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ABSTRACT

The engineering development of a second generation Loran-C
drifting buoy system is presented. This-systéh is designed for
use in the coastal ocean environment and has the capability to
take Loran-C position fixes hourly and to transmit these fixes
back to a shore station on a daily basis. .

A custom surface buoy was designed. for use with the system
and was found to have favorable ‘hydrodynamic drag and stability
characteristics while providing a secure, watertight and .
protected platform for the system electronics and power supply.

An improved drogue was also developed and tested.on both a
scale model and full scale basis. It was found to have a drag
coefficient on the order of 2.15 * .14, to be free from error-
inducing behavior such as kiting or towing at an angle to the
current, and to have minimal ballast requirements.

The system was field tested and a sample experiment
performed, from which it was determined that the system is
relatively simple to deploy and recover and has a somewhat
uncertain positioning error of approximately 100 feet.

A hydrodynamic analysis of a drifting buoy in wind, waves
and a current was performed, indicating that surface waves do
have an important effect on drifting buoy performance.
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EFFECTS OF SIZE, AGE AND PHOTOPERIOD
ON HYPOOSMOREGULATION IN BROOK TROUT,

Salvelinus fontinalis

by
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ABSTRACT

Brook trout (Salvelinus fontinalis) raised from eggs under two
photoperiod and two feeding regimes were tested for physiological
changes preparatory for transition from freshwater to seawater. Size,
age, growth rate, photoperiod, and diel rhythms were exam1ned for
pos jble influences on plasma osmolarity, [Na*l, [C1-]1, [K*1,

[Mg l thyroxine concentration, hematocrit, and gill

“Na",K"-ATPase activity of brook trout in freshwater Significant
d1e1 cycles were found in plasma osmolarity, [Na*] and thyroxine
concentration. S1gn1f1cant size and/or age related changes occurred
for plasma osmolarity, [Na*l, [K'] and hematocrit, but could

explain little of their total variation (0.02 < rl <0.18). A
'sexually dimorphic response to photoperiod was observed in hematocrit
for both mature and immature fish, with hematocrit of mature females
declining in autumn and hematocrlt of immature males increasing in
autumn. Gill Na*,K*-ATPase activity did not respond to

photoperiod or feed1ng treatment and showed no change with size or
age. Plasma thyroxine levels responded to feeding and photoperiod
treatment. There was a significant correlation between the percent
mean difference in plasma thyroxine ang the mean difference in growth
rate between high and low feed fish (r“ = 0.51), suggesting a
relationship between thyroxine and growth.

In 11 experiments over 1.5 yrs, brook trout were gradually exposed
to 32 ppt seawater for 20 d to investigate the ontogeny of salinity
tolerance. A single experiment exam1ned daily changes in plasma
osmo]ar1ty, [Na*] [C1-1, [K*1, [Mg2*]1, thyroxine, hematocrit
and gill Na*,K*-ATPase during adaptat1on to 10 ppt, 20 ppt and_ 32
ppt. Size was the primary determinant of seawater survival (ré =
0.77); the effect of size on seawater survival slowed after fish
reached a fork length of 14 cm. The effect of age on seawater
survival (r = 0.65) was through its covariance with size.
Photoperiod affected seawater survival only through its influence on
the timing of male maturation, which decreased salinity tolerance.
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Hybagsmoregu]dﬁion of plasma osmolarity, [Na'l, [C1-1, [K*1,
[(Mg¢™] and hematocrit increased linearly with size over the entire
range of sizes (6-32 cm). Gill Na',K*-ATPase activity after 20 d
in seawater decreased with increasing size of brook trout, possibly
reflecting decreased demand for active ion transport in larger fish.
Plasma thyroxine concentrations generally declined in seawater, but no
definitive role of this hormone in seawater adaptation was found.
Size dependent survival and osmoregulatory ability of brook trout is
compared to other salmonids and a conceptual model is developed.
Decreased salinity tolerance and hypoosmoregulatory ability was
found in mature male brook trout and was not found in females or
immature males. Lowered salinity tolerance of adult males becomes
acute during autumn photoperiod when normal spawning occurs. Plasma
[C1-1, [(Mg%*]1, osmolarity and hematocrit are significantly higher
in mature males after transfer to seawater, relative to mature
females. It is postulated that reduced adult male hypoosmoregulatory
ability explains skewed sex ratios in anadromous populations, limits
the extent of anadromy, and was a significant phase in the evolution
of extended salmonid migration. : :
Anadromous brook trout of Riviere a la Truite, Quebec, were
examined for physiological changes associated with salmonid
smoltification, and compared to non-anadromous brook trout of the
Matamek River. There were no significant differences in plasma
thyroxine concentration, gill Na JK*-ATPase activity, hematocrit
or osmoregulatory ability of anadromous and non-anadromous brook ,
trout. Moisture content was significantly different between fish from
the two river systems, but had the same pattern of declining moisture
content as summer progressed. Silver coloration of brook trout in
Riviere a 1a Truite was significantly associated with larger fish and
higher gi11 Na*,K*-ATPase activity, but not with changes in plasma
thyroxine, moisture content, hematocrit or condition factor. Silver
coloration was absent in Matamek River brook trout. Brook trout at
high salinity estuarine sites had significantly greater gill
Na® ,K*-ATPase activity and hypoosmoregulatory ability than brook
trout at low salinity sites. Atlantic salmon (Salmo salar) in high
sa]initx estuarine sites had significantly higher pTasma thyroxine and
gill Na ,K*-ATPase activity than brook trout. The results
indicate that smoltification is relatively undeveloped in brook trout
and that estuarine residence is important in salinity adaptation and
eventual seaward migration.

Thesis Supervisor: Robert J. Naiman, Associate Scientist

Thesis Co-Supervisor: Judith M. Capuzzo, Associate Scientist
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INTRODUCTION




-17-

Most multicellular animals maintain a degree of separation from
the external environment through the possession of extracellular fluid

(blood and 1ymph). For some animals the blood offers a medium in

~which to maintain homeostasis under changing environmental conditions,

a means by which to regulate 'le milieu interior'. In the words of
Potts and Parry (1958, pg. 2): "In more complex animals the tissues
are no longer in direct contact with the ambient medium, but are
bathed in blood or some other extracellular fluid. The fluids form a
private pond supplying oxygen and food to the cells and receiving
their waste products. The volume of extracellular fluid is usually
smaller than that of the cells it surrounds, and in these crowded

conditions many complex systems have developed to regulate the

~composition of the fluids. Of these regualtory processes, respiration

supplies oxygen and carbon dioxide, digestion maintains the level of
nutrients, and osmoregulation controls the volume and composition of
the body fluids." The inabi]fty to contfo] “the volume and
composition of the body fluids" under changing conditions will limit
the distribution of many groups and species of animals, while others
that possess this ability are free to exploit many different habitats.
Most marine multicellular invertebrates maintain their
extracellular fluids at concentrations that are the same as the
external medium. These animals are known as osmoconformers. Under
conditions of high or increasing salinity, low intracellular ion

concentrations and cell volumes are maintained by mobilizing organic

osmolytes which are usually free amino acids (or their derivatives),
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-polyhydric alcohols or urea and methylamines (Yancey et al., 1982).
'A11 freshwater invertebratesrafe osmoregulators, maintaining their
extracellualr fluids at higher osmotic concentrations than freshwater
by decreasing passive water loss and actively transporting ions.

Aquatic vertebrates possess a variety of osmoregualtory
mechanisms. With the exception of the hagfish (Myxinidae), which are’
osmoconforﬁers and 1ive only in seawater. all marine aquatic
vertebrates maintain plasma salt concentrations at lower levels than
exist in seawater. Marine elasmobranchs (sharks and rays) and the
coelacanth are generally isosmotic with their seawater environs,

maintaining a high total plasma osmolarity through high concentrations
of urea and trimethylamine oxide (Potts and Parry, 1958).

Teleosts in both freshwater and seawater maintain their plasma
oémo]arity within a relatively narrow range, approximately 1/3 that of
seawater (300-350 mOsm/1). In seawater, therefore, teleosts
hypoosmoregulate by reversing the passive loss of water and actively
remoying salts from the blood. In contrast, freshwater teleosts
hyperosmoregulate, maintaining plasma salt concentrations up to 2
orders of magnitiude higher than ambient. It is evolutionarily
interesting that freshwater lamprey (Petromyzonidae), elasmobranchs
and teleosts, though phyletically disparate, have arrived at the same
solution for maintaining osmotic equilibrium in freshwater.

Most teleosts are stenohaline, living either in freshwater or
seawater, but not in both. The development of euryhalinity has
allowed some teleosts to exploit habitats and 1ife history strategies
not available to stenohaline fish. However, movement from freshwater

to seawater presents formidable physiological problems. Freshwater
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teleosts actively take up salts and excrete water, while seawater
teleosts take up water and excrete salts. Euryhaline teleosts must
possess the osmoregulatory mechanisms to do both (Parry, 1966).
Limitations on the capability of euryhaline fish to reverse ion and
water transport will 1imit their ability to move between fresh and
salt water.

Salmonids display remarkable diversity in their exploitation of

freshwater and marine habitats. Pink and chum salmon (Oncorhynchus

gorbuscha and 0. keta) migrate to sea immediately after hatching and

die if kept in freshwater. Other Pacific salmon and Atlantic salmon

spend 1-4 yr in freshwater as 'parrs', then undergo a seasonally cued

transformation to the seaward migratory 'smolt'. Still other species,

such as land-locked salmon and many trout populations, never migrate

- to sea.

Brook trout, Salvelinus fontinalis, are endemic to eastern North

America ranging from 35 to 60 N 1atitude (Scott and Crossman,

1973). Most populations of brook trout are strictly freshwater

(Power, 1980). However, anadromous populations exist above 41 N in
streams and rivers that enter coastal waters. Seaward migration in
northern latitudes is characterized by downstream movement in spring,
residence in estuarine or coastal waters for 2-4 mo, followed by
upstream migration in autumn (White, 1940; Castonguay et al., 1982).
Montgomery»et al. (unpublished data), studying sea-run brook trout of
Riviere a 1a Truite (a tributary of the lower Moisie River, Quebec),
found seaward migration to be highly synchronized among individuals.
In the southern portion of their range, the timing and duration of

seaward migration is more variable (Mullan, 1958; Smith and Saunders,
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1958). In addition to séésona] aspects of migration, size dependent
migration has been reported for all sea-run brook troUt‘populations
(White, 1940; Wilder, 1952; Smith and‘Saunders, 1958; Dutil and Power,
1980; Castonguay et al., 1982).

Recent experiments conducted at Woods Hole Oceanographic

Institution's Matamek Research Station in Quebec indicate that

non-anadromous brook trout, removed from the Matamek River and
transplanted to tﬁe estuary, migrated into salt water. Brook trout
spent 2-3 mo in coastal waters, with 30-609/0 returning to the
Matamek to spawn. Growth rate was 4-5 times greater than bfook trout
that remained in freshwater (Whoriskey et al., 1982). The limited
migration and consequential high returns of the brook trout, coupled
with high growth rates, make it a potentially important species for

sea ranching, farming and enhancement programs.

The experimental program at Matamek demonstrated that younger (and

smaller) fish released into the estuary moved immediately back to
freshwater where they grew slowly. It appeared that these juveniles
preferred freshwater over seawater, indicating that they may not
possess the ability to osmoregulate in salt water. It was not known
whether the osmoregulatory ability of brook trout in salt Qater is
influenced by size, age, or some combination. |

A1l teleosts regu]ate,the osmotic concentration of their blood
which acts as a buffer to most of the body's tissues. The ability to-
ogmoregulate in media of varying salinity, however, exists for only a
Timited number of teleosts (Gunter, 1956). These euryhaline fish
presumably use‘thevsame mechanisms for hypoosmoregulation and

hyperosmoregulation that are used by marine and freshwater fishes,

L
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respectively. The transition from fresh to salt water will,
therefore, result in the following: 1) an increase in the drinking
rate which is accompanied by increased influx of ions and water
through the intestines, 2) a reversal in the net flux 6f'monova1ent
ions across the gill epithelium from one of net thake to net loss, 3)
a decrease in glomerular filtration rate, production of an isotonic
urine (instead of dilute urine) and excretion of divalent ions by the
kidneys (Parry, 1966). Accompanying these functional changes in ion
transport are changes in membrane composition, enzyme activities and
morphology of gills, kidney, gut and skin (Evans, 1981).

The osmoregulatory mechanisms outlined above act to prevent the
passive 1oss of water and influx of ions during the transition from
freshwater to séawater. Inability to prevent high plasma ion
concentrations resuTts in mortality (Gordon, 1959; Jackson, 1981).

The ability to maintain low plasma ion concentrations during the.first
few days after seawater exposure has been used fo measure
hypoosmoregulatory abi]ity and to predict seawater survival (Parry,
1958; Conte and Wagner, 1965; Conte et al., 1966; Clarke et al., 1978;
Jackson, 1981). |

The fact that "larger" salmonids can adapt to sea water more
readily than "smaller" salmonids has been known for some time (Parry,
1958). Size and age are both incorporated in the term "large", yet
these parameters have rarely been separated when investigating
osmoregu]aﬁory ability. Conte and Wagner (1965) and Conte et al.

(1966) attempted to distinguish size and age effects on salinity

‘adaptation in juvenile steelhead trout (Salmo gairdneri) and coho

salmon (Oncorhynchus kisutch), respectively, and concluded that
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chronological age has no effect on salinity adaptaéion. These studies
distingufshed only between year classes. It is important to resolve
differences between size and age as controlling factors in salinity
tolerance, becausé if size is indeed responsible for its control,
accelerated growth will allow faster introduction of brook trout into
salt water.

Certain species of the subfamily Salmoninae (which includes the
genus Salvelinus) undergo a parr-smolt transformation that precedes or
accompanies migratioh into seawater. The physiology of smo]tification
has been reviewed recently by several authors (e.g. Hoar, 1976; Folmar
and Dickhoff, 1980; Wedemeyer, 1980). For the purposes of this |
investigation a smolt is defined as a salmonid in freshwater which has
undergone all of the morphological and physiological changes which are

common to all known smolting salmonid species. Included in the

'metamorphic aspects of smoTtification are deposition of guanine and

hypoxanthine in skin and scales (silvering), fin darkening, reduced
body 1ipid and increased moisture content (Wedemeyer et al., 1980).
Several physiological changes have been shown to accompany increased
hypoosmoregulatory ability of smolts. Among the most promineqt of
these are increases.in gill Na+,K+;ATPase activity (an enzyme
involved in active ion trénsport), a surge in plasma thyroxine
concentrations, and changes in plasma ion concentrations (Houston and
Threadgold, 1963; Zaugg and McLain, 1972; Dickhoff et al., 1978).
These changes may also occur in brook trout and may be preparatory to
seawater entry. |

The ;easona] cccurrence of many salmonid migrations (including

that of brook trout) indicate that environmental cues may affect salt
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water tolerance in these species. Photoperiod and photoperiod
experience have a profound effect on smoltification and osmoregulatory
ability of sockeye (0. nerka) and coho salmon (0. kisutch) (Clarke et
a].; 1978). However, Ewing et al.(1979) report that although
photoperiod has some effect on gill Na+,K+-ATPase activity in
chinook salmon, endogenous rhythms have an even greater effect.
Exogenous and endogenous rhythms in physiological functions are
most often controlled through the actions of hormones. A variety of
hormones have been implicated in the control of teleost osmoregulation
(Johnson, 1973). Pickford and th]]ips (1959) have shown prolactin to
be a key factor for freshwater survival in hypophysectomized

mummichog, Fundulus heteroclitus, and this hormone seems to be

important in most, though not all teleosts (Lam, 1972). Growth
hormone facilitates sea water adaptation in salmonids, but this
hormone may work by acting on general metabolic pathways rather than
acting on specific osmoregulatory organs (Clarke et al., 1977). The
proven role of thyroid hormone in émphibian metamorphosis (Regard et
al., 1978) has influenced the interpretations of thyroxine surges that
precede the parr-smolt transformation in sa]monids.(Dickhoff et al.,
1978). To date, the true role of this hormone in osmoregulatory
changes remains unknown. Cortisol may also play_an important role in
ion regulation by teleosts. Corticosteroids have been shown to affect
jon fluxes in isolated teleost intestines (Utida et al., 1972) and to
increase the activity of gill Na+,K+-ATPase in eels (Butler and
Carmichael, 1972). The role of cqrtisd] in salmonid regulation

remains unexplored, in part due to the sampling difficulties that




-24-

result from the rapid change in circu]ating levels of this hormone in
response to stress (Schreck, 1982).

Most of our knowledge of the ontogeny of salinity tolerance
relates to specialized migrating species, particularly Pacifjc saimon

(Oncorhynchus spp.), Atlantic salmon {Salmo salar) and steelhead trout

(Salmo gairdneri). Little is known about the osmoregulatory

physiology of primitive ahadromous salmonids in the genus Sa]vé]inus
{this genus includes fhe charrs and brook trout, while Salmo includes
trout and Atlantic salmon). Charrs exhibit a lesser degree of
anadromy than other salmonids (Hoar, 1976). Morphological evidence .

clearly indicates that Salmo is intermediate between Oncorhynchus and

Salvelinus (Jordan and McGregor, 1925). The freshwater and seawater

origins of salmonids has been the subject of some debate (see Thorpe,
1982 for review). Tchernavin (1939) presents compelling evidence for

the freshwater origins of salmonids, implying a more 'primitive’

origin for charrs. Rounsefell (1959) hypothesized that Salvelinus

were most like the earliest anadromous salmonids; if this is true,
charrs should possess the basic osmoregulatory physiology upon which
greater specializations were made by more advanced salmonids. 1In

addition, the outward signs of smolting (silvering and seaward

" migration) occur in northern populations of brook trout (White, 1940;

Wilder, 1952; Black, 1981; Castonguay et al., 1982). Smo]tification

may have arisen in the charrs, and it follows that the phylogeny of

smoltification is incomplete without an understanding of smolting in

this pivotal group. ‘ ‘
The present series of experiments were designed to Eeveallthe

factors which 1imit anadromy in natural populations of brook trout,
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and which would affect the culture ahd stocking of brook trout in salt
water for natural enhancement, sea ranching and farming. In addition,
the physiological constraints of a less specialized anadromous species
such as brook trout represent a 'primitive archetype' from which we
can interpret specializations made by more adyanced salmonids.
.Specifica11y, I have investigated the role of size, age and
photoperiod iﬁ determining the osmoregulatory ability of brook trout.

Brook trout were reafed ffom eggs and maintained under two
photoperiod and two feed;ng regimes to obtain fish of the same age but
with different sizes and photopériod experiences. Chapter 1 examines
physiological changes associated with salmonid smo]tification. The
effects of size, age, growth rate, photoperiod, and diel rhythms on
plasma osmolarity, [Na+], (C171, [K+], [Mgz+] and thyroxine
concentration, hematocrit and gill Na+,K+-ATPase activity of brook
trout in freshwater were investigated.

In 11 experiments over 1.5 yrs, fish were gradua]]y exposed to 32
ppt seawater for 20 d to investigate the ontogeny of salinity
tolerance. Chapter 2 reports the effects of size, age and photoperiod
on seawater survival and hypoosmoregulation of plasma osmo]ariﬁy,
[Na+], [c171], [K+] and [Mgz+]. The role of gill
Na+,K+-ATPase activity and plasma thyroxine in size dependent
osmoregulatory ability was determined. In addition, a single
experiment examined daily changes in plasma osmolarity, ENa+],

(c171, [K+], [Mgz+] and thyroxine concentration, hematocrit and
gill Na+,K+-ATPase activity during adaptation to 10 ppt, 20 ppt
and 32 ppt. - |
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Sex and maturation related differences in seawater survival and
hypoosmoregulation are reported in Chapfer 3. Evidence is presented
which indicates these differences affect the population dynamics of
anadromous brook trout populations.

Experiments on natural populations of brook trout (Chapter 4) were
undertaken to verify and supplement laboratory results. Anadromous
and non-anadromous brook trout popu]atibns from the North Snore of
Quebec were compared for physiological changes associated with
smo]tification.. Freshwater and estuarine broof trout were examined
for seasonal and size related changes in silvering, plasma thyroxine
concentration;_gi]] Na+,K+-ATPase activity, moiéture content,
hematocrit and hypoosmoregulatory abf]ity. Estuarine Atlantic salmon
were also examined for comparative purposes, since this species is
known to undergo smoltification. '

Each of the chaptérs addresses a unique question relating to brook
trout osmoregulation, and each is a self-contained manuscript. In
combination, they give a broad view of the factors which 1imit brook
trout salinity tolerance and of the physiological factors which are
invo]ved'in hypoosmoregulation. In Chapter 2 (Perspectivéé on
Salmonid Osmoregulation) the results are placed in context of the
comparative physiology and evolution of salmonid osmoregulation. The
summary recounts the major results of each chapter and briefly
~ discusses thejr ecqlogical impli;ations, and their application to sea
ranching, farming and natural enhancement of brook trout, and
discusses the importance of this wbrk to our Understanding of the

evolution of euryhalinity in salmonids.
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CHAPTER 1

Osmoregulation in the brook trout, Salvelinus fontinalis.

I. Diel, photoperiod and growth related

physio]ogica] changes in freshwater.

