Table l.2.

Table 1.2
Summary of earlier work on oxygen exchange in decapod

crustaceans (after Jones, 1972)

Oxygen in vivo O2 content in vivo
capacity CO,
vols % ’
Total Po O2 PCO
P50 ' T Oy Hey 2 as 2 AV uthor

mm Bound Soln. 0C volg) /Patne m 0 Hcy mo pi

Panulirug A 6 1.B3 0.46 15

0s82 54 7.0 96 5,0 ,02 Redmond
interruptus V 0035 22 3.0 97 5e3 1955
Loxorhynchus A 5 0.58 0.45 14 0,41 68 8,0 90 18,0 .01 "
‘grandis  V 0.17 30 3.0 94 18,5
Homarug A 5 0.868 0.45 14 Q.44 49 53 95 Re3 .03 L
gmericanus V 0.18 20 2,3 95 2.5
Cardisoma A 4 2,43 0.40 29 1,66 68 5.7 99 Redmond
‘gugnhumi  V 0.90 33 3.2 99 1962
Gecarcinug A 18 1.72 Q.45 26 1.45 8l 29,0 94 .06 Redmond
“lateralis V 0.61 36 14,0 94 19686
Maia A 19 0,74 21 0.54 61 24,4 84 1.5 Spoek
. Squinado Vi 0.33 33 18,0 81 3.1 1962
Homarus A 10 0.94 20 0.61. 67 14,9 91 3.3 Spoek
| gemmarus v - 0.31 29 8.2 89 Se7 1962

Despite this accumulation of evidence as to the low in vivo O2 tensions
persisting in decapod crustacean, recent studies have raised serious
doubts as to the accuracy of the above determinations,.

Johansen et al. (1970) sampled pre and post branchial blood of the

large crab Cancer magister, using indwelling catheters in free moving

animals., 'Their anglyses indicated that the prevailing arterial P02 values
in these crabs ranged from 65 to 107 mm Hg. This means that the arterial
blood is always 90 to 100 % saturated. The venous blood, however, in the
resting animals had a much greater % saturation than in previous studies

on decapod crustaceans, in some cases up to 70 saturated. Then the crabs

became active, although the arterial PO fell, this made little difference
2
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to the j» saturation of the arterial haemocyanin (see Figure 1.4),

whereas the drop in venous PO lovered the % sat. of the venous haemocyanin
2
quite drastically to 1%.. After a recovery period the arterial and

venous PO once again approached the resting values. Johansen et al,
o LAY

regard this capacity of the venous Pb to vary, causing a large drop in
2

venous % saturation, as a potential 02 gstore for use during activity.

Figure 1.4

Oxygen delivery by the haemocysnin of Cancer macister

(after Johansen et al., 1970; Figure 9)

Cardiac Output of Cancer magister

Johansen et al. (1970) use their A-V difference, and a measure-

ment of'Oz consumption of Cancer magister to calculate the cardiac output
of this crab according to the FTick principle.
They obtained a value of 29.5 ml/kgm/min. This value is

considerably smaller than that obtained by Redmond (1955) for Panulirus,
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and Johansen gt al. (1970) are critical of Redmond's value as being

excessively large for an invertebrate.

Johansen et al's (1970) brief examination of two other crab

species, and the recent work on other decapod crustaceans (I'cl'ahon and
Wilkens, 1972; Taylor et al., 1973) indicate that many decapod crustaceans

may have high arterial PO and indicate that the earlier studies (Table

2
1.2) may have quite markedly underestimated arterial Py e
2
Fowever recently MNansum and Weiland (1975) have presented

evidence that, contrary to the suggestion of Johansen et al. (1970)

not all decapod crustaceans have high arterial POZ. In the small active
crab Callinectes sapidus arterial POZ was found to be 35 mm Hg, and venous
P02 14 mm Hg in the inactive state, with corresponding % saturations of
arterial and venous blood of 100, and 52.5 respectively. In the active

animals, the arterial PO fell to R1.7 mm Y and the venous PO

2 2
Hg. At these oxypen tensions the arterial haemnocyanin was only 3%

to 0.5 mm

sagturated, while the venous haemocyanin was found to be completely
unsaturated.

Vangum and Weiland (1975) used a mean 0, capacity value for
Callinectes blood to estimate the A~V difference in O2 content to he
00595 ml/ml (.595 vol %).

These authors then used this value to caleulate the Cardiac
Output necessary to sustain a measured oxygen consumption of Callinectes
according to the Fick principle and obtained a value of 207-238 ml/kem/min.
From estimations of heart rates, and measurements of stroke volumes by
syringe sampling llangum and Veiland propose that contrary to the claius
of Johansen et al., such a cardiac output is within the capabilities of
the circulatory system of such an organism. They point out that the
relatively low cardiac output found by Johansen et al. (1970) for Cancer
magister results largely from the unusually high O2 capacity of the
haemocyanin of this crab species, and is not the result of a large A~V

difference.
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To summarise, the respiratory function of haemocyanin in
decapod crustaceans has been well demonstrated, and althoust1 there is
still some controversy about the details of the in vivo conditions in
these animals, the weight of evidence suggests that the arterial PO
values are somewhat higher than those renorted in earlier studies, ;

although not necessarily as high as those found by Johansen et al.

(1970) for Cancer magister.

The role of the circulatory syster in the supply of 02 in the
decgpod crustaceans is gtill open to sore conjecture, and the reasonableness
of various estimations of cardiac-output "ecannot be assessed without more

knovledge of heart function in intact aninals®, (Vangurn and Weiland, 1975).

1.1.43 Limnlus polyphemus

The respiratory function of haemocyanin in this sluggish
arthropod has also recently been described through studies of the
in vivo gas tensions.

However, as with the crustaceans, some coniroversy exisis about
the details of the in vivo function of haemocyanin in the horseshoe crab.
Using implanted oxygen electrodes in submerged animals
Falkowski (1973) obtained the values presented on Table 1.5 for the in vivo

gas tensions of this animal.

He then related the mean pre and postbranchial O2 tensions to
the oxygen equilibrium curves (Tig. 1.5) of the haemocyanin of Limulus
at the appropriate temperatures to deduce the {. saturation of the
haemocyanins at any measured POZ values, In both cases the arterial
haemocyanin was in the region of 6@% saturated, while the venous
haemocyaninﬁvas3éﬁ saturated at 24°C and22) saturated at 8°C.

Taking the O, capacity of Limmlus haemocyanin to be 2 vol <

2

(Prosser, 1961) Falkowski estimated that the haemocyanin of the horseshoe

crab delivered .36 vol % O,, and .2 vol % O, at 8°c and 24°C respectively.
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Table 1.9

in vivo gas tensions of Linulus polinhemus

(after Palkowski, 1973, Table 1)

lieasured at 24°¢ Measurad at 8°C

Epi-pericardial Esophageal region Eni-pericardial Hsoshageal region

region region .
(A)-postbranchial (V)-prebranchial (&) -postbranchial (V)-prebranchial

m Hg 02 mn Hg O2 mm Heg 02 mn Fg 02

16,95 725 11.65 R2e4C

15,65 £.90 10.40 2.85

16,50 7«35 10,35 .20
mean: 16.5+0.49 7.2+0.16 1048+0,53 2+65+025

Figure 1.5

Oxygen delivery by haemocyanin of Limulus polvvnhenusg

(Oxygen equilibriuvn curves taken from Falkowski,

1973, Figure 2)
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Falkowski presented oxygen consumption data for a few specimens, but made
no calculations of cardiac output from his data.

Towever, as is shown later in this thesis (Chapter 3) such a
calculation for Limulus based on Falkowsl:i's data rives a cardiac output

value considerably greater than any revorted for decapod crustaceans,

including Callinectes sapidus.

Mangum and Veiland (1975) vresent data of Johansen and
Petersen (1974) on in vivo gas temsion measurements in Limulus. These

data indicate that at 16°C the arterial Py of Limulus blood is 77 mm Hg,
2

while the venous PO is 20 mm Hge.  These data differ sreatly from those
2 .
of Falkowski (1973) (Table 1.3).

As Talkowski (1973) shows, the position of the oxysen
equilibrium curve of Limulus haemocyanin does not change greatly with
temperature (Figure 1.5). Relating the POE values of Johansen and
Petersen (1974) approximately to the oxygen equilibrium curves for
Linulus haemocyanin (Figure 1.5) indicates that only the "top" end of
the curve would be used in 02 transport in this organism., Ience,
although both recent studies indicate a similar arterio-venous differencgﬁhuvmmk

of opinion about the in vivo conditions which determine the O, delivery by

2
this respiratory pizment.

1.1.44 Anphineuran molluscs (Chitons)

Until relatively recently the difficulty in obiaining
reasonable measurements of in vivo gas tensions in the chitons had
severely limited the understanding of the respiratory function of
haemoeyanin in these organisms.

Marwell (1958) considered the juxtaposition of different
"respiratory pigments" in the amphinevrans, Ile demonstrated that the

oxygen equilibriun curve for Cryptochiton stelleri raduvlar myoglobin

lies well to the left of the oxygen equilibrium curve of the haenmocyranin

(FPigure 1.6). This means that the myoglobin is saturated at much lower
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Figure 1.6

Oxygen equilibriuvm curves of Crrptochiton myoglobin

and haemocyanin (after Lanwell, 1958)
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oxygen tensions than the haemocyanin,; suggestins that at low PO there

<
will be a transfer of oxycen from the haemocranin to the radular ruscle
myoglobine Manwell suggests that this oxyren transfer system is
analogous to those involving haemoslobin in blood and muscle myoglobin,
or maternal and foetal haemoglobins in various vertebrates; he therefore
implies that the haemocyanin is effectively functioning as a respiratory
pignent in these primitive molluscs.

Redmend (1962) also examined the haemocyanins of several

ampliineuran molluscs, Chiton tuberculatus, Acanthoplevra oranulata,

Katherina funicata and liopalia muscosa. Fe found that the haemocyanins

of two of these species, C. tuberculatus and A, rranulata show a reverse

Bohr elfect, while the other two show a normal Bohr effect. Ilamwell (1560)

reported that the haemocyanin of ancther chiton Amicula (Cryptochiton)

stelleri demonstrates no Zohr effect over a considerable P range (6.4
7.5)s Therefore the hacmocyanins of the chitons exhibit all possgible

responses to change in pl. Redmond was not able to correlate these



different responses with any differences in the habitat or way of life
of these animals, and concludes that the Fohr effect has no phrsiolosical
sirmificance in the respiratory exchanse of these anirmals,

Using the Van Slyke rac analysing apparatus Re‘mond (1962
deternined the oxysen capacity of the whole blood of these chitons, and
from this he calculated the 02 capacities of the haemocyaning. The
oxygzen capacities were found to be quite low; the hichest for an
individual of any species was 1.57 vol % and in the caze of 1. stelleri
less than 1 vol %. In the latiter species in sore cases more oxrgen is
carried in solution than bound to the haenocyanin.

Redmond (1962 was onlr able to sammle blood from the heart and
pericardial region for direct oxygen analysis by Van Slyke apparatus.

The oxygen content of the blood sampled wras alvavs low,. Relating the
oxygen contents to the 02 capacity, the oxygen equilibrium curve, ard the

02 solubility curve reveals that there ig congiderable variation in Pb
n
i~
of the blocd, and hence in percent saturation ol the haenocyanins.  For

example, the pericardial samples from i, tunicata show'PO values ran-ing
2

from 22 mn Hg to 5 mm g, with a correswonding range in haemocyanin
saturation from 8% %o 57%. Redmond concludes that the fact that the
haemocyanin is to a greater or lesser desree unsaturated in these samples
neans that "any movement of oxygen into or out of the hlood nust
necegsarily include oxygen corbination or release - the haenocyanin,
The pigment therefore may definitely be stated to serve as a transporter
of oxygen (in these chitons)".

Redmond (19689 reports that he has obtained direct measurerents
of the in vivo B, in Cryptochiton (= Amicula) and Zatherina using O,

2
electrodes., 1Mo Getailed data is given in this review paver. Iowever

he found PC values which indicate in each case the oxygenated blood in
2
the heart was about 90, saturated while blood from the haemocoel was only
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455 saturated. Redmond noints out however that the haemocoel samples
should not be considered immediately prebranchial, and that more oxygen
could be lost to the tissues before the blood returns to the nills of
the animals.

Petersen and Johansen (1973) sampled blood fron the heart and
dorsal aorta (arterial) and perivisceral sinus (venous) of this same
chiton species, and determined the PO2 and PCOz of their samples using
a Radiometer PH 171 gas analyser. As their determinations were made at

0
107C, they related their gas tension data to the oxycen equilibrium curve

for Cryptochiton haemocyanin determined at this temperature by 1anwell
(1958) (See ¥igure 1.6).

In these Chitons, at 1000, in constantly submerced conditions,
the mean arterial POZ was 98.5 mm I, corresromnding to a mean arterial %
saturation of the haenocyanin of 92.8%, which closel:r acrees with that
proposed by Redmond (19683. However, Petersen and Johansen (1973) found
a rean venous P02 of 31,7 mm Hg, which corresponds t0 a mean venous /.
saturation of about 74.2%, markedly hirher than that reported by Rediond
(10689,

As details of the temperature and other conditions under which

Redmond measured in vivo P, are unavailable, it is not possible to

Oz

speculate on the reasons for the different venous ¢ saturations found in
these two recent studies of in vivo function of cniton haenocyanine
Neither Redmond (19683, nor Petersen and Johansen (1973) relate

their in vivo findings to the oxygen capacity or Cryptochiton haenocyeanin,

and hence the A~V differences in 02 content are not given in these studies.
To summarise, in the chitone, due to recent in vivo sas

determinations, there is good evidence that haemocyanin contribuies

significantly to the 02 supnly to the tissues. Hovever, as with some

other sroups of haemocyanin bearing orsanisms discussed in this introduction,

the details of the in vivo function of chiton haemocyanins have still to

be resolved.
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1.1.45 Gagtropod liolluscs

It is this significant group of haemccyanin bearing organisms
with which this project is primarily concerned. As the guotation from
Redmond (1968y in section l.1.1 suggests, the understanding of the role
of haemocyanin in the physiologr of these animals is less complete than
in any of the other groups discussed in this introduction. I believe
that this is largely because technical difficulties have nrevented the
acequate measurement of in vivo gas tensions, essential for such an
understanding.

To my knowledge the most complete, and nerhaps still tne onl:
reasonable description of the in vivo function of zastropod haemocyanin

is that calculated by Florkin (1939) using data from Redfield et al. (1926),

and Henderson (1931), for the conch Dusycon canaliculatum. Redmond (1955,
1968y, and Jones (1963, 1972) also use this example as the hest available
deseription of in vivo function of gastropod haemocyanin.

Table l.4 below, gives the essential data describing O2

exchange in the blood of Busgvcon.

Table 1.4
Data describing oxygen exchange in the bhlood
<3

of Busycon (aTter Redrond, 1968

‘Arterial blood Venous blood Art.-"en. difference

0, vol % 206 0.9 1.7
Hcy, % sate 95.0 33,0 6.0
Poz, m IIg 36,0 6,0 30,0
pH 7.96 7e7C Cel?

(based on the Henderson-Hasselbalch equation)

Total oxygen capacity of blood: aprrox. 3.0 vol %,

Temperature: BZQC.
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Busycon haemocyanin, like wany sastropod haenocyanins ghows a reverse
Eohr effect; however it is not a marked effect, and with the relatively
small change in pil from arterial to venous blood calculated by Florkin,
can probably be ignored in describving O2 delivery under normal oxysenated
conditions,

It can be seen that the haemocyanin of Lusycon is about 95%
saturated at the gills, and in the atsence of any marked efiect of
increased PCO s only about 53 saturated at the tissues. As is shown
on Table 1.4 ; haemocyanin of 3 vol ¢. 02 capacity therefore delivers about
1.7 vol % oxygen per circulation to the tissues of this gastropod. Over
the same change in-PO y onlv a fraction of this oxymen will be carried in

2
gsolution. It appears, as Jones (1963, points out that the pigrent is
"well adapted to work at moderately low internal oxysen tensions which
result from the very substantial ‘wadient acrois {the respiratory surface.
Largely on the basis of the understanding of haerocranin function in
Zusycon there haz heen a great dcal of speculation on the nossible role
of the reverse Bohr effect in gastropod haemocyanins. Discussion of this
aspect of haemocyanin function in jastronods is left until Chapter 2.

There have been numerous other exarples of circumstantial
evidence suggesting a respiratory role of haemocyanin in gastropod
nolluscs.

For example, spoek et al. (1964), having: described the oxygen
equilibriun characteristics of the haenocyanin of the edible snail

Velix pomatia, demonstrated that puncturing the vena warma which collects

blood from the intestine yields colourless, Lence unesaturated hlood,
while puncturing the heart, which is imrediately posthranchial in
gastropods, yields blue, hence 02 saturated, “lood, These crude
obgervations suggest that the heart »umps out oxygenated blood which is
deoxygenated before returning to the ills. These authors hovever

reiterate that "experiments on the function of snail ey are absent".



Some avthors have virbtually disclaimed a v espiratory function
for gastropod haemocyanin. Pilson (1985) found enormous variation in
the concentration of haemocyanin in the blood of four species of
California Haliotis. He concluded that the large, apparently rendom
variation of haemocyanin concentration in these sastropods was not
compatvible with the idea that haenocyanin acts either as a respirator::
pigment or as a storage molecule. Cimilarl;, Tetzer and Pilson (1974)
found large variation in the haemocvanin concentration of Busvcon

canaliculatum. Althongh they found sore evidence of seasonal variation

in the haemocyanin concentrations in this species they maintained that
congiderable doubt must exist as to its primary physiological Iunction.

It is evident from this introduction that there are still many
gaps in the understanding of the physiological role of haemocyanin in
the gagtropod molluscs., The major aim of this study is to assess the
importance of haemocyanin in the supply of the oxyren needed to maintain
aercbic respiration of these animals under various conditions. Other
possible physiological roles of haemocyanin in the gastropods are also
exanined.

Before discussing in detail the experimental apnroaches used

in thie study the animals used in the investigation will be introduced.

GENERAL TIWRODUCTION PART 2

l.2.1 Zxperimental Animals

The gastropods of the family Haliotidae are commonly knowm &8
abalone. The systematics of Australian abalone is somewhat confused,
however in accordance with the opinions of Inmo (1952), Cox (1962),
Vilson and Gillette (1972), and the recommendation of Shepherd (1973),

the generic name Haliotis is adepted For all species used in this study.
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The three species of abalone in which the function of

haemocyanin is investigated in this rroject are Haliotis ruber,

Haliotis laevigata, and Taliotis roei.

These three species have different, though overlapping
distributions about the southern coast of Australia (see Map 1 after

Shepherd, 1973).

Haliotis roei ranges fron as far north as Chark Bay in

Western Australia to Jilson's vromentorv in Victoria. At Shark Yay

the species experiences maximum annual temperatures as highas 2600,

while at its eastern-mogt limit the waximm is only 1800. The
corresponding minimums at these localities are 18°¢C and 12°% respectively,

Haliotis ruber ranges from Rottnest Island in the west to as

far north as Coffs Harbour on the east coast of Australia. It therefore
occurs in regions where the maximus range fronm 25°%¢ to 17°C with
corresponding minimumg from 18% to llOC.

H. laevigata has a distribution which overlaps both of the
above species, but only goes as far as Rottnest Island on the west coast
of Australia, and as far east as Tasmania. This species therefore occurs
over a more restricted temperature ranze than the other two species,
maximum temperatures ranging from 23°C to 18°%C with corresponding
minimums from 16°C to 12°C.

The habitats and behaviour of these three species have been
well described by Shepherd (1973).

Ho roei is the smallest of the three species, easily recosnised
by the distinctive concentrix spiral sculpture of the robust shell
(Plate 1).

Ho roei shelters in narrow crevices in shallow sublittoral
water. It is commonly found on calcareous rocl- platforms, and on
granitic coasts if suitable crevices are present.

It is by far the most active of the South Australian abalone,

being the only grazing species studied during this project. Although



Showing the distribution of the three species of
Haliotis studied (after Ghepherd, 1973).
The numbers are maximum and minimum sea temperatures

at the variovs localities.

Hap 2
Showing the detail of the study area,
Inless otherwise rnentioned all abalone used in
this study were taken from the region between

Restless Point, and Penguin Nock.
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Typical Haliotis roei specimen, showing Gistinctive

concentric spiral of the robust szhell. This epecimen,

grazing in the open when photographed has a cymotape tag

apnlied to the shell with Vepox undervater puttyv,




- Plate 2

Two typical H. ruber specimens, showing shells encrusted with bryozoans,
hydrozoans, and glgae. Four bomnet liupets are also attached to the
anterior end of the shell of the specimen in the top photograph. ''he

broad epipodium of this species can be clearly seen in the lower photogsraph,

G
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Plate 3

™o photographs of H. laevigata specimens, The top photograph clearly
shows the normal exposed habitat of this species,
The specimen in the lower photograph is demonsirating a tynical escape

response to predator attlack (in this case the large starfish Coscinasteriag)

@
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cryptic during the dgy the animal emerges after dark to actively graze
on the open rock surfaces (Plate 1). If disturbed (e.g. by exposure to
arfificial light) this species can often be observed to move extremely
rapidly to a less exposed position.

He Tuber occurs in slightly deeper water than H. roei, at depths
from about 1-2 m to 10 m, and rarely to 25 m. H. ruber is also a
relatively cryptic species, usually occurring in larger caves, under ledges,
or on verticle rock faces. Because of its cave-=type habitat the shells of
this species are often encrusted with bryozoans, hydrozoans, and algae
(Plate 2, Figs. a and b).

The epipodium of this species is large and distinctive, and is
exposed when the animal is clamped to the substrate (Plate 2, Fig. b).

H. ruber normally feeds on drift algae, rarely movins fron its
home site. As a consequence, when animals of this species are rewoved
from the substrate an obvious scar can often be seen on the roci: surface.
Shepherd (1973) has shown that feeding of this species (and H. laevigata)
is largely dependent on water movement. There must be enough water
movement to transport algae along the bottom so that it can be caught by
abalone; however in rough weather the movement of the drift algae is too
vigorous for abalone %o catch and hold food.

On night dives during the course of this study H. zgggg specimens
were occasionally observed to be moving actively across the rock substrate.

H. laevigata occurs in deeper water, usually from 10-30 .
However in more sheltered areas it may occur in water of lesser depth.

This large, smooth shelled abalone, easily recognised by the
lettuce green colour of the sides of the foot, lives on the open rock
faces (Plate 3). Probably because of its open habitat the shell is
usnally relatively free of encrusting organisms. H. laevigata is the
most inactive of the species studied. It is almost entirely sedentary,

and can most often be observed clamped tightly to the substrate, with



the narrow epipodium withdrawn under the shell. Iike H. ruvber,
H. laevigata feeds almost entirely on drift algae, and is dependent on
water movement for its food supply.

West Igland, South Australia, was chosen as the main study area
for the three species of abalone (Map 2). Vest Island occurs on the open
coast of South Australia, and ie subject to a prevailing swell from the
Southern Ocean. However the north coast of the small island is facing
toward the mainland shore, and is relatively protected.

West Island is one of the few places in South Australia where
the habitat,diversity is such that a large number of all three species
considered above occur together.

Hearly all animals used in experiments during this study were
taken from Abalone Cove, West Island.

The typical seasonal water temperature fluctuation at West
Island is shown in Figure 3.8 (Chapter 3) drawn from data of Shepherd and Lews
(1574},

It can be seen from this figure that all three species of
abalone experience considerable seasonal temperature fluctuvation ('> 1OOC)D

' However; on the sheltered north shore of Vest Island during
tspells' of hot calm weather, the water of the shallow sublitioral
habitat of H. roei becomes aprreciably warmer than that of the deeper
water of the habitats of H. ruber and particularly E. laevigata.

, A_typical example of such a temperature gradient hetween the
shallow water over the rock platform, and deeper water near the sand line
wasg recordea'duriné a period of hot weather from January 28th-rebruary
4th,‘1975:’:maximnm air temperature 55.500, surface water temperature
21.5%, "céﬁperature' on the sand line (5-10 metres) 19°C. It is highly
probable that eveh larger temperature gradients occur during hotter
weather. hen the weather "breaks" and water movement increases,

subgequent mixing of deeper water with the shallow surface water
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eliminates the temperature -radient.

During low tides in summer, [. roei specimens were occasionally

observed completely emerged at i'est Island.

For some purposes (Chapter ) animals frow other areas were

compared to those from V'est Island. The localities referred to in these

cases are given on Map 1.

Choice of abalone as experimental animals

There are numerous reasons why these abalone make an ideal

choice for this study of the role of gastrcpod haemocyanin.

1.

2

Se

4,

Se

They are relatively abundant, eas; to collect, and to maintain
in the laboratory.

The ecology, and some aspects of the physiology of the South
Australian species are well docunented by Shepherd (1975).
They have large volumes of haemocyanin bearing blood.

Crofts (1929) has made a classical study of the morpholory of

the abalone, including a detailed description of the circulatory

‘system,

Pinally, it was anticipated g priori that the cifferences in the
habitats and behaviour of the three species might make a
comparative study of the function of their haemocyanins more

rewarding.

GENERAL INTRODUCTION PART 3

1.3.1 Experimental Approach

It is the primary aim of this project to investirate the role

of haemocyanin in the oxygen transport systems of the three species of

abalone H. roei, H. ruber and E. laevigata.

The questions which are of prime importance are therefore:



51

1. Is the haemocyanin in the haemolymphs of the abalone involved
in the transport of oxygen?

2 If so, how important is haemocyanin in the delivery of oxygen
to the tissues of the abalone. Is it likely to be essential
for survival of the organism, or does it just supplement oxysen
delivered in solution by the haemolymph?

- (Obviously a priori it is posgidle that Laemocyanin's primary
function is not as a respiratory nigment but in some other rcle, for
example as a storage molecule (cf. Tucherkandle, 1960). This alternative
is considered in this thesis, but for the moment I will discuss only the

experimental approach taken in answerin; the first two questions.)

1.3.11 Oxygen equilibzrium curves, and O2 capacities of abalone

haemocyanins

The approach taken to investigate these questions closely
parallels that used in the investigations of haemocyanin function in
other groups of orgenisms (e.g. Redmond, 1955, 1963, 19685 Johansen
et al. 1970; Falkowski, 1973). The first step in the study is the
description of the oxygen equilibrium and 02 canacity, characteristics

of the haemocyanins of the three abalone species.

1.3.,12 1In vivo gas tensicns
[ = -

The above first step is the extent to Whiéh previous studies on
gastropod haemocyanins have proceeded, Iiavever in this study a method is
developed whereby reasonable measuremsnts of gag tensions at arterial and
venous "sites" within the living animal can be pade. With this
additional information on in vivo gas tensions the oxygen delivered to
the tissues by haemocyanin in a respiratory crcle can be calculatec.,
Moreover, the 02 delivered as dissolved oxygen can also be estimated.
Therefore, the total O

5 delivered, and the relative contribution of

haemocyanin to the oxygen supplied to the tissues of the ahalone per



respiratory cycle can be ascertained Tor gach species.

1.3.13 Response of in vivo saenocyanin function to abrupt
e~ ——

temperature change

This study of the 02 delivered to the tissues by the haemocyanin
of the abalone (the A-V difference in volumes %) is then taken a step
further,

From the brief introduction to the ecolozy of the abalone
(General Introduction Part 2) it can be seen that each of the abalone
species are likely to encounter temperature Fluctuations.

Little is known about the effect of temperature change on the
in vivo function of haemocyanin (Redmond 1968). In this study measurement
of in vivo gas tensions allows an investigation of the response of the
in vivo delivery of oxygen by abalone haemocyanin to an abrupt temperature
change from an acclimation temperature to a temperature appreoaching the
upper limit experienced by abalone in the Tield. In congidering the
results of experiments investigating the response of in vivo haemocyanin
function to abrupt temperature increase and also in all other temperature
change experiments, comparisons are drawn between the three abalone species

with different ecologies.

1.3.14 Relationship between oxvmen delivered by haemolymph, heart function

and overall oxygen consumption of the abalone

As values for the amount of oxygen delivercd to the tissues by
the blood in a single respiratory cycle are obtained in this study,
further hitherto iwpossible investisations of the relationchip between the
respiratory systems, the circulatory systems and the overall oxysen
consumptions of the abalone can be made (cf. Redmond, 1968a pp. 21).

(a) The oxygen consumptions of eachr of the abalone species are
compared over a range of temperature conditions, taking into

account numerous other factors which nay modify this parareter.



Prorm the oxyzen consumption data, and the A<V difference data,
the Fick principle can be used to estimate the cardiac output of
the three abalone species, both at accliration temperatures, and
after abrupt temperature increase. The interactionc of these
factors described by the Fick wrinciple are compared for each of
the three species, in the lisht of their differins ecolosies.

(v)  As a further sten in a complete understanding of the O, deliversy

2
system in the abalone, an investigation is made of the naraneters
of heart function which deternine cardiac output, namel:r heart

rate, and stroke volume. In this study emphasis is placed on the

{

determinations of heart rates of abalone subjected to various
temperature cond¢itions., Cardiac output, and heart rate cata are
then used to calculate gtroke volumes of abalone at acclimation
temperature, and after an abrupt temperature increase.

The overall picture of the O2 delivery systert ohrtained Jor the
three abalone species is compared to tihat of the few other
invertebrates in which the O2 delivery srgtem, or nart of the

system, has been adequately described,

1.3.2 Possibility of anaerobic res~iration supnlenenting aerobic

respiration during timeg of sitress in abalone

It appeared possible that after an abrupt temperature charge the
respiratory and circulatory factors which determine the O2 sunpply of tue
abalone might respond in such a way that 02 supplied tc the orzanism is not
sufficient to maintain aerobic metabolism. Under such circumstances it
was hypothesised a priori that anaerobic metabolism wight to some extent
supplenment aerobic metabolism in maintaining the overall netabolic
requirements of the abalone. This hypothesis was formulated with the
knowledge that it has been proposed that anacrobic metabolism night
supplement aerobic metabolism in other groups of haemocyanin heesring

organisms where the whole animals or organs of the animals are [or some



reason oxygen stressed (Johansen et al., 1970; Falkowski, 1973).
In view of the above facts i% was decided that soie measuTerent

of the abalone species' ability to res-ire anserovically should be nade.

1.3.5 Bummary of the factors investisated to define the role of

haenocyanin in the overall 02 surply systen of the abalone

Pigure 1.7 diagrammatically suvmmarises the various interacting
components of the abalone respiratory and circulatory systen which are
invecstigated in this study. In the central column 2 of the fisure
(headed Animals) the {igure shows how tne components which determine the
A=V difference, (haemocyanin characteristics, in vivo cas tensions,
dissolved 02) interact with the components of heart funetion which
determine circulation (heart rate, stroke volume) to determine the
oxygen consumption ol the organisms. In colurm 1 headed Modifiring
Factorsg are listed such factorg which are mown in any way to iniluence
the values of the correspondins parameters in column 2., VWnaere mossible,
during this stu r these modifying Tactors are kept constant, or otherwise
accounted for, However one important modifyings factor (temperature) is
experimentally varied, and the influence of such variation on each of the
components which are involved in the Fick principle (Coluim 2, Fig. 1.7),
and hence on the interaction of these Tactors is determined.

At sorne temperaturss the oxygen delivery system nay fail to
suprly sufficient oxygen to maintain cellular metabolism. It is
hypothesised that at such times the aerobic respiration of the awvalone
maintained by the components considered in Column 2, ¥Figz., 1.7, nay be
supplemented to a greater or lesser extent by anaerobic res»iration,
Column 3, Fige le7. This possibility is investigated.

At all stages in this study, comparisons are drawn between the
three abalone specieg, and the general patterns obtained are corpared to

information on other haemocyanin bearin~ invertebrates in the literature.



Fipure 1.7

Diagrammatic summary of interacting
components of the abalone respiratory

and circulatory system
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1s3.4 Possible non respiratory roles of abalone haemocyanin

As mentioned at the beginning of this discussion of the
experimental approach used in this study, it is pogsible that the
primary function of abalone haemocyanin might be quite unrelated to
a function in the O2 delivery system. This possibility may still
hold even if a respiratory function can be demonstrated for the
haemocyanin,

In order to check whether there were any probable alternative

frnetions of haemocyanin in abalone the concentrations of haemocyranin

o]

in the haemolymphs of abalone vopulations and individuals in the fiecld
werc nonitered over a long time period. Each experirental snecics was
examnined,

It was anticipated that such monitering would detect any pettern
o’ change in the haemocyanin concentration which could be associated with

{esm. Lreeding seasons’

other I'nown physiological patterns in abalone Y oor
with recognisable chanmes in the environment of the aniuals (e.g.
seasonal temperature changes, food availability).

Any such recognisable correlations uizht be expected to lead
to a better understanding of an alternative role for haemocyanin in

these animals,
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CIIAPTTR 2

Respiratory function of haenoccvanin in sbalone

Relel Introduction

In this chapter the following factors are investigated:
1. The oxygen equilibrium curves of the haenocyraning of the three

abalone species Haliotis roei, Haliotis ruber, and fHaliotis

laevigata, including
(a) the effect of temperature on the nosition 2nd shape of the
oxygen equilibriun curves, and
(b) the effect of varving CO, tensions and nli's ou the position
and shape of the oxysen equilikrivn curves.
% The oxygen capacities of the haemocyanins of H. roei, E. ruber
and [, laevigata, and
3. The PO, and PCO' of pre and posthranchial tloods of living abalene

2 2
subjected to varicus temperature regires.

The above factors are then relested to deternine the arterial
venous difference in O2 content and an estination of the contribution by

haemocyanin to the oxygen delivered to the tissues is nade.

2.2.11 Oxvegen equilibriun curves

(a) Effect of temperature on oxygen equilibrium curves
At the main study area, West Island, the teuperature under-oes
congiderable seasonal and short term Jluctuation, narticularly in the
shallow water where sumrer calus alternate with periods of roucher weather.
Temperature has been shown to have quite a marked effect on the
position and shape of the oxygen equilibrium curves of the baermocyaning of
some animals. Furthermore, sorme evidence suggests that animals adanted
to warmer conditions possess haemocyaning which are less sensitive to

temperature. For example, Redmond (1955) proposed that this was the



explanation for the difference in response %o temperature of the haemocyanins

of two species of crustacean, the crayfish Panulirus interruptus, which

occurs off the coast of California, and the sheep crab Loxorhynchus rrandis,

which occurs in cooler areas., Panulirus nasmocyanin is much less

termperature sensitive in terms of the relative change in ?50 for a given

temperature change, than the haemocyanin of T.oxorhynchus.

Redmond (19689 also proposes that the Pyo values of related
species from different environmental temperatures may correspond at these
temperatures as a result of adaptaiion to maintain the “same internal

oxygen tensions in the face of differin- temperatures". Tor example,

the PSO of Panulirus interruptusz haemocyanin at lEOC, the average field
temperature for this species, correspon’s closel:r 1o tie PSO of I's arrus
haemocyanin at 2500, which is approximately the average field temperature
of the latter species. There is less evidence of such adaptation to
temperature in the haemocyanins of other groups of hacmocyanin bearing
organisms,

In view of the considerable seasonal temperature “luctuation to
which the abalone are subjected, the effect of varying teuperatures on the
oxygen equilibrium curves of their haemocyanins is determined in this study,
The different habitats, and geographical distributions suggest a priori
that interspecific differences in response to temperature could be found.
For erample, H. roei haemocyanin misht be expected to Le less temperature
sensitive than the haemocyanins of the other two species (cf. spocies

introduction).

(b) Effect of P”O changes on the oxygsen equilibrium curves of
. 72 ' ‘

abalone haemocyanins - The Bohr Effect

A change in the PCO can have a congideravle effect on the shave
2
and position of the oxygen equilihrium curve of a haemocwvanin, just as has
been demonstrated with haemoglobins., This influence of PCO knovm as the
/
2
[

Bohr effect, is now known to be at least partly a consequence of changes
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in pl and can also be demonstrated by resuspension of haemocyanin in
various buffers, or by dialysie of the haemolyrph against then (e.g.
Redfield et al., 19325 Redmond, 1955; Djangmah, 1971). Fowever, it
hag often been shown that such treatment may considerably change the
pronerties of the haemocyanin from those of undilvted haemolymrh (Zedmond,
19555 Djangmah, 1971). Those studies which most accurately duplicate
in vivo conditions are those carried out using fresh haemolymph, and
directly varying the PCOZ (Toung, 1972).

To avoid confusion, the terninology as defined by Jones (1972)

describing the direction of the shift ol the oxygen equilibrium curves in

the presence of increases PCO is adopted in this thesis. A haemocyanin
N .
demonstrates a normal, or negative Zohir effect when an increase in PCO
2

causes a shift to the right in the oxygen equilibrium curve. If an
increase in Ecoz induces a shift to the lelft in the oxyren equilibrium
curve, the haemocyanin demonstrates = reverse or pogitive Bohr effect.
Crustacean haemocyanins, lilke most haemoslohing, have a normal
Bohr effect (Redmond, 1955; lianwell, 1960); at least one arthropod,
Limalus Eolxggemus, the horseshoe crab, has a haewmocyanin which demonstrates
a reverse Bohr effect (Redfield et al., 19267. Cepualopod mollusc
haemocyanins demonstrate a pronounced norral Dohr effect (redfield et al.,
1926, 19293 lanwell, 1960; Jones, 19633 Lenfant et al., 1965
Johansen et al., 1966). The response of other nolluscan haemocyanins to

changes in PCO is however much more variable., Some, for example the

2
gastropod molluscs Jelix aspersa, and Cepaea nenoralis, extibit both normal

and reverse Bohr effects depending on the PCOZ (Spoek et al., 1964).

Commonly gastropod mollusc haemocyanins exhibit a reverse Tohr
effect (lanwell, 19603 Redmond, 1968a; Jones, 1963, 1972), but at least
one gastropod haemocyanin, that of the conch Fleuroploca, has heen

reported to demonstrate a normal Bohr effect (Manwell, 1964).
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The haemocranin of the kerhole limpet Diodora agpersa anmarently

shows no response to change in pH over a considerable pl'rahge (Redmond,
1963).  The amphineuran molluscs (chitons) also have hasnceyanins which
aenonstrate both normal and reverse “ohr efechg (?edmond, 1962 , and in
at least one species Amicula stelleri, (Mamwell, 1958) hae reported an
absence o a Dohr effect in the p!T range fror 6.4~7.5,

In some organisms, notabl: the decapod crustaceans it apprears
that the change in pil [rom arterial o venous blood is o small that the
effect on the position of the oxyren equilibrium curves of the haemocyanins
(which in these organisms are relatively insensitive to pH) is likels o
be negligable (Redmond, 1955, 1968b; Johansen, 1970).  Similarly the
haemocyanin of Limulus is relatively pH insensitive, and the effect of the
reverse Bohr effect of this haemocyanin was isnored by Falkowski (1973}

when estimating oxygen exchanse in thic species. .

In their classic early work on the cephalqpod J.oliro pea]ei
Redfield et gl,’(1929) demonstrated that CO, played an important part in
the offloading of oxygen from haemocyanin in the tissues, Thir apnears
to be generally true for cephalopods which all demongtrate a quite

significant arterio-vemous gwadient in B, (Johansen et al., 1965).
2
As little information i¢ available about in vivo gas tensions
of gastropod molluscs, there remain questions about the role which Co,

plars in haemocyanin function in these animels., Ag a first stev towards
answering these questions the effect of varring PCO

Ao

- ~

equilibrium curves of the haemoc;aning oI thwe three ahalone specics is

on the oxyien

investigated.

22012 ' ilethods and Eate:ials
(a) Preparation of haemolymph sample
The haemolymph was extrécted frou‘the‘abalone uging a
disposable plastic 10 ml syrinse fitted with a 21 gaﬁge needle. A

sample of about 6 mls of blood could b2 removed Iron the foot mrscle by
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penetrating to the region of the pedal ginus, just posterior to the head,
and on the median line of the foot. hen the heedle struck this region
the blood flowed easily into the syrinpe.  After Sampling_the animals
were olten returned %o the aguarium where they survived without anr
apparent ill effocts. A second sauple was sometimes taken fro~ the
same animal, usuvally after 2-3 dars. Tetermination of haemocranin
concentration (see section 5.2.1) showed no difference bhetwesn the two
sacples.

{ter extraction, the fresh haemolymph sarples were centrilugsed
for six minutes at 480C r.p.m. using a BJO.G, bench centrifuge. his
wag found to be sufficient to remove gmoebocytec and other cells from the
hacmolymph of these mollusecs. Tnless otherwise nentioned the haemoliuwph
was not further altered when use! for oxyren equilitria determinations.

(b)

The oxyren equilibriun curves of the abalone haeniocranin were
obtained using the spectrophotoretric tecuinigue similar to that uged
previous workers on both haemoglobing and haemocyanins (e.g. Riggsg 1251
Reduond, 1955, 19625 Marwell, 15585 Rossi et al., 19583 Tovng, 1978
Coates, 1975).

The type of tonometer used in the experibent ig ghorn in
Tigure 2.1.

All experiments were carried out in constant temperature rooms
adjusted to the required experimental tem@eratures-(i O.SOC).

The procedure was as ~ollovus:

(1) 6 ml of fresh, centrifused hacrolymsh varn placed in each tonoueter,

(2) Pure nitrogen was blowm over the haenocyanin at a pressure of 2 15/
8Q. inch for two minutes, rartly deoxrgenatin; the haenrocyanin to
prevent excessive bublLlins~ when the tororeter was evacuated.

. B e a4 . - . o N
(Bxcessive bubbling caused nrecivitation of protein fidbres).
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Tigure 2.1

Tonometer used in oxygen equilibrium curve deterninations

VACUUM
PUMP

‘CUVETTE

the tonoreter was then cvacuated usine a DYMAVAC MODEL TD6C

high vacuun pump for ithree ninutes.

Steps (2) and (3) were repeated wit: the second evacuation lasting
four minutes. This treatrent was found throvsh eznerience to
completely deoxygenate the haemocranin. The evacvation times were
kept as low as pogcible hecanse excess evacuation resulted in
agrregation and considerable lizht scattering by the Laenwcianin.
The evacuated tononeter was equilibréted'to'the temperatdre at
which the oxysen equilibriwn: curve was to be detefmined.

The absorbance of the haermocranin was measured using an HIt
Thotoelectric colourimeter Ilodel AE~11l fitted with a 620 jw
filter. This initial absorbance of the completely evacuated
heaernocyanin is lo.

A known anount of air wag injected into the tonoreter throuh the
rubber bunrme  The tononeter wes equilibrated with gentle shalting

for eight (8) minutes before a Further readins (Ka) was taken.



(10)

(c)
(1)

S
tlie

Preliminary experiments had shovm that at all cxperimental
temperatures 8 minutes allowed abalone haemocyanin to rsac'
ecullibrium with the injected air.

TFurther amounts of air were injected and equilibrated and th
angorbances of the solutions were read (Ka's).

when no further increasec in the absorbance was obtained, the
tonometer was opened, and equilibrated at atmospheric nrescure.
Thig last reading when the haemocyanin is commletely =aturated
is termed It. Obviously It waes often the same as the previous
reading if the harmocyanin vas alreadr catvrated. AL ver; high
tempcratﬁres (BSOC) the laemocyanin wouvld not saturate at
atmospheric pressure. In these conditions the solution was

cooled to obtain ¥t.

The percent saturation of the lLiaemocyranin is calcvlated hy:

Ka - 10 100
Tt - %o * 1

The oxygen partial pressure Pﬁ in m T is calculated by the
. O,
[

formula

P, = 21 (B -HxP)xzVo
2 Vol. tonoreter - Vol.haenocyanin soln.

where PO = partial pressure of oxynen in the tonometer
i) :

Lo

Vo = total injected anount of air

B = barometric pressure mm Hg

" = relative hunidity measvred b wet and dry hulb
thermometers

P = vapour pressurc of water at the experirental
temperature

Bohr Lffect

For the determination of the Bohr efrect, lnown volumes of Cﬂ?
were added to the tonoreters, hefore coumencement of the oxveen

equilibrium neasurements.
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A tonometer was sealed, and evacuated. It was then filled with
pure CO, at a pressure of about 4 1b/sq. iuch. = A sample of this
002 vas then taken with a sealed glass syrinne'through the rubber
bung. . Vhen the needle of the 002 filled syringe wasa rewoved Tron
the bung, the plunger wac devresced %o the required volire and
quickly injected into the experinental tononeter. The nartial
pressure of CO2 in the tononeter could then e caloulated hy

PCO = 1 x B x VCO

5 2
Vol.ton = Vol.gsoln

where B = barometric rressure
and VCOQ = volume of COZ injected
(2) As a comparison to the above Bohr effect determinations alter

varying PCO one series of determinations vere made after adjusting

5 3
the plI of the haemolymph using the Trie-HC1l buffers reconmmendad T
Redmond (19679, ‘These buffers were desismed to adjust the pi of
the blood without appreciably changing the coucentration of the
blocds The two buffere were made up by adjustine the vk of (.83M
Tris in seawater to 8.5 and €.7 using 1N FCIl. .

Redmond (1962) found that "at least at normal blood pH" this huffer

did not introduce abnormalitiecs into the position and shape of the

oxyoen equilibrium curves of chiton haemocyanins.

The "normal" pH's of freshly drawn ahalone haemolympiis were

deternined using a Radiometer model 26 pH meter. ‘hen the pH

electrodes were inserted into the sample, the p¥ remained stable

for a short period, followed by a slow, bul continuovs increase.

The haemolymph pH values wore taken az those of the initial stable

period.,

The abalone haemolyuphu were adjusted to different pi values

veing a few drops of one or the other of the above buffers, the yH beins

determnined with the Radiometer ilodel 26 i meter, The haemol:mmph with



even a small amount of one of these buffers added dié not show the o

instability recorded for pure haemolymph,

242421 Oxygen capacity determinations of the haenocyanins of the three

gbalone species L. roei, M. laecvieata and H. ruber

The oxygen capacity of the blood is the amount §f oxygen carried
by the blood when it is fully saturated (e.g. Yrosger, 1973). Two factors
determine the oxygen capacity of whole hlood (Efésser; 1973}, the amount of
oxygen carried by the respiratory pigrent, and the arount of oxygen carried
in solution in the blood.

- In order to determine how much oxyren the ligenocyanin is supplving
to the tissues it is necessary to knov at least the total oxgen ccpacity
of the haemocyanin in terms of oxygeﬁ’carried by the haenocyanin in 100
volumes of blood (vol %).

In this study then, the oxysgen capacities of the haerccraninsg of
the three’expefimcntal abalone species were measured and this data was
related td,the'oxygen equilibrium curve and internal gas tension data of
the anirals to estimate the zctual amount of oxygen delivered to the tissues
by the haemocyanins.,

The oxygen capacities of the haemocyénins were determined using
the method of iimegraith et al., (1950). - This method does not measure the

amount of oxygen carried in solution in the blood.

2+2.22 llethod and materials

Warburg flasks were calibrated using the'ferii oyanide—hydrazine
method (Umbreit et al., 1972). Tor oxyren analveis a 5 il eamnle of
blood was freshly drawn from individuals of each speoies. It was
centrifuged to remove cell mater and then shakéh sently for 10 ninutes in
air to ensure complete oxygenation., wour nl of oxygenated blood were
pipetted into the calibrated flask under a 1 nl layer of oxygen free borate

buffer (Maegraith et al., 1950). 1 ml 6M NaCN was carefully pipetted into



the sidearn of the flask. The flask was then sated on the manometer arm
and placed in a conétaht temperature bath at éOOC.‘ After 10 minutes
equilibration the manoneter fluid helghts were augusted on.both.e erlmenual
manometers and on the thermobarometer. The stoncocks were closed ana the
NaCli was tipped into the haemocyanin solution (thus” dllhtlnF the 6M NaC¥ to
M), The agitator was then startei. Readinge in change of height (h)
of the open manoreter arm were taken at intervals of 10, 20, and 30
minutes.  TFrom the final value, adjuster to change in théithermobarometer,
and the flask constant (k), the volume of oxyren released by {he haemoéyanin
in 4 m) of blood was calculated:

,41 0, carried by haemocyanin in 4 ml = h (change in height) x &

Ther‘efo_re_o2 capacity of haemocyanin in 100 ml of blood
Cnl e ik % )
100ml blood

= hxk
40

To check if any oxygenated hasrioeyanin remained at the conclusion
or the 02 capacity determinations, the protein p;écipitateS'were centrifuged
off, and an abgorbtion spectrum was rin on the oxyoenated superratant.

Ag the results will show, in no case was there:évidence of oxygenated
haemocyanin remaining in the supernatant.

As a further check on the effect of bagmocyanin concentration oa
the 02 capacity, serial dilutions of blood samples of several indivicuals
of each species were made with 0.025M Tris - TIC1 0,58 NaCl pH 7.55 buffer.
02 capacity determinations were made on the Tregh blood samples, ant on

the diluted samples,

Re2e3L Internal cas tensions of abalone

One of the major factors which has lced to the dearth of
knowledge about the in vivo functioninz of haemocyanin in the gastropod

nolluse is the difficulty in obtaining blood samles from suitable pre
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and postbranchial gites of the animal Tor oxygen analysis. This is partly
due to the difficulty in approachins the ‘samplirig;.' a_reaé through the hard
shell protection and the extremely delicate nature ¢f sampline areas such
as the'gastropod heart. The non clotting‘héémolymph poses'further
difficulties to sampling'techniques,‘as sampling results in unrepairable
injury to the organisu. Fu:thér,'the cirqulatoryVSystems of the gastropod
molluscs are less well describeéd and defined,théh:those'of the more'highly |
active cephalopod molluscs and cruStaceans.'v‘Since the last centuxry (cf.
general introauction) workers have successfﬁlly~caﬁnulated the large
vessels of the~cephalopods, and miore recently cannulae have been successfully
used in sampling from crustaceans (Redmond, 1968b;  Johansen et al., 1970).
The clotting blood of these latter organisms nrobably helps prevent.too
much disturbance to the animals undergoing such treatnent.

Faikowski (1973) demonstrated how micro-oxygen‘electrodés cQuld

be moved through the tissues of the horseshoe crab Limulus pol phemus to

PICY

obtain .readings of the internal oxygen tensions of'theSe.aniﬁals.
Preliminary experiments on abalone with the same electrodes indicated
that this method has definite linitationswith qastropbd molluscs.
Insertion of even a fine electrode into mos%lso§t tissues caused
considerable loss of the non clotting haemolyﬁph in the abalone.

