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Metabolic enzyme activity during smolting in
stream- and hatchery-reared Atlantic salmon
(Salmo salar)

Jill B.K. Leonard and Stephen D. McCormick

Abstract: To evaluate the metabolic differences between Atlantic salnSainfo salay parr and smolts and the effect

of rearing environment, we examined metabolic enzyme activity in white muscle, liver, and heart in stream- and hatchery-
reared juveniles. Spring increases in gill N&-ATPase (3.5-fold) and cardiosomatic index (37—-69%) and decreases in
condition factor (~17%) occurred in smolts, but not in parr. White muscle phosphofructokinase (PFK) increased during
spring and was 3.6-fold higher in smolts than in parr by late spring. There were seasonal increases in liver citrate
synthase (CS) (~42%), livé-hydroxyacyl-coenzyme A dehydrogenase (HOAD) (~60%), and heart CS (~23%) and de
creases in liver lactate dehydrogenase (LDH) (~28%) in parr and smolts. Activity of liver HOAD was greater in
stream-reared smolts (~18%) than in parr or hatchery smolts. Heart PFK activity increased during spring in wild-reared
parr and smolts, while it decreased in hatchery-reared smolts. White muscle LDH and PFK increased earlier in spring
in hatchery- than in stream-reared smolts. Our results suggest that increased heart size and high white musele PFK oc
cur during smolting and may be adaptive for downstream and ocean migration. Hatchery- and stream-reared Atlantic
salmon differ in the timing of metabolic changes during smolting, which may impact their long-term survival.

Résumé: Un examen de I'activité des enzymes métaboliques du muscle blanc, du foie et du coeur chez des jeunes
Saumons de I'AtlantiqueSalmo salay élevés en ruisseau et en pisciculture a été entrepris pour évaluer les différences
métaboliques entre les tacons et les saumoneaux et les effets du milieu d’élevage. Au printempg tliANase des
branchies augmente de 3,5 fois et l'indice cardiosomatique de 37-69%, alors que le coefficient d’'embonpoint diminue
(~17%) chez les saumoneaux, mais pas chez les tacons. La phosphofructokinase (PFK) du muscle blanc augmente au
printemps et elle est 3,6 fois plus élevée chez les saumoneaux que chez les tacons a la fin du pringeangssl|
augmentations saisonnieres de la citrate synthase (CS) du foie (~42%) et du coeur (~23%) [hydoayacyl-

coenzyme A déshydrogénase (HOAD) du foie (~60%) chez les tacons et les saumoneaux, ainsi qu'une diminution de la
lactate déshydrogénase (LDH) du foie (~28%). L'activité de la HOAD du foie est plus grande (~18%) chez les saumo-
neaux de ruisseau que chez les tacons ou les saumoneaux de pisciculture. L'activité de la PFK du coeur augmente au
cours du printemps chez les tacons et les saumoneaux sauvages, mais elle diminue chez les saumoneaux de piscicul
ture. La LDH et la PFK du muscle blanc augmentent plus tét chez les saumoneaux de pisciculture que chez tes saumo
neaux de ruisseau. Nos résultats indiquent que, durant la saumonification, la taille du coeur s’accroit et la PFK
augmente dans le muscle blanc, ce qui pourrait étre des adaptations pour la migration vers I'aval et I'océan- Les Sau
mons de I'Atlantique élevés en pisciculture et en ruisseau different dans la phénologie de leurs changements métaboli
qgues durant la saumonification, ce qui peut affecter leur survie a long terme.

[Traduit par la Rédaction]

