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EXECUTIVE SUMMARY 

The Idaho Department of Fish and Game (IDFG) captive rearing program for Salmon 
River Spring/Summer Chinook Salmon (Oncorhynchus tshawytscha) was initiated in 1995, 
shortly after Snake River Spring/Summer Chinook Salmon were listed as threatened under the 
Endangered Species Act. This program developed technology that may assist in the recovery of 
the listed Snake River Spring/Summer Chinook Salmon evolutionarily significant unit (ESU). 
Captive rearing is a conservation strategy where eggs or juveniles are collected from the natural 
environment, reared to maturity in a hatchery setting, and then released back into the natural 
environment for volitional spawning. The use of the captive rearing technique is intermediate 
between captive broodstock and supplementation techniques. The primary objective of captive 
rearing is to prevent cohort collapse while the primary objective of a captive broodstock program 
is to protect and gene bank populations at high risk of extinction. Captive rearing was intended 
to be a less invasive rearing technique for populations at risk than a captive broodstock, since it 
involved collecting a small number of juveniles or eggs from the natural environment and would 
theoretically avoid the impacts of multigenerational hatchery culture. The practice of captive 
rearing had never been attempted in Pacific Northwest Chinook Salmon, and never evaluated to 
the extent of this program anywhere in the world. 

 
The goal of this program and 20-year evaluation was to test the efficacy of this 

alternative conservation hatchery strategy to maintain a continuum of adult Chinook Salmon 
spawners and avoid population collapse in study streams. Objectives included: 1) collection of 
natural Chinook Salmon parr or eggs and rearing them to maturity in captivity; 2) production of 
mature captives with similar behavioral, morphological, and physical characteristics to natural 
adults; and 3) evaluation of the performance of mature captive-reared adults released into natal 
streams to spawn naturally. The project was implemented in three tributaries to the upper 
Salmon River: the Lemhi River (LEM), West Fork Yankee Fork Salmon River (WFYF), and the 
East Fork Salmon River (EFSR). These are areas where the total natural-origin adult spawner 
abundances had dropped to record lows in the early 1990s. Despite their imperiled status, these 
streams had ideal water temperatures and water quality for juvenile Chinook Salmon rearing. 
The IDFG captive rearing program started in all three study streams, but the focus of releases 
and monitoring efforts in each stream changed through time. Freshwater rearing of collected 
natural parr and eggs was performed at the IDFG Eagle Fish Hatchery (EFH) in Idaho, and 
seawater rearing from the smolt stage to adult maturation took place at the National Oceanic 
and Atmospheric Administration (NOAA) Fisheries’ Manchester Research Station (MRS) 
located in Puget Sound, Washington. 

 
The program was able to successfully collect natural parr and eyed eggs to source 

annual captive rearing groups (e.g., brood years [BY]), regularly meeting targeted abundances. 
A total of 2,043 parr (BY94-98) and 4,476 eyed eggs (BY99-05) were collected across all three 
study streams. Facilities were modified to address needs of specialized culture such as rearing 
and isolation in small groups, chilled water to achieve desired water temperatures, and 
biosecurity protocols. Routine fish health monitoring protocols were developed to limit the risk of 
spreading pathogens between rearing groups. Fish collected as parr survived well in juvenile 
culture, with a mean survival from collection-to-smolt of 84%. However, fish health issues 
remained a challenge when bringing wild juveniles from the natural environment into hatchery 
culture. Chinook Salmon parr were treated for parasitic copepods and fed medicated feed to 
reduce the risk of bacterial kidney disease (BKD). Clinical signs of BKD and losses associated 
with BKD were more prevalent during adult rearing and holding before release. To better 
manage the incidence of disease, the program moved toward collecting eyed eggs from natural 
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redds. Survival of rearing groups collected as eyed eggs was 86% to the smolt stage, slightly 
greater than parr collections.  

 
The development of fish culture techniques to rear fish to maturity in a hatchery 

environment was successful, with high survival from collection to maturation. Survival from 
collection to maturation averaged 52.8%, which is more than 1,200 times the average survival 
from eyed egg to adult that would occur in the wild (0.04%). However, captive adults were 
dramatically smaller (at the same age) and matured at a younger age than their natural-origin 
counterparts, with a high proportion of age-2 precocial males in all years (particularly in BY00 
and BY01). Parr-collected groups exhibited lower precocity rates than eyed egg collection 
groups. Rearing of juveniles from the first several years of eyed egg collections resulted in large 
juveniles at the smolt stage. In later years, temperature and feed rations were adjusted to 
reduce growth, resulting in smaller juveniles that were more comparable to smolts produced in 
the wild. As a result, precocity rates from eyed egg collections stabilized at around 40% in later 
years. No benefits related to collection type were observed with regard to length at age. Smolt-
to-adult rearing in seawater produced greater length at age than freshwater rearing at all life 
stages. In addition, mature females were consistently larger than males of the same age. We 
found fish effectively reached a growth plateau at age-4 for both sexes, suggesting a diminished 
benefit of size resulting from the extra year in culture. 

