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SAS activities consisting of the capture of wild juvenile salmon (parr, autumn pre-smolts, smolts) and rearing these in 
captivity with the intention of releasing the mature captive-reared adults to targeted rivers to spawn (Figure 10.1.6.7), 
has been undertaken by Fisheries and Oceans Canada (DFO) in the Scotia–Fundy region in support of populations of 
salmon at risk of extinction. However, it has not been done for the salmon populations in the Gulf region that are not 
considered at risk of extinction. 
 
 
 

 
Figure 10.1.6.7 Contrasts between juvenile supplementation programmes (left panel) and juvenile/smolt-to-adult supplementa-

tion (SAS) programmes (right panel) in terms of life stages and processes which are impacted by captive rearing 
and those which occur in the wild. (Figure courtesy of P. O’Reilly, DFO.) 

 
As a precedent-setting activity for supplementation of Atlantic salmon populations not considered to be at risk of ex-
tinction, a science peer review was conducted to support an assessment of risks and benefits of SAS activities to fitness 
of wild Atlantic salmon (DFO, 2016). The advice was provided to DFO Fisheries and Aquaculture Management, the sector 
responsible for issuing the permits for the collection of fish from and release to rivers. The science review addressed 
the following objectives: 
 

• a review of the genetic risks of SAS to short- and long-term fitness of wild anadromous Atlantic salmon, 
• the ecological risks of SAS, 
• criteria and metrics for assessing risk of SAS, 
• conditions under which SAS could be considered a negligible risk to wild Atlantic salmon fitness, and 
• a specific assessment of risk to wild salmon of a proposed SAS activity of the Miramichi River, New Brunswick, 

Canada. 
 
The science review was challenging due to the paucity of information available to assess the benefits and risks of SAS. 
The bulk of the scientific studies and literature regarding effects of captive-rearing and supplementation of Atlantic 
salmon have addressed the impacts of spawning in hatcheries and supplementation of various juvenile stages from eyed 
eggs to the smolt stage, though some research on SAS has been carried out on Atlantic and Pacific salmonids (Dempson 
et al., 1999; Fraser, 2008). Due to the recent development of SAS, much less empirical data are available to adequately 
describe the risks and benefits of SAS programmes to wild populations of Atlantic salmon. SAS is being used in areas 
where salmon populations are at high risk of extinction, and in cases where very low numbers of adult salmon are 
putting the population at risk of loss of genetic diversity which could affect long-term population viability. 
 
Based on literature, it was concluded that adaptive genetic changes associated with captivity through unintentional 
selection, domestic selection, and relaxation of natural selection can occur rapidly, even within one generation. An im-
mediate benefit resulting from an abundance of breeding/spawning of SAS fish may be offset by the expectation that 
mean fitness of the captive-reared progeny will be reduced relative to wild fish, in particular if survival at sea of progeny 
inherited from the parents is lower than that of wild fish. 
 
Considering the presently high marine mortality rates of Atlantic salmon in eastern Canada, the anadromous salmon 
that are returning are likely those with the combination of fitness traits best suited to the current environment. The 
review concluded that any dilution of these traits via SAS activities, and particularly via SAS/wild interbred progeny, may 
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Genetic Differences in Growth and Survival of Juvenile Hatchery
and Wild Steelhead Trout, Salmo gairdneri

R. R. RErspNnIcuLERr aNo J.  D'  MclNrvne

Oregon Cooperative Fishery Research [Jnit,2 Oregon State (Jniversity, Coruallis , Oreg ' 97331 ' USA

RErsENBrcHLEn. R. R., a.No J. D. MclNTyRE. 197?. Genetic differences in growth and survival of
juvenile hatchery and wild steelhead |rout, Salmo gairdneri. J. Fish' Res. Board Can.
34:123-128.

Relative growth and survival of offspring from matings of hatchery and wild Deschutes River
(Oregon) .u1n-111.. steelhead trott, Salmo gairdneri , were measured to determine if [Stchery fish
diffei geneticaliy from wild fish in traits that can affect the stock-recnritment relationship of wild
populitions. Sections of four natural streams and a hatchery pond were.each stocked with
genetically marked (lactate dehydrogenase genotypes) eyed eggs or unfed swim-up fry from each
of thre. matings: hatchery x hatchery (HH), hatchery x wild (HW), and wild x wild (WW)' In
streams, WW fish had the highest survival and HW fish the highest growth rates when significant
differences were found; in the hatchery pond, HH fish had the highest survival and growth rates.
The hatchery fish were genetically different from wild fish and when they interbreed with wild fish
may reduce the number of smolts produced. Hatchery procedures can be modified to reduce the
genetic differences between hatchery and wild fish'

RrrspNnrcHLen, R. R., aNo J. D. McINrynE. 1977. Genetic differences in growth and survival of
juvenile hatchery and wild steelhead trott, Salmo gairdneri. J. Fish. Res. Board Can.
34: 123-128.