Introduction bolic rate in smolts might be due to elevated respiratory en
zyme activity and mitochondrial proliferation resulting from
Alteration of metabolism during the parr—smolt transfor an increase in thyroid hormone levels. Metabolism may also
mation has been found in several salmonid species. In Atlarincrease due to the metabolic demands of development and
tic salmon Galmo sala), standard and active metabolic rates differentiation (McCormick and Saunders 1987). Atlantic
are 50% higher in smolts than in parr (Maxime et al. 1989).salmon smolts have decreased available liver and muscle
Maxime et al. (1989) suggested that this elevation of metaglycogen compared with parr (Fontaine and Hatey 1953;
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Wendt and Saunders 1973) as well as elevated levels abnment on these developmental changes. Specifically, we
blood glucose (Wendt and Saunders 1973). In coho salmohave focused on several enzymes critical to glycolysis
(Oncorhynchus kisutgtsmolts, decreased glycogen is caused(phosphofructokinase (PFK)), fatty acid metabolisfi (
by a combination of decreased glycogen synthesis and irhydroxyacyl-coenzyme A dehydrogenase (HOAD)), aerobic
creased glycogenolysis in the liver (Sheridan et al. 1985)metabolism (citrate synthase (CS)), and lactate regulation
Lipid metabolism is also altered during the parr—smolt trans (lactate dehydrogenase (LDH)).
formation such that total body and muscle lipid decreases in
smolts (Saunders and Henderson 1970, 1978). Evidence fro :
chinook Oncorhynchus tshawytsch&Cowley et al. 1994) Materials and methods
and coho salmon (Sheridan et al. 1985; Sheridan 1986) indjsh
cates that lipid depletion is caused by increased lipolysis and Stream-reared Atlantic salmon were collected by electrofishing
decreased fatty acid synthesis. There is also some evidence thatVest Salmon Brook, Connecticut, on March 15 (3.0°C), April 5
there is a reorganization of amino acid distribution during(5.0°C), and June 2 (14.5°C, parr only), 1994. There is no natural
smoltification; however, there was no net change in the totafeproduction above any mainstem dam in the Connecticut River,
amino acid content of smolts (Fontaine and Marchelidor@nd since all smolt releaseg occur .in the mainstem of the river,
1971). It has been suggested that this reorganization is linkeyjream-reared fish were easily identified. Migrating stream-reared
to guanine and hypoxanthine deposition in the skin and scales%m’”.S were captured at downstream bypass structures at-hydro
. . . . €lectric facilities on the Farmington River (15 km downstream of
(smolt S|_Iver|ng, Fontallne and Marchelidon 1971) as V.Ve”West Salmon Brook) on May 20 and 25 and at Cabot Station on
as possible changes in cellular osmoregulatory gradient$e connecticut River on May 11 and 20. The size distributions in
(McCormick and Saunders 1987). There is also evidenc@arch and April showed a clear distinction between 1-year-old
that there is an elevation of activity of respiratory enzymesparr and 2-year-old smolts. One-year-old fish from the White River
in the gill (Chernitsky and Shterman 1981; Langdon andNational Fish Hatchery (Bethel, Vt.) were sampled on March 21
Thorpe 1985; McCormick and Saunders 1987) and liver (Blaké2.8°C), April 6 (3.0°C), and May 11 (11.9°C). Those captured on
et al. 1984) of Atlantic salmon smolts. May 11 had been released from the hatchery on April 14 ane sub
The work described above concentrated on laborator equently captured at Cabot Station and thus were active migrants.

tudi - hatch d fish . tal animal atchery-reared smolts were easily distinguished because all fish
studies using hatchery-reared 1ish as experimental animalz,eased from the hatchery as smolts are adipose fin clipped. Due

While it is likely that these changes also occur in the wild, its the natural temperature changes occurring over the period of the
is unknown if there are substantial differences in smolt-study, fish could not be sampled at the same temperature. While
associated metabolic changes between hatchery-reared athis has the potential to confound our results, it was unavoidable in
stream-reared salmon. Possible differences in smolt develop-field-based study. It should be emphasized that seasonal effects
ment due to rearing environment are of particular interesfound in this study may well include the effect of temperature on
due to the usually poor return rates of hatchery fish comihe juvenile salmon, along with other seasonally linked parameters
pared with wild fish (briefly reviewed by McCormick et al. s_uch as photoperiod or incre_asin_g Wilq f_ood availability; however,
1998). Recently, there has also been an increased use of ff{f'c€ all groups were experiencing similar temperatures over the
rather than smolt releases to restore depleted salmonid stoc riod of sampling, rearing effects (between groups) are unlikely
. e be a function of temperature per se.
(e.g., Rideout and Stolte 1988), and there is little knowledge
of smolt development in salmonids released as fry. Sampling

