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Two genera of fishes in the family Salmonidae have stimulated considerable
biological interést on the Pacific coast of North America. The anadromous life

histories of both the Pacific salmons (Oncorhynchus spp.) and the migratory rain-

bow trout (Salmo gairdneri) have provided many research opportunities during the

past several decades. Although the life histories of these two genera of fishes
are quite similar, a basic difference is reflected in their post-spawning mortal-
ities. While the universal post-spawning mortality of adult Pacific salmon re-
stricts them to a single spawning, some of the anadrOmousrtrout may spawn repeat-
edly, but post-spawning mortality may amount to as much as 50%. The ability of
the steelhead trout to survive under the same environmental étresses that result
in the death of Pacific salmon represents-a still somewhat puzzling species
difference of vertebrate physiological uniqueness. This paper will attempt to
review current and past work on this question of survival vs. death in these an-

adromous fishes which comprise one of our most valuable local natural resources.

EARLY LIFE HISTORY

The life of salmonid fishes begins in the headwaters of fresh water streams.
Steelhead trout and Pacific salmon normally spawn during the winter and spring,

often in the same stream. A coho salmon (Oncorhynchus kisutch) of average size,

i.e., 70 cm, will produce approximately 3000 eggs. A steelhead trout of compar-
able size may produce 7500 eggs (Shapovalov and Taft, 1954). The eggs of the coho
are larger, the average volume being approximately .21 cc, while the eggs of the
steelhead average less than .10 cc.

Smoltification includes one of the first major physiological events that
occurs in the lives of anadromous salmonids. Although the exact environmental

cues which trigger smoltification are not completely understood, photoperiod and



water temperature appear to be foremost.

The size of the juvenile fish appears

to be one of the most important factors correlated with time of smoltification.

The amount of time spent in fresh water, food supply and water temperature, and

inherent growth rates all influence the size of the fish.

Hoar and Bell (1950)

have shown that smoltification 1s accompanied by an increase in thyroid activity.

OCEANIC LIFE

Anadromous Salmonids spend the greater part of their 1ife in the ocean. This

phase of their life is characterized by vigorous feeding and rapid growth.

great majority of Pacific salmon live in the ocean for 2 or 3 years (Table

Small male chinook salmon (Oncorhynchus tshawytscha), referred to as "jack

make a spawning journey after 2 years of ocean residence.

All of the coho

The
T)s

salmon",

salmon (Oncorhynchus kisutch) which returned to spawn after 1 year in the ocean

were small males (i.e., 40 cm) (Shapovalov and Taft, 1954).

Table I. Length of seawater residence of salmonid fishes.

Species Average seawater residence Range
(yrs) (yrs)

*Pink salmon

(Oncorhynchus gorbuscha) 2 2

'Coho salmon

(Oncorhynchus kisutch) 2 1-3

*Sockeye salmon

(Oncorhypchus nerka) 2 1-4

*Chum salmon

(Oncorhynchus keta) 3-5 2-7

*Chinook salmon

(Oncorhynchus tshawytscha) 2-4 2~7

'Steelhead trout

(Salmo gairdneri) 1 1-5

* Hart (1973)

' Shapovalov and Taft (1954)



A large percentage of the steelhead trout which are spawning for the first
time spend 1 year in the ocean before undertaking the spawning migration. Steel-
head which have spent 2 years in the ocean make up a significant portion of the
spawning population. A steelhead trout may spend as much as 5 years total time
in saltwater, but this is interrupted by spawning migrationms. The majority of
repeat spawners are fish which spend a year in the ocean between spawning

migrations.

ADULT MIGRATION OF PACIFIC SALMOHW

During the last year of their life, Pacific salmon commence the migration
for which they are noted, from the oceanic realm into fresh water. A variety of
physiological and histological changes take place which may be responsible for
the post-spawning death of these fishes. Endocrine influences appear to play a
major role in promoting these physiological and histological alterations.
Pituitary activity regulates many processes negessary for the physiological
integrity of the salmon. A brief summary of pituitary structure may aid in inter-
pretation of the histological changes which occur during the spawning migration.
The salmonid pituitary consists of four well-vascularized divisions or lobes.
The follcwing description applies to the sexually immature adult salmon (Robertson
and Wexler, 1962b, van Overbeeke and McBride, 1967). The dorsal lobe or meso-
adenohypophysis (caudal pars distalis) consists of acidophilic cells arranged in
columns. Basophilic cells are rare or absent. A few undifferentiate.d cells may
be found in the lateral portions of this lobe, which is the smallest lobe of the
immature salmon pituitary. A curtain-like anterior lobe or pro-adenohypophysis

(rostral pars distalis) covers the anterior portion of the dorsal lobe. A few



'basophilic cells may be present, but columnar acidophils arranged in follicles
comprise the majority of the anterior lobe. The ventral lobe (meta-adenohypo-
physis, pars intermedia) occupies the ventral half of the pituitary and consists
of columns and masses of acidophilic cells delimited by basement membranes. The
neural lobe (meurohypophysis) consists of neural elements interspersed in a
connective tissue framework. A few large ovoid nuclei with or without cytoplasm
may be present in the neural lobe. This general pituitary condition, found as
late as the early stages of the upstream migration, reflects generally low activ-
ity, but mitotic activity is common in all parts of the gland.

As the salmon matures sexually, several histological changes (primarily
differences in the relative proportions of different cell types) occur in the
pituitary. Most significant is the increase in size of the dorsal lobe, which
begins to form a wedge between the anterior and ventral lobes. The acidophils
and particulariy the basophils increase in number (Robertson and Wexler, 1962b).
The basophilic cells probably are gonadotropns (van Overbeeke and McBride, 1967).
The gonadotropic cells begin to actively produce gonadotropin, resulting in a
progressive sexual maturation of the salmon (Crim, et. al., 1973). The ventral
lobe shows signs of fibrosis and disintegration of the basement membranes. Some
of the cells with a high degree of degeneration (cytoplasmic vacuolization,
shrinkage of cytoplasm and nuclei) appear to break away from disrupted cell col-
umns and "migrate'" into the neural lobe.

