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Genetic, ontogenetic, and environmental factors modified

characteristic interrenal and glycesic responses to stress in

juvenile salmonid fishes. During continuous confinement stress,

plasma cortisol rose more quickly in chinook salmon,

Oncorhynchus tahawytacha, acclimated to high rather than

medium or low temperatures; hyperglycemia following either acute or

chronic stress was also highest in this group. When chinook salmon

were subjected to three handling stresses, separated by 3-h

intervals, increases of plasma cortisol, glucose and lactate and

decreases in plasma sodium were cumulative. Healthy chinook salmon

appeared sore able than diseased fish to elevate plasma cortisol

after stress, but post-stress plasma glucose was higher in the

unhealthy fish. Glycesic responses to stress in chinook salmon

were related to diet type and to fasting. When rainbow trout,

Salmo gajrdneri, were exposed to pH 4.7 and then handled,

the post-stress plasma cortisol elevation was more than twice that

in those at ambient pH. Rainbow trout subjected to an acute

disturbance daily for 10 wk exhibited habituation, evident from

plasma cortiso]. and glucose levels after handling that were about

one half of those in previously unstressed fish. The interrenal.

response to handling in coho salmon, Oncorhynchus kisutch,

increased twofold during the normal period of saoltificetion. A

comparison of chinook salmon, coho salmon, rainbow trout and brook
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trout, Salvelinus fontinalia, subjected to identical

handling stresses, suggested that there were species and stock

differences effecting the iegnitude of plasia cortisol elevations.

Rainbow trout fed with cortisol-treeted feed exhibited

reduced growth, condition factor, liver glycogen and circulating

lyiphocytea, and higher plasia glucose and hesetocrit. The pias*a

cortisol elevation following handling was coapletely abolished in

the cortisol-fed trout, indicating that continuous negative

feedback of cortisol elisinated the fish's ability to initiate an

interrenal stress response.

When forced to swis, seen oxygen consuaption rate in

stressed steelbeed, Selso gairdneri, was about twice that

in unstressed fish and individual rates were positively correlated

with please cortisol elevations. The setebolic cost of this stress

was estisated to reduce the energy available for other perforsence

cosponents within the fish's scope for activity by about one

quarter.
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PREFACE

The results of this research progrea are presented as a

series of *anuacripts. Chapters II through VI, and Chapter VII in

pert, describe the effects of various genetic, ontogenetic and

environMental factors on characteristic responses to stress of

plasMa cortisol (a priMary response) and glucose (a secondary

response), along with those of other physiological conditions, in

juvenile salaonid fishes. Chapter II also includes a general

review of the subject. Chapters VII and VIII report so*e

consequences both of stress and of elevated plasMa cortisol in the

absence of stress. Results of additional experiments conducted in

these subject areas were inconclusive and are presented in

Appendices I and II. There is a co*on bibliography for all

Manuscripts and appendices.

In addition to iy supervisor, Carl B. Schreck, the

contributions of other authors of the Manuscripts were as follows:
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potassiuM assays.
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fish and conducted the gill (Na+K)-ATPese deter*inations; Reynaldo

Patino carried out the plassa thyroxine analysis.

Chapter V. Laurie G. Fowler forMulated the diet treatMents and

provided the various diet-treated fish; Erika Plisetskaya conducted

the plasMa insulin assay and contributed to the discussion on that

subject.

Chapter VI. Gary S. Weiner assisted in setting up the expericent

and with the plassa sodiuc and potassiu* analyses.

Chapter VII. Lealey D. Barton carried out the blood cell counts

and histological preparation of stoMach tissues, end assisted with

saiple collections and on-site analyses.

Appendix I. Reynaldo Patino and 3. Michael Redding assisted with

both the design and carrying out of the experiaents.
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INTERRENAL AND METABOLIC RESPONSES

TO STRESS AND THEIR MODIFYING FACTORS IN

JUVENILE SALNONID FISHES

I: GENERAL INTRODUCTION

Background

"There are few concepts that have evoked as Much discussion

and disagreeient as that of stress when applied to

biological systeis." (Pickering 1981a, p. 1)

"A reliable MeasureMent of strea is critical; however, a

reliable, acceptable ieasuresent of stress has not been

found, perhaps because the concept is applied to so Many

different phenosena." (Moberg 1985, p. 28)

These quotes serve to illustrate the past difficulty in

attespting to establish the exact nature and boundaries of stress

in fish and its effects on general well-being. In a broad sense,

one definition of stress physiology is the study of an anisal's

physiological, biocheMical and behavioral responses to the various

factors of the physical, che*ical and biological environMent

(Yousef 1985). In this context, a stress factor is equated with

any environiental factor and the study of stress becoies synonysous

with environsental physiology (Yousef 1985). Although this concept

is arguably valid, it is too wide in scope to have any operational

value for those interested in investigating the causes and effects

of stress. With specific reference to fish, Brett (1958) defined

stress as a state produced by any environsental or other factor

which extends the adaptive responses of an anisal beyond the norsal

range, or which disturbs the norsal functioning to an extent that,

in either case, the chances of survival are significantly reduced.

The latter part of this definition isplies that all stress is



detrimental to the organism, which is not necessarily true.

A more widely accepted definition of stress is the

nonspecific response of the body to any demand Made UOfl it (Selye

1973a). In Selye's concept, a stressed organism passes through

three distinct phases that he termed the General Adaptation

Syndrome (GAS) (Selye 1936, 1950). The first stage is an alarm

reaction, followed by a stage of' resistance. The alarm phase is

usually characterized by a rapid physiological response (Fig. 1.1,

A). Hypothetically, the Magnitude of the response is a ref lecton

of the severity of the stress (Fig. 1.1); although not rigorously

tested, circumstantial evidence supports that view. During the

second phase, the organism adapts to or compensates for the altered

conditions causing the stress in order to regain homeostasis. This

may be evident as a return of physiological conditions to the

preatresa state (Fig. 1.1, B) or to an altered resting state

(Precht 1958; Selye 1973b). If the stress is overly severe or

long-lasting, compensation may not be possible and the organism

enters the final stage of exhaustion, often indicated by

physiological conditions remaining at or near the stressed level

(Fig. 1.1, C). In fish, stress-induced mortality would likely be

associated with this phase. However, the GAS concept of the stress

response is a generalized one end may not be applicable to all

stressful situations (Schreck 1981, 1982), for example, the

exposure of fish to a lethal dose of anesthetic (Strange and

Schreck 1978) or an insidious toxicant (Schrack and Lorz 1978). In

fact, Selye (1950) urged the preliminary nature of his model at the

time, although it is still popular. Schreck (1981) concluded that

a GAS-type response in fish is only elicited when they experience

some form of fright, discomfort or pain.

More recently, as the role of corticosteroids during stress

becomes clearer, the general applicability of the GAS concept has

been questioned. Specifically, the finding that administration of

corticosteroids in vivo has antiinflamaatory and

immunosuppressive effects contradicted the notion that all
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Figure Ii. Three-dimensional graphic model demonstrating the

increasing magnitude of physiological responses to stress dependent

on the increasing severity and/or duration of the stress factor.

"A represents a peak stress response to a relatively mild

disturbance and B indicates the return of the physiological

condition to the preatresa state. "C" represents persistence of

the response resulting from a severe or prolonged disturbance that

may be ultimately associated with death of the fish.
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physiological responses to stress are adaptive (Munck et al. 1984).

Nunck et al. (1984) proposed a new hypothesis whereby the role of

corticoateroid secretions in response to stress, rather than being

adaptive per , is to protect the body from its own

defense mechanisms during stress by suppressing those mechanisms.

Regardless of the semantic argument whether or not such 8uppression

constitutes an adaptive stress response, it is apparent that

continued elevation of corticoateroids would be ialadaptive, for

example, by lowering disease resistance (Munck et al. 1984).

A more comprehensive model of stress has been presented by

Moberg (1985). In this model, the stress response is divided into

three categories: (1) recognition of a threat to homeostasis, (2)

the stress response itself, and (3) the consequences of stress.

The stress response and the consequences of stress represent

adaptive and maladaptive phases, respectively, of the overall

response of the organism. Each category is comprised of separate

biological events that are initiated by perception of the stress

factor by the central nervous system (CNS) and culminate with the

development of a pathological condition if the change in biological

function caused by the stress is severe or persistent enough.

Moberg (1985) emphasizes the importance of the CNS in the

organism's response to stress, both in perception of the stimulus

and in organization of the biological response. As a good example

of a change in biological function resulting from stress, Moberg

(1985) cites the elevation of plasma corticosteroids. That is,

corticosteroids are released during stress presumably to induce

gluconeogenesia to increase glucose availability for metabolism.

But increased gluconeogenesia is at the expense of lipid end

protein metabolism, thus growth may be reduced. Furthermore,

increased corticosteroid levels over time detrimentally affect

immune responses and reproductive processes.

The elevation of plasma corticoateroids, i.e. cortisol, in

fish in response to various types of stressful stimuli has been

well documented (Barton and Toth 1980; Donaldson 1981; Schreck



1981; see Chapter II) end constitutes one of the major endocrine or

primary responses to stress (Mazeaud et al. 1977). Cortisol is

synthesized and released from the interrenal cells of the heed

kidney tissue and is controlled by negative feedback on the

hypothalamic-pituitary axis (Fryer and Peter 1977). The other

major endocrine response to stress is the secretion of

catecholaminea, primarily adrenaline (epinephrine), from chromauf in

cells (Nazeaud et al. 1977; Nazeaud and Mazeaud 1981). Mazeaud et

al.'s (1977) model implied that pathways of corticosteroid end

catecholamine stress responses were distinct from each other.

However, recent evidence reviewed by Axelrod end Reisine (1984)

indicates that regulation of these Btreas hormones is more complex

than earlier thought and that neuroendocrine control of both

hormonal axes is interrelated.

Plasma glucose also rises in response to stress (Wedemeyer

and McLeay 1981; see Chapter II) and is one of the many secondary

responses to stress (Mazeaud et al. 1977); others include changes

in plasma lactate, liver glycogen, hydromineral balance, and

hematological features, such as hematocrit and circulating

lymphocytes. Elevations in plasma glucose indicate mobilization of

energy reserves such as tissue glycogen (Driedzic and Hochachka

1978) and reflect the degree of metabolic activity (Umminger 1977).

Stress-induced changes in plasma cortisol and glucose tend to

covary and circumstantial evidence suggests that this relationship

is functional during stress in fish (Leach and Taylor 1980).

In addit.ion to primary and secondary responses, there are

also 'whole-animal' or tertiary responses to stress in fish

(Wedemeyer and McLeay 1981; Wedemeyer et al. 1984). The most

fundamental 'whole-animal' response to stress, but one of the least

studied, is a change in the metabolic rate. Changes in metabolism

or scope for activity have been suggested as possible methods for

measuring stress in fish (Brett 1958; Wedemeyer and McLeey 1981)

and other aquatic organisms (Bayne 1980). Most investigations with

fish, however, have concentrated on measuring stress indicators or



7

changes in individual performances (Schreck 1981), such as

osmoregulatory ability or swimming capacity, and have not directly

measured changes in metabolic rate due to stress. This avoidance

probably has been because of the difficulty of conducting such

studies, both in terms of acquiring the necessary apparatus end the

time required to achieve meaningful results.

Goals and Objectives

The ultimate goal of this research program was to

contribute to the improvement of fisheries management practices

through applied knowledge of the nature of physical stress in fish.

This goal can be accomplished, in part, by: (1) improving the

diagnostic value of physiological stress indicators currently in

use, and (2) increasing the understanding of the consequences of

stress. Since a major portion of both commercial end recreational

fisheries management programs in North America involve salmonid

fish (Salmoninse), this program focused only on juvenile aelmonids.

Specifically, the main objectives of this research were to: (1)

assess the effects of selected factors on characteristic interrenal

(primary) and glycemic (secondary) stress responses in juvenile

aelmonid fish, as determined by elevations in plasma cortisol and

glucose, respectively, and (2) determine the effects of physical

stress on the metabolic rate of juvenile salmonid fish. Additional

objectives were to: (1) establish if a correlation exists between

plasma cortisol and glucose elevations and corresponding

stress-induced changes in the metabolic rate, and (2) further

clarify the functional significance of elevated plasma cortisol

during stress. Within the context of specific investigations,

changes in certain other physiological conditions resulting from

physical stress were also determined, including those in plasma

lactate and sodium, liver glycogen and hematological

characteristics.
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II: A REVIEW OF FACTORS MODIFYING PLASMA CORTICOSTEROID

AND GLUCOSE ELEVATIONS IN RESPONSE TO PHYSICAL STRESS IN FISH,

WITH NEW DATA ON ACCLIMATION TEMPERATURE IN CHINOOK SALMON

Bruce A. Barton and Carl B. Schreck

Oregon Cooperative Fishery Research Unit,
Oregon State University, Corvallis, OR 97331

Oregon State University, Agricultural Experiaent Station Technical

Paper No. 7911.
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Abstract

Experimental results and a review of the literature

supported the hypothesis that various genetic, ontogenetic and

environmental factors modify characteristic interrenal and glycemic

responses of fish to physical disturbances. Juvenile chinook

salmon, Oncorhynchus tahawytacha, acclimated to 7.5, 12.5

and 21.0°C, had similar cortisol elevations following a

30-s handling stress but plasma cortisol returned to resting levels

aore slowly in the low temperature-acclimated fish. Glucose

increases in response to handling were much greater in th high

temperature-acclimated fish than in the other two groups. In

chinook salmon subjected to continuous confinement, plasma cortisol

rose more quickly in those acclimated to the high temperature but

peak levels in all three groups were similar. Both resting levels

and stress-induced elevations in plasma glucose were highest in the

high temperature-acclimated fish during confinement.

Confinement-induced mortality was also highest in fish acclimated

and confined at 21.0°C; there was less mortality of fish

held at 12.5°C and none in those held at 7.5°C.

Liver glycogen declined in all confined fish but the drop in

glycogen levels was lowest in the low temperature-acclimated group.

A comparison of nine stocks of four juvenile salmonid

species, aubjected to identical 30-s handling stresses, suggested

that there are genetic differences in stress responses in fish,

although possible effects of early rearing history cannot be

discounted. From our review of published literature, other stress

response-modifying factors include time of day, external salinity,

anesthesia, water quality, population density, light intensity and

background color, nutritional state, health, end stage of

development, as well as the fish's prior experience or exposure to

stress. The findings indicate the importance of being familiar

with both life histories and contingent environmental conditions

when conducting stress investigations with fish. They also suggest
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poaaible waya that atresa can be managed for or how atresa

reaponaea can be mitigated in order to Improve I iaha aurvivability

and well-being.
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Introduction

With both fundamental and applied researchers alike, there

is a growing interest in the detrimental effecta of stress in fish

(see Pickering 1981b). This trend is particularly evident in fish

culture where managers are concerned with the stress associated

with physical disturbances such as handling, crowding or transport.

This interest probably reflects the increasing awareness in fishery

workers in general of the importance of fish quality, rather than

simply quantity, in meeting management objectives.

Two often used stress indicators in fish are measurements

of changes in plasma corticosteroids and glucose (reviews of Barton

and Toth 1980; Donaldson 1981; Schreck 1981; Wedemayer and McLeay

1981) and are good respective representations of the primary and

secondary responses of fish to stress (Mazeaud et al. 1977). To

date, there have been numerous investigations employing these two

indicators in attempts to quantify the degree of stress resulting

from various types of disturbances including capture, handling,

confinement, transport and forced exercise. For general interest

and to provide a convenient reference source for future work, we

have summarized these investigations in Tables 11.1 and 11.2.

About 45 of these studies have been conducted since the last and

only major symposium on this topic (Pickering 19Mb). Response

trends are evident, but it is clearly apparent from Tables 11.1 and

11.2 that there is considerable variation in the magnitude of these

stress-induced changes. Variations may be attributed to

differences in the nature of the disturbance and the species of

fish examined, as well as the influence of the fish's history and

environment. Interpretation of response variations is further

compounded in studies that have imposed a physical disturbance in

combination with an additional stress factor.

For the measurement of corticoateroid and glucose

elevations to have a wider clinical application than just being a

research tool, either they must be relatively uniform over a wide



Table 11.1. Chronological summary of published literature concerned with changes in plasma cortisol (or corticosteroids) in fish resulting from
handling, confinement, exercise, or other types of physical disturbance. Values given, converted to ng/wL, are initial prestress levels and
maximum values attained after imposition of the stress, as well as time to reach the maximum post-stress levels. (Decimal places were rounded
to nearest unit; Ca. values were estimated from graphs.)

Reference

Corticosteroid Level

Initial Maximum

(rig/aL)

Time Physical Disturbance Species

Leloup-liatey 1960 10-120 120-360 - forced swimming Cyprinus carpio

Mane et al. 1966 118b Ca. 450 48 h continuous confinement Oncorhynchus tshawytscha

Fagerlund 1967 21/2S' ca. 25 08d 2-3 d moderate swimming Oncorhynchus nerka-
- 12-16d -

- - 2.5 win restraint -

147/284 30 miri 30 win -
ca. 25/135 15 win 15 win agitation -

- 240/383 3h 3h - -

- -/466 3 h 3 h transport with anesthetic -

Hill and Fromin 1968 544 642 4 h 4 h forced swimming Salmo gairdueri
Wedeoreyer 1969 Ca. 120 Ca. 900 1 h 2 Ii mild agitation

Greswell and Stalnaker 1974 20e
- transport and stocking

Porthe-Nibelle and Lahlou 1974 66 203 90 win continuous mild agitation Carassius auratus
Redgate 1974

lot
250 15 win 15 win restraint Cyprinus carplo

43 260 2 d pond-tank transfer -

Spieler 1974 58 97 10-22 win capture Carassius auratus
Fryer 1915 73 93 15 win 60 a handling -

Simpson 1975/76 Ca. 10 Ca. 200 0.125 d 30 win confinement and bag-tank transfer Salwogairdneri
Fuller et al. 1976 50140c,g ca.100/120 3-72 h retention in gill net Coregonus lavaretus

37 539 55 h seine-netting and continuous confinement
122 330 48 h gill-netting and -

han and Yaron 1976 46 315 30 wIn handling and Injection Cyprinus carpio
Mazeaud et al. 1977 Ca. 30 Ca. 90 5 win S win handling Oncorhynchus kisuth



Table 21.1. Continued

Reference

Corticosteroid Level

Initial Maximum

(ag/aL)

Time Physical Disturbance Species

Strange et al. 1977 <10 ca. 100 20 win tankbucket transfer Oncorhynchus tehawytscha
Ca. 100 Ca. 500 24 h continuous confinement
Ca. 20 ca. 140 20 wIn ° at 23° C Salino clarki

Ca. 170 70 ala at 9° C

Strange and Schreck 1978 Ca. 5 Ca. 75 30 win tanktank transfer Oncorhynchus tshawytscha
Ca. 50 1 h with anesthetic

Strange et al. 1978 <50 Ca. 240 3.5 h 0.5 h confinement
°

ca. 500 12.5 h continuous confinement (severe)
Ca. 250 2 d (moderate)

Barton et al. 1980 <2 Ca. 43 15 ala handling and 90 a confinement Salmo galrdneri°
ca. 70 1 h 1 h agitation

Ca. 213 16 h continuous confinement
-

Ca. 50 45 win 6 h transport

Leach and Taylor 1980 <20 h Ca. 470 1 Ii continuous restraint (1) Fundu1u heterocittus
ca. 50 Ca. 410 3 h (2)

35 313 30 win 3 win handling -

Pawson and Lockwood 1980 Ca. 50 Ca. 280 Ca. 5 Ii trawl capture Scowber scombrus

Specker and Schreck 1980 Ca. 10 Ca. 130 4 h 4 h transport - low density Oncorhynchus kisutch-
Ca. 160 high
Ca. 140 12 h 12 h transport - low density -
Ca. 170 - - high

Strange 1980 50 >100 6 h continuous confinement at 10, C ictalurus punccatus
25 225 3 d - at 20° C

150 1d at3O°C

Strange and Schreck 1980 43 381 6 h 6 h Continuous confinement Oncorhynchus tshawytscha
31 188 ° - in seawater



Table 11.1. Continued

Reference

Corticosteroid Level

Initial Maximum

(ng/wL)

Time Physical Disturbance Species

Tomasso et al. 1980 8 487 24 h 10 mm confinement Mororie chrysops x saxatUts
Ca. 180 6 h 2 h transport
Ca. 160 6 ii in salt
Ca. 250 1 Ii with anesthetic
Ca. 160 1 h in salt with anesthetic

Zetnik and Goldspunk 1981 76 ca. 250 12 h 2 h forced swimming at I b.1./s Salmo1rdneri
72 ca. 300 2 h at 2.6 b.l./s
70 326 15 miii at 5 b.l./s

Barton and Peter 1982 Ca. 3 ca. 65 0.5 h 8 h transport
<2 Ca. 35 8 h with salt

Ca. 45 Ca. 100 4 h in chilled water
Ca. 85 with salt

Davis et al. 1982 30 280 25 miii 10 miii net confinement Morone saxatitis
Ca. 360 25 miii MS-222 inch 10 mm net confinement
ca. 350 quinaldine mci.
Ca. 100 etomidate inch
Ca. 325 salt mel.
Ca. 325 + MS-222 uiicl.
Ca. 370 + quunaldune mci.
Ca. 80 + etomidate mci.

Pickering et ai. 1982 Ca. 25 Ca. 130 2 h handling and 2 miii confinement Salmo trutta

Davis and Parker 1983 Ca. 35 Ca. 205 6 h 6 h confinement Salmo irdiierjca. 20 Ca. 70
Salmo salar

Ca. 15 Ca. 55 18 h
Salvelinus nama

Limsuwan et al. 1983 20 87 30 miii 10 miii confinement Ictaluru.. punctatus
44 24 Ii with etomidate

Redding and Schreck 1983 Ca. 5 Ca. 330 1 h continuous confinement Oncorhynchus kisutchCa. 270 2 h in isotonic medium
Ca. 20 474 24 h iii seawater

I-.

A



Table 11.1. Continued

Reference

Swift 1983

Touiasso et al. 1983

Carmichael et al. 1984a

Carmichael et al. 1984b

Davis et al. 1984

Nichols and Weisbart 1984

Pickering and Stewart 1984

Ainsworth et al. 1985

Corticosteroid Level (ng/cuL)

Initial Maximum Time Physical Disturbance

42

156

8

15
Ca. 15

Ca. 20
7

Ca. 15

Ca. 10

57

69k
73

57

Ca. 100
Ca. 125
Ca. 70

85
46

131
66-70

Ca. 200
Ca. 140
Ca. 110

Ca. 120

29 Ca. 55
25 Ca. 30

5 Ca. 55
8 ca.60

12 ca. 95
13 Ca. 95
12 Ca. 95

ca.40-80 Ca. 190

415
8.5

51 309

Species

2 h enclosure-tank transfer Scomber scombrus24 h 15 nun confinement
4 d moderate Continuous confinement

6 h continuous confinement Ictalurus punctatus
0.5 h 0.5 h net Confinement Mtcropterus salmotdes48h 48h
3 ii 3 h confinement at 10° Clh - at23°C

0.5 h 0.5 h
after brief hypoxia

-
after CO2 exposure

-
after NH3 exposure

30 h 30 h transport (22° C)
48h (20°C)
30 h with salt, anesthesia,

additives (fasted 36 h)6h -

(fasted 72 h)
9 h 6 h net Confinement at 5 C Ictalurus punctacus12h atlOC
61i " atlS°C*

' at2O°C
at25°C
at 30 C
t 35° C

6-7 rain 5 rain chasing Salmo salar
20 d continuous confinement Saluno trutta

2 h tanktransfer plus 2 h confinement Ictalurus ctatu&

U'



Table 11.1. Continued

Reference

Corticosteroid Level

Initial Maximum

(ng/wL)

Time Physical Disturbance
Species

Barton et al. 1985a 4 Ca. 90 1 h 30 a handling in air - part Oncorhyachus kisutch39 ca. (50 - smolts

Barton et al. 1985b 9 Ca. 140 1 h 30 a handling - pH 6.6
Salmo gal rdneri23 Ca. 340 1 h - pH 4.7 -

Cilham and Baker 1985 53 123 30 win daily injection (X3) - white background
32 288 -black
5 108 15 win 15 win emerston and handling

Anguilla anguilla2 78
- partial hypophysectomy

7 - total

Barton et al. 1986 61 182 0.5 h single 30-s handling
Oncorhynchus tehawytscha30 296 4 h two 30-s handlings

32 476 7h three
24 299 12 h

(diseased fish)

a
as cited In Love (1970)

b

17-hydroxycorticosterolds

wales/females

not sIgnificantly different from Initial values

means of pooled values for different experimental periods

minimum pre-trausfer value reported
g

seine-netted and sampled immediately after captureh
maximum value for unstressed controls

throughout experiment
whole blood values

100% mortality reported at 2 d
k

maximum value reported after initial
m

corresponding value for uncrowded fish at 20 d

a,,



Table 11.2. Chronological summary of published literature concerned with changes in plasma glucose in fish resulting from handling,
confinement, exercise, or other types of physical disturbance. Values given, converted to mg/dL, are initial prestress levels and maximum levels
attained after imposition of the stress, as well as time to reach the maximum poststress levels. (Decimal places were rounded to nearest unit;

Ca. values were estimated from graphs.)

Reference

Glucose Level (mg/dL)

Initial Maximum Time Physical Disturbance Species

Black 1957 75 152 4 h 15 mm strenuous exercise Salvelinus namaycush

Black et at. 1960 69 115 12 h Salmogairdneri

Chavin 1964 29 60 1 d tank-tank transfer Carassius auratus

93 25 mm handling and injection

Hamond and Flickman 1966 Ca. 70 Ca. 120 8 h 15 mm forced swimming - unconditioned Salmo gairdneri

Ca. 100 24 h conditioned

Black and Tredwell 1967 50-75 ca. 200 28 h physical injury by descaling

Nakano and Tomlinson 1967 ca. 80 Ca. 120 15 mm 2-120 mm chasing and tail grasping

Leibson and Plisetskaya 1969 Ca. 50 ca. 170 26-28 h capture and transport Lampetra fluviattlis

Chavin and Young 1970
26a

54 1 d pond-aquaria transfer Carassius auratus

30 103 1 h net capture

Houston et at. 1971 68 126 24 h handling, anesthesia, and surgery Salvelinus fontinalis

Wardle 1972 15-25 120 8 h trawl capture Pleuronectes platessa

Wedemeyer 1972 Ca. 60 Ca. 230 3 h tank-tank transfer Oncorhynchus kisutch
Ca. 190

Umminger and Gist 1973 53 263 2 h brief handling and injection at 10 C Carassius auratus
37 121 at 20' C
26 75 at3O'C

Wendt and Saunders 1973 ca. 60 Ca. 90 15 h 15 mm exercise at 0.2' C Salmosalar
Ca. 35 Ca. 70 2 h 6.5' C

Ca. 40 Ca. 105 15 C

Ca. 120 ca. 175 1 h - unconditioned -2-yr old
Ca. 45 ca. 60 conditioned
Ca. 40 Ca. 80 2 ii unconditioned -1.5-yr old

65b
- conditioned

Ca. tOO Ca, 70 5 ii 22 h simulated transport

-'I



Table 11.2. Continued

Reference

Glucose Level (wg/dL)

Inittal Mxinxtm Time

Miles at al. 1974 89 139 6 h
- 100 125 26h

Fletcher 1975 Ca. 40 Ca. 120 5 h

Larsen 1976 ca. Ca. [30 2 h

Soivio and Otkari 1976 106 Ca. 265 1 h

54 Ca. 100

Spleler and Nickerson 1976 30 44 6 d
-

47 Id

Wydoski et al. 1976 Ca. 70 Ca. 140 4 win

Casillas and Smith 1977 Ca. 55 Ca. 70 5 h
Ca. 65 Ca. 85 10 win

bce and Thorpe 1978 cm. 70 Ca. 95 30 win

Hurst et al. 1978 cm. 45 Ca. 90 9 h

Perrier et al. 1978 67 165 4 h

Rush and Uwminger 1978 24 44 6 h

29 33 3d

Aidrin et al. 1979 63 73 24 h

Pasanen et al. 1979 Ca. 40 Ca. 230 24 h

Harman et al. 1980 89 146 <2 h

Leach and Taylor 1980 50-75 ca. 125 6 Ii

Physical Disturbance Species

brief handling and marking Esox wasguinoiigy
23 ii retention and 3 h transport

capture Pseudopleuronectes ameriCanus

injection + 30 wIn anesthesia Lampetra fluviatilis

(30 a handling and retention)X3-freshwater Esox lucius
-

- brackish water

20 a handling Carassius auratus
with anesthetic -

5 win hooking and forced exercise Salmo gal rdnerl

2 win - - hatchery
-wild

injection while under anesthesia

single injection Cyprtnus carplo

2 win hooking and forced exercise Salwo gairdneri

10 s handling unconditioned Carassius auratus
- conditioned

3 h transport Oncorhynchus kisutch

seining and marking Coregonus albula

40 win chasing with hypoxia Aplodinotus gunniens

continuous restraint Fundujus hetet-oclitus



Table 11.2. Continued

Reference

Glucose Level (wg/dL)

liittial Maximum Time Physical Disturbance Species

Specker and Schreck 1980 Ca. 55 Ca. 100 4 h 4 h transport - low density Oncorbynchus kisutch-
ca.95 ' high
Ca. 75 12 h 12 h transport - low density-

' Ca. 110 - high

Strange 1980 45 ca. 100 12 h continuous confinement at 10° C lcta1uru punctatus28 Ca. 250 at 20 and 30° C

Schneider et al. 1981 ca. 59 ca. 88 29.5 mind
forced swimming (2.5 b.l./s) at 12° C Salmo gairdneriCa. 79 at 17° C -- ca.92 - at22°C-

ca. 106 8.8 win - at 27° C

Soivio and Nikinwaa 1981 Ca. Ca. 52 24 h 6 h transport

Zelnik and Goldapink 1981 Ca. SO Ca. 80 15 mm 2 h forced swimming

Morata et al. 1982 72e
108 60 win continual repeated forced activity

Pickering et al. 1982 ca. 110 Ca. 140 4 h handling and 2 win confinement Salmo trutta
Carmichael et al. 1983 Ca. 95 Ca. 345 2.5+ h crowding, handling and 2.5 h transport Micropterus dolowleut
Liinsuwan et al. 1983 44 130 30 ala 10 mm confinement Ictalurus punctatus

-
- 51 - with etomidate

Nikinmaa et al. 1983 Cs. 140 Ca. 220 14 h 14 h transport
Salmo trutta

-

Ca. 90 - in salt water

Swift 1983
81 0.25 h enclosuretank transfer Scomber scombrus

-

126b 120 h 15 win confinement
91 84 2 h moderate continuous confinement

I



Table 11.2. ContInued

Glucose Level (iag/dL)

Reference initial Maximom Time Physical Disturbance Species

Carmichael et al. 1984a 53 Ca. 135 0.5 h 0.5 h net confinement Micropterus salmoides
ca. 50 Ca. 140 3 d 48 h
Ca. 37 Ca. 75 3 h 3 It at 10. C
Ca. 55 Ca. 140 2 It at 23 C

6! 124 0.5 It 0.5 h
-

- 137 - - after brief hypoxia -
- 194 * CO2 exposure

- 200-219 KR3 exposure

Carmichael et al. 1984b Ca. 75 Ca. 450 30 It 30 It transport (22 C) -
- Ca. 50 Ca. 50 24 h (20 C)

cc. 200 - with salt, anesthesia, additives
(tasted 36 h)

- Ca. 120 Ca. 150 150 h -

Cliff and Thurman 1984

Fletcher 1984

Barton et ci. 1985b

Schwalme and Mackay 1985a

Schwa ime and Mackay 1985b

Woodward and Smith 1985

Barton et al. 1986

e
Ca. 90

Ca. 21

85
258

e
Ca. 79

c
ca. 42

51

55

42

57

67

a
minimum value reported 4 d after transfer

b
maximum value recorded after initial

C
whole blood values

d
mean time of exercise trial

C
values converted from molar units

ca.>300

Ca. 40

ca. 130
Ca. 290

Ca. 238

Ca. 118

57

65

84

134

204

334

24 It

2h

bh
12 h

2h

6h

15 tim

60 mm

6h
12 It

(fasted 72 It)

10 win struggling and 60 win confinement Carcharhinus obscurus

I win aerial eriersion Limanda liutanda

30 a handlIng - pH 6.6 Salmo gairdoeri
- __.IJ I

jfll ?ØI

30 a aerial eaersion X3

1.4 win hooking and I win transport

2 win agitation - untrained
- -

- trained

single 30-s handling
two 30-s handlinga
three -

- (diseased fish)

Esox lucius

Saluto gairdneri

Oncorhynchus tehawytacha

t'1

0
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range of conditions or researchers must be aware of the possible

differences caused by additional stress and non-stress factors.

These include acclimation conditions, age and size of the fish,

time of day and year, and nutritional status, to name a few. In

contrast to a growing body of literature that documents the effect

of these factors on resting plasma corticosteroid and glucose

levels, there are fewer reports that demonstrate their influence on

stress responses in fish. Moreover, knowledge and manipulation of

certain factors, demonstrated to actually reduce the responses to

stress in fish, may allow managers to implement and assess various

stress mitigation practices in order to meet their objectives more

effectively.

One purpose of this paper was to briefly review previous

studies dealing with possible genetic, ontogenetic and

environmental factors that may modify corticosteroid end glucose

changes in response to physical disturbances. In the context of

this review, the other purpose was to present some new results on:

(1) the effects of acclimation temperature on stress-induced plasma

cortisol and glucose elevations in juvenile chinook salmon,

Oncorhynchus tshawytscha, and (2) possible differences in

these changes among various juvenile salmonid species and stocks

subjected to an identical handling stress.

Acclimation Temperature Influence on Stress Responses

Methods end Materials

For both experiments, juvenile Cedar Creek stock fall

chinook salmon, hatched and maintained at the Oregon Department of

Fish and Wildlife Corvallis Research Laboratory, were acclimated to

experimental temperatures of 7.5°C, 12.5°C and

21.0C as follows. In two groups of duplicate tanks of

fish acclimated to 12.5°C, water temperature was either
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continuously increased or decreased by 1'C/d until the

final temperature wee reached, after which the fish were held at

that temperature for an additional 3 wk for each experiment. A

third group of fish in duplicate tanks remained at 12.5C.

The temperatures selected represented the range of temperatures

that juvenile chinook salmon might be expected to encounter in

rivers during seaward migration (Schreck et al. 1985) and the high

temperature was below the lethal threshold value (Coutant 1972,

cited NASNAE 1972). Water temperature was continuously

controlled to within ±O.5C by mixing heated and

chilled aerated well water through three-way valves using Honeywell

® programmable, cam-operated, pnuematic temperature

controller-recorder units (Minneapolis-Honeywell Regulator Co.,

Brown Instruments Div., Philadelphia, Pennsylvania). Details of

the experimental temperature apparatus are described by Golden

(1978).

Throughout the acclimation period and both experiments, the

fish were held at a density of about 6 gIL in 1-rn-diameter tanks

containing 350 L and having an inflow of 10 L/ain. The fish were

fed daily with Oregon Moist Pellets (01W) at about 1.5% body

weightld up to, but not during, the experiment.

After acclimation at the final temperatures, fish were

stressed and sampled in the following ways:

1. Acute Stress Experiment: Fish (35 l.2 g (mean

±SE)] from duplicate tanks for each temperature were

subjected to a single handling stress by holding them in the air in

a net for 30 a and returning them to the tank. Fish were removed

for samples before and 1, 3, 6, 12 and 24 h after the stress.

2. Chronic Stress Experiment: Fish (54 ±2.5 g)

from duplicate tanks for each temperature were captured and

subjected to continuous confinement by being placed and then kept

at a density of about 200 gIL in a live-cage immersed in the tank.

Fish were removed for samples before and after 3, 6, 12, 24, 48, 72
and 120 h of confinement.
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Fish were removed from the tanks and immediately placed in

200 ag/L tricaine methaneaulfonate (115-222) for subsequent blood

and liver sampling according to the protocol of Barton et al.

(1986, Chapter III). Plasma cortisol was determined by a

3H-radioimiaunoassay (Foster and Dunn 1974) modified by Redding

et al. (1984b> for use with salmonid plasma. Plasma glucose was

measured by the colorimetric procedure of Wedeseyer end Yasutake

(1977) using Sigma® presixed 6' o-toluidirie reagent

(Sigma Chemical Co., St. Louis, Missouri). Characteristics of

these two assays are given in Barton et al. (1986). Liver glycogen

was assayed following the phenol-sulfuric acid method described by

Montgomery (1957). Comparisons among temperature treatments at

specific times end within treatments through time were made by

one-way analyses of variance (ANOVA) followed with Duncan's new

multiple-range tests at the 5? level (Steel and Torrie 1980).

Cortisol and glucose data were first converted to logarithmic

values to reduce variance heterogeneity (Bartlett's teat, Snedecor

and Cochran 1967).

Results and Discussion

(a) Acute Stress

Peak cortisol 1 h after the stress was similar in the three

groups (Fig. 11.1). The only significant differences in

post-stress piasas cortisol were at 6 and 12 h, where titers were

highest in the low temperature group (Fig. 11.1). This suggests

that a higher rate of cortiso]. clearance may have occurred at the

higher temperatures. For example, in European eels, Anguilla

anguilla, Leloup-Hatey and Hardy (1976) observed that metabolic

clearance rate of cortiso]. increased in spring and summer months

and attributed this change to the seasonal increase in temperature.

Plasma glucose in response to handling was substantially

higher in the high temperature group than in fish from the other

two temperatures (Fig. 11.2); the peak concentration at 6 h
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Figure 11.1. Mean plasma cortisol (ngImL ±SE, N=12) in

juvenile chinook salmon acclimated to low (7.5°C), medium

(12.5°C) and high (21.0°C) temperatures and

subjected to a 30-a handling stress. Values represent pooled data

from duplicate tanks. Changes through time were significant for

all treatments (ANOVA, P(0.Ol). For a single time, a letter

"e accompanying a value indicates that extreme treatment values

within that time group are different from each other but not from

the intermediate value; a letter "b" indicates that that treatment

value is different from both other values (ANOVA followed with

Duncan's new multiple-range test at the 5% probability level).
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Figure 11.2. Mean piasia glucose (mg/dL ±SE, N12) in

juvenile chinook salaon acclimated to low (7.5°C), medium

(12.5°C) and high (21.0°C) temperatures arid

subjected to a 30-a handling stress. Values represent pooled data

from duplicate tanks. Changes through time were significant for

all, treatments (ANOVA, P<0.01). Refer to Fig. 11.1 for

explanation of letters accompanying values.
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represents a relative response of sore than double those in fish

from the two lower temperatures. Plasma glucose in fish returned

to resting levels within 12 h at the medium and low temperatures

but remained elevated at 12 h in the high temperature group (Fig.