Evidence suggests that there are substantial differences in captured fish were anaesthetized with 100 my-tricaine
development that occur between salmon reared in the hatclethansulfonate (MS-222, pH 7.0). Fish were measured for mass
ery environment and salmon reared in the wild. Brauner etind fork length and then bled from the caudal vessels. The heart
al. (1994) demonstrated an effect of rearing environment omwas removed by cutting posterior to the bulbus arteriosus and ante
the swimming ability of coho salmon smolts. McDonald et rior to the sinus venosus. The heart was then blotted dry to remove
ming capacity in Atlantic salmon juveniles that was difficult Ve \;vas also re_mo&/efd, We'gheldhar!g frofzeﬂ' Af‘. shargple c|>f Wh;]te
to overcome even in modified hatchery rearing environmentguscle was excised from the left side of the fish dorsal to the

Shrimot d K f d sianif t diff . “midline, anterior to the dorsal fin, weighed, and frozen. A giH bi
rimpton and Co-workers tound significant difierences Ng,qy \as taken from the second gill arch. Approximately three to

cortisol dynamics, including receptor level differences andkye gill filaments were cut above the septa and placed injll06f
circulating hormone concentrations, between stream- andg| puffer (150 mM sucrose, 10 mM EDTA, 50 mM imidazole,
hatchery-reared coho salmon smolts (Shrimpton et al. 4,994 pH 7.3) and frozen. All samples were then returned to the labora
1994), while McCormick and Bjornsson (1994) found dif tory where they were stored at —80°C for later assay.

ferences in thyroid hormone and growth hormone profiles

between hatchery- and wild- reared Atlantic salmon juvenilesEnzyme assays

We are interested in further examining the physiological Wel m‘éaSSL(JéeddfO:” mEtalb(ig% Snzymes in Eeart’l 'i\l’gggf’;‘“g(‘g’:ge
differences between fish that undergo smoltification in theM"USCl€: uderley et al. 1986, McCormick et al. '
wild and those that smolt in a hatchery environment in an ef(Bradshaw and Noyes 1975; Guderley and Gawlicka 1992), PFK

fort t derstand th derlvina basis f tential diff (Ling et al. 1966; Guderley and Gawlicka 1992), and LDH
ort 1o unaerstan € underlying basis Tor potential GHler ,qqq it 1983; Guderley and Gawlicka 1992). Samples wefe ho
ences in survival of smolts reared in hatcheries and in th

. ; . 4 ! ogenized in a buffer containing 50 mM imidazole, 2 mM EDTA,
wild. In this study, we focus on differences in the capacity of5 mm mgCl,, and 1 mM glutathione at pH 7.5. Tissues were ho
metabolic enzymes between parr and smolts (as determingfogenized using a ground glass homogenizer in 20 volumes of
by Na'",K* ATPase activity) and the impact of rearing envi ice-cold homogenization buffer. Homogenates were then eentri
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fuged at 3000 g for 5 min and the supernatant was immediately Fig. 1. (a) Fork length, ) condition factor, andq) fish mass of
assayed kinetically at 25°C in 96-well microplates using the fol Atlantic salmon parr @), stream-reared smolt©j, and hatchery-
lowing specific conditions. reared smoltsY) sampled during March, April, and May—June

'CS (EC 4.1.3.7): 50mM Tris, 0.78 mM 358ithiobis-(2- 1994 in the Connecticut River watershed. Data are means + SE. A
nitrobenzoic acid), 0.17 mM acetyl coenzyme A, 0.57 mM oxalo |5 sign indicates a significant increase in length within ajuve
acetic acid (omitted for control), pH 8.1. Read at 412 nm. nile salmon group over March values. A single asterisk indicates a

PFK (EC 2.7.1.1): 75 mM Tris—HCI, 200 mM KCl, 6 mM Mggl significant difference from parr activity at a given sampling time
1 mM KCN, 2 mM AMP, 1.75 mM ATP, 0.16 mM NADH, 4 units 9 P yatag piing

of triose phosphate isomerase, 4 units of 3-phosphoglycero?nd a double asterisk indicates a significant difference from the
dehydrogenase, 4 units of aldolase, 5 mM fructose-6-phosphatéther two juvenile salmon groups at a given samplinge. Statis