Advanced gonad development results in a progressive degeneration of the dor-
sal lobe, characterized by open spaces, vesicles, and cysts. An increasing number
of chromophobes appear as the basophils become degranulated (depleted of hormone).

The pituitary of the spent salmon exhibits further degeneration and occasional

hemorrhages may be present (McBride and van Overbeeke, 1969a). The follicles
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of the anterior lobe increase in size, and limited focal cytolysis sometimes

takes place. Cyst-like structures are occasionally found in this lobe. The
greatest degeneration occurs in the dorsal lobe, where first the basophils, and
then the acidophils undergo vacuolization, nuclear pycnosis, and cytolysis.
Increasing fibrosis follows and cysts form. The cells of the ventral lobe exhibit
degranulation, followed by pycnosis, loss of cytoplasm, and cytolysis. In the
neural lobe, large degenerating nuclei appear. Robertson and Wexler (1962b) called
these ''ghost cells'". These nuclei may be the remnants of degenerating cells

which have migrated into the coarse fibrous connective tissue which has penetar-
ted into all portions of the pituitary. No significant sex differences in pitui-

tary degeneration was found in either chinook salmon (Oncorhynchus tshawytscha)

(Robertson and Wexler, 1962b) or sockeye salmon (Oncorhynchus nerka) (van Over-

. beeke and McBride, 1967).

Hypophyseal levels of cholinesterase decline in pink salmon (Oncorhynchus

gorbuscha) during the spawning migration. Trams (1969) suggested that decreas-
ing levels of neurotransmitters may result in poor hypothalamic control of the
pituitary.

Gonadotropin stimulates the sex organs to mature, produce gametes, and
produce gonadal hormones. Although there may be two different types of gonado-
trophs present in the salmon pituitary (van Overbeeke and McBride, 1967), consid-
erable evidence suggests that there is only one teleost gonadotropin (Chester Jones,
et. al., 1974). Crim, et. al., (1973), through the use of radioimmunoassay tech-

niques, demonstrated that plasma gonadotropin levels in Oncorhynchus gorbuscha

are low during summer and early fall, but the levels progressively increase up
to the time of spawning. While plasma levels reach a plateau in the male after
the emission of spermatczoa, females exhibit wvariable levels with average plasma

gonadotropin concentrations higher than the male. The range of concentrations in
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the female pink salmon is quite variable, however (76—304 ng/ml plasma).
Increasing gonadotropin levels and subsequent gonad maturation result in
increasing gonosomatic indices (gonad wt./body wt. X 100). Robertson and Wexler
(1959) give the average GSI of the mature Pacific female salmon as 21-25.
In the hope of elucidating pituitary-gonad regulation, McBride and van Over-

beeke (1969a) gonadectomized sockeye salmon (Oncorhynchus nerka). They reported

that gonadotrophs were absent in the immature fish. Gonadectomy of the mature
fish resulted in degranulation of the gonadotrophs. In the subsequent study.
(van Overbeeke and McBride, 1971), androgen injections into a gonadectomized fish
caused the gonadotrophs to increase in size and become filled with granules of
gonadotropin.

Gonadal hormones are normally grouped in two classes: estrogens and andro-
gens. Although the primary function of these hormones is the control of produc-
tion and maturation of gametes, they also elicit important secondary effects,

These effects have been convincingly demonstrated by Donaldson and Fagerlund (1969),
through the use of gonadectomy followed by injections of hormones. Gonadectomy

of a mature sockeye salmon (Oncorhynchus nerka) results in a return to the silvery

coloration of the immature fish. Administration of androgens to the same fish
results in the reddish external coloration, hooked snout, and premaxillary teeth
characteristic of the spawning male sockeye salmon. Estrogens are responsible
for the equivalent changes inthe female sockeye salmon. In addition, the same
workers (Fagerlund and Donaldson, 1969) have concluded that androgens in sockeye
salmon of either sex appear to be responsible for the loss of pink flesh color
during the spawning migration, since estrogens failed to bring about this change
in either male or female gonadectomized sockeye salmon.

The diffuse interrenal tissue scattered throughout the head kidney of the
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salmon is analogous to the mammalian adrenal cortex. The catabolic group of steroids
-called 17-hydroxycorticosteroids are produced in this tissue. The migration of
Pacific salmon is accompanied by significant changes in the interrenal tissue, the
most important of which may be massive hypertrophy, resulting in a rise in plasma
17-hydroxycorticosteroid concentration, as much as a sevenfold increase in chi-

nook salmon (Oncorhynchus tshawytscha) (Robertson and Wexler, 1960). The immature

salmon has adrenal tissue arranged in narrow collars around the cardinal vein.

As the fish matures (i.e., gonad wt. is greater than or equal to 10%Z of mature
gonad wt.), these adrenal cells begin to hypertrophy and mitoses are frequently
observed. By the time the salmon has matured and spawned, a_marked hypertrophy
has occurred and the adrenocortical cells become arranged in large lobules or
cords (Hane, et. al., 1966). However, mitoses have become rare (Robertson and
Wexler, 1959). New patterns of vascularization break up the cords of cells, and
nuclear and cytoplasmic vacuolization commence. Hemorrhages are not uncommon.
Degeneration (nuclear pycnosis and cytolysis) characterizes the interrenal tissue
of the spent salmon.

