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ABSTRACT

The parr-smolt transformation was compared in “male and female
d (SRxSR), di (LLXLL) and hybrid (SRxLL) Atlantic
salmon, Salmo salar..* Seasonal patterns in total lipid content, moisture content,

condition factor, silvering, and branchial Na*-K* ATPase activity indicate that
smoltification occurred in immature SRXSR ‘females while previously mature
SRxSR males did not smoltify. It was also apparent that, in general,
smoltification was not completed in either sex of the SRYLL or LLsLL salmon.
Histological examination of gill tissue revealed that chloride cells appeared to
decline in pumber over the summer in fish retained in freshwater, whereas

scawater acclimated fish, at this time, had numerous well developed chloride cells.

Wild anadromous smolts of the Exploits River stock.had high branchial
Nat.K* ATPase activity and adapted to seawater without marked elevation of
plasma sodium or chloride ‘ion concentrition. Mortality was high in LLxLL
salmon during the course of exposure to ‘seawater and the group exhibited
elevated plasma ion concentrations. Induction of branchial Na*-K* ATPase
activity did not appear to lower plasma ion concentrations in LLxLL salmon
exposed to seawater. It appears thiat genetic differences in smolting patterns
As well,

appear to exist in adaptability to seawater among stocks of nonanadromous

oceur i mature male salmon from anad

Atlantic salmon. Difforences in smoltification patterns in anadromous and
Dorianadromous salmon are discussed in terms of the évolution of the different life

history patterns observed in the two forms.
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Chapter 1 !
INTRODUCTION
y
In the sea, salmonid fishes an envi very different from the

freshwater rivers and lakes in which they were hatched. Migrants are therefore
forced to adopt a new lifestyle more appropriate to the conditions .encoun'tered in
the marine environment, and to make the transition over a short period of time.
To permit successful adaptation these fishes undergo a preparatory’ set of
physiological and behavioral changes collectively termed the parr-smolt

transformation.

Essentially, the changes that occur during the parr-smolt transformation
permit bottom-dwelling, territorial fish Jiving in an hypoosmotic medium to adopt
a pelagic, nop-territorial lifestyle in the hyperosmotic-seawater medium. The
various changes have been the subject of many studies and are well documented.”
Perhaps the most obvious of these is body silvering that occurs durin‘g the spring
due to deposition of purine crystals (chiefly guanine'a.nd hypoxanthine) just under
the scales and deep in the dermis adjacent to the underlying muscle (Markert and
Vanstone, 1066; Jobnston and Eales, 1067, 1068, 1970). Such purine
accumulation effectively masks the vertical parr marks that are characteristic of
pre-smolt salmonids residing in fresh water. During the parr-smolt metamorphosis
melanization occurs along the fin margins, especially the caudal and pectorals
(Saunders and Henderson, 1978). - A third morphological ‘alteration observed

d during"smolliﬁcation is a decrease in condition factor associated with a reduction
in total lipid content and changes in the relative amounts of constituent lipids
(Lovern, 1934; Hoar, 1939; Woo et al., 1978; Sheridan et al., 1983).



0

The adaptive signifi of i y purine deposition is not well

known, however Hoar (1076) suggests that water conservation is involved. As the

marine i is ically dry®, this ph may be a means by
which migrating fish can dispose of nitrogenous waste products while keeping
urinary water loss at a low level. As well, the silver smolt is more appropriately
coloured for a pelagic lifestyle than are the colourful parr. Likewise, the changes
observed 1o fat metabolism are not fully understood. It is generally mumu{ that

‘the changes associated with the parr-smolt jon are energy di

and that the reduction in total lipid levels is caused by mobilization of depot
.reserves to fuel these changes. Smoltification occurs during ‘the spring when
growth and activity rates are high, so it may be that food intake is not sufficient
to meet the increased energy demand imposed by smoltification. The removal of
depot fat is a selective process, resulting in higher relative amounts of unsaturated
fats. Hoar (1939) suggests that thjs may be adaptive to the cool temperatures
encountered at sea. As well, the lipids associated with cell membranes may be
alfered during the parr-smolt transformation such that their permeabilities are

suited to the hypertonic marine environment.

Prior to seaward migrati Imonids are hyp )t that is the

osmolarity of their internal fluids is higher than that of the surrounding medium.

In the sea salmonids are hyp it and maintain their internal
osmolarity below that of the seawater medium. Thus during the seaward
mi‘grnlion the fish moves from an environment where active salt uptake and water
excretion are necessary, to one where salts must be exc.reted and water c_onserved.
While in seawater dehydration is prevented by ingestion of seawater and
decreasing urinary output (Smith, '1_930)4 "Excess jons that accumulate from
drinking, food intake, and diffusion ml;st be eliminated. Keys and Willmer (1932)
described special ¢ells (chloride cells) in the gill ep:uhelium and suggested they are
the sites for ion excretion. Indirect evidence from several studies has supporied
this view, however it was not until recently that direct evidence has been found

(Foskett and Scheffey, 1982). An increase in chloride cell number has been
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reported on transfer “of various euryhaline fis! {resl;“'ater to saltwater
including eels, Anguilla spp. (Jozuka, 1966; Utida el al., 1971; Thomson and
Sargent, 1977), pup(ish, Cyprinodon wvariegatus (Karnaky ‘et al., 1976), and
salmonids (Morrison, 1979; Burwn. and Idler, 1984; Lnngdonunnd Thorpe, 1984).
Copeland (1948) described - apical "excretory vesicles* that showed a strong
positive reaction for chloride in the chloride celly of, Fundulus heteroclitus

adapted to saltwater and freshwater adapted fish that were salt loaded.

Associated with the increase in chlo{ide cell numbers during seawater
adaptation is an elevation in branchial Na*-K* ATPase activity. This enzyme
occurs principally in ‘the chloride cells (Utida et al., 1971; Kamiya, 1972; Sargent
et al., 1975; Langdon and Thorpe, 1984) and is believed to function in monovalent
ion regulation (Epstein et al., 1971; Boeuf et al., 1978; Saunders et al., 1983).
Branchial Na*-K* ATPase activity increases during the late winter and spring in
smolting salmonids and reaches a high level at the time of seaward migration
(McCartney, 1976; Saunders and Henderson, 1978; Johnston, 1983). Activity
remains high in smolts that acclimate to seawater, or dec]ings in‘smolls retained’ ,
in freshwater (Zaugg and McLain, 1970; Johnston, 1983; Johnston et al., 1983;
Langdon and Thorpe, 1984).

Behavioral changes associated with the parr-smolt transformation are also
adaptive for life at sea. Pre-smolt salmonids aggressively defend feeding
territories and maintain instream position, while migrating smolts are less
aggressive, abandon territories, and often form schools that proceed downstream
to the sea. Comprehensive accounts of the parr-smolt transformation are offered
by Hoar (1976), Folmar and Dickhoff (1980), and Wedemeyer et al. (1980).

Adult runs of Atlzntic_ salmon, Salmo salar in Newfoundland are comprised
predominantly of female fish (Davis and Farwell, 1975; Chadwick et al., 1978).
This finding can be traced back to an imbalanced sex ratio in the smolt run in
many rivers. Dalley (1978) reported that females constitute 81-92 percent of the

smolts migrating from several Newfoundland rivers. Similarly Davis and Farwell



\ 4 ;
(1675) report that 77 percent of Exploits Rive@(‘ﬂls are female, while Chadwick
et al. (1978) found that female salmon’ comprisé 79 percent of smolts migrating
from Western Axm. Brook in n’orlher’n Newfoundland. The small proportion of
males in these smolt runs is believed to be related to the incidence of so called
precocious sexual niaturfition in pre-smolt male parr. Dalley et al. (1983) found a
'currclaliol: between the incidence of sexual maturity and imbalanced sex ratios in
smolt, runs in Nw:foundhnd rivérs. The prepanderance of females nppc/ars to
result from high mortality among mature male parr. High mortality has been
dov:u'menled in mature male Baltic salmon parr (Mitans, 1973).and in chinook

- salmon, (Oncorhynchus tshawytsha) parr (Gebbarts, 1960).

