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Atlantic salmon Salmo salar management is complicated by their complex 

anadromous life cycle and extensive marine migrations through international 

waters.  A primary enhancement strategy is stocking the smolt life-stage, but 

marine mortality of smolts is high.  Hatchery reared Atlantic salmon smolts 

produced from captive-reared Dennys River and sea-run Penobscot River 

broodstock are released into their source rivers in Maine.  The adult return rate of 

Dennys smolts is comparatively low.  This may be a function of ecological factors 

unique to the Dennys River and bay, or reflect poor quality of hatchery smolts 

produced by Dennys River stocks.  The Dennys River environment compares 

favorably to the Penobscot River, and telemetry studies indicate in-river mortality 

for migrating smolts is much lower than in the Penobscot.  There are ecological 

factors unique to Dennys Bay (Atlantic salmon aquaculture, complex 



 

   

geomorphology and hydrology) but the impacts of those on smolt survival are 

unknown. Smolt mortality is much higher in Dennys Bay than in Penobscot Bay 

based on telemetry studies.  

Broodstock genetic composition and rearing environment differ between 

watersheds and may affect smolt quality.  Despite decades of stock transfers 

between watersheds, Penobscot and Dennys smolts maintain some genetic 

separation, and differences in stock specific traits (e.g. fecundity, morphology) 

have been identified in common garden studies of other Maine stocks.  Genetic 

differences may reflect local adaptations which convey survival advantages or 

result from other factors.  Domestication is implicated in reduced performance of 

salmon stocks and the captive-rearing environment of Dennys broodstock may 

increase domestication effects relative to anadromous Penobscot broodstock, 

reducing smolt quality.   

Diminished smolt quality may be most evident at critical life-stages such 

as the parr-smolt transition (PST) and seawater entry. To assess smolt quality 

and performance indices for these stocks during the PST, behavioral trials were 

conducted using smolts placed in naturalized annular tanks with circular flow.  

“Migratory urge” (downstream movement) was remotely monitored via PIT tags 

and gill Na+, K+ -ATPase activity was measured periodically as an index of smolt 

development.  Migratory urge of both stocks was low in early April, increased 20-

fold through late May, and subsided by the end of June.  Migratory urge of 

Penobscot smolts increased with greater magnitude (up to 43% greater) than 



 

   

Dennys smolts early in the migration, but cumulative (seasonal) distribution of 

downstream movement was independent of stock.   

Gill Na+, K+ -ATPase activity of Dennys smolts was higher than Penobscot 

smolts in April, but otherwise similar.  Gill Na+, K+ -ATPase activity of both groups 

increased in advance of migratory urge, declining while migratory urge was 

increasing.  There was no clear relationship between migratory urge and enzyme 

activity at the individual or stock level.   

Maximum diel movement was observed from 2 h after sunset through 1 h 

after sunrise, but varied seasonally.  Dennys smolts were slightly more nocturnal 

than Penobscot smolts.  Penobscot and Dennys smolts were generally similar in 

the characteristics measured, and it is unclear if the observed modest differences 

could be responsible for the large differences observed in adult return rates.
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Chapter 1 

A REVIEW OF ATLANTIC SALMON ENHANCEMENT PROGRAMS IN THE 

DENNYS AND PENOBSCOT RIVERS 

 

Chapter Abstract 

Factors which may be influencing hatchery smolt quality and survival in 

the Dennys and Penobscot Rivers are reviewed.  Atlantic salmon management is 

complicated by their complex anadromous life cycle and extensive marine 

migrations through international waters.  A primary enhancement strategy is 

stocking the smolt life-stage, but marine mortality of smolts is high.  The smolt to 

adult return rate for recent (2001- 2002) hatchery smolt cohorts released in the 

Dennys River was 20 fold lower than in the Penobscot River.  This may be a 

function of negative ecological factors unique to the Dennys River and bay, or 

reflect poor quality of hatchery smolts produced by Dennys River stocks.  The 

Dennys River environment compares favorably to the Penobscot River, and 

telemetry studies indicate in-river survival for migrating smolts in the Dennys 

River is higher than in the Penobscot River.  However, smolt mortality appears 

much higher in Dennys Bay than in Penobscot Bay.  There are ecological factors 

unique to Dennys Bay (numerous Atlantic salmon aquaculture sites and complex 

bay geography and hydrology) but the potential impacts of those on smolt 

survival are unknown.  

Broodstock genetic composition and rearing environment differ between 

watersheds and could affect smolt quality and survival.  Despite a century of 
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artificial propagation involving stock transfers between watersheds, Penobscot 

and Dennys smolts maintain genetic separation.  Differences in stock specific 

traits (e.g. fecundity, morphology) have been identified in common garden 

studies of some Maine stocks, but it is unknown if genetic differences reflect local 

adaptations which convey survival advantages or result from other factors (e.g. 

stocking practices).  Penobscot smolts are produced from Penobscot sea-run 

broodstock that experience a natural migratory and anadromous environment, 

although most originate as stocked hatchery smolts.  Dennys smolts are 

produced from Dennys captive-reared broodstock that experience an artificial 

hatchery environment during most of their life cycle.  Domestication is implicated 

in reduced performance of salmon stocks and the captive-rearing environment of 

Dennys broodstock may increase domestication effects relative to Penobscot 

broodstock, reducing smolt quality.  Common garden laboratory experiments and 

paired release studies in the wild are needed to isolate the effects of genetic, 

broodstock rearing environment, and watershed ecology on smolt survival.  

Ensuring smolt escapement (wild or hatchery if required) adequate to produce a 

viable wild breeding population of sea-run broodstock may reduce the risk of 

domestication in Dennys broodstock.  To improve smolt escapement, hatchery 

rearing techniques could be refocused to promote traits adaptive for smolt 

survival and population fitness. 
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Introduction 

Direct evidence for the pre-colonial abundance of Atlantic salmon in Maine 

is generally lacking but runs may have numbered in the tens of thousands of fish 

annually based on the production potential of historic habitat (Fay et al. 2006). 

Atlantic salmon occurred in rivers throughout Maine, but most extant populations 

are now concentrated in central and eastern coastal regions (Figure 1.1).  Among 

these the Penobscot is the largest in terms of watershed size and salmon 

abundance, and the Dennys River is among the smallest in both categories.   

Severe declines or extirpation of Maine Atlantic salmon populations were 

observed by the mid-1800s and were commonly attributed to the construction of 

dams, commercial fishing, and pollution (Foster and Atkins 1868).  Early 

conservationists recognized the need to improve fish passage around dams, but 

many of those efforts were ineffective (Baum 1997).  Initial experiments with 

hatchery propagation of Atlantic salmon in Maine began in 1871 (Atkins 1874; 

Moring 2000) and based on early success, the program continued to develop and 

grow during the next century.  By 1959 enhancement efforts combined with 

natural spawning were contributing to a statewide annual rod catch of 480 

salmon, which increased to nearly 1400 fish in 1980 (Baum 1997) after smolt 

production and stocking increased with the construction of the Green Lake 

National Fish Hatchery (GLNFH).  Salmon abundance was ephemeral despite 

intensified stocking programs and increased restrictions to protect  
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Figure 1.1.  Map of Atlantic salmon watersheds in the State of Maine showing the 
location of the Penobscot and Dennys Rivers. 
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salmon from commercial and recreational fisheries.  In 2000, salmon populations 

in the Dennys and several other Maine rivers, collectively known as the Gulf of 

Maine distinct population segment (GoM DPS) were listed under the federal 

Endangered Species Act (U.S. Department of Commerce 2000).  The Penobscot 

River above the head of tide was not included in the 2000 listing but is currently 

(2009) under consideration. 

Atlantic salmon spawning runs have declined throughout New England in 

recent decades (USASAC 2008).  Based on population sampling and scale 

analysis, most of the adult salmon returning to U.S. rivers now originate as 

stocked hatchery smolts (USASAC 2008).  The smolt to adult return rates (SAR) 

vary widely among drainages.  In the Penobscot River, over 500,000 smolts are 

released annually, with a mean of 17.2 (± 3.6 SE) adult returns per 10,000 smolts 

stocked (2001-2005 releases, USASAC 2008).  Penobscot origin smolts released 

in the Merrimack River, MA during the same period had similar return rates (17.6 

± 4.0, mean±SE, USASAC 2008).  When 50,000 Dennys origin smolts were 

stocked in the Dennys River in 2001-2002, the observed return rate (1.2 ± 0.19, 

mean±SE, adults per 10,000 smolts) was more than an order of magnitude lower 

than the Penobscot River for the same period (23.9±2.9, mean±SE, 2001-2002 

returns, USASAC 2008).  

The poor relative performance of Dennys smolts is a concern to 

managers, but the reasons for the performance differential are unclear.  Smolt 

quality factors or environmental variability between systems could contribute to 

the observed differences.  The purpose of this manuscript is to review and 
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compare some of those factors and relate them to performance measures for 

these stocks.  An overview of Atlantic salmon life history requirements is 

presented in support of that comparison.  

 

Atlantic salmon life history 

 Atlantic salmon are anadromous and spend their adult life at sea, 

returning to their natal freshwater river to spawn after reaching sexual maturity 

(Bigelow et al. 2002).  Spawning occurs in the fall and fry emerge from the gravel 

nest (redd) the following spring.  Fry disperse from the redd and establish and 

aggressively defend individual feeding territories (Braennaes 1995).  By 

convention, fry are renamed parr (age 0) after August 15 of their first summer 

(USASAC 2008).  Parr exhibit characteristic dark colored vertical side bars called 

parr marks which provide cryptic camouflage in freshwater habitats.  After one or 

two growing seasons it is common for male parr to reach sexual maturity.  

Whalen and Parish (1999) found that up to 52% of age 1 parr and 67% of age 2 

parr they collected in Vermont tributaries were sexually mature in October. 

Mature parr participate in spawning events with adult females, typically but not 

necessarily in conjunction with an adult male (Myers and Hutchings 1987). 

Hutchings and Myers (1988) found that individual male parr fertilized an average 

of 5% of the eggs in a redd, and that the over all fertilization by parr was 

dependent on the number of male parr present.  They found that at a ratio of 20:1 

(parr: anadromous males) 23% of the eggs were fertilized by parr.  In another 

study, based on genetic analysis of eggs extracted from redds in France, Moran 
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et al. (1996) determined that parr were responsible for fertilizing 25-89% of the 

total eggs produced in matings involving  a parr and an anadromous male-female 

pair.  

Mating by precocious parr may bolster population fitness by increasing the 

effective population size (Ne) of spawners.  Effective population size refers to 

“The size of an ideal random mating population (with no selection, mutation, or 

migration) that would lose genetic variation via drift at the same rate as is 

observed in the actual population” (Freeman and Herron 2000).  

In its simple form, 

Ne= (4NmNf) / (Nm+Nf) 

where Nm= number of males and Nf = number of females.  Effective population 

size is highly sensitive to the number of unique individuals of each sex in the 

breeding population relative to the total population.  When the proportion of 

anadromous males that participate in mating is reduced, either by absence or 

through competitive exclusion of subordinate anadromous males, the sex ratio in 

the breeding population can become skewed towards females (reducing Ne).  