The hypertrophic cells are actively secreting cortical steroids, the most
common being cortisol and cortisone in sockeye salmon (Fagerlund and HcBride, 1969)
and hydrocortisone in chinook salmon (Hane and Robertson, 1959). Where immature
sockeye salmon may have plasma cortisol concentrations of less than 5 ug/100 ml
plasma, a moribund fish may have plasma concentrations approaching 200 ug/100 ml
plasma (Fagerlund, 1967). Females normally have higher concentrations than males
(Hane and Robertson, 1959, Donaldson and Fagerlund, 1970). This appears to be
partly due to differences in metabolic clearance rates. Male sockeye salmon have
a higher metabolic clearance rate (MCR) of cortisol (Donaldson and Fagerlund,

1970) and cortisone (Fagerlund and Donaldson, 1970) than female sockeye salmon.



In the spent fish, however,the-plaéma concentrations of adrenocortical steroids
may drop down to levels similar to those of the immature fish (Fagerlund, 1967).
Species differences do exist. Chinook salmon normally have higher plasma concen-
trations of adrenal steroids than sockeye salmon, yet Hane and Robertson (1959)
reported a decrease in plasma 17-hydroxycorticosteroid concentrations in the spent
male chinook salmon. As will be discussed in more detail later, high plasma
concentrations of 17-hydroxycorticosteroids result in a general body catabolism.

One of the major excretory sites of the salmon's body, the kidney, undergoes
considerable degeneration during the spawning migration of the Pacific salmon.

A progressive glomerulosclerosis (Hane, et. al., 1966) and thickening of Bowman's
capsules keeps pace with sexual maturation (McBride, 1967). Edematous glomeruli
and vacuolated tubule cells further hinder the excretory mechanisms of the spawn-
ing salmon (Robertson and Wexler, 1960). Scattered hemorrhages contribute to this
deteriorating kidney condition. Since the kidney seems to-be a major site of
cortisol excretion (Donaldson and Fagerlund, 1972), these deﬁeriorative changes
will have a significant negative effect on the adrenocortical steroid MCR and re-
sult in high plasma concentrations of 17-hydroxycorticosteroids. In addition, the
kidney assists in regulation of sodium balance in euryhaline fishes. The advancing
kidney degeneration.could interfere with osmoregulation.

Deterioration also affects the liver, another important site of metabolic
clearance processes (Donaldson and Fagerlund, 1972). Until the salmon is mature,
the degeneration consists primarily of fat depletion. By the time the salmon
spawns, general hepatic degeneration, characterized by nuclear and cellular dis-
solution, has affected the liver (Robertson and Wexler, 1960).

Before the spawning migration, the bright silver immature salmon spends
several months actively feeding in the ocean. The resulting liver and muscle
glycogen deposition provide energy for the spawning migration. These fat and

protein stores are made available through the gluconeogenic action of the



17-hydroxycorticosteroids. High concentrations of these steroids result in a
progressive hypefglycemia during the migration (Robertson, et. al., 1961b).
Pancreatic insulin-producing beta cells hypertrophy and increase in number
probably to compensate for the hyperglycemia. The resulting high levels of in-
sulin may overcompensate because urinary glucose is near zero in the spawning
fish. The pancreatic islet cells exhibit a progressive deterioration (which may
represent a functional exnhaustion) during the migration (McBride, 1967). 1In the
spent salmon, beta cells may outnumber the alpha cells in the pancreatic islets.
Atrophied cells with nuclei in various states of dissolution are found in the
exocrine tissue as well as the islet cells. In addition, thé-fat stores in the
pancreas have become depleted during the migration(Robertson and Wexler, 1960).
Since Pacific salmon cease feeding on the spawning run, energy requirements
must be met by body tissues. Patton, et. al., (1970) reported that a pink sal-

mon (Oncorhynchus gorbuscha) may utilize 90-95% of stored fat in the duration of

a spawning migration. A mature salmon may lose up to 30% of its muscle tissue by
the time it spawns (Robertson, et. al., 1961b). The nearly totally depleted
muscle fat and protein is replaced by water and increased amounts of sodium (Tom-
linson, et. al., 1967). Starvation is accompanied by a general atrophy of the
gastrointestinal system. The change in gastrointestinal weight in a sockeye sal-

mon (Oncorhynchus nerka) was from 90.5 g in the immature fish to 12 g in the spent

fish (Berdyshev and Protsenko, 1972). The stomach contracts considerably, and loss
of villi and degeneration of the muscle layers is widespread (Robertson and Wexler,
1960) . Circular muscles atrophy, while the longitudinal muscles exhibit thick-
ening and shrinkage. Pyloric caeca and the intestine also undergo shrinkage and

the omentum shows almost total fat depletion (McBride, 1967).



10.

The diffuse thyroid tissue scattered along the ventral aorta assists in the
.regulation of the basal metabolic rate (Lagler, et. al., 1962). During the
spawning migration the follicular cells decrease in size, yet the follicles in-
crease in size (Robertson, et. al., 196la, McBride, 1967). Although a progressive
vacuolization of the follicular colloid indicates high initial activity due to
the profound metabolic changes in the salmon's body, a progressive decrease in
activity parallels sexual maturation. Atrophic follicles, degeneration of the
follicle walls, and loss of cytoplasm characterize the thyroid gland of the spent
Pacific salmon (Robertson and Wexler, 1960). These degenerative changes coupled
with decreasing activity may represent some type of functional exhaustion.

The spleen and the thymus tissue produce lymphocytes necessary for the immune
system. Adrenal steroids have been shown to have a significant "anti-inflammatory
effect" in mammals (Turner and Bagnara, 1971). The same may also be true for
fishes (Chester Jones, et. al., 1969). This effect could possibly contribute to
the very large decrease in the number of lymphocytes in the spleen and the involu-
ting thymus gland which accompanies sexual maturation in the Pacific salmon.
Lymphocytes may be nearly absent in these tissues iﬂ the spawning fish (Robertson
and Wexler, l§60). Increasing fibrosis parallels the disappearance of lymphocytes
from the spleen and thymus tissue.

