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Surface water with more natural temperatures promotes
physiological and endocrine changes in landlocked Atlantic
salmon smolts1

AmyM. Regish, William R. Ardren, Nicholas R. Staats, Henry Bouchard, Jonah L. Withers,
Theodore Castro-Santos, and Stephen D. McCormick

Abstract: Hatchery salmonid smolts are often reared using groundwater with elevated temperatures to maximize growth.
Previous work has shown that rearing hatchery smolts in surface water with a more natural thermal regime resulted in
increased return rates of adult landlocked Atlantic salmon (Salmo salar). We evaluated whether landlocked Atlantic salmon
reared in surface water with a natural temperature regime have altered physiological smolt characteristics compared with
fish reared in groundwater with elevated winter temperatures. Hatchery fish were sampled three consecutive years from
January to May. Additional fish were released as smolts, recaptured, and compared with fry-stocked smolts. Surface water
smolts had earlier peaks of plasma T4, lower T3 levels, later peak cortisol, and lower gill Na+/K+-ATPase activity as compared
with groundwater smolts. After release and recapture, surface water fish had elevated plasma T4 and gill Na+/K+-ATPase ac-
tivity compared with groundwater fish, but less than stream-reared fish. Elevated plasma T4 in surface water fish in the
hatchery and after release may have promoted imprinting and other aspects of smolt development, contributing to the
higher adult return rates of a cohort reared in surface water.

Résumé : De l’eau souterraine à des températures élevées est souvent utilisée pour l’élevage de saumoneaux en écloserie afin de
maximiser leur croissance. Des travaux antérieurs ont démontré que l’élevage de saumoneaux d’écloserie dans de l’eau de sur-
face dans un régime thermique plus naturel produit de plus hauts taux de retours de ouananiches adultes (Salmo salar). Nous
avons tenté de déterminer si les saumoneaux de ouananiches élevées dans de l’eau de surface dans un régime thermique naturel
présentent des caractéristiques physiologiques modifiées par rapport à celles de poissons élevés dans de l’eau d’origine souter-
raine à des températures hivernales élevées. Des poissons d’écloserie ont été échantillonnés durant trois années consécutives de
janvier à mai. D’autres poissons ont été relâchés en tant que saumoneaux, recapturés et comparés aux saumoneaux ensemencés
en tant qu’alevins. Les saumoneaux d’eau de surface présentent des pics plus précoces des teneurs en T4 plasmatique, des teneurs
en T3 plus faibles, des pics plus tardifs des teneurs en cortisol et une plus faible activité de la Na+/K+-ATPase des branchies que les
saumoneaux d’eau souterraine. Après le lâcher et la recapture, les poissons d’eau de surface ont des teneurs en T4 plasmatique et
une activité de la Na+/K+-ATPase des branchies plus élevées que les poissons d’eau souterraine, mais plus faibles que celles de
poissons élevés en cours d’eau. Les teneurs en T4 plasmatique élevées dans les poissons d’eau de surface en écloserie et après le
lâcher pourraient avoir favorisé l’imprégnation et d’autres aspects du développement des saumoneaux, contribuant à expliquer
les plus hauts taux de retour d’adultes d’une cohorte élevée dans de l’eau de surface. [Traduit par la Rédaction]

Introduction
In preparation for downstream migration and ocean entry,

anadromous Atlantic salmon (Salmo salar) smolts undergo a series
of morphological, behavioral, and physiological changes that
increase their survival in these new environments (McCormick
et al. 1998). The vast literature on physiology of anadromous

salmon informs us on the presumed behavior and physiology of
much less well-studied landlocked salmon. Landlocked salmon,
unlike anadromous salmon, do not access seawater as part of
their life cycle. Although there is great variability in life history
strategies of landlocked salmon (reviewed in Hutchings et al.
2019), here we refer to landlocked Atlantic salmon as salmon that
spend their early life in streams, migrate to lakes where
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subsequent growth and maturation occurs, and return to their
natal streams to spawn. Thus, during smolting, landlocked
salmon migrate downstream and must adapt to lacustrine con-
ditions, which are quite different from streams. Important dif-
ferences include loss of rheotactic behavior, development of
schooling behavior, and a foraging shift from primarily insecti-
vory to piscivory (Coghlan et al. 2007; Pientka and Parrish 2002).
Landlocked populations undergo downstream migration at a

similar size and time of year as anadromous salmon (Schmitz
1995) andmaintain traits associated with smolting such as changes
in morphology and the capacity to migrate (Nemeth et al. 2003;
Hutchings et al. 2019), but in most cases only partially develop the
high level of salinity tolerance characteristic of anadromous
strains (Nilsen et al. 2003, 2008; McCormick et al. 2019). This
could be predicted in landlocked populations where the energetic
cost of maintaining elevated salinity tolerance may be considered
maladaptive. The observed maintenance of some level of salinity
tolerance may be due to the pleiotrophy of hormonal action; the
continued selection of beneficial traits of smolting may allow
some associated salinity tolerance if they are controlled by the
same endocrine system (Lemmetyinen et al. 2013; Piironen et al.
2013; McCormick et al. 2019).
Landlocked salmon populations have been extirpated from

