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ABSTRACT 
 

The Connecticut River Atlantic Salmon Restoration Program (CRASRP) has 
stocked the Connecticut River with Atlantic salmon (Salmo salar) fry and smolts 
since 1967. In 1996, the CRASRP began using microsatellite DNA loci to 
genetically match unrelated fish for parental pairs in order to preserve maximum 
genetic variation in the population and increase survival. This study compared 
historic return rates of fry and smolts to see which life-stage produced higher 
return rates. The cost of fry and smolt returns was calculated to determine cost-
effectiveness. To see if genetic breeding improved survival, return rates and 
percent eye-up were compared before and after 1996. Eye-up was also correlated 
with parental relatedness among family groups to see if more distantly related 
parents produced better embryo survival. Smolt stockings yielded significantly 
greater return rates than fry stockings and smolts were more economically 
efficient. Return rates of smolts and fry were significantly lower after 1996. Eye-
up was slightly better after 1996, but more distantly related parents did not result 
in better eye-up. In order to obtain higher return rates, hatcheries should put more 
effort into stocking smolts. The analysis of the genetic breeding program was 
inconclusive. Low return rates likely result from poor marine survival. 
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INTRODUCTION 

 Anadromous fishes, like Atlantic salmon (Salmo salar) hatch in rivers, 

mature at sea, and then return to the river to spawn (Appendix A). In order to 

complete their life cycle, they must have access to riverine spawning grounds. 

Dams impede fish passage despite devices like fish ladders, which are imperfect 

and are not installed at all dams. Atlantic salmon were extirpated from the 

Connecticut River in 1798 following construction of the first dam across the main 

stem of the river (CRASC, 1998). Prior to extirpation, Atlantic salmon runs 

numbered in the thousands. The current Connecticut River Atlantic Salmon 

Restoration Program (CRASRP) was started in 1967 to restore Atlantic salmon to 

the Connecticut River (Appendix B). Members of the CRASRP include the four 

basin states, Connecticut, Massachusetts, New Hampshire, and Vermont, and 

three federal agencies: the National Marine Fisheries Service (NMFS), U.S. Fish 

and Wildlife Service (USFWS), and U.S. Forest Service (USFS). The goal of the 

program is to create a recreational fishery and it has successfully established an 

annual run numbering in the low hundreds (CRASC, 1998).  

 Juvenile stocking is commonly used in Atlantic salmon restoration 

programs (Aprahamian et al., 2003; Jonsson & Jonsson, 2009). Smolts were 

stocked as part of the CRASRP from 1967 to 1994, when smolt stocking was 

stopped due to budget constraints, although in 2000 the Dwight D. Eisenhower 

National Fish Hatchery, USFWS, North Chittenden, Vermont again began to 
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stock smolts (CRASC 1998). Fry stocking was initiated in 1987 and is currently 

the main practice of the CRASRP. Fry stocking was started in order to add 

stream-reared smolts to the program since stream-reared smolts, or smolts 

produced from fry stocking, were predicted to yield higher return rates than 

hatchery-reared smolts (Jokikokko et al., 2006). Jokikokko et al. (2006) showed 

that post-smolt survival was higher for salmon stocked as parr than for those 

stocked as smolts. Also, the post-smolt survival of European wild smolts has been 

shown to be greater than that of hatchery-reared smolts (Jonsson et al., 2003; 

Jutila et al., 2003; Kallio-Nyberg et al., 2004). The most likely mechanism behind 

the decrease in survival experienced by hatchery-reared fish is domestication 

selection (Olla et al., 1998; Jonsson & Jonsson, 2006). 

 Domestication selection is evolutionary selection for traits that improve 

survival and reproduction in the hatchery environment (Waples, 1999). Hatchery-

reared fish experience phenotypic and genotypic changes that often maladapt 

them for survival in the wild (Jonsson & Jonsson, 2006). Phenotypic changes 

critical to survival upon release include inhibited predator-avoidance and feeding 

behavior (Olla et al., 1998). One advantage of fry stocking is that hatchery-reared 

fry should experience less domestication selection than do hatchery-reared smolts 

because the time that fry spend in the hatchery is less than that of smolts (Fleming 

et al., 1994). Thus, adults produced from fry stocking resided longer in the natural 

environment under the pressures of natural selection and should have higher 
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fitness. However, there are also advantages to smolt stocking. When smolts are 

stocked, they migrate out of the river almost immediately and avoid the high 

density-dependent mortality (Whalen & Labar, 1994; McMenemy, 1995) and 

predation risk (Henderson & Letcher, 2003) experienced by fry and parr in the 

river.  

Due to the inherent tradeoff between fitness and survival, choosing which 

life-stage to stock depends on the goal of the program (Aprahamian et al., 2003). 

Smolt stockings should produce higher return rates, but fry stockings should 

produce higher quality, or more fit, adults. Cost is also an important 

consideration. Smolts, because they are reared longer in the hatchery, are more 

expensive to raise than fry (Ken Sprankle, USFWS, personal communication). 

However, the higher return rate of smolts could compensate for their initial 

greater expense. In order to assess which life-stage is more efficient to stock, this 

study compared the return rates from fry and smolt stockings and calculated the 

cost per return of each life-stage. 

 Another goal of Atlantic salmon restoration programs is the preservation 

of genetic variation in the population in order to avoid founder effects and 

population decline. Inbreeding has been shown to decrease genetic variation 

within populations and thus make them more susceptible to decline and extinction 

(Frankham, 1995; Frankham, 2005). Since their extirpation from the Connecticut 

River, there has been essentially no natural Atlantic salmon reproduction in the 
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river. CRASRP staff spawn broodstock in hatcheries. In 1996, a genetic breeding 

program was incorporated into the CRASRP in order to prevent inbreeding and 

preserve genetic variation. Microsatellite loci are used to determine the 

relatedness of broodstock and match parents that are the most genetically 

different.  