In this project a method was devised "w which it is hélieved
rood measurements of internal ;as tensions in the Haliotls species were
obtained. This was possible because the circulatory system of Taliotis
has been clearly described by Crofts (1929). v

Her work shows that the oxrgenatéd blood comes straig$$ from the
ctenidia into the heart where it ie vumped from the larre ventrical throush
the arteries to the tissues. Tmmediately nefore returning tq‘the gills
the deoxygenated blood collecte in the renal siuus, a'relatiVéiy well

defined area, in close proximity to the abalone heart (see Figure 2.2).

2



Figure 2.2 a

Diagran ehowing major sampling vointe for in vivo P
: : C,
and PCO2 determinations.  (Figure after Crofts, 1929).

1., ventricle of heart

2o 7renal sinus

The third sample was taken directly {rom sinuses in

the foot muscle,

Ficure 2,2 b

Haliotis laevigata shell, showing the region clipned for

blood sampling, The heart region is defined by two sets
of sutures in the photorrapli,
The exposed ventricle (ronnd bladder-like organ) is clearly

defined in this photosraph.



Fig 2.2 b
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Samples of haemolymph for oxygen and carbondioxide analyeis

- were therefore taken from the ventricle and from the renal Sinus;
representing immediate post and prebrancinial blood sampleSsv.tFufther
samples were taken from the foot muscle of the abalone in thezfegien of
thelpedal_sinus. These samples were taken to estimate how much oxygen
the haemocyahin had given up at various stazec during its circulatione

through the abalone.

€e2452 liethods and materisls

(a) Seupling

9 In the animals to be used for the internal sgac tension

determinations, the region of the shell immediateiy covering the heert,
and renal sinus area, was carefully clipped off (Fig. Q,Z.b). uare‘was
taken not fo injure the animal in any way, as oven a emall cut in the soft
tissues surrounding the heart (gonad, digestive giend) caused .considerable =
. haemoraging and lead to the animal's death. Tnjured animals were not.used i
in the experiments,

Purther, care was taken to keep the exposed region as small as‘ '
possible so that the effective circulation of watex through the enclosed
respiraﬁory chamber Wes not disturbed. 'Animale treated in this way
. survived as well as “nenesheli clipped" aﬁimals in the laberetory,’and_
exhibited no discernable ill-effects. .

ihen the animal had been vprepared it was left for two hours in
thevﬁater;et the temperature at wvhich it was to he sanpled. "wo series
of experiments were conducted. In thé'firsﬁ; animals taken from.the field
at-about quc,vahd ﬁaintained in the laborator- for at leazt 1 weelt at
this temperature were sampled at 20°c. These animals were considered £0.
be 20°%C acclimated. In the second series of experinents the effect of an
abrupt temperature increase Qn the respiratory sfstem vag investisated and
20°C aiclimated animals were transferred to water at 25°C two hours before

sampling.
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The anirals to be sampled wrere placed in well aerated constant
ternperature aguaria, in a2 constant temperature room. = For sampling, the
aninals were quickly removed froi the subsitrate in the larsze aquaria, and
placed in a shallow plastic acuariun containing wal-er dipped frov the
larger one. The heart and renal sinus region of the ani.al were not
submerged. To sample the foot nuuscle, the animal was renoved entirely
fron the container.

The blood samples were taken using 125 rm, 140-160 &l radioneter
capillary tubes (type D55L/12.5/140) which had been previously'sharpenéd
at one end.

The pericardial cavity in the abalone, as in most molluscs, is
closely connected with the kidneys, and the renroductive srsten (Harrison,
1962). This is provably a result of the develorment of these gtructures
as derivatives of the coelon (Goodrich, 1945). Care was talten when
obtaining the heart sample to avoid wericardial contamination of_the
sample.  The pericardiunm was quicizly opsned with the sharp end ol th
carillary tube,; and the tube was then inserted into the ventricle, ?lood
from the ventricle was then alloved to flow vriefly through the tube to
get rid of pericardial contamination before the sarple was removed for
oxygen analysis. In sampling the heart care had to be taken not to
penetrate the gut which is surrounded by the heart (Crofts,‘lQZQ}. In
experiments wheré the gut was penetrated the resuiis were discarded.  “he
whole sarmpling operation only took a faw seconds, and did not appear to
immediately harm the animaly the heart could be observed to continue
beating after such sampling, althovch where submerged, "pufis" of Dlood
could be seen being forced throuzh the sampling hole.

Immediately after the heart sample had been taken, another
sample was taken in the region of the renal sinus (fig. 2.2.a). Again

care was taken in inserting the capillary tube into the vessels ol the
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rengl sinus. This region obviouzly is closel; counected with the kidney
of the animal; in these anirals the kidney filters the blood to produce
a clear urine (larrison, 1562). Attenpts were rade to insure that
winimum contamination of the renal sinus samnles by urine occurred, In
sone cases when sampling from the renal sinus, gonad or digestive cland
contaninants were observed in the samples. Radlyr contaninated samples
were discarded. rossible consequences of such contamination will be
discussed further in the resulis section of this Chapter.

In many cases the samples talen from the heart shoved a et

bluer colour than the samples from the renal sinus {cf. Spoek et al.,

——

1964). However this depended on the haemocyranin concentration - in

gome cases both heaft and renal einus samples apnecred colourless.
Oxyeenated samples from the heart and renal sinus were compared spectro-
photometrically and found to have hacmocyanin at the sane concentration.
This was used as a check to shov that no significant amounts of amy other
contaminating fluid (e.g. urine) was entering the eystem due %o the
sarpling technique.  After sarmplin- the renal sinus, a further sample wag
obtained from the pedal sinus by inserting a capillary tube into the

foot ruscle of the abalone.

In most cases, only a single sanple was taleen from each of the
sampling points of a given specimen. Once the heart of an animal had
been Sampled, there was a considerable loss of haemolymph througl: the
ventricle. 'It,was considered necessary that the remal sinus sample should
be taken within a few seconds of the heart sample s0 that as little
disturbance as possible resulted from the efTects of penetrating the
ventricle. As the results will indicate, where duplicate sauples vere
taken, there was close agreewent betveen the ras *tensions in the samplés.
Althoughvas far as poegsible the animals were held motionless during the

samplings it was not possible to prevent all activity; the saupling
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procedures sonetives stinulated the animals into movement: the result of
this variable amount of activity will be discussed later.

The sauples were analysed for P, eand }CC within a minute of
_— 2 e e
the commencement of the operation. Juring this short wait the samples

were kept in the long capillary tubes fitted with rvhber:capillary stoppers
at the temperature (20°C or 25°C) at whiclh they were_taken.

: Pinally, a sample of the aquarium,watermwas taken‘for.anaI?Sié v,:

of P, and P, .
002, 02

(b) Analysis of samples for P. and P
=0, o,

' The measurements of the partial pressures of oxvgen and

carbondioxide in the blood samples were made using;é‘medified'Raﬂiometer
BIS3MER blood microsystem fitted with a Radiomeber THOAT oxygen elepﬁroae
and»an(ESOS? CO2 electrode connscted toﬁexygen‘and.COZ.nmaulee in fhee
Rediometer PIINL Ik 2 Acid Base Analyser. - In order to use this systen
at 20-25°C the heating circuit was‘discennected and a Churchill watex
circulating heat exchahger wes-externally cennected to fhe ﬁeter }ath;‘
In the constant temperature room this system allowed}extfemely eccﬁrate
maintenance of temperature (+ .1°C).
- The O, and CO, electrodes were calibrated as_describeq in the

Radiometer Operating Instructions, ;l*he'o2 electrode'was'zeroed using;
both Radiometer Poz zero solution 10~34150, end puré ﬁiﬁrogeh; end calibra#ed
with air equilibrated thermostat water. A Eriori»it Was,antieivated that
abalone would have reasonably low internal COé tensiens ag hé&e‘been'obéerved
in other marine and aquatic animals (Ramsar, 1968)3 the COz.electrode vas
therefore zeroed using pure nitrosen, and calibrated with 2% 002 in nitrogen
and 5% CO, in nitrogen.

Calibration was completed immediately before blood sarpling
comrienced.,

Samples of haemolymph were drawn as vreviously described and

analysed immediately.
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The P, of the sample was determined first. Tor a correctly

.
introduced sample the Pg' reading would drop steadily wntil reaching a-
2
point of stability. Further introduction of blood did not cause a change

in this stable point, although if the blood was allowed to sit in the
measuring chamber for some time a slow decline in 6xygen tensioﬁbwas
observeds This can probably be attributed to use offoxygen'by,the
electrode in its function; thé electrode is a Ciérﬁ-type oxygen electrode
involving a reduction process of difiused oxygén(on a plafinum‘eléctrode,

-‘. S i
O2 + 20 + 29", HZOZ

In such a small sample volume this process might apprééiably lower the
oxygen tension over a reasonable period.

The stable point was taken as the cOrrect PO . - If the sanple
was not introduced correctly, and air bubbleg entered ihe:systemQ thev
normally observed dowrward trend in Py reading was rapidl;- reversed.
Results of experiments in which the saiples wcre.incorrecfly introduced
into the measuring chamber were discarded.

The‘PCO2 of each sample was determined Lmhedlately alter a stable
PCZ had been obtained.

After these internal gas tension experiments had been completed
a paper was published in which similar sampling technigues were used to

obtain é 5 ml and 1 ml blood samples from thejheart of the blue crab

Callinectes sapidus in heparinized srringes. As in this project the

samples were analysed fpr POZ using a Nadiomeber blopd_gas analyeer, in

this case liodel ELS1 (I'angum and ‘ieiland, 1975). This recent publication,
and other work, both on haemocyanin and haemoglobin bearing organisms
(e.g;'Gatten, 1975), support the contention that blood samples rapidly taken

from undisturbed animals and analysed immediately, reflect accurately the

in yvivo blood gas tensions of the animal.



2¢3 Results and Discussion

2.3.1 Oxygen equilibrium curves

2.3.11 ©ffect of temperature

The oxygen equilibrium curves for undiluted haemolymph of the

three species, iI. roei, E,. ruber, and I. laevigata, in the absence of any
002 except that in injected air, are shown in appendix 1 a.. The curves
for all three species were obtained at 7°¢, 159, ZOOC,‘and_25905, oxygen
equilibrium curves for He roei haemocyanin at the extreme femperaturé of
38°C are also given. Attempts to obtain similar high temperétuie curves
for other haemocyanins failed due to excessive,denatﬁﬁétioniéf haemocyanin.
The temperatures 1500 and 20°C fall within the range df_témperatures all‘
three species experience in the field at ﬁéét Islaﬂd,_apdla196‘within the
geographical temperature range of the three species. ﬁo specieé.ever
experiences teb@eratures as lov as 7°C in the field at any locality.
25°C is a higher temperature than is ever experienced in ﬁhé,fieid‘at Vest
Island, except perhaps by H. roei exposed by low summer fideﬁ. Again,
over the geographical ranpge of the three species Qniy E,i;ggi is likely to
experience temperatures above ZSOC, although the maximpm‘temperaturés
ékperienced by the other two species in someAlocalitieskwilltaéproach
thic temperature.

" In table 2.1 the Ppy values obtained.ét‘theZVariQus témpératgfés
for undiluted haemolymph in the absence of.COé ére Sﬁmmariséd for'each I;
species. These PSO values are plotted against-témperatﬁie intFirﬁye 2.3.'

It can be seen that over the IBOC temperatﬁre;raﬁge from.7°C fo

25% the Peg values of all species increase from 2.5 to 5 tires. Thig

sensitivity to temperature of the abalone haemocyanin ig. comparable. to

that observed in decapod crustacean Fanulirus interrﬁptus (Redmbnd,_lQG%Q.

5 . . | t g . “ (o]
In this temperate marine species the P5n nore than doubles over a 10°C

temperature rise from 15-25°C.



Table 2.1

P50 values of undiluted abalone hlood at various

temperatures in the absence of GO

2
Species Animal = Temperature g :950 mm e
Humber :
H. roei 1 38 74,0
He roei 2 38 7745
Ho roei 1 26 42,0
He roei 2 25 43,0
He roei 5 24 42.0
E. roei 1 20 25.0
He roel 2 G 29,0
H. roei 1 15 20.5
H. roei 2 15 20.5
H. roei 1 7 10,5
H. roei 2 7 12.0
He roei 3 7 15,0
He xuber 1 24,0 50
H. ruber 2 25 53
He zuber 3 24,5 54
H. ruber 1 2l 48
s ruber 2 20 45
H. ruber 3 20 45
H. ruber 4 20 44
He TUbETr 1 15 39
H. ruber 2 15 40
H. ruber 3 15 40
L. ruber 4 15 37
H. Tuber 5 15 38
H. ruber 6 15 39
H. ruber 1 7 22
‘H. zuber 2 7 22
He ruber 3 7 22
H. laevigata 1 2345 49
H. laevigata 2 24,0 45
H. laevigata 3 2345 46
H. laevigata 1 20 38.5
H. laevigata 2 20 40.0
d. laevigata 3 20 38,0
H. laevigata 4 20 3845
H. laevigata 1 15.5 31.5
H. laevigata 2 15.0 32
H. laevigata 1 U 14.5
‘H. laevigata e 7 T 14.5
H. 3 7 13.5 -

laevigata



Figure 2.5

Plots of P50 values against terperature
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From figure 2,3 it can be seen that although H. roei
haemocyanin is evidently more resistant %o heat denaiura%fbﬁmfhah'the
haemocyaning of the other two gpecies, there is no evidence to susgest
that it is any less sensitive to terperature increase in terms of the
effect of such an increase on the PBO over the wiole temperéture range
from 7-25°C, However, it is perhaps worth noting that between 10°C ang
ZOOC, the "normal" range of field temperatures ahalone are likel: to

experience, the effect of temperature on the P5O of He roei haemocyanin

does seem slightly less pronounced than the effect on the PSO'S of the

other two species.

From figure 2.5 it can be seen that the plots Df'PSO versus
temperature for the three abalone species fall on three roughly parallel
curves. At all temperatures the P5O of E. roei haemocyanih‘ is
congiderably less than that of H. laevigata which is in turn oonsiderahly
less than that of He ruber. It is possible that the greatef‘overall
oxygen affinity of E,'gggi haenocyanin may be an adaptation”whiéh enables
this species to "maintain about the saue internal oxygen tensions".as
the other two species at the higher temperatures which I, roei normally' 
encounters (cf. Redmond, 1968apg 18).

Prom figure 2.3 it can be seen that there is a certain éﬁount
of individual variation in the P5O values., Althonﬁh this variation does
not prevent the observation of trends in PEO with temperature as
discussed above, some possible reasons for it will be briefly congidered.
These experirents were all conducted on fresh haemolymph in the absence
of COZ' Hevertheless there are slight variations in the Pl of freshly
drawn haemolymph which may have contributed to individual variation in"the
P50 values (see section 2.3.13).  Another possible source of variation
in PBO between individuals may be the difference ip concentration of the

haémocyanin in the haemolymphs. Spoek et al., (1964) hrpothesised that
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this factor may have been the source of the‘variationnthey.observed in

the PSO values of Helix pomatia haemolymph. They state in the

introduction of their paper that "In the course of our exveriments it

became clear that knowledge of influence of variations in the concentration

of blood piement and the salts would be of inrortance, Accordin;ly the
copper contént was deterrined in some of our camples”, Hﬁwéver“they fail
to point out in their results just Qgg‘copper'contenf (and hence
haemocyanin concentration) influences the oxygen equilibrium curve.
Extracting such information from their data is difficulf}because of the
varying conditions of temperature and PCOZ»at which their experimehts
were conducteds In this study the concentration ofvhaemocyaninlin the
various haemolymphs varied considerably. It was possible to séc this
gimply by the varying blueness and varying maximum-absorbanceg of the
oxygenated haemolymphs. In some cases (Tablé 2;3)_éctua1 détermihétiqnsA
of haemocyanin concentrations were made using'methbds descrihed léter in'f
Chapter 5 (section'S.Z.l);" Trom this table it is apparent that for a

fiven species, a considerable difference in haemocyanin concentration

Table 2.2

Effect of concentration of haenocyanin on Py

of oxygen equilibrium curve

Spécies.and ' : laemocyanin Psgy
animal number Tempgrature concentration :
(Appendix la) e ml mn Hg
He xoei 1 20.0 12.5 295
H. zoei 2 20.0 8.5 28.5
H. ruber 2 24.5 8.8 43,0
H. laevigata 1 23.5 6,25 48,0
E. laevigata o 2345 4.25 46.0
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does not appear to creatly influecnce the position of the oxygen

equilibrium curve of the haemocyanin. Further; considering the

results of all species, no constant relationship between the magnitude

of the P5O,'and concentration of the haemocyanin can be established.
Variation in the masmitude of the PSC values between

individuals may be to some extent'due to unavoidable e"perlmental error,

largely as a result of 'slight fluctuations in room temperature durlnr .

the prolonged oxygen equilibrium determinations.

245412 Oxygen affinities of Haliotis haemocxanins eogpafed to ox?gen

affinities of other haemocraning renorted in the literature

The‘mean-PEO values of He xoei, H. laevigata, and H. ruber

haemolymphs at 20°¢ are 28. 5 jyin] Hp, 38,4 1 Fg and 44 7 mn ﬁp. At'firsfii

_con51derat10n, these might appear to be very hlgh PSO values partlcularlv RS

in view of the fact that the P50 of at least one other marlne gas tropod'

(Buqycon canalnculatum) has beeu shown to be only 12 2 mm Hg at thev_
comparable temperature of 22°C (JEdfleld, 1926). |

» ‘HoWever, on examination of the literature revealsfthat many of
the chltons (the other proxp of slugglsn nolluscs which bear haenmcvanlns)
have haemocyanins with P 50 values ClO“GlJ resemnllnw thoee of the abalone
iﬁ this“study; Redmond (1962§ determined the 350 values of the
haemocyanins of four species of chlton at 25 Q, xlndlng Values ranginge.ﬁi
from 20-26 mm Fg. . HMamwell (195&) found that the haemocyanin of a

northern Pacific chiton Amicula stellerl had a F of 17 1mm Hg at lO Ce

50
Redmond (19629 extrapolates from this flgure, on the ba51s of unnunllshedl
obgervations, and concluaes that at 25°C the PSO of thls_speeles woula

be between 40 and 60 mm-He. Yhus the PBO valves of thls:chi#on:ﬁould
compare closely to those observed at similar temperatures for the three
abalane speeies in this study. It seems tnen that these archaeo-
gastropods share with the chitons a low ox¥ygen afflnlty of the

haemocyanin which has in the past been generally associated with highly
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active animals such as the cephalopods (e.g. Lolizo pgalel PEO = 06 sl
g at 2:3 0, Redfleld et al., 1926)

Re3413 . Effect of PC and pil
2 .

(a) Effect of P 0,
e 0

The Flaures in . Appencdix 1b are the oxygen equlllbrlum curves

obtained for the haemocyanlns of each of the species H. ruber, I 1aev1gata

e

and H. roei over a “anﬂe of temperatures (7°C, 15 ¢, 20%¢ and 25 C) at-

varylnﬁ partlal pressures of COZ

The'PSO values of the oxygen equilibrium curves are summarised

in Table 2.3. Tn Migure 2.4 the Ps, values are plotted against Pao.

for each species at each témpérature.
An 1mnortant fact to be gained fron tnese data is that the
haemocyanins of all three species of abalone demonstrate a strong *everse

Bohr effect.

At low PCO the increase in affihityiof abalone haembcvanins
5 .

is particularly marked. However, at increased COz_uenslons the change
in PSO becomes progressively less, and at least at 20 C 15 ( and 7°c )
it appears that a lower limit 1n the P 50 of the naemocyanln is reached
beyond which further increase in,rcoz‘does nOt.GhangﬁbthE'P5df_.‘Tﬂis
lower limit ig'?ery similar for all three species, at‘each'of.the'above
mentioned temperatures.

It should be noted tnat the reverse Bohr offect in H. ruber
haemocyanin appears to'berslightly greater than that of [. laevigata
which in turn is slightly sreater than that of E, roei at all témperatufes.
COzithen appears to abolish the differences in the PSO values of the
haemocyanins of the three species observed in.the_absence:of €O, .

At the lower temperatures of 7°C, and 15°C little‘ 'difference

can be seen in the Py values of the three species when the Py is over

- . , 2
about 4 mm Hg. Generally, however at low concentrations of €Oy
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Table 2.3

P5O’values of oxygen equilibrium curves of undiluﬁedfgbalone
haemolymph, at 25°C, 20°C, 15°¢ and 7°C and with varying By

H. laevigata
TOLPERATURE °C  P,, mn Hg  P., un Hg

002 50

25 0 49.0

2.8 27.0

4.9 20.0

1l.1 13.5

20 0 03,0

2.3 20.0

14,5 8.0

2l.6 8.0

15 0 ol.0

Bed 15.5

8¢5 £.0

11.1 7.0

7 o - 15.0
263 11.C .

9.5 6.0

He. ruber

25 0 54.0

2e4 34,0

5.0 24.0

Deb 11.0

20 0 44,0

27 19.0

4.6° 15.0

92 10.0

15 0 41.0

2.4 15.0

5.0 11.0

9.6 8!0

7 0 2240

2.0 9.0

2.9 €

. Toel

25 0 46.0

2ed 51.0

Sel 22.5

1040 10.0

20 0 315

2e'7 17.0

4,8 15.0

11.0 8.0

1047 8.0



Table 2.3 (contd)

‘He roei
S ERATTRT © P : :
L ERATTRS C LCO? mn g P5O mm1ﬁg
15 0 23,0
2.4 15.0
5.5 10.0
9.4 7.0
7 0 12.0
238 F::.O
4.9 8.0
C.8 7e5

comparable to likely in vivo PCO s He roei haemocyanin has a greater
2 ' ’ ' B
oxygen affinity than H. laevigata which in turn is greater than I'. ruber,

as observed in the sbsence of 002.

Increasing PCO not only affects the oxygen affinity but also
2
the shape of the oxygen equilibrium curves of the haemocyaning of all

three species. The Fill plots of the data from the PCO and tenpcrature
2

experiments gre given in Appendix 1 d. The hill plot is a plot of log

TS%:T against the log of the partial pressure of O_, where ¥ ig the

2
percent haemocyanin combined with oxygen. Tle slope "n" of the curves
thus obtained, where Y = 50%, is an approzinate meagure of the
gigaoidicity of the oxygen equilibrium curves and hehce of the degree of
interaction between the sites of oxygen binding of the haemocyanin (see
General Introduction; Ianwell, 1960; Trosser, 1975). It can be seen
from the values of '"n" calculated from the T'irures in Appendix 1ld; for
all ‘three species, that "n" is always rreater than 1,6, indicatin;; that
there is always positive interaction between the oxyren combining sites
of the haemocyanin. In all %hree_species, at all temperatures, there

is a trend towarde decreasing values of "n" with increase in PCO .
' . 2
Thus with increaging PCO there is lese interaction between oxrgen
2

combining sites on the haemocyanin.



Figure 2.4

Plots of Py, values against P for

I

Co,

H. laevigata, H. roei and H. ruber at

25%c, 20°%, 15° ana 7°C.
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Similarly in all three species there is a trend towards

decrease in "n" with decrease in temperature, in the 'absence of 002.
(b) Eifect of pH

As was pointed out in the introduction to this chapter, for
comparison to the above results obtéined by varring P(302 in undiluted
haemolymph, a series of curves were determined at 20°C after ad justing
the pHl of the blood with the tris HC1 buffers recomrendoed by Redmond
(1962).

The oxygen equilibrium curves obtained for the haenocyaning
of the three gpecies of abalone using these buffers to adjust pi are
shown in Appendix 1 c.

A summary of the P5O values of the oxrgen equilibriun curves
at various pH's is given in Table 3.4,

In Firure 2.5 the 3?50 values are blot‘tec’.‘ va;;ainst p?:“';,"for the
haemocyanins of cach species.,

It can be seen that adjusting the pil ucing this re’cvoxmended
buffer again causes the haemocyanins to show a larse reverSe‘ Tohr effect,
The decrease observed in P, is in this case directlr related to 3 for
each species the decreaze in PSO is virtually linear over a wide p"I range
(844 = 6.8)s As when the PCOZ was varied, the reverse Pohr effect is
greatest with He ruber haemocranin and sligh-bly‘ sreater with I, _:L»_g_ey_.ii@j:_ga_
than with H. roei haemocyanin. The "size" of the reverse Bohr effect
can be expressed by P values (e.s. Pedmond, 1963 where § = = lov 1)50/ Tilo
fron the data in Figure 2.5, the following ﬁ values are calculated Tor

abalone haemocyanins.

Haliotis ruher ¢ssessn e é = .45

Haliotis laevigata eeeesess B

L}
.
.
o
[

ﬁaliotis roei sorsvece ﬁ = - .50




el
Table 2.4

Dffect of pH on }?50 values of oxyzen equilibrium curves

of buffered abalone haemolympi at 20°‘C

Species ol PSO mm Her
Fe Tuber 6.78 2.0
. ruber 6485 740
H. ruber 7.25 22,0
- ile Tuber 765 4.0
I_I_- I'uber 8.30 52.0
He Tuber 3.40 51,0
e roei 6.70 11.5
de Toei 6.75 12.5
L. roei 7.25 215
He roei 7.30 32.0
E'I_o roei 8,98 43,5
O. roei 8.42 40.0
L. leevigata 6430 15.0
};ll laeViP;ata 6435 12.0
d. laevigata 6,90 15.5
He laevigata 7425 20.0
He laevigata 7480 31.0
He laevigata 8.20 350
He laevigata 8.30 04,5 :
. laevigata 8430 40.0

These values can be compared with other f values in the literature. - For
exarple Redmond (1962§ measured the Bohr effect df'Chiton haemocyraning

by adjusting the pH of the haemolymph with the Tris-HC1 buffer uged in

this investigation. Chiton tuberculatus and Acqnthopléura CEEEHEEEE
haenocyanins both have reverse Dohr effects; The ) Valuesyﬁbr‘vaece
two species;-+ o1l and + .02 respectively, are mnch éﬁaller“thén thoge
calculated for the abalone in this study. Ilowever, Reduond (1968a)
repdrts~¢ values for two genera of marine snailngusiﬁfiton and
Fasciolaria, to be + 2.12, and + 1.26 respectivelr. g‘A§ Redmoﬁdqstates,
these are both very large values, especially that7fof>Fusitrifon. It
is evident that the ¢ values for abaloné haemocyaning are well within
the range of values observed for other'molluscan‘haehocyanins which

have a reverse Dohr effect.,



igure 2.5
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PBO values plotted asainst pH
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Table 2.5 below gives a series of pideteruinations for

freshly drawn haemolymph of the three abalone species at 20°C. ,

Table 2.5

pE of fresh haemolymph at 20°C

H. ruber He laevigata  Z. roei

735 7430 7430
743 s 7455
7435 7425 7455
7455 7.55 7040
7437 7428 7.42
7o 44 7425 7.32
735 7438 7455
7445 7430 7423
730 725 7.40
7425

7440

7435

7435

Liean + S.D. 7.38 + J075 7,32 + .096 . 7,07 + 009

—_—

As can be seen, there is some variation in the pH of freshly extracted
haemolymph. Some may be "real" wveriation, but some may be‘due to the
previously mentioned difficulty in obtaining a stable pH réading'on
fresh abalone haemolymph. levertheless, the rean pH‘of freghly drawm
haemolymph of all species is about 7.3 to 7.4.

Table 2.6 below compares the Bsovvalues obtained usingvfreshly
drawn haemclymph in the absence of any further treatment, with PSO values
of haemolymplie at the same pH but with the pd adjusted with small amounts
of the two tris-iICl seawater buffers previously described.

mven allowing for a nuch 1ar§er variation in the pif ol freshly
drawn hacmolymph than was ouserved, it can be seen that the small amount
of tris-HCl seawater buffer used to adjust pi hae caused'anvincrease in
the oxygen afrinities of the haemocyanins, especially in the cases of
He ruber and II. laevigata. Further experience (not reported in detail

here) with nore concentrated tris buffers suppori the idea that iris

. . A oo - N
itself caused the inerease in oxyren affinity. I suspect that Ca’' in



Table 2.6
- Pr values of freshly drawn haemolrmph compared

o P values of buffered haemolymph at same pH -

ilean P, (mm Bg) liean pH of Pgg (m@m Hg) at mean
Opecies of freshl,,r drawn  Freshly drawn PH of fresh haemolymph
Haemolywph Haemolyrph '« Buffer Ad justed |
at 20% (20°¢) ~ (20%) |
H. roei 8.5 7,57 B
T. laevigata 36.8 7.32 21.5
E. ruber 44,7 7438 2540

the haemolymph is being‘chelated.by the tris molecule. Reductioniinvthe'

Ca++ concentration is known to»cause»subunit dissociation of‘haeﬁocyanin’?

with a corcomitant inc.rea‘se in oxygen affinit (I.amuer and Niges,y 1104).
Thesa experiments ueing tris<lCl buifers tO'adJust;the pH\o;

the haemolymph provide support for the findinp with CO thét the. |

haenocyanins of all three specles of abalone have a lar,e reverse Lohr

effect, however they emph331se that care must be taken in 1nterpreu¢np

experiments with buffered haemocyanin,

24042  Oxygen capa01t1es of abalone haepocyanlns

Table 2.7 gives the oxysen capacltles (1ﬁ volunes S carried Ly
haemocyanin) and haemocyanin concentrations of the blood of individual |

L. roei, H. laevigata and M, ruber. The mean and standard deviation of -

both oxygen capacities and haermocyanin congentrations are giveh in the
table,

It.één be seen that for each specizs tﬁere is a Wide_ranqe of
haemocyanin concentration. - Larce variation in haemocygnin'c§ncentration

has also been recorded for Lour specics of California abalone, 'aliotis

fulgens, H. corrugata, . rufescens, and . cracherodii (Pilson, 19¢4),



and ‘also in other gastropod molluscs, notably the coneh 'Efuéﬁrcnn"

canaliculabum (Uetzer and Tilson, 1974). - Uhis large range in
haemocyanin concentrations will be discussed further in reference
to the field sampling of the haemocyanins of the three gpecies in

this study (Chapter 5).

Table 2.7

Oxygen capacities (in volsé carried by hacmocyanin) and
haenocysnin concentration of the blood of individual alalone

O. roei . laevigata o muber
Animal T'aemo~ Oxygen Animal Taemo=- -O:iygen Animal Haemow Oxyren
No.  cyanin capacity Hoe cyanin capacity lios cyanin capacity -
concen~ Haemnos concen~ = aeno- - _concen= -laemo= .. .
tration e¢yanin tration cranin ~tration c¢yanin
ml  vol % nom/ml - vol % mgm/ml - vol %
1 648 1.40 1 4.6 1,03 100 88 l.a2
2 7.2 1.15 2 4,0 115 2 . 5.2 1.095
5 6.2 1.5 3 4.7 11,20 3 4,00 1,19
4 8,52 1.45 4 4.5 W07 . 11 e
5 7.4 1.21 5 4.4 97 B 3.8 1
6 8.4 1.52 6 5.2 NE 6 . 4.0 smaine
7 6.7  1.16. 7 4.3 1.22 7 3 AP T R
8 8.6  1.40 8 5.1 79 8 5i9T L6
9 7.5  1.52 9 545 .35 9 2.6 79
10 3.16 W79 10 540 .70 .10 2.6 Rk
11 7.9 1.40 11 2.9 76 11 4,1 1,06
12 12,9 2,19 12 5.4 1.03 12 5.2 1.03
13 10.25  1.69 15 5.25 1.22 13 2.5 Rt
14 9.6  1.99 14 3.6 L9114 7.8 1,38
15 Bed 1,55 15 3.4 1.56
16 6.8 1.55 2o

OANS  7.942.2 1.444.35 4.331.2  1.042,26 4063201 1015487
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H. ruber and H. laevigata haemocyanins have similar mean
0, capacities (Table 2.7). H. roei haemocyanin has a significantly
higher nean 02 capacity than H. laevigata, P { .005, or H. ruber,

? € .001, (Corparison of means of samples of unequal sizes - Students

t test).

Table 2.8 compares the oxygen capacivies determined for the
haenmocyaning of the three species of South Australian abalone with some
of those known for other mollusecs. ~ From the table'it can be seen that
the O2 capacities of the abalonc compare reasonably closely with those
of other gastropod mollusc, Tusycon although it appears that they have a
slightly lower average oxygen capacity than this species. The oxyaoen
capacities of the abalone are considerably lower than those of the more
active cephalopod mollusec, but greater than those of the amphineuran
molluscs, the other "sluggish" molluscan group Whicﬁ hééﬂhaechyanin in

the haemolymph.

Table 2.8

Typical okygen capacities of’some'm011uscah:haemOCyanins‘
(excluding dissolved 02) L

Class, O? capacity of - Reference
' hdemocyanin :
, vol %

Cephalopods : : .
Lolizo pealei Bud-4.1 Redfield et al., 1926
Géstrogods' |
Dusvcon canaliculatun 1,65~2,90 Redfield et al., 1926
Faliotis roei 792,19 Present study
Haliotig ruber «64=1,56 i

Haliotis laevigata .7 =1.55 n
Arphineurans | ,

Chiton tuberculatus «50-1,13 Rednond, 1962b
Katherina tunicata e55~4 63 i
Hepalia muscosa » o 61-e82 n

Amicula stelleri +26-.36 z
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In Pigure 2.6 are plots of haemocyanin concentration against»oxygen
capacity of the haemocyanin for esch of the three species. “’l’-he .dashed
lineg are fitted regression lines, the correlation coefficiénfs-éfe'
oiven on the figure,

The Mﬁegraith et al. (195Q) technique for measuring O, capacity
measures the O2 capacity of the respiratory pizment alone, (sée'?dﬁonds
1957, page 93) unlike the Van Slyke blood gas analysis, which by relving
on an evacuation technique measures 02 capacity of whole blood. . Tor
this reason it would be expected a priori that the regression lines
fitted to the data obtained for the O2 capacities and haewmocyanin
concentrations would. pass throush- the origin. In other words, wher
there vas no haenocyanin, no_O2 would be detected when the haemolymph
was poigoned. From Figure 2.6 it can be Seen that in fact the’regression
lines do not pass through the origin, but neet the Y axis slightly above
the origin. This observation lead to the hypothesis that the relationship -
‘between haemocyanin concentraticn and oxyzen capacity is not linear;‘the:fb
higher concentrations releasing proportionallr less oxygen. The résﬁits
of the serial dilution experiments are given on Tahlé 2.9 gnd nlotted on.
Fipure 2.7. Again it is evident from these vesults that halving the
concentration of the'haemocyanin in the‘haemolymph’does néﬁ résult in
halving the O2 capacity of the Laemoéyaniﬁ‘iﬁ solutiqn5 .injqr&erbto
test if the poisoning process was incomplete the Solﬁtiogs’were éxamined
épectrophotometrically after the Oz_éapacities had been défé?ﬁined.

Firure 2.8.shows a typical absorbance spectirum of the oxygénate& golution
treated as described in section 2.1.21. In nc case was there any
evidence of oxygenated haemocyanin, which would lLave beenﬁeipeoted'to
demonstrate a typical peak of absorvance at 345 am (Chapter Gy Fig.'ﬁ.l bl
This sugzests that at all concentrations the haemoeyanin wag being
effectively poisoned to cause releagse of all oxygen,supquting the.idea-f'

that at higher concentrations the haemocyaning of the abalone are combined



Table 2.9 ¢
Oxygen capacities, and haemocyanin concentrations of

serial dilutions of abalone bhlood

Pure Diluted x % with Diluted x & with
haemolymph L0251 Tris HC1 : ~02bl" Trig HC1
o511 llall pE 7.35 - o517 MaCl pll 7.35
i. ruber o | |
"0, cap. (Vol %) 1.56 1.25 o8
1 Her conc.(mgm/ml) 8.4 4,2 2.1 |
O, cap. 1.38 1.05 .65
2 I':-Cy 'CO'nC. 7e8 309 1095
L. laevigata
O, cape 1.55 1.05 73
4 Hey conc. 648 Jed 1.7
0, cape. 1.59 « 95 7«62
ey conc. 6.4 5.2 206
O. roei
O2 cap. 1.69 1.18 T .81
1 Ilcy conce 10.25 5,125 2,56
0, cap. 1.99 1.40 1.0
2 Hey conc 9.6 4.8 2.4

with proportionally less oxysen than at lower ‘haemoc:,fani»n“' cdncehﬁra;tions'.
It should be noted however that this‘effect‘is not,very greaé.at the
lower haemocyanin concentra*bions usually found in the‘. abaloné;

It has long been accepted that hae_mocyéﬂin ’c‘ombinésv:v_rith oxyien
in the ratio of one molecule of oxymen to a‘v quantity of haemovc‘yanin'.
containing exactly two atoms of copper (Redfield et al., 1926,; Redf_i_eld;_
1934). The logical extension of this, is that a doubllngln the |
concentration of héemocyanin should exacti;; ciouble, the/amoﬁnt of oxygen i
which can be bound to the haemocyanin in the solution; I-‘Tozé‘eviev‘r 'in Sﬁggest‘
that this apparently is not the case with the haemocyanins of I;I_o v_x}ﬁl_b,_ga_:_:‘_," ‘

1_1_. roei, and H. laevigata. It would seem that at higher concentrations



Figure 2.6

Variation of oxysen capvacity of haerocyranin

in the bloqﬁ of Haliotis ruber, M. i'oei,

and i, laevigzata, with concentration of

haenocyanin
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cure 2,7

@ffect of serial dilubion of abalone blood
on the relationsiip between oxygen capacity

of haemocyanin and hacrniocyanin concentration
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gure 2.8

+

Absorbition srnectrun of the supernatant
obtained after centrifuging the products
of +the O2 capacity determination procedure.

Yote the absence of a typical haemocyanin

absorbing peak at 346 un (cf. Figure 6.1 b)
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of haemocyanin proportionally less copper atoms are available to coubine
with oxygen. This nay be a result of aggregation of haemocyaniﬁa
molecules at higher concentrations such that scne copper atoms are
"buried" and unable to combine with LY oen.,

From Figure 2.6 it can be seen that where the haemocyanin
concentrations of the three species overlap, there is much sinilarity
in the 02 capacities,

Althoush there are differences in the regression lines obtained
Tor the three species, T believe “hat these differences can to some exient
be accounted for by the different averase haenocranin concentrations of
the threce snecies - this is particularly true in the care of Fo roei
and H. laevigata. Combining the evidence of Figure 2.5 and Flgure 2.7
suszests that the plot of 02 capacity versus haemocranin concéniration
uight be more truly represented for all specics by the unbroten curve
on Pigure 2.6 (fitted by eye).

“here 1s a laclt of information in the literature of other
attempts to dircetly relate the concentration of the haemocyanin in the
haemolymph to the 02 carrring capacity of the hacriocyanin over a wide
Tange of concentrations. Tor the most part it is,generall:,acceptee~
that O2 capacity relates in a linear Jashion to laenocranin céncentratioh.

Homever, in determiningloz‘capacities of the blood of Dctopus

dofleini Johansen (1965) found that "It was surmricine to find soveral

Y Y

inconsistencies in the expected correlation hetween the oxyren capacity

and_the haemccyanin content', (Underlining mine), A plot of

Johansen's data (Figure 2.9) shows that animals havin:- the highest
haemocyanin concentration do not have O2 capacities as hirh as expected

frou the O, capacities of animals with less concentrated haecmocyanin,
2
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The regression line fitted to Johansen's data intercepts the

~r
&

axis well above the origin. The lack of 0, capacity deterninations
. s )

for very low concentrations of the Octopus dofleini haenocyarin nake:

comparison to the data in this Chapter difficult, but the fisures

presented tend to sugrest that a sinilar non=linear relationship

between haemocyanin concentration and O, capacity may exist for the
23

Liaenocyanin of this cephalomod.



Firure 2.9

Delationship betwesn oxysen capacity,
and haemocyanin concentration in

Cotopus dofleini ({rom the data of

Johansen, 1965)



%
2 2 & £ 3 8
L

OXYGEN CAPACITY wvoI 9
-l N N w
(3} ) o )

-
(—]
| }

-5~

Octopus dofleini (data from Johansen 1965) w

(. 1 A 1 2 L ]
ﬁ% 8 9 1% 1 12 13 14 15 16
HAEMOCYANIN CONCENTRATION g / 100 ml



‘ '?OQ

v

2343 Internal (Gas Tensions

Tables 2.10-2.12 give the results of the measurements of the
oxygen and carbondioxide partial pressuvres of abalone haemblymph taken’
fron three sampling poinis. Thege points, as erplained earlier in the
Chapter, are the heart, containing blood difectly-from the ctenidiag
the renal sinus containing irmediat61r prebranchial blood, and the foot
nuscle, an intermecdiate sample.,

Tables 2.10-2.12 give the results of gac tension determinations
of animals "acclimated" to,200C and exanined at this temperaturé.; ‘
Tables 2.15-2.15 xive the results of 20°0 acclimated anirals subjected
to an abrupt temperature increase to 2503; two honrs btelfore Sﬂﬂpling;

"he Tatles also pive the ., and PC

% values of the seawater from which

o Co ‘ . e
the animals were taken imrediately before sampling. - The neans and
standard deviations of all measured paranciers are given”inyéaéh Téblé;

The 20°C acclinated animals, sampled at 20°¢ will bevcoqsidered,
first,.

An exanination of the mean values for each parameter ~ives a
‘ | ach 1 ves a

seneral picture of how P, and PCO vary within the three abalone species,

ilore will be said about variation betweeﬂ,individualé latéf. '

Pables 2.10-2.12 show that for each of the threg speciec at
the temperature of acclimation (20°¢) the mean iﬁuédiate nbstﬂiaﬁchial
o is almost 40 mm Fg (. zuber, 38.8 + 3.905 . laevigata, 57.4 _4;_3.7;
H. roei, 5647 + 4.05),

This value compares closely with that of the only other species
of mastropod mollusc for which internal ?O hias been investigaoted -

2
Jusycon canaliculatum. Flortin (1954) calculated the arterial F

of
O2 :

this gastropod from the data of other authors and obtained a fifure of
This similarity of internal arterial PO of the abslone and

2
the conch, is interesting in view of the differences in the
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Pable 2,10

Internal Gas Tensions of L. ruber at ZQOC

Animgl - Heart Toot Renal Sinus Sea Water
foe o, ©, 0 &, 0, 0, o  co
mEg mmiz wmmilg mwmHg mmEgs midg fg - m Hg
1 35 1.25 - . 4 149 .25
2 34 1 16 2 5 149 .25
3 - - 17 2.25 16 3 14% o2
4 45 el 25 2,75 17 ) 158 a5
+158
5  4l.5 1.5 pL) 2.75 14 6 153 5.
6 39,5 1.25 22 2.7 12 % 155 .5
7 39 1.5 13 3425 14.5 4 151 25
8 54 1 21 3 12 8 154 1.0
9  41.5 1.5 21 2,25 945 ® 140 .75
10 46 il 26 2 - - 154 o5
11 36 .75 28 2 10 5 8 -
12 40 1.25 28 3.25 14 = 154 »75
13 38 1.5 15 2.0 6 15 158 .25
14 35 1.0 32 2 7 9.9 135 o5
tl}er}
rising

8 1.2 21.6 2.5 11,5 6+ 152.5 .5 %
9 25 45.9 .49 45.4 5,16 44.8 .25

¥ in thess renal simus semples the GQ2 content
was oif scale, The readinge were considered

an abberation - see text



Table 2,11

Internal Gas Tensions of H. roei at 20°C

R

Animal HTeart Toot ﬁenal cinus Sea‘Jaﬁeru
70 - ‘ . r
Ho. 02 COE 202‘ ; .CQZ 02‘ : 602 sz ‘ ,CJg

mHig milg mHg mIg mis mlg o He mm g
1 35 1 - - 11 4425 14€,5 5
34 1
2 28 1 15 Red 7 4,25 148 6O
3745 245 20 S 6.5  Rising 150 1.5
off o ‘
scale
4 35 1 15 1 3.5 ¥ 145,5 2
5 4345 1.25 25 2.0 13 Db 140 YL
6 o8 1.5 30 2075 8 *® 149 # 25
7 38 1.25 - - - - 152 «25
8 38 1.5 21 2.0 10 5 and 151 025
42 1.1 then
creep~
ing up
9 36.5 1.25 1645 3 14 4e5 157 «25
10 29 1.25 12 2e25 12 3 140 oD
11 40.5 1.0 19 260 13 4 - -
12 38 5 - - 8 & - -
13 38 1.25 - - - - 152 2D
33 1.25
lieans 3647  1.21  19.4 2.1 .6 4.3 148.5 .64
i S.D. +4=¢O5 1040 i5.6 il.O ::I:S.S i.gl i5.09 ["058



Tdble 2,12,

Internal Gas Tensions of H. laevigaia at_BOOC

TS

Aninal . Heart “Toot .-Ronai dinus Sea Jater
o, 0, €O, 0, co,, 0, co, 0y 0Oy
mnHg mmHg wmmHg meTg mFPy mllly tmmHe | mm Hg
3545 1.5 16 2,75 11 4.5 146 1
34 - ‘
2 35 1.5 52 1.5 12 4.25  149.5 o5
3 52 1,25 18 2425 14 - 148 .66
4 38 1.25 32 2.5 14 5425 152 75
5 38.5 X - - 17 245 147 5
34 il '
38 1 24 14 4,5 147 o758
36 k25 20.5 15.5 o3 141 75
853 1.25
8 42 1.25 26 2,25 16 3 - 151 o5
41 . 1.25 '
9 42,5 1.0 22 2 11 5,75  151.5 (.25
42,5 115 R
10 40,5 1,25 27 2,25 13 lloving ‘155 05
up off
"scale ®
lleans = 57.4 1.21 - 24.2 2.2 lFc e SRRt s - 146.,6 o6
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oxygen affinities of the haemocyanins at this temperatufé;-

As has been explained, samples fron thé rénéi sinus would be
expected to contain imuediately prebranchial blbod (Crofts,VIQZQ}, which
has been deoxygenated by passing throurh the tissues. tahles 2,10~
2+12 snor that the‘mean PO ~of the haemolymph from the renal sinus of

2 ‘ ~ ,
all three species is considerably lower than the O tension of the

2
postbranchial (heart) bloods (7. zuber, 11.5 % Us4 mm ig; H. laevigata,
13.8 + 2.0 on iTg;  and H. roei, 9.6 + 3.5 mm I'g). ,Zhese‘Values are

somewhat higher than those predicted by Tlorkin (1934) for Pusroon

canaliculutum venous blood. I'ar, if the 02 tensions of the samples

taken from the foot muscle of the abalone are examined, it can he:seen
that in each case the blood has a nean Py hich is considerably less
than that from the heart, but sreater than that from the renal sinus,
Tt should be noticed that the standard deviations about the neans of -
the "foot bloocd! samples are greater than thosc of either the heart or
renal sinus sauples. This reflects the greater variability in ﬁhe fOOt;
sarples, resulting from the fact that in samplin, the foot nuscle blood‘
was being collected from an area cortaining vessels and sinuses vith
both venous, amd arterial blood. The mean *Cl values of foot blood
are: H. ruber, 21.6 x 5.9 mu Fg; Il. laevifata, 24.2 & 5.7 mn Hgs
and H. roei, 19.4 + 5.6 um Hg..

As has been continually emphasised in this Chapter, in orfer

to determine the role of haemocvanin in deliverins O, to the tissues,

2

these internal oxygen tensions must be rclated to the characteristics
£ the oxycen equilibrium curves.. In order to he ahle to do this it

was necegsary also to c¢chtain a nrasuvrerent of iwiernal.?co so that the
’ : ' J) :
[»]

in vivo shape and position of tThe oxygen equilibrium curves could be

062

renal sinus haemolymphs, and the mean and standard deviations of all

defined, Tables 2.10-2.17 give the T' valnee of the heart, foot and



measurements. From these tables it can be seen that for all.three species,
the partial pressure of 002 in the “ahrwlvmph from the beart is always low
- H. roei, 1.21 % .41 mm Hgj H. ruber, 1.20 4 .25 mm Tz He laevigata,
1.21 + .17 mn Hg - but nevertheless hipher than that in the seawater from

which the animals were taken.

From the mean PCO values in hesrt, {oot, and renal sinus
5 _

haemolymphs it can be seen that as the blpéd moves throuch the tissues

~to the renal sginus, before re-éntefiﬁg the ctenidia, thevPCO_ increases
_ v 2 '
considerably. The mean Puo values of the imediate prebranchial

'haemolymph of the three species are of the order of three to five tires
as hl ah as the postbranchial Py, values (4. ruber, 6 + 3,16 mm Hes

TR
"H. roei, 4.3 + .91 m Hg; and H. 1aev1gata, S.J + .89 mm He) e These

values ‘compare reasonably with the in vivo P

o values calculated for

, ‘ r 2 z | R
Busycon canaliculatum (llenderson, 1928).  In the conch arterial P
aE . : B Ug
wag -calculated to be 2,0 mm Hg, whereas venous,PCO was Se 5 ma ﬂg. ”It :
C ety -
can be seen that the arterial-venous differpnge in rCO is 1arger for

U2 . :
the abalone than calculated for the conch. Fowever the‘arterlal-venOUSf

dlfference in P, co for abalone is of the sane ord@r as that recordOd xn |
2 :
the cephalopod molluse Iollgo pealei, where arterlal and venous P co

2_

was determined at 2.2 mm Hg, and. 6 0 mm~qg respeotlvelv (Redfleld, 1929\
In some cases (see Tables 2.11 and 9012} the Pg,fuof,the renal

ginus sauples was not recorded. In these, instead of ﬂ1v1ng a normal

response, the P co readlnq was. off-scale, 1nd10a+1ng a P of over RO
. 2 2 :
m Hg. Tue to the sanpllng technlque the renal sinus samples sometlmes

contained visible contamlnants from the surroundlng dig@stlve gland §
samples with such contamlnants were observed to glve the abo re deﬁcrlbedb'
PCO2 response. - After such responses with contaminated sera,,the 002 v
electrode had to be well cleaned before giving reasonable readinQS'with
,calibrating gases; ' 'i‘he'PCO values from contaminated renal sinus

2
gamples were therefore discarded.
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In this study there is considerable individuwal variation in

the PO of pre and postbranchial samples, Despite this variation, in

2
every case there is a distinet arterial-venous difference in PO 5
2.
There are no other series of in vivo PO determinations of rastropod

2
molluscs to compare with the results of the present study. However,

where the in vivo Poz of other groups of haemocyanin bearins animals
have been examinéd similar variability between individuals has been
obgerved. This can be noted, for examrle in various crustaceans
(Redmond, 1955, Table 2; Redmond, 1968h,Tahle 13 Johansen et al.,
1970, Table 2) and also in cephalopod mollusce (Jchansen gt al., 196€,

Table 1) Variation in the PO of blood sarples taken fron the same

2 o
repion of individual chitons was also noticed by Redmond (19620%

There may be several reasons for such variability in the‘POé )
values of both arterial and venous blood samples. It is possible, vith
the sanpling method used in this study that some contaminationbofvthe
haemolymph occurred., Althoungh partidular care was taken to avoid this,
the close connection between the pericariial cavity, kidnéy, and'gonads;
made it impossible to ensure that no contanination fby fluids frow these
regions occurred. Inthis study it is impossible to assess the amgunt
of variation in the results caused by suoh‘contamimation.