Nous avons mesur6 la croissance et la survie relatives de descendants issus de croisements
entre des truites steelhead de pisciculture et des steelheads d'616 sauvages, Sc Imo gairdneri, dela
rividre Deschutes (Or6gon), afin de d6terminer si les poissons de pisciculture diffbrent
g6n6tiquement des poisions sauvages par des caractdres susceptibles d'affecter la relation
itock-iecrutement dis populations sauvages. Des sections de quatre cours d'eau naturels et un
6tang de pisciculture ont-6t6 ensemenc6s chacun avec des ceufs embryonn6s g6n6tiquement
marqu6s (g6notypes lactate d6shydrog6nase) ou avec des alevins non nourris au stade de nage
vers ie haul r6sultant de chacun de trois croisements : pisciculture x pisciculture (HH)' piscicul-
ture X sauvage (HW) et sauvage X sauvage (WW). Dans les cours d'eau, les poissons WW ont le
plus haut taux de survie, et 1es poissons HW le plus haut taux de croissance th oir il y a des
iiff6r.n.", significatives; dans l'3tang de pisciculture, les poissons HH 91t les taux de survie et
de croissance les plus 6lev6s. Les poissons de pisciculture diffErent gdn6tiquement des poissons
sauvages et, quand ils se croisent avec des poissons sauvages, peuvent causer une diminution du
nombie de smolts produits. Les m6thodei de pisciculture peuvent 6tre modifi6es de fagon ir
r6duire les diff6rences g6n6tiques entre les poissons de pisciculture et les poissons sauvages.

Received July 6, 1976
Accepted October 5, 1976

lNrnooucrroN of artificially propagated sal-
monids into natural stream systems may influence
resident wild populations (Hochachka 1961). The
hatchery-reared flsh may affect the wild popula-
tion through competition for food and space re-

lPresent address: Oregon Department of Fish and
Wildlife, Research Division, Corvallis, Oreg. 97330,
USA.

"Cooperators are the Oregon Department of Fish
and Wildlife, Oregon State University, and the U.S.
Fish and Wildlife Service.
Printed in Canada (14446)
Imprim6 au Canada (J4446)

ReEu le 6 juillet 1976
AccePt6 le 5 oclobre 1976

sources (Needham and Slater 1944; Reimers
1957; Vincent 1972), or the genetic structure of
the wild population may be affected by interbreed-
ing of hatchery flsh and wild flsh on natural
spawning grounds. A genetic effect is contingent
upon there being a genetic difference between
the wild flsh and the hatchery flsh spawning to-
gether in the wild. Results of studies with brook
trout, Salvelinus lontinalis (Greene 1952; Flick
and Webster 1964), and with Atlantic salmon,
Salmo salar (Fenderson et al.  1968), indicated
the existence of genetic differences between hatch-
ery and wild fish.

For anadromous species on the Paciflc coast, it
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“...smaller the genetic difference…the 
smaller the expected effect...genetic 
difference can be reduced by using 
native wild fish...for broodstock”     

“…effect of hatchery adults  
spawning in the wild  
is the production of fewer smolts  
and ultimately fewer returning adults…” 

Prediction 1 

Prediction 2 
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Recovery Implementation Science Team 
 
 

Hatchery Reform Science 
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A review of some applications of science to hatchery reform issues 
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Chapters 24 to 29 

Acts assented to from 14 June, 2002 
to 12 December, 2002 
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NOTICE TO READERS  AVIS AU LECTEUR 

The Canada Gazette Part III is published under authority of the
Statutory Instruments Act. The purpose of Part III is to publish 
public Acts as soon as is reasonably practicable after they have
received Royal Assent in order to expedite their distribution. 

La Partie III de la Gazette du Canada, dont la publication est 
régie par la Loi sur les textes réglementaires, a pour objet 
d’assurer, dans les meilleurs délais suivant la sanction royale, la
diffusion des lois d’intérêt public. 

Part III of the Canada Gazette contains the public Acts of 
Canada and certain other ancillary publications, including a list of
Proclamations of Canada and Orders in Council relating to the
coming into force of Acts, from the date of the previous number
to the date shown above. 

Elle présente en outre certains textes complémentaires, comme 
la liste des décrets d’entrée en vigueur et des proclamations du 
Canada ultérieurs au numéro précédent. 

Each statute published in this number may be obtained by mail
as a separate reprint from Canadian Government Publishing,
Communication Canada, at a rate to be quoted. 

Les Éditions du gouvernement du Canada, Communication 
Canada met également en vente des tirés à part des lois publiées
dans ce numéro, au prix fixé selon le cas. 

The Canada Gazette Part III is available in most libraries for
consultation. 

Par ailleurs, on peut consulter la Partie III de la Gazette du 
Canada dans la plupart des bibliothèques. 

For residents of Canada, the cost of an annual subscription
to the Canada Gazette Part III is $28.50 and single issues,
$4.50. For residents of other countries, the cost of a subscription
is US$28.50 and single issues, US$4.50. Orders should be
addressed to: Canadian Government Publishing, Communication
Canada, Ottawa, Canada K1A 0S9. 