 Since lack of genetic variation could lead to population decline and 

extinction, breeding for maximum genetic variation may help improve survival. 

However, Neiman and Linksvayer (2006) reviewed evidence from several insect 

species that inbreeding could actually increase adaptive potential by preserving 

adaptive gene complexes. Such complexes are groups of two or more genes that 

work together to produce a phenotype that affects fitness. Inbreeding tends to 

increase a population’s homozygosity, which in turn stabilizes gene complexes by 

decreasing the chance of introducing a new allele. The purpose of breeding for 

maximum genetic variation (outbreeding) is to increase heterozygosity and would 

therefore likely disrupt any adaptive gene complexes in the salmon genome.  

Furthermore, in species that often exhibit local adaptation, like Atlantic 

salmon, outbreeding could disrupt the evolution of locally-adapted traits (Dionne 

et al., 2009). Atlantic salmon often home precisely to their natal streams, which 

can create strains of salmon that are genetically distinct from each other even 

within the same river (Taylor, 1991; Dionne et al., 2009). Distinct genetic profiles 

at the tributary scale are indicators of local adaptation to specific streams. 
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Breeding practices that prevent the development of local adaptation could actually 

make it more difficult for salmon to adapt and survive. This study examined the 

success of the genetic breeding program since its implementation in 1996. Two 

measures of success were used: embryo survival and sea-run return rates.  

 The purpose of this study was to evaluate the effectiveness of two key 

components of the CRASRP: 1) the life-stage used for juvenile stocking and 2) 

the genetic matching of adults to preserve maximum genetic variation.  
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MATERIALS AND METHODS 

Restoration Program Procedures 

 Information about the CRASRP procedures was obtained from the 

CRASC (1998) report and personal communication with Mickey Novak, USFWS. 

See Appendix B for more details. 

 Juvenile stock is released into the Connecticut River and its tributaries 

every spring. Adult sea-run salmon are captured at the Holyoke Dam, Holyoke, 

Massachusetts in the spring. Ten percent of returns are released above the dam to 

reproduce on their own. Sea-runs are tagged with a passive integrated transponder 

(PIT-tag), which is inserted under the dorsal fin and read by a receiver. The PIT-

tag can be used to track fish movements in the river and identify fish in the 

hatchery. Sea-runs are categorized as coming from either fry or smolt stockings. 

This can be discerned because smolts have their adipose fin clipped before they 

are stocked whereas fry do not. Scale samples are taken to determine the age of 

the returning fish and the number of winters it spent at sea. A sample of the anal 

fin is sent to the Northeast Fishery Center, USFWS, Lamar, Pennsylvania for 

genetic analysis. Genetic analysis was previously done at the Silvio Conte 

Anadromous Fish Laboratory, U.S. Geological Survey (USGS), Turners Falls, 

Massachusetts, and is where the genetic information for the present study was 

obtained. Using microsatellite loci in the genome, the fish is matched to its 

parents and grandparents. This information is used to determine which stream the 
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fish was stocked into and to prevent the fish from being mated with another from 

the same family. The tagged sea-runs are held over the summer at the Richard 

Cronin National Salmon Station, USFWS, Sunderland, Massachusetts.  

In the winter, the sea-runs are spawned by hatchery staff. Prior to 1996, 

four random males were used to fertilize the eggs from each female. In 1996, the 

genetic breeding program was started whereby, with the use of microsatellite loci, 

parental matches are made by crossing the most unrelated fish in order to preserve 

genetic variation. Because of low numbers of returns and the need to prevent 

inbreeding, two males are used to fertilize each female’s eggs. Parental pairs are 

assigned a relatedness value, which is the negative natural log of the proportion of 

shared alleles between the parents. Therefore, the fewer alleles the parents share, 

or the more unrelated they are, the higher their relatedness value.  

The fertilized eggs are placed into individual holding containers for each 

family group (the offspring from one parental pair) and incubated at 38°F (3.3°C). 

Prior to incubation, an initial count of the eggs is done using water displacement. 

A sample of 50 eggs from an individual family group is put into a graduated 

cylinder that is partly filled with water. The volume of water that those eggs 

displace is then used in a ratio: number of eggs per volume of water. The entire 

batch of eggs from the family group is then put into the graduated cylinder and 

the total number of eggs is estimated from its water displacement and the ratio 

obtained from the sample of 50 eggs.  
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During the incubation period, eggs that were not fertilized and eggs that 

die turn white, distinguishing them from healthy, orange-colored, eyed eggs. 

“Dead” eggs are removed and a second count of the remaining eyed eggs is taken 

(also using water displacement) to determine the percent eye-up, or embryo 

survival, for each family group. After reaching the eyed stage, eggs are 

transported to several federal and state hatcheries along the Connecticut River 

where they are either kept as broodstock for the next year or stocked into the river 

as juveniles (Appendix B). Fry are currently released from several hatcheries. In 

the past, high numbers of smolts were released, but now limited numbers are 

stocked only from the Dwight D. Eisenhower National Fish Hatchery, USFWS, 

North Chittenden, Vermont (see Appendix C for historic stocking numbers of fry 

and smolts).  

Data analysis 

 Smolt and fry return rates were obtained from the Office of the 

Connecticut River Coordinator, USFWS, Sunderland, Massachusetts. Eye-up data 

for sea-run family groups were provided by the White River National Fish 

Hatchery, USFWS, Bethel, Vermont. Parental relatedness data came from the 

Silvio Conte Anadromous Fish Laboratory, USGS, Turners Falls, Massachusetts.  