 
A total of 2,756 fish (70.8%) were released to spawn naturally in their natal streams. A 

small portion of all the program fish were culled or had their milt cryopreserved. The original 
goal was to release 20 adults per stream per year, which was exceeded in 10 of 13 years 
represented in this study. Picket weirs were utilized primarily to observe post-release spawn 
behavior and reproductive success within an accessible stream section; however, in some years 
they proved necessary to prevent loss of adults via emigration from the study streams. Gastric 
implantation of radio tags in a subsample of released captive adults documented a small portion 
of fish that moved downstream out of study areas, but the majority of captive adults remained 
within 2-3 kilometers of their original release location. Captive adults exhibited similar habitat 
selection, male courtship, and female spawn behavior as natural fish, but captive males were 
found to be less aggressive than natural males. Captive adults were also distributed throughout 
all accessible reaches. 

 
Immediate post release evaluations of reproductive success included monitoring of 

spawn timing, spawn behavior, and redd construction. Captive fish produced 349 redds (0-63 
annually) during this evaluation. Initially, fewer adult fish survived to release, thus release 
groups were small. As culture improvements were made, greater numbers of adults were 
released; however, redd production remained low (2002-2005). In later years, release numbers 
were greater and captive adults produced more redds (2006-2010). On average, captive adults 
constructed fewer redds per female (0.29) than natural adults (0.70). Spawn timing of captive 
adults released to spawn naturally was 2-3 weeks later than natural fish, although they were 
less delayed when allowed to intersperse with natural fish. Additional water chilling capacity was 
added at Eagle FH, and prerelease evaluations in 2004-2006 focused on advancing the spawn 
timing of mature captive adults prior to release. However, holding prespawn fish in chilled 
freshwater prior to release did not consistently advance spawn timing. 

 
Spawning success was further evaluated at multiple life stages. The viability of eggs 

produced from captive adults that naturally spawned in the EFSR averaged 74.5% compared to 
90.6% for their natural counterparts. Potential factors that may have reduced viability remain 
unknown, although redd location, gamete quality, and or domestication selection, may have had 
an influence. Survival from eyed egg to fry of naturally spawned captive fish (80.1%) was 
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slightly lower than natural adults (83.9%). The magnitude of captive contribution to adult returns 
in a given return year was generally not large (N = 42 fish returning in largest year, 19.8% of 
natural return); however, their contribution was partially influenced by a simultaneous increase 
in abundance of natural fish on their own. Nonetheless, adult releases in 2006-2008 produced 
99 adult returns, which amounted to 1-20% contribution to the 2009-2013 adult returns. 
Performance of captive adults in these release years averaged 0.29 recruits per male and 
0.27 recruits per female. Captive females exhibited lower reproductive success (0.18 
recruits/female) than natural females (2.31 recruits/female); however, captive reproductive 
success was comparable to other conservation hatchery Chinook Salmon programs. 

 
Several factors likely influenced reproductive success of captive adults, the most evident 

being their reduced redd building success and egg viability in the natural environment. However, 
other factors such as relatedness among released adults, spawning habitat, delayed spawn 
timing, and phenotypic differences in size and age at maturation might also have influenced 
success. While lifetime reproductive success of the released captive fish was lower than natural 
adults, phenotypic traits of captive fish progeny that returned as adults were nearly identical to 
natural origin adult returns in a given return year, which leads us to believe that any 
environmentally induced phenotypic differences associated with captivity were subsequently 
regained in a single generation. 

 
Overall, we found that captive fish did experience some fitness loss as a result of 

hatchery rearing but sizeable demographic benefits were gained by bringing fish into protective 
culture. The real benefit of captive rearing is realized when comparing the production from eyed 
egg collections to what would have been produced from the equivalent number of natural-origin 
eggs left in natal gravels. Using program results, approximately 900 eyed eggs were collected 
across three years and survived in captivity to produce 310 adult females (released in 2006-
2008), which subsequently returned 83 captive by captive adult progeny. In comparison, an 
equivalent number of wild eyed eggs (N = 900) left in their natal gravels would have returned 
approximately two adult progeny after applying several natural-origin life stage survival rates 
and actual program measured reproductive success. Therefore, on an egg-to-egg basis, captive 
fish effectively produced 50 times more adults than what would have returned if the eyed eggs 
had been left in the natural habitat for rearing. If a population is small and at risk of extirpation, 
the risks of extinction outweigh potential fitness losses, so this strategy would be useful and 
beneficial to implement. Furthermore, the offspring of captive fish appeared to have regained 
some of the phenotypic life history traits of the natural population, implying that if fitness is 
driven by size and age at maturation, then it could potentially be regained in a single generation. 