Au Canada, le prix de l’abonnement annuel est fixé à 28,50 $, 
et celui du numéro à 4,50 $ et, dans les autres pays, à 28,50 $US 
et 4,50 $US respectivement. Prière d’adresser les commandes à :
Les Éditions du gouvernement du Canada, Communication
Canada, Ottawa, Canada K1P 0S9. 

The Canada Gazette is also available free of charge on the
Internet at http://canadagazette.gc.ca. It is accessible in PDF
(Portable Document Format) and in HTML (HyperText Mark-up 
Language) as the alternate format. 

La Gazette du Canada est aussi disponible gratuitement sur Internet 
au http://gazetteducanada.gc.ca. La publication y est accessible en
format PDF (Portable Document Format) et en HTML (langage
hypertexte) comme média substitut.  

 



 
 ARTICLE 3 
 
1. There is hereby established an international organization that shall be known as the 

North Atlantic Salmon Conservation Organization, hereinafter referred to as the 
“Organization”.  

  
2. The objective of the Organization shall be to contribute through consultation and co-

operation to the conservation, restoration, enhancement and rational management of 
salmon stocks subject to this Convention, taking into account the best scientific 
evidence available to it.  

  
3. The Organization shall consist of:   
 

(a) a Council,  
  

(b) three regional Commissions:  
  

- a North American Commission,  
  

- a West Greenland Commission and  
  

- a North-East Atlantic Commission, and  
  

(c) a Secretary.  
 
4. The areas of the Commissions shall be as follows:  
  

(a) North American Commission: maritime waters within areas of fisheries 
jurisdiction of coastal States off the east coast of North America;  

  
(b) West Greenland Commission: maritime waters within the area of fisheries 

jurisdiction off the coast of West Greenland west of a line drawn along 44°W 
longitude south to 59°N latitude, thence due east to 42°W longitude and 
thence due south; and 

 
(c) North-East Atlantic Commission: maritime waters east of the line referred to 

in subparagraph (b).  
 
5. The Organization shall have legal personality and shall enjoy in the territories of the 

Parties and in its relations with other international organizations such legal capacity as 
may be necessary to perform its functions and achieve its ends.  The immunities and 
privileges which the Organization, its officers and staff and representatives of the 
Parties shall enjoy in the territory of a State shall be subject to agreement between the 
Organization and the State concerned.  

 
6. The official languages of the Organization shall be English and French.  
  

CNL(98)46 
 

Agreement on Adoption of a Precautionary Approach 
 

1. NASCO and its Contracting Parties agree to adopt and apply a Precautionary Approach to 
the conservation, management and exploitation of salmon in order to protect the resource 
and preserve the environments in which it lives.  Accordingly, NASCO and its Contracting 
Parties should be more cautious when information is uncertain, unreliable or inadequate.  
The absence of adequate scientific information should not be used as a reason for 
postponing or failing to take conservation and management measures. 

 
2. The Precautionary Approach requires, inter alia: 
 

a) consideration of the needs of future generations and avoidance of changes that are 
not potentially reversible; 

 
b) prior identification of undesirable outcomes and of measures that will avoid them or 

correct them; 
 
c) initiation of corrective measures without delay, and these should achieve their 

purpose promptly; 
 
d) priority to be given to conserving the productive capacity of the resource where the 

likely impact of resource use is uncertain; 
 
e) appropriate placement of the burden of proof by adhering to the above 

requirements. 
 

3. The application of a Precautionary Approach should involve all parties concerned with 
salmon conservation, management and exploitation. 
 

4. The Precautionary Approach will be applied by NASCO and by its Contracting Parties to 
the entire range of their salmon conservation and management activities.  Initially the 
application will be to the following three areas: 

 
- Management of North Atlantic salmon fisheries 
 
- The formulation of management advice and associated scientific research 
 
- The area of introductions and transfers including aquaculture impacts and possible 

use of transgenic salmon. 
 
5. Both NASCO and its Contracting Parties should as the next step address application of the 

Precautionary Approach to freshwater habitat issues and the by-catch of salmon in other 
fisheries. 

 

Scientific, Rational, Precautionary 
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Be rational  
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NASCO Guidelines on the Use of Stock Rebuilding Programmes in the 
Context of the Precautionary Management of Salmon Stocks 

 
1. Background 
 

In 1998, NASCO and its Contracting Parties agreed to apply a Precautionary Approach 
to the conservation, management and exploitation of Atlantic salmon.  The NASCO 
Agreement states that the application of a Precautionary Approach requires:  

 
• “all salmon stocks in the NASCO Convention Area to be maintained above their 

conservation limits (CLs) by use of management targets”;  and 
 

• “stock rebuilding programmes to be developed for stocks that are below their 
CLs”. 

 
The inclusion of ‘stock rebuilding programmes’ within the NASCO Agreement reflects 
similar clauses in other agreements on the Precautionary Approach (e.g. UN Conference 
on Straddling Fish Stocks and Highly Migratory Fish Stocks).   