Johansen et al. (1966) have shown that the partial pressure of

oxygen in the "inhaled" water can directly influencé the artgrial oxygen

partial pressure in the cephalopod Cctopus dofleini; the greater the -~

Py of the inhaled water the sreater the Fo in the arterial haemolymph.

In the present experiments all animals were kept in highly,aérated

seawater prior to sampling. . Hence there was little variation in the

P, of inhaled water - it was always saturated. Because of this fact
2 e :
it would be difficult to conclude whether the PO of inhaled water has
co : .2 i i ‘
any significant affect on the P, of abalone arterial haemolymph.’
0 2
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Appendix 2 shows the plots of P, of inhaled water versus P, of
\.12 . \,2
arterial haemolymph at 20°c.  From the scatter of the plots it can he

concluded that at least over this high, restricted range of PO ‘of inhaled

2 :
water there is no direct relgtionship with the PO of arterial haemolymphe
. 2 '
However, it should be noted that the PO of aquarium water may not be a

2
true measure of the conditions prevailing at the ctenidia in the

respiratory chamber of the abalone., The POZIinside‘the‘respiratory
chamber will depend on the rate of ventilation. , Unfortunafely I waé 
unable to measure either the rate at whixh water passed througu the
chamber, or the P02 of water inside the respiratory chamber.

Johansen et al. (1966) carried out their experiments on
cannulated, free swimming octopi. They aeknowledge'that‘varying dégrees
oi activity may have contributed to some of thé variation‘in the PCz of
the arterial haemolymph. In Tact they regcard the normally unsatﬁrated"
conditions of the arterial blood as a potential oOxXygen reserve, -
hypothesiging that with increased activity the arterial saturation may
become complete, Presuming that the venous saturation does not change,
this will mean a greater delivery of O2

(1970) demonstrated that in the orab Cancer magister activity indeed does

to the tissues.  Johansen et al.

influence the internal PO « In thie crab, rather than an increase in
o :
saturation as proposed for Cctopus, increased activity cauced a

considerable lowering of arterial POZ, with a omall {due to the shape of
the oxygen equilibrium curve - see sectioﬁ l.1.42 after Johansen et al.,
(1970), Figure 9) decrease in % saturation of the haemocyanin. "he
POZ of the venous blood was also lowered, with a large decrease in '
saturation of the haemocyanin. The result of this Was an overall

increase in the oxygen delivered to the tissues during activify 0£ the

crab - largely as a result of lovwered verous Py .
2 o ,
In this study every attempt was made to exclude activity as a-

variable. During the day (when the experiments were conducted) abalone

are normally quite inactive., Prior to examination for internal Py and.
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PLO all specimens were inactive. Fowever durin~ the brief7nroceﬁ5'of
2
sampling the animals were ﬁ1°turhed, aho resnon@ed wnth various degrees

of activity., It is pOSSlble tnat tnl“ ”last n1nu+a" act1v1tv caused

some of variation observed in either, or hotl the arterialrand venovs‘?O

.

In vivo p zas tensions of animals acclimated to 20 ©% and Subgected to an

abrupt temperature‘lncrease to 25° G, 2 hours after samplihﬂ

- Although 25% is well within the.geowréphical_tem$erétufé range .
of the abalone Species it ig cabont 2 “ hngher tnan anv spe01es eXﬁerlences.
at West Island, even during mid summer. ‘ Hence'the abrupt temneraﬁnre
increase mirht be expected to considerably stress fhe #ﬁimals,'

The results in secti§n 2.3.11'indicated that the porition of the
oxyiren equilibriuvm curve of abalone héemocyaniﬂAisvshifted ¢onsidergbly to'
the right when the temperature is'rajséd from EOvto'QEOC. A nriorifit
wag thousht that when the animal was tranfiprr@d to the hlgher t@mperatwre,
and allowed to bariefly adjust to this femperatvfo (two hours) tue 1nternal
Og_ten31ons might have signivicantly increared to comnensate for the 1owered::
oxycen afifinity of the héemocranih tef Fal”owsxl, 1976\ | “He 1nternal
zas tensions of animsls subjected o an alrupt temperature increase from
20° - 25°C are presented on Tables 2.15-2,15,

In twc snecies, H. roei and H. 1aevigata, there was no

significant difference between the mean artcrlal ro
2

acclimated to 20°C and those srbiected to an abrupt temperature increase

values o animsls

to 25°% (2> P> .1 and .4 > P D .2, respectivelr; students t test comparing
teans of samples of mnequal sizesg). In H. ruber there was a si.nificant
o

increase in arterial Pb of the P25
J
2

will be seen, this increase is by no meanz larre when related to the

¢ animals (P. <, 001). 'ovever, as
change in P5O of the oxveen equilibrium curve of 7. raber haemocyanin
over the same temperature increase,

- o0r0 .
When the venous }b values of 25°C siressed Y., roei and
2

- . -5 o . .
Jdo laevigata were compared with those of 20°C aninals there wag no

gignificant difference (.4 > P D ,2). Ag in the arierial haemolvmplh,
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the venous B, of He ruber at 25°C was higher than in those mea"ured at
2
(o) L
20°C. Ag in the case 01 the change in- arterlal PO . the change 1n '
s
- vehous P in H. ruber, although 81gn1flcant, is not preat in terms oi
2

the change in the P50 of the oxygen equilibrium curve-of this specles
over the same temperature range. Tabies'2.15¥2.15lshbw thet:for each’
speeiee af ZS?C_the Pcozeincreaees'ffeﬁ the‘heart through £ee‘£issees:'1e
to the renal sinus, as in the 20% aninmals., | | iy -

——

ReSe4 In vivo function of Haliotis haemocyehin

This chapter has involﬁed descriptlonsiofx(a)‘fhevdxjgen o
equilibriuﬁ curves, (b) the cxygen.eaeacities of’the_heeﬁeeyenine;,aﬁae-_
(¢) the in 2139 PO2 and PCOZ of the three sﬁeciee of abalene'gglgggi;., .
H. zuber, and H. iaevigata.ﬂv Together these factois‘detefmiﬁe the rolev
of haemccyanln in the supply of - nygen to the abalone.: The results Qf7e
presented in this chapter 1ndlcate that the oxygen equlllbrlum curves
determined on 1nd1v1dua1 haemolymnhs under ‘the same condltlons are
characteristic of the glven;epe01es andyshow little Varlatlon,,v dowever, ef“
in the oﬁhef parametere coneidered, oxygen capacity andeihternal,ozyande‘:V':

COZ tensibns, there is considerable variation betweenfindivi@uaiS“ofIa
givenfspecies.

‘Therefore,_the role of haemocyanin. in the oxfpen'ffansnoit of
a hypothetical average individual of each avalone specles w111 be T
described first, based on the mean for each parameter.‘ When thls
nypothetleal average oxygen exchange has been descrlbed, the source of
variation in the system caused by individual dlfferences Wlll be examlned.v1j
Two 31tuat10ns will be coneldered° (l) anlmals accllmated to 20° Cy and
examlned at this temperature, and (2) anlmals acc11mated to 20 C, and then ;

subaected to an abrupt temperature change o 25° a short perlod (two

hours) before sampling.



Table 2,13

Internal Gas Tensions of H. ruber at 25°C

80.

Animal  Heart Foot Renal Sinus Sea Water
No. . . _
02 ,602 02 COZ O2 002 02 002
m Hg mmHz wmmHg mmidg mmHe mmHg mmHg mmHg
1 49 1.5 30 1.75 23 4 146 25
2 46 1.5 - - 19 2h5 146 «25
5 47 1.25 21 2 14 3 146 5
4 45,5 1 - - 16 345 146 o5
5 38 1 15 SeD 9 5. 145 )
6 47 1.25 - - 15 142 1
49
7 43 1 14 4 15.5 3.25 147 75
42,5 1
42 52 <25 14 6 147 1
46 oD 8 2425 19 3 142 «3
lieane 45,0 1.2 2363 20 15.8 4,0 1455 D6
+ 8.0, 43.3 +e22 F748 +.9 440 +1l.1 +149 +e29
Tahle 2,14
Internal Gas Tensions of H. laecvigata at 25%
Lnimal Heart, Foot Renal Sinus Sea Jater
lioe o = .
O2 002 Oz. LOZ 02 CO2 0, coz
mEs mmHg mmisg mrig mmily mlg mmHdg m Hg
43 1.75 35 1.75 12 3 146 -5
3865 1.5 22 5.2 1D.5 5 144 oD
it 35 1.2 20 2 11 2.5 146 .5
5 41 1,5 18.5 1.5 14 200 145
6 54 - - 10 Ge25  137° 1,25
7 45 »'75 26 1.5 15%5 3 146 N
eans  3%9.4 1.3. 23.1 2.2 12.4 ) 144,82 .64
i SaDc i4.o :"_055 _"l_'_5'6 io?? iz.].’? '1‘:.85 i3.26 i034:

¥ Seawater frothy and polluted
+ Animal uvnable to grip substrate
lying upside down prior to samnling



Table 2,15

Internal Gas Tensions of H. roei at 25°C

Animal Heart oot Renal Sinus Sea Vater

llo. -
O2 002 . 02 bOz O2 002 O2 002

mHy mmHg mmAg mmHeg mHeg mmHg mmig mmlilg

1 34 1.725 16 2 12 3.75 144 e0

2 3545 1.25 15 2e25 8.5 3 144 5

3 33 1.25 12.5 2.75 6 745 142 .

4 34 1.0 25 1.75 11 4 144 .25

5 37 1.25 - - 12 3 144.,5 .5

6 33 s 16.5 28 8 4.25 159 N
keans 34.4 1.17 17,0 2ed Ceb 4425 142.9 .46
+ S.D. #1.56  +.12 +4.7 +.46 +2.5 +1.7 2,1 +.10

26041 Oxyezen exchange in abalone acclimated to 20°¢

Tisures 2.10-2.12 ropressnt gravhical sumnaries of oxygen

exchange in the blood of Halictis rubex, Jaliotis roei, and Haliotis

iaevigata at 20°%c.,  Hack figures wae compiled in the same way. To
illustrate hov the information in each figure was derived I will describe
in detail Figure 2.10, which shows the oxygen exchange in the hlood of
the black abalone H., ruber at 20°¢.

The firast sten was to determine the in vivo position and shane

e . T . )

of the oxmyrgen egoilibriuy curves. The temperature (20°C) and the nean

in vivo ECO of the abalone are kmown for sites where the blood caun be
2

considered t0 be immediatelw mprebranchial and irmediately postbranchial.

The oxveen equilibrivm curve A (Figure 2.10) is a hypothetical curve
Y L2 =g £ &

~

derived from the data on the iniluence of P,, on the Peg of the haemccyanin
e b
T2

at 20°C for H. ruber haemocyanin in the presence of 6 mn He 002; this

is the mean F, found in the renal sinus samples of H. ruber specimens
2

at 20°C (Pable 2.10). TIn order to draw this curve a series of plots of

]



Figures 2.10, 2.11, and 2.12

Graphical summaries of oxyzen exchange

in the blood of Haliotls ruber,

- . . o,
Il laevigata, and He. roei, at 20°C
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on, PBO’ PEO’ on, PBO and P90 versus PCOZ at 20°C were made using data
extracted from the original oxygen equilibrium curves of H. ruber

haemocyanin at 20°C in the presence of various nartial pressures of CO2

(Appendix 1 b). Typical examples of these graphs are the Py, versus

Poy summaries presented in this chapter (Figure 2.4). Trom these
2

series of curvesc then, the position of the oxygen equilibrium curve at

a known PCO (6 mm Hg) can be derived. The oxygen equilibrium curve
2

By for blood in the ventricle of the heart (mean PCO = 1.2 un Hg) was
2

derived in the same way.

Having by this means obtained the positions and shapes of the
oxygen equilibrium curves of the pre and post branchial blood, the next
step in estimating the role of haemocyanin in oxyren exchange is to relate

these curves 4o the in vivo PO of the animalg. The unbroken vertical
2
lines on figure 3.10 are extended from the rean Py values of the

2

ventricle and the renal sinus (Table 2.10). The dotted lines ahout these
unbroken lines indicate the standard dcviations about the means. ‘here

the line indicating the mean ventricle PO intercepts oxysen equilibrium
5 , :
curve B the mean % saturation of the immediate nostbranchial ventricle

haemocyanir can be read cif the Y axis. Lilewise, when the of the

PO
2

renal sinueg ie relgted %o the oxygen ecuilibriunm curve A, the mean percent
saturation of the haemocyanin ilmnediately before entering the ctenidia

can be obtained, (Horizoutal lines ¢rawn from the vertical dotted lines
would indicate the variation in % saturation when the standard deviations

ahout the mean PO are considered, Tt will be noticed that because of
2

the nature of the oxygen equilibriuvm curve of the haemocyanin relativelr

suall variations in PO lead to much larger variations in percent
2
saturation of the hasmocyanin),



Thus it is possible to obtain the difference in percent
saturation of the "arterial" and "venous" haemocranin of T. ruber.,
In order to find how mch oxygen is being delivered to the tissues
by the haemocyanin, this difference in percent saturation must be
related to the oxygen capacity of the haemocyanine. The ¥ axis on
the far left of the graph gives volunmes % (ml of oxvgen carried Ly
haemocyanin or in solution in 100 wl of blood). For H. rvber the
mean oxygen capacity of the‘haemocyanin was deternined to be 1.01
vol ¢%. A% this point on the Y axis the haemocyanin of the hynothetical

He ruber is 100, saturateds TFrom the figure it can be seen that the

haemocyanin in the ventricle of the heart at the mean ventricle PO
2

9

. 54 > . 2
is 84 saturation and thus carries about .85 vol % of oxygen (curve B).

In the renal sinus the haemocyanin is about 36.5% saturated at the

mean Fy and PCO of this sinue and has .37 vol% oxrgen bound to it
2 2

{curve A). Whe difference between the ventricle and renal sinus is

«40 vol %. This is the amount of oxrrgen delivered to the tissues

by the haemocyanin in this hypothetical average E. ruber.

In order to estimate the effective contribution of the
haemocyanin in the supply of oxymen to the tissues, the amount of
oxyren Gelivered in phyeicel solution nust also be known, Redfield
et al. (1926) fovnd that the apyroxirate solubility of oxygen in the

blood of Limulus, Cancer, Tugrcon and (allinectes is about 90% of that

of seawater at corresponding temperatures. Ilore recent workers have
also adopted this approximation for estimating oxysen carried in physical
solution in haemocyanin bearin- orﬁaﬁisms (Redmond, 1955, 19660y
Talliowski, 1978). This approximation was also used in this study.

Yhe solubility ol oxygen iu the seawater in which the abalone were kept
at 25°C and 20°C was derived from Harvey (1945, Table 1). Plotted on
Figure 2,10 is a graph showing the oxygen carried in physieal solution,

derived from the above approximation.
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From Figure 2.10, it can be seen that due to the relatively
large difference in PO between the heart and the renal sinus, an
2
appreciable amount of oxygen (.08 vols %) iz delivered to the tissues

as oxycen in solution. The whole blood of this hynothetical H. ruber

therefore delivers .56 vol % oxyvgen to the tissues, with haemocyanin
meking a much greater contribution (about 86% of the total) than the
oxygen carried in physical solutiocn.

The summaries of oxygen exchange in the other two species
. laevigata, and H. roei at 20°¢ were constructed in the sane way.

" In the hypothetical Il. laevigata at 20°C (Fifure 2.11) the
oxygenated haemocyanin in the heart carries .89 vol % oxygen. Thae
haemocyanin in the renal sinus is still carrying .55 vol % oxygen.
Therefore, in this case the haemocyanin has delivered .54 vol % to the
tissues. Over the same change in Pozg the amount of oxyren given up
by the physical solution to the tissues is .070 vol %. Therefore the
total amount of oxygen delivered to the tissues by the blood of this
average H. laevigata at 20% is .61 vol %, of which the haemocyanin is
responsible for nearly 90s. The contributions of the haemocyanin to
the oxygen supply to the tissues in these first two species then is very
gimilar.

In the third species H. roei at 20°¢ (Figure 2.12) the
haemocyanin in the heart carried 1,17 vol % OXY e, In the renal sinus
this has been reduced to .03 vol %. he haemocyanin has therefore

delivered .84 vol % to the tissues. Cver the same change in PO
2

oxygen delivered in physical solution is about ,079 vol %., The total

the

oxygen delivered by the blood then is about .92 vol %. This is
considerably more than is delivered by the bloods of the other two
species. By far the greatest part of this oxyeen (91%) is carried by

the haemocyanin.
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Re3442 Comparison of oxygen exchange of the three abalone species at 2000

On Table 2.16, the factors describing haemocyanin's role in
oxyzen exchange in the three abalone species at 20°¢ are summarised.,
Perhaps the point which is most obvious from Table 2,16, is the overall
similarity in the role which the haemocyanin plays in the delivery of
oxygen to the tissues of each of the abalone species.

In each case, the arterial P

and, P(*O are such that, given
> ]

0.

the oxygen equilibrium characteristics 2‘f the haZmocyanin of the species
the arterial haemocyanin is highly saturated when it leaves the gills.
There is only a small amount of variation (4.5)) between the mean
arterial % saturations of the threc species.

‘The venous % saturations are somewhat more variable.
E. laevigata, and H. ruber show similar saturations of the venous
haemocyanin, 3%. and 36.5% saturated respectively, but the potentially
most active of the three species H. roei, shows a considerably lower
venous saturation, 23h. This results in the fact that the arterial-
venous difference in S saturation of Z. roei (58%) is larger than in
the other two species (51.7% and 47.5% for H. laevigata, and H. zuber
respectively). This greater arterial venous difference in %
saturation of H. roei haemocyanin to a small exten‘_t accounts for the
greater amount of oxygen delivered to the tissues by the haemocyanins
of this species. TFor example if H. ruber, and H. laevigata both had
the same arterial venous difference in % saturation of their
haemocyanins as H. roei, their haemocyanins would deliver .55 vol %,
and .56 vol % respectively, excluding dissolved oxygen. Hovever, by
far the greatest difference between H. roei and the other two species,
in terms of the amounts of 02 delivered to the tissues in a single
respiratory cycle stemg from the larger mean O2 capacity of H. roei
hgemocyanin, which in turn results in the larger arterial-venous

differences in vol ¢ of oxycen of thisc species. It is important to
Y XY & D ¥



Table 2,16

e cn s ) : o
Hean values of parameters describing haemocyanins role in oxygen exchange of abalohe at 20°C

Species Arte- Venovs Arte~ Venous Arte- Venous Arte-~ Venous A-V 02 Arte~ Venous Hey Dissolved Total % of total
rial rial rial rial diff, rial O2 A=V O2 O2 O2 delivered
P . - S o o .
302 P@g fCOz PCO,, P Tsg % sat % sat %sat capacity 0, content .\C};ii;/‘ delivered delivered by haemo-
. - - it ) , content ° cyanin
m Hg mm Hg mm Hg rm Fg mm Hg mm He vol % naero. baemo= 0,
PEETY T cyanin
cranin
f%%er 38e8 11,5 1.20 6,0 26 13 84 06,5 47,5 1.01 23D 027 48 «0% 56 86
H.
laevi- 57,4 13.,¢ 1.2l 3.5 26 16,5 85,56 85 Bl,7% 1.C4 .89 35 54 076 .61 g0
gata
%gei 3647 C.6 1,13 4,3 24 14 3l 23 58,0 1.44 1,17 033 .84 079 «92 91

°98
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note that the greater O2 capacity of H. roei haemocyanin is a direct
result of the greater concentration of haemocyanin in the haemolymph
of this species.

Despite the fact that there is a difference in the actual
amount of oxygen delivered by the blood of the three abalone species
in a single respiratory cycle, one thing bears emphasising: In each

species by far the greatest proportion of oxygen delivered by the blood

is carried by the haemocyanin (Table 5.16).

2:5.43 The reverse Bohr effect in abalone

In each of the three species of abalone a considerable arterial

venous difference in PCO was recorded. It should be noted that this
2

difference was greatest in H. ruber, although it is difficult to offer

any explanation as to why the venous PCO of this species at 20°C should

2
have been somewhat higher than those observed in the other species.

Hevertheless, the result of this arterial venous difference in

Py 1is obvious in all species (Figures 2.10-2,12, Table 2.16), although
2

the arterial venous change in PBO is most exaggerated in H. ruber.

The reverse Bohr effect plays a marked role in reducing the amount of O2

unloaded to the tissues in all three species. Simply to emphasise this
point Table 2,17 below presents the venous % saturations derived taking

account of the arterial venous P increase, and compares them to

COZ

hypothetical venous % saturations if no reverse Bohr effect is presumed.

Table 2,17

True venous $ saturations compared to hypothetical venous % saturations

in the absence of a reverse Bohr effect.

He. ruber H. laevigats H. roei

Correct venous % saturations 3645 53 23,0

Hypothetical venous % saturations
in absence of reverse Bohr effect 12,0 20 12.5




28

It can be seen from this table that if the reverse Gonr effect had not
been present, the saturation of the venous haemocyanine would nave been
greatly reduced in all cases.
It is difficult to imagine a way in which such a pronounced
reverse Bohr effect can be of any rvhysiological aivantage to the abalone.
It has been hypothesised for som= fastropods that the reverse

Bolir effect may assist loading of O2 at the r espiratory surfaces in

2 Y2
objection to this proposal, as indicated by Jones (1963), is that the

envirommental conditions of low PO and high PCO (edmond , 1955), An

displacement to the left of the oxygen equilibrium curve, although
assisting the loading of O2 would mean that unloading could only oceur

at extremely low YO o This problem would be exaggerated if thiere was
2
any increase in venous PCO o The objection itzelf is only speculation,

)

as it has been shown (e.g. Mancun and Weiland, 1975) that the P, of

O2

venous bloods in some haemocyanin bearins orpanisms under stress (eeg.
activity) can fall to very low levels.

It is unlikely that abalone in the field would ever experience
environmental conditions of low P. and hish PCO e

0
2 2
possible that at times when abalone are clamped tightly to the substrate

However, it is

to avoid predator attack or soue other disturbance, such conditions might
prevail in the respiratory chamber surrounding the cienidia. It is
conceivable that under such circunstances the reverse Bohr effect might
be of some advantage to the animals in assisting loading of O2 at the
respiratory surfaces, providing the venous POZ vas sufficiently low to
allow unloading of O2 from the hacmocyanin to the tissues,

Tn some gastropods, during periods of mmscular inactivity the
blood may tend to pool in sinvses of the open circulatory system. In
such circumstances it has been proposed that a reverse Bohr effect could

be advantageous in facilitating diffusion of oxygen 1o wore active tissues

with higher local P, (Redmond, 19669. All species of abalone are
2



oo
W

inactive for long periods of time; even H. roei, which is at night a
mobile, grazing species, has long periods of inactivity during daylisht.
Considering this mode of existence, it is teupting to hypothesise that
the reverse Bohr effect may help distribute oxyyen to the more active
tissues of the abalone when the blood pools in sinuses in the absence of
muscular assistance to a weak circulation. Towever, as ic shown later
in this study (Chapter 3, rart II) it is apnarent that the abalone species
have relatively effective circulatory systems, even when inactive.
There must therefore be doubts as to the validity of the above hypothesis
in the case of abalone., It is possible however, that even with an
effective circulatory system in terms of volume o Blood circulated in
a given time, tne inefficiency of "turnover" of blood in large sinuses
might g%ill lead to a reverse Bohr effect being advantageous in abalone.,
It is shown later in this stoud: that vetabolism in abalone is
primarily, if nct wholly aevobic (Chapter 4). It nay be then, that
the reverse Bohr effect is simply a rrimitive feedback regulation of

netaboliem in these animals., hen CO_ accumulates, O, is withheld by
) :

2
the haemocyanin, thereby stopping metabolism in trhat tissue, until local

CO2 tension decreases.

2.5.,44 Comparison of the oxyaen delivery role of haemocyanin in

abalone with other orfanisns

Jhen the data obtained for atalone in tuis study are compared

with that far Busycon canaliculatum, tie only other gastropod for which

an in vivo description of O, exchange iz available, it can be seen that
the abalone haemocyanins deliver considerably less oxygen to the tissues
than does that of the conch.

The arterial venous difference in % saturation of the conch
haemocyanin is only slightly larger than the average obtained for

H. roei at 2000, and is not a major contributor to the observed
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difference between the abalone and conch with respect to the amount of
O2 delivered per respiratory cycle. Florkin (1934) gives the oxygen

capacity of Busycon canaliculatum haemocyanin as approximately 3 vol %e

This is considerably higher than the mean O2 capacities of the abalone
haemocyaninsg determined in this study, and accounts largely for the
greater amount of 02 delivered to the tissues of the conch compared to
the abalone.

Comparison of the data obtained for the amount of "oxygen
delivered by the haemocyanin to the tissues of the abalone in one
respiratory cycle (A-V difference in vol % 0,) with data from other
groups of animals is made difficult because of the sometimes limited,
and often contradictory data available from other studies (General
Introduction).

Yor exsmple Tleduond (19684 reports that the arterial venous

difference in % saturation of Cryptocniton (= Armicula) haemocyanin is

about 4%%. Petersen and Johansen's (1975) data on the other hand
indicate that the difference in % satvration between arterial and venous
haemocyanins is of the order of 18.6% (General Introduction Section
7.1.44),

As Redmond (19625 reports the 0, capacity of the whole blood
of this species to be less than 1 vol %, while the 02 capacity of the
haemocyanin is apparently less than .5 vol %, it would seem that the
amount of 02 delivered by the blocd of this chiton species in a single
respiratory cyecle isg likely to be considerably less than that delivered
by the blood of any of the abalone in this study.

Again, there are differences of oninion concerniny the detailsg
of the in vivo function of Limulus haemocyanin. (General Introduction
Section 1.1.43). However, the A-V differences in ¢ saturation recorded

in two recent studies (Falkowski, 1973; Petersen and Johansen, 1975)
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would indicate that in this sluggish arthropod which has a haemocyanin
oxygen capacity of about 2 vol % 0, (Prosser, 1956), the amount of
oxygen delivered to this tissue in a single regpiratory cycle will ﬂe
similar to the values recorded for the abalone at 20°C. In all the
early studies on decapod crustacea reported in the literature (General
Introduction Section 1.1.42 Table 1.2) the A-V difference in vol S of
oxygen of the same order as those reported for abalone in this study,

with the possible exception of that for Gercarcinus lateralis CRedmond,

1968) which has a somewhat larger A-V difference of .84 vol %.
The A-V difference in vol % of oxygen reported by Johansen

et al. (1970) for Cancer magister is considerably larger than all of the

values recorded in the earlier studies on other decapod crustacea (1.7
vol %), However as Vangum and Weiland (1975) voint out this is almost
entirely a direct result of the greater O2 capacity of Cancer blood
compared to other decapod crustaceans. Mangum and ‘eiland's recently
obtained A~V difference value of 595 vol % O2 for another species of

crab, Callinectes sapidus, is again quite comparable with values

obtained for abalone.
Not surprisingly the haemocyanins of the abalone do not deliver
as much oxygen per respiratory cycle as the haemocyanins of the highly

active cephalopod molluscs (Table 1.1 ZJeneral Tntroduction),

Revedh  Effect of individual variation of haemocvanin concentration on

the oxygen transport system

In this study, as in other descriptions of the O, transport

2
system involving haemocyanin (notably Redmond, 1955, 1962 1968b:
Falkowski, 1973), a model describing the oxygen transport role of
haemocyanin in the average animal has been developed for each of three

abalone species. This was of course necegsary so that general conclusions

could be drawn., However, I now consider the effects of the observed
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individual variation in haemocyanin concentration to show that,_deSpite
this variation, haemocyanin functions as a respiratory pigment in
abalone, even when in low concentrations. The variation in the
concentration of haemocyanin leads to variation of the O2 capacity of
the haemolymph. This factor is important as it is a stable difference

between individuals (Chapter 6) unlike in vivo PO and PCO which might
_ 2 2
reasonably be expected to vary within an individual depending on such

factors as envirommental PO and state of activity of the organism,
2
It may be supposed that variations in haemocyanin concentration in
other species are likely to cause similar variations in the O2 capacities

of their haemolymphs. Tor example, the O2 capacity of the haemolymph

of the conch Busycon canaliculatum, given by such authors as Hendersen,

(1928), Redmond (1955, 1968¢, Tlorkin (1334), as 3 vol % on the basis of
unpublished data of Dedfield (1926}, will vary considerably as it has
been shown that large variations in the haemocyanin concentration of
the blood occur in this specieg (Betzer and Pilson, 1974). This must
in turn lead to variation in the A~V difference in vol % of oxygen.
Similarly the A~V differences in vol % of oxygen in each of the chiton
species so far examined would he expected to vary considerably with
varying haemocyanin concentration in the haemolymih (Redmond, 1962).

In the abalone the variaticn in O2 capacity is not as great
as would be expected if there had been a direct linsar relationship
between 02 capacity and haemocyanin concentration., Consider II. roei,
the species with the hishest nean haemocyranin concentration. One
individual in the sample has a haemocvanin concentration of 3.16 mgm/ml,
and an oxygen capacity of .79 vol %. Uhe haemogranin of this enimal
in the same PO and PCO conditions as those on Fisure 2.12 at ZOOC,

2 2
delivers about .46 vol % 02 to the tissues. This means that even at
this low haemocyanin concentration the haemocyanin still carries about

8&6 of the total oxygen delivered to the tissues. As a result of the



02 capacity-haemocyanin concentration relationship apparent in the
abalone, the haemocyanin of this animal although less than half as
concentrated as that of the mean animal still delivers more than half
(55%) as much oxygen to the tissues as the haemocyanin of the mean
animal. DPresuming the amount of dissolved oxygen will not change
greatly with the concentration of haemocyanin, the A~V difference of

the whole haemolymph of this animal will be .54 vol % which is nearly

2]
&

{ of that of the mean animal.

Even if the haemocyanin concentration was related directly to
the O2 capacity, the haemocyanin of an animal with half the haemocyanin
concentration of the mean animal would deliver .42 vol % O2 to the
tissues. Turther, the haemocyanin of an animal with only quarter the
haemocyanin concentration of the mean would still deliver .21 vol % O2
to the tissues, which is 2.7x the contribution made by the 02 in solution.
There iz no record of H. roei with a haemotyanin concentration nearly as
low as this.

In H. ruber haemocyanin concentrations as low as 1.1 mgm/ml
were recorded. At this extrenelr lov haemocyanin concentration there
is virtuvally no visible colour to the haemolymph, even when fully
oxy-enateda Spectrophotometric methods must be uzed to detect the
haemocyanin present. Nevertheless, substituting the O2 capacity
obtained for this animel (.30 vol % - see solid fitted curve Figure
2.6) in Pigure 2,10 at 20°C it can be seen %hat the haemocyanin delivers

.14 vol % 0,, or over 605 of the total oxygen delivered to the tissues.

2,
Similar reasoninm applies to the low 02 capacity values ohsgerved in
L. laevigatas; and the sare applies to all three snecles at 25°C.

t is apparent then, that although the contribution of the
haemocyanin to the A-V difference in vol % 02 varies according to the

amount of haemocyanin in the haemolymph this variation is to some extent

damped by the O, capacity - haewocyanin concentration relationship and,
~ )
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even when the haemocvanin is extremely dilute the contribution made by

the respiratory protein is sismiricant when viewed in terms of the total

92 supplisd by the blood.

, 0
2e5.,46  Oxygen exchange in animals acclimated to 20 C and subjected to a

rapid temperature change to 2500

Tables 2,13-2.15 give the internal gas tensions for H. roei,
H. ruber, and H. laevigata subjected to an abrupt temperature change from
o 0. \ FTIE T o
20°C to 25°C two hours before measurements were made. As with the 20°C
animals the in vivo gas tensions must be related to the position and shape
of the in vivo oxygen equilibrium curves, and the 02 capacities of the
haemocyanins in order to determine what contribution the haemocranin makes
to the O2 supply of the animals wnder the new conditions.
TFigures 2.13-2.15 diagrarmatically show the 02 exchange of the
three species after being subjected to the temperature change. These
~a . . 3 . - p o
Ligures vere derived in the saue war as those discussed for the 20°C
. . C g . . a0 .
aninals, veing oxvgen souilibriwa curves determined at 25°C and with
various partial pressures of €0, and data for the in vivo gas tensions
G,
at 257C.
I will consider first the role of haemocyanin in the transport
o s o= . 0., o
of oxygen in He. ruber stressed by a tewmerature change from 20°C to 25 C.
In this sgpecies tuere was a relatively small, bub sirmificant increase in
. A o 2o o 0 o O
the arterial P, from a umean of 38.8 mm Hg at 20°C to 45 mm fig at 25 C

2
P <K.001 (comparison of neans - student's t test). Hevertheless when

o~
Lo

this Py 1z related to the oxygen equilibrium curve at 25°0 in the
2

presence of 1.2 mm Hg 002 (the mean for the heart samples at this

terperature), it can be seen that the haenocyanin in the immediate

postbranchial sample is only 60% saturated (Figure 2.13 curve E), whereas

at ZOOC the postbranchial haemocyanin of E. ruber was 84% saturated

(Figure 2.10, curve R). Again in H. ruber the venous PO was
2
RO . . o0 . . . o, .
significantly higher in the 25 C animale than in the 20 ¢ animals -



TFigures 2.13, 2,14 and 2,15

Graphical summaries of oxygen excaange in the

blood of Haliotig ruvber, H. laevigaia and
H. roei, after an abrupt temperature increase

from 20° to 25°¢,
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«025%» P> .0l. However when this venous PO ic related to the mean
oxygen equilibrium curve describine the in iizg renal sinus haemocyanin
at 2500 and 4 m Hg CO, (Figure 2.13 curve A) it can be seen that the
haemocyanin is only 219 saturated. This is considerably less than the
56.8, saturation of the venous sarples at 20°C (Figure 2.10 curve Ay,
lNow the oxyeen equilibrium e xperiments in this study have shown that a
given haemocyanin sample saturated at 25°C has the same absorbance as
when saturated at 20°C. 'This indicates that the 0, capacity of the
haemocyanin at saturation is the same at both temperatures. The

difference in % saturation of the arterial and venous haenocyanins of

H. ruber at 25°¢ can therefore be related to the mean O, capacity

2

determined for this species - far left y axis of Tigure 2.13. Therefore,
as there is a drop of 3% observed in the saturation of the haemocyanin

betveen the heart and the renal sinus, 0.794 vol % of oxygen is delivered

(U

to the tissues by the haeuocyanin. Over the same decrease in 02 tension,
approximately 0.075 vol % of oxygen is delivered in physical solution.

. . . g0 . .
(The aprroximate O, in solution at 25 C derived in the same manner as
&

that at 20°C is shown on Figure 2.13)., This neans that the whole blood
of the abalone delivers 0.47 vol % of oxygen about 84% of which is
carried by the haemocyanin.

In li. lgeviﬁata there ie no sisnificant difference btetween the

. , . 0 . o o)
in vivo P, found in the 207C animals, and taose transferred to 25°C

Oz

(arterial «4» PY .2; venous .4> P» .2 - students t test) comparison of
. - . . . . - \

means). Relating the internzl jas tensicn data (Pable 2.14) to the

oxygen equilibrium curves of the haemocyanin at in vivo PC

it can be seen that the arterial haemocyanin of this gpecies is only

0 (Figure 2.14)
2

' . - 0 :
arout 626 saturated compared to 35.5% saturated at 20 C. The venous

. O, . : . . .
haemocyanin at 25°C is only about 19.5% saturated which is considerably
less than the 93.8. saturation of the venous haemocyanin of H. laevigaia

at 20°¢, The difference between artecrial and venous haemocyanin



96,

saturation in this species at 25QC ig 453.%. Relating this to the mean
O2 capacity of the haemocyanin of thic speciez shows that the haemocyanin
has given up 0.452 vol ¢ of oxvgen t0 %the tissues. At the same tinme
0.06€ vol % of oxywen has heen d elivered by the physical solution.
Therefore a total of 0.520 volfé o oxygen is delivered by the haemolyrph

of E. laevigata in a single respiratory cycle. About 886 of this 0,

is delivered by the haemocyanin.

Like H. laevigata the in vivo gas tensions of H. roei measured

after transfer to 25°C showed no siznificant difference to those at 20°C.
When this data is related to the in vivo oxygen egquilibrium curves of the
haemocyanin (Pirure 2.15) it can be secen that the arterial haemocyanin of
thie species is about 4%.5% saturated under these conditions, which is
considerably less than the SL% saturation of the arterial haemocyanin at
20°%¢, However, as in the other live species the venous % saturation at
25°C (1%5) is also considerably lover than at 20°C (2%%). Relating the
arterio-venous difference in % saturation (56.5 at 25°C to the mean 0,
capacity of this species it is found tiat the haemocyanin of H. roei
at 25°C delivers about 0.53 vol °} of oxygen to the tissues. Over the

;
same drop in POZ the physical solution has supplied 0.069 vol & of oxygen
to the tissues. Tie total haemolymph therefore has delivered 0.599 vol
% of oxyzen to the tissues. Again although this fotal is smaller than
that supplied by the whole haemolyuph at ZOOC, the pronortion of oxrrgen
delivered %y the haemocyanin is little different.

Table 2.18 sumiarises the role of haemocvanin in the delivery
of oxygen to the tissues iv abalon» acclimated to ZGOC9 and subjected, to
an abrupt temperature increase to 25°C.

The first thing which is obvious from the table is that
haemocyanin still contributes wmost of the oxygen supnlied to the tissues
by the whole haemolymph (64%, 865 and 886 of total 0, delivered, in

H. ruber, H. laevigata and [I. roei respectively).




Table 2.18
l:ean values of parameters describing haemocyanin's role in oxygen exchange in abalone

subjected to an abrupt temperature increase from 20°¢ to 25%

Species Arte~ Venoug Arte- Venous Arte- Venovs Arie~ Venous A=V 0 Arbte~ Venous A=V Dissolved Total O % of total
rial rial rial rial diif. capacity rial 02 diff, O2 deliveréd O_ delivered
P, B Poo. Pag Pey g % sat.% sat. % sat, vol ¢ 0, cofitent vol % delfvered vol % b¥ haemo-
2 2 2 2 cdntent haemo- O2 vol % cyanin
m g m Tz omm ilp om il o B omn Jg haemo~ c¢ranin
cranin vol % Icy
vol %
ruber 45.0 15.8 1.2 4.0 41,0 26,5 60 21,0 39 1.C1 » 606 #212 2094 L0075 o 47 84
H.
laevi- 39,4 12,4 1,3 3.2 35,0 26.C 62 18.5 43,5 1.04 « 645 192 453  ,068 570 86
gata
H,

(&}
(o}
o
©

[&2)

l.44 . 698 175 #5355 069 2599 88

*LG

roei S4ed 9.6 1.2 4.3 35.5 25,0 48,5 12,1
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However, it is also evident that +he total amount of oxygen
delivered by the haemolymphs of each of the three species in one
respiratory cyecle after an abrupt temperature increase to 25°C is
considerably less than the amount delivered at 20°C. In He ruber
the haemolymph delivers 8%5 of that delivered at 20°%. Il. laevigata
and H. roei the figures are 85.5; and 65% of the 20°C values respectively.
As the dissolved oxygen contributes so little to the total oxygen
delivered, the most important fact is that there is a decrease in the
anount of oxygen delivered by the haenocyanin after an abrupt temperature
increase.

then poikilothermic organisms are transferred to a higher
temperature, they often exhibit an increase in the rate of respiration
(Prosser, 1966, 1973). (As is shown later in this thegis, abalone do
exhil:it an increased oxyren consuuption alter an abrupt temperature
increase) . A priori it might therefore be expected that ideally the
contribution of the respiratory nignent to +the oxyren supply to the
tissues night also increase under such circumstances. This obviougly
does not occur in the abalone. Tror. Table 2.18, it can be seen that
although after an abrunt temperature increase the oxysen equilibrium
curves of abalone haemocyanin show a typical shift to the risght (reduction
in O2 affinity of the haemocyanin;, the in vivo Poz‘do not adjust to
maintain the level of arterial hacmocranin saturation observed at ZOOC.
.oreover, the lower saturation of the venous haemocyanin (also a result

of the relatively stable venous PO but increased PKO of venous

2
haemocyanin) does not completely compenzate for this lovered saturation

of the arterial haemocyanin. In each species the net result is a lower

arterial venous difference (vol % of oxygen). "his net effect is most

exaggerated in H., roei, where the mean arterial P, after the abrupt
2
temperature transfer was in fact lower than the mean arterial PO of
2

ZOOC animals,
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It is only possible to hypothesise why the internal }b does
2

not change when abalone are subjected to the temperature change.
Redmond (1955, 1962, 19686k), iarimer (1964) and Jones (1963)
have all proposed that the gills of some haemocyanin bearing organisms

have high diffusion barriers which help in naintaining low arterial PO
2

found in several species. They further hynothesised that the maintenance

of these low arterial PO values in turn leads to the maintenance of a high
2

diffusion gradient. Johansen et al. (1970} found high arterial PO values

S 2

in Cancer magister, and have criticized tue atove theory, claiming that

"A steep diffusion gradient across the gills, resulting in only partial
arterialisation of the blood imposes excessive demands on blood flow,"
In more recent work (ifangum and Jeiland, 1975) it has however been shown
hat low in vivo arterial ¥, values can be associated with high ¢

2
saturations of the haemocyanins, in animals which nevertheless live in

high external PO conditions.
2

Thebretically at least, some sort of diffusion barrier across
the gills would seem possible as it has been shown that whereas the rate
of diffusion of oxygen in water is about 300,000 times slower than in air,
the rate of diffusion of oxygen in animal membranes can range up to
several million times slower than in air (Krogh, 1941),

Unlike Redmond's (1955) decanod crustaceané, the abalone in
this study shoved high saturations of arterial haemocyanin at their
acclimation temperatures. It nmignt tierefore be hypothesised in
accordance with Johansen's criticism of Redmonl's "diffusion barrier"
theory that the diffusion characterigtics of the abalone gills would be
suecn that nearly maximal saturation of the blood could occur under the
conditions to which the animals were adapted (e.g. 2000). This is what
is observed. Vhen the animals are transferred suddenly to a higher

temperature, it is possible that the inherent "é¢iffusion barrier

characteristica" of the gills adapted to lower temperatures prevent a rise
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in internal Poz’ at least until after a reasonable acclimation period,

In proposing this hypothesis it must be remembered that with
an increase in temperature the rate of diffusion of oxygen increases,
Eowever the partial pressure of oxygen in the environment also slightly
Gecreases. In general these two lfactors, increase in rate of diffusion,
and decrease in solubility of oxygen are thought to virtually compensate
for each other ati biologically viable temperatures (Wood, 1974).

The observation that the in vivo POZ of an organism does not
change immediately after an abrupt temperature change is not without
precedent. TFalkowski (1973) also observed that in the horseshoe crab
Limulus polyphemus, no change in internal PO occurred immediately after

2
acote vemperature change. However, after a period of acclimation the

in vivo EO changed considerably. It is interesting to note however that
2
in Limulus, even at the P

0, associated with acclimation to a high temperature
(24°¢), the haemocyanin co;tributes less oxygen to the tissues (per
respiratory cycle) than it does in low temperature {SOC) acclimated
animals.  Althougi Falkowski lias also demonstrated that the oxygen
consumption of Limulus has a "low sensitivity to thermal fluctuation,
the metabolic rate of this organism is at least as great at 2400 ag it is
at 800"u This weans that with a smaller ariount of oxygen being delivered
by the blood per respiratory cycle the blood Flow mist be greater at this
higher temperature.

I propose that the same situation nust hold in abalone subjected
to acute temperature change.

Such interaction between oxygen delivered by the haemolyumph,
tie oxygen consumptions of the animals, and the role played by the

circulatory system in maintaining this oxygen supply are examined in

detail in the following chapter.



2e5.47 Summary of haemocyanin function in relation to

change in the three abalone species

He roei is the most active abalone species. Moreover, hecause
of its geographical distribution, amd habitat, thisc species is likely to
experience more fluctuating, and higher, temperatures than either of the
other species. A priori then the function of its haemocyanin might have
been expected to adjust more readily to an increase in temperature.

In this chapter it has been demonstrated that H. roei haemocyanin
is more resistant to heat denaturation than the haemocyaninsg of the other
two species. However, it is no less sensitive to temperature change when
viewed in terms of change in P5O for a given temperature change.  Further,
although both at 20% C, and 25°C the haenocyanin of thig species delivers
more oxygen to the tigcues per respiratory cycle (Table 2.19) the relative
loss in efficienc:r of this specics!' haenccyanin after an abrupt temperature
increase to 2500 is greaver than in the other two species. At this stage
then it would aprear that the O2 delivery system of I zggi is no better
adapteC, or perhaps less well adapted, to conditions of abrupt temperature
change, than the systems of the other two species. However, the overall
gsi-nificance of the haemocranints contribution to the O supily to the
tissues can only be assesgsed ueaninyfully in the light of data for oxyzen

consunption, and circulation in these organisms.

Pable 2.1¢
. 0
Vol % oxyren delivered by abalone haemocyanin at 20°C,

and after an abruvpt temperature chanre to 25°0

Species Vol % 0, delivered 'leyécg delivered E expressed as
o" Aaemocvanln at by haembeyanin after a percentage
20% - A§ abruut temp. increase of A
$0 25°C - (B) (tefficiency")
He Tuber .48 0394 82
He laevigata D4 453 84

He Toei «84 D35 64
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Chapter 3

1; Oxygen consumption of H. ruber, H. laevirata

and H. roei.

2. Heart function of H. ruber, H. laevigata and H. roei.

3« Relationship between in vivo haemocyanin function and
heart function in the maintenance of the oxygen

supply in the abalone.

3+1 General Introduction to Chapter 3 part I and II

"Much more should be done with the interaction of respiratory
and circulatory physiology, ideally with unregtrained, intact organisms.
The effect of temperature change on these interactions should be

determined".  (Redmond, 1966,



105,

It has been demonstrated (Chapter 2) that haemocyanin contributes
significantly to the supply of oxygen to the tissues of the abalone.
Values for arterial venous differences in vol ¢ of oxygen have been
determined for each of the three abalone species at the acclimation
temperature,2000, and after an abrupt temperature increase from 20%
to 25%,

As the above quotation from Redmond (1968 suggests, I feel that
for a more complete undersianding of the overall rhysiological role of
haemocyanin it is necessary to relate this oxygen supplied to the tissues
in a single circulation of the blood, to the oxygen consumption of the
animal under various conditions.

The oxygen consuription of an orcanism is limited by (1) the
oxygen delivered to the tissues in a ginsle clrculation of the blood
(A=7 difference in vol % of oxygen) and (2) the rate of circulation of
the blood as determined by the cardiac output (ml/minute).

Thues in general the 02 consumpticn of an organisnm can be
dercribed by the equation

0, consumtion = A~V x C.0,.
2 T 100 & ~°

i

where A-T arterial venous difference in 02 content (ml 02/100 1l of blood)

and C.0. = cardiac output in nl/nmin

fl

and 02 consumption is expressed as nl/min

This relationship is soretires known as Fick's principle.

A8 A=V difference iz in fact the ¢ifference in 02 content
vetween pre and postbranchial tloods the equation obviously considers
only the oxygen gained through the gills or ctenidia of an organism.
There may therefore be sore error in this relationship in orcanisms in
which O2 is also gained throush resniratory surfaces other than gills
or ctenidia.

The Cardiac output of an orzanism's heart is determined L




two parameters,
(1) the rate at which the heart is beating, and
(2) the volume of blood pumped at each stroke,
C.0. ml/min = H.R. (beats/uin) x 8.V. ml/beat
Thus, knowing cardiac output, if a value for either heartrate or stroke-

volume can be obtained the remaining parameter can also be calculated.

3.1.1 Oxygen consumption, A-V difference, leart Tunction 2elationships

in Haemocyanin Dearing organisms (Pick Frinciple)

Few studies have examined the broad relationship hetween
haemocyanin function, heart function and oxyren consunption of haemocyanin
bearing orsanisms.

Redmond (1955) used nis A~V difference data for the decapod
crustacean Panulirus, and oxrgen conswiption figures taken from eymouth
es alls (1944) compiled data on the inTluence of bodr weisht on oxyeen

el . =

counsumption ol gserlieg of decancd oruvstacesns, to cgbinate the cardiac

o)

output of a theoretical 750 rm ecrar"ish. Te obvained a wvaluve of 60 ml/min
(80 ml/kem/min) .

He then egtimated ‘the stroke volume of his theoretical
FPanulirus, using heartrate values derived from Durrer and Smythe's (1953)

data on Homarus americanus. The gtroke volune thus indicated was about

6 = 1,0 ml/beat which was somevhat larger than that measured by Purger
and Smythe at .2 - .2 ml/beato In viesv of the relatively primitive
nanner in whicl the latter authors measured their sirole volumes, RNedmond
was Justified in conesidering hiis calculated value a reasonable fisure,
Chapman and Iartin (1957) briefly reported the measurement of

oxygen consumption of the cerhalopod Octopus dofleini. They also

measured the A-V difference in O2 content of the blcood in several specimens,
uging indwellin~ catheters in the afferent and efferent vessels of the

ctenidia, and found this parameter %o Le quite variable. Tor one 18 kem
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specimen the A-V difference was related to the oxygen consumption using
the Fick principle, and a cardiac output of 570 nl/min (17.8 nl/kegn/min)
was obtained,

This compares closely with values later calculated by Johansen
(1965), who also measured oxygen consumption, and blood oxysen contents

of QOctopus dofleini. Johansen obtained an averaze cardiac output (via

Fick principle) of 14.3 ml/kgm/min. It should be noted that there was
considerable variation about this mean figure, although the cardiac
outputs calculated for Octopus were considerably lower than Redmond's
(1?55) values for Pamulirus, leading Johansen to say that, "A detailed
discussion of the results obtained is limited by the lack of comparable
information for other invertebrates". Johansen also measured heartrate
of Octopus, and interestingly found that the average heartrate for these
animals was 16 beats/ﬂinuteg "regardless of size and state of activity.
This constant heartrate necessarily results in a variable stroke voluue

(2.2 - 18,1 Lﬂ/beat) to maintain the calculated cardiac outputs.