The bk of literature concerning Atlantic salmon deals with anadromous

fish. There are however, many populations of nonanadromous salmon in North
America and Europe (f)ahl, 1928; Power, 1958; Havey and Warner, 1970). These

salmon age kncn\-nI by such local names—as Sebago salmon, ouananiche, landlocked

blank. In Newfoundland, d salmon are

salmon, blege, or,

widespread and eXhibit geogr‘nprical variation in charact‘cr;istics such as growth.
rate, vage at maturity, fecundity, maximum size, and ]ifesp' (Andrews, 1966;
Leggett and Power, 1069; Lee, 1071; Bruce, 1676; Barbour 1976; Barbour
and Garside, 1983). Despite different life history characteristics, Wilder (1947)

could find no consistent morphometric differences between anadromous and
nonanadromous Atlantic salmon and concluded that classification of the two as
subspecies is unwarranted. The most obvious difference between the two forms is

the degree of migratory activity that occurs during the smolt stage. The

5 .

form moves

and enters the sea for some period of time
while the nonanadromous forms remain in fresh water throughout the life cycle.
It is generally assumed that nonanadromous salmon arose from anadromous stocks
that recolonized rivers after the most recent glaciation, and became *landlocked*
by impassible obstacles created by isostatic rebound (Power, 1958). If this theory

is correct, the of d

salmon p: bly

underwent the
same metabolic changes associated with smoltification that are seen in present day

&
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anadromous salmon. The present study was undertaken to determine if
smoltification qccurs in cultured fish from a i)opulm.ion of vnonanndrcﬁﬁus
Atlantic sa]mc:\mnm insular Newfoundland. In addition, the question of whether
sexual maturation iﬁ anadromous male salmon parr affects subsequent

smoltification is addressed.



Chaptgr 2. -
METHODS AND MATERIALS

2.1. Fish Source and Sampling Pr;n:eduyes.

. Anadromous Atlantic salmon (SRxSR) were hnlch;d from eggs obtained in
November 1080 from the Exploits River stock (Newfoundland) and were tank
reared at the Marine Scienc-\s Research Laboratory (MSRL), Memorial University.”
Nonanadromous salmon {LLxLL) of the Five Mile Pond East stock (Avalon
Peninsula, Newl’onndla’n—a) and a hybrid group (SRxLL, anadromous dam and
nonanadromous’ sire) whfe gimilarly reared. All salmon were cultured in 1m?
center draining fiberglass tanks under ambient temperature (Figure 2-1) and
simulated natural pkStoperiod regimes. Fish were fed by hand three times daily.
to satiation wn.h moist, pellets formulated from capelin meal (48.8%), gapelin
(35%), mlddhngs (ll)%), clpelm ojl (5%), and vmmm mix {1.2%). Sexually .
mature mue:/uua running milt were fin clipped (adfpose) for future

identiﬁéalion, All male salmon and female LLxLL salmon’ ‘nl. were used as
exﬁgrimhlxl animalsshad matured the previous 'au!:umn (eggsl‘ed been stripped
from ripe females): Female SRxSR salmon were immature, while both mature
and {mhIlture fem‘ale salmon were present amol;g the SRxLL females. Salmon
from the latter group were-sampled fandomly with no attempt made'to select fish

on the basis of reproductive status.

At 3-week intervals beginning in January 1984 5 male and 5 female salmon

were drawn from each group for m of char: isti iated with

smoltification. Fish were killed with a sharp blow to the head, weighed and

measured, and a blood sample was collected in lithium-heparinized tubes from the
\



Figure 2-1.

Seasonal photoperiod (top panel) and water temperatures at
MSRL. Middle panel shows freshwater temperatures (dots) and
seawater iempemt‘ures (triangles) during the seawater
acclimation experiment in 1984. Bottom panel shows seawater
temperatures during the growth experiment between June 1983

and June 1984,
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severed caudal peduncle. Whole blood was centrifuged and the. resulting plasma
stored at -80°C. The gill apparatus was removed and a portion of the first arch
fixed in Bouin's solution for histological examination. Filaments from the left
arches were removed for detcrmination of Na*-K* ATPase activity. The carcass
was opened mid-ventrally and dried to constant weight at 80°C in preparation for

moisture and lipid content delermi{mlions

_2.2. Silvering and Condition Factor

Periodically over the winter and spring, all salmon were anaesthetized in

tertiary-amyl alcohol (2 percent), weighed and measured, and the degree of body

silvering assessed according to the procedure of Johnston and Eales (1967). Each -

fish was classified as either parr (parr marks distinct with little or no silvering),
silvery parr (parr marks somewhat obscured but still visihle), or smolt (parr marks

totally obscured or just visible amd black margin on caudal fin).

Condition factor (K) was determined from length/weight data according to
Hoar (1939):
K = (W/L% X 100

\-/ where L dénotes fork length in centimeters and W denotes weight in grams.
2.3. Gill Na*-K* ATPase Activity *

Determination of gill Na*-K* ATPase activity (ouabain‘sensitive} was done
according to the method described by Johnston and Saunders (1981]. After
removal the gill apparatus was washed in cold 250mM sucrose, 5mM
ethylenediaminételra—acetic acid (EDTA). Filaments were blotted dry, excised
and homogenized in cold sucrose/EDTA solution (36 mg tissue/ml) using a motor
driven teflon pestle. The resulting homogenate was quickly frozen in an
a‘lcohol/t:lry ice bath -and then stored at -80°C until enzyme activity was

determined (usually within 2 days). For the enzyme activity assay a 0.2 ml
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aliquot of tissue homogenate was added to each of three tubes containing 0.1 m]
1000mM NaCl/200mM KCl solution and 0.5 ml 200mM Tris bulfer (pH 7.6), and
to each of three tubes containing 0.1 ml 1000mM NaCl/200mM KCl/2mM
ouabain solution and 0.5 m! 200mM Tris buffer (pH 7.6).- The reaction was
started with the addition of 6.2 ml 30mM ATP (disodium salt)/25mM MgCl
solution, and stopped exactly 10 minutes later with the addition of 4 ml cold 1
percent ammonium molybdate/40 mg/ml ferrous sulfate solution prepared in 1.15
N .H,80,. The reaction was run at 37°C. The reaction mixture was then
centrifuged (2500 rpm) for 8 minutes, and. the optical absorbance of the blue
supernatant was read at a wavelength of 700 nm. A K,HPO, solution was used as

a phosphate standard.

Protein determination was carried out using a modification of the Lowry
technique (Hartree, 1872), using bovine serum albumin as a standard. Na*.K*
ATPase activity was measured by subtracting the activity in the reaction mixture
containing ouabain from the activity in the reaction mixture not containing
ouabain, and is expressed as micromoles inorganic phosphate (Pi) liberated per mg

protein per hour{umoles Pi/mg protein per hr).
e

" 2.4. Moisture and Lipid Content

After drying to a constant weight, the carcass was reweig‘hed and ground to
a fine consistency in a 50 ml Waring blender. Moisture is expressed as percent
fresh body weight. Lipid content was determined on a 2 g sample of dried tissue
according to the method of Hara and Radin (1978). Tissue was extracted for
approximately 4 hours in 15 ml solvent (3:2 hexane/ isopropanol mixture) and
filtered through a Whatman GF/A glass microfibre filter under vacuum. Tissue
and glassware were rinsed with fresh solvent until the final volume was 36 ml (1 g
tissue (o 18 ml solvent). Non-lipid materials were salted out from the solvent
solution by vigorously mixing with 15 ml warm 6.7 percent sodium sulfate in a
separatory funnel. After allowing the mixture to separate into 2 phases, the lower

agueous phase was discarded and the upper hexane phase was transfered to a
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preweighed petri plate and allowed to evaporate to dryness in an air stream. The
resulting lipids were dried Lo a constant weight at §0°C and the plates rewdighed.

Lipid content is expressed as percent dry body weight. ®

bedded

in parafin, joned tr y (5 um

thickness), gad stained with hematoxylin-and eosin. Chloridé cells were identified’

as large Meidophilic cells oceuring prfncipally in the basal region of the secom;]ary

lamellae. \Due to difficulty in standardizing counts, only qualitative observations

" were made\of chloride cell number. The length of five representative chloride
cells (from Rasal to apical surface) was measured in edeh fish using a calibrated>

occular micrometer. Only cells sectioned through the nucleus were measured.

