-

C ey

,  Carada

j ) Canadlm Theses Service  Services des théses canadiennes
\ Ottawa, Canatia )
K1A ON4 a

NOTICE

The quality of this microfiche is heavily dependent upon the
quailty of the original thesis submitted for microfiiming. Every
effort has been made to enisure the highest quality of reproduc-

glon possible.

If pages are mlsslng, contact the universlty whlch granted the
degree. . .

Some pages may have indistinct pﬂnt especially if the original.
pages were typed with a poor typewriter ribbon or if the univer-
'1 sity sent us an inferior photocopy.

u

' Prevlously copyrlghted ‘materials (journal articles, publlshed
; ‘tests, etc.) are not filmed.

Reproduction in full or In part of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, c. C-30.

X

THIS DISSERTATION
. HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

-

NL-339 (r.06/08)

’ ’

THESES CANADIENNES

\ AVIS 7

La qualité de cette micrgfiche dépend gr: ent de la qualité
dela thésﬂ&urplse au microfilmage. Nous avbns tout fait pour
assurer une qualité supérieure de reproductlon

2

S'il manque des pages, veuillez communlquer avec funiver-
sité qui a conférs le grade ’

La qualité d'impression de certaines pages peutrlaisser a
désirer, surtout st les pages orlglnales ont été daetylographiées
a l'aide d'un ruban usé ou’sl l'université nous a fait parvenir

. une pholocople de quamé intérieure.

Les documents qui font déja 'objet d'un droit d’autdur (articles

_de revue, examens publiés, etc.) ne sont pas mlcroﬁmmés.

La reproduction, méme partielie, de ce microfiim est soumise
a la Lol canadienne sur le droit d'auteur, SRC 1970, ¢. C-30.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE
g N

Canadi

v

1



" 3)“

'BEHAVIORAL . THERMBREGULATION IN RAINBOW TROUT,
SALMO GAIRDNERI, AS A FUNCTION OF DIETARY REGIME.

5 ;
: ' '

* | L N I

Michael,A.H. GREGORY

f<7 A Thesis ’ '

o . in
"The Department
T . . of »
Biological Sciences o,

Presented in Partial Fulfillment of the Requirements
for the-degree of Master of Sclence at Concordia University
. Moq}rea\. Quebec, Canada

! -t :
i ’ ”tﬁﬁ "'t‘ “\ .%’{. -
afd‘;) |
t Apr11, 1986

| o) Michae! A;H.~ Gregbr'y



L4

preeEm—— L

.Written

Permission has been granted

to the National Library of.

Canada to microfilm this
thesis and to lend or@sell
coplés of the film.

[ -

The author (copyright owﬁet[

her the thesis nor
axtensive .extracts from it

. may be printed or otherwise

reproduced without ‘his/her
permisgion.

h a reserved other .
puéiicaéion rights, and

.nei

- © ISBN 6-315-32225-X |

3

L'autorisation a 3t& accordée
& la Biblioth2que nationale
du Canada de microfilmer
cette thdse .et de pr&ter ou
de .vendre des exemplaires du
film: )

L'auteur (titulaire du droit
d'auteur) se r8&serve .les
autres droits de publication:
ni la 'thd®se, ni de 1longs
extraits de celle-ci mne
doivent @&tre imprim&s ou
autrement reproduits sans son
autorisation ®crite. P

‘ -

v ot

g ————



Behavioral thermoregula;ten in Rainbow trout, Salmo

»gairdneri, as a function of dietary -regime.-

o

Michael A.H. Gregory ) ’
4 ’

)} v
Experiments were conducted with the objective of §tudy'ing the

thermore&tﬁitory behavior of ju@enile Rainbow trout, Salmo gairdneri,

as a consequerice of dietary restriction. ‘Ah electronic, aquatic
shuttiebox with continuous water replacenient was developed to
facilitate these studi;s. This device is equippeé to provide a
temporal, thermal gradient ranging from 7° to 27°C.

Test fish, 10 to 12 cm in length, were diyibeqyinto three groups
and fed either 0 or 2% of their wet weight or to satiai1on, on a anc;
daily basis. This regime was maintained for two weeks at a constant
acclimation temperature of :13.0°C (tO 5°C) prior to testing and was
continued during thé four to five day experimental phase in the . ,

shuttleboxes.

The average temperatu}es selected for each of the test groups
were 14.1°C (5.D. = 1.2°C), 16.8°C (S.D. = 0.8°C), and 18.6°C (S.D. =

1.0°C) for the 0%, 2% and ad libitum diets respectively. The thermal

preference -was found to vary with the time of(the da& on a diel basis,

the g}eatest_diffe}ences being observed in the unfed test group. All

three‘test groups displayed similar thermal preferences at three ‘
‘different times of the day, 6:00-8:00 a.m., 12:00-2:00 p.m., and 9:00 d
p.m., with divergent temperature selection during the remainder of the
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Evidence is presented to support the hypothesis that the *
’ . differences #n' thermoregulatory behavior between the test groups are
due to compensatory adjustments effected to optimize metabolic
‘ . " '
energetics with respect to nutritional status. .
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HcDonald 1973) have noted that at least sgme salmonids do 'undergo

‘4 INTRODUCTION
In 1947, the eminent Canadian fish_physiqlogist“F.E. Fry
postulated that fish might select their ambient temperature conditions
in accordance with the thermal optima of'verious metabolic processes.
In the intervening years several field studies {eg. Brett 197%;

[}

daily thermoregulatory changes wh1ch can be correlated with metabolic

. efficiency (Fry, 1947). Laboratory work has shown that the optimum

temperature for a fish is a function of its/nutritional'status.
Hewever no work has as yet convincingly demonstrated that fish will
actually modify their thermoregulatory patterns in conjunction with
the energetic provisions of a part1cular feeding regiﬁh\

This thesis reviews the efforts of the author to address the -
hypothesis that fLsh may'seek alternat1ve thermoregulatory behavior -
when faced wltthEStr1cted ratlons. The work described herein can be
divided 1nto two phases. The’ irst phdse consisted of deSIgning and
testing an operational electronic aquatic shuttlebox incorporating a
system of contlnual water replacement. The second phase was composed

of a series of experiments investigating the thermoregulatory behav1or'

of juvenile Rainbow trout, S%lmo gairdneri, as a consequence of

o
sdveral variables including test period duration and dietary

restrictjon.
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Review

’ +

(1) Thermal Biology and Fish

The capaclty of most fwsh species to ma1nta1n | body temperature )
which is s1gn1f1cantly different from the ambient water temperature is
severely limited by their anatomical design and physiological function
(Fry, 1971; pe;wshaw, 1976): The vast majority of fish species can '
maintain no more than a 1°C difference between their core temperature B
and the ambient temperature (Dean, 1976). Most of the heat genereted
by the metabolic processes of the fish is lost through the body wall
and fins, with a small amount being lost at e?e gills (Crawshaw,

1976). |

' For most piscine_physiological processes which have been studied, ™
there i§ a temperature dependence such.that functional efficiency is
maximal aé some temperature, declining above or below tst temperature
JBrett;‘1971; Fry, 1971). Consequently, in the face‘of‘; temperature
chenge, fish must resﬁ%nd in a fashion which allows them to maintain .
some degree of metabolic homeostasis. ~Such responses may be in the
form of a capacity adaptation involving changes in certain operational
rate- funct1ons. These may be coupled w1th alterations in the upper .
and lower lethal thermal limits, i.e. resistance adaptations: Both
such responses are commonly termed acclimatory processes (Fry, 1971)..

The lethal thermal limits represent the incipient lethal levels
and effectively function as the houndaries of what are known as the

zones of thermal resistance (Prosser, 1973; Brett, 1952). These
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regions encompass temperatures at which a fish can survive for an

indefinite period of time, but which are not nérmally frequented by

the organism (Prosser, 1§73). Within these zones -of resistance is the

2

zone of tolerance containing the temperature range. commonly associéted

with the species (Brett, 1952). .

Death from relatively Tow temperature is usually a consequence of

T4

a variety of metabolic and physiological breakdowns including loss of

R
ionic pump’ functioning, inadequate energy prdduction, breakdown of

¢oupled reéctionse and decreased cardiac and respiratory activity
resulting in hypoxia (Prosser, 1973). A similar variety of breakdown
produces mortality at excessively high temperftures. Thgse ing}ude
reduced oxygg; transport by hemoglobin, increased cell mgmbrane ’
permeabiliéy, and enz}me and DNA denaturation. -

" Enzymes have thermolabile tertiary and quaternary structures,
thus, increasing temperatures cause progressive denaturation of protein

!

structure (Prosser, 1973). With increasing denaturation there is a

decreasing reaction rate, since the concentration of the undenaturated

enzymes ‘decrease. However, the increasing. temperature increases

. molecular motion thereby acting to counter the decreasing reaction

rate. As a result of these two counter-balancing actions, eabﬂ T

enzymatica]l& catalyzed reaction has a specific thermal optimum at

P

11s,maxima1.‘
Enzymes which can acclimate, at least partially, are usually
those associated with energy liberation, such as those necessary for -

glycolysis, fatty oxidation, aﬁdwelectron transport (Prosser, 1973).

e t b e
wloe -

*




- s el TSI BTTS i v g

Enzymes which do not show acclimation are usually involved in the

degradation of metabolic produqts-(Prosser. 1973). Different tissues
aﬁd physiological functions also show varying degrees of acclimation.
For éxample, the Rainbow trout shows partial ;cclimation, while iis

liver shows overcompensation and its gjlls show no compensation [Evans

et al., 1962). Some crayfish spec%es show partial ac;]imattpn in the
heart and gills, but none in the hepatopancreas (Bowler, 1963).
Besides these metabolic changes as a result of acciimatiop, it ds
possible to observe a shift in the zone of thermal tolerance, .
including the preferred and incipient lethal temperatures (Reynolds,
1980). Acclimation to a higher temperature will consequently increase
the length of time an organism can survive at elevated temperature and
raises the maximum temperature it can survive for a given period of
time. However, a temperature will ultimately be reached that will be
lethal to the organism, regardless of acclimation temperature. This
is known as the 'ultimate incipient lethal temperature' (Brett, 1952).
Extensive work by Cherry et al. Has shown that these to]erancé
zone shifts vary in their degree of displacement according to the
group to which the fish species belongs (Cherry gg_él,, 1975 and
1977). With decreasing acclimation temperatures, the difference
between the acclimation temperature and the prefeffed temperature
increases for cyprinids and cefitrarchids, and decreases for salmonfdé
(Cherry et al., 1975). The reverse trend occurs with rising
Acclimation temperatures (Cherry et al., 1977). The difference
between the upper and lower-avoidance temperatures also increased with

[y

decreasing acclimation temperatures. This would indicate a different

P
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respoﬁse to ambient temperatures, and provides a basis for
classification. ‘

Taking a cue from these distinctions, Hokanson has devised three
classes; stenothermic, ﬁesothermic, and eurythermic; each defined
according to criteria for gonadal growth, spawning, the physiologiqa]
optimum temperature, and the ultimate upper incipient lethal
temperature (Hokanson, 1977). Each class heading is prefixed by
'temperate’, indicating tﬁe ability of most temperature climate
sﬁecies to survive near-freezing temperatures.

Such a classificafion based on temperatﬁre requirements for fish
is useful in understipding eco]odical relations. In effect, the
scheme recognizes three temperature Qjches for fish in a temperate
climate. Cherry points out that ?he eurythermic minnows have the
option of choosing the habitat wiih least predation, withoﬁi a
temperature limitation during most of the year (Cherry et al., 1975).
Hence, they could isolate themselves, at least partially, from
stenothermal predators, such as trout, since these would be very i
"strongly limited by temperature. However, they could not effectively

isolate themselves fram eurythermic predators such as bass and

sunfish, as these species could generally inhabit the waters they wish

with little regard to temperature (Cherry et al., 1975).