Lenfant (1966), also working with Octopus dofleini, deseribed in

detail the role of haemocyanin in thie delivery of O2 to the tissues of

this animal. He also calculated oxygen consumptions, based on differences
between O2 content of inhaled vater and that of exhaled water, and the
volume of efferent water from the siphon of this large cephalopod.

LenfTant did not measure any functional parameters of the animal's heart.

dowever when discugsing the role of CO, in the unloading of oxygen to the

2
tissues in this animal, which like all sephalopods exhibits a positive

Bohr effect; Lenfant acknowledses that if 02 utilization was to increase
creatly (e.ge at times of vigorous activity), it would mean a necessary

increase in cardiac output. TFrom Johansen's (1965) observations of a

relatively constant heartrate in Octopus dofleini, regardless of state of

activity, this again suggests that the octopus heart ruet have a highly
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variable stroke-volume.

Johansen et al. (1970) made a comprehensive study of the oxvgen
transport system of the large crab Cancer masister. - They described the
in vivo haemocyanin function in this crab, obtainin~ measurements for A~V
difference in O2 content which were considerably larger than those
obtained in earlier studies (Tednond, 1955, 1962, 1968). lieasurements
of 02 consumption of Cancer were also made, and the Fick principle was
used to calculate a cardiac-output of 29.5 ml/kem/min for this crab.
Having obtained this value Johansen et al. strongly criticised Redmond's
(1955) data claiming that the earlier author's experimental technique was
faulty, leading to erroneously low arterial PO values, and hence low AV
difference values (Chapter 2). The low AV d?fference values necessarily
resulted in high C.0. valves to maintain the oxyscen consumption of
Yamulirus.  As a further criticism of Rednond's data, Johansen et al.
propose that his 02 consunption data for Panulirus, derived from Wevnouth
et al. (1944), is suspiciously low. Using nore recently obtained values
for Panulirus! oxygen consumption (Winget, 1963), and Ntedmondfs A=V
difference data, Johansen et al. calculate a high C.0. value of 400 ml/kgm/min
for this decapod crustacean. Fven ignoring this latter criticism
Johansen et al. (1970) claim that a C.0. of 80 ml/kym/min is likely o
be too large, placing an unressonahle strain on an invertebrate heart.
This claim by Johansen et al. (1970) is to sonme extent refuted by recent

work on another crab species Callinectes sapidus (Mangum and Veiland,

1975}, In thie species of crab, calculation of C.O. using oxygen
cousumption, and A-V difference data yields a value of 207-238 ml/kgm/min.
iiangunm and weiland mropose that this value is in fact well within the
mechanical capacity of the crab heart. I'oreover they point out thet
Johansen et al. (1970) obtained a large A-V difference value for Cancer
not through any exceptionally large A~V difference in % saturation of the

haemocyanin of Cancer but primarily throush the large 02 capacity of the
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haemocyanin of this species. Iiost decapod crustaceans, simply by virtue
of the smaller O2 capacities of their haemocyanins could not have such
high A=V difference in vol % of oxygen as Cancer. Hence, nost decapod
crugtaceans are likely to have higher C.0, values than Cancgr.

Although the role which the heart must play in circulating the
blood to maintain the oxygen supply is obviously not well understood in
haemocyanin bearing organisms it should be seen from the above discussion
how important it is to consider A~V difference in vol?ﬁcﬁ‘oxygen in the
licht of the overall oxygen consumption of the organism. The calculation
of an obviously unreasonable C.U. value fron measured A~V difference and
02 Qpngumption data could mean, for example that some error has been made
in the measurement of these parameters, or alternatively that some other
coeiderations must be taken into account; for example, the orszanism may

be paining a substantial amount of oxygen through resniratory swurfaces

other than the gills,

J.1le2 Application of Fick principle inkgastrqpod molluscs

Because of the lack of reasonable data for A~V difference in
vol?ﬁ of oxygen for gastropod molluscs, there has been little opportunity
for previous workers to examine the relationship between this factor,
oxyygen consumption, and heart function in this gronp of haemocranin
bearing organisms. In this study however, the in vivo function of
hacmocyanin in the abalone has been described.

In part I of this chapter the oxygen consumption of the three
species of abalone will be exanined uvnder centrolled conditions. 'The
A-T differences previously obtained will then be related to the oxygen
consumption data via the Fick nrinciple to obtain values for the cardiac
outputs of the abalone species., ‘These values will be discussed in the
light of the limited data in the literature describing cardiac outputs of

other invertebrates.
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In part TI of this chanier, measureuenis of heartrales of the

abalone species are described. This data ic then related to the calculated

heart,

Jliapter 3
Tart I

3e2 Oxygen Congsumption

3e2el Introduction

There is 2 vast arount of literature describin~ the war in which
nunerous factors may modify the oxy;en consvmtion of a given invertebrate
Organism. The references civen %elow are only a Jew examples of work
whalch has been done concerning the inflvence of secindarws, or rodifving
factors on the oxygen consumpiion of arihronods and molluscs. in many
ceses the influence of more than one rodifiing factor on oxvgen consumption

has been described.

FPactors which may nodify oxygen comsimption include

o

1. temperature (Read, 1962; Daviss, 1966; Newell and Northeroft,
1967; Tewell, 12693 TFewell et al,, 1970; Widdovs, 18735 Fve
and. Tlewell, 1873)

pu

Re Oxygen tension of the enviroument (Yon Brand, 1953; Weins and

Arnitage, 19613 Lariner and Riggs, 19615 Teal, 1967; Kuzh

ne

e

1]

and Llangum, 1971).

Be salinity (Lance, 190653 Mcfarlerd and Pickens, 19653 Mclusly, 1969;

e e 12
£ W e A BV R
Hagerman, 120%9; Bayns, 1973 (a}; Engel et al,, 1974),

. size of the organism (Body ond Procthor, 1033: Weymouth et al.,

__ RO it

Body, 1945; Zeuthe, 1€47, 12533 Hemmingsen, 1960y Roa et al.,
19543 Bertalanffy, 19573 vrosser, 1066, 19733 Javies, 19663

Winget, 1964; DNewell, 12703 Ifewell and Rav, 1973).

[$1}
L]

nutrition (Iiepherson, 1268: Rayne, 1975 (h)s Mawden et al., 1973)
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6. gebivity (Van Dam, 1954; licfarland and Pickens, 19653 Hagerman,
1969)

7. numerous other factors such as time of day or photoperiod (Hebb

et al., 1958; Dehnel, 19583 Sandesnet al., 1954; Hamman, 1974),

Btages in life cycles, moulting cycles etc. (Prosser,-l975),

season (lMcfarland and Pickens, 1965; Berg, 1958; Licliahon, 1973),

and sex and breeding condition of the individual organism (Prosser

and Brown, 1966%. Prosser, 1973).

It should be emphasised that not all of these factors
necessarily modify the oxygen consumption of any given species.

‘In the sectionm of this project dealing with the contribution of
haemocyanin to the oxygen supply to the tissues (Chapter 3), animals of
varyings sizes were used. In order to arrive at a general assessment of
haemocyanin's contribution to the oxygen supply of the animals, the
relationship between

(1) size and oxygen consumption is examined for each abalone species.

Further, the influence of temperature change on the contribution of
the haemocyanin to the oxyren supyply of tie abalone has been exanined
(Chapter 3 section 5.35.47). Therefore

(2) the influence of temperature on the rate of oxygen consumption by the

abalone of a range of sizes is also determined,-

5.2,11  Influence of bodr zize on oxygeil consumpbion

There have been numerous summaries of the vast literature which
has accumulated describing the relationship between metabolic rate and
body size for various organismns (see references alove).

From all of this work it can be seen that the general form by
which the oxygen consumption of a given species can be related to the
gize of the organism is expressed by the equation M = KWb. This equation
can also be expressed in the form log M = log X + b log W,

In other words, the metabolism is proportional to a fractional

power of the body weight where
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M

02 consumed/unit time

W

ft

the weight of the tissues

=
[

a constant giving the intercept on the y axis of the

logarithmic regression line relating log 17 to log W, and

o’
]

a constant describing the slope of this logarithmic
regression line,

If oxygen consumed per unit weight is required the function
becomes 106 w = (b - 1) logW + log X (cf. Bertalanffy, 19573 iewell,
1971 (b)s Prosser and Brown, 19665 Proscer, 1973).

It can be seen that the value of the constant b defines the
way in which the oxygen consumption of the particular organism being
investigated changes with size.

Prosser (1973 pp. 192-193 Table 5-2) lists b values obtained
Trom all the vertebrate classes and includes examples from most
invertebrate phyla. In the exarmles listed Tor molluscs alone, b ransves
from 1 for the snail ILymmaea (which means that metabolicm is directly
vroportional to weight) to .696 {or another gastroped Patella.

In some groups of ormanisms b valves have been shown to vaxry
even more widely than this., Tor example, in a species of barnacle

Balanus balanoides the oxygen consumption at low temperatures has Leen

shown to be almost independent of body weight at some times of the year
(Januarr in Scotland), b = .(135.

However at higher temmeratures the value of b increases quite
markedly in this species (Barnes and Tarnes, 1969)« Under some
temperature conditions lewell and Northeroft (1967) obtained b values as
high as 1.14 for the same species of barnacles. This is merely one
exarple of the way in which the slope of the regregssion line relating
oxygen consumption to body weight may change, not only between apparently
closely related species (cf. Barnes and Barnes, 1969), but also within

a given species depending on, for example, the temperature at which the



111,

oxygen consumption measurements are being made. Numerous other factors,
eeg+ salinity (Rao, 1958; =dwards and Irving, 1943; Ddwards, 1940)

time of year and acclimation temperature have also been shom to influence
the value of b (Dehnel, 1960; ifewell and Fye, 1970 (a); Mewell and Pve,

1970 (b)).

Ge2el2 Influence of temperature on oxyren consurmtion

A change in temperature, as well as possibly/causing a change in
the slope of the regression line relating loz oxygen consumntion to log
weight, may also have an affect on the "height" of this regression line.

methool
Perhaps the most usually accepted,of quantifying the effect of temperature
on oxygen consumption rates is by the QlO aporoxiration (e.g. Prosser,
1966, 1973). The QlO approzimation is defined as the factor by which

. . L A On . . X
a reaction velocity is increased Jor a 10C rise in temperature. The

QlO for an oxygen consumption change is calculated hy

xywlwg;

=] e

Qo= ¥

il

where Kl rate of O2 consumption at t, and

1
k

rate of O

o 5 consumption at t

2

Recently, as in the stud; of 02 consunmption-weight relationships,‘
a large body of worl: describing O_2 consnrption~ternperature relationships
nas accunulated, particularly concerning intertidal, freshwater, and marine
invertebrates (Grainger, 19563 Jehnel, 19603 Berg et al., 19623 Courtney
and Newell, 19653 Davis, 1966, 19673 llewell, 19566, 1963, 19703 iewell
and Wortheroft, 1967; ilewell and Pye, 1970 a,b.), “hereas in the past
it has generally heen accepted that in most poikilotiierms the metabolism
rises gnd falls with body temperature with a QlO of about 2.5 in the

physioiogical range (cf. Prosser, 1973), as a result of thiswork it has
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been shown that there is a great deal oi variation in the masnitude of
the temperature effect on the oxygen consumption on various organisms.
Lioreover the conditions under which oxygen consumption is being measured
may greatly influence the magnitude of the QlO in any given species.

It has long been known that the change in oxygen consumption
observed for a given organism in response to a temperature change, may
be influenced by the temperature to which the animal is acclimated
(Bullock, 1955; DPrecht, 1958; Frosser, 1958; Berg, 1958). Ilany other
factors, such as the season during which the oxyren consumption measurements
are being made may influence the observed response of oxygen consumption
to temperature change in some orpanisms (Udwards and Irving, 1943 asb
Newell and Pye, 1970 a; DBarnes and arnes, 1969), As siarvation may
affect the way in which 02 concumption changes with teuperature change
(Darnes et al., 1965 3 Tarsden et al., 1973) the seasonal influence on
QlO ngy not be simply due to acclimation to different field temperatures,
but may be complicated by other Tactors such as the nutritional state of
the organisms due to different Tood availabilities at different times of
the year (Barnes et al., 1963 ). Another factor which iniluences the
way in which temperature change affectc the oxypen comsumntion of
organisme 1s the degree of activity of the orpanisn. In wany intertidal
invertebrates in particuvlar, it has veen shown that althonsh the oxygen
consunption of active or-anisme ic remarizably dependent on temnerature,
the standard oxygen conswmntion is relativelr independent of tewmerature
change over a considerable temperature ranse (iiewell and Tortheroft,
1S6b, 18673 liewell, 1Q66, 1962, 19703 Fewell and Pye, 1970 aj; ilewell
and Pye, 1971)., THowever, subtidal orpganisme nave not been found to
demonstrate this temperature indervendence of standard metabolic rate

(cf. Courtney and Newell, 1965).
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It is also possible for a given species that animals of
different sizes may have different Qlo's. (Read, 126235 Hewell and Pye,
1971).

Obviously this ties in with the previous discussion on the
influence Qf‘bodyweight on oxyrmen consurption;y different Qlo's for
didferent sized animals will lead %o a change in b, the slope of the
regression line, with temperature.

It is intended in this chapter to describe the influence of size,
and temperature change on the oxygen consumption of each of the three
abalone species, where possible accounting for the numerous other factors
which may modify the oxygen consumptions of these animals. A mathematical
nodel will be developed by which, knowing the gpecies, size, and temperature

of a given abalone specimen, its oxypen consumption can be predicted.

0e2.2 Apparatus for oxyren consumption measurements

The oxrgen consumption measurements were carried out using a
closed respirometer system, based on that described by Ulbricht et al.
(1972) for measuring the metabolic rate of sea urchins (Figure 3.1).

~ Several respiratory chaubers of different sizes were used, to

enable measurement of 02 uptake of various sized abalone. The chambers
were constructed from glass dessicators. The lid, a flat glass plate,‘
was sealed to the sround glass top of the dessicator using vactum grease.
The water in the chamber was kent circulating using a large stirring bar
and poverful nagnetic stirrer, The stirring bar was protected from
intexrference by the abalone by a plastic mesh shield, T'iltered, aged
8ea water was used in the respirometer to ensure that bacterial or algal
contamination did not affect oxygen levels in the apraratus.

The oxygen uptake from the water in the respirometer was
meééufed‘ﬁsing a Titron oxygen probe Type 500 1B, sealed throush an

opening in the glass 1id of the respirstory chamber. The oxygen



Figure 3.1

Photograph of the closed respirometer system used to measure oxygen
consumption of abalone.
Notet (1) sealed glass respiratory chamber, with stirring bar
nrotected by open mesh,
(2} Titron oxygen probe (marked 111)

The apparatus was used in constant temperature rooms,
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concentration of the water in parts per million was read on a Titron
portable oxygen meter (Titron Instruments, Viectoria). = The oxygen
electrode was calibrated following the recommended procedure in the
Titron Technical Bulletin 500 1B, Calibration was checked before and
after every experiment. It was found that with careful assembly and
maintenance the electrode would maintain exact walibration over a period
of two weeks or more. The salinity of the sea water (necessary for O2

electrode calibration) was measured using an Autolab lNodel 602 salinometer.

%.2.3 Heasurement of oxygen consumption

All oxygen consumption experiments were carried out in constant
temperature rooms - air temperature fluctuation i+ 1%. The water
teunerature shoved no sipnificant fluctvation during the course of an
experiment.

Prior to the commencenent of O2 uptate determinations, the
abalone were placed in the aerated respirometer Ifor a one hour "settling
period'.

This settling period was considered necessary for two reasons.

(1) Irmediately after transfer to the respirometer from the aquaria,
particularly if this involved a temperature change (see later experiments),
some abalone became agitated, moving rapidly around the resnirometer.

In this project, as no method wasg available to guantify degree
of activity, standard metabolism only was considered. Alter the one hour
settline period it was usually found that aninals had ceased all
noticeable movement. Ioreover it should be noted that settled atalone
cannot be readily induced to activity. It is mogt likely then that the
oxygen consurption measured after thie tire can be considered standard

oxyren consunntion.

(2) Vhen an animal is sransferred abrupily from one temperature to
another, even if noi aritated, the oxrgen consumption sonetimes temporarily

reaches an.abnormally high lewvel (overgioot response). This usually
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lasts a few minutes, but not longer than one hour before the oxygen
consumption returns to the stable level which will last at the new

temperature for several hours or days (cf. Grainger, 19563 DProsser,
1960, 1973).

After the one hour settling period, the resvirometer was topped
up, and carefully sealed with the glass 1lid. Any renmainiung air bubbles
were bled from the apparatus through a small hole in the lid, using a
large syringe. The hole was then sealed with a greased rubber bung,
and 02 uptake measurements were commenced., The assembled apnaratus is
shown in Figure 5.1,

o

For measurement of standard oxyrzen consumnntion, O2 uptake was
neasured over a period during which the rate of reduction of the oxyren
content of water remained constant, usvally for approximately one hour
(see section 3.2.41).

Av the comnletion of the O2 untake measurenents, the animal
was taken from the respironeter, and after ensuring that all excess water
was renoved, weighed. The animal was then killed and the shell removed
and weirhed. = Trom the total weisht, and the shell weight, the wet weight
of the soft narts of the animal was calculated,

Knowing (1) the volume of woter in the respirometer, (2} +the
difference in concentration of respiroreter oxzygen between commencement
and completion of the experiment, and (5 the time over wirich this
difference was measured the oxyzen uptalze of an aniral of lmown weight

could be calculated,

02 uptake ul/hr =

*
time in minutes - chanze in U, conc'n(pon) x 22.4 x Yol respiroueter (ml)
60 ” 32

By dividing the above answer by the weight of the animal (g) the oxygen

consumption in terms of ul/g hr can he ohiained.

* 37 w.C,

R2-4 = VOLUME (L) OCcuPIED By inGLa G, AT ST
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Se2e4 Preliminary Exveriments - Intrcduction

Because of the numerous factors which may modify the oxygen
consumption of a given organism, before commencins the investigation of
the effects of gize and temperature on the oxyzen consumption of each of
the three abalone species, a brief preliminary investigation of the
effect of (1) oxygen tension (2) time of day amd (5) captivity on the 0,
uptake of the abalone was carried out.

This was thought to be necessary because the elfects of such

modifying factors may mask the effects of those Tactors with which this

gtudy is primarily concerned.

Je2¢41l Effect of oxvmen tension

The oxygen consumptions of various orzanisme are affected in
various ways by the oxyren tenscions of the envirounment., Many organisms

regulate thelr ozygen concumption in decreasing 0O, tensious, down to a

2

critical oxygen tension (Pc) below which the oxvsoen consumpbion falls off
rapidly. this Pe may vary within a given species depending on such
factors aa temperature of the environment, and state of activity of the
aninal,

Those animals which shov independence of environmental oxygen
tension over a wide range of 02 tensions are lmown ag oxygen regulators.
lany molluscs have been shown to be oxrgen resulators (Van Damg 10543
Bayne, 1967; Iioon and Pritchard, 197C elc.).

In other organisms however the oxygen consumption is dependent
on the oxygen tension of the environment - as the environmental oxygen
tension rises so does the oxygen concumption of the organism. These
animals, known as oxygen conformers also include some molluscs (Bers,
19523 Prosser, 1973). It should be noted that the distinction

between 02 regulators and O2 conformers is not always clear cut, and =

given organism's ability to resulate its O2 consumption nmay be affected
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by factors such as starvation, or some other stresses related 4o collection

and maintenance in the laboratory (Bayne, 1971).

Now, in using the closed respirometer system to investigate the
02 consumption in this study, the animals are subjected to a continual
decrease in the environmental oxygen concentration as they progressivels
use up the oxygen in the chamber, If the animals are oxygen regulators,
the oxygen consumption measured would, at least over part of the 02

concentration range, be expected to be independent of the O, concentration,

2
and tﬁus be the same as that measured in a continuous flow or open system.
However if the animals are oxygen conformers, with the progressive decrease
in oxygen concentration in the chamber, the oxygen untake will also
decrease, This will lead to a final oxyren uptake which iz not
equivalent to that which would have heen measured in a gysten where the
O2 tenoion 1s maintained at a level similar to tuat of air equilibrated
seawater,

A Turther consideration nmust be made. It has been documented
(eezs Redfield et al., 1929) that increaged COZ concentrations in the

environment can affect the O2 uptake of some orsanisms., In the closged

respirometer system there will Lie an increase in CL, concentration as

2
the orranism regnires. Any affect on the O2 untake of an organism
likely to be caused by such an increase chould be considered in evaluating
the effectiveness of the system in measuring oxXygen consumpvion
(Larirver and Gold, 1961l; Courtney and Newell, 19C5).
In order to determine vhether the closed respirometer srstem was

=

likely to have any effect on tho final

. consumption of the abalone,
the rate of untake of oxyeen Tror the water of the scalsd resniroveter was
closely monitored over a wide range of oxyren concentrations, Although
the CGB concentration mar be presured to be increasing in these sealed
systems, no measurements were made of this parameter. Several experiments
were carried oubt vith different aninals of each srecies at each of three

experimental temperatures,
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lethod
The method used to investigate the resnonse of the oxygen
consumptior of the abalone to declining oxysen tensions and increasing
co, tension was the same as that used by Mewell and Courtney (1965) in

their study of oxygen consummption of lancelets (Branchiostoma lanceolatum).

Animals of various sizes were placed in respirometers of various
sizes, and allowed to gettle for one hour before the commencement of O2
uptake readings.

The respirometers were then sealed, and the oxygen tension in

the respirometers were read at short intervals for the duration of the

experiment.

Results and Discussion

The results are presented granhically on figures 3.2, 3.9 and
Ss4s These figures give plots of O2 concentration in the regnirometer,
againct time (ef. ilewell and Couriney, 1965, Mgure 1),  The weighte of
the animals are given on the figures, as are the temperatures of the
experiments. It can be seen that for individuals of each species at
each of the three experimental temperatures (15°C, 20°¢, 25°C) the rate
ol uptake of oxygen from the respirometers is constant over a wide range
of oxygen concentrations. The slopes of the lines differ largely because
of different sized animals and volumes of water. It is evident that the
three abalone species can be concidered oxygen regulators.  Although some

individuvals of each species were subjected to low O, concentrations (down

2

0, and less than 1 pom) in no case could an abrupt critical O2 tension be

defined: however, at the lower O, tensions there was a sradval reduction

[

in the steepness of the O, uptake curve (Pigures 5.2, 5.3, 3.4). This is

similar to Valvata pincinalis (Berg, 1961).

From an examination of the figures it was decided that in each
species the O2 uptale was uvnaffected by O2 concentration at least down to

an oxygen concentration in the region of 2.8 »mn O, at all temperatures.

2
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Figures 3.2, 3.5, and S.4

-Graphe of the variation of oxygen concentration

with time Tor Haliotig ruber, H. roei and I.

laevigata in closed respirometers containing

abalone of various sgizes,
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This point, 2.8 »mm was arbitzarilr chosen as the Mcus-off™ point for all
oxymen consumption experinents.

This oxrgen concentration corresnonds to a Po of fronm €65 rm Il

a
2

to 55 mm Hg deperding on the temperature, 25°C +o 15°¢ respectivelyr, and

¢epending on the salinity of the vater - 570/00 in this case.

_Abalone haemocyanin has a sirong reversze Nohr effect., “hus
slightly increased 002 tensions in the resnpirometer will promote loading
of‘Oz at the gille rather than hinder i%. Takin~ this into account,
even presuming that ahalone gills present a congiderable diffusion barrier
PO values from 65-55 mm Iz should be easily high enough to maintain hish

2 ,

saturation of abalone haemocyanin at the 7ille. It is not therefore
surprising that the O2 uptake of thece aniwals remaine congtant at least
down to these I, values.

At the lover oxyoen concentrations the alalone showed obvious
clgne of distress. At about 2-3 ppm the anivals often denonstrated a
typical escape response identical %o that desoribed by Shepherd (1973)
as an escape response Lo predator attack. At lower 02 tensions (less
than 2 pom) the shells were raised fron the epipodia, and spasmodically
clamped down again. The epipodia assumed a trpical "buckled" appearance,
Figure 3.5, and the animals everntually lost their rrin or the substrate.
e response of avalone to prolonged anoria is discussed iu more detail
in chapter 4.

As aresult of this prelimirery investigation, the 02 uptake of

abalone of all three species was considered inderendent of external 02

concentration down to the arbitrarily defined limit of 2.8 »pu.

Se2042 Circadian rhythis in oxreen conuumptlon of aualone

Circadian rhythms have been shown to affect various aspects
of plant and animal life (e and Brown, 19593 TFrosser and Prown, 19663

Prosser, 1973).



Pigure 3.5

Haliotis ruber specimen stressed Ly low oxygen tensions. The epipodium

shows the typical 'buckled' apreararce described in the tente.
The epipodium also looks like this in animals siresced hy abrnpt

temperature chances,
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Yore specifically, with regard to this project, circadian
rhythms have been shown to affect various aspects of the lives of
molluses. - For example, the daily riythm of water propulsion in
Mytilus was found to be related to tidal water movement (Rac, 1954),
and diurnal rhythme in the openins and closing of the valves of some
bivalve molluscs have been described (Brown, 19543 Bennett 1954),
Recently circadian locomotor activity has been described in the sea

hare Aplysia californica (Jacklett, 1972). liore specifically still,

circadian rhythms in the uptaske of oxygen have been found in several
species of molluscs. DSandeen et al. (1954} demonstrated -ersistant

tidal rhythms in the oxy-en consurmtion of twe snecies of intertidal

snails Littorina littorea and rosping cinereus. - In an early paper
Gompel (1937) reported the existence of a tidal rhythn in oxycen
consumption for three other littoral miolluscs. hese molluscs include
a species of abalone, which Gompel claims demonstrates a circadian
oxygen consumption rhythm with a periodicity of about 12.4 hours.

Wow, the avalone used in the oxygen consumption experiments in
this study were maintained in aquaria in an aquarium room contimiously
illurinated with artificial light. However it is known that some diurnal
rhythms persist even in unvarying environrental conditions (?rosser, 1975).
In view of this fact it was deemed necessary in thig stvdy to determine
vhether any such persistant diurnal rhythm in oxyCen Qonsumption mizht
occur, vhich might complicate the results of investigations of the eflect
or welght and temperature change on oxrgen congumpltion. hccordingly, the
oxycen consumptions of gix specimens {%wo of each species) were monitored
over several hours, with particular emphasis on the daylight hours, in

which Tuture O, consumption experiments would be conducted.
[
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Method

‘The animals used in this experiment were collected near the end
of the winter month of June, from water at a temperature of about:lﬁoc.
They were transferred to the aquaria at 20°C. The 24 hour experiments
were not commenced until the animals had been in the laboratory for one
weeks At the time the experiments were conducted (July 2,5,4) it was
dark by 5.30 pem. and light again at about 6.30 a.m.

All oxygen consumption measurements were conducted as described
in section 3.2.3. After each oxygen consumption determination was made,
the réspirometer was opened and about 5% of the seavater was replaced
with fresh oxygenated filtered seawater at the sane temperature, and then
the respirometer was reoxygenated for approximately 15 minvtes.

In this way the animal was disturbed as little as possible
between experiments. All experiments were conducted in a congtant
tenperature room, air temperature 22°% i l.SOC, vater ‘Lemperature 10-20°C.
At the end of the experiments, the animals were weighed, and the oxygen

consumptions calculated as shown in section 3.2.3.

Results and Discussion

The results of the experiments are plotted on Figure 5.6. As
cain be seen from the granhs, althoush there were noticeable fluctuations
in the orygen consumption from time to tine, there was no clearly
discernable rhythm in these fluctvations, as was renorted by Compel (1937)
for an intertidal species of ahalone. ""here is certainly no evidence of

the larce clearly defined diuvrnal riprtine in O9 consumption such as found

in the intertidal gastropods Littorina litlorea and Urogpinx cinereus

(Sandeen et al., 1054),
The variation in 02 consumption beiween measurerents, although
showing no pattern, was large when cornared to those found recently for

the crayfish Orconectes linorus, which apart from the single high peak at

L+
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tiie onset of the dark phase showed an extrenely stead; rate of oxgen
consumption (Hamannd, 1973).

However the variation is relatively small compared to that

[V

obgerved in the sea urchin Jtrongylocentrotus over a period of 36 hours

(Ulbricht et al., 1972).

It is possible that keepins the avalone in the constant lizht
conditions in the laboratory has removed a sitimrluc which might have
maintained a rhythm in oxygen consumption such as observed in another
species of abalone (Gompel, 1937)., Ilowever this Vrief experiment
indicates that at least in the captive opecimens, xperirents on oxygen
consumption can be carried out during the whole Cay without risk of
modification by diurnal rhythms in O2 uptake.

Long term rhythmical patterns of sone aspects of the hehaviour
and physiology of various animals, associated with such factors as phages
of the moon or tides, have been observed on numerous occasions (Wa;ler,
19583 Brown, 1959; Fingerman, 1960; Hausenchild, 19€0; FEnrisht, 1965
a,b; Cnandrashcharan, 1965), It is possible that such a long tern of
fluctuation in O, consumption may occur in the abalone species considered

2

in this thesis. This possibility is not investigated in this project.

342443 Effect of captivity on the oxrgen consumption of the abalone

Tn the introduction to this chapter the conditions uncder which
the animals used in the oxvgen consumption experinents were maintained in
the laboratory were described, Tae anirals were naintained in ihe aguaria
without feeding. Some animals were used in oxyren consumption experirents
as many as ten days after the commencement of the experinents.

The effect of starvation on the oxypen consumption of several
invertebrates has been invectirated (e.g. Tarnes es al., 1963 3
liarsden et al., 1973). he degree to whicn starvation aflects the

metabolism differs considerably vetween organisms. T'or erammle starvation
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of the crab Cancer maenas in the laboratory '"results in a progressive

suppression of the metabolism comparec with fully fed crabs, This
effect becomes apparent after +wo weelis at 15°C...." (liavsden et al.,
1975). In a species of cirripede (harnacle) however, periods of up to
124 days starvation do not affect the oxrgen consumption of animels
collected during winter, and only slightl;” lower the oxyrren consumption
of animals collected during suumer (Darnes et al., 1063, ).

Abalone are known to survive long periodr without food (Pilson,
19¢5; Boolootian, 1963). Crop analyses of H. ruber and II. lacvigata
at West Island showed that the animal ate little or notiin: during caln
weather (Shepherd, 1975, Tigure 28). It would seem tihen That under
natural conditions, in caln summer weather, abalone probably go several
days without feeding. During this studyr aninals were found to survive
up to three months in the laboratory without feeding. The circunmsiantial
evidence therefore all points to the fact that abalone might be able to

e
tolerate several days of starvation without any adverse affects.

During this study, for six specimens, the oxygen consumption
wae measured after starvation for various lengths of time. The resvlts
of the 02 consumption determinations are presented on Table 3.1 and ave
illustrated graphically on Figure S.7.

It can be seen that in specimens ior whiclh the oxygen consumption
was measured after seven days and then after 14 days in the laboratory
there was no significant difference in the 02 consur.ption.

‘However, aiter 30 days in the laboratory the O2 consumption had
dropped considerably, being only about Z/Erds ag larre as after seven days
starvation. From this data it might be sugrested that the standard
metabolism of the abalone is relatively unaffected by starvation for one
or two weeks but after longer periods gradually decreases.

The solid line fitted to Migure 5.7 graphically illustirates this

statement: the dotted vertical lines define the time limits durinc which



Table S.1
The effect of captivitr on the oxygen

consumption of abalone

Pine in laborator— {(dars)

Animal no. Species Weight (gm) 7 14 50
oxrper: cousumnbion /Ml/ grm/ hr
1 H. ruber 142.5 25.5 227
2 . ruber 10342 26,7 2646
Se H. laevigata 185.7 2241 21,5
4 H. laevigata 130.5 28,0 2567
mean O2 consumpiions 25, 28" Zé.GSK
5 H. laevigata 1R6.0 27.9 20,9
5 H. laevigata 119.0 30.9  13.4
. % NoS.Do. t = .29 64f

Figure 35,7

Graphical representation of data on Table Sel

o Hlaevigaia
o H.ruber

W0

DAYS 1IN LAB.



aninals were used in oxysen consumption experiments.
These Tew results therefore suggest that the laborator
starvation of the abalone di¢ not greatlr modif: the resulits of the

oxygen consumption emperiments reported in this study.

+

Se245 The effect ol body weisht, and temperature change on_the omrren

consumption of the tihiee abalone species H. roei, H. ruber and

H. laevigata

542451  Metiole and Materials

(a) inimals

The animals used in the welghit-temperature exreriments reporter
here were collected at West Island during the summer months 1972-197C,
Juring these nonths, mid lovember through to wid April, the water
temperature at West Island Gid not differ fron 20°C by more than 5°¢
(Picure 3.8)3 all aninials were transferred to the laborator and kept
in aquaria at 20°¢ g 1.500, for at least ome weei: befure the comiencerent
of the oxygen consumption rcasurements, Animals vere not used in
ersperinents more than ten days aiter the commencement of awr particular

set of experiments (i.e. 17 dars after captivity).

a)

It has been pointed out that in interspecific cormarisoiis care

muet be taken that the species are at comparable stases of their Tireedine

o))
<

scason (Ders et al., 19573 Barnes

Pl v e

S »l. ’ 19"‘5) .

!

studied the spavuing of H. roel,

~—

Shepherd and Laws (1974
H. ruber, and H. laevigata at Jest Usland, examining the gonad indices fo
determine the reproductive crecle, Firure .9 is eyrodnced Irom taeir
summary of spavning seasons of abalone throushout the world (Shenhierd and
Laws, 1974, Figure 10). It can be seen that throush nwch of the rear the
three abalone species do not coincide with reraxrd to their renroluctive
ctate. The summer monthe, when the animals in this ctudr are compared is
the onl; time when all three specieg from West Island shov a coinciding

period of little or no spavming activity,. T corparing the =snhecies at
+ I3 ”,'L.l o . " g " &
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this time it was anticipated that any modification of oxygen consumption
due to‘the stage of the reproductive cycle would be at least reasonably

similar in all three species.

(b) leagurement of oxygen consumption

| Thevoxygen consunptions of the abalone were determined as
described in Section 542.3. After transfer from the aquaria to the
respirometer animals were given 60-80 minutes to settle down before
Acommengémentﬂdf O, consumption neasurements (see Section $5.2.3). If
any animal»showed signs of movement during the course of an e xperiment
the résults'weié”discarded. For each species, at each experimental
terperature the axygen consumption of nine animals of a range of sizes
was determined. (Dach animal was only used in one oxygen consumption
determination).

A% the completion of the oxrgen consumption run, the oxygen

“consumption for each animal was calcoulated as shoyn in Section 5.2.35.

3.2.52 Resulte and Discussion

Table 3.2, gives the results of the oxygen consumption

measurements of various sized animals of Le roei, H., ruber and

"He laevigata at the experimental temperatures 15_°C, 20°¢ and 25°C.

As is common in oxygen consumption weight analyses, all calculations
were maéé using logarithmic data (in this case 1n, (loz,) ~ some other
references neéntioned in this chapter use loglo; the conclusions drawn
in either case are guite comparablq). The data on table 3.2 are given
later as logarithms on tables S.6e1=3,643,

_‘An»analysis of covariance was carried out on the data to see
if agygenyconsUmption varied with species, temperature or weight., The
first step in the analysis involved determining the effect of weight on
the oxygen coﬁéumption of each of the three species under the various
experimental conditions. The slopes of the regression lines b, relating

in oxygen consumption to 1ln weight were calculated for each species at



Table 342

Oxygen consumptions of H. roei, H. laevigata and H. ruber at 15°C, 20°¢ and 25%

He roei O, laevigata H. ruber
Aimal gt (gms) 0. consumption Animal ‘gt (gms) 0, consumption Animal Vgt (ems) 0, consumption
No. 2 1/ No. » 1/hr .o Ve

1 55,400 1495,800 1 17.200 509,120 1l 164,500 3059,700

2 49,500 1595,900 2 58,600 1716,980 2 252,000 4561 ,200

3 786300 19964650 3 119,200 2980,000 3 - 79,900 1717.850

4 55,200 1396,560 4 295,000 43536,500 4 121,400 2245,900

5 25,500 764,060 5 69,400 1846,040 5 104,300 2524 ,060

5 6 29,000 575,800 6 127,000 3263 ,200 6 63,300 1810,380
15°C 7 24,100 867,600 7 119,000 2058,700 7 57,900 1029,100
8 31,300 1081.,07C 8 71,900 1545,850 8 356500 1196,350

9 20,500 754,400 9 202,000 3575 6400 9 31,500 $54,450

1 57,200 2155,540 1 114,400 3685,680 1 217,100 B557,760

2 27,500 1250,350 2 46,000 1554,800 2 112,100 3878,660

3 50,50 1948,100 3 193,700 4164,550 3 302,500 60580,850

o 4 20,138 1015,040 4 72800 1951,040 4 95 300 2509,770
20°C 5 55,200 2124,200 5 117,000 3432,800 5 43,500 1668,400
6 57,200 2448,160 6 796300 2244.,190 6 182,300 5250,240

7 15,900 1149,570 7 103,700 2519,910 7 53,100 1855,190

8 38,000 1862,000 8 256,400 5102.360 8 54,400 2001.920

9 45,800 1778,400 ] 119,500 30234350 9 275,000 6600, 000

1 64,900 3050,300 1 24,400 1144 ,3560 1 137,800 4354 ,480

2 54,500 o421 ,4%50 2 113,800 3994 ,380 2 46,700 1205,.360

5! 536700 2652,.,780 3 48,200 2175,820 S 115,400 4264,400

o 4 60,300 ©285,830 4 35,6700 1786,100 4 114,500 5858,650
25°C 5 41,700 2110,360 5 15,300 1059,500 5 121,400 4006 ,200
6 435,000 2831600 6 24,800 1361,520 6 58,700 2406,700

7 55 4200 3101,280 7 82,500 3052,500 7 202.200 6632,160

] 54,700 2891,240 8 211,400 5390,700 8 237,500 6105.,750

9 1CL 200 03¢5 ,280 9 178,700 4574 ,720 9 72,000 3088,900

AAN
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each temperature, Table 3.5 below gives the individual b values
calculated for each species temperature combination, i.e. for each cell.

These b values were then compared to see if there were any
significant differences either between treatments for a ziven species,
or between species. Table 3.4 gives the results of this analysis of
variance. As a result of this analysis it is clear that the relationship
between 1ln oxygen consumption and 1ln weight can be accepted as beins the
same for each species at all temperatures.

Accepting a common b, the analysis of covariance was carried
out to determine whether (1) the species to which an individual abalone
belongs will effect its Oz consurnption, relative to similar sized
individuals from the other species, and (2) whether temverature has a
significant affect on the oxygen consumption of abalones of each species.
The model investigated by the analysis of covariance is expressed by

the general equation

E(InCiy) =u+s, + tj + (St)ii + b (1nwi.

- 1. L)
ijk sk 1ﬂJ13,

[

where
b = the common slope of the oxygen consumption-weight recression lines
u = that part of the oxygen consumption which is common to each cell,

usually referred to as the general nean.

§; = the factor representing that part of the oxy~en consumption
. . . .th .
determined by the fact that an animal belongo to the "1 " seriec.
t. = the factor reprecenting the influence of the "j "M termerature on

the oxygen consumption of tne animal.

(st)ij = the "“interaction factor" which accounts for anr specific
influence that the particular species-temperature combination may
have on oxysen consumption.

Wijk = the weight of the "kth" animal in the ij cell and

Oijk = the observed oxygen consumption of the animal wijk'

<,
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Table 3.3
Individual b values calculated for each

species-temperature combination

Cell Species Temperature Individual b's Variauce of b
1 H. roei 15 . 7266 0075
2 He roei 20 5827 0064
3 Be roei 25 3729 .0186
4 H. laevigata 15 7534 . 0024
5 E. laevigata 20 L7206 .0062
6 He laevigata 25 » G546 L0019
7 H. ruber 15 . 6946 L0051
8 H. ruber 20 . 7505 . 0051
) H. ruber 25 L7475 L0057

Tahle S.4

Coefficients of weight covariate (data

converted to logarithms)

. Sums of Degrees of lean Squares - Variance
Squares Freedonm natio
Coumon b 1530 8 0191 1.47
residual L8178 63 0130
total 9708 71

T 1.47 8, 63 df .5, at 5% level
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It should be noted that if only a sgingle cell is considered at
any given time other factors (si, tj etc) and the term b ln Wij can te

included with u, thues reducing the eguation to
I 1n O = u+blnW

which is the general expression of oxygen consumption-weight relationships.

The results of the analysis of covariance are given on Table 4.5 below.,

Table 3.5
Analysis of covariancej model described hy

- ~ — a ) : 1. - —-'- A
T (1n Uijk) =u+e + tj + (st)ij + b (In i3k In i, o)

t

Source Jums of Degrees of i.ean Square .‘Varﬁance
Squares Freedom Ratio

Grand mean 4863,28 1

Species Se42 2 1.71 125,16 =
Temperature 5.12 2 2,56 187,58 =
Interaction 2.27 4 D7 41,72 ®
Slope 14,38 1 14,38 1052,56 =
Residual 97 71 L0137

Total 4889.44 81

% All highly sigmificant

It is evident from this analysis that all the investirated factorsg have
a significant influence on the oxyzen consumption of the abalone.
This means
1. Temperature has a significant affect on the oxyren consumption of
the abalone, regardlese of species.
2+« Over the whole range of temperatures there is a significant
difference in the axycen consumptions of the three species,
3« There is a significant species~temperature interaction factor
which has an influence on the oxygen consumption of the abalone

and
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4. \eight has a significant affect on the oxyzen consumption of all
species at all temperatures (b sisnificantly different from 0).
Fron the analysis of covariance carried out miven the oiserved
1ln oxygen consumption and 1n weight data for each cell, values for u, 89
tj’ (st) amd b were calculated. "hese values are siven for each cell on
Tables S5.861 = 34643,
These values in turn were used to estimate the theoretical
oxygen consumption of the animals used in the experiments (Gijk) and
the 9% confidence limits about these theoretical O2 consumptions,
These latter values are also given in “ables 3.6el - 3.5.3.
Figures 3,10 to 3.12 are the plots of calculated 1n O2 arainst
In V for each species at each experimental temperature (closed srmbols).
Clearly all these regression lines must demonstrate the common slope,
b = ,697, The 955 confidence linits about these regression lines are
plotted on the figures. The observed 1n 02 consumption, ln weight data
are also plotted on the figures (open symbols).
Ags a general statement it should be noted that substitution of

any range of weights of theoretical animals into the equation

E (1n Oijk) =u+s; + tj + (st)ij + b (1n:;.fijk - lnhij)

for a given cell, where the values of b, u, 859 tj‘and (st)ij are
defined, will enable calculation of points determining the regression

line relating 1ln O2 consumption and 1ln weisht, The intercept u on the

Y axis of the general equation relating these factors & (1n 02) = u + bloW,
will be defined for a given cell where ln W = 0, i.e, W = 1., The 1In O2

congumption, 1ln weight relationship in each individual cell can be

expressed by the equations given below in Table 3.7.



Table 3.6.1 H, roei

Logarithmic expressions of measured and calculated values for the parameters in the model describing oxygen
consuription in the abalone

P

Animal u si - & (st).. b w

o . . 041 0, . 95¢5 confidence
T°C To. general species tempera-~ spec%@s- '~ common slope mean we%é%ts ab86rbed tﬁégretical limjts about
mean factor ture tenperature oxygen con- weights of of oxygen oxygen Oi'k
factor interaction sumption- animals in animals consumption consumption J
factor welght cell lower wpper
regresasions
1 7749 -.269 -.545 -.116 697 3.615 4,015 743510 7..297 7217 7377
2 74 74S -.269 -.345 -.116 + 687 3.615 3,902 7e24l 7219 7.140 7,298
3 74749 -.269 -.345 ~-.116 697 3.615 4,361 7599 7.538 7,454 7,623
4 74749 -.269 - 345 -.116 . 697 34615 4,011 7242 74295 7.215 7374
15 5 74749 -.269 -, 345 -.1186 « 697 3.615 3,231 6,639 6751 64671 6,850
6 7749 -+ 26¢ -.345 -.116 697 3,615 3,367 6,775 64846 6,767 6,924
7 7749 -.269 - 045 -.1186 #5697 34615 34132 6,766 6,717 6,636 6,797
8 74749 -+ 269 -.345 -.116 « 697 3,615 Sedb4 6,967 6,899 6.821 6,977
9 74749 -.269 -,045 -.116 . 697 30615 3,020 6,626 6,604 6.522 6.686
1 7749 e 268 03¢ -.153 « 897 S.643 4,057 7.676 7.714 T.634 74794
2 7e749 -e268 .099 -,153 « 657 o A3 34307 76151 7¢191 7,112 7,270
3 7749 ~.269 .099 -.153 « 897 3.643 100 74575 7.746 7.665 7,826
4 74749 -. 260 .099 -.153 . 587 5645 3,001 £ 921 64977 6,895 7,060
20 5 7749 -.269 Resle: -,153 607 06645 4,024 7.661 7,691 7.611 7,770
6 74749 —e 269 .99 -.153 + 8697 34643 4,047 7.803 7,707 7.627 7.786
7 74749 -.269 089 -.183 2697 5. 643 2766 7,047 6,814 6,727 6,900
8 7749 -.26% .05¢ -.155 697 3643 3,638 7,529 7421 7.343 7,489
9 T o749 o262 099 -.153 0637 o BL3 3,046 7453 7567 7.488 7.645
1 76749 -.269 o 247 . 269 « 697 £,092 4,175 8.023 8,052 7,974 8.130
2 76749 -.269 o 247 « 259 « 697 4,092 34995 8,153 7,927 7.849 8,005
3 7745 -.269 o 247 .269 627 4,092 56805 7,283 7,920 7.842 7,998
4 7749 - 269 0 257 « 269 BT 4,092 4,089 8,291 8.000 7.922 8,078
25 5 7749 ~-+ 269 o247 .269 607 4,002 a0l 7.658 7o T4S 7.664 7,023
6 7749 -.269 R4 2269 « 697 4,092 S.761 7875 7,765 7.685 7.844
7 74749 o263 . 247 « 269 . 697 L4002 £,445 8,040 8,242 8.162 B.521
3 7e74C - 2€9 0 247 263 . B07 4,002 4,002 7.288 74932 7.854 8.011
S 7745 -, 269 o 24T o 26T #5687 4,002 4,637 56150 86375 B8.294 8,457

*2eT



Table 54642 H, laevigata

Logarithmic expressions of measured amd calculated values for the parameters in the model describing oxygen
consumptior in the abalone

o Animal u 85 t, (st), . b w A 0, o . e 9%% confidence
T°C No. general specCies temﬂera- spec%és common slope mean A obdérved thddretical li%its about
mean factor ture temperature of 0, con- weight of weights 0 oxygen Q, .
) . ) i 2 . . ijk
factor interaction sump%lon aninals consumption consumption
. factor weight in cell lower upper
regressions
1 7749 .039 -.345 «204 o697 4,537 2,845 64235 5,467 6,360 6,574
2 74745 039 ~e 345 « 204 .697 4,537 4,071 74448 7.522 7.241 7.402
3 7.749 2038 - 345 204 . 697 4,537 4,781 8,000 7.817 7.738 7.896
4 7748 « 055 =o 345 204 697 4,537 5.687 8,375 8,449 8,357 8.541
15 5 74749 039 - 345 204 «697 4,537 4,240 7.521 70440 74361 7,519
6 76749 .039 ~-o 545 0204 697 4,537 4,044 8,091 7.861 7,782 7,940
7 76749 » 039 ~0345 » 204 697 4,537 4,779 7+ 630 7.818 76737 74895
8 7749 035 ~e345 204 » 697 4,557 4,273 7 o045 7.465 7.386 7.543
9 7749 039 -, 345 204 « 697 4,537 5,008 £,182 8,185 8.100 8,270
1 7 74S 059 .09 .082 » 697 4,592 74 T4 8,212 3,001 7.925 8,079
2 7749 039 059 ., 062 #8697 4,892 23829 7o 348 7+ 366 7.280 7.452
) 76749 L0059 029 .082 » 607 4,692 5.2E6 8,504 8,369 8,287 8,450
4 7748 039 092 .082 597 4,692 4,288 7.D76 7.686 7.506 7,766
20 5] 76749 039 .099 .032 697 4,692 4,762 8,143 5,017 7.959 8,095
6 74749 2 039 099 .082 G997 4,692 o373 74716 7746 7,667 7,825
7 76749 L0539 L0290 .022 #6587 L, ECD 4,642 73352 7933 7.855 8,011
5 ENES 039 029 082 697 4,692 5o D4Y 8,537 B.5C4 84476 8,650
9 7749 039 099 032 . 507 4,652 4,780 £,014 8,022 7.254 8,110
1 7o 74T 039 o 247 -.283 #5697 4,051 56195 7 043 74165 7,079 7,251
2 74D 039 o247 ~.286 297 4,031 Ly 754 £,200 3,239 8,155 8,323
3 7o 740 L0359 o247, - 2936 « 607 4,751 Def7h 7.684 7.540 7.562 7,718
4 74745 . 039 R4 -.286 # 527 4,061 S.517 7.4588 74390 74309 7,471
25 5 774G 039 247 - 286 697 4,031 2.721 6,366 Bor 04 €.,739 6,978
6 T 7AC 002 o 247 -.286 «B97 4,051 De2ll 7.216 7e176 7.091 7.262
7 774G 039 o247 - 206 607 4,001 L4415 8,024 015 7.035  6.094
5 Te'TAG 059 o 247 -.206 oAl 4,001 5 e 0b4: Shi592 3,671 8574 8,767
9 74749 . 039 0247 -.2%6 697 4,051 5,186 8,420 G584 8,46l 5,646

‘cat



Table 3,663 H. ruber

Logarithmic expressions of measured and calculated values for the parameters in the model describing oxygen
consumption in the abalone

A
o  Animal uw s, t, (s%), b v e 0, . 0, . 93,5 confidente
T°C HNo. general spe%ies temﬁera-‘ speoieg - common slope mean La% obéé%ved th%é%etical linits about
mean factor ture temperature of O, con- weight of weights Oz oxygen bijk
Pactor interaction sump%ion animals consumption consumption
factor =  weight in cell lower upper
regregsions

1 74749 «230 ~-e345 -.038 67 4,362 5,103 8,026 8.061 T.977 8,145

2 7749 «230 -.345 -.088 . 697 4,362 5.529 8,425 8.359 8,266 8,451

3 74749 #230 o345 -.088 « 697 4,362 4,381 7e449 7.553 7.480 7,635

4 7749 « 230 -e345 -.088 « 697 4,362 4,799 7e717 7849 7,769 7.,929

15 5 74749 »230 -.545 -.088 » 697 4,362 4,647 7,834 77435 7.664 7.822
6 74749 « 230 - 345 -.088 « 697 4,362 4,148 7.501 74595 7317 7474

7 74749 « 230 - 345 -.088 . 697 4,362 34635 7.002 7,037 6,933 7.121

8 76749 «230 —-¢345 -.088 #8697 4,362 3.570 7,087 6,292 6,907 7,077

9 74749 « 230 ~e345 -.028 . 597 4,362 0450 6,861 6,908 6.821 6,996

1 76745 #2350 »099 071 <697 4,780 54380 - 8,523 8,567 2,435 8,649

2 7749 «230 «C99 071 #8697 4,730 4,719 8.263 8.106 8,028 &.134

3 76749 « 230 .099 071 697 4,780 5,712 8,715 8,798 8,711 8.886

4 74748 ¢ 230 .099 071 . 697 4,730 4,556 7.82¢ 7.978 7.899 8,057

20 5 7749 « 230 «089 071 687 4,780 3882 7.420 7.522 7.435 7,609
6 7,748 « 2350 .099 071 <697 4,780 5,206 8.5€6 8,445 8,365 8.525

7 74749 e 230 .099 071 697 2,780 3,872 7+525 7585 7.500 7.670

8 76749 » 230 .099 071 #8697 4,780 3,906 7,602 7,602 7.517 7.687

9 7o 7LC e 250 . 009 .C71 #6397 4,730 H.617 8,795 8,752 8.646 8,818

1 774D 0230 247 ,017 887 4,701 %o 926 F,37Q 8,399 8.321 8,478

2 74740 « 200 o247 017 697 4,701 o344 74552 7.645 7.559 7.731

S 767749 « 250 o 247 017 .697 4,701 4,774 34558 . 294 8.216 B8.372

4 76749 0 230 o247 017 627 4,701 4,741 o258 ©.270 8,192 8,348

25 5 7 TAG » 230 o247 017 BS7 4,701 4,799 8,236 3.311 8,233 5.389
6 7,740 » 200 o AT 017 687 4,701 4,072 7. 736 7,804 7.722 Tet87

7 774G 0 20 ol d JO17 L, CO7 4,701 56325 (e BGT 3,667 5,505 £.749

8 7749 200 o 247 CL7 697 4,701 5,470 8,717 Fe779 8,694 6,564

9 7,749 . 250 W 247 017 « 607 4,701 4,369 8,036 3,011 7,932 1,091
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Table 3.7
In oxygen consumption, 1ln weight relationship

in each individual cell

Cell (see table 3.3) InO,=u+blny
1 An O2 = 4,400 + L6997 1my
2 In O, = 4,385 + .697 ldJ
3 In 0, = 5,142 + .697 1nl
4 In O, = 4.485 + .697 lri
5 In O, = 4,696 + .697 lu/
6 In O, = 4,957 + .697 1n¥
7 In O, = 4,505 + .697 ln
8 In O, = 4,815 + .697 1n¥
9 In 0, = 4,964 + .697 1n ¥

The mean value of b obtained in this experiment for the three species of
abalone (.697) is quite compargble to values of b obtained for other
gastropod molluscs (cf. Prosser, 19753 Table 5.2). Prosser lists b
values of .67 for prosobranch snails, and ,73 for a species of freshwater
limpet (from Berg et al., 1962), The mean b values determined for

Patells undulata, which like abalone is a marine archaeogastropod is

+696 (Davis, 1966).