Mating by precocious parr  helps mitigate for a female biased sex ratio in 

anadromous spawners and increase Ne (Jones and Hutchings 2001).  The 

contribution of male parr may have importance in maintaining genetic fitness of 

populations (such as the Dennys) where spawning escapement and Ne are low 

(Myers and Hutchings 1987).  A potential reduction in Ne may also result from 

supportive hatchery breeding programs because of the vastly different survival 

(and contribution) of hatchery-reared families relative to wild-reared families 
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(NRC 2004).  This risk is increased where the hatchery breeding population is 

very large relative to the wild breeding population such as the current Dennys 

River population.   

In Maine, parr remain in the river for 2-5 years (rarely more than 3, Baum 

1997) before undergoing the parr-smolt transformation or “smolting” in 

preparation for seaward migration.  Initiation of smolting is influenced a body size 

threshold (e.g. 10.5-21.5 cm, Hutchings and Jones 1998) previous sexually 

maturity (males), and environmental factors which may vary between watersheds 

(Okland et al. 1993; Saunders et al. 1994).  Although autumn downstream 

movement of pre-smolts is common in some populations, pre-smolts are not 

physiologically prepared to enter full strength seawater and the fall “migration” 

does not appear to extend beyond the estuary (Pinder et al. 2007; Riley 2008).  

The parr-smolt transformation is a complex physiological, morphological, 

and behavioral process considered adaptive for migration and life at sea  (Hoar 

1988; McCormick et al. 1998; Nilsen et al. 2008).  It is stimulated by coincidental 

increases in day length and water temperature (Hoar 1988; McCormick et al. 

2002; Muir et al. 1994) that define a smolt “window” when developmental state is 

thought optimal for migration (McCormick et al. 1987).  Timing of smolt 

emigration has also been correlated to smolt size and age, with larger and older 

smolts migrating earlier (Jutila et al. 2006) and with water temperature and flow 

(Byrne et al. 2003; Hvidsten et al. 1995; Whalen et al. 1999; Zydlewski et al. 

2005).   
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Externally, smolts become silver in color as parr marks are obscured by 

guanine and hypoxanthine deposited in the skin and scales.  Body shape 

becomes more streamlined as length increases relative to mass (resulting in 

declining condition factor).  Smolts become positively buoyant, initiate 

downstream migration, and develop schooling behavior, perhaps preferentially 

with siblings (Olsen et al. 2004). 

Smolts in freshwater typically migrate more frequently at night although 

diurnal activity increases later in the run (Aarestrup et al. 2002; Greenstreet 

1992; Ibbotson et al. 2006).  Nocturnal migration may reduce vulnerability to 

visual predators, especially early in the smolt run when rivers are cold and smolt 

swimming performance is poor relative to endothermic predators (Metcalfe et al. 

1999).  Diel activity patterns shift as smolts enter the estuary and diurnal 

movement becomes common as smolts move in response to tides and currents 

(LaBar et al. 1978; Lacroix and McCurdy 1996; McCleave 1978).  If Dennys 

smolts exhibit contrasting diel behavior it could increase their vulnerability to 

predation.  

There is growing evidence for a genetic link to smolt run timing and other 

life history traits.  In Denmark, Nielsen (2001) observed differences in run timing 

between genetically different stocks of Atlantic salmon released simultaneously 

into the River Gudenaa.  Stewart (2006) found that smolts produced from 

headwater River Tay, Scotland stocks migrated earlier than those originating 

from down-river stocks, even when both were stocked in the same location.  

Experiments elsewhere provide additional evidence for heritable life history traits 
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which may reflect local adaptation important to smolt performance (Garcia de 

Leaniz et al. 2007; McGinnity et al. 2007).   

During the parr smolt transformation, the ability to tolerate full strength 

seawater increases in response to a suite of physiological changes including  

increased plasma levels of growth hormone (GH) insulin-like growth factor I (IGF-

I) and cortisol (Leonard and McCormick 2001; Nilsen et al. 2008).  A proliferation 

of  Na+, K+-ATPase-rich chloride cells in the gill tissue (Richman et al. 1987), and 

subsequent increases in gill Na+, K+-ATPase activity and hypo-osmoregulatory 

ability, typifies smolting and is often used as an indirect index of smolt readiness 

for seawater entry (McCormick et al. 1987).  Smolts entering seawater that are 

not optimally prepared physiologically require an acclimation period during which 

they may experience interrupted feeding, reduced performance, and increased 

predation risk (Kennedy et al. 2007; McCormick et al. 1998).  Jaervi (1989) found 

that prior acclimation to seawater reduced mortality from 90% to 43% in study 

smolts simultaneously subjected to the synergistic stressors of seawater 

challenge and predators.  The reduced survival of Dennys smolts could reflect 

inadequate physiological preparation of seawater entry.  

It is intuitive that synchrony of physiology and migratory behavior would be 

adaptive for smolt performance, and numerous studies have documented 

coincident peaks in gill Na+, K+-ATPase activity and seaward movement of 

smolts (Aarestrup et al. 2000; Nielsen et al. 2001; Whalen et al. 1999).  However, 

asynchrony in behavior and physiology of salmonid smolts has also been 

reported (Aarestrup et al. 2002; Ewing et al. 1980; Pirhonen and Forsman 1998), 
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suggesting the potential for different responses (of behavior and physiology) to 

environmental stimuli. 

If fish remain in freshwater beyond the smolt window, cessation of 

migratory urge, decreased gill Na+, K+-ATPase activity (McCormick et al. 1998) 

and decreased ability to osmoregulate in seawater occur (Handeland et al. 2004; 

McCormick et al. 1998).  “De-smolting” is accompanied by a decline in endocrine 

levels and migratory behavior but is not necessarily a complete parr reversion 

(Stefansson et al. 1998).  Smolts entering seawater past peak readiness retain 

the capacity to up regulate Na+, K+-ATPase activity and regain hypo-

osmoregulatory capability after a period of acclimation (Arnesen et al. 2003).  

However, synchrony of physiology with seawater entry would minimize the length 

of the acclimation period when smolts are more vulnerable to predation and 

environmental stressors.  

Olfactory imprinting to the natal river is enhanced during smolting and 

seaward migration, and adults in many populations home reliably back to the 

river they left as smolts (Quinn 1993).  Based on mark-recapture studies of 

tagged hatchery smolts, only 1-2% of adult salmon in Maine stray to non-natal 

rivers (Baum and Spencer 1990).  The precision of in-river homing by returning 

adults may be variable, but there is evidence for a minimum of tributary level 

homing within basins (Gorsky 2005; Youngson et al. 1994).  The freshwater 

imprinting sequence likely terminates with the smolt stage, and post-spawn 

adults (kelts) that were transferred out of basin to foreign river systems have 

returned to their original (smolt) river on subsequent spawning runs (Hansen and 
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Jonsson 1994).  Homing to natal rearing areas has evolutionary significance as a 

mechanism to promote and perpetuate locally adapted stocks, although salmon 

appear to retain a general adaptability to variation in ecological conditions 

(Dittman et al. 1996; Garcia de Leaniz et al. 2007; Taylor 1991).  If imprinting is 

compromised in Dennys smolts the rate of straying would likely increase, 

reducing SAR to the natal river. 

Smolts that have completed the transformation and enter the marine 

environment are termed “post-smolts”.  Many stocks of Atlantic salmon undertake 

extensive marine migrations (Hansen and Quinn 1998) but the navigational 

mechanisms Atlantic salmon use in the marine environment are still uncertain. 

Salmon may rely on a combination of celestial or magnetic orienteering, piloting, 

and navigation (Hansen et al. 1993).  Tagging studies have documented that 

post-smolts leaving Maine rivers undertake migrations that may extend as far as 

east as the Faroe Islands (Meister 1984).  The majority of Maine salmon spend 

two winters at sea (designated as age “2SW”) before reaching sexual maturity 

and returning to their natal river to spawn.  Rapidly maturing salmon which return 

to spawn after only one winter at sea (designated as age “1SW” or “grilse”), are 

more than 99% male for Maine stocks (Denise Buckley, USFWS CBNFH 

personal communication).  Older and larger “3SW” fish are a small component of 

annual runs in Maine (<1% of total returns, USASAC 2008).   

Having returned to freshwater to spawn, female salmon select sites for 

redd construction based on  water depth, velocity, and substrate size (Beland et 

al. 1982).  Fecundity is approximately 7500 eggs for 2SW Penobscot females 
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(Baum 1997) but egg to smolt survival in rivers is low (0.13-6.09%) and wild 

smolt to adult survival is currently estimated at <1% for many Maine populations 

(Legault 2005).  Atlantic salmon are iteroparous (capable of spawning multiple 

times) but kelt mortality is high and repeat spawners currently account for < 1% 

of annual runs in Maine (USASAC 2008). 

 

Marine migration and interception fisheries 

The marine migrations of Maine stocks have been documented through 

extensive of studies using Carlin tagged (and coded wire tagged) hatchery 

smolts.  Most distant water recoveries of these tags were made by commercial 

salmon fisheries in the Labrador Sea.  Recaptures of Maine origin fish were 

concentrated off the coasts of Newfoundland, Labrador, and West Greenland 

(Meister 1984).  Tags were occasionally recovered in coastal waters off East 

Greenland and the Faroe Islands.  Several methods have been used to estimate 

the number of Maine salmon intercepted by these fisheries.  The method 

incorporating run reconstruction models provided overall estimates for the 

combined impacts of the fisheries and indicate that  approximately 45% of Maine 

stocks at sea were harvested annually during the 1970 and 1980s (Friedland et 

al. 1996).   

The estimated pre-fishery stock abundance of Atlantic salmon at large in 

the northwest Atlantic declined three-fold from around 1.5 million fish in the 

1970s to about a half million fish by the mid-2000’s (ICES 2008; NASCO 2009).  

The commercial Atlantic salmon fishery ended in insular Newfoundland in 1992, 



 

 14

and in all of Atlantic Canada in 1998 after decades of effort and over $72 million 

(Can) in expenditures for license retirement and compensation programs (Chase 

2007).  The West Greenland commercial fisheries were closed through 

compensated moratorium in1993-1994, and continues under an agreement 

reached in 2002 which is subject to periodic review (Chase 2007).  The amount 

of annual compensation is based on the value of the allowable harvest quota 

(had the quota been harvested and sold at market).  

Annual harvest quotas, based on scientific input from the International 

Council for Exploration of the Sea (ICES) are established by the North Atlantic 

Salmon Conservation Organization (NASCO) under treaty with most North 

Atlantic countries (Windsor 1986).  The commercial harvest quota for West 

Greenland has remained at zero since 2003 (NASCO 2009) due to low salmon 

abundance, and incentive programs to assist salmon fishermen convert to other 

species are in place (Chase 2007).  Local use fisheries are permitted in Labrador 

and West Greenland (typical harvest 20 t/year, NASCO 2009) and a limited 

commercial fishery exists in St. Pierre et Miquelon (e.g. 2.2 metric tons in 2001, 

Chase 2007, 2.0 metric tons 2007, ICES 2008) located off southern 

Newfoundland.  The commercial salmon fishery in Maine was abolished in 1948, 

and harvest by recreational anglers was prohibited statewide after 1995 (Fay et 

al. 2006).   

