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< ABSTRACT
‘ Low routine rates of“oxygen consumption of larval Arctic lamprey
. \ S . *
» held/éeveral months at 18, 10 and 2C under a natural photop%riod were

measured at the respective acclimation temperatures in January, March,
and May, and at~;:;IBus otgg} temperatures over the range of 2 to 24C

in May. "Periodic measurements of oxygen consumption and weight were

-

. taken for marked ammocoetes at 2 and 10C from January to August.. - Hemato—
Ed .

crits, hemoglobin concentrationsz and pxygen equilibria were measured

in September from blood of ;Emocoetes acclimated at 2 and 10C.

‘ .
1. The average rate of oxygen consumption of ammocoetes acclimated

at 2C - 0.028 mg/g/hr - was significantly lower than the average for 18C

acclimated animals - 0 043 mg/g/hr.

2. Oxygen consumption and weight of marked ammocoetes varied seasonally

ML

at lOC bé% was stable at 2C. Oxygen consumption of 10C acclimated ani—

” ‘mals was 0. 040 mg/g/hr in Januaty and March, decreased to 0. 030 mg/g/hr in

May, then increased to .0.068 mg/g/hr by &he end of August.

’

3. The acclimation aﬁility of,ammécoetes is high - "long term" Q10
was 1.3 between 2 and 18C and compensation ranged from 60 to 90%
4, "Acute" Qlo values of 1. 77 2.18, and 2.82 for anifials acclimated

at.2, 10, and 18C respectively also-indicate that ammocoetes had made

\

significant metabolic adjustments ac each acclimationAtemperature.
5. When expressed on a logarithmic grid, the slope of the regression

relating body weight to oxygen uptake increased aS'acclimatiop cemperature

decreased.  Thus a change in acclimatiég temperature has a greater effect

on smaller ammocoetes. Regression slopes varied seasonally at each tem—
\\\\\\\\perature, decreasing significantly betweén winter (January—March) and May.

iv . _ ' “



-

6. Weight specific rates of oxygen uptake were ﬁot weight dependent

except in May at 18 and J0C.

?. There was no 51gnificant difference in hematocrlts, hemoglobin

cgncentration or oxygen equllibria curves between aniéals accllmated
at 2 and 1OC. Average hematocrlt was - 34%, and PSO’ 1.5 mmHg at both tem- '

peratures, while hemoglobin concentrations averaged 9.0 and ‘9.7 g% at 2"

~

and 10C respectively.. . "

.
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INTRODUCTION B

. -

hLarval lamprey represent the most primitiue level of vertebrate

development. Consequently, their ability to adapt to environmental‘
changes should\be of interest to those studying the adaptive abilities
of more advanced vertebrates. However, at the time this study was ini-
tiated, little information was avai}able on cyclostomes. The main ob-
jective of this study, therefore, was to determine the ability of larval
, Arctic lamprey, Lampetra Japontca~KMartens), to adapt to temperature
change. | |

' Arctic lamprey u&su in .this study spend four to six years as .
lar:ae (or -ammocoetes) iu'the Hay River, Northwest Territories, and an
unknown 1ength of time as parasitic adults in Great Slave Lake (Buchwald,
1968) Larvae of all species spend most of thelr time burrowed along
the marglns of streams and rivers. but\they ¢an be forced out of the mud
‘by near upper lethal temperatures (McCauley, 1962) and iow oxygen ten-
sions (Potter, Hill and Gentleman, 1970). Water temperatures in the
Hay ﬁiyer range from 0C through late October to early May to 22C in

%

the summer months. In winter, water temperatures are stable, but in .

summer, daily temperature changes average 1C and fluctuations of 4C are
)
\ o
not uncoumon, especially in the shallowtshore and backwater areas whlch
larvae prefer. Maximum temperatures experienced by larvae in these
” -~ .

shallow areas have not been recorded.

..

~

1




i o . 2
Although the body temperature of a poikilotherm normally conforms

to such seasonal and daily temperature changes, metabolic rate is com-

monly regulated to some extent (Rao and lock, 1954; Prepht, 1958;
Proséerrand Brown, 1961; Fry, 1971; Vgrnberg and Vernberg, 1950). _Main-
tenance of rate functions a£ similafj? vels with changing external tem—
perature is defined as ihermal acclimatdon and is widespread in poikilo-
therms. Acclimation ‘allbws poikilotherms to
potentially lethal effects of temperature'@hangé.
Changes in body temperature aiter the amount of energy available

to moleculgs thereby altering a) the rate at which covalent bonds of
_metabolic cheﬁ}zal reactions are broken and reformed and b) the stabilit&
of weak bondé which maintain the ;tructural and therefore functibnal
integrity of "higher brdgr" biochemicals (e.g.» 3° and.4° strucgﬁre of
»s;ructural proteins, enzymes, hormones, lipids, nucleic acids)j(Hochachka
_and Somero, 1973). The magnitude of rate change in an organism'g meta-
bolic rate, as indiégted by changes in oxygen consumption. is initially'

a two— to four-fold increase with each 10C° increase in temperature
(Morris, 1965; Hoar, 1966; Peterson and Anderson, 1969; Fry and Hochachka,
1970). However,&fecause metabolic rates must be maintained within certain
Iimits'for survival, temperature induced changeg ig the metabolic rate
could be potentially lethal. Also, since the rate change of the indi- .
yidual reactions of métabolism is often greater than a’ two- to four—fbld
increase at phyéiological substrate concentratibns, and the rate change
'variés between reactions.(Baldwin, 1971; Moon\ﬁnd Hochachka, 1972; Newell

and Pye, 1971), températufe changes could result in serious imbalances

r
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between metabolic reactions (Hochacnka and Somero, 1973). However, few
deaths have been reported in the literature which can be attributed to
the slow seasonal’tempefature_changes such as occur.in the températe'
zones (Brett, 1956), and metabolic rates of animals held at dIfferent
temperatures are'often 1ees thandtwo times greater for each 10¢° increase,
although this varies with the activity, species, size of the animal,
and the temperature range considered (Job 1955;, Beamish, 1964; Brett,
1964; Rao, 1968; O'Hara, 1968, Peterson and Anderson, 1969).

The molecular changes behind acclimation are thought to occur
primarily through changes ix the structures of the "highertorder" mole-

N

cules where structure depends on weak. bonds and is easily altered by
temperatureqchange. . Reviews of findings on temperature induced changes :
at the molecular level have been made by Prosser (1967), Somero (1969),
Fry and Hoehachka (1970), and Hochachka and Somero (1971 and 1973) Qnd

the details are not within the scope of this thesis.

°

The adaptive 51gnificance of aeelimating to seasonal temperature
extremes has been.cleariy 1llustrated by displacement of lethal temperature
limits as shown for goldfish [Carassius auratus] (Fry, Brett, and Clawsorr;
1942), brown bullhead [Amezurus nebulosus = Ictalurus nebulosus] (Brett
1944), brook trout [Salvelinus fbntznalzs] (Fry, Hart and Walker? 1946),
chum and sockeye salmon {Oncorhynchus keta and 0. nerkkj (Brett,‘1952;
Brett and Alderdice, 1958), sea lamprey [Petromyzon marznus] (McCauley,

19621,_Mgzambique cichlid [Tzlapta mossambzca] (Allanson and Noble,

1964), and others (Brett, 1956). McCauley (1962) has shown that the

A ]

upper lethal temperature of larval sea lamprey can be increased from
RS - - B

b
A

-
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27.7 to 31.7C with a change in]acclimation temperature from 2 to 31C.

This represents an average change of 0.9C° with each 5C° change in accli-

.mstion temperature, except between 10 and 15C, when the upper lethal

temperature increased 1.2C° and between 15 and 20C when. the upper limit

“did not change significantly. McCauley (1962) also found,that larvae

.are“more temperature tblerant than adults, although if acclimated both

can survive indeﬁinitely at temperatures as high as 25 and as low.as 2C.

7

* The lower lethal temperature decreased. shaxply between 30 and ZOC but

Y

4
remained relatively constant at 0-1C for animals acclimated at temperatures

jess than 20C. The 4C° extension in the upper lbthal limit for sea lamprey

s

is'comparable to thatxaf‘thé common shiner [Notroprs cornutus] (Hart, 1947),
which is also found in shallow watersvof northern streams where tempera—

tures vary from warm to cool depending on thejﬁummer weather. Upper
lethal temperatures for larval and. adult sea 1amprey are higher than
those of cold water’ Fish such as: various species of Pacific salmon (Brett,

1952), and brook trout (Fry et al., 1946) however, they are not as high

©

as those of warm water spec1es such as the brown bullhead (Bretty 1944)

©

and goldfish (Fry et al., 1942).° ' . . <

In addition to extending, lethal llmits,,acclimation at near
lethal}temperatures increases the length bf time that sea lamprey can

- ':

resist lethal temperatures (McCauley, 1962) z an essential adaptation. s

for surviVal in areas. where temperatures pass beyond lethal limits for

-short periods of time. Similar results have been found for greenflsh

!

[Girella nzgﬁrcans] (Doudoroff, 1942), goldflsh (Fry et al., 1942), chum

and sockeye salr n (Brett, 1952; Brett and Alderdice, 1958), northern
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redbelly dace [Chrosomus eos]fand finescale dace [C. neogneﬁb] (Tyler,
R S ' ‘

1966). Also, the resi.tance time at lethal temperatures is increased M.

-

as‘the time Span'for the temperature change‘increases.(Cocking, 1959,
° Tyler, l§é65.
The adaptive significance of compensating for small temperature
changes within the lethal limits is not as clearly Qefined For larval

lamprey, an inability to maintdln a stable level of metabolic activity

&
-

during summer months, regardless of slight temperature changés, would
1ike1y interfere with maximum utilization of seasonal.food gources.

B ' .

Thus growth and devélopment, and over several summers, perhaps even age

SN

»

of transformation could be affeFted by the ability of larvae to gquickly
compensate for temperature chanLes. |

:This is “particularly imLortant since Moore and Beamish (1973)
have,shown that injestion of algae and d&gestive abilirv are greatly
/’ reduced at normal winter temperaLuresv(OC) in larval sea laworey. Also, |
Hardisty (1961) has shown correlated increases in growth and fat storage
, ’1n larval- European bBrook lamprey {Lampetra planerm] witr i~creases in
the density of phytoplankton in Spring, while field studies have shown
that mountain brook lamprey [Icthyomyzon hubbsz] show no increase in
length during the winter nonths when temperatures are low (Hill and
Potter, 1970). Thus much of an ammocoete's growtn is limited to a few
months of darm weatner when food supplies are abundant.

Tew studies have been done to détermine the time involved for
poikilotherms to acclimate to_ small rapid changes in temperature;

1}

Petersoniand'Andersonagl969) found that actlve oxygen consumption and
P - R . " )
N u



activity of juvenile'Atiantic salmon [Salmo salar] Qhose acclimation
temperaturg was changed from 6 to 9C or from 18 to 15C over thirty minutes,
returned to their}})iginal 1e¢;ls within one‘ﬁfﬂr of the change. When
‘ temperatures werevchanéed 6C° or more, active metabolic rates did not
return fqythe ?figinal levels, but the actual time rgquired‘for coméleﬁe
agclimatioﬁ was not deﬁermined; Acclimation to temperature changes has
reqﬁi%eq days or weeks %pr brook trout (Brett,\l941), immature greenfish
(Dou&broff, }?42), agd gpldfish (Fry and Hart, 1948; Kanugo and Prosder,
“1§59), and. the rate of acclimatidﬁ appgxently depends on the rate of
temperature éhange (Coékiné, 1959). ’

* Immediate and complete temperature compensation have been‘measuned
for fhe-?inkle [Littorina littorea], which is exposed daify to large
.(ZQC° maxiéum) rapid changes in body temperature (Newell and Pye, 1970)f.
However, the temperv fure‘independencg,of oxygen cpnsump;ion’was only
evident in May when nir temperatures were 15C, but not in JQQEary when
air ;gﬁperatures_were 4C. Complete temperatufe‘compensation of oxygen
consumption has also been observed for sunfish [Lepomis gibbosus] accli-
mated between 10 and 17.5C, aithough the time required for complete
compensation was not determined (Roberts, 1967).