" As in this study Davis (1966) found that although the value of
b varied to some extent, the variation was not sirmificant, and he was
able to use the mean value of b to describe the los oxygen consvuption,
log weight relationship over a wide range of temperatures.

Barnes and Barnes (1969) found, for the barnacle Balanus
balanoides, that at all temperatures, and throughout the year (except
in January) the oxygen consumption weight relationship can be described
by a common regression coefficient b = ,119, Tt is interestines to

note that having demonstrated this fact statistically Tarnes and Parmes



Figures 3,10, 3.11 and 3,12

Regression lines relating calculated 1n 0, (6ijk> and
In W for each species at each experimental temperature
(15°, 20°C and 25°%) - closed symbols. ‘he 95
confidence limits about these resression lines are
also plotted on the figures.

The open symbols are plots of the observed 1ln oxygen

consumption, ln weight data.
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(1969) do not use the common regression lines when plotting their fifures.
in the discussion of this paper the authors consider the question as to
whether or not the slope of the los oxyzen consumption versus log weight
regression line varies with temperature in different organisms., They
conclude that no general rule holds true. In some orsanisms the
relationship apparently remains the same over a wide range of temperatures
(E11lenby, 19513 Edwards, 1946; Scholander et al., 1953; Davis, 19663

Barnes and Barnes, 1969; this study), while in other cases Q obviously

10
varies with size, leading to different b values at different temperatures
(Rv» and Bulloch, 1954; Read, 1962; Newell, 196%).

In this study however, because the regression line relating
In 02 consumption to 1ln weight for all gpecies at all temperatures can be
considered to have a common slope, the Qlo's will be the same for animals
of any size. Further, the same sized animals of each of the three
species are directly comparable, To simplify the couparisons of oxygen
consumption of the three species and the responses of oxygen consumption
to temperature change an arbitrary "standard" size of 20.02g 1n 20,02 =
4,5) was selected (cf. Barnes and Barnes, 19693 Newell and Pye, 1971).

For each gpecies the theoretical oxygen conswmption of a
specimen of this size at 15°C, 20°C and 25°C was read from figures
3.10-3,12. ~These oxygen consumptions, expressed as ul/gm/hr, are

given in Table 3.8 and plotted on Fisure 3.13. The Q.. values,

10
derived from these O2 consumption figures are also given in Table 5.8,
Consider first the axygen consumptions of the abalone species
-at the acelimation temperature 20°c. From Figure 5,13 it can be seen
that the oxygen consumptions of the three species appear quite different
at this temperature, H. roei's oxygen consumption being markedly higher
than théflof §9.;gpg£,‘Which is in turn higher than that of H. laevigata.

As the common regression line slope was calculated on the basis of the

in 02 consumption~-ln-weight data at all temperatures a statistical test
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Table 3.8
Oxysen consumption of "standard" animals, wet weight

90,02 gm {1n 90,02 = .4.5)

Temperature Oxygen consumption ul/gm/hr

He roei H. ruber H. laevigata
o)

15% 23,1 23,1 22,7
20% 34.5 31.8 28,2
25°C 43 .4 36,6 35,2
Qlo values for oxygen consumption
of abalone
H. roei He ruber  H, laevigata
15-20°C 2,23 1,89 1.54
20~25°¢ 1.58 1.35 1.56

comparing theO2 consumptions represented on Figure 3.13 at 20°C alone
is #Qtlvalid; However, the analysis of covariance nas shown that over
the range of temperatures the oxygen consumptions of the species are
pignificantly differeht, and it is probably also safe to say that at 20°¢
there is a significant difference between the oxygen consumptions ol the
same gized animals of each species,

It should be remembered in the comparisons of the species that
the size range of H. roei does not extend as far as that of the other
two species. ~ Consequently the 90.02 gm "standard" animal of this species
ie likely to e more mature than gimilar sized animals of the other two
species. This may to some extent iniluence its oxygen consumption.
However, any error made by comparing sténdard sized animals will be a
conservative one., ' Comparison of animals of mean weights of each species

would only serve to emphasise the higher oxygen consumption.



Figure 35,13

Oxygen consumptions of "standard" weight (90.02g)

speqimens of Haliotis roei, H. ruber, and

H. laevigata at 15°C, 20°C (the acclimation

temperature), and at 25°C
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Despite the fact that a general examination of the metabolic
rates of a range of metazoan poikilotherns indicates that similar sized
organisms examined under the same conditions show similar metabolic rates
(Hemmingsen, 19603 Newell, 1970), the differences in oxvgen consumption
between the three abalone species is not unusual., TFor exanple,
examination of the metabolic rates of several gpecies of barnacle under
the same conditions has shown that the metabolic rates of similar sized
specimens differ considerably between the species (Carnes and Barnes,
1969). loreover, such different oxygen consumptions of similar sized
animals of closely related gastropod species have heen described below.
Ficure 35.14 below demonstrates how similar sized specimens of two species
of the freshwater genus Iymnaea show interspecific difference at the same
temperatures, as well as intraspecific differences at different times of

the year (Berg and Ockelman, 1959).

Tigure S.14

Oxygen consumption plotted against live weight for two

species of snail Lymnaea pereger, and L. palusiris, at

different times of the vear (after Terg and Ockelnan,’

15593 Ficure 3)

e

% consumption( uyh'/'

e 4 1 1 4t

Live weight (mg



As all the abalone species in this studv are acclimated to the
sane temperature, the differences in their oxygen consumptions at this
temperature are not related to their previous thermal experience, Sone
unaccounted modifying factor, such as stage of the breedins cyecle, ney te
causing the differences between the species, although as far as possible
this sort of variation was eliminated in +the experimental fesign,.
Therefore, I hypothesise that the differénces in the metabolic rates of
the three species are associated with the differences in their life
styles, H. roei, as has been reported earlier bein~ an active grazine
aninal, while H.. ruber and particularly . laevigata rely almost entirely
on drift algae for food, and rarelr move.

Prosser (1973) (fable 5-1) lists the standard metabolisms of a
nurtber of organisms at specified temperatures. The data on Table 3.9
below is that for the molluscs in Prosser's Table, The comments about

the activity associated with the life styles are mine.

Table 3.9

Standard metabolism of molluscs (after Prosser, 1975, Table 5.1)

© e

Animal - Standard Temperature General Comments on
lietabolism activity associated
mlOz/gm/hr with life style

Ancylus o117 16 freslwater gastropod,

o moderately active

lymnaea 24 N

Hytilus 076 15 bivalve -~ sessile

Octopus .28 25 cenhalopod, highly active

Pecten « 67 bivalve = highly active

Anodonta .002 10 bivalve - sessile

Overall, from this table it can be seen that the oxygen consumptions of
the more active species are higher than that of the more sluggish or
sessile animals. This interpretation of the data on this table must be

made with some caution in view of the differences in sizes of +the
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organisms, and the different temperatures at which the standard metabolisms
were recorded., However, for example, it is evident that the bivalve
Pecten which is regarded as being an active, mobile animal (Ricketts and
Calvin, 1960, page 219) has a much hisher oxygen consumption than the
other bivalves lLiytilus, a sessile mussel, or Anodonta which is often
anchored to the substrate. The explanation for this may be that the
same enzymes are involved in both standard (resting), and active
metabolism, and thus there will be limited flexibility in the metabolism
of a given organism. The lower end of this flexibility range (standard
metabolism) will be logically higher in highly active animals such as
Octopus and Pecten, than in sessile animals such as Mytilus, and inodonta.
In a similar way I propose that the higher standard metabolism of H. roei
is an indication of the potentially higher active metabolism in this

nost active species. A similar argument can be used to explain why

H. rmber in turn has a hicher standard metabolism than the alwort
completely sessile H. laevigata.

In one sense, H, roei is, by virtue of its hirher resting
oxygen consumption, a less efficient animal than the other two species,
using up more energy just to maintain its life processes. However,
lack of efficiency in this respect is offset by the fact that the animal
actively moves arocund to graze, thus ensuring a steady food supnly.

The other two species, while using less energy in their mode of existence
rely almost entirely on drift alrae for food - as Barnes and i‘arnes
(1969) point out, a reduction in metabolic rate could be one way in
which species might overcome a restriction in feeding time.

Considering the way in which the metabolic rates of the
abalone species change with temperature, it can be seen that the QlO
values for the abalone in general (Tqble 3.8) are quite comparable to
those of numerous other marine invertebrates over the same temperature

ranges (Read, 19623 Davis, 19663 iewell and noy, 1973).
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It is evident that the standard oxypgen consumptions of all
three species respond to temperature change in a way trnical of
subtidal molluscs (Courtney and Fewell, 1965), showings no evidence of
the temperature independence of standard netabolic rate associated with
intertidal molluscs (Wewell and Northcroft -~ 19673 lewell, 1966,
1969, 19705 Newell and Pye, 1970 a, 1971).

However, as the analysis of covariance indicates, and as is
evident from Table 3.8 and FPigure .13, the metabolic rates of the three
species do not respond to temperature changes in the same way, ‘jnen %the
three species are subjected to a 5% termerature dron {rom 20° to 15°¢
their metabolic rates drop considerably. However, this drop is moct
marked in H. roei, and is greater in H. ruber than in L. laevigata.

Tne result of tliese differential rates of decrease in metabolic rate is
that at 15°C the oxygen consumptions of the three species are very
similar. In fact, it is probably safe %o say that at 15°C there is no
significant differences between the oxygen consumptions of the three
gpecies,  In H. ruber, with an abrupt temperature increase frou: 20°-25°%
there is quite a large drop in the Q1 compared to the 15°-20°C value.

H. roei exhibits a small decrease in the QlO valve from 20°-25°%¢ commnared
to tﬁe‘15°-20°C value, but the rate of increase oi its oxygen consumption
is still greater than that of either of the other two species over the
higher temperature range. H. laevigata exhibits an increased "0

from 20°-25°C compared to that for 15°-20°C. This difference in response
to temperature change of the metabolisns of the three abalone species
would seem not to be too surprising. TUnrelated species of +the same size
may differ quite markedly in the responses or their resting metabolisms
to temperature (Yewell and Northeroft, 1967), and even specirmens for
single species acclimated to slightly different conditions can cxhibit
considerable variability in the responses of their metaholisms to

temperature change (Reo and Bullock, 1954).
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3.2.6 Relationship between oxysen consumption, and haemocyanin function

at acclimatbtion temperature ZOOC, and also after an abrupt temperature

transfer from 200-2500, in the three abalone gspecies E., roei,

%, ruber and H. laevigata
[ e = e 3
From the model developed in this chapter, relatinz oxysren
consunption to size and temperature, it is possible to predict the
oxygen consumption of an abalone of known species and size, at a given

temperature, In this section, for the puvrposes of argurent, a standard

animal (90,02 gm 1ni = 4.5) will be counsidered for each species.

In section S5.3,.,41 it was shown that the oxygen deliveredé byv
the blood of H. roei in a single circulation was ,92 vol % of oxycen
at 20%. liogt of this oxygen was carried by the haemocyanin.

The oxygen consumption of the standard H. roei at 20°C can be
derived from Figure 3.13,and is found to be 3.1 ml/hr. The oxyien
consumption is related to the A~V difference by the Fick principle

equation

[OR consumption ml/hr _ AV Jifference vol %
~

o = = 50 x C.0, ml/min

Therefore the cardiac output of the abalone heart necessary to maintain
the observed oxygen consumption given the measured A-V difference can be

calculated for the standard H. roei. The equation becones

3.1 x 100

€.0. ml/min R

1

5,62 ml/min

This, expressed in terms of a theoretical 1 kom animal (e, Johansen
et al., 1970) becores 62.2 nul/nmin/kem.

Similar calculations can be made for H. laevigata and . ruber



H. laevigata 20°C

oxygen consumaption ml/hr_x 100
60 x A~V difference vol %

i

C.0. ml/min

= 2.54 x 100
60 x .61

= 6,94 ml/min for a standard animal

This can also be expressed as 76 ml/kyn/ninute

He Truber ZOOC

.. _ oxygen consumption ml/hr x 100
C.0. ml/min = 60 x A~V difference vol s

2:86 x 100
60 x 56

]

8.52 nl/min for a standard animal

This, similarly can be expressed as 94 ml/kgm/minute.

It is immedistely evident that the calculated cardiac outputs
are not in proportion to the measured oxyren consumptions of the animals,
Although the oxygen consumption of the active species H. roei, is
‘markedly larger than that of the other two species at 20°C, the A=Y
difference is also considerably larger, and this results in the ovserved
smaller cardiac output in this species than in H. ruber or H. lasvigata.
In chapter 5, it was demonstrated that the larger A-V difference of
He. roei was due almost entirely to the greater concentration of haenccranin
in the haemolymph of this species.

It would seen a logical arpument then, that the most active of
the three abalone species i, roei, maintains a high ctandard metabolism
than the other two species, with less energr expendature by the heart
(judged by magnitude of cardiac outnut) larrely through the Tact that it
'has a consistently hisher concentration of haemocyanin in the haenol;mph

than the other two species., This argument will e discussed Iurther in
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Part IT of this chapler when the parameters which determine cardiac

output have been described in more detail for the three abalone species.

Be2461 Comparison of cardiac output values obtained for abalone with

those‘for other inyertebrates

The cardiac output values obtained for abalone in this study
are all similar to that calculated by Redmond (1955) for Fanulirus
(80 ml/kem/min).  Although Johansen et al. (1970) criticised this value
as being unrealistically high, after obtaining a value of 30 nl/kgm/min

for the crab Cancer magister (see section 3.1.1), more recently a cardiac

output of 207-238 ml/kgm/min was calculated for another crab species

Callinectes sapidus (lan~um and “eiland, 1975)., llangum and “eiland in
turn suggest that Johansen et al.'s (1¢70) cardiac output value for

Cancer magister may be uarepresentativelyr low,

Fuote:
"The mean oxygen carrying capacity reported by Johansen et al. (1970}
predicts 1l.4 m haemocyanin/lco nl blood, which is 2-5H tires the
amount in a variety of other decapods (Mlorisin '60). he increase
in this parameter means that the denominator in the Fick equavion is
so large that the solution for cardiac output gives only 20,5
ml/kgm/minute."

Johansen (1966) also found a low average cordiac ovinut for the

cephalopod, Octopus dofleini (14.5 ﬁl/kgm/minvte). Howover, two factys

emerged from Johansen's study: (1) the hearitrate of octopus srened to
be constant regardless of the size of the animal, or its state of
activity, and (2) +the calculated stroie volume varied enormously
2,2-15.7 ml/beat). It is easy to see, considerin~ that the cardiac
output is determined by these two factors, heartrate and stroke volume,
that in this species alone cardiac outrnut must have up to 9 fold
variation, In some specimens cardiac output nust be of the same order

as those found in this study, and by Nednond, (1955).
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The cardiac outputs determined in this study Tor the ahalone
are much smaller than those which can be caleulated for the sluggish

arthropod Limulus polyphemus on the basis of Fallowski's (1973) data.

I

. o . . .
For example, consider the 24°C acclimated animals described

in Falkowski's recent paper. Talkowski Tahle 3 recorde the A

<)

difference in % saturation of the haenocyranin of these animals to be 23%.
He also states (page 4) that the "vol % capacity of Limulus haemocyanin
for oxygen is abdut 2.0 ml 02 per 100 ml haemolymph. On these fisures
it would seem that .56 vol % O2 should be unloaded to the tissues by the
haemocyanin., (Falkowsizi in fact records a value of .20 vol % O?
unloaded to the tissues at 2400). Palkowslki records the average oxygen
consumption of Limulus at 24°C 4o be .45 + .06 nls Og/g;m/hr. Unfortunately
he does not record the weights ol the animals used in his oxygen
consumption experiments., However in the introduction to the paper he
indicates that animals of 45-90 om wet weight were maintained in the
aquaria.

Assumine therefore, an averase weight of 67.5 gms, an average
animal would consume 31.05 mls of oxycen per hour. Therefore using
Falkowskit's A~V data for Limlus at 24°C the minute volume calculated

would be

51,05 x 100
D06 X 60

= 92.4 ml/min
or 1367.7 ml/kgm/min, which definitely would seem too large for such a
sluggish animal, It would appear that in Limulus, oxvgen nust be
gained through respiratory surfaces other than the gille,

In the abalone in this sbudy too, it is most likely that there
will be some oxygen gained throuch surfaces other than the gills, The
mantle area of the abalone ic highly vascularised, and it has been
sugzgested as a pogsible region of gas exchange (Crofts, 1929). This

may cause the calculated cardiac output of the abalone to be slightly



145,

exageerated, as the Fick principle assumes that all oxvgen is gained
through the gills.

It is interesting to note that in the sessi}é urochordate
Ciona, the cardiac output has recently been estimated at 66 ml/kgm/minute
(Kriebel, 19689, Although Ciona is not.a haemocyanin bearing organism
this cardiac output compares closely with that found for the abalone in
this study, edding support to the fact that this is a realistic value,

by no means beyond the mechanical capacity of an invertebrate heart.

3.2.62 Validity of comparisons of values for cardiac output from

various studies

As witﬁ oxygen consumnption, the masnitude of the cardiac output
of a given organism will depend on the conditions under which it is
measured. Caution must therefore be exercised when comparing cardiac
outputs measured under different conditions.

For example, ideally cardiac outputs should be compared at the
same temperature.  Johansen et al,'s (1970) estimation of the cardiac

output of Cancer magister was wade on animals respiring at 10°%C,  The

determinations made on the animals discussed in this chapter were nade 2%
20%¢. Unforfﬁnately 02 consumption data and A-V difference data are not
available for abalome at 10°C. Towever extranolating from the O?

cohsumptionwdaté for H. roei on the basis of the 15°-20°C QIO value, the
oxygen consumption of a standard H. roei at 16°%¢ would be expected to be
approxinately 1.5 ml/hr.

Assuming a similar A-V difference for the lOOC animal as the
2000 animal this would lead to a cardiac output of only about 30 ml/kgm/min
which is the same as that found by Johansen et al. (1970) for Cancer
magister. - This example has an admitted Tault in that it considers the
0, consumption of the abalone at 10°C on the basis of the Qp0's obtained

in this study, that is, on the basis of the predicted oxygen consumption

after an abrupt temperature change. It is possible that abalone
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acclimated to the low temperature of 10% might not demonstrate such a
low oxygen consumption. Nevertheless, the example illustrates the
difficulty of drawing direct comparisons of cardiac output values
obtained under different conditions.

In any event, it would apnear reasonable to conclude from the
above examples, that the calculated cardiac outputs for the abalone

0 : .
hearts at 20°C, are quite feasable values for invertebrate hearts,

320653 Cardiac outputs after an abrupt temnperature increase

from 20°C to 2500

In chapter 2, values were given for A-V difference in vol % of
oxygen for each of the abalone species, after an abrupt temperature
inerease from 20°C to 25°C.

In Table 3.8 the oxygen consumptions at 25°C of standard sized,
20%C acclimated, animals of each species are given.

~As with the animals at ZOOC, the cardiac outputs of these

animals can be simply computed by the formula

ya oxvgen consumptbion ml/hr x 100
0.0+ ml/min = 60 x A~V difference vol %

i.e. (1) H. roei

3.91 x 100

¢.0. ml/min = BT

= 10,87 ml/min for a standard animal

= 120,8 ml/min/kgm

(2) H. ruber
. 3.29 x 100
C.0. 1l/min = SRR

= 11,7 mL/min for a standard animal

= 129.8 ml/min/kem
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(3) H. laevigata

: Sa17 x 100
C.O._mL/mln = & 5%

= 10.2 mL/min for a standard animal

= 112,8 nl/nin/kgn

Table 3410 summarises oxygen consumption, A~V difference, and cardiac
voutput‘&ata for the three abglone species at 2000, and after an abrupt
temperatufe increase to 25°¢.

It can be seen that the cardiac outpubts of gll three species

have increased quite markedly commared to the 20°C values.

Table 3,10

Summary of oxygen consumption, A<V difference in vol % of oxvgen,
and cardiac oﬁtput data Tor three species of abalone at ZOOC, and
after an abrupt temperature increase fron 20°%¢~25°C,

Temperature % difference between
20°C.and 22.C value

incTreds
X - decrease
H. roei 20%  25%
Oxygen consumption ml/hr enll 3491 +264
A<V difference in vol % of oxygen .92 .599 ~35%
Cardiac output ml/min 5.6  10.9 +949%
H. laevigata 20°%c  25°C
Oxygen consumption ml/hr 2.54  3.17 +25%
A=V difference in vol i of oxygen .61 52 ~139%
Cardiac output ml/win 6.94 10,16 +46%
- H. zuber 20°%c  25%
‘Oxygen consumption ml/hr 2.86  5.29 +15%
A<V difference in vol % of oxygen  .562 W47 ~16%

Cardiac output ml/hr , 8.52 11,67 +37h
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The greatest increase in cardiac output has occurred in H. roei,
thé‘value‘aftervan abrupt temperature increase being almost twice that at
20°¢ (19455).  This increase in cardiac output is brought about by two
factors (1) a large (R6§) increase in oxygen consumption, coupled with
(2) a considerable drop (35%%) in the A~V difference.

H. laevigata also shows a similar increase (25%) in oxyesen
consumptionfffom 20°-25°C, However the relative decrease in A=V
difference is not as large as in H. roei. Therefore, although the
cardiac. output increases considerably, it is not as marked an increase
as observed in H. roei.,

H. ruber shows the smallest increase in oxyren consumption
from 20°-25°¢ (15(). This, coupled with a drop in haemocyanin
efficiency comparable to that of H. lacvigata means that the relative
increase of cardiac output from 20°-25°C is emallest in this sgpecies,

It should be noted that despite the fact the H. roei's cardiac output
undergees the greatest relative change fron 20°-25°¢ the final value of
thig paraneter is much the same for this species as it is for the other
two species. lioreover this similar cardiac output is maintaining a
highei oxygen consumption in . roei. Therefore when looked at in
terms of a given cardiac output for a siven oxygen consumption, H. roei
is gtill the most efficient species at 25°C¢.,  This line of reasoning
is discussed further in part II of thig chapter in the light of
information about the role of the heart in circulation in the abalone.

Although the cardiac output values for all sgpecies at 25°¢
are well within the range of cardiac output values recorded for other
invertebrates, it is possible that the increase from the 20°C value is
large enough to stress the circulatory mechanisms of the animals, The
appearance of the animals themselves when subjected to a sudden temperature

increase certainly sugrests that they are physically strecszed.
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In part II of this chapter, the heartrates of the abalone are
measured, and the stroke volumes caleulated, The chanres which must
oceur in these parameters in oxder to cone with the increased cardiac

output after an abrupt temperature change are descrihed,

rr

Chanteq;g

Fart IT

3¢5 Heart Tunction

Dedel Introduection

As with oxygen counsuription (Ch apter 3 Tart 1) there are
numerous factors which may modifyr the heart rate of various

invertebrates, Such modifying factors include: oxygen tension of

the environment (Larimer, 1962), salinity of the envircnrent

(Spaargaren, 1973}, activity of the orcanism (Johavnsen and Martin, 1962,

exposure Or subnergence in intertidal orcanisms (Pﬁckena, 1965

Trueman and Lowe, 1971), netritional state of the orsaunism (Pickens,

19653 iddows, 1973), thermal history of the orzaniem (Segal, 1956),

size of the orranism (Durcer and orythe, 19533 Segal, 19563

Sclwartzkopff, 19553 Maynard, 1960; Pickens, 19653 Ahsanullah and

ewell, 1970), and temperature (Schwartzkopff, 19553 Maynard, 1960;
Segal, 1956, 19623 Pickens, 19653 Ahsanullah and Newell, 1971;
Trueman and T.owe, 19713 Widdows, 1875),

It is the influence on the heart rate o7 the abalone of tlicce
last two modifying factors, size and temperaiure, with which this 5 chapler
is concerned. As Tar as mossible the other factorg, such as 02 tension
of the environment, salinity of the enviromment, activitr of the ovganism,

3

and yrevious thermal experience, are wcpt constant,
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3¢3.11 Influence of size on the heart rate of invertebrate orcanisms

A considerable amount of work has been done on the influence
of size on the heart rates of crustaces.
Burger and Smythe (1953) found no correlation Letween lLeart rate

and body size either for the crayfish iiomarus americanus or the crab

Cancer irroratus.

Sehwartzlcopff (1955), however, investisated tie relationship
between heart rate, and body size for a variety of crustaceans, obtaining
an exponential relationship between the factors, the general exnpression
of which is given by the equation I’ = axb. This enuation can also he
expressed in the form ¥ = log a + b lo~ x, where F = the frequency of
beats per minute, a is a consgtant denoting the intercept on the Y axis
where x is zero, x is the body size, and b is the slope of the log plot
of F against x, Schwartzkopff found values of 160 for a and=.12 for b.
Severgl other workers have obtained resuvlts which generally support this
work. liaynard (1960) investigated the effect of bodvsize on the heart
rate of the spiny lobster Panulirus, and again found that the relation-
ship between heart rate and weight could be expresced in the forn
X = dwbv(in this case X = heart rate, W = weight). Maynard's value for
b was ~.11 which is very similar to the general value of -,12 obtained
by Schwartzkopff.

Ahsanullah and Newell (1970) arrived at the equation

-.5644

F = 449.4 x as a general description of the heart rate-size

relationship for the crab Carcinus maenus. The slope of the log nlot

(=s5644) indicates that the heart rate of this crab is markedl:r
dependent on body size. In this case hovever the size (X) of the crabs
was taken as the carapace length, and Ahsanullah and ilewell acknowledge
that had weight been used as an indication of gize the value of b would
have been approximately -.24 - much closer to that determined by previous
workers. Even so it is apparent that weight has a larger affect on the

heart rate of Carcinus than on many other crustaceans.
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In some crustaceans, as found by Burger and Smythe (1953), the
relationship between size and heart rate is less obvious. TFor example,
although Larimer (1962) was not primgrily concerned with the influence of
size on the heart rate of the crayfich, some of his data allows comparisons
of heart rates of animals of varying sizes to be made. Considering
figure 2 of his paper, the largest animal shown has a body weight
approximately 1%-times that of the smallest shown. Although this size
range is small, from Schwartzkopff's general {ormula, some negative
regression might be expected between heart rate and weisht over this rance.
In fact by taking heart rate values fron fisure 2 of Lariwmer's paper, at
the common 02 concentration of 5.5 ml/L, a positive regression (b = +,43)
can be calculated. Again, in measurine the heart rates of three species
of shrimps, Spaargaren (1973) found that individual variation was so
great that although a negative regression between heart rate and weight
was apparent, no significant correlation between these factors was
observed. In Spaargaren's sample the weight of larzest animals was
only greater than the smallest by a factor of two. This means by
Schwartzkoyff's formula the heart rate of the larrest animal would
ideally have been 8o lower than that of the smallest. It is perhaps
urderstandable that such a relatively small change might have been
gwamped by individmal variation. 3Both in the case of Larimer (1962),
and Spaargaren (1973), a larger size ranse may have revealed a
gsignificant weight-heart rate correlation.

Althovugh a considerable amount of work has vteen done on
molluscan hearts, much of it has been of a pharmacological nature
(see Hill and Velsh (1966) for references) and relatively little data
about the influences of such factors as size on the heart rates of

molluscs has accumulated.
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Segal (1956) examined the relationship between heart rate and

wet weight of the aspidobranch gastropod Acmaea limatula., Data presented

on figure 1 of his paper suggests that there is a significant negative
regression between the logarithumic expressions of the two factors.
However, the lines fitted to the plots are fitted by eye. iloreover, as
the raw data is not given, no check as to the significance of this
relationship can be made, nor can the value of b be calculated,

The heart rate-weight relationghip of another species of
mollugc is more exactly described by Pickens (1965). Pickens found

that in the mussel kiytilus edulisg the heart rate decreased with increasing

size, with b between -.1 and ~.24 for all populations. This value of b
thus compares very closely with that determined for many crustaceans
(Schwartzkopff, 1955; Ahsanullah and Newell, 1970).

Johansen (1965) failed to find any such relationship between

weight and heart rate in.the cephalopod Octopus dofleini. In {act he

states that the heart rate of this octopus "shoved a value of 16 beats
per minute, which was the average value for all animals regardless of
sige and state of activity".

‘Although the size range of animals in Johansen's experiments
was 5.4-15.2 kgms, the largest animal for which the heart rate is
actually recorded is 10.9 kgm. Although it might be argued that over
such a relatively small size range a negative regression might be
obscured by individual variation, the constancy of the heart rate
rgcordings at 16 beats/minute for nearly all individuals sugrests that
this might be a characteristic heart rate for this animal over a wide
range of sizes.

Even in those cases where a significant correlation has been
shown to exist between heart rate and s=ize for a given species, this
relationship may vary depending on other modifyring factors such as those

mentioned at the beginnings of this chapter. Sisnificant with regard
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%o this project is the possible variation of the heart rate weight
relationship with temperature, As with the metabolic rate-weight
relationship discussed in the introduction to Chapter 3, the slope

b of a log heart-rate, log weight plot may vary with temperature.

Thig wase shown'to be the case for the crab Carcinus maenas by
Ahsamillah and Newell (1971).  Althouzh these authors record the
mean b,valﬁe over all temperatures to be -.5644, they show that b
in fact varied in magnitude between -.453 (at 30°C) anmd -.6527 (at
2500). ’However,vno congistent pattern in the way in which b varied

with incraasihg temperature from 5-30°C could be discerned.

3¢3.12 Influence of femperature on the heart rates of invertebrates,

“particularly arthrgpods and molluscs

laynard (1960) reviewed the work on the influence of

tenpérafuie on the heart rate of crustaceans. Generally it has been
found fhat the.heart rate of crustaceans is profoundly influenced by
acute temperature changes, the QlO being of the order of 2,0 between
10°% and 25%
3119/(£1;tz)
QlO . ﬁ; where Rl = heart rate at lower temperature,

j R2 = heart rate at higher temperature,

lMore recent work on crustaceans has supported these findinrs.

In Carcinug maenas, the shore crab, the heart rate increases with

temperature up to about 25°C and the Q,, between 10 and 20°C is 1.7

(Ansanullah and Newell, 1970). The 9o Of the heart rate of the

osmoconforming shrimp Lysmata sebicaudata was found to be 2,15 in

hypersaline seawater, and that of the osmoregulating shrimp Palaemon
serratus varied between 1l.54 and 1.80 depending on the salinity of the
seawater (605 "normal" seawater, and 18% "normal" seawater respectivel:r

. (Bpaargaren, 1973)).
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In molluscs also it is apparent that temperature has a profound
affect on the heart rate. In all reported studies it has been shown
that the heart rates of molluscs are "slowed by cooling and speeded by
heating within the phvsiological range" (Jill and “‘elsh, 1966).

For example, Segal (1956) measured the effect of temperature
on the heart rate of the aspidobranch gastropod mollusc Acmaea linmatula,
He foundvthaf'the heart rates of animals acclimated to cold conditions
(low level intertidal animals) were higher at any given terperature than
those acclimated to warmer conditions (high level intertidal animals).
However, all animals showed marked response to temperature increase.

Table 3.11 below is an extract from Segal (1956, Takle 1) giving the

Qlo's of heart rates of Acmaea collected 27.7.53.
Table 3.11
QlC values of heart rates of Acmaea, (after fepal,
1956, Table 1)
Temperature QlO High level QlO Tow level
. O Acnaea Acmaea .
7 (warmer acclimated) (cooler acclimated)
9-14 3440 3.14%
14-19 2456 2453

It can be seen that the Qlo's aprear to be generally larger
than those recorded for most crustaceans, emphasiaine the temperature
sensitivity of the molluscan heart.

The cold acclimated animals, as well as having higher heart
rate than the warm acclimated animals also cemonstrated Qlo's, hetween

» 0 . . \ . : .
9 and 19°C, which were congistently lorer than the latter population,.
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The heart rates of the colder acclimated animals were less
temperature dependent. Segal points out that this is perhavs a little
surprising in view of the fact that the high intertidal animals, although
acclimated to warmer conditions experience a more fluctuatine temperature
environment than the low intertidal animals. Seral (196%) demonstrated
that the heart rate of Acmaea subjected to an abrupt temperature increase
exhibited an overshoot resmonse - the "overshoot" being defined as the
difference between the fastest (or slowest) rate achieved by an orpanism's
‘heart immediately after the temperature chanzme, and the stabilised rate
reached sometime after initial stimulation. ¥rom figure 1 Segal (1962)
it can be seen that in Acmaea the heart rate ig approaching the stable
rate as soon as 10 minutes after initial stimulation, and after 60-20
minutes could be regarded as stable at the new temperature.

More recent work has further emphasised the apparent sencitivity
of molluscan hearts to temperature change. Trueran and Lowe (1971)

measured the heart rate of the bivalve mollusc Isormomun alatus during

warning from 27-35°C over a short period, and determined the QlO over
this temperature increase to be 2,0, Widdows (1973) measured the e.Tect
of abrupt terperature increase on the heart rate of the mussel Mytiluz
edulis. His QlO values for thic bivalve are very gimilar to those
Sbtained by Segal (1956) over the same terperature ranses (Table 5.1),
for the gastropod Acmaea. Table 3,12 bhelow gives Widdow'g QlO values
obtained by measuring the heart rates of well fed Iytilus acclimated to

1500, and subjected to acute teiperature changes.

Table .12

QlO values of heart rates of Mytilus acclimated to 1500, and subjected

to acute temperature change
(after Viddows, (1973

Temperature rance OC
5 =10 10 - 15 15 = 20 20 - 25

Q0 4.21 3.41 2,71 2.56
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/iddows found that over the lower temperature ranges starvation
did not greatly affect the temperature sensitivity of Mvrtilus, however
the QlO from 20-2500 of starved animals was 3.89, indicating that the
heart rate of these animals was much more affected by hirher temperatures.

lioreover, iddows found no acclimation affect, when measuringe
the heart rate of animals acclimated to0 each experirental temperature as
opposed to the heart rates of those animale acclimated to 1500, and then
subjected to an abrupt temperature chanse to the experimental temperature.
He attributed the slight clockwise relation of the leart rate-temperature
curve of the acclimated animals compared to the curve of the 150G animols
to the fact that some interference due to an overshoot resnonse was
causing a slight error in the heart rate determinations of the latter
animals.

In this brief introduction to the effect of temperature on the
heart rate of some invertebrate organisme it has been rentioned that
various factors (salinity, previous thermal experience, nutritional state)
may cause variations in the QlO of the heart rate of a miven species over
a gifen temperature range. ‘The importance of one Turther factor on the
le of heart rate must be considered. Tn section 5.3.11 of this chanter
it was mentioned that the temperature at which the heart rate-weight
relationship is determined may lead to some variation in the value of b,
the slope of the regression line relating los heart rate to logx weight.
Obviously if b varies between terperature, the Qlo's of different sized
animalg must also vary.

In this section of chapter U an experiment ies designed with the
idea of describing the influence of these two interactins factors (1)
‘gize and (2) temperature on the heart rate of each of the three species
of abalone.

It was anticipated that a model would be developed by which,
knowing the species, size, and temperature of an animal a prediction of

its heart rate could be made. This predictive model could then be vsed
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to obtain heart rate data to relate to the previousl;y calculated cardiac-
output data'(section 54246 enablins calculations of stroke-volumes of
the héafts‘of#each of the three abalone specics under specified
temperature conditions.

v

Jede2 ethod and Iaterials

Oe0.21  Animals

All abalone used in the heart rate experireunts were "summer
animals (cf. oxygen consumption experiments, Chapter 4, nart 1),
collécted at.West Island during Noverber vhen mean ater termeratures
were 18°C. The animals were transferred to the laboratory and maintained
far_ten‘days at 20°C + 1.59C before heart-rate cxperiments cormenced.
The animals were congidered to be 20°¢ acclimated, Animals were not

fed during maintenance in the lakoratory.

Se5422 ‘[?repaggﬁion for heart rate experinents

‘ .One day before the heart rate experiments, the svecimens were
briefly removed from the aquaria, and the shells were clipped to exnose
the-heart;:(cf. Tig. 3.2). Care was talen to remove as little of the
'fshéii éé ?éssibie 80 that the respiratory chamber throurh which water
circulatés.dvérvthe ctenidia was not disturbed. Any animal injured
duriﬁrfahelluclippinx was discarded. After shell cliprine the animal's

]

- exposed heart could ve discerned, beatin~ strongly. '"'he aninals vere

v L ) T . Y } o . - . - . 1
. then replaced in the 20 C aguaria {or use in heart rate exnerinents the
next day.

3.5.23 xperimental procedure

'Theiheart rate of a given specimen was debermined by meagvring
the time taken for 30 heart beats, veine a stoprateh (cf. Sepal, 195¢).
For any‘ﬁeart rate deternination three separate weasuvenents of the tive
required'fdr 3C heart beats were taken, In all cagses these tines were

very similar, often exactly the same, iie mean of these three

deterninationc was accepted for calculating the heart rate of the aniual



in beats/minute.

Ify durin~ a heart rate (etermination the animal choved signs
of novenent, the determination was discarded: the heart rate was then
redeternined when the animal Lad 'settled cown",

The experiment was designed with the idea of determining the
effects of (1) species, (2) temperature and (3) size, on the heart
‘rate of a given abalone.

The heart rate of the abalons were determined at three
experimental terperatures (1) the scclimation temperature 20°c, (2) 25%,
~and (5)‘1500. For each species at each temperature the heart rates o7
‘eleven (11) cpecirens of varving sizer were Geterrined. e heart rate
.of_any‘given gpecinen was determined at only one temperature. This
.avoidsffhe pbssibility that previoug thermal experience other tuan
"acclinﬁtibn'to 20°¢ nay inlluence the heart rate of an abalone at the
eXyeiimental.temperﬁture.

'ﬁherévheart rates were to be determined at temperatures other
 '>than the acclimation temperature (BOOC) the soecimens were transierred
dixeCtly‘tolwell aerated aquaria of filterad aged, seawater accurately
raintained at the new terperature (15%C or 25°0). TFecause Seeal (1962)
has éhown that the heart rate of gastropod mollvescs may demonstrate an
overshoot response on abrupt temperature chance, the heart rate
determinations were not made until 60-90 minutes after transfer to the
néw feH@era€UTe; When the heart rate of a miven grecimen had been
Jetérﬁiné&, ite wet body weighi, minns the ehell, wag carefully

determined (cf. oxygen consumption section 5.2.3).

) -

Je343  Results and Disgcugsion

340431 Lffect of the abrupt temperature changes on the behaviour and

appearance of the abalone
As with the oxyrsen consvmntion experiments, all smecies reemed

to tolerate the abrupt temperature decrease to 15°C without any sicne of
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stress, The hearts of 211 specimens corld be dilicerned weating strongly
and steadily 60-9C ninutes aiter transfer, wheun the hrart rate readings
were vaken.

All species, when transferred avruptly from 20-25C groved
considerable initial activity and typical escape responces. 6020
winutes alfter transfer, when the heart rate readin~s were taken, all
specimens were cettled. e heartbaaits of all spscimens were ohwvioue,
although, in IZ. lacvigata in particular, tie desree of expangion and
contraction of the heart at ecach heat seered irregular, Desvite the
irresular appearance of the heartheat of this speciar the nurher o
bcatﬁ/biven time varied very little.

At the time of heart rate meacurement at 2577 only He ¥o£L
specinens retained a firm rrip on the substrate. 1. ruber and
H. laevigata specimens maintained only a weak griv on the subsiraie.
The shells of some specimens of the latter tvo sgpecies were liTted awvay

from the epipodia, and the epipodia exhibited ir some cases the typical

buckled apvearance noted in oxygen eirese exnerinenss (ficure 3.5
.lien removed from the substrate at the completion of the heawt rate

. 0. . < P . - . n
experiments at 25 C all specimens had flzccld foot rugcles ag previousl:

describede.

S.0¢32  leart rate measurenent results

‘Tanle 5.1% sives the results of tne heart rate peasuretcnts

Y SN e . . P R . .
.of ‘He roei, . ruber and I. laevipata at 15, 20 and 257°C, - The

'logarithmic exprecsions (In) of *he wei~his of the apccivens and the
observed heart rotes ave ~miven later in Tahleg 3,17 -5.19}. Figures
3.15;3.17,give the plots of this observed data: lines drawm through
~the data are fitted rerression liues. 7t can be ceen tihat tie

s

rersression lines have the reneral form degcribed by the cquation
[ s o



In 1l.R.

a 4+ B 1n ', where

I..R.

1t

neart rate (veats/min)

welght grs

a is the intercept on the Y axis vhere In W = 0, and

B is the slope of the regrrscion line relating In H.R.

to 1In W.
The analysis carriev out on the data vas the same zg that uead to internret
the_bxygen congunotion-weight data. An analrsis oo covariance vas

'caxried'out to see (1) if there was any inherent species dilference
heart'raﬁe, (2) to see whether the heart rate of anyr given cpecises was
s;@nlfiéantly afiected by the alrupt ternperature change, and {3} %o sce
whethor or.hpt the weight of an individuzl aninal signiricantly affected
ite hgart :ate with respect to other individuvals of the sane specine at
lthe‘séme tén@erature.-

The first stepr in the analvsis was to determine whether the
éffeét.Of weisht on the heart rate of the abalone could be considered
to be the same for all species under all conditions. The slopes ol
the rTegression lines shown on Figsures 5.15y U.16 and 3.17 were caleulated
fo:‘éaqh species at each temperature, Table 3,14 velow gives the
indiviﬁﬁal-ﬂ' valueg calculated for =nch snecies-~terperature coriination,

that is, for each cell of Table 5.13. The variances of the & valveg

are also given in the table,

These individual values were then cubjected to an analysis of

variance 10 gee if there were any significont diflferences either hwetueen
itreatwents for a sinpgle cpecies, or between cpecies, with resard to the
iﬁfluence»of weisht on heart rate. he results of thi¢ analrcis ar
inen'ihrfable 3.1% below. As a resuvlt of this analyoic it can he seen
that ﬁhe:e is no si;mificant dirference between the R 's of the various

‘treatnents, in other words a common tlope B, that is a comon welsht

coefficient, can be accepted.
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'

Table U,13

e - . - - ; <0, : 2O
Heart raies of T, roei, il. laevivats and L. rrier at 154G, 20%¢ 2ud 2502

He roei . ruber . laevicata
welght  Heart rate | eight eart rate Jeight  Teart rate
gme beate/min £T18 beatg/min £18 beats/nin

1 57.8 27,9 1 202,5 26,2 1 179,85 26,2

2 15,8 32.4 2 7645 37,0 2 117.5 24,0

5 4240 27 .6 3 97,1 34,5 3 11%.9 2240

o, & 7.8 21.4 4 7244 34,3 4 52,8 26.1
..16°C 5 B2.3 0ol 5 254,68 25,0 5 1C09,8 27 o
‘ 6 84,9 22,4 6 100.6 905 & 5244 20,5
7 5067 50,0 7 143,6 2749 7 226.8 20.5

8  24.4 5248 8  169.7 25,5 9 29,1 20,4

9  10.9 41,7 s 27,2 53548 9 98,0 2540

10 39,0 5.8 10 43.2 52,9 10 208,7 22,1

11 51.5 B55e3 11 33,0 30,0 11 80.6 0.5

1 6.7 46,2 1 257.3 31,5 1 193.2 3949

2 5B 54,6 2 14£.6 59, 2 99,6 42,0

3 7G4 3540 3 49,2 40,9 3 149,90 41,4

o A 842 35,1 4 82,0 5546 4 42,0 5040
20°C 5 4644 45,3 5 13%,2 5545 5 50,7 45,8
6 45,5 46,8 6  170.4 3340 6 3746 5l.4

7 19.6 54.1 7 49,5 50,0 7 6546 44,4

8 22,0 50,0 8  131,7 43,0 8 205,6 5).6E

9  6l.8 57.5 9 99,9 38,0 9  113.8 555

10 40.6 48.8 10 70.4 46,7 10 25.7 49,2

11 89.8 5743 11 64.2 45,9 11 218.7 50,8

1 79.2 52.2 1 201.2 43,8 1 255.0 G5 e

2 41,4 80,0 2 59.9 56,1 o 20,6 50,0

3 . 27.6 70.6 3 110.4 54.6 5 GC.0 43,4

: 4 53,1 6240 4 84,0 50,1 4 75349 60,0
25°C 5 46.5 60,0 5 124.6 42,5 5 8445 55,3
. 6 40,1 63,6 6  145,6 50.1 & 111.6 43,6
7 25.E 80.0 7 15,0 52,9 7 151.0 B.G

& 40,0 75,0 8 170.2 43,0 4 17.5 54,6

9 - 58,0 60.0 9 137.1 54,56 Q9 145,5 41,7

10 5.5 5647 10 188,0 42,0 10 122.5 45,5

11 a.v Ve .2 11 50,0 48,0 11 5069 55,0




Plots of obgerved 1n heart rate data against 1In

weight for Haliotis roei, L. ruber and

H. laevigata at 15°¢, 20°C (the acclimation
temperature) and 25%,

Lines are fitted resression lines.
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Table 5.14

Individual values calculated for each species-temperature combination

Cell Species Temperature ., Variance of g
. O C
1 He roei 15 ~-.2981 e
2 e roei 20 - 686 L0046
J He Toel 25 ~, 16889 » D057
s e ruber 5 -.1780 #0029
5 Yo ruber 20 -. 2067 o« CO4LD
6 H. ruber 25 -.1160 L0048
7 de lasvigata 15 -.1205 .0026
3 e laevigata 20 - 2015 .0012
2 L. laevigata 25 -1472 ROV

Table 3,15

Goefficients of weight covariate (Cata converted to logarithns)

Sums. of Lquares Dogrees of i'ean Dguares Variance fatio

I'reedon
Connon. .1161 8 .0148 132 M9,
Pesidual 11,0056 90 L0112

Total 1.1217 93

TLaving accepted a common weight coefficient for cach celly an
analjéis of covariance can then he carried out (as for the oxygen
@dnsum@tionaweignt analysis) to deteriine which factors of (1) gpecies,
(2) terperature and (5) weipht, si-mificantly influence the heart rate

f.the abaloﬁe. The medel investicated b the analwsis of covariance

is expressed by the general eguation

. * e s R

V=u+ 8, +%t, + (st).. + /B(En W, =1nWw,, !}

i J ' £ ik
regresgion lines.

u = that part of the heart rate which ig cormon vo

eaci cell, tie zeneral nean.
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s. = the facior representing that part of the heart rate

[y

deterrined by the Tact that an animal belongs to the
nsBh, .
i7" gnecies.