large portions of the southern part of the species range in North
America, and large-scale hatchery programs have been estab-
lished to restore landlocked salmon fisheries and natural popula-
tions in Lake Ontario and Lake Champlain (Hutchings et al. 2019).
Lake Champlain landlocked salmon were extirpated by 1842 due
to damming of tributaries, overfishing, deforestation, and subse-
quent habitat loss caused by the logging industry (Marsden and
Langdon 2012). Efforts to restore these populations have relied
on stocking hatchery-reared fry and smolts into Lake Champlain
tributaries since 1972 (Marsden and Langdon 2012; Brunsdon
et al. 2017). Currently, multiple federal and state hatcheries supply
hatchery fish for restoration; however, adult returns to rivers and
natural spawning goals have not yet been achieved (Hutchings
et al. 2019). Recent Lake Champlain landlocked salmon restoration
research has focused on modifying stocking treatments (Brunsdon
et al. 2017, 2020), recolonization of spawning habitats after dam
removal (Hill et al. 2019; Prévost et al. 2020), genetic response to
thiamine deficiency (Harder et al. 2020), improving passage in
tributaries (Nyqvist et al. 2017; Harbicht et al. 2018), control of
sea lamprey (Petromyzon marinus) (Marsden et al. 2003), and modifi-
cation of hatchery rearing conditions and release times (Harbicht
et al. 2020).
Both anadromous and landlocked salmon juveniles reared for

population restoration and released as smolts are often subject
to an increased temperature regime. Hatchery practices have
sought to produce yearling smolts of larger size, with the aim of
reducing rearing costs and improving the smolt-to-adult survival
rate. Although large size hatchery stock may reduce their risk of
predation, artificial hatchery selection of phenotypes such as
large body size may not translate into success in a more natural
setting (Saikkonen et al. 2011). In contrast, by exposing juvenile
salmonids to more natural conditions, hatcheries may reduce
growth rates but improve smolt development. This has been
demonstrated in anadromous hatchery-reared Chinook salmon
(Oncorhynchus tshawytscha) where the best smolt-to-adult return
rates came from hatchery-reared groups that experienced a
strong seasonal change in growth rate (Beckman et al. 2017). The
use of surface water for rearing landlocked smolts, which more
closely resembles natural thermal conditions than standard
groundwater conditions, has been explored by Harbicht et al.
(2020). They demonstrated that return rates of spawning adults
in Lake Champlain increased 4.8-fold (3-year average estimate
based on returns to the Winooski River, Winooski, Vermont,
16 km from the lake) compared with the standard hatchery pro-
duction method of cohorts reared in warmer groundwater in

winter months. They conclude that their results do not support
the idea that larger size-at-release among hatchery-reared land-
locked salmonids always improves survival to maturity and mi-
gratory returns and that more natural growth trajectories in the
hatchery can improve survival to adulthood relative to optimized
production methods while increasing migratory returns. To our
knowledge, the physiological patterns brought on by more sea-
sonal changes in hatchery-reared juvenile landlocked smolts have
not been examined.
Smolt development is triggered by environmental cues includ-

ing photoperiod, temperature, and flow (Jonsson and Ruud-Hansen
1985; Zydlewski et al. 2005; Jensen et al. 2012) and is driven by hor-
monal changes (McCormick et al. 2007; Nilsen et al. 2008). Increases
in thyroid hormones (THs) are thought to be important in morpho-
logical changes (McCormick 2013) and the process of imprinting
(Dittman et al. 1996; Lema and Nevitt 2004), whereas increased
growth hormone (GH) and cortisol levels are both strongly linked to
increased salinity tolerance and contribute to the metabolic and
osmoregulatory changes that occur during smolting. Cortisol is
involved in several smolt-related processes and is acknowl-
edged as one of the main regulators of hypo-osmoregulatory
mechanisms (Bisbal and Specker 1991; Nilsen et al. 2008). Of partic-
ular importance to anadromous smolts is the development of salin-
ity tolerance and increased gill Na+/K+-ATPase (hereinafter NKA)
enzyme activity, which have been found to be strongly correlated.
This enzyme is also elevated in landlocked salmon smolt gill and
shows the same temporal pattern of increasing protein abundance
and activity level, although to a lesser extent (McCormick et al.
2019). In anadromous salmon these transitions result in the devel-
opment of traits that support the survival of smolts in the ocean
(Hoar 1988), while in landlocked salmon these smolt development
patterns are thought to be important in landlocked salmon survival
and fitness in freshwater systems. In particular, traits associated
with imprinting and migration from streams to lakes allow for ex-
ploitation of freshwater habitats that promote growth and matura-
tion and homing. (Nemeth et al. 2003; Piironen et al. 2013; Keefer
andCaudill 2014).
In anadromous Atlantic salmon, photoperiod has been shown

to set the overall timing of smolt development, with temperature
having important secondary effects (McCormick et al. 1998). Con-
stant high winter temperature (10 °C) has been shown to acceler-
ate increases in gill NKA activity and salinity tolerance compared
with ambient seasonal temperatures (McCormick et al. 2000).
Constant elevations in temperature (e.g., 5 and 15 °C) can alter
the timing of the peak of smolt development by several weeks
(Handeland et al. 2004). In addition to what happens within the
hatchery, substantial endocrine and physiological changes of
smolts can occur after release (McCormick et al. 2003). These
changes may be impacted by differences in temperature between
the rearing hatchery and the receiving stream and can have
impacts on subsequent survival and imprinting (McCormick et al.
1998). The effects of temperature on the process of imprinting have
not, to our knowledge, been examined in any salmonid species.
The aim of this study was to evaluate the physiological impacts

of rearing landlocked salmon on surface water with a more natu-
ral winter and spring thermal regime, which has been shown
to increase return rates (Harbicht et al. 2020) compared with
fish reared on groundwater at elevated winter temperatures. We
hypothesize that these changes in hatchery conditions would
optimize juvenile rearing and would be reflected in measured
physiological smolt indices. To compare the two treatments, we
measured common smolt indices over time, including thyroid
hormones (T4 and T3) that are associated with downstreammigra-
tion and imprinting, cortisol, which controls metabolism and
osmoregulation, and gill NKA activity, which has been widely used
as a marker of smolt development in anadromous salmon. We also
examined the timing of downstream migration and physiological
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changes of the two groups after release and compared them with
fish that had been fry-stocked and stream-reared.