“Acclimafi;n abilit;\gaé most oftén been determined by coﬁpafing

—

the metabolic rates of animals which. have been held for extended periods

of time at different, constant "gcclimation” temperatures, or by. comparing
& . . .

the metabolic rates of animals held- at- different acclimation temperatures

but ‘measured at various temperaturés. Morris (1962) has defined the

first type of measurement as "long-term" and the second as "acute."

< -



§Classification schemes (o define the degree of acclimation have been
designed by Precht (1958) for the "1ong—texm"<method'§nd by Prosser
\(1961) for the "acute; method. Oxygen consumption has most frequently
been used as the meaéure of metabolic rate.

. Using the "acute" methoq, Sherbakov (1937) found some degree of

gcclimation in adult river lamprey [Lampetrd fluviatilis] since as holding
temperature decreased froﬁ 17 to 1.5C, oxygen consumptiog‘increased
from 0.14 to 0.21 mg/g/hr when measured at approximately 16C. Calcula-
tions of Q10 from "long-term'" measurements of oxygen consumption (i.e.
measured at thehacclimation temperature) show that adult sea lampre;
adapt well to different temperatures as the Q10 was 1.8 between 5 and
.20C (Beamish, 1973), while larval ﬁounta%n broo# lamprey have a poor
. ability to compensate for temperaturé'changes since Q10 was 3.6 between
3.5 and 22}50 (Hill and Potter, 1970). A QlO of 1.6 calculated for adult
Pacific lamprey [Entosphenus tridentatus] acclimated at 14-16C tested
over the range of 5 to 20C (Johansen, Lenfant and Hanson, 1973) suggesEEQ\
thap'this‘species may bé able to compensate rapidly foritgmperature
change,vhowever the exéct exposure time at each test temﬂérature was
not given.

Thig thesis presénts the fesults_of experiments to deterﬁine the
rates of oxygen consumption of larval Arctic lamprey held sevgral months
at 18, lO.ana iC measured both at the tempe gtﬁre of acclimation and
at va?ious ochgp;temperatures'over_the range of 2 to 24C. ﬁecause measure-

ments were taken over several months and the acclimation ability of some -

fish held at constant temperatures is known to vary seasonally (Hart,

B
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1952; Hoar and Robertson,1959; Tyler, 1966), one eiperimen£ was devoted
to determining if ammocdoetes acclimated at a constant temperature ex-
h?bited seasonal changes in metabolic rate. Also, since body size has
'

been shown to influence "acutely" measured QlO values (Rao and Bullock; L

1954), and there are indications that as acclimationrtémpgratute increases’

~ T ° .
oxygen consumption of large fish may not increase to the same relative

extent as for small fish (Job, 1955; Beamish, 1964; O'Hara, 1968), all
\ .
results \resehted here have been analysed for the effect of body weight
on the reldtionship between oxygen ‘consumption and acclimation or test
temperature. a ' ) 2

Hill and Potter (1970) demonstrated thét oxygen consumption
per unit weight of larval mountain.brookllamprey ?epreased with increésing
size, however in adult sea lamprey oxygen ;p;ake per unit weight was
not related to bogy size (Beamish, 1973).- The increase in oxygen uptake
with acclimation témpefatdrékﬁas igdependent qf‘size forgadult sea lamprey

I .

(Beamish, 1973) but this relationship.hés’notbbeen measured for ammo-
.coetes.’ | | | '
| Also presented are measurements of blood hemoglobin content,
.ﬁemaiocrit, and oxygen equilibria taken to determine if the oxygen carrying
ability of blood is altered when lamprey Are acclimated at different téﬁ—
peratures for ioné periods of time. De Wilde and Hoﬁston (19675'have |
’ shggeste&_thaévan-increase in the blood oxygen carrying capacity with
an_increase in tempefature could be the least costly of the cafdiovascula:—

respiratory adjustments which could be made to accommodate the increased

oxygen demand.
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\

Erythropyte count hématocrit hemoglobin concentration and
hemoglobin content of erythrocytes were higher in rainbow trout [Salmo
~gairdneri] acclimated at 11, 14 and 17C than in trout acclimated at 3
and 7C; while trout at 21C had significantly larger hemoglobin concenf’
trations and nnmbers~of slightly smaller erythrocytes which contained
a little m. :zoglobin per erythrocyte than animals at 11,-14 and 17C

v

or at 3 and /u (De Wilde and Houston, 1967). The greatest difference -~
- <

between hematological measurements of trout agclimated at different
temperatures occurred in fall. However,uCameron (1971) was unable to
demgnstrate any difference in the oxygen dissociation curves of blood
‘from rainbow trout acclimated at 18 and 779C' Grigg (1969) had reported

a shift in the P with acclimation temperature in brown bullhead. In

50
the carp [Cyprmnus carpzo], erythrocyte count, hematoCrit, and hemoglobin

concentration, but not'erythrocyte hemoglobin content increased with
acclimation temperature, but the difference was not significant except

in fall when values for 27 and 33C -acclimated animals were significantlp o
higher than those of 2 and’&C acclimated carp (Houston‘and De Wilde,

1968). At the lowest acclimation temperatures (2, 4, %C), these values
increased between summer_and winter. , Black, Kirkpatric and Tucker
(1966a b,c¢) did not find any significant difference in o;ygen capacity,‘
“red cell volume or oxygen equilibria of brook trout, Atlantic salmvn
_or 1andlocked Atlantic salmon {S. salar sebagol acclimated at 5 and ZOC.

s
/

The hematology. of - goldfish at different temperatures has also been exten—

\._-.z

-

. sively studied but no consistent pattern ‘of change with temperature has
-been obsetrved (see Houston and De Wilde (1968) for a review of results )

on goldfish).

3
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v showed that the pH of blood from larval mountain brook 1amprey acclimated

10

Although the blood characteristics of lamprey have been exten-
sively researched, little work has been doqe comparing ‘the blood of ani~..
mals acclimated at different temperatures., The only such investiga;ion

at 5, 15,5 and 22.5C decreased with' incre@sing temperature (Potter et al.,

H

1970). ' -

'.r(- ' . RN



' slave Lake (115°49'W, 60°45'N) in'August 1968. Most of the 1arvae were

< . . - )
“ o \

. ' MATERIALS AND METHODS

A. Source and Maintenance of Animals

Larval Lampetra japongca were collected with a hand operated

‘AC electroshocker_1 from the Hay River near its confluence with Great

,\,,f_»

A

found in fine gravel covered with a thin layer of silt seven miles up—

stream from the mouth of the river, however the Y¥¢hgest animals (>8 gm)

were found in deep mud banks nearer the lake.. Larvae were never found-

h

- in areas where bubbles of gas rose from the mud.

Animals were tranSported to Edmonton in 36 liter plastic garbage

- cans containing a layer of sediment, and river water which,waS‘periodl—

’ fcally aerated with compressed oxygen. Water temperatures were initially

11C and increased to 13C by the end of the trip.
In the laboratory, ‘ ammocoetes were kept in > v 36 liter piaé—
tic containers supplied with naturai sediments and aer - dechlorinated

tap water. Eachvcontainer héld a maximum of 30 animals .pproximately

”flﬁé animals 80- 100 mm long,‘dc animals 100150 mm 1ong ar.- 7 animals

150 200 mm long were maintained at each of three acclimatio:r temperatures:

18.0 #+ 0.5, 10.0 + 0.2 and 2.0 + 0.2C.

5
o

1Portable 1750 watt, 110 volt AC generator, two electrode pad-

, dles, one equipped with an. on—-off: microswitch (Buchwald 1968),

<

! V | | . ! V . v 11
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Containers of animals to be maintained at 10 and318C were placed
in two 720 liter tanks of dechlorinated tap water. The walls of theﬁ
containers were perforated to allow tank water to enter. Fresh water
flow into the taﬁks was kept minimal .to insure adequate temperature
regulation. Temperature controlled refrigeration units were used to

N N
maintain water at 10C in one tank throughout the year ‘and at 18C in the
. other tank during'the summer. A temperature controlled heater was used
to maintain water at 18C during the w1nter.;. | “

Containers of animals to be kept at ZC were placed in a constant
temperature room. There was no water flow through’these containers ’
but the water waszueil aerated and changed onge every three weeks.
Ammonia concentration2 in.the %ontainera'never exceeded 0.05 mg/1.

All animals were held at 15C rorAtwo weeks after capture. Water
temperaturee were then changed 1C a day until the ' appropriate acclima— °
tion temperatures were reached An eight week exposure ‘to the accli-
mation temperature was allowed before measurements of oxygen consumptiou.
were taken. Photoperlod was malntalned to that of the Edmonton latitude.

| Although ammocoetes were initiall?“fed a commercial fish food
and an .algal solut10n3twice a week welghts of marked individuals de-
cllned sharply from October to ‘December 1968(Figure 4). A prelimlnary
experlment showed that.anlmals which were fed powdered brine shrimp nain-

tained or gained weight, while those fed algae or powdered fish meal

lost weight._ Thus after December 1968, ammocoetes held at 10 and 18C

o .

2Determined colorimetrically with Nessler reagent (Fischer,
1964). , .

3Consisting prlmarlly of the diatoms Asterionelia fbrmoga,
‘Fragzlarta spp. , - Scenedesmus quadrtcauda and Navicula &pp.

.~ - @
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~

were fed powdered brine thimpltwice a week, and those at 2C were fed

once a week. .

i
o

B.  Determination of Oxygen Consumption .
~;,

1. Apparatus for measuring oxygen consumption
‘The appafh{;s used to measure oxygen consumption consisted of a
reservoir of aerated water, respiration chambers (Figure la), and a

temperature contaolled water bath. The respiration chambers were Pyrex

tubes 2. in diamenter, 8 to 20:cm long, and the length of tube used

depended on the size of the aninal. Chamber volumes varied from 14 to

105 ml of wat when sealed with rubber stoppers. One stopper was fitted

with a polyethylene tube (3 mm internal diameter) extending into the
chambers for two thirds . of its.length, and a 14 G Luer-lock syringe

needle. The polyethylene tpbe was connected to a 20 liter reservoir
- e
by pliable rubber tubing and water flow into the chamHer was regulated
3 e
by a Hoffman clamp on the rubber tubing. During determlnations of oxygen

<

.consumption, the polyethylene tube was sealed by a pimch clamp and dis-
_connectéduﬁrom the rubber tubing.

™
“ay
~,

" The syrihge needle served for water outfldy and collection of

A,
~ >
N

water-samples for oxy§énaanalys13. guring determinations of oxygen
-consumption, the needle was fitted with a 10 cc.Luer-lock syringe used
to c011e¢t water samples (Figure 1la). .

Respiration -chambers were held verticaIly in weighted wooden

holders and submerged in a Fischer Isotherm refrigerated bath' (Figure 1b).

APischer Scientific Company. S . -



-

Figure 1. Apparatus used for measuring oxygen consumption.

a) A single respiration chamber as it would
appear during measurement of oxygen consumption.

4
b) Respiration chambers and . holders in the tem-
perature controlled water bath. ,
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)
The water temperature of the bath was held at the required temperature

+ 0.25C by a thermo—regulator.5 Two holders, each containing six res-
piration chambers, were used in an experiment. In this way, oxygen
consumption could be determined simultaneously for eleven animals, one

chamber serving as a control.

2. Experimental method

a) Measurement of oxygen consumption at the temperature of
. acclimation.

Ammocoetes were dug from the mud and placed in clean water 24
hours hefore the start of an experiment.djln water with no substrate,
.ammocoetes constantly attempted to burrow into the container bottom.