 
In comparison to other hatchery propagation techniques, captive rearing maintains 

advantages and disadvantages relative to captive broodstocks. A first advantage is that captive-
reared fish have reduced time in culture (one generation versus multiple generations) and 
increased opportunity for sexual selection during spawning. Captive rearing also leaves a large 
number of eggs in natal gravels to simultaneously allow for natural production, thus resulting in 
less impact to the population, yet retains the flexibility to switch to a captive brood if numbers 
continue to decline. However, captive rearing would not likely provide as large of a demographic 
boost as other strategies (supplementation) given the size of the program and amount of space 
needed to rear adults to maturity. If a dramatic boost were deemed crucial, costs would increase 
substantially, with the primary production limitation being adult rearing space. Depending upon 
release goals, eyed egg collections could be determined through a sliding scale; balancing the 
proportion of redds sampled versus the number of eyed eggs collected per redd. Lastly, cost-
effective implementation could require a rapid scaling-up of program production, particularly 
during poor ocean productivity periods. Regardless of the desired program size, personnel, 
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facilities, sufficient funds, and a long-term commitment to rearing space are required. Lastly, all 
the above resources would need to be ready and waiting to implement this tool within an 
appropriate response time to a dramatic downturn in abundance, possibly even requiring some 
predictive ability of a prospective population crash. This may necessitate the need to maintain 
unoccupied facilities during periods of high population abundance for broad geographic areas 
for later use, as necessitated.  

 
Nonetheless, evidence suggests this program, even at modest collection and production 

levels, could prevent cohort collapse for high priority populations in the absence of a natural 
rebound. However, this strategy would be needed for multiple years to continue to amplify 
returns or would need to be scaled up to increase the numbers of naturally spawning adults in a 
given year. With the number of returning anadromous adults produced at this scale, extirpation 
of a population would not be avoided without the continued infusion of captive reared adults until 
the causes of decline were remediated. Decisions regarding the use of this technique over other 
hatchery propagation strategies will likely depend upon the goals of the program but also some 
attributes of the population or stream. This strategy would preferably be applied in populations 
that still retain quality spawning and juvenile rearing habitat for adult releases and juvenile 
rearing. If spawning habitat was poor, a captive broodstock might be a better strategy until 
habitat conditions improve. Ultimately, this strategy could be used to both assist with a limited 
number of declining natural stocks, or establish a stock in an extirpated or new habitat if any 
appropriate donor source was identified. The ultimate decisions to implement this strategy for a 
particular population will depend upon demographic and habitat conditions, hatchery rearing 
space, and the extirpation risk if no action is taken. 
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INTRODUCTION 

Snake River Spring/Summer Chinook Salmon (Oncorhynchus tshawytscha) were once 
part of the largest runs of Chinook Salmon in the world (Netboy 1980) and were estimated to 
have comprised as much as 45% of all Spring/Summer Chinook Salmon adults returning to the 
Columbia River (Matthews and Waples 1991). In the 1960s, smolt-to-adult return rates 
exceeded 4% (Thurow 2000). However, these populations experienced a dramatic decline over 
the last half century due to many factors, including dams, overharvest, and habitat loss and 
degradation (NRC 1996). Thus, in 1992, Snake River Chinook Salmon was listed as threatened 
under the Endangered Species Act (ESA; [NMFS (National Marine Fisheries Service) 1992]). 
Continued declines were observed with the lowest count of adult Spring/Summer Chinook 
Salmon returning to the entire Snake River in 1995. In this year, the final adult count of adult 
Chinook Salmon at Lower Granite Dam was 1,797 adults, less than 16% of the 10-year average 
(59 FR 66784, Fish Passage Center 1994, Hassemer et al. 1999). At this point in time, smolt-to- 
adult return rates had declined to less than 0.5% (Thurow 2000). Until smolt-to-adult survival 
increases, there is a need to preserve the existing metapopulation structure (by preventing local 
or demographic extirpations) of populations to ensure they remain extant to benefit from future 
recovery actions. The captive rearing program developed and monitored a novel hatchery 
strategy, which if deemed successful, might be used in the recovery of the ESA-listed Snake 
River Spring/Summer Chinook Salmon evolutionarily significant unit (ESU). 

 
Following ESA listing, Idaho and Oregon state, tribal, and federal fish managers met 

during 1993 and 1994 to discuss captive culture research that could be implemented and 
evaluated in the Snake River basin. The outcome of those meetings was to initiate two 
experimental programs in two different basins. The Oregon Department of Fish and Wildlife 
would initiate a captive broodstock program using selected Grande Ronde River Chinook 
Salmon populations and the Idaho Department of Fish and Game (IDFG) would initiate captive 
rearing research using selected Salmon River Chinook Salmon populations. Implicit within each 
project was the objective to develop and test Chinook Salmon culture protocols for the 
conservation and management of depressed populations. At the time, it was uncertain as to 
which strategy would be best for ensuring the continued existence of at-risk stocks. The captive 
rearing program was implemented within an experimental, adaptive-management design to 
evaluate the risks and benefits and address scientific uncertainties of this captive rearing 
approach.  