BN
PRI

the factor representing the iniluence of the ''j ™

d.‘
ft

temperature on the heart rate of the animal.
B the interaction Tactor which accounts for anyr

speciric influence that the particular species-

terperature corbination mar have on heart rate.
1.,
th,

.
1

the veight of the "k animal in the 1j cell

]

and FR

- the observed heart rate of the animal W, . .
1L 1%

[Taas

A

4s 1n the oxygen consumption weizht eralyrsis, 1f only a rinnle cell is
weiny considered the terms Si9 tj and /Q 1nYJij are included with u,
reducin the equation to

E(In #.R =u+ B 1nW)
which is the general expression relating heart rate to weisht provosed Lo
.‘S miartzkopfy (1955), Ahsanullan and Dewell (1570} and otheres (5.T.11).

The results of the analysis of covariance are given belor in Wakle 5,18,

Tahle 3.16

Analysis of covariance: model descrived by

-1lnwW,.)
iy

.

4 3 i1 = 4~ 4 ) ‘.T. .
E (In L.R.ijk\ u s+ tj‘+ (St’ij + B (in Vs s

Source - Sums of DNegrees of Mean Squares Variance khatio
: Squares I'reedon

Grand mean’ 1553,82

1
',5pecies- , W48 2 W24 12.07 (3iz)
Temperature 7479 2 3.09 308,12 (Hig)
Species and .40 4 .10 7,95 (Sig)
Temperature
Regression on 1,51 1 1.51 104,10 (Sig)
1n weight
fes1dual 1.12 89
Total 1364.93 99

Yherefore all factors are gignificant
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Erom‘this analysis it can be seen that :
(1) Temperature nas a significant alfect on the heart rate of an
| abalohe, recardless of species,
(Z)AOVerlﬁhe range of experimental termeraztures 15, 20, 2500, thexr

is a significant difference in the heart ratc resmonse of the

three gpecies.

(3) There is a significant snecies-tenperature interaction which has

an influence on the heart rate of a given abalone snecimen,
(4 Yne weight of an animal siznificantly influences itc heart rate,
regardless of species and temperature {common B significantly

different from 0).

Prom the analysis of covariance carried out on the ohserved
16& hgartfrgte an@,log weinsht cata, values of v, 5.9 tj, (st)ij and
lﬁere caioﬁiated‘for egcil cell, These values are presented in Vable
5.17,:3;153vand 3419, These values in turn were used to estimate the
theoigf?cal heart rates Eﬁijk of the animals and in the experirents, and
the gﬁu-cdnfidence«limits about these theoretical heart rates., These
thcofeﬁicéi‘heaft rates and 95% confidence linits cre also given in
';Qableé‘s.lv;’5.18fand.5.19.
| ,f‘Figﬁres 3.1€, 3,19 and 3.20 are the nlots of calculated heart
rates égainst 1nvweightﬂ Tor each species at each termeratvre. The a5%h
confideﬁde.iimité are plotted about the regression linec drawn throus
'thése’plots; A1l lines drawn throusl the plotted vointe muet obviously
have the common slope, B = -.137.
vUSing the calculated values for the »aramneters u, S5 tj,

(st)ij for each cell, and knowing the value of the common /3 it can be

¥

seen that the theoretical heart rate for any abalone of known weight cai
- be ecalculated, provided its species, and the terperature (15, 20 or 25°¢;

are specified., Such calculated heart rate values will obviouslr lie on



Table 0.1’? e He roei

Logarithmic expressions of meaﬂured and calculated values for the parameters in the model aescrlblny heartrate in the abalone.‘

o Animal  uw s, (o (st) ' % Wity o W, R 95 confldence
T°C o, general speéie: tegﬂera- speclés- comnon slope mean ' ~w%§§hts ob%é%ved cai&ulated llmlts about 7. ‘K
mean  factor +ture  temperature of heartrate weichts of  of  heart heartrates ' s
-~ -+ factor interaction - weight . animals in animal rates - o 3llower'v upper
’ : factor = regression cell ‘ ' " aiw E Eon il s
1 3,698 - ,03% =363 = =,063 - -.187 3.642 4,057 3,329 34283 C 3,214 3,353
2 3,698  ,039 - 363 -.063 -, 187 3,642 2.986 3,478 54483 3.411 3,555
5 3,698 089 =563 - 063 =.187 3,642 3,738 3,318 3343 3.275  3.411
4 54698 089 ~ o363 -, 063 -.187 3.542 4,274 3,063 3,243 3.171 3.314
15 5 3,633 L0382 - 3E3 -, 063 -.137 3,042 2 CB7 « 965 3,302 3203 D371
6 3.898 089 -.283 -, 063 ~,187 3,642 4,441 3,109 34212 3,138 3.285
7 $.698  L,0C9 =363 -, 083 -o 187 3,642 3.424 3,401 34401 56303 3,470
8 54698 .089 -0 363 -. 063 -.187 3,642 3.195 3,490 3444 3.375  3.514
9 346896 L0389 - 363 =063 -.187 34642 2.38% 2,731 3.595 3.513 3.676
10 3,698  ,089 - 503 -, 0E3 - 187 3.642 54664 3,575 34357 3.259 D.424
11 3,608 L0859 - 565 - 0853 -.107 540642 Je942 3,508 3305 36236 3,373
1 S.628  L0LD o 043 - 047 -, 137 34092 4,340  5.833 3.699 S.629 3.768
2 3.682 0L L043 - 047 -a 157 3.8392 34656 4,000 34526 5.758  3.895
S 34698 008 Ne’c! ~-. 047 -~ 187 B.002 4,536 S.h2- Ze699 C.600  B.769
4 50690 050 045 - 047 -, 187 34502 4 436 3,558 3.581 3,610 5,751
20 B 3.698  ,089 043 -.047 ~.137 34592 3,837 5,813 56792 3.725 3,860
6 J.6°8 .089 . 043 -~ 047 ~.187 3,392 3.818 3,846 3796 S.726  3.864
7 5.698 2059 #0k5 -. 047 ~-.187 345892 2,976 3,991 G4 985 54878 4,029
8 V.620 L0068 043 - 047 -.137 3.692 5,091 3.912 5,932 34858 4,005
9 5,698 2059 045 ~-.C47 - 127 3,292 4,124 3,624 UeT39 3,671  3.807
10 06593 L0736 043 =087 ~o 137 34862 3. 704 Ce 83 0el17 D749 3,885
11 S469C « 08 o043 - D47 ~. 157 3,092 4,495 3,610 34670 3.598 3,741
1 e BUS «(IG0 320 111 -.187 D¢ 500 4,372 5.955 4,074 4,001 4,147
2 GIRCIeH Neiais 320 J111 ~-e187 3.6C0 5.723 4,382 4,135 4,127 4,263
S D6 695 WY R 210 111 -.187 3,600 3318 4,257 4,271 4,202  4.339
4 0o GIT <005 530 o111 - 17 36600 S 972 4 4,148 4,079 4,218
25 5 Se€95 L0019 R 111 -, 187 5eBCOD Se83C  4,0u4 4,170 4,105 4,241
S S.598 (3% 2320 111 -.107 3,800 3,691 4,225 4,201 1,133  4.269
7 3.693 P28y 320 111 -e187 3,600 SeRB0 4,382 4,283 4,214 4,352
3 S22 Ut R ,111 ~e 157 3600 5 696 4,517 4,200 4,132 4,268
% ce U . RN «111 -177 G.ECT 4,060 4, 0G4 4,152 4,062 4,202
10 56 BN 320 111 - 137 S e B0 J.512 200 £ ¢ 234 4,167 4,507
il G300 Ry 320 111 - 127 566N D165 03¢ 4 9Bl A 400 4572

ST

°9
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o o ' Table 3,18 - e ruber '
Logarithnic expressions of neasured and calculated values for the barameterﬁ in the model" descrlblnb heartrate 1n the abalane..

; : : : - e :
Animal S, 4. (et) . ‘ R . my, R.. - 95, confidenﬁg
T'C Los general sy ebies tenﬂera- cﬂcc%gﬁ- cormon slope mean v% “Ht@ ow«grved caieulatei limits 3bout'Hi4k
nean 1acnor ture terwerature of hearitrate weivhts of of heart heartrates = - A
vactor  ianteraction - weignt anivale in  animal rTates” - lower  upper
Tactor recrescion  cell 159 ' s o T

1 34696 .085 -.187 4,588 5,311 35.2866 TeR77 3,205 3,350

2 3.598 .085 -o 137 44588 £,337 5,635 J.459 3,390 3,527

3 5698 .085 =187 4,558 4,576 35,535 Se4l4d 3.047 S.482

4 3698 .035 -.187 4,588 4,282 3,580 34469 34400 35,538

b 5 3.698 o5 -0 157 4.508 5,540 3,217 36234 0.186 3,310
5 3.696 055 -, 187 4,536 4,678 3,428 36390 3432 O 6461

7 54690 085 - 137 4,538 5001 » [B.328 5,335 De266  D.404

3 3.698 075 -, 137 44565 54128 5,157 3,310 Y.240 3,381

v E3G .UBB - 177 4 5,208  3.520 3.652 36568 T.734

10 04693 . OB -1 4, S.BYE 5,498 O.545 J.472  3.617

11 Sgiely 085 —e 107 4 4,419 3,401 Sedld S.376 3,512

1 JeGOE -.012 -0 187 4,612 G280 354430 0.5346 S.470  3.622

2 PNt -. 012 - 187 4,612 5,01 Y.68L C e B4l SeD7C HJ7LY

“ S ‘ - 187 4,812 3708 F.511 3,054 S7B2 3,927

4 S - 187 44612 SWATT O 3.3202 54789 O.691  .B27

L G : - 187 4,812 38 4,245 S EED 3.592  5.729
6 17 4,61% L G ANT 3,628 J.B52  3.692

7 187 44012 e 512 o054 ST DL.0R27

g ~-e157 S.7€L S.671 5.602  3.759

& .UV SO 3.722 J.855 3.790

1C - 187 3o Bt 54788 S.719  3.856

11 -0127 5 CL805 S35 SL.B74

1 -, 157 SL.7C0 35.650

3 -y 117 20938 4,143

o ~o 157 5088 4,024

i -, 187 Se 068 4,078

25 I3 - 187 5,066 4,001
€ - 157 S.835  5.971

(4 - LEY 3033 6008

~ 157 267900 Sa 9006

e - 187 2,852 5,928

13 -, 187 Se757  D.926

11 - 187 4,029 4,179

WASH



o Table T.10 E. lawlg"ata » .
Logarlthmm expressmns of measured anmi calculated va" ues for the 'parameterc ‘in the mcdel deﬂor:bln,f heaftra‘be in the abalone

Aninal  u g, £ (st)., ' o ' W, IR, o . fm, . x| 95,5 con:cldence
T°C  Yo. zeneral speéies‘temﬂera- speca_éﬁ- ~ common slope mean - we% \h OUCQI'ved caldilated 11m1tq about £, e
rean factor +ture = terperature of heartrate weights - of heart heartrates R

' factor interaction - weight animals in animal rates lower upper. .

factor -~ wrerression cell

1 5.698 -,081 —,363  -.022 -, 187 4,546 5.19C  3.266  5.112 3.040 5.164
2 3.698 -,081 -,363 @ -,022 -.187 4,546 4765 5.7 B.192 3,125  3.260
5 5,698 =08l -,363  -.022 -.187 4,546 4,778 3,091 5.189 3,121 B.257
4 B.698 .06 =,565  -,022 -.187 4,546 3500  B.262 5,427 3.34¢  B.505
15 5 5.696 -.081 -,365  -.,022 -.167 4,548 4,609 3,307 3,204 3,136  ©.272
6 5.696 =,081 365  -.022 -.167 4.546 5,950  B.350 5,342 B.271  3.413
7 5,698 -.08l  ~,365 =022 -.187 4.546 5.424 3,020 5,069 2,994 3,143
8 54698 -0l -,385  -.022 ~.187 4,548 3.B71  U.E53  3.452 3,371 5,552
9 34698 ~.081 -,363  -,022 -.167 4.54€ 4,585 5.219  3.225 5,157 3293
10 5.660 -,001 -,363  -.022 -.187 4,546 5.041 5,006 3.084 5.010 3,158
11 3.696 -,081 -,363  -,022 107 4,546 4,339 B.414  5.262 3.194  3.329
1 5.698 -,081  ,043 059 -.107 Rt 5.280 5,861 5,571 3.497  G.644
2 5.€08  -,081 048 .059 -.1.37 24493 4,601 3.75°  5.699 5.651  3.767
5 5.695 -,081 045 <059 -.157 4,405 5,006 5,725 3,628 5,555 5,694
4 34698 -.081 L0435 050 -, 1037 1,405 Go7E3  D.8LT 54860 5,707 5,953
20 5 B.698 =.08 .043 .059 -. 157 4,403 5,026 5,084 5,825 3.754  5.096
6 3,698 -,083 043 059 -.187 4,403 3,627 5,940  5.801 5.806 3,955
7 D658 =08 V043 .052 - 187 4,493 4,184 5,795 D.v77 5.708 3,845
8  B.098 =,081 Reste -.187 4,493 F.679  5.453  5.496 5.415 5,577
9 5.698 -,081 043 059 - 107 4,493 4,74 B.520 B.674 3,606  B.742
10 5.896 =031 ,043 2059 -, 107 4,403 5.246 3,996 5,952 5,870 4.033
11 D692 =081 045 .59 ~o 157 1495 5,308 5,428 5.552 BedTT  B.E27
1 520 088 ~187 4,292 5.047 5.584 B.504 34747
2 323 -.058 -.187 %0792 34025 4,034 4,055 44217
5 320 =,038 -.187 4,292 4,004 3,279 3.568  4.004
4 520 -.038 -.157 24,502 4,880 4,004 3.617 5,953
25 5 327 -, 032 mo 1017 4,292 4,437 3,976 5.004  5.940
6 D.ESE =001 ,BR0 -,088 ~a 157 4,292 £,715  3.°%30 5,820 5.751 34690
7T 04698 -.03 Roc TR < —.18 2,792 2,875 3,035 3,730 5.712 5,861
8  B3.695  -,08 BRC =.05E - 187 4,208 2,062 4,070 4,166 4,050 4,251
9 5698 =201 L3R ~,C30 -, 187 4,207 4,965 3,7l 3,774 5702 5.846
10 0.€90  -.08 RO =l 058 - 167 0297 4,505 3,765 3103 5,755 5073
11 54694 =08l L,5E 008 .17 BeBSG 44007 4,040 50980 4,116

091



Plgures 5410, 3,18 and 5.20

Regrescion lines relating calculated In heart rate

A
(Hﬁijk) and 1n W for sach tpeciss at each ervmerimental

(o] o]

.0 N . )
temperature (15°C, 20°C and 25°C;. 'he 95%
coufidence limite ahout these re wescion linec

are plotted on the fisures,
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the regression line relating ln heart raite to 1ln weirht for the varticular

cell beinr considered (Figs. 3.18-3.20), The intercept a on the ¥ axis

ol the reneral equation relating ln heart rate to 1ln weight will be

derined when 1Ini = 0 for each cell, For example, congider tie regreseicom

A . 0 , . . . . . .
line of H. roei at 15°C. The general equation ¢zscribing this line is

it

B (InHR) =u+s, +b, + (st),. +8 (InW__ - 1aW. )
i 3 iy i3 ij

fubstituting the known values for the parameters u, s., etc. at In =

i = 0 the equation becones

T (In H.R.) = 3,698 4 089 + .385 - 065 — .187 (=3.642)
= Ueubl 4+ L681
= 4,042

The valuc of a is therefore 4.042
Table %.20 below gives the equations describing the In heart
rate - ln weight relationships for each cell; the ecuations are erprescec
fin teﬁms of the calculated values of a lor each cell, and the comuon
'sldpé ,8 .
Table .20

liguations describing ln heart rate, In weirht relationshipe for individual

cells
Cell In R, =1na + B8 1nW
1 1IN Tieile = 4,040 = 107 In W
2 In H.R. = 4,508 « 107 In W
3 In TeRe = 44090 = 127 In W
4 In HoRe = 44263 ~ 17 In W
5} 1n HeRe = 4,581 - ,187 1InW
B In Hee = 4,004 = 137 1InW
i In E.R. = 4,000 = ,187 1InW
8 In H.B. = 4,887 - ,187 In W
9 In .3, = 4,700 - ,1687 In W

5e3.35  Bffect of weicht on the heart rate of the ahalone

The fact that there is a cormon 8 value vathin a given snpecies
is not surprising in view of the vact that it hae been shown that such
comrion resression slopes may relate netabolisn to size over a wide

temperature range in a variety or orsanisis (bavia, 196R3 Barnecs and
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Barnes,7i969; and others). Further, in this study the ln oxyren
eqnsunption a.lhpweight relationships for a given species had a common
Alepe af allvexpérimental temperatures. Iloreover the slopes b of the
in oiygen consumption ~ 1ln weight plots were comron hetween species.
'Oncekégain therefore it is not surprisings that there is a comnon
value for all species.

The value of the common B Found for the abalone in this
' étudy ie quite coﬁparable with other values of this parameter reported
in the literature for molluscs and arthropods (Schwartzkopff, 19553

Pickens, 1965; Ahsanullah and ilewell, 1970).

Se0.54 Effect of temperature on the heart rate of abalone

The way in whichx temperature effects the heart rate of the

',abalone ié’perhaps begt illustrated by determining the 9. .'s of heart

. “10
rates over the experimental temperature. As the regression lines have

cormon slopes at all temperatures, for any species, the 0, of heart

10
rate ofign animal of a given size will be the same as the Oy ©f heart
rate of an animal of any other size.
| | »fq: the purposes of calculating the QlO of heart rates, the
ﬁstaﬁda&d:éizéd" animal 90,02 gus (1n %0.02 = 4,5) was selected for
eabh spéciés.
» '.The lieart rates of the standard animals of each species at
lﬁ~‘20'and 25°Cbare given on Table .21 and nlotted on firure w.20.
- The QlO Values are . alﬂo tested on Wable S.21.

Generally it can be seen that the QIO s of the ieart rates of
each of the abalone spe01es are similar to ‘10'3 of heart rates of other
1nvertebrates reported in the literature (see introduction to this
;chap%er>;:  fhe Qlo's df the heart rates of the abalone are particularly
.similai'td}those reported for the gastropod mollusc Acmaea over the
same_teﬁpeiatﬁre range (Segal, 1956), and to those renorted for the

bivalve mollusc Mrtilus over the same temperature range (4iddows, 1973).



Tigure 3.20

leartrates of standard weight (90.02 g) specimens

 of Haliotie roei, H. ruber and I. laevigata at
=0 0 . . y \
15°¢, 20°C (the acclimation temperature)

“and at 25°C.
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Table 5.21

Jleart rates (beats/min) stanlard animals 90,09 g

Yemperature =C - E. roei s Tuber He laevicata
15 4.5 00C.8 2045
20 59.1 42.1 4l.1
29 5743 S5kel 47,4

QlO values for heart rates of abalone

15% --20% 2.55 1.97 2.59
20°c - 25% 2,15 1.66 1.53

©e0.05  Comparison of the effects of temperature on the heart rates of

.

- the three species, and discucaion of the gignificance of

 increased heart rate in the 1liht o other data

As‘the analysis of covariance nas shown, over the ranre of
ftéﬁ@éfétufeénused here the response of the heart rates of the three
species to;abru?t temperature chanse differ significantly. 4t HISEE
the heart rates of d. roei, and ¥, laevigata do not appear to differ
‘greatly, andﬁit car. be reasonably assvmed that there is no significant
difference between them at this temperature, (iny statistical tosot
~100mparin§ jﬁst these two species at 15%C is invalidated by the fact that
the slope of the common resression line was ohtained throush a consideration
Qf'ail,ébeqies at all temperatures). The %10 values indicated that
betwéeﬁ.IS'and 2600 the heart rates of these two snecies ore very
similar‘in théir-sensitivity to temperature change. Above ZOOC, thoush,
the’héarf rate of I. gggi continues to increase rapidly with tewmnerature
increaSes Whereas the QlO of H. laevigata is considerakbly reduced. The
‘result of this is that at 25°C the heart rabe of li, roei is considerably
vhighér than that of H. laevigata. LAt 1500, and to a lesser extent at
:  20°€ (the acclimation temperature) H. ruber has a hicher heart rate than
»either'of the other two species. Like [. laevigata, hovever, from
20-25°C'thé Qo of Q. ruber heart rate decreases compared to that between

: 0 A - . .
15 and 20°C, resulting in He ruber's final heart rate at 259 veing
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considerably lower than that of H. roei, but still higher than that of

e

H. laevi:ata (cf, oxygen consumption data I'ig. 3,15 chapter 5, part I.)

W

"Tﬁé gignificance of the way in which the heart rates of the
three SpéCiés respond to temperature change can best be seen in the
-1ight_of the war in which the factors orygen consvmption and A-V
difference in O, content (and hence cardiac output), change with abrupt
temperatuie_change.

'from‘BO-BSOC the oxgrrren consumptions of all apecies show a
considefable'increase; the increase veins most maried in H. roei (see
dhapté: 5vpgrt I)e This increase in oxygen consvrmtion after an ahrunt
vtempérature increase is agccompanied by a decrease in the amount of oxrgen
delivered‘by the haemwocyanin in all species (Chapter 2). lence to
mainfain'the‘negessary oxygen supply the cardiac output ircreases
(Tablo“$€10).” Cardiac output (C.U.) is determined by two Factors,

(1) the heart rate (M.i.) whose respouse to temperature chance has juct
been déscfibed, and (2) the stroke volune (5.V.). Values for the latter
ﬁéramefer can be calculated.

[F A -]

Ze3436 Calculation of stroke volunes

All parameters considered are those of standard 90,02 mu
anirials of esch species.

In Chapter 5 part I, the C.0. of a standard 90.02 gm specinen

&

L. = . 0
~of H, roei at the acclimation temperature (207°C) waz found to he 5.5 ml/
. ; . O, o ;o s
minute. The H.R. of such a standard H. roei at 20°C is 3€.1 beats/min.
(able 3.21, Tige 3.20). C.0. ml/min - .R. beatg/ain. x S.V. ml/beat.

Therefore for H. roei the stroke volime of the standard cized animal at

N e 5
20°¢ can be ‘simply calculated 3.V. wl/heat = %éﬁf = .14 111/beat.

) o - g ] o, oy (o) “ 0
After an abrupt transfer of this snecies Jrom 207C to 257¢,
the cardiac output of the standacd specimen rises considerarly, alrort

doublins to becowme 10.2 ml/minute. "he heart rate alco inereases oguite

; p o = . - ‘
naricedly QlO between 20 and 25 € = 2,15) 1o 37.5 beats/min. Tence at
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- 25°% the 5.7 mi/beat = 2042 = 19 ml/best,

‘1 vIn the standard specimen of H. ruber atYZOOC the cardiac output
is48.5’mi/minute. vagain, knowing the heart rate of such a specimen, the
stroke #plﬁmé‘can befc§mputed to be .2 mi/beat. After an abrupt
teﬁperatu:e change from 20-25°C the cardiac output of a standard H. ruber
spécimeﬁ inéreases'to:ll.7 ml/minute, while the heart rate increases from
'42,.1 0 54,2 'beatvs/min. The S.V. at 25°C is therefore .22 ml/Leat.

2. Fa the thitd pecies 4. laevigata, at 20°C the cardiac output
is $.é'ml/ﬁinu£é for a standard 90.02 gm specimen, he heart rate of
such an ahimal is 41‘l1beats/mihute. The stroke volume can therefore
bevcalculatedrto be .17 ml/beat. The cardiac output for a standard
animél-bf.fhiS;species'aftgr’aﬁ abrupt temperature increase to 25°C is
10,1 ml/minute: the heart rate is 47.4 beats/minvte. The stroke
volﬁméiﬁﬁét~therefore increase to .21 ml/beat to maintain the calculated
cardiaé;@ﬁtbut.

| Table 3.22 below lists the cardiac outputs, the heart rates,

‘and the stroke volumes of the standard specimens of the three abalone

. — , : o
gpecies atVZOOC, end after an abrupt temmerature increase to 257°C.

Table 3.22
gy ’ 0.
Cardiac output, heart rate, and stroke volume data for abalone at 20°C,

and after an abrupt temperature increase to 25°C.

H. roei
™ c.o. H.R. S.V.
(ml/min) beats/min nl/heat
20 5.6 39,1 .14
25 10.8 57.3 019
He ruber
20 8¢5 42,1 «20
25 11.7 54,2 22

H. laevigata
20 6.9 41,1 o 17
25 10.1 47,4 21
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In termsyqf absolute increases of these parameters, it can be seen fron
‘Table'szz fhat the’cardiaq output of H. roei undergoes by far the
greatest increase; both the heart rate, and the stroke volume increases
of this species are substantially largef than those of the other species.
The heart rate increases by 4%5 of its 20° value, and the stroke volume
byisﬁiiqf its original value. These fizures for (1) I'e Tuber, and (2)

H. lsevirata are (1) 2%, and 10% and (2) 15% and 24% for heart rate and

stroke volume respectively.

_— The response of the abalone to such an abrupt temperature
transfer indicates that these species, particularly E. laevigata, and
E; ruber are strecsed by this treatment. The irrerularity of the heart
beat observed in H. laevigata at 25°¢ nay indicate that the heart function
is reaching a limit at this temperature. It is even possible to
hypothesise that due to the decreased contribution of haerocyanin to the
Aévldifferénae in O, content, and to the fact that the heart is reachins
a pléfeau”in its performance the 02 supplied to the abalone might Le
inSufficiepi t0 maintain metabolism after the abrupt temperature increase,
*Thié Qould to some extent explain the apparent distress of the specimens,
particﬁlarly in H. laevigata after abrupt increase., Further it is
possible that under these circumstances the aerobic metabolism may be to
a'gréafér:or lesger extent supplemented by anaerobic resmiration. This

possibility is discussed in more detail in chaplter 4 of this thesis.
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3.4 Discussion of all parameters involved in oxygen transport

in abalone

‘ A summary of the essential parameters describing oxygen
e#change in the three species of abalone at the acclimation temperature
'20005 aﬁd'after an abrupt temperature increase to 25°C is presented in
vTablérS.Zs;

‘ __;'The first thing which is apparent from an examination of this
tablé is~thé cgeneral similarity in the oxygen exchange systems of the
three species. However a close examination of the data reveals that
there are some differences between the species,

’ I will consider first the abalone at the acclimation
témperatﬁré; ‘YI have already stated that in one sense, as a whole
drganism; bé@aﬁse of its higher standard metabolisn He roei ic less
efficieht ﬁhanAthe'Other two species. = H. ruber in turn is less
efficiéht in:this gense than H. laevigata which has the lowest standard
 metab61isé~at 20%¢.

 f Hdﬁévér,‘it can be seen that because of the higher oxrren
kcapaoityﬁof the blodd; and the lower venous %’Saturation of the
‘haeﬁocyaniﬁ,bf g, roei the A<V difference in vol % of oxygen is
considerably greater in this species than in H. ruber and . laevicata,

resul#ingiin~a mich smaller cardiac output at 200, Both the heart rate

:and thé‘strbke volume have lower values than the same parameters in the
 other éﬁééies.' It is evident that because of the high A-V difference
inyvol'%; oxygen the enersy expended to maintain the higher oxyren
consumption of H. roei will be less than in the other two species.
When %ieﬁed iﬁ this manner then the oxygen supply systen of H. xroei
is more éfficiént than those of the other two species.

V'Ai’ZOOC heart rate, stroke volume and hence cardiac output
of g}’lae;i&ata are smaller than the came parameters in H. ruber.

The lower cardiac output is a consequence of a slirhtly greater A=V



Table 3.23

Surmary of the essential narameters cescrinring oxrgen exchange in the South Australian

abalone H. roei, d. ruber and

T

o loevigata

(nean values)

 Arte- Arte- Venous Venous O Arte- Venous Arte- Venous A-V AV % of Standard Calcul- Heart Calcul-
Species rial rial capacity rial rial ) Cdirf- diff- +otal O, 90.02 g ated rate ated
f% PCO PO PCO of PSO Feo % % erence erence deliveréd oxygen cardiac of stroke.
2 2 2 2  haemo- satvr-catir- % vol % by consun- output standard volume of
cyanin mm g mn ¥g ation ation satur- of = haemo- ption mLAnin 50.02g standard
vol % ation oxygen cyahin ul/g/hr animal animal
beats/min,ml/beat
Animals acclimated to 20°¢ |
Ee roei 36.7 1.13 9.6 4,3 1.44 24,0 13,5 81.0 23, 58,0 .92 91 54.5 5.6 39.1 .14
E. rvber 38,8 1.20 11.5 6,0 1.01 22.5 13.5 84,0 TB7 AT.3 56 86 31.8 8,5 42.1 «20
E. laevi-
 gata 37.4 1.21 15.8 5.5 1,04 26,5 16.0 85.5 3C.8  Ble7 «B81 90 28,2 6.9  4l.1 o7
Animals after an abrupt temperature inerease from 20°C-25%C
He roei 34.4 1.20 . 4425 1.44 36,0 25,0 48,5 12,0 36.5 = .60 - A8 43,4 10.8. ’ 57.5 19
He ruber 45.0 1.20 15, 4,30 1,01 41.5 2%.0 60.0 21,0 39,0 .47 84 3646 11.7 54,2 .22
.. gata $9e4 1,00 12.4 5.2 1.04  ’35.0‘ 26,0 62,0 1£.8 43,2 52 86 35,2 - 10,1 4%4 oo .21

94T
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difference and a markedly lower standard rate of oxygen consumption in

.E:E:E‘ect:'on begggﬁ. rgen bransport system of aﬁa"'abrup‘b temperature increase to 25°C
»In the field H. roei experiences more variable temneratures,
amd, ét:times; higher températures than either H, ruber or H. laevigata.
'é;p__gg_ therefore it was expected that the O transport system of I, roei
might adgust nmore readlly to cope with an abrupt temperatu¢e increase
than the systems of either H. ruber or H, laevigata,

 ,As can be seen from Table 3425, a sudden increase in temperature
t0,2560 causéd a reduction in the amount of oxygen delivered to the
vtissues by the haemocyanln of all three species. In.all species the
reductlon ln,the amount of O delivered after an abrupt temperatvre
1nﬂreasevstemmed largely‘from the fact that while the oxygen affinity
of the ﬁaemécyaniﬁs_decreased with temperature increase there was no
‘ F Py Tesulting in a considerable

, : _ 72
redmtion in the °f$ sa'buratiOn of the arterial haemocyanins.

compensatory increase in in vivo

: Thls was most marked in L. roei where the arterial haenoccyanin
Twaa omly 48.&% saturated after the temperature increase, compared to 81
::Baturation,atrzo Co - Although the % saturations of the venous
'haEmddjénins Wéfe élso ioWered, again most ﬁotably in H. roei, this did
;ngt compensate for the large dhange in arterial % saturation. Due to
' the greater reduotion in venous % saturatlon in H. roei the overall
difference v1vn _%»saturat;ons_between arterial and venous haemocyanin in
this species!is:éimiiarbto thét'of the other species; 3$6.5%, 42.%:
and 3’9.@? 'fd_r }_I, _roei, g.' laevigeta, and H. ruber respectivelr at 25°C,
It is clé@ﬁ:hd&é?er that arterial-venous=éifferénoe in % saturation has
uhﬁéréoﬁe‘tﬁe gréafésfvréduction compared to its value at 20°C in
' g;.- roei. :  Ina single circulation of the blood at 25°C, I. roei's

haemocyaniﬁ delivers only about 6% of the oxygen delivered at 20°¢C
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whsreas 'the haemocyanins of the other two species both deliver about 85 -
of the amount of oxygen delivered at 20°¢. In this sense then, it appears
tbat E. zggilg oxygen delivery systenm is not copin~ with the abrupt
temperature chanpe any better than, or in fact as well as, the systems of
g. gghg;,’and H. laevigata. However, despite this large reduction in
éfficienéj 6f gf roei haemncyanin, when the larger O2 capacity of the
'haBEOCyaniﬁ'offihis’SPecies is taken into account the arterial-venous
diffefghéés iﬁvvélﬁé of oxygen is still larger than that of the other
two spgciesi.'

""Ai"‘fér an increase from 20-25°C, the oxvgen consumption of H. roei
1ncreases by gam of its 20°%C value, compared to 1% and 254 increases for
Z. xuber, and H. laevigata respectively (Table 5.10). 4s H. roei's 20°C
' oxygen congumption'was larger than that of the other two species, this
. méans that.gt;ZSOC thisrspedies maintains a considerably higher oxygen
cbnSumpfion than the other two species. Hence, with the increased
vag&éen dqhsﬁmjtion, but considerably reduced A-V difference, the cardiac
output of g}_;égi mﬁst ihcrease quite drastically, almost doubling to
become 10.8 co/min. Likewise with the reduced efficiency of their
heemooyanins, in terms of A<V difference in vol % of oxygen, and
iﬁcréase@ﬂqkygen consumptions the cardiac outputs of the other two snecies
mist also‘inéréasé-- (11.7 co/min and 10.1 co/min for i. ruber and
) ﬁ{,laefigéta respectively).

‘ . 3 Thus it can be seen althoush the change in the cardiac output of
L. roe1 from 20-25 °C is cons iderably creater than that of the other two
spec1es, the final gize of the cardiac ocutput is guite commarable to that
of g,"ggggg, ‘and g._laev1gata.
Al I‘c is evident in H. roei, that although the stroke volume at 25°C

- is mainiained at a smaller value than for the "standard" animals of the

:other two;épeéies, the relative inecrease in this narameter compared to the
' _2060 Stroke vbiume is largest in this species., Although the cardiac

output Oflg. roei at 25°C is similar to that of the other two species, it
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' is méiniaining,“thrcugh the characteristics'ofvthe blood, a higher
'* Latémﬂérd ﬁetaboliem. Therefore, when v1swed in the absolute terms of

how much blood the heart must pump to nalntaln a ~1ven oxygen consumption

ol at 2500 the oxygen supply systen of H. roel would still aprear to be more

‘efficlent than those of the other two species,
Hewever, it must be remembered'that the characteristic of the
blood whlch allows this relativelj 1ow cardiac output to supply enough

'VOxygen to malntaln the greater metabollc needs of H. roei is the oxygen

".: eaggcltz of the haemccyanln. This, as has been shown in chapter 2, stems

ﬂlrectly frﬁm the greater haemocyanﬂn concentration in the haemolymph of
‘“ﬁhis apecmes. It ie 1og1cal %0 assume that E.fgggi therefore usee nore
energy than ﬁhe‘ofher species in the synthesis of haemocyanin, . The
‘quésfionifﬁen arises as to why this should be 80? It is only possible to
spaculatg‘bn anewers to this question. It*covld simply be proposed that
o a£~H;§iaei'is ah aotivé'speciea and moves ground to feed, whilst the other
:  Bpecies have to rely on drlft algae, the 1 more regular food supply enables
the farmer SPBQISS to malntaln the higher haemocyanin concentration.
'__However,_Pilson (1965) has shown that haenocyanin concentration apparently
agés no'fé {rary‘with'rmti'iti’ona_l state in the abalone. Tor could the
variabiliﬁy'of abalone haemecyanins in this study be correlated with any
physiolégioal;or environmental variations (see Chapter 5, on field sampling
-of‘abalbné haemocyanin). In view of these racts T pronoce that the
éonéist;ntiy highér haemocyanin concentration in i, roei as compared to

H. ;gggg»and,g.'laevigata iz a genetic trait which confers a selective
advantage in thevparticular niche of thig species,

H. roei has a significantly higher standard oxygen consumption
than tﬁe 6ther épecies investigated. 1t is possible that it is less
costly in terms of the overall energy hudget of the species to supply i
1ncreased oxygen needs by means of a a hirher haemocvanin concentration than

by an increased~cardiac outpute
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E. roel is by far the most active of the species studied during
this project. It may be then, that the high oxygen capacity of the
'haenocyanih of this species acts as a potentizl reserve for the O2
transport during periods of intense activity., At least in two sroups of
haemocyanin»bearing organisms it has been demonstrated or susrested that

during times of activity, the in vivo PO values ad just in such a way

2

that more oxygen is delivered to the tissues of the orpanism than when %he

animal is at rest. Specifically, Johansen et al. (1270) have shown that

f~activity in the crab Cancer magister leads to a drop in the arterial and
vvenous 302. Because of the shape of the oxygen equilibrium curve of the
haemocyanins of this animal, this leads to a small chanse in the96
Saéuréfionvéf the arterial haemocyanin, but a larce drop in the<% saturation

of the venous haemocyanin, substantially increacing the arount of oxygen

delivered to the tissues by the blood during activity. In the larse

7cephalop0d506topus dofleini however, Johansen and lenfant (1966) propore
that getivity may be accompanied by an increased saturation of the

arterialihaemgcyanin; perhaps due to increased I, of inualed water due to

0
N . 2 I
increased ventilation., Tithout a marked increase in venous |, saturation

this,will‘aiéo'lead to increased 02 gupply to the tissues during activity.

Assume in the abalone species H, roei that during activiiy both

arterial and venous B, drop about 7 mm Hz. The arterial haemocyanin
L N

would then become about 70f saturated, but virtually all of the 0, in the
, ven0us ﬁéémo¢§énin'would have veen delivered to the tiscsues (fig. 2.12).
ThiS‘ﬁﬁéné,‘that the haemocyanin alone of L. roei, without considering the
dissolved’Oz, would deliver 7,01 vol ', of oxygen or an increase of Q.17

Volﬁ%,ofioXYgen (ZQ%)kper circulation compared to the resting value

delivered. - If, in addition, the arterial 2, ‘was maintained at the

Qriginal'value, perhaps by increased ventilation, the haemocranin would
deliver about 1.15 vol % per civculation or an increase of 51 vol % (W)

- of the amount of OP delivered when the animal is in the resting state.
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Tt can be seen tﬁat"due to the 'higu oxygen capa'éify of H. roei
haemocyamn thls ;an:cease in oxygen dellvered per cu-culatlon (.51 vol /a)
“isy in absolute terms, a. s:.gnlflcant amnunt. bimllar changes in arterial
 and venous 72 saturatlons in. elther He ggpgg or H. 1&8Vlg§ta would result
in conslderablv smaller increases in the absolute amounts of oxvgen »elng
&el1ve*ed, 51mply because the 02 eapac1t1es of the haemocvanlns of thesa
species are smaller, P:resumng also. an_increased clrculat;on during
 mctivity (cf. Johansen and Lenfant, 1966) it is possible to see that a
k mch’higher‘fneta’bolism might be maintained in the active_g. roei than
in the bthér'épécies;

H. roei lives in the -shallow, barely subtidal waters of West
lsland, and durlng swmmer month° experlences conslderable variation in
water tempe“ature dependlng, for example, on how much mlxlng oceurs
hetween'warm.surface waterg and deep cooler waters. - The high
haemocyanin1@0n§entratidn'of'g, roei (hence the high 02 qa§aci£y)kmight
éllowvﬂ;zgggi to survive a relatively ébrupf increasé in femperature
withoﬁtLuhdue'ciiculatory; and hence*respiiétdiy stréss.

- Gonalert nypothetically Shat E. roei has the same mean
'Eﬁaemb‘c:yahin. coﬁce.ntratioﬂ as I_{_.; '_xgpgg. In animals acclimated to 20°¢
this mll méén ﬁha‘b .59 vol % of oxygen (haemocyanin) + .079 vol % of
- oxygen . (solutlon) = .66 vol 7’ of oxygen w:.ll be delivered by the
: haemoLymph of this animal per circulation. With the standardAZG C

e roei oxygen consumption of 3.1 ml/hr,.this means that a cardiac

"',output_ofv7.8 ml/minute rust be maintained at this temperature. This

cardiacubutput'is guite comparable to those of the other species measured
at.this tenperature, and would seen entirel; reasonable for such an
‘invertebrate v(iseve gection 3.2.61). TIowever, after an ghrupt temperature
changé; aésuming s roei haemocyanin's own oxygen eguilibrium
éharéoteristics; Put a mean haemocyanin concentra_tion like that of

f:. _ra_ti;f_t_l;)_e_a_x_',fhe oxygen delivered per eirculation becomes ,37 vol % of

oxyzen (haemocyanin) + .069 vol % of oxygen (in solution = .44 vol %
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of oxygen. Vith the increased oxygen consumption of H. rcei after an

abrupt,temperature increase the cardiac output becomes

5.91 ml/lr x 100
44 vol ¢ x 60

n

14.81 ml/min (standard 90,02 gm animal)

1e4,52 ml/min/kgm

As can be seen from the previous discussion on available cardiac outnut
data for other invertebrates (section 3.2.61) this is quite a large value
ahd‘might be supposed to considerably stress the circulatory system of
the abalone.

. o information is available on the function of the haemocyanin
'of'ﬂ.»roei when adapted to the hirher temperature 25°C.'ﬂ However, it ~
>~V0hLJ geen lo~1cal that after a period of acclimation to this temperature
the jin v1vo O would adjust such that the A~V difference in 9% saturation

approqcheg the 20 C value (cf. Falkowski, 1973). It can be seen that
| de gggi with its higher haemocyanin concentration (and hence O2 capacity)
- Dblood will.sﬁrvive this acclimation period with less stress to its
circuiatory systen than it would with a lower concentration of

- haemocyanin in the blood,
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Chapter 4

Anaerobic Regpiration

4.1 Tntroduction

In *thie study it has been shown that in the avalone the
haemocyanin contributes gignificantly to the transport of oxygen to the
tissues, both at the temperature to which the animal is acclimated and
also at'a'higher temperature after the animal has béen éubjected to an
alrupt temperature increase. However. . there are numerous examples in
the iitgréture:whéré anaerobic metabolism has been shovn to supplement
aerobic metabolism in organisms svbjected to stress either by relative
or aﬁsélufe oxyzén shortage (e.g. Von Erand, 1946; Von Erand et al. 1950 5 Vbn Brandl
x Mshiman 1955; Blagka, 19583 Teal et al. 1967; Wewell, 1970;

-Pénnét,31971). toreover, for a wide ranse of haemocyanin bearing
_inwerfebratgs species, it has been susgested that anaerobic Tespiration
.bmay suppiéﬁeﬁt éerobic respiration at times when haemocyanin can no
loncer maintain the necessary oxywen supply (Johansen, 1966; Falkowski,
19783 Spoek, 1974).

: Theréfore;-I feel that it is impdrtant to know if when the
abaldne_aré stressed as by an abrupt increase in temperature, the entire
metabdlism is still maintained by aerobic means, or if under such
circumstances anaerobic metabolism nlays a part in maintaining the
retabolic aemands of the animal. The importance of the contribution of
héémocyénin to the naintenance of metabolism in the animal under any set
of'ciicumétaﬁces'can then be judged when the overall metabolism is
considered,

In this chapter then, I will consider the likelihood of
anaerobic metabdlismfsupplemehkin@ the obgerved aerobic metabolism under

conditions of oxygen stress in the abalone.
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e Eibérimentg}'Apprcggg‘

| The’inVestigétioh;Qf the possibility-that-anaerobic‘respiration
_‘:;ightvsupplémeﬁt_aéiobié respiration’in the“abéloné during tinee of stress,
vas épprdached in two different ways:

S Qhe‘firSt appioach consisted of a brief investigation to see
whether fhe abalone demonstrated an oxygen debt response after béing
;stréséed iﬁ anaerobic conditions. It was anticipated thatbif‘such an
oxysen debt response could be demonstrated in the abalone, this would be
. a simple;.straight-forward way of determinihg that anaerobic respiration
fodcurrediin,tbese aninals.

2,~  The gsecond, and more detailed apvroach consisted of an‘inVestigation
. of thé»gffeot'of;oxygen stress brought about by (a) ahsolﬁte oxygen
" shortare (anoxia), anﬂ (b) stress on the oxygen transport_sysfem as a
?Hresult of abrupt temperature increase, on the hiqhienergy ﬁhosphate store

of the abalone foot nuscle.

4,2,1 Oxysen debt determination

4.2.11  lethod

‘The oxygen consumption measurenents were made in the cloéed
 nréspiroﬁétér gystem with the Titron oxygen electrode, as describéd in
Chapter 4 parﬁ I. The oxygen consumption measurements were made at the
,>témpérature’at which the animals were coilecféd'and'maintained in the
_1_a1.~;o_rat¢xy (15°¢).

g The pre anaerobic oxygen consumption of an animal was measured
ove¥ the range of axygen tensions for which previoﬁs work had shown a
relatively constan‘b.'o2 uptake by the three specieé of abalone (Chapter 3
pé#t]iﬁ. The Q2 tension in the charber was then allowed to drop until
viftﬁally}no qugén'could be detected yy the Titrgn 02 electrode, At
this point the abalone was obviously stressed3(see previous description
‘éfvabaIOne in low 02 tension in section 3.2.41. The abalone was allowed

to remain in this low O2 tension for one hour. After this time the
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aninal could no longer retaln a grip on the glass wall of the resniratory

enanber. Tne anlmal was then transferred 1o an 1dentical chamber

A cqntalnlng fully orygenated water, and the oxygen consumptlon.was again.

determlned, over the range of O2 tensions for which a constant Oz‘uptake

mirht be expected on the basis of previous results.

4.2.12  Repults and Discussion

In Table 4,1 are the results of oxygen consumption measurements
of Specirgens of t_ﬁe ﬁhree sﬁécies of abalone before, and after, being
subjectédvtb_anerobic conditions, Duriﬁg the ‘course of +this study,
_S.J;kﬂoéér, workinp in rhe Zoology Department, Adelalde Unlver51ty, used
the sane tecanlque to measure pre ard post anaerobic oxygen consumptlon
.cf two abalgne,spe01es»g. laevigata and H. roei., u1th~permission his
cn uﬁpgbliéhed results are algo included in this table (4.1).
| rﬁrom"this table it can be seen thatithere ig no evidence in any
ot the abalone species thaf there is an "oxygen debt" response after a
period in'anoric conditions., This indicates thét there is no accurmlation
of aﬁ endlproduét of anaerobic metabolism in these animals.

- In the subtidal abalone however, it is possible that any end
~productkbf anaerobic respiration may have been expelled into the
énvironﬁent. This negative result therefore does not necessarily indicate
that_no anaerokic respiration is taking place (althorﬁl the presence of an
oxyren deﬂt would have indicated that ansercbic respiration wag taking nlace).

As was Giscussed in the introduction of this chapter, the end
producte of anaerobic respiration in invertebrates are guite variable,
Instead of attempting to identify any of the various possible end products
and measure loss to the enviromment, another method of investigating the

response of the netahbolism of ahalone to anoxic conditions was devised.,
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Table 4,1

-Czygen.consumptions of abalone before, and after subjection to anoxic conditionms.

 Species Animal Mo, Cxygen comsumption ul/em/hr
“ Before anoxia  After anoxia
A, laevigata 1 9364 30.2
' 2 ol.0 25.2
5 3645 39.9
4 51.3 52,9
5 3647 55.0 =
6 31,7 52,1 *
1eans 0368 32455
t = .52 ¢ 10 af. i.e. LSO, p= .1

He roei 1 35644 33.2
2 3249 5246
3 537 39.3
4 39,7 45.3
5 19.5 18.7 ¥
6 50.5 40,1 *
i‘eans 33,4 O4.9
t = .30 ¢ 10 af., i.e. H.Z.0D. p= <.l
‘. ruber 1 23.5 20.4
3 2 2647 25,7
%) 29.3 2€.0
4 2547 26.8
Means 2644 277
t = .88 ¢ 6 af, d.es MB.Ds 1= ¢l

® w.d. ldoper, 19273,

3]

.2 .easurement of effect of anaerobiosis on the hirsh enercy

vgposphate store
In molluscan muscle nogt '"high energy" phosphoryl groups are
gtored in the form of phosphoarzihine (Virden and atts, 19643 /atts,
119717;" This can be used to piosphorylate ADP to ATP which ie the

vbiquitous energy source in cellular metabolism:

Arg Ty + P = ATP + Arg
4

ATY == DD 2

b
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If ATP is not regeneratéd either throurh oxidative

vhosphorrlation or by anaerobic substraté levél.phosphorylations the
‘overallvresult of the above reactions will be a decrease in arginine
phosphate and an increase in inorganic phosvhate. . lleasurement of
inorsanic and total pihosvhate before and after oxygen stress will therefore
indicate the extent to which aerobic metabolism is able to maintain the
"higﬁ energy" phosphate store, In these experiments the high phosphate
gtore consists of phosphoarginine plus any. other organic phosphates,

fogsphate ie releaced after heating at 100°C for 2 minutes - these are

senceforth referred to collectively as organic nhosphates,

4,2.,21  lethod
(a) fTreatrment of animals
he aniuals ueed in these experiments were collected at West
Trland from sea water at about 15° G, and malntalnpd in the laboratory at
this temperature.

1. "Hormal™ organic phosphate levels in the foot muscle of the abalone

de roei, He ruber and i.. laevigata were determined on animals removed
directly from the oxygenated aguaria at 15°¢.

2+ Organic phosphate levels were alsoc determined on animals which had
heen subjected to anaerobic conditions for 200 minutes. The specimens
were sealed in small glzss resniroreters in which the sea water had been
degaseed under vacuwi, and then had wure nitrogen passed turough it fox
cne .our, it the end of 200 winutes all animalg showed obvious sime
of respiratorr stress. In sone caves the animals showed no reillex
isele contraction at all when tovched on the foot nwscle, or near the
head »agion. Ti. $hege cases the anirals were btaken to be dead, and no
nnogumve analysis was carried out,.

(3% Inormanic and organic phosphate reasureient

-

——~
1]
(e2)
f1aS

e vhosphate analysis was derived from Virden and Watt's (19

~.