»
Netting, bricks and strands of plastic from an unwound pot scrubber
provided sufficient tactile stimuli and hiding places to prevent this
response and quiet the animals. Strands of plastie were also used in
the bottom of resplration %Eambers as'a substrate substitute.

The morning of an experiment ammocoetes were transferred to
the chambers where they immediately wound themselves in the plastic
strands, remalning inactive until prodded out at the end of the experi—
ment. .The chambers were stoppered, then placed in the bath and con-
nected to the gravity feed reservoir. Bath and reservoir water were
maintained at' the acclimation temperature of the animals. ;The bath
was covered with dark plastic, and the chambers flushed at the‘rate of

2 N . . v

2 liters/hr for one hour.

- » . Al

Cs

YSI model 73 Yellow Springs Instrument Co. Inc., Yellow Springs,
Ohio, U.S.A. ) ‘ Lo
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Although 17 hours were required for I. hubbat larvae to reach
a steady gtate of oxygen conaumption (Hill and Potter, 1970), there
was no significapt difference between ratee of oxygen consumption of
L. japonica determined after one, two, or five hours in the chagber.
- Thus oxygen consumption was considered stable and measurements were
‘ ~ begun after only one hour in the chamber. \ .
At the end of the one hour stabilization period; a 10 cc water
sample ‘was taken from each chamber and the .chambers were sealed a
' disconnected from the reservoir. After an hour- test period each cham-
ber was gently”shaken, theipolyethylene tuée opened, jand a 10 cc.water.uf ;
sample taken from the inverted chamber. During this procedure ammocoetes
remained entwined in the plastic and rarely seemed disturbed.
\ .

After an experiment, the animals were anaesthetized in tricaine
methane sulphonate (MS, 222, Sandoz), blotted dry, weighed 1and measured
for length. They were then returned to their original ‘containers.

Only one experiment using a maximum of 11 animals was -conducted each
day;

In this Way, oxygen consumption was measured in January, March

» and May 1969 for animals acclimated at 18, lO and ZC. Although animals ,

- measured in January were not retested in March, some animals previously

.
g

tested in January or March were’ retested in May. . Since these ammocoetes
could not be identified all samples were treated as random samples
and Student's t test (Steel and Torrie, 1960) was used td determine

PRl

significant differencesrbetween values recorded at different temperatures

and times.

6Except where otHerwise stated the level of significance used
for all data in this ‘thesis was P < 0.05: P

g



'
-,water samples were taken ‘from ammocoetes being tested at their accli--

N
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b) Meaaurement of” oxygen consumption after short term exposure
to temperatures other than the acclimation temperature.

The effect of short ter* exposure to temperatures other th;n the
acclimation temperature on ammocoete oxygen consumption was determined
in May 1969 for ammocoetes acclimated, at 18, 10, and 2C. In each ex-
periment, oxygen consumption of ‘eleven. animals was firat determined

at the acclimation temperature, as described previouﬁly, then at one

of the other test temperatures: 2 10 18, or 24C. After the final

mation temperature, the chambers.were :..urned to the bath and conneCted

“w

to a reservoir of water at one of the other test temperatures. \The

pd
,

4

bath was then drained and filled with water at this ngﬁ(:Zmperature. Once

the required temperature was reached in the chambers (5-10 min.), a
»

90 minute stabilization period was allowed before ‘the chambers were

., tlosed for, determinatlons of oxygen consumption.’ The test period varied

d ——

from 10 minutes to an hour so that utilization of oxygen never exceeded

35%. Water samples were again taken at the end of the stabilization

and test periods. . "

o

Each animal was tested at only one temperature other than the
aéclimation temperaﬁhre and only one eXperiment was conducted in a day
After an experimentj’aﬁimals were anaesthetized and measured, then re-

o ‘ N\
turned to their original containe?s. o Q
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'3. Oxygen analysis and calculation of oxygen consumption:

The oxygen content of water samples was determined by the modi-

- <’

fied Wiﬁkler method described by Burke (1962) with éhe following modi-
fications.. Sémﬁles taken‘in an ungreased syringe“were tiérated with a
0.005 N sodium thiosulfate-solution from a 5 ml fnicroburette. The indi-
Eator”was a 0.05% solution of starch in glyceriné. Rate of oxygen~con—‘

sumption was é%tained by substitution in the following equation:

%
[k(t,-t )] V .
‘ ! 1 "2
h =
R WT x. 60 '
c
v
where R = rate of oxygen consumption mg/g/hr~
- i . v
. . 8000 x N of sodiun thiosulfate
‘volume of water
- tllsgntiro- - the water sample taken at the end of the
abiliz. on period ' -
t2 = tl .7 the watcr sample taken at the end of the
test pe;iod ) P
M’ V = volume of the chamber minus the vYolume of water displaced
by the plﬁstic strands and the animal
W = weight of the animal”

T = duration of the test periad (min.)
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C. Measurement of Seasonal Changes in Metabolism

A

To'determine if ammocoetes aeclimated at a constant temperature
exhibited seasonal cg;nges-in metabolism,”periodic measurements of oxygen
consumption and body weight_and length were taken from marked 1aﬁoreys
between October 1968 and August 1969. Fifteen larvae at each accli-
mation temperature were marked with subcutaneous injections of cadmium
or mercuric sulfide (Wigley, 19595, and kept in separate containers for
easy accessibility. .

Determinations of oxygen consumption made in' 1968 were extreme&y
variable as plastic strands were not used in the chambers. Thus these
resuifs are oot included. Because of a malfunction in thevheatiogbunit,
no. data is available after May for animals accllmated at 18C. A paired

t test (Steel and Torrie, 1960) was used to test significant difference

between measurements made in d. [ -:rent months.
. . "'
l

D. Measurement of Hematocrit, Hemoglobin Concentration, and Oxygen
: Equilibria : -

Blood samples were collected in August and September, 1969 from

,ammocoetes acclimated at 2 and 1OC Ammocoetes were quickly anaesthe-

tized, blotted dry, then cut in ‘half immediately posterior to the heart.
The cut surface of the head portion was blotted and blood whlch oozed
from cut, blood vessels was collected in caplllary tubes and micropipettes

“

for immediate analysis. Samples from different 1nd1v1duals were not

pooled. L C | 5o

e ?
-
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1. Hematocrit | , o
Du?licate hematocrits were determined uéing commercially ﬁepari—
nized microcapillary tubes which were filled three quarters fuly, sealed
with plastic cléy and spun for 10 minutesAatilO,OOO rpm in a»microhgma_
tocrit centrifuge.7‘ The volume of packed ef&th;ocytes was measured

o1

with a scalgd reading card8 and reportéd:as per cent of whole ﬁlood.
‘jfbuplicates were averaged but never varied more than 1Z. Although some

fish blood is reported to clot in commerciall& heparinizéd’capillary

tubes (La;sen.and Snieszko, 1961; McKnight; 1966), éﬁ@écbete blood d}@

not clot or hemolyze in these tubes. o ’ i

;e

2. Hemoglobin concentration

-Micropipettes use3 to collect"blood for dg;éfmination‘of hemo-
globin céﬁcentration and oxygen equilibria wére first rinsed with a110%
heparin solutioﬁ and dried. Hemoélobin concentration was determined by
thg cyanmethemoglobin methodgvﬁsing'bOVing‘hempgiobin sélutions as sFan—

4

dard. Transmittance was measured with a colorimeter.
N N J

7

7Model 31, Chicago Surgical and Electrical Co.

8Gfaphic Reader 30-5, Chicégo Surgical and Electrical Co..

v 9As outlined in “Methods and Calibrations," Catalogue No. 33-
29-40, a methods manual fér the Bausch and Lomb ectronic 20 Colori-
meter. - Ny :

lOSpectronic 20, Bausch and Lomb.’ -

3 .
- B 5



22

3. Oxygen equilibria

Oxygen equilibria of.hemoglobin solutions were determined by a -
method adapted from those: described by Wald and Riggs (1951);IRossii
Fannelli and Antonini (1958), Manwell (1963), and Antonini et al. (1964);
Erythrocytes were washed‘twice with 0.7% isotonic saline. Twenty—five:
microliters of the washed, packed erythrocytes were then hemolysed in
one milliliter of distilled water for one hour at 0C: This hemolysate

- )
was centrifuged at 35, 000 rpm for 30 minutes to eliminate suspended
cellular debris. ‘Two hundred microliters of the-cleared hemoglobin
" solution were added'to one milliliter of 0.15 M NaZHPOA—KHZPO4 buffer

at a pH of 6.0, 6.49 or 7.13. .
The buffered hemoglobin solution was contained in a microcuvette
(1 cm light path) fitted with a three-way;valve which could be attached
to°a manometer andvsuction pump. In this cuvette, the hemoglobin solu—
tion was evacuated at various partial pressures of air and the absorb-
ance measured at 565nm in a recording spectrophotometer.l»‘l Recordings
were made’initially at- atmospheric air pressure, then after complete
evacuation, at progressively increasing partial pressures of air, after
exposure to pure oxygen, and finally, after'chemical reduction with
sodium hydrosulphite. Measurements were made at room temperature of
22-24C. Calculat;ons of the percent oxygenation at each partial pressure
,of oxygen vere made on the assumption*that the change in absorbance at

any wavelength is linearly related to the total number of ferroheme group&

1oxygenated.

l{pary,_Model l&, recording spectrophotometer.



RESULTS

o

A, Effect of Acclimation Temperature on Oxygen Consumption

. ! ;v~ . " ) '
'%Verage rates of oxygen uptake measured at the acclimation tem-

perature in January, March ‘and May 1969 are given in Figure 2. Oxygen
uptake‘of animals accllmated at 2 and 18C did not vary significantly

between months, but rates for animals acclimated at 10C decreased aigni—

3

- ?
ficantly in May. " This unexpected decrease was found for four different
groups of 10C acclimated animals tested on four ‘different days between

May 13 and June 8 (Appendix Table 7.

Average rates of oxygen consumption for animals acclimated at

18C were significantly higher than those of 2C acclimated animals each
month measured, In January and March, average rates bf oxygen consumption
of 10C acclimated animals were-significantly higher than those of 2C

- . . . ) . .

_acclimated animals,'and lower, hut not  significantly different from

those of animals acclimated at 18C. In May, values‘for animals accli-

.

mated at 10C approximated those of 2C'acclimated animals. -

leA'values were calculated from mean Yates of\oxygen consgmption h
>

determined in January, March and May and are given in Table o Thesew~i‘

//

values were always less than two and decreased as the/temperatures being
/

' —

compared 1ncreased. agaln except for- iOC/acclimated animals tested in

“May. Assuming that,prior to ‘acclimation all rates of oxygen uptake were

P

. equivalent to those Ofy18C acclimated animals, compensation in- xates
T : . - : - ' -

\ . o 23

i



Figure 2.

Average rates of oxygen consumption of ammocoetes
acclimated at 2, 10, and 18C measured in January,
March, and May. Oxygen consumption is symbolized

- by L,®; and O for animals acclimated at 2, 1Q, and

18C respectively. Vertical bars represent t+ 1SE.
Averages were calculated»from values given 1n Appen-
dix Tablesl 2, and 3.

N

e
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TABLE 1. Long term Qlo*values calculated from average rates of oxygen
consumption of ammocoetes acclimated at 2, 10, and 18C.