Stephen D. McCormick

and Robert J. Naiman

Woods Hole Oceanographic Institution

Woods Hole, Massachusetts 02543 U.S.A.
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 ABSTRACT

Brook trout (Salvelinus fontinalis) raised from eggs under two

photoperiod and two feeding regihes were tested for
phy siological changes preparatory for transition from freshwater
to seawater. Size, age, growth rate, photoperiod, and diel
rhy thms were éxamined for possible influences on plasma
osmolarity, [Na+], [c1 1, [K+], [Mgz+], thyroxine
concentration, hematocrit, and gill Na+,K+-ATPase activity
of brook trout in freshwater.

Significant diel cycles were found in plasma osmolarity, [Na+]
and thyroxine concentration. |

Significant size and/or age related changes occurred for plasma
osmolarity, [Na+], [K+] and hematocrit, but could explain

2 . 0.18).

little of their total variation (0.02 < r

A sexually dimorphic response to photoperiod was observed in
hematocrit for both mature and immature fish, with hematocrit of
mature females declining in autumn and hematocrit of immature
males increasing in autumn.

Gill Na+,K+-ATPase activity did not respond to photoperiod or
feeding treatment and shbwed no change wifh size or age.

Plasmé thyroxine levels responded to feeding and photqperiod
treatment. There was a significant correlation between the
percent mean difference in plasma thyroxine and the mean

difference in growth rate between high and Tow feed fish (rz =

0.51), suggesting a relationship between thyroxine and growth.
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INTRODUCTION

Anadromous salmonids are truly euryhaline over only a limited
portion of their Tife cycle. A variety of physiological and
morphological changes associated with transformation from freshwater
parr to the migratory smolt occur wholly in freshwater (Gorbman et
al., 1982) and are presumably adaptive to the fishes existence in
seawater. These changes, which include guanine deposition in skin and
scale,. increased hypoosmoregulatory ability, increased activity of
gill Na+,K+-ATPase and a surge of plasma thyroxine, are responsive
to internal changes such as size and growth (Wedemeyer et 51., 1980)
and environmental cues such as lunar and seasonal rhythms (Grau et
al., 1982). While smoltification occurs in mi gratory species of

Oncorhynchus and Salmo, 1ittle is known regarding adaptations to

euryhalinity in the charrs, which comprise the salmonid genus
Salvelinus. This genus is regarded as a primitive group relative to

Salmo and Oncorhynchus and displays a more generalized and restricted

pattern of seaward migration (Hoar, 1976).

Although most populations of the brook trout (Salvelinus
fontinalis) are restricted to freshwater, many coastal rivers in
northeastern North America contain anadromous brook trout. In
- northern Tatitudes brook trout migrations are chafacterized by spring
emi grations andAcoastal sea residence which lasts for 2-4 months
- (White, 1940; Wilder, 1952; Dutil and Power, 1980; Castonguay'et al.,
1982). In the southern portion of its range migrations are more
variable, often occurring in the fall (Mu]]an, 1958). Sea ranching
experiments resulted in spring émigrations and fall returns in which

migrating fish obtained growth rates 4 to 5 greater than those of fish
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that remained in fresh water, and returned at rates between 30 °/o
and 60 °/0 (Whoriskey et al., 1981).

The studies reported here were designed to reveal the factors
which Timit anadromy in natural populations of brook trout, and which
would affect the culture and stocking of brook trout for natural
enhancement, sea ranching and farming.. In addition, the physiological
adaptations of a 1ess specialized anadromous species such as brook
trout represent a 'primitive archetype' from which we can interpret
specialization made by more advanced salmonids. In conjunction with a
study of factors which-1imit salinity tolerance and
hyppoosmoregulatory ability in brook trout (Chapter 2), we have
investigated the preparatory physiological adaptations for
euryhalinity that are characteristic of smolting sa]monid§ which may
occur in the facultatively éﬁadromous brook trout. Specifically, we
report here the effect of size, age, growth and photoperiod on gill
Na+,K+-ATPase and plasma thyroxine levels of brook trout in
freshwater. Plasma osmolarity, [Na'1, [C171, [K'] and DW92+];
and hematocrit were also measured to determine possible ontogenetic
changes in hyperosmoregulation which may signal a physiological change
relating to preparatory adaptatidns for hyppoosmoregulation. Dfe1
cycles of blood paramefers were examined to verify their existence as
reported for other te]eosfs (Hannah and Pickford, 1981; Eales et al.,
1981;'Spié1er and Noeske, 1979; Osborn et al., 1978), and to analyze

their possible effects in determining seasonal cycles.
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MATERIALS AND METHODS
Exberimenta] Animals
20,000 fertilized brook trout eggs were obtained from the

Massachusetts State Fish Hatchery at Sandwich. A1though the breeding
stock has been exclusively freshwater for the last 30 years (Lloyd |
Raymond, Hatchery Manager, pers. comm.), studies indicate the strain
displays anadromy similar to wild stocks when released.into coastal
rivers (Mu]lan,'1958). Fertilized eggs were transported to the Woods
Hole Oceanographic Institution's Shore Lab facility and supplied with
10-11 C well water. Eggs were randomly divided into two annually
cycling photoperiods corresponding to a latitude of %2 N; one
photoperiod cycle corresponded to the normal calendar date (longest
day June 21, shortest day December 21), while the other was 3 mo
delayed from the norm (longest day September 21, shortest day March
21, Fig. 1). Daylength was changed every 5 d. Sunrise and sunset
were simulated each day by a 15 min period of gradual illumination or
dimming of incandescent bulbs. Beginning and end of daylight period
were delayed 2 hr from Eastern Standard Time. Vita-Lite spiralux
fluorescent bulbs and incadescent bulbs were used to simulate daylight.

Eggs wefe hatched in 250 1 flow-through hatchery troughs. After
first feeding fish were transferred to 1,000 1 flow-through tanks
which received supplemental aeration. Within one week after feeding
fish were divided randomly, within each photoperiod treatment, into
two feeding groups. For 4 wk after first feeding, fish in each group
were fed equal amounts. Afterward, one group was fed commercial fish
pellets ad 1ibitum following common hatchery procedureé (Leitritz and

Lewis, 1976). The low feed group was fed approximater.
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Figure 1. Experimental design and fish culture conditions consisting
of two photoperiod regimes (one normal, one 3-mo delayed) and two

feeding regimens (high feed and low feed).
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hal f thé amount, per unit body weight, fed the high feed group. Each
group was fed 4 to 5 times daily during daylight houré for the first
several months after hatching, 1 to 3 times daily thereafter. Some
fish; which were used as control fish in a related study df salinity
tolerance (Chapter 2), were maintained for 3 to 6 wk in 100 1
flow-through tanks prior to sampling. Feeding behavibr of fish in
these tanks was attentuated for a period of 4 to 5 d after transfer
and then returned to normal.

Every 6-8 wk at least 250/0 of the fish from a 1,000 1 tank in
each feeding group in the normal photoperiod were weighed. Fish were
dip-netted, anesthetized, blot-dried on a moiét chamois cloth, fork
length was measured to the nearest mm and fish were weighed to the
‘nearest 0.01 g. | |

Specific growth rates (Gw) were calculated using the following
Formu]a:_

G ' =log

‘ -
W e Nt ]Oge-wo * 100
t »

t
t is time in days. In order to compare growth rates of animals of

where W, is the weight at time t, No is the weight at time 0, and

di fferent sizes, the loge Gw of a fish of unit size was calculated

(Jobling, 1983) using the following equation:

a' = 1oge Gw' - b 1oge wt,
where a is the ]bge Gw of a fish of unit size and b is the slope

of the linear relationship between 1oge Gw and 1oge W An

&
_experimenta]]y derived value of b = -0.49 was used in all calculations
of a. A generalized value of b = -0.41 for salmonids was reported by

Brett (1979).




-39.

Blood and Gill Tissue Sampling

Fish were starvéd overnight prior to blood collection which
occurred between one hour after dawn and one hour prior to sunset.
Brook trout were removed from tanks, placed in aerated transfer
buckets for < 2 min, and transferred immediately to a 0.4 ml/]
phenoxyethanol-water solution for 30-60 s. Anesthetized animals were
blotted with a damp chamois c1oth,.fork length was measured and fish
were weighed. After severing of the caudal fin, blood from each fish
was collected from the dorsal aorta into two heparinized
micro-hematocrit tubes, which were then sealed at one end with vinyl
plastic putty. Hematocrit tubes were centrifuged for 5 min at 5500
rpm, hematocrits (®°/0 red blood cells) read, and plasma removed for
later analysis (see below). Gill arches were removed immediately
after'b1ood collection for gill Na+,K+-ATPase activity, and gonads

were removed and weighed.

Analytical Techniques

Plasma was withdrawn from hematocrit tubes with a positive
displacement Hamilton syringe. Osmolarity and [C1™] were measured
immediately with a Wescor Vapor Pressure Osmometer and Buchler-Cotlove
Ch1oridometer, respectively. A 5 ul plasma sample was diluted in 495
ul deionized water in a 2.5 ml acid-washed, polyethylene vial and
stored in the dark for a maximum of 48 hr. Reference standards were
diluted and stored in the same manner. [Na+] and [K+] were
measured using flame emission spectrophotometry; [M92+] was
measured using atomic absorption spectrophotometry. An additiona1

dilution of 1:250 was made in duplicate vials for measuring [Na+].
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It was found that Na+ had a small but detectable interference with
K+ that was conétant over the physiological range of plasma

[Na+]. To correct for this error, 150 mmo]é [Na+]/1'was added to
all [K+] standards. IntraaSsay coefficients of variation, fnc]uding
dilutions, were 0.8%/0, 0.6%/0, 2.0%0, 1.5°/0, and 1.0%0

(N = 5) for osmolarity, [C1 ], [Na+],_[K+] and [Mgz+],

‘respectively. Interassay coefficients of variation for [Na+],

[K'1, and Mg® ] were 2.0°/0 (N = 8), 3.8%/0 (N = 7) and
2.8%/0 (N = 9), respectively.

For thyroxine determination 25 to 40 .1 of plasma was removed from
hematocrit tubes, placed in a 250 ul polyethylene microcentrifuge vial

and stored at -17 C for up to 6 mo. For fish Tess than 8.5 cm fork

‘length (high feed group in June 1981 and low feed group from June 1 to

August 11, 1981)., plasma from 2 to 4 fish was pooled. For statistical

- analysis the value of a pooled sample was treated as that of a single

fish (e.g., for N = 5, up to 20 fish were actually used). Samples
were thawed and duplicate 10 ul samples withdrawn and analyzed using a
competitive biﬁding radioimmunoassay (Dickhoff et al., 1978).

Charcoal stripped brook trout plasma was used to make all standards.
Sensitivity of the thyroxine radioimmunoassay was approximately 0.25
ng/ml. Intraassay variation was :_100/0 (N = 5), interassay

variation was :_130/0 (N = 3, with 4 replicates each).

Primary gill filaments (0.05-0.2 g wet weight) were trimmed from

ceratobranchials and stored in 1 m1 Sucrose-EDTA-imidazole (SEI)

solution (0.3 mmole/1 sucrose, 0.02 mmole/1 disodium ethylenediamine
tetraacetate and 0.1 mmole/1 imidazole adjusted to a final pH of 7.1

with HC1), at -17 C. Gil1l Na+,K+-ATPase activity was determined
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by the method of Zaugg (1982). Protein determinations were done
according to Lowry et al. (1951) as modified by Miller (1959) using
bovine serum albumin as standard. Gill Na+,K+-ATPase activity is

expressed as uM inorganic phosphate per mg protein per hr (uMPi
mg pr-ot.'1 : hr'l). To determine the reproducibility of the assay
and assess the effect of storage, primary filaments from several fish
were pooled and then separated into vials containing 1 ml SEI
solution. Intra- and interaséay coefficients of variation were 7°/o
(N =6) and 21%/0 (N = 4, with 5 replicates each), respectively.

The mean activities of 5 samples decreased 9.6%/0 after 40 d and an

‘additiona1.13.8°/o after 80 d. Maximum storage time of gill tissue

was 50 d.

Statistical Aﬁa]ysis

" The experimenta] design (Fig. 1) is a>2 x 2 matrix, such that
feeding treatment, which affects growth and size simultaneously, is
tested twice (once in normal photoperiod, once in 3-mo delayed
phbtoperiod), and photoperiod treatment is tested twice {once on high
feed fish, once on Tow feed fish). To analyze our results, four
seperate two-way analyses of variance for each physiological variable
were used to assess the effect of feeding and photoperiod treatment.
Data from each day were entered in columns and two feeding or
photoperiod treatments entered as rows. A photoperiod or feeding
effect was deemed significant when the group (rdW) effect was p <
0.05. This method avoided the false fnfluence of day—to-déy
variations in fish response to uncontrolled stimuli and day-to-day

variations in analytical techniques.
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RESULTS AND DISCUSSION
Size and Growth Rate

Length and weight of fish in high and Tow feed groups under normal
photoperiod conditions are shown in Fig. 2A,B and were similar for
high and Tow feed groups, respectively, in 3-mo delayed photoperiod.
Growth rates in each feeding treatment (Fig. 2C) were similar at lTow
body weight (shortly after first»feeding), were lower in the Tow
feeding group at intermediate body weight, then became simi]ar at
highef body weights. Growth rate per unit éize, as é function of time
(Fig. 2D), shows similar growth in the two feeding treatments in
March, 1981, corresponding to first feeding. Growth rates from Apri]
to December 1981 are much lower for the Tow feeding group, after which
growth in the two groups became more similar, though still Tower in
the Tow feed group except for the Tast weighing. Mean condition
factor ([weight ° (1ength3)'1] : 100) in each group at every
time interVal_was greafer than 0.95 (range: 0.96-1.36, low feed group;
1.09-1.41, high feed group)

Similarity of growth rates in high and low feed groups in March
1981 reflects the equal feeding rates given the two groups just prior
to this period. For an eight month period, smaller ration size in the
Tow feed group drastically reduced growth rate. Similarity of growth
rates, from December 1981 on, may reflect a growth-ration relationship
which changes with body size, though 1ittle is known of this function
(Ricker, 1979). Reduction in growth rate of high feed fish at large
body §ize may result from a combination of maturation and tank size

which may act more strongly in larger fish to inhibit growth.
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Diel cycles

Plasma [C17], [K+], [Mgz+] and hematocrit showed no
significant diel cycle (p > 0.10, ANOVA, Fig. 3). Plasma osmolarity,
[Na+] and thyroxine concentration, however, significantly changed
over a 20-h period (p < 0.01, ANOVA, Fig. 3). Plasma osmolarity
peaked after 8.5 hr of ]ight. Both [Na+] and_osmo1arity dec]ined by

the first night sample (Fig. 3). Thyroxine levels were highest during

the 1ight period, declined prior to dusk, and reached their lowest
levels during darkness. There was no significant difference in
variance over the 20-h period of any of the ﬁ1asma variables (p »
0.10, Bartlett's teét), indicatihg that no change in variability
occurred as a result of diel cycles.

Diel cycles of plasma ions haye been found in other teleosts and
are considered to be rhythmic responses to changes in activity or
1ight levels. Hannah and Pickford (1981) found 'afternoon' peaks of

plasma [Na+] in killifish, Fundulus heteroclitus, which did not

- +
occur for [C1 ] and [K ]. They also determined a daytime rise in
hematocrit, which was not observed in brook trout or juvenile sockeye

salmon, Oncorhynchus nerka (Leatherland et al., 1974). Although our

) +
results show that peaks in [Na ] and total osmolarity were

concurrent, increases in 'afternoon’ [Na'] are not large and cannot
account for the more substantial increases in total osmolarity (see
Fig. 3). An unmeasured plasma constituent must make up the remaining
portion. Hannah and Pickford (1981) hypothesized that 'afternoon'
increases and 'post-sunset’ declines in [Na+] may be due to

Tocomotor activity which for killifish and brook trout}is high during

daylight and low at night. Wood and Randall (1973) have shown that
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Figure 2. Effect of feeding treatment on size and growth rate. (A)
Length and (B) weight of normal photoperiod fish in high feed
(squares) and 16w feedv(éirc1es) groups as a function of time.
Mean value of 40-75 fish per sampling date. (C) Log, specific
growth rate (Gw) as a function of the natural logarithm of fish
weight (g) in high ahd low feed groups. Regression line is for
hi gh feed fish on?y (Loge Gw = 1.97 + -0.49 Loge wt). (D)

Loge of specific growth rate of fish of unit s%ze (a comparative
measure of growth rate which is independent of body size, see text
fqr explanation), as a function of time for high and Tow feed

.groups under normal phdtoperibd conditions.
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Figure 3. Diel cycles of plasma thyroxine, osmotic and ionic
concentrations, and hematocrit (mean * 1 standard error of the
mean) over a 20 hr period. Only plasma thyroxine, osmo1afity and
[Na'] had significant diel cycles (p < 0.05, one-way ANOVA).
Experiment was conducted on February 12 under normal photoperiod
conditions (10.4 hr daylight, 13.6 hr darkness). The clear
horizontal bar indicates daylight period, darkened bar indicates
darkness. Sample size was 6 fish for each time interval, except
for the 1200 and 0200 intervals when only 4 samples for [Na+],
'[K+] and [M92+] were used.
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plasma [Na+] increases with activity in rainbow trout.

Alternatively, daily [Na+] and osmolarity changes may be related to
feeding activity. Although our animals were not fed during the déy of
sampling, ionic and osmotic cycles may still be due to rhythms
associated with daytime feeding. Using an experimental design similar
to ours, in which fish were starved overnight, Leatherland et al.
(1974) found that plasma free fatty acids of juvenile sockeye sa]moh
peaked and declined during daylight. Other nutrients and waste
products may cycle.in a similar fashion and result in the observed
‘afternoon' peak in plasma osmolarity.

Diel cycles of thyroxine, which in the present study peaked during
day]ight, have been observed in other teleosts. White and Henderson
(1977) reported levels of thyrpxine (T4) and
3,5,3'-triiodo-L-thyronine (T3) in brook trout that were higher at
middéy and evening than at dawn. Similar diel patterns in T4, and
possibly T3{ have beenbreported for-rainbow trout and goldfish
(Eafes et al., 1981; Spieler and Noeske, 1979). In contrast, Osborn
et al. (1978) described diel cycling of T4 and T3 in rainbow
frout, in which lowest values were observed during dayli ght and
highest values at night. Since other investigators have failed to
find diurnal variations in plasma thyroxine in rainbow trout
(Leatherland et al., 1977; Brown et al., 1978), it seems clear that
experimenta] conditions are involved in die1‘vafiations. Eales et al.
(1981) have shown that starvation for 72 hr eliminates diel variations
in T4; They also demonstrate that it is not the time of feeding -
which determines the timing of T4 and T3 peaks. From their

results it appears that feeding stimulates the diel thyroxine cycle,
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whiTe some other factor (possibly the 1ight-dark period, or the
animals locomotor response to it) acts to sychronize it.

Plasma thyroxine concentrations varied 40°/o over 24 hr, and
approximately 31 0/o over the daytime period in which our sampling
for annual cyc1e§ occurred. These variations probably did not affect
our ability to detect seasonal cycles Since sampling occurred during
the day when thyroxine levels were highest, and because the seasonal
variability (ranging over an order of magnitude) was 3 to 4 times
greater than that of the diel cycle. Changes in the magnitude and
timing of diel cycling of thyroxine, however, could vary with season.
Meier's (1975) review of circadian prolactin and cortisol rhythms in
birds has shown that seasonal changes in diel cycles exist and possess
a regulatory function. The role of diel thyroxine cycles in teleosts

has yet to be established.

Ontogenetic Changes in Freshwater

Plasma Osmotic and Ionic Concentrations - Range, mean and

standard deviation of plasma osmolarity, [Na+], [c171, [K+] and
[Mgz+] are shown in Table 1. Brook trout used for this analysis
were between 6.0-30.5 cm fork length, 6-30 mo old and contained both
mature and immature individuals. Plasma osmolarity, [Na+] and

[K+] were significantly correlated with Tength and age (Table 1),
but Tength and age explained 1ittle of the variation in these plasma

2 < 0.12, Table 1). Plasma DW92+] was not

constituents (0.02 < r
significantly ;erelated with length or age.
Plasma [C1” ] was significantly correlated with length and age,

but in 100 1 tanks the relationship was positive (r2 = 0.02 and




Table 1. Size, age, photoperiod and feeding effects on plasma parameters and gill Na*,K*-ATPase. Sample size (N),
range, mean, standard deviation (S.D.), and slope (b), y-intercept (y-int.), coefficient of determination (r?),
and significance of regression slope (p), are given for each physiological variable and their regression on length
and age. Brook trout were 6.0 and 30.5 cm fork length and 180 to 700 d old. - Feeding and photoperiod effect were

© determined using two-way ANOVA (Yes, p < 0.05; No, p » 0.05). ves(H) indicates that photoperiod effect was only
significant in high(H) feeding group. ‘
LINEAR REGRESSION

Independent Feeding Photoperiod
N Range Mean S.D. variable b -int. r? p Effect Effect
Osmolarity 793 272-362 307 12.4 Length 0.64 296 0.12 < 0.01 YES NO
. Age 0.022 298 0.07 < 0.01
[Na*] 535 126-186 152 8.0 Length 0.33 146 0.06 < 0.01 NO NO
Age 0.013 147 0.06 <¢0.01
[K*] 607 0.10-7.12 1.99 1.24 Length -0.037 2.68 0.03 < 0.01 YES NO
Age 0.0009 2.42 0.01 < 0.01
[Mg*] 605 0.64-2.23 1.04 0.22 Length - - - 0.47 NO YES(H)
Age - - - 0.12
[Cc17] 352 96-133 108 5.5 Length 0.13 105 0.02 0.02 - -
(100 1) Age 0.012 102 0.08 < 0.01
[c17] 311 103-142 124 6.6 Length ~0.15 127 0.02 0.02 - -
(1,000 1) : Age -0.008 128 0.03 < 0.01
Hematocrit 940  30-72 48 7.2 Length 0.47 40 0.18 ¢ 0.01 - -
Age .0.01 44 0.04 < 0.01
Nat K*- 687 1.3-21.2 7.9 3.4 Length - - : - 0.52 NO 7 NO
ATPase Age - - - 0.60
Thyroxine 728 0.0-10.1 3.0} 1.87 Length 0.14 0.48 0.20 < 0.0 YES YES(H)
Age 0.0045 1.05 0.10 < 0.01

_09_
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0.08, respectively) while in 1,000 1 tanks it was negative (r2 =
0.02 and 0.03, respectively). Plasma [C1"] of fish kept in 100 1

~and 1,000 1 tanks were significantly different (p < 0.01, student's

t-test). These differences were observed within 24 hr of transfer

from 1,000 to 100 1 tanks. pH of water was greater in smaller tanks

(6.2-6.4) than in the larger tanks (5.8-6.1), and was possibly due to
increased aeration in small tanks. Plasma [K+] showed inconsistent
differences under the two culture conditions (being sometimes higher
and sometimes Tower in 100 1 tanks), while plasma osmolarity, [Na+],
[Mgz+], thyroxine concentration, hematecrit, and gill
Na+,K+-ATPase activity showed no significant differences between
tanks (p > 0.05, student's™ t-test).