- A

agray for suanidine kinasez, The wrocefure vras as follows:
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1., The éxtract for phosphate analysis was prepare¢ by crushing
apprbﬁimately ;S‘g of’abalone foot muscle tissuevith acid washed sand
and Trozen godinm chlorbacetate—perchloriq acid buffer pl 2.5 in a -20°C
ifaCl ice baths The homogenizer anmd sand were weighed immedimtely before
th e adaltlon of the tissue, and again after crushlnﬂ to obtain the exact
welsl t of the foot muscle sample.
2s  The homoagnate was centrifuged at 3,200 R.P;M. at OOC for 25 minutes.
5.  The supermatant from step 2 was diluted 1:1 by‘fhe}addition of
perchloric acid (16 mls 60% + 34 nls 1120).
4y 'The resgltant‘solution.was hialved, one half boiled for 2 minutes to
releasé,the phosphate from the organic phosphates (see Virdenan Wits, 1964),
and the other half lept at room temperature,
5. , T£é boiled and non-boiled extrects were diluted 10x, i.e. 1 mls of
the exiract were diluted by .9 mls codium chloracetate-perchloric acid
mffor plit Z.D. (This step was found to be necessary in preliminary‘
ezperinént, as the phosdhate concentration was othervise too high for
rieas vi’ement ) .
€, 'ﬁé;one ul of the diluted extract, 1 nl of 2, armonium molybolate and
‘Ql ml. of Rhodol WQé,adaed. The reaction was timed with a stopwateh and
the ébsoﬁbaﬁce at 660'%ﬂ- was read 6 minutés after the addition of
Rhodol to eaon tubes TIn fact, after this time little change in the
aboorhance Was noted for several mlnutps.
Te & standard paosphatc curve had been previously constructed (Apvendix
ZY. f”he standards far the standard curve were prepared zrom a solution
of_lqumgm/lOO'ml,phosphate.(ﬁing and .Jooton, 1956). The same volumes
and dilﬁfions'of‘the standards as the extract were useq in all
 éeterminétions.i

The blank used was 1 ml sodium chlqracetate-perchlaric acid
bufier, jﬁvz;E, 1 ml ammonium molﬁbdate solution,kand ;l.mi‘Rhonl;

) Inorganic phosphate was caleulated frow the gtandard curve as

Rz PL4'/€Q,Qf tissue from the non boiled samples, Arginine phosphates
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plus other organic phosphates were calculated asg mg Py /gm tissue by
subtraction of non boiled samples (inorgamic phosphate) from boiled

carples (total nhosphate).

¢

%2422 Crganic mhosphates of Cellana ariel

s a comparison with the>abalone,_similar organic phosohate
determigations~were'nade on the foot rmscle of Jellana ariel, vhich is a
tlﬁ:gé intertidal limpet found at the study area wheré thevébalone are
~collected. This aninal has a shell which fits extremely closelyr to the
subStrate, presumahly as an adaptation to enable it to survive long
‘fﬁeriods of cmergence without dessication. It was congidered a priori
that it‘was‘prdbable that under these conditions the animal would have %o
tolerate anoxic conditions, It waé debided therefore that the organic
. phosphate storeupf this other archaeogagtropod under anoxic conditions
v'uoulq bé cpm@aréd to that of the abalone. This is quite an arbitrary
cémpéfisoﬁ,’aS'too‘litﬁle phySiological work has-been.ddne on any South
Australian gaétropod moiluscé tb allow é,bbmparison‘df the abalone
’_phosphaté sfo;e# ﬁith‘an organism Enqwn to survive anoxic coﬂditions.

As ﬁhé fesﬁlts show however,‘it'bécame evident during the course of the

experiment that Cellana ariel could survive for a considerable time in

anoxic éonditions and ¢till appear healthy, maintainiﬁg‘a strong grip on
the substrate.

4.2.3 Effect of termerature change on organic phosphate

_ Oﬁe‘of.the factors Whichksuggéétéd fhat it ﬁas'important t0
“tnow whaf.éort of‘rolé’anaerobic'metabolism might nlay in the abalone
was the observed reduction in oxygen deliveri§§>capacity of the blood
eiter an abrupt tempeiature increase.,  Although it is possitle that the
circulatory cystem "makes up" for this reduced effectiveness of the hlocd,
it is also possible that the abalone might experience some oxygen shortage

after sueh an abrupt temperature increase.
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“Itwwas decided-therefore that the,éf ect of such a temperaiure
-change on the percentage of organic phosphate in foot muscle would he

term;ved, in thc llght of the knowledﬂe of - the ef*ect of anoxie on

this parameter.
4.2.51 Tiethod

- "he animals were taken from their 15°C acclimation temperature
and replaged'invéiuafia of oxygenateé'séa'ﬁater‘at 2500.77,The phosphate
‘”analyses'were carried.outftwelve hours after transfer,
‘The effect of both anaserobic conditions and abrupt temperature

fe was also ex camined in a few speclmens.

2

4.5 Results and Discussion

Ladel quect of 20“ mlnutes in anox1c conﬂltlons on the nhy81ca1

anpearance of the animals

After 200 minutes in anoxic conditions,»animals of all species
guoweﬂ obvious signe of pugéicalvdistress. llany specimens had lost erip
" on the subsfrate, andiwere'lying'immobilé on‘the bottom of.the conﬁainer.
| Thé.réméining animals retained only a weak grip on the substrate,
~end exnibited a tvP;cal buckled appearance of the eblvoq1um.(ﬂ1g. Bielra -
wi ‘ﬂ the sghell uanrlnﬁ away from the foot. On removal ofvthe containers
_aninals vHoved llttle 51pns of llfe, although muscle contractlon could be

clicited by,stimulationfby touch.,

_»4,&.2 BEfF ect on anoxia on nho sphate levols,in abalone foot muscle

"The results of'the determinaﬁiohsvoflphosyhate,levels in abalone
1out ﬁgacle»before ané after subjection to amgerobic conditions are
presentedlin‘Table 4,2

"Béfére discussing this data rurther it should be noted that
‘ 1a%er aﬁalyéis ofbvariance of total phosphate levels of all animals from

this, and the temporature change experirents revealed that there was no
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significant difference between the spééiés v}itn regard to the total
phosphate/gm of foot mmmcle (F = 4.9, 2 and 32 diff. - N.S.D. 55 level -
Table 4.5), 'ﬁnless specifically mentiénéd then the species will be
regarded as a single ponulation. ey
T Fron Téble 4.2 it can be seen that for animals taken from
hormal,voxygénéted conditions there is a édnsisteﬁt difference between
 the totéliéhoSphate éer‘gram of tissue before and after treatment to
":eleaSe organig nhosnhate, The calculations based on the boiled
‘aliguots reveal a sipnificantly higher mean phosphate content (mg p/g
‘tisoue) than thoge based on the non boiled aliquots (students t test
‘?,»<;;i).  This indicates that a proportion of the total phosphate in
the muscle.sample is ‘being stored as phosphoarginige'and other organic
“vhosphates.
As can be seen frou Teble 4,2 the mean % of the total phosphate
stored as "high energy" phosphate is about 3%, or about one third of
the total phosphate of the foot muscle, Considering the species.
separately the mean % stored phosphate values are 27.45, 36,75 and
o4 .4% for g; roei, U, ruber, and H. laevipata respectively. (It is
possiﬁleifhét a nore effective freezinz techuique could have resulted
in hirsher Valués for stored phosphates., ) However, analvsis of
covariance revealed that there was no significant difference between the
tiiree cpecies with regard to the vercentage of organic nhos-hate under
normal conditione (¥ = .685 ¢ 2 and 3 desrees of freedom, ¥ not sienificant
at 5% level). ilaturally, a degree of caution nmwst he used in interpreting
tihese results as the sample sizes are small,
~ After anaerobiosgis for 200 mirutes however, the nercentagse of
orgahic phosphate has been drastically depleted; As can be seen from
Table 4.2 there is now no sirmilicant difference between the amount of
free ~hosphorus detected in the muscle hefore and after treatment to
rclease mhosnhate from organic phosvhate,

It is apbarent that a pericd of anaerobiosis leads to a change
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Table 4,2
Organic and inorganic phosphates in abalone Ffoot muscle, before and after

subjéction t0 anoxic conditions (lﬁoclénimals) -

Boiled sample, i.e. Nonboiled sample, i.e, Organic

N Total phosphate Inorganic phosphate vhosphate as
Jpecies , .- . ' % of Total
) » tisg v :
mg p/e tissue ng p/g tissue “hosphate
Oxyeenated
. xoei .68 : .58 14,7
i o 54 o4 37,0
" W46 «32 30.4
. ruber 52 38 38,5
b 73 oAD 38,4
L ' » B3 .42 33.3
L. lacvigata oG4 #49 23,4
" oD7 oAD 21l.1
" .56 .33 41.1
. .70 043 38,6
" .86 45 47,7
ueans »60 42 331

(all species)

F < .1 (t test, t = 5,25 with 20 d.f,) therefore
neans significantly different

anoxic conditiong for 200 ninutes

1le TOBL 44 W44 0
e .Gl .62 AR
i o587 .54 5.3
A «78 .78 0
2 .68 .67 1
Lo laevigata .51 «H0 2
) . ’ 955 .56 O -
i »50 =ti10) 0
means ,5% .58 less than 1,55
stored

tierefore no difference between means.

in tne Qrgénic/inorgahio phosvhate balance in the ahalone foot muscle,

- Fhosnhagens generally are considered as recerves for the
quici: ;es&ﬁthésis of ATT in, for example, working muscle (e.g. Watts,
i9T1>;' hbwever, some workers (e.r. Tielinski, 1937; Ilarrison, 1965)
haVé'shbwn that such phosphagens can act as a phos-hate store to maintain

AVE levels during anoxia, It is spnarent that this is what must be



vecurring ig the abalone foot mwseles during the 200 minutes of
a:ﬁcrobicvstfess, the orgzanic rhosphate in the abalone foot nuscle

ig heing dephosphorylated. This is vigtually identical to the
situation reported by Harrison (1965) in amphiltian ewhrros subjected
t0 anaerobic conditions., A Turther comparison can be drawn with
Tarrison's (1965) results. After 200 minutes of anoxia in btoth frog
embryos and abalone the orranic phogphate has been completely
d@ﬁhOSThoxylated. Thie fact, torether with the aralones' evident
nhyeical distress after such a period without oxyvgen suggests that the
dephosvhorylation of the phosphoarsiniie is only a temporary measure

to enavle short term survival of anserobic conditions.

4,5, Orranic phosphates in Cellana ariel oot nmscle

In Table 4.3 the results of the phosnhate of Cellana ariel

foed uscle are siven, In aerobic conditions it can he seen that there
i3 a considerable difference in the phOSphate/g of tigrnes determined
‘lefore and after treatrient to hvdrclree organic vhosrphate, In fact

tl:e mean nercentase of organic thosphate from the two determinations on

lf.Celiana g;iel frow oxvgenated conditions indicates that about 32.1. of

4 thevphosph§te is in the form of phosphoarginine’and/ox other organic
 thsphates. This ig virtually identical to the value obtained for
abalone Ifow oxyrenated conditions,

Hovever, there is an obvious difference hetween the total

,ﬁgoqphate present in the foot mmscle of the lirpet and that of the
“ahaloﬁe; In fact, corsidering the mean‘totalknhosphate determined for
all abalone species (,614 ug P/g tissue), andvthe mean total vhosvhate
of all the 1im§ets exanined (.194 mg P/g—tissue) it can be reen that
the aba1oﬁe lave ahout three times as mgch‘phosphste ner gran of foot
rmuecle than the limmets. This in turn means that there is about three

times as much orpanie phosphate per gram of foot mwscle in the abaglone,
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Table 4.3

" Organic and incrcanic phosphate in Cellana ariel subjected to various

periods of anoxia

- Tipe in - Boiled sample, i.e. Nonhoiled sample, i.e. Organio
anoxic . Total phosphate Inorganic phosvhate  phosphate as
co ons : ) 9 iz
frowe) WS Pls tieme  mp P/giviceus oetintss

0 +162 #1156 29
o « 264 .188 28,8

6. «185 »140 4.4

6 #1653 .113 30.7
14 #5232 205 11.6
LB dead found to have

injured oot

24 205 2191 6.8
24 228 »198 13
36 . 212 » 198 6,61
42 - dead’ - -
45 dead - =

4inimals at 60, 72 and 90 hours were dead and decomposging when removed
{rom 'respiratory! chamber,

9 days

“exposed 178 .14 21.3
to agir ’

7 dayse

exposed 149 »116 22.1%
to air

" Despite the fact that the initial store of organic vhosthate

in Cellana ariel is smaller than that of the ahaloue snecies; when this

1ntert1dal limpet is subjected to anaeroblc conéltione, the rate at
'rb-oh the percentage of organlc nhosphate decreases 1 much slower than
in the abalone. ‘This can be seen from the da a in Table 4,3, and is
illﬁstrated in Firure 4,1, In each of the abalone species, 200 minutes
affér.commenceméntyof anaerobic conditions virtuallr all the
bhbsﬁhoérginiﬂe gstore has disapneared; however, after three hours in
anaéfobiC'conditions the percentage of Dréanic vhosphate in ggllggg ariel

{foot nusele has decreased relativelv little. -



Tigure 4.1

Grarh showing decrease in percentage of
organic phosrhate in ghalone and limpet

Yoot muscle with tire in anoxic conditions.
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In fect thie species of intertidal limpet was found to survive

(62

up to 36 hours in the complete aRsence. o dﬁygenQ- loreover. it is
apperamﬁ;that;even when the limpet is reaching—the end of its survival
period in anaerobic conditions it still ﬁas nof‘"tapped" the last of its
-high énergy vhosvhate store. It would seem.thé£ this species, like
"dthefkiacultative anerobes, rust have some alﬁernative nath of wroducing
AP whiéh does not depsnd on the phosphbargigine store alone. Tevertheless,
the fagt;that the hish energy phqsthate store:is’reduced to leas than %th
of its original valve after about 36 hours in anoxic conditions indicates
that in the limpet, as in the abalone, this store plays some part in
supnlyinz energr to maintain retabolism in anerohic conditioms.,

It i interesting to note that after a‘considerable veriod

> '1507hours) of emergence, the phosphoarginine_store of these limmets
:talthduqh,slighfly reduced cbmpared to‘thaﬁ in well aerated water is still
rmch hiﬁher thanvafter 36 hours in anoxic conditions. This would indicate
that even though the limpets are tightly‘ciampéd to the subsfrate during
emergéﬁéé,'éoméiaerobic respiration ie taking place.

L Mlthoyp firis orler somparison ofthe abalons species with the
vintefjidai,li@péf indicates that there are some similarities in the vay
in WEiéhithe high energr phoSphate store is dépleted when the animals are
sﬁﬁjéétedvfb anoxic-conditidns it also~$erveslto emphasise the fact that
unlile fhé 1impét the abalone appeais to 1ack any Tu?ther medhéhismﬂ to

- survive rrolonred anoxia,

205 ok Effecf ofbébrupt temperature incréaseloﬁ'the'aﬁpearance ofvthe
- animals .
.; The‘animéis subjected %o the abrupt temﬁeréturé incfeéseffrom'
13 to ZB?Cfshowed obvious sims of ﬁeinqﬁét:essed by;thé,hibhér |
 '£empe:dﬁﬁré‘twelve_hdurs-after transfer, = All énimalé éf,311'3pecies
‘hgd,WeaK:griys Qn_the éubsirate; or invsome cééeévhad cqmpietgly Josat
their;bri§s on £he substrate. JWhen>rémovéd_from'the‘aéuaria the foot

ruecles were observed to be flaccid, with little cism of life,  One
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specimen each of E. ruber and I, laevigata was dead after twelve hours

. o,
at 257C,

4.5.5 Effect of abrupt temperature inc:easeton orgsenic. phosphate in

abalone {00t muscle

In Table 4.4 the results of the analysis to determine the amount
of organic phosphate in the foot muscle of the abalone after the animals
are SUBjectéd fovan.abrupt temperature change are riven.

»Taﬁle 4,5 lists the total phdsphate/g tissue!from all specimens

af 211 svecies in all experiments (from Table 4,3 and Table 4.,4).

Table 4.4

. . O o (o)
Creanic and inorganic rhosphate levels 12 hours after to 25°C from 15 C

Poiled sample,i.e, MNonboiled sample,i.e. Organic

: Total phosvhate Inorranic vhosphate Ehosphate as
“pecies ‘ N , ; % of total
BES™ ns P'g tissue mgap/g-tlssue phosphate

(a)  Oxyeenated conditions '
s roei 59 50 15,3
= O .56 .55 5.4
h 63 27 9.5
o .60 o535 11.7
4 .54 614 29.6
Ze rUbeEr o34 o4
it ' W72 70 2.8
l dead - -
b .67 « B85 6
e laevigata dead - -
T W74 .72 2,7
Ut 75 72 4,0
ik 49 42 14,3
Kl .'UF’, .27 2309
neans .. BT 10,855
(all »63 (i
apecies)
-t = .0901 with 22 df, therefore M.3.D. P (.1
(r) Deoxvgenated conditions
L. roei A7 47 0
d. ruber 79 .79 0
J. laevigata .58 57 1,7

means .61 .61 57 ¢
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Table 4,5
- . . / . - . .
Total rhosphate/g tissue from all srecinens of all gpecies

(from Uasble 4.5 and 4.4)

e yoei 1le ruber e lacvirata

Tetal mg‘B/g tissue Total mg P/e tissue Total_mgl’/g tissve

[#)}
]

»58 #52 oG4
e i 7
oG o 65 +D6
.‘f‘c‘j}f P C)O ry ’7()
+£1 £ 78 «86
57 .68 «51
£92 o 54 +95
o o 72 «50

R
« DN

.
(o]
[

.67 .74
.60 .79 .75
i v49
o 27 ) ‘38
.58

TRans obBf 70 50

]

iean of all species = €1 mg-p/gjtissue

Tahle 4,6

”;nalysis oo variance: total phosphate/g—t‘ssue ‘asa on Table 4,5

crource of Juns of Decrees of Mear square Variance
- Toriation fiqrares Trecdon ' ratio

(S.7.) (3.2.) (M., ()

£x3
]
4
Tha
o
—
.
[
I
o
e
ak]
.
O
=
(o]
[e2]

o)
s

’,.;.I-r) tﬂl ) -455

~

= 4,9 with 2, 32 4,f., therefore .3, at

Ké level,
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b analeis.éf variance carried out on thié dété revealed.fhat at the
L. and .1 1evels the null hynothc51s that there was no 81gn1flcant
difference between the means of the three - pe01ec could he acceoted.
able 4.6 gives the results of thiS»aﬁéiysis. ' As & recult of this
anaiysis,;in this temperature change experiment, and in the firet
experinent revorted in this chapter, unless otherwise stipulated ‘all
speciesvare conzidered together.

The resulte in Table 4.4 reveal that unlike the animals
analysed'after livins at normal acclimation £émperature (Tablé 4,2)
those ami$als subjected to an abrupt témperafdre éhanse show very
reduced organic phosphate twelve hours~after initial temperature
increase;; In iact conﬂlderlnr all qpec:Les there was no ngnlflcant
dl’fewerca Hetwmpn fhe mesn anountis of "ree phosphate de ec+ah1e before
and after ureat1ent to release orranic nnosphate (etudents t test
-t = .n9ul‘w1th 22 d,f, =~ 30" <' < 40) an‘analynls of varlance
;; comyér1Q” tb@ percevtawe 6 orﬂanic phosnhate of éach'of-fhélspecies

 r xeﬂlcﬂ no sisniy i cant dlfference hetVPen them (F -1 45 w1th 2, and 9
desrees. of freedom, NDT_siqnificant at;ﬂﬁ level). |

| :v TaEle 4.?,vwives the results‘of déternﬁnatibﬁs ofbthe péréenﬁé;e
o ocgqnlc“nhosphate at 15 C, anﬁ after 1“ hourp at ’500 for all specimens,
consldered as a s:ngle ponulatlon, o v

| Al‘c“ou‘h 1t nust be admitted tha‘h vprlatlon at 25 is

consjde”ahlv frﬂater it is- nroba 1v st1]1 sa? to 837 tﬂat ‘there is a
Qﬁ £: cant ; iffe erence bptween the means of +be porceutawe of orpanlc a
phosphafe aitbkthe two tempera’cures (stuc’e,nts»'b te tg co*nﬂarlson of meanse
of uahples of unecual ﬂlves (t = 3, Oﬂ W1th 21 defay 1 CF < 1),
. In flgure 4.2 for PacL snecles the orﬂanlc nhOGhvate
,determ;natlons at 15°%¢ anq after‘lz hours at 25° are plotted. © This
-V-figufe?shbws cléarlybhbw in all specieévthe»o:ganic'phdsphéte is quite

astlcallj deple ted 12 hours after temperature increase,
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‘Tgble 4,7

 Orpanic phosphate in abalone foot muscle'atulﬁoc, and after’lz houre

at 25°C.
nganic‘phoéphatevas a % - Organic nhosphate as: a“o
~of total phosphate of total pbosphate
. merated conditions 15°C " aerated conditions 25°C
14,7 15,3
7.0 5.4
T0.4 9.4
T G8eD 11.7
50.4: 29.6
B3eB 0
2344 2.8
2l 6.0
411 2.7
ST 4.0
47,7 14,3
2849
mean £9,8 mean - 1C.9

At the time of sampllnv, and for s ome hours nrev1ouslv the
ﬂanlmals hau 5101u.no S1ﬂns ‘of movement} 1t can therefore he falrlv
gaielyr aasumcd that the 1ower1np of the organlc nbosnhate in the foot
%mvcle ie not & result of rvsoular act1V1tvo’ Tt therefore appears that
,ttbbloferih of the or{anlc phogrhate in the alalone foot muscle after
an aJrupt temﬁerauure increase clogely. res mbles the Tesponse to total
_anoyno condltlonm ‘ owever the depleﬁlonAof the ornan1c phosnha+e is
nentnar qulte s0 rén;d nor qulte drastic_as in the‘latter case,

I oronose that the partlal depleilcn oo tLé omganlc vhosphate
ig, iﬁ’thlw'0383'_nrought about by the fact that v1t¥ the temperature
increase the resplraﬁory ‘and: c1rcu1atorv rysterm of the abalone cannot
uainfaiﬁ éerobic reSpiratiOh at a high éﬁoagh level to ponple%ely satief
bhe aniﬁél!é energv neédé. As the animals used ir thesévexperiments
were subaected to a 10 05 terperature rise it is probahle that the effect
ig exavgerated. pevertheless, in the A-Y.dlfference, xvgen-consumptlon,
and @art f“nc tion exnerlrents renorted earlier in thls study there was

. » N o .
evldence,that aven aiter an abrupt 5°C temperature change the oxvien



Firure 4,2

Crarh showing decrease in the percentage
of organic phosphatee in the foot miscle

of

o ) o
15°C acclimated abalone, 12 hours
~aiter an abrupt temperature increase

40 25,
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trannﬂort’system.was:reaching a limit to its ability to supnly oxyren for
aercoic resyiration.

It can be seen that the QIO of oxrren consumption of I, ruber
Gecreases from 20-25°C compared with that fron 15-20°C (Mig. 3.13).
EoTéover, the cardiac output of this npecies is the larsest of the three
abalone srtecies, It mirht be hypothesised then, that in this svecies
the lowered QlO of oxygen conswiption Irom 20-25°C is to some extent
trougint about by the fact that the circulator: system is reaching a
‘techanical limit in maintalning the oxyeen sunnly, given the in vivo
characteristics of the hlood, n the :asis of this liypothesis, it is
interestin; to note that II. ruber seems to ve af’ected most, in terms .
of the dmoﬁnt‘of the orszanic mnuosnhate nsed after an abrupt temperature

increase (Fig, 4.2). Convereely, 1, roei whose larre oxvgen congurption

Luda

g waintained wost efficiently aiter an avrupt tenperatire increase, shows
;‘Ieﬁdt c5anjé in orwanic phosphate after an increase in temperature

(Fise 4.2).  lowever althoush this is ap-arent from figure 4.2, hecause
ﬁhé'saﬁple':izes are so small, statistically trere are no differences
betweeﬂ fhe orsanic phosphates of the three species after temperature
incréaée and nore Gpécimens wonld have to be exarined before the ahove
W?ﬁuﬁlesis‘coulﬂ'ﬁe_§erified.

| “In the field-g. roei in narticular is likel: to be exnosed to

atrupt temperature changes, particularl~ in the shallow water during hot

Cgunrer weagther,
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Chapter 5

Voriations of ha@nocyanin concentrations in the haenolymph of H, ruber,

e Toel and .

——re

laevigata in the field at West Tsland

s

Sel Introduction

| -In eeveral species of haenocyanin bearing arthronods it has
vLeenﬂwell'documented that the concentration of haemocranin in the
:éaéholyﬁpﬁ varies considerably between individuals,
?uékerkandle,(lQGO) deacribed the variation of haremocranin of

the crab Maia squinado, reporting that at tines some individuals showed

a compiete"absence of haemocvanin in the haemolyimﬁn  He was ahle to
corféléte,tbis'absencé of lLaemocyanin with stages of the moult c¢rcle,
and it Yas been suggested that the haemocyanin may be catabolized to
maintain enersy cupply at thic time (Djan mah, 1970).

The use of haemocyanin as an energy reserve during forced

ctarvation ras.also been suscested for other artlropods - for example

the woodlouse Forceilio laevisy however in this oryaniem no chanre in
aenocranin concentration durins the roult cycle was observed (Alikan,
1971). °  Horn and ierr (1963) have nresented extensive data on the serum

arotein and seruw copper concentration (and hence by inference haemocranin

cbﬁceﬁtraﬁiqn)'ia the blood of the blue crab Gallinectes sapidus.  They
found o considerahlé'range (18-fold) in the haewmocynnin concentrations of
4his rneciea.  Phey found that female crabs had.significantly higher
“gencceyanii concentrations than male crabs, tut these authors could offer
.0 otﬁer eﬁﬁlanstions for the ohserved variation,

vf}‘Eé'iﬁvesti;ated the cqncenﬁration oi haemocranin in the
‘bloé& éi ééﬁé&al b#ecies'of California jialiotig, and found huge
:vagiation (6S foid), ~ "hese concentrations raﬁged from .03 gn/100 ml
£0 i.aé'gm/loo‘nl with a mean of .54 #m/100 ml, and he found that this

large variation was unrelated to weight, cex, renroductive activity,

sutritional state, the depth of water at which the animals were collected,
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orvthe tine of year. As has been discussed (1.1.45) Pilson questioned
the compatability of such larpe variations in haetiocyanin concentration
with any of  the prOposed‘physiolorical functions of haewocranin, He
asked the question: why, if one animal bould survivé, gseeningly without
etress, Wit a riven haemocranin concentration should another aniral
nave a much sreater concentration?

Velscher (1965) also found w—ronounced differences between

~individual concentrations of copper (hence haemocranin) in the land

cnail Helix pomatia. liovever, he was able to find that despite this

large individual variation there was an overall seasonal variation in
haeuocyanin concentration in thes=z animals. in-thié case, when the
aniunls were hibernating the haemocranin concentration was -reatest,
and when ther were most active the concentration was lovest., Petzer
and Pllsén f1974).f0und a different situation in the‘conch Busycon

canaliculatum.  fAgain they found considerable individual variation in

the ﬁaﬁmQCYaninAconcentration between individuals, but they were also
‘able“tp'diSCern.an}overall geasonal flnctuatﬁon, The;haemoqyahin
codoéntrafion rose shafply at the time of emergence from hibeination in
. Lhy'andAJune to reach a mean maximum of about 4x the winter level, In
 ~oth€r:w6rdS,kwhen these animals are most active their Laerocyanin
écncentrafions;are‘highest. Setzer and Pilson emphaéise that frou their
dé{é,,ahd that of workers such as ‘eischer, no conclusions can be drawn
*as‘to‘ﬁhe pfiméry'function;of haemocyanin in tﬁe.snails. vOné fact wliich
‘iﬁ‘évidéntffrom such data hbwévérﬁ is that Ghirreti's (1966} statement
*hat in ;iéllp;Qés;j "dui'ing the life span of an animal the concentrations of
“ﬂéemncyaniﬁvseémé to remain fairly constant under normal physiological
,cénéitionsﬁ,'is not generally correct,

Iﬁ this study it has already been demonstrated that even st
what appear to be extremely low haemocyanin concentrations the haemocyanin
gmntributes thé'najor part of the oxygen needed foi respiration in the

three snecies of abalone. Fbréover, it iz sugrested that in abhalones
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and”CGphnlopods the oxyrgen capacity of hasmocvanin isn related to the
comcehtrafion of haémocyanln in the haemolymnh in a way which will
 con$ide:abiy miﬁimize the variation in the amount of O2 delivered to
tae tissves by naemolvmphs containing varring coacentrations of
hacuncraning,

Concurrently witn the physiological gtndies of this project,
sarrmles of klood taken from alalone in the tield at various times of
tha‘year were analysed for haemocyanin concentration to determine
whethér'Or not there occrirs the sort of variation recorded by Pilson

(19¢5) for California Haliotis.

52 iethods and Materiels

_All analysés for haemccyanin concentrations were carried out
on énimals taken from the Abalone Cove region of Vest Island, South
~ustralia (laprﬂ g Throughout the year, random somples of each species
were ezamiﬂed,for haemocyanin concentration‘pf the hlood., ‘hen possible
an roximately ten specimens of each 3pecies were examiﬁed for this
ﬁﬁérérétéf on éachAvisit to the igland,

“le animals were collected aund qﬁickly transferred to #he hoat
"wneré fhéy were placed in 12 gallon plastic‘hiﬂs of seawater, A bhlood
QGLQIG‘WQS'%aken by inserting a 20 ~ needle into the Tegion of *he pedal
'sinus.and withdrawing‘l'ml_éf'hlood. The rauples were stored on iqe.
Sore Of {hé‘énimalé'were faéged b wiring Bymotape labels throuch the
}esfirafory‘porés, or by attaching a Dvmotape label to the shell usins
‘Vepox'ﬁndérﬁater putty (Vescey Chemicels Timited) (see Chapter 1, Plate
1).11 Thé animale vere then returred, as nequy ag nossible, to the
positions‘ffom which'they‘were taken, having-been exposed to the_air
only fér évbfief_ﬁeriod,in which the bloed sample was removed and the
“tag apyijed'to the.shell. Léhératoﬁ“ fests‘indicated that animals
hléﬁ in:this way survived, without any ill effects, for as long as
aﬁinﬁié ﬁhicb,wefe not hrled. lowever obgervations in the fisld ghowed
that the anirmsle were more susceptible to predstors when first returuned

to their home site. On one occasion when T was returning tagged
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g.'igéVigata to their home sites, I was folloved by a large stingra-
 uﬁiéh7ﬁfen¢hed'the replaced abalone from the substrate and ate then.
<2 tag and shell fragments of one abalone were seen being discarded
by the pradator, » Subsequent checkinz revealed that all targed animels
renlaced that dive had Teen taken by the predator, The affect of
precator action will be discusced latey in conmidering the results.
The tlood samples collected were returned on ice to the

labor?tory, and analysed the next day for haemocvanin concentration

in 1w Hrotein/il laemolymph.

Se2el [ ethol for deterninine hasmocyanin concentration (mrr nroteiq/

ml haenolyrmh)

Using; the Puiret reaction, and a series of solutions of wure
tovine sgeru al?uﬁin ®.3.A.), a standard curve of protein concentration
fe/nl, against aﬁsorhance at 55C nm vas constructed'(Fig. 5.1). All
atsorhances uerévmsasured using a rerlkin I'lmer lodel 124, double hear
flatin;'saecfrOphofometer. A speries of serial dilutione of abalone
haemélynphslin .025i{ Tris=HC1l ,5M HaCl, pH 7.25 were then made, Alfter
ireatrent by the Juiret reaction the nrotein concentrations of aligquots
of tlhoge haeﬁocyahin solutione covld he read frow the stendard curve
cénstfucted using known concentrations of B.U.L.  Further aliquots of
,the-éaue béemooyanin solutions were well chaken in air to ensure
oxvuenation and the absorhances of the =zamnles a2t 346 nm were then
determined. Standard curve of absorhance of the haemocvanin solutions
a~ainet préteih concentretion (mg/ml) were then constructed (e.s. ¥ige.
5.1>b);' Pfor énalysis the field blood samples were centrifured at 2000
‘?Jf&%, in a B9 "ench centrifuge for five minntes %o remove. all debris,

The supernatant was then diluted with ,025M Tris-HC1 .5M NaCl,
nH 7.25. T0 ensure "oun scale! readin~zg the dilution ratio was usuallx
o5 ml hasmolymph: 1.5 nl bulier; but this denonded on the concentration

ol tne fresh hasmolitiph. After dilution the sample was shaken to
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Pigure 5.1 (a)

Standard curves protein concentration

(BSA mg/ml) a-ainsi abeorbance at 550 nm.

~s

Pigure 5.1 (b

Standard curve: protein concentration
(ne/ul) amainst avrorbance of haerocyanin

at 546 nm,



BSA mg/ml

above fthis line

ingccurate

6
protsin concon?raﬁon, 54 g/ml

2

30+
.25}
.05 o



205,
ensvre orygenation, and the absorbance at 346 nn was detsrmined.
From the steadard gra-h Fig. 5.1 (b) the protein concentration of the

gamle could then be deterrined,

Jer Results and Diecusgion

Da0el Secaonal samples

Yable 5.1 rives the results of the analyeis of haemocyanin
eriples taken from individuals of I, roei, I, laevigata and H. ruber
in the field at West igland, Thege results, neans + gtandard errors
of the means are nlotted on Firure 5,2, “or all carples of each
species, Tartlett's test of homoreneitr of variance was carried out to
see viether the veriances of the unonthly camples could be considered
Loioﬁineous, allowing a valid analrsis of variance to he carried out.

Tn tie case of 1. roei there was found to he sirmificant differences
betwean the variances of the Gifferent nonthly samples at the 1% level,
‘owever the diflerences were only just sirnificant. In the caceg of
lie rﬁber and¢ H, laévipata there were no sisgnificant differences between
the variances within either of their nonthly samples, although the data
for :, lggziggﬁg'was aprroaching a point .05¢ P .1 where care would
be needediin interprefing any subseguent analrsis of wvariance,

Analyses of variances were hovever carrisd out for the data
oi,ﬁach sﬁecies. for He roei the ¥ value 6,15 ¢ 12 and 110 degrees of
freedot.élearly‘indicated that at tﬁe .¥ﬁ level there is a sienificant
differehcé between the means recorded throushout the veasr, this is not
uﬁoi@ectad when the pleots on Figure D.2 are exanined, the means of
Yiecerher 1973, and Janvary 1974 being considerably lower than those about
' avyéér;eérlier, with no overlap of the standard errors about the means.
. An snalysis of variance of the data of I, laevirata also

showe eigrnificant differences hetwesn the means of various monthly

it

samples at the ,1, level (7 = 6,15, 12 and 110 d+.), and again, there
are sismificant differences betweon the reans of the wounthly samples

of . ruber at LL. level (¥ = 3.24 § 12 aad 110 di.).



 Table 5.1

Haenocyanin concentrations mz/ml of abalone fron West Tsland ( neans + S.5. of means)

¥ at bottom of column for any month denotes Ho_roei signiticantly hirher than H. laevigata

+ " " B " H. roei i " He ruber
- A1 1 11 " ]i. laeVif'ata 1 " ﬁ' I;u'ber
MannWhitner u test - Willcoxon U statis*ic 5% level of gignificance,
9595 confidence linits)
no., in hrackets = sample =ige,
l.onth
July 4 ¢ S % v g F M A M J J T 8§ o ¥ Dp J F M A M
1972 12973 1974
Ho roei 7.8+ 9.0+ 9,9+ 9.6+ 8.3+ 9.0+ 10,0 5.6+ 8,7+ 7.2+ 7.1+ . 8.0+
73 1.0 .62 .83 .63 A3 41,12 6,0 .57 W29 37 .32
(10) (10} (11) (10) (9) (83 (10} 110} (10) (33 (2 (10)
H. laevi-6.8+ 845+ 2.1+ 6.1+ 8,5+ 5.9+ 4.8+ 5,3+ 5,3+ 4.8+ 4,8+ 5.4+ 4.5+
gata o5 51 447 24 1.1 W38 .49 47 L6l 54 .47 54 .43
(12) (10) (10) (9) (8) (10) (100 () (M (10) (10) (10} (8)
H.ruber 5.5+ 5.7+ 5.6+ 5.3+ 4.5+ 4,9+ 3,5+ 4,5+ 3.3+ 5.5+ 2.94 3,74
' W46 .62 .64 6T S5 B3 .61 .54 A 47 +.60 .6
(8) (9) (73 (9; (9) 10y (10} (8) (9) (9) (9) (9
3
3* 3* * * * *® 3* 8
+ + + + + + +




Ficure 5.2

Haemocyanin concentrations of monthly bvlood
samples taken from abalone at West Island,

Ilots are means + H.E. of the means,
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In~eaéh species then, there are a wide ranre of haemocysnin
~concentrations ror ahy Fiver month.,  Further, at least in H. roei,
‘théée haémoeyanin samples exhibit a different amount of variabilityr in
gore months compared to others.

In ail spécies the mean concentrations of the haemocyanins
~varied eignificantly throughout the saupline period,  This variation
is appa:ent in ¥igure l. Fowever, no pattern could be established in
~the fluctuations of the mean which could be correlated with those
factors described by Shepherd (1973), Shepherd and Laws (1974) (feeding
Apatferﬁs,rbreeding seasons,vseasonal-temperature.fluctuations etcs)e

Fron igure 5.2 it appears that the mesn concentrations of
haémobyéﬁiﬁ_sémpies taken from the end of 1973,'and the beginning of
1974’are'idwef than those taken from the same period a year nreviously
in'éllpthreé speciés;5 Tt wipht be hypothesised a priori that some of
thelsaﬂples'taken at’the start of the third year coﬁld be from animals
'which have been disturbed by nrevibus_ﬂampling, Qéusiﬁg a lowered mean
Laémocja@in-éoncentratiOn,throuah the‘teéhﬁique of replacing sampled
aniﬁéléuin thé'field.” Towever, the serial sampling experiments .
renorted léfer in this Chapter.indiéate that previous sampling should
néﬁ neééséarily cauge a dfbp in haem@cjanin,Qoncentratién, T can
offer'nblexplanation,for:this obeervation.

| The aafa obtained for haemocyanin conceptration of sbalone in
the Iieid:in thie study are very similar té,those obtained by Filson
(1964) dufinfﬁhis study oi California abalone,  He also observed large
variétion in haemocyanin c§ncentration befween individuals, and could
vnot cbfiélatébhis‘obs§r§ati§ﬁs with any factor, ,?iISOn plotted -total
drasﬁie ﬁi{rbgen/100‘ml of bioqd arainet month of samrle collection
(E;ig,. B, Pilson, 1965). Tis data shows the same variable
_characteristics o that observed in this sfudyq  The fluctuations of
the reaﬁ,crganio nitrOgén values arve large and apvarently random, and

althovsh no Tigures are given it is quite obvious frov the nlotes that
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sahwleéitaken From month to month Lave siznificantly different variances.
Ignoring the fact that the monthly samples from any ~iven

spébias'mﬁst be coneidered as coming from different "populations!, and
_con;idering only the wide rangze of haemocyanin concentrations observed
for.eaéh'of the three species of abalone, the [ollowing figures were
obtained during this study: H. roei haemocyanin-coﬁceﬂfratiOns averaged
‘.SGAQ/GﬂQ'ml,’and ranged from ,36-1.51 /100 mls H. laevigata
 haemooyanin con¢entrations averased .59 g/lOO‘ﬁl; and ranged from
'.2441.42 g/lpo nls andlg, ruber haem@cyanin_concentrations averaged
.41vg/100-m1 anq rangsed from ,10-9,° g/lOOml. , Anain; these results
'comnare cioselv*with those observed hy Tilson (1965) in California
a%alowez‘ H} fulgens average .54 g/lOO ml, range .Oé to 1,89 5/100 mls
e ccrrnnata, varage o156 g/lOO ml, ranre 0017 to 1.53 g/lOO wlsg and
I crache_rodi.l, average .38 /100 ml and .210 t0 2,03 =/100 ml, The
derree of varilability hetween the highest and,lowest_concentrations
“cheerved in eabh'South Australian specieé wag most gimilar to that of

e ggggnerodii'where a ten fold rance was oObserved. o examles of
’thevéitréﬁely high (900 Fold) variability as observed in H. corrugata
~wag recorded in this study.

Considering the results of chapter 2 on the respiratory

function of haemocyanin in the a“alone, it can he geen that even at the

lwve 1t haemocvanln concentratlon oboerved in thé‘field analvses (1 mﬁ/ml)

: the hammocyanlﬂ will ccqtrlhute conglderablv mcre O to the tisgues than

‘will the 02 carried in solutlon.
bv'Referring to mollusca, (thiretti {1966) stated:
:ﬁciéSely'reiated’species,do not present sreat differences in the
concentration of haermocyanin in their blood",
An exanznatlon.o Tigure 5.2 however cuggests that H.iroei nearly
alaajs has a hwﬂher mean haewmocyanin concentration than either H. ruber

or Y. laevigata {rom Vest Tsland, ELvidence fromlelectromhoretic and
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irmunological work presented in chapter & of this etudy suprests that

-

e laevigata,bi. ruber and H., roei are relatively closely related,

' In:ofderAtb check whéthér or not the apparently larser mean concentrations
"Qf o gggi were sigmificantly gsreater than those of the other two species,
tbé kahn-ﬂhitney nrocedure was nsed %o compare’the three svecieg in each
.HOnth'where they Wére éampléd at the éamevtime.; This procedure was used
‘in’vieﬁ.of thé fact that the analyses of variances had shown that none
bf'tﬁe‘spéciéS'could be considered a single ponulation over the whole
tine period of sampling. The symbols =%, +, and x presented in Table
gﬁ,llirdicate where the values of the “/ilcoxon U-statistic obtained br
thé‘hann5Whitne5 procedure indicated that the means of two species were
significa@tiy differeﬁt at the 5% level of si@nifioance with 955
confiﬂehce_linits., It can be seen that for every coincidiﬁg sample

“ X ggg;‘haemocyanina‘concentrations are gignificantly higher than those
of ﬁ.vruber,,and~that in 9 of 11 coinciding monthly samples F. roei
’haémécyanin.concentrations are significantly hicher than those of

» g.ylaéﬁigata. - 'In the other {two cases there was no significant
difference between H. roei and . laevigata. Generally then, II, roei
hae a significantly higher haemocyanin ccncentration than either of the
other two species at West Islan®, Moreover, in four of twelve
coinciding samples . laevigata hae a sirmificantly higher haecmocyanin
concentration than i, ruber; whereas in no case has I, ruber a

sisnificantly higher concentration than H. laevigata.

8.2,2 Tarcing Sxperiments

Of 70 animals which had a blood sarple taken and tars fixed to
$iic shell before bein~ replaced in the field only 12 were snccessfuly
recovered and eampled againg {hree vere recovered rore than once,

o s roei were included in the recoveries,
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Animals bled in the laboratory were observed to survive as
10nx in captivity as those which were not bled. orever, observations
in the field surgested that those animals bled, and renlaced in the field
ctood a uuch greater chance or heins taken by predators than other
animnals, A Stingray was observed to gglggﬁ freshly bled animals
free dntroduction), and the cra® Plamusia, known to be a predator of
abalone (Sherherd, 1973) wase observed on several occasions to virorously
attack freshly’replaced H, Eggl, necesgsitating the immediate removal of
the abalone to another site,

I believe it iz largelr the fact thet predators ceew activelr
to'seleéf the [reshly Vbled and targed animals which led to the relatively
1U§ reébvery of tagged animals in this experiment, Fipure 5.5 ghows
the haemocyanin concentrations of animals which were tagged, hled, and
rodd#éred anﬁ bled a second or third time., In sore infividuals
(i. loevigata 1 and 123 e Tuber 5) the haemocyanin concentration
drdppéd‘to a sreater or lesser extent between saunlings. In other
"indiViduals (. lacvigata 2,43 H. ruber 7,% and 10) there was little
cbangé in the "haenocyranin concentrations Letween samnlings, and in still
o%nérs_(j. laevigeta 33 [, ruber 6) the haemocvanin concentration
Lcéfeééed,‘in the case of the last animal after having been stable for
a%~1eastaiive~months previously.

The fact that all three possivle "variations" in haemocrranin
concenfrafion’(fall, stable, rise) occurred cugreste that the nosgikle
éamyiiug-of‘nreviously sarpled animale did not hias the determinstions.

It would seen then, that the haemocyanin concentration within
a yivsn individual is canable of Jluctuating over a period of time.
Althoﬁgﬁ thevobserved changes in haemocyanin concentration were not

always very large the evidence nevertheless surcests that Chiretti's
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haemocyanin concentrations of animals sanpled two or nore

tires in the field.
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(1966)statenent that "during the life span of an animal the concentrations
of ‘hagemocranin secis to remain fairly constant under normal
nEred

reiclogical conditiong" is not tree for avalone, anv more than i% is

for those other molluses which have leen descritved as having a seasonal

“luctnation in haemocyanin concentration. owever, in the individual

e
sz

cucling of the abalone, as with the noyulation samples, the data suggest

10 mottern of fluctuation which might be related to other factors.
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Cheoter 6

Compariscn of phyeical characteristics of haemocyanins

of M. roei, 7. laevizata and H, ruber

.1 Introduction

thig study iz primarily involved with the description of the
riaysiolorical role of haemocyanin in three species of abalpne. However,
inAtﬁis iirnal chanter a briel descrivtion of some of the phrsical
rroperties of haemocyanins is siven., ~ The examination of these
nroperties was carried out with two main ressons in mind:

l. Variation in physical characteristice within a species nmight be
the boeig of variation in the function of the protein, making inter-
nretation of comparative physiological data difficult, Jome variation
iﬁ'%he vhysical characters of the haemocyanin of a single speciles has
’:‘Vweenvrcpoi;terl in the literature,Meswell ond Bokeqiwdusing electromieratic
ﬁécnmiéues Cound hoth qualitative, and considerghle quantitative

nfiatidﬁ in the sera of varions inﬂividua}s of each of the craht species

: CallinecteS'sapidus, ;merita talpoida, and Yea nugilator, t was

tnéfefore desmed necessary to determine whether such variation was
lilely to occur within a given abhalone swecies at,a-certain localityr,
nn@valsd betreen nopulationc of the species at different localities,

PR Uashalso anticinated that an examination of the physical
..éﬁa?acferistics of the haemocvanin mizht enalle a jndrement to he
ale abovt the decree of welotedness of the molecular species,

A priori, it was thousht thet mirpical characteristics night be

correlnted with the physiolosical charactaristics of the haemocyanins,

Ce2 iuritfication and Tdentiiication of the Haemocraning

Faenocyanin nes teen found to he by far the nost ivmortant,
i’ not the onlv, nrotein in the blood of haemocyanin hearins molluscs,.
"' the cenhalonod Octovnus hacmneyanin accovnts for 98 of the nrotein

in the hlood, while in the gastronods Helix, and Busycon it accounts foxr
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O, and QQ% of ile nrotein respectivelv, A small percentaze of low
muleculer weisht protnins have also heen Jound in the sera of sowme

molluacs (ChL"“uUa, 1966).

‘The haenolyanis on the thres species of abalone were therefore

-

investivated wy el chromatorrarhy to determine i7 haemocyanin was the
onl s wrotein nwreseat.,  Loreover, it was thousht that it might be possible
to cetervine if nultiple formes of the haenocryanin occur at physiologiecal

n', as 7as rencrted b Lhoderin and Tareenm (1971) rTor the land snail

Acnatina Fulica.

Jvrs haswolvunh wag removed Froir the abalone by mekKins a deen

imcirion alony the edian line ol the foot, just vosterior to the head,

heemolymoh weliled un in this iucision, and was collected in a
acboe vipette,  Tie frerll naecuolymoh was then centrifused at about
180 x g wor 10 rinutes in a EAC Tench centrifure to remove cells, T
raé than ready for an-lication to fthe ~el coluim,

Semadexr Go79, and revhadex G200 viiich tave “rectionation
voner ol 3,000-70,000, and 5,000-800,000 Gxltors xegpectivelv for
nentidas and slomular wreteins rere initiallyr chosen to ~eparate any
loi melecntilay weisht divpurities and snall wroteins respectivelyr, “Tom

bae aamurecryanin,.

feine lenhadex (200 A:oderin and Kareew (1971) were able to

*he haemocranin of the —astroroed Lchating

fulica. Tt wes articipated that this gel uight dermnnsirate dissociatio

]

oI e abalons hacmocyranin,

Various clu iWLo buffers adinate’ 40 various »H's were uced,

e
o)
o

Tﬁe.eYU%ing buffers used were:



vaéﬁﬂ:TxiseECl, o517 Hall, il 7.25'(whi0h was the tH found for
rfrésh haemolymph in preliminary investigatiohs);
(b) Foric acid - LiOT,, pi 0,05 and
’(c).,025ﬁ Uris4FCl; rP 8.5, the huffer used by Ahoderin and Karecen
(1971). ) The haemdcyanin was also eluted throush the Sephadex
G200 and Sephadex G75 cels in a 0.855 physiological saline solution,
(d)’The‘éffluent ffoﬁ’the sel was monitéréd'at 280 mm usine a flow
throush cell in a Perkin Tlmer llodel 124 double bean srating
spectronhotometer with a Perkin ©lmer 165 recorder, The
éffluent wag also collected in a fraction collector and the
a}sorhance,at 346 nm was deternmined for eaqh fracticn, IFraction
collection was conmenced from the time the haemocyanin gample first
‘nenetrated the top of the ~el bed,  These wavelengths were chosen
because protein has 2 maximun ab sorbance of'about 280 nn, and
haemocyanin has been shown to have a charactéristic ahsorbance
~eak at about 5346 nm (e.g. ickersonand Van Holde, 1971).
Abgorption spectra of the samples were also determined,

Ccue or the pure buffered haemocyanins ohtained after elution
though Jephadex G200 and G75 were concentrated by pressure dialrsis, and
re~-run through a column of Biogel A-bBll, an ararose pel with a
fractionation range of 10C,N%0 to 5,000,070 daltons, in the same buffers
as pfeviéusiy used., This column had been mreviously "calitrated" with
dilu'—tea; indian inl: in 0,15 MfaCl. Tndian ink has a very high molecular
weight, which exceeds the exclugion limit of the mels it was therefore
1ged to measure the void volume of the gel., 280 nm was arbitrarily
chqéen as'the wavelength to detect this large molecule in the collected
fraqtioné.

| It ie known that hirsh pT will cause most haemocyanins to
dissociate (Ghiretti, 1963). In order to simply verify that thie is
the case with abalone haemocyanin, the haemocjanins were chromatoprraphed

on a Biogel A~B} column in ,025N Tris-lCl, p' 10,25,



6.2.2 esults and Discussion

Pigure %.1 (a) demonstrates a t:pical chart record on591
purificetion of the raemocyanin of each of the three abalone species,
$We peais were obtained, both ol which were evident at both 346 ym and
260 mw {latter not shown on the firmre)s  The first peak was mreh
largér than the second., The second‘peak was obviously due to a lower
mnléctlar wvel~bt substance than the first. Abrcorption spectra were
run on the samples which constituted both peaks.