/
/
7
e I
) Q10
2-10C 10-18C 2-18C
= e L _ e ‘ '
January < 1.64 ~1.08 - 1.33
March 1.74 1.12 ©1.39
' May 0.98 1.56 .26 /0
K3 'TZ—T,‘ . . '
s ’ ' &

where Ko = the rate of oxygen uptake at temperature To
- - and Ky = the rate at temperature Tl : :
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of oxygen uptake were 58-75% after acclimation at 2C and 70-90% after

acclimation at lQC;*

B. Seasonal’ Variation of Oxygen ansumption, Body Weight and
Length of Marked Ammocdetes

14

1. Oxygen consumption

Average rates of oxygen uptake determined at various times from
;January to August 1969 for marked ammocoetes acclimated at 2, 10, and ‘
18C are given in Figure 3. At all temperatures, the average rate of
oxygen uptake for marked animals decreaqed slightly from January to
May,'however only the difference between January and May-values for 10C
.acclimated animals waé'significant; After ﬁay, rates of_oxygen uptake
 continued to decrease slightly for animals at 2C, but increased sharply
for animals accllmated at 10C; unfortunately, no data is available after
May for animals acclimated at. 18C.

Average.rates of oxygen consumption of markediammocoetes were

% - .

generally within one standard deviation below the mean rates for unmarked
'animals when determined the same month (Figure 2). HGWever in March

the average rate for marked 10C accllmaned animals was significantly
lower than that of-"the unmarked sample and approximated values of 2C
,acclimated!animals, whereas oxygen uptake of the unmarked animals did

w

nOt decrease this low until May. .



Figure 3. .

Figure 4.

-—t

Seasonal variation of oxygen consumption of marked
ammocoetes acclimated at 2, 10, and 18C. Mean
values are symbolized as in Figure 2 and were cal-
culated from values given in Appendix Tables 4, 5,
and -6.

Seasonal variation qf body weight of marked
ammocoetes acclimated at 2, 10, and 18C. Mean
values are symbolized by & ,®and O for animals
acclimated at 2, 10, and 18C respectively. Ver-
tical bars represent i_lSE; Averages were cal-

‘culated from values given in Appendix Tables 4,
‘S,cand 6. - o .

s
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2., Body weight and length

Between October and November 1968, the average

~

body weight of

marked animals decreased significantly at all temperaturesd (Figuare 4).

In December, powdered fish food was replaced by powdered brine shrimp

as a nutrient source and body weight at all temperatures stabilized

and re ined constant until the end.of May Between June and the end

of August 1969, the average body weight of ‘animals ac

imated atVZC'

increased very slightly while that of animals acclimated at 10C increased

[ 4
sharply, surpassing the original October average welght

Body lengths fluctuated slightly between October 1968 and May

s

-1969 but there was no pattern to these changes (Appendix Tables 4, 5

T T~

and 6). However, from the end of May to, the end of July, the' average

rdr

body length of 10C acclimated animals increased significantly 7mm, it '

then‘remained constant from July to August although bcdy weight continued

to increase. At 2C the average body lergth decreased 4ymm between Jude{
¢ ~

~

and August even though body weight'increased slightly.‘

LY

-

v

" C. Relationship Between Body Weight and Oxygen ConsumptionA

Y

Regression lines weré determined for logarithmi
. weight versus both total oxygen uptake (mg/hr; Figure 5
uptake per unit weig:\\ng/g/hr, Figure 6)y for‘measure
January, March, and May on ammocpetes acclimated at 2,

Both ways of representing oxygen consumption as a func

'plots of body
),'aﬁd oxygen .

ntswmade in .
10 and) 18Cp

tion of body

weight have been included here since both are used in the literature.

4

ny N

I3



=* Figure 5.

h

Regression of body weight ve:sus‘total oxygen

>

uptake (mg/hr) of ammocoetes acclimated at 2,

Off scale values are symbolized by +.” Corre-
lation coefficients for each regression are given
in the lower left cormer of each graph.

; o ) ) 7

VN . ({;

10, and 18C determined ih~January, March, and May.
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Figure 6.

Regression of body weight versus oxygen uptake per

unit weight of ammocoetes acclimated at 2, 10, and

18C determined in January, March, and May. Off

scale values are symbolized by +. Correlation
coefficients for each regression are given in the

lower left corner of each graph. A * beside the ’
correlation coefficient denotes significance (P < 0.05).

>
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The

best fit regression equation12

a + b log X, where Y 1s oxygen upt

int

ercept, b the regression coeffi

gression equations and correlation

temperature ea

wer

e tested for significant differ

35
for both relationships is log Y =

ake (mg/hr or mg/g/hr), a is the Y
cient, and‘X the.body weight. Re-

coefficients for each acclimation
i

ch month are given in Figures 5 and 6. Regressionislopes

ences using Student's t test (Steel

-

and Torrie, 1960) .

In calculating regression

unmarked animals tested in January

animals tested the same month beca

dep

equationsy ‘the small sample size of
was bolstered with values for marked

use regression coefficients are highly

endent on the gsize range of animals used and the degree of confi-

dence increases with sample size.

randomness. in samples so. that regy

However, to maintain statistical

essions could be compared between

months, values for rked animals were not used to calculate March and

May

regressions

Two patterns of change can be discerned in the slopes of the

g 7
regression lines relatl%g_total oxygen uptake to body weight (Figure 5Y.

The first is a decrease in the slo

incredse in acclimation temperatur

pe of the regres51oq line w1th an

e. The regression coefficient of

animals acclimated at 18C was 51gn1ficantly lower than that of animals
. B \

acclimated at 2C all months tested The regression coeffic1ent of

animals acclimated at 10C lay between values at 18 and 2C but was not

s1gn1f1cant1y different from either except in May when 1t was signifi—

cantly lower than values for ZC acclimated animals. Thus, as acclimation -

'SIXCUR $*** whereby dat

12Determined by use of -the

~

General Electric computer program

a is fitted to six regression equations.
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temperature increases, the increase‘in total oxvgen uptake is greater
for smaller animals than for larger ones.
The secoud pattern of change in the regre351on slopes relating
. total oxygen uptake to body weight is seasonal.l Although the correlation
between body weight and total oxygen uptake at each. temperature was signi*
ficant each month tested, regression !oeff1c1ents increased between Janu-
ary and March then decreased significantly in May (Figure 5). H;v regres—
sion coefficients, although lower than January values at the equivalent
utemperature, were onIy significantly different for 10C acclimated animals.
Simllar patterns of change between acclimation temperatures -
and between months can also be seen in the regressions relating body
‘weight to oxygen uptake per unit weight (Figure 6). " As acclimation |
temperature increased, the slope of the regre331on increased negatlvely
all months tested. Seasonally, the regﬁession'coetficients at equivalent

temperatures increased positively between January and Parch then decreased
o - ’ A :
negatlvely in May. However, the correlation between‘body weight and oxy-

7
gen uptake per unit welght was not significant except in May for anlmals

acclimated at 18 and‘lOC. Thus, 1n May when the regression between

Coee T

total oxygenﬁuptake and welght was lowest, the correlation between weight
}iand'oxygen uptake per un1t weight was highest and 51gn1f1cant for animals
at 18 and 10C. At 2C’ body weight was never slgnificantly correlated
w1th oxygen uptake per unit welght. |
{?, There was no 51gn1f1cant difference in average body weight of
animals measured at different temperatures or times of the year except
.at 18C where animals tested in March were significantly smaller'than |

+

_ those tested in May.
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D. Effect on Oxygen Consumption of Short Term Exposure to Temperatures
Other than the Acclimation Temperature

‘

Regression lines were calculated for semi 1ogarithmic plots

- f

of oxygen . consumption per unit—weight versus test temperature for 2

10 and lﬂC acclimated animals tested at various temperatures during

May and early‘June (Figure 7). ‘The best fAt regression equation isu

log ¥ = a-+bX, where Y is the rate of oxygen uptake (mg/g/hr), a is{\

the Y intercept b the regression coefficient, and X the test temperature.
Regression slopes were tested for significant differences using Student s
t test'(Steel and “‘Torrie, 1960).

R As acclimation temperature decreased, the slope of the regression
relating oxygen consumption to test temperature decreased. Using the
terminology of Prosser (1961), this pattern of change in the regression 7.
slope is a Type IVA adaption wherein the regression is rotated clockwise
and translated to the left as acclimation temperature decreases. The
regre351on’coeff1cient for animals acclimated at 2C was significantly

‘qlower than that of- animals acclimated at 18C when P < .0.02, while that
of animals acclimated at 10C was ‘significantly lower than that of lSC
‘acclimated animals.when'P < 0.06, and significantly higher than that of

- 2C acclimated animals when P < 0 10. Thus when P < 0.10, regreSSion

; slopes for 2, 10, and 18C acclimated animals were all Significantly :
different even though at the same level of 31gn1f1cance, the mean rate

of oxygen uptake of 10C acclimated animals tested at 10C ‘was not signi-

ficantly different from that of ic acclimated animals tested at - 2C.-.



Figure 7. Oxygen - consumption of ammocoetes acclimated at 2, -
.10, and 18C measured at various test temperatures.
Mean values are symbolized by n,e® , and 0 for
animals acclimated to 2, 10,. and 18C respectively.
Vertical bars represent + 1SE. Averages were cal-
culated from values given in Appendix Table 7.
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. —2C 1n August (Figure 3). Animals accllmated at 10C whose blood was

40

~

The ' acute Q 10 values for the regressions of test temperature
versus rate of oxygen consumption are 1.77, 2. 18, and 2.82 for animals

-
'acclimated at 2, 10, and 18C respectively. For the range of test tem—

ar

peratures used, the correlation between test temperature and the rate
e
of oxygen consumptlon was highly 51gnificant and positive (r = 0 99)

" for each group.; of acclimated animals. No correlation could be determined

', /between Qlo and body weight on the basis of the small sample sizes’ tested

Y
~

EPY) .

’ T

E. Effect of Acclimation Temperature on Hematocrit, Hemoglobin
Concentration, ind Oxygen Equilibria - Lo

Mea;urements made in 1ate August 1969 on blood from ammocoetes
acclimated at 2 and 1OC (Tables 2 and 3) show no significant dlfferences
between hematocrits or hemoglobin concentrations of animals acclimated
‘at different temperatures, even though the average rate of oxygen uptake

of 10C acclimated animals was three times that of animals accllmated at

used for these measurements were 51gn1f1cantly heavier than 2G anlmals,.
however, with the sample size used, no correlation between body weight -
and hematocrit or hemoglobin concentration chuld be demonstrated. 4
Oxygen equillbria of hemoglobln solutlons at dlfferent pHs are
,shonn in Figures 8 and 9 for anlmals acclimated at 2 and lOC respec-.
tively. Hemoglobin.solutions from ammocoetes accllmated at theae tem—

v

peraturee:had a very»high affinity for oxygen“when measured at 22C sincel?'50

' ¥ : -
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TABLE 2. Hematocrits and!hemoglobin'concentrations of
blood from ammocoetes acclimated.at 2C

Hematocrit . ( , Hemoglobin fn ‘Body weight
‘ % o . gh L ‘ g
34.0 . 8.sa - 4.78
32.6 8.54 . . e 2.65
33.1° 9.5 QL""——.?:TZQ i
34.2 o 9.94 - ' 3.20
35.7 = © 873 3.44
27.1  6.40 ) 3 3.87 .
33.3 (' o 9.12 3.7
41.9 11.61 - 3.57 "
3.6 . 8.69 3.0 ;
32.7 o 8.69 . 2.94
.28.4 | ©9.20 © 3.5
X 33.5 _,. . 9.00 o 3.40 v
- +1SD : L §
4.0 . - 1.24 /
N 11 | "
3 ~ ! 4



TABLE 3. Hematocrits and hemoglobin concentrations of
blood from ammocoetes acclimated at 10C -

-

. , ‘ : ] A )
.Hematocrit : Hemoglobin Body weight

%. — : g % ‘ g
33.2 - 8.69 7.13
26.2 - 5.62 2.61
38.2 | 11.94 4.93
34.5 9.89 | - 3.97
34,0 . 9.51 o 3.50
33.4 | 10.28 o 3.58
34.0 » 10.55 3.85
38,3 ; C 11,47 - 6.65

- X 34.0 : 9..74 4.52
fisp | 1.96
3.8
N 8
g 4
D



Figure 8. Oxygen equilibria of hemoglobin solutions from
: ‘ammocoetes acclimated at 2C, measured at pH
6.00, 6.47, and 7.15. ‘

a”

Rl

N



, b

oe

-S¢

-

NO&

.\.UI wu

SY% 0%

.