Materials andmethods

Hatchery conditions and release–recapturemethods
In the fall of 2010, 2011, and 2012, Sebago Lake strain captive

brood stock salmon embryos (Havey and Warner 1985) raised at
the Vermont Department of Fish and Wildlife Bald Hill Fish Cul-
ture Station (Newark, Vermont, USA) were transferred immedi-
ately after fertilization to US Fish and Wildlife Service (USFWS)
D.D. Eisenhower National Fish Hatchery (Pittsford, Vermont,
USA). Embryos were maintained in vertical tray incubators with
groundwater (�8–10 °C, from two onsite wells, below 50 ft. depth
(1 ft. = 30.48 cm), not influenced by surface water) through hatch-
ing and yolk sac absorption. At this stage fish were transferred to
2.4 m diameter tanks supplied with heated groundwater (�15 °C)
and fed ad libitum four times daily. They remained on ground-
water through their first winter and spring. When temperatures
of Furnace Brook (hereinafter termed surface water) exceeded

groundwater temperatures (late June), juveniles were moved
to raceways containing surface water for maximal growth. In
the fall, fish were moved to groundwater until January. On
24 January 2012 and 29 January 2013, the experimental treat-
ment fish were moved to raceways containing surface water
until May (Figs. 1A–1C). The 2014 cohort was kept on surface
water from 28 June 2013 through smolting in 2014. The chemi-
cal composition of groundwater and surface water was, respec-
tively, as follows: Na: 4.0, 0.8 mg·L–1; Cl: 7.6, 0.8 mg·L–1; Ca: 27,
13 mg·L–1; Mg: 13.0, 5.8 mg·L–1; SO4: 5.1, 4.7 mg·L–1; hardness: 121,
56 mg·L–1; conductivity: 250, 110 lmho·cm–1 (1 mho = 1 seimens);
pH: 7.9, 7.4. Aside from water source and temperature differen-
ces, photoperiod, tank densities, and feeding schedules were
the same for both groundwater and surface water fish.
Fish from groundwater and surface water were sampled from

raceways at five time points from January through the peak of
smolting in May (n = 12 per water source, per time point, 2012,
2013, 2014). Hatchery smolts from each treatment group were
released into the Huntington River (tributary to the Winooski
River 56 river kilometres (rkm) upstream from Lake Champlain;

Fig. 1. Water temperatures of groundwater (solid lines) and Furnace Brook surface water (dashed lines) in 2012 (A), 2013 (B), and 2014 (C).
Condition factor at each sampling time point for 2012–2014 (D–F) for groundwater fish are represented as dark upward pointing triangles, and
experimental surface water fish are represented as lighter downward facing triangles. Symbols represent means, and error bars show standard
error. Significant difference (P < 0.05) within treatment in condition factor from initial time point by one-way ANOVA followed by Dunnett
post hoc comparison is indicated by a number symbol (#), and an asterisk (*) indicates significant difference between treatments.
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see Nyqvist et al. 2017). These fish were released to determine
movement behavior and conduct physiological sampling follow-
ing recapture in a downstream smolt trap. Releases were as fol-
lows: 4 April 2012 (n = 568 each groundwater and surface water),
1 May 2013 (n = 500 each groundwater and surface water), and
29 April 2014 (n = 500 each groundwater and surface water). A
rotary screw trap (hereinafter, smolt trap) (E.G. Solutions, Corval-
lis, Oregon) was deployed in the Huntington River at rkm 0.5 on
1 April 2012. The trap consisted of two 8 m floating pontoons
between which a revolving mesh-covered cone was suspended.
The large end of the cone (2.4 m diameter) faced upstream, and
an internal screw built into the cone’s center axle rotated the
cone as the water current exerted pressure on it. Downstream-
migrating fish that entered the cone were passed to the end of
the cone and collected in a live box. The trap was tied to the shore
and positioned in the upstream end of a pool at the end of a shal-
low riffle that funneled much of the flow into the cone. Released
fish were recaptured in the smolt trap and sampled in 2012 on
5 and 12 April, 23 May, and 27 May. Migrating stream-reared
smolts were also captured and sampled from the smolt trap.
To examine migration behavior of stocked hatchery-reared

smolts, we radio-tagged an equal number of groundwater (n = 10)
and surface water (n = 10) smolts and released them just down-
stream of theWinooski One Dam (rkm 16.51) on 17 April 2013. We
used the methods of Nyqvist et al. (2017) for tagging and monitor-
ing movement of tagged fish. Four stationary automatic receiver
stations were positioned throughout the river from just below
the dam to the river mouth (Stations 2–5 were located at rkm 0.17,
3.29, 9.97, and 15.57, respectively) to continuously monitor smolt
movements for 23 days from 17 April to 9 May 2013. In addition,
two mobile tracking events that covered the entire study reach
from the river mouth to Winooski One Dam occurred on 18 April
and 8 May 2013. Initiation of migration was determined by detec-
tion at Station 5. Migration speed was calculated as time of first
detection at Station 5 to time of first detection at Station 2 di-
vided by the length of river between these stations.
On 5 May 2014, we sampled gill tissue from groundwater-

reared salmon for measurement of gill NKA activity from 10 fish
per 10 mm divisions ranging from total length of 90 to 200mm to
validate our size threshold for smolt development (see Sampling
section below).