11.2). Similarly, elevation of plasma glucose in rainbow trout,

Salso gairdneri, following a 5-sin 'hook and line' stress

was moat pronounced in fish held at 20C and was

significantly delayed in those held in 4C water (Wydoaki

at al. 1976). Usminger and Gist (1973) also found a differential

response of plasma glucose to handling stress in goldfish,

Carassius auratus, acclimated to different temperatures but

in their study, glucose responses end acclimation temperatures were

inversely proportional. Those authors attributed this to the high

temperature being closest to their preferred temperature so the

fish were less easily stressed. In our experiment, the medium

acclimation temperature was closest to the final preferendus of

11.7C for small chinook salmon (Coutant 1977). Since

blood glucose and standard metabolic rates are positively

correlated in vertebrates generally (Usminger 1977), our results

suggest that the higher glucose response to handling is a

reflection of the greater metabolic response to stress in the fish

acclimated to the high temperature. Changes in liver glycogen

through time were not significant, although differences were

evident among treatments at various times following the stress

(Fig. 11.3) suggesting a greater reduction in glycogen reserves in

fish handled at the medium and high temperatures than that in the

low temperature-acclimated fish.

(b) Chronic Stress

Plasma cortisol reached the peak level in response to

continuous confinement more quickly in the high temperature group,

e.g. by 6 h, as compared to the other two groups that had their

maximum cortisol elevation at 12 h (Fig. 11.4). All groups

exhibited significantly elevated plasma cortisol for the duration
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Figure 11.3. Mean liver glycogen (mg/g ±SE, N10) in

juvenile chinook salmon acclimated to low (7.5°C), medium

(12.5°C) and high (21.0°C) temperatures and

subjected to a 30-s handling stress. Values represent pooled data

from duplicate tanks. Changes through time were not significant

for any of the treatments (ANOVA, a>0.05). Refer to Fig. 11.1

for explanation of letters accompanying values.
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Figure II.4 Mean plasma cortisol (ng/mL ±SE, =12) in

juvenile chinook salmon acclimated to low (7.5°C), medium

(12.5°C) and high (21.0°C) temperatures and

subjected to continuous confinement at 200 g/L in a live-cage.

Values represent pooled date from duplicate tanks. Changes through

time were significant for all treatments (ANOVA, P<0.0l).

Refer to Fig. 11.1 for explanation of letters accompanying values.
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of confinement although there was a general reduction in levels

with time (Fig. 11.4). The high temperature-group trial was

terminated at 72 h because of high mortality. Other authors have

also studied the Influence of acclimation temperature on interrenal

responses of fish to continuous confinement. In channel catfish,

Ictalurus punctatus, plasma cortisol increased sore rapidly

(Strange 1980) and to a greater degree (Davis et al. 1984) in fish

from higher temperatures when stressed by confinement. Carmichael

et al. (1984a), however, observed no difference in corticoateroid

elevations during confinement of largemouth bass, Micropterus

salmoidea, acclimated to 10 or 23°C. In the other

study on aelmonids, Strange et al. (1977) found that when juvenile

cutthroat trout, Salmo clarki, acclimated to either 9 or

23°C, were subjected to netting and continuous confinement,

both groups exhibited similar initial p1assa corticosteroid

increases but levels decreased after 70 sin in the high

temperature-acclimated fish.

By hour 24 of confinement, It was apparent from the data

that fish were of two distinct groups based on bimodally

distributed cortisol titers, i.e. fish with please cortisol still

elevated and those with cortisol returning to resting levels. By

arbitrarily choosing a threshold level at the approximate midpoint

of the distribution to divide the two groups, we separated data

from those fish with high plasma cortisol from those with

recovering cortiaol concentrations and compared numbers of fish

with high cortisol from the three temperature groups. Between 24

and 72 h, the greatest number of fish with high cortisol came from

the high temperature-treatment group (Fig. 11.5); total proportion

of live fish in the samples having chronically elevated please

cortisol from 24 h to the end of the experiment was 58, 4i end

17 from the high, medium and low temperature groups, respectively.

Mortality was also highest in the high temperature group.

Fish from the medium temperature exhibited some mortality at 12 and

24 h but higher mortality in the high temperature group occurred at
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Figure 11.5. Mean plasma cortisol (from Fig. 11.4) and percent

mortality in juvenile chinook salmon acclimated to low

(7.5°C), medium (12.5°C) and high (21.0°C)

temperatures in the first 72 h of continuous confinement. Values

represent pooled data from duplicate tanks. From 24 h onward, data

for each treatment were separated into low and high value groups

(see text). Division of groups was based on an apparent bimodal

distribution of values and separated by an arbitrary threshold

level (AT). Number of individuals comprising each high value point

accompanies that value on the graph. Percent mortality of fish

present at each of the sample times is indicated by a histogram.
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all sampling times alter 12 h (Fig. 11.5). By 72 h, only a few

fish at the high temperature remained alive for sampling whereas no

mortality occurred in the low temperature group throughout the

experiment. Although we did not measure cortiaol from deed fish,

these results indicated a positive association between fish with

chronically elevated plasma cortisol and those that were likely to

die during continuous confinement.

Plasma glucose also rose more quickly in fish from the high

acclimation temperature than in the other two groups in response to

confinement but by 24 h, levels for all three temperature groups

were similar (Fig. 11.6). Plasma glucose exhibited a declining

trend towards the end of the experiment; although it was still

significantly elevated in all groups at 72 h, it had returned to

the preatresa level after 120 h in the medium-temperature group

(Fig. 11.6). Our finding of a greater glucose elevation in high

temperature-acclimated fish within the first 12 h of confinement is

consistent with those for channel catfish (Strange 1980) and

largemouth bass (Carmichael et al. 1984e) end, like the acute

stress response, may reflect a higher metabolic response of the

fish to continuous confinement at the warmer temperature. By 24 h,

plasma glucose from all three temperature groups was the same and

declined at the same rate thereafter, except that it remained

higher in the low temperature group at 120 h (Fig. 11.6). In

contrast, plasma glucose was elevated after 1 d in

20C-acclimated, confined channel catfish but was near

resting levels in low and high temperature groups (Strange 1980).

Strange's (1980) results suggested that stress-elevated glucose

decreased again as the fish approached death, since he observed a

positive relationship between degree of mortality during chronic

confinement and acclimation temperature as we did.

At the beginning of confinement, liver glycogen was similar

in all groups, but after 12 h of continuous confinement it had

declined by 45 in the low temperature group, 86 in the medium

temperature group and 69 in the high temperature group (Fig.
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Figure 11.6. Mean plasma glucose (mg/dL 25E, jl2) in

juvenile chinook salmon acclimated to low (7.5C), medium

(12.5C) and high (21.O'C) temperatures and

subjected to continuous confinement at 200 g/L in a live-cage.

Values represent pooled date from duplicate tanks. Changes through

time were significant for all treatments (ANOVA, <0.0i).

Refer to Fig. 11.1 for explanation of letters "a" and "b"

accompanying values; a letter "c" accompanying a value indicates

that all three treatment values within that time group are

different from each other (ANOVA followed with Duncan's new

multiple-range test at the 5% probability level).
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11.7); these declines were aignif leant. After 48 h of continuous

confinement, liver glycogen had returned to preconfinement levels

in all groups (Fig. 11.7). The greeter drop In glycogen at the two

higher temperatures reflects a higher rate of conversion of stored

glycogen to glucose in response to the confinement stress end

supports our finding of a greater glucose stress response in the

high temperature group.

Review and General Discussion

Environmental Factors

(a) Temperature and Time of Day

From the foregoing results and discussion, acclimation

temperature appears to have a variable effect on the magnitude of

plasaa corticoateroid elevations in response to disturbance in

fish. Differences in peak levels were seen in channel catfish

(Davis et al. 1984) but not in two other species (Carmichael et al.

1984a; present paper). Acclimation temperature does, however,

increase the rate at which plasma levels increase in response to

stress and also the subsequent rate of decline (Davis et al. 1984;

present paper). It is tempting to speculate that the more rapid

increase and decrease of plasma cortisol during stress is due to

temperature-dependent increased rates of secretion end clearance,

respectively, of the steroid. However, possible but undetermined

physiological differences in fish from different acclimation

temperatures, such as differences in sensitivity or responsiveness

of the hypothalamic-pituitary axis, preclude the ability to make

this conclusion.

Peak stress-induced increases in glucose are more

profoundly affected by acclimation temperature than cortisol and

post-stress plasma levels have been either positively (Wydoski et

al. 1976; Carmichael et al. 1984a; present paper) or negatively
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Figure 11.7. Mean liver glycogen (mg/g ±SE, l0) in

juvenile chinook salmon acclimated to low (7.5°C), Medium

(12.5°C) and high (21.0°C) temperatures and

subjected to continuous confinement at 200 g/L in a live-cage.

Values represent pooled data from duplicate tanks. Changes through

time were significant for all treatments (ANOVA, P<0.01).

Refer to Fig. 11.1 for explanation of letters accompanying values.
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(Uiainger and Gist 1973) correlated with te.perature. Similarly,

Wendt and Saunders (1973) reported te*perature-related differences

in plassa glucose following exercise; Atlantic sa1on, Salvo

salar, in the aumier (15°C) exhibited a higher

poetexercise glucose peak than in the late fall (6.5°C) or

winter (0.2°C). A positive correlation with temperature is

understandable since metabolic rate increases with temperature in

fish in general, the o being about 23 but also variable

(Brett and Groves 1979). Such an interpretation aay be cosplicated

by the departure of the experisental accilastlon teaperature fros

the species' preferred teaperature, as U**inger and Gist (1973)

concluded.

Few investigators have exasined the effects of a

teaperature change occurring concurrently with another physical

disturbance on plasaa cortisol and glucose. In an atteapt to

assess the efficacy of using chilled water, Barton and Peter (1982)

found that the plassa cortisol increase in rainbow trout following

4 h of transport was additive on levels already elevated fron 24 h

of prior exposure to 1°C. Schneider et al. (1981) examined

the effects of a sudden temperature change combined with an

exercise stress on plasma glucose; in rainbow trout acclimated to

12°C, they observed an apparent additive effect on glucose

elevations at 22°C but failed to do so at 27°C.

A number of investigations have attempted to establish

presence or absence of diurnal rhythms in resting plasma

corticosteroids (summarized by Spieler 1979; Davis et al. 1984),

but there have been only a few concerned with the possible effect

of time of day on the magnitude of either interrenal or glycemic

stress responses. Both Davis et al. (1984) using channel catfish

and Barton et al. (1986) using chinook salmon found that plasma

corticosteroid changes in response to physical disturbance were

similar regardless of time of day even though resting

concentrations in both investigations were highest near midnight.

Si*ilarly, tine of day did not effect the magnitude of
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corticoeteroid increases in largemouth bass from net confinement

(Carmichael et al. 1984a).

In largemouth bass, Carmichael et al. (1984.) end in

chinook aelmon, Barton et .1. (1986) both observed that the

greatest glucose elevation after disturbance occurred in the late

afternoon, although resting levels in chinook salmon were highest

at night. These few studies do not constitute conclusive evidence,

but do suggest that, while there is little diurnal influence on

interrenal responses to physical stress, glycemic responses to such

disturbances say be sore pronounced during daylight. This say

correspond with a higher level of activity, such as was observed in

goldfish during the light portion of the photoperiod (Spieler and

Noeake 1984), and say be related to a diurnal periodicity in

control of insulin release by the pineal gland (Delahunty and

Tomlinson 1984).

(b) Salinity and Anesthesia

Both the external salinity and treatment with anesthetics

have an influence on the magnitude of corticosteroid and glucose

stress responses end have often been used together to alleviate the

stress associated with fish transport (Carmichael et .1. 1984b;

Wedemeyer et .1. 1985). Redding and Schreck (1983) observed that

in coho salmon, Oncorhynchus kisutch, during continuous

confinement, plasma cortisol was reduced such sore rapidly In those

fish placed in isotonic water as compared to those in fresh water

or seawater, regardless if they were previously acclimated in fresh

water or seawater. Similarly, following the onset of severe

confinement of juvenile chinook salmon, the elevation of plasma

cortisol was about twofold higher .t 6 h in fish held in fresh

water than in those in salt water (Strange and Schreck 1980).

Specker and Schreck (1980) conversely found that both plasma

cortisol and glucose elevations were generally similar in coho

salmon following transport when allowed to recover in either fresh

water or seawater. Although reduced corticosteroid titers imply a
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lower secretory rate, lower levels may also have resulted from

increased clearance of the steroid from circulation. Using

3H-cortisol as a tracer, Redding et al. (1984a) found that

juvenile seawater-acclimated coho salmon exhibited a higher

metabolic clearance rate of cortisol than those from fresh water.

They also showed that accumulation of the tracer in the liver, gill

and gall bladder was also higher in the salt water-acclimated fish.

When salt was added to test water, the resultant plasma

glucose elevation from handling was reduced or eliminated in coho

salmon and steelhead, Salmo gairdneri (Wedemeyer 1972).

Wendt and Saunders (1973) observed that plasma glucose in Atlantic

salmon amolta exercised for 15 sin was still elevated after 15 h of

recovery in fresh water but returned to normal levels relatively

quickly in fish transferred to seawater. Both initial glucose and

the subsequent Increase from handling was greater in northern pike,

Esox lucius, held in fresh water than those in brackish

water (Soivio and Oikari 1976). In a simulated transport study,

Carmichael et al. (1984b) found that the magnitude of the glucose

stress response to transport was considerably reduced when

near-isotonic salt concentrations were used in the hauling medium.

Similarly, brown trout, Sa].mo trutta, transported in O.6'

salt water showed a much reduced hyperglycemia than fresh

water-transported fish (Nikinsaa et al. 1983). Although the

addition of salt, with or without anesthetics, has had positive

results during transport of fishes, the use of salt alone say not

necessarily ensure post-release survival (Strange and Schreck

1978).

Strange and Schreck (1978) reported that the interrenal

response of chinook salmon to a severe confinement stress was

attenuated when the fish were pretreated with 50 mg/L MS-222, even

though this dosage of the anesthetic itself is stressful (Strange

and Schreck 1978; Barton and Peter 1982). Limsuwan et al. (1983)

found that both plasma corticoateroid and glucose elevations from a

10-sin netting and confinement stress were significantly reduced
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when channel catfish were first anesthetized with 3 mg/L etomidate.

In hybrid striped bass, Morone chrysops X Pt.

saxatilis, plasma corticosteroida were reduced 24 h following a

10-mm confinement stress when fish were pretreated with either 25

mg/L MS-222 or 10 g/L salt, as compared with those that received no

pretreatment (Tomasso et al. 1980). Using a preload and an

in-transit treatment of MS-222, in combination with a near-isotonic

salt concentration and anti-bacterial treatments, Carmichael et al.

(1984b) were successful in significantly attenuating the

transport-induced hyperglycemia of largemouth bass as well as

reducing mortality from 88 to 5. Similarly, a mild doae of

MS-222 with or without the use of various salts reduced the

hyperglycemia associated with transporting juvenile chinook salmon

(Wedemeyer et al. 1985).

However, Barton and Peter (1982) were not able to reduce

the cortisol increase resulting from truck-tank loading by prior

treatment with MS-222 although in that instance, it was not clear

if the post-stress cortisol elevation was induced by the handling

or the anesthetic. Also, the use of quinaldine or MS-222, and/or

salt, was not effective in reducing confinement-induced increases

in p1as*a corticoateroida in striped bass, Morone

aaxatilis, but the use of etomidate was (Davis et al. 1982).

Fagerlund (1967) observed a relatively high plasma cortisol

elevation in sockeye salmon, Oncorhynchus nerka,

transported with 2-phenoxyethanol as an anesthetic, but a

comparative control transport was not conducted. By itself,

2-phenoxyethanol is acutely stressful to fish (Barton and Peter

1982). Spieler and Nickerson (1976) reported that goldfish

anesthetized with aethylpentynol and then handled had significantly

elevated plasma glucose compared to no difference in those that

were handled only, concluding that methylpentynol is not a suitable

anesthetic for physiological studies.
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(C) Previous Physical Disturbance

Prior exposure to another physical disturbance may have a

strong influence on the magnitude of corticosteroid and glucose

stress responses. Barton et al. (1986) found that when individual

30-a hendlinga were repeated at 3-h intervals in juvenile chinook

salmon, both plasma cortisol and glucose post-stress elevations

were cumulative. Cumulative increases in plasma glucose were seen

by Carmichael. et al. (1983) in saall.outh bass, Nicropterus

dolomieui, following various phases of a transport operation.

Schreck et al. (1985) also observed cumulative increases In plasma

cortisol in outmigrating Columbia River chinook salmon as they

passed progressively through stages of a by-pass and collection

facility at a major dam. Yet when fish are subjected to chronic

stress, such as continuous confinement, plasma cortisol tends to

become elevated to a plateau level and remain there until either

compensation is achieved or the stress factor is removed (Schreck

1981). The cortisol titer following stress is regulated by

negative feedback on the hypothalamic-pituitary complex (Fryer and

Peter 1977). Brief imtermittent disturbances that allow short

recoveries in between may affect this regulatory mechanism

differently than a continuous or chronic stressing agent (Barton at

al. 1986) and thus may affect the magnitude of plasma cortisol

levels following physical disturbance. Further work is needed to

determine the effect of varying recovery times following stress

both on fish's sensitivity and on primary and secondary responses

to subsequent stress factors.

Repeated disturbance over a long time may result in

habituation that is manifested by a lowered stress response.

Juvenile rainbow trout subjected to a single, acute physical

disturbance once a day for 10 uk habituated to the stress, evident

as cortisol and glucose elevations that were about one half of

those in previously undisturbed fish (B.A. Barton and CB. Schreck,

unpublished, Chapter VII). Rush and Umminger (1978) found that 3

wk of habituation to handling abolished the stress-induced plasma
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glucose increase in goldfish. Similarly, some authors have noticed

a lower elevation of glucose in response to forced exercise in fish

that were preconditioned as compared to unconditioned fish (Hammond

and Hickman 1966; Wendt and Saunders 1973). However, Woodward and

Smith (1977) observed that conditioned rainbow trout elicited a

higher glucose increase from a 2-sin handling disturbance than

unconditioned fish, which they attributed to a difference in

post-stress epinephrine levels. Reasons for such differences are

unclear, but in addition to severity end duration, novelty of the

stimulus say have an important influence on the extent of fish'a

responses to stress, as pointed out for mammals (Levine 1985).

(d) Other Environmental Factors

Other environmental influences have been shown to affect

stress-induced response-recovery patterns in fish. Reduced water

quality alone will stimulate elevations of plasma corticosteroids

and glucose (e.g. Tomasso et al. 1981a,b; Brown et al. 1984), but

when acting in concert with physical disturbance, there may be an

additive effect on both responses. For example, when Carmichael et

al. (1984a) subjected largemouth bass to continuous confinement,

plasma glucose doubled under control conditions but quadrupled in

confined fish pre-exposed to 0.2 mg/L un-ionized ammonia. They

also noted that pre-exposure to 135 mg/L carbon dioxide resulted in

a greater hyperglycemia from confinement than in control fish.

Rainbow trout, exposed to pH 4.7 for 5 d first, exhibited a plasma

cortisol increase of sore than twice that in control fish when

aub)ected to brief handling (Barton et al. 1985b, Chapter VI). In

that study, glucose changes in response to handling were masked by

the already elevated levels induced by the low acidity.

Other external physical conditions influence the extent of

stress responses. Specker and Schreck (1980) observed that both

plasma cortisol and glucose tended to be higher in coho salmon

transported at a high density (12 g/L) than in those at a low

density (4 gIL), although the differences were neither large nor
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consistent. Similarly, Schreck et al. (1985) reported that there

was a trend for post-loading and post-transport cortisol titers to

be lower in juvenile chinook salmon transported at low densities

than those at high densities, but results varied among transport

protocols tested.

The presence of darkness from shading or overhead cover

appears to enhance the rate of recovery after physical disturbance.

When steelhead parr were subjected to continuous confinement under

either light or dark conditions, the decline of plasma cortisol

towards resting levels wee much quicker in fish held in the dark

than in those exposed to light regardless of whether the fish were

first acclimated to light or dark U.N. Redding and C.B. Schreck,

unpublished). A sore rapid decline of plasma cortisol was seen in

outmigrating chinook salmon when allowed to recover in covered vs.

uncovered raceways following the stress experienced from by-pass

and collection at a dam (Schreck et al. 1985). Also in chinook

salmon, Wedemeyer et al. (1985) noted that the degree of

hyperglycemia induced by a hauling stress challenge was reduced in

fish held in covered tanks as compared to those in tanks

illuminated with ambient light. Paradoxically, Gilha* and Baker

(1985) found that rainbow trout adapted to a dark background had a

such greater increase in plasma cortisol after handling, as well as

higher resting levels, than those adapted to a light background.

They also showed that a-selanocyte_stisulating hormone (c-MS14) and

adrenocorticotropic hormone (ACTH) titers were higher in black

background-adapted, stressed trout and suggested a number of

pathways whereby a-MSH or other hypothalamic-pituitary peptides say

modulate ACTH and subsequently cortisol secretions in stressed

fish.

The physiological status of the fish will also affect

responses to physical stress. The nutritional state, manipulated

both by diet contents and by prior food deprivation, affected

post-stress hyperglycemia in juvenile chinook salmon (B.A. Barton,

C.B. Schreck, L.G. Fowler, and E. Pllsetskaya, unpublished, Chapter
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V). In that investigation, fasted fish elicited lower glucose

increases from handling and confinement, and within diet

treatments, those fish on a high lipid ration exhibited the

greatest change; neither type of diet nor fasting had a significant

effect on the elevation of plasma cortisol. The presence of a

chronic disease infection limited the ability of chinook salmon to

evoke cumulative Interrenal responses, to brief repetitive handlings

whereas the post-stress hyperglycemia in those fish was much higher

(Barton et al. 1986).

Genetic and Ontogenetic Factors

(a) Species and Stock

The difficulty in making species comparisons for

corticosteroid and glucose stress responses is that there are

probably no instances where experimental procedures employed among

published studies are exactly alike (e.g. Tables 11.1 and 11.2).

In Table 11.3, we compared plasma cortisol and glucose responses of

stocks of juvenile chinook salmon, coho salmon, rainbow trout and

brook trout, Salvelinus Lontinalis, to an identical 30-s

handling disturbance using the same sampling and assay protocol as

Barton et al. (1986). Most groups were reared and acclimated on a

similar water supply and under similar environmental conditions,

and fed OMP, at either the Oregon State University Smith Farm

facility or the Oregon Department of Fish and Wildlife Research

Laboratory, Corvallis, Oregon (facilities share the same ground

water system); exceptions were those groups held at the Abernathy

Salmon Culture Technology Center, Longview, Washington, and the

Western Fish Toxicology Station, Corvallis (Table 11.3, footnotes).

The trend was for the Pacific salmons to exhibit higher plasma

cortisol elevations to handling than the rainbow or brook trout,

but plasma glucose increases showed no species-related pattern.

For all groups, the magnitude of the stress-induced glucose

elevation at 3 h was positively correlated (E<O.05) with the



Table 11.3. Mean please cortiaol and glucose (±SE,
}j10-12) in different species end stocks of healthy, acclisated
juvenile aelmonid fish over 24 h following en identical, single
30-s handling stress. Size, stock, rearing location and
tespereture (and data source) are indicated nusericaily in
parentheses and listed in footnotes.

Hours after Stress
Before_________________________________________

Species Stress 1 3 6 12 24

Cortisol (nglsL)

Chinook salson (1) 61 ±29 159 ±26 114 ±42 13 ±3 44 ±13 57 ±23
(2) 41 ±9 204 ±17 56 ±12 58 ±13 96 ±15 64 ±9
(3) 6 ±2 209 ±8 58 ±11 20 ±6 18 ±4 35 ±10
(4) 9 ±3 135 ±11 84 ±11 28 ±3 16 ±5 36 ±10
(5) 7 ±1 186 ±13 135 ±12 - 26 ±5 40 ±7

Coho salson (6) 31 ±9 200 ±13 72 ±14 24 ±5 17 ±6 23 ±7
(7) 30 28 175 ±27 84 ±16 26 ±4 38 ±9 -

Rainbow trout (8) 9 ±3 136 ±15 48 ±8 37 ±13 43 ±11 5 ±2
(9) 3 ±1 36 ±5 17 27 8 ±3 14 ±3 7 ±3

Brook trout (10) 4 ±2 77 ±9 26 ±8 2 ±1 4 ±2 4 ±2

Glucose (ig/dL)

Chinook salson (1) 55 ±2 70 ±3 84 ±7 70 ±4 62 ±5 64 ±3
(2) 78 ±3 100 ±5 106 ±8 105 ±7 101 ±5 99 ±5
(3) 72 ±3 73 ±2 82 ±3 78 ±3 69 ±2 70 ±3

Coho aalson (6) 83 ±3 103 ±6 121 ±3 119 ±7 110 ±8 91 ±4
(7) 78 ±3 101 ±7 119 ±5 107 ±7 85 ±3

Rainbow trout (8) 85 ±10 111 ±11 122 ±9 133 ±18 130 ±17 77 ±4
(9) 74 ±2 96 ±2 108 ±10 95 ±5 74 ±5 69 ±1

Brook trout (10) 72 ±1 89 ±4 98 ±5 91 ±5 85 ±5 75 ±3
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Table 11.3 continued - footnotes

(1) 17 g; Trask River, OR stock; reared at Oregon State University
Smith Farm Research Facility (OSU) in 12C well water
(from Barton et al. 1986, Chapter III)

(2) 33 g; Abernathy Creek, WA stock; reared at Abernathy Salmon
Culture Technology Center in 12°C well water (from LA.
Barton, C.B. Schreck, L.G. Fowler, and E. Pliaetakeya,
unpublished, Chapter V)

(3) 35 g; Cedar Creek, OR stock; reared at Oregon Department of
Fish and Wildlife Corvallis Research Laboratory (ODFW) in
12.5°C well water (temperature experiment, present
paper)

(4), (5) 21-22 g; Rogue River, OR stock; reared at ODFW in
12°C well water (new data)

(6) 36 g; Big Creek Hatchery, OR stock; reared at ODFW in
12.5°C well water (new data)

(7) 25 g; Willard Hatchery, WA stock; reared at OSU in 12°C
well water (new data)

(8) 52 g; Willamette River, OR stock; reared at Western Fish
Toxicology Station, Corvallis in 17°C well water but
acclimated in soft water (from Barton et al. 1985b, Chapter VI)

(9) 44 g; Willamette River, OR stock; reared at OSU in
11.5°C well water (new data)

(10) 26 g; Metolius River, OR stock; reared at OSU in 13°C
well water (new data)
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resting level (y=1.42x-O.74, r0.82, N8); there was no

correlation between 1-h post-stress cortisol values arid resting

levels (r0.44, N10) nor between 1-h cortisol and 3-h glucose

levels (r0.06, N=8).

In response to a 6-h confinement stress, Davis and Parker

(1983) found that plasma corticosteroida in juvenile rainbow trout

rose more quickly, attained higher levels and were more prolonged

after removal of the stress factor than in either Atlantic salmon

or lake trout, Salvelinus namaycush. The rainbow trout

were larger in their investigation, but they were 6 mc younger than

the other two species and the Atlantic salmon were undergoing

smoltification. Casillas and Smith (1977) compared wild and

hatchery strains of rainbow trout and found that, while both

strains exhibited a glucose response to a 'hook and line' stress,

recovery from hyperglycemia was more rapid in the wild trout.

Wydoski et al. (1976) also noted that hatchery rainbow trout

elicited a significantly higher plasma glucose elevation during

recovery from a 5-mm 'hook and line' stress than wild trout did.

Schreck (1981) summarized the post-stress changes in piasma

corticosteroids during chronic stress from a number of studies with

different juvenile salmonids. Although all groups of fish

exhibited the same general response pattern, the variance in the

data indicated that there was considerable variation among the

investigations that presumably could be attributed to species or

stock. Barton et al. (1986, Chapter III) also found that the

magnitude of cumulative responses to repeated disturbances was

different between two coastal stocks of chinook salmon even though

the patterns of responses were the same.

These studies suggest that, at least for salmonids, there

are species and stock differences in interrenal and glycemic stress

responses to physical disturbance. However, it is clear that other

factors such as early rearing history or acclimation conditions

possibly affected species' sensitivity or responsiveness to stress.

For example, in the rainbow trout comparisons, both results were
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from the same stock of fish but sizes and acclimation temperatures

were different (Table 11.3, footnotes).

(b) Stage of Development

Responses to stress are also influenced by ontogenetic or

developmental factors. Barton et al. (1985a, Chapter IV) found

that, from 18-g coho salmon parr in March to 36-g amolta in July,

there was a twofold increase in the corticosteroid response to

handling. Using the same handling disturbance, similar increases

in both plasma cortisol and glucose responses to stress were

evident between 5-g rainbow trout and 20-g fish 10 wk later in the

same experiment (B.A. Barton and C.B. Schreck, unpublished, Chapter

VII). A greater corticosteroid response to handling associated

with bleeding was reported by Hane et al. (1966) in ocean-caught

adult chinook salmon in comparison to those sampled during their

upstream migration, even though in the latter group, resting

corticosteroid titers were higher. These differences in response

appeared to be related to the developmental state of the fish

rather than size. Although size has been shown to influence

resting levels (Singley and Chavin 1975), Barton et al. (1985a)

found no correlation between size of fish and the magnitude of the

post-stress cortiso]. level within any particular sample day

throughout their study. Moreover, Carmichael et a].. (1984a)

compared two largemouth bass groups of the same age, but with one

group twice as large as the other, and showed that there was no

size effect on either corticosteroid or glucose increases during 48

h of confinement. Conversely, greater hyperglycemia following a

'hook and line' stress was reported by Wydoaki et al. (1976) in

43-48-ca hatchery rainbow trout than in their 20-25-cm

counterparts, but ages of the two size groups were not specified.

Moat investigators have not attempted to separate stress

responses on the basis of sex perhaps because many of the studies,

notably using salmonida, have been conducted with immature fish.

In one study using adults, Fagerlund (1967) observed sexual
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dimorphism in sockeye salmon in the elevation of plasma

corticosteroida following certain types of physical disturbance

with the females exhibiting significantly greater changes; specific

reasons for this difference were not given. Larsen (1976),

however, found that while hyperglycemia resulting from handling

plus anesthesia in river lampreys, Lampetra fluviatilis,

was abolished more quickly in mature than in immature fish, there

was no difference between sexes of the mature fish. Further, in

yearling largemouth bass, sex of the fish had no effect on

increases of plasma corticosteroids or glucose in response to

confinement (Carmichael et al. 1984a).

Summary and Management Considerations

Schreck (1981) presented a conceptual model to describe how

a fish's potential performance capacity, defined by its genotype,

is limited by its environment to delineate its realized capacity

that is, in turn, further reduced by stress. In this model, stress

decreases fish's realized performance capacity by acting on any or

all of the performance vectors that contribute to that capacity,

for example, disease resistance or swimming stamina. The recently

published literature and work in our laboratory provide empirical

evidence to support this model as it relates to stress-induced

elevations in plasma corticosteroida and glucose. Clearly,

internal and external environmental conditions, developmental

atte, and possible genetic factors influence the magnitude of

these responses to physical disturbance (Fig. 11.8).

Stress-response modifying factors may be considered as

belonging to three categories: those that are relatively benign,

those that exacerbate primary and secondary responses to

disturbance and those that reduce or eliminate these responses.

Benign factors, such as species or stock, stage of development,

time of day or nutritional state, may affect the degree of response
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Figure 11.8. Sumiary of factors shown to Modify interrenal and

glyceMic responses to physical stress in fish, as determined by

increases in plasma corticosteroids and glucose, respectively.

Factors in parentheses are those that: (1) have a modifying effect

that is relatively minor, or (2) appear to have a modifying effect

but more conclusive evidence is still needed.
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FACTORS MODIFYING STRESS RESPONSES

Genetic and

Ontogenetic Modifiers
stage of development

(species)
(stock)
(size)
(sex)

Physiological
Stress Response

Internal
Environmental

Modifiers
prior experience

health
(nutritional state)

Figure 11.8

External
Environmental

Modifiers
temperature
water quality

salinity
anesthesia

(time of day)
(light)

(background)
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to stress without necessarily being detrimental to the fish's

well-being. Nevertheless, it is important that researchers and

managers are aware of the differences when using these indicators

to assess stress in fish and properly interpret their results.

Response differences underscore the need for appropriate controls

in stress studies as well as knowledge of the life history of the

species in question.

Those factors that exacerbate interrenal or glycemic stress

responses are additional stress factors and the resultant responses

observed are often cuau).ative. Such factors include poor health,

reduced water quality, excessively high or low water temperature,

or overhead light. Cumulative stress will compromise the fish's

realized capacity to perform by increasing its physiological load

and thereby reducing its ability to cope with additional changes in

its environment. It is practically impossible for fishery managers

to eliminate stress in normal operations, for example, in

aquaculture or fish stocking. However, stress can be managed for
with relative ease. To this end, much could probably be

accomplished by: (1) ensuring the fish are in the best possible

health and condition, and (2) allowing a sufficient time period in

a suitable environment for recovery between individual

disturbances.

Other response-modifying factors can and are used by

fishery managers to their advantage. The use of both salt and

anesthetics reduces stress-induced increases in corticoateroids and

glucose and has been shown to improve short-term survival. A

simple practice, such as the use of overhead cover, may also prove
to be a useful management tool to mitigate stress. Since

physiological responses to stress are now well documented, future

research needs to be directed towards the adverse effects of acute

and chronic stress factors on long-term performance capacity, such

as in changes in metabolic scope and immune response, and

correlation of these changes with the popular stress indicators.
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Abstract

The corticoateroid and hyperglycemic stress responses to

multiple acute disturbances were cumulative in juvenile chinook

salmon, Oncorhynchus tshewytcha. This was demonstrated by

the stepwise pattern of increased plasma cortisol and glucose

concentrations in fish subjected to a 30-s handling stress applied

repeatedly at 3-h intervals over 6 h. The accumulation of

physiological stress responses was substantiated by the resultant

combined affects of these repeated disturbances on changes in

concentrations of plasma lactate and of ionic sodium and pptassium,

and on the rate of decline of hepatic glycogen concentrations, all

of which were greater than those that followed a single handling.

Healthy fish appeared more able than diseased fish to elevate

plasma cortisol after each of the three successive disturbances,

but plasma glucose concentrations following the repeated hendlinga

were higher in the unhealthy fish. As judged from plasma cortisol.

and glucose responses in fish subjected to a single 30-s stress at

four different times in the day, there was little diurnal

difference in sensitivity or responsiveness to handling.
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Introduction

The notion that physiological responses of fish to

stressful stimuli may be cuMulative or coapounded is intuitively

accepted (Donaldson 1981; Wedeaeyer at al. 1984) and is Lundasental

to a perception of the nature of stress and its effect on fish

health. Acceptance is founded on circusstantial evidence In husan

medicine, end also in fish (Barton and Peter 1982; CarmIchael et

al. 1983; Adams at al. 1985; Barton at al. 1985b) but, to our

knowledge, this notion has not been tested experimentally in fish

to the extent of using the same acute disturbance repeatedly. The

main objective of our experiment was to determine if fish exhibit

their maximum physiological response to an initial severe acute

stress or if they can respond further to successive stresses.

We evaluated primary and secondary responses (Mezeaud at

al. 1977) in juvenile chinook salmon, Oncorhynchus

tshawytache, subjected to repeated acute handling stresses --

the primary or endocrine stress response on the basis of plasma

cortlsol concentrations, and the secondary or metabolic responses

from concentrations of plasma glucose and lactate and of hepatic

glycogen. As an indicator of ionoregulatory ability during stress,

we also measured plasma ionic sodium and potassium concentrations.

In addition, we compared plasma cortisol and glucose responses in

healthy and unhealthy fish subjected to the same multiple

disturbances. We also examined the influence of time of day on

these responses in fish given a single handling stress. The type

of handling used was representative of disturbances that are well

known to evoke characteristic response-recovery patterns in both

primary and secondary physiological responses of fish to stress

(reviews of Donaldson 1981; Schreck 1981; Wedemeyer and NcLeay

1981).
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Methods and Materials

ExDerieental Design

For the eultiple stress experieents, juvenile fall chinook

aaleon froe three Oregon coastal stocks were eaintained at the

Seith Fare research facility, Oregon State University, in

0.6-c-diameter circular, flow-through tanks containing 100 L and

receiving 4 LIen of 121C aerated well water.

Fish were held at densities of 9-13 g/L (depending on experiment)

and fed daily with Oregon Moist Pellets at a rate of about 1.5

body waight/d. The fish were kept under a natural photoperiod and

were acclimated for at least 2 wk before each experiment.

Duplicate groups of Trask River stock chinook salmon (mean

weight, 17 g) were subjected to three degrees of stress: (1) single

handling, (2) two handlings separated by a 3-h interval, or (3)

three handlings, each 3 h apart. The handling stress consisted of

netting the fish from the tank, holding them in the air for 30 a,

and returning thee to the tank for recovery. In each instance,

fish were collected only once for blood samples just before each

disturbance, and at 0.5, 1, 3, 6, 12, and 24 h after the final

handling. Additional tanks of unstressed fish established as

controls were either sampled or sham-sampled (disturbed with a net

but not removed) at the same timea to assess the effect of aampling

on remaining fish.

Duplicate groups of fish from the Cedar Creek stock (mean

weight, 22 g) and the Salmon River stock (31 g) were subjected to

three consecutive 30-s handling stresses separated by 3-h intervals

for comparison with the Trask River fish. The Salmon River fish

had a chronic I in rot condition accompanied by an infection of the

coidwater disease bacterium Cytophega paychrophila (Bullock

and Snieszko 1970). Fish were sampled just before each

disturbance, and at 1, 3, 6, and 24 h after the third handling.

To evaluate the possibility of a diurnal difference in the



63

responses to stress that could affect interpretation of results

fros the previous experisenta, we used juvenile Rogue River stock

fall chinook ealson hatched and reared at the Corvallis Research

Laboratory, Oregon Depertsent of Fish and Wildlife. For the

exparisant, 20 fish (seen weight, 26 g) were held in each of eight

tanks containing 100 1.. to acclisete for 3 wk under aisilar

conditions as those in the sultiple stress experisenta (se. above);

a 14-h-light:1O-h-darkneaa photoperiod to satch prior rearing

conditions was aaintained with fluorescent lighting.

Duplicate groups of fish were aubjected to a single 30-s

handling stress at each of four different tisea in the day: 0030,

0630, 1230, and 1830 hours. At each tise, fish were collected only

once for blood samples just before the disturbance and at 1 and 3 h
after handling. During dark periods, stresses were applied and

samples were obtained with the aid of a 7-W red darkroom lamp as
the only lighting.

Sasrling and Analysis

To obtain plasma, we removed fish from the tanks by one or
two passes of a hand net, taking as such care as possible not to

physically agitate fish remaining in the tanks. Sampled fish were

immediately placed in 200 sg/L tricaine methaneaulfonate (MS-222)

and were completely anesthetized in (1 sin. The fish were then

serially removed from the anesthetic solution and bled from the

caudal vasculature with en assonius-heparinized 0.25-iL Natelson

capillary tube after the caudal peduncle was severed. Total time
to obtain all samples after initial netting was <10 sin. This

sampling protocol has been previously found to be suitable for

obtaining resting concentrations of plasma cortisol in )uvenile

salmonida (Barton at al. 1980, 1985a,b). Plasma was separated by

centrifugation and stored at -15'C for future assay. Whole

livers were removed, weighed and stored in chilled 30% KOH for

later hepatic glycogen assay by the phenol-sulfuric acid method of
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Montgomery (1957).