St

0t

Y4 0z St 0t

—

@

Al

o

. ﬁ..M1|o~

_0¢.

oY

0§

— 0.

—08

|- 001

06

IN%ouad

N18 O190NW3HAXO



. ;
Figure 9.

o

“Oxygen equilibria of hemoglobin soiutions from .

ammocoetes acclimated at 10C, measured at pH
6.00, P.47 and 7.15. ' '

-
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affinity (increase in P50

: 47

was¢ less than 7 mmHg at all pHs tested. At .pH 7.15, the most physiologically

realistic pH, Pgg was 1.5 mmig for animals acclimated at both tem-
4

peratures. Both t\mperature groups showed a similar decrease in oxygen
) as the pH of the hemoglobin solution decreased

5
There was no appreciable difference between oxygen .equilibria of the
different temperature groups "at each pH since PSd and P75.values vere

similar. However, 95 values of hemoglobin solutions from animals at
lOC were higher than those of 2C acclimated animals at pH/7.15 and 6 47,

but because of the small number of measurements taken at the higher

partial pressures of oxygen, this difference cannot be considered signi-

ficant.

Micro- pH equipment was not available to determine the actual

pH of blood from each ammocoete, and there were not enough animals to

enable pooling blood at each temperature for conventional pH meaSurements.

However an’excess of‘animals at 2C allowed for one pooled pH measurement -

]

7.42. e | | o



" DISCUSSION

Fry (1971) argui?,ﬁhat qof the rarious methods using o#&gen uo—
take as an indication of metabolic rate, only "standard" measurements
calculated from "active' measurements of metabolic rate by extrapolation
‘to either zero water turbulence (Beamish and Mookherjii, 1964) or zero

swimmlng speed (Wohlschlag, 1957; Brett, 1964; Smit, 1965) realistically

1ndicate the effect of acclimation temperature on the metaboljc rate
| .
of fishes. The more, commonly used "routine" measurements of metabolic

1

rate determine the oxygen uptake of fish whose body movements, although

minimized by either darkness or restricted space, are not eliminated,
yet much of the change in metabolic rate which accompanies a change in
. b

temperature may be due to changesdrn the degree of 1ocomotor act1v1ty

-(W%lls, 1935; Roberts, 1960 PeterSOn and Anderson, 1969). \ ‘ /
Unfortunately, measurements of active metabollc rate and thereby

calculated standard metabolic rate are not fe331b1e for larval lamprey

a

whose normal hablt is to remain burrowed and ° relatlvely inactive in

\

the locomotor 'sense. VWhen first p]W(.ﬂ in a contalner devoid of any-

‘thlng to hlde or burrow in, \am‘stuett< swim 1mmed1ately to the bottom

of the contalner'and attempt to Tur: within a -’ ‘te they seem to
exhaust themselves and.lie quietly on the bo:’ - \f. .. a few minutes
of rest they again attempt to burrow into the bott . rhe ¢ontainer,

- v

exhaust themselves, then again rest. This is repeated two or three
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N

times beforé they cease their burrowing attempts and:lle quietlf on
the bdttom unless disturbed by light orvpridding kwhe; exhéusted, ammo-
coetes cannot be induced_to swim by elther liéht ofﬁprodding). ﬁecause
activity seems to be "all or nqthiﬁg" rather. than degreés of mobility,
the most reglistic measurements of bxygen.uptaketin lafVal lamprey.are
those.taken while the animalé,are burrowed either in a,éterile natural
substrate or in a suitable artif1c1al substrate, such as the strands
o@)plastlc used in this study, or small glass beads used gy Hill and
‘Potter (1970) for larval I. hubbst.

When 1arval L. japonica were placed in the respiration chambers,
ﬁhey immediately entwined in the plastic strands and movement ceased

except for slight very infrequent changes in position. The degreé

of- 1mmob111ty of the larvae once entw1ned in the strands can be illus—
__‘!‘: eta

trated by the fact that,even,when the chambers:were inverted and‘thelw

water draiﬁed, larvae rarely moved or attempted to, escape. Therefore,

although metabolic rate determined by this method is "routine" in that

N | ' ) e

spontaneous activity is not eliminated,ﬁactivity.is so limited-that
‘\ 2

3

\

these measurements come as close as possible to "standard' measurements
: € . : ‘
where activity is nil.
- b
7

The only pspblem with using an artificial substrate of pléstic
st:$nds to quiet ammocoetes was that very small larvae (<1lg) usually
did not entwine in the str§pds and, remained active during an experiment.

2

Thus méasurements from small larvae could only be used if no moveme@t _.

was observed.
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In addition to questioning the use of routine measurements of
' ' 14

\6xygen qptake_to indicate the degree of aeclimation, some may questiod
the use of Elosed'reSPiratioﬂ chambers to accurately measure oxygen
uptake. Although'ne studies have been made‘on the effect of low oxygen
or high carbon dioxide tEnsions‘on ammocoete okygen uptake, dohansen

et al. (1973).found that édult E. tridentatus.here able to maintain a
constadt rate of oxygen uﬁtakevat water oxygen tensions above 35-40 mmHg

at 20C, and 10 mmHgJat 5 and 15C, partly by greatly increasiﬁg the breathing

rate below water oxygen tensions of 100 mmHg. ‘Observations made in July
.on burrowed L. Japonzca larvae held in 1 gallon Jars and subJected to
decrea51ng water oxygen ten51ons (created by bubbllng in N2 to decrease

02 tensions by 1 ppm/hr) showed'that the rate of velar beat remained

-jconstant above 30 mmHg at 10C [60-74 beats/min, N = 2}, and 20 mmHg at

‘2C [18- 25 beats/mln, N = 2]. At water oxygeh tensions of 7-10 mmHg,

e
N

L. Japonzca emerged from the mud and swam vigourously-near the surface

i

'of the vater. Similarly, Potter et al. (1970) found that I. hubbsi

latvae only emerged from the mud when qugen.tepsions were lower than

10-12 mmHg at\15,5°q. As oxygen tenSiod iﬁ'Zﬁe;respirationjchambers
was never lower than 70 mmHg, it is_gnlikely'that oxygen eonsdmption.bf
‘ ammecoetes was affected by ﬁse of,e~ciesed system. |

Lo - J

ﬁﬁTﬂe method used in this‘study to-determinaroxygen consumption‘v

both at the temperature of accllmatlon and after short term exposure .

hS
Y

to various other~"test" temperatures glves hlghly reproduc1ble repults.

Mean weight- spec1f1c rates of oxygen consumptlon determined from May 13 .

to June 9, 19@9 for four different groups of animals at each acclimation
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temperature are surprisingl& similar‘cohsidering the range of individual
 oxygen uptakes at any one temperature (Appendlx Table 7). After short
term exposure to 10C, mean rates of oxygen uptake for_ two groups of
animals acclimated at 2C and tested several days .apart were 6.040 and
0.044 mg/g‘hr, while two groups of,animais acclimated at'10C_and tessed‘
at 2C averaged 0.019“and 0.020 ° mg/g/hr.. Test treatment and anaesthesia
apparently did not affect subsequent test performance since the average k -
rate of oxygen uptake for five marked larvae acclimated at 18C was 0.033

mg/g/hr when tested May 7 and 0.039 mg/g/hr when retested on May 10*
T
(Appendix Table &) '

~

When'mean rates of oxygen,uptake are compared for different

species of larval lamprey of simllar size at equlvalent temperatures

and times of the year, values for L. Japontca are in the same range as

& |
those for I. hubbsz (Hill and Potter, 1970) but much lower than values N

\

for P. marinus and I: fossor' (Leach 1946) However, values obtained > |

by Leach (1946)  are probably well ‘above the. standard rate since larvae '

were not provided with any substrate into which they could ‘burrow. When

+

larval L. japonica were tested in contalners lacking a burrowlng medlum
rates of oxygen uptake were extremely varlablg and much,hlgher than

values presented in this thesis obtained when larvae were provided with

plastic strands in which to burrow.

1

Unﬁortunately, H111 and Potter (1970) measured ammocoetes similar -

in size to L. japonica at only one acelamatlon temperature.’ Thiaizs;age.

TN

rate of oxygen uptake they obtained - 0. 055 mg/g/hr at 15. 5C ~"is higher

than the average value of.0.043 obtalned for L. Japonica acclimated at

EN



18C measured at a similar time of year (Januarf—March) (Figure 2). At

o

acclimation temperatures of 3.5, 9.5 and 22.5C, Hill and Potter (1970)

used smaller animals averaging 1 2 g. Mean rates of oxygen uptake ob-

- tained for these smaller I. hubbsi larvae.at 3.5 and 9.Sc;£9§012 and
_ e

0.032 mg/g/hr) are lower than values'for;L. japonica at 2 and 10C respec-;
tively, and considering the inverse‘correlation tetween body weight

and rate of. oxygen uptake ‘found for.I. hubbSi, values at these 1ower.
vtemperatures would theoretically be even lower for animals of equivalent

weight to L. Japonzca

It is difficult to make relevant comparisons between 1arva1
and adult lamprey considering the great disparity in size and mode of

life. Generally though, oxygen uptake in larval L. Japonzca is con—

‘ siderably lower than valujizjsﬁefded for adults. . At 15C Sher-
{ '

|

bakov‘(l937) recorded an ave£age value of 0.14 mg/g/hr for 37 g adult

L. fiuvmatzlzs, while for adult P. marinus weighing 250 -350 g, Beamish
(1973) recorded aniaverage rate of 0.108 mg/g/hr.. At 18C the mean_rate"

of oxygen uptake in L. JaponzCa larvae was only 0.04 mg/g/hr. This'is -

'similar to ‘the vSIue of 0. 049 mg/g/hr recorded for adult pre-spawning

E. trtdbntatus at 15C but lower than the value recorded at ZOC of 0.129

mg/g/hr (Johansen et al,, 1973). However, as Beamish (1973) points out,
t

3

the low values recorded,for.E"trzdentatus may.reflect a deterioration

t

in physiological condition known to accompany sexual development during

the upstream spawning migration. Measurements of oxygen consumption

" for adult lamprey were standard ‘for P marznus (Beamish, 1973) but routine

for L. fiuvtatzlzs (Sherbakov, 1937) and E. trzdentatus (Johansen et al.,

!

[-
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H“wever, during measurement of oxygen uptake adults of all species

N

4 '

clung to the sides of the chamber and rarely moved. Thus, as in_larvae,

routine measurements are close to standaﬁd rates where'staﬁdard rates,
calculated by extrapolation to zero activity as for P. martnus, include .

the cost of respiratory movement ‘and the cost of clinging to the chamber

__wall. This 1atter cost may account for some of the difference between ,

./,

standard.rates_for adults and ammocoetes. é//

»Oxygen consumption of larval L. japonica is much lower than

routine measurements of oxygen uptake of teleosts at equivalent tem—

‘peratures, even when size is similar (Winberg, 1956; Ralph and Everson,

1968; Hart, .1968). Some of the difference in routine measurg¢ments may

o

" .be due to a greater degree of spontaneous activity in teleths. However,

N

even when activaty is minimized or eliminated in some teleosts~such as A

y e

-brook- trout (Job, 1955 Beamish 1964 ), brown trout [Salmo trutta]

(Beamish 1964), various spec1es of Antarctic fish (Wohlschlag, 1964),

yearling ‘sockeye salmon (Brett, 1964), and underyearling Atlantic salmon

' (Peterson and Anderson, 1969), oxygen consimption is still higher than

ig larval L. Japonzca at equivalent temper tures, although the 'difference

'.