Sampling
Fish of total length 150 mm and greater from each treatment

were selected to exclude fish that would be too small to smolt in
the spring (McCormick et al. 2007). Fish were anesthetized with
MS-222 (100 mg MS-222·L�1, pH 7.0), weighed to the nearest 0.1 g,
and total length was recorded to the nearest 1 mm. The range of
total lengths for each sampling time point in each year is repre-
sented in Table 1. Blood was collected in heparinized 1 mL syringes
from the caudal blood vessels and centrifuged at 2500g for
5 min. Plasma was removed and stored at �80 °C for analysis.
Gill biopsies for NKA activity consisting of four to six primary gill fil-
aments were taken and placed into 100 lL SEI buffer (250 mmol·L�1

sucrose, 10 mmol·L�1 Na2EDTA, and 50 mmol·L�1 imidazole, pH 7.3)
and stored at �80 °C. All fish rearing occurred under USFWS guide-
lines, in accordance with accepted guidelines for the use of fish
in research (American Fisheries Society, American Institute of
Fishery Research Biologists, and American Society of Ichthyolo-
gists and Herpetologists) (Jenkins et al. 2014), and all sampling
was carried out in accordance with US Geological Survey institu-
tional guidelines and an approved Institutional Animal Care and
Use Committee protocol (SP-9065).

Plasma thyroid hormones
Plasma triiodothyronine (T3) and thyroxine (T4) were measured

by a direct radioimmunoassay (Dickhoff et al. 1978). Briefly, 10 lL
of plasma was incubated in 12 mm � 75 mm glass tubes with

antibodies directed to either T3 or T4 (Fitzgerald Antibodies,
Acton, Massachusetts, USA) and 125I-labeled radioligand triiodo-
thyronine or thyroxine (Perkin Elmer, Waltham, Massachusetts,
USA) at a concentration previously determined to achieve 50%
binding at 5000 counts perminute. Samples were incubated at 37 °C
for 30min, precipitated with polyethylene glycol at 4 °C, and centri-
fuged for 20min at 2000g at 4 °C.The resulting supernatantwas aspi-
rated, and tubes containing the precipitate were counted for 2 min
using a Beckman 5500 Gamma counter. Plasma hormone concentra-
tionwas calculatedusing a four-parameter curve of standard samples
(1–100 ng·mL�1) run in triplicate in each assay.

Plasma cortisol
Plasma cortisol levels weremeasured by a validated direct com-

petitive enzyme immunoassay as outlined in Carey andMcCormick
(1998). Sensitivity, as defined by the dose–response curve, was
1 to 400 ng·mL�1. The lower detection limit was 0.2 ng·mL�1,
and samples below this concentration were appointed the detec-
tion limit value. Using a pooled plasma sample, the mean intra-
assay variation was 7.8%, and the mean interassay variation was
9.5%. Hatchery fish were bled within 5 min to ensure that cortisol
levels were not elevated due to handling stress. Cortisol was not
measured infish captured by smolt trap.

Gill NKA activity
NKA activity of gill homogenates was determined using a

temperature-regulated microplate method (McCormick 1993).
Ouabain-sensitive NKA activity was measured by coupling the
production of ADP to NADH using lactic dehydrogenase and pyru-
vate kinase in the presence and absence of 0.5 mmol L�1 ouabain.
Samples (10 lL) were run in duplicate in 96-well microplates at 25 °C
and read at a wavelength of 340 nm for 10 min on a BioTek Synergy2
microplate reader using Gen5 software (BioTek, Winooski, Vermont,
USA). Protein concentration of the homogenates was determined
using a BCA protein assay (Pierce, ThermoFisher Scientific, Waltham,
Massachusetts, USA).

Statistics
All data graphed are represented as mean6 one standard error

of the mean. For all analyses, the probability of establishing sta-
tistical significance was P < 0.05. Fish condition factor (CF) was
estimated from Fulton’s condition factor, K =W/TL3 � 100, where
W is total mass (g) and TL is total body length (mm). Differences
within water source treatment over time were compared with ini-
tial sampling date by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett post hoc comparison and denoted by number
symbols (#) on graphs. Differences between groundwater and sur-
facewater groups over time at the hatcherywere compared by two-
way ANOVA followed by Student–Newman–Keuls (SNK) post hoc
comparisons using Statistica Software (Tibco Software, Palo Alto,
California, USA) and denoted by asterisks (*). Comparison of hatch-
ery fish with postrelease captured hatchery fish were compared by
one-way ANOVA followed by SNK post hoc comparisons. Stream-

Table 1. Total length (mm) of Atlantic salmon juveniles sampled in
2012–2014.

Year Water source Jan. Feb. Mar. Apr. May

2012 Groundwater 155–188 153–212 175–241 171–229 197–214
Surface water 150–204 157–190 152–180 166–204 150–217

2013 Groundwater 164–197 170–226 180–237 204–251 218–254
Surface water 160–196 150–202 165–202 162–206 160–207

2014 Groundwater 158–200 177–224 177–225 184–230 195–242
Surface water 160–194 164–215 163–195 154–215 162–222

Note: Sampling dates in 2012: 25 January, 29 February, 2 April, 24 April, and
17 May. 2013 sampling dates: 24 January, 4 March, 2 April, 30 April, 22 May. 2014
sampling dates: 28 January, 26 February, 1 April, 28 April, 29 May. Values are
ranges of size for each sampling time point for each year.
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reared fish were binned to the nearest 4-day period for physio-
logical comparisonswith hatchery-reared smolt recaptures.

Results

Hatchery sampling
Condition factor decreased in groundwater and surface water

fish groups 2012, 2013, and 2014 (Figs. 1D–1F; Table 2). In 2012 and
2014, condition factor decreased sooner in the surface water fish
relative to the groundwater fish, which is reflected by the signifi-
cant interaction (Table 2).
For all three study years, plasma T3 hormone levels showed a

similar pattern in terms of changes in hormone concentration
over time (Figs. 2A–2C; Table 2). In both groups there was a gen-
eral decrease in plasma T3 over time, with surface water fish
showing earlier decreases in 2013 and 2014 (Figs. 2B and 2C).
Plasma T4 levels had the opposite pattern, with levels increasing
in both groups over time (Figs. 2D–2F). Plasma T4 levels increased
earlier in the surface water group in each year, with significantly
higher levels in the surface water fish in late February and (or)
early April compared with groundwater fish (Table 2). By May the
surface water fish had reduced plasma T4 levels, both compared
with earlier in the year and compared with groundwater fish
(Figs. 2D–2F; Table 2).
Plasma cortisol levels in each year were low in winter in both

groups and then became elevated in late spring (Figs. 3A–3C). The
increase in plasma cortisol occurred earlier in the groundwater
fish (April) relative to surface water fish (May) in each year and is
reflected by significant effect of sampling date and the interac-
tion of treatment and date (Table 2).
Gill NKA activity increased over time in both groups in each

year (Figs. 3D–3F). The timing of increases in gill NKA activity
were similar in groundwater and surface water fish in 2012 and