 

 

 



 

 15

Dennys and Penobscot Watershed characteristics 

The Penobscot and Dennys Rivers represent two extremes in physical 

environment (Figure 1.1).  The habitat based conservation spawning escapement 

(CSE) for the Penobscot River (8333 spawners) is 50-fold greater than the 

Dennys (161 spawners, Fay et al. 2006).  In Maine, the CSE is calculated as the 

number of male and female spawners at a 1:1 ratio required to populate available 

rearing habitat with an average of 240 eggs/unit of rearing habitat (1 unit = 

100m2).  Habitat survey of the Penobscot drainage is incomplete but known, 

accessible rearing habitat for Atlantic salmon exceeds 102,000 units (Baum et al. 

1995).  There are an estimated 2,152 units of rearing habitat in the Dennys River 

based on complete habitat surveys (Fay et al. 2006).  The Penobscot (20,109 

km2 above head of tide at Eddington) is Maine’s largest river and its mainstem is 

obstructed by five hydro-electric dams, two of which are planned for removal.  

Predators such as smallmouth bass Micropterous  dolmieui, harbor seals Phoca 

vitulina and double-crested cormorants Phalacrocorax auritus  are common to 

both watersheds, but the presence of multiple large dams on the Penobscot 

River increases smolt vulnerability to depredation (Blackwell et al. 1997; Moring 

et al. 1999).  In a recent study using sonically tagged smolts, Holbrook (2007) 

documented that significant but variable (0-29%) smolt mortalities and delays 

occurred at or near these dams.  Water quality in headwaters of the Penobscot 

are generally classified as AA or A (Maine’s two highest classifications, MDEP 

2009) but the mainstem is a mix of classes B and C.  
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The Dennys is a small (342 km2) relatively undeveloped watershed and 

lacks the municipal, industrial, hydro-power facilities, and mainstem dams that 

diminish habitat quality and fish passage efficiency in the Penobscot River.  

There are three water level control dams in the Dennys headwaters that help 

maintain adequate flow during seasonally dry weather.  Water quality in nearly all 

of the Dennys mainstem (and most tributaries) is rated  AA (MDEP 2009).  

However the Maine Department of Environmental Protection (MDEP) and the 

U.S. Environmental Protection Agency (EPA) identified an uncontrolled 

hazardous waste site, Eastern Surplus, in the Dennys watershed in 1996.  It was 

placed on the federal register (EPA 1996) and since 2000 has undergone 

extensive site reclamation including soil and groundwater treatment.  

 Water quality factors such as dissolved aluminum and low pH can 

combine to damage smolt gills and alter physiology (Staurnes et al. 1996).  

These water quality factors have been monitored in the Dennys River mainstem 

and the Cathance Stream tributary but generally remained within safe levels 

during the smolt migratory window (Mark Whiting, Maine Dept. Environmental 

Protection, Richard Dill, Maine Atlantic Salmon commission, personal 

communication).  During a recent investigation in the Dennys River (Liebich 

2007) no low pH events (<6.0), elevated gill aluminum, or physiological 

impairment of smolts were observed.  Additional research will be required to 

understand the scope and severity of those issues in Maine’s salmon rivers. 

Although the Gulf of Maine marine environment is a commonality for 

smolts leaving Maine rivers, estuarine and bay environments differ between river  
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Figure 1.2.  Dennys (top) and Penobscot (bottom) Bay charts.  Note map scale 
differences.  NOAA Fisheries charts, T. Trinko.  
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systems.  The Dennys/Cobscook Bay complex has a short estuary and narrow 

fresh-seawater mixing zone.  It also has a convoluted geomorphology of inner 

and outer bays (Figure 1.2) exhibits extreme tidal range (5.3m at Birch Islands, 

NOAA 2009) and is populated with Atlantic salmon aquaculture net-pens in the 

outer bay.  High volume tidal exchange through the narrow straits connecting the 

inner and outer bays produce chaotic flow patterns with dipole circulation eddies 

that can extend particle retention time within parts of the bay for weeks (Brooks 

2004).  If smolts and predators are concentrated in the narrow straits, it could 

contribute to increased smolt mortality.   

Smolts in estuaries and bays appear to use tides and currents selectively 

for navigation and transport (LaBar et al. 1978; Lacroix et al. 2004; McCleave 

1978) and it is possible that disrupted flow patterns impede smolt migration.  

Delays up to 28 d and mortalities exceeding 85% were observed for sonically 

tagged Dennys smolts migrating through Dennys/Cobscook Bay in 2001-2003 

(James Hawkes, Timothy Sheehan NOAA Fisheries, personal communication).  

In contrast, a different study in the adjacent Passamaquoddy Bay during 1995-

1996 using mixed Canadian stocks found most sonically tagged smolts (71–88%) 

successfully exited the bay in 2-6 d (Lacroix et al. 2004).  Tidal ranges are similar 

or greater in Passamaquoddy Bay, but flow and smolts are not as concentrated 

by bottlenecks in the migratory route.  The Dennys River has produced abundant 

salmon runs in the past within these physical constraints (e.g. 1980 rod catch 

was 210 salmon, Baum 1997) and there is no direct evidence that the river or 

bay environment is limiting salmon survival.  However it is possible that 
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ecological shifts in prey, pathogens (e.g. sea lice Lepeophtheirus salmonis), or 

predator distributions have occurred in Dennys Bay in recent decades that 

exacerbate losses at the physical bottlenecks.  The establishment of aquaculture 

can contribute to ecological changes (Burridge et al. 1999; Revie et al. 2009) but 

the magnitude of any environmental changes in Dennys Bay, if any,  and their 

relationship to salmon abundance is unknown.  

 
Unlike the Dennys, the Penobscot Bay has moderate tides (3.3m at 

Bucksport) a long estuary (approximately 40 km), an open and un-constricted 

morphology (Figure 1.2) and no Atlantic salmon aquaculture sites.  Smolt survival  

of sonically tagged Penobscot smolts migrating through the Penobscot Estuary 

and Bay was on the order of 80-90% during a 2005-2006 study (Holbrook 2007). 

It is unclear if delays and mortalities occurring during seawater transition 

are due to unique ecological impediments in Dennys Bay, or result from 

asynchronous smolt physiology or other factors.  In any case, delays in the 

marine transition zone are thought to increase smolt exposure risk to predators 

(Dieperink et al. 2002; Handeland et al. 1996; Kennedy et al. 2007). 

 

Enhancement programs in the Penobscot and Dennys Rivers 

Atlantic salmon stocks in Maine are severely depleted and most continue 

to exist primarily through hatchery enhancement programs (USASAC 2008).  The 

Penobscot River has been stocked with hatchery reared Atlantic salmon fry, parr 

or smolts in most years since 1873 (Baum, 1997).  Broodstock purchased from 

commercial weir fishermen in Penobscot Bay were used exclusively from 1873-
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1919.  Disagreement with fishermen regarding the fair market value of local 

broodstock prompted the U.S. government to purchase Atlantic salmon eggs 

from Canadian sources after 1922.  Routine use of Canadian salmon eggs 

(Miramichi, St. John, and Saguenay Rivers stock) for supplementation programs 

in the Penobscot, Dennys, and other Maine rivers continued through the late 

1960’s (Baum 1997).  Sea-run broodstock captured at government operated 

weirs in the Machias and Narraguagus Rivers were also used intermittently from 

1942-1973 to produce eggs for the Penobscot program.  Union River, Maine 

broodstock that was recently (1971-1974) developed from Penobscot stocks was 

used interchangeably with Penobscot broodstock (1978-1990) to produce eggs 

for the Union and Penobscot programs (Baum 1997).   

The Dennys River was also stocked with Atlantic salmon juveniles nearly 

every year from 1875-1974 using a similar mix of Canadian and Maine origin 

broodstocks (e.g. Penobscot, Miramichi, Narraguagus, Machias rivers, Baum 

1997).  Dennys broodstock were used only once (1942) during this 99 year 

period.  From 1975-1991 only Penobscot and Union River broodstock were used 

to produce eggs for the Dennys.  

A  “Prelisting Recovery Plan” (Baum et al. 1992)  was developed in 1990 

mandating the use of river-specific stocks for enhancing extant salmon 

populations in Maine.  This policy was instituted on the premise that locally 

adapted stocks would perform better, and to preserve the genetic legacy of 

remaining wild salmon stocks pending characterization of river-specific genetic 

diversity.  A suite of genetic studies ensued to determine if Atlantic salmon 
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populations differed within and outside Maine.  As preliminary evidence for the 

potential uniqueness of Maine stocks began to emerge from those studies (and 

were used in support of the of the ESA listing) some of the evidence was 

challenged on statistical, methodological, or biological grounds.   

The National Research Council (NRC) of the National Academy of 

Science (NAS) was solicited to conduct an independent review of those and 

other studies.  The NRC concluded that despite some early imperfections in 

methods there was valid evidence for the genetic uniqueness of Maine stocks: 

“The statistical significance of the results is so strong and departures from 

random expectations are so large that the committee judged the results to be 

persuasive” (NRC, 2002).  Maine salmon are genetically distinct from Canadian 

and European stocks (King et al. 2001; NRC 2002) and genetic distance analysis 

indicates some separation of populations in the Dennys and Penobscot Rivers, 

among others (Spidle et al. 2003).  Genetic differences between stocks tend to 

increase with geographic distance (King et al. 2001) but the importance and 

source of genetic variation in Maine stocks (e.g. local adaptation, random effects 

from small population sizes, or stocking practices) is unknown (NRC 2002).  

Common garden studies comparing Maine stocks have identified some stock-

specific differences in body morphology (Sheehan et al. 2005) and egg size and 

fecundity (Obedzinski and Letcher 2004; Wilke 2006) that could have adaptive 

significance. 

When out of basin stocks are used in enhancement programs, 

performance of stocked fish may decline with increased geographic distance 
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between the donor and recipient stocks (McGinnity et al. 2007; Ritter 1975; 

Thorpe 1988). Clarke (1981) suggested that smolts are locally adapted to 

navigate natal estuaries and documented differences in migration routes and 

speed for introduced versus native stocks.  This is not unexpected because the 

development of adaptations which convey performance and fitness advantages 

in local habitats is the foundation of evolutionary theory (Freeman and Herron 

2000).  Stock-specific adaptations in smolt traits (e.g. physiology, behavior, 

disease resistance) could promote synchrony of migration with optimum 

ecological conditions at the local level and maximize smolt performance and 

survival in local habitats (Dittman et al. 1996; McCormick et al. 1998; McGinnity 

et al. 2007).  Although the Dennys and Penobscot are geographically close (~150 

km apart) and experience similar climate, large differences in watershed size and 

configuration may promote stock-specific local adaptations with survival 

advantages.  

