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Abstract

Atlantic salmon which had been released as fry in tributaries of the Connecticut River
{ Northeastern USA ) were captured during the migratory period (% May to 6 June) [ to2
vears later. Migrants (smolts) were captured above a dam on the main-stem; non-migrants
(parr) were captured in two tributaries. Migrants were significantly larger than non-mi-
grants {16.9 and 13.0 cm, respectively ), but had a 20% lower condition factor, Relative to
non-migrants, migrants had significantly higher gill Na* K*-ATPase activity {5-fold),
plasma glucose ( 1.8-fold), plasma thyroxine (8-fold ), plasma cortisol (5-fold) and plasma
growth hormone { 100-fold ). There were no significant differences in plasma [Na™ ], [K¥]
and [Ca®*] between migrants and non-migrants. Most of the differences seen between
non-migrants and migrants were similar to those that occurred seasonally in a captive
{hatchery) population of the same stock of Atlantic salmon. However, hatchery smolts
had lower levels of plasma thyroxine and exhibited no significant change in plasma growth
hormone from February to June, The large differences between migrants and non-mi-
grants may be related to both the parr-smolt transformation and migration.

1. Introduction

Almost all of our knowledge of the physiology of the parr—smolt transformation
is derived from laboratory or hatchery-reared populations. These studies have
permitted sufficient access to fish and control over the rearing environment to
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unravel some of the most important endocrine and physiological changes that
occur during this period (McCormick and Saunders, 1987; Hoar, 1988). How-
ever, the ability of environmental change to strongly influence the timing and
intensity of changes during the parr-smolt transformation (Wedemeyer et al.,
1980 ) indicates that significant differences may exist between wild and hatchery-
reared populations of anadromous salmonids.

Only a few studies have examined the physiology of wild migratory smolts
{Hoar, 1939; Power, 1959; Chernitsky, 1980, 1986; Youngson and Simpson, 1984;
McCormick et al., 1985; Ackman and Takeuchi, 1986; Cunjak et al., 1990; Var-
navsky et al., 1992), and only a few physiological parameters have been exam-
ined to date. Our purpose in this study was to determine whether physiological
and endocrine changes that occur in captive populations also occur under natural
{wild ) conditions, and to search for potential differences between fish reared in
captivity and in the wild. To accomplish this, Atlantic salmon juveniles that had
been released as fry were captured as migrants (smolts ) and non-migrants (parr),
and compared to each other and to the same stock of fish reared in a hatchery.

2. Materials and methods
2.1. Hatchery sampling

Fish in this study are part of a restoration program for Atlantic salmon on the
Connecticut River, where native Atlantic salmon were extinguished by dam con-
struction over 150 years ago. Fish are of Penobscot River (Maine, USA) origin
but for the last seven generations have been the progeny of adults (2-3-sea-winter
fish) returning to the Connecticut River. Fish were reared from eggs to smolts in
1 year at the White River National Fish Hatchery in Bethel, VT (USA) using
standard hatchery practices. Water used for rearing was a mixture of filtered water
of the White River, and well water. Temperature fluctuated seasonally and ranged
from 3 to 20°C.

Fish were sampled on 17 February, 10 and 24 March, 14 and 28 April, and 12
and 25 May between 09.00 and 11.00 h Eastern Standard Time. Fish were starved
for 16 h prior to sampling. Temperatures on these dates were 3, 3, 3, 4, 9, 10 and
15°C, respectively. Fish were crowded into a small area of the pond with a block-
ing net to facilitate capture with a dip net. After anesthesia in 100 mg/l MS-222,
length (snout to fork of tail ) and weight were measured and blood was collected
from the caudal vessels into heparinized syringes. Blood was centrifuged at 5000
g for 5 min, plasma separated and frozen at —80°C. Severed gill filaments were
placed in 100 gl, ice-cold SEI buffer (150 mM sucrose, 10 mM EDTA, 50 mM
imidazole, pH 7.3) and frozen at —80°C.