2013 with peaks occurring in late April. In both of these years, gill
NKA activity levels were significantly higher in the groundwater
fish (Table 2). In 2014, gill NKA activity of groundwater fish
increased steadily throughout the spring with highest levels in
late May, whereas stream water fish had highest levels in late
April, which then decreased substantially in late May. As with
earlier years, the peak levels of gill NKA activity were higher in
groundwater than in streamwater fish in 2014 (Table 2).

Physiology of recaptured hatchery smolts and captured
stream-reared smolts
Hatchery fish were released into the Huntington River on

4 April 2012. Many of the released fish were caught one day later
in the smolt trap (4–6 km downstream), with surface water fish
comprising most of the fish captured on 5 April (surface water n =
34, groundwater n = 5; Fig. 4A). A total of 55 surface water fish
were recaptured and 21 were sampled (n = 16 on 5 April, n = 2 on
12 April, and n = 3 on 23 May). A total of 24 groundwater fish were
recaptured and nine were sampled (n = 5 on 5 April, n = 3 on
12 April, and n = 1 on 27 May). The migration pattern of stream-
reared fish for the 3 years represented in Table 3 shows that the
median outmigration date of both hatchery treatments precedes
that of stream-reared smolts by more than 2 weeks.
Postrelease changes in plasma T3 levels of hatchery fish showed

a downward trend immediately after release with both treat-
ments significantly lower than cohorts sampled in the hatchery
3 days earlier (Fig. 4B; P = 0.001). No difference between hatchery
treatment groups were detected, and no difference in circulating
T3 levels were detected from the date first captured (5 April 2012)
compared with subsequent recapture dates (12 April, 23 and
27 May) for either surface water or groundwater treatment groups
(P = 0.62). Although recapture numbers were too few to make sta-
tistical comparisons with stream-reared fish in late May, both
surface and groundwater plasma T3 levels were lower than that
in stream-reared fish on those dates.
Following release on 3 April, plasma T4 was elevated in both

treatment groups (P< 0.0001) when recaptured on 5 April as com-
pared with hatchery levels, with the surface water fish levels sig-
nificantly lower than levels in groundwater fish on this date
(Fig. 4C). Subsequent recapture dates showed significant decrease
of plasma T4 in groundwater fish captured on 12 April sample
(P < 0.0001) and a significant elevation in the surface water
group on 23 May as compared with the 5 April sampling date
(P < 0.0001). In contrast, a further a decrease in plasma T4 was
detected in the groundwater fish, although sample size on this
date was inadequate to make statistical comparisons.
Release of hatchery smolts from both water sources into the

Winooski River had a significant effect on gill NKA activity
(P < 0.0001), although groundwater fish NKA activity was not sig-
nificantly different compared with the 2 April cohort of hatchery
fish when recaptured on 5 April (Fig. 4D). Gill NKA activity of sur-
face water fish was significantly lower than levels at the hatchery
on 2 April and levels in groundwater recaptured group on 5 April.
On 23 May, NKA activity significantly increased in surface water
fish compared with both the 2 April hatchery date (P = 0.002), the
5 April recaptured surface water fish, and the 27 May groundwater
recaptured fish (P = 0.026). Gill NKA activity was similar in late May
compared with stream-reared smolts, although numbers were
inadequate to make meaningful comparisons.

Downstreammovement of radio-tagged hatchery smolts
Of 20 radio-tagged fish stocked below Winooski One Dam,

15 initiated migration (seven groundwater and eight surface water
smolts). We did not observe a difference in the duration of time
from release to initiation of migration between groundwater
(mean of 2.0 days) and surface water smolts (mean of 3.1 days;
note that fish 144 was not included in this analysis because it was
not detected at station 5; t = 0.66, df = 10.16, P = 0.52). Of the fish

Table 2. Summary of two-way ANOVA results for
physiological parameters for all hatchery sampling.

2012 2013 2014

CF
Treatment 0.0041 0.8946 <0.0001
Date <0.0001 <0.0001 <0.0001
Treatment�Date 0.0014 0.4836 0.0930

T3
Treatment 0.9561 0.0337 <0.0001
Date <0.0001 <0.0001 0.0984
Treatment�Date 0.0882 0.0546 0.0012

T4
Treatment 0.0907 <0.0001 0.8336
Date <0.0001 <0.0001 <0.0001
Treatment�Date <0.0001 <0.0001 <0.0001

Cortisol
Treatment 0.8154 0.5127 0.9696
Date <0.0001 <0.0001 0.0001
Treatment�Date <0.0001 0.0140 0.0250

NKA
Treatment 0.0004 0.0365 <0.0001
Date <0.0001 <0.0001 <0.0001
Treatment�Date 0.0064 0.0617 <0.0001

Note: Here, P values are reported for treatment (groundwater
versus surface water), date sampled, and the interaction of
treatment and date. Degrees of freedom for all comparisons:
treatment df = 1, date df = 4, and interaction df = 110–118.
CF = condition factor; T3 and T4 = thyroid hormones; NKA =
Na+/K+-ATPase.
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that initiated migration, two surface water and four groundwater
smolts successfully made it to the lake in an average of 10.2 days
with a range of 1.6 to 20.3 days. One groundwater fish returned
upstream to the dam after 7 days in the lake. We did not test for
differences in migration speed between treatment groups due to
small sample size and grouped data from both treatments to get
mean migration speed of 12.5 km·day–1 with a range of 0.9 to
47.6 km·day–1. Detailed movement patterns for all 15 smolts that
initiatedmigration are presented in Supplemental Fig. 12.