Hatchery rearing of Atlantic salmon may promote selection for undesirable 

traits.  Natural selection in an artificial environment (i.e. domestication) may 

select for traits that are maladaptive in a vastly different natural environment.  

Hatchery-induced changes in performance measures such as predator 

avoidance (Berejikian 1995; Huntingford 2004), growth (Fleming and Einum 

1997), feeding rates, aggression (Huntingford 2004), competitive dominance 

(Pearsons et al. 2007), and reproductive performance (Reisenbichler and Rubin 

1999) have been documented.  Reduced performance of hatchery-reared smolts 

relative to their wild counterparts is also observed (Jonsson et al. 2003; 
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Saloniemi et al. 2004) but the proximal mortality factors are typically not 

identified.  Domestication effects have been detected after only one generation of 

hatchery exposure (Kostow 2004; Pearsons et al. 2007) and are compounded by 

increased multi-generational exposure to artificial rearing environments (Fleming 

and Einum 1997; Koyama 2007).  The increased level of hatchery exposure in 

Dennys captive-reared broodstock may increase the risk of negative 

domestication effects relative to Penobscot sea-run broodstock. 

When the river-specific broodstock policy was adopted in 1990, Penobscot 

origin broodstock were the only stock available in the Maine hatchery system and 

they were used extensively for enhancement programs throughout New England.  

Collection of wild origin river-specific broodstock in the Dennys River was 

initiated in 1992 with the installation of a picket style weir and trapping facility, but 

only five wild origin salmon were captured at the weir that year (Horton et al. 

1998).  Attempts were made to acquire additional sea-run broodstock that year 

by “live-catching” adults in gill nets at upriver spawning grounds.  Eight of the 

nine adults captured in gill nets were of hatchery origin (presumably returns from 

the Penobscot origin hatchery smolts stocked there in 1990) and were not 

retained for broodstock (Trasko 1993).  An Alaskan floating resistance board weir 

(Tobin 1994) designed to withstand high flows and debris loading better than 

picket  style weirs was tested in 1995 and 1996.  In addition to serving as a 

broodstock and data collection facility, weirs were later intended to serve as a 

barrier to exclude aquaculture escapees from the river.  
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Although typically absent from the Penobscot, aquaculture escapees 

accounted for over 50% of the Dennys weir catch from 1994-2003 (57% ±12, 

mean± SE, USASAC 2006).  Aquaculture escapees may pose a disease and 

genetic risk to wild stocks (Carr et al. 1997; McGinnity et al. 2003) and neither 

the picket nor floating weirs provided adequate capture efficiency or reliability 

(Horton et al. 1998).  Weir reliability was further compromised by concealed 

sabotage in 1997.  A permanent (seasonal) A-frame style weir was installed in 

1998 which was more reliable for regulating unintended upstream passage.  

Although stronger, the new weir was vulnerable to damage in high flows and 

washed out on several occasions, leaving the river open to aquaculture 

escapees for extended periods.  Suspected aquaculture escapees have been 

observed on occasion in the Dennys River when the weir was compromised or 

absent.  Parr collected from the Dennys for broodstock are genetically screened 

for non-native alleles from European stocks (which are present in some 

aquaculture populations).  The incidence of European alleles in Dennys parr 

broodstock collections is typically low (< 3 parr/yr) but has been as high as 13 

parr/yr (USASAC 2005) .  Delayed identification of these individuals has on 

occasion resulted in mating and stocking of these families in the Dennys River, 

but continued screening may permit future removal of those individuals if they are 

collected as broodstock (USASAC 2005).   

The number of adult returns to the Dennys were inadequate to provide a 

viable broodstock population (Table 1.1) and a captive-reared broodstock 

program was initiated in 1992 (Barton et al. 2006; Baum et al. 1996).  Dennys  
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Table 1.1.  Smolt stocking and adult returns to the Dennys and Penobscot River, 
1975-2003 releases.  Penobscot origin smolts were stocked in both rivers in 
1998-1990.  River specific smolts were stocked in source rivers in 2001-2002.  
Penobscot data are from fishway traps.  Dennys data are from reported rod catch 
(1975-1991) and weir catches 1991-2003.  Data from U.S. Atlantic Salmon 
Assessment Committee (USASAC) unpublished database. 
 

 Dennys  Penobscot 

smolt 
Num. 
smolts Adult 

Adults 
per  10k  Num. Adult 

Adults 
per 10k

Year stocked Returns smolts  Smolts Returns smolts 
1975 4,200 0 0.00  110,600 668 60.40 
1976 8,900 37 41.57  234,800 1,594 67.89 
1977 0 0    338,500 796 23.52 
1978 30,200 117 38.74  202,500 2,785 137.53 
1979 10,200 74 72.55  296,300 3,126 105.50 
1980 15,200 21 13.82  584,600 4,780 81.77 
1981 0 3    199,500 866 43.41 
1982 0 0    329,700 1,572 47.68 
1983 5,200 6 11.54  442,900 3,121 70.47 
1984 3,300 7 21.21  617,100 3,893 63.09 
1985 4,500 0 0.00  580,900 2,017 34.72 
1986 5,400 3 5.56  589,200 2,746 46.61 
1987 9,000 10 11.11  539,200 2,735 50.72 
1988 25,700 21 8.17  687,000 3,391 49.36 
1989 12,100 1 0.83  416,600 1,515 36.37 
1990 25,800 4 1.55  429,100 1,357 31.62 
1991 11,700 3 2.56  672,800 2,213 32.89 
1992 0 7    824,700 986 11.96 
1993 0 0    580,400 1,348 23.23 
1994 0 0    567,600 1,349 23.77 
1995 0 0    568,400 1,396 24.56 
1996 900 0 0.00  552,200 1,037 18.78 
1997 0 0    580,200 808 13.93 
1998 9600 1 1.04  571,800 490 8.57 
1999 0 3    567,300 636 11.21 
2000 0 9    563,200 537 9.53 
2001 49,800 7 1.41  454,000 1,220 26.87 
2002 49,000 5 1.02  547,000 1,148 20.99 
2003 55,200 0    547,300 276 5.04 
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captive broodstock originate as “wild” parr collected (electrofished) in the Dennys 

River that are subsequently reared to maturity in freshwater at the Craig Brook 

National Fish hatchery (CBNFH).  Although it is assumed that many of the 

collected parr originate from previously stocked fry (due to low annual spawning 

escapement) a portion of parr are selectively collected near confirmed spawning 

sites when possible.  Spawning optimization protocols incorporating genetic 

analysis and passive integrated transponder (PIT) tag tracking of broodstock 

during spawning were implemented to maximize genetic distance of mated pairs 

(Barton et al. 2006).  However, recent analysis suggests a reduction in genetic 

diversity and effective population size in Dennys salmon populations occurred 

between 1981-2001 (Lage and Kornfield 2006). 

Penobscot broodstock are obtained at a Penobscot River fishway trap as 

they ascend the river during their spawning migration.  They are first filial (F1) 

sea-run adults, and most (89±2%, mean±SE, 2000-2007, DMR unpublished 

data) originate from previously stocked hatchery smolts (often referred to as 

“sea-ranched” salmon).  Up to 600 Penobscot broodstock are collected annually 

(400 female and 200 male).  Most broodstock are age 2SW (3SW and repeat 

spawners < 1%), but 30 1SW fish are collected and spawned annually to ensure 

genetic contribution from that age class (Barton et al. 2006).  The spawning 

optimization protocols used for Dennys broodstock (above) are also used when 

spawning Penobscot broodstock. 
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Stocking salmon as newly hatched fry reduces exposure to the hatchery 

environment and artificial selection relative to stocking older such life stages (e.g. 

smolts). However fry mortality is high and to date has not produced large 

numbers of adult returns (Sustainable Ecosystem Institute 2007).  Stocking 

salmon at the smolt life stage circumvents most freshwater mortality and is 

typically more effective in producing adult salmon returns to Maine rivers 

(Sustainable Ecosystem Institute 2007; USASAC 2008).  With the adoption of 

“river-specific” broodstock and stocking policies, fry stocking was implemented as  

the primary enhancement strategy for the Dennys and other GoM DPS rivers 

(Baum et al. 1995).  Dennys River nursery habitat was stocked only with fed or 

unfed fry (typically 1 fry/m2 habitat, ~200,000 fry/yr) from 1992-2000 (USASC 

2006).  Resulting juvenile salmon densities were low relative to many other 

Maine rivers and adult salmon returns to the Dennys did not improve (e.g. 1995-

2000 3.8 ± 1.7, mean±SE, annual adult returns from all sources, USASAC 2005).  

Experimental smolt stocking was resumed in the Dennys River in 2001 with the 

expectation for an immediate increase in adult returns. 

Results to date suggest that Dennys origin smolts stocked into the Dennys 

River return at a much lower rate than Penobscot origin smolts stocked into the 

Penobscot River (Table 1.1).  Penobscot (and Union) origin smolts were 

experimentally stocked in both the Dennys and Penobscot Rivers in1988-1990.  

The SAR of smolts stocked in the Penobscot exceeded the SAR of those stocked 

in the Dennys by an 11:1 ratio during those years based on documented returns 

(Table 1.1).  Unlike the Penobscot, the SAR to the Dennys in those years was 
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based only on reported rod catch (due to the lack of a counting weir) and actual 

return rate was likely higher and more similar to that on the Penobscot.  An 

improvement in the Penobscot:Dennys SAR ratio was expected with the switch 

to “local origin” Dennys broodstock in 2000-2001 and the installation of a 

counting weir to obtain an accurate estimate of returning adults.  Instead the SAR 

gap nearly doubled (20:1 Penobscot: Dennys) compared to 1988-1990 (Table 

1.1).   

It is unclear why smolt performance in the Dennys River has declined 

relative to Penobscot smolts, but it could be a function of smolt quality factors 

linked to differences in broodstock rearing technique.  Most Penobscot and all  

Dennys broodstocks are exposed to artificial rearing environments during a 

portion of their life cycle, but at different life-stages and durations.  Penobscot 

“sea-ranched” broodstock are subjected to a captive environment for 18 months 

(egg to smolt stages) but acquire most of their body mass and mature sexually in 

a natural marine environment while consuming natural prey items.   

Captive-reared Dennys broodstock spend 2-4 years (egg to fry, then parr 

to adult stages) in the hatchery and acquire most of their body mass and mature 

sexually in freshwater on an artificial diet.  The diet and environment of teleost  

 broodstock during gonad maturation has the potential to influence gamete 

quality and phenotype of the progeny (Eskelinen 1989; Izquierdo et al. 2001; 

Swain and Foote 1999).  Survival of eggs to the eyed-egg developmental stage 

is 88%±0.03 for Penobscot sea-run broodstock but only 76%±0.05 for Dennys 

captive-reared broodstock (2003-2007, mean±SE, Denise Buckley USFWS 
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personal communication).  Maternal environmental effects are also observed in 

other taxa; Sorci and Clobert (1997) demonstrated that the feeding rate of  

female lizards during gestation was correlated to important performance 

differences (i.e. sprint speed) in their progeny. 