The gonads of the spent Pacific salmon may exhibit deterioration. Nearly
all the ova of chinock salmon mature at the same time (Robertson, et.al., 196la),
so there are only a few residual ova in the spent female. However, degenerating
granulosa cells are found in the remaining ova of the spent female chinook salmon.
Although spawning does not reduce the size of the testes ﬁo any appreciable extent
(Donaldson and Fagerlund, 1970), vacuolization, loss of cytoplasm and disintegra-

tion occur in the cells lining the lobule walls of the testes (Robertson and
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Wexler, 1960).

The skin thickens during maturation and the scales become absorbed. Epi-
dermal thickening and scale absorption are normally 25% greater in males than in
females. These changes seem to be associated with androgens. Through the use of
methyltestosterone treatments, Yamazaki (1972) was able to produce skin changes

in juvenile pink salmon (Oncorhynchus gorbuscha) and chum salmon (Oncorhynchus

keta) similar to those found in adults. In addition to reddish-yellow skin
coloration, the androgens resulted in mucous cell hypertrophy.

The heart muscle and vascular system show a moderate but progressive
sclerosis as the fish matures (Robertson and Wexler, 1960). The number of red
corpuscles decreases, but the remaining red blood cells hypertrophy and have a
hiéher hemoglobin content than the immature fish (Robertson, et. al., 1961b).

- The sodiﬁm and potassium concentrations in the blood decrease significantly.
Cholseterol levels show a moderate decrease. Triglycerides and total blood pro-
teins (Donaldson and Fagerlund, 1969) show a similar drop to low levels. Patton
(1970) suggested that the low triglyceride levels found in spawning pink salmon
may indicate little available energy for muscles and vital organs .

The male Pacific salmon, like the pink salmon (Hart, 1973), develops a hooked
snout and often a humped back as he becomes sexually mature. Calcitonin, produced
in the ultimobranchial glands (Keutman, Parsons, and Potts, 1970), may be related
to calcium regulation in the salmon. Watts, et. al., (1975) feported that the fe-
male sockeye salmon shows a slight progressive increase in plasma calcitonin and
plasma calcium concentrations up to the time of spawning, at which time calcitonin
levels drop. Males, however, show a steady decrease in plasma concentrations of
both calcitonin and calcium. Before spawning, the calcitonin and calcium concen-

trations rapidly increase. The same workers hypothesized that the unusual
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morphological changes in the snout and the spine may be related tq plasma calcito-.

nin concentration changes.

ADULT MIGRATION OF STEELHEAD TROUT

The steelhead trout (Salmo gairdneri) makes a spawning journey comparable to

that of the Pacific salmon and experiences similar morphological and physiological
changes. Probably 50% of the steelhead survive their first spawning and under-
take a migration-back to the ocean. However, the percentage of repeat spawners

is normally fairly low (Robertson and Wexler, 1962a), although in individual
stream populations it may approach 35% in a particular year (Withler, 1966).

The pituitary gland of the steelhead trout has essentially the same structure
as that of the Pacific salmon, but some differences are apparent (Robertson and
Wexler, 1962a). Numerous acidophils arranged in columns, numerous undifferentiated
cells, and very few basophils characterize the dorsal lobe of the immature
steelhead trout. However, the ventral lobe is relatively larger than in salmon
and occupies about 2/3 of the gland of the sexually immature fish. In addition,
the pro-adenohypophysis covers the anterior portion of the ventral lobe. Thus
the dorsal lobe in the immature steelhead is proportionately smaller than that of
the salmon.

As the steelhead matures, the dorsal lobe enlarges and increased vasculariza-
tion occurs. The basophilic gonadotrophs and acidophils increase in number, but
undifferentiated cells are absent. The follicles in the dorsal lobe énlarge and
some colloidal material, suggesting secretory activity, may be present in the
follicles. The columnar structure of the ventralrlobe changes to a new follicular

structure and the entire lobe decreases in size.
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The spawning steelhead trout exhibits a further increase in the size of the
dorsal lobe, due to greater numbers of acidophils, basopnils, and chromophobes.
Vacuolization, degranulation, pycnosis, and cytolysis are found in many of the
basophils of the dorsal lobe. Acidophils show similar but less pronounced altera-
tions. The anterior lobe also may increase in size. The acidophils of the an-
terior lobe and the ventral lobe may exhibit changes similar to the acidophils of
the dorsal lobe. Fibrosis of the ventral lobe was found in about 2/3 of the
pituitaries of spawning steelhead (Robertson and Wexler, 1962a). However, "ghost
cells" are not found in the neural lobe (Robertson and Wexler, 1962b). As in
salmon, no sex differences were found in the amount of pituitéry degeneration of
steelhead trout (Robertson, et. al., 196la).

The adrenal cortical tissue of the sexually maturing steelhead trout exhibits
a hypertrophy similar to that of the salmon (Robertson and Wexler, 1959, Robertson,
et. al., 196la). The degree of degeneration in the spent steelhead is quite vari-
able, but there appear to be no sex differences in the amount of degeneration (Hane
and Robertson, 1959). Some fish exhibited very little degeneration, and mitoses
were occasionally found in the interrenal tissue of the sexually mature steelhead
(Robertson and Wexler, 1959). Plasma 17-hydroxycorticosteroid concentrations
follow the same general pattern as in Pacific salmon, but lower conc erfrations are
found in the steelhead trout (Hane and Robertson, 1959).