(omited for control), pH 8.0. Read at 340 nm. tics indicate ANOVA and post hoc testing with= 0.05.
LDH (EC 1.1.1.27): 100 mM potassium phosphate, 0.4 mM

pyruvate, 0.16 mM NADH, pH 7.0. Read at 340 nm. This assay 20 - (a) *x

was routinely run without control, since preliminary experiments *k *%x ?

showed extremely low activity (<2% of total) in the absence of 18 1 Voo \ & o

substrate (pyruvate) in all tissues. 16 - O+
HOAD (EC 1.1.1.35): 100 mM triethanolamine HCI, 5 mM *x R —

EDTA, 1 mM KCN, 0.23 NADH, 0.15 acetoacetyl coenzyme A 14 O-——0

(omitted for control), pH 7.0. Read at 340 nm.
All metabolic enzyme assays were run in duplicate and the ac

+

12
tivities expressed in international units (i.e., micromoles of-sub
strate transformed to product per minute per gram wet mass tissue. 10

Gill Na*,K*-ATPase (EC 3.6.1.3): N&K*-ATPase activity was

determined with a kinetic assay run in 96-well microplates at 25°C 15
and read at a wavelength of 340 nm for 10 min (McCormick
1994). Gill tissue was homogenized in 125 of SEID (SEI buffer
and 0.1% deoxycholic acid) and centrifuged at 5000 for 30 s. 114
Ten-microlitre samples were run in two sets of duplicates: one set
containing assay mixture and the other assay mixture and 0.5 mM Q)
ouabain. The resulting ouabain-sensitive ATPase activity is expressed < 4 .
as micromoles of ADP per milligram of protein per hour. Protein L.
concentrations were determined using the BCA (bicinchoninic acid) o
protein assay (Pierce, Rockford, IIl.). 009 -

Fork length (cm)

Statistics and calculations

Cardiosomatic index (CSI) was calculated as (heart mass-total 0.8
mass™) x 100. Hepatosomatic index (HSI) was calculated as (liver 80 o
mass:-total mas¥) x 100. Condition factor was calculated as (total (C) ?

mass-lengtt¥) x 100. Length, weight, CSI, HSI, N&K*-ATPase, ** B
and condition factor data were analyzed using analysis of variance 60 1 v
(ANOVA) and analysis of covariance (ANCOVA) with length as
a cofactor. All metabolic enzyme data were also analyzed using
multivariate analysis of variance (MANOVA) followed by post hoc
testing using ANOVA. Further post hoc testing of all ANOVA-re

sults used the least square means general linear models procedure : 20 |
after testing for the appropriate statistical assumptions using SAS
(SAS Institute Inc., Cary, N.C.) for each significant factor.

Results Mar. Apr. May

There was no significant difference in gill N&*-ATPase Sampling date
levels ¢ test,p = 0.55) between stream-reared smolts-cap
tured in the Farmington and Connecticut rivers, suggestingrease in weight over the course of the study within any of
that these fish were at similar smolt and migratory stages. Athe groups when all groups were analyzed togetiper (
a result, data for all stream-reared smolts were pooled an@.11) (Fig. ). Parr were significantly larger in May when
comparisons presented are between parr, stream-reared smokd|OVA was performed on parr data alone € 0.001).
and hatchery-reared smolts at three time periods. At all santTCondition factor differed between the groups and over time
pling times, hatchery smolts were always longer and heaviefp = 0.001); condition factor of parr increased over the course
than stream-reared smolts and all smolts were larger thaof the study, while smolts had decreased condition factor in
parr (p = 0.001). Parr and stream-reared smolts were signifiMay (Fig. 1b).
cantly longer (ANOVA,p = 0.001) in May (note: data from
June sampling are included in this group) than in MarchGill
(Fig. 1a), whereas hatchery smolts were not significantly Gill Na*,K*-ATPase activity was below gmol-mg protein'-
longer at the end of the study. There was no significant inh=* in all groups during March and April. In May, both

