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ABSTRACT 

Boeuf, G., Le Bail, P.Y. and Prunet, P., 1989. Growth hormones and thyroid hormone during 
Atlantic salmon, Salmo salar L., smolting, and after transfer to seawater. Aquaculture, 82: 257- 
268. 

Gill (Na + -K+ ) -ATPase activity of juvenile salmon, Salmo salar L., increased “classically” from 
February to the end of April in experiments in two different years, and its level before transfer to 
seawater was correlated directly with seawater performance (survival, plasma osmotic pressure 
and plasma chloride levels). A thyroxine (T4) surge occurred 2-3 weeks before the peak of gill 
enzyme levels. After’the T4 peak the fish were clearly euryhaline, but T4 levels were not correlated 
with seawater adaptability. They remained able to adapt rapidly to seawater for at least 1 month 
after the surge. Two significant increases of tri-iodothyronine (T3) occurred while the fish were 
in freshwater: transfer to seawater either decreased T3 and T4 or had no effect. In freshwater, 
plasma growth hormone (GH) levels rose sharply concomitant with the T3 peak, 2 weeks before 
peak gill ATPase activity. After transfer to seawater GH increased significantly, remaining high 
for 7-10 days, and returning to base levels after 14 days. GH appeared to play a major role in 
smolting and seawater adaptation. 

INTRODUCTION 

The physiological, biochemical and endocrinological changes occurring at 
smolting have been reviewed frequently (Fontaine, 1975; Hoar, 1976; Folmar 
and Dickhoff, 1980; Wedemeyer et al., 1980; Boeuf, 1987). Zaugg and McLain 
(1970, 1972) first described the seasonal spring increase in gill (Na+-K+)- 
ATPase activity in coho salmon, Oncorhynchus kisutch, and other Pacific 
salmon prior to downstream migration. Saunders and Henderson (1978) and 
Boeuf et al. (1985) found similar patterns in Atlantic salmon, Salmo s&r L., 
and Boeuf and Harache (1982, 1984) established such activity levels as pre- 
dictors of readiness for seawater transfer. 

Thyroxine (T4) surges have been recorded at smolting in Pacific (Dickhoff 
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et al., 1978; Grau et al., 1981) and in Atlantic salmon (Lindahl et al., 1983; 
Youngson and Simpson, 1984; Boeuf and Prunet, 1985; Virtanen and Soivio, 
1985)) and may be used as an indicator of smolting status (Folmar and Dick- 
hoff, 1981; Boeuf, 1987). 

Growth hormone (GH) influences growth (Donaldson et al., 1979), smolt- 
ing and seawater adaptation (Komourdjian et al., 1976; Clarke et al., 1977; 
Nagahama et al., 1977; Hirano et al., 1987), increasing during smolting in coho 
(Sweeting et al., 1985). 

The present paper reports on changes in Atlantic salmon plasma thyroid 
hormones and GH levels, and their possible roles in osmoregulation and sea- 
water adaptation: (1) during smolting, defined by gill ATP-ase activity as an 
indicator of seawater adaptability; and (2) after transfer to seawater (before, 
during and after smolting). 

MATERIAL AND METHODS 

Cultured Norwegian salmon were reared in river water (pH 6.5-7) at the Le 
Conquet hatchery, Brittany. From September preceding the smolting year 
(1984 and 1986) upper modal group fish (Thorpe, 1977; Boeuf et al., 1985 ) at 
100 fish/m2 were fed dry pellets (SSl IFREMER) by automatic feeder, in 2 x 2 
m Ewos tanks, under natural photoperiod (48’ N) and temperature (Fig. 1) . 
They were transferred to similar rearing conditions at the Centre Oceanolo- 
gique de Bretagne at least 2 weeks before seawater transfer. On that day the 
freshwater supply was closed, the seawater supply opened, and the fish were 
in full seawater (34.4-35.6%0) within 1 h. The food was then changed to SS6 
IFREMER pellets (Gaignon, 1987). Four transfers were made in 1984-85, and 
three in 1987 (Table 1) . 