The kidneys may undergo moderate degeneration during the spawning migration.
The primary deteriorative change seems to be degeneration of the tubular epithelium.
Some edema of the glomeruli may also affect the kidneys. ﬂowever, this degenera-
tion is moderate compared to the changes taking place. in. the salmon (Robertson,

et. al., 196la).
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Pycnosis, loss of cytopla;m, and disintegration of hepatic cells occur in fo-
cal patches in the liver of spawning steelhead. Again, the degeneration is less
than in the spent Pacific salmon (Robertson, et. al., 196la).

Possibly due to high glucose levels caused by high plasma 17-hydroxycortico-
s#eroid concentrations, pancreatic islet cells hypertrophy in steelhead trout to
about the same degree as in salmon. Beta cells normally outnumber the alpha cells
in the spawning fish. Some degranulation of cells and degeneration may be present.

While salmon cease feeding during the spawning migration, steelhead have been
known to feed occasionally. The gastrointestinal system undergoes shrinkage in the
steelhead, but to a lesser degree than in salmon. The stomaeh of the spawning
steelhead is characterized by loss of villi, but the epidermal cells do not show
dégeneration.

Altﬁough the thyroid tissue consists of large follicles during the migrationm,
its activity remains at a low level. Basically, the thyroid undergoes no changes
and can be considered normal for the duration of the migration (Robertsom, et. al.,
1961a).

The spleen of the steelhead trout undergoes changes nearly identical to those
in migratory salmon. Lymphocytes are nearly absent and fibrosis of the spleen is
general and quite severe. The thymus gland likewise shows a decrease in the num-
ber of lymphocytes, but the decrease is moderate compared to that in salmon.

Histological changes in the gonads of the steelhead differ with sex. The
testes do not degenerate and appear normal in all respects. In more than 50% of
the ovaries examined, degeneration of ova was present (Robertson, et. al., 196la).
Similar ovarian degeneration is noted in salmon.

An epidermal skin thickening and consequent scale absorption develops in the
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sexually mature steelhead trout in a manner similar to that of salmon. In additionm,
patches of fungus become established in the skin of both spent salmon and steel-
head trout.

Cardiac muscle fibers exhibit vacuolization in the spawning steelhead trout.
Occasional small hemorrhages or edema may be present. Although the degree of
cardiac muscle degeneration is not as severe as in the salmon, lesions are common
in the pancreatic arteries of the steelhead. This condition may be pronounced.

Changes in the blood of the spawning steelhead trout are similar to those in
salmon. While the Pacific salmon shows higher plasma concentrations of 17-hydroxy-
corticosteroids and glucose, the steelhead has higher plasma levels of potassium
and much higher levels of protein bound iodine. Female steelhead trout have the
lowest cholesterol levels. Total blood proteins and red blood cell volume are very

similar in both steelhead and salmon (Robertson, et. al., 196la).

DISCUSSION

An examination of differences and similarities in the life histories and
physiological changes taking place in salmon and steelhead trout may be useful in
attempting to solve the problem of differences in post-spawning mortality in these
two genera of fishes. The larger number of eggs produced by the steelhead poses
an interesting question. For many different types of fishes, there exists an in-
verse correlation between the number of eggs laid and the probability of survival
of the juvenile fish. If this relationship holds for salmonids, it wéuld indicate
slightly better chances of survival for the salmon than the steelhead. The percent-
ages of egg fertilization and subsequent successful emergence from gravel are very

similar for both types of fishes (Shapovalov and Taft, 1954). Size at time of



Table II. Length of fresh water residence of salmonid fishes.

Species Average freshwater residence

* Chum salmon . Migrate almost immediately
(Oncorhynchus keta)

* Pink salmon 1 to 2 months
(Oncorhynchus gorbuscha)

' Coho salmon 1 year
(Oncorhynchus kisutch)

* Chinook salmon Several months to greater
(Oncorhynchus ' tshawytscha) than 1 year
* Sockeye salmon 1l to 2 years

(Oncorhynchus nerka)

' Steelhead trout 1 to 4 years
(Salmo gairdneri)

* Hart (1973)

' Shapovalov and Taft (1954)

smoltification may be one of the most important factors related to subsequent sur-
vival. The amount of time spent in fresh water by salmonids (Table II) appears to
be correlated with their size at smoltification. Although the length of fresh
water residence varies greatly in steelhead, they are often larger than salmon
smolts. The greater size seems to be related primarily to a longer fresh water
residence, because the majority of steelhead undergo. smoltification at 2 years of

age. Growth rates are similar in steelhead and coho salmon (Oncorhynchus kisutch).

Shapovalov and Taft (1954) reported that 1 year old steelhead and coho salmon

smolts were comparable in size. The same workers suggested that larger size may be



17.

an advantage in escaping predagors. This same study also revealed that the great
majority of steelhead spawning for the first time and almost all of the repeat
spawners were fish which had spent 2 years in fresh water prior to smoltification.
The ultimate survival of adult fish may depend on the development of particu-
lar physiological features during the juvenile phase of the life history. Proper
functioning of the osmoregulatory mechanisms throughout a wide range of salinities
could be of crucial importance to anadromous fishes. In addition to stimulating
growth and increased utilization of fats, the increased thyroid activity noted
during smoltification may be involved in chloride metabolism (Hoar and Bell, 1950).
These same workers did not speculate on the mechanisms involéed in these process-
es, but they did show a rough parallel between the degree of thyroid activity and
thé amount of time spent in fresh water by the juvenile fish. Smoltification
* presents greater energy demands and this results in increased adrenocortical
steroid production. Holmes, et. al., (1963) have shown that an important effect
of cortisol in rainbow trout involves sodium concentration regulation, primarily
through extrarenal sodium excretion. An anadromous fish such as the steelhead
trout which spends more time in fresh water than the juvenile Pacific salmon may
be able to develop a more stable osmoregulatory system. During the spawning mi-
gration, adult Pacific salmon show several physiological changes which might be
interpreted as some type of "osmoregulatory stress'. Sodium levels decrease in
the blood, but increase in the muscle tissue. Potassium levels decrease signifi-
cantly in both the blood (Robertson, et; al., 1961b) and skeletal muscle (Tomlinson,
et. al., 1967). The degree of variation from normal of these plasma constituents
is much greater in Pacific salmon than in steelhead trout (Robertson, et. al., 196la).