(2) Behavioral Thermoregulation of Fish

Acclimatonx processes, by definition, involVe metabolic
adaptatfons as a consequence of sustained exposure to a particular

temperature. Fish are not limited in mobility and thus are not
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constrained to remain at any particular 'site'. The
thermodiscriminatory abilities of fish are known to be acute (Greer
and Gardner, 1970, and 1974) and readily demonstrable in the form of -

temperature preference or avoidance. When such responses are

. ) . /
}A‘,'/E;F?Brmed in an integrative, functional manner, they embody what is /

operationally termed behavijoral thermoregulation (Reynolds, 1977; ///
McCauley, 1977; McCauley et al., 1973). //
The indices most frequently focused upon in studies of beha‘goral
thermoregulation are the ‘preferred temperature' and the so-gg{led !
final preferendum': The preferred temperature can be defineé as the
temperature selected as a function of a particular accligééion state

4 /
(Fry, 1971; McCauley and Casse1man) 1981). Consequently, the final
/

preferendum provides some indication of the temperatu?e that a species

/

is likely to be found in, as well as the temperature that a species
/ +

requires for optimaJ functioning of critical ae;ivities {Magnuson e
al., 1979; Reynolds, 1979; Lemke, 1977; HokanSon et %l., 1977;
Crawshaw, 1975; Prosser, 1973; Fry, 1971; ﬂtéaule and Huggins,

1979). Both preferred temperatdre aﬁd final preferendum are routinely
determined in the laboratory gsing a 'gravitat 1' approach. This
method involves exposing the test fisﬁ to a temperature gradient for a
periad of time, usually %everal days, allowing a stable distribution

to develop, representative of a final prgferendum (Reynolds, and

Casterlin, 1979; Fry, 1971). .
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Research Objectives
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The author's work had two objectives at the outset. The first

e

objective of this study was to examine the phenomenon of behavioral
thé}moregulation in response to varying dietary rations. Though a
vast amount‘of work has been done on the effects of temperature on
numerous physiological and metabolic .processes, very little has been
done on the inflyence-of the bioenergetic component of temperature
selection (Javaid and Anderson, 1967; Reynolds and Casterlin, 1979;
Brett:'1979). Because temperature can act as a contrdlling factor as
well as a directive factor, there is clearly the potential for some
form of feedback mechanism allowing a fish to modify its acute ‘
temperature preference in accordance with some particular bioenergetic
state of the moﬁent. Even though it has been shown in various §tudies
that metabolic rates in ectotherms shift with changes in daily food
ration (eg. Brett, 1979}, few workers have examined the role of the
daily ration on behgvioral thermoregulation. What little has been
done is somewhat paradoxical and rather inconclué%ve.

Eiamintng temperature select%ﬁn in a horizontal gradient with the

marine fish Girella nigricans, Duodoroff observed that two weeks of

starvation did not significantly alter the temperature preference
(Duodo}off, 1938). Atlantic salmon, Salmo salar, also displayed no
noticeable change in thermoregulatory béhévior as a consequence of
starvation over_a period of 22 days (Javaid and Anderson, 1967). 0On

the other hand, the same researchers found that both Salmo gairdneri

and Salvelinus fontinalis selectively decreased their temperature




preference over the course of a two to three week starvation period

(Javaid and Anderson, 1967). _

The second objectiée of this'sth%;yas to develop an experimental
apparatus and methodology which would allow for such a study to be .
performed with confidence.

There are several disadvantages to the-traditional spatial
temperature gradient, including maintenance of relatively/large bddigs

of water (Neill et al., 1972), 'desensitization’ of fish to ambient

o e T

temperature (Reynolds, 193%7), labor-intensive monitoring systems, and
a tendency for spatial drift of the temperature gradient itself.

One alternative devised by Neill et al. (1972) corisists of an '
aquarium divided into two chambers by, a partition. . The partition
contains a passageway permitting the resident test fish to traverse

the partition. In so doing, the fish activates an electronic

t gl

monitoring system such as photoe]ectrib cells, whicﬁ in turn control
heating or cooling elements. The apparatu§ is designed to cool or
warm, depending on the direction of passage taken by the fish, both
chambers at equal rates (Neill et al.,-1972: McCauley, 1977).

. Throughout the heating and cooling bouts, a temperature differential

£

usually of several degrees centigrade is maintained in order to
provide the test fish with a proximate orientétion factor ZNeill et .
al., 1972; Reynolds, 1977). This type of device affords the .
researcher the opportunity to electronically ?ecord suchAparameters as

rates of passage, activity, and temperature preferénce automatically

and continuously for periods of several days. In effect, the test

fish operates the device, selecting its ambient thermal environment

H




continuously, all the while being electronically monitored. This

methodology has been used with great success by several workers
including Magnuson et al. (1972), Reynolds (1976, 1977, 1978, 1979,
1980) with Casterlin (1976, 1978a, 1978b,.1979b), with McCauley,
Casterlin and Crawshaw (1976), with Casterlin, Mathey, et al. (1978),
yith Casterlin and Millington (1978) and with Covert (1977), and
Beitinger et al. (1975).

This apparatus, commonly known as an aquatic ,shuttlebox
(Neill et al., 1972; McCauley, 1977; Reynolds, 1377; Gregory et al.,
1984) has a number of advantages over the traditional spatial
temperature gradients. It can provide continuous information relating
temperature preference in terms of precision and stability as a
function of the time of day. It also affords a continuous thermal
challenge requ1rin§ the experimental fish to actively control its
ambient temperature.

The shuttlebox designs used to date were coﬁsideréz ipadequate
for our purposes for several reasons. The rates of temperature change .
rsnge from 3 to 5°C per hour in most designs (Neill et al., 1972;
Beitinger et al., 1974). A more rapid rate of temperature change
would provide a greater thermal cﬁallenge with a concomitantly faster
rate of reinforcement of the shuttling response, resulting in
poteptially tighter control of thermoregulatory behavior.
Additionally, most current shuttleboxes invplve static systems with no
water replacement. This featurg was deemed undesirable gYven that

dietary rationing studies might require*telatively long periods of

"experimental testing time. Thus it was considered necessary to

-
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provide a system of continual water replacement in the shuttlebox used
. - ' .‘. /
in this study. . /! o

. /

With these considerations in mind, a design qu‘sought/hhich-
would pqujt realization of the stipulated experimental opjectives
. R ¢ '

regarding behavioral thermoregulatton. Co J
v . ) /

N

~
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. MATERIALS AND METHODS

]

N
]

The focal point of this work is our electronic shuttlebox with
its water flow-through sysZem. Théﬂd;9e1o§ment of this apparatus
involved extensive sy;tem.testing coupled with frequent modification.
Two of the models are described herein. They represent two stages in

tHe evolution of the experimental system, and for tke purposes of this

11

<

report will be referred to as Models 1 and 2. The experimental desigﬁ

_of the relevant .,studies on behavioral thermoreg on is provided in

the accompanying sectién under methods,

¢

LR

Shuttlebox - Model 1 )

The experimental shuttlebox consists of two chambers, 23.0 am in

length, 20.0.cm in height, and 20.0 cm in width, connected by a

" passageway located in a partition separating the two chambers (Figure"

4

la and b). This passageway, positiohed 9.0 ¢cm from the bottom, is 4.0

cm in width and 5.0 cm in length. The depth of water in the
. . G

passageway izx? function of the depth of water -in the entire
‘shuttlebox. Placed in one of the walls of this passageway is a pair
of photoelectric transistors.(narlington #114F1), i.s cm from the
bottom of the passageway and separated by a space of 2.5 c¢cm. These
photocell; receive light from a pair of fiber-optic light guides
(valtec #112-3) which terpinate in the equivalent position in the
opposing ua?lqof the passageway. The light guides are connected to a
light source equipped with a red filter, 1pcatgd adjacent to the

shuttlebox. A schematic diagram of the photocell control unit is

o

el
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shown in Figure 2.

A probe equipped with a temperature transducer. (Analog Devices
#AD590) 15 positioned near the passégeway in tge partition. Th1§
prbbe is tn ‘turn connected to a regular flatbed recorder (Canlah
fR2970r3) which rec6;ds.the temperature continuously throughout the
experiment. A schematic of the e{ectronic circuifry for this unit is

Each chamber of the shuttlebox (ngure 4) is fitted with twelve

shown in Figure 3.

holes arranged in two horizontal rows of three holes per side panel.
The holesﬂ&re placed at 6.5 cm intervals, the rows being 4.5 cm and

\
9.0 cm from the bottom respectively. These holes are formedahy 2.5 cm

lengths of P.V.C. pipe {7 mm 1.D.) which begin in the wall and project

to the exterior. To these projections, Tygon tubingiis‘connected.

(2]

These'tubés lead to a drain. Egch piece of tubing islequipped with a
hose clamp, permitting regu]ation(of the water outflow. _Thereiis also
o;e outlet positiéned 15 cm,fféarthe bottom of each end pane1.to
provide for the overflow control.

Four 160 cm P.V.C. tubes (7 mm I horizontally along the

interior of the side panels, at a cm fﬁom the

bottom; Each such p{pe'is perforated with seven 3 holes spaﬁed at
2 cm intervals, f;cing the center of the chamber,

Located above the shuttlebox are two reservoirs, headboxes,
containing water of two different temperatures. These headboxes both

lead to a third, smaller reservoir, positioned below the headboxes

{Figure 5). Water flow from the veadboxes is regulated by means of a

pair of electric‘(solenoid) valves (Skinner.valve #v52DB2017), one

e
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Figure 1:

]

Diagrams illustrating longitudinal (a) and

-~ cross-sectional (b) features of shuttlebox, where

A

m 9.6 .w’

e R e ="z ® =T

to

inlet pipe ‘

water levél (adjustablé)
outle@ ports
perforations

partition

floor of passaﬁeway

1ight source (equipped with red filter)
‘fiber optic 1ight guides

photocell - activated watef‘temperature cont}qls

wall of passageway
photocell

hose clamp.
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Figure 2:

.
s

. Y
- »
: ¢ .
Schematic diagram of photocell activated water -
temperatu;e;controf system, where: -
A.- 'inber optic 1ight gu,ides (re&-fﬂtered’) '
B - photocells (GE-L14F1)
CC-1cas . :
D - IC 7474 '
> E'- 4.7 K ohm | /
; :
F « MPS-A12 ,
‘G - solid state relay (CRYDOM 53714)
* H- 22 ohm, W ‘ )
I - 0.15 uf, 400 V »
J - solenoid valve coil " (Skinner valves #V52 DB2017):
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valve per reservoir. T ,

The smaller, third reservoir has. four outlets, each of which is
connected to one of the four perforated pipes positioned in the
shuttlgboi. Water flow into each pipe is regulated by means of a

“glass flowmeter (Manostat #36-514-310), one flowmeter per pipe. Water
flow out of the box is accomplished via the twelve holes in each of
the chambers. The water depth in the shuttlebox is normally set’;t 12

cm, through equalization of the rates of water inflow and outflow.

The third reservoir can act as a“mixing chamber ‘for the two water

~ temperatures, by varyjng its volume via the standpipe. This

,% adjusiment provides some degree of regulation of the rate of

témperatyre change in the shuttlebox. Addi : 1 control over ‘the
rate of change caﬁ be effected through the‘fléwmeths. Both
féatures must be adjusted in accordance with the experimental

objectives. o .

¥

In practice, a fish swimming through the passageway will trigger

the photocells. Tﬁié'event will open one solenoid valve and close the

wf

Aother. Swimming in the opposite direction will reverse the solenoid
activity. In this mabner, the fish may control its ambiént water
temperature. The pﬁotoce]l control unit is designed with the

requirement that the fish swim completely through the passageway in

. -
B

order to effect a valve change.
LR
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: -Figure 5: Flow diagram showing the water delivery system which
permits a fish, through operant b:é'havior —within:the )
¥’ shuttlebox, to titrate the thermal level of water,
: S © where:
y » ¥
- A - headbox
o C“-mheadbox output” ‘
) D - solenoid valve
- E - mixing chamber , . -,
' F - mixing chamber output
. | . 6 -cadjustable flowmeters
H - shuttlebox input ,pipes o .
& I - shittlebox
J - mixing chamber overflow outlet
Ty and Ty - cold and warm water sourcesme;p_gctively
\( ] i ¢ ) v
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Shuttlebox - Model 2

This apparatus consists 6fhfour identical and 1ndependéht testing
units. Each unit has several cémponents; a shuttlebox, a single
universal (3-way) valve, one mixing hamber;'qnd the water conduit
system equipped with manuallx regg]\teﬁ‘fldaﬁeters. Addit16na11y,
each unit s monitored by a temp;ratu}e sensitive chip located within
; probé jmmersed in the shuttlebox. This probe transmits temperature
information to a continuous recorder.

¢

The shuttlebox itself consists of a watertight tank constitﬁteq’
entirely of polyvinylchloride (PVC) plastic. This unit is 42 em in
length, 21 cm in width and 18 cm in height. A partition is positioned
medially within the tank,'17.2 cm from each end (refer"tb Figure 4b).