40 *% **

Fish mass (g)
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Fig. 2. Gill Na*,K*-ATPase of Atlantic salmon par@), stream- Heart LDH did not change significantly during the study
reared smolts@®), and hatchery-reared smolt¥) sampled dur (MANOVA, p = 0.44), nor did the three groups vary signifi

ing March, April, and May—June 1994 in the Connecticut River cantly (o = 0.86). There was a significant interaction-be
watershed. Data are means + SE. A single asterisk indicates a tween group and sampling date £ 0.003) resulting from a
significant difference from parr activity at a given sampling time tendency for stream-reared smolts to have decreased activity
and a double asterisk indicates a significant difference from the in April, while hatchery smolts tended to have slightly higher
other two juvenile salmon groups at a given sampling time: Sta activity (Table 1).

tistics indicate ANOVA and post hoc testing with= 0.05. Heart PFK differed significantly with sampling time
— (MANOVA, p = 0.03) and there was a significant interaction
= 10 1 *k - between time and group (ANOVAp = 0.001), although
o< /Q MANOVA showed no significant difference between juve
T S 8- - nile groups p = 0.77). In March, heart PFK of hatchery
o o o
'g: 9] / v smolts was elevated over that of both parr and stream-reared
' g; 6 / e - smolts (Fig. ®). In April, hatchery smolt heart PFK did not
L E * 0 significantly differ from that of the other groups. In May,
+m“ a 4 W v / - PFK levels of both parr and stream-reared smolts were ele
z <Dt ———Q/ vated over initial levels and were significantly higher than
55 27 O\./. i those of hatchery smolts.
S
2 0 : : : Liver
Mar. Apr. May HSI differed significantly (ANOVA,p = 0.0001) (Fig. 4)

between the groups of juvenile salmon, and although there
was no significant difference between sampling timps=(
0.41), there was a significant interaction between group and
L sampling time | < 0.01). On average, hatchery smolt HSI
stream- and hatchery-reared smolts showed significantly e'?ﬂ/as %50% highel(; than th)at of parr V\?hile there v?//as no differ-

+ o ;
gﬁgevt/jin'g\;g}[’h}; _322%2? eallgsgltti)(;h \’(Vétg_%lgagé?ag:giesrr?ecillgslsence between parr and stream-reared smolts. The interaction
(Fig. 2). There was no change in gill NK*-ATPase of parr Is an indication of a tendency for hatchery smolts to have a

in May. Na' ,K*-ATPase was not significantly affected by slightly elevated HSI in the early sampling times, while stream-

fish length. During May, all groups were significantly differ- reared smolts and parr tended to increase HSI slightly over
ent from one another, with N&K*-ATPase of hatchery- and time. : N
' Liver CS differed significantly between groups (MANOVA,

stream-reared smolts being 3.2-fold and 4.3-fold higher, reb < 0.001) and sampling times < 0.001). Stream-reared

Sampling date

spectively, than that of parr. smolts had consistently higher liver CS activities (~13% higher
) than parr) than the other groups (Fig)4All three groups
Metabolic enzymes had increased liver CS activity over the course of the study

The overall MANOVA showed significant effects of fish (_4204).
stages ¢ < 0.001), sampling datgp(< 0.001), and the inter  * gimilar to liver CS, liver HOAD showed a pattern of-in
action between these factors € 0.001) on combined meta  reased activity with time (~60%p < 0.001) (Fig. 4i).
bolic activity (all enzymes in all tissues). We will further siream-reared smolts had a significantly higher enzyme ac
describe these results in more detail, incorporating results Gjyity level (18% higher than parr) than the other two groups
tissue- and enzyme-specific ANOVA. There was no affect of(p = 0.001).
length on any of the following parameters as adjudged by" | jver LDH (Fig. 4b) differed significantly with sampling

ANOVA with length as a covariate. date (MANOVA, p < 0.001) and juvenile grougp(< 0.001),
and there was a significant interaction between sampling
Heart date and group (ANOVAp = 0.001). Liver LDH activity of

~ CSl remained constant in parr but increased significanthyhatchery- and stream-reared smolts decreased progressively

in smolts in May (Fig. 8). CSl in May was significantly df  from March to May. Liver LDH activity of parr decreased

ferent in all groups and was elevated by 37 and 69% fofrom March to April, but then increased in May and was al

hatchery- and stream-reared smolts, respectively, over pagiost double that of smolts in May.