1S greatly reduced and values for these teﬁcosts approximate values for

‘adult P. marinus and L. fiuvzatzlta.— Standard ratei of oxygen consumption

hd . : ‘»

determined for the common white sucker [Catos tomus commersonaz] (Beamish,
1964) at 10C are equivalent'to those for L. baponica'at lOC,while values
for.theibrown bullhead,.carp (Beamish, 1964)? goldfish (Beamisn and
Mookherjii,,. 1964), Pacific ﬁagfish [Epta%rétus stoutit]  (Munz and Morris, .
1965), and Australian lungfish [Neoceratodﬁs fbsterz] (Grigg, 1965) are
lower than values for L Japonzca at equ1va1ent temperatures. B '
&



-Japom,ea over the temperature range of 2-18C f 1.

larvae {(dlcate that they are better equipped to adapt to a change in

:sitic spelcies

were held at-&iconstant temperature their thermal resistanceéQS:;;)be .
» -~ _ /

. (! i
The Q value calculated from mean rate oxygen uptake at’

the temperature of acclimatlon ("long—term Q ) 1.3-1.4 for IL.
10

.7 betyeen 2 and

"Jfloc (in January and March, Table lj, while in I. hubbsi, Q0 over the .

:'temperature range of 3.5-22.5C was 3.6, but between 3.5 and 9.50,‘Q10

-

was 5.4. For both species Qlo values deéreased as the temperatures

being compared increased. 9§he low Q10 values obtained‘for L. japonica

temperatire than are I. hubbsi larvae. Although L. Japonzca is a para—

rom the sub—Arctic zone while I. hubbsz is a non-parasitic

species.fr m/the mid-temperate zone..both are subjected to similar tem-—

perature regimes in the natural env1ronment. The'difference in acclima—

_tion ablllty may be real but may in part be due to differences in mayh?

a

tenance of the animals prior to experimentation. I. hubbsz were gbllected’

" in February and accliﬁated only nine days at 9.5C, two weeks at 3.5 and’

22. SC and three weeks at 15.5C under constant light, whereas L. Japonzca

.

were dcclimated three months under a natural light cycle.

Although Hill and Potter (1970) found that I. hubbst larvae did

-

not exhiblt a c1rcad1an rhythm 1n oxygen uptake, Kleerekoper, Taylor,

and Wilton (1961) found that transforming and adult P. marinus did ex-

hibit a circadian rhythﬁ of-activity‘which‘was eliminated when the animals

-

were held under constant conditions of &im light. However, the, relation-

ship between circadian rhythms, photoperiod, and acclimation ability of

S © : _
fish has not been clearly defined. Hoar (1956) found that when goldfish

~t o ifa

~ N

——-
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altered by exposure to different photoperiods, and Tyler (1966) has -
i

'shown that at equal acclimation temperatures, réedbelly dace were more

B PN
resistant to high lethal temperatures in summer than in winter. Also,

Evans, Purdie, and Hickman (1962) demonstrated that tissues of rainbow
trout acclimated during the winter to 8L photoperiod tended to metabolize
at a higher rate than tissues of fish acclimated~to the 16L photoperiod;
However, a 31milar eﬁfect could not be demonstrated for ‘metabolic rates
of intact trout. Roberts (1967) found that at- temperatures above lOC
the metabolic'rate of sunfish_acclimated to 9L was higher than that of
fish acclimated to 15L at the same'temperature, and that.temperature

* compensation~at 9L was almost'complete over a higher temperature range
(Q10 = 1.2 for 12.5-20C at 9L'vs Q;q = 1 for 10-17.5C at 15L). Thus,

,under‘conditions of constant light, the acclimation ability of I. hubbei

larvae may not be the same as under natural*light conditions.

values calculated for adult lamprey from mean ‘rates of oxygen

- Q10

o uptake determined at the acclimation temperature are only available

for P. marinus. Over the temperature range ofAS—ZOC; Q0 for P. marinus
was 1.8, although between 10 and lSC Q was'S-l (ﬁeamish 19735" The '
average Ql is comparable to that found for larval L. Japontca, hut the.v
pattern of Q10 change with increa51ng temperature (i.e. a decrease in

Q

10 as the temperatures being compared increase) found for larvae was

not apparent for adults. This pattern of Q change in larvae'is similar .

BITr e swans,

however to that of some teleosts such asthe brook trout (Job 1955),
~ N \\ } .
brown trout, common .white sucker bullhead, carp (Beamish 1964), and

goldfish (Beamlsh and MOOkherJll) 1964), and indicates that compensation
tsh and Foot

$o-ag.
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in standard oxygen uptake is more complete ‘and. the ahiﬁals can more
easily adapt to a change in temperature at higher temperatures. Depen-

ding on: the rate of acclimation, this ability could be advantageous for

#

ilarval'iamprey since it would ensure .a rélatively stable metabolic rate

during the warm summer months (approximately 10-20C) allowing consistent
utllization of seasonal food sources and a steady rate of growth, pro-
vidlng of csurse that temperatures are not so high that all food energy
'is used for maintenance functions. The optimum and upper limiting tein—
peratures for’lamprey growth are not presently known. This also assumes'
e
that the acclimatlon ability of ammocoetes does not change seasonally
butfifﬁiig;lar or perhaps.iattoved over that found for L. japonica in:
Jantaryuand.March. However, the sudden decrease in oxyéen‘uptake pf
10C acclimated amchoetes‘in May followed by a sﬁarp increase in both
weight and oxygen uptake (Figureshz, 3 and 4) may'aave beenAaccompanied
by a change in acclimation ability in July and August but this was not '
.measured. Oxygen uptake and weight did nbt vary during the summer for
.2C acclimated animals, and unfortnnately,‘measurements could not be made
for 18C accliﬁated animals afterkuayt' However, the Qiordetermined in
May between 2 and 18C did not vary trom Mdrch and Jaauaty Qio's aijith
~did between 10 and 2 or 18C. - : ) N
' Long term Qlo values calculated for L. Japonzca are lower than

.those recorded for most other teleosts (Job, 1955; Evans et al., 1962

Beamish, 1964; Beamish and Mdokherjii, 1964; Brett, 1964; Rao, 1968;

..."

Hart, 1968; O' Hara, 1968), althOugh w1thin certaln temperature llmlts

the Q1 for sunflsh is as low as that of L. Japonzca (Roberts, 1967).

My
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Implicit here is that ammocoete L. Jjaponica- are better able to acclimate
to changes in temperature. However, some of the difference in Q). M8y
reflect the more sedentary mode of 1ife and inability to remainm aztlve

for any 1ength of time Evans et al. (1962), Prosser (1967), and Precht

(1968), indicate that-muscle tlssue in rainbow - trout,“gtﬁ g

[Anguilla vngar%s] respecaively shows less compensagionbfh
N

R

1966) shows marked temperature compensat%Pn in oxygen uptake.' Investi—
gations into the acclimation ability of various tissue systemsvare as
yet inconclusive as to which tissues are most important in accllmation
of the total organism (Fry and Hochachka, 1970; Prosser, 1967).

Acute Q10 yalues calculated for larval L. Japonzca acclimated
. at different temperatures are eimiler to thoselfound_for most other
fish wherein animale,acclimatedtat,cold temperatures have alloﬁ«Qib
and high rate of oxygen consuuption compared to warm acclimated animals
(Prechg§$i§51;-Bullock, 1955; Prosser end;ﬁrown, 1961; Morris, 1962;
Grigg, 1965; Peterson and Anoerson, 1969).‘ Acute Q10 values fot L.
aponzca are lower than. those found for Atlantlc salmon (Peterson and
Anderson, 1969) but simllar to values found for the more sedentary eel
(Precht, 1951) and }ungflsh‘(Grlgg, 1965). These Q10 s based on stendapd
or low routine iates of oxygen uptake are probably not comparéble with
Qlo's based on-routine rates of actiue speCies'(Bullock 1955' Prosser
and Brown, 1961 Morris, 1962; 1965) since a change in temperature greatly

0

alters activity (Peterson and Anderson, 1969). When ammocoetes accllmated

,r

..
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at 2C were transferred into water at 18 or 24C, swimming movements E
- . « N

increased sharply, and instead of attempting to burrow, they sought to

escape by leaping out of the water. Conversely, when animals acclimated

J .

at 18C were transferred to water at 2C, they sank to the bottgm of the

o

‘container and movements were few and extrgmely slow. However, when

ammocoetes:were entwined iR plastic strands in a respiration chamber,
i ]

a change in water temperature did not elicit movement. *o-

Acv \r values have not been determined for other lamprey

‘Species/accl%mated at different temperatures, but for Pacific hagfish,
° Ry I

RN
Munz and Morris (1965) were unable to demonstrate~any difference in
- $

. ' ‘
acute Q10 or oxygen consumption at various test temperatures between
L

fish accllmateg at 4 or 10C., They attributed this to the thermally
stable natural/habitat of hagfish where such an acclimation ability
would ot offer a selective advantage. However, the peculiar experi—
mental method of-Munz and Morris whereby all animals regardless of accli-

mation temperature are held at the 1owest test temperature overnight,'

I -

then tested at progressively higher temperatures, may’give different
results from the experimental method used by others where animals are
exposed to test temperatures for a short but equal period ‘of time, and

one individual is tested at only one temperature other than the accli-

~:>\

mation temperature. Morris (1965) using the former method also "found
that acclimation temperaturegdid not alter acute QlO values in the yellow

bullhead [Ietalurus natalzs] although he was able to demonstrate- that

acute Q10 of -the’ cichlid [..quidens portalegr'ensw] did change w1th
acclimation temperature, but only in largerffish (Morris, 962).,; o

¢

.
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Prosser (1963) has suggested that a change in acute Q with

'iacclimation temperature implies "changes in the temperature characteris—

i

o

tics" of enzymds "due to either an alteration in enzymesvor in co- factors

(qualitative changes or quantitative changes in relative amounts in

parallel paths)", wh reas a shift in the rate curve of" oxygen uptake
F e

indicates changes in the levels of enzyme activity." Although changes

in enzyme concentration 1n poikilotherms have not ‘been measured, changes
in the kinds of enZzymes present (Hochachka and Somero, 1968; Somero,

.
1969; Moon and Hochachka, 1971 Baldwin, 1971), and in- enzyme acti-
vity probably through modulation of enzyme substrate affinity
(Freed, 1965 Hochachka and Somero, 1969; Somero, 1969; Baldwin,
1971), as well as alterations in metabollé pathwazs (Hochachka and Hayes,

1962 Hochkachka, 1967) are known to occur in several p01kilotherms when

.

the body temperature is changed. However, the extent to which temperature
‘induced enzyme changes account for changes in the Qlo or,position of
the curve relating oxygen consumption of the intact organism to test
temperature has not been determined L - N
| > \ ; -*
Although acute Q10 values have ‘been. shown to\increase with in-

crea51ng body weight (Rao and‘Bullock 1954 Morris, 1962), 'this could

not be demonstrated for L. Japonica larvae. Slmilarly, Peterson and

. Anderson (1969) also found this relationship lacking in underyearling

Atlantic salmon. Whether the absence of a correlation between body

‘weight and acute Q1O is real or due to small sample 31zey%gpld only be -

- determined by repeating the experiment using a larger sample ‘size and

W1der sizew;ange of'ammocoete. : %

e
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Long term Q10 values, however, do show a definite Weight effect

since the slope of the line relating oxygen uptake (mg/hr) to body weight
increased significantly between ‘animals acclimated at 18 and 2C (Figure
5). Thus, the'increase in oxygen consumption with an increase in accli—'

mation température'is greater in smaller ammocoetes, or, acclimation
" m

abllity increases with size. Similar decreases in slope value with

w

inCreasing acclimation temperature have been shown for brook trout (Job

°

'1955'“Beamish 1364), common white sucker, brown bullhead“and carp (Beamish

1964), but the differences were not significant with the sample sizes

used. HoWever, EVans et al. (1962) didbiind a sigﬁificant increase ‘in

‘theu%lope for-rainbow trout with decreasing acclimation temperature.