 
The objective of most supplementation programs is to increase adult abundance to 

benefit fisheries (Mahnken et al. 1998) and/or to decrease risks of extirpation or assist with 
recovery goals (Naish et al. 2007; Waples et al. 2007). Supplementation programs act to amplify 
populations in captivity and boost survival within a portion of the salmon life cycle (Berejikian et 
al. 2004; Fraser 2008; Hebdon et al. 2004; Naish et al. 2007; Utter and Epifanio 2002) 
Generally, supplementation approaches collect juveniles or adults from their habitat and rear 
them to sexual maturation. At this point, the types of supplementation programs differ in regards 
to what is carried out with the maturing fish and their offspring. The maturing adults from a 
traditional supplementation program are spawned in the hatchery and the resultant eggs are 
reared to various juvenile life stages and released. The maturing adults from a captive 
broodstock program are also spawned in the hatchery but a primary difference is that a subset 
or all of the juveniles remain in captivity for their entire lives as a safety net/gene bank. The 
main distinction for captive rearing is that the maturing adults are not spawned in the hatchery 
but are returned to their natal streams to spawn naturally. Captive rearing is an intermediate 
strategy between the other two approaches in terms of time in captivity. This strategy also 
differs on the life stage in which natural selection occurs. Under a captive rearing program, 
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natural and sexual selection operates during spawning and early freshwater rearing whereas in 
a smolt supplementation approach, natural selection operates during freshwater migration and 
ocean rearing. The choice of which strategy to pursue can depend on a variety of factors 
including the goals and objectives of the program, the limiting factors that constrain abundance, 
the status of the populations, management and conservation concerns and needs, and existing 
infrastructure. 

 
The captive rearing program was developed as a way to prevent cohort collapse in the 

target populations by returning locally derived captive-reared adults to natural spawning areas 
to augment depressed natural escapement or replace it in years when no natural escapement 
occurred. If successful, this strategy could maintain metapopulation structure in selected 
populations at high risk of extirpation, while avoiding the impacts of multigenerational hatchery 
culture described in Reisenbichler and Rubin (1999). Furthermore, it would maintain the 
continuum of generation-to-generation smolt production and provide the opportunity for 
population maintenance or increase, should environmental conditions prove favorable for that 
cohort. However, prior to the implementation of this project, the success of the captive rearing 
approach to produce adults with the desired morphological, physiological, and behavioral 
attributes to spawn successfully in the wild had not been demonstrated (Fleming and Gross 
1992, 1993; Joyce et al. 1993; Flagg and Mahnken 1995) and thus, the outcomes of this 
strategy were unknown. 

 
At the inception of this program, little scientific information regarding captive rearing 

techniques for Pacific salmonids was available. This program was one of the first captive rearing 
programs to be initiated and the only program to test this with Chinook Salmon outside of an 
artificial environment. To date, this technique remains limited in use and only a handful of 
studies have published results. Flagg and Mahnken (1995) provided an initial literature review of 
captive rearing and captive broodstock technology, which provided the knowledge base upon 
which the program was designed. Since the program’s inception, studies documenting the 
spawning behavior of captive-reared Chinook Salmon (Berejikian et al. 2001b), Coho Salmon 
O. kisutch (Berejikian et al. 1997), and Atlantic salmon Salmo salar (Fleming et al. 1996, Carr et 
al. 2004) have been published but the Chinook Salmon studies (Berejikian et al. 2001b) were 
performed in an artificial environment. Other studies have compared the competitive behavior of 
male captive-reared and natural Coho Salmon during spawning (Berejikian et al. 2001a), and 
the competitive differences between newly emerged fry produced by captive-reared and natural 
Coho Salmon (Berejikian et al. 1999). Hendry et al. (2000) reported on the reproductive 
development of Sockeye Salmon O. nerka reared in captivity. A few studies were conducted on 
Atlantic Salmon where out-migrating smolts were collected, reared in either a sea cage or salt-
water rearing facility, and then released back into the wild for spawning (Dempson et al. 1999) 
This technique has been recently applied to Atlantic Salmon (Dempson et al. 1999; O’Reilly et 
al. 2010; Stark et al. 2014a; DFO 2016; Fraser 2016, T. Linnansaari, personal communication) 
and also Steelhead (Van Doornik et al. 2010). The captive rearing strategy is also currently 
being implemented for fall run Chinook Salmon numbers in the San Joaquin River (Adelizi 2013; 
www.restoresjr.net).  