Gill and plasma sampling from lo-25 fish (10 in seawater experiments) 
began in September 1984 and February 1987, respectively. Blood was sampled 
from the posterior aorta by heparinised syringe, between 09.00 and 11.00 h, 
and plasma was stored at - 28” C. Gill filaments from the same fishes, rinsed 
with 0.25 M sucrose (pH 7.4) were stored immediately in liquid nitrogen. Gill 
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Fig. 1. Temperature regimes in the hatchery of Le Conquet. 
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TABLE 1 

Experimental conditions at the beginning of the seven seawater transfers of Atlantic salmon performed in 
1984-85 and in 1987 

Date 

25.11.84 7.01.85 25.03.85 22.04.85 23.03.87 20.04.87 18.05.87 

I II III IV 1 2 3 

Freshwater 
temperature 

(“C) 
(control fish) 

Seawater 
temperature 

(“C) 
Average fork 

length (mm) 
Gill (Na’-K+)- 

ATPase 
activity level 
(pm Pi mg 

Prot.-’ h-l) 

11.4 6.1 9.5 9.5 9.9 11.2 11.3 

13.8 9.8 9 11 10.2 11.0 12.5 

116.9k1.6 121.6kO.4 160.9k4.6 162.2f4.2 136.622.0 158.2f1.9 172.7k4.9 

6.5 + 0.4 4.5 * 0.5 14.8 * 1.1 25.2 & 1.0 10.4 + 1.2 21.5k1.6 18.5 + 0.7 

(Na+ -K+ ) -ATPase and Mg2+ -ATPase were measured by the method of Las- 
serre et al. (1978). Plasma tri-iodothyronine (T3 ) and T4 concentrations were 
determined by radioimmunoassay (Chopra, 1978; modified by McKenzie et al., 
1978; Boeuf and Prunet, 1985). The intra-assay coefficient of variation was 3- 
7%) and all samples of the same experiment were measured in the same assay. 
Plasma GH levels were determined by radioimmunoassay (Le Bail et al., in 
prep. ). 

One-way analyses of variance and the SNK multiple range test were used to 
assess the significance of differences in the data. In the transfer experiments 
Student’s t-test was used to assess differences between fish in fresh- and 
seawater. 

RESULTS 

Experiment 1: 1984-85 

Freshwater (Fig. 2 ) . (Na+ -K+ ) -ATPase activity rose gradually from January 
to peak at a significantly high level (P< 0.01) on 22 April, declining slowly 
thereafter. Plasma T3 increased from low levels before February to peak in 
mid-March at 11.2 + 1.0 ng/ml (P < 0.05). This peak preceded that of T4, which, 
after a slight rise in November-December, surged sharply to 29.5 t 0.5 ng/ml 
on 14 April. 

Seawater (Figs. 3-5). After seawater transfers I (25 October) and II (7 Janu- 
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Fig. 2. Gill (Na+-K+ ) -ATPase activity and thyroid hormone changes during smolting in Atlantic 
salmon in freshwater. Date of each seawater transfer is indicated (Tr). Each point represents the 
mean k standard error of 10 to 25 fish. 

25 Oct. 84 7 Jon. 85 25 Mar. 85 22 Apr. 85 

Fig. 3. Changes in osmotic parameters after four direct transfers to seawater in the Atlantic salmon 
(I, 25 October 1984; II, 7 January 1985; III, 25 March 1985; IV, 22 April 1985). Each point rep- 
resents the mean k the standard error of 10 fish. 
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Fig. 4. Blood plasma tri-iodothyronine changes (legend as in Fig. 3). 
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Fig. 5. Blood plasma thyroxine changes (legends as in Fig. 3 1. 

ary) osmotic imbalance was high, plasma osmotic pressure ( > 400 mOsm/l) 
and chloride levels increasing rapidly. Gill ATPase activity increased slowly 
and stayed at low levels over 1 week (10pm Pi mg Prot.-’ h-l). After transfers 
III (25 March) and IV (22 April) osmotic balance was restored rapidly, and 
ultimate changes in plasma osmotic pressure and chloride levels were less in 
April than in March. After transfer III, gill ATPase levels continued to rise, as 
in freshwater fish at this time. After transfer IV levels rose in seawater but 
decreased slightly in freshwater, although both levels were higher than in 
March. 