» Projecting from each of the two end panels ‘is a series of 3 PVC
tubes; 16.5 cm in length (see Figure 6). Two tubes of 0.7 diameter
1.D. /(1.4 0D) ;re positioned 2.2 cm from the bottom and 2.0 cm from
either side. The third tube is located along the longitudinal axis of
the shuttlebox. This central tube is Iargef than the twosperipheral
tubes with a 1.0 ¢cm I.D. (1.8 c¢cm OD). A1l three Pubes open througH..
their respective mountings to the outside. The inner ends of all '
three tubes are sealed. Located along both sides of each tube is a

. - series of perfprations. These holes are sized and spaced in such a
. way that the rate of water flow through them 1£ re]ativély consistent \
throughout the 1eﬁ§th‘of the thbe (Figure 7). Also focated in each of
tqé two engﬂﬁﬁngls are-two other holes 0.8 cm in diameter and 1.5 cm

in diameter, positioned 5.3 cm and 7.5 cm from the bottom .
g t

respectively. Both are centrally located with respect to the sides. .

-
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The‘upp‘er oitlet can serve as an ovlow outlet.,‘
l Sitting in-a horizontal ‘plane 3 cm from the bottom is a false

floor consisting of a plastic mesh screen (0.3 cm hole size). This

screen floor serves to divide the chzyber vertically, the upper )
portion reserved for the experimental fish apd the lower portion for
the water conaﬁits. This division eliminates the possibility of the

fish seeking shelter amongst the conduits.

Part1tfon

. . (R
The partition, also fabricated from PVC, is 20.5 cm across, 3.2
$

.

cm in thickness, and 12.5 cm in height. A sp}éen composed of plastic ;

mesh (hole size 0.3 cm) is attached to the Tower halves (the bottom
4.5 cm) of each side of the partition. This screen effectively ]1;1t§
fish _passage from one side of the paréition to the other but does not
interfere with water flow. The presence of the partition reduces the
‘\ N tank to two chambers, 20.3 cm in width and 17.2 cm in length. '
‘ The partition contains an indentation in the cgpter of the upper

half, as shown in figu . This indentation is 4 cm in width and 3.2
in length (i.e. the thickness of tge partition). The bottom of the

indentation is located 3 cm frem the bottom of the-tank. Hﬁen the
tank is filled with the oberational volume of water, this indentation
serves as a passageway from one chamber to tﬁe other. As such, it is
the only means by which the fish can move across the partition.
Placed in one of the walls of this passageway 12ga pair &f ’
photoelectric transi®tors (Dag%ington #114Fi) 1.3 cm from the bottom

of the passageway and separated by a space of 2.5 cm. “Me photocells

* N *
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Figure 6: Trans&e;se sectiona} view of ‘Model 2 shuttlebox, where:

T ‘A - water inlet tube

[

B8 - water outlet tube

o
]

auxiliary outlet

water level control outiet

partition

passageway wall

wafer level ‘ “

T oM m o
.-

false floor (screen) -

I - passageway floor
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Figure 7: Longjtudinatl section view of Model- 2 shuttleﬁox, where:
. ;_‘- i A - water inlet tube
8 _- water outlet tube
. C - auxidiary outlet . :
D - water level corftrol outlet |
*  , E - -partition o ‘
, : F - passageway wall .
- ‘, < G - water level
' H - false floor R
‘ ) I - passageway floor . ~ -
. P - p)\oto transistors
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receive light from.the terminal ends of 8 pair of fiber-optic light
guides positioned directly opposite the photocells in the facing wall

of the passageway. “The Jight guides are connected to a light source
13 b \

~

equipped with a“red filter.

e

Water-Delivery System

43

Two water reservoirs are positioned above the appa}atus. each
provided with a continuous source of water maintained at specific
temperatures. For studies of behavioral thermoregulation the two
reservoirs would normally be kept at different temperatures. Both
reservofrs lead to a universal (3-way) solenoid valve which in turn
leads to a third reservoir positioned be]Lw the valve. This fhird
reservoir acts as both a mixing chamber for the water it receives as
well as a headbox, maintaining Saequate water press;re to drive tﬁe,

system.

The volume of the mixing chamber is a function of the height of

" its standpipe. The flowrate of water into this chamber is a function

of the height differential, i.e. the functional 'head’ between the
upper reservoirs and the lower mixing chamber.

fhe mixing chamber has two outlets besides the previGusly
mentioned standpipe. Both outlets lead to the shuttlebox via similar
yet independent routes composed of glass tubing each terminating on
one of the two ex;ernal mountings of.the central-tubes in the box end
panels.: Thus water enters the shuttlebox by means of the central

tubes. The flow rate of water‘}nto the shuttlebox is regulated by a

pair of Manostat flowmeters (Manostat #36-514-310), one per tube.

/ .

s
“K",

o~



NS

s e
e W m

.

, 32
\
Figure 8 Partition unit used in the Model 2 shuttlebox, where:

A - phototransistors
B - lens mo{mtings

n . C- fiber optic 1ight guides ;
D - electrical wiring

\ , E - partition floor
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Schematic diagtam of phototransistor control circuit, |

A - light source (light guides)

T M M o m o O

* where:

phototransistors GE-L14F1

IC 7414

IC 7474
4.7 K ohms
MPSAl2

event marker

solid state relay

3-way solenoid valve
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iy Figure 10: Selection circuit for operational mode of Model 2
. ' ' ) ¢ ~
% < shuttlebox, where: »
;
¥ A -on -
3 : &
d B - Offm' i . 3
. 4 ¢ - automatic operattonal mode .
D - switch®
" E - solenoid valve
L% A . |
‘F - interface with control unit
SSR - solid state relay P
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Hqter-flow out of the shuttlebox is accomplished by the four
peripheral tubes (two per-chamber). These per1pheraf tubes act as
conduits transportjng the water taken in through the perforations to
an exterior dréin. Water flow through these conduits is regulated by
means of adjustable pressure hose clamps mounted on the p]pstic tubing
which is attached to the exteriornprojections of each of the four
peripheral tubes. éIn practice, the water inflow should equal the
water outflow, thereby maintaining a constant depth w\thin'the
shuttiebox. The desired depth is a function of the size of the fish, .
i.e, the depth must permii the fish to pass easily through the
. s )

# .
passageway, and always within the range of the photocells.

¢

The Photocell - Mediated Valve Control

- The photoelectric transistors in fhe passageway are connected to

"a central control unit which in turn operates the appropriate solenoid

valve, The electronic circuitry of the control.unit 1s functionally

.

&

simitar to that of the Model 1 except tREL there s the provision for
an event marker-(recording fish passages 1in either direction) and a
s{ngle 3-way solenoid valve is used insfead of two 2-way valves (see
Figure 9). The four independent control units are'tongfcted as

jillustrated in Figun; 10.
This system operates in the same manner as its andlog.iﬁ.the IA
Model 1, that is, a fifh pass;ge triggers a change in Fhe solenoid
valve, switching it. from one of itg watgf'sources (reservoirs) to the
other. The direction of the fish passa;e is coded according to the

sequence of activation of the photo-transistors:{which in turn
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where: . s
- MC1403 (2.5 v REF)
- 0.01 uf

1
]

8.87 K ohms

26.7 K ohms 2
- offset control - 10 K ohms, 22T

500 K ohms, 22T

9.16 K ohms -
TLO71 - ) .ot

~

AD590 temperature sensoP:'

7

10 K ohms, 22T .

Schematic diagram of the temperature probe circuit,

39
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dictates the reservoir to .be triggered. -

As can be seen from Figure IOchere is a provision for manual

1

control of the valves. -This allows the experimenter to operate the

system independently of the test fish's activity. ° e o

©

" Temperature Recording

¢ A temperature sensiti ve micco-clhip (AD-590) is located in a probe

 positioned at a depth of 3 cm near.the passageway. Information is

‘ -

relayed by the circuit diagrammed in Fi'g[rre 11 'to a continuous h
recordeﬂr.' T;\e( device used in conjunction with Model 2 was Narco
Cont i nuous Recorder #DMP 4-A (E&M Inst runent €0.)e . AR
Experi}nenta{l Fish /)\

%fish used in this project were juyenile Rainbow trout, Salmo
‘gairdnem?: othined from Pisciwlturé" Mount Suttor (Sitton, Quebec).
Fish were divided into groups of .50 and held_in 200 L fiberglass tanks
for 2 to 4 wegs p};ior'to the implementation of experimental. : q*'
conditions. During thisﬁ holding period, the water -temaerature 'wasﬂl3'
t 0.5°C and the photoperiod was 12 hours light, 12 hours dark. Both
environmental parameters weré regulated agtomatically. AN fish were a

fed ad libitum with Martin Feed Mills #3 Trout food.on a daily basfs.

-

The feeding tlmes were randomized throughout the photophase.

-

.
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/ METHODS

Exgerimént 1 ’

The purpose of this experiment was to test the efficacy of the
Model 1 shuttlebox through témperature preference testing. Rainbow
trout, 10-12 cm in length-(11.0-18°0 gm)'wé?e,acclimated to 13.0 t
0.5°C and a 12:12 phot?period for 2 minimum of 3 weeks. Dﬁ;ing this
time period, they were fed ad 1ibitum once daily (Martin Feed Mills
#3). \ ' °
| The(gpparatus (Model 1) was adjysted such that the rates of both
Qarming and cooliRé were approximately 1°C/min. The two reservoirs

were provided with 7° and 27°C- water respectively.

'A total of 8 fish were tested 1nd1vidu§§1y vccording to the

follo&ing prqtocql% after a thirty minute period allowing the tish to

famiiiarize itself with the interior, the shuttlebox was activated,
permitting the 27°C water to flow in, All fish were tested for a

minimum of three days, in accordance with the guidelines set forth by

" Reynolds and Gasterlin {1979). ‘The fish were not fed during the test

period, as.recommended by R}chards (Rtghards_gg_gl., 1977).

Experiment 2 o
The purpose of Experiment 2 was to assess what alterations, if

°©

any, in the patterns of behayioral thermoregulation occurqgg as a

result of dietary restriction under conditions of continuous exposure )

to tﬁe experimental contingencies for periods significantly longer ‘

"than the conventional test periods. Juvenile Rainbow trout, 10-12 ¢m

42



(11.0-18.0 gms) were acclimated to the conditions described in
Experiment 1 for a period of at least three weeks: Following this
acclimaticii period, single fish were introduced into the shuttiebox .
(Model 1). - L b
Indiviqual experimental fish were introduced into the shuttlebox
fsllowing the protocol outlined in Experiment 1. The apparatus was
adjusted t; provide rates of warming and cooling approximately
0.5°C/min. The two reservoirs werg provided with 7°C and 27:C water
respectively. A total of six fish were tested with the objective of
maintaining normal thermoregulatory behavior for as long as possible
without jeopardizing the health of the fish. Three of the fish were///
fed ad 1ibitum on alternate dayg throughout the test period;r The =

reméihing three fish were not fed during the experimental period.

Experiment 3
The purpose-of this series 6f tests was to examine in further

detail the thermoregulatory trends observed ¥n Experiment 2.
Juvenile Rainbow trout 10-12 cm in length were acclimated to 13.5 #
6.5°C and a 12f12 photopériod for a period of at least three weeks
prior to beginning expefiments. Throughout this time they were fed
once daily ad libitum wiih Marine Feed Mills #3 food.

’ + For experimental purposes, the trout: were then divided into tHreg

l‘:?oups of twelve and held‘for two additional weeks (14 days) on
‘ fferent feeding regimes. The fish og one ot‘thg test groupé were fed .

ad libitum on a daily basis, while a secbnd group received only 2% of

their wet weignt in food. The-third group was not.-fed during this

o
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two-week period. Constant acclimation conditions (13.5°C and 12:12
LD) were maintained throughout the period. -

: Foilowing this two-week schedule, each group was tested by
placing individual fish in the shuttlebox (Model 2), following the
protocol outlined in Experiment 1 and determining the temperature
preferendum. Because of-the design of the Model 2 system, four fish

could be tested concurrently. Throughout the experimental period

-in question however, only. three units were operated simultaneously,

+

due to technical probJem$ in one of the shuttleboxes. The fish were’
maintained contﬁnuOusly‘qn the shuttleboxes for periods of four days

(five in the case of Group #1). While in the shuttieboxes, the

appropriate‘féeding regimes were continued without interruption.

- Feeding sites within the ‘shuttleboxes were randomized in order to

prevent biaé.
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RESULTS

Experiment 1 )

The mean preferred t‘empe'ratures for .each of six fish tested in
Experiment 1 are shown in Table 1. Two of the test fish were unable
to thermoregulate properly in the apparatus because of technical
problems and were thus discounted. These mean temperatures were
calculated on the basisﬁ of six magurements per hour for. the entire
twenty-four hours of the third day. The third da)" data only was-used
because it was-assumed to be more representative of the actual -
preferred te'mperature of the fish (Reynolds & Casterlin, 19;9). The

final temperature preferendum, calculated as the mean of means, was

18.1°C with a standard deviation of 0.6°C.