Plasma cortisol was determined by a 3H-radioimmunoaasay

(Foster and Dunn 1974) modified for use with coho salmon,

Oncorhynchus kisutch, by Redding at al. (1984b) and

considered suitable for use with chinook salmon by the following

criteria. Recovery of cortiso]. added to stripped plasma

(endogenous steroids removed with charcoal), as determined over 24

assays, was >93%, but was 82 when recovered from unatripped

chinook salmon plasma added to glass tubes containing four known

cortisol concentrations in duplicate evaporated from ethanol

(r0.99a). Data reported are unconverted values. Non-specific

binding of chinook salmon plasma was 2%. Cross-reactivity at 50%

displacement of labeled cortisol was 4% with cortisone, the other

major salmonid corticoateroid (Idler 1971). The resultant curve

from serial dilutions of a plasma pool from stressed chinook salmon

containing about 300 ng/mL cortisol exhibited pazeJ.leliam to about

30 ng/mL and appeared to converge with the standards curve at low

concentrations. The minimum level of detectability, defined as the

concentration two standard deviations from zero (j12), was 1
ng/mL. In the range of high concentrations (e.g. >100 ng/sL),

inter- and intra-assey coefficients of variation (CVSD/mean) were
7% (=24) and 3% (?j8), respectively. In the low range

(e.g. (10 ng/mL), inter-assay CV was 15% qj=21).

Plasma glucose was measured by the colorimetric procedure

of Wedemeyer and Yasutake (1977) modified by use of Sigma ®

premixed 6% g-toluidine reagent; inter- and intre-assay CV's

were 7% and 3%, respectively (5), and recovery of added

glucose, as determined over 19 assays, was above 97%. Plasma

lactate was assayed by fluorimetry (Pessonnesu 1974) and plasma

ionic sodium and potassium concentrations were determined with a

NOVA 1 sodium/potassium analyzer (Nova Biomedical, Newton,

Massachusetts).

Data were treated by one-way analyses of variance (ANOVA)

followed by Duncan's new multiple-range tests at the 5% probability
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level (Steel end Torrie 1980). For analysis, cortisol and glucose

data were transforsed to logarithsic values because of

heterogeneity asong variances (Bartlett's test, Snedecor and

Cochrene 1967).

Results and Discussion

Each application of an additional acute disturbance of the

fish resulted in cortical and glucose responses that were

cuculative upon previous responses (Fig. 111.1). When fish

experience continuous stress, such as that fros confinesent, plassa

cortisol concentration rapidly rises to a plateau and recains there

rather than increasing indefinitely (Strange et al. 1978; Barton et

al. 1980; Schreck 1981). In part, this is due to the negative

feedback of cortisol on the hypothalasus, which suppresses

adrenocorticotropic horsone (ACTH) output at the pituitary (Fryer

and Peter 1977) and prevents cortisol in circulation fros

continuously increasing. This feedback secheniss cay operate less

effectively when fish are allowed a short recovery period between

brief interaittent disturbances. The lack of an elevation in

either p1asce cortisol or glucose concentrations in control fish

indicates that repeated saipling fros the case tanks did not

appreciably affect resting concentrations in racaining fish. This

agrees with what was previously found for plasca cortisol in

rainbow trout, Salco gairdneri, (Barton at al. 1980,

1985b).

Although sustained increases in plasca glucose say be

functionally related to elevated piasca cortisol during chronic

stress in fish (Leach and Taylor 1980), acute rises in piasca

glucose such as those seen in this expericent are probably sediated

by catecholasines (Nakano and Toclinson 1967; Mazeaud et el. 1977;

flazeaud and Mazeaud 1981) rather then by any effect of cortisol.

Elevations in please gluco8e in response to stress or activity
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Figure 111.1. Mean (and 1 SE) plaaa cortisol and glucoae

concentretiona (N12) in juvenile Treak River chinook salmon

subjected to one or more 30-a handling stresses spaced (in the

latter cases) 3 h apart. Solid arrows Indicate applications of the

second stimulus and the open arrow indicates application of the

third. Means represent pooled data from duplicate tanks (open

squares are values for unstressed controls). Statistical tests are

based on ANOVA and Duncan's new multiple-range tests, P(O.05.
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presusably reflect the Metabolic response of the fish: there is a

significant correlation between blood sugar concentration and

standard aetabolic rate in vertebrates in general (Ussinger 1977).

The cusulative increases in glucose say, therefore, indicate an

increasing desand for energy in response to the cosbined effect of

repeated disturbances. This preaused increase is consistent with

our observations of a sore rapid drop in hepatic glycogen fros the

preetresa level to the ainisus post-stress level seasured after two

or three repeated handling stresses than after a single

disturbance. Specifically, 3 h after the second handling, hepetic

glycogen concentrations had decreased significantly (a(0.05)

froa a prestreas value of 37 ±8 (SE) to 5 23 ag/g

(N6); 0.5 h after the third handling, they had dropped fros 30

±6 to 5 ±2 ag/g (tj6). In contrast, the

decline in hepetic glycogen fros 15 ±4 to 9 ±4 sg/g

24 h after a single handling was not sigificant (=6;

a<0.05).

As )udged by the sagnitude of the saxisus changes, the

cospounded responses of plassa lactate, sodius, and poteasius to

repeated handling were greater than those following a single

disturbance (Table 111.1). However, the responses did not

desonstrate the teaporal atepwise accusulation of changes exhibited

by plasse cortiaol and glucose. Moreover, concentrations of all

three of these variables in the fish were still significantly

altered 12 h after the third disturbance, but had returned to

norsal within 6 h after the single handling (data not shown).

Previous studies have shown that plassa lactate increases (Soivio

and Oikari 1976; Pickering at al. 1982) and, in fresh water, please

sodius decreases (Redding and Schreck 1983; Barton et al. 1985b)

and piseas potassiuM increases (Caraichael et al. 1983) following

handling or coal inesent. In addition to confirsing earlier

findings, our results suggest that the cosbined effect of repeated

handling on anaerobic aetabolisa and ionoregulatory perforsance was

also cusulative.



69

Table 111.1. Mean (.SE) concentrations of plasma lactate
(Nl0-12) end plasma ionic sodium and potassium (j7-10) in
juvenile Treak River chinook salmon before handling (combined mean
from three experiments) and at the time of maximum change after
one, two or three 30-a handling stresses separated by 3-h
intervals. Percent changes from concentrations before any stress
and recorded time to maximum change are indicated in parentheses.
Means represent pooled data from duplicate tanks. Means within a
column without a letter in common are significantly different
(ANOVA and Duncan's new multiple-range tests, P<O.05).

Sampling Lactate Sodium Potassium
Time (mg/dL) (meq/L) (meq/L)

Before stress: 25 ±3Z 145 ±2Z 6.7 ±O3Z

After one stress: 51 ±5Y 141 ±6Z 7.1 tO.6Z
(+1O4?) (-2.8?) (+6.0)
(0.5 h) (0.5 h) (0.5 h)

After two stresses: 52 136 ±2Y 7.5 0.5Z
(+1O8) (-6.2) (+12k)

(3 h) (1 h) (0.5 h)

After three stresses: 76 ±4X 130 ±2Y 9.4 o.6Y
(+2O4?) (-10?) (+40')
(0.5 h) (12 h) (0.5 h)
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The plassa cortiaol concentrations following the repeated

stresses differed quantitatively between the two healthy chinook

salson stocks, Track River and Cedar Creek, although both exhibited

sisilar patterns of successive increases in response to the

disturbances (Table 111.2). This difference in corticoateroid

response between the two healthy stocks suggests differences

attributable to either genetic factors or prior rearing history.

Additionally, it has been shown that ontogenetic factors in fish

say codify the general pattern of corticoateroid stress responses

(Barton et aX. 1985a). In the unhealthy Salson River stock fish,

however, the pleeca cortisol. increase in response to the Initial

stress was highest followed by a lower relative response after the

second handling, but the third handling evoked no further response

(Table 111.2). Also, plaaca cortical concentrations in the two

healthy stocks appeared to be declining soon after they reached a

peak 1 h following the final stress, whereas those in the unhealthy

fish still resained high after 6 h (Table 111.2). Fifty percent of

the unhealthy fish stressed three tices died within 3-6 h after the

third handling coapared with no sortalities in the other two

groups.

Plaaaa glucose concentrations observed after the final

handling were such greater in the diseased fish than in the healthy

fish (Table 111.2), suggesting a higher aetabolic response in that

group. Alternatively, the higher concentrationa of plasca glucose

evoked by the stresses in the diseased fish could indicate that

these fish were preconditioned to respond in this canner by the

chronic stress of continued infection. However, the high cortality

observed aaong these fish after the final stress supports the view

that the unhealthy fish were less capable than the healthy fish of

coping with the cuculative stress resulting froa the repeated

disturbances.

The potential capacity of fish to respond to stress is

lisited by constraints of both the fish's internal and external

environsenta (Schreck 1981). Our findings suggest that the



71

Table 111.2. Mean (±SE) plasma cortisol and glucose
concentrations (j10-12) in two healthy stocks (Treak River and
Cedar Creek) and an unhealthy stock (Salmon River) of juvenile
chinook salmon after one, two or three 30-a handling stresses
separated by 3-h intervals. Means represent pooled data from
duplicate tanks. Means along a row not preceded by a letter in
common, and means within a column not followed by a letter in
common are significantly different (ANOVA and Duncan's new
multiple-range tests, P(0.05).

Traak Cedar Salmon
Sampling River Creek River

Time stock stock stock

Cortisol (ng/mL)

Before all stresses: 232 ±9W Z28 ±6W Z24 ±8W

Just before second stress: Z112 ±25vPu Y43 ±4vU Xj7 ±24V

Just before third stress: Z240 ±62U,t Y81 ±17u't 2246 ±l3vPU

Hours after third stress: 1 Z476 ±255 l97 ±16 X269 ±15V?U

3 Z325 .55t,a Y143 .21t,a 2261 ±j1VU
6 Z264 ±4].t Y114 ±17t Z299 ±17U

24 Z89 ±19" Y40 ±14wv 174 ±9j*

Glucose (mg/dL)

Before all stresses: Z57 W Y72 ±2W Y67 ±3W

Just before second stress: Z90 ±7v Z107 3V Y152 ±15V

Just before third stress: 2117 ±11" Y149 10u't X282 20u,t

Hours after third stress: 1 Zl60 ±10 Z155 .6t,s Y261 ±j.8u

3 Z170 ±llU Z190 ±14 Y283 ±l9u,t
6 2204 ±18U Z190 ±2O Y334 ±22t

24 Z121 ±17V Z114 .5vu 251 ±92*

* N=2 because of high post-handling mortality; values were
not included in the analysis.
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capacity of the diseased fish to elicit a corticosteroid response

to stress reached its hut after the second handling because no

further significant increase in piessa cortisol was evident. That

plague cortisol was still saxisally elevated after 6 h precludes

the possibility that increased clearance say have accounted for the

lack of a further cortisol increase after the third handling in the

unhealthy fish.

Sos. of the differences in changes in plassa cortisol and

glucose in fish subjected to a single handling at different tises

of the day were significant (Table 111.3) but asahI in cosparison

to those in fish after two and three handling stresses (Fig.

111.1). An identical experisent carried out with coho sahson

yielded very sisilar results (B.A. Barton and C.B. Schreck,

unpublished, Appendix III). Generally, both plassa cortisol and

glucose responses of the fish stressed at different tisea were

sisiler to those evident within the first 3 h in fish handled only

once in the sultiple stress experisent. Although plassa cortisol

was the sase in all four tise groups at 1 h post-stress, it

reseined higher at 3 h in the 0630-h group than in the other three

groups (Table 111.3). Resting phassa glucose was highest in the

0030-h group of fish but the relative change in concentration in

response to handling was greatest in the 1830-h group (Table

111.3). In view of the relatively sinor differences in stress

responses auong fish fros the four tises tested, it appears

unlikely that the coaparatively large cusulative increases in

plasse cortisol and glucose in the fish handled two and three tisea

in succession would be due to a diurnal fluctuation in sensitivity

or responsiveness to stress.
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Table 111.3. Mean (±SE) plasMa cortisol end glucose
concentrations (j=12) in juvenile Rogue River chinook salion
after a single 30-a handling stress at four different tiMes in a
24-h period. Means represent pooled data froi dupLicate tanks.
Means along a row without a letter in common are significantly
different (ANOVA and Duncan's new Multiple-range teats,
E<0.05).

Time of Day

Sampling
Time 0030 h 0630 h 1230 h 1830 h

Cortisol (ng/mL)

Before stress: 50 ±7Z 21 ±3Y 12 ±2Y
Hours after stress: 1 185 9Z 194 ±6Z 191

3 117 ±1OZ 153 15y 94 ±8Z

Glucose (mgIdL)

25 7y

180 9Z

87 ±9Z

Before stress: 80 ±4Z 64 t2Y 63 ±2Y 58 2Y
Hours after stress: 1 84 ±3Z 74 ±.4' 71 ±2Y 7 2Y

3 94 ±3Z 77 ±2Y 80 t2Y'x 87 ±42C
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Abstract

The cortisol. stress response in juvenile coho selion,

Oncorhynchus kisutch, considered as the difference between

resting and peak post-stress cortiso]. levels, increased fros 80

ag/iL in }lerch to 166 ag/iL in July, the period when sioltification

norsauly occurs. Resting pleasa cortisol. levels also continually

increased fros 4 ng/aL in March to a saxisus of 39 ag/aL in May,

but then declined again to 3 ng/aL in July. The results indicate

that there is an increased interrenal responsiveness to stress

during the period of asoltification in coho salion.
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Introduction

The period of parr-asolt tranaforsation (asoltification) in

salsonids appears to be associated with increased corticoateroid

secretion, as )udged f roe at least three criteria: histological.

changes in interrenal tissue (Fontaine and Olivereau 1957, 1959;

NcLeey, 1975; OJiveresu 1975; Niahioka at al. 1982), changes in

please corticosteroid concentrations (Fontaine and Hetey 1954;

Langhorne end Siepson 1981; Specker end Schreck 1982; Patino 1983),

and changes in cortisol clearance dynesics (Petino 1983). The

indications of heightened interrenal activity during seoltificetion

suggest a potential role of corticoateroida in this process

(Specker 1982).

Nu*.roua studies with salsonida have also focused on the

changes in please cortisol in response to various types of

stressful stisuli (reviews by Donaldson 1981; Schreck 1981). We

investigated the possibility of a differential interrenel

responsiveness to stress during the period of asoltification in

juvenile coho salson, Oncorhynchus kisutch, using en acute

handling stress as a representative stisulus. We considered the

stress response to be the difference between the sean resting

plaa*a cortisol concentration and the sean concentration detersined

1. h after application of the handling stress; this level represents

a significant response resulting Iros this type of stress in

juvenile salsonida (B.A. Barton and C.B. Schreck, unpublished,

Chapters XI and III).

Methods and Materials

Coho seleon were obtained as eyed eggs fros ig Creek

Hatchery, Oregon, and reared under a natural photoperiod in

12C aerated well water at the Corvallis Laboratory, Oregon

Deperteent of Fish and Wildlife. Three weeks before the first
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sampling, about 315 14-mo-old parr were transferred to a 570-L

circular fiberglass tank, for a resultant density of 0.55 1 ish/L.

Water inflow rate to the tank was 19 L/min. Fish were fed a ration

of 1.1-1.4 body weight per day with Oregon Moist Pellets before

and throughout the study.

To obtain samples for normal resting levels of plasma

cortisol, we rapidly netted fish from their hose tank and

completely anesthetized them in <1 sin in a solution of 200 mg/L

tricaine methaneaulfonate (MS-222), buffered to pH 7.2 with

imidazole. After immobilization, fish were serially removed from

the anesthetic for sampling. A similar method was previously used

with juvenile rainbow trout, Salmo qairdneri (Barton et al.

1980) and was verified for use for cortisol determination in coho

salmon before the present study (Appendix IV). Each fish was

weighed and fork length was measured. We then severed the caudal

peduncle and removed blood from the caudal vasculature with an

ammonium-heparinized 0.25-aL Natelson capillary tube. After

centrifugation, plasma was stored at -20C for future

assay.

Fish in a second sample were then subjected to a severe,

acute handling stress by holding them in the air in a net for 30 a

and returning them to a 10-L live-cage immersed in the tank, at a

density of 12-14 fish per cage. At 1 h after the stress, the fish

were transferred directly from the live-cage to the anesthetic

solution for blood sampling. A total of 10 unstressed and 10

stressed fish were obtained on each sampling date. Stress

challenges and blood sampling were conducted at about the same time

of day, at 2- or 3-wk intervals from mid-March to mid-July, 1983.

Fish removed from the tank were replaced with marked fish (not used

in subsequent samples) to maintain a constant number.

Plasma cortisol was determined by a 3H-radioimmunoasaay

(RIA) described by Foster and Dunn (1974) and modified by Redding

et al. (l984b) for use with salmonid plasma. Plasma thyroxine was

measured by a 1251-RIA using the method of Specker and Schreck
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(1982). Specific activity of gill (Na+K)-ATPeae was measured in

hosogenated tissue immediately after removal by the method of

Johnson et al. (1977); data for unstressed end stressed flab were

combined since no differences in activity were apparent. Data were

analyzed with linear regression and one-way anaLyses of variance

(ANOVA); differences in means were determined by using Duncans new

multiple-range teat at the 5 level (Steel and Torrie 1980).

Results and Discussion

There were significant fluctuations (ANOVA, E<0.01) in

normal resting plasma cortisol levels during the 4-so study.

Cortisol continually increased from a low level of 4 ng/sL in

sid-llarch to a peak of 39 ng/sL in Mid-flay, and then declined to 3

ngliL in mid-July (Fig. IV.l). On each sampling date, there was no

trend in correlation between cortisol and fish size, suggesting

that resting cortisol levels were not strictly size-dependent. The

cortisol stress response increased from a low of 80 ng/sL in late

March to a high of 166 nglmL in mid-July (Fig. IV.1). This

increase in response (lean post-stress level minus mean resting

level) was significantly correlated with increasing mean fish

weight through time (E<0.05; r0.81, N8). Similarly, the

significantly increasing trend (ANOVA, <0.O1) of absolute

post-stress cortlaol concentrations (Fig. IV.1) was correlated with

fish weight over the sampling period (a<0..01; r0.50,

N=80), although individual elevated cortiaol levels did not

consistently correlate with individual fish weights on any

particular sampling date indicating that the stress response also

was not strictly size-dependent.

Fluctuations in gill (Na+K)-ATPase activity and plasma

thyroxine (ANOVA, P<0.01), as well as a rapid decline in

condition factor (ANOVA, E(0.O1) were indicetive that these

fish underwent asoltificetion during this period (Table XV.1).
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Figure IV.l. Mean i-h post-stress plasma cortisol ±SE,

mean resting plasma cortiso]. tSE, and cortisol stress

response (mean post-stress level minus mean resting level) in

juvenile coho salmon from mid-March to mid-July, 1983. Sample

means (N=10), indicated by letter, are ranked left to right

from lowest to highest. Means not significantly different

(Duncan's new multiple-range teat, a<0.05) share the same

underline.
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Table IV.1. Means ±SE for weight (N20), condition
factor (N20), gill (Na+K)-ATPese activity (N20), and
plasma thyroxine (jl0) of juvenile coho salmon from Mid-March
to mid-July, 1983.

Gill (Na+K)-
Condition ATPase activity Plasma

Weight factor (mol P1/hr/mg thyroxine
Date (g) (g X 100/cm3) total protein) (ng/mL)

March 15 18.4 ±0.8 1.17 ±0.01 1.70 ±0.15 2.8 ±0.4

30 23.4 ±1.0 1.16 ±0.01 3.05 ±0.21 4.7 ±0.7

April 13 25.8 ±1.1 1.21 ±0.01 5.10 ±0.48 3.7 ±0.5

27 29.0 ±1.3 1.14 ±0.01 4.32 ±0.32 6.7 ±0.8

May 18 30.1 ±1.4 1.06 ±0.01 3.70 ±0.23 6.9 ±0.8

June 1 30.4 ±1.2 1.06 ±0.01 2.83 ±0.28 7.3 ±0.3

22 35.5 ±1.3 1.04 ±0.01 2.06 ±0.25 4.2 ±0.6

July 15 36.3 ±1.6 1.02 ±0.01 2.66 ±0.30 3.4 ±0.5
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These changes in physiology and body form are characteristic of

salmonida during smoltification (review by Foleer end DLckhoII

1980). Over the course of the experiment, resting cortisol end

thyroxine levels were correlated ((0.01, r0.32, N80)

through time but not within individual fish. However, no

correlation between plasma cortisol and gill (NaK)-ATPese activity

was evident (r=O.08, ?j80).

Histological examinations have revealed evidence of

increased interrenal activity over the amoltilicetion period in

both coho salmon (flcLeey 1975) and Atlantic salmon, Salmo

salar (Oliveresu, 1975). t4iahioka et el. (1982) observed

ultrastructural differences within interrenel. cells of coho salmon

emolta that suggested high interrenal activity. The changes in

interrenal hypertrophy indicated a temporally corresponding

variation in the potential for cortisol secretion during

amoltification, a presumption supported by our findings of an

increased corticosteroid response to stress through time.

The increased cortiso]. response to stress during and after

the smolting period could be interpreted as an indication that the

ability of larger or older juvenile coho salmon to respond to

stressful stimuli is generally greater then that of smaller fish,

because of a possibly better developed interrenal secretory

capacity. Alternatively, the sensitivity of developing juvenile

salmon to physical disturbances may increase during and after

seoltificetion. Therefore, in terms of the fish's awareness of

stressful stimuli, the larger salmon may have been core severely

stressed than the smaller parr.

The increase followed by a decline in resting plasma

cortisol during the normal period of seoltification in coho salmon

has not been previously observed. Specker and Schreck (1982)

earlier demonstrated that cortisol in juvenile coho salmon was high

in January, low in March, and then continually increased again to

the end of May when their study terminated. Our results not only

support the findings of Specker and Schreck (1982), but also extend
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thei by ahowing the aubeequent decrease in cortisol in June and

July.

In auaaary, we have desonatrated that there is an increased

corticoateroid response to handling stress in coho salson during

sioltification, as well as showing that the previously reported

rise in resting plassa cortisol is apparently transitory.
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Abstract

Juvenile chinook salson, Oncorhynchue tshawytacha,

reared on low, sedius or high lipid diets for 18 wk, either were

kept on their respective diets or were fasted for 20 d, and then

subjected to either a 30-a handling stress only or to handling plus

continuous confinesent. Before the stress was isposed, differences

due to diet content were apparent in continuously fed fish; fish

fed the low lipid (high carbohydrate) diet had the lowest body

weight and condition factor and the highest liver glycogen and

plassa insulin. Cospared with fed controls, 20 d of fasting caused

a reduction in plasMa cortisol, insulin and glucose, and liver

glycogen, as well as in growth and condition factor. The greatest

decline in pleasa insulin in response to fasting occurred in fish

reared on the low lipid ration. Plasma cortisol elevations in

response to handling or to handling plus confinement were not

appreciably affected by diet type or fasting. In fish that were

only handled (in contrast to being handled and confined),

post-stress hyperglycemia was greatest in fed fish that received

the high lipid diet, and were generally lower in fasted than in fed

fish. Liver glycogen declined after handling in the fed fish but

did not change from the already low levels in 20-d fasted fish.

The results indicate that prior feeding regimes and diet type used

should be considered when one is interpreting both stress

responses, particularly hyperglycemia, and resting physiological

conditions in juvenile chinook salmon.
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Introduction

The measurements of primary end secondary stress responses

in fish have received considerable attention (reviews by Donaldson

1981; Schreck 1981; Wedeseyer and McLeay 1981) and are becoming

increasingly popular among fishery workers as general physiological

indicators of fish condition (Wedemeyer et el.. 1984). Two such

often used indicators are the elevations in plasma cortisol and

glucose in response to physical disturbances. The state of the art

of the use of these stress indicators Is such that interpretation

of results is still conditional. on some prior knowledge of other

factors that say modify the characteristic responses. It is common

knowledge that nutritional factors profoundly effect the

physiological state of fish. Our main ob)ectiva was to determine

the influences of various lipid levels in the diet and of fasting

on plasma corticoateroid and glycemic levels of 3uvenile chinook

salmon, Oncorhynchus tahawytacha, in response to handling

and confinement. The second purpose of the experiment wee to

assess the effect of nutritive factors on selected indices

(including plasma cortisol, insulin and glucose, end liver

glycogen) of the resting conditions in this species.

Methods and Materials

Four replicate groups (per diet treatment) of Abernathy

Creek stock fall chinook salmon were reared from the fry stage

[1.63 ±0.02 (SE) gi on low, medium or high lipid diets at

the Abernathy Salmon Culture Technology Center, Longview,

Washington, as follows. The fish were fed with specially prepared

Abernathy dry pellets four times per day; ingredients, nutrient

contents and energy compositions of the three diets used are shown

in Table V.1. Carbohydrate ingredients were varied inversely with

added fish oil to keep the proportion of other conatituenta in the
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Table V.1. Ingredients, nutrient content and energy composition of
low, medium and high lipid diets used to feed 3uvenile fall chinook
salmon for 18 wk before and during the experiment.

Relative Lipid Content of Diet

Low Medium High

Ingredients ('0

Herring meal 46.5 48.1 49.8
Stabilized tuna oil 1.2 7.3 13.3
Dried brewer's yeast 5.0 5.0 5.0
Milk nutrient concentrate 10.0 10.0 10.0
Blood meal 7.5 7.5 7.5
Wheat aiddlinga 27.5 19.8 12.1
Vitamins and minerals' 2.3 2.3 2.3

Calculated Nutrient Content ('02

Protein 45.0 45.0 45.0
Lipid 7.0 13.0 19.0
Carbohydrate 28.6 23.4 18.3
Ash 9.7 9.6 9.5
Moisture 9.7 8.9 8.2

Energy Composition (kcal/100 g of diet)3

Metabolizable energy 307 350 392

Composition: 1.5 regular vitamin premix no. 2, regular
trace mineral premix no. 1, ascorbic acid and choline
chloride (60X variety). Premixes were similar to, but vary
slightly in composition from, those in Fowler (1982).

2 Analyses of individual dietary ingredients used to calculate
total nutrient content were conducted at the Abernathy Salmon
Culture Technology Center, by methods described in Horwitz
(1980).

3 Values calculated from Smith at al. (1980).
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diet sisilar. Asounta fed were calculated by the aethod of

Suterbaugh and Willoughby (1967), using a hatchery constant of 24

(aetric). The fish were weighed every 2 wk and the feed was

adjusted accordingly.

We reared 200 fish per tank under a aisulated natural

photoperiod, using fluorescent lighting, in circular fiberglass

tanks (1.2 a in diaseter and 0.6 a deep) containing 700 L of

aerated 12C well water and receiving a flow of 12 L/sin.

Analysis of a single sasple yielded the following sajor water

quality characteristics: dissolved oxygen, 89 saturation; pH, 7.7;

total hardness, 90 ag/L as CaCO3; total alkalinity, 76 sg/L as

CeCO3; and total dissolved solids, 180 ag/L. After 15 wk, sose

fish were reaoved fros each tank for a different study, leaving 125

fish per tank for the present experisent.

After 18 wk, one group in duplicate £ros each diet regiae

was deprived of food (fasted) for 20 d (Fig. V.1). On day 20, all

groups were subjected to a handling stress by first capturing thea

with a net and then holding thea in the air in a perforated bucket

for 30 a (Fig. V.1). Each group was then divided into two

subgroups (Fig. V.1). One subgroup was allowed to recover in its

hose tank and the other subgroup was continuously confined during

recovery at a density of about 100 g/L in a live-cage issersed in

the hose tank. Fros all treatsent groups, fish were resoved for

blood ssapling before the handling stress (0 h) and at 1, 3, 6, 12,

24 and 48 h after the onset of the stress. Liver aaaples fros all

groups were obtained before the stress and at 6, 12 and 24 h

post-stress frop the unconfined fish fed sedius and high lipid

diets.

Fish resoved for saspling were lasediately placed in a

200-ag/L tricaine sethanesulfonate (MS-222) solution and cospletely

anesthetized in (1 sin. Fish were then weighed and fork length was

seasured for deteraination of condition factor (g X 100/cs3).

The caudal peduncle was severed and blood was obtained fros the

caudal vaaculature with a 0.25-aL assonius-heparinized Natelson
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Figure V.1. Treet*ent protocol uaed for experi*enta to deterilne

effects of varying lipid levels in the diet and of 20 d of fasting

on responses of juvenile chinook salion to a 30-a handling stress

followed by norial recovery or confinement.
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capillary tube. Whole livers were resoved, weighed to calculate

hepatososatic index (100 X liver wet weightlbody wet weight), and

stored in 1.5 aL of chilled 30 KOH solution for later glycogen

detersination. All saspling for each group was cospleted within 10

sin. Please, separated ho. blood aa*plea by centrifugation, was

stored at -1S'C for later analyses of coxtisol, insulin and

glucose.

Please cortisol was detersined by using the

rediolasunoessay (RIA) of Foster end Dunn (1974), as sodified by

Redding et al. (1984). Please insulin was seasured by a recently

developed, hosologous salson insulin RIA, in which coho salson,

Oncorhynchus kisutch, insulin was used as a standard and

tracer (Pliaetakaye et al. 1985, 1986). We analyzed plasse glucose

by a colorisetric procedure (Wedesayer and Vasutake 1977), using

Sigia® preeixed 6' ortho-toluldine reagent. Liver glycogen

was deterained by the phenol-sulfuric acid sethod of Montgosery

(1957). Two-group cosparisona were sade by using Student's

-teata (a<0.05); aultiple-group cospariaona were sade with

two-way and one-way analyses of variance, followed by Duncan's new

aultiple-range tests at the 5 level (Steel and Torrie 1980).

Correlation between liver glycogan end hepatososatic index was sade

by linear regression.

Results

Resting Conditions

Within the fed group, juvenile chinook salson fros the high

lipid diet were larger than those on the sedius or low lipid diet

(Fig. V.2). Collectively (i.e. three diet treatsenta cosbined),

before the stress was applied, the weights, condition factors and

hepatososetic indices of fish fasted for 20 d were lower than those

of their fed counterparts (Fig. V.2). Condition factors were
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Figure V.2. Mean (±SE) weight (g, j30), condition

factor (g X 100/c.3, j=3O), hepatoao.atic index (100 X

liver weight/body weight, tjlO) and plas.e insulin (ng/.L,

=4-6) in fed and 20-d lasted juvenile chinook aelion alter

receiving low, .ediu. and high lipid diets. Means represent pooled

data fro. duplicate treatienta. Significance (a<0.05) is

designated by asterisks (*) as follows (1) between fed and fasted

fish, group with asterisk (diet treatments co.bined) indicates

lower value than other group; (2) asong diet types for each group,

single asterisk indicates difference fros extre.e value but not

middle value and double asterisk indicates difference from both

other values within that group.
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highest in fish fro. the high-lipid treeteent in both fed and

fasted groups (Fig. V.2). Hepatososatic Indices were greater in

fed fish then in fasted fish (Fig. V.2), but differences within

either group due to diet were not significant. High lipid-fed fish

also had higher levels of stored body lipids; proxisete analyses of

fish after 18 wk of feeding before fasting showed a lipid content

on a wet weight basi. of 4.4%, 6.8% and 9.3% for fish fed low,

sedius and high lipid diets, respectively (L.G. Fowler,

unpublished).

Plaaaa Insulin was highest in fish fed the low lipid diet

and lowest in those frog the *ediuM lipid-diet group (Fig. V.2).

However, the 89% decrease in please insulin levels after fasting

was significant in the low lipid-diet fish, but the 54% and 38%

declines in insulin fros fish in the sedius end high lipid groups,

respectively, were not (Fig. V.2).

In unstressed fed fish, liver glycogen was highest in the

low lipid group but was lower and sisilar in the other two diet

groups (Fig. V.3). The 20-d fasting period resulted in an overall

decline of about 80% in liver glycogen content to levels that were

aisilar for fish fros all three diet treatsenta (Fig. V.3). The

reduction in liver glycogen resulting fros fasting paralleled that

observed for the hepatososatic index between the fed and fasted

groups (Fig. V.2). Overall, liver glycogen and hepatososatic index

displayed a significant positive correlation (r0.40, H168).

Resting levels of please cortlaol were lower in fish after

20 d of fasting than in fed fish (Fig. V.4, initial values).

Sisilarly, please glucose concentrations were lower in fasted fish

than in fed fish (Fig. V.5, initial values). No differences In

resting (Initial) please cortisol or glucose atttributeble to the

diet treatsenta in either the fed or fasted fish groups were

evident.
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Figure V.3. Mean (±SE) liver glycogen (mg/g, H9-1O)

in fed and 20-d faated juvenile chinook aelMon after receiving low,

aediui and high lipid diets and subjected to a 30-s handling stress

(iediu and high lipid treated fish only). Means represent pooled

data fros duplicate treat*ents (see Figure V.2 caption for

explanation of asterisks indicating significance).
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Figure V.4. Mean (tSE) plasie cortisol (ng/iL, 9-1i)

in Led and 20-d fasted juvenile chinook aelson after receiving low,

sedium and high lipid diets and subjected to a 30-a handling

stress. Means represent pooled data fros duplicate treatsents (see

Figure V.2 caption for explanation of asterisks indicating

significance).
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Figure V.5. Mean (±SE) plasas glucose (*g/dL, p9-11)

in Led and 20-d fasted juvenile chinook eal*on after receiving low,

ediu and high lipid diets and subjected to a 30-a handling

stress. Means represent pooled data Lroa duplicate treetaenta (see

Figure V.2 caption for explanation of asterisks indicating

significance).
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Responses to Stress

(a) Handling with Norial Recovery

In fish fed MediuM and high lipid diets, liver glycogen

declined by 6 h in those subjected to the handling stress

(E2.75; dI 3,71), but there were no differences between diet

treatsenta (Fig. V.3). Liver glycogen levels in fasted fish did

not change as a result of handling (Fig. V.3).

In fish allowed to recover under nor*al conditions, plaasa

cortisol rose rapidly following the 30-a handling stress and then

declined (fed: F70.4; df 6,193. fasted: 105; df 6,189).

Responses were aisilar in both fed and Lasted fish (Fig. V.4),

except for a subsequent further increase in cortisol in the fed

fish froa the low and eediui lipid-diet groups at 12 h. In fed

fish, cortisol was higher in the high lipid group at 6 h and in the

aedius lipid group at 24 h than in the low lipid group at these

tiMes (Fig. V.4). Differences in piaaaa cortisol responses aaong

the diet treatsents in fasted fish were not significant.

Both fed and fasted fish exhibited hyperglyceiia in

response to handling (led: E20.3; df 6,193. fasted:

F17.6; dl 6,189) and, collectively, plassa glucose was higher

in the fed fish than in fasted fish at all tisea after the stress

except at 6 h (Fig. V.5). Asong diet types for fed fish,

hyperglyceaia was greater in the high lipid group than in the other

two groups at 6 h and greater than in the low lipid group at 3, 12

and 24 h post-stress (Fig. V.5). Differences aiong diet types in

glucose responses were not significant in fasted fish.

(b) Handling with Continuous Confinesent during Recovery

Fish subjected to continuous confine*ent sustained elevated

plasia cortisol through tine (fed: Ez21.8; dl 6,188. fasted:

E58.8, df 6,187); significant differences between fed and

20-day fasted fish were evident at 1, 3 and 48 h (Fig. V.6).

Within the fed groups, differences resulting from diet type
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Figure V.6. Mean (±SE) plasma cortisol (ng/mL, !j=9-11)

in led and 20-d fasted juvenile chinook salmon alter receiving low,

medium and high lipid diets and subjected to a 30-a handling stress

followed with continuous confinement. Means represent pooled data

from duplicate treatments (see Figure V.2 caption for explanation

of asterisks indicating significance).
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occurred only at 12 h, when please cortiaol. in fish fed the low

lipid diet resained elevated above that in the other two groups

(Fig. V.6). In the fasted groups, fish reared on the high lipid

diet generally had the lowest piesse cortisol in response to the

stress (Fig. V.6).

Overall, piassa glucose else resained high In continuously

confined fish for up to 48 h after handling (fed 8.85; df

6,185. fasted: 18.9; df 6,183), but was significantly lower

in fasted fish than in fed fish at 2., 3, 2.2 end 48 h (Fig. V.7).

Unlike the fish under norsal recovery, which showed differences

(Fig. V.5), the Led fish under continuous conhinesent showed no

differences in plassa glucose attributable to diet type (Fig. V.7).

In the fasted fish, however, differences in diet treetsenta were

apparent at 3, 24 and 48 h (Fig. V.7); at these three tisee, please

glucose was significantly lower in the low lipid group than in the

aedius lipid group.

Discussion

Resting Conditions

The high glycogen concentration in livers of resting fish

fed a low lipid diet probably resulted fros the higher content of

carbohydrate in this diet (Buhler and Halver 1961; Phillips et al.

1966; Nagai and Ikeda 1971; Hilton 1982). Although this high level

would not necessarily be considered abnorsel, high liver glycogen

has been shown to Ispair liver function (Hilton and Dixon 1982).

The higher please insulin observed in fish fro. the low

lipid diet say also have been caused by the higher carbohydrate

content in the diet. Despite the cosson belief that in fish, in

contrast to sessals, insulin is soatly involved in regulation of

protein and lipid setebolisa (Patent and Foe 1971; )finick and

Chevin 1972; Inui et al. 1975; Ince end Thorpe 1978b; Dave et al.
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Figure V.7. Mean (±SE) plassa glucose (g/dL, ?j911)

in fed and 20-d fasted juvenile chinook salson after receiving low,

sediun and high lipid diets and subjected to a 30-a handling stress

followed with continuous confinenent. Means represent pooled data

fran duplicate treetnenta (see Figure V.2 caption for explanation

of asterisks indicating significance).
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1979; Ablett et al. 1981a,b; Pliaetskeya et al. 1984), glucose

loading has been shown to induce insulin secretion in various fish

species (Pliaetakaye et al. 1976; Ince and Thorpe 1977; Ince 1979;

Furuici and Vane 1981). The possible isportence of insulin in

promoting glycogenesia in fish (Pliaetskaya and Leibeon 1973) would

explain the higher glycogen content observed in the fish with high

plassa insulin. However, this is a tentative conclusion since past

studies are equivocal; insulin treatsent of fish has been found to

both increase liver glycogen (Inul and Yokote 1975e; Ince and

Thorpe 1976a; Cowey et a].. 1977a) and to reduce it (Inui and Vokote

1975a; Lewander et a].. 1976; Careiro and Asara]. 1983; Saez et al.

1984).