T3 levels were unaffected by seawater transfer in March and April, but de- 
creased sharply (PC 0.01) from high freshwater values in October and Janu- 
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Fig. 6. Gill (Na+-K+)-ATPase activity, thyroid hormones and growth hormone (GH) changes 
during smolting in Atlantic salmon in freshwater. Each point represents the mean k the standard 
error (n=lO to 25 fish). 

ary. T4 levels were unaffected by transfer in April, decreased rapidly in March, 
and less rapidly in October and January. 

Mortalities after 7 days in seawater were 45%, 25%, 6% and 2% respectively, 
compared to 0 in freshwater. 

Experiment 2: 1987 

Freshwater (Fig. 6). Gill ATP-ase activity rose from mid-February to peak 
(PC 0.01) in late April, then declined gradually. T3 levels peaked on 7 April 
(PC 0.01) and again 4 weeks later, remaining high thereafter. T4 levels also 
peaked on 7 April and again on 12 May and 7 July (all P < 0.01) . GH levels 
were low until March, peaked on 7 April, and then fell to levels significantly 
higher (P < 0.01) than before the peak. 

Seawater (Fig. 7). On seawater transfer (23 March, 20 April and 18 May) 
plasma osmotic pressure increased < 10% after 14 days, and chloride levels 
increased only slightly (after 48 h, P-C 0.01) (Table 2). Disequilibrium was 
less than in transfers I and II of 1984-85, but greater than in transfer IV. These 
small increases were compatible with good adaptation (Boeuf et al., 1982). 

Plasma GH increased significantly on transfer (P < 0.001)) and still further 
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Transfer I (23 March 1987) 

012 4 7 14 DAY 

Fig. 7. Plasma growth hormone (GH) and osmotic pressure changes after three direct transfers 
from freshwater to seawater in the Atlantic salmon. Each point represents the mean f the stan- 
darderror (n=lO). 

TABLE 2 

Plasma chloride levels in (meq 1-l) after transfers of Atlantic salmon (n= 10) to seawater in 1987: 
mean ?I standard error 

Tr 1 Tr2 Tr3 

FW fish at 24 h 
SW fish at 24 h 
FW fiih at 48 h 
SW fish at 48 h 
FW fish at 4 days 
SW fish at 4 days 
FW fish at 7 days 
SW fish at 7 days 
FW fish at 14 days 
SW fish at 14 days 

124.8f2.1 
138.1 f 2.1 
129.7 f 0.8 
144.3 f 2.5 
126.3 -I 0.6 
140.6 + 1.5 
128.8 k 0.6 
142.15 1.4 
130.4+ 1.1 
142.7 t 1.2 

123.6 f 1.3 
132.7 + 2.5 
126.7 k 0.4 
139.7 * 1.2 
126.1+ 0.3 
143.5 k 1.8 
127.7 4 0.8 
137.6 f 1.0 
1270. ?I 0.5 
140.8? 1.1 

129.2kO.6 
141.6 f 1.4 
129.9 k 0.5 
142.3 + 1.2 
124.5 f 3.6 
145.6 + 1.5 
131.0 f 0.6 
148.2 I!C 1.4 
134.2 + 1.0 
146.6 + 1.4 
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after 7 days (PC 0.01). After 14 days the differences between fish in fresh- and 
seawater disappeared. Mortality after transfer was < 3% at each date. 