Return rates of smolts and fry from the year-classes 1972 to 2007 were 

compared using a Mann-Whitney rank sum test in order to determine which life-

stage yielded the highest return rate. This test was used because return rates were 
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not normally distributed. Four years when fry were not stocked (1972-1973) and 

when fry had not yet returned (2006-2007) were not included in the analysis as 

they would yield false zero return rates. Seven years (1995-1999 and 2001-2002) 

when smolt-stocking was extremely low were also not included since that level of 

stocking would not be expected to yield any returns. This resulted in 32 years 

(1974-2005) of fry return rates and 29 years (1972-1994, 2000, and 2003-2007) of 

smolt return rates. 

Percent eye-up for sea-run families and return rates of fry and smolts were 

both compared before and after 1996 to see if the genetic breeding program 

improved Atlantic salmon survival. Return rate data were the same as described 

for the life-stage comparison. Percent eye-up data were from the years 1988 to 

2006, excluding 2000 and 2001 when the data were lost due to recording error. 

Pre- and post- 1996 return rates for both fry and smolts were compared using a 

Mann-Whitney rank sum test because the data were not normally distributed. A 

Mann-Whitney rank sum test was also used for the pre- and post- 1996 eye-up 

comparison because the data had unequal variance.  

Linear regression analysis was used to directly compare parental 

relatedness to percent eye-up among sea-run family groups. The years 2003 and 

2006 were used because they had good data series for both parental relatedness 

and eye-up. 
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Cost per return 

 The costs of rearing one fry and one smolt were obtained from hatchery 

managers. The cost of smolt rearing at the Dwight D. Eisenhower National Fish 

Hatchery, USFWS, North Chittenden, Vermont was estimated to be $0.24 per 

smolt. Two estimates of fry rearing were obtained and averaged. The cost per fry 

at the White River National Fish Hatchery, USFWS, Bethel, Vermont was 

estimated to be $0.08. At the Kensington State Salmon Hatchery, CTDEP, 

Kensington, Connecticut, the cost per fry was estimated to be $0.17. The average 

of these estimates was $0.125 per fry. 

 To calculate the cost per return, the cost of rearing one fish was divided by 

the return rate and averaged across all year-classes. Year-classes were the same as 

those used for the life-stage comparison. 
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RESULTS 

Smolts consistently yielded higher return rates than fry by as much as one 

order of magnitude (Fig. 1). The median smolt return rate (3.96∙10-4 smolt 

returns/smolts stocked) was significantly greater than the median fry return rate 

(2.10∙10-5 fry returns/fry stocked; U=57.0, P<0.001). For fry, the mean cost per 

return was $10,153.74. For smolts, the mean cost per return was $1,298.51. The 

difference between these figures was $8,855.23. The cost per fry return was 7.8 

times greater than the cost per smolt return. 
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Before the start of the genetic breeding program in 1996, both smolts and 

fry showed higher return rates (Fig. 2). Pre-1996 (n=23) smolt return rates were 

significantly higher than post-1996 return rates (n=6; U=23.0, P=0.014). Pre-1996 

Fig. 1. Return rates of fry and 
smolts, 1972-2007. Return 
rate is equal to the number of 
returns divided by the number 
of fish stocked at that life 
stage. Years when return rates 
were zero were omitted when 
they were due to no or 
extremely low stocking. See 
text for the specific years 
omitted from the analysis. 
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fry return rates (n=22) were significantly higher than post-1996 return rates 

(n=10; U=55.0, P=0.027). 
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There was no significant difference in percent eye-up before and after 

1996 (U=16.5, P=0.067; Fig. 3). From 1988 to 1995 (n=8), the median eye-up 

was 66.85%; from 1996 to 2006 (n=9), median eye-up was 80.20%.  

Fig. 2. Return rates by year-class of a) smolts and b) fry. Return rates were multiplied 
by 10,000. Note that the scale of the y-axis for smolts is more than one order of 
magnitude greater than that of fry. See text for the years omitted from the analysis for 
fry and smolts. 
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Higher values of parental relatedness did not result in more embryos 

surviving for the years 2003 (R2=0.0565, n=22, P=0.2869) and 2006 (R2=0.0055, 

n=110, P=0.4414), although the test had low power (0.1830 in 2003 and 0.1167 in 

2006; Fig.4). The method of selecting parental pairs resulted in distinct groups of 

pairs located at a few values of parental relatedness. Several eye-up values were 

higher than 100%, which most-likely resulted from error in the method of 

counting eggs.  

 
 

Fig. 3. Percent eye-up of sea-
run salmon, 1988-2006. Values 
from 2000 and 2001 are 
missing due to recording errors.  
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Fig. 4. Parental relatedness compared to percent eye-up among family groups for a) 2003 and 
b) 2006. Parental relatedness is equal to the negative natural log of the proportion of shared 
alleles between the parents. Eye-up values greater than 100% are most likely the result of 
counting error. 
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DISCUSSION 

Age of release 

Fry should produce higher-quality adults because they experience less 

domestication selection from the hatchery environment before they are stocked 

(Olla et al., 1998; Waples, 1999; Jokikokko et al., 2006; Jonsson & Jonsson, 

2006). However, fry survival is extremely low. Predation on fry is intense during 

the first two days after stocking, eliminating as much as 49% of the fish stocked 

(Henderson & Letcher, 2003). Density-dependent effects are also strong at this 

stage, the carrying capacity of the stream being determined by habitat and food 

availability (Aprahamian et al., 2003). Increased stocking densities have been 

correlated with decreased fry survival directly (Whalen & Labar, 1994; 

McMenemy, 1995) and indirectly by decreasing individual growth (Grant & Imre, 

2005; Ward et al., 2009). A decrease in growth negatively affects survival since 

survival is positively correlated with body size both at the time of stocking 

(Salminen et al., 2007) and in the post-smolt marine phase (Salminen et al., 1995; 

Jonsson & Jonsson, 2009; Kallio-Nyberg et al., 2009). All of these factors make 

survival from the fry to smolt stage very low and ultimately impact adult return 

rates.  