In our experisenta, there were no differences asong diet

treatsenta in either plaasa cortisol or glucose in resting fed

fish, although hyperglycesia has been previously observed in fish

fed diets with a such higher carbohydrate content than the one we

used (Cowey et a].. 1977b; de is Higuera and Cardenas 1985). In

contrast, Nagai and Ikeda (1971) found that blood glucose was lower

in carp, Cyprinus carpio, after they were fed with a high

carbohydrate diet.

In unstressed fed fish, those saintained on the high lipid

diet gained the soat weight over 18 wk and also had the highest

condition factor. This relationship is understandable, since

setabolizable energy was also 28 higher in the high lipid diet.

This energy provided by additional lipids in the diet has a protein

sparing effect that allows for increased deposition of body

protein, and thus growth (Phillips et al. 1966; Reinitz et al.

1978; Brosley 1980; Watanabe 1982). Even when tots]. energy values

were sisilar, Edwards et al. (1977) found that growth and condition

factor of rainbow trout, Salso gairdneri, were inversely

proportional to the percentage of setabolizable energy that was

present as carbohydrate.

The decline during the 20-d fasting period in all of the

physiological indices seasured supports sose earlier findings. For
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exasple, Woo and Cheung (1980) noted that 66 d of food deprivation

depressed please cortisol by 77c in the snakefish,

Ophiocephalus sacuatue. In juvenile preasolt echo salson,

Thosas at el. (1986) found that 2 wk of fasting reduced resting

plasia cortisol concentrations by 30%. Fasting also inhibited the

expected increase in resting please cortiaol in Atlantic aelson,

Sa].so salar, during asoltification (Virtanen and Soivio

1985). Lime et el. (1979) observed, however, that changes in

please cortisol. in rainbow trout following fasting were not

significant end Strange et al. (1978) found no difference in plassa

cortisol. between fed end fasted chinook salson. Loreover, a

doubling of please cortisol. over 164 d of fasting was reported by

Dave et al. (1975) in European eels, Anguilla anguilla.

The drop in please cortisol after fasting say result fros a reduced

availability of acetyl coenzyse A fros gl.ycolyaia or of dietary

cholesterol, the two sources of the cholesterol precursor for all

steroids. Yet the data are controversial. In European eels,

long-tars starvation produced a significant drop in total please

cholesterol (Larsson and Lewander 1973). But Ince and Thorpe

(197Gb) observed that total please cholesterol increased after

Lasting in northern pike, Esox lucius; they speculated that

elisinetion of dietary cholesterol say have induced cholesterol

synthesis to increase plassa levels.

A nusber of previous investigators have reported that

fasting reduces circulating glucose in fish (Kasra 1966; Larsaon

and Lewander 1973; Ince and Thorpe 1976e; Mime et al. 1979; Woo

and Cheung 1980), although this finding is evidently not universal

(Tashisa and Cahill 1968; Chavin and Young 1970; Nagei and Ikede

1971; Ablett et al. 1981b; Fletcher 1984). The observed drop in

liver glycogen was an expected response to food deprivation and has

been desonatrated in a nusber of fish species (Wendt 1965; Inui and

Oshise 1966; Swallow and Flesing 1969; Lerason and Lewander 1973;

Inca and Thorpe 1976b; )Iilne et el. 1979; Woo and Cheung 1980;

Hilton 1982). In contrast, Ablett et al. (1981b) observed no
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changes in liver glycogen in rainbow trout fasted for 4 wk.

Declines in condition factor and hepatososatic index resulting fros

fasting, reported also by Larsson and Lewander (1973) and Woo and

Cheung (1980), reflect the use of stored nutrient sources,

particularly glycogen, to saintain blood glucose above critically

low levels. This view is supported by the greatest net decline in

liver glycogen observed after fasting in the fish fed the low lipid

diet accospanying the large drop in hepatoaosatic index.

Our finding of a drop in piasna insulin alter 20 d of

fasting agrees with those of Thorpe and Ince (1976) and PJiaetakaya

et a).. (1986) who also noted declines of the aese sagnitude in

p1asaa insulin of rainbow trout and coho salson Lasted for only 7

d. Sisilerly, please insulin was twofold lower in fasted goldfish,

Carassius auretus, than in those that were led (Patent and

Foe 1971). The decline in circulating plassa insulin occurs also

in naturally fasting lasprey, sturgeon and salson in the course of

upatreas spawning sigretiona (Plisetakays et a).. 1976; )1urat at a)..

1981).

The large and significant decline in insulin after fasting

in fish of the low lipid group, as cospared with those in the two

other treatsent groups, is especially interesting. This decline

indicates a differential response of insulin to fasting esong

groups fed the different diets, in spite of the lisited aasple

sizes available. We are not aware of other investigations on fish

that desonatrate this phenosenon, but Cowey et a).. (1977b) observed

differential blood glucose responses in rainbow trout to exogenous

insulin treatsent, depending on whether fish were fed high

carbohydrate or high protein diets. The differential changes in

please insulin asong the diet groups after fasting say be related

to the relative levels of liver glycogen present, and thus the

dynesica of sainteining constant glucose levels fros various energy

pools during food deprivation. However, a clear interpretation of

the significance of our j, vivo findings is restricted by

lack of knowledge of the other horsonal glucose regulators in fish,
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such as glucagon, catecholasinea, sonatoatatin and possibly

cortisol, and their interactions with each other.

Responses to Stress

The responses to handling and confinenent and subsequent

returns towards resting levels of both plasna cortisol and glucose

in the fed fish were typical of what has been previously reported

in juvenile salnonida subjected to these stresses (Wedeneyer 1972;

Strange et al. 1977, 1978; Barton et aL. 1980, 1985b; Strange and

Schreck 1980; Pickering et al. 1982; Redding and Schreck 1983).

Sinilarly, the decline in liver glycogen in the led fish after

handling is a characteristic response to this type of disturbance

(Nakano and Tonlinson 1967; Miles et al. 1974; Rush and Unninger

1978; Pasanen et al. 1979; Morata et a].. 1982).

Even though resting levels of plasna cortisol were lower,

fish were still capable of eliciting a characteristic cortisol

elevation in response to handling after 20 d of fasting. The trend

towards lower levels of plasne cortisol in the fasted fish after

both brief end prolonged stresses suggests, however, that the

fasted fish nay have evoked a lesser interrenal response to stress

than did their fed counterparts. To our knowledge, there are no

other published reports docunenting effects of fasting on

corticoateroid changes in response to acute handling in fish,

although Strange et al. (1978) observed sinilar plasna cortiso].

increases in fed and unfed chinook salnon during the first few days

of noderate confineaent. In chickens, it was recently shown by

Rees et al. (1985a) that 60 h of food deprivation resulted in

decreased corticosterone responses to exercise, as conpared with

fed controls, but resting corticosterone levels were higher in

fasted than in fed birds.

The type of diet influenced the rise in cortisol in

response to handling alone in both fed and fasted fish, but the

inconsistency of the recovery patterns precludes a readily apparent
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conclusion. Among the fish subjected to continuous confinement

after handling, there was a trend towards decreased cortiaol in

Lasted fish from the high lipid diet, particularly after 24 h.

Inasmuch as the hypothalaaic-pituitary-interrenal axis has been

implicated in gluconeogenesia in fish (Storer 1967; Butler 1968;

Swallow and Fleming 1969; Inui and Yokote 1975b; Lidman et el.

1979), the lower cortisol titers observed in the high lipid group

after fasting say have reflected the mobilization of stored lipids

for required energy through pathways independent of this axis.

Visceral lipid, in particular, is suspected of being an important

source of energy in fish during fasting (Inca and Thorpe, 1976b;

Jezieraka et al. 1982).

Both the type of diet and feeding versus fasting were

important in determining the glucose responses to stress.

Generally, hyperglycemia was not as high in fasted fish as in fed

fish after either brief or prolonged stresses. A major source of

elevated blood glucose during stress is cetecholamine-tnduced

glycogenolysia (Nakano and Toslinson 1967; Mazeaud et al. 1977;

Mazeaud and Mezeaud 1981). It follows that fish whose liver

glycogen stores have been depleted by fasting may be less able than

fed fish to elicit a glucose stress response to the ease extent.

Within the fed fish, the higher post-stress plasma glucose in the

briefly stressed fish that received the high lipid diet may be

significant; these fish may have been able to mobilize lipids more

effectively than those fed low lipid rations, as en additional

energy source during stress. Alternatively, higher plasma glucose

levels following stress in fish fed the high lipid diet say have

resulted from the higher caloric value of that ration. Of

necessity, metabolizable energy was allowed to vary with the

proportion of lipid and carbohydrate so that the protein content

could remain constant (Table V.1).

The lack of a further decline in liver glycogen after

handling in Lasted fish, as compared with Led fish, also suggests

that, after periods of fasting, the fish used sources other than
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liver glycogen for energy. Our finding of a decline in liver

glycogen in fed fish but not in fasted fish after the handling

stress agrees with that of Nakano and Tomlinson (1967). These

authors, as well as Aldrin et al. (1979), noted that the degree of

post-stress hyperglycemia appeared to be directly related to

glycogen levels. The changes in plasma glucose in fed and fasted

fish sub)ected only to handling support that observation. However,

the increase in plasma glucose after 6 h In fasted fish from all

diet groups continuously confined after handling, up to levels

comparable with those in the fed fish, indicates the possible use

of an energy pathway other than glycogenolysis -- e.g.

gluconeogenesis or mobilization of stored lipids. Since neither

plasma proteins nor lipid metabolitea were measured, we were unable

to postulate which energy pathways were preferentially used to cope

with the stress after fasting in the groups fed different diets.

Comparisons with published literature are difficult since, as Ince

and Thorpe (1976b) pointed out, various species use different

strategies for energy production during fasting; some species use

up glycogen or lipid stores to conserve protein whereas others

convert body protein into energy to maintain glycogen reserves.
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Abstract

Acid-stressed fish appear to be *ore sensitive to

additional streasora than unstressed fish. When juvenile rainbow

trout, Salo gairdneri, were exposed to acidic conditions

(pH 5.7-4.7) for 5 d, plas*a cortisol was affected only slightly

during the initial hours of exposure, but plassa glucose and

heMatocrit increased, and p1aaaa sodius decreased. However, when

fish held at pH 4.7 were subsequently subjected to a 30-s handling

stress, post-stress plasaa cortisol rose to a peak level of *ore

than twice that in handled fish held at asbient pH (6.6). Effects

of handling on pisasa glucose or sodius were not apparent against

levels already altered by the chronic acid exposure.

Judging by the corticoateroid response, we conclude that

the acid-stressed fish were iore sensitive to additional handling,

even though they appeared to be physiologically norial after 5 d.

Thus as a managesent consideration, when fish are stocked in

acidified waters, care should be taken to avoid situations where

the fish iay encounter additional disturbances in the new

environaent. Plaa*a glucose and sodius were better indicators of

chronic acid stress alone than plasMa cortisol, but the greater

cortisol response to handling at low pH may be a useful method of

detecting increased interrenal activity during early stages of

environmental acidification.
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Introduction

The detrimental effect of acidic precipitation on fisheries

resources is a global problem and is of paramount concern in

eastern North America (reviews by Haines 1981; Haines and Johnson

1982). In addition to the direct effects on survival and

reproductive success, the sublethal effects of acid stress on

physiological mechanisms in fish are becoming better understood

(reviews by Fromi 1980; Spry et al. 1981; Wood and McDonald 1982).

By coapar.son, relatively little work has addressed the potentially

compounding effects of chronic acid exposure and additional

streasora, such as physical disturbance or strenuous exercise, on

physiological responses in fish. Graham et al. (1982) reported

that post-exercise changes in a number of hematologica]. and other

physiological conditions - for example, plasma ion concentrations

were more severe in acid-exposed rainbow trout, Salmo

gairdneri, than in control fish when held in soft water.

Graham and Wood (1981) had earlier found that severe exercise

significantly Increased the toxicity of H2SO4 to rainbow

trout.

The suitability of both plasma cortisol and glucose as

indicators of certain kinds of stress in fish is now well

established (reviews by Donaldson 1981; Schreck 1981; Wedemeyer and

McLeay 1981). Recently, Brown et al. (1984) found Increases in

plasma cortisol. and glucose in rainbow trout, as well as changes in

interrensi. histology and plasma thyroid hormones, during a 21-d

chronic exposure to acid. To evaluate the possibility that

responses to other subsequent stressors are modified in rainbow

trout stressed by acidification, we assessed the changes in

cortisol and glucose resulting from an acute handling stress

following a chronic exposure to low environmental pH. We also

determined plasma sodium and potassium, and hematocrit as

indicators of possible impairment of physiological performance

after exposure of the fish to acid.
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Juvenile rainbow trout (Willamette River stock), weighing

51.7 ±1.9 g (mean ±SE), were reared and maintained

in ambient flow-through well water at the Western Fish Toxicology

Station, Environmental. Protection Agency, Corvallis, Oregon.

Twelve days before the experiment (in April, 1983), the fish were

transferred for acclimation to covered, outdoor, 1.2-rn-diameter

circular tanks, each containing 350 L and receiving 4 L/min of

aerated, treated (soft) well water with an ambient temperature of

17-19°C; pH was 6.6, alkalinity 12.6 mg/L as CSCO3,

total calcium 1.5 to 2.3 mg/L, and total hardness between 7.3 and

12 mg/L as CSCO3. Quality characteristics of the well water

routinely monitored were similar to those reported In detail by

Chapman (1978). Softwater conditions were established and

maintained by a reverse osmosis system (Purification Techniques

Inc., Brielle, New Jersey). Based on proportional comparison with

well water hardness at the time of the experiment (51-76 mg/L as

CSCO3), this system reduced concentration of water quality

conditions by about 85's. A total of 120 fish per tank were held at

a density of 18 g/L under a natural photoperiod and were fed daily

to satiation with Oregon Moist Pellets up to and including the day

before, but not during, the experiment.

For the experiment, aerated soft water was acidified with

concentrated reagent-grade H2SO4, held at pH 4.0

(±0.1) with a Beckman Model 942 pH Monitor (Beckman

Instruments, Fullerton, California) while vigorously reaerated to

remove CO2, and then diluted with softened well water to attain

each experimental pH in separate mixing chambers. Fish were

subjected to acidic conditions by changing the inf low supply over
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to the acid-blended water through a single valve without disturbing

the experimental tanks. From the ambient p14 of 6.6, levels were

within 0.3 pH unit of the final pH at 6 h and within 0.1-0.2 pH

unit at 10 h. Final pH levels of 5.7, 5.2 end 4.7 were reached in

20 h. Treatment pH levels were automatically recorded every 3 h,

and the diluter was manually adjusted as necessary to maintain

exposure levels within ±0.1 p14 unit. Duplicate tanks of

fish for each p14, including ambient, were established for sampling;

an additional two tanks with fish at ambient pH were left

undisturbed as controls for the handling phase of the experiment.

After 2, 4, 6, 10 and 20 h, and 2, 3 and 5 d of acid

exposure, five or six fish were quickly removed from each tank for

blood sampling. At day 5, the fish were subjected to an acute

handling stress by holding them out of the water in a bag seine for

30 a; the 5-d acid exposure samples also served as initial values

for this phase of the experiment. At 1, 3, 6, 12, 24 and 48 h

after handling, five or six fish were obtained from each tank for

sampling. As controls, samples were simultaneously obtetned from

the previously undisturbed fish in the two additional tanks at

ambient pH.

Sampling and Analysis

Sample fish removed from the tanka were Immediately

anesthetized in <40 a in a 200-mg/I.. concentration of tricaine

methanesulfonate (NS-222). Individual fish were then taken

serially from the anesthetic solution, the caudal peduncle was

severed, and blood was obtained from the caudal vasculature with an

ammonium-heparinized 0.25-mL Natelson capillary tube; total sample

time per tank was <10 sin. Plasma, separated by centrifugetion,

was stored at -20C for future essay. Additional blood was

also collected in heparinized aicrohematocrit tubes for immediate

heaetocrit determination.

Plasma cortisol was determined by the
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3H-radioimmunoaaaay described by Foster and Dunn (1974) and

modified in our laboratory (Redding et al. 1984b). We assayed

plasma glucose by an ortho-toluidthe colorometric procedure

modified from Wedemeyer and Yasutake (1977) using Sigma®

pre-mixed reagent. Plasma sodium (as Na4) and potassium (as

K4) were measured with a self-calibrating NOVA 1

Sodium/Potassium Analyzer (Nova Biomedical, Newton, Massachusetts).

We determined hematocrit as percent packed cell volume ('PCV) by

direct measurement after centrifugation.

Since duplicated results were in agreement, data from each

pair of tanks for each time and treatment were pooled. Homogeneity

of variance was assessed using Bartlett's test (Snedecor and

Cochran 1967) and, where appropriate (i.e. for cortisol and

glucose), data were transformed to logarithmic values. One-way

analyses of variance (ANOVA) were conducted both within treatments

through time and among treatments for specific times. Significant

differences among means were then determined by using Duncan's new

multiple-range test at the 5 level (Steel and Torrie 1980). For

ease of interpretation, arithmetic means and standard errors are

presented.

Results and Discussion

Responses to Reduced Environmental pH

Plasma cortisol from fish held at pH 5.7-4.7 was elevated

during the 5-d exposure compared with that from fish maintained at

the ambient pH. However, significant differences from ambient were

apparent only during the first 20 h of acid treatment (Table VI.1).

At 10 h, cortisol. was higher than at other times in the ambient pH

group, and was not different from the test groups. Mudge et al.

(1977) also reported a transient rise in plasma cortisol in brook

trout, Salvelinus fontinelia, at 1-3 h during exposure to
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Table VI.1. Responses of plasma cortisol, glucose and sodium, and
hemetocrit (as packed cell volume (PCV)] in juvenile rainbow trout
during continuous exposure to reduced environmental pH. Values
marked with an asterisk (*) indicate a significant difference from
the ambient pH of 6.6 at that time (Duncan's new multiple-range
teat at Sample sizes (j) represent pooled data from
duplicate treatments.

Cortisol Glucose Sodium Hemetocrit
Time (ng/mL; N10) (mg/dL; j=8) (mmol/L; 8) (?PCV; !j=8-13)

and pH Mean (SE) Mean (SE) Mean (SE) Mean (SE)

2 h: 6.6 16 (5) 86 (7) 151 (3) 46 (1)

5.7 39 (15)* 87 (6) 148 (3) 48 (2)

5.2 44 (15)* 94 (13) 154 (2) 48 (2)

4.7 27 (9)* 88 (14) 154 (2) 50 (1)

4 h: 6.6 6 (3) 92 (6) 149 (4) 48 (1

5.7 49 (15) 80 (3) 148 (4) 47 (1)

5.2 44 (10) 95 (11) 153 (2) 49 (1)

4.7 50 (34)* 80 (3) 154 (1) 51 (1)

6 h: 6.6 10 (4) 99 (11) 152 (2) 47 (1)

5.7 44 (10)* 91 (6) 152 (2) 50 (1)

5.2 32 (9)i 84 (6) 152 (2) 50 (2)

4.7 33 (10)* 80 (4) 155 (2) 53 (1)*

10 h:6.6 34 (6) 93 (10) 149 (1) 49 (2)

5.7 29 (10) 90 (9) 149 (2) 50 (1)

5.2 58 (12) 99 (14) 153 (1) 50 (2)

4.7 55 (19) 92 (5) 151 (2) 51 (1)

20 h:6.6 16 (5) 74 (3) 149 (2) 48 (1)

5.7 47 (11) 91 (12) 147 (2) 50 (1)

5.2 48 (6)* 109 (13) 152 (1) 53 (1)*

4.7 49 (12)* 89 (6) 143 (2)* 53 (2

2 d: 6.6 21 (9) 77 (6) 144 (1) 48 (2)

5.7 10 (3) 92 (10) 142 (1) 49 (1)

5.2 8 (2) 101 (7) 139 (3) 50 (1)

4.7 26 (8) 166 (21)* 138 (2) 53 (2)

3 d: 6.6 15 (6) 87 (9) 147 (2) 43 (1)

5.7 16 (8) 94 (8) 149 (2) 50 (2)*

5.2 12 (4) 110 (19) 150 (2) 50 (1)

4.7 30 (7) 154 (19)* 143 (4)* 52 (2)*

5 d: 6.6 9 (3) 85 (10) 149 (2) 42 (1)

5.7 9 (7) 79 (5) 145 (3) 47 (1)*

5.2 11 (3) 143 (30) 143 (4) 46 (1)*

4.7 23 (9) 258 (42)* 130 (3). 49 (1)*
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pH 4.0, with titers returning to control levels within 24 h. Our

findings of apparently recovered, or resting, plassa cortisol

levels after 2-5 d of acid exposure are consistent with those of

Brown et al. (1984) who found that water acidification did not

increase please cortisol concentrations until day 8 of exposure.

Moreover, Lee et al. (1983) showed no significant change in plassa

cortisol of rainbow trout after 2- or 3-wk exposures to pH's as low

as 4.2, but interis sasples were not taken. The asall transitory

increase in plassa cortisol at 10 h in the asbient pH group say

hav, resulted fros increased activity around the tanks or fros

repeated saspling, although effects of these factors were not

evident in the handling phase of this experisent, nor in earlier

handling studies (Barton et el. 1980; Barton and Peter 1982).

A significant elevation in please glucose was evident

cossencing at 2 d in the pH 4.7 group and it was three tisea higher

than in the asbient pH group at the end of the 5-d exposure (Table

VI.1). These results corroborate those of Brown et al. (1984) and

Lee et al. (1983), who both found that please glucose levels were

higher in rainbow trout exposed to lower pH's.

Please sodius was significantly depressed in fish exposed

to pH 4.7 for 20 h, 3 d, and 5 d (Table VI.1). Please potasaius

(data not shown) generally showed a declining trend at all pH's,

fros levels of about 4 to 5 ssol/L at the beginning of the

experisent to about 1 to 2 ssol/L at the end of the experisant 7 d

later. No differences fros asbient pH in please potessius

attributable to either the chronic acidity or to the subsequent

handling stress were apparent. The decline in please sodius

concentration in fish exposed to the low pH for S d was sisilar to

the decline observed at pH 4.5 in adult rainbow trout after a 42-d

exposure under the ease experisentel conditions (Weiner 1984) and

confirsa that which has been previously reported by others for

juvenile aelsonida (Lee et al. 1983; Saunders et al. 1983; reviews

by Fross 1980; Wood end McDonald 1982).

Hesatocrita generally tended to be higher in the
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acid-stressed fish and were significantly so at 6 and 20 h, and at

3 and 5 d (Table VI.1). However, we do not know if the differences

evident at 3 and 5 d were due to the increased environmental.

acidity, or to the significant decline in hematocrit observed in

the ambient pH group, possibly caused by some other factor. The

tendency towards increased hematocrit in the acid-exposed fish

agrees with earlier studies (Divaly et al. 1977; Neville 1979;

Milligan end Wood 1982; Saunders et al. 1983), and Milligan and

Wood (1982) attributed the increase to erythrocyte swelling.

Furthermore, they found a redistribution of body water, resulting

in decreased plasma volume with no change in total body water.

Responses to Additional Handling Stress

All groups demonstrated a significant elevation

(P<0.01) in plasma cortisol after being subjected to the acute

handling stress (Fig. VI.1). However, the cortisol peak at 1 h in

fish held at pH 4.7 was more than twice that in fish from the

ambient pH. Plasma cortisol also tended to remain higher in all

three acid-treated groups than in the ambient pH group for

subsequent samples, with significant differences occurring at all

sample times following handling (Fig. VI.1). Two fish died between

3 and 6 h after handling at pH 4.7. Our results support those of

Brown et al. (1984), who concluded that chronic acid exposure

stimulated activity of interrenal cells, as demonstrated by

interrenal hyperplesia and increased size of nuclei after 4 d. By

comparison, Mudge et al. (1977) found evidence of decreased cell

and nuclear size, suggesting that activity of Interrenal tissue

decreased after acid exposure. However, their histological

investigation was restricted to measurements taken after 3- to 24-h

exposure periods only.

On the basis of the findings of Brown et al. (1984) of

increased interrenal activity and our results from the subsequent

handling stress, we speculate that clearance rate of cortisol may
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Figure VI.1. Responses (iean ±SE) of plae*e cortisol in

juvenile rainbow trout subjected to a 30-s handling stress after 5

d of continuous exposure to various pH's. Values *arked with an

asterisk (*) indicate a significant difference from the a*bient pH

of 6.6 at that tue (Duncan's new ultip1e-range test at 5). Open

squares are values for unhandled controls at aibient pH. Saiple

sizes of 10 fish represent pooled data froi duplicate treetienta.
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also have increased during chronic acidification to compensate for

the increased interrenal output, as a measure directed towards

maintaining homeostasis. This would account for the relatively low

cortisol titer after 5 d of acid exposure, since instantaneous

plasma levels are a function of both rates of secretion and

clearance. Thus, the hypothalamic-pituitary-interrenal axis may

have been stimulated in response to chronic acid stress, but the

differences in response -- I.e. at pH 4.7 as compared with ambient

-- were not apparent until the fish experienced an additional,

sudden plasma cortisol increase, caused by the 30-s handling

stress. The pattern of rapid plasma cortisol elevation, followed

by recovery, in response to handling was characteristic of whet has

been previously shown for juvenile salmonids (Strange and Schreck

1978; Barton et al. 1980; Pickering at al. 1982); this subject has

bean reviewed extensively by Donaldson (1981) and Schreck (1981).

After handling, there were significant transient increases

in plasma glucose between 1 and 12 h (inclusive) in the pH 6.6

(P<0.01) and 5.7 (a<0.05) groups (Fig. VI.2). The

response-recovery patterns were typical of those found in selmonida

subjected to an acute physical disturbance (Nakano and Tomlinson

1967; Wedemeyer 1972; Wydoski et al. 1976; Casillas and Smith 1977;

Perrier et al. 1978; Pickering et al. 1982). However, in the pH

5.2 and 4.7 groups, transient increases in plasma glucose caused by

handling did not differ significantly from the elevated background

levels caused by the chronic acid exposure. In the pH 4.7 group,

plasma glucose continued to increase and reached a maximum 48 h

after handling at the termination of the experiment (Fig. VI.2).

This level was similar to the level that Brown et al. (1984)

reported after a 21-d exposure to this pH. Plasma glucose in the

pH 52 group also remained slightly elevated above that in the

ambient pH group 48 h after handling (Fig. VI.2).

We suspect that the comparatively high glucose elevation we

observed at 6-7 d in response to the acid stress was a combination

of the following: the relatively soft ambient water, the
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Figure VI.2. Responses (iean ±SE) of plaaa glucose in

)uvenile rainbow trout subjected to a 30-s handling stress after 5

d of continuous exposure to various pH's. Values *arkad with an

asterisk (*) indicate a significant difference from the aibient pH

of 6.6 at that tue (Duncan's new iultiple-range test at 5). Open

squares are values for unhandled controls at eabient pH. Sa*ple

sizes of 8 fish represent pooled data froi duplicate treatienta.

(See Fig. VI.1 for legend.)
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aggravating effect of the additional handling, and the relatively

high asbient tesperature we used. Recent evidence showed that the

glucose response to a 30-a handling stress was three tises greater

in juvenile chinook salson, Oncorhynchus tahawytseha,

acclimated to 21C than in those acclimated to 12 or

7C (B.A. Barton and C.B. Schreck, unpublished, Chapter

II). The apparently sore rapid response of plasma glucose to the

acid-stress alone in our fish than in those of Brown et al. (1984),

may also have resulted from the relatively soft water we used. For

example, Graham et al. (1982) found that physiological responses

were sore severe in acid-exposed trout subjected to strenuous

exercise when held in soft water rather than in hard water, and

post-exercise mortality doubled.

Leech and Taylor (1980) indicated that increased endogenous

cortisol say have a functional role in sustaining elevated glucose

levels in reponse to stress. Possibly, increased interrenel

activity resulting from acid exposure, demonstrated histologically

by Brown et al. (1984) and in our experiment by the secondary

handling stress challenge, say be responsible for an increased

cortisol output to maintain high levels of blood glucose as a

readily available energy source. Nobilization of energy reserves

would presumably be necessary to allow the fish to cope with the

effects of chronic acid stress, such as by increasing metabolic or

ionoregulatory activity.

All groups, including those held at ambient pH, showed

decreases in plasma sodium after handling (Fig. VI.3); temporal

changes were sighificant in pH groups 6.6 (<0.05), 5.7

(P<0.01) and 4.7 (P<0.05). Plasma sodium in fish at pH

4.7, already depressed prior to handling, continued to decline

significantly to the minimum level observed at 48 h post-handling

(Fig. VI.3). Because of this trend, any transitory decreases that

may have resulted from the additional handling stress were not

apparent over reduced background levels.

The perturbations in plasma sodium within the first 24 h
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Figure VI.3. Responses (seen ±SE) of piassa sodius in

juvenile rainbow trout subjected to a 30-a handling stress after 5

d of continuous exposure to various pH's. Values sarked with en

asterisk (*) indicate a significant difference fros the asbient pH

of 66 at that tise (Duncan's new sultiple-range teat at 5'). Open

squares are values for unhandled controls at asbient pH. Sasple

sizes of 8 fish represent pooled date fros duplicate treatsents.

(See Fig. VI.1 for legend.)
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after handling in pH 6.6 and 5.7 water are consistent with those

which Redding and Schreck (1983) observed in juvenile coho salmon,

Oncorhynchus kisutch, chronically stressed by confinement

in fresh water. These re8ults support the notion that under normal

conditions, there is a short-lived reduction in lonoregulatory

ability when fish are subjected to physical disturbances. The

results differ from those of Graham et al. (1982), who observed an

elevation in plasma sodium of rainbow trout after 6 sin of

strenuous exercise at pH 7.5 in both hard and soft water. Graham

et al. (1982) attributed an increase in blood constituents to high

intracellular lactate loading, causing water to move across the

osmotic gradient and thus decreasing blood volume. Although there

was a slight increase in plasma sodium 1 h after handling in the

ambient and higher pH groups, we postulate that the 30-a handling

stress we used was insufficient to sustain the lactate levels

normally associated with severe exercise.

A transient increase in hematocrit in the pH 4.7 group 3 h

after handling was significantly greater than that observed in the

ambient pH group at that time (Fig. VI.4). Although hematocrita

generally tended to be higher in lower pH groups after handling,

differences among treatments at other times were not significant.

There was also a significant increase in hematocrit over the 48-h

post-handling period in the unhandled control group held at ambient

pH (Fig. VI.4). Handling stress has been previously shown to

increase hematocrit (Fletcher 1975; Soivio and Olkari 1976) and

erythrocytic swelling (Soivio et al. 1977) in fish. In the

handling phase of our experiment, only the combined stress of

handling and acidity at pH 4.7 was sufficient to cause a

significant increase in hematocrit above the pre-handling level.

Summary and Management Considerations

Acid-stressed fish appear to be sore sensitive to
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Figure VI.4. Responses (*ean ±SE) of heaatocrit [as packed

cell voluMe (PCV)] in juvenile rainbow trout subjected to a 30-a

handling stress after 5 d of continuous exposure to various pH's.

Values *arked with an asterisk (*) indicate a significant

difference fros the asbient pH of 6.6 at that ti*e (Duncan's new

aultiple-renge test at 5) Open squares are values for unhandled

controls at aibient pH. Sasple sizes of 6-13 fish represent pooled

data from duplicate treatients. (See Fig. Vii for legend.)



11
I--

C

m

A

>
C.)

a.

U
0

E
.
x

so

/ I'.

/

, %.

/
5O-

,
/

II

40

35

30

0

013 12
1

24

Hours after Handling Stress
48

()
(*)



134

additional handling stress than unstressed fish. When the rainbow

trout in our experiment were subjected to the 30-s handling stress1

the effect of prior acid treatment on interrenal activity was

clearly apparent in the higher plasma cortisol response to handling

at the low pH. However, any possible effects of handling on

glucose or sodium were not apparent over background levels already

affected by chronic acid exposure. Acid exposure alone altered

plasma glucose, plasma sodium, and hematocrit levels significantly

after 5 d, particularly at pH 4.7, but plasma cortisol was affected

only during the initial period of exposure.

As a management strategy, fish stocking will probably be

used more extensively in the future to provide short-term fisheries

in waters that no longer support natural reproduction because of

reduced pH. Since we have shown that acid-stressed fish could have

an increased sensitivity to additional stressora, particularly at

pH's below 5, fish stocked in acid waters may appear to be

physiologically normal, with respect only to cortiso]. titer, within

a few days after planting, when in fact they are not. Increased

plasma glucose, depressed plasma sodium, and the observed mortality

3 to 6 h after handling in the pH 4.7 group support that view.

Thus as a management consideration, extra attention should be given

to ensure survival of fish stocked in acidic watera. Possible

approaches towards that objective may include choosing suitable

sites for stocking to avoid situations where the fish sight

encounter additional disturbances soon after release. As a further

precaution, care should also be exercised to minimize the stress

associated with transport and stocking (e.g. overcrowding, rough

handling, poor water quality). In addition, selection of

acid-tolerant stocks and pre-accllmation of fiah could be

considered (Flick at al. 1982).

In agreement with Brown et al.'s (1984) conclusion for

glucose, our results showed that both plasma glucose and plasma

sodium are more suitable as physiological indicators of chronic

acid stress than plasma cortisol. However, a secondary acute
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stress challenge, such as the 30-a handling stress, may be useful

for determining possible increases in interrenal activity at an

early stage of environmental acidification.
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Abstract

Juvenile rainbow trout, Selso gairdneri, were

either Led cortisol or subjected to an acute physical disturbance

daily for 10 wk to detersine long-ter* effects on physiological and

heaetological conditions. In cortisol-fed fish, growth and

condition factor, liver glycogen and circulating lyphocytea were

reduced while resting plea.a glucose and he*atocrit were increased.

In daily stressed fish, all features *easured were sisilar to

controls except that lysphocyte nuabers were lower. After 10 wk,

continuous cortisol feeding cospletely eliiinated the piesia

cortisol elevation following acute handling in these fish but the

magnitude of the stress-induced glucose increase was not different.

In fish stressed daily for 10 wk, the reduction in post-stress

levels of both pleasa cortisol and glucose after handling

desonatreted the effect of habituation on these stress responses.

We concluded that continuously elevated please cortisol. fros

exogenous feeding had a profound long-ters effect on juvenile

rainbow trout but that daily stress-induced acute elevations of

endogenous cortisol did not, except for a suppression of

circulating lysphocytea.
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Introduction

Biologists are familiar with the physiological responses of

fish to stress (see Pickering 1981b) but mechanisms of action end

the resultant consequences of stress on fish's overall performance

capacity are not yet well understood. It is well established that

plasma corticosteroids, which affect both metabolic end immunologic

pathways, rise dramatically in fish in response to stressful

stimuli, particularly those that have a sensory component (reviews

of Donaldson 1981; Schreck 1981). The main objective of our

investigation was to determine the possible consequences of a

continually elevated cortisol titer in fish that would result from

long-term chronic stress. We did this by examining the effects of

chronic cortisol elevations in fish, but in the absence of other

stressful stimuli. To do this, we fed cortisol to juvenile rainbow

trout, Salmo gairdneri, and measured growth and condition,

plasma cortisol, glucose and insulin, liver glycogen, hematocrit

and circulating leucocyte ratios. In addition, we determined the

effect of continued cortisol treatment on the ability of the trout

to elicit characteristic interrenal and glycemic responses to an

acute physical. disturbance. Our second objective was to find out

the long-term effects on fish of being subjected to continual acute

stresses and how this treatment subsequently affects characteristic

stress responses. We did this by determining the effect of

repeatedly elevating endogenous cortisol, by applying en acute

physical disturbance to the fish daily, on these same physiological

and hemetological features.

Methods end Materials

Juvenile Willamette River stock rainbow trout, 4-5 g in

size, were obtained from the Western Fish Toxicology Station,

Corvallis, Oregon, and transferred to the Oregon State University
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Smith Farm research facility 10 d before the study for acclimation.

Fish were held in 0.9-m-diameter circular tanks containing 327 L of

aerated flow-through well water, with an inflow rate of 2.8 L/min.

Flows were directed into the tanks perpendicular to the water's

surface to reduce rotational current to a minimum; all tanks were

cleaned weekly but at least 5 d before any sampling. During

acclimation, f ish were fed at 2 body weight (bwt)/d with Oregon

Hoist Pellets (OMP). For the experiment, duplicate tanks of 185

fish for each treatment were fed once daily between 0900-1000 h for

10 wk with either control or cortisol-treated 01W at 3 bwt/d.

Extra care was taken by feeding slowly to ensure that all feed

pellets were consumed. The experimental diet was prepared by

dissolving crystalline cortisol (Sigma Chemical Co., St.
Louia1

Missouri) in 100" ethanol and then spraying the resultant solution

on to the surface of the pellets (Pickering 1984) to produce a

concentration of 100 eg cortiaol/kg feed. The control diet was

prepared using an equivalent amount of ethanol only. Feed pellets

were air-dried for 1 h with occasional stirring to evaporate the

ethanol and then refrozen. A third group of fish in duplicate

tanks was fed the control diet, but was also subjected to an acute

physical disturbance daily, 5-6 h after feeding, using one of the

following three methods: (1) after capture, fish were held in the

air for 30 a in a perforated bucket, (2) water was completely

drained from the tanks and then allowed to fill at the normal

inflow rate, or (3) fish were continually chased in the tanks with

nets for 15 mm. The particular stress-method used was varied

randomly so that the fish would not become accustomed to a

particular routine. During the 1O-wk experimental period

(October-December, 1984), fish were maintained under a natural

photoperiod end water temperature ranged from a maximum of

13.0°C at the beginning to a low of 11.5°C at the

end of the study.

At the beginning of the experiment and every 2 wk

thereafter, 15 fish per tank were removed for length, weight and
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condition factor (100 X g/cm3) determinations and for blood

sampling according the the following protocol. From the control

end cortisol-fed groups, 5 fish per tank were removed before and at

1 and 3 h after feeding; from the daily stressed group, 5 fish per

tank were removed before (6 h after feeding) and at 1 and 3 h after

application of the stress. Feed rations were adjusted at each 2-wk

interval in relation to the numbers and weights of fish remaining

In the tanks in order to keep the relative ration constant.

Blood samples from the beginning of the study (0 wk) and at

4 and 8 wk were obtained for cortisol and glucose analyses.

Cortisol was determined by a radioimaunoessey (RIA) (Foster and

Dunn 1974) modified by Redding et el. (1984b) for use with salmonid

plasma. Glucose was measured by the ortho-toluidine method

(Wedemeyer and Yasuteke 1977) using Sigma ® premixed reagent.

Blood samples taken at 2 wk after onset of treatment were used for

hematocrit, leucocrit and lymphocyte number determinations.