DISCUSSION 

Milne and Leatherland (1980) concluded that if thyroid hormones were in- 
directly affected by ambient salinity, they could not play a direct role in ionic 
and osmotic regulation in rainbow trout, S. gairdneri, and coho salmon. By 
contrast, thyroid activity is indispensable for proper osmoregulation and sur- 
vival in seawater in Fund&s heteroclitus (Knoeppel et al., 1982). Folmar and 
Dickhoff (1981) found that T4 levels just prior to seawater entry influenced 
seawater survival over 6 months in coho, but concluded that they had no os- 
moregulatory role there. Pereira and Adelman (1985) concluded likewise for 
chinook salmon, Oncorhynchus tshawytschu. The present results show no cor- 
relation between T3 or T4 levels and seawater adaptability in Atlantic salmon, 
but do agree with those of Dickhoff et al. (1982), Nagahama et al. (1982) and 
Grau et al. (1985) in Oncorhynchus spp., that osmotic capacities are high after 
the T4 surge. The transitory high level of T4 (and possibly T3 ) may determine 
the time of acquiring euryhalinity, followed by a long period of seawater tol- 
erance. However, as in previous studies, high levels of gill (Na+-K+ ) -ATPase 
were more directly related to osmoregulatory capacity in seawater, and were 
good predictors of high seawater adaptability. If thyroid hormones are not im- 
plicated in seawater adaptation at smolting, this may account for apparently 
contradictory observations made by different authors at this time. 

Thyroid hormone levels did not change or decreased on transfer to seawater. 
In Pacific salmon, T4 decreased on transfer (Grau et al., 1980; Dickhoff et al., 
1982; Specker and Schreck, 1984)) and so did T3 (Dickhoff et al., 1982). Boeuf 
(1987) found a small decrease of both in rainbow trout, but Milne and Leath- 
erland (1980) found no difference. In eels, AnguiZZu anguilla, Leloup and De 
Luze (1985) showed an increase in T3, but no change in T4. In freshwater, the 
T4 surge occurred before peak gill ATPase activity (c.f. Boeuf and Prunet, 
1985; Virtanen and Soivio, 1985). Other peaks also occurred after smolting. 
Such changes in plasma T3 and T4 levels were not dependent on differences 
of binding capacities of transport proteins during smolting (Boeuf et al., 1989). 

The smolting and post-smolt periods should be separated, and the signifi- 
cance of thyroid hormone fluctuations after migration should be considered 
separately, especially if smolts are constrained to remain in freshwater. The 
results herein do not substantiate the observations of Grau et al. (1981) on the 
relationships between the TQ surge and the new moon phase of the lunar cycle 
in coho salmon. The observations of Boeuf and Pnmet (1985) may have been 
coincidental. 

T3 levels increased each year. Such changes were not reported by Lin et al. 
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(1988). In 1983 (Boeuf and Prunet, 1985) and in 1985, T3 increased before 
and after the T4 surge, but in 1987 both hormones peaked at the same time, 
and plasma T3 remained high ( > 15 ng/ml) after smolting. It is known that 
nuclear receptors have a higher affinity for T3 than T4 (Darling et al., 1982; 
Bres and Eales, 1986)) and recently Leloup et al. (1986) found T3 receptors 
in the gills of brown trout, S. truttu. Knowing that T3 induces (Na+-K+ ) - 
ATPase synthesis in mammals (Bernal and De Groot, 1980), it may be re- 
sponsible for activating the gill enzyme in salmon. However, different treat- 
ments with T3 did not increase ATPase levels in salmonids (Saunders et al., 
1985; Omeljaniuk and Eales, 1986; Boeuf, unpublished, 1988). 

T4 may also indicate the triggering of migratory behaviour (Fontaine et al., 
1952; Godin et al., 1974; Fontaine, 1975; Youngson et al., 1986). Close rela- 
tionships have been found recently between euryhalinity and growth during 
smolting, under thyroid hormone action (Boeuf and Gaignon, 1989; Boeuf and 
Le Bail, in prep.). 

Few studies have been made on GH in salmonids (Sweeting et al., 1985; 
Young et al., 1989; Prunet et al., 1989). In Atlantic salmon, increased GH levels 
occurred coincident with T3 increases at smolting (Prunet et al., 1989). The 
first GH peak, but not the second, was confirmed using a totally different ra- 
dioimmunoassay (Le Bail et al., in prep.). However, plasma levels of GH re- 
mained high after smolting. In the present study GH and T3 levels peaked 
together, indicating a possible influence of GH on the T4-T3 conversion (De 
Luze and Leloup, 1984; Eales, 1985). Hence the first GH surge may be involved 
in seawater adaptation in Atlantic salmon smolting. 