The potential for multi-generational exposure to artificial environments is a 

reality for both Penobscot and Dennys stocks, but the magnitude and manner is 

stock-specific based on the variation in broodstock life history. Studies of  
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Figure 1.3.  Hatchery origin broodstock in Penobscot egg production.  Crosses 
indicate hatchery origin (H) and wild origin (W) individuals mated in the hatchery.  
Based on analysis of USFWS spawning data, CBNFH and Maine Dept. Marine 
Resources scale analysis and origin assignment data, unpublished. 
 

salmonids have shown a direct relationship between increasing levels of 

domestication and negative impacts on life history traits (Fleming and Einum 

1997; Huntingford 2004; McGinnity et al. 2007).  Due to the low number of wild 

origin broodstock, essentially all (99.2%± 0.4, mean± SE,) of Penobscot smolts 
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produced in recent years (2001-2007) have at least one sea-ranched hatchery 

origin parent (hatchery x wild or hatchery x hatchery matings, Figure 1.3).  It is 

likely that most Dennys smolts are produced from broodstock that originated as a 

stocked hatchery fry (originally produced by captive-reared broodstock) due to 

the near absence of natural spawning in that river.  High overall survival in 

captive programs may help minimize selective loss of genetic material adaptive 

for natural environments, but could also contribute to fixation of deleterious 

alleles ordinarily kept in check in the wild (Lynch and O’Hely, 2001).  The lack of 

migratory and marine life history stages in the captive Dennys broodstock could 

relax selective pressure important to maintaining smolt performance in the 

marine environment.   

 

Conclusions 

It remains unclear why Penobscot hatchery smolts out perform Dennys 

hatchery smolts by such a wide margin.  Low marine survival poses a continued 

source of high mortality, but freshwater and near shore ecological factors may 

also exert a strong effect on smolt survival.  Impediments to migration in Dennys 

Bay (biotic and abiotic) inadequate physiological preparedness for seawater 

entry, or both might explain the reduced survival of Dennys smolts.   

Life history traits important to performance may be influenced by genetic 

factors, and there is some genetic separation in Dennys and Penobscot stocks.  

The source of genetic difference is unknown, but may reflect local adaptations to 

the vastly different size and configuration of these watersheds.  Smolt quality can 
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be influenced by exposure to domestication and by maternal rearing environment 

which also differ markedly between Penobscot and Dennys broodstock.  

To date no Maine salmon populations have been restored through the use 

of hatchery products; although it is likely many have been preserved because of 

it.  Pending increases in the abundance of sea-run salmon, use of captive-reared 

broodstock for stock enhancement will be required to support salmon populations 

in the Dennys River and elsewhere.  However the potential for maladaptive 

selection in the hatchery environment suggest that exclusive, long term reliance 

on hatchery products may ultimately select against traits essential for 

performance of these stocks in the wild.  The current lack of sea-run spawners 

and the continued “re-cycling” of multiple generations of fry-stocked parr through 

the captive-broodstock program may accelerate that process.  Ensuring smolt 

escapement (wild and hatchery origin as needed) adequate to produce a viable 

breeding population of sea-run broodstock for the Dennys River should be a top 

program priority.  

Potential to improve hatchery smolt escapement may exist through 

application of techniques emerging in the field of reintroduction biology (e.g. life-

skills training and environmental conditioning, Brown and LaLand 2001).  

Treatments that promote traits adaptive for survival and long term population 

fitness should be actively investigated.   

The recent Dennys River smolt stocking program was not effective in 

producing adult returns and that program was discontinued because the cause of 

failure could not be identified and corrected.  If ecological factors unique to the 
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Dennys watershed are causal, shifting the smolt stocking program to the nearby 

Narraguagus River (which occurred in 2007) and comparing SAR may provide 

insight into the magnitude of environmental effects.  That strategy alone will not 

address the fundamental issue of stock-specific genetic quality and broodstock 

rearing environment as they relate to smolt performance, especially if the 

Narraguagus SAR are similarly low.  The common garden laboratory 

experiments described in Chapter 2 identified small but significant stock-specific 

differences in performance indices and is an important first step.  However, 

paired release studies are warranted to isolate and compare the effects of 

watershed ecology and smolt quality on survival.  Isolating ecological from fish 

culture effects is essential information for mangers seeking to target limited 

program resources in the most productive manner.   
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Chapter 2 

MIGRATORY URGE AND GILL NA+, K+ -ATPASE ACTIVITY OF HATCHERY 

REARED ATLANTIC SALMON SMOLTS FROM DENNYS AND PENOBSCOT 

RIVER STOCKS, MAINE 

 

Chapter Abstract 

Hatchery reared Atlantic salmon Salmo salar smolts produced from 

captive-reared Dennys River and sea-run Penobscot River broodstock are 

released into their source rivers in Maine.  The adult return rate of Dennys smolts 

is comparatively low.  To assess performance indices for these stocks, 

behavioral trials were conducted using smolts placed in naturalized annular tanks 

with circular flow.  Migratory urge (downstream movement) was remotely 

monitored via PIT tags and gill Na+, K+ -ATPase activity was measured 

periodically as an index of smolt development.  Migratory urge of both stocks was 

low in early April, increased 20-fold through late May, and subsided by the end of 

June.  Migratory urge of Penobscot smolts increased with greater magnitude (up 

to 43% greater) than Dennys smolts early in the migration, but cumulative 

(seasonal) distribution of downstream movement was independent of stock.  Gill 

Na+, K+ -ATPase activity of Dennys smolts was higher than Penobscot smolts in 

April, but otherwise similar.  Gill Na+, K+ -ATPase activity of both groups 

increased in advance of migratory urge, declining while migratory urge was 

increasing.  There was no clear relationship between migratory urge and enzyme 

activity at the individual or stock level.  Maximum diel movement was observed 
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from 2 h after sunset through 1 h after sunrise, but varied seasonally.  Dennys 

smolts were slightly more nocturnal than Penobscot smolts.  The observed 

differences may result from genetic or broodstock rearing effects.   

 

Introduction 

Atlantic salmon populations in New England rivers have declined since the 

1980’s and remain critically low (USASAC 2008).  Populations in the Dennys 

River and seven other Maine rivers (Maine Distinct Population Segment; DPS) 

were collectively listed as endangered under the federal Endangered Species Act 

(ESA) in 2000.  The 2000 listing did not include Atlantic salmon in the Penobscot 

River above the head of tide, although they are currently (April 2009) under 

consideration for listing.   

A large proportion of adult salmon returning to New England rivers 

originate as stocked smolts, and the smolt to adult return rates (SAR) vary widely 

among drainages.  In the Penobscot River, over 500,000 smolts are released 

annually, with a mean of 17.2 (± 3.6, SE) adult returns per 10,000 smolts (2001-

2005 releases, USASAC 2008).  Penobscot origin smolts released in the 

Merrimack River, MA during the same period had similar return rates (17.6 ± 4.0 , 

mean±SE, adults per 10,000 smolts stocked, USASAC 2008).  However, in the 

Dennys River 50,000 Dennys origin smolts were stocked annually 2001-2002 

and the observed return rate (1.2 ± 0.19, mean±SE, adults per 10,000 smolts) 

was more than an order of magnitude lower than in the Penobscot River 

(USASAC 2008).  



 

 35

The low return rate of Dennys smolts relative to Penobscot smolts could 

be a function of river-specific environmental conditions.  However this seems 

unlikely since environmental conditions in the Dennys River compare favorably to 

the Penobscot River.  The Dennys is a small (342 km2), relatively undeveloped 

watershed and lacks the heavily developed municipal, industrial, and hydro-

power dams which diminish habitat quality and fish passage efficiency in the 

Penobscot River (20,109 km2 above head of tide).  Predators such as 

smallmouth bass Micropterous  dolmieui, harbor seals Phoca vitulina and double-

crested cormorants Phalacrocorax auritus  are common to both watersheds, but 

the presence of multiple large dams on the Penobscot River increases smolt 

vulnerability to predation (Blackwell et al. 1997; Moring et al. 1999).  The estuary-

bay environment of the Dennys watershed does not compare as favorably.  

Unlike Penobscot Bay, the Dennys-Cobscook Bay complex has a convoluted 

geomorphology, exhibits extreme tidal range (5.7m), chaotic flow patterns 

(Brooks 2004), and is heavily populated with Atlantic salmon aquaculture sea-

cage sites which may pose risks to migrating salmon (Naylor et al. 2005).  The 

cumulative impact of these ecological factors in and near the Dennys Bay could 

reduce passage efficiency and survival of Dennys smolts. 

Alternatively, reduced survival of Dennys smolts may be a function of 

smolt characteristics linked to differences in source broodstock.  Dennys and 

Penobscot broodstock differ in genetic composition and broodstock rearing 

environment.  Though both the Penobscot and Dennys Rivers were historically 

stocked with salmon from other Maine and Canadian Rivers (Baum 1997), they 
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retain river-specific genetic separation based on genetic distance analysis 

(Spidle et al. 2003).  It is possible that these genetic differences convey stock-

specific smolt characteristics that influence survival.   

Differences in broodstock rearing environment and diet may influence egg 

quality and survival of progeny  (Eskelinen 1989; Izquierdo et al. 2001).  Because 

of a lack of sea-run salmon returns to the Dennys River, Dennys broodstock 

originate as parr collected in the Dennys River that are then captive reared to 

maturity in freshwater.  It is likely most of those parr originated from previously 

stocked fry because there has been little natural spawning in the Dennys River in 

recent years (USASAC 2008).  The absence of an anadromous migratory 

experience in the captive Dennys broodstock (possibly for multiple successive 

generations) may reduce selection for characteristics important to migratory and 

marine performance.  Negative domestication effects have been observed in 

salmonids after only one generation in captivity (Kostow 2004; Pearsons et al. 

2007).  Although Penobscot smolts are produced from sea-run broodstock that 

mature at sea, the potential for multi-generational domestication effects is also 

present.  Due to a lack of wild broodstock, nearly all of Penobscot hatchery 

smolts produced in recent years have had at least one sea-ranched hatchery 

smolt parent (99.2%±0.4, mean±SE, 2001-2007 matings, U.S. Fish and Wildlife 

Service (USFWS), Maine Department of Marine Resources (MDMR), 

unpublished data).  

If an inherent difference (genetically or environmentally induced) exists in 

the performance potential of Dennys and Penobscot stocks, it may be most 
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apparent during critical life history events.  The parr-smolt transformation is a 

period of behavioral and physiological development considered adaptive for 

migration and life at sea  (Hoar 1988; McCormick et al. 1987).  It is stimulated by 

increases in day length in combination with temperature (Hoar 1988; Muir et al. 