 
This document provides guidance on the process of establishing a Stock Rebuilding 
Programme (SRP) for a salmon stock and what such a plan might contain.  It also 
provides a link between several other guidance documents developed by NASCO in 
relation to the application of the Precautionary Approach, including the Decision 
Structure for the Management of Salmon Fisheries, and the Plan of Action for the 
Protection and Restoration of Atlantic Salmon Habitats.    

 
2. What is an SRP? 
 

An SRP is an array of management measures, possibly including habitat 
restoration/improvement, exploitation control and stocking, which is designed to restore 
a salmon stock above its conservation limit.  The nature and extent of the programme 
will depend upon the status of the stock and the pressures that it is facing. 

 
While the short-term response to a stock failing to exceed its conservation limit may be 
to reduce or eliminate exploitation, there will generally be a need to develop a 
programme to evaluate and address the causes of the stock decline.  In more serious 
situations, there may be a need for a comprehensive programme of research and 
management, involving a wide range of management actions undertaken by a number of 
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NASCO Guidelines on the Use of Stock Rebuilding Programmes in the 
Context of the Precautionary Management of Salmon Stocks 
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summary and schematic of the iBoF Salmon LGB Program). This Action Plan 
recommends that this program continue, while efforts are made to identify and remedy 
the causes of low marine survival or until alternative strategies can be identified, 
evaluated and supported. 
 

 
Figure 1. Location of the inner Bay of Fundy Atlantic Salmon DU and approximate 
location of the 50 rivers referred to in this document. Orange denotes rivers containing 
critical habitat. The darkened green parcel represents the location of Fundy National 
Park. 
 
COSEWIC assessed the iBoF Salmon as Endangered in May of 2001 (COSEWIC 
2001).  This status was re-examined and confirmed in both April, 2006 and November, 
2010 (COSEWIC 2006, 2010). The collective populations of iBoF Salmon were included 
as Endangered under Schedule 1 of the Species at Risk Act (SARA) when the Act was 
proclaimed in June 2003.   
 
A Recovery Strategy for iBoF Salmon was co-developed by Fisheries and Oceans 
Canada (DFO) and Parks Canada Agency (PCA), who has jurisdiction for the species 
                                                                                                                                             
returns from the ocean can be determined. Further details of the LGB program can be found in the 
Recovery Strategy and in Appendix D. 
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SAS activities consisting of the capture of wild juvenile salmon (parr, autumn pre-smolts, smolts) and rearing these in 
captivity with the intention of releasing the mature captive-reared adults to targeted rivers to spawn (Figure 10.1.6.7), 
has been undertaken by Fisheries and Oceans Canada (DFO) in the Scotia–Fundy region in support of populations of 
salmon at risk of extinction. However, it has not been done for the salmon populations in the Gulf region that are not 
considered at risk of extinction. 
 
 
 

 
Figure 10.1.6.7 Contrasts between juvenile supplementation programmes (left panel) and juvenile/smolt-to-adult supplementa-

tion (SAS) programmes (right panel) in terms of life stages and processes which are impacted by captive rearing 
and those which occur in the wild. (Figure courtesy of P. O’Reilly, DFO.) 

 
As a precedent-setting activity for supplementation of Atlantic salmon populations not considered to be at risk of ex-
tinction, a science peer review was conducted to support an assessment of risks and benefits of SAS activities to fitness 
of wild Atlantic salmon (DFO, 2016). The advice was provided to DFO Fisheries and Aquaculture Management, the sector 
responsible for issuing the permits for the collection of fish from and release to rivers. The science review addressed 
the following objectives: 
 

• a review of the genetic risks of SAS to short- and long-term fitness of wild anadromous Atlantic salmon, 
• the ecological risks of SAS, 
• criteria and metrics for assessing risk of SAS, 
• conditions under which SAS could be considered a negligible risk to wild Atlantic salmon fitness, and 
• a specific assessment of risk to wild salmon of a proposed SAS activity of the Miramichi River, New Brunswick, 

Canada. 
 
The science review was challenging due to the paucity of information available to assess the benefits and risks of SAS. 
The bulk of the scientific studies and literature regarding effects of captive-rearing and supplementation of Atlantic 
salmon have addressed the impacts of spawning in hatcheries and supplementation of various juvenile stages from eyed 
eggs to the smolt stage, though some research on SAS has been carried out on Atlantic and Pacific salmonids (Dempson 
et al., 1999; Fraser, 2008). Due to the recent development of SAS, much less empirical data are available to adequately 
describe the risks and benefits of SAS programmes to wild populations of Atlantic salmon. SAS is being used in areas 
where salmon populations are at high risk of extinction, and in cases where very low numbers of adult salmon are 
putting the population at risk of loss of genetic diversity which could affect long-term population viability. 
 
Based on literature, it was concluded that adaptive genetic changes associated with captivity through unintentional 
selection, domestic selection, and relaxation of natural selection can occur rapidly, even within one generation. An im-
mediate benefit resulting from an abundance of breeding/spawning of SAS fish may be offset by the expectation that 
mean fitness of the captive-reared progeny will be reduced relative to wild fish, in particular if survival at sea of progeny 
inherited from the parents is lower than that of wild fish. 
 