Plasma GH levels rose significantly within 24 h and were sustained for 7-10 
days after experience of seawater. After 14 days, seawater and freshwater levels 
were identical. Bolton et al. (1986) found a transient (24 h) increase after 
seawater transfer of rainbow trout. Two avenues of research are suggested by 
the present results: (1) as GH levels change more than do T3 and T4 after 
seawater transfer in Atlantic salmon, is GH involved in smolting and in sea- 
water osmoregulation ?; and (2) as high levels of GH have been associated with 
stunting in coho after seawater transfer (Bolton et al., 1987)) do Atlantic salmon 
resume growth in seawater when GH levels decrease? 

Further studies are also needed to clarify the interrelationships of GH, T3 
and T4 during smolting and seawater adaptation. 

ACKNOWLEDGEMENTS 

We thank B. Petton and Y. Normant for fish maintenance, A. Le Roux and 
A. Severe for laboratory assistance, and S. Gros and N. Soun for graphic and 
typing assistance. We are indebted to J. Thorpe (Freshwater Fisheries Labo- 
ratory, Pitlochry) for reviewing the manuscript. 



266 G. BOEUF ET AL. 

REFERENCES 

Bernal, J. and De Groot, L.J., 1980. Mode of action of thyroid hormones. In: The Thyroid Gland. 
Raven Press, New York, NY, pp. 1‘23-143. 

Boeuf, G., 1987. Contribution h lutude de l’adaptation aa l’eau de mer chez les Poissons Salmo- 
nides - DBtermination de critires de smoltification par mesures de I’activi@ (Na+- 
K+ )ATPasique des microsomes de la branchie et des hormones thyroidiennes plasmatiques. 
These de Doctorat d’Etat, Universiti de Bretagne Occidentale, 370 pp. 

Boeuf, G. and Gaignon, J.-L., 1989. Effects of rearing conditions on growth and thyroid hormones 
during smolting of Atlantic salmon, Salmo salar L. Aquaculture, 82: 29-38. 

Boeuf, G. and Harache, Y., 1982. Criteria for adaptation of salmonids to high salinity seawater in 
France. Aquaculture, 28: 163-176. 

Boeuf, G. and Harache, Y., 1984. Adaptation osmotique a I’eau de mer de differentas especes 
(Salmo trutta, Salmo gairdnneri, Salvelinus fontinalis) et hybride (Salmo trutta femelle x 
Salvelinus fontinalis tile) de salmonides. Aquaculture, 40: 343-358. 

Boeuf, G. and Prunet, P., 1985. Measurements of gill (Na+-K+ )-ATPase activity and plasma 
thyroid hormones during smoltification in Atlantic salmon (Salmo salar L.). Aquaculture, 45: 
111-119. 

Boeuf, G., Le Roux, A. and Harache, Y., 1982. Indicateurs biochimiques de la preparation a la 
migration chez les salmonides: applications aux transferts d’eau deuce en eau de mer. Acte 
Colloque CNEXO no: 14, Actualitis Biochim. Mar., 5: 327-334. 

Boeuf, G., Le Roux, A., Gaignon, J.-L. and Harache, Y., 1985. Gill (Na+-K+)-ATPase activity 
and smolting in Atlantic salmon (Salmo salar L.) in France. Aquaculture, 45: 73-81. 

Boeuf, G., Uin, L.M. and Eales, J.G., 1989. Plasma levels of free and bound thyroid hormones 
during Parr-smolt transformation in Atlantic salmon. (Salmo salar). Can. J. Zool., 67: 1654- 
1658. 

Bolton, J.P., Collie, N.L., Kawauchi, M. and Hirano, T., 1986. Osmoregulatory actions of growth 
hormone in rainbow trout (Salmo gairdneri). J. Endocrinol., 112: 63-68. 