Fisure 6.1 (b) shows a tvoical abesorbtion spectra of the
sdmplos,from peak I,  These sarples have absorbtion peaks at 280 nm,
wnichi indicates the nresence of protein, and at 346 nm and 550 mm which
are typical maxima for haemocyanin (ef, Redrond, 19553 Iickerson and
Van Ioldé; 1971).  As would he exvected therefore, these samples
choved the tyoical blue colour of oxygenated haemecyanin,

Firure 6.1 (¢) shows a t:mical absorbtion spectrum run on the
qarples constituting the second peak.' Unlike the haemocyanin which
constituted théffirst, and much larger peak these samples do not have
absdfbyion peaks at 346, and 550 nm; moreover thery do not show the
tybicgl piotein:maximum absorbance at 230 nu, The maximum absori:ances
récbrdedbfor this uhkgq:n substance(s) were at 320 nm, and at slichtly
1555 than'270 N

Subsequent attempts to identify this unknown substance(s)
Tailedy all that can be said is that besides lLaemocyanin, abalone
haemélﬁﬁph appears to contain one or wore non haevocyranin, perhans
non'wrotéiu, lov molecular weizht substances.

~ Ae the results show (¥i-. 6.1 (a)) onl- a sincle haemocyanin
pealeas obtained for the haemclymphs of each of the abalone species
ﬁiﬁh any of the above buffers and either Jephadex (*75 or 200,

It ig known that rastropod haemocyanins renerally are very

lorpe. Tor exanple the molecular weight of Telix pomatia haemocranin

has heen estirated at 0,910,000 daltone »y sedimentation techniques,
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an&vﬁgbéo,OOO by light scatterihg nethods (Ghiretti, 1966), The
difference hetween these two estimstinns (2,570,000 daltons) shoms the
sor%_uf error obtained in neasurins the molecular weights of such large
proteins, It wae possible therefore that the abalone'haemocyanin may
have been dissociated, but that the subunits were still too larme to be
jmpaﬁeﬁlby the pels used, and thus appeared as a sincle peak, T'owever,
7hen the haenocyranins of each of the species were eluted fhrough Tiorel
A-5T_wiﬁ£ each of the above uentioned buffers there was still no evidence

- of "multiple forms" of the hraemocranin such as were ovgerved by Ahoderin

pné kareeﬁ“(@&?l} Tor the haemocyania of the larse land gastropod Achatina
aﬁ ﬁh&siolnxigal_pﬁ;_

two deterninations of the void volume of the Biogel A-5I column
ere made; - They were (1) 52,45 ce and (2) 85,1 cc with an averare of
86.78 cc.

The elution volumes were calculated as the volumes eluted Letween
the time of sample penetration and the time at which the half heisht of
the,leading edre of the solute peak was reached (hiorad Laboratories, 1971).

“hen the haemocyanin of E. roei was eluted through the liorel
A=B . columh’ir..OZSK Tris HCl, 577 faCl, p7 7.25 the elution volvmes Tor
tiree Qetéfminations vere found to be (1) 9.3 cc, (2) 97.4 cc, and (5)
lOG;O;cc with an averace of 93,2 cc., 'ron these resvlts it would
opﬁear'that the elution volume (Ve) of the hasemocyanin throush a column
01 araroge Dicrmel AD-II is glightlyr larger than_the void volume of the gel,
sugresting that the haemocyranin molecule is beine glichtly retarded in
its pasmage through the gel, Thie would indicate that the haemocyanin
of_fﬁé ahalohe‘in thie buffer adjusted to phvsiolc~ical pH, has a
mﬁléculaf welght somewhat less than 5,000,000 daltons,

Lﬁen the‘haemoéyénin was sluted with ,025M Tris HC1, pi' 10.C,
tioough this:qolumn the elution volume was rreatly increased to a Ve =
150’cc:(avera:e of two determinations). It i= epparent then that at

high »lT the sbalone haemocyanin is dissociatiny into a smaller molecule,



Ficure 6,1 (a)

A typical chart record rade durinz cwomatogravh

1

of abalone blood on a Tsphadex C75 column witl

02510 Uris HCL, .57 JaCl, pl 7.25.

Figure 6.1 (h)

Absorbance spectrur of ahalone haemocyaning

avsorbance peaks at 280 nit, 346 n and 550 nm.

Tirere 6.1 (¢)

hbsorhance epectru of the low 1wlecular weight
vnknown" separated from the haemocwanin Auring

chironatogranhy.



Fig61a TYPICAL CHART RECORD, PURIFICATION OF ABALONE
HAEMOCYANIN —0-025M TRIS HCl 05M NaCl, pH 725
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with a subsequently slower passage throush the gel column,

640 nStgrch Gel ¥ lectrOphore51s of the Uaemocyanlns of the r’h:a."ee Abalone

R

Species - Nallotls ruber, Taliotis roei, and Haliotis laevigata

ElectrOphoretic commarisons of hlood proteins has lon~ been
vsed o cstaollsh relationships between and within grouns of haemosglobin-
1ear1n”verteorateq (e.ge Pollitzer, 1959; Sick, 19613 Sinderman, 1963;
?ertini, 1962; Gorman et al., 19663 = Talder, 17663 ’Néwcomer, 19673
Coate§; 1967;' Shaughnessy,‘1970). | he technique hdé beén used with
mdré limifed success with haemocyaning, Woods'gi al. (1958) compared
the electrorhoretlc vatterns of a wide range of invertebrate sera.

They were able to demonstrate that the blood of the-various gpecies had
characteristic electrophoretic natterns, They detected no individugl
variétioh ﬁithin.a snecies,  Their results indicated that the
haerocvan"n ﬁatterns of closely related snecles were llkely to be

'simllar,‘ For example, the two hermit crabs Faaurus longicarpus and

rajurug pollicaris showed very sinilar haemocvanin patterns, virtually

indistinguishable in the Pigure 1 of their paper. Again, frOm this

L}

figurc it can be seen that the patterns of the three species of fiddler

crah Uca nlnam, Uca puenax and Ueca E}flla sor are very s1r11ar. Yoods
e g_.- 01nt out thau in some cases the similarities in pattern can he

extended beyond generic level to sroupings of families; for example

the natterns of Ogalipes and Carcinides in the Tamily Portunidae are

very similar, ‘Yowever, thev emrhasise that care rust he taken in
interpreting the signiricance of this hicher order (roupine, ag the
third Fertunid exanmined, Callinectes "has practically no similarity to
théAOt wer two" with regard to electrophoretic patiern, In fact, from
Firmre (1) of this narer T helieve it is difficult to say which of the
Liree species moct closely reserhles ery of the others,

Manwell and Baker (1953) electrophoretically exanined the

haei:ocyaning of ceveral species of marine arthropods, Their results
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virtwally support those of ioods et al. (1959)., Tbey found species
syéciiib'haemocyanin patterns for the ahimalé they exarined, Iowever,
) th@y'ﬂid de%ept gome variation between individuals of a given species,
ths»variafion was largelyr guantitative, gome "hands' aprearing more
stroa-ly in some individuals than others. They did detect somé slight
qualitative differences, particularly in vhat theyr term the “"dianisidine
oxidase nctivity" (see llamwell and Faker, 19¢3), Ilowever, none of these
iifferences between individuals were great enouch to ohscure the
difference retween species,

hoir studies lead them to conclude that at least in the case
n. arthrovods the "considerable smecies specificity of electronhoretic
gernm patterns'hclds gome wromise of being useful in systeratic
rolationsiips...". Other workers such as Tnove et al., {1969) have
examined‘ﬁhe electropheretic patterns of haenocyranins. Their worlkt has
conportad Jamvell's ohservations of sbecies specific patterns of
hagnce; anins, s1ithout contributin. in any way to the idea that
givilarities and/or differences in haemoecvanin patterns may allow
-evélustions of relatednes: of the speciesc,  Comnarativelr little has
heen donejin'the way or elecirovhoresis of molluscan haemocyanins from

el

thir moint of view, althous~h the technicue has hecn used to demonstrate
‘(irsociation characteristics of particular snail haemocyanins (7liiot
and Hoeveke, 18G0),

‘In thie study the mzenmocyanins of the thres experinental

abalone svecies Ho Tuber, He roei, and H. laevigata were examined with

thie idea of gainiuns some idea  of the relationship of the three »rotein

sneclies,

Shepherd (1973) has pointed out that there is considersble
'cbﬁinsion.in the taxonom of the [I. ruber complex, due to the variable
ubrfhoﬂcgical appearance of thiz species, Similar variability occurs
~ in the appearance of I. roei specirmens. With this in mind the

haemocyaning of large numbers of H, ruber, H. roei and H. laevigata
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i'zeu tqe mair,study'aranPQSt Teland, were exemined electrophoreticall:,
fin ordéi to;see whether any polymornhisﬁs couid he detected in the
haémécvqnins”whiqh éould perhapy Ee asspciatéd ﬁifh-reéognizable'
sorpholosical formes . Animals of each species from other areas were
va]éb»compared to those at Jest Igland, Tlectrorhoretic'compariSOns
of‘the’twé'other ~outh Australian abalone species H. emmae and

L« trelobates were rade with the experimental species.

6.3;1“_k§thod

viSlectrOﬂhoresis»of the haemocvanin was carried out using a
simplifiéd.sfstem of gtarch el electrovhoresis which was based
fﬁndaméﬁfélly‘on Smithies (1955) horizontal method, modified to iwnrove
iesdlatidn (fhnwell, personal communication5‘1972).

L counaratively steep voltare rradient (500 volts power éupply)
ﬁns ﬁced; witﬁ plassvbaoked el traws containin~ relatively thin, short
“raio.“ ™iie decreased‘tha renning time of the ~el from 8-16 hours
(ty35031 6f71cw voltage starch gel electro&horesié)_to about three hours
vpefiﬁel;1 A1l electrovhoresis was carried out in a refrigerator in order
to aymid-d;stortion of thé gelé due to overheating, = The Ferguson-
wella¢e'(l961} dircontinuous huffer systen was used.  The pH of this
hufferfwaéyaﬂjusted to 8,0, the p7 ol the bhuffers used to electromhorese
‘haemocyranins by lianwell and Paker (1963), and Inoue gg'gl,(1969).

ey “It is known that hishly alkaline conditions lead to the
fﬁi&aoci&tinn of the haemocranins of many orsanisns (v1liot and loebeke,
1éea,'1970; Creber, 1968),  Gel filtration of abtalome haemocyanin in
alzaline buffers have suggestéd that thie ie also true of abalone

haemocyanins (section 6,2.2). Tt was therefore decided to runm the

laenocyanins of . roei, H. ruber and M. laevirata at highly alkaline
7' to see if the dissociation wehsviowr was the same in each case,

yrig bufferc have been used 4o demonstrate dissociation in gastropod

haemocyanins (Blliot and Hoebeke, 1968, 1970}, so an electrovhoretic
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alkaline buifer (Shaw and Frasad, 1970).

A% the end'of‘electrOphoreéis the ~els were sliced horizontally.
Pne‘halfiof the oel vas stained for total vrotein with .35 Anido Plack
10k ¢issolved in 1 nart glacial acetic acid:5‘partévmethan01:5 parte
distiiléd’water. The other half of thé-gél waévstainéd for haemocyanin
uy the method of iianwell and Taker (1963), This gtain, which makes use
of the dyé G5 dinethoxy benzidine and hydrosen peroxide, is specific for
haeﬁoéyan;h'o: other suitable 3202 coupled neroxidases and has been used
successfullylﬁﬁ other authors to demonstrate the presence of haemocyanin
on géié (Inoue et al., 1969).

6.3.2 Zesults and Discussion

Theinumher, species and locality of individuals examined for
thé’élecﬁrbﬁhoretic mobility of their haemooyanins is as follows:
20 ¥. roei, 20 H, ruber, 12 H, emmae, and 20 H. laecvigata from'West=Island,
12 g.,;ggg; 12 H. ruber and 12 H. laevigata frbm Cape Jervis, 12 H, laevigata
»andvlé‘i.‘cyclohates fron Tipara reef,
B Comparisons between species and localities were nade on the
ksamé velé..
K. laevigata

At this pv s laevigata demonstrated a single haemocyanin band.

i1

Jiie band stained with hoth the amido black total nrotein stain, and
the dianisidiﬂe-EZOz stain., o non haemocranin protein was detected,
dicure G.2 (a), {») shov examples of two rels rvn with Vest Tsland

Q; 1acviﬁufa‘haemocyanin showings the t7pical sin~le haemocyanin vand.
“he?photégraphs are talken of the amido black stained half of the gel

' és the'dianisidine-HZO2 stain rave a nuch lishter band. Althourn
there wuss congiderable varintion obgserved in the concentration of the
‘haemocyanin Pands in various individvals from West Island, there were

no differences in mobility,
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1sléc£r0phoretic comparisons of haemocranins of I, laevigata
taicen "fro;n Cape Jervie, Tipara reef, and %est Island revealed no
Ll‘ijffe':?mcm %etween the various locqlltles.
t.' ruber

| All e rubexr from '/est Teland had a sn.nrle haemocyranin hand of
vic?jen“bical 'mb’oility on electrophoresis at pi 8,0 Tir. 6.2 (e) (f). As
in the case of. -laevizata there wae some variatilityr in the concentrations
o1 tre Lgms. nimilarly, all H., ruber from Cape Jervis had sincle
.}me;nocyanin bands with identical mobilities at 4 5.0, However the

109ility of the haemocyanins of Cape Jervis individnals was less than

at of ‘L'IF’ West Teland individuals Mie. 6.2 (@), The mobilit;r of the
nacenocraning of 1Te ruber from est Tsland was identical to that of
H, Wa@vwa a (Vigure 6.,. (g) (h)s

o
T

e roei

- Unlike the other two experirental species !, roei consistantly

had 1o wi2ll defined hasmocyanin bande at vT 8.0 (Fig. 6.2 (¢) (d)).

Toth bands stained with amido hlack total protein stain and with the

<Zianiéidine-ii£202 stain, This was interesting in view of the fact that

onlr a sin~le haemocranin mealt could he obtained using mel filtration
(A §

of this has emoc vanin at pr 8.0, “"here vas no qualitative variation

hetiesn individuale although differences in the concentrations of the tw

Tande vere ongerved (vig. 6.2 (e} (d1). The fast hand of the H, roei
hasmocranin lad a mobility identieal Yo tuat of H, laevigata and . ruber
from Vest Teland (Jig. 6.2 7d)),

K. cyclobates ~ . ermae
“laemocyraning o individuals of the two species H. gyclobates
and il. emmae were commared to the experirmental species Tipure 6.2 (g)
is 2 photocranh of a mel comparins haemocyanin of ¥, laevigata, . ruber

and . emmae .rom 'est Tsland, and H. cvclobates from Tipara reef, The

mohnlity of H. ermae haemocyanin iz identical %o that of the other two



Fileure 6.2

Repregentative starch gels showing the
electrophoretic mobilities of abalone

laemocyanine

~els stained for total protein
rels a - 1, buffer pll 8,0

zels j and k, bulfer pii 10,12

Key

sw
it

‘est Teland I, ruber
Rj = Cape Jervie [l. ruber
L = H. laevigata

R, = Ho roei

L =d. emae

C =H. cyclobates

The numbers refer to specific individnal aninals
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west Teland snecies, ‘H. cyclohates has a haemocysnin nattern which is
- orite fistinet to that of any of the other four smecies, - It has two

lnerocrenin bands, both of which are congiderably faster than the single

handg oﬁli. ruber, H., laevigata and H, ermae, and the leadinz band of

He roei 'imemocyanin,

2 : N . : ) . . \
Figure 6.2 (i) is a conposite picture commaring the results

obtained for electrophoresis of the haeuocyanine of the five South

- Avztralian obalone species at yE 6.0, H. laevirata, H. ruber (West

Tsland);’and‘g.‘emmae,are indistiaruishable; H. ruber from Cape Jervis
has:é éliﬁhtly'slower haemocyanin than the above three spegies,,but:still,
‘deéonstﬁgﬁés.ohlj a gingle haemocyanin bend. - H. roei has two haemocyanin
%andﬁ,”oné 6f which is identical to the single band of the above Jest

Islan® opecien, I, c¢yclobates haemocyanin has two bands which are guite
g grolonarves oal Hutd

djfﬁeicnivto.ﬁhOSG of any of the other four speciesx. Constructing a
"tree' ol relationship of the Touth Australian abelone gimply on the basis
o sinilaritiem/ﬁifferences of the haemocvanin electronhoretic pattern

‘2t 0 5,0) wonld ~ive the rollewing nicture.

e roei
e laevicata o
I'e ruber (7est Tsland l
. enmae

I, Grelohates

?'a?evér this rolationshin must ba recosnised as only a Jirst hynothersis,
and too much emphasis cannot he placed ov ligeiocanin.characters as a

guide'to‘evolrtion vy relationship without mach more datas marticularly
in vees of'fho_féct that the mohility of I, ruber haemocyanin apnears to

dither in dixTerent localities. It chould b noted howaver that in
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{“-ali-‘for'n.ianjahélone, ‘gome charact‘emstics_[of the haéch;ranin,unamely
uhe a""sr"enlc CﬂaI'aCterlS'b].Cu, have heen found té a,r:éee élosvelﬂf with
_pvﬁ£1ct10nc of rﬁlatlonsnln based on other narameters (morpbolq
Zistribution) lierer, 1967).

Ur. electrophoresis at P77 10.12 0,511 Tris-HC1, Q,5I1 HaCl

-

ce Tober, H. laevigata and K. roei from Vfest Island each have one ngjor

‘haemocyanin band with the same mobility (Fig. 6.2 (3)). = In addition,
iu eacﬁ Sﬁacles, there was evidence of d154001at10n of the haemocyanin,

’ﬁwo to three naAXT oW bands leadinﬂ the major,baechvanin._ The mobility
of theso 1eadln~ bands was v1rtua11 1nd1st1ngulsuanle between species
énﬂi%he nuriber visible appeareqd to ‘depend on,hapnocvanln concentration
rathér. haﬁ‘to reflect differences between species. In cases where the
haéﬁbéjanin'wasvmost concentrated, judeing 1y the density of the najor
1aemocjaniﬁ %aﬁd, the leadins hands showed some activity with the
Ciahisidimé—HOO‘ stain, indicatine the presence of haewocvanin,
4Fi?nré/-. (k\ renrerents an interpretation of the haemoeyanin

s t’mal oI the thiree exverimental species after electrophoresis at
i £ B

i) 1{3.113 Q.51 Trig-lCl, 0.5M NaCl.

Gok “fk“ldlsailOﬂ of South Augtralian shalone

“pnbreduction

Rarly on in thig studr several abalone specimens with an
"appéarende internediate hetween 7o U gﬁ and I, laevisata were renorted
to e by Se Sherherd (Department of S.A. Fisheries),

@ﬁeﬁ, Mclean and Meyer (1971} offered evidence which sirongly
aug eohed thot vatural hvhridizetion occurs between several species of
retern aciidic ahelones,  Their ovidence was iared on (1) internediate
onmecrance of the coft marte of t'e animals, (2) intermediate apnrarance
and Aiwnsions of *he shelle and  (3) immnological data which showed

+hat the leruccyanins of suspected hy'ride bhad antifenic -roperties of

.

the hmemocraning of both narvouatsl specles.



DUTan collection for the nh~91ologlcal ex ﬂeriments of this
*TO“”CH tmo 11vc gpecinens deronstreting an apﬁearance iﬂtermediate te
e muber and Z, 1ae§i?ata were teken, ~ Ulinse specimens were outside the
,”uprﬁaiﬁkliuits o variation of the two large species at West Tslend,
The'mephélogy of 80f+'nartu, shell characteristics &nd irmmwnological
staracter Wsti¢s of the hasmocyaning of the two specirens were examined,

-

Geftel Aﬂncarance and “hell ! orpholomy

The sides of the ioot were a daxri: olive rreen colonr,
interindiate Letreen the characteristic lettuce green o . laevigata
end tre brom-hlack of H. ruber.{Plete 4,. The epipodia vere
f%tormadiete letween those of H., laevigata and H. ruber in appearance,
bein&- 7ider than the fine eninodivm of I, 1aevigata’but not as developed
aw thode of H. roher speciumens of comparable size, ilien clamped to the
subrsrase the cirri and nerroy eninodium vere just visivle, he sraller
cpecimen was imravure and the gex indeteriinste, “ut the larper npecimen
waana ﬁatufo.female vith well developed egge in She gonad. The chells
both had a definite intermediate appearance, both in colour and form
(vlate 4). “ne cnaracteiistic difference vetween the shellis of

A. laevipata and those of H. ruber is the relative size of the spires

vhen viewed fron the dorsal -~smect, A series o’ reasurement of spire

lenst (IW) compared to total shell lensth (IT) were made for both

1, ter and L. laevigata cnrcivens, and compared to these naraueters on
Cthe internctiate shells (Tahle 6.1 Fire 603). + can be seen that hoth

shells with an interrediate apnearance are also guantitatively intermediate

to the shells of 7. ruber and #. laevigata.

Cadald Iﬁmwro1o dical Ividence of Hyurldlzatlon

Meyer (1967) compared the immunclogical characteristics of the
raenocreaning of several Specien of California Yaliotis, Tinding that
their haenocyanins shared varying Gegrees oi antigenic character bhut that

:

cach syecies was distinguichanrle from the others, Owen, Mclean and



Flate 4
"Hybrid' abalone specimen compared to parental

gpecieg H. ruber and H. lacvigata

Shell morphology

11, laevigata Hyvhrid H, ruber

—

oot and epipodium

, ;
He laevigata T'yorid H. ruber



raguva enbe of Lest

Tahle 6,1

island H. ruher, ¥, laevipata and

He zuber

Lo laevigata

W (o) IT (em, LI W (em) IT (om; IW
0 I
5417 12,19 2,35 (1) 4,06 12,9 5,2
Ue7d NJ50 2,27 (2] 2.27 Dol . 1327
57 0,85  2.16 (5} 1,95 .97 .5
8.05 2,29 §4§ 2.7 8,53 3,2
B L4780 10,57 2.18 (5) 2475 D47 5.2
e 417 Q7 2,17 (¢} Dt 10.42 5.2
{7 G.0L 2,38 (%) 3,93 Z.92  D.l
(g, 5,00 2.4 (52 WG 0,05 5,04
{0 8,20 2,19 (o) 1.25 6,26 5,52
G Sa53 2425 {107 4,17 2.7 5.1
{1y Be2  Re3Y 511) Se7 10,1 5,74
12, b 235 12; 2e? % 4,1
(13, 10,05 2,55 (13 265 0,45 3,67
14 11,8 2.20 (14} 1.0 Va8 4,16
{13, .4 2.4 (15) 250 708 3.5
{16 062 Dok (12 32 17,2 5.2
{17} tel 279 nean 3,49
uean 2,92
HH'y‘1 I‘ids"
W (om) T {cem) hig
I
(1) 3. BeB6 2.5
(2) 4.u4 11.8 2.7
mean 2.6
Meger (19710 vs=@d Mever's (1067) technicues to demonstrate that the

stzpected hybiide of California [Joliotis had immunological chavacters

of ot parents.

Yue hacmocranins of I, ruber and ., lasgvigata cannot

distin niched by electrophoresis, It was therefore deciced to investigate
the moeeibility thiat ther could be dictirrmirched immnologically, with
the 1dra o comparin- the antirenic characteristicr of the haemocyanin

o the *two "internediate" specimens with those of the Laenmocyanin of

lte Tuber and ', laevigata.
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“hell ueasurerents of I, ruber, H. lapvigata,

and hybrid avalone specinens; total shell
length (LT), compared to length of the whorls

(1%}, Ineet gnovrs the ueasured pararehers,
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With s1 aht varlatlon, the technlques were the same as those.
described by rever (106/), and used by Owen et al. (1271). ~ The
naenceanin was purlfleo by gel iltration on “ephadex G200 in 3
NaCi,vnné’concnntratad by pressure dialrsic. Merer's regime of six
De5 Tl injectibhs containing 10 mem of protein in Hb NaCl were riven
1njrsﬁé“vallg to Tabule over a meriod of two weeks, The rahbits were
led one week citer the fimal injection,

-Wkén runring the Ouchterlony tests, undilwted rahbit serum
contéiniﬁg the.anfibodiés was used in all casesj the autigen (haemocranin)
GOACGnﬁraﬁioﬁ-Wasbadjusted to 10 nwy%ﬂ.(see-section Je2e1 Lfor methods used
in Getérﬁiné%iqn,of haemncyanin concentration).

e Ouchterlon” tests were run in arar nrenared as describted
Ly Meyer (1967), and cut with a terulata nauterned on that used hy him,
Marer had difficulfy‘in some caseg in definins his precipitin lines,
In én_dﬁ%em@ﬁ to overcome this, a thinner agar laver (1 rm thick) was
Uéed§ ’after.the.precipitin lines had formed the pels were stained in
{ylene | Trilliant Cyanin &, dissolved in “etnanol-ﬂzﬂ°~lacial acetic
acid H:5:1,  On destainins in the solvent the precipitin lines showed

a nright hlue,

Coliat Tesults and Discussion
When the antihody of H. ruber or H. laevirata was Tin directly

airet the haenmocyanin cntigen, a thiclr nninterpretahle mass of

npooinitin linee was formed, "his mrltinle wnature of haemocyanin
antibody-antigen precipitin lines hare long been mown (Hooker and Boyd,

19425 Bartel and Camphell, 19503 ‘lornaene and Fartel, 1962; Merer,
ICFV). However, i for example i, ruver antibod;r was run against

I.e laevirata (or H. roei) haermocyanin a sinilar, slightly lese dens

ware of precipitin lines wags formed, trom this it can be deducad that

He ruber and He lasvigola haemocyanine ghare ruch but not all of their



ntlm nlc charactarlstlcs. Eowever, the précipitin lines were so complex
and ﬂOQLUSPd that no further inforration could bte rained,
The'éhsprption tedhﬁique wes»therefore uged;in which antibodies
0f é given species Were;inéubafed with é BloCkih~ antiren, before heing
ruﬁ againgt other antigens, In nractice a‘sorntlov ves accompllshed g
filling the centre well (Vig, 2o 4) with the chosern thCKlﬂP antiren amd
qllo ring tae well to go dry three times Lefore setting up the plate with
entitody in the ceutral well, and antigens in the peripheral wells
(Tige 244), This technique, used hy Meyer‘(1?67}, rave consistentlr
‘gooé'abéorﬁtion results, and further absorptiorn did not change the
ourerved nrecipitin patterns.
Tn thig case antibody to 3. xuber haemocvanin was incubated
in the centraljuell with Z. laevimata haenocyanin hefore beine run agains
' §. :uhér and Z. laevisata haemocranin (cf. Meyer, 1967)., As would be
xpectéd»the shared characteristics of H., laevicats ta and U, ruber were
bldcteﬁ“at the central well, and no precipitin line was forred about tlie
.+ loevirata peripheral wells. However anti-ruber haemocyanin antilodies
éﬂsorbeﬂ 6n E} lgevigaﬁg haemocvanin éhowed two rrecivitin lines when run
afaiﬁsi its own antigen, Sinilarlr when antibodies to H, laevigata
Hapmhcyénin.were incubated in the central well with H. ruber haemocranin,
no‘rmﬁ01w1t1” lines were forwed at the perlpheral wells containing H. ruber
haenocranin, but a single strong precipitin line vasg Tormed when reacted,
uoive oun antiﬁen. CAgein thic data vointe simply to the fact that
“. rnbex,and H. lggz}ggig haenocranins chare soue, but not all of their
anhigenic CLATACTET o
iow, when the . laevi-ata antihod;” was ahrorbed on H. ruber

swaemocyanin, and run against Te xruber, . laevirata and suspected hybrid

antigen, the [. ruber well showed no nrecipitin line (as would be’
pacteq), but both the haemocyanins of the intermnediate form and of

—e laevicata forued a single strons precipitin line (Fig. 6.4 (b),



Tigure 6.4 (&)

“recipitin pattern formed when Haliotis ruber,

‘Haliotis laevigata and 'hybrid' haemocyanins

are run against I, ruber auntibody asorbed

on Il. laevigata antigen.

Pigure 6.4 (h)

Preecinitin pattern Tormed wlien Haliotis ruber,

faliotis laeviggta and 'hyrhrid' haecmoeranins

are run against He laevigaia antibody ahsorbed

on . ruber antiren, -
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(b) H.laevigata antibody absorped on H.ruber antigen
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'  Gonyérse1v when the H. ruber anflbod;'was incubated with
Jsev1wata ant1~en, the H. 1aev1gata "ellﬂ showed no »recipitin line
»\aﬁaln, as would Te exnected}, huﬁ hotk the E._ruberianﬂ,the intermediate
forn?’sLoﬁéd two»clear préoipitin lines (Tig;:5;4 (é)}.“ ‘fﬁe r@éﬁlt wag

the sare for both inﬁerﬁediaﬁe forms.,. Anoxhér,éet Ofv@iperiments were

then. c0ﬂ6uoteﬂ in whlch antl-ruber and ant1~laGVJgata were 1ncubated with

the "1atermenla"e" haemocvanln "efore beanp run apalnst J, ruber,
e ¢a9v5gata and 1ntarmedlate hacnocvanln. no precipitin lines’formed
in eny case. It is nﬂarent then, tLat as Wlth the ﬂrovosed hybrlds

v.,

dcoceribed hy Uwen et al. (10 13 in falﬂtorn1afaealone,_tne internediate
fprms found at Jest Island havevhaemocraniﬁs:ﬁifh.txe antl genic propertles
which areitha saﬁe as a miiture‘of H; rubériaﬁd Ho 1aeviggta haemocyanin.
On the basis of an1mal morphology, shell morpnolor“, and
antlgpnlc cnaracte* oi the vaemocvanlnﬁ it would apvaar that the two
"1ntermeeiatm" Lorns oollectﬁd at West- Ts‘and are naturally occurrin:
Fehrids, %etween-”. ruuer, aﬂd L. 1aev1gata.k 4 total of Over 560
nnimais‘of»phese two species were coliécied for-physioloﬁiqélAstgdies_
during'.he coﬁréé 0f’this week, Ho éfher'éﬁépecféd hybrids were found,
The occﬁrrence of thrlds between i. fuber éhd H. iaévigaté at ﬁeSt
.Island 1» t%erefore pxtremelv low, less than .5&%»
’Td 'vbrids between,ﬁ. roei and either of the othervtwo species
vere féﬁﬁd.:
C e Samla_:g'y v
1a Hééﬁbéyaniﬁ ié thé’majqr;vif nét'{he'oﬁly, pibtein.bccurridp in the
/haeﬁdlv%hh of the three abaione sneciéé; Unlile the haamoevanin of

the Iarrm 1anﬁ ¢a "trODoﬁ Achating fvllca (Akoderln and Karee 1, 1971}

the hannocvnnln of - the three abalone spec1es a“rarantlv ccours in a
°1n 1e deecular form at nhvs3olo vcal Pt ._ .Ll‘e other gastropoﬁ
qaemoevanlnﬂ it 1@ an oytrotel large ﬂolecvle, Hav1ng a molecular .
weir nt aomevhat less than 5,000, 200 6altonm at nhv51olo 1091 pH.

;raln llke ntzer gactropod haeriro "anln hirﬁlv slkaline counditions
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“ecansge the a“alone raemocranin to discociate into lower molecular

veisht enbunits,

(n the hasis ofvelectrophoretic'cdmyarisons of the hasmocranine of

the three ahalone species it ie sugreated that althongh all the

lwerocyaning have shared electro-heretic characteristics those of
est Island I, ruber and [. laevigata are more similar to each other

than either is to that of F. roei. Tt is sweested that in the

RGN

~cave of B, ruber different nopulatione have haemocranine which

Gewovstrate different rolilities of their haerocyanines.
Evidence hag been presented thath naturally occurring hyhrids exist

vetween B, laevirata and H. ruber at West Islan’,  These hrbrids

have haewmocyaning which poscess the antigenic characters of bHoth

navents,  Yhe imwunclogical evidence supports the electronhoretic

dnta in regard to the "eclossness" of the haenocyaning of thege two

LGN CIAt,
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Ceneral Summery
1. The §Xyﬂéu,equilibrium‘CEaractériétiCS'of the haemocyanins of
thg thieefépecies of abalonefare describéd,~coﬁéidering.a range of
‘tenmerétﬁfe conditions and a ranve 6f_002 dohcentrations. The erfect
on thevdxjgen équilibrium cﬁrves of directlylvaryinvlpﬂiusing é»%uffer”
(Peimbnd;;l96§} 35 also 1nvost1gated. | L
| 'xﬁtlanﬁ,aivén temperature, in thé a%sénce of CU, the Py, of
e ruber Jaemncvsnln ig mrpater than that o3 'i; lée#igata haemocranin
which is'in turn prpater than t;at of “ roeixhaemoc”énin; “The PSO
"ﬂlaes of all three species change markedIV'w1th tnmperature. ‘ Over
-the‘;nVestixated‘temperature range (7~85 C) there is little difterence
in the overail séhsitivities of the thrée.épeéies' haémocyanins to
femperéturé chanye- however n. roe1 naemocvanln is sllahtly less
‘:L :psrature sen31tive than thoge of the otner two specles over the raun-e
"‘from'T—EOOC{- vf.'roei haenocranin is alsc'moreLreeistantAto heat
,nenatﬁratlon (08 C) than those of the other two species.;
k The naenocvqnlns of all thrpe En901es dpmonstrate a marked
revarse BoLrjeffect in the presence ofrincreasinﬁ”cnncentratinns'of Q0
Atball temyeraturnc thisz reverse Fohr eff@ct is <'ll.gch'bl;)r greater in
i ruber txan in H. laovigaua which is 1nhturn "r@ater than tqat of
;.‘romi 'T1erefore, din the nresencp 01 1ncr9381nw concentretionu of
00 o the observed differenees in the :50 valueb of the thrpe species
‘ranidly diminich; ‘ Vn iact, at lpso temperatures little difference
can he seén 1n the T-O valves of the three Sp961e“ at a PCOZ over about
4 mm e (Clapter 2, _1b. 2 4) Nevertheless,,at CQz‘tensions liké those
in the,arteries;oi the analone the PSO of H.ifuﬁer is preaterbthan that

of H, lae ata, Whch in turn ise gmeater than that of H. roel, reflecting

ﬁhe'paﬁternvtound in the comvlete abscncevoficoo,
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-Diréctly varyin~ the o7 of abaloné hég@éovanin by means. of
buiTera s 1 .7ivés rige tO'a Teverse Bohr~effect.in'aliyﬁpééies." Arain
thlﬂ efLect is greate°t in ¥, ruber haeﬁocvanin; with H; léevigafa
'vuaomncJanln show1nﬂ a sllghtly more ﬂronounced effect than that of H, roei.
':0wevcr altnou“h the "buf*er“eXﬂerJneﬂtq 1ndlcaupd the same peneral trend,
'compa¢1son of results with those ohtained hy dlrectlJ var"lnr P
. 2
1nﬂleaue that “the mu4ferq need %o vary pd \Redménd,*1962Q cause
abnqrmalitiés in'the position,of abalone okygén.equilihrium curves
{ege even at physiological o).
g.,,' ' | Oxv"em capac1t1es o the haﬁmocvanln ‘of all three sﬁeciés have
heen measured!'and related to haemocyanin coacentfatioﬁ_iﬁvthe haemolrnnhs.
E;itb'iﬁéﬁQQSéd haémdc&énin concentration the OXyﬁenrcapaCity—of the
‘,haemolymphbalso increased. ~ However, unexpeéﬁedlv'é#er é widejrange of
,haemoc"anln concentraflons, 1.1 pr/ml - 12,9 m/ml (all spec1es)g this
relatiqnship‘was no strictly linear, At‘hiaher ccncenirations the
haemodyaniﬁ ﬁas”fouﬁd'to Ee'hindinm propdrfionélly'leés 0, than lower
f'concentratiéns;  This Tact (not without precedent - Johansen, 1965)
1g ﬁigcusSGGIin‘détail in Chapter 2 (section 2.3.2).

.' At'thé saﬁe,haemOCfanin concentrations, the oxygen caracities
oflthe haemolymphs of the three svecies are the same, However measure=
rentsvindicété that haemolymphs of T, roei specimene consistently have
hi{her haemocyénin concentrations (hence O2 caﬂacit;es) than those of
-bhﬂ otr¢f;two~apecies.
o,'l'  N Pbasuiements Lave been made oF 1‘“”erna'l P -~ and ?CO at

) ‘ 2' 2
arterial and venous sites, in all three rspecies o. abalcne,

This data has then heen related to the oxygen equilibrium
characteristics of the haemocraning, the O capacities of thie haemocysuing,
and the ﬁissqlve& 02 content of the haemolrmph to describe the O2 delivery
of the bidod of the abtalone botn at an acclimation temnerature of 20°C
éna also éfieﬁ ah.a%rupt temperatnré inereage irom 20°¢ to 25%C. A

Aetailed commarison of the in vivo function of the haemocranins of the



252,

nree. h801°9 at 20°C ie Jiven in section‘3.5;4£ and summarised iw Nable
2.16. ,zenerﬁll the form ox O exchanwe is very szmnlar in all three

dCiQS-? *n an "aver el spe01men of any snecies of ahaloqe tae
-‘haemoc:an*n dellvers most of the O to the tissues ( @u 1n . gghgg, glo )
-in H. Jaev1fata,‘and 91% in H. gggg), with only a relatively smsll aﬁount
aﬁéiaﬁ delivered in solution. Tven at very low concentrations (too low
fe 1e ﬁetécted hy eye) the haemocyvanin delivers ruch wmore 02 than that

arriel in,séiuﬂion.

cspite the reneral similarity between sv»ecies, simmly Ly

virtue of its higher haemocyanin concentration - hence higher 0
cajscitv,';vthe'héenolymﬁh of f, roei delivers considerahly more oxygen
0 iﬁe ti§shes-for respiratory crcle than that of the ofher two snecies

C!'t. 20 Co

Pecause of the consideralle arterial-~venous gradient in Pcﬁ
, - 2
'in 21l species, the reverse Bonv efiect mlays a maried rolé in reduvcing
e
[

ke ‘amount of O, vuloaded to the tiscnes of the atalone under normal

-

civenugtences, - Possible nhyrsiolocical advantapes of this effect are
“diccupred 1ﬂ c-otion 2,3.43 in the light of knowledge of the habits and
ecolog#fof south Austrollan ahalone,
anl g . . . g A0 or 0,
Althousi after an arupt temnerature chanre Jrom 207 to 25
‘he. o"vfoﬁ'equilihrium curves of 211 species ave dianlaced markedl: to

the right, the in vivo ¥, (and 2, ) does not immediately adjust (cf,

2 Oy \

Faiknﬁékiy 1978).. ”He result of this ig that the hi- her teuneratuvre,

0

wnen 0, demands are preater (see 4.} the haewocyanin in fact delivers

A

Less, not more, 02 to the tissues per resgniratory cycle - althousrh gtill
-.ﬂwl"vanq ovnr A0S o” the total O O, in each case,
Thig reduction in ”e”+301ency“ is greatest in !, roei where

‘tbe nﬁan”arterial TO after the abrupt temperature transfer wasg found
i - v 5

to be gli-htly lover than the ueon arxterial Pﬁ ot 20% animals,
Vevertieless althovsh after the abrunt temperature increase to 257°C

the hasmocyanin ol B, roei only delivers 6455 of the oxygen which it

o



ﬂrlivarr~~t U ”, “mcause of the greater 0, canacitr of the haemocvanin
0f thiisg ﬁp@cies the actnal amount of O, delivered hy the rgemolymrh i

: 0 Ry NaRY
111l preater vhan tnat of the otlhier two snecies,

rossible reasons for the ahsence of au immediate adiustment of

in wiwo i“' in ragvonse to au abrupt termerature increase are discusced

o CXY{GU congumption, and heavtrate of the toree abalone specieg
 baVe ﬁcén‘ﬁeawureﬂ under conirolled conditions, he iater-relationshins
-»wn;«pﬁv t:,. .actore, and the in vivo “rnetion of iaemocvaning nas leen
;QnJ’_lOM; ﬂwd va]nvu for cerdiac outnut, and stroze volume have been
c:lculated both for animals at the acclimation temrerature ZGQC, and. vor
.pninals»whicu'ﬁgvc ?een’subjected to an alrunt temperature increase

40 2%,

f_Thé active species T, roei nemonstrates a hicher oxygen
[‘consu ptlonftﬁan’either of the other two Speqies at the acclimation

terperatvre 20°C., TNowever cduve to the sreater deliverv of oxygsen to

tiie tiséueﬁ.her resniratorv cyele 1o the haemocranin in this species,

,thp carﬂlac output of ll. roei is actuaii§ considéraﬁly levrer than tlhat
of the otner two soec1es at acclimation uemnprature. | e higher
naamoofanin_concentration in the “lood of this epeciss therelore apnears
| td_aﬁablé‘i% toféXpend relativelr less ﬂcirculatory_énﬁrgy” to maintain
s a*rn‘ef oﬁ%ﬁen conshf@tidn, than the n+mer 0 "@ﬂ01es.

Jﬁftor an a‘runu tenn@ratur( chanre +ﬂ 25 , elthouph all
éyncios de netrate increaced oxzreen 001cumntloa, t“e increase (relative
1o the Zbogvvélue} is fréétest'1A I roei. Yhe A=Y dirference in vol %
‘og oﬁy:eu;of this epecies hag however Tean shown;to:Undergo-the greatest
VTelati?e fedﬁction in response to an abrupt temperature change. Hence
:tha fel%tive,inq:éape in cardiac ontrut of Il. roei “rom 20-25°C ig creater
7thanitnaf of.either of thé other twe snecies. : Ho&ertheless, aven a.ter

Cthe uhrupi temnerature change, 1in ahsolute verus thﬂ A=V -drfference vol %
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of Onyen of T. roe1 ig stlll rreater than tha* bf thn ofher two specles, "11

and is in fact large enough to engure +hat at 25% its cardlac ontput

is still qulfe comvarable to those of the othar speclee, even in the face

of a cong derably blnher axvgen consumntlon.:

i The 1ncrease 1& h@artrate and s+r0?e volnme neeessary to ;
maintain the increased cardlac Ouuputs of all three snecies. are
discugzed in sectlon 3.5.16. ~4e would he exnec*ed the’ preatest,'.

1ncrea"es in- these parametera relative to tha 20 C values occur in

g,%TOei. . Neverthele&s, the 25°% valmes for fhese parameters f@r ’
He roei do not differ ﬁreatly to those fcr the other two specles.
“the 1aartrqte beiny sllghtlv 1r°ater, ané the stroke volume belnc

glightly smaller than those of q, laevigafa and . ruber ’Table 3 2;2\

= summary o all thp éssential parame%ezg neasured in this . -

ctudy of the 02 exchange svatems of the three~spwc1ea of abalone is
rivér in'séotiOnlﬁ 4y In t%e 11pht of knowledge of the ecolnrv of the
sne01eg, the possible sign1fieance of the hluher 02 caﬂac1tv haewolyvuﬂ!
of . roei is dlscussad. | | | /

5. » The ﬁ@ﬂSlbilmty Gf anerobie resplration sunplement1ny (or
even rnplaclnﬂﬁ aerob;c resnlrafnon in abalone during tlmee of vapen
stresq hae 3\e»en 1nvest1gated. g : |

It Las heen founﬂ tha in couwletelv anaeroblc condltions ell»k?u”
abalone apparent1J make a "last ﬂltch stand“‘ us:nw up "Flgh energy”
phoqﬁlaté storea to. maxntaln metabolic prccpsses for & llmlted period._-”
It is apﬂarent that beyond thms xeohanlsm abalone uave no ahjlwtv to
survive prolonged Deriods of anoxic condltlons.

An aorupt 10% temmerature increare apparnntly has a s1m11ar ,‘;‘
thouvn not qulte 80 drastlc affect as complete anoxia on the ‘high energv ¥
phosphatn store.' It 15 prOﬂosed that as 2 resnlt 0* such a temperature_:’
rzoe, in the faoe of increasea oxyren consumntlon, but decreaseﬁ in vmvo_

92 dellverw by the haemocyanln, the. oirculahorv meczanlsms mlght not be:”
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able to maintain the oxygen supplv at 8 hlgh enough level to meet the
animal's metabolic demands.' In such casns the dephosphorvlatlon of i
hign energy phosphate bonds'Snould tlde the animal over the perlod of‘ va£ :
ad justuent to the new temperature - until 1n vivo gas Len51ons adgust .
go that the naemocyanin contrlbutes more oxynen to the tissuee ner
respiratory cycle. |

It 1s proposed that this mechanism misht: from tlme to tlme
‘enable H. roel in partlcular to aurvive large temperature 1ncreases in
its shallow water habitat during calm, summer weather. s !
6. Regular field samphng has shown that all. Species o abALaagl - e
have a wide range of Laemoovan1n ooncentrat1ons at any ﬁ1ven tlms.-
Further, aamples taken at different tlmes had dlfferent amounts of
variability, and the mean conoentratmons of the haemocvanins of the
samples varled 81gn1f1cantly during the neriod of study.;

One con51stent ;act emerged; 1n the field studles as in
laboratory studies He roel spe01mnne demonstrated hlgher haemocyanin
c0ncentrat10ns than elther of the other two species. ”0wever, p |
coneidering all 8pec1mens of all species examined 1n the fleld study
(u50 sPeclmens) it was found that the 1awest haemocyanin concenxration
recorded was such that the resnlratory p1gment would atlll contrlbute
conslderably more 02 to the tlssues than that carrled in solutlon.

The ooncentratlon of haemncvanlns 1n\the qera of some . of the

animals sampled over an extended perlod of - tlme showed fluctuatﬂons,

- while those of other speclmens remalned relativelv ateady for cﬁnalderable   1'

periods. Generally the varlatlon, and fluetuatiOn of haemocyanlﬂ

concentrations in the populatlon samples, and the flUCtU&ulOﬂS in. the
haemocyan;n concentratlons of 1ndlv1dua1 abalone over a perlod of tlme
could not be correlated W1th any ‘other phvs1olog10a1, or ervzronmental

patterns of fluctuatlon already descr1bed for abalone. ’
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7 A brief compsrison has been made:bf‘électrophoretiqﬁfénd.,

immunological ¢haractéri$ties_ofvthe hgembcyaninS'of the three South

-Australian akalone species §.7roéi;:§;vruberkand e 1aéﬁig§tg; Tt is
suggested”on the basis of these.comparisons*tha£ althoﬁghfallftﬁree :
species have similar haemecyanins, those of H. ruber, an& §,'laeviggta‘

are more similar to each other than eithéx.iaito that Of1§,!roei;



Appendix 1 (a)

Cffect of temperature on oxygen equilibrium
curves of the haemocyanins of ;;I'I..‘“roéi,

He ruber and H, laevirata.
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Appendix 1 (b)

Bffect of PCO on the oxvgen equilibrium
2 : -l
curves of abalone haemocyanin at various

temperatures,
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Appendix 1 (c)

wffect of pH .on the oxyg'en eq_uilibri‘um cuﬁes
of abalone haemocyvanin at 20%
pi adjusted using Tris-ACl-seawater buffer .

recormended by Redmond 1962,
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Appendix 1 ()

Hill plots of oxygen eaulllbrlun curve data of -
U, roei, H. zuber and He aew.gata haemocyanlns”

at 25, 20, 15 and 7°C, and various PCO 's'
)



Hroei - . _
[ 25% | 20%C |
1 - 104137, 48,27, O
PCO mmHg=10, 51,23,0 i &1,
7 S
|
1 1 i |
2 2 25




H roej

15°C 7°C
1 F
PCO,mmHg =94, 55,24, ’c)) Z'9 0
Sl i )
log. Y- | .
og100-Y
(y="sat)
-5} - PIOTS FOR
Pcozﬁs 288 98 mmHg
ARE VIRTUALLY THE
R j SAME AS PLOT FOR
- = PCO - 4.-0mm
-1 N= 224 26 32 32 2.95 25 2= 4-9mmHg
N | i 1 . 1 | 1 |
0 5 1 15 2 0 5 1 15 2
logPo, logFPo,,



H. ruber

[ 25°C 20°C
1+ L
PCOmmHg= 97, 50,24, 0. 9.2, 46,27, O
+-5p -
lw«-—y——- - =
00-Y
y=255)|
.5- =
- n= 2.7, 27, 39, - 167, 27,26, 34
1 lo i 1 0 | I‘0 1l 1
0 5 10 15 20 5 1 5 2.0




7°c




H. laevigata

25°%C 20°C
1 b
PCOQmmHg 3 110111 4'97 }'8 4 ‘? 14'5&§$6 » 2‘3 ’ 0
.5 —
Y o
100 Yy
(y:%_s«.l

— 5

-1r 214 262 30 M6 18 262 38

0 é 1 L 21 1 L ] 1
i 10 15 0 5 10 +5 20 25
logFo logPo,,



H. laevigata
; 15°C [
1 L f—
PCOmmHy =111 , 65,24 , 0 94 , 28,0
+.5..— -
Y o -
100y
(y=b5)
—.5 -~ -
“1hn=216 29 31 308 " 19 241 24
L ' ; ' oY 79 5 20
0 5 19 15 0 0 - :
Log Loghy




Appendix 2

Plots of P, of inhaled water (PI ) apainst -
A T\l ) aga

02
species at ZOOC.

arterial Ty (PA, ) for the three abalone

2
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Apnendix S

“tandard curve for phosnhate reaction, using serial dilutions
of misndard rhogphate golution 100 me /100m1s (“ing and

Wooton, 1956).,
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