 
This report serves to add to the existing body of literature and provides a complete 

synopsis of program methods and results from inception (January 1, 1995) through the last field 
evaluations (December 31, 2014). This report synthesizes results across all years so that 
conclusions can be made regarding the benefits and risks of this novel hatchery technique. This 
program was coordinated with the Northwest Power and Conservation Council’s Fish and Wildlife 
Program, identified as program 2007-40-300. Funding was provided through the Bonneville Power 
Administration. The Chinook Salmon Captive Propagation Technical Oversight Committee 

http://www.restoresjr.net/
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(CSCPTOC) was formed to convey information between the various state, federal, and tribal 
entities involved in the captive culture of Chinook Salmon. The CSCPTOC provided a forum of 
peer review and discussion for all activities and culture protocols associated with this program. 

 
 

GOALS AND OBJECTIVES 

The captive rearing program was created to develop and test a new conservation hatchery 
strategy and evaluate its potential to maintain a minimum number (N = 20) of Chinook Salmon 
spawners in selected populations. The main goal of this program was to evaluate the potential 
of this technique to avoid cohort collapse, with a secondary goal of minimizing genetic impacts. 
There were three main program objectives/evaluations required to accomplish the primary goal: 1) 
develop and implement techniques to collect and rear juveniles to maturity in captivity, 2) 
develop culture practices to produce captive-reared adults that are phenotypically and 
behaviorally similar to naturally produced fish, and 3) evaluate the performance of captive adults 
released into natal streams to spawn naturally. This divided the program into two functional units 
(fish culture and field evaluations), but the success of the program was dependent on the 
synchronous development, monitoring, and evaluation of both components. This program was 
implemented within an experimental, adaptive-management design to evaluate the risks and 
benefits and address scientific uncertainties. 

 
The completion of the Captive Chinook Salmon program and associated results 

presented herein will provide valuable insights into the captive rearing technique and inform the 
future application of this approach for this species or other salmonid species. This report is 
divided into sections: 1) Chapter 1 describes the culture and rearing of Chinook Salmon in 
captivity; 2) Chapter 2 describes the evaluations of the phenotypic attributes of captive fish; 3) 
Chapter 3 describes maturation sorts, fish releases, and post-release field evaluations; 4) 
Chapter 4 describes the evaluations of egg viability and egg to fry emergence timing and 
survival; and 5) Chapter 5 describes the reproductive success evaluations. Where possible, 
results from the captive adult evaluations are compared to natural adults. Lastly, a summary of 
the management recommendations for the future application of this method are presented at the 
end of this report. 

 
 

DESCRIPTION OF STUDY AREA AND FACILITIES 

Study Streams 

The Salmon River is the single largest tributary to the Snake River, and of the 28 extant 
independent populations in the Snake River Spring/Summer Chinook Salmon Evolutionarily 
Significant Unit (ESU), 21 of the populations are in the Salmon River drainage in Idaho (ICTRT 
2008; NMFS 2015). The streams selected for inclusion in the captive rearing program included 
the Lemhi River (LEM) and its tributaries, the West Fork Yankee Fork Salmon River (WFYF), 
and the East Fork Salmon River (EFSR; Figure 1), all three of which are tributaries to the 
Salmon River. Study streams were selected because of their adequate habitat for spawning and 
rearing and water temperature and water quality and accessibility by vehicle. Water 
temperatures were ideal for juvenile Chinook Salmon rearing in all three streams, while water 
quality ranged from sufficient to ideal. Stream habitat quality ranged from relatively pristine to 
areas of riparian degradation caused by sedimentation, grazing, mining, logging, road building, 
and irrigation diversions. These IDFG study streams had also produced fewer than 20 redds per 
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stream in the 1990s, and were expected to produce similar or diminishing escapement in the 
coming years.  

 
The LEM confluence with the Salmon River is located approximately 416 river kilometers 

upstream from the mouth of the Salmon River, near the town of Salmon, Idaho. The LEM drains 
productive basaltic parent material resulting in rapid fish growth. The lower section of this river 
flows through private land developed extensively for agriculture and grazing and typically 
reflects C channel conditions (Rosgen 1985). Captive-reared adult releases into the Lemhi 
drainage included the main stem LEM, Bear Valley Creek, and Big Springs Creek (Figure 1). 
Bear Valley Creek reflects near pristine B and C channel conditions. 

 
The WFYF is located 591 RK (369 mi) upstream from the mouth of the Salmon River. 

The confluence of the WFYF and Yankee Fork is located 11 RK (6.8 mi) upstream of the mouth 
of the Yankee Fork. The WFYF drains granitic parent material adjacent to the Frank Church 
River of No Return Wilderness Area. The majority of Chinook Salmon spawning occurs in the 
lower 2 miles of the river. The WFYF drains a sterile watershed, remains primarily roadless, and 
has remained unimpacted by land use practices for nearly half a century. Stream habitat 
typically reflects B and C conditions (Rosgen 1985).  