Hematocrit, also measured after 6 wk, was determined as percent

packed cell volume after centrifugation and leucocrit was assessed

as percent "buffy" layer of the total blood column in the

hemetocrit tube (McLeey and Gordon 1977). Lymphocyte ratios were

made from Giesma-stained blood smears by counting erythrocytea

(average 1386 per slide, range 738-2024), lymphocytes and other

leucocytes in 15 random fields per slide (i.e. per fish), using

Yesutake and Wales (1983) as a reference. Liver samples for

hepatosomatic index (100 X liver wet weight/body wet weight) and

glycogen determination, and stomach tissues for histological

examination were obtained after 10 wk. Whole livers were

immediately placed in preweighed vials containing chilled 30's KOH

and hepatic glycogen was later analyzed by the method of Montgomery

(1957). Cardiac portions of stomachs from control and cortisol-fed

fish were preserved in buffered 10's formalin. After histological

preparation, slide-mounted sections, 6 Mm thick and stained with

hemetoxylin and eosin, were qualitatively evaluated for evidence of

tissue degradation or other abnormalities.
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At week 10, the fish in control and cortisol-fed groups

were each separated into two subgroups with one subgroup remaining

in the 'home' tank. The fish remaining in all 'home' tanks were

then subjected to the 30-s handling stress (described earlier).

Blood samples for cortisol and glucose analyses were taken before

any disturbance (initial) and at 1, 3, 6, 12 and 24 h after

handling.

The second subgroups of fish from the control and

cortisol-fed groups were placed in 100-L tanks and feeding was

continued with their reepective diets. After 2 d, both groups were

fed with a single Meal of 3' bwt with the cortisol-treated feed to

characterize the profile of cortisol in the blood over 24 h

post-feeding and the resultant effect on plasma glucose and

insulin. Fish for blood samples were obtained just before feeding

and at 1, 3, 6, 12 and 24 h after being led. Plasma insulin was

determined by Dr. E. Plisetskaya, University of Washington, using a

RIA homologous for coho salmon, Oncorhynchus kisutch,

insulin and displaying parallelism with rainbow trout insulin

(Plisetskaya et al. 1986).

Cumulative percent increases in mean weight of fish were

compared by linear regression of 2-wk growth increments in each

tank; slope of regression represents the percent change in body

weight per day for the growth period. Differences from control

were assessed by comparing variances of slopes using Student's

k-tests (P(0.05 and <0.01). Specific (instantaneous)

growth rates were calculated as:

((in weight - In weightj)/days fed) X 100

(Ricker 1979). Multiple-point comparisons were made using one-way

analyses of variance followed by Duncan's new multiple-range test

at the 5' level (Steel and Torrie 1980); two-point comparisons were

made with Student's t-tests (P(0.05). Because of variance

heterogeneity (Bartlett's test, Snedecor and Cochrane 1967),

cortisol, glucose and insulin data were transformed to logarithmic

values for analysis.
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Results and Discussion

Growth and Resting Physiological Conditions

Compared to the control group, relative growth in the

cortisol-fed trout was reduced, but growth in the daily stressed

fish was not different from controls (Fig. VII.1); the difference

in slope between regressions for the control and the cortisol-fed

fish was significant (P<O.O1). Specific growth rate for the

1O-wk period was lowest in the cortisol-fed fish (Table VII.l).

All three groups exhibited reductions followed by increases in

specific growth rates mid-way through the growth period (Table

VII.1). This may reflect a normal cyclical variation in growth

rates in rainbow trout of this size (Wagner and McKeown 1985).

Davis et al. (1985) recently observed lower absolute growth and

condition factor of cortisol-fed channel cetfish, Ictalurus

punctatus, using the same experimental protocol as we did.

Although these authors attributed the reduced growth to the

presence of cortisol in the diet, they were unable to demonstrate a

concomitant increase in blood corticoateroids after feeding with

cortisol. However, Davis et al. (1985) did find an increase in

activity of hepatic tyrosine aminotranaferese in cortisol-fed fish

and concluded that increased corticoateroid-induced gluconeogenesia

resulted in decreased growth. In contrast to our finding for daily

stressed fish, Peters and Schwarzer (1985) reported significantly

reduced growth of juvenile rainbow trout subjected to a daily,

brief handling stress over 4 wk, but did not discuss whether or not

this was a cortisol-mediated phenomenon.

The continual application of dietary cortisol to the

juvenile rainbow trout also reduced the condition factor over the

1O-wk period (Fig. VII.2). Robertson et al. (1963) found that

cortisol treatment at pharmacological doses produced a rapid weight
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Figure VII.1. Cuiulative percent increase in *ean weight qj=15

per replicate, two replicates per sample wk) of juvenile rainbow

trout fed with either cortisol-treated or control feed, or normally

fed and subjected to a daily acute stress, for 10 wk. Relative

growth as increase/d for each treatment is represented by the

slope of line [** indicates significant difference (P(O.01) in

slope from control].
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Table VII.1. Specific growth rates (SI
'ean initial, arid final weights (g ±SE,
juvenile rainbow trout fed with either
feed, or nor*ally fed and subjected to
wk. Date represent pooled values froM
treet.ent.

Week 2:

Week 4:

Week 6:

Week 8:

Week 10:

SGR for 10-wk
Period:

145

R) at 2-wk intervals and
N30) of
cortisol-treated or control
a daily acute stress, for 10
duplicate tanks per

Treatient

Cortisol Daily
Control Fed Stressed

2.52 1.36 1.59

2.59 2.02 2.32

1.59 1.98 2.63

220 049 089

2.40 2.31 2.60

2.26 1.65

Initial Weight: 4.5 .O.2 4.3 ±0.2

Final Weight: 21.4 ±0.7 13.4 ±0.5

2.02

5.2 ±0.2

21.0 ±1.0
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Figure VII.2. Mean liver glycogen (*g/g SE, !j9-12),

hepetoao*etic index (±SE, N=12) and condition factor

(±SE, N=12) in juvenile rainbow trout fed with either

cortisol-treated or control feed, or norially fed and subjected to

a daily acute stress, after 10 wk of treetient. Values represent

pooled data froi duplicate tanks per treatient (* indicates

significant difference (a(0.05) from control].
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loss in juvenile rainbow trout and Pickering and Duston (1983)

observed that both orally administered and implanted cortisol at

physiological levels significantly reduced the condition factor of

brown trout, Salmo trutta.

As Davis et al. (1985) pointed out, continuous stress may

result in reduced growth by chronically elevating plasma cortiaol

and thereby shifting metabolism towards protein catabolism.

Pickering and Stewart (1984) found that chronically crowded brown

trout grew less than uncrowded controls fed the same ration.

However, plasma cortisol initially rose but had returned to the

level of the control group by 39 d in their experiment. They

concluded that long-tars growth suppression was not mediated by

corticoateroida, but say have been caused by reduced food intake or

decreased efficiency in food utilization relating to social

interactions from crowding. For example, Strange et al. (1978)

noted that juvenile chinook salmon, Oncorhynchus

tahawytacha, stressed by high density confinement, refused food

and, subsequently, grew less.

After 10 wk, liver glycogen and hepatosomatic index were

much reduced in the cortisol-fed fish (Fig. VII.2); hepatosomatic

index in daily stressed fish was also lower than in control fish.

The large reduction in liver glycogen resulting from cortisol

feeding is unusual in light of earlier investigations. Those

studies reported increases in liver glycogen in fish after cortisol

treatment (Butler 1968; Hill and Fromm 1968; Swallow and Fleming

1970; Inui and Yokote 1975; L.idman at al. 1979) or in fish with

elevated endogenous plasma cortisol (Schmidt and Idler 1962).

Other studies have indicated, however, that cortisol treatment can

reduce liver glycogen in fish (Storer 1967; Ball and Hawkins 1976)

or that there is en inverse relationship between endogenous plasma

cortisol and liver glycogen (Peters et al. 1980; Paxton et al.

1984). Conflicting reports in the literature suggest that there

are differences in cortisol-treatment effects on carbohydrate

metabolism that may be due to physiological status of the fish,
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dosages of cortisol used, and interactions of cortisol with the

other glucoregulatory hormones. It is also possible that the low

liver glycogen observed in the cortisol-fed fish resulted from a

chronically increased metabolic rate, since cortisol injections

have been found to increase metabolic rate in fish (Chan and Woo

1978) and there is a significant correlation between standard

metabolic rate and blood sugar levels in vertebrates generally

(Umminger 1977). An increased metabolic rate could also have

contributed to the reduced growth in our cortisol-fed fish by

shifting energy away from growth pathways (see Brett and Groves

1979).

As an alternative explanation for the reduced growth in our

experimental fish, chronic cortisol administration possibly

affected digestion efficiency at the gut wall rather than through

biochemical action on metabolism. We observed a loss of appetite

and aggressive feeding behavior in the cortisol-fed fish, even

though all feed pellets presented to the fish were eaten. However,

there was a noticeably higher accumulation of fecal matter at the

bottom of the tanks of cortisol-fed fish, as compared with control

tanks, suggesting poorer absorption of the food material in the

gut. We also noticed qualitative differences in the cardiac

stomach tissue between control and cortisol-fed fish (Fig. VII.3),

characterized by apparent increases in gastric gland cell numbers

and vacuolar spaces, and reductions in height of ucosal folds.

However, a limited sample size precluded concluding that these

changes were representative of all fish in the treated population

and we were unable to resolve differences at the cellular level.

Our observations of morphological alterations to cardiac stomach

tissues in cortisol-fed trout are consistent with what previous

authors have shown in fish with chronically elevated cortisol. In

rainbow trout implanted with cortisol pellets, Robertson et al.

(1963) reported necrosis of gastric glands and aubmucosa as well as

a reduction in the number and height of mucosal folds. Similar

cellular and tissue degeneration was found by Peters (1982) and
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Figure VII.3. Cross-sections through cardiac stoMach tissue of

aisilarly sized control (A) and cortisol-fed (B) 3uvenile rainbow

trout after 10 wk of treatsent showing apparent reduction of

iucosal folds and increases in gastric gland cell nusbera end

vacuolar spaces (sagnificetion: 185X).
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Willemse et el. (1984) in stomachs of European eels, Anguilla

anguilla, under conditions of chronic stress. Peters (1982)

further speculated that the resultant alterations in enzyme and

acid secretion in the sucosa could interfere with normal protein

digestion, and thus lead to reduced growth.

There was a noticeable increase through time in the levels

of plasma cortisol in cortisol-fed fish at 1 h and 3 h post-feeding

after 4 and 8 wk of treatment as compared to week 0 (Fig. VII.4).

Fish stressed daily had lower 1-h post-stress plasma corUsol

levels after 4 and 8 wk of treatment than at 0 uk, whereas plasma

cortisol in control fish remained relatively unchanged as a result

of feeding (except at 3 h in the week-8 group) (Fig. VII.4). The

trend in higher cortisol titers at 1 and 3 h post-feeding in

cortisol-treated fish was also evident at week 10 when compared to

corresponding plasma levels in fish that had been previously unfed

with corti.soi (Fig. VII.5). We speculate that chronic cortisol

treatment resulted in increased rate of absorption after feeding by

altering physical absorption characteristics across the gut wall,

perhaps through a pharmacological action. Cortisol is lipophilic

and, as such, should pass relatively easily across the lipid matrix

of cellular membranes. Cortisol-induced cellular degradation might

enhance the rate of uptake of simple fat-soluble substances, such

as cortisol, by increasing the proximity of the absorptive area to

blood vessels. Cortisol levels were the sane, however, at 6 and 12

h after feeding and were lower in the 10-wk cortisol-fed fish than

in the control group after 24 h (Fig. VII.5), suggesting more rapid

clearance in the treated fish. Chronically elevated plasma

cortisol, administered using capsule implants, has been shown

previously to increase clearance rate of corticosteroids in coho

salmon (Redding et al. 1984a). Of interest was the straight line

formed by declining post-feeding cortisol titers in the fish that

were fed cortisol for 10 wk (Fig. VII.5) since, under normal

conditions, clearance rate is non-linear (e.g. Nichols and Weisbert

1985; Nichols et a].. 1985) and decreases with the concentration.
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Figure VII.4. Mean plassa cortisol (nglsL ±SE, !j10)

in juvenile rainbow trout before (0 h) and after (1 and 3 h)

feeding with cortieol-treated or control feed, and in daily

stressed trout before end alter a 30-s handling stress, at 0, 4 and

8 wk of treatsent. Values represent pooled data fros duplicate

tanks per treatsent [superscripts indicate significant differences

(NO.05) as follows: a/different £roa 0 h (initial)

following treatsent for that week, b/different fros week 0 for

that hour, c/different fros weeks 0 and 4 for that hour].
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Figure VII.5. Mean plaea cortisol (ng/iL ±SE, j1O)

following a single seal of cortleol-treated feed in juvenile

rainbow trout previously fed with either cortisol-treated or

control feed for 10 wk. Values represent pooled data fros

duplicate tanks per treatsent (superscripts indicate significant

differences (P(O.05) as follows: a/different fros 0 h

(initial) within that treetsent, b/different fros value for

fish previously unfed with cortisol for that hour].
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Plasma glucose was elevated in cortisol-fed fish after 4

and 8 wk of treatment both before (i.e. 24 h after last feeding)

and after feeding (Fig. VII.6). Glucose levels at weeks 0, 4 and 8

were similar to each other and exhibited the same 1-h post-stress

increase (Fig. VII.6). Post-feeding piasma glucose in control fish

remained relatively stable at 4 and 8 wk, but was lower at 0 h in

the weak-0 group than in later weeks and exhibited an increase at 3

h (Fig. VII.6). The glucose increases observed alter feeding at

week 0 were similar in control and cortisol-fed fish (Fig. VII.6).

Plasma glucose in fish fed cortiaol for 10 wk was characterized by

a sore rapid increase followed by a sore rapid decline in

concentration then what was found for control fish given the same

relative cortisol-treeted ration (Fig. VII.7). Judging from

post-feeding levels at 1 and 3 h (A, Fig. VtI.6) and at 6 h

(prestrasa values - B, Fig. VII.6), feeding alone did not appear to

alter please glucose appreciably.

Increased resting plasma glucose in cortisol-fed fish after

2 wk is consistent with previous investigations (Butler 1968;

Patent 1970; Inui and Yokote 1975; Lidsan et al. 1979; Leach and

Taylor 1982). Many of the earlier studies applied high doses of

cortisol by injection, thereby introducing the possibility that

hepatic glycogenolysis, stimulated by stress-induced catecholamine

secretion (Nakeno and Toslinson 1967; Mazeaud et al. 1977), say

have also modified plasma glucose. An increase in please glucose

following feeding with relatively low levels of exogenous cortisol

wee not observed by Davis et al. (1985). Our findings of higher

resting plasma glucose with chronic cortisol feeding and the

apparently cortisol-related transient change in glucose following a

single cortiaol. meal both support its giucocorticoid role in

teleosta and supports Davis et el.'a (1985) earlier conclusion that

increased gluconeogenesia resulted in reduced growth. Moreover,

our results clearly showed that dietary cortisol appeared in

circulation at physiological levels relatively quickly after

feeding. The concentrations of please cortisol we observed at 1 to
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Figure VII.6. Mean plaa*a glucose (ag/dL ±SE, 8-1O)

in juvenile rainbow trout before (0 h) and after (1 and 3 h)

feeding with cortisol-treated or control feed, and in daily

stressed trout before and after a 30-a handling stress, at 0, 4 and

8 wk of treatient. Values represent pooled data from duplicate

tanks per treatient (see Fig. VII.4 for explanation of significance

indicated by superscripts].
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Figure VII.7. Mean p1aaa glucose (g/dL SE, j10)

following a single *eel of cortisol-treated feed in juvenile

rainbow trout previously fed with either cortisol-treated or

control feed for 10 wk. Values represent pooled data froM

duplicate tanks per treatMent [see Fig. VII.5 for explanation of

significance indicated by superscripts].
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6 h alter feeding were similar to those found in )uvenile salmonids

following either a severe acute stress such as handling or chronic

stress from confinement (Strange et al. 1977, 1978; Barton et al.

1980, 1985b, 1986; Strange and Schreck 1980; Pickering et al. 1982;

Redding end Schreck 1983).

When compared with a representative control group from week

8, plasma insulin in the fish showed a greater increase alter

feeding with cortisol (Fig. V11.8). We believe that the presumed

increase in plasma insulin in the cortisol-led fish was a secondary

response to the cortisol-induced elevated plasma glucose, rather

than due to any direct effect of the cortisol. This is a tentative

conclusion, however, since control data were not available at week

10 and resting levels of insulin in previously untreated fish at

week 10 were aJ.so higher than at week 8. Various authors have

shown that hyperglycemia in fish stimulates insulin secretion

(Pliaetakaya et al. 1976; Ince and Thorpe 1977; Ince 1979; Furuichi

and Yone 1981). Although Munck et al. (1984) indicated in their

review that corticosteroida may exert a suppressive action on

insulin secretion in mammals (that could result in elevated p1aama

glucose), to our knowledge, this sub)ect has not been studied

extensively in fish.

Hematologica]. Characteristics

Alter 2 and 6 wk, hematocrit was higher in cortisol-fed

fish but was not appreciably altered in the daily stressed fish

when compared with respective controls (Fig. VII.9). Alter 2 wk,

lymphocyte ratios were 84 lower than control values in

cortisol-fed fish and were 31.' lower in daily stressed fish (Fig.

VII.10). Neutrophil and thrombocyte (combined) ratios of 0 to 3
per red blood cells (RBC) per fish were not consistently

different among treatments, and means ±SE (?j12) were

1.04 ±0.29, 1.06 ±0.18 and 1.14 ±0.29 per

i3 RBC for control, cortisol-led and daily stressed fish,
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Figure VII.8. Mean please insulin (ng/sL ±SE, =5-9)

following a single seal of cortisol-treated feed in juvenile

rainbow trout previously fed with control feed for 10 wk.

Representative control values were taken fros fish Led a single

seal of control feed following 8 wk of feeding with the sase diet.

Values represent pooled data fros duplicate tanks per treatsent

[see Fig. VII.5 for explanation of significance indicated by

superscripts).
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Figure VII.9. Mean hesatocrit ( packed cell volu*e ±SE,

N18-20) in juvenile rainbow trout Led with either

cortisol-treated or control feed, or nor*ally Led and subjected to

a daily acute stress, after 2 and 6 wk of treatient. Values

represent pooled data froi duplicate tanks per treat*ent (*

indicates significant difference (a<O.05) from control].
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Figure VII.1O. Mean lymphocyte ratio (no. lymphocytes per iO3

red blood cells (RBC) ±SE, N12] and leucocrit ( of

whole blood volume ±SE, N17-19) in juvenile rainbow

trout fed with either cortisol-treated or control feed, or normally

fed and subjected to a daily acute stress, after 2 wk of treatment.

Values represent pooled data from duplicate tanks per treatment (*

indicates significant difference (E<O.05) from control].
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respectively. The apparent variations in leucocrit among the

treatment groups were not significantly different (Fig. VII.10).

The higher hematocrit after 2 wk in the cortisol-fed fish,

as compared to the untreated fish, is interesting in that this

phenomenon has not been observed in fish that had plasma cortisol

chronically elevated using implants (J.M. Redding and C.B. Schreck,

unpublished) or that were treated with single or multiple cortisol

injections (Johanaaon-Sjobeck et al. 1978; Leatherland 1985). An

increase in hematocrit may be caused by an alteration in intra- or

extracellular fluid or by proliferation in erythrocytea. Pickford

et al. (1970) found that repeated injections of cortisol.

significantly increased the erythrocyte count in musaichog,

Fundulus heteroclitus, although reasons were not given. We

observed no evidence of increased hemopoletic activity in blood

smears from cortisol-treated fish, that would be apparent as

increased numbers of immature erythrocyte stages. This suggests

that the increased hematocrit we observed possibly resulted from a

cortisol'-medieted decrease in extracellular' fluid relative to blood

cell volume. In adrenalectomized European eels, Chan et al. (1969)

found that cortisol treatment increased the glomular filtration

rate and urine production. Such a response from cortisol feeding

could account for a reduced blood fluid volume and a resultant

higher hematocrit.

A number of authors have also found that physical stress

increases hematocrit values in fish (Soivio and Oikari 1976; Wells

et al. 1984; Barton et al. 1985b) that may due to erythrocyte

swelling accompanied by a redistribution of body fluids (Milligan

and Wood 1982). However, there is no evidence to indicate that

this effect is mediated by cortisol. Moreover, this phenomenon

appears to be a transient response to acute disturbances since we

saw no difference in hematocrit between the controls and the daily

stressed fish. Similarly, Pickering and Pottinger (1985) found

that a daily acute stress of exposure to malachite green had no

long-term effect on hemetocrit in brown trout.
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The depression in nusbers of circulating lysphocytes (but

no change in neutrophila or throsbocytes) was caused by the dietary

cortisol. and conf iris that which Pickering (1984) previously

observed. Although there was a 22 increase in hesatocrit, this

alone (if due to heaopoieais) cannot account for the over five-fold

reduction in lysphocyte nusbers. Pickering (1984) found that when

brown trout were fed a single seal containing the equivalent asount

of cortisol as we used, lysphocyte nusbers were reduced by about

65? but returned to norial in 72 h. Our results suggest that

lysphocyte nuabera do not cospensate, but, as long as an elevated

cortisol titer is continually present, nusbers of lyaphocytes in

the blood will probably resain low. This contradicts Pickford et

al. (1970) who, after finding an increased white blood cell count

in ausaichog, concluded that the fish exhibited an adaptive

response to chronic cortiaol treatsent. It has been previously

shown that injection of cortisol. into fish also reduces circulating

lysphocyte nuabera (McLeay 1973; Ball and Hawkins 1976) and that

exogenous cortisol treatsent increases the susceptibility of fish

to various disease infections (Robertson et al. 1963; Roth 1972;

Pickering and Duston 1983). Gnu (1985) recently found that

physiological levels of cortisol suppressed the aitogen-induced

proliferation of leucocytea fros plaice, Pleuronectea

plateasa, cultured vitro, suggesting that this say

be an isportent part of the aechanisa by which stress reduces

disease resistance.

Of particular interest was the reduced nuabers of blood

lysphoctes in daily stressed fish after 10 wk of treatsent.

Various Loris of stress have been deaonatrated to reduce

circulating lyaphocyte or leucocyte nusbers (Each and Hezen 1980;

Hiavek and Bulkley 1980; Peters et al. 1980; Pickering et al. 1982;

Xlinger et al. 1983), leucocnit (McLeay and Gordon 1977; Toaasso et

al. 1983; Wedeaeyer et al. 1983) and, possibly, lysphocyte function

(El.Isaeseer and Cles 1986). Pickering (1984) concluded that this

stress-induced response is sediated by cortisol. A positive
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association between environmental stress and outbreak of disease in

fish is well established (Wedemeyer 1970; Snieazko 1974; Walters

and Plumb 1980; Wedemeyer and Goodyear 1984). Our finding implies

that the routinely handled fish may still have been less resistant

to disease, even though growth and other physiological conditions

appeared normal and they became accustomed to routine acute

disturbances.

Our leucocrit values did not correlate with blood

lymphocyte ratios arid values were much lower than those previously

reported for healthy salmonida (McLeay and Gordon 1977; Wedeneyer

et al. 1983). Peters et al. (1980) found that a higher leucocrit

occurred along with lower leucocyte counts following chronic stress

in European eels and concluded that the increased leucocrit was

caused by en increase in large granulocytes ( neutrophil.a).

licLesy and Brown (1974) also reported an increase in circulating

neutrophils in chronically stressed coho salmon without a long-term

change in blood lymphocytes. However, the neutrophil count

remained unchanged in our cortisol-fed fish which led us to

conclude that leucocrit was not a suitable indicator of leucocyte

depression in this experiment.

Stress Responses

When i0-wk cortisol-fed fish were subjected to the 30-a

handling stress, plasma cortisol did not demonstrate any elevation

in concentration as did that in the control group; from 3 h onward,

post-stress cortisol. levels in the cortisol-fed fish were lower

than the initial (0 h) prestreas level (Fig. VII.11). Plasma

cortiaol levels 1 and 3 h after handling were noticeably lower in

the daily stressed fish than in controls (Fig. VII.11). Although

both control and daily stressed fish evoked a stress response

characterized by a rapid rise in plasma cortisol followed by a

decline, titers in both groups rose again at 12 h and were still

elevated after 24 h (Fig. VII.l1).
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Figure VII.11. Mean plasma cortisol (ngImL ±SE, !j12)

following a 30-a handling stress in juvenile rainbow trout

previously fed with either cortisol-treated or control feed, or

normally fed and subjected to a daily acute stress, for 10 wk.

Values represent pooled data from duplicate tanks per treatment

[superscripts indicate significant differences (a(O.05) as

follows: a/different from 0 h (initial) within that treatment,

b/different from control treatment for that hour].
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The chronic treatment with cortisol completely eliminated

the ability of the fish to elicit an elevation in cortisol

following handling. In fact, plasma cortiso]. declined following

handling suggesting that residual cortisol in circulation was

rapidly utilized peripherally or cleared as a result of the stress.

Cortisol secretion from interrenal tissue in fish is regulated by

negative feedback on the hypothalamus to inhibit synthesis or

release of corticotropin-releaaing factor (CRF) that, in turn,

suppresses adrenocorticotropic hormone (ACTH) secretion from the

pituitary (Fryer and Peter 1977). Although interrenal cells were

not measured, continual negative feedback in the cortisol-fed fish

may have caused an atrophy of these ateroidogenic cells from the

continued absence of stimulation by ACTH. Basu et al. (1965) found

a dose- and time-dependent interrena]. tissue atrophy was induced by

cortisol injections in the cichlid, Tilapia mossambica, and

those authors concluded that continued presence of the cortisol

probably inhibited ACTH secretion.

Plasma glucose was elevated in response to handling in all

three treatment groups (Fig. VII.12) but reached peak levels sooner

in the cortisol-fed fish. However, initial (0 h) plasma glucose

was highest in the cortisol-fed fish such that the relative

increases in glucose were similar in cortisol-fed and control

groups (Fig. VII.12). Plasma glucose 12 h after handling in the

cortisol-fed group was both lower than the initial level and lower

than in control fish at that time (Fig. VII.l2). The response

patterns of plasma glucose to handling were similar in control and

daily stressed fish, but the magnitude of the elevation in the

daily stressed fish was much less (Fig. VII.12).

Although resting plasma glucose was elevated, cortisol

treatment did not appear to effect the hyperglycemic response to

handling. Acute stress-induced plasma glucose elevations are

mediated by catecholamines (Hezeaud et al. 1977; Mazeaud and

Mazeaud 1981) and our finding supports the view that

corticosteroida are probably not involved directly in this initial



175

Figure VII.12. Mean plaaa glucoae (g/dL ±SE,

p11-12) following a 30-a handling atreaa in juvenile rainbow

trout previously fed with either cortisol-treated or control feed,

or norially fed and subjected to a daily acute stress, for 10 wk.

Values represent pooled data froi duplicate tanks per treat*ent

[see Fig. VII.11 for explanation of significance indicated by

superscripts].
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response (Leach and Taylor 1980; Carmichael et al. 1984e; Barton et

al. 1986).

Except for the secondary increases at 24 h, the responses

to short-term handling in control fish were typical of those seen

in juvenile salmonida, both for cortisol and glucose (Strange et

al. 1977; Barton et al. 1980, 1985b, 1986; Pickering et al. 1982).

However, the reduced plasma cortisol and glucose responses observed

in the daily stressed fish clearly indicate the effect of

preconditioning. A significant proportion of the normal stress

response is thought to be due to the novelty of the stimulus

(Levine 1985). We are unaware of other investigations on the

effect of habituation on acute responses of cortisol to handling in

fish, but daily exposure to malachite green eliminated the cortisol

stress response in brown trout after 4 wk (Pickering and Pottingar

1985). Studies with rats conditioned to exercise indicated that

the reduced corticoateroid response in conditioned animals was not

from adrenal exhaustion, but due to adaptation of both the

hypothalamic-pituitary axis (Frenki et al. 1962) and the adrenal

gland (Tharp and Buuck 1974). Similarly, Rees et el. (1983, 1985b)

found that ducks, habituated to daily exercise stress and exercise

plus handling, exhibited a reduced corticoaterone response. Those

authors concluded that this was caused by reduced endogenous ACTH

secretion to the stimulus, since the cortisol response to exogenous

ACTH was unchanged (Rees et al. 1985b).

Using a similar daily habituation protocol as we used, Rush

and Umminger (1978) abolished the stress-induced hyperglycemic

response in goldfish, Carassius auratus, in 3 wk. Woodward

and Smith (1985) found that trained rainbow trout elicited

significant hyperglycemia to a disturbance whereas untrained fish

did not. They attributed this difference to a post-stress increase

in epinephrine in trained fish that was not apparent in untrained

fish. Their finding appears to be the opposite of what Rush and

Umminger (1978) and we observed. However, in Woodward and Smith's

(1985) experiment, trout were preconditioned by exercise training,
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not by similar physical disturbances, suggesting the possible

importance of the novelty factor in elicitation of a stress

response in fish.

The maximum post-stress cortisol response was such lower in

the 5-g fish at week 0 (Fig. VII.4) than it was in previously

unstressed 21-g fish handled at week 10 (Fig. VII.11). A increase

over time in the stress response was previously demonstrated in

smolting coho salmon (Barton et al. 1985a) and say reflect an

increased interrenel responsiveness to stress associated with

juvenile development. Similarly, 1-h post-stress plasma glucose

was lower in week-0 fish (Fig. VII.6) than in control fish stressed

at week 10 (Fig. VII.12) suggesting that a change in fish's

sensitivity or responsiveness to stress is a sore general

ontogenetic phenomenon. The subsequent elevations in both plasma

cortisol and glucose 24 h after handling indicated that a delayed

secondary stress response may have occurred in these fish. We have

not observed this phenomenon before. An alternate and sore likely

explanation is that the fish may have been stressed again between

12 and 24 h without our knowledge (e.g. tanks disturbed).

Summary

In summary, we have shown that chronically elevated p1as*a

cortisol had a profound long-term physiological effect on juvenile

rainbow trout that was manifested as a reduction in growth and

condition factor, circulating lymphocytes, and liver glycogen, and

an increase in hematocrit and resting plasma glucose. The

occurrence of changes commonly observed in chronically stressed

fish that are similar to those in the cortisol-fed trout supports

the view that long-term detrimental effects of stress in fish are,

in large part, mediated by cortisol. The results also indicated

that continuous negative feedback of cortiso). on the

hypothalamic-pituitary axis, possibly resulting from chronic
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stress, may compromise a fish's ability to cope with additional

stress factors by limiting the capacity to elicit an interrenal

response to a stimulus. Fish subjected to daily handling clearly

were able to habituate to the repeated acute disturbances, as

evidenced by a reduction in interrenal and glycemic stress

responses to handling over time. Although these daily handled fish

showed no other long-term adverse physiological effects from this

treatment, the reduction in circulating lymphocytes suggests that

repeated routine handling of fish could lower their capacity to

resist disease.
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Abstract

A mild physical disturbance significantly increased the

metabolic rate of juvenile ateelheed, Salmo gairdneri, by
121. Using a modified Blazka respirometer, ateelhead were

subjected to three, consecutive, mild 2-sin disturbances, separated

by 0.5-h intervals, and then forced to swim at 0.5 body lengths/s

for 1 h. Mean (±SE) oxygen consumption in the stressed

fish was 223 ±19 mg/kg/h compared with 101 ±9.7

mg/kg/h for unstressed controls given the same swimming challenge.

There was no significant correlation between unit oxygen

consumption and either fish weight (40-150 g) or water temperature

(8-11'C) within the ranges used. Elevated plasma cortisol

levels and oxygen consumption rates in stressed individuals were

positively correlated (rO.76). A simple model demonstrates how an

acute physical stress may affect performance capacity in fish by

reducing the energy available for other performance components

within the fish's scope for activity by about one quarter.
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Introduction

There is a large body of literature Bhowing elevations in

both plaaaa corticoateroids and glucose resulting froa various

types of physical disturbance (Donaldson 1981; Schreck 1981;

Wedeaeyer and McLeay 1981; Chapter II). These are often

accoapanied by changes in tissue gl.ycogen and blood lactate,

particularly if Muscular activity is involved (Driedzic and

Rochachka 1978). There is lisited evidence to indicate that the

correlation between rises in plassa cortiaol and glucose in fish

during stress is functional (Leach and Taylor 1980). Moreover,

treataent of fish with exogenous cortisol has been shown to

increase aetabolic rate (Chan and Woo 1978). Since blood glucose

and aetabolic rate are positively correlated in vertebrates

generally (Uaainger 1977), this suggests that there is a Metabolic

coat associated with physical stress in fish that could be assessed

by deteraining changes in aetabolic rate.

One indirect Method of deteraining Metabolic rate in fish

is by Measuring oxygen consuaption in a closed-systea reapiroaeter

(Brett and Groves 1979). Many investigators of respiroaetry and

swi*aing perforaance have long recognized the laportance of a

suitable ed)uataent period after fish are handled when loading

their apparatus (Winberg 1956; Fry 1957; Beaaish 1978). For

exaaple, Brett (1964) showed that restlessness or exciteaent in

sockeye salion, Oncorhynchus nerka, in the experiaental

apparatus could account for oxygen consuaption rates of two to

two-and-a-half tiaes the true rate at low awiaaing velocities. In

a study of arctic fish, Hc,leton (1974) found that it took about 48

h for Metabolic rates to stabilize after capture and handling, and

presuaed that fright and oxygen debt were contributing factors to

the approxiaately twofold increase in respiration rates. A 70

increase in oxygen consuaption that took 3 to 5 h to return to

routine levels after handling was reported by Saunders (1963) in

starved Atlantic cod, Gadus aorhua, held at 3'C.
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The effect of handling and transfer on young carp, Cyprinue

carpio, was an increase in oxygen consumption from 272 to about

400 mg/kg/h that took 3-4 d to recover (Korovin et al. 1982). Smit

(1965) concluded from his goldfish, Carassius auratus,

studies that excited fish had a much higher oxygen consumption rate

than quiescent fish and emphasized the necessity of appropriate

acclimation in such investigations. However, little work has been

done to determine this metabolic response to a known severity of

physical disturbance in the context of quantifying these stress

effects on 'whole-animal' metabolism.

The objective of this experiment was to determine if there

is a bioenergetic cost to fish associated with acute stress and

whether this 'whole-animal' response correlates with established

physiological stress indicators. This was accomplished by

measuring the effect of acute physical disturbance on the metabolic

rate, as represented by oxygen consumption, in juvenile ateelhead,

Salmo gairdnerl. We considered the stress response to

consist of both the sensory stimulation of neuroendocrine and

physiological mechanisms and the resultant motor activity. We also

compared stress-induced changes in metabolic rate with elevations

in plasma cortisol and glucose. As indicators of anaerobic

metabolism and osmoregulatory balance, plasma lactic acid and

osmolality were also determined.

Methods and Materials

Experimental Apparatus

For the reapirometry trials, two identical modified

versions of the Blazka reapirometer (Blazka et al. 1960) were

constructed from clear acrylic tubing (Fig. VIII.1). Major

modifications to Blazka'a design were as follows: (1) the propeller

was reversed on the driveahaft to pull, rather than push, the water
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Figure VIII.1. Diagram of modified Blazka respiroseter used to

determine oxygen consumption of stressed and unstressed juvenile

ateelhead during a swimming challenge. See text for dimensions.
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through the swimming chamber, (2) the opposite end from the drive

was extended to provide a Mixing and reservoir area from which

water was drawn, end (3) to produce a uniform flow, baffles were

installed at both ends of the swimming chamber that consisted of

10-cm (upstream end) or 5-cm (downstream end) sections of plastic

"drinking atraws' filling the cross-sectional area of the inner

tube and held in place with Vexar® plastic screen. The

baffle at the end opposite the drive fitted into a plastic collar

and was readily removable. Vertical black stripes were affixed to

the aides of the upstream end of the swimming chamber to provide a

visual cue for swimming orientation (Griffitha and Alderdice 1972).

Total volume of each unit was 15.5 L and the inner swimming

chamber was 36 cm in length and 9.5 cm in diameter. The outer tube

was 91 cm long and 15.2 cm in diameter. Each reapirometer was

contained within a waterproof plywood box filled with water that

served as a barrier against possible air leakage or sudden changes

in air temperature. The respirometera were mounted on hinges in

the box and had detachable driveshafta so that they could be tilted

90 vertically for rapid loading and unloading and for

stressing the fish. Fish were quickly unloaded by removing the

entire inner tube, held in place with stainless steel set screws.

The current in each unit was generated by a 3-bleded bronze

propeller connected to a 0.5-h.p. electric motor wired through a

variable transformer. Current velocity (cm/aec) was matched with

tachometer readings (rpm) by using a flowmeter (General Oceanics,

Inc., Miami, Florida) suspended in an identical 'dummy' swimming

chamber. A displacement correction was not made since the shape

and size of the flowmeter (length 21 cm, cross-sectional area 8

cm2 approximated those of the juvenile fish used in the

trials. (Possible sublethal effects of ionic copper from the

propeller were considered negligible since duration of actual

respirometry teats was only 1 h.)
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Respirometry Experiments

Juvenile Alsea River stock steelhead (92 ±7.3 g

(mean weight ±SE)], hatched and reared at the Oregon

Department of Fish and Wildlife Corvallis Research Laboratory, were

transferred to 0.6-rn-diameter holding tanks containing 100 L and

receiving 3 L/iin of flow-through aerated well water in a constant

temperature laboratory at Nash Hall, Oregon State University, for

at least 7 d of acclimaton. Rotational current (at surface) was

about 0.1-0.2 body lengths (b.l.)/a and was just sufficient to keep

tanks clean. The fish were held on a 12 L:12 D photoperiod and

were fed once daily with Oregon Moist Pellets. Fish loaded into

the reapirometera were first quickly immobilized with 100 mg/L

tricalne aethaneaulfonete (MS-222) and then weighed and measured.

A number of trials were conducted to determine a suitable

experimental protocol; the selected method was to first acclimate

individual fish in the respirometer, receiving about 1.5 L/min

flow-through water, without food for 3-4 d to assure a

postebsorptive state (Beamish 1978), and then allow a swimming

adjustment period at 0.2-0.3 b.l./s for 8 h before the trial.

The reapirometry trial consisted of subjecting a fish to a

swimming challenge of 0.5 b.l./s for 1 h. This mild challenge was

imposed to reduce the variance in metabolic rate caused by

spontaneous activity but without unduly stressing the fish. Single

fish were used to eliminate the possibility of spurious results due

to aggressive social interaction among fish when tested in groups

(Brett and Sutherland 1965; Brett 1973). Times of day for swimming

adjustment and respirometry trials were kept constant to minimize

possible diurnal variation in activity due to entrainment to a

feeding schedule and/or photoperiod (Brett and Groves 1979; Spiel.er

and Noeske 1984). During acclimation and the trials, a curtain was

left in place in front and upstream portions of the reapirometers

were partially covered with black plastic to avoid visually

disturbing the fish (Kutty and Saunders 1973).
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To compare stressed and unstressed fish (after acclimation

and the swimming adjustment period), ateelhead were subjected to

the swimming challenge immediately following an acute phyaicel

disturbance, applied by standing the respirometer vertically on its

hinged end and allowing the fish to struggle inside the inner

chamber for 2 mm. This disturbance was repeated three times at

0.5-h intervals just before the 1-h respirometry trial (Fig.