2.8. Seawater Acclimation

On 6 June 1984, 200 wild Atlantic salmon smalts were transported from the
Exploits River counting facility (Bishop's Falls) to the MSRL. These were held in
three 1m®, ceiter-draining tanks identical to those used for rearing purposes. A
group of 150, 2 year old nonanadromous cultured:salmon was similarly distributed
among three tanks, Two tanks from each group received water from a common
header tank supplied with fresh and salt water such that the desired salinity could
be achieved by adjusting the flow rates appropriately. The remaining two tanks
were supplied with fresh water only. After one week the salinity was gradually
increased until full strength seawater was achieved (approximately 31 ppt) in 2.5
weeks. During the acclimatiop period and until the middle of August, salmon.

were sampled for examination of gill chloride cells, gill Na*-K* ATPase activity,

and plasma ion con: i li hoi and sample sizes were the
same as those outlined above. Plasma sodium was assayed with a Scientific
Instruments flame };holometer using a 20 ul sample. Chloride concentration was

- determined using a Corning chloridometer.
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277. Growth Ratgs in Seawater {

. "

In June 1983, a small number of cultured salmon from the three groups (3
LLxLL, 6 SRxLL, § SRxSR) was acclimatdd to seawater and cultured in a circular
tank (1 meter depth, 1.5 meter diameter). At intervals through the summer and
.autumn the salmon were anaesthetized with. tettiary-amyl alcobol and weighed

and measured. Fish were fed three times daily to satiation. N

2.8. Statistical Analysis

Statistical manipulations were made using the MINITAB package (Ryan et
al, 1082). Within group comparisons (between sexes) were made using T-Tests,
and comparisons between groupg-were made using one-way analysis of variance.
Significant differences detected by agalysis of variance were isolated usipg
Scheffe's multiple contrast test (Zar, 1974). Where heterogeneity of variance was
detected (Bartlett's Test), the Mann-Whitney or Kruskal-Wallis test was applied
where appropriate. An acceptance level of not less than 95 percent (P<0.05) was

considered significant.



Chapter 3
RESULTS

3.1. Silvering and Condition Factor
: N :
Figure 3-1 presents the percentages of parr, silvery parr, and smolts in both

sexes from each ‘group of cultured salmon in freshwater between January and
May, 1984. Many males and females in each group exhibited some degree of
silvering at ‘all sampling dates. In genc}al however, silvering was more apparent
in females than males and there was an overall trend toward increased silvering
with_time. In the January and March samples no silmon showed complete
development of smolt colouration (parr marks completely obscured by silver
pigment and black fin margins). In April a few fish in each group (mostly
le!ilales) had fully developed smoibcc]ouratiou, while most were p‘artia]ly silvered.
In May both sexes in all groups contained fully silvered salmon with black fin
margins. A very small n.umber of LLXLL males were fully silvered while
approximately 20 percent of SRXLL and SRxSR males and LLxLL females were so
coloured. About 50 percent of SRxLL females and 80 percent of SRxSR females
were fully silvered by May. Tables 3-1 to 3-4 provide a summar)" of the numbers
of parr, silvery parr, and smolts, as well as the mean fork length of each group
over-the experimental period. Figure 3-2 illustrates the degree of silvering in

representative specimens in each group in mid June.

Figure 3-3 presents mean condition factor for male aid female salmon in
each group on each sampling date. A significant differenge was found in mean
condition factor between male and female LLxLL salmof in January (t=7.32,

df=136.1, P<0.001) and‘March (t==3.66, df==116.0, P<0.001). Females in this

o




Figure 3-1. Seasonal percentages of cultured, freshwater male and female
parr (solid bars), silvery parr (open bars), and smolts (stippled

bars),in LLXLL, SRXLL and SRxSR salmon.
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Figure 3-2.

Representative specimens of cultured, freshwater LLXLL (upper
photo), SRXLL (middle photo), and SRxSR (lower photo) salmon
showing body and {in colour in mid June. The upper two fish in
each photograph are matyre males while the lower two are

females. The bottom salmol

in the Jower photograph is a.wild

anadromous smolt from the Exploits River.






TABLE 3.1: Mean fork length (FL in cm) and number (N) of
cultured, freshwater male and female parr, silvery
parr and smolts in each-group on January 21.
Standard errors-appear in parentheses.

STOCK  SEX  PARR STILVERY PARR SMOLT
LLXLL M 14.7 (0.26) -
30 -
F 16.1 (0.34) -
Y -
SRxXLL M 15.6 (0.30) -
36 . -
F FL 13.5 (0.68) 16.5 (0.22) -
N ) 12 .59 -
SRxXSR u FL 15.1 (0.19) 15.5 (0.64) -
N 24 16 -

F FL 16.6 (0.80) 18.3 (0.30) -
2 49




TABLE 3.2: Mean fork length (FL in cm)

and number (N) of

cultured, freshwater male and female parr, silvery
parr and smolts in each group on March 1l. Standard
‘errors appear in parentheses- .
STOCK SEX PARR SILVERY .PARR SMOLT
LLxlL ¥ FL 13.3 (0.34)  14.8 (0.25) =
N 18 . 38 =
F FL 13.7 (0.25) 15.9 (0.33). _
N . 17 47 ey
SRxLL M FL L13.5 (0.19) 15.7 (0.29) e
N : 31 34 -
F FL 12.6 (0.40) 16.7 (0.23) —
N 13 - 50 I
SRxSR M FL © l4.4 (0.32)  16.2 (0.58) &
. N 13 E s -
F FL 15.2 (1.45)  18.9 (0.33) _
u 3 38 =




(

TABLE 3.3: Mean fork length (FL in cm) and number (N) of

cultured, freshwater male and female parr, silvery
parr and smolts in each group on April 22. Standard
errors appear in parentheses.
STOCK  SEX PARR SILVERY PARR syoltT
LLxLL M FL. 12.5 (0.36)  14.5 (0.24) 16.5 (0.26)
N 1 43 % B
F FL 13)7 (0.38)  15.5 (0.31) 18.5 (0.59)
N 7 W7 : 5
SRxLL M FL 13.1 (0.20)  15.1 (0.25)  .17.3 (0.46)
. N 9 47 4
F FL 12.5 (0.46) 16.5 (0.35) 17.3 (0.47)
, N 9 40 8
SRXSR N FL 13.2 (1.15)  15.8 (0.44) -
N 2 25 -
F FL - 18.7 (0.40) 20.0 (1.30)
N - 31 3




TABLE 3.4: Mean fork length (FL in cm) and number(N) of cultured,
& freshwater male and female parr, silvery parr, and
smolts in each group on May 31. Standard errors appear
in parenthesés. :

- STOCK SEX R PARR SILVERY PARR SMOLT

LLxLL M FL 12.4°(0.33)  15.0 (0.36) 16.8
N 9 "26 1
FOFL 13.8 (0.35)  15.5 (0.41)  17.8 (0.57)
N 8 29 7
SRxLL M FL 12.7 (0.39) 14.6 (0.28) 17.1 (0.49)
N 4 27 Al .
; s
. PO 12.1 (0.23)  15.3 (0.62). 17.3 (0.31)
N 10 : 13 17
SRXSR M FL ‘14.7 (0.71) 15.2 (0.34) 21.0 (1.82)
N 5 - 9 3
F FL - < 16.2 (0.96) 19.3 (0.40Y .
N - 4 20
Al
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group had a mean condition factor of 0.94 i; January, the lowest value observed
in any group throughout the study. By late May however, the mean condition
factor for this group had increased to 1.10, and was not significantly different
from tke mean value for males of this group. A significant increase in mean
condition factor was observed in female (t=4.65 df=02.0 P<0.001) and male
(t=3.50%f=60.6 P<0.001) LLxLL salmon between April and May.

No significant difference was noted between male and female SRXLL salmon
at any time, nor was any seasonal change observed. Mean condition for both

sexes remained abov€ unity on all sampling dates.

There was a significant difference in mean condition factor observed
between male and female SRxSR salmon in January (t=3.43 df=86.2 P<0.001).
This difference was not evident in March or April but reappeared by late May
(t=3.31 df=34.8 P<0.01). Between March and May a significant decrecase in
mean condition factor occurred in female SRxSR salmon (t=3.78 df=19.3

P <0.001) while no such change was observed in males.

Mean condition factor of female LLxLL salmon was significantly lower than
female SRxLL and female SRxSR salmon in January (F=41.87 P<0.01).
imilarly male SRxSR salmon had a higher mean condition factor in January than
\SRxLL and LLxLL males (F=21.44 P<0.01). In May LLxXLL females were found
to have higher mean condition factor than SRXLL and SRXSR females (F==1.51
P<0.05). At this time mean coz‘:dition factor in SRXLL males was lower than in
LLxLL (F=6.72 P<0.01) and io SRxSR (F=6.72 P<0.05) male salmon. Tablé
3-5 presents the mean condition factor, fork length, and number of animals of

each sex in the three groups on each sampling date.

" A sample of 8 wild anadromous smolts collected at Bishop's Falls on une 7
bad a mean condition factor of 0.93. This value was significantly lower than the

mean value in SRxSR females in May (t=9.22, df=23.0, P<0.001). .



-Figure 3-3.

Seasonal mean condition factor (+ SE) for cultured, freshwater

male and_female LLXLL, SRxLL, and SRxSR salmon. In most

cases standard errors are too small to be shown.
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TABLE 3.5: Mean condition factor (CF), fork length (FL in em),
nuzber (N) of cultured,

and

freshwater male and female salpon

in each group over experimental period. Standard errors
appear in parentheses.