Exposure of fish to lethal and sublethal acidic conditions results
in decreased plasma [Na+] and [C17] (Packer and Dunson, 1970;
Neville, 1979; McDonald et al., 1980; Holeton et al.,1983). Plasma
[Na+], however, did not differ between 1,000 1 and 100 1 tanks. The
relatively small differences in pH may account for the absence of
plasma [Na+] reduction. It is interesting to note that while plasma
[C17] of fish in 100 1 tanks decreased an average 16 mmole/1, no
decrease in total osmolarity occurred, nof.was there a substantial
change in other plasma ions. An unmeasured plasma constituent,
probably anionic, must substitute for decreased plasma [C17].

Feeding regime had a significant effect on plasma osmolarity and
[K+], but not on other plasma ion concentrations (Table 1). When
significant differences between high and low feeding groups were
observed (p < 0.05, student's t-test), plasma osmolarity was always

higher in the high feed grbup; and plasma [K+], with one exception,
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was always higherrin the Tow feed group. Significant differences in
plasma osmolarity and [K+] between high and Tow feed groups occurred
even for the largest and oldest fish in the low feed group, indicating
that meal size itself was exerting an influence.

Photoperiod treatment had a significant effect on plasma [Mgz+]
(in high feed group only, Table 1), but not on other plasma ions. No
consistent difference in‘[Mgz+] due to daylength was found.

Plasma ion ahd osmotic concentrations.of brook trout in freshwater
are typical of those reported for other freshwater teleosts (Holmes
and Donaldson, 1969). Size and age related adjustments in plasma ion

and osmotic concentrations can explain only a small amount of the

- variation of these parameters. Size related changes in blood ions may

not be due to osmoregulatory changes per se, but rather to other
impinging physiological responses that vary with size. For example,
the degree of digestion of the previous days meal fs size dependent
(Jobling et al., 1977) and could result in nutrient transport re]afed
changes in plasma ionic and osmotic concentrations. Despite these
alternative explanations, size related changes in hyperosmoreguIation
may exist.

| Signi ficant seasonal changes in plasma ion levels that might
signal preparatory physiological adapations were not found in the
present experiment. Seasonal changes in b]asma jons have been found

in rainbow trout (Lane, 1979; Houston and Smeda, 1979). We found

 seasonal changes in [Mg2+] only, and this effect occured only in the

hi gh feed group. There was no clear trend of variations in plasma

[Mgz+] with changing daylength in either photoperiod. Lack of

photoperiod effect on plasma ions in our experiments, which were
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conducted at constant temperature, indicates that temperature (or
synergy between photoperiod and temperature) may play a more important
role than photoperiod alone in determining seasonal ion changes
reported by other researchers. Alternatively, brook trout may not
display seasonal cycles in ion concentration that are seen in other
salmonids. |

Hematocrit - Hematocrit increases with increasing length which
can explain a portion of the variation in hematocrit (r2 = 0.18,
Table 1), while age can explain little of the variation (r2 =
0.04). This re]ationship held true when mature fish were excluded
(r2 = 0.13 and 0.09 for length and age, respectively). Adult male
and female hematocrits of 1+ yr fish are the same for much of the year

(Fig. 4) and do not diffe} until autumn when male hematocrit rises

slightly and female hematocrit drops significantly from the spring and

“summer average (p < 0.01, student's t-test). Changes in hematocrit

occur simul taneously with final maturation, when sperm is running
freely and egg diameters are at a maximum. Significant male-female
di fferences in hematocrit, however, were also observed in immature
fish; immature males and females in autumn photoperiod (11.5-9.5 hr
daylength) had mean hematocrits of 50°/0 (N = 15) and 44%/0 ,
respectively (N = 13; p < 0.01, student's t-test). Mean hematocrits
of immature males and females during winter photoperiod (9.1-10.2 hr
daylength) were not significantly different (44°/0 and 469/0, N =
15 and 11, respectively, p > 0.25);

Hematocrit levels and their variability as reported here are
typica] of those reported elsewhere for brook trout and other

salmonids (Sniezko, 1960; Sano, 1980). Since size explains a greater
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Figure 4. Annual variation in hematocrit (°/0 red blood cells) for
males (open diamonds) and females (closed diamonds) under normal
photoperiod conditions. Mean value of 6-10 fish per sample *+ 1
standard error of the mean. Daylength () and spawning time
(horizontal bar) are also showﬁ. Fish in this experiment were
from high feed group, all of which became mature at age 1+ yr.in
their second autumn (November 1982). Meén female hematocrit in
autumn in significantly Tower than the non-autumn mean (p < 0.05,

student's t-test).
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portion of the variation ihfhematqcrif'than age, age is probably
significant only to the extent that it covaries withlsize. Adult male
rainbow trout, pike (Esox lucius) and largemouth bass (Micropterus
salmoides) have higher hematocrit than females (Sano, 1960; Mulcahy,
1970; Steuke and Atherton, 1965) indicating that sexual differences in
teleost hematocrit are common. Séno (1960) also reported a sharp
reduction in hematocrit of adult rainbow trout of both sexes that was
correlated with gonadal development. In brook trout, only the female
hematocrit decliines during the onset of spawning. Further work is
necessary to determine the mechanistic control of hematocrit and how
this control may be related to sex, spawnfng and photoperiod cycles.

Gi1l Na' ,K'-ATPase - Individual gill Na K -ATPase
1.

activities ranged from 1.3 to 21.2 uMPi ‘' mg prot.” hr'l,
with a mean value of 7.9 (Table 1). Gill Na K -ATPase activity -
(and its 1og transformation) were not significantly correlated with

size or age. Mean value of gill Na+,K+-ATPase did not rise above

1. hr1 for any sampling period.

13.0 uMP, * mg prot.
Feeding treatment had no effect on gill Na+,K+-ATPase Tevels in
either photoperiod (Table 1), nor did the two photoperiod treatments
differ in their effect on gill Na+,K+-ATPase activity.

None of the experimental manipulations of the present study

+ 4+
affected gill Na ,K -ATPase activity of brook trout. In contrast,

gill Na+,K+-ATPase activity in migratory Pacific salmon

(Oncorhynchus sp.), Atlantic Salmon (Salmo salar) and steelhead trout

(Salmo gairdneri) exhibit a seasonal cycle (usually peaking in spring ‘ .

or autumn, and corresponding to the period of seaward migration) which

is'synchronized by photoperiod (Zaugg and McLain, 1970; Zaugg and



-57-

Wagner, 1973; Saunders and Henderson, 1978). Ewing et al. (1979)
found that although chinook salmon displayed a seasonal cyc]e.of gill
Na+,K+-ATPase activity under simulated normal photoperiod
conditions, a 3 mo advanced photoperiod did not significantly alter
the cycle, indicating the controlling influence of endogenous
rhythms. In the present study there was no day]ength-re]ated rhy thm
of gill Na+,K+-ATPase activity in either photoperiod treatment,

and no evidence of endogenous rhythms.

Ewing et al. (1979) found that growth rate 6f chinook salmon
(altered by changes in temperature) affected the cyclic annual change
in gill Na+,K+-ATPase activity and that size was positively
correlated with this activity. Size, growth and phbtoperiod did not
alter gi11.Na+,K+—ATPase activity of brook trout in}the present
study, possibly due to the less specialized nature of its seaward
migration. Brook trout, and charr in general, show a 1es§ anadromy
than other sa]honids (Hoar, 1976), and there are more non-migratory
than migratory populations of brook trout (Power, 1980). Anadromous
brook trout spend long periods in estuaries (Montgomery et al.,
unpublished manuscript) where gill Na+,K+-ATPase activity |
increases (Chapter 4), indicating that adaptations for seawater entry
may have an important behavioral component.

It is possible that possession of preparatory changes in gill
Na+,K+-ATPase activity is genetically determined in brook trout.
However, the migratory pattern of the hatchery stock used in these
experiments did not differ from that of natural populations (Mu]]ah,
1958). Furthermore, gill Na+,K+-ATPase activities of an

anadromous population of brook trout, which show external signs of
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smolting (silvering), were not significant]y'différent from a nearby
non-anadromous population (Chapter 4).

Plasma Thyroxine - Plasma thyroxine concentration was

sfgnificant]y correlated with both size and age (p < 0.01) and
explained 20°/o and 10°/o of thelthyroxine variation, respectively
(Table 1). The sigﬁificance of these correlations may be explained,
in part, by changes in growth rate. Within each photoperiod, feeding
treatment resulted in significant differences in thyroxine levels
(Table 1 and Fig. 5). Fish in high feed groups have significantly
hi gher plasma thyroxine at most sampling times starting from the first
sample period (June 1981) and continuing until December 1981. This is
the same‘time that growth rates in the high feed group were m&ch
greater than in the low feed group (Fig. 2D). After this period,
growth rates and thyroxine levels were similar for both feeding groups
until April 1982, when“high feed fish again attained higher plasma
thyroxine Tevels. ‘This pattern was similar for both photoperiods
(Fig. 4A,B). Under normal photoperiod conditions the percent mean
difference in plasma thyroxine (between the high and Tow feed group)
and the mean difference in specific Qrowth rate per unit body weight
(a) 1-2 wk later were significantly correlated (r = 0.71).
(Sufficiently accurate growth rate measurements were not determined in
the 3-mo delayed photoperiod). These results indicate that higher
growth rates in brook trouf are associated with higher levels of
plasma thyroxine.

Under normal photoperiod conditions (Fig. 4A) there was a strong
pattern of high thyroxine levels in the 'spring' (increasing

photoperiod), Tow 'summer' levels which rose to a secondary 'autumn'
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peak. This pattern was consistent in both high and lTow feed fish,
with the exception that the ‘spring' peak was attenuated in the Tow
feed group.

Although a single 'spring' peak occurred under the 3-mo delayed
photoperiod for the high feed fish, there was no rise in thyroxine
levels in either group during the second 'spring'; and there was no
subsequent 'summer' decline (Figure 5B). As such, there was no
clearly discernfb]e daylength pattern in thyroxine levels under
3-month delayed photoperiod.

Photoperiod treatment had a signficant effect only on fish in the
high feed group (Tab]e 1). There was no clear pattern in the
differences between normal and delayed photoperiods for the high feed
group (Fig. 5A,B), and it was clear that a simple 3 mo shift in the
thyroxine cycle did not occur as a result of treatment with a 3-mo
delayed photoperiod.

The significant effect of feeding level on circulating thyroxine
concentrations in brook trout is probably related to growth, since
significant differences in thyroxine levels in high and low feeding
groups occurred when growth rates of the two groups were most
different. It is‘un1ike1y that insufficienf iodine in the low feeding
group resulted in lower thyroxine levels since under normal laboratory
conditions Tess than 20%/0 of the iodine needed by rainbow trout is
obtained from the diet (Hunt and Eales, 1979), and only 5%/0 of the
total iodine is used by the thyroid. In addition, brook trout
deprived of food for severg] weeks incfease their plasma iodine (Higgs

and Eales, 1971), while rainbow trout show no detectable change in

T4 after up to 40 d of starvation (Leatherland et al., 1977; Milne
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Figure 5._ Annual cycles of plasma thyroxine in high feed (squares)
and low feed (circles) groups in normal photoperiod (A, solid
symbols) and 3 month delayed photoperiod (B, open symbols), as a
function of calendar date of sampling. Mean vé]ue of 5-16 fish
per sample * standard error of the mean. An asterisk (*) next to
mean of high feed group indicates‘a siénificantly (p < 0.05,

student's t-test) higher mean plasma thyroxine levels than the low

taken on a single day except for three instances (dJune, July and
August 1981) when samples taken within 2-4 days were combined.
Daylength (°) and time of spawning (horizontal bar) are shown

for each photoperiod. Feeding treatment had a significant effect
on thyroxine levels in both photoperiods (p < 0.01, two-way
ANOVA). Photoperiod treatment significantly affected thyroxine
levels in the high feed group (p < 0.01, two-way ANOVA), but not

the Tow feed group (p = 0.43).

feed group at that sampling period. Each point represents samples |
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et al., 1979). Thyroid hormones, particularly triiodothyronfne, 1
administered exogenously can stimulate growth in a variety of teleosts
and most salmonids (Higgs et al., 1982). Thyroxine may act in synergy
with other anabolic hormones, particularly growth hormone, to
stimulate somatic growth (Donaldson et al., 1979). Our findings of
increased circulating thyroXine Tevels associated with higher growth
rates support such a model of thyroid influence on growth.

A seasonal pattern of circulating thyroxine similar to those
reported here was found in adult brook trout by White and Henderson
(1977), with the one exceptioh that a secondary fall peak was not
found. This seasonal pattern in brook trout thyroxine levels is
similar to that found for smolting salmonids (Dickhoff et al., 1978;
and reviewed by Dichoff et al., 1982).  The magnitude of the
springtime peak, however, is generally greater in smolting salmonids. .
The Tack of preparatory seawater-entry adaptations in brook trout
(such as increases in 9111'Na+,K+-ATPase) suggests that spring
thyroxine increases activate other physiological functions. The
thyroxine cycle displayed in primitive sa]moﬁids such as brook trout
has perhaps been sequestered by speéia]ized migrators to synchronize
mi gration and smoltification.

Winter flounder (Pseudopleuronectes americanus) displayed peak

thyroxine concentrations in spring and low concentrations in autumn
(Eales and F]etchef, 1982), while high winter concentrations and Tow
summer concentrations were observed in rainbow trout (Osborn et al.,
1978). Constant temperatures used in our experiments indicate that
temperature changes are not necessary to ellicit seasonal thyroxine

cycles. Although feeding activityrincreased during'spring photoperiéd
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in our experiment (personal observation), we did not detect increased
growth rates under increasing photoperiod and therefore cannot ascribe
higher spring thyroxine levels to increased growth during this period.
The delayed photoperiod regime did not shift thyroxine cycles 3 mo
from the normal regime; in low feed fish photoperiod had no effect on
plasma thyroxine, while in high feed fish the effect seemed to be a
dampening of the normal cyc]e, These results raise the possibi1ity'
that an endbgenous cycle, or an exogenous cycle synchronized by an
environmental factor other than photoperiod or temperature, exists in
brook trout. Other photoperiod cued cycles, in particular maturation,
did respond to the photoperiod treatment; final maturation under our
experimental conditions was delayed 3 mo in the delayed photoperiod
(Chapter 3). These results are somewhat conflicting, especially in
light of other evidence associating thyroxine changes with the
maturation cycle (see Leatherland, 1982,'for review). Nonetheless, it

appears that an annual cycle of thyroxine with a spring peak is not

necessary to begin or synchronize the maturatioh cycle of brook trout.
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SUMMARY

Significant diel cycles were observed in plasma osmolarity,

[Na+] and thyroxine concentration, and were not-detected in plasma
[C]'],'[K+], [Mgz+] and hematocrit. Plasma osmolarity, [Na+]

and thyroxine concentrations were highest during dayli ght and lowest
at night. This cycle may be caused by feeding and Tocomotor activity
which are highest during periods of 1ight. ‘

Plasma osmo1arity, [Na+], [K+] and hematocrit increased W1th
increasing size and/or age of brook trout, and can explain a small
portion of their variation. Plasma osmolarity and [K+] were also
influenced by feeding level. The effect of size on plasma ions may be
explained by a more favorable surface area to volume ratio which, -
other things being equal, will result in 1owek net water influx, lower
‘Plasma water, higher plasma ioné and higher hematocrit with increasing
size. We cannot, however, rule out other factors which may also
covary with size and/or age.

Gill Na+,K+-ATPase activity in brook trout did not respond to
feeding or photoperiod treatment, nor was there evidence of size, age
- or daylength related changes. Brook trout therefore do not possess
preparatory physiological adaptations in gill Na+,K+-ATPase that
are characteristic of other migratory salmonids. It would appear that
the more variable and opportunistic nature of brook trout migrations
has not_resulted in sufficent selection pressure for thg development
of preparatory, photoperiod-controlled changes in gill
Na*,K*-ATPase.

EPlasma thyroxine concentrations were higher in high feed fish aﬁd

“were directly correlated with size. Significant diffences in plasma
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thyroxine concentration between high and low feed groups occurred when
differences in growth between the two groups was greatest. These
results are best explained by an interaction bétween growth rate and
plasma thyroxine. Under normal photoperiod conditions, plasma
thyroxine exhibited a seasonal‘cycle consisting of high levels in
spring, low summer levels and a secondary peak in autumn. Three-month
delayed photoperiod did not result in a shift of the thyroxine cycle.
Since seasonal chdhges of brook trout gill Na+,K+-ATPase activity

and hypoosmoregulatory ability did not occur (Chapter 2), the annual
cycle of plasma thyroxine does not stimulate these physiological
functions as it is presumed to in smolting sa]monids. The seasonal
thyroxine cycle which exists in the more primitive charrs must.exert
its 1nf1&ence through other seasonally occurring physiological

functions such as growth, activity or appetite.
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CHAPTER 2

Osmoregulation in the brook trout, Salvelinus fontinalis.

II. Effects of size, age and photoperiod on

seawater survival and ionic regulation.

. : ' Stephen D. McCormick

and Robert J. Naiman
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ABSTRACT

Brook trout (Salvelinus fontinalis) of a single genetic stock, and

hatched at the same time, were raised under two photoperiod and
two feeding regimes to create fish of the same age but with
different sizes and photoperidd expe}iences. “In 11 experiments
over 1.5 yrs, fish were gradually exposed to 32 ppt seawater for
20 d to investigate the ontogeny of eaTinity tolerance.
Daily changes in plasma osmolarity, [Na+], [(c171, [K+],
[M92+], thyroxine, hematocrit and gill Na+,K+-ATPase during
adaptation to 10, 20 and 32 ppt were examined in one experiment.
Size was the primary detehninant of seawater survival (r2 =
0.77); the effect of size on seawater survival s]owed after fish
reached a fork length of 14 cm. The effect of age on seawater
survival (r2 = 0.65) was through its covariance with size.
Photoperiod affected seawater survival only fhrough its influence
on the timing of male maturation, which decreased salinity ~
tolerance. |
Regulation of plasma osmolarity, [Na+], [ci-1, [K+], [Mgz+]
and hematocrit in sea water increased linearly with size over the
entire range of sizes (6-32 cm).
Gill Na+,K+-ATPase activityvafter 20 d in seawater decreased
with increasing size of brook trout, possibly reflecting decreased
demand for active ion transport in larger fish.
Plasma thyroxine concentrations declined in seawater, but no
definitive role of this hormone in seawater adaptation was found.
Size dependent survival end_osmoregu]atony ability of brook trout

is compared to other salmonids and a conceptual model is developed.
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INTRODUCTION

The economic importance and complex 1ife histocy of salmonid
fishes has led to substantial research regarding their euryhalinity
and osmoregulatony ability. Incfeased size has been shown to be a
determinant of hypoosmoregulatory ability in a variety of salmonids,
acting directly to influence salinity tolerance (Huntsman and Hoar,
1939; Elson, 1957; Parry, 1958; Houston, 1961; Wagner et al., 1969;
Wagner, 1974) as well as the process of smoltification (Clarke et al.,
1978) . Although size has been implicated as the primary effector of
ontogenetic changes in osmoregulatory ability, few studies have
attempted to separate the normally covarying properties of size and
age. Only Conte and Wagner (1965) and Conte et al. (1966), who
distinguished only between year classes of sa1monids, conclude that
chronological age had 1ittle influence relative to size in determining
hypoosmoregulatory ability.