2.2. Sampling of fish reared in the wild

The progeny of sea-run adults returning to the Connecticut River (stock de-
scribed above) have been released into numerous tributaries of the Connecticut
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River as non-feeding fry. These fish reside in the streams for 2-3 years prior to
smolt migration (Ted Meyers, personal communication ). Non-migrants ( 1- or
2-year-old parr) in this study were captured by electrofishing in Salmon Brook
{a tributary of the Farmington River, CT) on 31 May (10.00h, 16°C, n=9) and
Westfield Brook (a tributary of the Westfield River, MA) on 6 June (11.00 h,
13°C, n=8). Upon capture, fish were immediately placed in anaesthetic and
sampled as above. Migrants (2- or 3-year-old smolt) were captured by fly-rod
catching at Cabot Station (a dam on the Connecticut River at Turners Falls, MA,
125 river miles from Long Island Sound) on 9 May (14,00 h, 13°C, n=10) and
14 May (09.00 h, 13.5°C, n=10). Migrants were observed at this site from 2
May through & June; migrant smolts have not been observed at this site at other
times of the year. Fish that were angled were “landed” and placed in anesthetic
within 30 seconds of hooking. In all cases care was taken to minimize the time
between the initiation of capture (hooking or electroshocking) and blood re-
moval, which did not exceed 3 min. Previous studies of unaesthetized salmonids
indicate that changes in plasma cortisol are not detectable for the first 5 min fol-
lowing a severe handling stress (Sumpter et al., 1986). Gill and plasma samples
were immediately placed on dry ice and subsequently stored at —80°C,

2.3. Analytical methods

Gill Na*,K*-ATPase activity was measured by the method outlined in Mc-
Cormick (1993). Radioimmunoassay was used to measure growth hormone
( Bolton et al., 1986 as modified by Bjirnsson et al., 1994), thyroxine ( Dickhoff
etal., 1978 as modified by Specker et al., 1989) and cortisol (Bisbal and Specker,
1991). Plasma glucose was measured by the hexokinase enzymatic method (Stein,
1963). Plasma sodium, potassium and calcium concentrations (free ions) were
measured by ion-selective electrodes (AVL Scientific Corp., Ros-
well, GA, USA). Condition factor was calculated as ( (weight)/(length)*)-100,
with weight in g and length (fork length) in cm.

Morphological and physiological changes over time in hatchery fish were sta-
tistically analyzed by one-way analysis of variance (ANOVA) followed by Dun-
net’s test (initial sample, 17 February, as control; P<0.05). Comparisons of the
three groups (migrant and non-migrants in the wild, and hatchery smolts) were
carried out by the non-parametric Kruskal-Wallis test; if significant differences
occurred (P<0.05) then pair-wise comparisons were made using the Mann-
Whitney test. Statistical analyses were made using statistical software CRUNCH
4.0 (Oakland, CA).

3. Results

3.1. Hatchery fish

Length and weight remained relatively constant from February through mid-
May (Table 1). The apparent decrease in length and weight (not statistically




Table 1
Changes in physiology of juvenile Atlantic salmon from White River Mational Fish Hatchery. Ten fish were sampled at each sampling period except the
last when B fish were sampled. Asterisk indicates a significant difference from the first sampling period

17 Feb 10 Mar 24 Mar 14 Apr 28 Apr 12 May 28 May

Length {cm ) 19.8+0.4 20,1204 129404 204+£0.3 20,5203 21.2+0.3 18.6+£0.9
Weight (g) 864161 H.Ex5.2 900 6.5 9l.6t43 Q2E5+4.5 944137 T0.6+7.3
Condition Factor 1.10£0.02 1.11 20,01 1L11x£0.02 1.08+0.02 1.1210.02 0.99*+0.02 1.10+£0.06
Gill Mat K*-ATPase 371035 37107 9.8 t0.7 12.8* 0.6 1300113 152*+ 1.6 f4+0.5
Plasma thyroxine {ng,/ml} 146+ L0 184415 13.5+ 1.8 216442 225+1.7 a0.2°+3.2 20.1+35.1
Plasma cortisel (ng,/ml) 55.715.4 62.5+2.8 56.2%3.2 52.9%£4.7 6B 4448 95.0°+8.7 99.4* 1 8.1
Plasma growth hormone (ng/ml) 0.410.08 061022 0.5 20,07 0.4£0.04 0.7£0.08 0.7 £0.05 1.1*+0.31
Plasma glucose (mbd) T7.210.5 56103 12104 f.6t0.4 T1x0.2 67105 6.9+0.6
Plasma Ma™ {mM ) 162.8+1.5 168.7+2.2 161.7+1.1 163.4% 1.5 1624+ 1.5 163.0+2.6 153.9* 3.4
Plasma K+ 3otos 1.910.3 20x0.2 1.7T£0.2 2.710.2 25103 54°+0.4
Plasma Ca®* 1.32£0.06 1.75*£0.04 1.57£0.03 1.6620.03 [.66+0.02 1.64+0.03 1.45+0.06
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Fig. 1. Length, condition factor, gill Na* K*-ATPase activity and plasma ions of juvenile Atlantic
salmon. Mon-migrants (parr ) reared in the wild were sampled by electrofishing on 31 May and 6 June
on Salmon Brook (5B, n=9%) and Westficld Brook (WB, n=8), respectively. Migrants (smolts) reared
in the wild were captured by angling on % May (n=10) and 14 May (n=10) at Cabot Station (Turn-
ers Falls, MA) on the Connecticut River. Hatchery smolts were sampled at White River National
Fish Hatchery on 12 May (n=10; see Table 1}. Bars are mean * standard error; circles are values for
individual fish. Different letters above histograms indicate significant differences between groups.