VIII.2). The swimming adjustment velocity of 0.2-0.3 b.l./s was

continued between the disturbances. A simultaneous trial was

conducted in the second respirometer with unstressed fish as a

control. Water samples were collected before each trial,

flow-through water was then shut off, and, immediately after the

1-h respirometry trial, the water was turned on again and second

water saip1es were taken for dissolved oxygen measurement.

Dissolved oxygen was determined by the azide modification of the

wet Winkler method (APHA 1980), using dilute titrant for greater

resolution, and metabolic rate was expressed as oxygen consumption

in mg/kg/h.

Fish were then quickly removed from the swimming chamber

end immediately anesthetized in 200 mg/L of MS-222. The fish were

killed with a sharp blow on the head and blood was collected from

the caudal vasculature in ammonium-heparinized capillary tubes

after severing the caudal peduncle; total time to obtain a blood

sample was (2 mm after initiating removal of the fish from the

respirometer. To obtain representative control values, blood was

also obtained from fish that had been: (1) maintained in the

holding tanks with daily feeding for 10 d, (2) kept in holding

tanks for at least 7 d as in (1) and then held in the reapirometer

for 3 d, and (3) held and acclimated as in (2) and then given the

8-h swimming adjustment.

Plasma, separated by centrifugation, was stored at

-15°C for later cortisol, glucose, lactic acid and

osmolality analyses. Plasma cortisol was determined by a

radioimmunoassay (Foster and Dunn 1974) modified for use with
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Figure VIII.2. Acclimation and experimental protocol used to

determine oxygen consumption rates of stressed end unstressed

3uvenile ateelhead during a 1-h swimming challenge at 0.5 b.l./s.
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asimonid plasma (Redding et al. 1984b). The resultant curve from

aerial dilutions of a plasma pool from stressed steelhesd

containing about 230 ng/aL exhibited parallelism with the standards

curve. Recovery of cortiaol from unatri.pped ateelheed plasma was

79% when added to glass tubes containing four known cortisol

concentrations in duplicate evaporated from ethanol (r=0.998); data

reported are uncorrected values. Nonspecific binding of ateelhead

plasma was 3%. Plasma glucose was measured by the colorimetric

procedure of Wedemeyer and Yasutake (1977) using premixed

-toluidine reagent (Sigma Chemical Co., St. Louis, Missouri).

Additional details of cortisol and glucose assays are described in

Barton et al. (1986, Chapter III). Plasma L()-lactic acid was

assayed by fluorimetry using the method of Passonneau (1974) and

plasma osmolality was determined with a Wescor Model 5100C

vapor-pressure osmometer (Wescor, Inc., Logan, Utah).

Mean temperature was 9.9°C and ranged from 8.0 to

11.0°C during the trials. The lowest oxygen level recorded

was 74% saturation so constant oxygen consumption rates were

assumed (Beasish 1964b). Since there was no correlation between

oxygen consumption and fish weight or temperature, as determined by

multiple regression (see Results), mean consumption rates were

compared by Student's k-teat after confirming homogeneity of

variance (Bartlett's teat, Snedecor and Cochrane 1967) and

similarity of mean weights of the two groups. Plasma constituent

values were treated by one-way analysis of variance followed with

Duncan's new multiple-range tests at the 5% level of significance

(Steel and Torrie 1980); cortisol, glucose and lactic acid data

were first converted to logarithmic values because of variance

heterogeneity (Bartlett's teat).
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Results and Discussion

The mean oxygen consumption rate of the stressed ateelheed,

as determined from ten trials, was significantly higher

(P'cO.Ol) by more then twice that found in unstressed fish (Fig.

VIII.3A). Although there was a trend in both groups for larger

fish to have lower rates of oxygen consumption (Fig. VIII.3B),

these relationships were not significant (unstressed: r0.14,

stressed: r0.35). There was no correlation between oxygen

consumption of either group and temperature. Both size and

temperature have profound effects on the metabolic rate of fish

(Brett and Groves 1979); increased size reduces unit oxygen

consumption whereas elevated temperatures increase it. In this

investigation, neither the size range (40-150 g) nor the

temperature range (8-11'C) were apparently large enough for

the influences of these two factors to be effective.

The more than twofold increase in oxygen consumption

clearly indicates that the physical disturbance elevated the

metabolic rate in juvenile ateelhead and supports the observations

of increased metabolic rates following capture and handling in

earlier respirometry studies. The results also confirm that this

increased level of metabolic activity was due specifically to the

handling stress and not to some other factor, such as response to

the swimming challenge, the experimental environment or nutritional

state. The oxygen consumption rate in ateelhead at 0.5 b.l./s was

slightly higher than the standard consumption rates for juvenile

aelmonid fish of similar size and at a similar temperature and was

expected with the mild swimming challenge imposed. Beemish (1964e)

reported standard oxygen conaumptione at 10C of 81 and 79

mg/kg/h for 100-g brown trout, Salmo trutta, and brook

trout, Salvelinus fontinalis, respectively. Holeton (1973)

summarized standard oxygen consumptiona, extrapolated for 100-g

fish, for five salmonid species from ten investigations and found

that this rate ranged from about 30 to 80 mg/kg/h at 1OC.
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Figure VIII.3. A. Mean (±SE) oxygen consumption (iglkg/h,

N=10) during a 1-h swimMing challenge at 0.5 b.l.Ia of

unstressed juvenile steelhead and of those that were first

subjected to three 2-mm disturbances (stressed) separated by 0.5-h

intervals (Fig. VIII.2) (** indicates sigificant difference from

unstressed fish (E<O.01)]. B. Individual oxygen consumption

values (mg/kg/h) and linear regression lines comparing unit oxygen

consumption with fish weight for stressed and unstressed fish

(regression coefficients not significant at =0.05).
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A mean metabolic rate (N57) of 89 mg 02/kg/h for a number

of species, mostly from temperate climatic zones, was extrapolated

by Brett and Groves (1979) from data in Altman and Ditmar (1974,

cited in Brett and Groves 1979).

Fish have a performance capacity, fixed genetically and by

the environment (Schreck 1981), that is considered bioenergetically

as their scope for activity, defined as the difference between the

active (maximum) and standard (minimum) metabolic rates (Fry 1947,

1971). At 10°C, the standard metabolic rate represents

approximately 10? of the active rate, estimated from Brett and

Groves' (1979) summary for 100-g sockeye salmon. Thus, the scope

for activity -- the energy available for performance -- is about

90 of a juvenile salmonid fish's energy budget. The difference of

122 mg/kg/h in oxygen consumption between stressed and unstressed

steelhead in this experiment reflects the additional energy

required by the fish to cope with the stress.

Rao (1971) extrapolated scope for activity of a 100-g

rainbow trout, Salmo gairdneri, in fresh water and found it

to be about 300 and 500 mg 0/kg/h at 5 and 15°C,

respectively. At 10°C, scope for activity based on Rao's

(1971) calculations would be expected to be about 400-450 ig

0/kg/h. This is similar to the experimentally determined

scope for activity of 426-438 mg 02/kg/h reported by Dickson

and Kramer (1971) for hatchery and wild rainbow trout of variable

weight at 10°C and is slightly less then the scope for

activity of about 500 mg 0/kg/h at 10°C estimated for

50-g sockeye salmon (Brett 1964). If results of Dickson and Kramer

(1971) and Rao (1971) are representative of rainbow trout at that

temperature, then we postulate that the metabolic coat required to

compensate for the stress represents about one quarter of the

fish's scope for activity, or energy budget beyond that required

for standard metabolism. (This is based on our ateelhead data from

8-11°C; mean 9.9'C.)

Plasma cortisol was higher in the fish subjected to the
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2-mm disturbances than in unstressed fish and in various prestreas

and control groups (Table VIII.1). The stress-elevated cortisol

level observed was similar to that previously observed in Salmo

app. subjected to Mild or brief disturbances (Strange et al. 1977;

Barton et al. 1980, 1985b; Barton and Peter 1982; Pickering et al.

1982; Chapters II, VII) and confirmed that these fish were

stressed. Cortisol titer was also slightly higher in the

unstressed fish subjected to the respirometry trial than in

tank-held control fish (Table VIII.1). This was likely caused by

the stimulus of being forced to swim at 0.5 b.l.Is for 1 h. Zelnik

and Goldapink (1981) found that rainbow trout, forced to swim at

velocities of 1 b.l./s and higher, had elevations in plasma

cortisol after the onset of swimming, with the magnitude of the

increases positively related to swimming speed. Other

Investigators have also observed forced exercise-induced increases

in plasma cortisol in salmonids (Fagerlund 1967; Hill and Fromm

1968). The low cortisol levels found in prestress and resting fish

taken from the respirometer indicated that neither the acclimation

and swimming adjustment protocols used nor the method of fish

removal from the apparatus altered plasma cortisol, as compared

with the tank-held control value (Table VIII.1).

There was a significant (P<0.05) positive correlation

between individual p1asma cortisol values and oxygen consumption

rates in the stressed ateelhead (r0.76, N10; Fig. VIII.4); no

such correlation was evident in unstressed fish. This finding

suggests that individual variation among fish in sensitivity or

responsiveness to stress, as indicated by the magnitude of the

corticosteroid increase, is reflected in a corresponding metabolic

cost to the fish. We are not aware of other studies that have

attempted to establish this correlation between these acute

responses before and our data do not imply a causal relationship

between them, but in a related Investigation, Chan end Woo (1978)

observed a 79% increase over control fish in the oxygen consumption

rate of hypophysectomized Japanese eels, Anguilla aponica,
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Table VIII.1. Mean (±SE, j10) plasma cortisol,
glucose, lactic acid and osmolality in juvenile ateelhead: (1)
either stressed or unstressed and then subjected to a 1-h swimming
challenge, and (2) from various stages of prestresa acclimation
(see footnotes for explanations of experimental and acclimation
protocols). Means within a column without a letter in common are
significantly different (Duncan's new multiple-range test,
PC0.05).

Treatment Cortisol Glucose Lactic Acid Oamolelity
Group* ng/mL mg/dL mgIdL mOam/L

Stressed fish: 71 ±118 87 ±98 37 5a 316 ±48

Unstressed fish: 28 ±12b 77 ±128 14 ±ib 312 ±38

Prestreas fish: 15 ±4bc 66 ±38 17 ±2bPC 313 ±38

Resting fish: 9 ±3bc 66 ±28 21 ±4bC 316 ±48

Control fish: 8 ±3C 73 ±38 21 ±2c 315 ±28

*Stresged: acclimated and swimming-adjusted fish given three 2-mm
disturbances at 0.5-h intervals and then subjected to a
0.5-b.l./s swimming challenge.

Unstressed: acclimated and swimming-adjusted fish subjected to the
0.5-b.l./s swimming challenge only.

Prestreas: fish acclimated in the reapirometer for 3-4 d and then
given an 8-h swimming adjustment period at 0.2-0.3 b.l./s.

Resting: fish acclimated in the respiroseter for 3-4 d only.

Control: fish kept in laboratory holding tanks only with daily
feeding for 10 d.



198

Figure VIII.4. Linear regreaaion (y127+1.36x) of individual

oxygen consu.ption rates on corresponding plasas cortiaol

concentrations of juvenile steelhead after three 2-am disturbances

(stressed), separated by 0.5-h intervals, and followed with a 1-h

awiaaing challenge at 0.5 b.l./s.
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9 h after in3ectirlg them with exogenous cortisol. Chan and Woo

(1978) also indicated the possible functional relationship between

cortisol and metabolism by reporting and discussing the elevations

of both plasma glucose and activity of the hepatic gluconeogenic

enzyme, glutamate-oxaloacetate transaminase, in the

cortisol-treated eels.

Plasma glucose levels following the various treatments were

not different from each other in our experiment, although there was

a trend towards higher plasma glucose in the stressed fish (Table

VIII.1. Also, we failed to observe a correlation between plasma

glucose and metabolic rates of individually stressed fish. The

lack of a larger glycemic response may be attributed to

insufficient elapsed time from the onset of stress for significant

hyperglycemia to appear in the samples. Based on our earlier

studies (e.g. Table 11.3 Chapter II), plasma glucose appears

to reach a peak in 3-6 h following this type of brief disturbance.

Similarly, Pickering et al. (1982) found that a change in plasma

glucose in brown trout was not evident until 4 h after a 2 sIn

disturbance, although 2-h levels were higher than comparative

control values. We also suspect that the lack of significance

observed was due to the high degree of variance in plasma glucose

values from stressed and unstressed fish. Both groups had similar

high and low values (ranges: stressed 55-161 mg/dL, unstressed

54-165 mg/dL) that may have resulted as a differential glycemic

response among individual fish to the 0.5-b.l.Is swimming

challenge, thus masking the stress response. [For example, if low
and high values of each group are excluded, the resultant means of

81 ±3 for stressed and 69 ±6 mg/dL for unstressed

fish are more different (tl.94, df14)J.

Resting concentrations of plasma lactic acid in the various

groups of unstressed steelbead (Table VI1I.1) were similar, but

slightly higher, to those previously reported for this species

(}lille 1982) and the twofold elevation in lactic acid observed in

stressed fish (Table VIII.1) is a characteristic response to
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physical disturbances in fishes generally (Fraser and Beamish 1969;

Soivio and Oikari 1976; Pickering et al. 1982; Schwalme and Mackay

1985a; Barton et al. 1986; and many others). There was no

correlation between plasma lactic acid levels and metabolic rates

of stressed fish. The increase in blood lactic acid above the

resting state Indicates that there was also an anaerobic metabolic

response to the struggling and that a portion of the increased

oxygen consumption in the stressed fish was possibly used to pay

back the oxygen debt incurred (Beamish 1978). Plasma lactic acid

in unstressed fish, also subjected to the 0.5-b.l./a swimming

challenge, was lower than control values (Table VIII.1) suggesting

that some circulating lactate may have been utilized as a glucose

source or oxidized during swimming (Driedzic and Hochechka 1978).

Plasma osmolality was the same in all of the treatment

groups (Table VIII.1) and was similar to levels previously found in

Salmo app. in fresh water (Byrne et al. 1972; Jackson 1981).

The results indicated that the disturbance used in our experiment

was not severe enough to cause an osmotic Imbalance in the

steelhead within the time period measured.

In his discussion of smolt bioenergetics, Schreck (1982)

proposed that stress Is an additional energy-demanding load on the

fish that would detrimentally affect subsequent performance.

Present data support that notion and demonstrate that even a minor

physical disturbance, like the one used, could significantly reduce

a fIsh's scope for activity, leaving less energy available in

stressed fish for some other possibly necessary performance

component, such as seawater adaptation, disease resistance or

swimming stamina (Fig. VIII.5). In our model, we have assumed that

the 15 of the energy budget used for routine activity (Brett and

Groves 1979) remains relatively constant, since a certain amount of

energy above basal metabolism would presumably be required for the

fish to continue to exist in its environment. This is unknown,

however, and it is conceivable that routine activity may be reduced

in stressed fish (e.g. stressed fish may cease feeding).
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Figure VIII.5. Model baaed on present data and those of Brett and

Groves (1979) to demonstrate how acute stress may affect fish's

performance capacity by reducing energy availability for other

performance components within their scope for activity.
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In summary, we have shown that a physical disturbance

elicited a more than twofold increase in the metabolic rate in

)uvenile ateelhead. Moreover, the positive correlation between

metabolic rate and plasma cortlaol in stressed individuals

substantiates the hypothesis that there is a metabolic coat

associated with acute stress in fish and suggests that increased

plasma cortisol may be a suitable quantitative indicator of the

degree of stress experienced. Measurement of oxygen consumption is

a direct method of evaluating the effects of stress on the

bloenergetic capacity of fish and provides a basis of understanding

of how other 'whole-animal' performances may be affected by stress.

The nature of the stress applied in this investigation was

relatively mild and is probably encountered routinely in fish

hatchery and other management practices. It is therefore

reasonable to assume that disturbances of greeter severity or

duration would impose an even greater energetic burden on scope for
activity. Future research should be directed at determining the

effects of increased severity and duration of the disturbance on

metabolic scope and on recovery time to assess the degree of stress
that fish can experience before their health or survivability is

compromised.
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IX: SUMMARY

Evidence summarized from the literature (Chapter II)

demonstrates how various genetic, ontogenetic and environmental

factors can modify the magnitude of physiological stress responses.

From the experiments conducted, it was shown that stage of

development (Chapter IV), acclimation temperature (Chapter II),

time of day (Chapter III), diet composition and fasting (Chapter

V), exposure to low environmental acidity (Chapter VI), presence of

disease infection (Chapter III) and prior experience to similar

disturbance, either acutely (Chapter III) or habitually (Chapter

VIX), all had a major or minor effect on the elevations of plasma

cortisol and/or glucose in response to handling. Furthermore, the

responses to stress appeared to vary among species and stocks

(Chapter II) but the influence of early rearing history cannot be

discounted. The findings do not negate the value of plasma

cortisol and glucose as indicators of stress. Rather, they point

out the importance of being familiar with the fish's life history

and contingent environmental conditions when carrying out stress

investigations with fish and interpreting the findings. For

example, a high glucose response to a stimulus, relative to a

control group, could indicate either an increased sensitivity to

stress (Chapters III and VI), suggesting that the fish is "more

stressed", or a greater capacity to mobilize energy reserves in

response to the stress because of nutritional state (Chapter V).

Within the context of the conceptual model presented by

Schreck (1981), the ability to respond to stress may be also

considered as an individual performance component. That is, the

potential capacity of a fish to respond to stress is defined by its

genetic makeup. The fish's realized capacity to evoke a stress

response is further delineated by both its developmental stage and

internal (e.g. nutritional state, health) and external (e.g.

temperature, water quality) environmental conditions. The ability

of fish to respond to stress is part of their adaptive capacity to
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adjust to perturbations in their surroundings. However,

compensation is not achieved without some metabolic cost.

In his classic paper, Fry (1.947) provided a basis for

description of factors affecting animal activity within its

environment and defined the concept of scope for activity.

Relative to Schreck'a (1981) performance capacity model, stress

further limits a fish's realized bioenergetic capacity by reducing

the energy available within its scope for activity. Even a mild

acute disturbance can reduce bioenergetic capacity by about one

quarter (Chapter VIII). Other consequences of stress include

depletion of glycogen reserves (Chapters II, III, V) and decreased

immunocompetence through depression of circulating lymphocytes

(Chapter VII). Some of these adverse consequences, such as

reductions in lymphocyte numbers and somatic growth, and

chronically elevated plasma glucose are probably mediated by

cortisol. (Chapter VII).

As our knowledge expands, it becomes increasingly clear

that many important biological relationships are more complex and

interrelated than earlier thought. The response of fish, or any

organism, to stress is of this nature. It is not unreasonable to

assume that when a fish is stressed, every physiological system is

likely disturbed in some way. Figure IX.1 is an attempt to

summarize the major aspects of the stress response as related

specifically to changes in metabolism and to the data presented.

This model represents a synthesis of previously published concepts
(Nazeaud et a).. 1977; Schreck 1981; Munck et al. 1984; Moberg 1985)

and is supported in part, either definitively or circumstantially,

by the experimental results previously discussed. It is understood

that such a model is overly simple since it does not include the

built-in feedback control systems, such as the negative feedback

regulation of corticosteroid output, or the mechanistic components

of the pathways, such as corticosteroid induction of gluconeogenic

enzyme activity. Nor does it include the multitude of other

primary and secondary stress responses and their possible
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Figure IX.l. Important adaptive and ntaladaptive aspects of the

endocrine-metabolic stress response pathway in fish. Increases in

corticoateroida and catecholaminea represent the primary response

to perception of the stress factor; increases in blood glucose and

metabolic rate represent the major metabolic secondary and tertiary

responses, respectively.
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relationships to these pathways, such as the effects of

catecholaminea on gill vasculature end subsequently, water and ion

balance. (Although not measured, catecholaminea were included in

this summary because of their integral role in carbohydrate

metabolism (Mezeaud and Mazeaud 1981) and their interregulation

with corticoateroids (Axeirod and Reisine 1984) during stress.]

When fish perceive a stressful stimulus, there is a change

in biological function (Moberg 1985) as an adaptive response of the

organism to compensate for the stress, according to the

GAS-paradigm of Selye (1950). This response is characterized in

Figure ILl by an increase in corticoaterolda and catecholaminea,

followed by elevations in plasma glucose and in metabolic rate as

energy reserves are mobilized and used to cope with the stress.

However, there is a meladaptive component of the overall stress

response that can be considered as the "coat of doing business".

This is manifested by a reduction of energy availability in scope

for activity, declines in glycogen reserves and decreases in

circulating lymphocytes. If the stress factor is persistent, these

changes could lead to reduced growth as a consequence of both

continued gluconeogenesis and reduced metabolic scope, metabolic

exhaustion as energy stores are depleted, and increased disease

incidence resulting from reduced immunocompetence. It follows

intuitively that the net result of severe or prolonged stress will

be fish that are less capable of functioning optimally in their

environment and, thus, have reduced chances of survival (Fig.

IX.1).



210

BIBLIOGRAPHY

Ablett, R.F.., R.O. Sinnhuber, R.N. Holmes, and D.P. Selivonchick.
1981a. The effect of prolonged administration of bovine
Insulin in rainbow trout (Salmo gairdneri R.). General.
and Comparative Endocrinology 43: 211-217.

Ablett, R.F.., R.O. Sinnhuber, and D.P. Selivonchick. 1981b. The
effect of bovine insulin on (14C]glucoae and
[3Hlleucine incorporation in fed and fasted rainbow trout
(Salmo galrdneri). General and Comparative
Endocrinology 44: 418-427.

Adams, 5.11., J.E. Breck, and R.B. McLean. 1985. Cumulative
stress-induced mortality of gizzard shad in a southeastern
ti.S. reservoir. Environmental Biology of Fishes 13: 103-112.

Ainsworth, A.J.., P.R. Bowser, and M.H. Belesu. 1985. Serum cortisol
levels in channel catfish from production ponds. Progressive
Fish-Cuiturlst 47: 176-181.

Aldrin, J.F., J.L. Messager, end 11. Mevel. 1979. Easai aur le
stress de transport chez le saumon coho juvenile
(Oncorhynchus kisutch). Aquaculture 17: 279-289.

APHA. 1980. Standard methods for the examination of water and
wastewater, 15th edition. American Public Health Association,
American Water Works Association, and Water Pollution Control
Federation, Washington, D.C.. 1134 pages.

Axeirod, 3., and T.D. Reisine. 1984. Stress hormones: their
interaction and regulation. Science 224: 452-459.

Ball, J..N., and E.F. Hawkins 1976. Adrenocortical (interrenal>
responses to hypophysectomy and adenohypophysial hormones in
the teleost Poecilia latipinna. General and
Comparative Endocrinology 28: 59-70.

Barton, B.A.., and RE. Peter. 1982. Plasma cortisol stress response
in fingerling rainbow trout, Salmo geirdneri
Richardson, to various transport conditions, anaesthesia, and
cold shock. Journal of Fish Biology 20: 39-51.

Barton, BA., R.E. Peter, and C.R. Paulencu. 1980. Plasma cortisol
levels of fingerling rainbow trout (Salo gairdneri)
at rest, end subjected to handling, confinement, transport,
and stocking. Canadian Journal of Fisheries and Aquatic
Sciences 37: 805-811.



211

Barton, B.A., C.B. Schreck, R.D. Ewing, A.R. HeffiMingeen, and R.
Patino. 1985a. Changes in plassa cortisol during stress and
asoltilication In coho salmon, Oncorhynchus kisutch.
General and Coiparative Endocrinology 59: 468-471.

Barton, B.A., C.B. Schreck, and L.A. Sigissondi. 1986. Multiple
acute disturbances evoke cu*uletive physiological stress
responses in juvenile chinook aal*on. Transactions of the
A*erican Fisheries Society 115: 245-251.

Barton, B.A., and L.T. Toth. 1980. Physiological stress In fish: a
literature review with eiphaaia on blood cortiaol dyna*ics.
Alberta Energy and Natural Resources, Fisheries Research
Report 21 18 pages.

Barton, B.A., G.S. Weiner, and C.B. Schreck. 1985b. Effect of prior
acid exposure on physiological responses of juvenile rainbow
trout (Salso gairdneri) to acute handling stress.
Canadian Journal of Fisheries and Aquatic Sciences 42:
710-717.

Basu, J., J. Nandi, and H.A. Bern. 1965. The hoMolog of the
pituitary-adrenocortical axis in the teleost fish Tilapia
aossabica. Journal of Experi.ental Zoology 159: 347-356.

Beyne, 8.L. 1980. PhysIological seasure*ents of stress. Rapport
Procea-Verbaux des Reunions Conseil International pour
Exploration de Ia Her 179: 56-61.

Beaish, F.W.H. 1964a. Respiration of fishes with special eiphesia
on standard oxygen consumption. II. Influence of weight and
teMperature on respiration of several species. Canadian
Journal of Zoology 42: 177-194.

Beasish, F.W.H. 1964b. Respiration of fishes with special eMphasis
on standard oxygen consuiption. III. Influence of oxygen.
Canadian Journal of Zoology 42: 355-366.

Bea*ish, F.W.H. 1978. Swissing capacity. Pages 101-187 in W.S.
Hoar and D.J. Randall, editors. Fish physiology, vol. VII.
Locoaotion. Acade*ic Press, New York, New York.

Black, E.C. 1957. Alterations in the blood level of lactic acid in
certain salMonid fishes following muscular activity. II. Lake
trout, Salvelinus namaycush. Journal of the Fisheries
Research Board of Canada 14: 645-649.



212

Black, E.C., and S.J. Tredwell. 1967. Effect of a partial loss of
scales and mucous on carbohydrate metabolism in rainbow trout
(Salmo gairdneri). Journal of the Fisheries Research
Board of Canada 24: 939-953.

Black, E.C., A.C. Robertson, A.R. Hanalip, and W.-G. Chiu. 1960.
Alterations in glycogen, glucose and lactate in rainbow end
Kamloopa trout, Salmo gairdneri, following muscular
activity. Journal of the Fisheries Research Board of Canada
17: 487-500.

Blazka, P., M. Volk, and N. Cepela. 1960. A new type of
reapirometer for the determination of the metabolism of fish
in an active state. Physiologia Bohemoalovenica 9: 553-558.

Brett, J.R. 1958. Implications and assessment of environmental
stress. Pages 69-83 in P.A. Larkin, editor. The
investigation of fish-power problems. H.R. MacMillan Lectures
in Fisheries, University of British Columbia, Vancouver,
Canada.

Brett, J.R. 1964. The respiratory metabolism and swimming
performance of young sockeye salmon. Journal of the Fisheries
Research Board of Canada 21: 1183-1226.

Brett, J.R. 1973. Energy expenditure of sockeye salmon,
Oncorhynchus nerka, during sustained performance.
Journal of the Fisheries Research Board of Canada 30:
1799-1809.

Brett, J.R., and T.D.D. Groves. 1979. Physiological energetics.
Pages 279-352 in W.S. Hoar, D.J. Randall, and J.R. Brett,
editors. Fish physiology, vol. VIII. Bloenergetica and growth.
Academic Press, New York, New York.

Brett, J.R., and D.B. Sutherland. 1965. Respiratory metabolism of
pumpkinaeed (Lepomia gibbosus) in relation to swimming
speed. Journal of the Fisheries Research Board of Canada 22:
405-409.

Bromley, P.J. 1980. Effect of dietary protein, lipid and energy
content on the growth of turbot (Scophthalmus maximum
L.). Aquaculture 19: 359-369.



213

Brown, SB., 3G. Ealea, R.E. Evans, and T.J. Hera. 1984.
Interrenel, thyroidal, and carbohydrate responses of rainbow
trout (Salso gairdneri) to environ*ental
acidification. Canadian Journal of Fisheries and Aquatic
Sciences 41: 36-45.

Bubler, DR., and J.E. Helver. 1961. Nutrition of salonid fishes.
IX. Carbohydrate requireenta of chinook sel*on. Journal of
Nutrition 74: 307-318.

Bullock, G.L., and S.F. Snieazko. 1970. Fin rot, coldweter disease,
and peduncle disease of aeliionid fishes. U.S. Fish end
Wildlife Service, Fish Disease Leaflet 25: 3 pages.

Buterbaugh, G.L., and H. Willoughby. 1967. A feeding guide for
brook, brown, and rainbow trout. Progressive Fish-Culturiat
29: 210-215

Butler, D.G. 1968. Horsonal control of g.luconeogeneala in the North
Aericen eel (Anguilla roatreta). General and
CoMparative Endocrinology 10: 85-91.

Byrne, J.M., F.W.H Bea*iah, and R.L. Saunders. 1972. Influence of
salinity, teMperature, and exercise on please ossolelity and
ionic concentration in Atlantic selson (Salso aeler).
Journal of the Fisheries Research Board of Canada 29:
1217-1220.

Carsicheel, G.J., J.R. Toseaso, B.A. Sisco, and K.B. Davis. 1984e.
Confinesent and water quality-induced stress in largesouth
bass. Transactions of the Asericen Fisheries Society 113:
767-777.

Carsichael, G.J., J.R. Tosasso, B.A. Sisco, and K.B. Davis. 1984b.
Characterization and alleviation of stress associated with
hauling lergesouth bass. Transactions of the Aserican
Fisheries Society 113: 778-785.

Carsichael, G.J., G.A. Wedeseyer, J.P. McCraren, and J.L. Millard.
1983. Physiological effects of handling and hauling stress on
asallmouth bass. Progressive Fish-Culturiat 45: 110-113.

Cerneiro, N.M., end A.D. A*arel. 1983. Effects of insulin and
glucagon on please glucose levels and glycogen in organs of
the freshwater teleost, Pimelodus aculatus. General
and Conparative Endocrinology 49: 115-121.



214

Casillas, E., end L.S. Smith. 1977. Effect of stress on blood
coagulation and heematology in rainbow trout (Saimo
gairdneri). Journal of Fish Biology 10: 481-491.

Chan, D.K.O., J.C. Rankin, and I. Cheater Jones. 1969. Influences
of the adrenal cortex and the corpuscles of Stannius on
osmoreguietion in the European eel (Anguiile anguilla
L) adapted to freshwater. General and Comparative
Endocrinology, Supplement 2: 342-353.

Chan, D.K.O., and N.V.S. Woo. 1978. Effect of cortisol on the
metabolism of the eel, Anguilla iaponica. General and
Comparative Endocrinology 35: 205-215.

Chapman, G.A. 1978. Toxicities of cadmium, copper, and zinc to four
juvenile stages of chinook salmon and steelhead. Transactions
of the American Fisheries Society 107: 841-847.

Chavin, W. 1964. Sensitivity of fish to environmental alterations.
University of Michigan, Great Lakes Research Division
Publication 11: 54-67.

Chavin, W., and J.E. Young. 1970. Factors in the determination of
normal serum levels of goldfish, Carasaiva euratus L.
Comparative Biochemistry and Physiology 33: 629-653.

Cliff, G., and G.D. Thurman. 1984. Pathological and physiological
effects of stress during capture and transport in the juvenile
dusky shark, Carcharhinus obacurus. Comparative
Biochemistry and Physiology 78A: 167-173.

Coutant, C.C. 1977. Compilation of temperature preference data.
Journal of the Fisheries Research Board of Canada 34: 739-746.

Cowey, C.B., N. de is Higuera, and J.W. Adron. 1977a. The effect of
dietary composition and of insulin on gluconeogenesia in
rainbow trout (Salmo gairdneri). British Journal of
Nutrition 38: 385-395.

Cowey, C..B., D. Knox, N.J. Walton, and J.W. Adron. 197Th. The
regulation of gluconeogenesis by diet and insulin in rainbow
trout (Selmo gairdneri). British Journal of Nutrition
38: 463-470.



215

Dave, G., M.-L. Johansaon-Sjobeck, A. Lerason, K. Lewender, and U.
Lidman. 1975. Metabolic end hemetologicel effects of
starvation in the European eel, Anguilla anguilla
L. -I. Carbohydrate, lipid, protein and inorganic ion
metabolism. Comparative Biochemistry and Physiology 52A:
423-430.

Dave, C., M.-L. Johansson-Sjobeck, A. Larason, K. Lewander, and U.
Lidmen. 1979. Effects of insulin on the fatty acid composition
of the total plasma lipids in the European eel, Anguilla
anguilla L. Comparative Biochemistry and Physiology 62A:
649-653.

Davis, K.B., and N.C. Parker. 1983. Plasma corticosteroid and
chloride dynamics in rainbow trout, Atlantic salmon, and lake
trout during and after stress. Aquaculture 32: 189-194.

Davis, K.B., N.C. Parker, and M.A. Suttle. 1982. Plasma
corticosteroids and chlorides in striped bass exposed to
triceine methanesulfonate, quinaldine, etomidate, and salt.
Progressive Fish-Culturist 44: 205-207.

Davis, K.B., M.A. Suttle, and N.C.
influences on corticosteroid
catfish. Transactions of the
414-421.

Parker. 1984. Biotic and abiotic
hormone rhythms in channel
American Fisheries Society 113:

Davis, K.B., P. Torrance, N.C. Parker, and M.A. Suttle. 1985.
Growth, body composition and hepatic tyrosine aminotransferase
activity in cortisol-fed channel catfish, Ictalurus
punctatus Ref inesque. Journal of Fish Biology 27: 177-184.

de Ia Higuera, M., end P. Cardenea. 1985. Influence of dietary
composition on gluconeogenesia from L-(U-14C)glutamete in
rainbow trout (SaJ.mo gairdneri). Comparative
Biochemistry and Physiology 81A: 391-395.

Delahunty, G., and M. Tomlinson. 1984. Photoperiod-independent
actions of the pineal organ: aspects of a pineal
organ-pancreas relationship. Transactions of the American
Fisheries Society 113: 439-443.

Dickson, I.W., and R.H. Kramer. 1971. Factors influencing scope for
activity and active and standard metabolism of rainbow trout
(Salmo geirdneri). Journal of the Fisheries Research
Board of Canada 28: 587-596.



216

Dively, J.L., J.E. Nudge, W.H. Neff, and A. Anthony. 1977. Blood
P02, P002 and pH changes in brook trout
(Salvelinus fontinalis) exposed to sublethal levels of
acidity. Comparative Biochemistry and Physiology 57A: 347-351.

Donaldson, E.M. 1981. The pituitary-interrenal axis as an indicator
of stress in fish. Pages 11-47 A.D. Pickering, editor.
Stress and fish. Academic Press, London, England.

Driedzic, W.R., and P.W. Hochachka. 1978. Metabolism in fish during
exercise. Pages 503-543 W.S. Hoar and D.J. Randall,
editors. Fish physiology, vol. VII. Locomotion. Academic
Press, New York, New York.

Edwards, D.J., E. Austreng, S. Riaa, and T. G3edrem. 1977.
Carbohydrate in rainbow trout diets. I. Growth of fish of
different families fed diets containing different proportions
of carbohydrate. Aquaculture 11: 31-38.

Ellsaesser, C.F., and L.W. Clem. 1986. Haematological and
immunological changes in channel catfish stressed by handling
and transport. Journal of Fish Biology 28: 511-521.

Each, G.W.,, and T.C. Hazen. 1980. Stress and body condition in a
population of largemouth bass: implications for red-sore
disease. Transactions of the American Fisheries Society 109:
532-536.

Fegerlund, U.H.M. 1967. Plasma cortisoi. concentration in relation
to stress in adult sockeye salmon during the freshwater stage
of their life cycle. General arid Comparative Endocrinology 8:
197-207.

Fletcher, D.J. 1984. Plasma glucose and plasma fatty acid levels of
Limana limanda (L.) in relation to season, stress,
glucose loads and nutritional state. Journal of Fish Biology
25: 629-648.

Fletcher, G.L. 1975. The effects of capture, 'atresa,' and storage
of whole blood on the red blood cells, plasma proteins,
glucose, and electrolytes of the winter flounder
(Pseudopleuronectea americanus). Canadian Journal of
Zoology 53: 197-206.



217

Flick, W.A., C.L. Scholfield, and D.A. Webster. 1982. Remedial
actions for interim maintenance of fish stocks in acidified
waters. Pages 287-306 jj T.A. Haines, chairman, and R.E.
Johnson, editor. Acid rain/fisheries. Proceedings of an
international symposium on acidic precipitation and fisheries
impacts in northeastern North America. Northeastern Division,
American Fisheries Society.

Folmar, L.C., and W.W. Dickhoff. 1980. The parr-smolt
transformation (smoltificetion) and seawater adaptation in
salmonids. A review of selected literature. Aquaculture 21:
1-37.

Fontaine, N., and J. Hatey. 1954. Sur Is teneur en
17-hydroxycorticosteroidea du plasma de saumon (Salmo
salar L.). Compte Rendu de l'Academie des Sciences, Series
D 239: 319-321.

Fontaine, N., and N. Olivereeu. 1957. Interrenal anterieur et
smoltificatlon chez Salmo salar L. Journal de
Physiologie, Paris 49: 174-176.

Fontaine, N., and N. Oliveresu. 1959. Interrenel enterieur et
amoltiIication chez Salmo salar L. Bulletin de is
Socité Zoologique de France 84: 161-162 (Abstract).

Foster, L.B., and R.T. Dunn. 1974. Single-antibody technique for
radioimmunoassay of cortisol in unextracted serum or plasma.
Clinical Chemistry 20: 365-368.

Fouler, L.G. 1982. 1981 Tests with poultry by-product meal in fall
chinook salmon diets. U.S. Fish and Wildlife Service,
Abernathy Salmon Cultural Development Center, Technology
Transfer Series 82-1: 13 pages.

Fraser, J.N., and F.W.H. Beamiah. 1969. Blood lactic acid
concentrations in brook trout, Salvelinus fontinalia,
planted by air drop. Transactions of the American Fisheries
Society 98: 263-267.

Frenkl, R., L. Csalay, G. Csalkvary, and T. Zelles. 1968. Effect of
muscular exertion on the reaction of the
pituitary-adrenocortical axis in trained and untrained rats.
Acts Physiologica Academiae Scientiarum Hungaricee 33:
435-438.



218

Froam, P.O. 1980. A review of some physiological and toxicological
responses of freshwater fish to acid stress. Environmental
Biology of Fishes 5: 79-93.

Fry, F.E.J. 1947. Effects of the environment on animal activity.
University of Toronto Biology Series 55, Publication of the
Ontario Fisheries Research Laboratory 68: 1-62.

Fry, F.E.J. 1957. The aquatic respiration of fish. Pages 1-63
in N.E. Brown, editor. The physiology of fishes, vol. I.
Metabolism. Academic Press, New York, New York.

Fry, F.E.J. 1971. The effect of environmental factors on the
physiology of fish. Pages 1-98 W.S. Hoar and D.J.
Randall, editors. Fish physiology, vol. VI. Environmental
relations and behavior. Academic Press, New York, New York.

Fryer, J.N. 1975. Stress and adrenocorticosteroid dynamics in the
goldfish, Carassius auratus. Canadian Journal of
Zoology 53: 1012-1020.

Fryer, J.N., and R.E. Peter. 1977. Hypothalamic control of ACTH
secretion in goldfish. III. Hypothalamic cortisol implant
studies. General and Comparative Endocrinology 33: 215-225.

Fuller, J.D., D.B.C. Scott, and R. Fraser. 1976. The reproductive
cycle of Coregonus lavaretus (L) in Loch Lomond,
Scotland, in relation to seasonal changes in plasma cortisol.
concentration. Journal of Fish Biology 9: 105-117.