Most of our knowledge of the ontogeny of salinity tb1erance
relates to specia]iéed mi grating species, particularly Pacific salmon

(Oncorhynchus sp.), Atlantic salmon ( Salmo salér) and migratory trout

(Salmo sp.). Little is known about the osmoregulatory physiology of
primitive anadromous salmonids in the genus Salvelinus (this genus
includes the charrs and brook trouf, while Salmo includes trout and
Atlantic salmon). The charrs exhibit a lesser degree of anadromy than
other salmonids, and have fewer specializations in regard to
euryhalinity (Hoar, 1976). Rounsefell (1958) hypothesized that
Salvelinus were the first salmonids to migrate into seawater; if true,
charrs should possess the basic osmoregulatory physiology upon which

greater specializations were made by evo]utionari]y advanced salmonids.
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Brook trout (Salvelinus fontinalis) are endemic to eastern North

America. In the northern distribution of their range, where brook
tfout have access to the sea, anadromy is characterized by spring
emigrations and coastal sea residence lasting for 2-4 mo (White, 1940;
Wilder, 1952; Castonguay et al., 1982). In the southern portion of
their range migrations are more variable, often occurring in autumn
(Mutlan, 1958). Maximum salinfty of coastal environments entered by
brook trout range between 28 and 32 ppt. Experimental sea ranching of
brook trout has resulted in growth rates which are 4-5 times greater
than freshwater populations and keturn rates between 30%°/0 and

60°/o after 3 mo at sea (Whoriskey et a].,’1981). Younger and |
smaller sea-ranched brook trout, however, do not migrate seaward.

Size and age dependent migrations are characteristic~of all anadromous
brook trout (White, 1940; Wilder, 1952; Smith and Saunders, 1958;
Castonguay et al., 1982). Brook trout in the Moisie River estuary
(Quebec) disappear from regions of intermediate salinity at a size of
15-18 ¢m, pkesumab1y entering coastal waters (~ 28 ppt) at this size.
These results suggest that size and/or age may be 1imiting factors in
the salinity tolerance of brook trout. Salinity tolerance wi11 Timit
not only the natural anadromy of a species, but also its use in
seawater fbr sea ranching, farming or population enhancement.

Hypoosmoregulation‘in teleosts requires the reversal of passive

influx of ions (including [Né+], [c171, [K+] and [Mgz+]) and
efflux of water (Parry, 1966). Several mechanisms of active and
passive transport, especially gill Na+,K+-ATPase, are used to
countermand these diffusional fluxes (Kirshqer, 1980). There ié

substantial evidence that plasma thyroxine stimulates smoltification
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in salmonid; (Dickhoff et. al., 1978; Grau et. al., 1982). Thyroxine
may also serve a regulatory function during seawater adaptation and
jon transport (Folmar and Dickhoff, 1979; Knoeppel et al., 1982),
though a definitive role for this hormone in seawater is lacking (see
Leatherland, 1982, for review).

The bbjectives of this study were: (l)lto determine how size, age
and photoperiod limit the seawater survival of brook trout; (2) to
investigate underlying physiological and hormonal changes accompanying
salinity tolerance in order to understand the process of
osmoregulatory adaptation in a 'primitive' salmonid, and‘(3) to
identify physiological factors which may cause (and can be used to
predict) increaséd salinity tolerance. wé have investigated changes
in plasma osmolarity, [Na+], [C17], [K+], [Mgz+], thy roxine, |
hematocrit, and gill Na+,K+—ATPase activity during the process of
seawater adaptation of brook trout (up to 20 dj, and as

hypoosmoregulatory ability changes with size, age and photoperiod.

MATERIALS AND METHODS

Experimental Animals

| To investigate the ontogeny of brook trout hypoosmoregulatony'
ability, two photoperiod énd two feeding regimes were used to obtain
fish of the same age but different sizes and with different
photoperiod experiences. 20,000 fertilized brook trodt eggs were
obtained from the Massachusetts State Fish Hatchery at Sandwich.
Although the breeding stock has been exclusively freshwater for 30 yr
(L1oyd Raymond, Hatchery Manager, pers. comm.), studies indicate the

strain displays anadromy similar to wild stocks when released into
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coastal rivers (Mullan, 1958; J. Bergin, Mass. Div. Fish and Wi1d1ife,
unpublished data). Fertilized eggs were transported to the Woods Hole
Oceanographic Institution's Shore Lab facility and supplied with 10-11
C well water. Eggs were divided into two annually cycling
photoperiods corresponding to a latitude of 42 °N; one photoperiod
cycle corresponded to the normal ca1endar date (longest day June 21,
shortest day December 21), while the other was 3 mo delayed from the
norm (1ongest day Septembér 21, shortest day March 21). Dayiength was
changed every 5 d. Sunrise and sunset were simulated each day by als
min period of gradual illumination or dimming of incandescent bu]bé.
Beginning and end of dayli ght period were delayed 2 hr from Eastern
Standard Time. Vita-Lite spiralux fluorescent bulbs and incadescent
bulbs were used'to simulate daylight.

Eggs were hatched in 250 1 flow-through hatchery troughs. After
first feeding fish were transferred‘to 1,000 1 fTow-through tanks
which received 5upp1ementa1 aeration. Within 1 wk after feeding ffsh
were divided randomly, within each photoperiod treatment, into two
feeding groups. Fish in each group were fed equal amounts for fhe
first 4 wk after first feeding . Afterward, one group was fed of
qommercial'fish‘pe11ets_ggv1ibitum following common hatchefy
procedures (Leitritz and Lewis, 1976). The low feed group was fed
approximately half tHe amount, per unit body weight, fed‘to the high
' -feed.group. Each gfoup was féd 4 to 5 times dai1y durfng daylight
hours for the first several months after hatching; 1 to 3 times daily
thereafter. Care was taken to prevent overcrowding which might
inhibit growth. Ammonia concentration of rearing and experimental

tanks was checked periodically.
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Specific growth rates (Gw) were calculated using the following
formula:

G ' = 1oge wt - 1oge wo

W * 100

t ,

where wt is the wet weight at time t, wo is the wet weight at time

0 and t is time in days. In order to compare growth rates of animals

of different sizes, the 1oge Gw of a fish of unit size was
calculated (Jobling, 1983) using the following equation:

a' = 1oge Gw' - b 1oge wt’

where a is the 1oge Gw of a fish of unit size and b is the slope

of the Tinear relationship between 1oge Gw and 1oge wt. An

- experimentally derived value of b = -0.49 was used in all calculations

of a. A generalized value of b = -0.41 for salmonids was reported by .

Brett (1979). Growth rates of high and low feed groups are reported
in Chapter 1.
Condition factor (CF) is calculated using the formula:
CF = [weight/(lengtn)®] * 100,
where weight and length are expressed as wet weight in g and fork

length in cm, respectively.

Seawater Exposure and Blood Sampling

E1even seawater exposure experiments were conducted over 17 mo on
the 4 experimental groups (e.g., normal photoperiod: high and low feed
groups; 3-mo delayed photoperiod: high and Tow feed groups). Prior to
each experiment a subsample of each group was measured for Tength and

weight. Only fish within one standard deviation of the mean length
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~ for that group were uéed for seawater exbosures or as freshwater
controls. Experimental fish and freshwater controls were placed in
100 1 tanks subp]fed with freshwater at a constant temperature of 10
C. 32 * 0.5 ppt seawater pumped from Vineyard Sound (adjacent to the
laboratory), passed through a 100 um filter and preheated or precooled
to 10 C was used for all seawater exposures. In this report seawater
is functionally defined as having a salinity of 32 ppt. For the first
two experiments static tanks with periodic water changes were used for
seawater exposures; constant flow-through conditions (6 turnovers/d)
were used thereafter. In experiments 1 and 2,'increa$ed salinities
were obtained by removing a given volume of freshwater and kep]acing
it with seawater. Increased salinities in experiments 3-11 were
obtained by mixing f1bwing freshwater and seawater. In experiments 1
and 2 salinity changes were instantaneous, while in experiments 3-11
salinity change took place over 3.5 - 4.0 hr.

For seawater exposuke, 20-32 fish were used in each experimental
group. After 4 d of acclimation in freshwater, experimental animals
were exposed to 10 ppt for 7 d, 20 ppt for 7 d and finally 32 ppt for
20‘d. Gradual acclimation was used to more accurately duplicate the
acclimation of brook trout in nature; brook trout spend a relatively
longer period 6f time under éstuarine conditions than other anadromous
salmonids such as Atlantic salmon (Montgomery et al., unpublished
data). Direct transfer of brook trout to 32 ppt seawater results in

‘high mortality (80%/0 within 48 hr,_McCormick and Naiman,
~unpublished data). Salinity was checked regularly and no change -
greater than * 1 ppt of the desired salinity waS detected. Survival

was monitored at least twice daily. Fork lengths of mortalities were
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measured, fish were sexed and gonad and whole body weight determined.

At 4 and 20 d in 32 ppt seawater brook trout were sampled for
changes in blood and gill physiology. Freshwater controls were
sampled 1 d before and their data reported in Chapter 1. At 4 d, 6-8
fish were sampled, and at 20 days all surviving fish were sampled.
Only non-moribund fish were used. Fish were gently netted, placed in
transfer buckets for < 2 min, and then placed in 0.4 ml /1
phenoxyethanol-seawater anesthetic solution for 30-60 s. After length
and wei ght were recorded, the caudal fin was severed, blood collected
from the dorsal aorta into heparinized capi]]aky tubes and spun for 5
min at 5500 rpm. Hematocrit (°/0 red blood cells) was measured on a
microhematocrit capillary tube reader. Plasma was removed for
immediate analysis of osmolarity andv[C1']. Plasma [Na+], [K+]
and [Mgz+] determinations were made within 48 hr of blood
collection. Additional plasma (25-40 u1) was stored in
micro-centrifuge tubes at -17 C for lTater analysis of thyroxine
concentration. Immediately after blood withdrawal gill arches were
removed, primary filaments trimmed from ceratobranchials, gill tissue
placed in a sucrose-EDTA-imidazole buffer solution (Zaugg, 1982) and
frozen at -17 C for analysis of gill Na+,K+-ATPase activity. Sex
was determined and gonads weighed to the nearest 0.01 g.

A single experiment employing ﬁore intensive samp]ing was
performed to determine the time course of physiological changes during
seawater adaptation. Brook trout 1 yr of age and 16.5 - 20.2 cm fork
length were maintained in a 1,000 1 freshwater ‘tank for 30 days prior
to exposure to 10 ppt for 8 d, 20 ppt for 7 d and 32 ppt for 60 d.

Salinities were changed and monitored in the same manner as those for
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other f]ow—through“téﬁkgrnlAt each Sampling 5-6 fish were anesthetized
and blood and gill Samp]es collected on the following days: 1 d prior
to exposure to 10 ppt; 1, 2, 4, 7, 8 d following exposure to 10 ppt;
1, 2, 4, 7, d following exposure to 20 pbt; and 1, 2, 3, 4, 7, and 21
d following exposure to 32 ppt. No physiological sampling occurred
after 21 d in seawater. Survival was monitored through 60 d. Only
non-moribund females and immature males were used. The experiment was
conducted during a declining photoperiod using fish from the normal

photoperiod, high feed group.

Analytical Techniques

Plasma osmolarity, [C171, [Na+], [K+] and [M92+] were
analyzed using a Wescor vapor pressure osmometer, a Buchler-Cotlove
chloridometer, and a Perkin Elmer atomic absortion spectrophotometer
used in atomic absorption mode to measure [Mgz+] and flame emission
mode to measure [Na+] and [K+]. Gill Na+,K+-ATPase activity
was analyzed using a partial purification method developed by Zaugg
(1982). GilNl Na+,K+fATPase activities based on either protein
content of homogenate or wet weight tissue were equally valid
(Appendix A); all measurements are reported here as uMPi ‘'mg

-1. 1

prot. = .° hr"". Plasma thyroxine levels were determined in

duplicate using competitive binding radioimmunoassay (Dickhoff,

1978). Details of these techniques are reported in Chapter 1 and

Appendix A.

Statistical Analysis

Seawater survival is expressed in two ways. Mean survival time is
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the arithmetic mean of individual survival times (in days), excluding
those that were sacrificed after 4 d in seawater:or that jumped from
tanks (< 1%/0). Surviva] time is calculated from the beginning of
initial exposure to 32 ppt (i.e. following acclimation and after
salinity was changed to 32 ppt). Because of the duration of each
experiment, maximum seawater survival time was 20 d. A second
expression of seawater survival is the hazard rate, calculated as the
number of fish that died in an experiment, divided by the number of
days at risk. Days at risk is the number of days that each fish
survives before being withdrawn (sacrificed or jumped from tank) or
dying, summed for all fish in an experimental group.

Linear regressions were performed using the least squares method.'
Standardized residué]s (Prescott, 1975) and least squares regression
programs were obtained from the BMDP Statistical Software package -
(Dixon, 1981). Mean values are reported as the arithmetic mean 1_1
‘standard error of the mean, unless noted otherwise.

Mu]tip1e regression analysis of seawater survival was performed
using log-linear dichotomous regression (Dumouchel, 1981). Each 20 d
experiment was divided into 5, 4-d intervals and the number of fish
entering, dying, withdrawn and leaving alive were célcu]ated. Fish
withdrawn or dying are assumed to have done so half-way through the
interval. The outcome (dead or alive) for each individual in each
interval is used to calculate the probability of morta]ity. The
probability of mortality is used as a dichotomous dépendent variable
which is regressed on model specified, 1og transformed independent
variables. This technique allows one to examine the effect of one

independent variable while holding all other variables constant. The
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slope of the regression'line; B, and its standard error represent
regression coefficients similar to those of ordinary least squares
regression. The odds ratio of an independent variable is the change
in probability of survival resulting from a change of an indepéhdent
variable from X, to x, and is calculated from the formula:
odds ratio = e *27%1) _ B

The odds ratio was deemed sighificant when its 950/6 confidence

- 1imit (calculated using the 95°/0 confidence 1imits of B) did not
encompass 1.0. An odds ratio of 1.0 indicates that the chance of
survival does not change over the range of values tested; an odds

ratio of 2.0 indicates that the chance of survival is doubled when the

independent variable moves from Xq to Xoe

RESULTS AND DISCUSSION

Time Course of Seawater Adaptation

Brook trout 1 yr of age and 16.5-20.2 cm we;e gradually exposed to
seawater during a declining photoperiod in order to determine the time
course of physiological changes during seawater adaptation.
Mortalities did not occur until after exposure to 32 ppt. Of the 21
animals not used for physiblogica1 measurements, 19°/o had died
after 5 d in 32 ppt, 38%/0 after 20 d in 32 ppt, and 76°/0 after
60 d.

Plasma ions and osmolarity - Plasma [Na+], [C17] and

osmolarity rose 5-15%/0 after 1-2 d exposure to 10 and 20 ppt (Fig.
1) and after 7-8 d were reduced to levels 5-100/0 hi gher than
initial freshwater.]eve]s..'P1asma.[Na+], [C17] and osmolarity

increased within 1 d of exposure to 32 ppt, reaching levels 20°/o
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([Na'1), 30°/0 (osmolarity) and 70%0 ([C17]) higher than
initial freshwater levels after 4 d in seawater. Though some decline
in plasma [Na+], [C17] and osmolarity occurred after 7 d in

seawater, levels at 21 d were as high as those experienced during the

first few days of seawater exposure.

Experiments involving direct transfer of salmonids from freshwater
fo seawater of various salinities result in peaks of piasma [Na+],
[C17] and osmolarity within 1 to 2 d of exposure (Leray et al.,

1981; Bath and Eddy, 1979; Jackson, 1981). We found similar peaks
after 1 to 2 d in seawater, but these remained high for 4 d. Plasma
[Na'l, [C17] and osmolarity decline after 7 d in seawater,
indicating that 16-20 c¢cm brook trout have some ability to regulate
plasma jons at this salinity. This ability is clearly incomplete,
however, since plasma [Na+], [C]'] and osmolarity again increase
after 21 d in seawater, and mortalities continue throughout this
period. Despite the ability of brook trout to survive an initial 2-3
d period characterized by high plasma and muscle ion concentrations
and gill dehydration (Leray etta1., 1981), mechanisms for total
adaptation are not fully functional for al]bindividua1s at this
salinity.

Plasma DW92+] increased less than 15%/0 after exposure to 10

and 20 ppt (Fig. 1). After exposure to 32 ppt, mean plasma DW92+]

rose continuously, reaching a peak 350°/o hi gher than freshwater
controls after 7 d, and declining to 250 o/o of freshwater controls

after 21 d. Although much smaller in absolute magnitude than changes

in [Na'1, [C17] and osmolarity ([Mgz+] constitutes less than

1°/o of total plasma osmolarity), fluctuations relative to the
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Figure 1. Time course of changes in plasma and gill physiological
parameters after exposure to 10 ppt, 20 ppt and 32 ppt. Arrows
indicate the day of salinity change, which was gradda] and took
3.5-4 hr. . Each physiological variables had significant
di fferences among means during seawater exposure (p < 0.05,

one-way ANOVA).
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initial starting value were large. The time course of changes in
plasma [M92+] in reSponse td rapid salinity change is similar td
that of [Na+], [C]'j and osmolarity.

P1asma [K+] did not increése immediately after exposure to

higher salinity as did other plasma ions (Fig. 1). Instead, plasma

: [K+] declined 50%/0 below freshwater levels after exposure to 10

and 20 ppt. Plasma [K+] did not‘increase above freshwater 1evé1s
until 3 d after exposure to 32 ppt, and after 21 d in seawater was
only 50%/0 of orfgina] freshwatef concentrations. Bath and Eddy
(1979) found only small changes in plasma [K+] after seawater

exposure of rainbow trout (S. gairdneri) to 22 ppt, while Gordon
(1959) found significant increases in plasma [K+] after exposure of
brown trout (S. trutta) to 31.5 ppt. Despite large chemical gradients
that exist betweeh the blood and external medium for [Na+], [c171],

[Mgz+] and [K+], plasma [K+] is regulated in a fundamentally

- di fferent manner during seawater adaptation. This may be due, in

part, to the existence of high intracellular [K+].

Hematocrit - Although‘some_chahges in hematocrit (°/o red blood
cells) OCCurred during seawater adaptation (Fig. 1) there is no
apparent response pdttern to changing salinity. None of the values
for mean hematocrit after exposure to increasing salinity are outside

the range of initial freshwater values (39-63°/0). These results

- agree with those of Bath and Eddy (1979), who found that hematocrit of

juvenile rainbow trout (13.3 g mean weight) fluctuated in the first 24

hr of exposure to 22 ppt, but remained constant thereafter.

Gill Na+,K+-ATPase - Initial freshwater levels of gill
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Na+,K+-ATPase activity were 12.0 1_0,6 uMPi ‘ mg pr'_ot.’1 *

hr'l (Fig. 1). These levels remain constant through exposure to 10
'ppt, increased steadily after 7 d in 20 ppt, and leveled off after 7 d
in 32 ppt. Activity of gill Na+,K+-ATPase after 21 d in seawater

1. hr'l.

was 23.1 + 5.1 uMP; " mg prot.”
With few exceptions, euryhaline teleosts increase gill

Naf,K+-ATPase activities 2 to 5 times when transferred to seawater

(Kirschner, 1980). Towle et al. (1976) found that mummithog (Fundulus

heteroclitus) in 16 ppt seawater had lower gill Na+,K+-ATPase

activity than fish in freshwater or seawater. Brook trout disp1éy no
such adaptation in gill Na+,K+-ATPase activity at intermediate
salinities. Gill Na+,K+-ATPase activities increase immediately

upon transfer of mummichog (Towle, 1977) and striped mullet, Mugil
cephalus (Hossler, 1980) to seawater, ‘whereas in salmonids (Zaﬁgg and

MclLain, 1970) and in the American eel, Anguilla rostrata (Forrest et

~al., 1973) gill Na+,K+-ATPase activities increase 2-5 d after

transfer to seawater. The timing and magnitude of increases in gill
+ S

Na+,K -ATPase activity reported here for brook trout are similar

to those of other diadromous teleosts.

Plasma Thyroxine - Mean plasma T4 was highest 1 d after
exposure to 10 ppt (80°/0 increase over freshwater levels). Plasma
T4 levels dropped 20%/0 below freshwater levels after 8 d in 10
ppt. Exposure of fish to ZQ and 32 ppt caused plasma T4 to increase
25-300)0 within 2-3 d, followed by decreasing levels after 4 and 7 d
exposure. These changes should be considered only as trends, however,
since within gfoup variances are large relative to changes in mean

value. Plasma T4 after 21 d in 32 ppt seawater was 5.5 ng/ml,
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compared to an initial freshwater 1é9e1 of 5.3 ng/ml.
The role of thyroxine during the process of adaptation of teleosts
to seawater is unclear. Knoeppel et al. (1982) found that a
functional thyroid or supplemental T4 was necessahy for mummichog to ‘ .
regulate [Na+] and survive after transfer to seawater. Folmar and
Dickhoff (1979) found transient peaks in circulating T4 coincided
with increasing gill Na+,K+-ATPase activity in coho salmon

{Oncorhynchus kisutch) after transfer to seawater. It has been

suggested that regulation of Na+,K+-ATPases are the basic

mechanisms by which thyroxine performs its physiological functions in
vertebrates (Ismail-Beigi and Edelman, 1970). In the present study,'v
highest_T4 levels occurred after exposure to 10 ppt, 2 wké before
significant'increases in gill Na+,K+-ATPase were observed. If the
thyroid does play a role in regulating seawater gill Na+,K+-ATPase
activity (or the seawater adaptation process) of brook trout, it is
hot a simple response to changes in circulting levels of thyroxine.