Size threshold for landlocked Atlantic salmon smolts
Hatchery-reared juvenile landlocked salmon measured and

sampled in early May showed that increased size is associated
with increased gill KNA activity (r2 = 0.49). Sizes ranging from

90 to 200 mm total length were binned into 10 mm groups of
10 fish and compared by one-way ANOVA (P < 0.0001), followed
by Tukey HSD post hoc comparisons. Statistical analyses indicate
that fish with total length greater than 140 mm had significantly
higher gill NKA activity than fish in the smallest size class
(90–100 mm; Fig. 5).

Discussion
We compared physiological responses of juvenile hatchery-

reared landlocked Atlantic salmon exposed to surface water con-
ditions with lower winter temperatures and seasonal increases
in temperature (January–May) with fish reared in groundwater
with elevated winter temperatures andminimal seasonal variability.

Fig. 2. Plasma thyroid hormones measured in Atlantic salmon sampled fish at five time points beginning in late January through late
May. Groundwater fish are represented as dark upward pointing triangles, and experimental surface water fish are represented as lighter
downward facing triangles. Symbols represent means, and error bars show standard error. Plasma T3 and T4 graphs are shown for 2012
(A and D), 2013 (B and E), and 2014 (E and F). Significant difference within treatment from initial sampling time point by one-way ANOVA
followed by Dunnett post hoc comparison is indicated by a number symbol (#), and an asterisk (*) indicates significant difference in two-
way ANOVA followed by Student–Newman–Keuls (SNK) post hoc analysis (P < 0.05).

2Supplementary data are available with the article at https://doi.org/10.1139/cjfas-2020-0295.

780 Can. J. Fish. Aquat. Sci. Vol. 78, 2021

Published by NRC Research Press

https://doi.org/10.1139/cjfas-2020-0295


While fish from both treatments in all years did develop smolt-
like physical characteristics (silvering, reduced condition factor,
and movement behavior) and physiological indices (increased
thyroid hormones, cortisol, and gill NKA activity), the timing of
when these changes occurred differed between the two water
sources. Of the physiological parameters we measured, plasma
T4 differed the most between the two treatment groups. Plasma
T4 in surface water fish was elevated earlier in all years compared
with groundwater fish. Plasma T4 was further elevated in both
groups after river release, especially late in the migratory period
in surface water fish. Plasma cortisol was lower in surface water
fish until May when levels matched or exceeded those seen in
groundwater fish. Gill NKA was lower in surface water than

groundwater fish until 6 weeks after release and upon recapture
when levels were elevated in surface water fish but not in ground-
water fish. These physiological differences during hatchery-rearing
and after release may have contributed to increased smolt-to-adult
return rates for a cohort of surface water fish observed by Harbicht
et al. (2020).
In our size threshold analysis, fish larger than 140 mm total

length in early May had significantly higher gill NKA activity
than the smallest fish, indicating the larger fish had undergone
smolt development. Intermediate levels in fish between 110 and
130 mm may indicate that some fish were undergoing smolting
and others were not. These findings demonstrate that all the fish
that were sampled and tagged in this study (140 total) were

Fig. 3. Plasma cortisol measured in Atlantic salmon sampled fish at five time points beginning in late January through late May for
2012–2014 (A–C). Gill NKA activity for 2012–2014 are also represented (D–F). Groundwater fish are represented as dark upward pointing
triangles, and experimental surface water fish are represented as lighter downward facing triangles. Symbols represent means and
error bars show standard error. Significant difference within treatment from initial sampling time point by one-way ANOVA followed
by Dunnett post hoc comparison is indicated by a number symbol (#), and an asterisk (*) indicates significant difference in two-way
ANOVA followed by SNK post hoc analysis (Text should read P < 0.05).
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sufficiently large (>150 mm) to have smolted. From a hatchery
management perspective, these results suggest that most land-
locked Atlantic salmon of the Sebago strain that are greater than
140mm in late winter will undergo smolt development.
We found lower levels of plasma T3 in surface water fish while

plasma T4 was consistently elevated in comparison with ground-
water fish in hatchery sampling February through March. Thy-
roid hormones have long been associated with developmental
changes in salmonids, and a “surge” in plasma T4 levels is well
established in the parr–smolt transformation (Specker and
Schreck 1982; Hoar 1988). The parr–smolt transformation has
been identified as a critical period for olfactory imprinting, and
it is suggested that thyroid hormones play a role in olfactory
learning and imprinting (McCormick et al. 1998; Morin et al.
1989), likely via thyroid hormone-stimulated olfactory sensory
neurons (Lema and Nevitt 2004). Thyroid hormones have also
been associated with the initiation of silvering (Leatherland 1982)
and downstream migratory behavior (Iwata 1995) and are
thought to have preparatory and perhaps synergistic, but not
direct, effects on seawater tolerance (McCormick et al. 1987).
Circulating levels of plasma thyroid hormones in smolting