~
«

Experiment 2 )
This preliminagy study was conducted with the objective of I

examinina the impact of dietaf‘y restriction upon thermoregulatory ©
bghavior. No workimg time limit ‘was imposed, as this was considered

to be an effort in preliminary data collecting. Because dietary

~

restriction might not. show any effect on thermoregulation over the
. o
short term, these gxperiments were run for as long as it was possible

to maintain fish in apparent good health. Unfortunately, only one
fish from Group #1 and two fish from Group #2 were able to effeg_t]'vely
kthe‘r‘moregulate in the shuttleboxes for more than seven days. All

three of these fish continued éo thermoregulate for at least 24 days.

i

Indeed, Fish #2 of Group 2 effectively shuttled in the apparatus for

N £ M AN

&
1 »

L}
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Third-day temperature preferendum for each of six Rainbow trout, 10-12

cm in length (pre-experimental acclimation temperature = 13 t 1°C).

dpre

TABLE 1

N

e T

Fish # Temperature Préferendum S.D.
, (°c) (2)
f 1 18.2 0.9
2 17.4 1.2
> ' L
) o 3 17.8 0.6
- 4 18.0 1.1
//
e ., 5. 19.1 0.5
6 179 " 0.3
R @
Group Mean 18.1 0.6
, el
o
'?"

Six measurements were made«per hour for a period of 24 hours,

4
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¢
'42 days, at which point it was remoded because of time restrictions.
Due to an assortment of teghnical problems including fluctuations in
reservoir-water temperature, water flow-rates, recorder malfunctions
and phatotransistor failures, three fish were unable to exceed seven
days experimental time in the shuttlebox. Though substitutions were
attempfed following aborted trials.~n;ne were adequately successful in
generating additional data, as the technical problems persistéd.
Further substitution was deemed unnecessary in view of the amount of
time already invested in such a prefiminary study. Efforts to remedy
the various technical problems led to the development of the Modél 2
shuttlebox utilized in the next series of experiﬁths (Experiment'l3).
In order to obtain some idea of thermogigu)at;ny trends over the
a extended experimental(tim% of several weeks, temperaéhre measurements
at 12 hour intervals were obtained from the physiograph-recorder. As
two of the fish (#1 Group 1; #1, Group 2) were run in the apparatus
for 24 &ays, only the first 24 days of data for fish #2, Group 2 were
used for ease of comparison. These temperature readings, shown in '
-Tabléjz: were graphed in Figures 12a, b, and c. F;gdre 12a displays
the thermoregu]atqry pattern‘of Fiﬁh 1; Group 1 over the entire 24 day
period. Group 2 data demonstra;éd a trend of gradual cooling<during
. the m!dd]e third of the experimental period. This trend became
especially well-defined after approximately 10 days in the apparatus.
Follbwing some five to eight days of these de;reas1ng temperatures,
there was an indication of some st;bility}in temperature sélection. as:
evidenced by a consistency in.selected temperiﬁures, which remained

-
%

4
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in Experiment 2.

R

TABLE 2

Temperatures (°C) selected by juvenile Rainbow trout

Observations recorded at 12 hr intervals.

Observation Group 1 Group 2 Group 2
No. Fish 1 Fish 1 Fish 2
1. 19.2 13.2 17.0
2 15.3 10.5 18.5
43 18.7 10.4 20.5
4 18.2 9.5 19,2
'S 15.0 11.0 21.4
6 14.4 9.5 20.4
7 17,6 18.0 18.2
8 19.6 18.4 17.6
9 19.2 18.6 19.5
10 19.8 © 17,5 19.2
11 17.0 16.5 20.8
12 16.8 17.7 19.5
13 13.4 17.2 18.5
14 , 15,7 14.6 17.2
v 15 18.9 15.6 18.8
16 18.4 18.8 17.1
17 19.0 18.4 15.8
18 20.7 14.6 17.2
19 17.1 15.2 14.6
20 16.7 14.4 20.5
21 18.6 . . 14,8 20.0
22 16.5 10.4 20,0
" 23 17.0 12.8 20.0
24 18.6 13.8 19.0
25 17.4 17.0 18.0
26 18.0 14.4 17.0
27 18.2 10.6 . 16.2
28 19.1 9.0 - 17.5
29 17.8 . 9.2 13.8
30 16.3 9.3 13.1
31 17.1 9.2 12.8
32 16.5 10.2 14.5
33 16.0 11.2 12.0
34 15.6 10.6 10.8
35 17.7 14.2 12.8
36 17.4 16.4 13.2
37 18.0 9.6 12.3
38 16.9 9.8 11.0
39 15.8 10.0 9.8
40 15.9 10.0 9.0
41 18.0 10.0 9.6
42 17.2 12.0 10.3
43 19.2 10.6 9.4
44 18.3 10.0 9.7
45 20.7 10.0 9.2
46 21.8 10.0 9.4
47 20.5 10.0 9.4
48 20.2 11.5 9.4
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Figure 12:
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‘e . &
Seiected temperatures by juvenilelgainbow trout,
recorded at 12 hr intervals. '
a) Fish #1, Group 1
b) Fish #1, Group 2
¢) Fish #2, Group 2
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close to the lowest temperatures available.

fo ascertain the validity of these observations, values for the
slopes of the regression lines were dete?hined for each of the three
fish. The equations for these regre;sion lines, as well as their
slopes are shown in Table 3. o .

The slope of the line described by Equatjoﬁ #1 was 0&27, .
indicating a .relatively flat regression line. The slopes of the lines
described by Equations #2 and #3 were -0.15 and -0.30. Both Group 2
lines showed inverse linear correlation, the line ‘for Fish #2 data

being especially pronounced with a correlation coefficient of -0.86.

)

Exge@pment 3
e

l Daily mean temperature preferences were calculated for each fish
of eacﬁ group for days, two through five (day f1§e in the case of
Group 1). Readings from the f1r§t Qay were 91scounted, so a5 to allow
24 hours for fish accustomization to the experimental protocol.

These déta, shown in Tables 4, 5, and 6 were then used to
determine whole group daily mean preferred temperatures by finding
the n;an of all of the individual mean preferred temperatures. These
resulis are shown in Table 7. Figure 13 portrays thesé daily means
according to group.‘ ¢

In order to determine whether there were actual significant
differences bétween each of tﬁ? lines plotted in Figure 13, a post-hoc
test, the Neuman-Keuls proce&ure. was performed. This ana;ysis
necessitated calculation of the mean temperatures for tﬁe.entire

experimental period for each §roup. These means of means are shbwn in

oy
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TABLE 3
- . '
Regreséion line équations for Experiment 2 juven'ile Rainbow trout.
Regression Correlation - ‘
Group Fish Line ' Coefficient Slope S.E. -,
1 1 y = 0.027(x) + 17,2 0.188 0.027 0.023
2 1 y = -0.154(x) + 15.9 - -0,548" -0.154 0.038
2 2 y ="-0.305(x) + 21.7 -0.868 £0.305  0.028
T .
2~
<t
P ’
I
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TABLE §
D.aﬂy mean temperatures (°C) for Group 2 fish ) - K ¢
? _(dat®y ration equal to 2 per cent of wet weight).
o .
Day 2 Day 3 ~ Day 4
. B
Fish Mean S.D. Var.  * Mean S.D. -Var. Mean - S.D. Var.
16.2 . 3.9 15.2 16,5 2.4 6.0 15,7 3.0 . 8.9
16.5 3.1 9.6 157 2.8 7.8 166 3.0 9.2
164 3.0 9.8 16.9 3.2 10.3 16.5 3.0 9.0 -
16.2 " 3.6°7 13.2 16.9 3.9 15.2 l6.1 4.2 17.6
\] 4 v
16.2 4.3 18.9 16.8 4.3 18.8 16,1 3.9 15.1 A
_ 17.3 4.8 23.3 17.3 3.9 14.9 17.5 2.9 8.7 AR i
17.9 2.8 8.0 qu_.O 3.2 10.1° i8.8 2.5 6.2 '
f. &
) ﬂ‘



. " TABLE 6

i1
f

Daily mean temperatures (°C) for Group 3 fish (fed ad 1libitum)

L o I
Day 2 Day 3 Day 4
‘w B
Fish Mean S.D, Var. Mean * S.D. Vvar. Mean S5.D. Var.
1 18.3 3.8 14.3 18.2 3.1 9.6 20.5 3.6 13.3
2 177 2.6 6.7 18.5 3.8 4.3 18.6 3.4 11.6
3. 19.9 3.4 11.6 . 18.8 2.8 1.7 18.2 2.4 6.0
+ 366 45 207 172 3.6 13.0 . 18.3. 4.7 21.7
5 19.8 3.2 "10.1 .. 19.5 2.6 6.9 20.5 2.9 8.3
6 . 18.8. 3.6 12.9 18.7 2.4 5.5 . .17.9 2.4 5.7
7 19.5 3.1 9.4 17.8 3.3 1l.2  -18.0 2.9 8.7
8 18.6 3.7 13.6  19.0 2.8 7.8 - 18.7 irx/’ 4.5
[4
v
- ¢
/
h , ,,‘:’;
.' g, b
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TABLE 7

Group mean of the daily preferred temperature

o N(i.é. mean of individual daily mean preferred temperature‘s).

Mean \ S.D. Var. h S.E.
1 2 14.86 115 133 . 0.40
! ‘ -3 14.57 " 0.57 0.32 ., 0.20
4, 13.57 1.29 1.69 - 0.46
2 16.67 0.67 - 0,45 - 0.25
16.87 0.70 0.49 - . 0.26
16.76 1.06 1.3 0.40
® 3 2' 7 18.65 %12 1.26 0.0
0 3 18.46 . 0.72 0.52 - . 0.25
4 18.84 © 1,06 1.13- | 0.37
. ‘:" LY L (:J‘ "
' @ v . . £
, . ,‘b ‘ ® . v‘
- ‘ { N -
’ ' ; " AN
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Figure 13«  Group daily mean preferred temperatures (mean of u&aeary)

_ for 'Experjment 3. (@=Groupl; M= Group 2; A= Group
3)0 o ' . .)
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Tlee 8. As can be seen from Table 9, the differences between the

‘meané is greater in each cage than the critical values detefminedzvia_

the ﬂeuman-xeuls procedure. Consequgntly,%it was ;oncluded that the
differences between the group means ;ere significant.

In order to explore the causes of the differences‘between the
group;. two factors were gros;&examined'using two-way ANOVA test
with repeated measures dependent on gne facto} ‘The potential source
of variation between groups was assumed to be diet ration, while the
pofential souéce of variation within groups according to data was
assumed. to be the dayrin the experiment on which the measurements were
taken. As can be seen in Table 10, the F ratio for ration as a factbr

was 68.17 with an F-value of .3.49 at 2 and 20 degrees of freedom. The

experimental day as a parameter had an F-ratio of only 1.129 with an

_F-value ofv3.23 at 2 and 40 degrees of freedom. The relatively large

F-ratio for factor A given it$ F-value, and cogpared with the rathr
small F ratio for”factor B indicates th?t the diet ration parameter
was primarily responéib]e for the observed variatioh seen in Tables 4,
5, and 6.

The Omega tést. which checks for strefgth of assocfation, was .
then conducted tn order to more accurately interpret the findings of,w
Ene ANOVA test. This test demonstrated that the wariance associated
with ration (factor A) accounted for approximately 64.5% of of the -
observed variance, while a mere 0.1% could be attributed to factor B

(see Table 11). The'total variance associated with the experimental

parameters {n question was 67.6%. -
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5 Mean teuipef'é?wes (mean of means) f;)r entire
’ experimental period (grouped ‘data). " .
3 \‘/—-‘\
‘ ¥ LS L\ .
o3 he : . 2
h ’ . Mean 4 ) ' Experimental
;’.,. . (°C). © 5.D. Var. n period (days)
i Group 1 14.1 1.2 1.4 8 5/
P Group 2 .16.8 0.8 0.6 ? 4
GI‘OUD 3 18-6 100 100’ 8 = 4 N
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TABLE 9 s

o -o

Post -hoc test‘on temperature means using the Neuman-Keuls Procedure.