DATE STOCK SEX cF FL N
JAN 21 LLxLL M 1.06 (0.010) 14.2 (0.20) 65
F 0.94 (0.013) 15.2 (0.25) 76
SRxLL M 1.04 (0.008) 14.5 (0.20) 77
F 1.05 (0.012) 16.0 (0.25) 71
SRXSR M 1.13 (0.009) 15.2 (0.28) 40
F 1.09 (0.008) 18.2 (0.30) 51
MAR 11  LLxLL M. . 1.07 (0.012) 14.3 (0.22) 54
P 1.01 (0.014) 15.3 (0.28) 64 -
SRxLL M 1.06 (0.011) 14.6 (0.22) 65
F 1.07 (0.014) 15.9 (0.29) 63
SRXSR M 1.12 (0.011) 15.5 (0.40) 31
¥ 1.12 (0.012) 18.7 (0.35) 41
APR 22 LLxLL M 1.04 (0.011) 14.3 (0.23)" 59
F 0.99 (0.015) 15.5 (0.
SRxLL M 1.03 (1.011) 15.0 (0.23) 60
F 1.03 (0.014) 16.0 (0.33) 57
SRXSR ¥ 1.09 (0.013) 15.6 (0.43) 27
F 1.08 (0.014) 18.8 (0.38) 34
MAY 31  LLxLL M 1.12 (0.019) 14.4 (0.34) 36
F 1.10 (0.017) 15.3 (0.34) 44 -
SRXLL M 1.04 (0.016) 15.1 (0.31) 4&
. F 1.04 (0.014) 15.4 (0.41) 40
SRXSR H 1.12 (0.018) 16.1 (0.68) " 17
F 1.05 (0.015) 18.8 (0.43) 24




Seasonal total lipid content for male and female salmon from the three

3.2. Total Lipid Content

groups of cultured salmon, between January and July 1984, is presented in Figure
3-4. There was no significant difference observed between the sexes at any time
in LLyLL salmon, however a seasonal increase in total lipid levels occurred in
males (t=4.13 df=6.5 P<0.01) and females (t=3.75 df=6.3 P<0.01) between

the initial and final samples.

Lipid dynn‘mics during the late winter and spring were similar in LLxLL and
SRxLL salmon. Totgl lipid levels in males of the latter group increased steadily
from late Mareh until July (t=b.61 df=7.0 P<@001)| The increase in females
was slight and insignificant. Female SRxLL salmon had higher values than males
on March 24 (t=5.34 df=7.9 P<0.001) while differences at other sampling dates
were insignificant. A.Ithongb condition factors.in male and female SRxLL salmon
were very similar throughout the experiment the total lipid content in males was
generally lower than in females. This is probably due to the large gonadal mass
present in the mature males. Immature female SRxLL and SRxSR fish had much

more fat along the gut and mesentaries than was observed in mature males.

In the SRxSR group, females had higher total lipid levels than males on ail
dates with the exception of July 17. A rather sharp, although statistically
insignificant increase was noted in the females between January 15 and February.
7. From the latter date until the end of the study a steady decline in total lipid
levels occurred (t=4.62, df=6.3, P<0.005) with a rather sharp decline occurring
between May 27 and July 17 (t=2.48, df=7.1, P<0.05). Male SRxSR salmon’
maintained essentially constant lipid levels throughout the experiment with no

springtime decrease.

Analysis of variance detected no significant difference in total lip)

among
females from the three groups in January or February. Similarly no difference

was observed in males at these times. On July 17 female LLxLL fish had greater

- /



Figure 3-4. Seasonal total lipid content (+SE) in cultured, freshwater male

and female LLXLL, SRXLL and SRxSR salmon.
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lipid levels than SRxSR females (F=%.12, P<0.05), and SRxLL males had higher
levels than SRxSR males (F=4.86, P <0.05).

Wild anadromous smolts were found to have extremely low lipid levels with
a mean’of only 3.6 percent. This level is significantly lower (t;5.55, dr=4.2,
P<0.01) -than the lowest observed among any of the cultured salmon (16.8
percent in SRxSR females on July 17). :

3.3. Moisture Content
*

Ax inverse relationship was observed between lipid and moisture levels in ail

groups of cultured salmon between January and July 1984. A significant decrease

in moisture occurred in male (t=5.35, df=6.9, P<0.005) and female (t=10.65,  «

'dr=5.8, P<0.001) LLXLL salmon between January 15 and July 17 (Figure 3-5).
Moisture levels fell slowly until the end of May when the rate of decline increased.

At no time was a significant difference between males and females observed.

Moisture content was not different between male and female SRxLL except.
on March 27 (t=2.90, df=6.9, P<0.05). There was no seasonal change seen in
(e’mals, 2 finding consistent with the ant total lipid levels noted above.
Male SRxLL fish showed a significant drop in moisture between March 27 and’
July 17 (t=6.39, df=7.8, P<0.001) that parallelled increased total lipid levels
occurring at the same time. &

Moisture content was significantly greater in male than female SRXSR
salmon on February 7 (t=6.37, df=7.8, P<0.001), March 1 (t=4.55, df=6.6,
P<0.005), and on April;m (t=3.85, df=7.2, P<0.005). From May 6 until the
termination- of the study, moisture content in females increased (t=2.63, df=8.0,
P<0.05). No significant change was observed in male SRxSR salmon over the

entire study period.

In January it was determined that the mean moisture content of female

SRxSR salmon was lower than that of LLxLL females (F=9.85, P<0.01) but not



EN
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Figure 3-5. _Seasonaltmeisture content (+SE) for cultured, freshwater male

and female LLxLL, SRxLL 2nd SRxSR salmon.
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different from SRxLL females. By the end of the experiment the situation was
reversed and LLxLL females had significantly lower moisture content than SRxSR
females (F=11.15, P<0.01). Again SRxLL females had intermediate values not
signi.ﬁcnnLly dilferent from SRxSR or SRxLL femalss. SRxSR males had lower
moisture content than LLxLL males (F==7.75, P<0.05) and SRxLL males
(F=17.75, P<0.01) on January 15. On July 17 no difference was noted among

males in the three groups.
3.4. Nat-K* ATPase Activity . %

Seasonal branchial Na*-K* ATPase activity in male and female salmon in
the three groups of cultured salmon in freshwater is shown in Figure 3-6. There
was no significant difference in enzyme activity between male and female LLxLL
fish at any point. A decline occurred between’ January 15 and Fci:ruary 7 in
LLxLL males (t==2.99, df=4.9, P<0.05). From February 7 until'May 27 the
activity in LLXLL males did not change significantly. A small, insigni drop

in activity occurred between May 27 and July 17. Female LLxXLL salmon followed
a similar seasonal pattern with a decrease between Japuary {5 and February 7
(insignificant) followed by a period of similar v‘a]\les. A small peak in activity
occurred on April 16, however the activity was not significantly higher than
activities - observed on prior or subsequént dates. Branchial Na*:K* ATPase
activity was significantly higher én January 15 than on July 17 (t=5.42, dI=7.9,
P<0.001). P

No significant difference was observed in branchial —N‘a"’-K+ ATPase
activity between male aﬁd fem_:\]e SRxLL salmon except on February 7 when the
activity in males was higher (t=3.92, df=80, P<001). There was no obvious
seasonal pattern in enzyme activity in"SRxLL males hetween January 15 and May
27. The highest level occurred on the latter date and was followed by a decrease
6, df=43, P<O.0B}, GNa*K* ATBase activity

decreased in Yen;nle SRxLL salmon between January 15 and Feb;’uary 7:[t=4.83,

in activity on July 17 (t=3.

df=7.7, P<0.001), and then increased steadily uniil peak activity occurred on
x G .



Figure 3-6. Seasonal branchial Na*-K* ATPase activity (+SE) in cultured,

freshwater male and female LLxLL, SRxLL and SRxSR salmon.
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n February 7 and May 6 was significant (t=3.44,
df= 4.5, P<0.05). Betwcen\May 6 an
significantly (t=3.53, df=06.4, P <O

May 6. The increase betw

uly 17 enzyme activity decreased

Nat-K*+ ATPase activity was not signiﬁcnn’t]y different between male and
female SRxSR salmon on January 15, February 7, March 1, or March 24.
Activity was higher in females on April 16 (t=4.48,'df=6.4, P<0.005), May 6
(t=7.13, df=6.6, P<0.01), and June 8 (t=3.67, df=10.6, P<0.01). A small but
significant increase in activity occurréd in male SRxSR salmon between January
15 and March 1 (t=2.65, df=5.7, P<0.05), followed by decreasing values until
May 6. Betwcen May 27 and July 17 a significant decrease occurred (1=6.95,
dr=7.7, P<0.001).