Furuichi, N. and Y. Yone. 1981. Changes of blood sugar and plasma
insulin levels of fishes in glucose tolerance test. Bulletin
of the Japanese Society of Scientific Fisheries 47: 761-764.

Gilham, I.D., and 8.1. Baker. 1985. A black background facilitates
the response to stress in teleosts. Journal of Endocrinology
105: 99-105.

Golden, J.T. 197'8. The effects of fluctuating temperatures on the
lethal tolerance limits of coastal cutthroat trout (Selmo
clarki clarki). M.S. Thesis, Oregon State University,
Corvallis, Oregon. 29 pages.

Graham, M.S., and C.M. Wood. 1981. Toxicity of environmental acid
to the rainbow trout: interactions of water hardness, acid
type, and exercise. Canadian Journal of Zoology 59: 1518-1526.



219

Graham, M.S., C.M. Wood, and J.D. Turner. 1982. The physiological
responses of the rainbow trout to strenuous exercise:
interactions of water hardness and environmental acidity.
Canadian Journal of Zoology 60: 3153-3164.

Gresawell, R.E., and C.B. Stalnaker. 1974. Post-stocking mortality
of catchable-aize rainbow trout in Temple Fork of the Logan
River, Utah. Proceedings of the Utah Academy of Science and
Letters 51: 69-84.

Griffiths, J.S., and D.F. Alderdice. 1972. Effects of acclimation
and acute temperature experience on the swimming speed of
juvenile coho salmon. Journal of the Fisheries Research Board
of Canada 29: 251-264.

Grimm, A.S. 1985. Suppression by cortisol of the mitogen-induced
proliferation of peripheral blood leucocytes from plaice,
Pleuronectes platessa L. Pages 263-271 M.J.

Manning and M.F. Tatner, editors. Fish immunology. Academic
Press, London, England.

Haines, T.A. 1981. Acidic precipitation and its consequences for
aquatic ecosystems: a review. Transactions of the American
Fisheries Society 110: 699-707.

Haines, T.A., chairman, and R.E. Johnson, editor. 1982. Acid
rain/fisheries. Proceedings of an international symposium on
acidic precipitation and fisheries impacts in northeastern
North America. Northeastern Division, American Fisheries
Society. 357 pages.

Hammond, B.R., and C.P. Hickman, Jr. 1966. The effect of physical
conditioning on the metabolism of lactate, phosphate, and
glucose in rainbow trout, Salmo gairdneri. Journal of
the Fisheries Research Board of Canada 23: 65-83.

Hane, S., OH. Robertson, B.C. Wexler, and M.A. Krupp. 1966.
Adrenocortical response to stress and ACTH in Pacific salmon
(Oncorhynchus tshawytacha) and steelbead trout
(Salmo gairdnerii) at successive stages in the sexual
cycle. Endocrinology 78: 791-800.

Harman, B.J., D.L. Johnson, and L. Greenwald. 1980. Physiological
responses of Lake Erie freshwater drum to capture by
commercial shore seine. Transactions of the American Fisheries
Society 109: 544-551.



220

Hill, C.W., and P.O. Froms. 1968. Response of the interrenal gland
of rainbow trout (Sal*o gairdneri) to stress. General
and Comparative Endocrinology 11 69-77.

Hille, S. 1982. A literature review of the blood chemistry of
rainbow trout, Salmo galrdneri Rich. Journal of Fish
Biology 20: 535-569.

Hilton, J.W. 1982. The effect of pre-feating diet and water
temperature on liver glycogen and liver weight in rainbow
trout, Salmo qirdneri Richardson, during Lasting.
Journal of Fish Biology 20: 69-78.

Hilton, J.W., and D.G. Dixon. 1982. Effect of increased liver
glycogen and liver weight on liver function in rainbow trout,
Salmo gairdneri Richardson: recovery from anaesthesia
and plasma 35S-sulphobromophthalein clearance. Journal of
Fish Diseases 5: 185-195.

Hlavek, R.R., and R.V. Bulkley. 1980. Effects of malachite green on
leucocyte abundance in rainbow trout, Salmo gairdneri
(Richardson). Journal of Fish Biology 17: 431-444.

Holeton, G.F. 1973. RespiratIon of arctic char (Salvelinus
fontinalia) from a high arctic lake. Journal of the
Fisheries Research Board of Canada 30: 717-723.

Holeton, G.F. 1974. Metabolic cold adaption of polar fish: fact or
artefect? Physiological Zoology 47: 137-152.

Horwitz, W., editor. 1980. Official methods of analysis of the
Association of Official Analytical Chemists, 13th edition.
Association of Official Analytical Chemists, Washington, D.C.
1018 pages.

Houston, A.Ff., J.A. Madden, R.J. Woods, and H.M. Miles. 1971.
Variations in the blood and tissue chemistry of brook trout,
Salvelinus fontinalis, subsequent to handling,
anesthesia, and surgery. Journal of the Fisheries Research
Board of Canada 28: 635-642.

Idler, D.R. 1971. Some comparative aspects of corticosteroid
metabolism. Pages 14-28 V.H.T. James and L. Martini,
editors. Proceedings of the third international congress on
hormonal steroids. Excerpts Medics, Amsterdam, The
Netherlands.



221

lien, 2., and 2. Yaron. 1976. Stimulation of carp interrenal
function by adrenocorticotrophin. Journal of Endocrinology 6B:
13-20.

Inca, B.W. 1979. Insulin secretion from the situ
perfused pancreas of the European silver eel, Anguilla
anguilla L. General and Comparative Endocrinology 37:
533-540.

Ince, SW., and A. Thorpe. 1976e. The ii vivo metabolism of
14C-glucose and 14C-glycine in insulin treated
northern pike (Esox lucius L.). General and
Comparative Endocrinology 28: 481-486.

Ince, B.W., end A. Thorpe. 1976b. The effect of starvation and
force feeding on the metabolism of the northern pike, Esox
lucius L. Journal of Fish Biology 8: 79-88.

Ince, B.W., and A. Thorpe. 1977. Glucose and amino-acid stimulated
insulin release viva in the European silver eel
(Anguilla anguilla L.). General and Comparative
Endocrinology 31: 249-256.

Ince, B.W., and A. Thorpe 1978a. Insulin kinetics and distribution
in rainbow trout (Salmo gairdneri). General and
Comparative Endocrinology 35: 1-9.

Ince, B.W., and A. Thorpe 1978b. The effects of insulin on plasma
amino acid levels in the northern pike, Esox lucius L.
Journal of Fish Biology 12: 503-506.

Inui, Y., S. Arai, and M. Yokote. 1975. Gluconeogenesis in the eel
VI. Effects of hepatectomy, alloxan and mammalian insulin on

the behavior of plasma amino acids. Bulletin of the Japanese
Society of Scientific Fisheries 41: 1105-1111.

Inui, Y., end Y. Oshima. 1966. Effect of starvation on metabolism
and chemical composition of eels. Bulletin of the Japanese
Society of Scientific Fisheries 32: 492-501.

Inui, V., and M. Vokote. 1975a. Gluconeogenesia in the eel III.
Effects of mammalian insulin on the carbohydrate metabolism of
the eel. Bulletin of the Japanese Society of Scientific
Fisheries 41: 965-972.



222

Inul, Y., and M. Yokote. 1975b. Gluconeogenesis in the eel IV.

Gluconeogenesia in the hydrocortiaone-adainiatered eel.
Bulletin of the Japanese Society of Scientific Fisheries 41:

973-981.

Jackson, A.J. 1981. Osmotic regulation in rainbow trout (Salmo
gairdneri) following transfer to sea water. Aquaculture
24: 143-151.

Jezieraka, B., J.R. Hazel, and S.D. Cerking. 1982. Lipid
mobilization during starvation in the rainbow trout, Salmo
gairdneri Richardson, with attention to fatty acids.
Journal of Fish Biology 21: 681-692.

Johansson-Sjobeck, M.-L., G. Dave, A. Larrson, K. Lewander, and U.
Lidman. 1978. Hematological effects of cortisol in the
European eel, Anguilla anguilla L. Comparative
Biochemistry and Physiology 60A: 165-168.

Johnson, S.L., R.D. Ewing, and J.A. Lichatowich. 1977.
Characterization of gill (Na+K)-activated adenoalne
triphosphataae from chinook salmon, Oncorhynchus
tahawytscha. Journal of Experimental Zoology 199: 345-354.

Kamra, S.K. 1966. Effects of starvation and refeeding on some liver
and blood constituents of Atlantic cod (Gadus morhua
L.). Journal of the Fisheries Research Board of Canada 23:
975-982.

Klinger, H., H. Delventhal, and V. Hilge. 1983. Water quality and
stocking density as atreasors of channel catfish
(Ictalurus punctatus Raf.). Aquaculture 30: 263-272.

Korovin, V.A., A.S. Zybin, and V.8. Legomin. 1982. Response of
juvenile fishes to stress factors associated with transfers
during fish farming. Journal of Ichthyology 22: 98-102.

Kutty, M.N., and R.L. Saunders. 1973. Swimming performance of young
Atlantic salmon (Salso salar) as affected by reduced
ambient oxygen concentration. Journal of the Fisheries
Research Board of Canada 30: 223-227.

Langhorne, P., and T.H. Simpson. 1981. Natural changes in serum
cortisol in Atlantic salmon (Salmo salar L.) during
parr-smolt transformation. Pages 349-350 (abstract) in
A.D. Pickering, editor. Stress and fish. Academic Press,
London, England.



223

Larsen, L.O. 1976. Blood glucose levels in intact and
hypophysectomized river lampreys (Lampetra fluviatilis
L.) treated with insulin, "stress," or glucose, before and
during the period of sexual maturation. General and
Comparative Endocrinology 29: 1-13.

Larason, A., and K. Lewander. 1973. Metabolic effects of starvation
in the eel, Anguilla anguilla L. Comparative
Biochemistry and Physiology 44A: 367-374.

Leach, G.J., and N.H. Taylor. 1980. The role of cortisol in
stress-induced metabolic changes in Fundulus
heteroclitua. General and Comparative Endocrinology 42:
219-277.

Leach, G.J., and N.H. Taylor. 1982. The effects of cortlsoi.
treatment and protein metabolism in Furidulus
heteroclitus. General and Comparative Endocrinology 48:
76-83.

Leatherland, J.F. 1985. Studies of the correlation between
stress-response, osmoregulation and thyroid physiology in
rainbow trout, Salmo gairdnerii (Richardson).
Comparative Biochemistry and Physiology 80A: 523-531.

Lee, R.M., S.D. Gerking, and B. Jezieraka. 1983. Electrolyte
balance and energy mobilization in acid-stressed rainbow
trout, Salmo q±airdneri, and their relation to
reproductive success. Environmental Biology of Fishes 8:
115-123.

Leibson, LG., and E.M. Plisetskaya. 1969. Hormonal control of
blood sugar level in cyclostomea. General and Comparative
Endocrinology, Supplement 2: 528-534.

Leloup-Hatey, J. 1960. The influence of enforced exercise on the
concentration of plasma corticoateroids in a teleost: the carp
(Cyprinus carpio L.). Journal de Physiologie, Paris
52: 145-146.

LeJ.oup-Hatey, J., and A. Hardy. 1976. Rythme circannuel de
l'activite interrenalienne chez l'enguille, "Anguilla
anguilla'. Journal de Physiologie, Paris 72A: 103-104
(abstract).

Levine, 5. 1985. A definition of stress? Pages 51-69 fl G.P.
Moberg, editor. Animal stress. American Physiological Society,
Bethesda, Maryland.



224

Lewander, K., G. Dave, N.-L. Johansson-Sjobeck, A. Larason, and U.
Lidian. 1976. Metabolic effects of insulin in the European
eel, Anguille anguilla L. General and Coaparative
Endocrinology 29: 455-467.

Lidian, U., G. Dave, M.-L. Johansaon-Sjobeck, A. Larason, and K.
Lewander. 1979. Metabolic effects of cortisol in the European
eel, Anguilla anquilla (L.). Coaperative Biochealatry
and Physiology 63A: 339-344.

Liasuwan, C., 1. Liasuwan, J.M. Grizzle, and J.A. Pluab. 1983.
Stress response and blood characteristics of channel catfish
(Ictalurus punctatus) after anesthesia with etoaidate.
Canadian Journal of Fisheries and Aquatic Sciences 40:
2105-2112.

Love, R.M. 1970. The cheaical biology of fishes. Acadeaic Press,
London, England. 562 pages.

Mazeaud, N.M., and F. Mazeaud. 1981. Adrenergic responses to stress
in fish. Pages 49-75 A.D. Pickering, editor. Stress and
fish. Acadeaic Press, London, England.

Mazeaud, N.M., F. Mazeaud, and E.M. Donaldson. 1977. Priaar' and

secondary effects of stress in fish: sose new data with a
general review. Transactions of the Aaerican Fisheries Society
106: 201-212.

McLeay, D.J. 1973. Effects of cortisol and dexaaethasone on the
pituitary-interrenel axis and abundance of white blood cell
types in juvenile coho salaon, Oncorhynchus kisutch.
General and Coaparative Endocrinology 21: 441-450.

McLeey, D.J. 1975. Variations in the pituitary-interrenal axis and
the abundance of circulatory blood-cell types in juvenile
salmon, Oncorhynchus kisutch, during atreac residence.
Canadian Journal of Zoology 53: 1882-1898.

NcLeay, D.J., and D.A. Brown. 1974. Growth stimulation and
biochemical changes in juvenile coho salmon (Oncorhynchus
kisutch) exposed to bleached kraft pulpaill effluent for
200 days. Journal of the Fisheries Research Board of Canada
31: 1043-1049.

NcLeay, D.J., and M.R. Gordon. 1977. Leucocrit: a simple
hematological technique for measuring acute stress in salmonid
fish, including stressful concentrations of pulpaill effluent.
Journal of the Fisheries Research Board of Canada 34:
2164-2175.



225

Miles, H.M., S.M. Loehner, D.T Michaud, and S.L. Salivar. 1974.
Physiological responses of hatchery reared muakellunge
(Esox masaulnonQy) to handling. Transactions of the
American Fisheries Society 103: 336-342.

Milligan, C.L., and C.M. Wood. 1982. Disturbances in heematology,
fluid volume distribution and circulatory function associated
with low environmental pH in the rainbow trout, Salmo
gairdneri. Journal of Experimental Biology 99: 397-415.

Milne, R.S., J.F. Leatherlarid, and B.J. Holub. 1979. Changes in
plasma thyroxine, trilodothyronine end cortisol associated
with starvation in rainbow trout (Salmo galrdneri).
Environmental Biology of Fishes 4 185-190.

Minick, M.C., and W. Chavin. 1972. Effects of vertebrates insulins
upon serum FFA and phospholipid levels in the goldfish,
Carasaiva auratus Linnaeus. Comparative Biochemistry
and Physiology 41A: 791-804.

Moberg, G.P. 1985. Biological response to stress: key to assessment
of well-being? Pages 27-49 G.P. Moberg, editor. Animal
stress. American Physiological Society, Bethesda, Maryland.

Montgomery, R. 1957. Determination of glycogen. Archives of
Biochemistry and Biophysics 67: 378-386.

Morata, P., M.J. Faus, M. Perez-Palomo, and F. Sanchez-Medina.
1982. Effect of stress on liver and muscle glycogen
phosphorylaae in rainbow trout (Salmo gairdneri).
Comparative Biochemistry and Physiology 728: 421-425.

Mudge, J.E., J.L. Dively, W.H. Neff, and A. Anthony. 1977.
Interrenal hiatochemiatry of acid-exposed brook trout,
Salvelinus fontinalia (Mitchill). General and
Comparative Endocrinology 31: 208-215.

Munck, A., P.M. Guyre, and N.J. Holbrook. 1984. Physiological
functions of glucocorticoids in stress and their relation to
pharmacological actions. Endocrine Reviews 5: 25-44.

Murat, J.C., E.M. Plisetakaya, and N.Y.S. Woo. 1981. Endocrine
control of nutrition in cyclostomes and fish. Comparative
Biochemistry and Physiology 68A: 149-158.



226

Nagai, 14., and S. Ikeda. 1971. Carbohydrate metabolism in fish I.

Effects of starvation and dietary composition on the blood
glucose level and the hepatopancreetic glycogen and lipid
contents in carp. Bulletin of the Japanese Society of
Scientific Fisheries 37: 404-409.

Nakano, T., and N. Tomlinson. 1967. Catecholamine and carbohydrate
concentrations in rainbow trout (Salmo gairdneri) in
relation to physical disturbance. Journal of the Fisheries
Research Board of Canada 24: 1701-1715.

NASNAE. 1972. Appendix 11-C. Pages 410-419 Water quality
criteria 1972. National Academy of Sciences and National
Academy of Engineering, Washington, D.C. (EPA.R3.73.033.March
1973).

Neville, C.M. 1979. Sublethal effects of environmental
acidification on rainbow trout (Salmo gairdneri).
Journal of the Fisheries Research Board of Canada 36: 84-87.

Nichols, D.J., and N. Weisbert. 1984. Plasma cortisol
concentrations in Atlantic salmon, Salmo aelar:
episodic variations, diurnal change, and short term response
to adrenocorticotrophic hormone. General and Comparative
Endocrinology 56: 169-176.

Nichols, D.J., and H. Weisbart. 1985. Cortisol dynamics during
seawater adaptation of Atlantic salmon Salmo salar.
American Journal of Physiology 248: R651-R659.

Nichols, D.J., N. Weisbart, and J. Quinn. 1985. Cortisol kinetics
and fluid distribution in brook trout (Salvelinus
fontinalis). Journal of Endocrinology 107: 57-69.

Nikin*aa, N., A. Soivio, T. Nakari, and S. Lindgren. 1983. Hauling
stress in brown trout (Salmo trutta): physiological
responses to transport in fresh water or salt water, and
recovery in natural brackish water. Aquaculture 34: 93-99.

Niahioka, R.S., H.A. Bern, K.V. Lai, V. Nagahama, and E.G. Grau.
1982. Changes in the endocrine organs of coho salmon during
normal and abnormal amoltification an electron-microscope
study. Aquaculture 28: 21-38.

Olivereau, P1. 1975. Histophysiologie de l'axe
hypophyso-corticosurrenalien chez Ic saumon de l'Atlentique
(cycle en eau douce, vie thalassique et reproduction). General
and Comparative Endocrinology 27: 9-27.



227

Pasanen, S., N. Viljanen, and E. Pulkkinen. 1979. Stress caused by
the 'mark-recapture' method to Coregonus albula CL).
Journal of Fish Biology 14: 597-605.

Passonneau, J.F. 1974. Fluorimetric method. Pages 1468-1472 in
H.U. Berg*eyer, editor. Methods of enzymatic analysis, 2nd
English edition. Academic Press, New York, New York.

Patent, G.J. 1970. Comparison of some hormonal effects on
carbohydrate metabolism in an elasmobranch (Spualus
acanthias) and a holocephalan (Hydrolagus
colliei). General and Comparative Endocrinology 14:
215-242.

Patent, G.J., and P.P. Foe. 1971. Radioimmunoaasay of insulin in
fishes, experiments in vivo and in vitro.
General and Comparative Endocrinology 16: 41-46.

Patina, R. 1983. Clearance of plasma cortisol in coho salmon,
Oncorhynchus kisutch, at various stages of
amoltification. M.S. Thesis, Oregon State University,
Corvallis, Oregon. 45 pages.

Pawson, M.G., and S.J. Lockwood. 1980. Mortality of Mackerel
following physical stress, and its probable cause. Rapport
Proces-Verbaux des Reunions Conseil International pour
Exploration de is Her 177: 439-443.

Paxton, R., D.H. Gist, and B.L. Umminger. 1984. Serum cortisol
levels in thermally-acclimated goldfish (Carassius
auretus) and killifish (Fundulus heteroclitus):
implications in control of hepatic glycogen metabolism.
Comparative Biochemistry and Physiology 78B: 813-816.

Perrier, C., N. Terrier, and H. Perrier. 1978. A time-course study
of the effects of angling stress on cyclic AMP, lactate end
glucose plasma levels in the rainbow trout (Salmo
gairdneri Richardson) during a 64 hour recovery period.
Comparative Biochemistry and Physiology 60A: 217-219.

Peters, G. 1982. The effect of stress on the stomach of the
European eel, Anguilla anguilla L. Journal of Fish
Biology 21: 497-512.



228

Peters, G., H. Delventhal, and H. Klinger. 1980. Physiological and
.orphological effects of social stress in the eel,
(Anguilla anguilla L.). /trchiv fur
Fiachereiwiasenachaft 30: 157-180.

Peters, G., and R. Schwerzer. 1985. Changes in heaopoletic tissue
of rainbow trout under influence of stress. Diseases of
Aquatic Organisa 1: 1-10.

Phillips, A.M., Jr., D.L. Livingston, and H.A. Poston. 1966. The
effect of changes in protein quality, calorie sources and
calorie levels upon the growth and che.ical coiposition of
brook trout. New York Conservation DepartMent, Fisheries
Research Bulletin 29: 6-14.

Pickering, A.D. 1981a. Introduction: the concept of biological
stress. Pages 1-9 j A.D. Pickering, editor. Stress and
fish. Acade*ic Press, London, England.

Pickering, A.D., editor. 198ib. Stress and fish. AcadeMic Press,
London, England. 367 pages.

Pickering, A.D. 1984. Cortisol-induced lyMphocytopenia in brown
trout, Sal* trutta L. General and Comparative
Endocrinology 53: 252-259.

Pickering, A.D., and J. Duston. 1983. Adsinistration of cortisol to
brown trout, Saiso trutta L., and its affects on the
susceptibility to Saprolegnie infection and furunculosis.
Journal of Fish Biology 23: 163-175.

Pickering, A.D., and T.G. Pottinger. 1985. Accusation of the brown
trout, Salso trutta L., to the stress of daily
exposure to salachite green. Aquaculture 44: 145-152.

Pickering, A.D., T.G. Pottinger, and P. Christie. 1982. Recovery of
the brown trout, Selso trutta 1.., fros acute handling
atress a tise-course study. Journal of Fiab Biology 20:
229-244.

Pickering, A.D., and A. Stewart. 1984. Accusation of the
interrenal tissue of the brown trout, Selso trutta L.,
to chronic crowding stress. Journal of Fish Biology 24:
731-740.



229

Pickford, G.E., P.K.T. Pang, E. Weinstein, J. Torretti, E. Hendler,
and F.H. Epstein. 1970. The response of the hypophysectomized
cyprinodont, Fundulus heteroclitus, to replacement
therapy with cortisol: effects on blood serum and
sodium-potassium activated adenosine triphosphatase in the
gills, kidney, and intestinal mucosa. General and Comparative
Endocrinology 14: 524-534.

Plisetskaye, E., S. Bhattacharya, W.W. Dickhoff, and A. Gorbman.
1984. The effect of insulin on amino acid metabolism and
glycogen content in isolated liver cells of juvenile coho
salmon, Oncorhynchus kisutch. Comparative Biochemistry
and Physiology 78A: 773-778.

Pliaetakaya, E., W.W. Dickhoff, T.L. Pequette, and A. Gorbmen.
1986. The assay of salmon insulin by homologous
radloimmunoassay. Fish Physiology and Biochemistry 1: 35-41.

Pliaetakeya, E., end L.G. Leibson. 1973. Hormonal effects on
glycogen-aynthetase activity in the liver and muscles of
lamprey and scorpion fish. Doklady Akademil Nauk SSSR 210:
1230-1232 (in Russian).

Plisetskeya, E, B.N. Leibush, and V. Bondereva. 1976. The
secretion of insulin and its role in cycloatomea and fishes.
Pages 251-269 in T.A.I. Grillo, L.G. Leibson, and A.
Epple, editors. The evolution of pancreatic islets. Pergamon
Press, Oxford, England.

Plisetakaya, E., H.G. Pollock, J.B. Rouse, J.W. Hamilton, J.R.
Kimmel, and A. Gorbmen. 1985. Characterization of coho salmon
(Oncorhynchus kisutch) insulin. Regulatory Peptides
11: 105-116.

Porthe-Nibelle, J., end B. Lahiou. 1974. Plasma concentrations of
cortisol in hypophysectomized and sodium chloride-adapted
goldfish (Carassius auratus L.). Journal of
Endocrinology 63: 377-387.

Precht, H. 1958. Concepts of the temperature adaptation of
unchanging reaction systems of cold-blooded animals. Pages
50-78 j. C.L. Proaser, editor. Physiological adaptations.
Lord Baltimore Press, Baltimore, Maryland.

Rao, G.M.M. 1971. Influence of activity and salinity on the
weight-dependent oxygen consumption of the rainbow trout
Salmo gairdneri. Marine Biology 8: 205-212.



230

Redding, 3.14., R. Patino, and C.B. Schreck. 1984a. Clearance of
corticosterolda in yearling coho salmon, Oncorhynchus
kisutch, in fresh water and seawater and after stress.
General and Comparative Endocrinology 54: 433-443.

Redding, 3.14., and C.B. Schreck. 1983. Influence of ambient
salinity on osmoregulation and cortisol concentration in
yearling coho salmon during stress. Transactions of the
American Fisheries Society 112: 800-807.

Redding, 3.14., C.B. Schreck, EK. Birks, and R.D. Ewing. 1984b.
Cortisol and its effects on plasma thyroid hormone and
electrolyte concentrations in fresh water and during seawater
acclimation in yearling coho salmon, Oncorhynchus
kisutch. General and Comparative Endocrinology 56:
146-155.

Redgate, E.S. 1974. Neural control of pituitary adrenal activity in
Cyprinus carpio. General and Comparative Endocrinology
22: 35-41.

Rees, A., S. Harvey, and 3G. Phillips. 1983. Habituation of the
corticosterone response of ducks (Anas platyrhynchos)
to daily treadmill exercise. General and Comparative
Endocrinology 49: 485-489.

Rees, A., S. Harvey, and J.G. Phillips. 1985a. Adrenocorticel
responses to novel stressors in acutely or repeatedly starved
chickens. General and Comparative Endocrinology 59: 105-109.

Rees, A., S. Harvey, and J.G. Phillips. 1985b. Transitory
corticosterone responses of ducks (Anea platyrhynchos)
to exercise. General and Comparative Endocrinology 59:
100-104.

Reinitz, G.L., L.E. Orme, C.A. Lemm, and F.N. Hitzel. 1978.
Influence of varying lipid concentrations with two protein
concentrations in diets for rainbow trout (Selmo
geirdneri) Transactions of the American Fisheries Society
107: 751-754.

Ricker, W.E. 1979. Growth rates end models. Pages 677-743 in
W.S. Hoar, D.J. Randall, and 3.R. Brett, editors. Fish
physiology, vol. VIII. Bioenergetics and Growth. Academic
Press, New York, New York.



231

Robertson, OH., S. Hane, B.C. Wexler, and A.P. Rinfret. 1963. The
effect of hydrocortisone on immature rainbow trout <Salmo
gairdnerii). General and Comparative Endocrinology 3:
422-436.

Roth, R.R. 1972. Some factors contributing to the development of
fungus infection in freshwater fish. Journal of Wildlife
Diseases 8 24-28.

Rush, S.B., and B.L. Umminger. 1978. Elimination of stress-induced
changes in carbohydrate metabolism of goldfish (Carassius
auratus) by training. Comparative Biochemistry and
Physiology 60A: 69-73.

Saez, L., R. Amthauer, E. Rodriguez, and N. Krauskopf. 1984.
Effects of insulin on the fine structure of hepatocytes from
winter-acclimatized carps: studies on protein synthesis.
Journal of Experimental Zoology 230: 187-197.

Saunders, R.L. 1963. Respiration of the Atlantic cod. Journal of
the Fisheries Research Board of Canada 20: 373-386.

Saunders, R.L., E.B. Henderson, P.R. Harmon, C.E. Johnston, and
J.G. Eales. 1983. Effects of low environmental pH on amolting
of Atlantic salmon (Salmo salar). Canadian Journal of
Fisheries and Aquatic Sciences 40: 1203-1211.

Schmidt, P.J., and D.R. Idler. 1962. Steroid hormones in the plasma
of salmon at various states of maturation. General and
Comparative Endocrinology 2 204-214.

Schneider, N.J., T.J. Connors, R.G. Genoway, and S.A. Barraclough.
1981. Some effects of simultaneous thermal and exercise stress
in rainbow trout (Salmo gairdneri). Northwest Science
55: 62-69.

Schreck, C.B. 1981. Stress and compensation in tej.eostean fishes:
response to social and physical factors. Pages 295-321
A.D. Pickering, editor. Stress and fish. Academic Press,
London, England

Schreck, C.B. 1982. Stress and rearing of salmonida. Aquaculture
28: 241-249.



232

Schreck, C.B., H.W. Li, A.G. Maule, C.S. Bradford, B.A. Barton, L.
Sigiamondi, and P.J. Prete. 1985. Columbia River salmonid
outmigration: McNary Dam passage and enhanced smolt quality.
Completion Report, Contract No. DACW68-84-C-0063, U.S. Army
Corps of Engineers, Portland, Oregon. 173 pages.

Schreck, C.B., and H.W. Lorz. 1978. Stress response of coho salmon
(Oncorhynchus kisutch) elicited by cadmium and copper
and potential use of cortisol as an indicator of stress.
Journal of the Fisheries Research Board of Canada 35:
1124-1129.

Schwalme, K., and W.C. Mackay. 1985a. The influence of
exercise-handling atreaB on blood lactate, acid-base, and
plasma glucose status of northern pike (Esox lucius
L.). Canadian Journal of Zoology 63: 1125-1129.

Schwalme, K., and W.C. Mackay. 1985b. The influence of
angling-induced exercise on the carbohydrate metabolism of
northern pike (Esox lucius L.). Journal of Comparative
Physiology B 156: 67-75.

Selye, H. 1936. A syndrome produced by diverse nocuous agents.
Nature 138: 32.

Selye, H. 1950. Stress and the general adaptation syndrome. British
Medical Journal 1(4667): 1383-1392.

Selys, H. 1973a. The evolution of the stress concept. American
Scientist 61: 692-699.

Selye, H. 1973b. Homeostasia and het.eroatasis. Perspectives In
Biology end Medicine 16: 441-445.

Simpson, T.H. 1975/76. Endocrine aspects of aalmonid culture.
Proceedings of the Royal Society of Edinburgh (B) 75: 241-252.

Singley, J.A., and W. Chavin. 1975. Serum cortisol in normal
goldfish (Cerassius auratus L.). Comparative
Biochemistry and Physiology 50A: 77-82.

Smit, H. 1965. Some experiments on the oxygen consumption of
goldfish (Carassius auratus L.) in relation to
swimming speed. Canadian Journal of Zoology 43: 623-633.

Smith, R.R., M.C. Peterson, and A.C. Allred. 1980. Effect of
leaching on apparent digestion coefficients of feedstufla for
salmonids. Progressive Fish-Culturist 42: 195-199.



233

Snedecor, G.W., and W.G. Cochran.. 1967.. Statistical methods, 6th
edition. Iowa State University Press, Ames, Iowa. 593 pages.

Snieszko, S.F. 1974. The effects of environmental stress on
outbreaks of infectious diseases of fishes. Journal of Fish
Biology 6: 197-208.

Soivio, A., and M. Niki.nmaa. 1981. The physiological condition of
rainbow trout during transport end the subsequent recovery
period. Suomen Kaletalous 49: 49-56 (in Finnish).

Soivio, A., K. Nyhoim, and H. }luhti. 1977. Effects of anaesthesia
with MS 222, neutralized MS 222 end benzocelne on the blood
constituents of rainbow trout, Selmo gairdneri.
Journal of Fish Biology 10: 91-101.

Soivio, A., and A. Oikari. 1976. Haemetological effects of stress
on a teleost, Esox lucius L. Journal of Fish Biology
8: 397-411.

Specker, J.L. 1982. Interrena]. function and amo].tification.
Aquaculture 28: 59-66.

Specker, J.L.,, and C.B. Schreck. 1980. Stress responses to
transportation end fitness for marine survival in coho salmon
(Uncorhynchus kisutch) smolta. Canadian Journal of
Fisheries and Aquatic Sciences 37 765-769.

Specker, J.L., and C.B. Schreck. 1982. Changes in plasma
corticoateroida during smoltification of coho salmon,
Oncorhynchus kisutch. General and Comparative
Endocrinology 46: 53-58.

Spieler, R.E. 1974. Short-term serum cortisol concentrations in
goldfish (Carassius auratus) subjected to serial
sampling and restraint. Journal of the Fisheries Research
Board of Canada 31: 1240-1242.

Spieler, R.E. 1979. Diel rhythms of circulating prolactin,
cortisol, thyroxine, and triiodothyronine levels in fishes: a
review. Revue Canadienne de Biologie 38: 301-315.

Spieler, R.E., and M.A. Nickerson. 1976. Effect of handling and
methylpentynol. anaesthesia on serum glucose levels in
goldfish, Careasius auratua Linnaeua. Wisconsin
Academy of Sciences, Arts and Letters 64: 234-239.



234

Spieler, R.E., and T.A. Noeske. 1984. Effects of photoperiod and
feeding schedule on diel variations of locomotor activity,
cortisol, and thyroxine in goldfish. Transactions of the
American Fisheries Society 113: 528-539.

Spry, D..J., CM. Wood, and P.V. Hodson. 1981. The effects of
environmental acid on freshwater fish with particular
reference to the softwater lakes in Ontario end the modifying
effecta of heavy metals. A literature review. Canadian
Technical. Report of Fisheries and Aquatic Sciences 999: 145
pages.

Steel, R.G.D., and J.H. Torrie. 1980. Principles and procedures of
statistics, 2nd edition. McGraw-Hill, New York, New York. 633
pages.

Storer, J.H. 1967. Starvation and the effects of cortisol in the
goldfish (Carasaiva euratua L.). Comparative
Biochemistry and Physiology 29: 939-948.

Strange, R.J., 1980. Acclimation temperature influences cortisol
and glucose concentrations in stressed channel catfish.
Transactions of the American Fisheries Society 109: 298-303.

Strange, R.J., and C.B. Schreck. 1978. Anesthetic and handling
stress on survival and cortlsoi. concentration in yearling
chinook salmon (Oncorhynchus tahawytacha). Journal of
the Fisheries Research Board of Canada 35: 345-349.

Strange, R.J., end C.B . Schreck. 1980. Seawater and confinement
alters survival end cortisol concentration in juvenile chinook
salmon. Copeia 1980: 351-353.

Strange, R.J., C.B. Schreck, and R.D. Ewing. 1978. Cortisol
concentrations in confined juvenile chinook salmon
(Oncorhynchus tahewytacha). Transactions of the
American Fisheries Society 107: 812-819.

Strange, R.3., C.B. Schreck, and J.T. Golden. 1977. Corticoid
stress responses to handling and temperature in aalmonida.
Transactions of the American Fisheries Society 106: 213-217.

Swallow, R.L., and W.R. Fleming. 1969. The effect of starvation,
feeding, glucose and ACTH on the liver glycogen levels of
Tilapia moasambice. Comparative Biochemistry and
Physiology 28: 95-106.



235

Swallow, R.L., and W.R. Fleming. 1970. The effect of oxaloacetate,
ACTH and cortisol on the liver glycogen levels of Tilapia
moasambica. Comparative Biochemistry and Physiology 36:

93-98.

Swift, D.J. 1983. Blood component value changes in the Atlantic
mackerel (Scomber scombrus L.) subjected to capture,
handling and confinement. Comparative Biochemistry and
Physiology 76A: 795-802.

Taahi*a, L., and G.F. Cahill, Jr. 1968. Effects of insulin in the
toadfiah, Opsanus General and Comparative
Endocrinology 11: 262-271.

Tharp, G.D., and R.J. Buuck. 1974. Adrenal adaptation to chronic
exercise. Journal of Applied Physiology 37: 720-722.

Thomas, R.E., J.A. Gharrett, M.G. Cans, S.D. Rice, A. Moles, and
S. Korn. 1986. Effects of fluctuating temperature on
mortality, stress, and energy reserves of juvenile coho
salmon. Transactions of the American Fisheries Society 115:
52-59.

Thorpe, A.., and B.W. Ince. 1976. Plasma insulin levels in teleosts
determined by a charcoal-separation radioimmunoaaaay
technique. General and Comparative Endocrinology 30: 332-339.

Tomasso, J.R., K.B. Davis, and N.C. Parker. 1980. Plasma
corticoateroid and electrolyte dynamics of hybrid striped bass
(white bass x striped bass) during netting and hauling.
Proceedings of the World Mariculture Society 11: 303-310.

Tomasso, J.R., KB. Davis, and N.C. Parker. 1981a. Plasma
corticoeteroid dynamics in channel catfish, Ictalurus
punctatus (Rafinesque), during and after oxygen depletion.
Journal of Fish Biology 18: 519-526.

Tomasso, JR., KB. Davis, and B.A. Simco. 1981b. Plasma
corticosteroid dynamics in channel catfish (Ictalurus
punctatus) exposed to ammonia and nitrite. Canadian
Journal of Fisheries and Aquatic Sciences 38: 1106-1112.

Tomasso, J.R., BA. Simco, and K.B. Davis. 1983. Circulating
corticosteroid and leucocyte dynamics in channel catfish
during net confinement. Texas Journal of Science 35: 83-88.



236

Umminger, B.L. 1977. Relation of whole blood auger concentrations
in vertebrates to standard metabolic rate. Comparative
Biochemistry and Physiology 56A: 457-460.

Umminger', B.L., and D.H. Gist. 1973. Effects of thermal acclimation
on physiological responses to handling stress, cortisol and
aldoaterone injections in the goldfish, Caraaaiva
auratus. Comparative Biochemistry and Physiology 44A:
967-977.

Virtanen, E., and A. Soivio. 1985. The patterns of T3, T4,
cortisol and Nat-K'-ATPaae during smoltificatlon of
hatchery-reared Salmo salar and comparison with wild
smolts. Aquaculture 45: 97-109.

Wagner, G.F., and B.A. McKeown. 1985. Cyclical growth in juvenile
rainbow trout, Salmo gairdneri. Canadian Journal of
Zoology 63: 2473-2474.

Walters, G.R.,, and J.A. Plumb. 1980. Environmental stress and
bacterial infection in channel catfish, Ictalurus
punctatus Rafineaque. Journal of Fish Biology 17: 177-185.

Wardle, C.S. 1972. The changes in blood glucose in Pleuronectea
platessa following capture from the wild: a stress
reaction. Journal of the Marine Biology Association of the
United Kingdom 52: 635-651.

Watanabe, T. 1982. Lipid nutrition in fish. Comparative
Biochemistry and Physiology 738: 3-15.

Wedemeyer, G. 1969. Stress-induced ascorbic acid depletion and
cortisol production in two salmonid fishes. Comparative
Biochemistry and Physiology 29: 1247-1251.

Wedeaeyer, G. 1970. The role of stress in the disease resistance of
fishes. Pages 30-35 jj S.F. Snieszko, editor. A symposium
on diseases of fishes and aheilfishes. American Fisheries
Society, Special Publication 5.