1994) that define a smolt “window” when developmental state is optimal for 

migration (McCormick et al. 1987).  During this window the ability of smolts to 

tolerate full strength seawater increases in response to the proliferation of Na+, 

K+-ATPase (enzyme number 3.6.1.36, IUBMB 1992) rich chloride cells in the gill 

tissue (Richman et al. 1987).  Gill Na+, K+-ATPase activity peaks during smolting 

and is often used as an indirect indicator of seawater tolerance (McCormick et al. 

1987).  A shift from territorial to migratory behavior occurs coincident with these 

physiological changes, and a diel activity pattern skewed towards nocturnal 

movement is typical, particularly early in the migration (Greenstreet 1992).  If fish 

remain in fresh water beyond the smolt window, cessation of migratory urge 

(Zydlewski et al. 2005), decreased gill Na+, K+-ATPase activity (McCormick et al. 

1998), and decreased ability to osmoregulate in seawater occurs (Handeland et 

al. 2004; McCormick et al. 1998).  De-smolting  is accompanied by a decline in 

endocrine levels (McCormick et al. 1997) and migratory behavior but is not 

necessarily a complete reversion to parr-like status (Stefansson et al. 1998).  

The objectives of this laboratory study were to compare development of 

hatchery reared Atlantic salmon of Dennys and Penobscot River stocks with 

respect to changes in gill Na+, K+-ATPase activity and migratory urge during the 

period of the parr-smolt transformation.  These smolt characteristics are 
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associated with successful transition to the marine environment and, by 

extension, may provide insight into the overall survival of these stocks. 

 

Materials and Methods 

Study animals 

First filial (F1) sea-run Penobscot broodstock were intercepted at a 

Penobscot River fishway (river kilometer 48) between May and September 2005.  

They were trucked to USFWS Craig Brook National Fish Hatchery (CBNFH) in 

Orland, Maine and held there until spawned that fall.  Dennys broodstock were 

captive reared from parr (captured in the Dennys River) at the CBNFH until 

spawned as mature (age 3-5) adults in fall 2005.  Broodstock of different river 

origins are held and spawned in isolated areas at the CBNFH. 

Penobscot and Dennys eggs were transferred at the “eye-egg” 

developmental stage to a smolt production facility, the USFWS Green Lake 

National Fish Hatchery (GLNFH) in Ellsworth, Maine.  Eggs were incubated for 

approximately 6 months until hatched, then reared for approximately 12 months 

(to age 1 smolts) using identical but stock-specific circular production pools (6 m 

and 9 m diameter).  Pre-smolts (parr) at GLNFH are graded each September and 

fish less than 12 cm fork length (FL) are removed and stocked out.  

On February 25, 2005 study animals (hereafter designated as “smolts”) 

were non-selectively netted from production pools.  Dennys smolts were 

processed first.  To minimize size differences between tested fish, the size (FL 

frequency distribution) of Penobscot smolts was matched to that of Dennys 
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smolts (requiring the exclusion <5% of Penobscot non-selectively netted smolts).  

Smolts were anesthetized using 100 mg/L MS-222 (buffered with 20 mmol 

NaHC03, pH = 7.0) measured FL (cm) and mass (g) and PIT tagged with Destron 

Fearing (St. Paul, MN) TX1411L tags (134.2 kHz, 2x12 mm, 0.1 g).  Tags were 

implanted intra-peritoneally through a 2 mm surgical incision in the smolt’s 

ventral surface as described by Gries and Letcher (2002).  Tag retention was 

100% during the study.   

After processing, Dennys smolts (281) and Penobscot smolts (286) were 

transferred to separate 2 m X 2 m square holding tanks with rounded corners.  

Tanks were flow-through and fed by a spray bar with standard hatchery water 

(filtered and UV sterilized ambient temperature lake water, seasonally 2.7-19.7 

°C) at 38 L/min.  Smolts in holding tanks were held under simulated natural 

photoperiod (SNP) for the GLNFH (latitude: 44° 35’ 9” N), and were hand fed to 

satiation once daily with standard hatchery diet (3 mm pellets, Corey Hi-Pro, 

Friona, TX).  

 

Experimental Conditions  

Three behavioral evaluation tanks (BET; Figure 2.1) were constructed 

inside the GLNFH based on Zydlewski et al. (2005).  Water within each 1.5 m 

diameter BET was circulated around a 77 cm diameter cylindrical partition to 

simulate a unidirectional flowing stream.  The partition was offset (non-

concentric) to create a narrow, 15 cm wide raceway against one tank wall and a 

58 cm wide holding area on the adjacent side of the tank.  Two rectangular PIT  
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Figure 2.1.  Schematic of a behavioral evaluation tank (BET) at the GLNFH.  
Water circulated around the center partition produced a unidirectional flow.  PIT 
antennae were positioned in the narrow tank section and configured to quantify 
“upstream” and “downstream” movements of PIT tagged Atlantic salmon smolts. 

 

tag antennae (15 cm X 60 cm) were tightly fitted at the upstream and 

downstream ends of the raceway, 33 cm apart and encircling the water column.  

Each antenna was connected to a Destron Fearing FS 2001 F-ISO transceiver 

which was wired to a laptop computer for data storage.  The holding area in the 

BET was shaded from direct light by a black plastic cover, and the floor there 

was surfaced with washed and sterilized natural rock substrate (2-10 cm 

diameter mixed cobble) to provide additional cover.  Low velocity flow (10-30 

cm/s) was maintained in the holding area, and high velocity flow (> 50 cm/s) was 

directed into the antenna raceway through a submerged pipe with two 6.4 mm 

Upstream antenna

Downstream antenna 

Submerged 
water jet

PIT tag transceivers 

Flow

Tank 
1.5m dia. 

Circular 
partition   

Data logger 
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diameter water jets (Figure 2.1).  The water jets supplied gravity-fed hatchery 

water at 38 L/min and tank water depth was maintained at 0.3 m.  

One 50 W clear glass, full spectrum incandescent light bulb was centered 

1.6 m above water level in each tank.  Lights were turned on at sunrise and 

turned off at sunset each day by a programmable timing device to maintain SNP 

identical to the holding tanks.  The three BETs were arranged in a triangular 

pattern approximately 2 m apart on center, and each received direct and indirect 

light from adjacent tank lights.  A temperature logger (Stowaway XT108-05, 

Onset Computer Corporation, Bourne, MA) set to record temperature at 1 h 

intervals was deployed within the center partition of a BET. 

 

Behavioral Experiments 

Migratory behavior is precluded in laboratory studies (no change in 

geographic location can occur) but expression of migratory restlessness or 

Zugunrhue  is commonly measured in birds and other taxa as a surrogate for 

actual migration (Gwinner and Czesschlik 2001).  Because transition from 

territorial to mobile downstream behavior is required for seaward migration of 

smolts, monitoring smolt position and movement relative to flow provides an 

indication of “migratory urge”.   

A series of seven 14 d trials were initiated on March 23 and ended on 

June 29 2005.  For each trial, 30 Dennys and 30 Penobscot smolts were non-

selectively netted from their respective holding tanks, anesthetized, measured 
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(FL and mass), biopsied (gill; see below) and recovered.  These fish were then 

transferred to the three BETs (10 of each stock per tank).  

Smolt movements were monitored by recording PIT tag detections on the 

antennae at 1 s intervals during the entire trial.  Smolts were not fed while in the 

BET and human disturbance was limited to once per day.  Test PIT tags 

embedded in a sponge were floated through the antennae in each BET during 

daily inspections to assess antennae function.  At the end of each trial, smolts 

were removed from the BET and measured and a second gill biopsy was 

collected.  New smolts were used for each trial to minimize handling effects.  

 

Gill Na+, K+ -ATPase assay  

Gill biopsies were collected and Na+, K+-ATPase activity was measured 

using a modification of the methods described by McCormick (1993).  The distal 

2-3 mm of three to four gill filaments from each smolt were excised from the left 

side (trial- start) or right side (trial-end) gill arches, placed in a 500 µL micro-

centrifuge tube containing  100 µL of  SEI solution (250 mM sucrose, 10mM 

EDTA, 50mM imidazole, pH 7.3), and instantly frozen on dry ice.  Biopsies were 

stored at –80° C for a maximum of 120 days prior to assay.  

Each frozen gill biopsy was thawed and immediately homogenized in 200 

µL of 0.1% (weight/volume) sodium deoxycholate in SEI solution.  The 

homogenate was centrifuged at 5,000 g at 4°C to remove insoluble material.  

Na+, K+-ATPase activity was determined in duplicate by measuring activities with 

or without 1.75 µM ouabain in a solution containing 4 U/mL lactate 
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dehydrogenase, 5 U/mL pyruvate kinase, 2.8 mM phosphoenolpyruvate, 0.7 mM 

adenosine triphosphate (ATP), 0.22 mM nicotinamide adenine dinucleotide 

(reduced NADH), 50 mM imidizole, 45 mM NaCl, 2.5 mM MgCl2, 10 mM KCl, pH 

= 7.5.  Vmax (the maximum velocity or rate that the reaction is catalyzed by the 

enzyme in the absence of other limiting factors; here as rate of change in NADH 

concentration) was measured at 25°C over a 10-min interval using a 96 well 

microplate plate reader (EL808 spectroscopic, Bio-Tek Instruments, Winooski, 

VT) at 340nm. Output was processed via KC Junior software (Bio-Tek 

Instruments, Winooski, VT).   

Protein concentration of the gill homogenate was determined in triplicate 

using the bicinchoninic acid (BCA) method  (Smith et al. 1985; BCA Protein kit, 

Pierce, Rockford, IL, USA).  Activity of gill Na+, K+-ATPase is expressed as µmol 

ADP·mg protein-1·hr-1.  Assay data were excluded from further analysis if the 

coefficient of variation of Vmax or protein exceeded 15% between replicate values 

(less than 2% of study smolts had both start and end data rejected).   

 

Analysis of behavioral data  

Criteria described by Zydlewski et al. (2005) were used to classify and 

enumerate PIT contacts as “downstream movements”(DSM), “upstream 

movements” (USM), or “crosstalk”.  Successive contacts of a unique PIT tag on 

both antennae within a 2-3 second interval were classified as either an USM or 

DSM based on direction of movement relative to tank flow (Figure 2.1).  If the 

contact interval between antennas was greater than 3 seconds, the event was 
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excluded because it is plausible that the smolt reversed direction after the first 

contact, circled the tank, and contacted the second antenna from the opposite 

direction.  Multiple contacts on one or both antennae within 1 s intervals were 

classified as duplicates or antenna “crosstalk” and discarded.   

Based on observations from this study and Zydlewski et al. (2005), smolts 

experience an initial acclimation period to the BETs consisting of frequent and 

erratic directional movement.  Erratic behavior patterns typically subsided by trial 

day 3 (never extended beyond day 6 of any trial), so data from trial days 7-13 

(inclusive) were used for analysis of smolt movements.  Data from trial days 1-6 

and day 14 (a sample day) were excluded.  