Group # 1 2‘ 3

’ ' Group Mean : o ”
of Means (°C) 14,1 16?@ 18.6 r
" ' \
14.1 : 2.7 4.5 3
16.8 . - - 1.8 2
. .
I ’ . 1806 A
. . n
\
ng = 7.3 (harmonic mean)
Y v/ MSp X subject within groups u/ 1.571
(nf . SA = - B cnecmiemnssart— = 0.26
1Y o mp » 7.3 X 3
— r=2  0.26 x 2.95 = 0.767  (0.05)
: - 0.26 x 4.02 = 1.04 ' (0.01)
r=3 0.26 x 3.58 = 0.931 0.05; Ty
0.26 x 4.64 = 1,206 0.01

;@ ) a




TABLE 10

. ~

Two-way analysis of variance with repeated measures dependent,

: - ' upon one factor testing variation between groups due to ration

and within groups due to day (Experiment 3)

-
&

i

. Source of " Sum of, Degrees of Mean
N Variation Squares Freedom Square F-Ratio
. Between Subjects 22
Factor A* 214,1652 2 107.0826 68.1702
Subjects | 31.4162 20 1.5708 )
Within/Groups
¥ *‘
Within Subjects )
. Factor B*+ 1.4008 2 0.7004  1.1298
AxB 6.2652 4 1.5663  2.5267
Interaction ' :
. B x Subjects 247957 40 0.6198
Within/Groups
F-Ratio
Factor A* (2,20) = 68.1702 F(value = 3,49
- 5%)
Factor B** (2,40) = 1.1298 F(value = 3.23
. ' . s 5%) .
N . - A x B Inter. (4,40) = 2,5267 F value = 2.61

"* Factor A = Temperatures selected as a function of ration.
** Factor-B = Temperatures selected as a function of test day.

t
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- TABLE 11 .. o

Test for strength of association for two-way ANOVA exam{nihg the .,

vartance in temperature selection associated with either rafion or

R

test day’(estimate of Omega squares). o '

b h o Weie

- g

Y

-

Variance associated with Factor A* =  64.5%-

Variance associated with Factor B** =  0,1%

-

Total variance associated with both parameters = 67.6%

-, [}
¢
I

~ TFactor A. = Temperatures selected as a function of ration.
) *» Factor B8 = Temperatures selected as a function of test day.
\ ! .

-
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Tables 12 through 14 1ist the hourly mean temperature preferenda
for the ent{re experimental period for|each fish of each group. Each
temperature shown represents the mean of the temperatures for a given
. h -hour on days th thiough\FED of the experimental period.

In order to better apprecidge the hourly temperature prefefenda
as a funff?bn of the experimental design, the hourly means for all
fish within each group were averaged to produce a group hourly méan
temperature (tables 15, 16, and 17). These data, plotted in Figure
14, showed an apparehtly distfnct the}moregulatory pattern for each of
the.three test grouﬁs; withva tendency toward convergence at certain
specific times of the day. ’ | . . '

To furﬁher elucidate the causes of bhesefobéervéd trends,
‘parameters of ration‘andﬂti@e of day were:subjected to an ANOVA test
(Table 18). When th; results o% this test were tested for strength of
association (Table 19) the variance associated yith the ration (factor
«;él‘ ‘ A) was only 7.9%, whereas that associateéd with time of day was 67.5%.
. ’ Furthermore, interactions between both parameters were reSppn§1ble for

13.3% of ;he variance in the data. These data are especially
'compefiing considering that the total vartance associated with the
experimental parameters was 88.7%, 1nd1can1§e of a reliable
experimental protocol. ,

The consistency of the convergences in the temperature preferenda
shown in Figure 14 in all experimental groups suggests the possibility
of a rhythm of thermoregulataﬁy behavior within the 24 hour period.
Thus, all temperature recordings from Experiment 3 were examined for

possible rhythms of whole-hour frequencies. The frequencies or

1Y

@
T ' *

64
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TABLE 12

»

Cumulative hourly mean temperature preferenda (°C)

for individual fish (Group 1)

Fish. #
4

“w

1"’

Time of
Day

30711 2574004984671183880

088998201419603950398860.
vt et O O —~t 4 121 4 0N = 1111.

097933503507600466725226

288893921719415134014779
—t o=t 0N\ O\ ¢ 4 = 0N =t d vt et =l —

383617550074383732864846
L L]

.
388803789642810391147002
et =t et et = O DN~ — et =t = NN —~t

548882486086054634787385

099005586422506340985703
L R I e N e e I I N T I ] -t —t N —t

541489764486220690945565
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TABLE 13
' J
Cumulative hourly mean temperature preferenda (°C)
for individual fish (Group 2)

Time of Fish # T

Day 1 2 - 3 4 5 6 P
00:00h 10.7 13.3 15.7 14.7 1.7 10.0 17.3
01:00 13.7 13.7 13.7 13.0 i2.0 12.3 15.7
02:00 12.3 12.0 11.3 12.3 11.7 13.0 15.6
03:00 - 12.0 17.0 14.0 13.0 11.7 15. 3} 14.5
04:00 15.0 16.7 17.0 14.0 ‘9,3 16.7, 17.0
05:00 11.3 16.3 17.0 . 17.3 16.0 17,7 , 17.5
06:00 1527 13.7 19.7 17.3 20.0 17.7 19.4
07:00 18.3 17.0 18.0 15.3 21.0 19.3 21.8
08:00 15.0 16.7 19.7 15.3 18,7 20.0 23.4
09:00 18.0 20.7 18.0 19.0 20,3 18.0 20.0
10:00 17.0 20.3 15.7 16.0 19.0 19.0 19.3
11:00 19.0 19.0 15.0 15.7 18.3 18.0 17.3 .
12:00 18.3 17.0 17.0 21.3 22.0 21.3 +20.0
13:00 17.0 17.3 16.3 20.7 18.3 19.3 - 21.1
14:00 16.7 16.7 14%7 18.3 19.0 17.7 19.3
15:00 .. 19.0 15.7 16.0 18.0 16.7 17.3 19.0
16:00 15.3 17.0 18.0 15.0 15.7 16.3 18.

. 17:00 18.0 14.0 20.0 _ 15.3 16.0 17.3 15.1
18:00 14.7 14.0 17.3 16.3 16.3 15.7 16.8
19:00° 15.3 18.3 21.0 17.0 17.3 16.7 17.0
20:00 17.3 19.7 17.7 19.3 17.3 16.7 18.8
21:00 19.0 17.7 20.3 21.3 17.7 23.3 19.8
22:00 18.3 l6.0 11.7 20.7 16.0 23.0 21.1
23:00 13.0 9.7 10.0 10.7 9,§ 9.7, 14.8
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TABLE 14
I
Cumulative hourly mean temperature preferenda (°C)
] . » - 545 °
Lo for individual fish (Group 3)
Time of ‘ Fish # . ! !
Day 1 2 3 4 5 6 7 8"
00:00n. 17.7 14.0 15.0 14.3 19.0 18.0 16.3 17.7
01:00 16.3 14.0 15.7 18.3 22,0 18.7 14,0 16.7
02:00 12.3 14.3 16.7 10.0 23.0 17.0 14.3 15.0
03:00 +12.0 14.0 16.0 8.7 2.7 18.3 18.0 '17.0
04:00 14.0 14.7 15.0 13.3 18.7 16.0 14.7 18.7 .
05:00 17.0 16.3 17.7 16.0 20,0 18.7 16.3 20.0 > [
06:00 20.0 17.0 17.7 19.0 19.3 18.3 18.3 20.0 !
07:00 20.7 18.3 19.3 19.0 20.0 173 19.3.  19.7
08:00 21.7 20.0 22.0 18.0 18.7 20.0 20.0 17.3 .
09:00 21.0 22.0 22.0 22.3 19.3 18.0 21.7 19.7
10:00 22.0 22.7 22.3 18.0 21.0 17.7 19.3 207
11:00 21.0 21.3 20.7 17.7 20,0 16.3 21.0 19.7
12:00 19.7 22.7  20.7 13.3 20.0 17.7 20.3 21,0 g
13:00 19.3 20.3 17.7 14.0 17.7 "19.7. 1923 , .21.0
14:00 19.3 20.0 19.0 18.7 20.3 22.0 21.0 18.7
15:00 21.3 16.7 18.0 - 17.7 . 20,0 23.0%  21.7 20,3
16:00 21.0 17.0 16.3 19.7 20,7 19.7 18.7 14,0
17:00 20,7 19.0 19.7 20.7 19.3 20.3 18.0 -18.0
18:00 21.0 18.3 19.7 20.7 19.3 18.0 17.3 18.3
19:00 20.0 18.0 17.0 19.3 17.3 18.3 21.3 18.7
20:00 20.0 18.7 19.3 20.0 19.3 16.7 17.3 19.7
21:00 19.3 20.0 21.0 19.7 19.3 17.3 16.7 16.7
22:00 18.3 19.7 21.7 18.7 19.7 17.0 19.3 17.3
,23:00 18.3 19.3 17.7 20.0 20:7 16.7 18.7 - ‘18.0
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TABLE 15

Hourly température (°C) means derived from entire (5 day)

experimental ;ier1od. (t_irZUped ‘data n = 8) for Group 1

{

Time of Day.

Standard Deviation

Variance

Mean
10:00h 11.0 2.9. 8.5
01:00 9.2 1.7 2.9
02:00 9.1 1.3 1.7
03:00 9.0 1.6 1.6
04:00 9,7 . 1.6 2.7
05:00. 136 3.1 9.6
06:00 17.9 0.4 0.1
07:00 20.1 2.2 5.0
08:00 20.1 2.8 7.6
09:00 17.0 - 3.1 9.9
10:00 13.1 3.8° 14.6
11:00 11.2 2.7 1.2
12:00 17.7 2.9 8.5
13:00 19.9 3.0 9,2 -
14:00 15.6 ‘ 4.5 - 20.2
15:00 12.3 3.1 9.4
16:00 11,9 3.5 11.9
17:00 12.2 4.1 _17.0
18:00 12.0 3.6 - 12.8
19:00 12.7 - 4.4 19,7
20:00 16.8° . 3.9 15.4
21:00 *18.4 2.6 - 7.0
22:00 17,0 N 4,2 17.4
23:00 10,2 T 2.3 5.4

-
Le i

68



: m
4 ., ' A : . : '
kg 0 .
-4 A . (
- | 3R YT
.. " TABLE16 X
e & B
Hourlyﬁ te?np‘era”ture (°C) means derived from entire (4 day)
;- experimental period (grouped data n = 7) for Group 2 '
> . ] - . L . ' . /
b Time of Day Mean . Standard Deviation Variance
. 00:00h 13.8 3.3 11.2
« 01:00 13.8 3.1 9.5
- -, 02:00 .  12.9 .2.6 6.6
03:00 14.3 3.1 9.7
L. ‘ 04:00 157’.5 3.1 3.4 ’
T ’ - .- 05:00 - 1 00 1.9 -7
t ﬁ%‘ ‘ 06:00° 18.0 2.7 7.5
i b 07:00 18.8 2.6 7.0
=t 08:00 18,7 2.6 7.0
09:00 19.2 2.6 6.8
10:00 18.0 3.4 11.4
11:00 ' 17.8 2.8 7.6
12:00 2.9 8.3
13:00 2.5 6.5
14:00 2 5.9
15:00 2.6
16:00 2.3 5.2
17:00
18:00 2.2 4.9
19:00 2.5 6.1
20:00 18.7 1.9 3.6
21:00¢, 19.5 . 2.8 7.7
- 22:00 18.0 4.3 18.8
23:00 i 12.4 3.4 11.9 o
v H N t .7 -
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o TABLE 17
Hourly temperature (°C) means derived from entire (4 day)
, \ ;

experimental period (grouped data n = 8) for \G\roup 3.
. . LS \ )

-

Time of Daf Mean -  Standard stiation Varjahce £

00:00h - 16.6
01:00 17.0
02:00 15.4
- 02:00 15.8
04:00
. '05:00 de  17.8 f
06:00 - 18.5
¥ 07:00 T19.1
08:00 . 20.0
e 09:00°
v - 10:00
11:00 *
*12:00
* 13:00
* 14:00
15:00
g 16:00 -
17:00
- 18:00
’ 19:00 -
i e 20:00
™, ’ 21:00 -
22:00
23:00
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TABLE 18

Two-way analysis of variance with repeated me&sures deﬁ%hdent .
upon.one factor testing variation between groups- due te ration
and variation within groups due to time of day (Experiment 3)

v, . ° M. Y

Source of Sum of Degrees of Mean

Variation Squares Freedom Square  F-Ratio,
Between Subjects \ %1
R : ~

Factor A* 1462.1287 2 ® 731:0643 57.1144
Subjects 243.1997 19 12.7999
Within/Groups » N S
Within Subjetts . 506 L .
Fa;tor Br* 2684.8945 23 116.7395 26.813

A xB 1024.9758 . 46 22.282  5.118
Interaction .
B x Subjects. 1902.5405 437 4.3536
Withn/Groups e .

hY ~
. - F-Ratio | |
Factor A (2,19) = 57.1144  F value (58): ">~ -

at D.F, 24/1%9/ = 1.61

26.813 F value (5%): :
at D.F. 40/120 = 1.50

Factor B (23,437)

-

A x B Inter. (46,437) = 5.118
. i
[} ’ ’ ' -
_ * .Factor A 1et ration. - o
** Factor Bkav Time of day. - '
.‘ ' d. : | N | ' v U,?&
. * R
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Test for strength of association for twb-way ANOVA examining

¢

the variance in temperature selection associated with either

ration or time of da} (Table 18) (estimate of Omega squared)

B
~ Variénce associated with Factor A* =  7.9%
Variance associated with Factor B** = 67.5%
N -
Variance associated with A x B Interaction = 13.3%
Total -variance associated with treatments = 88.7%
: ;. |
» L -
* Factor'A = Diet ration. : ’ o
** Factor B = Time of day.’ ' -
. ; . \
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periods tested ranged from 4 éo 29 h&urs igplusive, thus providing a
rangé gréaterlthan gircadian periodicity. Following the procedure
_outlined in Appendix 1, standard deviations were determined ‘for each
of the'twenty-six periods tested. These standard deviations were ﬁhen
plotted.(Figé. 15, 16 and 17) according t? the method developed by
E;rigﬁt (1965) and ré-worked by Williams and Naylor (1967). Such a
periodogram serves to provide a means for comparison of the various
frequencies being tested. RelafivéTy large values for the standard
‘ﬂeviations are indicators of rhythmicity with respect to the frequency
in question.