Wedemeyer, G. 1972. Some physiological consequences of handling
stress in the juvenile coho salmon (Oncorhynchus
kiautch) and steelhead trout (Salmo gairdneri).
Journal of the Fisheries Research Board of Canada 29:
1780-1783.



237

Wedeaeyer, G.A., and C.P. Goodyear. 1984. Diseases caused by
environmental atressors. Pages 424-434 in 0. Kinne,
editor. Diseases of marine animals, vol. IV. Part 1: places.
Biologiache Anatalt Helgoland, Hamburg, West Germany.

Wedemeyer, G.A., R.W. Gould, and W.T. Yaautake. 1983. Some
potentials and limits of the leucocrit teat as a flab health
assessment method. Journal of Fish Biology 23: 711-716.

Wedemeyer, G.A, and D.J. McLeay. 1981. Methods for determining the
tolerance of fishes to environmental atreasors. Pages 247-275
in A.D. Pickering, editor. Stress and fish. Academic
Press, London, England.

Wedemeyer, G.A., D.J. McLeay, and C.P. Goodyear. 1984. Assessing
the tolerance of flab and fish populations to environmental
stress: the problems and methods of monitoring. Pages 163-195
in V.W. Cairns, P.V. Hodson, and JO. Nriagu, editors.
Contaminant effects on fisheries. John Wiley and Sons,
Toronto, Canada.

Wedeaeyer, G.A, A.N. Palmisano, and L.E. Salabury. 1985.
Development of an effective transport media for juvenile
spring chinook salmon to mitigate stress and improve smolt
survival during Columbia River fish hauling operations. Final
Report, Contract No. DE-A179-828P-35460, Bonneville Power
Administration, Portland, Oregon. 70 pages.

Wedemeyer, GA., and W.T. Yasutake. 1977. Clinical methods for the
assessment of the effects of environmental stress on fish
health. U.S. Fish and Wildlife Service, Technical Paper 89: 18
pages.

Weiner, G.S. 1984. Influences of environmental acidification on
salmonid reproduction. 11.5. Thesis, Oregon State University,
Corvallis, Oregon. 40 pages.

Wells, R.M.G., V. Tetens, and A.L. Devries. 1984. Recovery from
stress following capture and anaesthesia of antarctic fish:
haematology end blood chemistry. Journal of Fish Biology 25:
567-576.

Wendt, C. 1965. Liver and muscle glycogen and blood lactate in
hatchery-reared Salmo aelar L. following exercise in
winter and summer. Report of the Institute of Freshwater
Research, Drottningholm 46: 167-184.



238

Wendt, C.A.G., and R.L. Saunders. 1973. Changes in carbohydrate
metabolism in young Atlantic salmon in response to various
forms of stress. Pages 55-82 MW. Smith and W.M.
Carter, editors. International Atlantic salmon symposium.
International Atlantic Salmon Foundation, Special Publication
Series 4.

Willemse, J.J., L. Markus-Silvis, and G.H. Ketting. 1984.
Morphological effects of stress in cultured elvera,
Anguilla anguilla (L.). Aquaculture 36: 193-201.

Winberg, G.G. 1956. Rate of metabolism and food requirements of
fishes. Fisheries Research Board of Canada, Translation Series
194 (1960): 202 pages.

Woo, N.Y.S., and S.I.Cheung. 1980. Metabolic effects of starvation
in the snakehead, Ophiocephalus maculatus. Comparative
Biochemistry and Physiology 67A: 623-627.

Wood, C.M., end D.G. McDonald. 1982. Physiological mechanisms of
acid toxicity to fish. Pages 197-226 in T.A. Haines,
chairman, and R.E. Johnson, editor, Acid rain/fisheries.
Proceedings of an international symposium on acidic
precipitation and fisheries impacts in northeastern North
America. Northeastern Division, American Fisheries Society.

Woodward, J.J., and L.S. Smith. 1985. Exercise training and the
stress response in rainbow trout, Salmo qirdneri
Richardson. Journal of Fish Biology 26: 435-447.

Wydoski, R.S., G.A. Wedemeyer, and N.C. Nelson. 1976. Physiological
response to hooking stress in hatchery and wild rainbow trout
(Salmo gairdneri). Transactions of the American
Fisheries Society 105: 601-606.

Yasutake, W.T., and J.H. Wales. 1983. Microscopic anatomy of
salmonids: an atlas. U.S. Fish and Wildlife Service, Resource
Publication 150: 189 pages.

Vousef, M.K. 1985. Stress physiology: definition and terminology.
Pages 3-7 in M.K. Vousef, editor. Stress physiology in
livestock, vol. I. Basic principles. CRC Press, Boca Raton,
Florida.

Zelnik, P.R., and G. Goldspink. 1981. The effect of exercise on
plasma cortisol and blood sugar levels in the rainbow trout,
Salmo gairdnerij Richardson. Journal of Fish Biology
19: 37-43.



APPENDICES



239

APPENDIX I: EFFECT OF EXOGENOUS CORTISOL AND

METYRAPONE ON SELECTED PHYSIOLOGICAL STRESS RESPONSES

IN JUVENILE CO}IO AND CHINOOK SALMON
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Introduction

The functional relationship between elevated plasma

cortisol and hyperglycemia is still not clear in fish. Previous

studies with fish using injections of exogenous cortisol have shown

a stimulated increase in glucose levels, but results were not

particularly conclusive (Butler 1968; Umminger and Gist 1973; Inui

and Yokote 1975b; Lidman et al. 1979). For example, either

repeated injections were required for a long time period (Butler

1968) or glucose stimulation may have been ertlfactual (Umminger

and Gist 1973). In possibly the only study of the relationship of

endogenous stress-elevated cortisol and hyperglycemia in fish,

Leach and Taylor (1980) found in mummichog, Fundulus

heteroclitus, that by blocking the characteristic interrenal

response with metyrapone during short-term chronic stress, initial

hyperglycemia was short lived and was significantly lower than

untreated stressed fish after 6 h. They concluded that cortisol

functions to sustain over time, elevations in plasma glucose

initially stimulated by some other factor such as catecholamines.

The main objective of these experiments was to determine:

(1) the influence of chronically elevated plasma cortisol resulting

from an implant, and (2) the effect of suppressing the

characteristic interrenal response with inetyrapone, and of

replacement with a single pulse dosage of exogenous cortisol, on

the magnitude of the hyperglycemic response in juvenile salmonids

subjected to acute or short-term chronic physical disturbances.

Towards the second objective, we needed to determine the effective

dosage of metyrapone, an inhibitor of cortisol synthesis, to use in

an implant to suppress the characteristic stress-induced plasma

cortisol increase. In addition, we determined the effect of

blocking the stress-induced elevation of plasma cortisol on plasma

ionic sodium and potassium in inetyrapone-implanted fish, as well as

the effect of a single injection of cortisol on p1asme glucose and

insulin in previously untreated fish.
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For the first experiment (Experiment 1), juvenile Willard

Hatchery stock coho salmon, Oncorhynchus kisutch, were

acclimated in 1.5-m-diameter circular tanks having an inflow of 6-7

L/min. For the second experiment (Experiment 2), juvenile Cedar

Creek stock chinook salmon, Oncorhynchus tahawytacha, were

acclimated in 350-L tanks receiving aerated 12°C well water

at about 4 L/min. Before the third experiment (Experiment 3),

juvenile Willard Hatchery stock coho salmon were held for

acclimation in 100 L in tanks receiving the same water inflow as in

Experiment 2. Fish from 'stock' tanks were implanted with cortisol

or metyrapone according to the following protocol, modified from

Pickering and Duston (1983). Crystalline form cortisol or

metyrapone was first dissolved in l00' ethanol; the resultant

solution was then dissolved in cocoa butter maintained in a liquid

state at 40-45°C, such that the final ethanol concentration

was 5 or l0' of the total volume of the implant.

To administer the implant, fish were first anesthetized In

a 50-mg/L tricaine methanesulfonate (MS-222) solution. The fish

were then treated by injecting 0.2 mL liquid cocoa butter

containing the cortisol or metyrapone into the abdominal cavity,

whereupon the cocoa butter rapidly solidified to form the implant.

To determine the effective dosage of metyrapone to block the

corticoateroid stress response, various predetermined

concentrations of metyrapone were implanted into chinook and coho

salmon. After 24 or 48 h of recovery in 100-L tanks, fish were

subjected to a handling stress by holding them out of the water for

30 a. The fish were sampled 1 h after the stress to assess the

amount of suppreasion of the characteristic cortisol response. For
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Experiment 2, acclimated juvenile chinook salmon (mean weight (wt)

45.8 g] were tested with seven metyrapone dosages ranging from 0.02

to 20 mg in 5' or 10' ethanol. For Experiment 3, acclimated

juvenile coho salmon (mean wt 59.7 g) were administered seven

metyrapone dosages from 10 to 30 mg in 10' ethanol.

In all experiments, blood was obtained by rapidly

anesthetizing sampled fish in a 200-mg/L MS-222 solution and then

serially bleeding the fish into 0.25-mL capillary tubes after

severing the caudal peduncle. Blood samples were centrifuged and

p1aama was stored at -15C for future assay. Plasma

cortisol was determined by radloimmunoassay (RIA) (Redding et al.

1984b), plasma glucose was measured by the ortho-toluidine method

(Wede*eyer and Yasutake 1977), plasma insulin was assayed by Dr E.

Plisetakays, University of Washington, using a salmon-specific

insulin RIA, and plasma ionic sodium and potassium were determined

with a NOVA 1 SodiumIPotasaium Analyzer (Nova Biomedical, Newton,

Massachusetts).

Experiment 1: Cortisol Implant and Handling

Coho salmon (mean wt 25.2 g) received either a sham 9Q

cocoa butter-l0 ethanol implant or one containing 0.4 mg of

cortisol (16 mg/kg), and were then transferred to 100-L tanks

having a water inflow of 4 L/min and held at a density of about 6

g/L. After 48 h, all fish were given a handling stress by holding

them in the air for 30 a and returning them to the tanks. Samples

for plasma cortisol and glucose were taken just before and 1, 3, 6

and 12 h after handling from duplicate tanks of treated fish.

Experiment 2: Netyrapone Implant and Handling

Chinook salmon (mean wt 52.1 g, acclimation density about

18 g/L) were injected with a 90 cocoa butter-10' ethanol implant

containing 10 ag metyrapone or without metyrapone according to the
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protocol previously described. Fish were transferred to 100-L

tanks receiving a 4-L/min water inflow and held at a density of

about 10 gIL. After 48 h, metyrepone-implanted fish were injected

interperitoneelly with 10 mg cortisol contained in 5 ethanol-95?

Cortland's saline. A second group of metyrapone-implented fish and

the sham-implanted fish were given sham injections of

ethanol-saline only. After 0.5 h, all fish were subjected to a

30-s handling stress and returned to the tanks. Samples for plasma

cortisol and glucose were obtained before the injection and at 1, 3

and 6 h after the stress from duplicate tanks of treated fish.

Experiment 3: Metyrapone Implant and Handling and Confinement

Coho salmon (Mean wt 53.4 g, acclimation density ca. 11

g/L) were implanted similar to those in Experiment 2 but with 30 mg

metyrapone. After 48 h, fish were given cortisol or sham

injections and then subjected to a 30-s handling stress using the

same protocol as in Experiment 2. The fish were then confined in

10 L at a density of 80 gIL in perforated buckets immersed in 100-L

tanks having a water inflow of 4 L/ain for the duration of the

experiment. Samples for plasma cortisol, glucose, ionic sodium,

and ionic potassium were taken before injection and at 5, 10, and

20 h after handling from duplicate tanks of treated fish.

Untreated and unhandled fish from an additional two acclimation

tanks were sampled at those times as controls.

Concurrent with the experiment, a second group of

acclimated, previously untreated coho salmon were given either a

10-mg cortisol (in Cortland's saline) injection or a sham (saline

only) injection to compare the levels of plasma cortisol resulting

from the dosage or from injection stress only after 1 and 5 h.

Levels of plasma glucose and insulin were also determined from

these fish.



244

Results

Effect of Implanted Cortisol

The presence of the cortisol implant elevated resting

plasma cortisol about threefold but was effective in abolishing the

characteristic cortisol elevation in response to the handling

stress (Fig. AI.1). Resting levels of plasma glucose were higher

in cortiaol-iaplanted fish than in controls. However, chronically

elevated plasma cortisol did not appear to enhance the

hyperglycemia following acute handling within the first 6 h after

the stress (Fig. AI.2). At 12 h post-stress, plasma glucose was

higher but also variable in fish with cortisol implants (Fig.

AI.2).

Determination of the Effective Metyrapone Dosage

The moat effective dosage of metyrapone for suppressing the

stress-induced increase In cortiso]. in juvenile chinook salmon was

10 mg/fish (about 200 mg/kg) as concentrations higher than that

caused mortality (Table AI.1). Metyrapone doses higher than those

in Table AI.1 were attempted but resulted in 100" mortality shortly

after implantation. It is apparent that the concentration of

ethanol used with the cocoa butter is also important since more

effective stress response suppression wee obtained with 10 than

with 5 ethanol (Table AI.1).

In juvenile coho salmon, the moat effective dosage of

metyrapone for suppressing the plasma cortisol increase was 30

mg/fish (about 500 mg/kg) (Table AI.2). At this dosage, no

mortality was observed. However, when this dosage was used on test

fish in Experiment 3, close to 50% of the fish died; the experiment

was carried out on the surviving fish.
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Figure AI.1. Mean (±SE) plaaaa cortisol (ng/mL,

N=9-1O) in juvenile coho salmon that were either

cortisol-implanted or sham-implanted and then subjected to a 30-a

handling stress.



220

180

I"
ii '

Il \

E140 !

I

I
E

1- I

=
L.

0

1J1'F
08
C

6041

40- I

1'

2 0-i

n

Figure ALl

246

-. control

cortisol implant

I

S.'

5%

5% _ - - -1*

i 3 e

Hours after Acute Stress
12



247

Figure AI.2. Mean (±SE) pisame giucoae (mg/dL, j9-iO)

in juvenile coho salmon that were either cortisol-implanted or

sham-implanted and then subjected to a 30-a handling stress.
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Table All. Dosages of aetyrapone in ethanol (EtCH) used in
cocoa-butter implants in juvenile chinook salmon tested for
Experiment 2 and resultant suppression of the plasma cortisol
elevation in response to a 30-a handling stress at 1 h post-stress,
expressed as percent response of control (dosageslkg were
determined for those fish receiving that dosage only).

Stress Response
Metyrapone Dosage (ag) per Fish of Normal Response)

5' EtOH 100

0.02 mg in 5' EtOH 91
(0.6 mg/kg)

0.2 mg in 5% EtOH 98
(6.1 mg/kg)

2 mg in 5% EtOH 72
(44 mg/kg)

5 sg in 5% EtOH 49
(108 mg/kg)

10 mg in 5% EtOH 44
(198 mg/kg)

10 mg in 10% EtOH 32
(211 mg/kg)

20 mg in 5% EtOH 32
(276 mg/kg) (87% mortality)
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Table AI.2. Dosages of metyrapone in ethanol (EtOH) used in
cocoa-butter implants in juvenile coho salmon tested for Experiment
3 and resultant suppression of the plasma cortisol elevation in
response to a 30-s handling stress at 1 h post-stress, expressed as
percent response of control (dosageaIkg were determined for those
fish receiving that dosage only).

Stress Response
Metyrepone Dosage (mg) per Fish (? of Normal Response)

10' EtOH 100

10 ag in 10? EtOH 55

(196 mg/kg)

12 mg in 10 EtOH 50

(222 mg/kg)

14 mg in 10 EtOH 62

(209 mg/kg)

17 mg in 10 EtOM 47
(250 mg/kg)

20 mg in 10's EtOH 31

(333 mg/kg)

25 mg in 10' EtOH 28

(433 ig/k9)

30 mg in 10 EtOH 16

(500 mg/kg)
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Suppression of the Interrenal Stress Response

Using the moat effective dosage determined (Table AI.1),

the cortisol level in juvenile chinook salmon (Experiment 2) in

response to handling was 62 lower in metyrapone-treated fish than

in sham-implanted fish at 1 h post-stress, but resting levels of

cortisol were notably higher (Fig. AI.3). The

aetyrapone-Implanted, cortisol-injected fish had cortisol levels

about 1.5 times that of the sham-treated fish, but rates of

clearance appeared to be similar (Fig. AI.3). Similarly in

juvenile coho salmon (Experiment 3), levels of plasma cortisol were

not changed In metyrapone-treated fish but were three times higher

than resting levels in sham-treated fish at 5 h post-stress (Fig.

AI.4). Unlike plasma cortisol in the chinook salmon which returned

to resting levels within 6 h following acute handling, cortisol. in

the coho salmon was still elevated at 20 h in response to

continuous confinement. This response was effectively suppressed

in the metyrapone-treated coho salmon at 5, 10, and 20 h (Fig.

Al .4).

However, in each of the experiments, glycemic responses to

the stress were similar for the three treatments. In Experiment 2,

p1eame glucose levels in the chinook salmon 6 h after acute

handling were the same (Fig. AI.5). Likewise in Experiment 3, the

patterns of plasma glucose changes in coho salmon during 20 h

continuous confinement following the handling stress were the same

(Fig. AI..6).

Of interest were the cortisol levels in previously

untreated coho salmon at 1 h and 5 h after a single 10-mg cortisol

injection (Table AI.3). At both times cortisol levels were about

three times higher than those at equivalent times in chinook salmon

from Experiment 2 (Fig. AI.3) even though the injection

concentrations were the same. There was no additional effect of

exogenous cortisol in these coho salmon on the normal hyperglycemic

response to the stress of handling and injection within the first 5
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Figure AI.3. Mean (±SE) plasma cortisol (ng/mL, jlO)

in juvenile chinook salmon that were: (1) metyrapone-implanted and

cortisol-injected, (2) metyrapone-implented and sha*-injected, and

(3) sham-implanted and sham-injected, and then subjected to a 30-a

handling stress.
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Figure AI.4. Mean (±SE) plasma cortisol (ng/aL, N10)

in juvenile coho salmon that were: (1) metyrapone-implanted and

cortisol-injected, (2) metyrapone-implanted and sham-injected, and

(3) sham-implanted and sham-injected, and then subjected to a 30-s

handling stress followed by 20 h of continuous confinement. (Note:

vertical scales in upper and lower portions of the graph are

different.)
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Figure AI5. Mean (±SE) levels of piesia glucose (mg/dL,

N=lO) in juvenile chinook saigon that were: (1)

ietyrapone-implented and cortisoi'-injected, (2)

metyrapone-implanted and sham-injected, and (3) shan-ipianted and

aha*-injected, and then subjected to a 30-s handling stress.
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Figure AI.6. Mean (±SE) levels of plasma glucose (mg/dL,

N10) in juvenile coho salmon that were: (1)

metyrapone-laplanted and cortisol-injected, (2)

metyrapone-iaplented and sham-injected, and (3) sham-implanted and

sham-injected, and then subjected to a 30-a handling stress

followed by 20 h of continuous confinement.
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Table AI.3. Mean (±SE) plaaa cortisol (ng/iL,
N=8-10), glucose (mg/dL, N8-10), and insulin (ng/L,
=7-10) in juvenile coho salMon following an injection of

eIther 10 g of cortisol in 10% ethanol-90% Cortland's saline or
ethanol-saline only (shaM).

Cortisol Shap
Injection Injection

Before injection: cortisol 19 ±7.1 19 ±7.1
glucose 76 ±7.0 76 ±7.0
insulin 1.5 ±0.3 1.5 ±0.3

1 h post-injection: cortIsol 1113 ±130 216 ±20
glucose 99 ±4.5 105 ±4.6
insulin 2.1 ±0.4 2.0 ±0.4

5 h post-injection: cortisol 651 ±28 147 ±9.4
glucose 103 ±7.7 132 ±13
insulin 1.5 ±0.3 1.0 ±0.].
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h after treatment (Table AI.3). In fact, plasma glucose in

cortisol-Injected fish appeared to be lower. Likewise, plasma

insulin levels were not affected by the added cortisol (Table

AI.3).

Neither blocking endogenoua cortisol nor replacement with

exogenous cortisol had any demonstrable effect on plasma ionic

sodium or potassium in juvenile coho salmon. There was a

depression in plasma ionic sodium in all three treatment groups in

response to the combined stress of handling and continuous

confinement which was most apparent at 10 h (Table AI.4). The rise

in plasma ionic potassium was moat evident at 5 h after handling,

but results in general were more variable than those for sodium

(Table AI.4).

Conclusions

The suppression of the characteristic cortisol elevation in

response to handling in the cortisol-implanted coho salmon was

similar to what was observed in cortisol-fed rainbow trout,

Salmo gairdneri, (Chapter VII). This result is further

evidence of the regulation of cortisol secretion by negative

feedback on the hypothalamic-pituitary-interrenal axis (Fryer and

Peter 1977). This finding also supports the earlier conclusion

(Chapter VII) that the ability of fish to initiate an iriterrenal

response to en acute stress is much reduced or even eliminated in

fish that may have had cortisol titers already elevated from

chronic stress.

The elevation in resting glucose in cortisol-implanted coho

salmon were also similar to what was observed in rainbow trout

continuously fed with cortisol in the diet (Chapter VII) and

supports the notion that cortisol has a glucocorticoid function In

salponid fish. The delayed elevation of plasma glucose at 12 h in

the cortisol-implanted fish over that in control fish suggests that
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Table AI.4. Mean (±SE) plas*a ionic sodiui (Nat) and
potasaiu* (Kt) (in *mol/L) in juvenile coho aal*on that were:
(1) *etyrapone-iiplanted and cortiaol-injected, (2)
aetyrapone-iaplanted end aha*-injected, and (3) aha-laplanted and
shea-injected, and then aubjected to a 30-a handling stress
followed by 20 h of continuous confineaent (e!j20;
bN13; all others, N10).

(a) (b) (c)

Metyrapone Metyrapone Shea
/Cortiaol /Shaa /Shaa Control

Before
treetaent: N& 155 ±1.3 155 ±j38 155 ±1.8 155 ±1.8

Kt 3.6 ±0.2 3.6 ±0.2 3.4 ±0.1 3.4 ±0.1

5h
poat-treataent Na 148 ±1.3 150 ±2.2 152 ±1.5 156 ±1.6

K 4.6 ±0.3 4.1 ±0.2 4.2 ±0.3 4.4 ±0.2

10 h
post-treataent: Na 146 ±2,1

K 4.3 ±0.2

20 h

post-treatment: Nat 152 ±2.4
1( 4.0 ±0.3

147 ±1.1 147 ±2.5 155 ±2.5
4.5 ±0.3 3.9 ±0.2 3.7 ±0.2

148 ±1.1 148 ±j.5 156 jjb
3.6 ±0.2 4.1 ±0.2 4,3 ±0.2
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cortisol asy have had a sustaining effect on the initial rise in

glucose in response to handling. However, the data were variable

at that tue which cakes this conclusion speculative.

Conversely, the results froa both stress experiaents with

aetyrapone-implanted chinook and coho salson suggest that cortisol

did not enhance or sustain catecholecine-induced elevations of

pleaca glucose during acute or short-ten chronic stress.

Alternatively, if cortisol did effect levels of stress-elevated

plaaaa glucose, it did not do so in a dose-dependent fashion nor

act at a level that was detectable with our expericental protocol.

In coho salaon, cortisol did not appear to enhance or otherwise

effect levels of plasca ionic sodiuc or potaasiva within the 20-h

ti*e fraae investigated. Neither did exogenous cortisol. appear to

alter levels of p1asaa insulin in coho selcon, at least within the

5-h post-treetient period. The slight rise in plasae insulin in

both groups at 1 h was likely in response to elevated levels of

piaaaa glucose.

Provided the dosages are high enough, aetyrepone icplents

with cocoa butter appear to be an effective Method of blocking

production of endogenous cortisol during stress. However, levels

needed to achieve the desired effect are close to the threshold

level of aortality. Moreover, the effective dosages (and lethal

levels) do not appear to be consistent and thus would have to be

deterained on an individual experiMent baaia.
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APPENDIX II: RECOVERY TIME FROM ACUTE

HANDLING STRESS IN JUVENILE CHINOOK SALMON
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Synopsis

In Chapter III, when fish were subjected to identical

handling stresses at 3-h intervals following an initial handling

stress, the resultant plasma cortisol and glucose elevations were

cumulative. The objective of this series of experiments was to

determine how the recovery interval after an identical handling

stress affects the increases of plasma cortisol, glucose and

lactate in fish in response to a second identical stress.

In the initial experiment, juvenile Trask River stock

chinook salmon, Oncorhynchus tshawytscha (17.2 g), held and

acclimated as described in Chapter III, were subjected to two,

identical 30-s handling stresses spaced 1 end 12 h apart.

Experiments were conducted using fish from duplicate tanks and

pooling the results (!jz12). Sampling and analyses in this and

subsequent experiments were carried out according to the protocol

in Chapter III. Plasma cortisol, glucose and lactate were

determined at 0.5, 1, 3, 6, 12 and 24 h after the second stress as

well as just before application of both stresses.

The cortj.sol elevation after the second stress was additive

upon cortisol levels elicited from the second stress when spaced 1

and 3 h apart (Fig. AII.1); results from Chapter III for two

stresses spaced 3 h apart are included in these graphs for

comparison. However, when fish were allowed 12 h to recover, the

second stress resulted in a maximum post-stress cortisol

concentration similar to that evoked by two stresses 1 h apart

(Fig. AII.1). This phenomenon was not evident for plasma glucose,

where levels responded to the second stress in a similar manner

after 1, 3 or 12 h of recovery from the initial stress (Fig.

AII.2). Plasma lactate elevatona following a second stress were

similar to that observed for cortisol. That is, after a 12-h

recovery period between stresses, there was a much greater relative

increase in lactate (Fig. AII.3) than there was to the second

stress after a 1- or 3-h recovery period.
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Figure AII.1. Mean (and 1 SE) plasma cortisol (ng/mL, ?j=11-12)

in juvenile Trask River chinook salmon subjected to two 30-s

handling stresses spaced 1, 3 or 12 h apart. (Solid arrows

indicate application of the second stresa open squares represent

unhandled controls.) Sample means, indicated by letter, are ranked

below left to right from lowest to highest; means not significantly

different (P(O.05) share the same underline (Duncan's new

multiple-range test).
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Figure AII.2. Mean (and 1 SE) plassa glucose (ag/dL, j=11-12)

in juvenile Treak River chinook salion subjected to two 30-a

handling stresses spaced 1, 3 or 12 h apart. (Solid arrows

indicate application of the second stress; open squares represent

unhandled controls.) Sasple seans, indicated by letter, are ranked

below left to right fros lowest to highest; eana not significantly

different (P<0.05) share the ease underline (Duncan's new

multiple-range test).
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Figure AII.3. Mean (and 1 SE) plasma lactate (mgldL, j10-12)

in juvenile Trask River chinook salmon subjected to two 30-a

handling stresses spaced 1, 3 and 12 h apart. (Solid arrows

indicate application of the second stress; open squares represent

unhandled controls.) Sample Means, indicated by letter, are ranked

below left to right from lowest to highest; means not significantly

different (P(0..05) share the same underline (Duncan's new

multiple-range test).
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The results suggest that the recovery time between stresses

may have affected both the magnitude and timing of multiple

responses and that recovery from a single, acute stress may take

considerably longer than interrenal and glycemic responses would

indicate. When the magnitude of the cortisol response to the

second handling (difference between peak post-stress and resting

levels) was compared with the recovery time allowed between the two

disturbances, this difference became greater with time (Fig.

AII.4). This trend indicates that there may be a post-stress

period during which fish are more sensitive to stress than they

normally would be in a resting state. This could be an important

factor to consider when making recommendations about optimum

allowable recovery time for fish that have been subjected to

physical disturbances, such as handling in a fish culture facility.

In an attempt to clarify this trend, four experiments were

conducted to determine the minimum recovery time necessary for the

characteristic cortisol elevation in response to a second, similar

acute stress to return to those levels normally associated with the

response to a single acute handling stress.

In the first of these, juvenile Salmon River stock chinook

salmon (20.5 g), acclimated in 100-L tanks at about 20 fish per

tank, were subjected to a 30-s handling stress and returned to

their home tank. At 3, 6, 12, 18, 24, 36 and 48 h after the

initial stress, duplicate groups of fish were given a second 30-s

handling stress. Samples of fish for assay of plasma cortisol were

obtained just prior to the application of the second stress at each

time and 1 h after the second stress for each of the handled

groups. A separate group of fish (in duplicate), that was also

stressed, was sampled before the stress and at 1, 3 and 6 h to

establish a representative single acute stress response pattern for

this stock of fish. In addition, two groups of fish remained

untreated to serve as a control and to establish appropriate

resting values for the remainder of the experiment. One group (in

duplicate) was sampled at 0, 12 and 36 h; the second group (in
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Figure AII.4. Difference in plasaa cortisol in juvenile Trask

River chinook salion between two 30-a handling stresses relative to

the recovery ti*e between application of the stresses. (Solid

squares are values extrapolated from Fig. AII.l; open squares are

values extrapolated from Fig. 111.1, Chapter III. Points on the

Y-axia are 1-h post-stress values from a single stress.)



4
 -
n
 

-4 

4
 

A
 

(
f
l
9
/
I
f
l
r
)
 

c
)
 

0
 

-
.
 

0
 

0
 
0
 0
 



275

duplicate) was sampled at 0, 24 and 48 h.

Fish subjected to the single stress exhibited the

characteristic increase in plasma cortisol (Fig. AII.5). But in

fish subjected to the second handling stress, the 1-h post-stress

response was similar in all instances to that level associated with

the single stress, regardless of the time after the first stress

that the second stress was applied or the cortisol titer at the

time of the second stress (Fig. AII.5). Thua, there was no

evidence of a critical period in these fish following the initial

stress. These fish were in generally poor condition, having 'tail

rot', arid they were later diagnosed as being infected with the cold

water disease bacterium, Cytophaga psychrophila. It was

subsequently determined that the pattern of expected cortisol

responses to handling was significantly altered in these diseased

fish (Chapter III), so results were considered as

non-representative.

A second experiment was carried out using juvenile Cedar

Creek stock chinook salmon (15.9 g). Acclimation and experimental

protocols were the same as in the earlier experiment except that

18- and 36-h recovery times were deleted. It was clear from

looking at the difference between prestresa and post-stress plasma

cortisol for the different recovery times that there was a trend

for the interrenal response to increase to 12 h and then decrease

by 24 and 48 h (Table AII.l). However, there was a high level of

variability in the data that was particularly evident in fish from

control tanks (e.g. mean (±SE) resting cortisol: 82

±18 ng/mL, N20] indicating that these fish either had

insufficient time to acclimate (9 d) or were already in a stressed

state. Accordingly, these results were considered unreliable.

Third and fourth experiments were conducted using juvenile

Rogue River stock chinook salmon (20.7 g), acclimated for 3-4 wk at

20 and 25 fish per tank, respectively, in the same manner as the

first two experiments. The third experiment was identical to the

second, whereas in the fourth experiment, samples of fish were
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Figure AII.5. Mean (±SE) plaa*a cortiaoi (ng/sL,

j9-lO) in juvenile Salion River chinook ael*on just before and

1 h after a second 30-s handling stress. TiMes on X-axia are

number of recovery hours since the initial 30-a handling stress.

Solid line indicates the response determined for a single 30-s

handling.
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Table AII.1. Mean (±SE) plassa cortisol (ng/sL, N10)
in 3Uvenile Cedar Creek chinook salmon just before and 1 h after a
second 30-s handling stress. Recovery ti.e indicates the nuaber of
hours since the initial 30-s handling.

Plassa Cortisol

Recovery Tue Difference between
after Initial Just before 1 h after before and 1 h after

Stress Second Stress Second Stress Second Stress

3 h 96 ±28 204 ±32 108

6 h 78 ±43 207 ±25 129

12 h 46 ±11 228 ±21 182

24 h 78 ±37 162 ±22 84

48 h 91 ±32 149 ±20 58



279

obtained at 3 and 6 h as well as 1 h after the second stress.

In the third experiment, there appeared to be a greater

response to the second stress after 24 h then at the other recovery

times (Fig. AII.6). However, in the fourth experiment, plasma

cortisol elevations from the second handling were the same after

12, 24 and 48 h of recovery as they were following a single

handling stress (Fig. AII.7).

The results from these experiments suggest that there may

be a critical poet-stress recovery period but the experimental

procedures employed were inadequate to quantify further this period

of possibly increased sensitivity or responsiveness.
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Figure AII.6. Mean (±SE) plaaia cortiol (nglmL, ij=10)

in juvenile Rogue River chinook salion juat before and 1 h after a

second 30-a handling stress. Tiies on X-axia are nuiber of

recovery hours since the initial 30-s handling stress. Solid line

indicates the response deterained for a single 30-a handling.
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Figure AII.7. Mean (±SE) plasma cortisol (ng/L, 14=12)

in juvenile Rogue River chinook sal*on after a single 30-s handling

stress (solid line) and at 1, 3 and 6 h after a second 30-a

handling stress (dotted lines) at various times of recovery

following the initial stress.
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APPENDIX III: DIURNAL DIFFERENCES IN PLASMA CORTISOL

AND GLUCOSE ELEVATIONS IN RESPONSE TO ACUTE HANDLING

IN JUVENILE COHO SALMON
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Synopsis

In Chapter III, alight but significant differences in both

plasma cortisol and glucose elevations in response to stress were

apparent in juvenile chinook salmon, Oncorhynchus

tshawytscha, handled at different times of the day. The

objective of this experiment was to determine if there is a diurnal

difference in the magnitude of plasma cortisol and glucose

increases following acute stress in juvenile coho salmon,

Oncorhynchus kiautch.

Juvenile Big Creek Hatchery stock coho salmon (mean weight

34.6 g) were acclimated for over 3 wk in 350-L circular tanks at a

density of 5 g/L (50 fish per tank). Tanks received 6 L/min

aerated well water at 12.5°C and fish were fed a ration of

about 1.5" body weight once daily with Oregon Moist Pellets. At

four times in the day: 0030, 0630, 1230 and 1830 h, fish in one

tank (per time) were subjected to a handling stress by holding them

in the air in a perforated bucket for 30 s and returning them to

the tank. Fish were removed for samples for plasma cortisol and

glucose determinations just before and 1 arid 3 h after the stress.

During dark periods, samples were taken with the aid of a 7-W red

darkroom lamp.

In all instances, plasma cortisol. and glucose exhibited

characteristic elevations to the brief handling. The 1-h

post-stress cortisol level at around midnight (0030 h) was

significantly higher (P<0.05) than that in the early morning

(0630 h) and in the evening (1830 h) (Fig. AIII.1). As well,

glucose levels in response to the stress were lowest in the early

morning (Fig. AIII.2). The results Indicated that there were

diurnal differences in both cortisol and glucose responses to acute

physical disturbances in coho salmon but that these differences

were alight. The pattern of diurnal variation was not the same as

that in juvenile chinook salmon (Chapter III). Further

experimentation and replication is necessary to conclude whether or
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Figure AIII.l. Mean (±SE) plaaaa cortiaol (ng/L,

N=12) in juvenile coho salmon just before and 1 and 3 h after a

30-a handling stress, applied at 0030, 0630, 1230 and 1830 h.
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Figure AIII.2. Mean (±SE) plaa*a glucose (gIdL, ?j12)

in juvenile coho aalaon just before and 1 and 3 h after a 30-s

handling stress, applied at 0030, 0630, 1230 and 1830 h.
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not the diurnal differences observed constitute a general

phenoienon or siiply represent randoa variation in characteristic

cortisol and glucose responses to stress.
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APPENDIX IV: VALIDATION OF A SAMPLING TECHNIQUE FOR

OBTAINING PLASMA CORTISOL MEASUREMENTS IN STRESS/RECOVERY

STUDIES IN FISH
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Synopsis

To obtain representative levels of plasma cortisol in both

laboratory experiments and field monitoring programs, it is

necessary to employ a sampling method that does not itself

artificially elevate circulating plasma cortisol. The purpose of

the following experiments was to validate a simple technique for

obtaining blood samples for plasma cortisol measurement by

radloimmunoassay.

In three separate experiments using different salmonid

species in each, samples of fish were dip-netted from their home

tank and immediately immersed in a 200-mg/L solution of tricaine

methaneaulfonate (115-222), either unbuffered, or buffered with

0.025 11 sodium phosphate (NS2HPO4 and N5H2PO4) or

0.002 11 sodium imidazole. Immobilization occurred within 30-40 a

of immersion. Fish were removed, one at a time, to obtain blood

(methods in Chapter III) from each anesthetic treatment alternately

until all fish were sampled.

In the first experiment using juvenile fall chinook salmon,

Oncorhynchus tahawvtscha (14.7 cm, 33.9 g), there was no

significant difference (E<0.05) in mean plasma cortisol between

fish sampled from unbuffered MS-222 (pH 6.3) and MS-222 buffered

with sodium phosphate (pH 7.3). However, plasma cortisol in fish

from unbuffered MS-222 (25 ±9.7 ng/mL, N=15) exhibited

considerable variation in individual levels within each treatment

group. Such variation among individual fish appears typical of

juvenile chinook salmon held in captivity, as judged from results

of other experiments with this species and stock (Chapter III).

No trend-through-time increase in plasma cortisol was

apparent in fish remaining in the anesthetic solution for the

duration of the 46-sin sampling period. No difficulty was

encountered in obtaining an adequate blood sample after this time.

In the second experiment, juvenile coho salmon,

Oncorhynchus kisutch (11.7 cm, 18.2 g), had mean plasma
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cortisol levels of <1 ng/mL (j1O, both groups) when

anesthetized and held in either unbuffered MS-222 (pH 6.2) or

phosphate-buffered MS-222 (pH 7.4). Many of the individial fish in

both groups had non-detectable cortisol concentrations ( zero)

that may be indicative of low plasma cortisol in juvenile coho

salmon at the parr stage for that time of year (February). In

March, coho salmon parr had plasma cortisol levels of about 3 ng/mL

(Chapter IV). No increase in plasma cortiso]. was evident in fish

held in the anesthetic solution for 32 mm, the duration of the

experiment.

In the third experiment, juvenile rainbow trout, Salmo

gairdneri (16.4 cm), had mean plasma cortisol levels of 18

±3.4 and 16 ±2.9 ng/mL (j=12) when anesthetized

and retained in unbuffered 115-222 using soft water (pH 3.9) or

imidazole-buffered MS-222 (pH 7.3), respectively. No increase

through time in plasma cortisol was apparent in fish held for the

33-mm duration of the experiment.

The results indicated that normal resting values of plasma

cortisol can be obtained by immediately immobilizing all the fish

for subsequent sampling in 200 mg/L of MS-222, regardless if the

final solution is buffered to neutrality or not. Furthermore, the

length of time that the fish remain in the anesthetic solution

after initial immobilization does not appear to affect the final

results. Although lower dosages of MS-222 have been shown to be

stressful to fish (Strange and Schreck 1978; Barton and Peter

1982), apparently the dosage of 200 mg/L is sufficient to eliminate

the sensory stimulus required to elicit a stress response or to

arrest the secretion of cortisol from the interrenal tissue Into

circulation, or both.