USM and DSM data were analyzed separately, and SYSTAT 12.00.08 

software was used for all statistical analyses.  Mean daily and hourly (by 24 hour 

bin) smolt movements were calculated by stock within trial.  Movement data were 

not normally distributed (Shapiro-Wilks test) and were tested using Kruskal Wallis 

two-way ANOVA with stock and trial as factors, and a post-hoc Tukeys HSD 

multiple comparisons test.  Stock-specific cumulative distributions of mean daily 

movements over time were compared within stocks using a Kolmogorov-Smirnov 

test.  Tank (BET) effects were tested using three factor (tank, stock, trial) general 

linear model (GLM) ANOVA of ranked detections.   

To examine diel activity patterns, smolt movements were categorized by 

hour bin as “day” (lights on), “night” (lights off), or “transitional” (the lights turned 

on or off during this hour bin).  Because of the changing photoperiod, the 

illumination received during the transitional hour varied daily and transitional bin 
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data were excluded from diel movement analyses.  To examine effects of 

daylight on activity level, day and night proportions were tested using a Kruskal-

Wallis one-way ANOVA grouped by trial and stock and were tested using a post-

hoc Tukeys HSD multiple comparisons. 

 

Analysis of gill Na+, K+-ATPase activity and physical measures 

When normally distributed (Shapiro Wilks test), data were analyzed using 

a one-way ANOVA within stock grouped by trial.  When not normally distributed, 

data were analyzed using a Kruskal Wallis one-way ANOVA within stock grouped 

by trial.  A post-hoc Tukeys HSD multiple comparisons test was used for to test 

for differences.  Gill Na+, K+-ATPase activity, condition factor (K=100● mass (g) ● 

(FL cm)-3), and body mass were not normally distributed; FL was normally 

distributed.  Trial-start and trial-end FL were not different within stock and trial 

(students T test) and were averaged to produce mean FL (by stock and trial).  

Relationships between gill Na+, K+-ATPase activity, FL, mass, K factor, and 

migratory urge were tested using Ordinary Least Squares (OLS) regression 

analysis of rank transformed data.  All analyses were judged at α<0.05.  

 

RESULTS 

Seasonal behavior  

Dennys and Penobscot smolts displayed generally similar patterns of 

migratory urge over the course of the study.  Most directed movement (>96%) 

was downstream for both stocks (Figure 2.2).  Migratory urge remained low 
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through late April (<15 DSM/d for both stocks) but increased 10-fold by early 

May.  DSM continued to increase through mid-May, exceeding initial (April) levels 

by 20-fold.  Migratory urge remained high (Dennys 431, Penobscot 449 DSM/d) 

through mid-June, and then declined to less than half of those levels by the end 

of the month (trial 7, Figure 2.2).  

The cumulative distribution of migratory urge over time was not different 

between stocks (p = 0.919), but Penobscot smolts moved downstream more 

frequently than Dennys smolts in trials 3 and 4 (Figure 2.2).  Penobscot smolts 

made 200 DSM/d vs. 146 DSM/d for Dennys smolts in early May (trial 3).  During 

mid-May (trial 4), Penobscot smolts moved downstream at a 43% greater rate 

than Dennys fish (476 vs. 332 DSM/d respectively).  Migratory urge did not differ 

between stocks in any of the subsequent trials.  Penobscot smolts made more 

USM than Dennys smolts in trials 4 and 5, but USM of both stocks were minimal 

(13 and 10 USM/d, respectively; Figure 2.2).  Frequency of upstream movement 

did not differ between stocks in other trials.   

Tank effects were observed in all trials and contributed to tank-stock interactions 

in all trials except 2 and 5.  Tanks effects were primarily a function of shifts in 

rank magnitude in one tank that had higher PIT detection efficiency, rather than 

shifts in stock hierarchy between tanks.  There was no consistent tank bias for 

stock-specific detectability, and no attempt was made to normalize data for tank 

effect using the test tag data.  The possibility that minor differences in stock-

specific behavior could be masked by the tank effect was accepted in lieu of 

reducing sample size.   
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Figure 2.2.  Seasonal movements and physiology of Penobscot and Dennys 
smolts in BET at the GLNFH in 2005. (A) Upstream (-) and downstream (+) 
movements. (B) Trial-start (circles) and trial-end (triangles) gill Na+, K+ -ATPase 
activity of study smolts coincident with behavioral trials.  Values in both panels 
are mean ±1 SE bars.  Asterisks indicate significant differences between stocks 
within trial (P≤0.05).   
 

Diel activity  

Nocturnal movements accounted for a higher proportion of daily activity 

than diurnal movements for both stocks in most trials, but there was seasonal 

variation (Figure 2.3).  Smolts moved infrequently during March and early April 

(trials 1-2), but were more active during the day (up to 80% of total movements) 
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than during the night.  When smolt activity increased in late April, over two thirds 

of daily movements by Dennys (68.6%) and Penobscot (66.7%) smolts were 

nocturnal.  The highest proportion of nocturnal DSM for Dennys (82.5%) and 

Penobscot (73.0%) smolts was observed in early May (trial 4).   

Smolts of both stocks became more active during the day in later trials (5 

and 6) when about 40% of DSM were diurnal.  Smolts reverted to a more 

nocturnal pattern as migratory urge diminished; daytime activity declined to 

23.5% of Dennys and 28.5% of Penobscot DSM in trial 7 (Figure 2.3).   
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Figure 2.3.  Mean diel downstream movements of Atlantic salmon study smolts at 
the GLNFH in 2005 by 24 hour bin (radar plots) and % of total daily movement 
occurring during night (-) and day (+) (bar plots).  Values mean ±1 SE for bar 
plots.  Asterisks indicate significant differences between stocks within trial. 
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Smolts typically reached peak daily activity levels 2 h after “sunset” and    

maintained that level until at least 1 h after “sunrise” (Figure 2.3).  Through trial 4, 

activity levels were lowest at mid-day and remained low until after sunset.  Later 

in the migration period (trials 5-6) smolts increased mid-day and afternoon 

movement, but frequency remained low relative to night movement.  While 

overall patterns of diel activity were similar between stocks, Penobscot smolts 

remained more active immediately after “sunrise” and were slightly more diurnal 

than Dennys smolts in trials 4-5 (Figure 2.3).  

 

Gill Na+, K+ -ATPase Assay  

Both stocks exhibited a seasonal change in gill Na+, K+ -ATPase activity.  Activity 

level was low in March, peaked on April 20 (intersection of trials 2 and 3), and 

declined to the lowest observed levels by the end of June (Figure 2.2).  Gill Na+, 

K+ -ATPase activities did not differ between stocks at the end of each trial, but  

Dennys smolts had higher enzyme activity than Penobscot smolts at the 

beginning of trials 2 and 3 (Figure 2.2).   

Patterns of changes in gill Na+, K+ -ATPase activity differed between 

stocks.  Trial-start activity level in Dennys smolts increased nearly 2-fold between 

late March and late April (trials 1-3), while  Penobscots’ remained unchanged.  

Dennys trial-start activities then declined by 35% in early May (trial 4) while 

Penobscots’ increased by 25%.  Penobscot smolts had greater changes in 
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activity level within trial (Day 0 vs. Day 14) than between trials during trials 1-3, 

but Dennys smolts did not.  

Peak gill Na+, K+ -ATPase enzyme activities occurred in advance of peak 

of DSM for both stocks.  By June (trial 6) gill Na+, K+ -ATPase activity had 

decreased to March levels (trial 1); while the frequency of DSM increased 6-fold 

between trials 1-6 for both stocks (Figure 2.2).  There were no relationships 

between the frequency of DSM and Na+, K+ -ATPase activity for either Penobscot 

or Dennys smolts.  

 

Physical comparisons 

The mean FL of smolts did not change within any 14 d trial, but increased 

seasonally between trials.  Fork length differed between stocks only in trial 1 

(Dennys smolts were smaller) and trial 7 (Penobscot smolts were smaller; Table 

2.1).  Similarly, initial mass increased through the 3-month study, differing 

between stocks only in trial 1.  During each 14 d trial, the unfed smolts decreased 

in body mass and the greatest losses occurred in trials 4-7 when mean daily 

water temperatures ranged from 9.4 -19.0 °C (Table 2.1).  Patterns of loss were 

similar for both stocks though Dennys smolts had a greater loss in mass (1.5%) 

in trial 1, and Penobscots’ had a greater loss in mass (1.3%) in trial 2.  

Condition factor (K) for both stocks declined through the study (Table 2.1).  

K factor was greater for Penobscot smolts than Dennys smolts at the beginning 

of four trials (2, 3, 5 and 7) and remained higher at the conclusion of two of those 

(trials 3 and 7).  For all trials and both stocks, K declined between trial-start and 
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trial-end.  There was no correlation between physical characteristics (FL, mass, 

K) and gill Na+, K+ -ATPase activity or migratory urge at the trial or stock level.  

 

Table 2.1. Descriptive statistics.  Mean daily water temperature during 
experimental trials; and FL, mass, and condition factor (K=100● (mass g) ● (FL 
cm)-3) for Atlantic salmon study smolts at the GLNFH in 2005.  Values are mean 
±1 SE.  Asterisks indicate significant differences between stocks within trial 
(P≤0.05).   

 

  

 
Dates 

(Temp °C)          Mass(g) K  

Trial Start     End Stock FL   Start End  Start End 
1 Mar 23 Apr 6 Den. 170±1.8  53±1.8 52±1.8  1.07±0.00 1.04±0.00
 (2.9 -3.2) Pen. 175±1.7*  59±1.7* 59±1.8* 1.09±0.01 1.06±0.01

         
2    Apr 6  Apr20 Den. 173±1.8  53±1.7 52±1.7 1.02±0.01 1.00±0.01
 (3.2 -6.2) Pen. 174±1.6  55±1.6 55±1.6 1.06±0.01* 1.02±0.01
         
3 Apr 20 May 4 Den. 177±1.7  55±1.8 54±1.7 1.02±0.01 0.96±0.01
 (6.2 -9.4) Pen. 174±1.7  56±1.6 53±1.5 1.05±0.01* 0.99±0.01*
         
4 May 4 May18 Den. 181±1.6  57±1.6 53±1.4 0.98±0.01 0.90±0.01
 (9.4 -10.5) Pen. 177±1.8  55±1.8 52±1.7 1.00±0.01 0.92±0.01
         
5 May 18 Jun 1 Den. 182±1.6  56±1.5 52±1.5 0.94±0.01 0.87±0.01
 (10.5 -12.1) Pen. 180±1.7  56±1.6 53±1.5 0.96±0.01* 0.89±0.01
         
6 Jun 1 Jun 15 Den. 185±1.6  57±1.4 54±1.3 0.90±0.01 0.86±0.01
 (12.1 -13.9) Pen. 185±2.0  58±2.0 55±1.9 0.92±0.01 0.86±0.01
         
7 Jun 16 Jun 29 Den. 194±1.7  65±2.2 61±2.1 0.90±0.01 0.83±0.01
 (15.3 -19.0) Pen. 186±1.6*  61±2.0 58±1.9 0.93±0.01* 0.87±0.01*
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DISCUSSION 

Penobscot and Dennys Atlantic salmon exhibited physiological and 

behavioral changes characteristic of the parr-smolt transformation.  Migratory 

urge increased in early May (trial 4) and remained high through mid-June (trial 6, 

Figure 2.2).  Gill Na+, K+-ATPase activity peaked in late April but declined after 

mid-May (Figure 2.2).  Fork length increased and K factor declined seasonally 

resulting in more streamlined body morphology.  Qualitatively, these changes are 

well characterized for Atlantic salmon smolts and were consistent with a plethora 

of studies (McCormick et al. 1999; 1998; Whalen et al. 1999; Zydlewski et al. 