Fagerlund (1967) reported that the highest cortisol concentrations were found in
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salmon with diseased gills. Since the gills are a major site of osmoregulation,
these very high cortisol concentrations may be necessary to achieve normal osmot-
ic balance. The acidophilic cells of the anterior lobe of the pituitary may be
responsible for the production of prolactin (van Overbeeke and McBride, 1967).
Although prolactin plays a major osmoregulatory role in many fishes, it appears

to be secondary to adrenal sterolds in salmonids. The acidophils of the dorsal
lobe of salmon may exhibit moderate degeneration (greater than in steelhead) dur-
ing the migration (Robertson and Wexler, 1962a), or they may undergo few cytoplas-
mic changes (Schreibman, Leatherland, andMcKeown, 1973). This suggests low activ-
ity for these cells, and a minor influence of prolactin in salmonid osmoregulation.
Thyroxine may assist in osmoregulation (Gorbman, 1969). The degenerative histo-
logical changes and decreasing activity in the thyroid of the migrating Pacific
salmon suggest a gradual loss of metabolic regulation and lessened osmoregulatory
capabilities. While the thyroid may have a subordinate function in osmoregula-
tion, the kidneys are important sites of sodium concentration regulation. The
advancing kidney degeneration results in impaired osmoregulation. The changes in
the Pacific salmon during the spawning migration suggest a decrease in the ability
of the fish to achieve normal osmotic balance. However, a main argument against
this line of reasoning comes from Robertson and Wexler (1960). They cite the case

of the kokanee salmon (Oncorhynchus nerka kennerlyi). Although the kokanee spends

its entire life in fresh water, it has a life history nearly identical to the
sockeye salmon. The kokanee spends its adult life in a lake instead of the ocean.
The histological changes which occur during the spawning migration in kokanee are
identical to those in other salmon. In some cases (i.e., liver deteriorationmn),

the changes may be even more pronounced.
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The massive pituitary degeneration in Pacific salmon may contibute substanti-
ally to their post-spawning mortality. Although about 2/3 of the steelhead trout
exhibit pituitary degeneration, it 1s usually less pronounced than in mature salmon
(Robertson, et. al., 196la). The varying amount of pituitary degeneration appears
to parallel the general physical condition of the steelhead. Degranulation (deple-
tion of hormone) of the pituitary cells usually precedes the advancing degeneration
(McBride and van Overbeeke, 1969). The dorsal lobe, which undergoes the greatest
amount of deterioration, may be indicative of the general body condition. Some of
the acidophils may-pfoduce a hormone similar to mammalian somatotropin, the growth
hormone, while other acidophils are responsible for TSH prodﬁction (van Overbeeke
and McBride, 1967). The degeneratiﬁe changes in these cells and the basophilic
gonadotrophs suggest functional exhaustion. Perhaps the life history strategy of
Paicfic salmon dictates that the final stage of life be characterized by a short
period of intense pituitary secretory activity resulting in an outpouring of growth
and gonad maturation hormones. The acidophils of the ventral lobe exhibit degener-
ation similar to those of the dorsal lobe. Although the function of these cells is
not completely understood, van Overbeeke and McBride (1967) suggest that the ven-
tral lobe may be involved in chromatophore regulation. Since Pacific salmon under-
go extensive coloration changes during the spawning migration, these cells may
deteriorate from hypersecretion. The chromophobes in the dorsal lobe present an
interesting problem. Robertson and Wexler (1962b), on the basis of decreasing
affinities for stains, regard them to be degranulated basophils. However, McBride
and van Overbeeke (1969a) have suggested that some of them may be ACTH-producing
adrenocorticotrophs.

Robertson and his co—workers (1959, 1960. and later studies) have proposed
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that the increasing l17-hydroxycorticosteroid concentrations are in the main respon-
sible for the death of Pacific salmon. Due to their catabolic actions, cortisol and
other adrenal steroids provide energy to the fish in situations of stress. The
adrenocortical tissue of stressed immature salmon and steelhead trout undergoes rapid
hypertrophy with a subsequent rise in plasma l7-hydroxycorticosteroid concentra-
tions (Hane, et. al., 1966). The spawning migration creates intense energy demands
in the form of production of eggs and spermatozoa, body metabolism, and the physi-
cal stress of migration. Since the salmon cease feeding during the migration, and
steelhead feed only sporadically, these energy demands must be met by fat and pro-
tein reserves. Thus lack of food may be one of the major factors underlying in-
creased l7-hydroxycorticosteroid levels. Spawning salmon may have lost 1/3 of
tﬁeir body weight (Patton, et. al., 1970). If this weight loss and other deterior-
ative changes are due to starvation, then feeding should prevent these changes,
McBride, et. al., (19635 reported that fed sockeye salmon survived several months
past the time when they normally would have died. The fish gained weight and ex-
hibited the silvery green coloration characteristic of the immature fish, even
though these were mature fish. However, feeding had no effect on other secondary
sexual characteristics, such as the hooked snout of the male. Tomlinson, et. al.,
(1967) also showed that fed salmon survived longer, but muscle- changes still oc-
curred, primarily an increase in sodium and water content. In another study,
McBride (1967) showed that feeding delayed or lessened some of the deteriorative
changes that normally take place in the migrating salmon, but it did not prevent
them. Muscle deterioration, pancreatic islet degeneration, and fat depletion of
the omentum were nearly identical to unfed fish. The degeneration of pancreatic

exocrine tissue and shrinkage of pyloric caeca were less drastic than in normal
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fish. Glomerulosclerosis of the kidney was delayed but not prevented. The thyroid
tissue was the only site where degeneration was prevented, although the follicular
colloid sometimes appeared vacuolated. Robertson, et. al., (196la) showed that the
nonmigratory rainbow trout, which feeds continually before and after spawning,
exhibits adrenal hypertrophy and degeneration, although this is quite mild in com-
parison with that of the salmon or the steelhead. This would suggest that starva-
tion may only accelerate interrenal hypertrophy, but it is probably not the main
causative agent. |