In this study, smolts consistently produced higher return rates than did fry 

(Figs. 1 and 2). Although adults produced from fry stocking should have a higher 

fitness than those produced from smolt stocking, it appears that survival is more 
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dependent on bypassing the high mortality at early life stages than avoiding 

domestication selection. Smolts avoid high density-dependent mortality because 

they migrate to the ocean, where survival is not density-dependent (Aprahamian 

et al., 2003; Jonsson & Jonsson, 2004), almost immediately after stocking. 

Therefore, if a restoration program aims to increase the production of adult 

Atlantic salmon past the carrying capacity of the river, then the program should 

stock smolts (Jonsson & Jonsson, 2009). 

Smolts produced from fry stockings generally have higher survival rates 

than hatchery-released smolts, most likely as a result of avoiding domestication 

selection, which makes them better-adapted to the natural environment (Jonsson 

et al., 2003; Jutila et al., 2003; Kallio-Nyberg et al., 2004; Jokikokko et al., 2006; 

Jonsson & Jonsson, 2009). While the higher fitness attained by fry could lead to 

improved return rates in later generations (Fleming et al., 1996), it remains 

unlikely that a self-sustaining Connecticut River population would be created in 

the foreseeable future. This is because: 1) there are still dams that eliminate access 

to potential spawning and nursery habitat and 2) even if more adults were allowed 

to reproduce naturally, the current numbers of returning adults are so low that the 

amount of offspring produced from natural reproduction would be too low to 

sustain the population. At any rate, the primary goal of the CRASRP is not to 

produce a self-sustaining run of adults, but rather to produce large-enough runs to 

support recreational fishing (CRASC 1998). Therefore, since hatcheries will 
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inevitably be supporting the Connecticut River Atlantic salmon population for 

some time, and because the interest of the program is to produce the highest 

number of sea-run returns possible, the CRASRP should focus less on fry 

stocking and increase the number of smolts stocked.  

Should the number of returns increase as a result of smolt stocking, it may 

eventually be possible to increase the number of adults released to spawn 

naturally, thus increasing the number of offspring produced by natural 

reproduction. However, the interactions between such offspring and hatchery-

released juveniles could result in high mortality of the naturally-spawned fish 

(Jonsson & Jonsson, 2006). 

In addition to the biological advantage incurred by stocking smolts, it was 

also shown to be economically more profitable. The cost per smolt return was 7.8 

times less than the cost per fry return. Even though the upfront cost of smolt-

rearing is nearly twice that of rearing fry, the cost per return shows that smolts 

yield a much greater return on investment. It is necessary to keep in mind that the 

cost per fish is difficult to estimate because it includes factors like labor hours, 

water costs, and energy use. Therefore, these numbers could contain a large 

amount of error. Nevertheless, considering the result of this cost analysis together 

with the higher survival of smolts adds even more support to the conclusion that it 

would be more beneficial to stock smolts. 
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Breeding for maximum genetic variation 

In 1996, the CRASRP began genetically matching the most distantly-

related parents in order to maintain genetic variation and thus increase salmon 

survival (Frankham, 2005). Since the Connecticut River Atlantic salmon 

population was established using fish from Maine’s Penobscot River, there was 

some concern that the derivative population could have undergone a bottleneck 

event. Bottlenecks decrease genetic variation and, potentially, the population’s 

chances of survival in the new environment (Frankham, 1995).  

Martinez et al. (2001) did find differences in allele frequencies and 

concluded that a founder effect had occurred. However, their analysis was based 

on few microsatellite loci, which makes their result questionable (Letcher & King, 

1999; Letcher & King, 2001), especially in light of later studies. Spidle et al. 

(2004) and Ayllon et al. (2006) found that the genetic profile of the Connecticut 

River had remained similar to that of its founder population. The Penobscot and 

Connecticut River populations were shown to have similar values of 

heterozygosity (Spidle et al., 2004; Ayllon et al., 2006) and only slightly different 

allele frequencies (Spidle et al., 2004), which was to be expected as a result of 

genetic drift. Additionally, Letcher and King (1999; 2001) found the Connecticut 

River population to have sufficient genetic variation to support parentage and 

grandparentage assignment (matching offspring with parents and grandparents). 

Letcher and King also reported in the 1998 USASAC report that genetic drift was 
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zero even before the start of the genetics program. Although the results are mixed, 

the balance of evidence suggests that the Connecticut River population did not 

undergo a bottleneck event and that breeding practices, even before the start of the 

genetics program, have preserved the effective population size and genetic 

variation.  

This does not necessarily make the genetic breeding program superfluous, 

however, as the program has slightly improved heterozygosities and genetic 

distance (USASAC 1998), which could improve chances of survival over time 

(Frankham, 2005). On the other hand, if this breeding practice disrupts adaptive 

gene complexes, the population’s chances of survival could actually decrease 

(Neiman & Linksvayer, 2006). The disruption of adaptive gene complexes could 

decrease fitness and result in the loss of genetic variation as less-fit individuals 

are lost from the population. Thus, the breeding program would, in effect, be 

accomplishing the opposite of its intent. In order to detect any improvement in 

survival resulting from the genetic breeding program, this study looked at two 

measures of survival: 1) sea-run returns and 2) percent eye-up.  