0 Hara (1968) found that since the slope relatipg oxygen uptake to weight

o %

) increased with acclimation temperaf/re 1arge sunfish and blue gill

[Lepomms macrochtrus] were .more affected bﬁ,a change in temperature than

*

v
were’ small fish. However he p01nts out that the acclimation temperatures

el

used were near the upper 1etha1 limit and’ the same size - oxygen uptake

<

relationship may not exist at lower temperatures. Hill and Potter (1970)

©
. .

d1d not determine the relationship between 51ze and metabolic rate at

dlfferent temperatures for I. hubbse laIVae,but for adult P. martnus

Beamish (1973) found rio temperature related ehange in slope values.

" The rié:ession of oxygen uptake (mg/hr) to: body weight is. generally

described by values of 0. 67 to 1.0 for fish (Bertalanffy, 1951 Winberg,

1956; Hickman, 1959; Beamish 1964 Paloheimo and chkle" 1966 Hill and
Pzzger, 1970 Beamish, 1973) Slope values for ammocoetes were similar

ﬂv
'

to those of. other flsh*ih Janusry and March but 1n May, slope values for

.« -
. i
.

°

R}

®

-

M

+
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animals\aCclimated at 18 and 10C dehreased'sharply to 0.427 and 0.448

2T —-

‘ resééctively - much lower than values recorded for other fish.

Seasondlly associated changes in slbpe values for L. japonica
were evident at all temperatures. The increase from January to Maxch

in therlope of the regression at each temperature (Figure 5) was not

significant but was primarily a result”of,either a limit¢d size range
. . : . - : o ‘

of animals tested, or a few exceptionally high or low values of oxygen

1uptake distorting a regression based on a small sample\size. In January,
N . .

' she size range of animals tested at.18C was very small - 14 animals

" weighing 2 to 4.5 g and two over 6 g. Variation in‘oxygen'uptake of the

v‘:2 to 4 g anlmals was high, and the largest animal had antexceptionally

Jow rate of oxygen uptake (Appendrx Tables 1 and 6) - whereas in March
K]

' at 18C the size range sampled was cverly distributed between 0.7 to &4

g anlmals plus one 8 g aulmal ;and the variﬁtion in oxygen uptake was

" much smallerithan in January. At 10¢C, where»the size ranges;sampled

1n January and’ March were 31milar, the dlfference in the regre551on
' l

\

coefficient was not apprec1able.‘ At 2C, the 1ncrease in the regre331on
nslope in March was due prlmarily to” exceptlonally low rates of oxygen

:uptake for the only two anlmalé smaller than 2 g and hlgh rates for

3“ oy s
! -o? ‘-"'\‘ \,"
vthree of the 4 to S_gihnimal'“ ﬁ%ﬁh dlstorted the regre531on slope at
N .-'.:. .I“A—l fg ...-;

Lo

coeff1c1ent for the JanuaryﬁMarch perlod is. obtained by pooling measure- A‘:;

~
. :

ments. "Pooled: values yield regress1pn coeff1c1ents of 0. 76 1.02 and
k n)‘

xlé'for anlmals acclimated at 18 10 and ZC respectively. These are
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?acclimated at a longer photoperiLd. The change in the(zélationship

62

_ significantly highet{than slope values determined for the equivalent‘
- temperatures in May.. The 18C value of the January-March pexiod is com~

,parable to a slope of 0. 71830%{ained fbr I. hubbsz larvae at. 15. SC in

ST e N
P
February (Hill and‘%?tter, i970) Slope values for L4 gaponiaa at 180
3

-k

are lower than for‘n&ult P. marinus -at 15C (0 949) but ?alues for ammo—“”‘

M s .
coetes at 10 and “C measuted in Sanuary and Maréﬂbaxe similar‘to those

L

~of P. marinus at equ1va1ent temperatures (0 9663 0 933) measured in- mid

"

- winter (Beamish, 1973). v . : ,Q{ﬁ

( The change 1n the slope relatlng oxygen uptake to body weight "

evideK{ in May for L. }Japontca (Figure ?}/ﬂas also reflected in a* change“

e et

.ain the slope relating oxygen uptake per unit weight to body weight for ¢

|
animals acclimated at 10 and 180 from an insignificant correlation to a

!
{

Q'Significant correlation (Figure 6) Thus in May, but not January or"

March, oxygen consumption was’ dependent on bédy size at and 18C but

© .not at 2C. Similarly, Evans et al' (1962) found that the slope relating

r

weight to oxygen: uptake per unit Weight was greater in rainbow trout

L between;oxygen ‘uptake and body fgight which occurred in May was followed

. Y

by a significant increase in oxygen uptake and body weight of, animals
acclimated at 10C. '/f o

- . R

These changes in ammocoetes held at constant temperaturgs suggest

I
1]

the p0551b111ty of annual rhythms which are controlled by photoperiodl'

and probably operate only under favourable temperature conditions. Be-

cause molecular'aetivity is, temperature limited rates of oxygen consump—

. tion at 2C may be as higb as possrble at th%t tempera%ure from January =

S “ = v . ] . )
s tr . L “ . B
S - ‘ %, - Ly
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toAMay and may nothbe capable of increasing as photoperiod incredses.
Moore and Beamish (1973) showed a ma ™ 1 decrease in digestive Nhili&
and injestionqragg'ag 2C in 1arya1 P. marinus- However measurements

«t 2C were made in winter while measorements at higher‘temperatures were

made in summer, therefore results may be photoperiod affected. ~ Unfor-
3

tunately data is net availabie for 18C acclimated animals after May,
but I assume that oxygen uptake and growth would have increased,.since
the decrease in the slope ofe the line relatlng oxygen uptake (mg/hr) "
to body weight evident in May at 10 and -18C was followed by growth in
July and August at 10C. ’ o

1

Most auth#rs relate seasonal changes in oxygen'consumption'at a
|

fixed temperathre'to changes in the_reproductive state of the fish
'-(Wohlschlag and iullano, 1959 Evans et al.; 1962 Roberts,
1967). Howeverg ammocoetes are sexuallv immature and none showed signs

- of’ transformatlon or maturity to the exi of October, 1969.

J(‘,,

Seasonal changes in body size, oxygen consumption and the corre-

K

lation between these two parameteriﬁmeasured in the Iaboratory environ43 -
ment can be compared w1th seasonal changes in the natural environment.'

During winter (O—ZC), oxygen consumption is low, relatively stable and
“1ndependent of body 31ze (Flgures 3, 5 and 6) Assuming there is suffi-

cient food body size Ls also stable (Flgure 4) (Hlll and Potter, 1970)
In May, the jice’and: sdbw which blocked out nearly all llght melts, and

ammocoetes are suddenly exposed to 1ong hours of light and rapidly in-
orea51ng temperatures. f As the food supply 1ncreases ammocoetes begin -

.

", to grow (Hardisty, 1761) and oxygen consumptlon increases (Flgure 3)

@
:

. v ’
o . . \
Y . . .
e . -
s . )
. . .
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Since growth rate is greatest in young ammocoetes (Hardrsty, 1961; Car-

lander,
‘larger a
relating

(Unforg&n

re é?h!o_gvleqUatlon in- July and August.) Slmilarly, Brett (1964) showed

1969), ‘they cohsume more OXygen per unit weight than older,
mmocoetes (Flgure 6). .Consequently the slope of the regression
weight to oxygen consumption (mg/hr) decreases (Figure 5)

ately sample’ sizes were too small to determine a meaningful
4

D .

that.Juuggéie salmorn. are characterized by a lower slope va]ue (0 mg/hr

vs wt) than older salmon. ) .

Ooen to question in suggesting the existence of annular rhythms

rd
[ -
Pased on

Y
o

the data in this thesis“is the nutritional value of the food

"

Shvaila} .e to ammocoetes.« The diet of larval L. Japontea has not been

determined, but the gut contents of Amerlcan brook 1ampreys [Lampetra .

Zamottm

(Manion,

Danube lamprey [ﬁudontomyzon danfbrdz] (Schroll 1959)

found in

.

] (Creaser and Hann, 1929 Moore and Beamlsh 1973), sea lamprey

f
i

1967; Moore and Beamlsh 1973),'European brookZlamprey, and;“

onsist mainly

of Aufwuchs, partlcularly the diatoms, in proportlons simllar to that

- X
the substrate. However it is not known to what extent each food

item in the gut, including bacteria,Adetritus and dissolved nutrlents;

contributes to the nutritional requirements of lamprey.' It is possible:

that powdered brine shrimp provided L. Japonica was insuffioient to .

allow for growth and that the rapld increase in weight at 10C in July

D

was a result of a seaspnal increase in the algal population. There'was

no visual evidence of an increase in the algal populatlons in any of

- -~

the contalners but no measurements were taken. To conflrm the ex15tence

'|

of annuilar rhythms, the experlments would have to be repeated and the

dget.controljhd more closely.*

N

90



”~

- 65
|

Whatever the nature of the temperature or photoperiod induced

changes in metabolism of ammoeoetes, the adaptations are not reflected

in hematocrits, hemoglobin concentrations 9r oxygen éhuilibria of hemo-
globln solutions. Hematocrits and hemoglobin concentrations in larval
L. Japontca are higher than those found in I. hubbsi (Potter et’ a1

\

1970) Oxygen affinlties of the hemoglobin §6lutions were very high 4§*> i

and are comparable to P. -marinus and L. pZanerLt 1arvae and adult hemo~

-

globin solutious at equ1valent pH's and test temperatures (Manwell,

7

. 1963; Antonini et al., 1963), although higher than the’ affinlty of in—

jvtact red blood cells measured for I. hubbsi larvae (Potter et al., 1970)
T

Measurementédef oxygen affinlty using red blood cells are 11ke1y more

indlcative of the situation in the intact organism (Riggs, 1972), parti-

cularly since oxygen equilibria presented 1n/éhis thesis and by Manwell

(1963) and Ahfonini et al. (1963) were measured. over.an unrealistic pH

range, whereas. Potter et al. measured oxygen equilibria of I. hubbsi

blood at the attual pH of the blood.
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AI’PEND_IX‘TABLE 1. Length, 'body w;:igﬁt:, énd oxygen consumption
. of ammocoetes’ agclimated at 2C, determined
in January, March, and May 1969.. '
o ."\ N . ", 0, consumption
Length (mm) .o Weigbht (g) ) _ sl’_n_\g[g/hr!
Samuary - :_.—\:L_ ' e
% - 0.5 g\, - £ 0.0103
130 - 2.76 -~ " 0.039
133" T ‘2.61 '  0.0562
104 S 1.25  0.0298,
120 | B T 7 " 0.0202
129 . 2.08 D 0.0445 ’
151 o : ' 3.68 ’ . 0.0211
161 S 4,73 Lo ©0.0187 . .
166 . 4.58 | 0.0247 -
160 ‘ 4.18 - 0.024%
153 A~ | 4.06 . ‘ 0.0142 .
149 33 < 0.0298
184 WL > o0.0238
167 . 5.80 & . - 0.0226
180 ( , 6.41 -t vo.02d5
) . R B
N 15 - s 15 )
X 144 o 364 ©oo.0m 7
418D | | 163 o012
V[ S . - S . b
-
; ‘continued . .
. - 7
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Weight (g) © “(mg/g/hr)-
g e -
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. 1.95 0.0085
2.95 0.0275
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A,APgﬁgnlx TABLE 1 - continued
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w008 " P
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APPENDIX TABLE 2.

Tioee
N

-Deuéth, body weight, and ox gen consumption
of ammocoetes acclimated
ip January, March, gnd Moy 9@9. oo.