values. Liver PFK did not differ significantly with sampling date
Heart CS increased in activity over the course of the studyMANOVA, p = 0.52) or juvenile salmon groump (= 0.88)

in all groups by approximately 23% (MANOVA) < 0.001),  (Table 1). There was a slight, but significant, interaction be

and there was a marginally significant difference betweenween sampling date and group (ANOVA,= 0.02).

the groups § = 0.052) (Fig. 8). There was a significant in

teraction (ANOVA, p = 0.03) between sampling time and White muscle

group, which was a result of a slightly lower CS activity in ~ White muscle CS differed significantly between groups

hatchery smolts in May. (MANOVA, p < 0.001) and sampling datep € 0.01), and
Heart HOAD differed between the groups of juvenile salmonthere was a significant interaction between sampling date

(MANOVA, p = 0.009), but did not differ between sampling and group (ANOVA,p = 0.03). There was no significant dif

times = 0.39) (Fig. ). ference in white muscle CS activity in hatchery smolts over
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Fig. 3. (a) CSI, b) heart PFK activity, §) heart CS activity, andd) heart HOAD activity of Atlantic salmon par®), stream-reared

smolts ©), and hatchery-reared smolt¥) sampled during March, April, and May—June 1994 in the Connecticut River watershed.

Data are means + SE. A single asterisk indicates a significant difference from parr activity at a given sampling time and a -double as
terisk indicates a significant difference from the other two juvenile salmon groups at a given sampling time. Statistics indicate ANOVA
and post hoc testing withh = 0.05.

32
0.25 {(a) o -
%) T, 28 - -
~— 0.20 - /? C o @
= - b £ 24 i
8 0.15 1 k/‘—g‘ R
- o =2
Vo T o
0.10 - Y - 220 [
0.05 16
0.25
16 B
—~ 0.20 - - Dv."
) 0 i 5
L o 0.15 - O ¢
o & i 12 B
t -— t o
g 2 0104 - © 3
) IO e))
T o T3 10 - 5
2 0.05 A i ~
8 i L
0.00 T T T r . T
Mar. Apr. May Mar. Apr. May

Sampling date

the course of the study (Figbp In contrast, both parr and hatchery-reared smolt white muscle PFK was highest in April
stream-reared smolts had elevated white muscle CS early i{2.7-fold increase), while stream-reared smolt PFK was-high
the study followed by lower levels in May. Parr showed theest in May (3.6-fold increase).
greatest decrease in activity (—43%) between April and May.

White muscle HOAD did not change significantly during .. .
the study (MANOVA,p = 0.31) (Table 1), nor were the juve DiScussion

nile salmon groups significantly differenp & 0.56). The large increases in gill N&*-ATPase activity and de
White muscle LDH significantly differed between sam creases in condition factor in hatchery- and stream-reared
pling dates (MANOVA,p < 0.001) and groupsp(< 0.001), smolts indicate that these fish, which were selected as puta
and there was a significant interaction between samplingive smolts based on their size and appearance, were indeed
date and group (ANOVAp = 0.001). LDH activity in hatch ~ smolting in the spring. Smolts captured in May—June were
ery smolts was significantly highep & 0.001) in April than  active migrants, which further supports their classification as
in March or May (Fig. §). Both parr and stream-reared smolt-stage juveniles. Increased gill Nl&*-ATPase activity
smolts had low LDH activity in March and April but had is frequently used as an indicator of smolting in salmonids
significantly higher LDH activities in May (85 and 56%-in and results from the increased number of mitochondrial-rich
creases, respectively; = 0.001). cells in the gills that function to increase salinity tolerance in
White muscle PFK differed significantly between sam fish (Hoar 1988; Uchida et al. 1996). In contrast with smolts,
pling dates (MANOVA,p = 0.001) and juvenile groupp K there were no significant increases in gill \l&*-ATPase a€
0.001), and there was a significant interaction between santivity in wild-reared parr captured between March and May,
pling date and group (ANOVAp < 0.001). Parr white mus  While condition factor increased in parr during spring as ex
cle PFK did not change significantly over the course of thepected with increasing food availability.
study when analyzed using ANOVA that included smolt data;
however, when the parr were analyzed separately from th8easonal effects
smolts, there was a significant increase in activity in May In addition to the characteristic increase in gill N&™-
over earlier levels{ = 0.001) (Fig. &). Both groups of ATPase activity, a number of other enzymes changed in ac
smolts showed increased white muscle PFK during the studytivity level over the course of the study. While we refer here
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Table 1. Mean values (+SE) of biochemical indices (U-g wet mismeasured in Atlantic salmon parr and stream- and hatchery-reared smolts in March, April, and May—June of 1994,