The time course of brook trout seawater adaptation reported here

is in substantial agreemenf with research on other teleosts indicating

that the first 4 d following changes in external salinity are

associated with large changes in p1ésma ions and osmolarity.

Measurement of plasma variables after 4 d in seawater will, therefore,

be an accurate indicator of hypoosmoregulatory ability. We did not

expect plasma ions and osmolarity after 20 d in seawater to show such |

large variations and values substantially greater than freshwater

levels. Measurements after 20 d in seawater must also be viewed as a .

- period of osmotic disequilibruim for brook trout adapting to seawater.
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Seawater Survival

Size and age - Fish in the high feed group‘in all experiments

were larger than fish in the Tow feed group (Figure 2A), with the
absolute difference in length increasing over time. Mean seawater
survival time was higher for the high feed group in each of the first
five experiments (Fig. 2B); a decline in seawater survival time of

hi gh feed fish occurred in Experiment 6 which was conducted during
normal spawning time.and included several mature males. We have shown
poor seawater survival and hypoosmoregulatory ability in mature males,
which becomes acute during autumn spawning (Chapter 3). There were no
mature ma]esiin the low feed group, which had mean seawater survival
time equal to the high feed group. For Experiments 7-10 mean seawater
survival times of high and Tow feed groups are similar, having
p]afeaued at 16-18.5.d (38-81°%/0 survival). The smallest brook

trout to reach this plateau were 14 cm.

The seawater hazard rate is a measure of the probability of
mortality in seawater over 20 d. Mean survival time and hazard rate
for the seawater exposure experiments were significantly correlated (r
= 0.97, p< 0.01, N = 44). Size can explain a large portion of the
variation in seawater hazard rate (r2 = 0.64’, which is increased to
0.77 when experiments with fully mature males are excluded (Fig. 3).
Experiments with fully mature males had the following common
properties: 1) greater than 25 °/o of the fish were matufe males, 2)
gonadosomatic indexes were > 1.5°/o, 3) experiments were Eonducted
during autumn photoperiod, and 4) mean survival time was significantly
lTower than that of immature males, mature and immature females (p <

0.025, Mann-Whitney U-test).
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Figﬁre 2. Size (fork length) at time of seawater exposure, mean
‘survival time in seawater, and plasma osmotic concentration after
4 d in seawater as a function of time of year of seawater
exposure. Experiments were conducted under normal photoperiod
‘conditibns. Closed squares represent high feed (fast growing)

fish, closed circles represent low feed (slow growing) fish.
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Figure 3. Seawater survival as a function of size and age. Log of
seawater hazard rate versus (A) log of fork length and (B) log of
age for fish in high feed (squares) and Tow feed (circles) fish in
normal photoperfod (closed figures) and 3-month delayed
photoperiod (open figures). 11 experiments (4 groups per
‘experiment) were conducted over 17 mos. Points encircled with
dashed Tines represent experiments with mature males exposed to
seawater during autumn‘photopefiod. Linear regression of log
hazard on 1og size had r2 of 0.64 and 0.77 for experiments with
‘and without fully mature males, respectively. Regression lines do
not inciude experiments with fully mature males. Linear

2

regression of 1og hazard on 1og age had r® of 0.58 and 0.65 for

experiments with and without fully mature males, respectively.
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Fish surface-area-to-volume ratios, as estimated by -
1¢ngth2/weight, also had a strong ability to predict survival in
seawater (r2 = 0.79, excluding experiments with fully mature
males). Log transformation of length explained a greater portion of
the variation in seawater hazard (r2 = 0.77) than untransformed
Tength (r? = 0.69), indicating the effect of size on survival
decreases with increasing size. This effect corresponds to the
plateau in seaWatér survival time of brook trout at sizes.greater than
14 cm (Fig. 2B).

Age also had a significant effect on seawater hazard rate (rz =
0.58, Fig. 3B). It is clear, however, that at ages < 1 yr there is a
clear distinction in seawater hazard rate between high and Tow feed
groups (Fig. 3B). This is most 1ikely caused by size differences,
sihce growth rate per unit size explains less of the variation in
seawater hazard (r2 = 0.59) than either size or agé. Iﬁ addition,
there is no consistent difference in seawater survival of hfgh and low
feed fish as a ‘function of length (Fig. 3A), despite differences in
growth rate and age between the two groups at any given length.

The relative roles of size and age can be further clarified by
examining the results of dichotomous regression on seawater survival.
Thjs statistical modelling procedure allows one t6 examine the effects
of a variable on seawater survival while ho]ding all other independent
variables constant. .we»chose models which included all combinations
of the following independent variables: length, age, weight, male
maturity, growth rate, feeding group and rate of change in daylength.
Only the first 12 d of each.experiment were used in this analysis

because the last 8 d fit all modé]s poorly (75°/o of the mortalities
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Table 1. Dichotomous 1og-linear regression of length, age and male
maturity on survial in 32 ppt seawater for 12 d. B is the slope of the
regression line. Index of male maturity for an experiment was determined
by multiplying the percent mature males in an experiment by their mean
gonadosomatic index. The odds ratio was calculated for the range of
values in our experiments and represents the change in probability of
survival for that range. Odds ratio greater than one indicates increasing
chance of survival (e.g. an odds ratio of 100 for size indicates the
probability of survival increases 100 times when brook trout go from 6 to
32 cm). An asterisk indicates the odds ratio is significantly different
from 0 (p < 0.05). Chi-square for this model was 377.4 with 5 degrees of
freedom (p < 0.001).

Independent Variab]es B Standard Error, B Odds Ratio
Interval
1 -.61 .06 -
2 .73 .09 : -
3 .52 .13 -
Length | -2.90 .33 106.6 *
Age -0.89 0.28 1.1

Male Maturity .006 .002 .169 *
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occurred in the first ind). The statistical model shown in Table 1
is the simplest model (fewest variables) with a highly significant
Chi-square (377.4, d.f. = 5, p < 0.001). This model shows a
significant effect of size and male maturation on seawater survival.
The effect of age was not significant. Inclusion of other variables
such as growth rate or feeding group will increase chi-square but are
difficuit to interpret because of their covariance with both size and
age. Al1l models which include the variables 1listed above showed
length to be the most significant determinant of seawater survival.
Although several researchers have cqnc]uded that size is the
primary factor determining seawater suvival in salmonids (Huntsman and
Hoar, 1939; Parry, 1958; Houston, 1961; Wagner et al., 1969; Wagner,
1974) *and striped mullet, Mugil cephalus (Nordlie et al., 1982), few

have attémpted to separate the effects of size and age. Conte and
Wagner (1965) and Conte et al. (1966) detérmined that size, rather
than age determined seawater survival in rainbow trout and coho
salmon, although they did not manipulate growth rates to control for
age. Similarly, brook trout show no effect of age on seawater
surival. Our results also indicate that sizé dependent seawater
survival is a basic characteristic of the sub-family salmoninae.
Photoperiod - Seasonal patterns of seawater survival, other than
those imposed by male maturation, may exist. Standardized residuals
from the regression of lTog length against log hazard have no
photoperiod-related pattern for maturg, immature, or fish greater than
14.0 cm (corresponding to the size at which the effect of size on
seawater suryiva] begins to level off; Fig. 4). The only significant

outlier (standard residual > 2.0) was also the only experiment
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conducted under winter photoperiod conditions with large numbers of
post;spawning adults. This may be the resuit of general post-spawning
weakness which caused a generalized increase in susceptibility to
osmotic stress. Dichotomous regressions dfd not show any significant
effect of daylength, rate of chénge in daylength or season when these
variables were included in models of seawater survival.

Specialized migrating sa]monids, particularly those which undergo
smoltification, show seasonal, photoperiod-induced changes in seawater
survival (Conte and Wagner, 1965), hypoosmoregulatory ability (Conte

and Wagner, 1965; Clarke et al., 1978) and freshwater levels of gill

+ 4+ )
~Na ,K -ATPase activity (Zaugg and Wagner, 1973; Ewing et al.,

1979). Silvering (caused by guanine depbsition in skin and scales)
and increases in gill Na+,K+-ATPase activity normally associated

with smolting, do not 6ccur in this strain of brook trout (Chapter 1),
in spite of its seaward-migrating behavior. Silvering has been found:
in other anadromous populations of brook trout but is not indicative
of imminent séawater entry as it is in Pacific and Atlantic salmon
(Black, 1981). Our resu]fs indicate that there is no seasonal change
in seawater survival, except for that associated with male

maturation. Lack of seasonality in brook trout may reflect the 1pwer
degree of anadromy and greater opportunism displayed by this and other

species in the genus Salvelinus.

Ontogeny of Hypoosmoregulatory Ability ,

Plasma ions and osmolarity - Plasma osmolarity, [Na+], [c171],

[K+] and [Mgz+] after 4 d in seawater decreased with increasing

length of brook trout (Table 2). Plasma osmolarity showed the
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Figure 4. Standardized residuals of the regression of 1og hazard rate
‘on log Tength, as a function of season for kA) immature brook
trout, (B) mature brook trout and (C) brook trout greater than
14.0 cm. Season corresponds to the photoperiod conditions fish

experienced just prior to and during seawater exposure.
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Table 2. Physiological variables after 4 d in seawater regressed on

length, and 1og hazard as a function of physiological variables.

Linear regression statistics include correlation coefficient (r),
y-intercept (y-int), slope (b), standard error of the slope
(Sp), probability of rejecting the null hypothesis that the
slope of the regression 1ine is O (p), and the number of

experiments (N).

Each experiment is the mean of 5-8 individuals.
A11 listed correlation coefficients are significant (p < 0.05).

Dependent variable

Osmolarity
[C1-]

[Na*]

k*

Mgl
Hematocrit
Na*,K*-ATPase
Thyroxine

Independent variable

Osmolarity
[ci:]

[Na~]

[K

Mgc"]
Hematocrit
Na*,K*-ATPase
Thyroxine .

LENGTH
F oyt b S5 2 N
-.80 465.7 -3.27 0.37 0.001 44
-.40 188.9 -0.77 0.27 0.010 38
-.46 215.2 -1.15 0.38 0.004 38
-.70 5.42 -0.129 0.022 0.001 38
-.64 4,45 -0.081 0.016 0.001 38
44 42.9 0.285 0.095 0.005 40
- - - - 0.101 40
.48 0.98 0.083 0.026 0.003 36
LOG SEAWATER HAZARD RATE
¥ yint. b 5 R
.70 -5.4 .009 .001 0.001 44
42 -3.47 012 004 0.008 38
.49 -3.24 .009 .003 0.002 38
.53 -1.87 141 .037 0.001 38
.65 -2.18 .251 .048 0.001 38
-.39 -0.05 -.030 .012 0.013 40
- - - - 0.219 40
-.46 -1.03 -.140 .047 0.003 - 36
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strongest correlation with length (r2 = 0.64, Fig. 5) and was the
best physio]dgica] bredictor of mortality in seawater (Fig. 5, Table
2). Length can explain 16%/0, 21%0, 49%/0 and 41%/0 of the
variation in plasma [C17], [Na+], [K+] and [Mg2+],

respectively, after 4 d in seawater. Age»cou1d explain less of the
variation than length in each of the plasma ions-(6°/o, 20°/o,

38%/0 and 31°/0, respectively).

Plasma osmolarity and [Mgz+] after 20 d in 32 ppt were
significaﬁtly correlated with Tength (Table 3). The levels of plasma
ions after 20 d in seawater for any given size are, in most cases,
Tower than thosé after 4 d in 32 ppt. These results indicate that
smaller fish that survive for 20 d in seawater cannot regulate blood
osmolarity and [Mgz+] to the same extent as larger fish surviving
the same length of time.

Size related increases in [Na+], [C]']‘and water transport
capabilities during seawater acclimation have been found in Atlantic

salmon (Parry, 1958; Houston, 1961), rainbow trout (Conte et al.,-

1966; Wagner, 1974; Jackson, 1981) coho and chinook salmon (Clarke et

al., 1978) and mullet (Nordlie et al., 1982). Our results show that
[K+] and [Mgz+] are also regulated in a size dependent manner by
brook trout. Increased ionic regulatory ability with length may
reflect decreasing surface-area-to-volume ratios that accompany
increased length. In our experiments, log transformations did not

improve correlations between length and ionic or osmotic

concentrations after 4 d in seawater, nor are there any indications of

a decrease in the effect of length on these plasma constituents. As

length increases, an eventual decrease in the effect of size on plasma
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Figufe 5. Plasmé osmolarity and gi]T Na+,K+-ATPase in seawater as
a function of brook trout size. (A5 Plasma osmolarity after 4 d
in seawater, (B) plasma osmolarity after 20 d in seawater , and
(C) gin Na+,K+-ATPase activity after 4 d (open triangles) and
20 d (closed triangles) in seawater, versus fork length of brook
trout. Regression lines, where drawn, have slopes which are

significantly different from zero (p < 0.05, see Tables 2 and 3).
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Table 3. Physiological variables after 20 d in seawater regressed on’
length. Linear regression statistics include correlation
coefficient (r), y-intercept (y-int), slope (b), standard error of
the slope (Sp), probability of rejecting the null hypothesis
that the slope of the regression 1ine is 0 (p), and the number of
experiments (N). Each experiment is the mean of 3-8 individuals.
A11 Tisted correlation coefficients are significant (p < 0.05).

LENGTH
Dependent variable r y-int. b Sp - P N
Osmolarity -.57 445.5 -2.48 0.69 0.001 29
-] - : - - - 0.076 29
[Na*] - - - - 0.190 20
[K;a - - - - 0.345 28
[Mge*] -.49 4.51 -0.079  0.028 0.008 28
Hematocrit - - - - 0.160 29
Na*,K*-ATPase -.55 42.1 -0.687 0.190 0.002 29

Thyroxine - - - - 0.776 24
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ions and osmolarity must occur, since ions are unlikely to be
regulated below freshwater Tevels. The length corresponding to such a
size threshold, however; was not reached in our experiments which used
animals up to 32.0 cm. In contrast, length did show a decline in fts
effect on seawater survival. This may reflect the reduction of plasma
ions below a 'critical' survival level such that, while size may still
aét to decrease ion levels during seawater adaptation, survival Will
be close to maximum and increases in survival will not be detectable.
Such a phenomenon has been reported by Jackson (1981) for rainbow
trout.
Hematocrit - Hematocrit after 4 d ;n seawater rangéd-Between 31

'cfo/o and 73 %°/0 and mean hematocrit was positively correlated with
length (Table 2). Hematocrit of brook trout in freshwater also
increases with size (Chapter i). Failure to find é response of
hematocrit to salinity change during the time course of adaptation
ndicates that hematocrit is either conserved (within 1imits) or has
little to-do with osmoregulatory phenomenon. Hematocrit after 20 d in
seawater ranged between 42°/o and 580/0 (values typical for.
freshwater) , and was not significantly correlated with Tength (p >

0.40).

Gill Na+,K+-ATPase - Mean value of freshwater gill

Na+,K+—ATPase activity in brook trout was 7.9 * 0.13 uMP. * mg

1. ppl (N = 687). After adaptation at intermediate

prot.”
salinities and 4 d in seawater, gill Na+,K+-ATPase activities were
higher than freshwater levels, and higher still after 20 d in seawater
(Fig. 5C). Gill Na+,K+-ATPase activity after 4 d in seawater did

not significantly correlate with size (p = 0.10, Table 2). Gil1l
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P ; o
Na ,K -ATPase activity after 20 d in seawater decreased with

increasing length of brook trout (r2 = 0.30, Fig. 5C, Table 3).

Plasma osmo]érity after 20 d in seawater is decreasing at a similar
rate (Fig. 5). Gill Na+,K+-ATPase activity and plasma osmolarity
after 20 d in seawater, however, are not significantly correlated (p >
0.50). Dec]in{ng gill Na+,K+-ATPase activity with length may ‘
reflect decreased demand for active transport in larger animals due to
a mdre favorable surface-area-to-vo]ume ratio. .(An alternative
explanation is that surface-area-to-volume ratios of the gills
themselves may be smaller in larger fish; since gill Na+,K+-ATPase

is surface area dependent and homogenate protein content is volume
dependent, a smaller gill Na+,K+-ATPase activity would be measured

in larger fish). Gill Na+,K+-ATPase activity may in fact be more
responsive to changes in internal osmotic conditions than external

ones. Savage and Robinson (1983) have shown gili Na+,K+-ATPase

activity of blue crab (Callinectes sapidus) to be responsive to a
hemolymph factor induced by changes in exterha] salinity. Tﬁe
mechanism by which teleost gil1l Na+,K+-ATPase activities are
regulated during seawater adaptation remains Targely unexplored.

Plasma Thyroxine - Plasma T4 Tevels after 4 and 20 d exposure

- to seawater increased with increasing size of brook trout (Table 2 and

3). Our inability to find a distinct pattern of plasma thyroxine
changes during hypoOshotic adjustment makes it difficult to interpfet
these changes. Initial freshwater T4 values were changing with
growth rate and season (Chapter 1), which would tend to obscure size
related changes that occur after seawater exposure. To determine the

net effect of seawater exposure on T, Tevels, the mean value of

4
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thyroxine of 6-10 brook trout in freshwater, sampled one day prior to
samp]ing of fish after 4 d in 32 ppt, was used as an initial value.
Net changes in T4 were calculated by subtracting mean plasma T4
levels at 4 and 20 d in 32 ppt from this initial value. The mean net
change in T, after 4 d in seawater was -0.71 * 0.22 (N =‘37
experiments). Although this value is significantly différent from
zero (p < 0.01, stddeht's t-test), in 13 out of 37 seawater exposures
the mean thyroxine level increased from freshwater levels. Mean net
change in thyroxine lTevels after 4 d in 32 ppt were not significantly
correlated with Tength (p = 0.08).

Plasma thyroxine levels after 20 d in seawater were not
significantly correlated wi th Tength (Table 3). Mean net change in
thyroxine after 20 d in 32 ppt was -1.43 *+ 0.25 (N = 26), and was
lower than freshwater levels in 24 out of 26 cases. These results are
in apparent contrast to our experiment (N = 1) on the time course of
seawater adaptation (Fig. 1) in which levels of plasma thyroxine after
20 d in seawater were the same as initial fréshwater levels. Net
change in plasma thyroxine after 20 d in 32 ppt did not signif%cant]y
correlate with length (p > 0.10, N = 24).

Thyroxine lTevels in salmonids are thought to affect growth by

interacting with direct stimulators such as growth hormone (Donaldson,

et al., 1979). We have shown that a growth related function can

explain much of the variation in freshwater plasma thyroxine (Chapter
1). Declines in plasma thyroxine following seawater exposure may be
related to changing growth; feeding stops for at Teast a week after
exposure to 32 ppt, and growth over the period of seawater exposure is

less than freshwater controls (McCormick and Naiman, unpublished data).
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PERSPECTIVES ON SALMONID OSMOREGULATION
We have found that increased sfze of brook trout results in
greater osmoregulatory abi]fty and survival after exposure to
seawater; This is a common feature of salmonid osmoregulation (Parry,
1958; Conte and Wagner, 1965; Wagner et al., 1969). The size at which

high survival in seawater is attained (under similar exposure

conditons) is species dependent, and is near the size at which

migration into seawater occurs (Table 4). The size at which high
seawater survival occurs, grouped by genera, fa]]é in the following
order:

Oncorhynchus < Salmo < Salvelinus.-

Within genera there may exist subgroups with significantly different
sizes at which-high seawater survival is attained. For instance, pink

and chum salmon (0. gorbuscha and 0. keta) survive in seawater at

smaller sizes than other species of Oncorhynchus (Table 4; Weisbart,
1968) . | |

There is a large body of evidence indicating that size dependent
sﬁrviva] of a salmonid species, following exposure to seawater, is
related to size dependent ion transport capabilities (Conte and
Wagner, 1965; Conte et al., 1966; Wagner et aT.,.1969; Farmer et al.,
1978; present study), and that a critical level bf [Na+], [C17] or
total p1asma.osm01arity determines survival (Gordon, 1959; Jackson;
1981). It follows tﬁat generic or species differences in seawater
survival also relate to differences in ion transport capability
(Pafny, 1958; Weisbart, 1968; Clarke et al, 1978). This concept is
shown schematically in Fig. 6, where 1ine A may represent size

depéndent osmoregda]tion in a species of Salvelinus, 1ine B Salmo, and




Table 4. Phylogenic comparison of size-dependent salinity tolerance and seaward migration in salmonids.