 
The EFSR is located 552 RK (345 mi) upstream from the mouth of the Salmon River, 

which has its confluence near the town of Clayton, Idaho. The EFSR also drains a relatively 
sterile watershed of granitic parent material associated with the Idaho batholith, and is generally 
less productive than the LEM system. The lower 30 km of the EFSR runs through ranch and 
grazing property developed during the last century, but the upper reaches reflect near pristine 
conditions with little historical disturbance from logging, mining, or agriculture. Stream habitat in 
the EFSR typically reflects B and C conditions (Rosgen 1985).  
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Figure 1. Location of study streams included in the IDFG Captive Rearing Program for 

Salmon River Chinook Salmon. 
 
 
 

Facilities 

Two primary fish culture facilities were used to rear natural juveniles through to 
maturation: 1) the IDFG Eagle Fish Hatchery (EFH), and 2) the National Oceanic and 
Atmospheric Association (NOAA) Manchester Research Station (MRS). The EFH in Eagle, 
Idaho served as the primary freshwater rearing facility for the culture of Chinook Salmon. After 
collection, fish were reared at this facility until the smolt stage. At the smolt stage, a portion of 
fish remained at EFH and a portion was transferred to MRS from 1995-2001 until maturation. 
Starting in 2002 and continuing through 2007, all fish were transferred at the smolt stage to 
MRS for seawater rearing.  
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Facility layout at the EFH remained flexible to accommodate culture activities. Several 

fiberglass tank sizes were used to culture Chinook Salmon ranging from 1m diameter semi-
square tanks (0.3m3), up to 6m diameter circular tanks (44.5m3). One-meter tanks were used to 
rear juveniles, by stream origin, to approximately 20g. Three- and four-meter tanks were used to 
rear juveniles to approximately 1,000g and to rear maturing fish by stream origin prior to 
distribution to natal waters. Six-meter tanks were used to rear age-3 through age-5 fish, also by 
stream of origin. Flow to all tanks was maintained at no less than 1.5 exchanges/h, and shade 
covering (70%) and jump screens were used where appropriate. Rearing tank size, density, and 
food ration varied with fish age and were managed to promote optimum growth and the 
attainment of program objectives. Specific pathogen free artesian water from five wells was 
available at EFH. Artesian flow was augmented through the use of four separate pump/motor 
systems. Water temperature remained a constant 13.5°C and total dissolved gas averaged 
100% after degassing (Hassemer et al. 1999). Water chilling capability was added in 1994 for 
incubation and for final maturation rearing. Backup and system redundancy was in place for 
degassing, pumping, and power generation. Nine water level alarms were in use and linked 
through an emergency service operator. Additional security was provided by limiting public 
access and by the presence of three on-site residences occupied by IDFG hatchery personnel. 
For a complete review of EFH facilities and rearing protocols see: Hassemer et al. 1999, 2000; 
Venditti et al. 2002, 2003a, 2003b, 2005; Baker et al. 2006a, 2006b, 2007; and Stark et al. 
2008. 

 
The MRS facility performed all of the seawater rearing from the smolt stage through the 

onset of maturation. Upon maturation, fish were returned to EFH for freshwater holding prior to 
release into the natal streams or released directly to the streams. The MRS facility is located on 
Clam Bay, a small bay adjoining the central basin of western Puget Sound. This facility has 
excellent quality seawater through its proximity to a major tidal mixing zone. Annual seawater 
temperature ranges 7–15°C and salinity of 26–29 ppt, which provided optimal conditions for 
culture of anadromous salmonids during their marine life history phase (McAuley et al. 2000). 

 
At the MRS seawater facility, immature Chinook Salmon were reared in 4.1 or 6.0 m 

diameter circular fiberglass tanks, with water depths of 0.9 m and 1.5 m, respectively. Seawater 
supplied to rearing tanks was processed using a variety of sand, glass, and cartridge filters and 
UV filtration to protect fish against naturally occurring bacterial pathogens, viruses, and 
parasites. Sensors monitored water flow and pressure through the seawater filtration system. 
The treated seawater was supplied by means of a centrifugal pump to the rearing buildings at a 
constant rate of 5,000 L/min (1,250 gal/min). Further processing of seawater included column 
degassers to remove excess nitrogen and 35 ton chillers to ensure water remained below 13°C 
during the summer. Security measures to protect fish and property included water flow, fire, and 
intruder alarms. A 50 hp pump was also attached to the seawater system to provide backup 
pumping in case of primary pump failure. Redundant emergency generators (330 KW each) 
were automatically serially activated in the event of a power failure. In addition, each tank was 
directly supplied with oxygen to maintain life support in the event of an interruption in water flow. 
An ozone system was used to treat effluent seawater from rearing tanks. Lighting controls were 
adopted that avoided light shock reactions and maintained fish on a natural photoperiod to 
promote good physiological condition and the entrainment of natural circadian rhythms (see 
Heinen 1998 for review). For a complete review of the MRS facilities and rearing protocols see 
(Flagg et al. 1997; Flagg et al. 1998; McAuley et al. 2000, Maynard et al. 2012). 