Analysis of variance revealed that Na*-K* ATPase activity was higher on
January 15 in LLxLL females than in SRxSR females (F=4.74, P<0.05). Male
SRxSR salmon had lower activity than male LLxLL and SRxLL salmon on this
date (F=19.66, P<0.01). Heterogeneity of variance was’detected (Bartlett's
Test) between male and female SRXSR salmon on May 27.  Statistical
comparisons involving females from this group were therefore madé using the
Mann Whitney tTest or the Kruskal-Wallis Test. The latter detected higher
enzyme activity in SRXSR and SRxLL females than in LLxLL females (H=6.977,
P<0.05) on May 27. No difference was noted between males on this date. On

July 17 no significant difference was observed between groups in males or females.

3.5. Chloride Cells

Chloride cells were evident in most gill sections from male and female fish in
the three groups cultured in freshwater on January 15 (Figure 3-7) and May 27.

By July 17 chloride cells became difficult to locate in many cases.

In general mean chloride cell length wds not different between males and

females. Significant differences were noted in LLxLL salmon on January 15 when



Figure 3-7. Represe‘ntative gill sections from cultured, freshwater LLxLL
(top), SRXLL (middle) and SRxSR (bottom) salmon as sampled
on January 15. Chloride cells are indicated with artows.
Abbreviations: A, afferent i’ilnmenml artery; E, efferent
filamental artery; L, secondary lamella; M, mucus cell; S,

supporting element.
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cells were longer in females (t=3.01, df=7.6, P<0.05) and in SRxLL salmon on
July 17 when cells were longer in males (t=4.08, d[=7.3, P<0.01). Table 3-6
presents mean chloride cell length in male and'female salmon in the three groups
on January 15, May 27, and July 17. Chloride cell lengths for wild Exploits River
smolts are shown in Table 3-7. In no group did an increase in chloride cell length
occur at the time of smoltification. A significant decline in mean chloride cell
length occurred between January 15 and July 17 in all groups except in SRxLL

males.
~

3.6. Seawater Acclimation: Gill Na*-K* ATPase Activity

There was considerable mortality (42 perce:;t) among the wild smolts
(transported on 6th June, 1984) during the experiment because of travelling stress,
infection (probably vibriosis), and refusal of some animals to eat the prepared
pellets that were offered. Many salmon suffered from considerable scale loss
during, transp‘ort resulting in decreased disease resistance. However, no fish was
observed to suffer from obvious osmotic stress during and after the acclimation
period, and only healthy-appearing fish were used as experimental animals.

Figure 3-8 presents branchial Na*-K¥ ATPase activity values for wild

Exploits River smolts and cultured LLxLL salmon in freshwater and elevated

salinity. Initial enzyme activity in salmon unexposed to increasing salinity was.

higher in the wild smolts (t=11.21, df=4.9, P<0.001). Mean enzyme activity én
wild smolts retained in fresh water fel] from an initial level of 37.4 umoles Pi/mg
protein per hr to 8.5 umoles Pi/mg protein per. hr by the end of the experiment
(t=11.97, df=4.7, P<0.001). Wild smolts exposed to increasing salinity
experienced a temporary reduction in Na*-K* ATPase activity until the salinity
reached approximately 25-ppt, and thereafter activity increased to initial levels

about 7 days after full strength seawater was achieved (about 30 ppt),

LLXLL salmon retained in fresh water showed little change in Nat-K*

. X . .
ATPase activity over the course of the experiment. On August 17 activity values.



TABLE 3.6: Mean chloride cell length (mm) in cultured,

freshwater LLxLL, SRxLL and SRxSR salmon on Jan.

May 27 and July 17. Each entry is a mean of 5 fish;
5 cells were measured in each fish.

appear in parentheses.

Standard errors

13

Sex  January 15 May 27 July 17 °
LLxLL M . 14.4 (0.28) 13.8 (0.47) ° 11.9 (0.19)
i F 15.8 (0.35)  14.2 (0.46) 12.1 (0.38)
SRXLL M 14.4 (0.55) 13.0 (0.54) 13.8 (0.45)
F 14.4 (0.24) 12.8 (0.44) 11.6 (0.33)
SRXxSR M 14.7 (0.19)  14.5 (0.47)  11.7 (0.39)
F 14.5 (0.45) 13.8 (0.94) 11.8 (0.21)

3

;,Z



Figure 3-8. Branchial Na*.-K* ATPase activity (+SE) in cultured LLxLL

and wild SR salmon in fresh water and during exposure to

increasing salinity.
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were’not-signiﬁcanl.ly different from the wild smolts retained in fresh water.
LLxLL salmon exposed to seawater had essentially unchanged dctivity until full
strength seawater was achieved; mean values then began to increase. Activity
increased from a thean of 13.3 umoles Pi/mg protein per hr on June 29 to 28.5
umoles Pi/mg protein per hr on July 18 (t=6.93, df=4.4, P<0.605). On the
latter date the mean Na®-K* ATPase activity in LLxLL sajmon exposed to

seawater was not significantly different from' that of wild smolts similarly exposed.

3.7. 8 Accli i Plasma Ion C

Plasma sodium and chloride concentrations in LLxLL salmon increased

as salinity in d and inued until the final sample was taken
on July 18 (Figure 3-9). On,July 27 all LLXLL fish :xl';os.ed to seawater had either
been sampled or had(dl_eﬁ‘fmm osmotic stress (with the exception of a single fish
which successfully adapted). Highly significant increases in both sodium (t=6.33,
df=8.0, P<0.001) and chloride (t=8.87, df=4.3, P<0.001) occurred between the -
initial (June 13) and final (July 18) samples in LLxLL $almon exposed to seawater.

‘Wild smolts exposed to seawater also experienced increased plasma sodium
and chloride levels. Mean plasma chloride increased _ftom m; initial concentration
of 122.6 Meq/L to 145.2 Meq/L by July § (1=6.00, df=7.8, P<0.001), while
mean sodium concentration increased from 121.0 Meg/L to 154.0 Meq/L over the
same interval (t=>5.41, df=6.9, P<0.005). Plasma ion concentrations remained
stable from July Silhro\_xgh the remainder of the experiment in this group.
Plasma sodium and chloride concentrations were greater in seawater exposed
LLxLL salmon than in wild smolts on June 29 and on all subsequent dates
(P<0.001). There was little fluctuation in plasma ion levels in either group
retained in freshwater. : . g .



Fig;n-e 3-0. Plasma Na* and CI' concentrations (+SE) in wild anadromous
and cultured LLxLL salmon while in fresh water and during

exposure to increasing salinity.
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' 3.8. Growth in Seawater

.Growl.h performance for LLXLL, SRxLL, and SRxSR salm(‘m a(}gpied to full
strength seawater between June 1983 and June 1984 is illustrated in Figure 3-10.

Mean fork length was initially greatest in SRxSR fish and smallest in LLxLL figh, )

but the size differencds were not significant. By July 7 the SRxSR salmon were
longer than LLxLL sﬁmon (F=430, P<0.05) but not significantly longer than
the SRxLL, fish. On September 15, SRxLL salmon had become longer than LLxLL
salmon (F=14.23; P<0.05)." A slight drop in mean weight oceurred in LLxLL fish
between September 15 and October 15 and two of the three salmon in this group
died during the-next month. The lemumng fish died in January. SRxSR salmon
were significantly longer than SRXLL salmon on November 17 (t=3.02, df=26.6,
P<0.05). Figure ‘3-11' shows the relatjve sizes c.f one representative specimen

from each group in December, after 7 ‘months in seawater. While in seawater, all

LLxLL salmon and 3 SRxLL salmon matured (all were [émale).

3.9. Seawater Acclimation: Chloride Cells
w8 2 > .
Micrographs of representative gill sections from t@turéd LLxLL and wild
i : 3
salmon smolts sTnpled prior to seawater exposure (June 13, 1984) are shown .in

Figure 3-12. Chloride cells appeared to decline in number over the summer in fish

retained -in freshwater and were diﬂ'ic}lt to locate on August lT(f(\t; 3-13)

s, limated wild anad salmon and the single remairng seawater

adapted Ll.xLL salmon had numerous well developed chloride cells on this date
(Figure 3-14). ’

On Jupe 13 the mean chioride cell length was greater in wild smolts than in

cultured LLxLL salmon, but not significantly so. A gradual decrease in chloridé

cell length occurred over the summer in fish retained in freshwater. Fish

acclimated to seawater developed elongated chloride cells (Table 3-7). By July 1&
mean chloride cell length wps greater in seawater-acclimated wild smolls than in

thiose smolls retained in freshwater ft=11.72, df=6.2, P<0.001). In cultured



Figure 3-10.