Return rates did not improve after the implementation of the genetic 

breeding program and both fry and smolt return rates were significantly lower 

after 1996 (Fig. 2). Therefore, it can be concluded that the breeding program has 

not improved returns. However, the program is probably not the cause of the 

lower return rates. Return rates have been dropping since the 1980s, well before 
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the start of the program (Fig. 2). This drop in Atlantic salmon returns has been 

observed across the Atlantic Ocean – for both European and North American 

stocks (Jonsson & Jonsson, 2009), and is most likely due to poor marine survival 

(Chaput et al., 2005). Marine growth, age-at-maturity, and survival have been 

shown to correlate with ocean characteristics like sea surface temperature (SST) 

in both European (Friedland et al., 2000; Jonsson & Jonsson, 2004; Kallio-Nyberg 

et al., 2004) and North American (Friedland et al., 2003) stocks. However, the 

relationships and mechanisms behind these correlations remain poorly understood 

and seem to differ among stocks (Friedland et al., 2005). Whatever the 

mechanism, the trend of decreased return rates that began in the 1980s probably 

masks the influence, if any, of the genetic breeding program.  

This makes it impossible to conclude anything about the effect of breeding 

for maximum genetic variation on the survival of Connecticut River Atlantic 

salmon after stocking, which is a question that is critical to answer for 

management purposes. This breeding practice could actually hinder the process of 

adaptation, not only by breaking up adaptive gene complexes (Neiman & 

Linksvayer, 2006), but also by disrupting local adaptation in Atlantic salmon 

populations that show distinct genetic profiles within one river system (Taylor, 

1991; Dionne et al., 2009). Even though the Connecticut River Atlantic salmon 

population is still young in evolutionary terms and extensive local adaptation may 

not yet have developed, future local adaptation is prevented because of the 
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CRASRP breeding practices: salmon from the same stocking stream are not bred 

exclusively and all broodstock are bred to preserve maximum genetic variation. 

Preventing the development of local adaptation could actually make it more 

difficult for the salmon to adapt and survive. Dionne et al. (2009) stress the 

importance of managing Atlantic salmon at the proper spatial scale. However, the 

extent of tributary-scale adaptation in the Connecticut River will not be able to be 

determined for some time because exclusive breeding of sea-runs from the same 

stocking stream will be impossible until the number of sea-run returns increases 

dramatically. In the event that such a number is reached, the CRASRP should 

exclusively breed sea-runs from individual stocking streams in order to allow for 

tributary-scale adaptation. 

Embryo survival, or eye-up, was another measure of the effect of the 

breeding program. In the hatchery, dead eggs could result from the egg not being 

fertilized or the embryo dying after fertilization. Fertilization success is most 

likely largely determined by hatchery spawning practices. After fertilization, eye-

up depends on a number of variables in the incubation trays like temperature and 

concentration of dissolved oxygen (Mickey Novak, USFWS, personal 

communication). However, fertilization success and embryo survival could also 

be influenced by genetic variation since increased genetic variation could increase 

the chances of egg viability and embryo survival.  
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The number of data points above 100% eye-up in Fig. 4 (n=14) brings the 

reliability of these data into question. The most probable cause of this error comes 

from the counting process (Dan Wong, USFWS, personal communication). 

Because there are so many eggs, there is not enough hatchery staff to count all the 

eggs individually. Therefore, water displacement is used to count the eggs before 

and after eye-up (see Materials and Methods for details). The error comes from 

the fact that there is often size variation within one batch of eggs. Therefore, if the 

sample of 50 eggs contained mostly eggs larger than the mean egg size, then the 

sample would displace a larger volume of water and the total number of eggs 

would be underestimated. Conversely, if the sample of 50 eggs contained mostly 

eggs smaller than the mean, the sample would displace a smaller volume of water 

and the total number of eggs would be overestimated. If the number of pre-eyed 

eggs was underestimated and the number of eyed eggs overestimated, then an 

eye-up rate greater than 100% could be achieved. This could also occur if there 

was higher mortality of large eggs than small eggs. 

The question is whether or not this error is evenly-distributed throughout 

the data. While there is no reason to believe that it is not evenly-distributed (Dan 

Wong, USFWS, personal communication), this cannot actually be proven and the 

results should be interpreted with caution. 

When percent eye-up was compared before and after 1996, no significant 

difference was found (Fig. 3). However, the difference was marginally significant 
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(p=0.067) and the median eye-up before 1996 (66.85%) was apparently lower 

than the median eye-up after 1996 (80.30%). This increase is unlikely to be the 

result of increasing genetic variation as there was no relationship detected 

between parental relatedness and percent eye-up among family-groups (Fig. 4). 

The trend of eye-up seen in Fig. 3 probably reflects changes in spawning 

practices. Eye-up improved from 1988 to about 1992, then decreased slowly after 

1997 until it rose again in 2005. It seems that eye-up had improved as hatchery 

practices developed, but then dropped right after the start of the genetics program. 

This could be purely coincidental since parental relatedness seemed to have no 

effect on eye-up (Fig. 4). However, the process of spawning the fish in order to 

match the appropriate parents involves a lot more handling of the fish, eggs, and 

sperm, which may affect fertilization success or embryo survival. It would be 

interesting to investigate the different spawning and incubation procedures used 

by the hatcheries over time to see if they can explain the eye-up trend in Fig. 3. 

Since the effect of breeding to preserve maximum genetic variation on 

Atlantic salmon survival could not be discerned from this study, it is difficult to 

make a recommendation with regards to the continuation of the breeding program. 