Considering the presently high marine mortality rates of Atlantic salmon in eastern Canada, the anadromous salmon 
that are returning are likely those with the combination of fitness traits best suited to the current environment. The 
review concluded that any dilution of these traits via SAS activities, and particularly via SAS/wild interbred progeny, may 
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single-year estimates (Figure S2). The likelihood-based
confidence intervals were calculated separately for each
sex, and only one of the 12 estimates had an upper
confidence interval that was greater than one (Fig. 2).
The confidence intervals also show that estimates deter-
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that of wild fish.

Effects of hatchery rearing on males versus
females

The RRS of male and female hatchery fish compared
with their wild counterparts is positively correlated when
RRS values for males and females from the same popula-
tion and run year are compared (R2 = 0.41, P < 0.002;
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females (Fig. 3). Male hatchery fish RRS is lower than
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relative to wild males versus the fitness of hatchery
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hatchery and wild fish in the wild (results summarized in
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and environmental effects are confounded). Furthermore,
environmental and genetic effects are not mutually exclu-
sive and both may contribute to the reduced RRS of
hatchery fish. Disentangling the relative contribution of
genetic and environmental effects to the reduced fitness
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Abstract

Large numbers of hatchery salmon spawn in wild populations each year. Hatch-
ery fish with multiple generations of hatchery ancestry often have heritably lower
reproductive success than wild fish and may reduce the fitness of an entire popu-
lation. Whether this reduced fitness also occurs for hatchery fish created with
local- and predominantly wild-origin parents remains controversial. Here, we
review recent studies on the reproductive success of such ‘early-generation’
hatchery fish that spawn in the wild. Combining 51 estimates from six studies on
four salmon species, we found that (i) early-generation hatchery fish averaged
only half the reproductive success of their wild-origin counterparts when spawn-
ing in the wild, (ii) the reduction in reproductive success was more severe for
males than for females, and (iii) all species showed reduced fitness due to hatch-
ery rearing. We review commonalities among studies that point to possible
mechanisms (e.g., environmental versus genetic effects). Furthermore, we illus-
trate that sample sizes typical of these studies result in low statistical power to
detect fitness differences unless the differences are substantial. This review dem-
onstrates that reduced fitness of early-generation hatchery fish may be a general
phenomenon. Future research should focus on determining the causes of those
fitness reductions and whether they lead to long-term reductions in the fitness of
wild populations.

Introduction

Substantial numbers of hatchery-reared salmon are inten-
tionally released into the wild each year (Naish et al. 2008;
Kostow 2009). For example, over 5 billion hatchery salmon
are released annually into the Northern Pacific (Heard
1995; Augerot and Foley 2005). Many of the released fish
are intended solely for future harvest, but a growing num-
ber of individuals are intended to spawn in the rivers where
they were released to bolster declining wild populations
(Waples and Drake 2004). Regardless of the future goals
associated with the released hatchery fish, the fact remains
that a large number of hatchery fish spawn in the wild each
year, often with wild fish (Araki et al. 2008; Fraser 2008).
Furthermore, it is now well established that hatchery fish
often have much lower fitness in the wild when compared
to their wild-born counterparts owing to two main causes.

First, many populations are locally adapted (Taylor 1991;
Fraser et al. 2011; Bourret et al. 2013), and hatchery pro-
grams that use nonlocal broodstock (i.e., adults sourced
from a different population) can create fish with lower
reproductive success in the wild when compared to fish
produced by local-origin broodstock (Berejikian and Ford
2004; Araki et al. 2008). Second, it is widely recognized that
divergence can rapidly occur between hatchery and wild
fish owing to genetic adaptation to captivity (‘domestica-
tion’; Fleming and Einum 1997; Lynch and O’Hely 2001;
Frankham 2008; Fraser 2008; Christie et al. 2012a). Older
hatchery stocks that have experienced multiple generations
of selection in a hatchery often have much lower fitness in
the wild than more recently established stocks (Berejikian
and Ford 2004; Araki et al. 2008).
Heritably low fitness of hatchery fish is a key conserva-

tion and management concern. If hatchery programs

Evolutionary Applications ISSN 1752-4571

© 2014 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd. This is an open access article under the terms of the Creative

Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

1

Evolutionary Applications

Evol. App. 2014 

REVIEWS AND SYNTHESIS

On the reproductive success of early-generation hatchery
fish in the wild
Mark R. Christie,1,2 Michael J. Ford3 and Michael S. Blouin1

1 Department of Integrative Biology, Oregon State University, Corvallis, OR, USA

2 Department of Biological Sciences and Department of Forestry and Natural Resources, Purdue University, West Lafayette, IN, USA

3 Conservation Biology Division, National Marine Fisheries Service, Northwest Fisheries Science Center, Seattle, WA, USA

Keywords

captive breeding, domestication, fitness,

hatcheries, relative reproductive success,

salmon.

Correspondence

Mark R. Christie, Department of Integrative

Biology, Oregon State University, 3029

Cordley Hall, Corvallis, OR 97331-2914, USA.