Fork length rand weight (+SE) of LLsLL, SRXLL and SRxSR
salmon during 1¥83-84 gmwth\expcriment in seawater. Sample

sizes are indicated to ghe right of each curve.
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Figure 3-11. Representative specimens of LLxLL (right), SRXLL (lower left)
and SRxSR (upper left) salmon in late December 1983, afer 7

months grbwth in seawater.
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Figure 3-12. Representative gill sections from cultured LLXLL (top) and wild
anadromous sn‘lmon (bottom) sampled on Jume 13, 1984 prior to
_ seawater acclimation. Chloride cells aré indicated with arrows.
Abbreviations: A, afferent ﬁlamenia] artery; E, efferent
filamental artery; L, s’econdmr)’ lamella; M, mucus cell; S,

supporting element.






Figure 3-13. Representative gill sections from cultured LL;LL (top) and wild
anadromous salmon (bottom) retained in freshowater until
August 17 1984. Chloride cells are i;;dicated with arrows.
Abbreviations: A, afferent filamental artery; E, efferent
filamental artery; L, secondary lamella; M, mucus cell; S,

supporting element.
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Figure 3-14. Representative gill sections from cultured LLxLL (top) and wild
anadromous gbottnm) salmon 'accl-in.x“ued to seawater y
sampled on August 17 1984. Chloride ::ells are indicated with

>y arrows. Abbreviations: A, afferent filamental ;rle-r;:;!;:, efferent
filamental “artery; L, secondary lamella; M, mucus- cell; S,

supporting element. = : =
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LLxLL salmon, mean chloride cell length was greater in seawater-exposed fish by
June 29 (t=4.36, df=5.9, P<0.001). On August 17 the mean chlgride cell length
in seawater-acclimated fish was almost twice as great as in fish retainqd in
Chloride cells in seawater-acclimated salmon were not -only much

larger than in freshwater fish, but were more cosinopdiikic and deeply stained.
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TABLE 3.7: Mean chloride cell length (um) in wild anadromous
smolts and cultured LLXLL salmon exposed Yo seawater
‘“X(SW) and retained in freshwater.(FW) in 19847 Except
wheve indiclted each point 1s g mean of 5 £ish; 5 cells

were measured i each fish. Stafard errord. appear in
parentheses. ,

) , June 13 - June 20 July 18 August 17
. ~ :

Wild FW  15.3 (0.72) 17.5 (0.57) 11.

W 17.8 (0.60) 1§.9 (0.40) '21.9 (0.84)*

“0.22) 10.5 (0.34)

LLxLL FW  13.9 (0.32) 12.9 (0.18) 12.57(0.46) 10.7 (0.27)
i B < .

SW 14.6 (0.35) 18:9 (0.43) 18.8%x%

n
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Chapter 4
DISCUSSIO

r 2

Seasonal changes in the various indices of smoltification folldwed the
patterns typigally associated with the parr-smolt transformation” mote closely in
SRxSR femal;:s than SRxSR males or in either sex of the other groups. SRxSR
females were the only group to experience a decrease in total lipid content and
cpndition factor accompaniedt by increased moisture levels during the spring
months. Similarly this was the only group in which-a distinct peak in branchial
Na*K* ATPase activity was observed.- There were peaks in enzyme activity in
male and female SRxLL salmon in early M;y and June respectively, but the mean
values did not approach those observed in SRXSR females: The seasonal pattern
of Na*-K* ATPase activity in LLXLL salmon did not resemble that expected for
fish preparing to e‘nzer a highly saline medium. Activity peaked 'in April and

" early May in females and males respectively, but mean values in both sexes were

e
less than 15 ymoles Pi/mg protein per br. Johnston (1983) suggests that a value ~

of 20 umoles Pi/mg protein per hr as the minimum enzyme ulivily’lo Bermit

normal seawater survival.
4

. < g
E.[‘he nonanadromous salmon (Lin..L) became quite_ Filver} by.hl.e M.ay,
however they did not attain the degree of silvering o'bser_ved in the -axwdmmot{s
(SRxSR) salmon. — The *hybrids (SRxLL) attained an intermediate degree of
silvering. - Silvering has been reported in several other populations of
nonanadromous salmon (Dahl, 1928; Wilder, 1947; Havey and Warner, 1970;

Bzrbqi}f et al., 1978) so its occurance in the present study is not surprising. Many

stocks of nonanadromous salmon ‘undergo a pelagic phase (including the LLxLL ’
P
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salmon used in this study) in lakes or ponds analogous the marine phase that

59

oceurs in anadromous stocks. It is probable that development of-a eryptic silvery,
colouration is adaptive to salmon of both forms. e

The seasonal patterns of lipid and moisture contént and condi‘lion factor ‘in
LLxLL and SRxLL salmon and SRxSR males did not resemble those of smohi!yin'; S e
I"ish.- While lipid content in SRXSR females was falling (from April until the .
termination of the study) both sexes of SRxLL and LLxLL salmon ywere
experiencing lncreasmg levels. These changes ‘were accompanied by falling
moistture content (and increasing condition factor in LLXLL salmon). Lipid
content, moisture and condition factor did not change appreciably in male SRxSR
salmon at any time. Barbour (1979) and Barbour and Garside (1983) made a.

similar study of the pa It t ion in cultured- d salmon

from Chamcook Lake, New Brunswick. Th(;\' also found that lipid/moisl.llre
dynamicg did oot follow patterns typical of smolting fish. The appnun(—ab,gence
of smoltification in the sexually mature SRXSR males does not :;;ée with "he %
findings of Saunders et al.” (1982), who reported that smoltification paller:}m
hatchery reared mature male parr were similar to those in immature parr. They

found that salinity tolerance, gill Na*-K* ATPase levels, survival, growth, and
4 thyroid hormone levels were not significantly lower in the mature parr.

Gill histology did not prove to be a reliable indicator of smolt status.

Chloride cells were plentiful in the gill epithelium of cultured, freshwater salmon

in the winter and spring, but became much smaller and fewer in number in July

and -:\ugfjsl Similarly there were many chloride .cells present in wild smolts™ =
8 . . caught during their seaward migration, andéreducnon duYing the summer in fish

" retained in fresh water. Seawater acclimation caused an increase in size of
chloride cells which were, based om qualitative cnléé]a, also more numerous than
in fish retained in freshwater. Hypértrophy of chloride cells after seawater
adaptation has been reported previously in eels, Anguilla japonica (Skirai and

Utida, 1970) and in Atlastic salmon (Langdon and Thorpe, 1981). B on

o
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qualitative histological observation, the increased Na*-K* ATPase activity in

SRySR females on May 27 was not associated with an iperease in chloride cel
number. Barbour (1979) observed ‘no increase in' chloride cell number or size
associated with the parr-smolt transformation in anadromous and nonanadromous
salmon exposed to manipulated photoperiods and water temperatures. Langdon
and Thorpe (1984) report similar chloride cell numbers_in Atlantic salmon parr
and smolts, the latter having apptoximately 7 times as much branchial Na*-K*
ATPase activity. Thomson and Sargent (1977) demonstrated that increased levels

of Na*-K* ATPase activity in silver eels, Anguilla enguilla adapting to seawater

resulted principally from i d enzyme i rather than from
increased chloride cell pumber.  However, irrespective of possible change in
Na*t.K* ATPase activity, Burton and Idler (198‘4] observed an increase in the
number of chloride cells in anadromous Atlantic salmon smolts after adaptation to
seawater. Also in a small percentage of landlocked salmon which successfully
adapted to seawater there was a greatly increased pumber of gill chloride cells.
Langdon and Thorpe (1984) also claim that saltwater adaptation of S. salar
induced proliferation and_enlargement of chigede cells as well as stimulation of
Na*-K* ATPase activity. The relationships ﬁron chloride cells and salinity in
cultured and wild LLXLL and SRxSR salmon appear to be complex and “arram

more extensive study. <

Despite observations that indicate the cultured SRxSR f ales smoltified. *

, the degree of change that o?‘c}?nd in the vagious cgeria of smohification’ was of

lesser maggitude than that repoted in wild ﬁs}z There was a trend toward

decreased condition factor in cultured SRxSR lemal» but at no time did mean

“valyes.fall below unity. Hoar (1939)Aslud|ed lb‘,‘,w'hl/leng\h relationship in

wild Al&n’ut -salmon and reported that mean ‘condition factof i in mlgraung»sﬁs
fell to less"than 0.80. The low condition factor noted in the present study in wild
Exploits River smolts (0.93) agrees With_the findings of Hoar. Johnston and
Saygders (1981) found that condition factor in cultured yearling Atlantic salmon
tended to increase over the winter and spring while total lipid levels remained

LN z
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constant. On the other hand, Farmer et al. (1978) found that lipid levels in
cultured Atlantic salmon smolts fell to less than half the initial value between late
February and mid July while moisture increased from 71.8 to 76.3 percent over
the same period. Although a seasonal drop in lipid level was seen in cultured
SRxSR females, the lowest values attained were much greater than those found in
wild smolts. Cultured SRxSR females bad a mean total lipid level of 16.8 percent
compared to 3.6 percent in the wild smolts. Consistent with the low lipid value in
wild smolts was theghigh moisture content found in these fish. In the same vane, °
cultured SRxSR females.did not attain Na™-K* ATPase activitics comparable to
those in wild smolts. The highest mean value recorded for cultured salmon in the
present study was 22.3 ymoles Pi/mg protein per hr on May 27 compared to 40.5
‘umoles Pi/mg protein per hr in wild smolts on June 6. Johnston (1983) found
bigher peak Na*-K* ATPase activity levels in hatchery salmon reared outdoors
(30 umoles Pi/mg protein per hr) than in salmon reared indoors (20-25 wmoles
Pi/mg protein per br) (Johnston and éaunders. 1981).