significant) in late May was probably an artefact of sub-sampling a large popu-
lation. Condition factor of hatchery fish remained constant from February through
April, then decreased significantly (10%) in mid-May.

Gill Nat ,K*-ATPase activity increased throughout the sampling period from
a low of 3.7 umol ADP-mg prot~'-h~' in mid-February to a peak of 15.2 yumol
ADP-mg prot~—'-h~' in mid-May, a 4-fold increase over the initial levels (Table
1). Mean plasma thyroxine values ranged between 13 and 18 ng/ml in February
and March. In April plasma thyvroxine was more variable and rose slightly to a
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Fig. 2. Plasma thyroxine, cortisol, growth hormone and glucose of juvenile Atlantic salmon. See Fig.
1 legend and text for details.

peak value of 30 ng/ml in mid-May (a significant increase over February levels).
Plasma growth hormone was low in February (mean: 0.4 mg/ml) and remained
low throughout the study, although a small increase occurred at the end of May
(mean: 1.1 ng/ml, P<0.05).

Because the fish were slightly disturbed by the process of crowding used to cap-
ture the fish 10-15 min prior to sampling, the reported levels of plasma cortisol
probably do not reflect basal levels but rather a response to a mild stressor. The
levels remained constant from February to mid-April, and then increased signif-
icantly in May.

Mean plasma glucose ranged between 5.6 and 7.2 mM throughout the study
and did not vary significantly. Plasma sodium and potassium concentrations re-
mained constant from February through mid-May, but decreased and increased,
respectively, at the last sampling in late May. Plasma calcium (free ion concen-
tration) increased slightly but significantly in mid-March, but otherwise re-
mained constant.

Hatchery smolts sampled on 12 May were chosen for statistical comparison to
fish reared in the wild. This date reflects the closest time and temperature to the
field sampling of migrants reared in the wild, and the date at which gill Na*® K*-
ATPase activity and plasma thyroxine peaked.
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3.2. Fish reared in the wild

There was no significant difference in any of the measured parameters between
non-migrants collected at two different sites, or between migrants on two differ-
ent dates. Non-migrants were easily distinguished from migrants by their smaller
size, clearly visible parr marks, low silvering and absence of darkened fin mar-
gins. Migrants were slimmer than non-migrants (as evidenced by their lower con-
dition factor, Fig. 1), brightly silvered and had dark fin margins; parr marks were
visible in only one individual.

Gill Na* ,K*-ATPase activity ranged from 0.8 to 2.2 ymol ADP-mg prot—'-h~!
in non-migrants, and from 4.5 t0 9.6 umol ADP-mg prot~'-h~! in migrants ( Fig.
1). Mean gill Na* ,K*-ATPase activity activity was 5-fold higher in migrants rel-
ative to non-migrants. Plasma sodium, potassium and calcium were not signifi-
cantly different between migrants and non-migrants,

Plasma thyroxine, cortisol and growth hormone were substantially higher in
migrants than in non-migrants, being 8-, 5-, and 100-fold higher, respectively (Fig.
2). There was no overlap in the values for plasma thyroxine and growth hormone
between the two groups. Plasma glucose was 75% higher in migrants than non-
migrants (Fig. 2),

4. Discussion

Fish released as fry into the wild were the progeny of sea-run fish, and have
spent 1 to 3 years in streams prior to recapture in the present study. Because these
fish have spent most of their lives in the wild, it is assumed that most of their
behavior and physiology will be the same as wild fish (which are not currently
present in the Connecticut River and its tributaries). Our initial assumption in
this study was that fish captured in the main stem would be seaward-migrating
smolts, and that those captured in the tributaries immediately after the migratory
period would be non-migratory parr. This assumption was verified by the clear
differences in size and appearance of fish captured at these different sites. The
observed differences between hatchery smolts and smolts in the wild may be a
combination of the different rearing environments (artificial versus natural ) and
the absence of an active migration in the captive, hatchery smolts. The differ-
ences are unlikely to be due solely to the larger size of the hatchery fish, as we
have observed no significant difference in physiology of large (20-25 cm) and
small (15-20 c¢m) hatchery fish {McCormick, personal observation).