"From the dat% represented in “hle 20 and Figures 15, 16, 17 the
Tpst consistently outstanding periodicit; is manifested about the
‘twenty-foqr hour cycle. Frequencies of eight, twelve, and sixteen

hours also show some tendency toward periodism, th&ugh to a.somewhat
smaller. degree tﬁan the twenty-four hour period. Moreover, the
greatest degrees of atl periodicities occur in the data for the wnfed
fish (Group-1), witﬁ the least degrees (i.e. most strongly single

. / ' . - -
cycle) being evident in the fish fed ad libitum (Group 3). -

y
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Figure '16: Periodogram for Group 2. )
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| DISCUSSION '
" E )
The work described in this thesjs has;beén divided into two

phases. The first phase inv \ the dgsign and implementation of an

. : effect1ve funct1onal shutt1ebox dology incorporating a system of

constant water replacement. The\second_phase consisted of a series’ of o

experiments designed to investlgate the themoregulatony behavior of ~

Salmo gairdneri as a‘coniequence of several variab]es,inc1uding
duration of test period and dietary restriction. This discussion will
concern itself with the second phase.

-

(1) Thermal Preferenda for Experimental Fish

The triale Lbmprising the first experiment were primarily geared
* towards-trying to obtain valid thermal prefefenda values for the testr. :
group of figh using our newly developed shuttlebox methodology.
; .

f

> The mean of means cal&y]ated from the data in Experiment 1 was
18.1 % 0.6°C. This value agrees well with those obtained in the
experimental analogs in the later tests. Thesfish fed ad libitum in

Experiment 2 and 3 had mean preferred temperatures of 17.7 ¥ 1.7°C

PR (Group 1, Fish #1) and 18.6 * 1,0°C (Group 3) respectively. Similar
. v B [
» values have been reported for this species in the literature,. ? <.
o) ‘ Ra}nbow trout, Salmo gairdneri have been found to select

témperatures ranging from 18°C. to 22°C as ii erlings and 13°C to 18°C

»as adults whe%&ﬁgsted in the 1&boratory fog final preferenda (Javaid
and Anderson, 1967; McCauley and Rond, 1; Gars1dg\and Tait, 1958;

Cherry et al., 1975; McCauley and Hugnins, 1976:). Mfiile all salmonid =




™

®

-

species .occupy temp;ratures ranéﬂng from 4°é to 23°C in the field
(Brett, 1971, Kaya'et a¥., 1977; Gherry et al., 1975; McCauley and
Pond, 1971), temperaturé ﬁref@rence\ determined in the laboratory
coémprise a guch smalu%r:range. Nume?ous other salmonid species';aQe
also been investigated*in light bf their cSﬁmeécial,importance. Brook

trodt, Salvelinus fontinalis, select temperatures ranging from 8°C to

18°C as fingerlings and.14.8‘e-{o 15,7°C as adults, depending upon the

season (Ferguson, 1958; Ggaham, 1949; Sul]ivar and Fisher, 1953;

Javaid and Anderson, 1967; Cherry et al., 1975). Lake trout

Salvelinus namaycush, prefer 11.7°C as juveniles and 11.8°C as add1b§

- .

(McCauley and Tait, 1970). Atlantic salmon, Salmo salar prefer 14°9

to 18°C as juveniles (Fisher and Elson, 1950; Javaid and Anderson, .

1967); Chinobk. coho and sockeye salmon Oncorhynchus tshawytscha, 0.
gjggggi and Q.iggggg were found to prefer 11.7°C, 11.4°C, and 14.5°C
respectively when measured in the laborator§ (Brett, 1952).

These results indicate both the similarity in temperature
preferences amongst salmonid species, as well as\the di&ersity in
preferred temperatures within a species due to such factors as

. seasonal and ontogenicvconstraints. A relevant study conducted by

84

Hokanson (1977) ex@nined the parameter of growth with the objective of

‘es;imating the.optimum temperature-for arowth. The experiments
consisted of juvenile Rainbow trout maintained on ad libitum diets
under one. of six constant temperature regimes.' The optimum

temperature range for'growtn was found to be 17.2-18.6°C. These
’ <

e

findings éonvepien;}y anCket the esgjmated,gemperaturg ‘ v o arw

“

o

A
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preferences in all three of the gxperiments presented in this thesis.

N The similarity of our data to published values lends credence to both

~

Shiuttlebox 1 and 2 methgdelogies.

. ~ -
-

(2) Behavioral Thermoregulation as’a Function of Food Ration

2a. Experiwt 2 - Estimation of Onset of Altered

Thermoregulatéry Behavior in Response to Foo& Deprivation .

Thermor;egul.atory studies uti‘lizing~ shﬁtt]ebox methodologies as
. reported in the literature have ra;‘eluy tested‘ specimens for periods
longer than four days’: This 1s in part/dae to the fact that the
| experimental objective is usually little more than the estimation of
the preferred temperature of the test species. As has been prev:lousl_y
mentioned, f1‘~sh will normally select for their thermal preferep&t ‘.«'
'within 48 hours (Reynolds and Casterlin, 1597'9). Temperat.ure, data are |
thus typically sought for oné or two days following this 4§-hour
pgr1od. as this period is assumed to be stable. Consequent]{,
. experiments run for\pelriiods of t%me which are significantly longer
than three or four days are deemed unnecessary by. most workers.
Furthermore, begause of the ]ac'k(of water repiaéement, most
exper:imental systems wm;ld be hard-prgssed to maintain constant L
condifions for longer periods of time. .
Fortunately, our experimental desién incorporated continuoué
water replacement. As such, we were not limited to the duration of .

the conventional test periods.” This feature proved to be of great

value in ;xpeiimegt 2, where fish were _teaé,tedo for perio_dg JOf no Jess

. -{
3 .
.
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_;han three weeks,;“and up to six in the case of one ‘fish. Such
" ‘ unlimited exper%-menta] time permitted the study 6f behavioral
thefmoregulation as a consequence of food deprivation fr-om the very

B

onset of the deprivation phase. ‘
The fish which did have their rations restricted showed no major .
&thermoregulatory pattern changes during the first seven to nine days.
Thereafter, however, there was a steady decrease in seleqti,{ati
: temperatures, such that the mean Smpgrature dropped in a constant
: o fashion for approximately five to ;;;ht days. Following Ithis cooling
period, temperatures remained relatively constant within a 1°C range
of the,coolest temperaturés available. As n}gntioned in the
Introdubtion, ‘Javaid and Anderson (1967) a%ﬁ‘o‘- conducted.tem;)erature
preference studies with Rainbow trout on starvation regimes. They
foundv that the preferred terﬁperature of the éing'erlings, as tested in
a spatial temperature g}'adient, decreased from approximately 22°C at
the‘ outset of the experiment to 18°C a?lthe end of the first day. For
> the remaiﬁing 14 days of their experiment, the selected temperature .
remained within the same range. el
The extent to which he work by Javaid and Anderson canbe
compared to ogr Experiment 2 is limited unfprtunately for Several
reasons. To Segin with, fingerlings of the sizeused by Javaid have
been reported elsewhere as having temperature preferenda anywhere
between 15 and 21°C, depending on such factors as age and illuminatfon )
intensity (McCauley and Pond, 1971, Kwain and McCaul‘ey: 1978). The

temperature preferenda observed by Javaid and Anderson easijy:fa'll

within this range. Their results are further confounded by several

a 48
- et \
’ *
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otﬁer factors. Groubs of five or six individuals were tested
sipultaneously to obtain data pointsy The dagé were treated as that
derived from independéntly tested individuals. A more accurate
representation of the data might "have involved estimation of, the mean

preferred temperature of the group as a group with no reference to

~jndividual- preference. txperiments conducted by Beitinger and

'ngnuson (1975) have. shown that ihtraspecific social influences such
A, ’ !

€

as sacial hierarchy phenomena can have a marked effect on individual

» .
thgnﬁoregu] ory behavior. In one series of tests, juvenile Bluegill

1

is macroghirus) were displaced from the area of a

horizontal tempe}ature gradient containing their preferred temperature
b} a iérger adult Bluegill (Beitinger and Magnuson, 1975). The
mechanism of displacement consisted of various types of agonistic
behavior dn the part of adult Bluegills. Similar hjgrarchical

structufes reinforced by agonistic behavior have been reported for the

species used in the author's work, i.e. Salmo gairdneri, as well as
for the closely related species Salmo trutta (Jenkins, 1969). Hence,
it would seem questionable to attribute the observed group tem;erature
selection to individual temperaturelpreferbnces in the manner put
forth by Javaid and Anderson (1967).

Yet, another problem is that the thermal -preference tests were
not run in a continuous fashi;n but rather unfolded over the course of
several hours dhring the day. These brief tests were‘conducted each
day, with the test population §pe?diqg the ba]ancg of its time in %he

20°C acclimation-holding tanks. Given that no control values ‘are

proyided by Javaid and Anderson, it is difficult to know whe;hes~the1r

87,
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" fish had sufficient time to selectively lower their body temperature.
Certqfn]y, there is a limit:\o the rate at which an ectothermic
organism can adjust its metabolism to a significantly different
t;mperature. Had their experiments been bermitted to run fbr a longer
1n§erva1 each day, it is more £han possible that the mean selected

- temperatures would have been lower. o ¥ ,

The tempeﬁht;re ;electioﬁ of Javaid and Anderson's test fish may
have_been additionally bia by t;e\20°c acclimation temperature
maintain;d for one month prioiltoofesting and throughout the
experiment. Such an eleva&ed temperature may have actually placed the
test fish on a negative‘energy budget, depending on the amodht of
ration they were receiving. If so, then the d{ta obtained by Javaid
and Anderson would not accurayely reflect the experimental -
objectives. Again, the lack of cbntrols in their work is unfortunate,

» OQur work indicates that for a larger-sized trout (circa 10-12

cm), food deprivation perceptibly influences the thermoregyatory

péEfErn\gnly after a period of at least afie week. From this point
onwards; there is a constant gravitation towards cooler temperaturés
prified by a steady decrease in temperature selection. As the final
temperature prg;;rendum of the unfed fish in Experiment 2 was
apﬁroximatgly equal to the lowest temperatures available, i.e. circa
9.0°C, it is possible that the fish would have elected to maintain
even cobler temperatures had they been available.

It is interesting to note that the one successful fish fed ad

libitum (Fish 1, Group 1) mqintained a relatively constant -

fhérmoreéulatbry pattern with a mean approximately 4.8°C higher than

,ov
.
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its acclimaf&bn tempeﬁﬁture for the entire experimental period. This ;
trend was sﬁbﬁtantiafeé'by the findings in Experiment 3. -

' (
2b. Estimation of Diurnal Thermoregulatory Rhythm as a /s

Consequence of‘Dietary Restriction

Given that a pertod of up to\ten days at the acclimation
,  temperature of 13.5°C was indicated for this size .of Rainbow trout to
alter its thermoregulatory paitern as a consequence of food
déprigation, a pre-test rationing scheme of two weeks in duration was
instituted in the next series of experiment§ (Experiment 3). This
two-week dietary reg}me‘ﬁas then followed immediately by a four day

“(five in the case of Group period in the shuttleboxes.

s Within each of the groups tested in Experiment 3, no significant
difference was observed between the daily mean preferred temperatures
of any of ‘the experimental days. Following from the trends abserved
in Group 2 of Experiment 2,‘1t would seem that the test periods did "
indeed fall after a ration schedule of sufficient length of time to
permit thermoregulatory adjustments given the opportunity. This
confirms the experimegtal design rationale for pre-test rationing.
\ﬁencé, testing time occurred during a phase in which the test fish was
apparently prepared tg seek metabolic options. )

The Neuman-Keuls test demonstrated that the differences between
the group mean temperature preferenda were significant (Table 9).