The program was not necessarily beneficial because increased parental 

relatedness was not shown to improve eye-up or return rates. The program was 

also not shown to be detrimental as there was no significant decrease in eye-up 

since the implementation of genetic breeding (although the post-1996 drop in eye-
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up in Fig. 3 is a concern) and the decreased return rates after 1996 are most likely 

the result of other factors. Therefore, research is needed to determine whether the 

survival of Atlantic salmon populations is more dependent on preserving genetic 

variation (Frankham, 1995; Frankham, 2005) or adaptive gene complexes 

(Neiman & Linksvayer, 2006). This information will shed more light on the utility 

of breeding for maximum genetic variation. 

General conclusions 

Breeding for maximum genetic variation could in theory either help or 

hinder an introduced Atlantic salmon population’s ability to adapt to the natural 

environment. This study was not able to reveal the effect of such breeding on the 

survival of Atlantic salmon in the CRASRP, though parental relatedness was 

shown to have no effect on eye-up (Fig. 4).  

Although fry stockings produce potentially better-adapted fish than smolt 

stockings, smolt stockings yielded much higher adult return rates. The higher 

return rate does not necessarily indicate higher long-term survival of the 

population because smolt-stocking removes several early life stages from natural 

selection in the natural environment. Smolt-stocking could therefore result in 

eggs, fry, and parr that are maladapted to stream survival. However, to a program 

whose immediate goal is to increase sea-run returns in order to create a fishery, it 

may be more beneficial to put more effort into stocking smolts.  
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This analysis also showed that it was economically more profitable to 

stock smolts. Despite this result, there is the possibility that the cost estimates 

contained large amounts of error. In the case that smolt returns are actually more 

expensive, it might be beneficial to allocate less money to the genetic breeding 

program and more money to producing smolts. The effect of the breeding 

program was inconclusive and, in any event, genetic variation was shown to have 

been preserved even before the start of the program.  
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APPENDIX A: Atlantic Salmon Life Cycle 

Image taken from the Connecticut River Atlantic Salmon Commission report 
(1998). The Connecticut River Atlantic salmon population migrates between the 
Connecticut River and the North Atlantic Ocean as far as Greenland (CRASC 
1998). 
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APPENDIX B: CRASRP history and detailed procedures 
 
Information was obtained from the Connecticut River Atlantic Salmon 
Commission report (1998) and personal communication with Mickey Novak, 
USFWS. 
 

Atlantic salmon have been extirpated from the Connecticut River for about 

200 years, ever since the first dam was built across the main stem of the river in 

1798.  In the 1800s, efforts were made to reestablish the Connecticut River 

Atlantic salmon run, but were abandoned due to lack of organization.  In 1967, 

the current CRASRP was established as a joint effort between the U.S. 

government and the four basin states, Connecticut, Massachusetts, New 

Hampshire, and Vermont. The government organizations involved are the U.S. 

Fish and Wildlife Service (USFWS), the National Marine Fisheries Service 

(NMFS), and U.S. Forest Service (USWS).  

The first Atlantic salmon stocked in the Connecticut River came primarily 

from the Penobscot River in Maine. Since the early 1970s, the Connecticut River 

broodstock has produced enough offspring to sustain itself. The mission of the 

CRASRP is “to protect, conserve, restore and enhance the Atlantic salmon 

population in the Connecticut basin for public benefit, including recreational 

fishing.”  

Currently, four federal and two state hatcheries work together to 

accomplish this mission. The Richard Cronin National Salmon Station, USFWS, 

Sunderland, Massachusetts takes sea-runs (adults that have returned to the river 
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from the ocean) captured at the Holyoke Dam and provides eggs from this sea-run 

broodstock to three other hatcheries: the White River National Fish Hatchery, 

USFWS, Bethel, Vermont; the Kensington State Salmon Hatchery, CTDEP, 

Kensington, Connecticut; and the Roger Reed State Salmon Hatchery, MADFW, 

Palmer, Massachusetts. These hatcheries use the juveniles produced from the sea-

run eggs for either domestic broodstock or for stocking into the river. 

Additionally, the North Attleboro National Fish Hatchery, USFWS, North 

Attleboro, Massachusetts takes the spent (already-spawned) sea-runs, known as 

kelts, and reconditions them for use as broodstock the following year. The Dwight 

D. Eisenhower National Fish Hatchery, USFWS, North Chittenden, Vermont is 

currently the only hatchery that stocks smolts. In addition to the production of 

juveniles for stocking, the installation of upstream and downstream fish passage 

devices at hydroelectric dams has also opened up new spawning and nursery 

habitat for the fish.  

Sea-run salmon are caught in the spring at the Holyoke Dam, Holyoke, 

Massachusetts as they travel upriver. The majority is kept for broodstock and ten 

percent is radio-tagged and released further upriver with the hope that they will 

reproduce naturally. The sea-runs that are kept are PIT-tagged and a fin sample is 

taken for genetic analysis. A PIT-tag is a Passive Integrated Transponder that is 

inserted under the skin beneath the dorsal fin. The signal can be read by a receiver 

in the hatchery and is used later to identify the fish. They are held in the hatchery 
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until spawning season in the late fall when they are injected with hormones to 

induce simultaneous spawning and thus produce more fertilized eggs. During 

breeding, geneticists use microsatellite loci to determine parental relatedness and 

cross males and females for maximum genetic variation. The eggs produced from 

spawning are incubated in the hatcheries and records are kept on the percent eye-

up (embryo survival1

After the sea-runs are spent they become kelts. The male kelts are 

sacrificed in order to determine if any contained diseases that could have been 

passed on to the offspring (this can be determined in females by sampling their 

ovarian fluid). The female kelts are reconditioned in the hatchery and used for 

broodstock the following year. A domestic broodstock is also maintained in order 

to ensure that the maximum number of eggs is produced each year. The domestic 

broodstock is a sample of the first generation (F1) offspring from sea-run parents 

that is not stocked into the river, but rather is kept for breeding. Only first 

generation offspring from sea-runs are used for the domestic broodstock in order 

to avoid too much domestication selection. 