Tel.: (541) 231 0719;

fax: (541) 737 0501;

e-mail: christim@science.oregonstate.edu

Received: 6 February 2014

Accepted: 20 May 2014

doi:10.1111/eva.12183

Abstract

Large numbers of hatchery salmon spawn in wild populations each year. Hatch-
ery fish with multiple generations of hatchery ancestry often have heritably lower
reproductive success than wild fish and may reduce the fitness of an entire popu-
lation. Whether this reduced fitness also occurs for hatchery fish created with
local- and predominantly wild-origin parents remains controversial. Here, we
review recent studies on the reproductive success of such ‘early-generation’
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ing in the wild, (ii) the reduction in reproductive success was more severe for
males than for females, and (iii) all species showed reduced fitness due to hatch-
ery rearing. We review commonalities among studies that point to possible
mechanisms (e.g., environmental versus genetic effects). Furthermore, we illus-
trate that sample sizes typical of these studies result in low statistical power to
detect fitness differences unless the differences are substantial. This review dem-
onstrates that reduced fitness of early-generation hatchery fish may be a general
phenomenon. Future research should focus on determining the causes of those
fitness reductions and whether they lead to long-term reductions in the fitness of
wild populations.
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are intended solely for future harvest, but a growing num-
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they were released to bolster declining wild populations
(Waples and Drake 2004). Regardless of the future goals
associated with the released hatchery fish, the fact remains
that a large number of hatchery fish spawn in the wild each
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Furthermore, it is now well established that hatchery fish
often have much lower fitness in the wild when compared
to their wild-born counterparts owing to two main causes.

First, many populations are locally adapted (Taylor 1991;
Fraser et al. 2011; Bourret et al. 2013), and hatchery pro-
grams that use nonlocal broodstock (i.e., adults sourced
from a different population) can create fish with lower
reproductive success in the wild when compared to fish
produced by local-origin broodstock (Berejikian and Ford
2004; Araki et al. 2008). Second, it is widely recognized that
divergence can rapidly occur between hatchery and wild
fish owing to genetic adaptation to captivity (‘domestica-
tion’; Fleming and Einum 1997; Lynch and O’Hely 2001;
Frankham 2008; Fraser 2008; Christie et al. 2012a). Older
hatchery stocks that have experienced multiple generations
of selection in a hatchery often have much lower fitness in
the wild than more recently established stocks (Berejikian
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Reduced recruitment performance in natural
populations of anadromous salmonids associated
with hatchery-reared fish

M.W. Chilcote, K.W. Goodson, and M.R. Falcy

Abstract: We found a negative relationship between the reproductive performance in natural, anadromous populations of
steelhead trout (Oncorhynchus mykiss), coho salmon (O. kisutch), and Chinook salmon (O. tshawytscha), and the propor-
tion of hatchery fish in the spawning population. We used intrinsic productivity as estimated from fitting a variety of re-
cruitment models to abundance data for each population as our indicator of reproductive performance. The magnitude of
this negative relationship is such that we predict the recruitment performance for a population composed entirely of hatch-
ery fish would be 0.128 of that for a population composed entirely of wild fish. The effect of hatchery fish on reproductive
performance was the same among all three species. Further, the impact of hatchery fish from ‘‘wild type’’ hatchery brood-
stocks was no less adverse than hatchery fish from traditional, domesticated broodstocks. We also found no support for the
hypothesis that a population’s reproductive performance was affected by the length of exposure to hatchery fish. In most
cases, measures that minimize the interactions between wild and hatchery fish will be the best long-term conservation
strategy for wild populations.

Résumé : Nous observons une relation négative entre la performance reproductive de populations naturelles de truites arc-
en-ciel anadromes (Oncorhynchus mykiss), de saumons coho (O. kisutch) et de saumons chinook (O. tshawytscha) et la
proportion de poissons de pisciculture dans les populations de reproducteurs. Nous utilisons la productivité intrinsèque esti-
mée en ajustant une variété de modèles de recrutement aux données d’abondance de chaque population comme indice de
performance reproductive. L’importance de cette relation négative est telle que nous prédisons que la performance du re-
crutement dans une population composée entièrement de poissons de pisciculture serait de 0,128 celle d’une population
composée totalement de poissons sauvages. L’effet des poissons de pisciculture est le même chez les trois espèces. De
plus, l’impact des poissons de pisciculture provenant de stocks reproducteurs de pisciculture de « type sauvage » n’est pas
moins négatif que celui des poissons de pisciculture de stocks reproducteurs traditionnels et domestiqués. Nous ne trouvons
aucun appui à l’hypothèse qui veut que la performance reproductive d’une population soit affectée par la durée de son ex-
position aux poissons de pisciculture. Dans la plupart des cas, les mesures qui minimisent les interactions entre les pois-
sons sauvages et les poissons de pisciculture constituent la meilleure stratégie de conservation à long terme pour les
populations sauvages.