A definite difference of opinion exists as to what factors control the produc-
tion of adrenal steroids. ACTH may regulate interrenal tissue through a negative
feedback process (Fagerlund and McBride, 1969). Donaldson and McBride (1967)
removed the pituitary from rainbow trout and reported a marked decrease in cortisol
concentrations one day after the operation. This decrease paralleled interrenal
cell atrophy. Hane, et. al., (1966) injected ACTH into steelhead trout at various
times during the spawning migration. The response (measured by plasma 17-hydroxy-
corticosteroid concentrations) was very high during all phases of the migration.
Immature salmon also have a very high response (Fagerlund, 1970), but the response
progressively decreases as sexual maturation progresses. The spawning male salmon
shows no response to ACTH. Donaldson and McBride (1974) injected ACTH from chinook
salmon into gonadectomized sockeye salmon. Stimulation of the interrenal tissue
followed. These studies suggest that adrenal cortical steroid production may be
under pituitary control in the steelhead trout, but pituitary regulation declines
in salmon as the spawning migration progresses.

A large body of evidence indicates that the gonadal hormones may be responsi-
ble for the interrenal hypertropay and subsequent drastic increase in plasma 17-

hydroxycorticosteroid concentrations. When Donaldson and McBride (1974) injected
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gonadotropin into the gonadectomized sockeye salmon, there.was no stimulation of -the
interrenal tissue. This is to be expected, since there was no’ possibility of go-
nadal influence in this experiment. Hane, et. al., (1966) noted that increased
adrenal cortical activity in salmon and steelhead appeared only after the gonads
began to develop. Gonadectomy of the mature female sockeye salmon results in an
involution of the interrenal tissue (McBride and van Overbbeke, 1969b). Adrenal
cortical steroid levels are similar to those of the immature fish, i.e., 1/4 that
of the spawning fish (Fagerlund and Donaldson, 1970). Injection of androgens into
a gonadectomized male'sockeye salmon leads to a general interrenal hypertrophy
with frequent hemorrhaging and nuclear pycnosis. Estrogens may have a more potent
effect than androgens. The spawning female may have concentrations twice that of
the spawning male (Fagerlund and Donaldson, 1970). Estrogens may affect the metab-
olism and excretion of corticosteroids (Hane, et. al., 1966). Although females
have lower secretion rafes, the slower MCR of adrenal steroids in females results
in higher plasma concentrations. A gonadectomized sockeye salmon has a lower
cortisol MCR than an intact fish (Donaldson and Fagerlund, 1972). Androgens may
increase the MCR of adrenal steroids. Fagerlund and Donaldson (1969) noted a
definitive increase in the metabolic clearance rate of cortisol after injections of
androgens into the gonadectomized sockeye salmon.

Although nonmigratory rainbow trout normally feed duing sexual maturation and
spawning, Hill and Fromm (1968) have shown that cortisol maintains normal glycogen
levels and energy if the fish is forced to fast. Adrenocortical tissue in the
immature rainbow trout is similar to that of the immature salmon. Maturation re-
sults in a mild hypertrophy with occasional vacuolated nuélei, but plasma concen-
trations of 17-hydroxycorticosteroids remain low. Robertson, et. al., (1963)

treated fasting immature rainbow trout with hydrocortisone. The administered doses
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were comparable to those found in mature Pacific salmon. The resulting histological
changes were very similar to those in maturing salmon. In som; cases, such as loss
of muscle fibrils, the changes were more pronounced than in salmon.

These studies give support to the idea that starvation aggravates the general
catabolic action of adrenal cortical steroids which result in massive histological
alterations in maturing Pacific salmon (Donaldson and Fagerlund, 1969, McBride and
van Overbeeke, 1969b, Robertson and Wexler, 1962a, Robertson, et. al., 1963). The
increasing plasma concentrations of 17-hydroxycorticosteroids rapidly deplete the
energy stores of the migrating salmonids. An impaired metabolism of adrenal ster-
oids may contribute significantly to this condition. In normal steroid metabolism,
cortisol is rapidly converted to cortisone (Donaldson and Fagerlund, 1968). Al-
tﬁﬁugh the primary function of the kidney of the migrating salmon is involved with
salt conée:vaticn and water excretion {(Miles, 1970), it may also be a major excre-
tory site of cortisol, while the liver may be impértant in cortisone excretion
(Donaldson and Fagerlund, 1972). Both of these tissues undergo extensive degenera-
tion during the spawning migration, and this will hinder their ability to function
properly. Idler, et. al., (1963) suggested that an impaired metabolic clearance
rate of adrenal steroids may be a sign of approaching mortality.