 
Sawtooth Fish Hatchery (SFH) was used in the early years of the program for holding of 

juveniles following collection from the wild. The SFH was completed in 1985 as part of the 
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Lower Snake River Compensation Plan and is located on the Salmon River in the Sawtooth 
Valley basin. This facility was used during 1995-1999 to hold parr prior to their transfer to EFH. 
Parr were held in 2.0 m semi-square tanks, by stream origin. All fish rearing occurred on specific 
pathogen free well water and water temperatures range from 2.5°C in January/February to 
11.1°C in August/September. 
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CHAPTER 1: COLLECTION AND CULTURE OF CHINOOK SALMON 

INTRODUCTION 

Although Chinook Salmon have been cultured in hatcheries since the late 1800s 
(Mahnken et al. 1998), this program was one of the first to attempt to collect Chinook Salmon 
eggs or juveniles from the wild and rear them to sexual maturity, completely in a hatchery 
environment (Flagg and Mahnken 1995). A few prior attempts to rear Chinook Salmon through 
maturation were conducted in the 1960s and 1970s, but resulted in low success (Flagg and 
Mahnken 1995). Therefore, protocols for culture and fish health therapeutics had to be 
developed and implemented to rear juveniles, collected as parr and eyed eggs, to maturation in 
a hatchery setting. In this program, the IDFG EFH served as the primary freshwater facility to 
rear fish from collection to the smolt stage of development while the NOAA MRS seawater 
facility was the primary facility to rear fish from the smolt stage to maturation. Rearing fish at 
these two facilities mimicked the life cycle of Chinook Salmon, where juveniles rear in 
freshwater to the smolt stage and then migrate to the ocean where they remain until they 
mature before they begin their migration back to their natal streams. The use of seawater 
rearing was recommended by Pollard and Flagg (2004) to eliminate possible selection against 
anadromous traits that might occur if fish were only reared on freshwater for their entire lifetime. 

 
The goal for collections of natural-origin (natural) Chinook Salmon for the captive rearing 

program was to collect enough juveniles or eggs from the target populations to provide 
approximately 20 adults to release to spawn each year in each study stream (Hassemer et al. 
1999). Collection targets were conservatively set since study population abundance levels were 
low and it was unknown whether the program would be successful at the time. This program 
was scaled to be small in size to evaluate the risks and benefits of this experimental technique. 
Initially, a maximum of 25% of the parr produced in each stream or a maximum of 200 parr was 
targeted for collection (section 10 permit 1010). In 1999, the program shifted to collecting eyed 
eggs from redds instead of parr, predominately in the WFYF and EFSR. The goal for eyed egg 
collections was 300 eyed eggs from approximately 6 wild redds per stream (section 10 permit 
1394). These sizes were chosen to balance the needs of meeting minimum spawner release 
goals, while limiting the impacts to mining the natural population. 

 
 

METHODS 

Parr Collections 

The IDFG Captive Rearing Program was initiated in 1995 with the collection of brood 
year 1994 (BY94) natural Chinook Salmon parr from all three study streams. Parr were 
collected using rotary screw traps and beach seines (Hassemer et al. 1999). Personnel from 
IDFG and the Shoshone-Bannock tribe (SBT) operated rotary screw traps on a daily basis. 
Beach seines were also used to collect juvenile Chinook Salmon over a range of stream 
distances. Collected juveniles were temporarily held in streamside live boxes until transfer to 
SFH. Juveniles were collected primarily in the fall (as age-zero), but some fish were collected in 
the spring as age-1 fish.  

Eyed Egg Collections 

Collections of eyed eggs from redds began in all three study streams in 1999 (Hassemer 
et al. 2000). Collections continued in 2000 through 2005, but only from the WFYF and EFSR. In 
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order to determine the appropriate time to hydraulically pump and sample a redd, extensive field 
observations of spawning were conducted to locate and accurately mark redds. As spawning 
approached, personnel surveyed streams weekly. Once spawning commenced, surveys were 
performed at closer intervals to identify new redds and better estimate the completion dates of 
redds: 3-5 d in most streams and years, and sometimes daily. Once a redd was identified, GPS 
waypoints were recorded and redd locations were marked by placing flagging on shoreline 
vegetation near the location. Information on when the redd was first observed, the spawning 
behavior of fish seen associated with the redd (i.e. courting, digging, trenching, etc.), and 
completion date of the redd was recorded. Once the female was no longer present, iron rods 
were driven into the streambed just upstream of the pit and downstream of the pillow along the 
central axis of the redd. This arrangement helped later locate the redd and identified the most 
productive sampling locations even after algal growth had obscured its location.  