salmon can be affected by a host of environmental cues, such as
photoperiod (McCormick et al. 2000), turbidity (Specker et al.
2000), water velocity (Youngson andWebb 1993), and a change in
water source (Hoffnagle and Fivizzani 1990). Temperature effects
on plasma T4 have been observed in striped bass (Morone saxatilis)
(Parker and Specker 1990), where premetamorphic larval striped
bass T4 was elevated when temperatures were decreased. Simi-
larly, Levin and Bolotovskiy (2015) suggests that in northern lati-
tudes, elevated T3 is seemingly associated with adaptation to
colder thermal environments in common roach (Rutilus rutilus)
(Levin and Bolotovskiy 2015). Larsen et al. (2001) showed that in
coho salmon (Oncorhynchus kisutch) exposed to low temperature
for the months of January and February then returned to con-
stant temperature at 10 °C through smolting, plasma T4 levels
were not different than levels seen in fish that had been held at
warm temperatures (Larsen et al. 2001). These results differ from
the present study where cooler winter temperature were associ-
ated with higher levels of plasma T4. In agreement with the pres-
ent study are the findings of McCormick et al. (2002), where a
marked decrease in plasma T4 concentration occurred following
exposure to increased temperature (McCormick et al. 2002). We
hypothesize that the longer period of elevation in plasma T4 in
surface water fish may have improved overall smolt develop-
ment, including the capacity for imprinting after release.
We found that plasma cortisol was elevated earlier in ground-

water fish than in surface water fish, with peak cortisol levels
in April. Plasma cortisol of surface water fish showed a more

gradual increase, and peak levels were observed in May (Figs. 3A–3C).
This steady rise is generally consistent with observations in litera-
ture where cortisol peaks with peak salinity tolerance in smolting
salmon (Specker and Schreck 1982; Young 1986; McCormick et al.

Fig. 4. (A) Time course of smolt trap captures of stream-reared
fish (dark rose bars), groundwater hatchery-released fish (dark
cyan), and surface water hatchery-released fish (light cyan) for the
2012 smolt season. Stream temperature is represented by the solid
line, and stream gauge height (m) is shown by the dashed line.
Grey circles represent days where the smolt trap was not operating.
(B–D) Plasma T3, T4, and gill NKA activity are shown for 2012 hatchery
smolts (surface water shown by downward facing light cyan triangles,
groundwater shown by upward facing dark cyan triangles) 2 days
before stream release (2 April 2012), stream-captured hatchery-released
smolts (light cyan–black diamonds show surface water, dark cyan–black
diamonds showngroundwater), and captured stream-reared smolts
(dark rose squares). Significance (P < 0.05) is noted by lowercase
letters, where “a” = postrelease sample versus hatchery sample,
“b” = difference between groundwater and surface water treated fish,
and “c” = difference over time from first recapture date (5 April).
[Colour online.]
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2007). Plasma cortisol increases in spring during smolt develop-
ment of anadromous Atlantic salmon (Shrimpton and McCormick
1998), but spring increases are less pronounced in landlocked
strains (Nilsen et al. 2008; McCormick et al. 2019). The rearing envi-
ronment can have a pronounced effect on the spring rise in plasma
cortisol in smolts, and in some cases plasma cortisol has been
found to be substantially lower in hatchery-reared relative to wild
fish (Shrimpton et al. 1994). Smolts display increased sensitivity to
stress compared with parr (Carey and McCormick 1998), and a
heightened stress response may be important for survival during
downstream migration. In this study, groundwater fish showed a
peak in plasma cortisol more than a month earlier than surface
water fish, and this timingwas synchronous with elevated gill NKA
activity in only 1 of 3 years of the study (2012). Although the physio-
logical ramifications are currently unclear, it is possible that the
early elevation of plasma cortisol in groundwater fish may have
altered the timing of key developmental changes and diminished
their capacity for survival after release.
In the present study, we observed elevations of gill NKA activity

in both groups during the spring, with peak levels being slightly
higher in groundwater fish. These results are consistent with
other studies that have shown that elevated rearing temperature
results in higher levels of gill NKA activity. In a study on anadro-
mous Atlantic salmon with two temperature treatments that
were similar to those in the present study, McCormick et al.
(2000) observed that elevations in gill NKA activity occurred ear-
lier in the constant elevated winter temperature group, but that
the timing andmagnitude of peak levels were similar to the natu-
ral temperature group. These results are not unlike the findings
of the present study where the timing of changes in gill NKA ac-
tivity during smolt development were comparable, but levels
were generally higher in the groundwater group. Other studies
using constant (seasonally unchanging) levels of temperature
throughout smolt development have found advances in the tim-
ing of peak gill NKA activity (Handeland et al. 2004), which might
be detrimental for fish being released into natural temperature
water, since the peak of smolt development may have already
passed by the time fish are released (McCormick et al. 1998). Ele-
vated temperature shortens the physiological smolt window, the
time during which smolts can maintain maximum performance
during downstream migration and ocean entry (Björnsson et al.
2011). Although landlocked fish do not have to deal with the
physiological challenge of osmoregulation in seawater, the tim-
ing of gill NKA is likely to be tied to other aspects of smolt devel-
opment and may thus still be indicative of greater fitness after
release.
Although we have interpreted most of the differences between

the surface and groundwater groups in terms of their tempera-
ture difference, we cannot rule out the possibility that other dif-
ferences in these two water sources may have played a role in the

physiological and endocrine difference we observed. The surface
water at Eisenhower hatchery had slightly lower conductivity,
hardness, pH, and ion levels relative to groundwater (see Materi-
als and methods). The levels of pH were only slightly different
(7.9 versus 7.4) and not within a range that would normally affect
physiological or endocrine changes during smolting (Monette
et al. 2008). Sockeye salmon (Oncorhynchus nerka) reared in hard
water (234–244 mg·L�1) and released into very soft water (11–
12 mg·L�1) experienced high mortality compared with those reared
on soft water (Trushenski et al. 2019). Although these differences
in hardness were more than those observed between ground-
water and surface water at the hatchery (121 versus 56 mg·L�1),
the increased hardness observed in the groundwater may have
some effect on postrelease mortality, though such a phenom-
enon has not been shown for Atlantic salmon. It is also possible
that difference in chemical composition at the hatchery played
a role in the olfactory imprinting process after release. It is cur-
rently thought that amino acids produced by microbial activity
are used to provide stream-specific cues for juvenile salmon
(Shoji et al. 2003; Ueda 2012) and act as attractants in homing
salmon (Shoji 2000). Perhaps prior experience with natural sur-
face water, which likely contains more amino acids than ground-
water, contributes to a greater capacity for imprinting of smolt
after release.