Furthermore, these group means were of decreasing values concomitant

with the restric&‘on in ration. Thus the group fed ad libitum (Group ' '

-7
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3) had the highest temperature preferendum, 1§.6°C,Iwhile the group

which was unfed fors25 days:(Group 1) selected the lowest temperature
/

preferendum. 14,1°C
The ANOVA and Omega

;éuared analyses indicated that the

experimenta] variable pr marily responsible for these mean d\fferences

_was in fact the feedin

ration.

.

Thus it would appear that restricting

‘rations resulted in certain physiological responses on the part of the

test fish such that the organism actively sought an alternate thermal

environment when p ovjded with the opportunity. <5

Fry has hypthesized'that, all factogi%permitting,.a fish will

select a temper

done to elab/rate this idea.

ure which permits optimum growth for its nutrient
status (Fry, 1971). Unfortunately, relatively little work has been

Experimeots conducted by Brett on young

sockeye sa}pon, Oncorhyncus nerka, have shown that of 25 physiological

processes/measured (including standard and active metabolic rate,

scope foz activity, growth, and cardiac q;tput) all but two have

temper ture optima of 15°C (Brett, 1971). However, he points out that

this /growth optimum will only occur if fooq‘ggtions are unlimited.
-

Nit decreasing food rations, Brett states that growth optima would

ogcur at progre551ve1y lower temperatures (Brett, 1971) His work

shows that sockeye salmon fed ad Tibitum have a growth optimuméif

!

their final temperature preferendum, approximately 15°C, but that on

1969).

)
daily rations of 1.5, 3.0, 4.5 and 6.0% of their body weight the

Jgrowth optima occur at 5, 8, 10, and 12°C respectively (Brett et al.,

1

As previously mentioned, Hokanson et al. (1977) has found that

M
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Jjuvenile Rainbow trout°(245 mg average wet weight) ‘show optima’]' growth

"\rates and food conversion efficiencies at temperature§ between 17.2

. and 18.8°C when held under conditions of constant €emperature.
However, at temperatures above or below this, both growth rate and

. conversion efficiency fell off dramatica]ly, despite provision of food
a_c!l‘j_b_ij@_ (Hokanson et al., 1977).

As the fish 1n Group 3, fed ad 1ibitu - had_a freferred
temperature of 18. 6°C t1.0°, it is te;ptmg to conclude that they
were in fact selecting their opti temperatire so.as to obtain
maximum growth. Similarly, Groups 1 and 2 may have selected *
concomitantly lower temperature with the objective of growth

/
optimization.

Many organismic p("ocesses operate about a circadian rhythm. In -
an effort to determine whether ;uEh rhytfnic effects were present in
our data, mean selected temperétures were calculate‘d for each fish of
each group tested in Expermient 3 (Tables 12, 13 and 14). ‘

These means were derived for each hour of the twenty-four hour
day based on the‘ hourly mean préferred temperatures of Days 2 tgrough '

4 (Days 2 through 5 for Group 1). When these data were further

averaged to praovide hourty mean preferred temperatures for each group,

d

three apparently distinct patterns of thermoregulation emerged (Tables

15, 16, 17). These patterns areﬂ~ shown more clearly in Figure 14.
There are several strikihg aspects of the curves plotted in

‘Rigure 14. A definite distir‘[ction can be made between each of the

QIn particular, Group 1 8i§p1ays a thermoregu]agory patterr\

.throughout the twenty-four hour day which has a relatively large

91
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proportion of the day spend in the lowest available temperatures. ;
d}oup 1 also shows rather répid changes iﬁ Qe]ecteq temperature, .
undergoing shifts of as much as ;0°C,in as iittle as. three hours.
As can be seen iv\ Figure 14, these rapid changes in temperature’
selection occurred in éonjunction with relatively brief excursions
into warmer temperatures at certain specific times of the day. These

same episodes appear to coincide temporally with similar trends in the

thermorequlatory behavior of Group 2 and 3. In all three group plots,

there is an appari?; ndency toward convergence of selected -

temperatures at ce | times of the day. There are marked
convergencies occurriné‘ t 6:00°AM, 1:00 PM{ and 9:00 PM. Cofversely,
there are very pronounced\differences in temperature selection between
the hours of 9:00 AM and 12:00 noon, 2:00 and 8:00 PM, and 11:00 PM

and 5:0Q AM.

T
!

o

The consistency of thlse convergencies anq divérgencies indicates
the possibility of thermoregulatory behavior revolving around a
circadian rhythm. The periodo;ram aﬁalysis elaQorated h{ Williams and
Naylor (1967);Wh§/a§bﬂ to 1nvesti§a§e the possibility of such
circadian rhythms. As shown in Figqres_ls, 16, and 17, this procedure
provided concrete evidence for‘circ;dian rhythms {n each éroup of test
fish. All three graphs show a prénounced rhythmicity at the ,
twenty-four hour period, ‘There is also the suggestion of rhythmicity
at the eight, twelée, and sixteen hoyr periods for Group 1. However,
the deviations seen at these hours are much less than that of the

twenty-four hour period. The same deviations are also seen in Groups

2 and 3, but to much lesser degrees than in the Group l periodogrém.
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‘ ) Such“keriodogram analyses frequentTy have as an artifact such 'ghost’

13

per%gds, existing because of procedural manipulation of data due to
- . the fact that they are multiples of the 'real’ per:%d.

! ¢

Misinterpretation of ‘their.significance is unlikely ﬁowevér, as they
.are ;&*dently smaller than the geviations shown about the real. A
period(s) (Williams and Naylor, 1967; Enright, 1965).
- T%e possibility of perfodicity in ‘the thermoregulatory behavior
is rei%forced by‘the results of several other statistical treatments.
Tests for ANOVA (Table 18) and strength‘of association (Table 19) for
the mean temperatures as a function of the time of day showeg that the
actual time of day was the principlg'determining factor in the
temperatu;e selection process. The major experimental variable, food
ration, w;s only responsible for some 7.9% of the variance in )
temperature s;electior; (Table 19).‘when considering tl:lérmoregulat.ion
during a twenty-four hour day. ‘
Thermoregulatory behavior based on pircadian rhythmicity has been
observed by several workers .in a number of fish spgciés. Reynolds‘and
Casterlin (1978) noted that the bowfin Amia calva has a distinctly
diurnal pattern in its temperature selection. This species;*when
acclimated to 23°C under a LD 12:12 photoperiod, maintains a mean
temperature of 31.3°C during the phofophase and 29.6fC during the
scotophase (Reynolds and Casterlin, 1978). The maximum temperature
selected is 32°C and the minimum is 28.8°C, occurring‘during'the‘

photophase and the scotoﬁhasé respectively.

The goldfish Carassius auratus, a crepuscularly active fish,

shows a diurnal variation in its temperature selection when acclimated
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to 21°C with a LD 12:12 photoperiod. ‘However, unlike the bowfin, the
peak in preferred témpératures,«29.7°c, occurs during the scotophase
for goldfish (Reyrolds and Casterlin, 1978). The range of
tenperatures selected varied between 26.0°C and 29°C, with a mean of
27.7°C.

The‘whjte sucker, Catostomus commersoni, a nocturnal species,

also shows a diurnal' pattern of thermoregulation. However, this°fish
prefers slightly higher temperatures during the photophase, i.e. a
mean of 25°C as opposed to 24°C during scoiophase (Reynolds and
Casterlin, 1978). In noﬁe of these species was there any positive
correlation between activity and thermoregulatory behaviér.

. Diurnal‘thermornglatory rhythmicity has also been observed fn

other ectotherms. Regal (1967) found that three species of lizards,

Klauberuia riversiana, Uma notata, and Phrynosoma cornutum, select
lower temperatures during the scotopha;e. Such yvoluntary
'hypothermia' (Regal, 1967) was concomitant with torpidity, and hence °
resulted in a lowered metabolic state. '

"In comparison with the aboze-mentioned temperature selection
diff%gen£ia1s between the various-phases of the photoperiod in the
didrnally thermoregulating fish species, the results displayed in
Experiment 3 show relatively larger temperature ranges: This 1is most
evident in the unfed test fish (Group 1), which has“an average diurnal
fluctuation of more than;}1°c. Such a temperature range in diurnal
thermoregulatory behaviour has been observed in field studies of
another saimonid species, the sockeye salmon (érett, 1971).

Brett investigated the distribution of sockeye salmon
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~ Oncorhynchus nerka‘ in a lake with respect to }:ime of day (Brett,

1971).‘ Using round-t‘he-'élock tow-netting Snethods ‘airected by
echo-locatién, he was able to follow tne"daﬂy habits of the sockeye.
w&l_pically, in late s’t;m'ner‘, ‘_young sockeye spend most of the photophase
.in the relatively cold (5°C) hypo].imm'on. At dusk they rapidly rise
to the surface to feed, desceﬁdi\ng. to the upper stratum of th:a
thermociine by midnight (Brett, 1971). Here they ren;ain until dawn,

. whereupm:y again rise to the surface to feed. Immediately afterl
feedi‘ng, théy* again descend, tt;is time to the hyponnibn where they
pass the day. -

Thus the sockeye selects temperatures ranging‘ from 5° to 17°C
daily; a change of 12°C. _Furthermore, approximately 60% of th; day is
spent in the hyponnio;l, where temperatures range between g0 and 6°C.,

' The function of this rhythmic behavior has been fnvestigated by
several”\workers. Spieler et al. (1977) exposed goldfish, Carassium
auratus acclimated to 15°C and either a winter LD 9.5:14.5 or spr?ng
LD 11.5:12.5 photoperiod, to a 9°C rise in tehperature for a period of
4 or 8 hours at six different times of the day. bish were then
measured for v'veight changes and gonadal growth. Their finding was
_that there were significant differences in weight gain and gonadal
growth depending upon the time of day that the ambient rise in -
temperatures o'ccurred {Spieler et al., 1977). In ;act, the
interaction of temperature change and time in the photoperiod cycle
produced both stimulatory and inhibitory effects, depending upon the
phase relationship of the two Yariab]es (Spiele\r’ et al., 1977) Neightq

gatn and gonadal growth are greatest during the final 4 hours of
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darkness, though Spieler found the degree to which this occurred was
dépenaent ﬁpon the lehpths of the photophase and scotophase (Spieler,

&

1977). - ] S

_ Reynolds et al (19784.studied the behaviora{ thermoregulatory
pattern of goldf1sh as a functlon of the time of day. This species | ~ .
typicaMy exhibits a crepuscular locomotony rhythm and a unimoqglf, l
diurnal thermorequlatory pattern. It is 1nteresting to note that
within thi® thermoregulatory pattern is a peak in preferred - . \
) temperature during the latter part of ‘the scotophase (Reynolds et a1.,
1978). The timing of this temperature peak seems to correspond
‘exactly with the point ‘in the phptoperiod at which Spieler found
goldfish to show the greatest amount of weight gaﬁn and gonadal growth
in response to an 1ncrease in ambient temperature. ﬁ%&nolds himself,
referring to Spieler‘s findings, argues that a rhythmic growth
response to cycled temperatures is of little adaptive value to theé ‘ .
goldfish if there' is not behavioral mechanism to 'take advantage of |
it', since’ temperature cyclﬁf ih the aquat1c environmeht\would not be
expected to have a pre-dawn temperature peak (Reynolds et al., 1978) 4

Some 1nvest1gators have found that there exist d;urnal -

fluctuations in the thermal tolerance pf some species of fish.
Spieler et al. (1977) tested groups of fathead minnows, Pimephales
promelas, for their critical thermal maxima (CTM) dpr%ng a 24 hour
period, sampling every 4 hours. 'Ihe fish, which had been acclimated ®
to 14.5° + 0.5°C and LD 14:10, were spbjected to a temperature

increase at the rate,pf 13°C/hr. Thé results showed that there was a

highly significant correlation (p "0.001) between susceptibility and
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the point in the photoperiod at Nhl;h the fish were tested (Sp1e1er et

al., 1977). For example ‘maximum suscepti?ﬁlzty for this spec1es was

/found to occur during late afternoon (18:00nh) and evening (22:00h)., -

In a similar test of diurnal variation in temperature tolerance,

Johnson exposed Gammbusia affinis affinis, acc1imoted to 18°C, LD

12:12, to a temperature increase of 0,3°C/min. Not only did he find o
diurnal fluctuations inlsusceptibility, but he also found tolerance

. . . ,.%
differences between the sexes (Johnson, 1976). The results rewegled

that in genera],”fema]es were more tolerant of the temperature

increase, as they had higher CTM's than did the males. s
-] ' .
Such fluctuations in thermal tolerance presumably reflect \

modulatiop of the ;ensitivity of certain metabolic processes.
Conséquently, it is possible to conclude that temperature selection ,
throughout the 24 hour cycle is not equally spec1fic at all points 1n
time. That is, there may be certain times of the day when the 'degree
of preciSIOn of the thermoregulatory process is lé&ifijfjcq] th/p at -
other times. The existence of such fluctuations in thermal tolerancex
in the thermoregulatory behavior of our test fish is a variable of
potentlal s1gn1f1cance, and one not isolated in our data.