[Traduit par la Rédaction]

Introduction
The conservation of indigenous fish species throughout

the world is commonly intertwined with artificial propaga-
tion programs (Fleming and Petersson 2001; Morita et al.
2006; McClure et al. 2008). This is particularly the case for
anadromous salmonids in the US Pacific Northwest. Not
only are fish reared for a portion of their life in a hatchery

environment (hatchery fish), a nearly ubiquitous feature of
this landscape, but naturally produced fish (wild fish), some
of which are offspring of naturally spawning hatchery fish,
are at risk and managed under the US Endangered Species
Act (ESA) as threatened or endangered species (Ruckelshaus
et al. 2002; Kostow 2009). In most instances, propagation of
fishes has been intended to provide fish for consumption.
However, in recent years the role of hatcheries has expanded
to include the production of fish for conservation purposes.

Salmon and steelhead hatcheries in the US Pacific North-
west most commonly produce and release juvenile, ocean-
migrating smolts. After reaching the ocean, these fish re-
main in the marine environment until they are mature.
Upon maturity, they migrate back to their stream of origin
to spawn. Although most artificially propagated fish are re-
leased directly from a hatchery into a local river basin, in
some cases juvenile fish are transported to another, some-
times distant, location for release. The founding source for
most hatchery broodstocks are wild fish captured from the
same basin as where the hatchery is located. However,
hatcheries may also obtain their initial broodstock via trans-
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Résumé : Nous observons une relation négative entre la performance reproductive de populations naturelles de truites arc-
en-ciel anadromes (Oncorhynchus mykiss), de saumons coho (O. kisutch) et de saumons chinook (O. tshawytscha) et la
proportion de poissons de pisciculture dans les populations de reproducteurs. Nous utilisons la productivité intrinsèque esti-
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89 POPULATIONS 
31 steelhead, 23 coho, 35 Chinook 

Parental abundance
Annual estimates from 1981 to 2000 of parental

(spawner) abundance for each population were based on in-
formation sources that differed by species and region. For
the Oregon Coast, Washington Coast, and lower Columbia
regions, we relied on coho abundance data provided by
Wainwright et al. (2008), PFMC (2009), and McElhany et
al. (2007), respectively. For Oregon Coast populations of

steelhead, we utilized information presented by Chilcote
(2003), updated to include data for the most recent years.
Steelhead data for the lower Columbia and upper Willamette
regions were obtained from McElhany et al. (2007). For the
steelhead populations from mid-Columbia and lower Snake
regions we relied on information presented by Chilcote
(2003) and Carmichael and Taylor (2009). For the Oregon
Coast populations of fall Chinook, spawner abundance esti-

Fig. 1. Map of the study area showing locations of population sampling regions, data sites used to construct for low average air temperature
index (LAAT, open circle, *), and data sites for maximum snow depth index (MSD, open triangle ~). Inset shows location in Pacific
Northwest, USA.

Table 1. Number of anadromous trout (winter steelhead and summer steelhead) and
salmon (fall Chinook, spring Chinook, and coho) populations sampled from eight
study regions, as illustrated in Fig. 1.

Anadromous trout Salmon

Region
Winter
steelhead

Summer
steelhead Coho

Fall
Chinook

Spring
Chinook

Oregon Coast 2 3 17 2 3
Washington Coast 5 0 7 6 3
Lower Columbia 4 3 2 2 2
Upper Willamette 3 — — — 1
Mid-Columbia — 6 — 0 1
Upper Columbia — 3 — 0 3
Lower Snake — 3 — 0 7
Upper Snake — 0 — — 5

Note: —, denotes no populations sampled because region is currently not part of the species
range.

Chilcote et al. 513

Published by NRC Research Press



this is the case, then the effect would not accumulate, but
rather occur on a year-by-year basis. Unfortunately, we are
unable to distinguish among these three possibilities. How-
ever, each explanation leads to a distinctly different implica-
tion for the status of the wild population involved and
selection of the most prudent conservation strategy. In one
case, the genetic damage has already been done, in the sec-
ond the genetic damage may be accumulating, but at such a
slow rate it does not yet matter, and finally in the last in-
stance there may be zero lasting damage because the mech-
anism involved is not genetic, and as soon as the adverse
interaction with hatchery fish is removed, the effect will be
eliminated.

Our inability to detect a difference between IT and ST
hatchery fish in terms of their relative impact on population
intrinsic productivity was perplexing. Use of wild fish for
hatchery broodstock is a cornerstone of hatchery reforms
currently being implemented for salmon and steelhead
hatchery programs across much of the Pacific Northwest
(USFWS 2010). However, our findings call into question
the effectiveness of this path as a means to lessen the impact
of hatchery programs on wild populations. The commonly

held view is that heavy use of local wild fish in a hatchery
broodstock (i.e., IT hatchery programs) will result in hatch-
ery fish that are better adapted to reproduce in the natural
environment than hatchery fish from programs where nearly
all of the parental stock are of hatchery origin (ISAB 2003;
Berejikian and Ford 2004; Araki et al. 2008).