" Salinity Tolerance

Size at 75%/0 Size at
Salinity Method of Duration Survival Seaward
Species (ppt) Acclimation {d) (cm) Migration(cm References
Oncorhynchus
Pink Salmon 32 direct > 14 < 6.0 2.5-4.0 (Weisbart, 1968; Scott and Crossman, 1973)
Chum Salmon 32 direct > 14 < 6.0 3.2-7.0 (Weisbart, 1968; Scott and Crossman, 1973)
Chinook Saimon 30 direct 30 6.5 6.0-10.0 (Wagner et al., 1969; Healy, 1980)
30 gradual 30 4.2
Coho Salmon 30 direct 30 7.0 10.0-11.0 (Conte et al., 1966; Healy, 1980) .
ég
Salmo ]
Atlantic Saimon 29 direct 44 13.8 12.7-16.2 ~ (Johnston and Saunders, 1981; Scott and
: Crossman, 1973)
Steelhead Trout 30 direct 30 16.0 : 15.0-20.0 (Conte and Wagner, 1965; Wagner et al.,
. ’ 1963)
Salvelinus
Brook Trout 32 gradual 20 19.0 115.0~18.0 (present study; Montgomery et al.,

unpublished manuscript)



Figure 6. Salmonid phylogeny of size dependent ion transport ability
and resulting size dependent seawater survival. Lines A, B and C

may represent Salvelinus, Sa1mo, and Oncorhynchus, respective1y,

_and XA’ XB and XC the size (or ;ize range) at which seawater
survival occurs. The horizoﬁtal dashed 1ine represents tissue
tolerance of high plasma osmolarity. Tissue tolerance may also
di ffer among genera and species, and wi]i affect the size at which

seawater survival occurs.
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line C Oncﬁrgxchus; sizes XA’ XB and XC correspond to a size (or

size range) at which hi gh seawater survival occurs for each species.
Support for the re]ative_shape of these lines (similar intercepts and
decreasing s]qbes) is scarce. Farmer et al. (1978) found that plasma
osmolarity of Atlantic salmon (6-15 cm) after exposure to ~ 32 ppt
seawater was a decreésing function of size. Comparison of their
results with those reported here for brook trout indicates that small
Atlantic salmon and brook trout (6 cm) had similar plasma osmolarity
after exposure to seawater, but that osmoregulatory ability of
Atlantic salmon increased more rapidly with size.

Although the abiiity to reguiate plasma ions accounts for some
di fferences in seawater survival, the ability to tolerate higher
plasma ion levels may also affect survival (Fig. 6, horizontal
survival /mortality line). Weisbart (1968) has shown that increased
survival of chinook salmon alevins, relative to coho and sockeye
salmon alevins, is due to increased tissue tolerance of high plasma
ionic and/or osmotic concentrétions. A comparison of tissue
tolerances among salmonid genera has yet to be made.

The existence of size dependent hypoosomoregulatory ability among
salmonids should not imply that there is a single 'critical size'
resulting in salinity tolerance for a given species. Although a
criticailplasma ion level may exist, the attainment of this level
after seawater exposure will depend on salinity, method of
acclimation, temperature and other environmental variables affecting
hy poosmore gulation.

The phy]ogenetic comparison of salmonid osmoregualtory physiology

made here is in substantial agreement with that proposed by Rousnefell
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(1958) and Hoar (1976). This phylogeny implies that increased
exploitation of the sea by more advanced salmonids was acheived, in part,
through changes in size dependent.osmoregulatony ability. Physiological
changes due to smoltification, desmoltification and maturation will alter
the shape of size-survival curves. These processes, however, are
themselves size dependent and do not substantially alter the underlying

size dependent survival nor the resultant phylogenetic relationships.

SUMMARY

We have demonstrated that the regulation of plasma osmolarity,

L[Na+], [c171, [K+] and [Mgz+] during seawater adaptation is size

- dependent throughout the size range of animals tested. Seawater survival

is also strongly tied to size, and is not dependent on age. These
results are most easily explained by hypothesizing a constant set of
permeability barriers and transport capabilities which act more
effectively to reduce influx of plasma ions as surface-area-to-volume
ratios decrease with increasing size. Though intuitively appealing,
there has been 1little experimental work on the effect of
surface-area-to-volume Eatios, per se, onvseawater adaptation in teleosts.
Size dependent salinity tolerance in brook trout indicates that
accelerated growth will allow earlier seawater adaptation, an important
economic consideration in potential sea ranching and sea farming. Brook
trout maturation, however, is also size dependent (McCormick and Naiman,
unpublished data) and in males has a negative effect on seawater
survival. Significant mortality occurred even in the largest
experimental groups (> 32 cm). Variability in the effect of size on both

salinity tolerance and maturation allows opportunities for artificial
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selection. In light of the high growth rates and high return rates of
this mi gratory salmonid, such an investment in artificial selection may

prove worthwhile.

The opportunistic nature of seaward migration in brook trout and
their less advanced status in salmonid phylogeny (Rousnefell, 1958; Hoar,
1976) allows consideration of this species as a 'primitive archetype' of
early salmonid migrators. As such, the demonstration of size related
salinity tolerance and osmoregulatory ability in salt water establishes
size as a basic physiological constraint to euryhalinity in this group.
More advanced salmonids also display size dependent hypoosmoregulatory
ability; the size at which salinity tolerance of a species is achieved is
related to their degree of anadromy. The evo]utionany'pattern of

euryhalinity is salmonids can therefore be viewed as a succession of

-adaptations made to overcome size dependent ion transport capabilities.
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Hypoosmoregulation in an anadromous teleost:

influence of sex and maturation.
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~ ABSTRACT®
We report here decreased salinity tolerance and hypoosmoregulatory

~ability in mature male anadromous brook trouf (Salvelinus fontinalis)

that does not occur in females or immature males. Lowered salinity

tolerance of adult males becomes acute during autumn photoperiod when
normal spawning occurs. Plasma [C17], [MgZ+], osmolarity and
hematocrit are significantly higﬁer in mature males after transfer to
seawater, relative to mature females. It is postulated that reduced
édu1t male hypoosmoregulatory ability explains skewed sex ratios in
anadromous populations, 1imits the extent of anadromy, and was a

significant phase in the evolution of extended saimonid migration.
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Physiological differences between sexes of the same species are
generally related to primary and secondary sexual characteristicsl

or to adaptations resulting from differential strategies for

reproductive successz. Reports of divergence in non-sexual

physiological processes are rare in lower vertebrates. Such

differences occur in mammals and include breathing pattern3’4,

4,5 6 7,8

cardiac response , gastric secretion”, metabolic rates , and

oxygen chsumption7’8.

The ecological significance of this type of
sexual dimorphism has not been established. We report here a decrease
in hypoosmoregulatory ability of mature males of facultatively

anadromous brook trout, Salvelinus fontinalis, which affects survival

and can result in significant changes in the population dynamics of
anadromous stocks.

Experiments éxp1oring the effects of size, age and photoperiod on
hypoosmoreguiation in brook trout were conducted from 1980 to 1982 at
the Woods Hole 0cean6graphic Institution. Twenty thousand brook trout
eggs, the progeny of several males and females, were divided into two

photoperiod regimes. Both photoperiods cycled annually with

- daylengths corresponding to 42°N"; one photoperiod regime corresponded

to normal calendar daylength while the second was 3 mo behind normal
daylength. Fish were fed ad 1ibitum and all fresh water rearing and
seawater exposures were performed dt 10-116C. Under these conditions
maturation occurred in approximately 41%/0 and 78°/0 of the males
and 5%0 and 38°/o of the females in the normai and lagged
photoperiods, respectively, during their first autumn (age O+ yr).

A1l fish became mature during their second autumn (age 1+ yr).
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Under summer and autumn photoperiods mature males had a
significantly‘lower mean survival time in seawater than females (p <
0.01, Mann-Whitney U-test, see Fig. la,b). Although mean survival
times of males and females were not significantly different in spring
(p = 0.09, Mann-Whitney U-test; Fig. lc), the proportion of surviving
females was significantly greater than that of males (31%/0 and
7%/0 survival, respectively, after 64 d in seawater, p < 0.01, 2x2
contingency table). Survival of control fish in freshwater wasl
100°/o for both sexes, mature and immature. These results indicate
that under spring, summer and autumn photoperiods, mature males have
lower salinity tolerance than females.

Mature male salinity to]erance»had a seasonal component (p = 0.02,
Kruskal-Wallis test), with survival in autumn being significantly
lower than that in summer or spring (p <0.01 and 0.04, respective]y,'
Mann-Whitney U-test). Seawater survival of immature males was greater
than mature males in autumn (p <0.01, Mann-Whitney U-test) implicating
maturation as a factor in male seawater survival. No such decline in
female survival time occurred as a result of season (p = 0.34,
Kruskal-Wallis test) or maturation (summer mean survival time of
mature and immature females was 49 d and 43 d, respectively, p = 0.21,
Mann-Whitney U-test).

To determine the physiological basis of differences in salinity
td]erance, mature male and female brook trout were acclimatéd for one
week at a salinity of 10 ppt, one week at 20 ppt and finally exposed
to 32 ppt seawater. This experiment was conducted during a declining v
photoperiod (11.2 hr daylength), just prior to spawning. After 4 d in

32 ppt seawater, fish wefe removed from tanks and anesthetized with




<

-123-

phenoxyethanol. After 30-60 s of anesthetization, blood was co]iected
from the dorsal aorta and hematocrit, plasma [Naw], [c1-1, k',
[M92+] and osmolarity measured. Gill arches were removed, frozen at
-17°C and analyzed within 40 d for Na+, K*-ATPase activity]o.

Plasma ion and osmotic concentrations analyses indicated that
hypoosmoregulatory and ionoregulatory abilities differed between sexes
during maturation. Male brook trout of comparable length and weight
had a significantly higher plasma osmotic concentration, higher plasma
£C17] and [M92+], and a higher hematocrit than mature females (p
<0.05, student's t;test; Fig. 2). Plasma [K+] was significantly
lower in males than females. We found [K+] to be reéu]ated in a
manner different from cher plasma ions; fresh water levels of [K+]
were often maintained for 4 d after exposure to seawater, while plasma
[Na"1, [C171, [Mg2+] and osmolarity increased within 12 hr and
peaked between 3-4 d. With the exception of hematocrit, there were no
significant sexual differences in freshwater physiology (p > 0.10,
student's t-test; freshwater hematocrit values during final maturation
were 58%0 for males and 44%/0 for females, p <0.01 student's
t-test).
| Despite the superior osmoregulatory ability of mature female brook
trout, activity of gill Na+, K+-ATPase was not significantly
higher in females (Fig. 2). Freshwater values ranged between 5 and 12
uMPi‘ mg protein'] 'hr'], and did not differ by sex during
autumn (p = 0.49, §tudent's t-test). Elevated levels of gill Na+,

K*-ATPase activity in mature males indicates that this seawater

adaptation mechanism is'operative; other ion transport or permeability
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male and female brook trout gradually acclimated to 32 ppt
seawater Fish were maintained in 1,000 L tanks from first feeding
(age 30 d). At the time of seawater acclimation, fish were

exposed in the same tanks by addition of seawater. Salinity was
increased in a stepwise manner for a period of 14-30 d. Fish in

each experiment were held in 32 ppt seawater for a period of 64 d,
which represented the maximum seawater survival time. - Experiments
a and b were conducted on the same calendar date; experiment a was

under normal photoperiod conditions; photoperiod in experiment b

cycled 3 mo behind the norm. No significant difference in fork
length, weight or condition factor by sex or state of maturity
occurred within experiments a, b, or ¢ (p > 0.10 ANOVA). Brook
trout in experiment a and b were not significantly different in
length, weight and condition factor (18.9 cm and 18.4 cm, 80.4 g
and 70.3 g, 1.18 and 1.12, respectively, Student-Newman-Keuls
procedure). Fish in experiment c were larger, heavier and had
slightly greater condition factor (24.2 cm, 185.4 g, and 1.26
respectively, p < 0.05, Student-Newman-Keuls procedure). Though
gonadosomatic indexes were low at the time of experiment ¢, visual
inspection of gonads indicated imminent maturation. A1l brook
trout under the same culture conditions as fish used in experiment
¢ became fully mature during autumn photoperiod. Other -
experiments conducted during autumn photoperiod have shown that

seawater survival of mature females did not decline during

spawning period and was significantly greater than seawater

survival of mature males.

Lower:Daylength conditions and mean mature male gonadosomatic

index (GSI = [gonad weight/body weight] <100). Photoperiod

month (ordinate) is calendar month normally corresponding to the

shown daylength. Photoperiod determined timing of maturation

under both normal and 3 mo delayed photoperiod. Gonadosomatic

indexes shown here are mean values of mature males in 3 mo delayed

photoperiod, corresponding to the shown photoperiod cycle. Final

maturation, when sperm could be exuded from males by gently

compressing body wall, occurred during October-November

photoperiod (11.2 declining to 9.4 hr daylength) in each

photoperiod regime, and is represented by a horizontal bar.

Arrows at daylength curve correspond to photoperiod conditions

under which seawater exposure began for experiments a, b and c.
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)

Figure 2. Physiological comparisoh of mature male and female brook
trout 4 d after exposure to 32 ppt seawater Fish were first |
acclimated for 7 d in 10 ppt énd 7 d in 20 ppt. Student's t test
was used to determine statistically significant differences
between means. Mean (+ 1 standard error of the mean) length,
weight and gonadosomatic index (GSI) of fish in this experiment

are as follows:

' : Fork :
Sample Length Weight GSI
Size (cm) (g)
Male 4 21.4 (0.4) 109.2 (10.4) 2.8 (0.2)

Female 4 21.2 (0.3) 105.3 ( 8.5) 9.0 (2.4)
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properties must be responsible for the observed differences between
mature males and females.

These results establish two separate but related phenomena: 1)
adult male sa]inity tolerance is lower than adult females during - -
épring, summer and autumn; 2) adult male salinity tolerance and
hypoosmoregulatory abi]ities reach lowest levels in autumn and are
related to sexual maturation. Hydration of sperm during this period
may present a larger water demahd for males that cannot be met under
saline conditions. It was also noted that mature, fully ripe males in
both freshwater and seawater had "stickier" skin than females or
immature males, indicating the possible reduction of mucous production
by mature males. The epidermis of mature male migratory sea trout

(Saimo trutta L.) has only a single layer of epithelial cells and no
11

mucous cells™", which may resuit.in altered skin permeability and

impose hardships under hyperosmotic conditions. Red sores on the skin
of moribund mature males in seawater indicate that the skin may'be
jnvolved in osmotic failure of these animals. Sperm hydration and
changes in the skin-scale-mucus complex are possibly under
gonadotropin control, implicating an indirect role of the pituitary in
hypooémoregu]ation.

The proximate cauee of reduced salinity tolerance of adult males
in spring and summer is less tractable. Several hypotheses seem
plausible of which we consider two to be MOst suitable: (1) there is a
competing physiological demand sbecific for mature males, or (2)
~ hormonal control of maturation in males is linked to hormonal control
of ion and water transport. These hypotheses are not mutually

exclusive and possibly relate to the cause of autumnal decreases in




-129-

mature male hypoosmoregulation;_ Competing physiological demands for
ion transport occur in teleosts and include trade offs with oxygen
tranSportl2 and pH ba]ance13.

It seems un]ikeiy that sex steroids directly control
osmoregulation throughout the year. Effects df sex steroids on other

hormonal systems, however, could result in different ion transport

properties between males and females. Alternatively, maturation and

osmoregulatory ability need not be immediately connected, but could
have a common and ear]y cause. For example, it has been demonstrated
that smolting (which is accompanied by increases in hypoosmoregulatory
ability) and precocious male maturity are incompatible in the same
year for Atlantic salmon (Salmo salar), and that the decision to smolt
or to mature is made within a few months of hatching14.

Seaward migration of anadromous brook trout in northern latitudes

15-18

of North America occurs in late spring Reduced salinity

tolerance of adult males, which we have demonstrated to occur under
both increasing and decreasing photoperiods, should affect this
migratory pattern. Of the five well-studied populations of anadromous
brook trout (ref. 15-18 and Montgomery, W. L. et al., unpub]ished
manuscript), four have sex-ratios skewed towards a greater number of

females. Low coastal salinity may explain the equal sex ratio

observed in one anadromous popu]ationls. Skewed sex-ratios do not
occur in nearby freshwater populations of brook troutl7. That
female-dominated sex ratios occur on the spawning groundsls, as well

15-17

as among seaward migrators and freshwater returning

15-16

migrators , suggests that male-female behavioral and

physiological differences occur in nature.
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Physio]ogica] tolerances of critical life-history stages limit
population sizes and spatial distribution of specieszo. Critical
1ife-history stages are often the larval and reproductive stages of
development. Ouf results indicate that sexual differences in adult
physiological to]eranceé.may Timit exploitation of habitats by a
species, and may be a more widespread phenomenon than currently
thought. -

‘Fina11y, Hoar established a 'primitive' level for Salvelinus
relative to other sa]monidslg. Sex and maturationa1 differences in
hypoosmoregu]atory ability by brook trout may represent a
chéracteristic of early sa]honids which Timited the length of the
- migratory period and the number of possible migrations over an
animal's lifetime. Perhaps the compiex and structured life Histories
of specialized seaward-migrating species are, in part, a solution to

conflicting physiological demands of maturation and nypoosmoregulation.
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the U.S. Department of Commerce, NOAA, Office of Sea Grant
NA8O-AA-D-00077 (R/A-14). S. D. McC. was supported by a Tai-Ping
Predoctoral Fe]]owship in Marine Biology and the Woods Hole
Oceanographic Institution Education Office. This.is Contribution No.
5418 of the Woods Hole Oceanographic Institution and Contribution No.

72 of the_Institution's Matamek Research Station.
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CHAPTER 4

The Physiology of Smoltification
in Anadromous and Non-anadromous Brook Trout
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from the Matamek River and Riviére & 1a Truite, Québec.
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ABSTRACT

Anadromous brook trout, Salvelinus fontinalis, of Riviére d la

Truite, Québec, were examined for physiological changes associated with
salmonid smoltification, and compared to non-anadromous brook trout of
the adjacent Matamek River. There were no significant differences in
plasma thyroxine concentration, gill Na+,K+-ATPase activity,

hematocrit or osmoregulatory ability between anadromous and
non-anadromous brook trout. Moisture content was:significantly
different between fish from the two river systems, but the same pattern
of declining moisture content as summer progressed existed in both
groups. Silver coloration of brook trout in Riviére & la Truite was
significantly associated with larger fish and higher gill

Na+,K+-ATPase activity, but not with changes in plasma thyroxine
concentration, moisture content, hematocrit or condition factor. Silver
coloration was absent in Matémek River brook trout. Brook trout at high
salinity estuarine sites had significantly greater gill

Na+,K+-ATPase activity and hypoosmoregulatory ability than brook

trout at low salinity sites. Silvering of Atlantic Salmon (Salmo salar)
in Riviére a la Truite was significantly associated with 1arger fish,
higher gill Na+,K+—ATPase activity, higher plasma thyroxine and

lower hematocrit. Gill Na+,K+-ATPase activity of highly silvered
Atlantic salmon was greater than that of highly silvered brook trout.
Atlantic salmon in high salinity estuarine sites had significantly
nigher plasma thyroxine concentration ahd gill Na+,K+-ATPase

activity than brook trout. The results indicate that smoltification is
relatively undeveloped ih brook trout and that estuarine residence is

- important in their salt water acclimation and eventual seaward migration.
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INTRODUCTION
The physiology of the parr-smolt transformation in anadromous
salmonids has received much attention in recent years due, in part, to
the realization that production of quality smolts is limiting returns
of hatchery reared salmon (Wedemeyer et al., 1980). Research has

concentrated on Pacific salmon (Oncorhynchus spp.), Atlantic salmon

(Salmo salar) and steelhead trout (Salmo gairdneri), which are

regarded as the most advanced salmonids (Rousnefell, 1958). The
outward signs of smolting (silvering and seaward migration), however,

occur in brook trout, Salvelinus fontinalis (White, 1940; Wilder,

1952} Black, 1981; Castonguay et é]., 1982). The charrs (genus
Salvelinus) are thought to be most 1ike the earliest anadromous
salmonids (Rousnefell, 1958). Smoltification may have arisen in the
charré, and it fo]]ows that the phylogeny of smoltification is
incomplete without an understanding of smolting in this pivota]vgr6up.
Brook trout are endemic to eastern North America kanging‘from 35
to 60 ON Tatitude (Scott and Crossman, 1973). Anadromous
populations exist above 41 ON in streams and rivers that have access
to coastal w&ters. Seaward migration in northern latitudes is
characterized by downstream movement in spring, residence in estuarine
or coastal waters for 2-4 mo, followed by upstream migration in autumn
(White, 1940; Castonguay et al., 1982). Montgomery et al. (1983, and
unpublished data), stddying sea-run brook trout of Riviére d la Truite
(a tributary of the lower Moisie River, Québec), found seaward
migration to be highly synchronized between individuals. In the
southérn portion of their range, the timing and duration of seaward

migration is more variable (Mullan, 1958; Smith and Saunders, 1958).
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In addition to seasonal aspects of migration, size dependent migration
has been reported for all sea-run brook trout popu]atiohs (White,
1940; Wilder, 1952; Smith and Saunders, 1958; Dutil and Power, 1980;
Castonguay et al., 1982). Size dependent and seésona]]y cued seaward -
migraﬁory activity are characteristic of all smolting salmonids.
Smoltification involves environmentally induced, hormonally regulated
changes in morpho]ogy, benavior, biochemical composition and
osmoregulatory physfo]ogy which are presumably adaptive to seawater
entry (see Hoar, 1976; Folmar and Dickhoff, 1980; Wedemeyer et al.,
1980, for review). For the purposes of this investigation , a smolt
is defined as a salmonid in freshwater which has undérgone all of the
metamorphic and physiological changes which are common to all known
smolting salmonid species. Prominent among these common
characteristics are increases in hypoosmoregu]atory ability, gill
Na+,K+-ATPase activity, plasma thyroxine, skin and scale
deposition of guanfne and hypoxanthine (silvering), body moisture
content, and decreases in condition factor and body 1lipid levels
(Wedemeyer et al., 1980). |
Previous work has shown that physiological changes associated with
smoltification dovnot occur in a Massachusetts hatchery stock of
anadfomous brook ;rout (Chapter 1). However, this strain does not
exhibit silvering and migratory synchrony characteristic of northern
populations. The.possibility remains that northerly, non-hatchery
stocks undergo smoltification. |
Anadromous brook trout in eastern Canada currently support a
valuable recreational fishery (Yvon Coté, personal communicatfon).