Bolton, J., Young, G., Nishioka, R.S., Hirano, T. and Bern, H.A., 1987. Plasma GH levels in 
normal and stunted yearling coho salmon (Oncorhynchus kisutch). J. Exp. Zool., 242: 379- 
382. 

Bres, 0. and Eales, J.G., 1986. Thyroid hormone binding to isolated trout (Salmo gairdneri) liver 
nuclei in vitro: binding affinity, capacity and chemical specificity. Gen Comp. Endocrinol., 61: 
29-39. 

Chopra, I.J., 1978. Radioimmunoassay of iodothyronines. In: G. Abraham (Editor), Handbook 
of Radioimmunoassay. Dekker, New York, NY, pp. 679-703. 

Clarke, W.C., Farmer, S.W. and Hartwell, K.M., 1977. Effect of teleost pituitary growth hormone 
on growth of Tilapia mossambica and on growth and seawater adaptation of sockeye salmon 
(0. nerha). Gen. Comp. Endocrinol., 33: 174-178. 

Darling, D.S., Dickhoff, W.W. and Gorbman, A., 1982. Comparison of thyroid hormone binding 
to hepatic nuclei of the rat and a teleost (Oncorhynchus kisutch). Endocrinology, 111: 1936- 
1943. 

De Luze, A. and Leloup, J., 1984. Fish growth hormone enhances peripheral conversion of thy- 
roxine to t,riiodothyronine in the eel (Arzguilla anguilla L.). Gen Comp. Endocrinol., 56: 308- 
312. 

Dickhoff, W.W., Folmar, L.C. and Gorbman, A., 1978. Changes in plasma thyroxine during smol- 
tification of coho salmon (Oncorhynchw kisutch). Gen. Comp. Endocrinol., 36: 229-232. 

Dickhoff, W.W., Folmar, L.C., Mighell, J.L. and Mahnken, C.W., 1982. Plasma thyroid hormones 
during smoltification of yearling and underyearling coho salmon and yearling chinook salmon 
and steelhead trout. Aquaculture, 28: 39-48. 

Donaldson, E.M., Fagerlund, U.H.M., Higgs, D.A. and McBride, J.R., 1979. Hormonal enhance- 



SALMO SALAR HORMONES DURING SMOLTING AND AlVER SEAWATER TRANSFER 267 

ment of growth. In: W.S. Hoar, D.J. Randall and R. Brett (Editors), Fish Physiology, Vol. 8. 
Academic Press, New York, NY, pp. 456-598. 

Eales, J.G., 1985. The peripheral metabolism of thyroid hormones and regulation of thyroidal 
status in poikilotherms. Can. J. Zool., 63: 121’7-1231. 

Folmar, L.C. and Dickhoff, W.W., 1980. The Parr-smolt transformation (smoltification) and 
seawater adaptation in salmonids. A review of selected literature. Aquaculture, 21: l-37. 

Folmar, L.C. and Dickhoff, W.W., 1981. Evaluation of some physiological parameters as predictive 
indices of smoltification. Aquaculture, 23: 309-324. 

Fontaine, M., 1975. Physiological mechanisms in the migration of marine and amphihaline fish. 
Adv. Mar. Biol., 13: 241-355. 

Fontaine, M., Leloup, J. and Olivereau, M., 1952. La fonction thyroidienne du jeune saumon 
(Solmo sub L.) parr et smolt et son intervention possible dans la migration d’avalaison. Arch. 
Sci. Physiol., 6: 83-104. 

Gaignon, J.L., 198’7. L’elevage des juveniles de saumon atlantique (Salmo salar). Piscicult. Fr., 
90: 5-57. 

Godin, J.G., Dill, P.A. and Drury, D.E., 1974. Effects of thyroid hormones on behavior of yearling 
Atlantic salmon (Salmon salar L.). J. Fish. Res. Board Can., 31: 1787-1790. 