We offer several explanations about why we did not find a
difference between populations impacted by ST and IT
hatchery fish. First, our finding may be a reflection that the
IT hatchery fish in our evaluation were produced by hatchery
programs that in many cases did not include enough wild
fish in the broodstock to appreciably slow a rapidly progress-
ing domestication process. However, 9 of the 26 populations
we classified as containing IT hatchery fish were from situa-
tions where 50% to 100% of each year’s hatchery brood-
stock were wild fish. Therefore, in light of this fact, and the
reality that for many of the ST hatchery stocks the history of
domestication is long and intensive, we conclude that if there
were substantive benefits to using IT hatchery fish over ST
in terms of natural reproductive performance, we would
have detected the signal in our study.

Table 3. Parameter estimates, SE, and significance of the factors in the best productivity
model (Model 12 in Table 2) for 89 populations of Pacific Northwest salmon and steelhead.

Factor Estimate SE t value Pr. (>|t|)
Intercepta 2.00 0.09 21.40 <0.001
Ph –2.05 0.16 –12.63 <0.001
Species = coho –0.02 0.13 –0.14 0.892
Species = steelhead –0.66 0.10 –6.53 <0.001
Hatchery location = out –0.36 0.09 –3.93 <0.001
Dams –0.07 0.01 –5.19 <0.001

Note: Pr., probability.
aIntercept represents the baseline with Chinook salmon as the species, the presence of an in-basin

hatchery, and no dams in the migration corridor.
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populations are not subjected to serial episodes of artifi-
cial selection in the hatchery environment (Blanchet
et al. 2008; RIST 2009; Neff et al. 2011). The few
detailed studies using DNA parentage analysis reveal
wild broodstock schemes can yield single-generation
increases in adult abundance (Araki et al. 2007b; Caroff-
ino et al. 2008; Theriault et al. 2010; Christie et al.
2012). However, the evolutionary response to hatchery
induced artificial selection can be as rapid as a single
generation (Araki et al. 2007b; Blanchet et al. 2008;
Christie et al. 2012), and result in reductions to individ-
ual fitness and wild population productivity in
subsequent generations (Araki et al. 2007b, 2009;
Williamson et al. 2010; Chilcote et al. 2011; Neff et al.
2011; Christie et al. 2012).
Resolving the disconnect between scientific consensus

and management practice requires quantifying the cumu-
lative demographic effects of contemporary stocking pro-
grammes on adult salmon abundance. For anglers, it is
this cumulative demographic effect, not the size or integ-
rity of wild populations, that motivates political pressure
to continue stocking. The aim of the present article was
to quantify the relationship between Atlantic salmon
stocking and angler catch statistics in England and
Wales. The results suggest that stocking is associated
with small reductions in angler catch statistics and by
inference, adult abundance.

Materials and methods

The following data were collected for 62 river catch-
ments in England and Wales (Fig. 1, Table 1; Cefas
2010): habitat area, habitat quality and Conservation
Limit (CL). Habitat area (ha) is an estimate of the wetted
area available to anadromous salmon. Habitat quality
(number of eggs 100 m!2) is an estimate of the average
carrying capacity for juvenile salmon in that area (Wyatt
& Barnard 1997; Cefas 2010). The CL (no of eggs)
combines habitat area and habitat quality to provide an
estimate of the total number of eggs required to seed the
juvenile habitat of a catchment (Cefas 2010). The CL
provides a proxy for a catchment’s carrying capacity and
is used by the Environment Agency for stock assess-
ments of adult escapement. Here, the CL provides an
estimate of ‘natural adult stock size’ based on the rela-
tionship between juvenile carrying capacity, smolt pro-
duction and adult population size at the catchment scale.
Annual estimates of two angler catch statistics, total

rod catch (rod catch) and number of salmon caught per
license day of fishing effort (CPLD), for the 62 catch-
ments between 1995 and 2009 were taken from Environ-
ment Agency reports. Missing data resulted in 911 and
925 observations for rod catch and CPLD respectively

(Fig. 2). Few stocked fish are marked and anglers are
not required to record marks in their catch returns, so
catch data cannot be used to estimate the relative
contributions of wild and stocked fish to rod fisheries.
Stocking data were taken from Agency reports and

internal records (for data from 1992 to 1994). Stocking
data were compiled at the catchment scale to match the
catch statistics. Catchments with stocking had greater
habitat area than those without [mean (SD) of log10 (ha):
n = 42, 2.1 (0.53) and n = 20, 1.7 (0.45), respectively,
pooled variance t60 = 2.7, P < 0.01], but stocked and
unstocked catchments had similar habitat qualities [215
(48) vs 226 (58), t60 = 0.75, P = 0.46].
Stocked fish were grouped into three age classes:

young-of-year (YOY) fish (i.e. ova to fry), 1-year-old
parr and smolts ready for migration to sea. The three age
classes were assigned to a year’s catch statistics by
assuming all stocked fish spent two winters in fresh
water and returned as adults after a single winter at sea,
which is the most common life history of wild and
stocked salmon in England and Wales. Thus, YOY, parr
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Figure 1. Map of the 62 study catchments in England and Wales.
Bold lines and letters adjacent to the map indicate ‘regions’. Boxed
numbers are catchments with at least one stocking event during the
study period. Catchment names and relevant data are presented in
Table 1.
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