Experimental sea ranching of brook trout has resulted in 30-60°/0
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return rates and growth rates of 4-5 times that of their cohorts
remaining in freshwater (whoriskey‘ét al., 1981). Knowledge of
preparatory physiological adaptations for seawater entry in brook
trout would aid our understanding of the natural anadromy of brook
trout as well as the use of this species for natural enhancement, sea
ranching and farming.

- The objectives of this study were to determine whether
physiological changes associated with smoltification occur in northern
anadromous brook trout, and whether these changes are prepartory for
seawater entry. To this end we examined an anadromous population of
brook trout from Riviére & la Truite, Québec, for changes in plasma
thyroxine concentration, gill Na+,K+-ATPase activity, silvering,

moisture content, hematocrit, condition factor and hypoosmoregulatory

'ability, and compared them to non-anadromous brook trout from the

adjacent Matamek River. Brook trout in both freshwater and the
respective estuaries were examined. Brook trout in the Matamek river
estuary have been washed over the 15t Falls and do not contribute
reproductively to the river population. Our ability to detect the
process of smoltification under natural conditions was verified by
examining the physiology of Atlantic salmon. Smoltification under
artificial rearing cbnditions has been well-studied (Wedemeyer et al.,
1980), and includes changes in the morphological and physiological
characteristics listed abdve. Atlantic salmon parr and smolt captured
in Riviére 4 la Truite and the Matamek River estuary were examined for

comparative purposes.
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| STUDY SITES -
The Moisie and Matamek rivers empty into the Gulf of St. Lawréhce
approximately 22 and 36 km east of Sept-Isies, Québec, respectively
(Fig. 1). Riviére d 1a Truite is a 4th order stream entering the -
Moisie River 14 km upstream of the Gulf of St. Lawrence. Riviére & la
Truite has an average width of 10 m, and a maximum mid-summer depth of
2 m. Our study site on Riviére a la Truite was located 0.4 km |
upstream of its confluence with the Moisie River.
The Moisie River broadens into a 2 km wide estuary. Sandbars
restriét confluence with the Gulf of-St. Lawrence to atwidth of 0.25
~km. Two sites were chosen in the Moisie River estuary: one was
located 2 km upstreém of the Gulf of St. Lawrence; the second was at .
the confluence of the river with the Gulif (Fig. 1). The Moisie River
estuary mouth site is characterized by higher salinities than the
upsfream site (Table 1; Montgomery, 1980).
The Matamek River (6th order) drains a watershed separate from
that of the Moisie River. The Matamek River averages 50 m wide and
passés over 5 waterfalls from Matamek Lake to the Gulf of St. Lawrence
(9.6 km). The Z"d Falls is a barrier to upstream migration of brook
trout (Naiman, unpublished data). Sampling of brook trout in the

rd Falls.

Matamek River Qccurred at the base of the 3
The Matamek River estuary averages 80 m wide; saline water can
intrude nearly to the base of the 1St Falls. Brook trout'in the
Matamek River estuary are considered to be a non-reproducing
population that is replenished by fish that are washed over the 15t

Falls. This is due to the rare migration of brook trout over the
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Table 1. Physical characteristics of Moisie River estuary and Matamek
River estuary sampling sites. Moisie and Matamek River estuaries
were sampled from July 2 to August 31, and June 4 to July 29,
respectively. Although no salinity change was detected at the
Moisie River estuary upstream site, some salt water intrusion
occurs at this site and beyond (Montgomery, 1980).

Moisie River estuary Matamek River estuary
.Upstream Mouth
Temperature 12-17 10-16 . 10-15
(C) _
Salinity 0 0-27 5-27
(ppt) :
Maximum Depth 6-7 6-7 5-6

(m)

Tidal Influence yes - yes yes



-140-

Figure 1. Freshwater and estuarine sampling sites. Anadromous brook
trout were captured at Riviére a la Truite and at two sites in the
Moisie River estuary. Non-anadramous brook trout were captured
above the second Falls of the Matamek River, a barrier to upstream

brook trout migration.
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1St'Fa1]s, and the lack of suitable spawning areas below the Falls

(Naiman, umpublished data).

MATERIALS AND METHODS

Sampling Methods

In Riviére @ la Truite, two Fyke nets spanning the river were
placed sd that one faced upstream and one faced downstream. Nets were
checked and emptied daily. Details of capture methodology are |
reported in Montgomery et al., (1983). Fish in the Matamek Rivef were
captured by Fyke nets (checked and emptied daily or every other day)
or beach seine. Physical characteristics of Riviére a la Truite and
Matamek River are detailed in Fig. 2. Sampling of brook trout in the
Moisie River estuary was done with beach seines and occurred during
the day within 2 h of high tide. Atlantic salmon smolts were not
captured in the Moisie River estuary, presumably due to their early
migration and brief residence in the estuary. In the Matamek River
estuary brook trout and Atlantic salmon were sampled with beach seine
at night within 2 h of high tide.

After capture, fish were examined for degree of silvering, fork
length was measured to the'hearest mm, and fish were weighed to the
nearest 0.1 g. Conditon factor (CF) was calculated as follows:

CF = [weight* (length3) 11100
where weight is wet weight in g and length is fork length in cm.
Degree of silvering was determined by inspection using the following
criteria: (1) No silvering; (2) Partial silvering, many scales
reflective and silver, but parr marks and/or vermiculation pattern on

dorsal surface clearly visible; (3) Ful) silvering, entire body
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surface is reflective and silver, parr marks and vermiculation pattern

not clearly visible.

Analytical Techniques

Blood and gill sampling occurred in the field within 15 min of
capture. Due to the difficulty of Qetting sufficienf blood from small
animals, only fish 8.5 cm fork length were used in physiological
analysis. Fish were anesthetized in 0.4 ml/1 phenoxyethanol solution
for 30-60 s. After anesthetization, the caudal fin was severed and
blood collected into two ammonium heparinized capillary tubes which
were sealed at one end. Gill arches were removed and 0.05-0.2 g (wet
weight) primary gill filament was trimmed from ceratobranchials and
placed in 1 ml Sucrose-EDTA-imi dazole (SEI) solution (0.3 mmo1e/1
sucrose, 0.02_mm01e/1 disodium ethylenediamine tetraacetate and 0.1
mmole/1 imidazole adjusted to a final pH of 7.1 with‘HC1). Blood and
giT] samples and fish carcasses were placed on ice and transported
within 30 mfn to the laboratory. Hematocrii tubes were centrifuged
for 5 min at 5500 rpm, hematocrit (°/0 red blood cells) read, and
plasma removed. Duplicate 25 1 plasma samples and gill samples were
stored at -17 C for later analysis of thyroxinevconcentrations and
gill Na+,K+-ATPase activity.

Plasma osmo]arity was measured immediately after centrifugation
using a Wescor Vapor Pressure Osmometer (intraassay coefficient of
variation 1_1.00/0, N = 5). Body moisture content (°/o water) was
determined by drying the central pbrtion of the body (excluding head
and tail and incfuding viscera) at 60 C to a constant weight. Plasma

thyroxine was analyzed by competitive binding radioimmunoassay
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Figure 2. Temperature and depth chatacteristics of Riviére a la
Truite and the Matamek River from May 19 to September 3, 1982.
Ice-off occurred on May 13 and May 3 for Riviére a l1a Truite and

the Matamek River, respectively.
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(Dickhoff et al., 1978). Gill Na+,K+-ATPase activity was
determined by the method of Zaugg (1982). Details of these techniques
can be found in Chapters 1 and 2.

Frozen blood and gill samples were transported to Woods Hole
Oceanographic Institution for analysis 6f plasma thyroxine
concentration and gill Na+,K+-ATPase activity. During transit (3
h), partial thawing of some samples occurred. Repeated freezing and
thawing does not.affect the concentration of plasma thyroxine (Reimers
et al., 1982). To determine the possible affect of thawing and
refreezing on measurement of gill Na+,K+-ATPase activity,
duplicate gill samples from 5 laboratory reared brook trout were
frozen in SEI solution at -17 C. After 2 wk of storage, one set of
duplicates was kept at 4 C for 16 h and refrozen. Gill
Na+,K+-ATPase activity of the thawed and refrozen samples
decreased an average of 8.3%0 (1_3.60/0) from their unfrozen
duplicates. This effect is smaller than the interassay variation for

this technique (coefficient of variation: 21 °/o).

Seawater Challenge

Clarke and Blackburn (1978) used a 24 h seawater challenge test'to
measure the hypoosmoregulatory ability and degree of smoltification of
chinook (0. tshawytscha) and coho salmon (0. kisutch), so as to judge
the correct time for release of hatchery stocks. Fish were
transferred directly from freshwater to seawaier and plasma [Na+]
measured 24 h later. We adopted a similar technique to measure the
hypoosmoregulatory ability of brook trout. Gulf of St. Lawrence

seawater (28 ppt) was supplemented with Instant Ocean salt to a
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salinity. of 32 ppt in order to provide sufficient salinity stress.
Seawater challenges were conducted in a 400 1 aquarium maintained at
10 + 0.5 C, an average spring temperature for both rivers and theif
estuaries. To avoid ovek—crowding, no more than 12 fish were used in
the aquarium at one time. Ammonia levels were checked.periodica11y.
Fish used in seawater challenge tests were transported to the
laboratory within 15-45 minutes of capture and placed directly in the
seawater aquqrium. Care was taken to prevent temperature changes (+ 1
C) or oxygen depletion during transport. After 24 h (+ 15 min), fish
were removed from the aquarium, anesthetized in phenOXyethanol-
seawater solution, and blood samp]és taken and analyzed as previously
described. |

In Riviére a 1a Truite, downstreaﬁ migrating brook trout between
9.5 and 19.5 cm {13.5 + 1.0, mean + 1 S.E.) fork length (captured
between June 8-24) were subjected to a 24 h seawater\cha]]enge. Brook
trout from the Matamek River were 14.0-20.2 cm}(17.5 :_0.7) fork
Tength (captured between August 2-29) and were also seawater
challenged. Length and date of capture of estuarine fish used in
seawater challenge are reported in the text.

Statistical Methods

Two-way Analysis of'Variance (ANOVA) was used to determine the
significance of physiological differences between Riviére 3 la Truite
and-Matamek River brook trout. One-way ANOVA was used to determine
the significance of within river changes in brook trout physiology
‘over time, differences among fish based on silvering characteristics,
and differences between estuarine brook trout and Atlantic salmon.

The Fmax test was used to determine the homogeneity of sample
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variances (Sokal and Rohlif, 1981). In caseé where variances were
heterogeneous, the data were log transformed to reduce variance
heterogeneity. The Scheffé method was used in a posteriori tests of
differences émong,means. Confidence level for all statistical tests
of significance was 95 o/o, unless otherwise stated. Means are

reported as the arithmetic mean + 1 standard error of the mean.

RESULTS

Freshwater Studies: Riviére 3 la Truite and Matamek River

There was no silvering in any of the brook trout sampled in the
Matamek River; significantly greater silvering occurred among fiéh in
Riviére d la Truite (p < 0.01; Fig. 3). Moisture content was also
significantly greater in Riviére a la Truite brook trout (p < 0.01).
There werevno significant differences, however, in plasma thyroxine,
gill Na+,K+-ATPase activity or hematocrit between fish from the
two rivers (p > 0.10, Fig. 3).

Plasma thyroxine levels of brook trout in Rividre & Ta Trufte were
significantly higher during periods of downstream movement (June) than
during upstream movement (July and August). Matamek River brook trout
did not display a significant change in plasma Ty over time.

Moisture content and hematocrit had a similar péttern for fish in each
rfver;:moisture content declines with time while hematocrit increases
with time (Fig. 3). We did not make comparisons of gill |
Na+,K+-ATPase activities within rivers over time; use of high
temperature incubations of gill homogenates (e.g. 36 C in our method)

will underestimate gill Na+,K+eATPase activities of fish
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acclimated to high temperatures, such as those_that exist in
mid-summer (McCarthy and Houston, 1977){

Brook trout from Riviére da 1a Truite capturedlduring the period of
peak downstream migration (M§y 20 to June 30) were examined for
physiological smolt characteristics (Fig. 4). Brook trout possessing
more silvering were larger and had higher gill Na+,K+-ATPase
activity (p < 0.02). There were no ;ignificant differences in plasma
thyroxine, moisture content, hematocrit or condition factor among
brook trout grouped by silvering (p > 0.10). Hematocrit and moisture
content of downstream migrating fish were correlated with date of
~capture (day 1 = May 20, day 41 = June 30; r = 0.51 and -0.31, p <
0.01 and 0.05, respectively) and were significantly correlated with
one another (r = -0.28, p < 0.05 , N = 51). With the exception of
silvering, fork length did not significantly correlate with any of the
measured physiological variables.

Atlantic salmon captured in Riviére d la Truite were also examined
for physiological smolt characteristics (Table 2). Atlantic salmon
with high silvering were significantly larger and had significantly
greater gill Na+,K+-ATPas¢ activity and plasma thyroxine than fish
with intermediate and no silvering (these latter two groups were
combined because of small sample sizes). Hematocrit was significantly
Tower in highly silvered Atlantic salmon. Moisture content and.
condition factor were not significantly different between the two

groups.
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Figure 3. Movements and physiology of anadromous brook trout in
Riviére d Ta Truite and non-migratory brook trout of the Matamex
River. Downstream and upstream movements of brook trout are daily
captures of upstream and downstream facing nets. Dashed lines
indicate periods when net was washed away by high water. Fish
captured were divided into 7 time intervals by date of capture
(four 10 d, one 20 d and two 25 d-intervals), so that each time
interval had approximately equal sample size. Brook trout sampled
in Riviére a 1a Truite from Tate May to mid-July were moving
downstream, those sampled in late July and August were moving
upstream. Catches in the Matamek River did not vary greatly over
the 3.5 mo of sampling, averaging 1 fish per d. p values (in
parenthesis) are the significance of physiological differences
between brook trout from the two rivers (two-way ANOVA).
Horizontal bars represent a posteriori differences among time
interval means within rivers (one-way ANOVA, Scheffé test).
Because the Scheffé test uses 'experiment-wise' errors (and is
therefore a stricter test than ANOVA), significant differences
found by one-way ANOVA were not always found by the Scheffé test.
Time intervals not connected by horizontal bars are significantly
different from one another at the 95%/0 confidence level. For
example, Riviére a la Truite brook trout plasma thyroxine levels
were significantly higher in intervals 3 and 4 (June 9-29) than in
intervals 5 and 6 (June 30 - July 19); all other time intervals
were not significantly different from one another. - Sample size
for each time interval are listed in Tength histogram. Values are
reported as mean + 1 standard error of the mean.
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Figure 4. Physivo1og1‘ca1‘ comparison of brook trout migrating
downstream in Riviére d 1a Truite from May 20 to June 30. Fish
were divided into three classes on the basis of silvering and
compared using one-way ANOVA. Sample size is listed in length
histogram. Values are reported as mean * 1 standard error of the

mean.
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- Table 2. Physiological comparison of Atlantic salmon captured in Riviere a la Truite between June
6 and 29. Fish are divided into high (3) and low (1 and 2) silvering on the basis of visible
inspection. Values are reported as mean (* 1 standard error). Asterisk indicate significant

differences between means of high and Tow silvering groups at p < 0.05 (*) and p < 0.01 (**)
using student's t-test.

) Gill Plasma Moisture Condition
Degree of Length Nat+,K+-ATPase ‘Thyroxine Hematocrit Content Factor
Silvering (cm) (uMPi mg prot-1 (ng/m1) (O/0 RBC) (9/0 H20) (W/L3)-100

: hr-1) '
Low 10.3 13.2 | 1.7 57 77.66 0.943
(n=8) (0.7) (2.4) (3.1) (1.6) (0.33) (0.018)
High 12,9 * 26.3 ** . 22.7 * 49 ** 77.94 0.928

(n=6) (0.6) (2.4) | (6.1) (2.4) (0.36) (0.008)

~vSlL-
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Seawater Challenge - Freshwater Fish

Mean plasma osmolarity of Riviére a 15 Truite brook trout after
24 h in seawater was 442 + 15.7 mOsm/1 (N= 10). This level of plasma
OSmolarity was not significantly different from seawater challenged
Matamek River fish (459 + 1.35 mOsm/1; N = 9). Fork length and plasma

osmolarity after seawater challenge were not significantly correlated

- (p > 0.10) in either river.

Estuarine Studies - Moisie and Matamek River Estuaries

Brook trout at the upstream site of the Moisie River estuary were
significantly smaller than brook trout from the downstream site (Fig.
5). This is the result of size dependent migration in the Moisie
River estuary (Montgomery et al., unpublished data). Brook trout at
~ the mouth of the Moisie River estuary, and brook trout and Atlantic
salmon in the Mafamek River estuary were the same size (range 10.9 -
23.0; Fig.5). Al1 fish captured at estuarine sites had silvering
(either category 2 or 3); there was no significant difference in brook
trout'silvering between estuarine sites.

Plasma thyroxine concentrations were fhe same for brook trout from
all estuarine locations, but were significantly Tower than those of
Atlantic salmon from the Matamek River estuary (Fig. 5). Similarly,
gill Na®,k*-ATPase activity was 2 - 3 times higher in Atlantic
salmon than estuarine brook trout. Gill Na+,K+-ATPase activity of
brook trout captured at high salinity sites (e.g. Matamek River
estuéry and mouth of the Moisie River estuary) were greater than at

the upstream Moisie River estuary sité. Plasma osmolarity of fish at

the mouth of the Moisie River estuary was significantly higher than
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Figure 5. Physiological comparison of brook trout and Atlantic salmon
captured at estuarine sites. Brook trout were captured at one low
salinity site (Moisie River estuary - upstream) and two high
salinity sites (Moisie River estuary - MOuth, Matémek River
estuary). Atlantic salmon were captured in the Matamek River
estuary only. Panels on 1ef£ half of figure represent sampling
immediately after capture. Panels on right half of figuré repo%t
physiological changes after 24 h exposure to seawater. Horizontal
bars represent a posteriori comparison among means (one-way ANOVA,
Scheffé test). Groups not connected by horizontal baré are
significantly different from one another at the 950/0 confidence
level. For example, moisture content of brook trout in fhe
Matamek Rfver estuary was significantly higher than brook trout at
the Moisie River estuary mouth; moisture contenf of other groups
were not significantly different from one another. Sample size is
‘Tisted in length histogram. Values are reported as mean + 1

standard error of the mean.



LENGTH
(cm)

PLASMA
THYROXINE
(ng/ml)

hh

i

prot.”

GILL NA®, K*-ATPase
Cu MP;=mg

SILVERING

PLASMA
OSMOLARITY

MOISTURE
* CONTENT
(% H>50)

HEMATOCRIT -
(22 RBC)

-157-

ESTUARY 24-h SEAWATER CHALLENGE
20+ 204 o --oo-oooa--. -
— ]
— M
154 151
14
10 38 19 34 : 10 : 10 9 9 ©
—-—
30+ 1 301
20+ 20T
000 nm
0 lo} e e M e
20+ I
| 7
0+
-
-_——- - e
[ p— T———
3t —— = 3T s
24 24+ M
! + 14+
I T I O
500 % soo} o
v T T
240017 o ------ -aun 4001- ]
-_— '_11
—
350+ 350+
300 ! [ 300
— Bl ——
JOmllo o A -
— - - - - -
- - - - - |~ -———— T
70+ 70+ ﬁ
——— - - - - - - -
554 "‘j ee— L ) 55| — e
—
45+ 454 m ’—J—‘
.
BROOK BROOK BROOK ATLANTIC BROOK BROOK BROOK ATLANTIC
TROUT TROUT TROUT SALMON TROUT TROUT TROUT SALMON
(UPSTRE AM)(MOUTH) l J (UPSTREAM) (MOUTH) I J
L T e r L Y d v
MOISIE RIVER MATAMEK RIVER MOISIE RIVER MATAMEK RIVER

ESTUARY ESTUARY © ESTUARY ESTUARY



-158-

brook trout at the upstream Moisie River estuary site, or the Matamek
River estuary. Moisture content was significantly lower iﬁ brook
trout at the Moisie River estuary mouth compared to brook trout in the
Matamek River estuary. These results suggest that brook trout at the
Moisie River estuary mouth were undergoing seawater adaptation. The
fact that salinities in the Matamek River estuary were always above 5
ppt during our sampling (and were similar to those at the mouth of the
Moisie River estuary) suggests that seawater adaptation had occurred

to a'greater extent in brook trout from the Matamek River estuary.

Seawater Challenge - Estuarine Fish

- Mean plasma thyroxine concentrations of brook trout and Atlantic .
salmon after 24 h in seawater were 75-90%/0 lower than fish sampled
immediately after capture (Fig. 5). Lack of freshwater culture
facilities prevented us from conducting 24 h freshwater controls.

There was no significant difference in plasma thyroxine levels after
seawater challenge between specfes or among estuarine sampling
locations. Plasma osmolarity of brook trout after seawater challenge

at the upstream site of the Moisie River estuary was significantly )
higher than brook trout and Atlantic salmon from the mouth of the

Moisie River estuary and the Matamek River estuary. Plasma osmolarity
after seawater chal]engehdid not significantly correlate with length

for any of the estuarine groups (p > 0.10). Length was significantly
corre]atedeith plasma osmolarity after 24 h seawater challenge when
fish from all freshwater and estuarine sites were considered (r =
0.34, p < 0.01, N =55). This may reflect, in part, the fact that

larger fish were found at high salinity sites. Moisture content after
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seawater challenge of brook trout at both Moisie River estuary sites

was significantly lower than brook trout and Atlantic salmon from the

Matamek River estuary.