) of each family group. The juvenile fish are raised in the 

hatchery to different ages, from months-old fry to two-year parr or smolts. The 

juveniles are then released into the Connecticut River and its tributaries.  

                                                 
1 Embryos that reach the eyed stage of development are considered to have survived because they 
have reached a less vulnerable stage of development and can better-withstand environmental 
fluctuations.  
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The juveniles that are released into the river will migrate to the ocean that 

spring or the following spring. Fish stocked as two-year-olds are either parr or 

smolts and usually migrate out immediately after stocking. Fish stocked younger 

than one year old are generally fry and usually reside for one year in the river 

before migrating. A small percentage will smoltify and migrate out as one-year-

olds. Parr and smolts have their adipose fin clipped before stocking in order to 

identify them when they return. Fry are too small to have their fin clipped. In this 

way, the returns can be categorized into “hatchery” (parr or smolt) returns and 

“wild” (fry) returns. Parr and smolt returns cannot be distinguished and so, when 

return rates are calculated, they are all grouped into one category and called 

“smolts.” Therefore, return rates for a) “fry” and b) “smolts” are actually return 

rates of a) fry and b) smolts plus parr. 

The fish return to the Connecticut River as adults in the spring. Over time, 

a consistent run of a few hundred adults has been established. However, according 

to historical records, runs used to number in the thousands. The CRASRP aims to 

once again establish annual runs numbering in the thousands. Once a large 

enough run is established, a higher percentage of fish will be released above the 

Holyoke Dam to give more opportunity for salmon to spawn naturally and create 

a better-adapted stock. The ultimate goal is to produce a run large enough to 

support fishing of Atlantic salmon in the Connecticut River.   
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APPENDIX C: Juvenile stocking numbers, 1967-2008 
 
Stock numbers from 1967 to 2008 were provided by the Office of the Connecticut 
River Coordinator, U.S. Fish and Wildlife Service, Sunderland, Massachusetts. 
 

19
67

19
68

19
69

19
70

19
71

19
72

19
73

19
74

19
75

19
76

19
77

19
78

19
79

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

0.0

0.2

0.4

0.6

0.8

1.0

Year

19
67

19
68

19
69

19
70

19
71

19
72

19
73

19
74

19
75

19
76

19
77

19
78

19
79

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

N
um

be
r o

f F
is

h 
S

to
ck

ed
 (M

illi
on

s)

0.0

2.0

4.0

6.0

8.0

10.0

 
a) Smolts

b) Fry

 
 

 

 

 

 



32 

 

LITERATURE CITED  

Aprahamian, M. W., K. Martin Smith, P. McGinnity, S. McKelvey, and J. Taylor. 
2003. Restocking of salmonids—opportunities and limitations. Fisheries 
Research 62:211-227.  

Ayllon, F., J. L. Martinez, F. Juanes, S. Gephard, and E. Garcia-Vazquez. 2006. 
Genetic history of the population of Atlantic salmon, Salmo salar L., under 
restoration in the Connecticut River, USA. ICES J. Mar. Sci. 63:1286-1289.  

Chaput, G., C. M. Legault, D. G. Reddin, F. Caron, and P. G. Amiro. 2005. 
Provision of catch advice taking account of non-stationarity in productivity 
of Atlantic salmon (Salmo salar L.) in the northwest Atlantic. ICES J. Mar. 
Sci. 62:131-143.  

Connecticut River Atlantic Salmon Commission (CRASC), 1998. Strategic Plan 
for the Restoration of Atlantic Salmon to the Connecticut River. CRASC 
103 East Plumtree Road, Sunderland, MA 013750-9647, USA available 
online at http://www.fws.gov/r5crc/documents/spsum.pdf. 

Dionne, M., F. Caron, J. J. Dodson, and L. Bernatchez. 2009. Comparative survey 
of within-river genetic structure in Atlantic salmon; relevance for 
management and conservation. Conserv. Genet. 10:869-879.  

Fleming, I. A., B. Jonsson, and M. R. Gross. 1994. Phenotypic divergence of sea-
ranched, farmed, and wild salmon. Can. J. Fish. Aquat. Sci. 51:2808-2824.  

Fleming, I. A., B. Jonsson, M. R. Gross, and A. Lamberg. 1996. An experimental 
study of the reproductive behaviour and success of farmed and wild Atlantic 
salmon (Salmo salar). J. Appl. Ecol. 33:893-905.  

Frankham, R. 1995. Conservation genetics. Annu. Rev. Genet. 29:305-327.  

Frankham, R. 2005. Genetics and extinction. Biol. Conserv. 126:131-140.  

Friedland, K. D., G. Chaput, and J. C. MacLean. 2005. The emerging role of 
climate in post-smolt growth of Atlantic salmon. ICES J. Mar. Sci. 62:1338-
1349.  

http://www.fws.gov/r5crc/documents/spsum.pdf�


33 

 

Friedland, K. D., L. P. Hansen, D. A. Dunkley, and J. C. MacLean. 2000. Linkage 
between ocean climate, post-smolt growth, and survival of Atlantic salmon 
(Salmo salar L.) in the North Sea area. ICES J. Mar. Sci. 57:419-429.  

Friedland, K. D., D. G. Reddin, J. R. McMenemy, and K. F. Drinkwater. 2003. 
Multidecadal trends in North American Atlantic salmon (Salmo salar) stocks 
and climate trends relevant to juvenile survival. Can. J. Fish. Aquat. Sci. 
60:563-583.  