Gonadectomy of the mature sockeye salmon results in a return to an immature con-
dition. Robertson (1961) was able to double the life span of kokanee salmon by
gonadectomizing them when they were immature. These fish continued to gain weight
and showed neither adrenal hypertrophy nor scale absorption when they reached the
age where the controls had matured.and 'died. {Gonadectomy of mature fish had little
effect on prolonging life span. In an earlier study, Robertson (1957) reported

that sexually precocious male chinook salmon are able to survive spawning. These
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fish were approximately 10 months of age and exhibited normal spermatogenesis and
produced viable spermatozoa. However, they differed markedly from the majority of
the adult spawners, which normelly mature at 3-5 years of age. First, these mature
parr were observed actively feeding before and after spawning. In addition, the
usual secondary sexual characteristics were absent. The only major histological
alteration was a fibrosis resembling scar tissue in the septa of the testes lobules.
General pituitary activity was low, although there were many more basophils than

in the adult (Robertson and Wexler, 1962b). No pituitary degeneration occurred
before or after the artificial spawning to which these fish were subjected. These
studies indicate that a combination of gonadal maturation and age are probably

quite important in the post-spawning mortality of Pacific salmon. Pituitary changes
in maturing salmon are very similar to those in aging mammals (Robertson and Wexler,
1962b) . Rapid aging and the histological alterations taking place during the mi-
gration may be responsibie for the death of Pacific salmon (Robertson and Wexler,
1960).

McBride (1967) noted that the mature salmon readily ate euphausids. This ob-
servation leads to the question of why Pacific salmon cease feeding during their
spawning migration. They readily took food normally found in a marine environment.
Cessation of feeding in fresh water may reflect an inadequate food supply. The
life history strategy of one spawning is unusual and could be detrimental. Several
consecutive years of unfavorable environmental conditions could lead to poor juven-—
ile survival and virtually abolish future migrations. However, the salmon seem to
have evolved in a direction of putting all their energy into the production of vig-
orous eggs. Thus, it seems that for Pacific salmon, the production of eggs and
juveniles tolerant to fluctuating environmental conditions is more advantageous

than post-spawning survival of adults.
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'CONCLUSION

The spawning migration of Pacific salmon is characterized by profound histolog-
ical and physiological alterations. Similar :changes occur in the steelhead trout,
although many of these are less drastic than those in salmon (Table III). None of
these alterations are necessarily fatal in themselves, but the combination of all
them together is probably sufficient to cause death. Survival of steelhead may be
proportional to the intensity of these changes. The small percentages of repeat
spawners indicates high mortality during downstream migration or in the ocean. It
is quite possible tﬁat, even though these fish survived spawning, the histological
and physiological changes taking place during the migration leave the fish in such
a weakened state that they are unable to survive for an extended period of time.

The pituitary, kidney, and liver degeneration of Pacific salmon are probably
the most serious combination of detrimental factors leading to their death. Although
the exact cause for this degeneration is unknown, the very high 17-hydroxycortico-
steroid concentrations appear to be the primary factor. In addition to general
catabolic actions, the adrenal steroids, particularly cortisol, are important ia
osmoregulation. The abnormally high levels of cortisol in salmon may result in a
hyperactive osmoregulation system which eventually breaks down. The degenerating
kidney will contribute to this conditiom.

There have been few studies on the effects of adrenal steroids on blood cells
in fish. Whether the breakdown in resistance to bacterial and fungal attacks during
the spawning migration is due to skin‘changes, some type of "anti-inflammatory"
effect of adrenal steroids, or a combination of these 1s undetermined at present.

Spawning salmon are often covered with fungal patches and the gills may be heavily



Table III. Comparison of histological alterations in spawning rainbow trout, nonmigratory and migratory,

and spawning salmon.

Rainbow trout

Nonmigratory Migratory (steelhead) Salmon*

Post-spawning mortality low circa 507% 100%
Pituitary degeneratiom slight moderate marked
Adrenocortical tissue

a. hyperplasia mild marked marked

b. depeneration mild moderate marked

Skin increased thickness moderate marked marked

Scales absorption present present present

Stomach normal loss of villi only atrophy and degeneration
Liver degeneration slight moderate marked

Spleen

a. lymphocyte depletion moderate marked marked

b. increased connective tissue marked marked marked
Thymus lymphocyte depletion moderate moderate marked
Kidney degeneration none moderate marked

Pancréas islet hypertrophy marked marked marked

Thyroid normal normal atrophy and degeneration
Testis degeneration none none marked

Ova degeneration none present present (few residual ova)
Cardiovascular degeneration mild moderate marked

Robertson, et. al., (196la)

% Robertson and Wexler (1960)
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diseased. This could result in suffocation of individual fish.

The factors.causing an increase in 17-hydroxycorticosteroid concentrations
may be varied. If starvation is not the major cause, it certainly contributes to
the general deterioration of the anadromous salmonids. Hormones are known for a
variety of effects and endocrine interrelationships are most complex. However,
these studies indicate gonadal maturation may be the prime stimulus for adrenal
hypertrophy. If the effect is direct, this could help to explain the higher plasma
concentrations found in salmon, since female salmon have an average gonosomatic
index of over 20, and the female steelhead trout have an average gonosomatic index
less than 20. Gonosomatic indices are comparable in males. .The difference in the
resulting adrenal steroid levels could represent the maximum tolerance limit of
cells to adrenal steroids.

Since the effects of adrenal steroids are sc varied, the methed of action at
the cellular level remains unsolved (Turner and Bégnara, 1971). Berdyshev and
Protsenko (1972) suggested that the steroids may increase the permeability of lyso-
somal membranes, allowing DNAase to escape into the cell. This could explain the
nuclear pycnosis so commonly observed in degenerating cells. Loss of cellular
control and cytolysis would follow destruction of the DNA. The ability of the cell
to withstand these deteriorative changes could be dependent upon adrenal cortical
steroid levels. Very high levels, such as found in the Pacific salmon, may lead to
marked degeneration, while levels somewhat lower, found in steelhead trout, may not
preclude cellular integrity and subsequent regeneration. Complete elucidation of
this problem rests on studies involving: (a) the method of action of steroid
hormones on individual cells, and (b) the relationships and actions of androgens

and estrogens on salmonid adrenocortical cells.
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