It is apparent that caution is warranted when comparisc;ns are made
between stidies concerned with proximate apalysis and other indices of
smoltification. Obviously culture conditions including ration size. temperature
and phowper'i::d re’gimes. and fish stock will influence directly the values obtained
in such studies. ‘Comparison of seasonal trends in such analyses therefore may be

more useful in assessing smolt status.than the absolute values obtained.

The' seawater acclimal)on.exp;rimenl demonstrated a clear difference in
osmoregulatory ability between the ‘cultured LLxLL salmon and the wild
anadromous smolts. The LLxLL rﬁh were unable to cope with high salinity and
their plasma i;n concentrations™ increased throughout lhe"experimom In the
present study an increase of approximately 23 percent occured in plasma Na™ and
CT concentration in wild fish after acclimation to seawater. while plasma sodium
in the LLyLL salmon increased by about 53 percent over freshwater levels. Parry
(1961) found that the plasma ionic concentration increased by approximately 12

percent in wild smolts acclimating to seawaterq o
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Few studies have been conducted on salinity tolerance in nonanadromous
Atlantic salmon, and the few that have been done do not report identical findings.
Evropeytseva (1963) compared salinity tolerance in four stocks of salmon smolts:
anadromous salmon of Barents Sea and White Sea’ origin, Baltic salmon, and
freshwater salmon of Lake Lagoda stock. It was determined that survival time in
highly saline water (36 ppt) was 40 percent longer in the anadromous salmon than
in the lake salmon. Baltic salmon performed only slightly better lhén the lake
salmon, an unsurprising observation since the salinity in the Baltic-Sea ispnly
about 5 ppt. In another study dealing with European nonanadromous salmon,

+/och (1683) examined plasma sodium regulation in s atchery stoek origiating
from Lake Vanern, Sweden. These fish experienced a slight increase in plasma
sodium during the first 24 hours after dircct transfer to seawater (30 ppt),
followed by a reduction over the next 12 days to levels slightly above those noted
in freshwater. Ledue (1972) reported that the bel‘)n\‘iour of plasma- Ci' in small
ouananiche'parr from the Lake Victor stock (Quebec) was similar to that observed
in anadromous parr. Burton and Idler (1984) performed salinity tolerance tests'on
fish from the same stock of nonanadromous salmon that was used in the present
study. Ounly about 11 percent survived after 42 days in full strength séaw
Barbour and Garside (1983) compared salinity tolerance in Chamcook Lake
nonanadromous salmon with anadromous smolts. At 30 ppt the anadromous
salmon displaved significantly higher survival time whilé at 40 ppt both stocke
survived for less than one day. y
- » -

Ad ”

to hyp ic ‘media in Wvolves two phases. In

experiments in which rainbow trout, Salmosgairdneri were transfered to seawater.
an initial arijus_li\‘! phase has been' observed wherein plasma and body-ion levels
Lare gle\'zledv and osmotic water ]>os's ‘occurs.” The adjustive phase is followed by a
re'gull’a\ive phase in which ions are actively excreted. urine becomes conceéntrated
anid. reduced it volume, and.plasma job Jevels return to mear [resiwater values
(Bath and Eddy. 1979; Houston, 1959). l'?:‘eporls do not agree about the duration

of the adjustive phase. Houston (1959) reported an adjustive period of 70-180

a
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hours while Bath and Eddy (1979) reported a duration of only & hours for the
sqie species.  Parry (1960) found that Atlantic salmon smolts, trapsfered to
seawater from freshwater, remain for only an hour in the adjustive phase.
Houston, (1960). reported 2 duration «of spproximately 80 Hours for Aflaniic
salmon. The results from the present study are not directly. comparable with
those cited above because a slow acclimation was involved, however chloride
levels vrcmained stable after approximately 100 bours exposure to increasing
salinity.

The continved high branchial Na*-K* ATPase activity in seawater

acclimated wild anadromous smolts agrees with patterns observed in coho salmon,
Oncorhynchus kisutch (Folmar and Dickhoff, 1081) and rainbow trout (Johnston
el al., 1983). Such high levels of enzyme acti

v are necessary to maintain
acceptable internal ion concentrations. Reduction in Na*-K* ATPase activ

salmon held infreshwater after the parr-smolt transformation has been repcrted
previously (Zaugg and McLain, 1970, Zaugg et al., 1972; Johnston, 1983) and is
part of the desmoltification process observed by Malikova (1858) and
Evropeytseva (1963). Evropeytseva (1963) found that when Atlantic salmon
smolts were retained in freshwater beyond the time of normal seaward migration

the degree of silvering d d, lipid levels i d to pre-smolt values, salinity

tolerance decreased. and signs of reduced thyroid activity occured. This process
represents a readaptation of the smolt to a freshwater habitat. Tbe period of
reduced enzyme activity in this study corresponds with seasonal lel;lperalure
elevation. Temperatures in excess of 15°C have been “shown to inhibit gill
Na*-K* ATPase activity in migrating coho salmon and rainbow trout (Zaugg et
al.1072; Adams et ol 1973; Zaugg and McLain, ¥6°6). Comparison of Na?-K*
ATPase activ .

in S. salar under freshwater and seawater conditions requires

" further rigom'us controlled experimentation to assess the relative importance of
v .

temperature and salinity.

There was o preparatory elevation in branchial Na*-K* ATPase activity
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observed in the LLXLL salmon in freshwater although an apparent induction of
enzyme activity occurred in animals exposed to seawater. By July 18 the mean
Na*.K* ATPase activity in the seawater exposed LLxLL salmon was only slightly
less than that in the wild anadromous smolts acclimated to seawater. This
induction in enzyme activity however, was not sufficient to reduce plasma ion
levels, so it appears that the inability of LLxLL fish to hypoosmoregulate is due to
some other cause. Hypoosmoregulation has been shown to involve more than just
an increase in branckial Na*-K* ATPase activity. Holmes and Stainer (1966) :
determined that during the parr-smolt ‘transformation in rainbow lrout,{ffine
volume decreases while ionic concentration increases. Farmer et al. (1978)
demonstrated that the urine of seawater (31 ppt) acclimated Atlantic salmon is

more than six times as ted as urine produced by salmon accli dtoa

salinity of 0.1 ppt. Collie and Bern (1982) reported an increase in intestinal fluid
transport in coho salmon during the parr-smolt transformation. The ocean is a
dehydrating medium wherein osmotic loss of body water is counteracted by
+ drinking seawater. .Increasing intestinal water transport facilitates replacement of
-wa‘ter lost !hrough osmotic action. The failure in hydromineral regulation
observed in the LLxLL salmon could be associated with either or both of these

seawater adaptanon mechanisms.

Growth rate is an excellent indicator of adaptation to seawater in salmonids.
If good growth is achieved then on€ can assume that the fish are well adapted for
such a medium (i.e. that smoltification has occured). Poor gfwth and endocrine
'been reported by Clarke and Nagahama (1977) in underyearling

s .. o
‘coho salmon transferred to seawater prior to smoltification. The growth rates

_ dysfunction havi

observed among the three groups in this study clearly indicate that the SRxSR *
salmon were the best adapted to the marine environment. It is probable that
growth in the SRxLL and LLxLL salmon was retarded at least in part due to the
initiation of sexual maturation. Since nm:e of the SR»ESR_ group matured, lhe,;-
were able to direct more energy toward somatic growth than could the maturing

SRxLL and LLxLL salmon. In the latter two groups energy that could otherwise
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be devoted o somatic growth was used in gonadal development. It is also
possible that the SRxSR salmon were more efficient hypoosmoregulators and

therefore expended less energy to maintain homeostasis than the other groups. If

this is true then still more energy was diverted-away from somatic growth in those _

salmon that matured.