Though al]l of the physlological reasons for such rhythmic
variations in thermal tolerance are' not known there is speculation
that an endocrine component, may be involved in stress reactions,
cortisoJIand*prolactin, may play a role here @Spie]er, 1976). He has'

§hown the existence of both diurnal and seasonal changes in the level

b i
"df serum prolactin and cort1c01ds in the striped mllet, Mugil

egha1u (Spieler et al., 1976) Similarly, McKeown and Peter have

Y ! - '
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fougd circadian rhythm-correlated prolactin (McKeown et al., 1976).

In both cases, the level of serum prolactin increased with longer

. photophases.

:

Organic evidence providing further links between cause and effect

A\
with respect to the photperiod and temperature regulation has been

provided by Kavalier et al. (1980). Pinealectomies were performed on

"white suckers (Catostomus commersoni), a spec1és whf?h. as has been
previously ﬁéntioned,.has.a diurnal rhythm in temperature selection.
TQS pinea]e;tomized f1§h displayed no difference in temperature
selection relative to a‘diurnalurhythm. The pingal‘glandlis

photosensitive, and is thought to function in the coupling of tempor$1

N organization of physioiogical behivior, and hormonal cycles with

circadian~rhythms through "central nervous system nﬁdd?%&ions
(Takashashi and Zatz,'1982). Hence, it would not be su;brising if
photoperiod modulation of tﬁe ;hermoregulatory behavior of at least
some fish speéiesmyg} mediated through the pineal .gland. -
The therﬁoregu]atqny behaQng observed by Brett tn his previously
< + mentioned work with the s?ckeye salmon is not* uniike tK;£ displayed
by the Rainbow trout in Expermient #3, espetially by Group 1. Brett
- has suggested that the primary purpose of these diurnal habitat shifts
| is to better utilize eﬁergy reiources (Brett, 1971). In his study,
BretE caculated the 'grds§ conversion effic%ency‘,i.e. the percentage
‘of bo&y mass produced form foodt from the fopd r&i}on and'growth
. rate, The optima] temperature for maximum grags daneréion

".'efficiency, that is, the highést yield in bod} weight from food,
occurs at-11.5°C. for the sockeye saimon (Brett, 1971). It is

1
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inéeresting to note here that the te@perature Brett determined gross
conversion efficiency totbe greatest %guﬁmout,3.5°c bejow the
temperature at which the arowth rate is maximal.

Brett cagcludes that since the physiological and growth optimum
temperature apparently is 15°C, one could expect to find fisﬁ at this
temperature, except wheh food ration is limited (Brett, 1971).

* since the metabolic rate would be reduced by at least one half in
going from 17° to 5°C, according to the Van't Hoff Q10 relationship,
Brett'pbstdlates that the diurnal thermal niche shifts may be a
ﬁedhanism to optimize growth under restricted food ration conditions
(Brett, 1971). | .

Support for this latter hypothesis does exist, jn a 11m1ted‘form.
in the wérk done by Javaid and Anderson (1967). In their study,
fingerlings-of three salmonid species; Atlantic salmon Salmo salar, -

Rainbow trout Salmo gairdneri, and Brook trout Salvelinus fontinalis,

were starved for 25,,20 an 15 days respectively, afté? they ' had been
4

w

_acclimated to 20°C. Temperature selection tests in a horizontal

gradient revealed that both Brook trout and Rainbow’trdut preferred
lowered temperatures; }6° and 18°C respectively for the bulk_of the
starvation period. Atlantic salmon showed liétle or no change in
selected temperature during the experimental starvation period, -
electing to remain in 20°C water; a temperature equivalent to ité
original acclimation temperature (Javaid and Anderson, 1967). Thus at
least two of the three test spe;ies, including the species uti]ized in
the author's work, preferrea syb-adclimation temperatures when

deprived of food.
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Brett has found further support for his hypothesis in a study by
MacDonald which examined growth rates of thege same sockeye in the
same lake. MacDonald calculated possible weight gain under conditions
of 'the average temperature experienced by tée fish and the , '
possible maximum temperature, that is the surface temperature, undéc‘
constant conditions andlcompared these with the observed weight gain
(MacDonald, 1973). In general, the observed weights wers fﬁom 105% tb
350% less than the calculated possible weighté (MacDonald, 1973).
Since the calculated weight gains under average and maximum
temperaiures assumed an unlimited food ration, Brett concludes that
the sockeye in question muéf have had a 1im1§;d energy intgke Jin order
to account for their sub-maximal growth rate (Brett, 1971). Brett
f&rthpr argues that the food availability in the lake is not L
necessarily limited, but rather the fish simply don't eat as much as
they theoretically could. Brett suggests that this reduced intake may
be aue to the decreased energy'efficiénty involved in catching the

extra amount of food necessary to sustain maximum 'growth (Brett,

’ 1971). Unfortunately, he provides no evidgnce to support either of

- -

these suggestions. ‘

As a result of these investigations, Brett argues that th;se Coe L
sockeye have-'evolved a pattern of thermoregulation peculiarly
.adapted to maximizing growth, through the selective pressure of
'bioenérgétic efficiency' (Brett, ;971).

" Buffenstein and Louw (1982) arrived at.a similar conclusion as a /(*
result of their experimenéal work with varanid lizards. Varanus | ‘

‘niloticus was_observed to select the preferred temperatére when given

*
2%
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_the opportunity and provided with food in excess. In so doing, the

lizards displayed a faster growth rate, gréa;er food intake, and
s;perior food conversion efficiency compared with animals restricted
to lower temperatures (Buffenstein and Louw, 1982).

Hokanson et al. (1977) has conducted a series of experiments -
yiefding results which serve as an interesting cgmpliment to Brett's
hypothesis. The crux of Hokanson's work consisted of comparing growth
ratés of juvenile Rainbow trout fed ad 1ibitum held under conditions

of either constant or diurnally fluctuating temperatures. A rangé of

seven constant and six diurnally fluctqating~cyc1es were used in his

study. Hokanson concluded from these experiments that the growth of
the Rainbow trout was accelerated by the cycled temperatures when the
mean temperature of the cycle was below the optimum temperature for
growth, as estiﬁated under constant temperature conditions (Hokanson
et al., 1977). Additionally, he noted that fluctuating Eemperatures
inhibited growth when their means were above the constant temperature

+

optimum. Hokanson attributes these results to differential rates of

- acclimation to increasing and decreasing temperatures.

Biette and Geen (1980) conducted a one-month study of growth as a
function of the temperature and diet regime using underyearling
sockeye salmon (Onchorhynchus nerka). Fivé different temperature

f
reaimes were imposed, including constant temperatures of 6.2, 11.3,

15.3, and 15.9°C, as well as a diel thermal cycle similar to that

encountered bx the species during their daily vertical migrations,

, oscillating between 4.5° and 17.5°C,__Daily rations, provided twice

daily according to the experimental group, consisted of one of eight
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" different rations ranging from 1.3 to 6.9% of the wet body weight.’
In general, growth-rates were superior under the cyclic

temperature regime at all rations except the highést and lowe§t ration

§ o levels where drowth was greater with the constant low éhd high

temperatures respectively (Bietie and Geen, 1980).

f Spigarelli, Thommes, and Prepejchal (1982) exposed groups of
l adult Brown trout (Salmo trutta) to one of three different thermal

regimes for a period of approximately eight weeks. The three regimes

g O

included a constant temperature of 13°c, the theoretical constant

optimum temperature for growth in Brown trout, a diel temperature

ot ey R TS

cycle regulirly flucgpating between 9° and 18°C with a mean.
temperature of 12.5°C, and ap arrhythmic fluctuating regime ranging
from 4° to 11°C with a mean of 7.7°C, corresponding to the naturally
occurring inshore waier temperatures of a local lake, part-of the
Brown trout's natural habitat. All fish were fed to satiation twice
daily. \
gpigarelli found the growth rate to be greatest in those fish -
; § o maintained in the diel temperature cycle (Spigarelli et al., 1982). -
The growth rates of the test groups® subjected to either a constant
13°C regimes or the arrhythmic inshore temperature fluctuations were
Al approximately the same. ‘ (
The evidence generated by Hokanson (1977), Biette and Geen
& (1980), and Spigarelli, Thommes, and Prepejchal (1982) providés some
very interesting information regarding growth rates ag a function of

ration and thermal regime. First of all, regularly fluctuating cycles -

‘ -
with a diel rhythm produce the greater growth rates than constant
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temperature regimes when food rations’ are sub-maximal. The sole
exception to this was observed by Biette and Geen (1580) who«found
that there was a slightly greater growth ‘rate at the constant -
tempefaiyre of 6.2°C than fith the didl cycle, butronly at the lowest
ratign level.. Secondly, when food rations are available in surplus,
growth is superior 11th a constant temgerature regime compared with a
diel cycle, onl} whén the constant temperatures are relatively high./’
Finaf]y, fluctuating temperatuée cycles are more stimulating to gfgéfh
when compared with constant temperatures only when they occur wt;h a
diel rhythmicity (Spigarelli et al., 1982). This implies an innate
dlel rhythmicity in the metabolism which is positively exprgssed in
the form of a diel rhythm in the thermoregulatony behaviqﬁ Thus it
would seem that selection of temperature on a d1urna11y/f1uctuat1ng'
basis does indeed have some advantage in terms of bipénergetic
efficiency. Certainly, the data produced iﬁ Expeciment 3 demonstrate
that given the choice, Rainbow trout will selgc;/lower temperatures
when subjected tonietary restri;tion. Furthérmore, the iather
pronounced tendency to select temperatures;éé a function of the time
of day indicates that there is an attemgtlon the part of the fish
faced with insufficient dietary resourcés to optimize its metabolic
condition in conjunction with some diel cycle in an effort to achiéve

an optimal growth rate concomitant with the experifjnta1 conditions.

-
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/ CONCLUSION

£

This thesis has presented evidence which lends itself to the

-

~hypothesis originally proposed by Fry (1947) and iterated by Brett

- (1971), that fish may select their ambient temperéture with the goal

AR e emtnea e

of optimizing their metabolic energetics. Specifically, the author's
work has demonstrated that salmonids will select lower temperatures
during certain times of the‘day and maintain a lower overall daily

mean temperature when faced with restricted rations. Furthermore, the

o e e SRR F

altered thermoregulatory behavior appears to be organized in

conjunction with a diel cycle. These patterns suggest that the
P thermoregulatory behavior is modified in such a.way as to optimize the
/ ' ° metabolic processes accor&?ng tB their own diel cycles.
Future work should pay heed to the necessity of elaborating the

relationship between optimizing bioenergetics with growth as one of

the experimenta] parameters.’
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APPENDIX 1 o

-

‘.‘ L "Method for Computation of Periodogram

‘ In the .periodicity analyses emplxoyed for Experiment 3 data,
sequences of temperature values (X3, X, X3, ..», Xp) were scanned for
rhyt:hms‘of whole-hour frequenc%es (f) from 4 to 29 hours; inclusive.

Each data scan gave the appropriate number (4 to 29) of mean hourly ‘

;;5 temperature values (Xj, X», X3, ..., X¢) as follows: y
A ,
- Xl ! Xz ) vee xf‘
Xf+1 Xf+2 see " X2f
X2f+1 X2f+2 X3f NN
* ¢ o :
\ Xn-f+1 F2-f+2 cer Xp
means X X2 o X
These'valugs were then utilized in the following equation to
yield a value for the variance: ,
. 1 1 .
. ' ) s2 = “___'? X2 - — o x)2
- f-1 f
_The standard deviation was computed from the variance. For a
more detailed theoretical ‘and procedural analysis of this form of
tperiodicity estimation, the reader is advised to consult Williams and
Naylor (1967) and, especial‘ly, Enright (1965). ‘ ,
\ y L] \ .é