2005).  

 The cumulative distributions of migratory urge (change in 

downstream movement frequency over time) were not different between stocks, 

but quantitative differences were observed.  Both stocks exhibited large 

increases in DSM between trials 2-4, but Penobscot smolts moved more 

frequently in trials 3-4 than Dennys smolts (Figure 2.2).  Greater movement 

frequency at the onset of peak migration may suggest an earlier behavioral 

window for Penobscot smolts relative to Dennys smolts. 

Penobscot and Dennys smolts may have differed in their physiological 

response to the experimental environment.  During trials 1-3, Penobscot smolts 

up-regulated gill Na+, K+-ATPase activity after being placed in the BETs, while 

enzyme activities of Penobscot smolts remaining in the holding tanks did not 

change (based on subsequent trial-start biopsies).  Smolts in the BETs were not 

fed and an inverse relationship between food uptake and Na+, K+ -ATPase 



 

 53

activity has been observed in brown trout Salmo trutta smolts (Pirhonen and 

Forsman 1998).  Water temperature in the holding tanks were identical to those 

in the BETs, but the later exposed smolts to cobble substrate, higher velocity 

flows, and  an opportunity to move in a dynamic environment with con-specifics.  

Gill  Na+, K+ -ATPase activity is sensitive to environmental stimuli and large post-

stocking increases in the enzyme activity of  salmonid smolts have been 

documented (McCormick et al. 2003; Zaugg 1982).  Zydlewski et al (2003) 

demonstrated that  steelhead trout (Oncorhynchus mykiss) smolts reared in 

natural ponds had elevated physiological metrics of smolting (plasma growth 

hormone, increased salinity tolerance) relative to those reared in smooth 

concrete raceways.   

Unlike Penobscot smolts, gill Na+, K+ -ATPase activity of Dennys smolts 

did not increase significantly while in the BETs during trial 2.  This could result 

from stock differences in seasonal enzyme trajectories, or indicate diminished 

feedback capability between environmental cues and physiology for Dennys 

smolts.  If feedback mechanism were compromised, it is possible that in-river 

performance could be influenced.  However, Dennys smolts increased gill Na+, 

K+ -ATPase activity in both the experimental and holding tanks during and 

between other trials and had equal or greater activities than Penobscot smolts on 

all occasions (Figure 2.2).   

 Given the geographic proximity of these two stocks’ origins, similar 

developmental and migratory patterns may be expected.  The observed 

differences may reflect adaptation to natal river environments.  The non-tidal 
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mainstem of the Penobscot River is three times the length of the Dennys 

mainstem (108 km versus 32 km) and earlier onset of migration may be adaptive 

for Penobscot smolts.  Stewart (2006) found that smolts produced from 

headwater stocks migrated earlier than those originating from down-river stocks, 

even when both were stocked in the same location.  Experiments elsewhere 

provide limited but growing evidence to support the concept of a heritable 

component to smolt migration timing (Garcia de Leaniz et al. 2007; Nielsen et al. 

2001; Olsen et al. 2004).  

Dennys broodstock spend two-four years in the hatchery (from age 1 parr 

to mature adult; longer if a parr originated as hatchery fry) versus 18 months (egg 

to smolt) for Penobscot broodstock.  This may increase the relative potential for 

negative domestication effects in Dennys broodstock.  High overall survival in 

hatchery rearing programs helps minimize selective loss of genetic material 

adaptive for natural environments (Doyle 1983).  However hatchery induced 

phenotypic changes (i.e. domestication effects) may provide a mechanism for 

differential selection on hatchery products post release (Kostow 2004). 

Domestication may also contribute to proliferation and eventual fixation of 

deleterious alleles ordinarily kept in check in the wild  (Lynch and O'Hely 2001).   

Differences in the diet and environment of teleost broodstock prior to 

spawning has the potential to influence gamete quality and phenotype of the 

progeny (Eskelinen 1989; Izquierdo et al. 2001; Swain and Foote 1999).  Survival 

of eggs to the eyed-egg developmental stage is 88%±0.03 for Penobscot sea-run 

broodstock compared to 76%±0.05 for Dennys captive-reared broodstock (2003-
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2007, mean±SE, Denise Buckley, USFWS, personal communication).  Koyama 

et al. (2007) found no difference in run timing of masu salmon Oncorhynchus 

masou hatchery smolts originating from wild and first generation (F1) captive-

reared broodstock of the same stock.  However in the same study, run timing 

differences were detected in hatchery smolts produced from wild versus F3 

captive broodstock. Environmental effects are also observed in other taxa; Sorci 

and Clobert (1997) demonstrated that the feeding rate of  female lizards during 

gestation was correlated to important performance differences (i.e. sprint speed) 

in their progeny. 

 Many of the factors linked to the timing of smolting and migration were 

controlled for in the current study.  Smolt emigration has been positively 

correlated with smolt size, smolt age (Jutila et al. 2006), and variation in 

environmental triggers such as water temperature and flow (Greenstreet 1992; 

Hvidsten et al. 1995; Whalen et al. 1999; Zydlewski et al. 2005).  The interaction 

of photoperiod and water temperature are thought to be the primary controlling 

effects on seasonal Na+, K+ -ATPase  trajectories (Handeland et al. 2004; 

McCormick et al. 1987; 2002).  These factors, however, are unlikely to have 

contributed to the observed differences because both stocks were reared and 

tested in parallel environments, were the same age, and had negligible 

differences in size (Table 2.1).   

DSM for both stocks was predominantly nocturnal, though movement 

during the day increased towards the end of the smolt window.  Daylight activity 

was greatest during early morning hours as an extension of high nighttime 
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activity.  This increased daytime migratory behavior may have survival 

consequences.  Nocturnal migration may reduce the predation risk from visual 

predators, especially early in the smolt run when water temperatures are cold 

and smolt swimming performance is poor relative to endothermic predators 

(Metcalfe et al. 1999).  Later in the run, during warmer water temperatures and 

elevated metabolism, the increased predation risk of diurnal activity may be 

offset by enhanced foraging opportunity, growth, and smolt performance 

(Metcalfe et al. 1999; Valdimarssons et al. 1997).  Alternately, the risk associated 

with ceasing migration during the day and failing to reach seawater under optimal 

physiological conditions may be greater than risks incurred by daytime activity, 

especially near the end of smolt window.   

 Nocturnal smolt migration is typical of many Atlantic salmon populations 

(Carlsen et al. 2004; Greenstreet 1992; Moore et al. 1995) but smolts in some 

rivers exhibit contrasting behavior.  For example, smolts in the sub-Arctic River 

Utsjoki migrate most actively during the day (Davidsen et al. 2005).  In those 

situations, daily temperature fluctuations may interact with endogenous patterns 

of activity.  Fraser et al (1995) found that diel activity patterns of non-migratory 

salmon parr  were strongly correlated to daily temperature fluctuations, finding no 

evidence of circadian control in both laboratory and field studies.  In the current 

study, a consistent pattern of high smolt activity at night and reduced activity 

during the day was observed for smolts in the absence of daily temperature 

fluctuations.  Greater daytime activity might have been observed if smolts had 

experienced diel variation in temperature. 
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 The absence of food in the BET may also have affected patterns of 

movement.  As temperature increased in May and June, increasing metabolic 

requirements could also have prompted increases in DSM frequency.  During the 

last trials, the lowest condition factors and the greatest percent weight loss were 

observed.  If smolts were energy limited, it is possible that increased passive 

DSM could account for observed levels in migratory urge.  This is unlikely, 

however, as upstream movements were highest in early June (trial 6) and DSM 

declined in late June (trial 7) coincident with increasing water temperature.  

 The absence of synchrony between gill Na+, K+ -ATPase and migratory 

urge, while unexpected, has been previously reported for salmonids (Aarestrup 

et al. 2002; Pirhonen and Forsman 1998).  A temporal offset in physiological and 

behavioral trajectories may reflect the natural condition.  Downstream smolt 

migration prior to increased physiological measures has been observed in 

salmonids (Ewing et al. 1980).  Alternately, in the current study, the experimental 

environment may have influenced these results.  The peak downstream 

migration of hatchery smolts (from the same cohorts) released in 2005 in the 

Dennys and Penobscot River occurred in mid-May (P. Ruksznis and G. Mackey, 

Maine Department of Marine Resources, unpublished data; J. Hawkes, NOAA-

Fisheries, personal communication).  Elevated migratory urge of the captive 

smolts from this study was extended several weeks through mid-June.   

It is unreasonable to assume the migratory urge or Zugunrhue expressed 

in a laboratory setting from this and other studies should directly match the timing 

of migrants in a natural environment.  Because gill Na+, K+ -ATPase plays an 
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essential role in ion regulation in seawater (Bystriansky et al. 2006; McCormick et 

al. 1987; Nilsen et al. 2003), synchrony of migration with physiological 

preparedness is adaptive for smolts entering seawater.  If study smolts had not 

been confined, the observed pattern of migratory urge likely would have resulted 

in rapid movement downstream and entry into seawater coincident with peak 

physiological preparedness.   

The persistence of migratory urge over a two month period may have a 

selective advantage for smolts that are impeded or delayed during migration.  

Such persistence has been observed in controlled studies with migratory birds 

(Berthold 2001; Gwinner and Czesschlik 2001).  Even if less than optimally 

prepared, smolts transferred to saltwater past their peak physiological smolt 

status retain the ability to acclimate to seawater (Arnesen et al. 2003).  Such an 

outcome may be preferable to remaining in a suboptimal and warming freshwater 

environment reached by an incomplete migration. 

The biological and management implications of the stock-specific 

differences observed in this study are difficult to assess.  Penobscot and Dennys 

smolts were generally similar in the characteristics measured, and it is unclear if 

the observed modest differences could be responsible for the large differences in 

observed adult returns.  Other smolt quality factors not measured or detected in 

this study may be causal.  The potential for river/bay environmental effects 

should remain a research priority.  Pending increases in the abundance of sea-

run salmon, captive-reared broodstock will be required to support stock 

enhancement measures in the Dennys River and elsewhere.  Interpretation of 
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this study is confounded by the potential for dual treatment effects (genetic and 

rearing strategy).  In either case, isolating genetic from environmental 

(domestication) effects should be a management priority where Atlantic salmon 

enhancement programs rely on captive-reared broodstock.  Paired releases of 

smolts produced by captive-reared and sea-run broodstock of the same stock 

would provide direct comparison of the effects of broodstock rearing environment 

on smolt performance. 
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