Hatchery-reared smolts

March
12

113.07 (3.73)
0.88 (0.07)

Stream-reared smolts

March
10

Parr

April May—June
11
124.08 (9.01)
0.73 (0.12)

11

103.98 (3.63)
0.82 (0.11)

May—June
20

91.64 (2.39)

1.05 (0.28)
1.00 (0.10)

April

May—June
10

April

March

94.19 (5.42)

1.11 (0.11)
1.18 (0.07)

127.82 (8.72)
0.82 (0.17)

123.72 (2.90)
0.75 (0.07)

100.06 (5.29)
1.33 (0.18)
1.24 (0.18)

118.5 (21.87)
0.90 (0.24)

Heart LDH
Liver PFK

1.02 (0.06) 1.25 (0.14)

1.47 (0.16)

1.05 (0.12)

1.25 (0.12)

1.27 (0.17)

White muscle HOAD

Note: N is number of individuals.
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to these as seasonally affected parameters, it should be noted
that they are actually being affected by a variety of season-
linked factors, likely including temperature, photoperiod, and
food availability. Heart and liver CS increased in all three
juvenile salmon groups throughout the spring. This suggests
an overall increase in metabolic respiratory capacity in the
two tissues, probably a reflection of increased mitochondrial
volume (Blake et al. 1984; Moyes 1996). Liver HOAD also
increased in all three groups over the course of the study;
however, there were no changes in this enzyme in the other
tissues examined. This suggests an increased capacity-to mo
bilize fatty acids (elevated lipolysis) in the liver, as has been
demonstrated for coho salmon smolts (Sheridan et al. 1985).
Liver LDH activity decreased in all three groups, particu
larly smolts, over the course of the study, suggesting-a de
creased reliance on lactate—pyruvate conversion as spring
progresses. Liver LDH has been shown to decrease during
smolting and has been implicated in low concentrations of
blood glucose and liver glycogen via decreased gluceneo
genesis (Plisetskaya et al. 1994; Ji et al. 1996).

CSl increased in smolts over the course of the study, while
parr CSI remained unchanged. This is in accord with Poupa
et al. (1974) who found that heart growth is accelerated (rel
ative to whole-body growth) during salmon smolting. During
this phase, the cardiac compact shell rapidly increases in
mass, while the spongy cardiac tissue growth rate remains
unchanged relative to parr and ocean-stage salmon growth
rates. It may be that the increased heart mass of smolts is
necessary for the cardiac output demands of the constantly
swimming, schooling life history that is characteristic of
salmonids at sea.

Influence of hatchery rearing

In several of the parameters measured, we found signifi-
cant differences between smolts reared in the hatchery and
those that underwent smolting in the wild. Both liver CS and
HOAD activities were higher in stream-reared smolts than in
hatchery-reared smolts. However, these lower enzyme activi
ties in hatchery-reared smolts may be offset by their larger
livers (higher HSI than in stream-reared smolts). Sheridan et
al. (1985) suggested that the increased lipolysis occurring in
smolts is a response to the metabolic demands of smolting
exceeding food input. If this is the case, then the elevated
levels of lipolysis suggested by our data for stream-reared
smolts may reflect the difference in food availability-be
tween stream- and hatchery-reared smolts with subsequent
biochemical, and perhaps behavioral, consequences that may
occur when hatchery smolts are released into the wild (as in
our May samples).

Hatchery- and stream-reared smolts showed reversed pat
terns of heart PFK activity. In hatchery smolts, heart PFK
was highest in March, while in stream-reared smolts (and
parr), the enzyme activity was low early in the spring and
was highest in May. The common pattern between parr and
stream-reared smolts suggests that the increasing heart PFK
activity may be influenced more by natural-stream rearing
than by life history stage.