Postrelease changes and comparison with stream-reared fish
Behavior of radio-tagged smolts were consistent with down-

stream migration patterns observed in other studies on Atlantic
salmon smolts. For example, 70% of the radio-tagged smolts
stocked in this study initiated downstream migration compared
with 62% of tagged landlocked smolts observed by Nyqvist et al.
(2017) in the Winooski River. The mean migration speed of
12.5 km·day–1 was similar to migration speeds observed for
landlocked (Nyqvist et al. 2017) and anadromous Atlantic salmon
(Aarestrup et al. 2002). The average number of days from stocking
to entry into the lake was slightly over 10 days, providing a window
for imprinting to theWinooski River.
Hatchery fish were captured at the smolt trap soon after

release into the Huntington River (Fig. 4A). Time from stocking to
capture at the smolt trap did not differ between the surface and
groundwater groups. However, wild smolts were captured later
than hatchery smolts, and the outmigration timing of wild
smolts was similar to timing observed for anadromous Atlantic
salmon smolts (Fig. 4A; McCormick et al. 1998). Time to initiation

Table 3. Dates of start and median and end dates for stream-reared,
surface water, and groundwater smolts captured in a smolt trap on
the Huntington River in 2012–2014.

Year Water source n Start Median End

2012 Stream-reared 79 6 May 21 May 5 June
Surface water 55 5 April 5 May 23 May
Groundwater 24 5 April 9 May 27 May

2013 Stream-reared 79 26 April 17 May 6 June
Surface water 180 2 May 3 May 20 May
Groundwater 107 2 May 3 May 21 May

2014 Stream-reared 24 8 May 20 May 5 June
Surface water 58 30 April 4 May 10 June
Groundwater 89 30 April 30 April 22 May

Note: Stocking dates for surface and groundwater fish are 4 April 2012, 1 May
2013, and 29 April 2014.

Fig. 5. Total length and gill NKA activity of smolt. Values are
mean + standard error of 10 fish per group. Significant difference
(P < 0.05) from the <100 mm group is represented with an asterisk (*).
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of migration observed for radio-tagged smolts in this study aver-
aged between 2 and 3 days, which is consistent with the rapid
movement observed by smolts stocked into the Huntington River
and recaptured in the smolt trap.
Compared with levels in the hatchery, an increase in plasma

T4 and a decrease in plasma T3 was observed in both ground-
water and surface water groups within the first few days after
release into the Huntington River. Although the sample sizes
were small, the levels of plasma T4 were even more strongly up-
regulated a month later. At this time stream-reared smolts were
also migrating and had similar, high levels of plasma T4. Previ-
ous work on anadromous fish has also shown that there are
strong increases in plasma T4 after release of hatchery fish into
natural waters (McCormick et al. 2003). Although imprinting can
occur throughout the life of fish, changes experienced during
the final stage of smolt development appear to bemost important
in guiding the upstream migration of salmon as adults (Dittman
et al. 1996). Hasler (1978) demonstrated that coho salmon exposed
to odors prior to the parr–smolt transformation stage did not
demonstrate long-term imprinting memories unless their T4 lev-
els were also experimentally elevated (Hasler et al. 1978). It has
been suggested that the experience of “novel water”, such as
when wild fishmove downstream or into a new tributary or when
hatchery fish are released, is an important cue for increased
plasma T4 levels (Hoffnagle and Fivizzani 1990), which could in
turn promote imprinting. It would therefore be of interest to
examine olfactory tissue and the brain itself to see whether T3 lev-
els or thyroid hormone receptors are altered after smolt experi-
ence novel water. Development of molecular or physiological
markers for understanding when olfactory imprinting has
occurred would greatly facilitate studies of wild and hatchery-
released fish.
Gill NKA activity of fish recaptured within 1 week of release

(mid-April) did not differ substantially from those sampled at the
hatchery immediately prior to release. However, surface water
fish captured later in the migratory period (late May) had 80%
higher levels compared with fish at the hatchery and were simi-
lar in magnitude to stream-reared fish. Similar increases after
release and differences in gill NKA activity between hatchery and
stream-reared smolts from the Huntington River were also
observed by Nyqvist et al. (2017). Postrelease increases in gill NKA
activity have also been observed in several studies on anadro-
mous Atlantic salmon (McCormick et al. 2013, 2014). The fact that
smolts reared in the wild have higher levels than fish in the
hatchery indicates that cues to complete smolt developmentmay
be absent in the hatchery. Nonetheless, results of studies on post-
release changes indicate that smolt development can become
more complete after hatchery fish are released.

Summary
Harbicht et al. (2020) examined the same surface water and

groundwater smolt cohorts that we examined in this study,
allowing us to directly compare our physiological and endocrine
results with smolt-to-adult survival rates observed in their study.
In the Winooski River stocked groups, they observed a 2.9-, 3.3-,
and 8.3-fold increase in smolt-to-adult survival rate (smolt release
years 2012–2014, respectively) in surface water compared with
groundwater fish. In the present study we observed increased
plasma T4 levels both in surface water fish in the hatchery as well
as after release and hypothesize the more natural water source
and temperature cycle in surface water resulted in more com-
plete and well-timed smolt development, including olfactory
imprinting. This study emphasizes that exposing landlocked
juveniles to a natural surface water source with seasonal temper-
ature variations reduced winter growth rates but promoted natu-
ral hormonal cycles prior to release that may be causal to
increased return rates. We suggest that these rearing methods

may be applicable to other hatchery rearing programs for land-
locked Atlantic salmon and perhaps to other anadromous salmo-
nids as well.
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