It would appear that growth in seawater was influenced by at least two
factors. lmma;ture SRxLL fish were larger than mature fish from the same group.
However the SRYLL salmon that matured-were still larger than the LLXLL salmon
on Oct. 15 (all‘of which matured). This indicates that some genetic factor(s) quite
separate from those that determine the the timing of.the onset of gonad
maturation, and associated with growth rate, are received in the SRxLL salmon

from the anadromous parent.

“Atlantic salmon do not commonly migrate to sea as smolts and then mature
the following autumn. Typically, the seav;vard migration in-anadromous salmon is
at least ope year in‘duration. Evropeytseva (1859) therefore concluded that the
processes of smoltification and maturation are biologically incompatible and
cannot occur during the same year. Such a view implies that a smolt is not
simply a fish capable of tolerating seawater, but is also a fish that is about to
undertake an extended migration and thus will fiot spawn for at least one year. If
this is true then the SRxLL and LLxLL salmon in this study that matured in
seawater were not trie smolts; rather they would be mé;‘umel_v described as

nonanadromous salmon capable of acclimation to seawat

The observation that some nonanadfomous salmon in the studies cited
above were capable of seawater adaptation is of interest with respect to the
evolution of these forms. such/rindings support the contention of Behnke (1972

* that nonanadromous Atlantic Salmon have arisen since the last glaciation from

" anadromous ancestral stocks rather than from nonanadromous ancestors surviving
the glaciation in lake refugia. Such an evolutionary history implies that
B

nonanadromous stocks in each drainage basin arose independently from discrete

~



-

66

anadromous stocks. It is not unreasonable to suggest that individuals in present
day nonanadromous stocks that are capable of osmoregulation in seawater have

simply retained feature™ch istic of their anad Those

salmon from nonanadromous stocks that are not able to acclimate to seawater are
indicative of a recent tendency away from anadromy. - The parr-smolt
transformation is widely atsumed to be an energy intensive process, ard therefore
represents an inefficient utilization of fesources when retained in stocks that do
not ﬁorma]l)‘ go to sca. The suppression of the parr-smolt transformation would
therefore be adaptive and selected for in these forms. The absence of

morphometric differences between d and d salmon

(Wilder, 1947) also supports a recent origin of the latter form. Ryman (1983)

found only. slight genetic di between anadi and d

forms of Atlantic salmon, brown trout, and rainbow trout. and similarly
concluded that such forms are of recent origin. :

The work of Ryman (méé] however does not preclude the existence of
genetic differences between the two forms. Since the salmon in the present study,
were cultured under similar couditi‘on‘s, the differences noted in the patterns of
smoltification presumably-represent genetic differences. Sutterlin and MacLean

84) found genetic differences in oocyte recruitment pattern in the same
anadromous and nonanadromous stocks that were investigated in the present
slm‘i_v, It appears therefore that there are impor!w genetic differences between
2nadromous and nonanadromous Atlantic salmon. These differences however are
behavioral (i.e. different migratory patlems) and pb)slologn:a] in pature and are
not exprssed morpholopcally w5

R - ' %

The observation that smoltification was reduced in cultured SRxSR males is,
of interest with* respect to reports of imbalanced sex ratlos zmong naturally
produced smolts, “and may partially explain the preponderance of Iemales amoug
such groups. Gibson 11983) has shown that ‘sexual maturation in male parr can

result in a delay in the onset of smoltification because of reduced growth. Under
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natural conditions, extended river residence probably reduces the proportion of
male smoltstbecause of increased predation, and the mature males that do
smoltify and migrate are probably older than immature smolts. It could be
argued therefore “hat the differences in the various criteria of ‘smoltification
observed in the SRYSR salmon occured because the mature males were td¥' young
to smoltify. It could also be argued that these differences occured because the
<immature females were larger than the mature males since the parr-smolt
transformation js size dependent (Elson, 1957; Parry, 1960; Conte and Wagner,
1963; Ewing et al, 1980). However there was no significant difference in the

mean length of the cultured

SRxSR. malis compared to a sample of wild

anadrbmous smolts captured fehile migrating to sea. Clearly the cultured males

had attained the critical size/necessary to permit smoltification and migration in.

wild salmon of this stock.
. + '
Circumstantial evidende (low proportion of males in smolt runs and low

proportion of mature streamy resident males older than the age of smoltification)

led Dalley et al. (1983) to' contlude that in Newfoundland rivers, only a small;

proportion of mature male salmon of smolt size actually smoltifies and migrates to
sea, and that there is high mortality in the remaining fish. In the MataC:k River
(Quebec), Gibson, (1983) found that a proportion ol' rnalure male salmion parr
does not appear to become anadromous, but ralher remains in® the river
permanently. Such parr become considerably larger ‘than the smolts that migrate
to sea, It is quite possible however that precocious maturation in male parr does

not have such effects on subsequent smoltificatien in all populations of Atlant#

salmon. Saunders ef al. (1982) found that the parr-smolt transformation was not *

compfomiaéd in cultured mature male parr; from New Bruns¥ick. Similarly.
seaward migration of mature males has been reported in European stocks (Mitans,
1973; THorpe and Morgan; 1980). While différent rearing conditions may account
for the disagréement between studies, it is possible that genetic differences are
involved. Further investigation would seem warrantgd. '
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Jones (1959) expresses the view that large anadromouss males are the
primary spawners in Atlantic salmon, and that sexually mature male parr

Osterdaly (1969) stated the

therefore rep a form of *biological

opposite view, that male parr are the primary spawners “and that large

anadromous males function as *biological insurance® (and are necessary for
colonization* of rivers without salmon). If salmonids originated in freshwater
(Tchernavin, 1939; loar, 1676) then the latter. pasition appears plausible since
reproduction without prior seaward migration would represent the original life

history pattern. There is nothing to suggest that maturation in male parr is a

new phenomenon, hence it appears that anad}Jomy and the precocious ‘matutation
. P

in d .male parr rep alternative rep ies. Thus,

recent studies have applied the theory of games to salmonid life history patterns

(Gross, 1984; Myers in prep.). Such treatment is appropriate in situations where

competition occurs between alternative reproductive - strategies, and where

frequency dependent mechanisms operate such that an evolutionarily" stable

of strategies is d. Gross (1984) offered a theory for coho
salmon in which frequency dependent agonistic bebavior among males on the
spawning ground ensures the fitness of both strategies. "Myers (in prep.) suggests
an alternative hypothesis leading to a mixed evolutionarily stable strategy wherein
a high incidence of precocious male maturation increases the [fitness of large
anadromous males because of their ability to spawn with many females.

An assumption inherent in any biological application of game theory is"that
the alternative regroductive strategies have a-genetic basis. It may be argued
that environmental faclors determine if males mature a&’ parr or smolh{\ and
m|grale to sea. Sew;al studies have shown that rapidly growing parr are more
apt to mature precunousl) than slowl\ gro@ng. parr (Leyzerovich, 1973; Slmpwn
and Thorpe, 1976; Saunders et al., 1982, Gibson, 1983), and thal growth rale is
influenced by environméntal !actors (densm food availability, v.empernure ete.).
Gibson (1983) noted that growth rate of salmqn parr in the Matamek Riveér has

increased due to reduced density between #967 and 1976. This has resulted in an
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id

increased i of p! ious male ion that is reflected by a decrease

in the male:female ratio in recent smolt runs. Such population shifts would

presumably result in fewer large d males on -the

P ing ground
relative to mature parr. If frequency dependent reproductive success (fitness) is
operating then the few large anadromous males that do spawn will achieve greater
success than the mature parr and therefore anadromy will be favoured. Future

monitoring of anadromous sex ratios in this river may provide evidence for or

against the jon of frequency depend productive success in Atlantic
salmon populations.

In conclusion, this study indicates that, apart from'the attainment of silvery.
colouration, the nonanadromous Atlantic salmon that inhabit Five Mile Pond
East, Newfoundland, do not yndergo a parr-smolt lransror;nation comparable to
that’ observed in anadromous salmon from the Explpils River, and in general
cannot acclimate to kseawater. As well, cultured mature male parr of Exploits

River stock did not smoltify, while immature females of the same stock did show

evidence of smoltification. This finding provides direct support for the contention

of Dalley et al. (1983) that mature male parr in some Newfoundland populations
are not likely to smoltify an'd migrate to sea.
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