Gau, E.G., Nishioka, R.S. and Bern, H.A., 1980. Effects of seawater entry on thyroid function in 
the coho salmon (Oncorhynchus kisutch). Am. Zool., 20: 851. 

Grau, E.G., Dickhoff. W.W., Nishioka, R.S., Bern, H.A. and Folmar, L.C., 1981. Lunar phasing 
of the thyroxine surge preparatory to seaward migration of salmonid fishes. Science, 211: 607- 
609. 

Grau, E.G., Fast, A.W., Nishioka, R.S., Bern, H.A., Barclay, D.K. and Katase, S.A., 1985. Varia- 
tions in thyroid hormone levels and in performance in the seawater challenge test accompa- 
nying development in coho salmon raised in Hawaii. Aquaculture, 45: 121-132. 

Hirano, T., Ogasawara, T., Bolton, J.P., Collie, N.L., Hasegawa, S. and Iwata, M., 1987. Osmo- 
regulatory role of prolactin and growth hormone in lower vertebrates. In: R. Kirsh and B. 
Lahlou (Editors), Comparative Physiology of Environmental Adaptations, Vol. 1. Karger, Basel, 
pp. 112-124. 

Hoar, W.S., 1976. Smolt transformation: evolution, behavior and physiology. J. Fish. Res. Board 
Can., 33: 1233-1252. 

Knoeppel, S.J., Atkins, D.L. and Packer, R.K., 1982. The role of the thyroid gland in osmotic and 
ionic regulation in Fundulus heteroclitus acclimated to freshwater and seawater. Comp. 
Biochem. Physiol., 73(A): 25-29. 

Komourdjian, M.P., Saunders, R.L. and Fenwick, J.C., 1976. The effect of porcine somatotropin 
on growth and survival in seawater of Atlantic salmon (Salmo salar) Parr. Can. J. Zool., 54: 
531-535. 

Lasserre, P., Boeuf, G. and Harache, Y., 1978. Osmotic adaptation of Oncorhynchus kisutch Wal- 
baum. I. Seasonal variations of gill Na+-K+ ATPase activity in salmon, O+-age and yearling, 
reared in fresh water. Aquaculture, 14: 365-382. 

Leloup, J. and De Luze, A., 1985. Environmental effects of temperature and salinity on thyroid 
function in teleost fishes. In: B.K. Follet, S. Ishii and A. Chandola (Editors), The Endocrine 
System and the Environment. Jpn. Sci. Sot. Press, Tokyo, Springer Verlag, Berlin, pp. 23-32. 

Leloup, J., De Luze, A. and Lebel, J.M., 1986. Acclimatation de la truite (Salmo trutta) A l’eau de 
mer: recepteurs de la tri-iodothyronine dans la branchie. J. Physiol., Paris, 81: 28. 

Lin, R.J., Cross, T.F., Mills, C.P.R., Nishioka, R.S., Grau, E.G. and Bern, H.A., 1988. Changes in 
plasma thyroxine levels during smoltification in hatchery-reared one-year and two-year Atlan- 
tic salmon (Salmo salar). Aquaculture, 74: 369-378. 

Lindahl, K., Lundqvist, H. and Rydevik, M., 1983. Plasma thyroxine levels and thyroid gland 
histology in Baltic salmon (Salmo salar L.) duringsmoltification. Can. J. Zool., 61: 1954- 1958. 

McKenzie, D.S., Licht, P. and Papkoff, H., 1978. Thyrotropin from amphibian (Rana cates- 



268 G. BOEUF ET AL. 

beiana) pituitaries and evidence for heterothyrotropic activity of bullfrog luteinizing hormone 
in reptiles. Gen. Comp. Endocrinol., 36: 566-574. 

Nagahama, Y., Clarke, W.C. and Hoar, W.S., 1977. Influence of salinity on ultrastructure of the 
secretory cells of the adenohypophyseal pars distalis in yearling coho salmon (Oncorhynchus 
kisutch). Can. J. Zool., 55: 183-198. 