The clear and in some cases quite large differences between migratory smolts
and non-migratory parr indicate that the physiological and endocrine changes
found in many captive populations of smolting Atlantic salmon also occur in fish
reared in the wild. Several of these parameters, such as growth hormone and cor-
tisol, have not previously been measured in wild smolts in fresh water. The higher
gill Na* K*-ATPase activity in migrants relative to non-migrants in this study
confirms the results of Cunjak et al. (1990} in which parr captured by electro-
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fishing had low levels from late-May to September, and migrants had elevated
levels ( 10-fold higher) in late May and early June.

Hoar's seminal work on changes in thyroid activity during smolting involved
the collection of wild Atlantic salmon parr and smolts {Hoar, 193%). The thyroid
has subsequently been implicated in the regulation of several aspects of smolting,
and while plasma thyroxine increases in spring in smolts, its physiological role is
still uncertain (Hoar, 1988 ). Our findings of higher plasma thyroxine in migrants
confirms the study of Youngson and Simpson (1984 ) in which the high levels of
plasma thyroxine in wild Atlantic salmon migrants were correlated with in-
creased stream flows,

There was a remarkable 100-fold difference in plasma growth hormone be-
tween parr and smolt reared in the wild. This is particularly interesting in light of
the absence of significant changes in plasma growth hormone in hatchery fish.
Growth hormone can stimulate gill Na* K*-ATPase activity in salmonids, in-
creases in spring in plasma of many salmonids, and is thought to be involved in
the increased seawater adaptability of smolts (Sakamoto et al.,, 1993). The ab-
sence of changes in plasma growth hormone in hatchery fish in the present study
{even though gill Na* K *-ATPase activity increased 4-fold ) is not readily expli-
cable, though it may relate to changes in clearance rate and tissue responsiveness
(e.g. receptors ) in this group of fish. 1t should be noted that the hatchery fish in
this study are capable of rapid and substantial increases in plasma growth hor-
mone; fish that were placed in a floating net pen in the Connecticut River exhib-
ited increases in plasma growth hormone when the net was towed downstream
{5.D. McCormick and B.Th. Bjérnsson, unpublished observation). The higher
plasma growth hormone levels in migrants reared in the wild relative to both non-
migrants and hatchery smolts may be due in part to active migration. Sustained
exercise (due to a challenge with increased flow) has been shown to result in large
and rapid increases in plasma growth hormone (Barrett and McKeown, 1989) in
salmonids. The increases in plasma growth hormone may in part be related to
increased “exercise” during migration, although the difference in activity of wild
parr and smolis has yet to be examined. Clearly the regulation of growth hormone
levels in smolts requires further investigation.

Plasma ions did not differ between migrants and non-migrants reared in the
wild, providing no evidence that osmoregulatory perturbations are important in
initiating or maintaining migration. However, other ionoregulatory parameters
such as extracellular volume and intracellular ions have yet to be investigated.
The hyperglycemia of smolts reared in the wild may be related to the energetics
of migration, or to the general catabolic state that appears to be part of the parr—
smolt transformation { McCormick and Saunders, 1987).

Based on our knowledge of the endocrine control of smolting (Hoar, 1988), it
is proposed that the observed differences in circulating levels of hormones in mi-
grants and non-migrants are causally related to the parr-smolt transformation
(including the process of active migration and imprinting ) in the wild. However,
we cannot at present eliminate the possibility that some of the observed differ-
ences were due to changes over time (the non-migrants being sampled 2 weeks
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later than migrants), though it is unlikely that this would explain the large differ-
ences in plasma growth hormone and thyroxine, or gill Na* K *-ATPase activity
which is not rapidly altered in salmonids (McCormick and Saunders, 1987). Some
of the observed changes may have been due to the somewhat unnatural experi-
ence of migrants captured at impoundments of a power-generating dam. Whether
some of the documented changes are causal to or the result of migratory behavior
has yet to be demonstrated. More intensive sampling over time, particularly of
smolts in the wild prior to migration, may elucidate the causal relationships be-
tween hormones and the physiological and behavioral changes in smolts.
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