10C, ,determined .-

0., consumption

A L B
. D

4 P  (mg/g/hr)
January T
g5 ‘ 010152f
88" 0.0654
..99 . 0.0421 -
100 , ﬁ,w 2 0.0905°
61t v 1 0.0484
128 o | 0.0293
o dge. S 1 *0.0237. ;
130 .- 0.0326 i
o dss T # . 0.0489 \'/
40 164 Y ; . §.0314
. 154 ‘ 0.0312
156 0.0356 -
_ 156 0.0313
~ Q,,iss P v @ 0.0409
160. N 0.0145
172" i . %0.0504 -
190 4 0.0447" -
N, a7 17 . ‘17 o ;
X 140 ~  3.11 < o\._oa(‘).
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3,
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Length (mm) .+ Weight (g)

v

02 consumption
(mg/g/hr)

March,
02 - ... . 0.8 ° o 0.0106
99 T 1.01 ki 1 0.0754
8 . 0,55 ©0.0346
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y e 143 | | n - 0.0564 ol
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3
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. \, 4
T S S & "0.0283 ;
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L - - ) 0., consumption
Length (mm) .7 ° Weight (g) | (mg/g/hr) .
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| | S R DR o

x

: 3.03 , ~ T0.0576:7
:Qp . .‘. » ?' 8,4 C } . . -0‘ N
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B © 2.66 . eu0%06 Aggg? -
2.5 7 0.0301
2.90 o,
4.66 0
5.33 "« . 0
S 348 . 0.0047
| 0
0

B V&t

) 3.42 «
.+ 3.03 -
478 S " 0.0i26

:',' ) . 2,51 . , S T 0.0404 :_ S
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s Lengt:h body weight, and oxygen consumptlon of
ammocoetes. ~dcclimated at 18C, determined in.
Januvary, March, and May 1969.
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@_' % A o q 82

. S _ ' 0. consumption '

Length (mm) o Weight (g) o "~ “(mg/g/hr)

“? .

133 | 244 ' 0.0426,,
140 oL :@2-99 | | 0.0736" .
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- | 12 ©0.0589
82 .0.0622
.14 . L 0.0283
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APPENDIX TABLE 3 - continded
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0, consumption ‘

Length (mm) . Weight (g) (mg/g/hr) - \0
Marc¢h L
86 0.72 0.0788
} - | -
N7 0.99 . 0.0491
100 1.04 ~ 0.0546
116- 1.50 0.0250
116 1.58 0.0323
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133 wa s 2.58- 0.0555 b
140 - STy L 2,96 . 0.0625 .
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. R v S .
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150 -
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.:i{

3.55 e

<
DeRAE

- 3.70
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3.03
.78
2.29
. 1?6%”

v 2.82 <

. 3.70
9.34
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4.00 |
4091, L
3(63 - |

-.xqji \\ .  -
' 2.50 L
- 3464 <;/ Lo

3
2.4
7.53

P K% ..
7.52 . o
4

.32

0, consumption

(mg/g/hr)

10.0285
0.0539
0.0478
0.0676
0.0479

0.0511

* .0.0476

0.0515
0.0272.

0.0534

0.0538.

0.0318
0.0210
0.0238
'0.0376

0.0460 -

. 0.0527

1 0.0405
0.0401
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' 0.0571
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APPENDIX TABLE 3.- continued.
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May ‘(continued)
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APPENDIX TABLE 5.
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Length, body weight and oxygen consumption
of marked ammocoetes acclimated at 10C.

0 ‘ Length (mm)
Ammocoete No.. 1 2 3 4 5 6 7
X

October 15, 1968 162 175 154 144 135 147 149 152
November 13, 1968 162+ 175 154 146 138 147 150 153
February 1, 1969 159 174 154 143 134 146 149 151

March 16, 1969 162 176 160 145 135 149 150 154

May 13, 196§ 160 176 162 147 136 149 ' 149 154

July 26, 1969 173 181 168 154, 143 156‘ 152 161

August 25, 1969 175 178 165 152 145 157 . 155 161 ¢

Weight (g) : \/)/)
Ammocoete No. 1 2 3 4 5 6 7 - .
: ‘ X ¥ 15D
October 15, 1968 4.00 5.75 4.09 3.26 ».82 + 1.00
November 13, 1968 3.80 5.62 3.91 3.12 3.66 + 1.01
February 1, 1969 3.75 "5.56 3.92 3.07 3.62 + 0.99
March 16, 1969 3.84 5.49 4.02 2.93 2.47 3.44 3.39 3.65 + 0.96
May 13, 1969 3.70 5.34 3.95 2.97 2.50 3.28 3.30 3.58 +:0.91.
July 26, 1969 4.35 5.45 4.39 3.26 2.77 3.8 3.50 3.94 + 0.88
August 25, 1969 4.65 5.57 4.56 3.43 3.16 4.01 4.08 4}21'i10-81
Oct. Nov. Feb. Mar. May July Aug. )

r

continued . . .
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APPENDIX TABLE 7. Oxygen consumption and body weight of ammocoetes
’ " acclimated at 2, 10, and 18C, measured at various

test temperatures. . . N
Acclimation v o " - 4;:5 '
temperature: 2C . 10cC _ : A }SC’ .
ﬁeight " 02 consumption Welght '02 consumption Weighf 0, consumptién'
(8) (mg/g/hr) at (8) (mg/g/hr) at | (g) - (mg/g/hr) at
| 2C 240 __loc 24¢C Cl8C 248
6.44 0.0157 0.0579 7.08  0.0160 0.0764 7.53  0.0212 0625
5.90 0.9191 0.0836. 4.64 0.0223 0.0886 7.52 0.0287 0.0614
71.79 0.0422’ 0.1418 2.73 0.0199% 0.0795 4.32 0.0338 -0.0643
3.13  0.0386 ,0.1130  1.30 0.0401 0.1440  4.67 0.0400  0.0645
3.49 . 0.0263 0.0672 2.75 0.0158 0.1531 2,96 0.0597 0.0788
3.23 0.0216 0.1430 3.69 0.0362 . 0.1057 3.96 0.0304 0.0564
3.62 0'0223/ 0.?241 ‘ 3.03 0.0576 0.1191 6.34 0.0233° 0.0511
3.84 0.9293 "~ 0.0555 3.88 70.0510 ‘0.059ﬁ

2.91 0.0535 0.0799
4.73 0.0471  0.0632

7 7 7 - g 8 . 8 10 10 10
X'3.94 0.026  0.104 3.63 0.030  0.103 4.88 0.039  0.064
( | :
! 2c_ __18C 10C 18C | __18c  ~_18¢C
9.19  0.0405 0:0749 7.48 0.0186. 0.0538 3.55 0.0285 0.04
6.03 0.0388 0.0613 ° 6.08 0.0154 0.0358 3033 0.0688  0.0426"
5.50  0.0253 0.0743 2.64 0.0906 0.0883 6.35 0.0171 q.o;zo*
_4.96  0.0415 0.0713 2.65 0.0301 0.0801 4.03 0.0393  0.0407"
4.27 0.0283 0.0849  2.90 0.0586 0.0758  4.37 0.0710 0.0301
4.04  0.0388  0.0849 4.66 0.0091 0.0491 2.81  0.0539 0,0518
4.67 0.0506 0.0717  '5.33 0.0143 0.0431  4.57° 0.0356 0.0379"
1.72 0.0296 0.0967 -'. 3,48 0.0047 0.0609 ~ 2.89 0.0498 0.0520"
' 2.97 0.0319 0.1044 ° 3.42 0.0326 0.0798 2.94  0.0382 0.0392"
4.12  0.0129  0.0924 3.03  0.0386 0.0723 ~ 3.23 0.0206 -0.0540"
2.20_0.0302% 0.1054 ©__4.78 0.0126 _ 0.0587 '
N1 11 11 11 11 11 10 10 10

X 4.52 . 0.034  0.084 4.22  0.030  0.063 3.80 0.037  0.040

» R
continued .
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APPENDIX TABLE 7 - -continued

C"z
Acclimation . : - . .
témperature:  2C Y 10cC 18C
Weight 09 consumption Weight 02 consumption ‘Weight 02 cénsump;ion
(8) = (mg/g/hr) at (8) (mg/g/hr) at: (8) (mg/g/hr) at
2 10C 10C- 10C 18¢C 10C -
4.96 0.0364 0.0564 5.97  0.0245  0.0265. 2.50 0.0478 -
4.22 0.0275  0.0408 3.95  0.0270 o.og3o* 3.70 0.0676 0.0215
2.99  0.0247 0.0584 5.3 '0.0302 0.0319°  3.52 0.0479 0.0088
13.02 .0.0253 0.0680 3.28 0.0505 0.0420 2.20  0.0511 0.0294°
2.91  0.0304 - 0.0338  2.51 0.0404  0.0400 3.70 0.0476 0.0126
3.20  0.0268 0.0490 3.96 0.0173  0.0200 3.03  0.0515 0.0209
3,82 0.0297 0.0567  3.30 0.0119 0.0125°  7.78 0.0272  0.0022
1.86 0.0230 0.0356 3.70 0.0249 0.0306%  2.78\_ 0.6534 ) 0.0050
3,42 0.0145  0.0264 2.97 0.0266 0.273 "  1.62 0.0538 0.0167
3.57 0.0196 0.0288 2.50 0.0269 0.280 = 2.82 0.0318 0.0248
0.95 0.0380 0.0486 , 3.70 0.0210 0.0108
©3.57 - 0.0328 0.0364 -
3.83  0.0210 0.0387
1.28 0.0269 0.0555
3.12  0.0266 0.0327
'2.51  0.0425  0.0394 )}
'3.54  0.0314 0.0356
3.00 0.0369 0.0478 . \
©3.61  0.0322
3.28 * 0.0368 ’ L
- 1.08 __ 0.0247
N21 21 18 100 10 10 - 11 11 10. ‘
X 3.04 0.029  0.044 3.75 0.028  0.028 3.35 0.046  0.015

*7

~

continued . . .
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APPENDIX TABLE 7 - continued

Acclimation .
temperature: 2C

"\
{

10¢C -1

96

8C

umption Weight 0 consumption Weight 02 consumption

Weight 02 cons :
() (mg/g/hr) at (8) (m%/g/hr) at » (8) (mg/g/hr) at .
‘ 2C »_10C__ ¢ 18C 2C
6.02  0.0295 1.17  0.0450 0.0172 - 9.34 0,0238 0.0041
4.87  0.0169 /;4bi\\ 0.0262 © 0.0068  4.77 0.0376 0.0147
2.83  0.0320 4.67 0.0165 0.6122 = 6.85 0.0460 0.0126
3.06  0.0292 5.49  0.0195 030070 4.Q0 o.ogg?“‘ 0.0057
4.00 0.0182" 2.43  0.0245 0.0379 4.91  0.0405 0.0051
3.72  6.0222" 3.00 0.0301 0.0278 3.63 . 0.0401  0.0054
1.88  0.0404 3.76 .0.0395 0.0226 3.53  0.0372  0.0074
2.98  0.0560" 2.71  0.0311 - 3.27 0:0413  0.0043
3.86 0.0327 ,7.09  0.0187 0.0112 2.50 0.0571 0.0053
3.51  0.0252" 6.13  0.0355 0.0113 - 3.46 0.0347 0.0063
3.86 0.0243" 2,72 0.0372 0.0367  2.44 0.0617 0.0086
5.35  0.0255 0.0131 -
488 0:0209 0.0110 g
, 4.67 0.0294  0.0230
3.47 0.0555 0.0357
'3.49  0.0300 0.0161
3.05  0.0429 y -
2.75__ 0.0158
N11 11 , 18 18 15 11 11 1
"X 3.69 ' 0.030, 3.98 0.030  0.019 4.43  0.043  0.007
Total Y |
N 50 50 47 47 : 42 - 42
X 3.63  0.030 3.93  0.030 4,10  0.041
y, Q
/ *Marked ammocoetes

1