DISCUSSION

Wilder (1952) found that freshwater and anadromous brook trout
have few meristic and morphological differences (with thé notable
exception of skin coloration), and considered the two a sinéle
taxonomic unit. McGlade and MacCrimmon (1979) studied |
electrophoretic, meristic and morphometric differences of several
brook trout populations in Qﬁébec, including anadromous brook trout of
the Moisie River and non-anadromous brook trout of the Matamek River.
Their results indicate that, while Matamek and Moisie River fish were
geneticai]y distinct, they had greater genetic similarity than
freshwater gopu]ations of brook trout examined over a broader
geographical area. While these studies addressed general taxonomic
characters, physiological factors associated with seaward migration
may undergo stronger selection pressure, possibly kesu]ting in genetic
or environmenta]iy induced differences related to smolt physiology
between anadromous and freshwater brook trout.

Physiological changes involved in smoltification and.seawater
migration of salmonids include increases in silvering, plasma
thyroxine concentration, gill Na+,K+-ATPase activity, moisture
content and osmoregulatory ability. These changes are characteristic
of smolting Pacific salmon, Atlantic salmon and steelhead trout (Salmo
gairdneri) and in most cases are synchronous with entrance into

seawater (Wedemeyer et al., 1980). These physiological Changes do not




-160-

a1ways occur simultaneously (for instance,'increased osmoregu]atory'
ability can precede smolting (Wagner, 1974)), and their
intekke]ationships are not fully known. It is clear, however, that
Smo]tification occurs without seawater induction through the influence
of ehvironmenta] cues (e.g. photoperiod and lunar rhythms), resuiting
in hormonal activation of the parr-smolt transformation (Komourdjian
et al., 1976; Folmar and Dickhoff, 1980; Grau et al., 1982). |

The bu]k_of the evidence cited here indicates that there is little
difference in smo]ting.physiology between anadromous and
non-anadromous brook trout. Seasonal changes in plasma thyroxine
concentration with high springtime values coinciding with migration
occurred in anadromous brook trout, but these changes were not
‘significantly different from non-anadromous brook trout.
Hypoosmoregulatory ability of downstream migrating brook trout was not
diffefent from non-anadromous brook trout.

Among the biochgmica1‘changés involved in smoltification is an
increase in moisture content which coincides with decreased 1ipid
levels (Komourdjian et al., 1976; Farmer et al., 1978; Saunders and
Henderson, 1978); A1thoughlmoisture content was significantly
different in brook trout from Riviére d 1a Truite and the Matamek
" River, each had a similar trend of decreasing moisture content with
time. Furthermore, moisture content was Tower (though not
significantly so) in migratory Riviére & la Truite brook trout which
possessed the greatest silvering. Changes due to smoltification are
probably not responsible for the between river differences in moisture
~ content. Falling moisture content and increasing hematocrit indicate

that both intrace]]u]ar,and‘extracellular compartments have lower
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water content; Since moisture content of teleosts is inversely
re]afed to lipid levels (Phillips, 1969), reduction in moistufe
content with time in the two rivers may be the result of greater fat
deposition as food supply increases.

A seasonal cycle with high sprihg levels of plasma thyroxine has
been found in brook trout which do not undergo visible signs of
smoltification (White and Henderson, 1977; Chapter 1). Spring peaks
of these cycles ére 1qwer than those of smolting salmonids (Dickhoff
et al., 1978). The absence of differences in plasma thyroxine
concentration between anadromous and non-anadromous brook trout
suggests that the seasonal cycle of this hormone regu]étes functions
other than smolting in brook trout. White and Henderson (1977)
hypothesized that the seasonal thyroxine cycle is involved in
maturation. We have found, however, that a 3 mo delayed photoperiod
caused a 3 mo shift in maturation but not in the thyroxine cycle |
(Chapter 1). Thyroxine levels were higher in fish fed maxima11y, and
were positively correlated with differences ih growth rate. Spring
increases of plasma thyroxine concentrations in nature may play a role
in, or result from, inqreased somatic growth during this period.

0f the physiological parameters investigated, only the degree of
silvering showed a clear distinction between brook trout in the
Matamek River and Riviére a 1a Truite. Greater silvering in Riviére a
la Truite brook trout is associated with greater size and increased
gill Na+,K+-ATPase activity, characteristics which are typical of
smolting salmonids (Zaugg and McLain, 1972; Lasserre et al., 1978;
Buckman and Ewing, 1982). The difference in gill Na+,K+—ATPase

activity between high and no silver groups was only 25°/o,.a small




-162-

amount relative to those found between salmon parr and smolt (Folmar
and Dickhoff, 1980; Table 2). Black (1981), used the marine

trematode, Brachyphallus crenatus, as an indicator of seawater

residence. Brook trout captured upstream in the Moisie River estuary, v
though highly silvered, had only a 3%/0 incidence of infection.
Fish from the Moisie River estuary mouth had an 86%/0 infection
rate. Silvering of brook trout was concluded to be an unreliable
indicator of eventual seawater entry. In the present study, brook
trout captured at the upstream Moisie River estuary site had |
significant silvering, but low gill Na+,K+-ATPase activity and
hypbosmorégu]atory ability. We cannot rule out the possibilty that
silvering (and perhaps increases in gill Naf,K+—ATPase activity) |
is acquired during residence in the Moisie River estuary and is
retained over the winter.A Silvering was induced in a Matamek River

brook trout maintained in 32 ppt for 2 mo (personal observation), and

is apparently induced in brook trout washed over the 15T Falls into
the Matamek River estuary.

In contrast to the findings for brook trout, Atlantic salmon
captured in Riviére @ 1a Truite and divided on the basis of silvering
showed very clear indications of smoltification (Table 2). Gill
Na+,K+-ATPase activity in highly silvered At]antic salmon was
approximately 2 times gfeater than Atlantic salmon of intermediate and
no silvering, while plasma thyroxine was 3 times greater. Plasma

thyroxine, however, was as high for all silvering categories of brook

[>]

trout as it was for highly silvered Atlantic salmon. Perhaps

increased growth or activity of brook trout; irrespective of degree of
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silvering, can explain high piasma thyroxine of all brook trout during
this period.

Although moisture content is higher and condition factor is lower
in highly silvered Atlantic salmon than in less silvered Atlantic
salmon, the differences are not significant (Table 2). Failure to
detect significant differences in these smolt characteristics may
reflect differences in feeding or other environmental variables which
were constant in other investigations of smolting, but which cannot be
contro]ied under natural conditions.

Interpretation of the estuarine physiology of brook trout must be
made in 1light of the size dependent migration that occurs in the
Moisie River estuary. Brook trout at‘the upstream site are
sign{ficant1y smaller than at the downstream site (Fig. 5).

Montgomery et al. (unpublished data) have found that brook trout 15
cm are rare in the Moisie River estuary and there are none 18 cm.
Larger brook troutvleave the estuary and enter the Gu]f of St.
Lawrence, returning to spawn in autumn. Salinity tolerance of brook
trout is size dependent (Chapter 2). Size dependent salinity
preférence and salinity tolerance coincide in other salmonids
(McInerny, 1964; Weisbart, 1968). A similar phenomenon in brook trout
may explain the size dependent distribution of brook trout found in
the Moisie River estuary.

Our results indicate that the estuary is an important site of
adaptation of brook trout to salt water which permits their eventual
seaward migration. Residence time in the estuary is size dependent;
larger fish spend little or no.time in the estuary while smaller fish

reside for longer periods of several weeks before leaving the estuary
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(Montgomery et al., unpublished data). Gradual adaptation to seéwater
significantly increases seawater survival of brook trout (Chapter 2).
Activities of gill Na+,K+;ATPase are elevated and

hypoosmoregulatory ability is greater at high salinity sites,
suggesting that seawater adaptation is occurring through exposure to -
seawatér. It would appear that a major adaptation of anadromous brook
trout populations to existence in seawater - is both behavioral and
physiological; movement and extended residence in estuaries permits
gradual seawater acclimation which in turn results in greater salinity
tolerance.

In this context it is instructive to éompare the estuarine
physiology of brook trout and Atlantic salmon. Tagging studies have
ghown that Atlantic salmon residence in the Matamek River estuary
averages only 3-4 d((Gibson, 1978). Visible inspection of coloring
and body form indicates that these fish are fully smolted ds they
first enter the estuary. Plasma thyroxine concentrations and gill
Na*,K*-ATPase activities of Atlantic salmon are significantly
higher than estuarine brook trout. The preparatory physiological
adaptations associated with smoltification, and displayed by estuarine
Atlantic salmon, appear adaptive for rapid seawater acclimation and
short estuarine residence. The ability to directly enter seawater
without gradual estuarine acclimation may represent a fundamental
advanceﬁéﬁt of smolting sa]monids, an adaptation which appears to be

absent in brook trout.
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The effects of size, age and photoperiod on salinity tolerance and
osmoregulatory ability of brook trout were investigated using
laboratory and field experiments. Physiological changes associated
with salmonid smoltification were examined to determine whether this
process occurred in brook trout. The overall objective was to
establish the factors which 1imit natural anadromy of brook trout and
their introduction into salt water for sea rahching, farming and
natural enhancement.

The survival of brook trout after exposure to seawater was found
to be primarily size dependent. Age affected seawater surviva] only
through its covariance with size. The effect of size on seawater
survival slowed after fish reached a fork length of 14.0 cm.
Regulation of pTasma ioné and osmolarity after seawater exposure was
also size dependent. Gill Na+,K+-ATPase activity after 20 d in
seawater decreased with increasing size, possibly reflecting a lower
demand for éctive transport in larger fish due to a more favorable
surfacé area to volume ratio. These results establish size as a basic
physiological constraint to salmonid euryhalinity. A Conceptua] model
was developed which depicts the phylogenic relationship of size
dependent ion transport ability and size dependent seawater survival
among salmonids.

Photoperiod influenced salinity tolerance of brook troutvthrough
its control of the maturation cycle. Seawater survival of mature
males was lower than mature females during spring, sunmer and fall

photoperiods. Lowered salinity tolerance of adult males becomes acute
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during autumn phbtopefiod when normal spawning occurs. This did not

occur in immature males. Ion transport ability after seawater

exposure was poorer in mature males than in mature females. No other
photoperiod-re]ated pattern in seawater survival was found. "

Field and laboratory studies indicate that preparatory adaptations |
for seawater entry, such as those that occur in smolting salmonids,
are undeveloped or non-existent in brook trout. Size, age and
photoperiod period had no effect on gill Na+,K+-ATPase
activities. P]émsa thyroxine was found to be associated with
differences in somatic growth rates. Although an annual cycle of
plasma thyroxine existed, it did not influence osmoregulatory
functions. Similar results were obtained when natural anadromous and
hon—anadromous populations of brook trout were compared; spring
in;reases in plasma thyroxine were found, but there were no
differences in plasma thyroxine, gill Na+,K+-ATPase ac£ivity or
hypoosmoregulatory abilfty.

Gradual seawater acclimation of brook trout (as opposed to direct -
seawater transfer) increased survival. Gradual acclimation was also
important under natural conditions; acclimation of bruok trout in
estuaries was found to increase hypoosmoreguiatory ability. In
contrast, Atlantic sé]mon smolts possessed pfeparatory adaptations for
seawater entry, and spent only a few days in the estuary. This
ability to directly enier seawater without gradual estuarine:
acclimation may represent a fundamental advancement of smolting
salmonids, an adaptation which appears to be absent in orook trout. e

These. results indicate three major factors will limit anadromy of

brook trout under natural conditions: 1) Size dependent osmoregulatory
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ability, 2) necessity of gradual acc]imation and estuarine residence
and 3) decreased mature male seawafer survival which becomes acute
during spawning. These physiological limitations account for several
/of the prominent features of brook trout seaward migration, which,
include size dependent migration, estuarine residence, return to
freshwater prior to spawning, and sex ratios of anadromous brook trout
populations which are skewed toward a greater number of females.

These results are particu]af]y illuminating when placed in the
context of salmonid evolution. Though it is generally accepted that

the genus Salmo is intermediate between Oncorhynchus and Salvelinus

(Jordan and McGregor, 1925), there has been some debate over which of
the latter genera is more primitive. Those who argue for a seawater

origin of the subfamily Salmoninae place Oncorhynciius as the

forerunner, while those in favor of a freshwater origin place
Sa]ve]jnus as the primitive group (a short review of these arguments
can be found in Hoar, 1976 and Thorpe, 1982). Hoar (1976, pg. 1235)
summarized the arguments of Tchernavin (1939) for a freshwater origin
of salmonids: " 1) the broad distribution Qf salmonids in fresh water;
2) the existence in many species of parallel migratory and strictly
freshwater forms; 3) the universal habit of breeding and incubating
eggs in freshwater; 4) the tendency of migratory species to return to
a "home" stream; 5) the presence of many features in the life of

: freshwatér forms'that are found only during the young stafe of the
migrant individuals before they reach the sea; and 6) the fact that
there are numerous species of salmon that complete their life éyc]e in

freshwater but none that is strictly marine ...".
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Arguments for a seawater origin of Salmoninae rest primarily on

the fossil record of Smilodonicthyhys rastrosus, which has been

hypothesized to be an anadromous, p]anktonfc feeder in Pliocene oceans
(Cavender and Miller, 1972). Based on this interpretation, Balon | *
(1980, pp. 552-2) states that "An ancient predecessor of salmonins,
therefore, would be a pelagophil with an associated sequence of
re]ative1y slow differentiation in the embryonic period, fo]]owedrby a
long larval beriod, with metamorphosis preceding the juvenile period
Consequently, all recent salmonins may, in various degrees, be
considered as juvenilized or secondarily altricial, though Pacific

salmons of the genus Oncorhynchus'ieast so.” In other words, the

genus Salvelinus is the more 'advanced' form which has lengthened its .
residence in freshwater (i.e. decreased anadromy) through neoteny.

Resolution of these arguments is unlikely to occur without more
evidence from the fossil record; For the purpose of making
physio]ogfca] comparisons, however, I shall assume a freshwater origin
of salmonins. I find the arguments of Tchernavin (1939) to be more
persuasive because of their greater expianatory power; in order to
explain the present distribution and biology of salmonins this theory
need only postulate increased exploitation of the oceans. Proponents
of a seawater origin of salmonins must postulate increased
exploitation of freshwater and the loss of wholly marine species (i.e.
those that can reproduce in seawater) from the fossil record and
present day biota.

Examination of a single physiological characterisfic (such as
osmoregulatory ability) does not allow one to delineate the path of

evolution. Assuming a freshwater origin of salmonids, however, allows
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one to make intructive phylogenetic comparisons in salmonid
osmoreulatory physiology. Seaward migrations of brook trout can be
visualized as opportunistic movements into areas of high food
availability. Anadromy may also have facilitated colonization of new
rivers during periods of glacial recession.. Euryhalinity in brook
trout lacks the specialized preparatory adaptations of smoltification
which occurs in more advanced salmonids. Increased exploitation of
the sea by salmonids can be viewed as a progressive decrease in the
size at which survival in seawater is possible. A conceptual model is

presénted in Chapter 2 in which generic decreases in the size at which

. seawater survival occurs can be explained by changes in size dependent

hypoosmoregulatory ability.
The osmoregulatory limitations outlined above will also affect the
use of brook trout in sea ranching, farming and natural enhancement

programs. Size dependent salinity tolerance of brook trout indicates

~ that accelerated growth will allow earlier survival in seawater, an

jmportant economic consideration. However, maturation of brook trout
is also size dependent, and has a negative'affect on male seawater
survival. In addition, the size at which brook trout can successfully
adapt to seawater is larger than many other salmonids. Variability in
the effect of size on both salinity tolerance and maturation of brook
trout presents opportunities for artificial §e1ection. In Tight of
the high growth rates and high return rates of this migratory
salmonid, such an investment in artificial selection may prove

worthwhile,.
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APPENDIX A
Measuring Gill Na+,K+-ATPase Activity

Measurement of gill Na+,K+-ATPase activity in brook trout was
performed using the partial purification method of Zaugg (1982). This
method yields higher specific activities than crude homogenates and
circumvents- several precautions necessary when using crude
homogenates. The pértia] purification method gives specific
activities which are similar in magnitude to purified.microsomal
fractions but avoids several time-consuming steps (Zaugg, 1982).

Dissection, storage and preparation of SEI.(buffered storage)

solution is reported in the text (Chapter 1).

Enzyme Preparation- Enzyme preparation is a two step procedure in
which 1) soluble cellular material is removed, énd 2) partially
purified microsomes are prepared. Trimmed gill filaments are removed
_from the freezer and allowed to thaw on ice. After placing filaments
(with SEI solution) in a conical glass homogenizer, soft tissue is
separated from the cartilage using 8-10 strokes. The homogenate is
poured into a coniéa] centrifuge tube on ice. The homogenizer is
rinsed with 1 ml SEI solution which is also added to the centrifuge
~ tube, being careful to leave cartilagenous supports behind. 2 ml cold
distilled water is also added to the centrifuge tube which is
centrifuged at 3500 rpm for 8 min at room temperature. The
supernatant is discarded and thbes inverted'to thorougnly drain.

Pellets are suspended in 0.5 to 1 ml (dependent on pellet size) SEI
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with deoxycholate (0.1 g/100 ml, adjusted to pH 7.1), and homogenized
(30 strokes). Homogehate is centrifuged as before and a 0.4 ml

| aliquot removed and placed on ice for enzyme activity and protein

determinations.

+ + :
Enzyme Activity- Na ,K -ATPase activity is measured by

calculating the difference in phosphate production (equivalent to ATP
hydro]ysis) in buffered salt solutions with and without ouabain, a
specific inhibitor of Na+;K+—ATPase activity. - Buffered salt
reaction media contained 4.68 g MgC]éHZO, 9.07 g NaCl1, 5.6 g .
KC1 and 7.83 g imidazole in a final volume of 170 1 including
“adjustment to pH 7.0 with HC1. Inhibitor solﬁtion was prepared by
adding 0.43 g ouabain to 1.0 1. of the abéve solution.
Ouplicate 16x100 mm tubes containing 0.65 ml of each reaction

- solution are placed in an ice bath, iO ul of each enzyme preparation,
and 0.1 ml of 0.03 M Na,ATP (1.84 9/100 ml adjusted to pH 7.0 with

NaOH) is added to each tube. Duplicate reagent blanks contain 0.65 ml
. reaction solution, 0.1 ml NazATP and 10 u1 SEI with deoxycholate.
After addition 6f ATP, racks with reaction tubes were shaken, placed
in a 37 C water bath and shaken for 1 min. After 10 min at 37 C, the
rack of tubes is removed and piaced in ice water for 1 min., 1.85 ml
of 0.95 %0 (v/v) HC'IO4 is dispensed with moderate force down the
side of each tube to cause mixing, followed immediately by addition of
3.0 ml 2-Octanol. Phospﬁate is extracted into the Octanol and
measured spectrophotometrically (Zaugg, 1982). The protein content of
enzyme preparations are measured by the method'of Lowry et al. (1951)

~as modified by Millar (1959).
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Protein and Wet Weight Reference- Enzyme activities are commonly

referenced against the wet weight of tissue used in preparing the
enzyme or the final amount of protein in the enzyme preparatidn.
Since changes invce11u1ar‘chemistry may occur under osmotic stress and

thereby influence these references, we compared the validity of basing

-gill Na+,K+-ATPase activities on these two referaces in both

freshwater and seawater.

Primary filaments of freshwater and seawater adapted brook trout
were blotted dry on damp chamois cloth and weighed to the nearest 0.0l
g prior to freezing and analysis. No significant difference (p =
0.08, student's t-test) in proteih extractability occured as a result
of environmental salinity (Table 1). Gil1l Na+,K+-ATPase activity
expressed either on a per mg protein or per mg wet weight tissue basis
are both significantly different (p < 0.05) for freshwater and
seawater adapted animals (Table 1). Furthermore, gill
Na+,K+-ATPase values of the same individual expressed as uMPi
* mg prot.'1 “ hrl or uMPi * mg wet wt.'1 « prol shdw a
strong and significant correlation (r = 0.98). Weight of extréctab]e

protein and wet weight of tissue are, therefore, equally acceptable

| references upon which to base activity measures of gill

Na+,K+-ATPase_in brook trout. We report gill Na+,K+-ATPase

activities as uMPi * mg pr‘ot.'1 : hr'l.
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Table 1. Protein concentration of final gill homogenates and gill
Na*,K*-ATPase activities of freshwater and seawater adapted brook
trout expressed on a per mg protein and per mg wet weight tissue basis.
Values are mean * 1 standard deviation. * and a indicate significant
differences at p < 0.001 using student's t-test:

Freshwater Adapted Seawater Adapted
N = 33) (N = 23) “

Homogenate Protein Content
mg prot. - g wet tissue-l 10.1 + 1.6 9.6 + 1.0

Gi11 Na*,K*-ATPase aitivit¥
uMP3 - mg prot.”* - h~

*

8.1 + 3.0 | 29.2 +9.4 *

| +

uMP; - mg tissue-l - p-1 ~.081 + 031 @ .284 + 109 ©
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