Grant, J. W. A., and I. Imre. 2005. Patterns of density-dependent growth in 
juvenile stream-dwelling salmonids. J. Fish Biol. 67:100-110.  

Henderson, J. N., and B. H. Letcher. 2003. Predation on stocked Atlantic salmon 
(Salmo salar) fry. Can. J. Fish. Aquat. Sci. 60:32-42.  

Jokikokko, E., I. Kallio-Nyberg, I. Saloniemi, and E. Jutila. 2006. The survival of 
semi-wild, wild and hatchery-reared Atlantic salmon smolts of the Simojoki 
River in the Baltic Sea. J. Fish Biol. 68:430-442.  

Jonsson, B., and N. Jonsson. 2004. Factors affecting marine production of 
Atlantic salmon (Salmo salar). Can. J. Fish. Aquat. Sci. 61:2369-2383.  

Jonsson, B., and N. Jonsson. 2006. Cultured Atlantic salmon in nature: A review 
of their ecology and interaction with wild fish. ICES J. Mar. Sci. 63:1162-
1181.  

Jonsson, B., and N. Jonsson. 2009. Restoration and enhancement of salmonid 
populations and habitats with special reference to Atlantic salmon. Pages 
497-535 in Haro, A., Smith, K.L., Rulifson, R.A., Moffitt, C.M., Klauda, 
R.J., Dadswell, M.J., Cunjak, R.A., Cooper, J.E., Beal, K.L. & Avery, T.S. 
(eds.) Challenges for Diadromous Fishes in a Dynamic Global Environment. 
American Fisheries Society symposium 69. American Fisheries Society, 
Bethesda. 

Jonsson, N., B. Jonsson, and L. P. Hansen. 2003. The marine survival and growth 
of wild and hatchery-reared Atlantic salmon. J. Appl. Ecol. 40:900-911.  

Jutila, E., E. Jokikokko, and M. Julkunen. 2003. Management of Atlantic salmon 
in the Simojoki River, northern Gulf of Bothnia: Effects of stocking and 
fishing regulation. Fisheries Research 64:5-17.  



34 

 

Kallio-Nyberg, I., E. Jutila, I. Saloniemi, and E. Jokikokko. 2004. Association 
between environmental factors, smolt size and the survival of wild and reared 
Atlantic salmon from the Simojoki River in the Baltic Sea. J. Fish Biol. 
65:122-134.  

Kallio-Nyberg, I., M. Salminen, I. Saloniemi, and L. Kannala-Fisk. 2009. Marine 
survival of reared Atlantic salmon in the Baltic Sea: The effect of smolt traits 
and annual factors. Fish. Res. 96:289-295.  

Letcher, B. H., and T. L. King. 1999. Targeted stock identification using 
multilocus genotype 'familyprinting'. Fisheries Research 43:99-111.  

Letcher, B. H., and T. L. King. 2001. Parentage and grandparentage assignment 
with known and unknown matings: Application to Connecticut River 
Atlantic salmon restoration. Can. J. Fish. Aquat. Sci. 58:1812-1821.  

Martinez, J. L., S. Gephard, F. Juanes, J. Perez, and E. Garcia-Vazquez. 2001. 
Genetic and life history differentiation between donor and derivative 
populations of Atlantic salmon. Trans. Am. Fish. Soc. 130:508-515.  

McMenemy, J. R. 1995. Survival of Atlantic salmon fry stocked at low density in 
the West River, Vermont. N. Am. J. Fish. Manage. 15:366-374.  

Neiman, M., and T. A. Linksvayer. 2006. The conversion of variance and the 
evolutionary potential of restricted recombination. Heredity 96:111-121.  

Olla, B. L., M. W. Davis, and C. H. Ryer. 1998. Understanding how the hatchery 
environment represses or promotes the development of behavioral survival 
skills. Bull. Mar. Sci. 62:531-550.  

Salminen, M., T. Alapassi, and E. Ikonen. 2007. The importance of stocking age 
in the enhancement of river Kymijoki salmon (Salmo salar). J. Appl. 
Ichthyol. 23:46-52.  

Salminen, M., S. Kuikka, and E. Erkamo. 1995. Annual variability in survival of 
sea-ranched Baltic salmon, Salmo salar L: Significance of smolt size and 
marine conditions. Fish. Manage. Ecol. 2:171-184.  

Spidle, A. P., T. L. King, and B. H. Letcher. 2004. Comparison of genetic 
diversity in the recently founded Connecticut River Atlantic salmon 



35 

 

population to that of its primary donor stock, Maine's Penobscot River. 
Aquaculture 236:253-265.  

Taylor, E. B. 1991. A review of local adaptation in Salmonidae, with particular 
reference to Pacific and Atlantic salmon. Aquaculture 98:185-207.  

United States Atlantic Salmon Assessment Committee, 1998. Annual Report of 
the US Atlantic Salmon Assessment Committee. Report No. 10-1997 
activities. Prepared for U.S. Section to NASCO (North Atlantic Salmon 
Conservation Organization). 

Waples, R. S. 1999. Dispelling some myths about hatcheries. Fisheries 24:12-21.  

Ward, D. M., K. H. Nislow, and C. L. Folt. 2009. Increased population density 
and suppressed prey biomass: Relative impacts on juvenile Atlantic salmon 
growth. Trans. Am. Fish. Soc. 138:135-143.  

Whalen, K. G., and G. W. Labar. 1994. Survival and growth of Atlantic salmon 
(Salmo-salar) fry stocked at varying densities in the White River, Vermont. 
Can. J. Fish. Aquat. Sci. 51:2164-2169.  

 