Heart HOAD and mass also differed between the two
smolt groups. CSI in stream-reared smolts was consistently
higher than in hatchery-reared smolts. Exercise has been
shown to influence heart size in some species (Farrell et al.

© 2001 NRC Canada



Leonard and McCormick 1591

Fig. 4. (a) HSI, (b) liver LDH activity, (c) liver CS activity, and q) liver HOAD activity of Atlantic salmon parr@®), stream-reared

smolts ©), and hatchery-reared smolt¥) sampled during March, April, and May—June 1994 in the Connecticut River watershed.

Data are means + SE. A single asterisk indicates a significant difference from parr activity at a given sampling time and a -double as
terisk indicates a significant difference from the other two juvenile salmon groups at a given sampling time. Statistics indicate ANOVA
and post hoc testing withh = 0.05.
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1991), and it is possible that the differences that we obseen in the smolt groups, and the level of activity in parr is
served were a function of the greater activity regime that isnuch lower than in the smolts. It may be that the peak in
probable for stream-reared fish. However, it should be notedvhite muscle PFK is related to the cortisol peak that is
that increased heart weight with exercise is not a consisterttharacteristic of the parr—smolt transformation (Hoar 1988;
phenomenon in fishes (Davison 1997), and the potential imShrimpton et al. 1994). Cortisol is involved in stimulating
pact of exercise on heart weight in juvenile Atlantic salmonor maintaining increased plasma glucose in response to stress.
should be investigated. The difference observed in the-predtlantic salmon smolts exhibit higher plasma cortisol and
ent study may have developed soon after release into thglucose than parr when given an identical handling stress
wild as fry and been maintained thereafter. Additionally, the(Carey and McCormick 1998). PFK is a key enzyme in
increasing heart size (CSI) of smolts has the effect of exagglycolysis and its elevation may indicate an upregulation of
gerating the PFK elevation in wild-reared smolts, if thesethe glycolytic pathway in order to facilitate glucose utilization
data are considered on a whole-organ basis, further emphasiznd homeostasis during smolting. Shrimpton et al. (b)94
ing the differences between wild- and hatchery-reared smoltsfound a temporal displacement between the cortisol concen
The patterns of PFK and LDH activities in white muscle, tration peaks in hatchery- and wild-reared Atlantic salmon
which differ in the two smolt groups, suggest a temporalsmolts similar to that found in our study for white muscle
shift in smolt enzyme regulation. In both white muscle PFKPFK. McCormick and Bjornsson (1994) found higher levels
and white muscle LDH, there is a peak in hatchery smolt acof plasma cortisol in migrating stream-reared smolts than in
tivity in April, followed by a decline in May. In stream- ;molts reareq and kept in a hatchery. It is possible that the
reared smolts the elevation in activity occurs in May. In theincreased white muscle PFK of smolts is part of an adapta
case of white muscle LDH, despite the early elevation of action for increased burst swimming ability that evolved due to
tivity in hatchery smolts, the increase in activity may be aincreased mortality from swimming predators during dewn
seasonal response common to all groups, since parr al§éream migration and in the ocean.
show an elevation of activity in May. This again suggests In conclusion, our data suggest that, although they un
that the wild-rearing habitat differs from that of the hatcherydergo some of the same metabolic changes as stream-reared
in its effect on metabolic parameters. In the case of whitesmolts, Atlantic salmon smolts produced in hatcheries re
muscle PFK, however, the elevation in enzyme activity alsspond to a different degree, in a temporally different manner,
appears to be related to life stage. Parr show an increase ar show an altered pattern of metabolic change compared
white muscle PFK during May, but it is not as great as thatwith fish reared in the wild. While the implications for long-
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Fig. 5. White muscle §) PFK activity, (0) CS activity, and ment and may be especially useful for further examination
(c) LDH activity of Atlantic salmon parr @), stream-reared of the impact of rearing and release on smolt development
smolts ©), and hatchery-reared smolt¥Y sampled during and survival.

March, April, and May—June 1994 in the Connecticut River

watershed. Data are means + SE. A single asterisk indicates a
significant difference from parr activity at a given sampling time,
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