Nagahama, Y., Adachi, S., Tashiro, F. and Grau, E.G., 1982. Some endocrine factors affecting the 
development of seawater tolerance during the Parr-smolt transformation of the amago salmon 
(Oncorhynchus rhodurus). Aquaculture, 28: 81-90. 

Omeljaniuk, R.J. and Eales, J.G., 1986. The effect of 3,5,3’-triiodo-L-thyronine on gill Na+-K*- 
ATPase of rainbow trout (S&no guirdneri) in fresh water. Comp. Biochem. Physiol., 84A: 
427-429. 

Pereira, D.L. and Adelman, I.R., 1985. Interactions of temperature, size and photoperiod on growth 
and smoltification of chinook salmon (Oncorhynchus tshawytscha). Aquaculture, 46: 185-192. 

Prunet, P., Boeuf, G., Bolton, J.P. and Young, G., 1989. Smoltification and seawater adaptation 
in Atlantic salmon (S&no salar): plasma prolactin, growth hormone and thyroid hormones. 
Gen. Comp. Endocrinol., 74: 355-364. 

Saunders, R.L. and Henderson, E.B., 1978. Changes in gill ATPase activity and smolt status of 
Atlantic salmon (Salmo solar). J. Fish. Res. Board Can., 35: 1542-1546. 

Saunders, R.L., Henderson, E.B. and Harmon, P.R., 1985. Effects of photoperiod on juvenile 
growth and smolting of Atlantic salmon and subsequent survival and growth in sea cages. 
Aquaculture, 45: 55-66. 

Specker, J.L. and Schreck, C.B., 1984. Thyroidal response to mammalian thyrotropin during 
smoltification of coho salmon (Oncorhynchus kisutch). Comp. Biochem. Physiol., 78A 441- 
444. 

Sweeting, R.M., Wagner, G.F. and McKeown, B.A., 1985. Changes in plasma glucose, amino acid 
nitrogen and growth hormone during smoltification and seawater adaptation in coho salmon 
(Oncorhynchus ki-sutch). Aquaculture, 45: 185-197. 

Thorpe, J.E., 1977. Bimodal distribution of length of juvenile Atlantic salmon (Salmo s&r L. ) 
under artificial rearing conditions. J. Fish Biol., 11: 175-184. 

Virtanen, E. and Soivio, A., 1985. The patterns of Ts, Tq, cortisol and Na+-K+ ATPase during 
smoltification of hatchery-reared Salmo s&r and comparison with wild smolts. Aquaculture, 
45: 97-109. 

Wedemeyer, G., Saunders, R.L. and Clarke, W.L., 1980. Environmental factors affecting smolti- 
fication and early marine survival of anadromous salmonids. Mar. Fish. Rev., 42: 1-14. 

Young, G., Bjornsson, B.T., Prunet, P., Lin, R.J. and Bern, H.A., 1989. Smoltification and sea- 
water adaptation in coho salmon (Oncorhynchus kisutch): plasma prolactin, growth hormone, 
thyroid hormones and cortisol. Gen. Comp. Endocrinol., 74: 335-345. 

Youngson, A.F. and Simpson, T.H., 1984. Changes in serum thyroxine levels during smolting in 
captive and wild Atlantic salmon (Sulmo sulur L.). J. Fish Biol., 24: 29-39. 

Youngson, A.F., McLay, H.A. and Olsen, T.C., 1986. The responsiveness of the thyroid system of 
Atlantic salmon (Sulmo salur L.) smolts to increased water velocity. Aquaculture, 56: 243- 
255. 

Zaugg, W.S. and McLain, L.R., 1970. Adenosine triphosphatase activity in gills of salmonids: 
seasonal variations and salt water influence in coho salmon (Oncorhynchus kisutch). Camp. 
Biochem. Physiol., 35: 587-596. 

Zaugg, W.S. and McLain, L.R., 1972. Changes in gill ATPase activity associated with Parr-smolt 
transformation in steelhead trout (Sulmo guirdneri), coho (Oncorhynchw kisutch) and spring 
chinook salmon (Oncorhynchus tshuwytschu). J. Fish. Res. Board Can., 29: 167-171. 