 
Temperature monitors were also placed into each stream to record temperature and 

provide data for predicting the embryonic stage of development for sampling. The last day of 
egg deposition for each redd was recorded to provide a starting point from which to monitor egg 
development. Daily average water temperature was downloaded from the thermographs and 
compiled to track the number of Celsius temperature units (CTUs) received by the developing 
embryos. Redds were hydraulically sampled and eyed eggs were collected after receiving 
~300 CTUs (Piper et al. 1989); a developmental period where eye pigmentation in developing 
embryos was readily identifiable and egg structures were capable of withstanding collection. 
Eyed eggs were collected using hydraulic sampling methods described by McNeil (1964), but 
with some additional modifications as described in Berejikian et al. (2011b) and Figure 2. 

 
The collected eggs were directly transported to the EFH according to Integrated 

Hatcheries Operations Team (IHOT) protocols (IHOT 1995), and were generally on site 4–6 h 
after being extracted from the redd. Upon arrival at EFH, eggs were kept in familial groups and 
disinfected in 100 mg/L iodophor for 10 min. After disinfection, they were transferred to separate 
incubators (14 cm diameter x 19 cm height, 2.9 L total operating volume) where they remained 
until hatching and the fry were ready to begin feeding (Heindel et al. 2005). A constant flow 
(2 L/min, 2001-2002; 1.2 L/min, 2003-2005) of chilled water (8.0–10.0°C, 2001-2002; 7-9°C, 
2003-2005) was maintained throughout incubation and was provided as upwelling from below 
the eggs. Incubators were checked daily, and dead eggs were removed (Figure 3A). After 
hatching, water flow was reversed (Figure 3B). 
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Figure 2. Hydraulic sampling gear including (A) the pump and probe and (B) the collection 

net used to collect eyed eggs from redds of natural Chinook Salmon. 
 
 
 

 
 
Figure 3. Schematic diagram of reversible flow incubators used to incubate eggs and rear 

newly emerged fry. A) Upwelling configuration for egg incubation, and 
B) downwelling configuration for fry rearing. 
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Juvenile Rearing 

Parr collections during 1995-1999 were initially held at SFH following collection from the 
wild. While at SFH, 1mm diameter fish food and a krill hydrolysate liquid to top coat commercial 
diet was provided to begin the switch to a hatchery diet (P. Kline, IDFG, personal 
communication). Juveniles remained at SFH for several days to several weeks before being 
transferred to EFH. Upon transfer to EFH, parr were placed in 1 m tanks to acclimate to 
hatchery diets. Once parr had successfully converted to feed, 2 m diameter semi-square tanks 
(1,420 L) and 3 m diameter circular tanks (6,500 L) were used to rear juveniles, by stream 
origin, to approximately 20 g and 1,000 g, respectively. 

 
For the eyed-egg collections, swim-up fry were fed for one week in the incubators, 

during daylight hours, approximately eight times a day, until they reached 1.0 g. Growth 
projections were developed at this time and feeding rates were reduced to four times/d. Fry 
were fed a commercial diet (Bio-Oregon Starter #2) at approximately 2.0% body weight/d. As 
fish grew, ration and pellet size was adjusted. Fry were ponded to 0.7 m diameter (100 L) or 1 m 
diameter (300 L) semi-square tanks. After ponding, fry were reared in 1 m semi-square tanks, 
and individual familial groups were maintained separately. Tanks received a mixture of ambient 
(13.5°C) and chilled water (7.0°C) that maintained temperatures at approximately 10.0°C. As 
the eyed egg-collected groups reached parr sizes, juvenile culture was identical to parr collected 
groups. Age-1 and age-2 Chinook Salmon rearing densities were maintained at levels not to 
exceed 8.0 kg/m3. 

 
Juveniles were periodically anesthetized, weighed to the nearest 0.1 g, and measured to 

the nearest 1 mm fork length (FL) to track growth and to ensure that projected weights tracked 
closely with actual weights. These inventories or sample counts were sometimes performed on 
a subsample of fish in group, with a minimum sample size of 30 fish. A Passive Integrated 
transponder (PIT) tag was injected into the peritoneal cavity of juveniles after reaching ~60mm 
fork length (Prentice et al. 1990). The PIT tag gave each individual a unique identity within the 
program and was used to track each fish through the remainder of its life. 

Adult Rearing 

During 1995-2001, the majority of age-1+ juvenile Chinook Salmon in the program were 
transported from EFH to MRS for seawater rearing during the time natural smolts were entering 
the Columbia River estuary. In the initial years of the program (BY94-BY00), approximately 10-
50% of the fish remained in freshwater for rearing while the rest were transferred to seawater. 
During 2002-2007 (BY01-05), 100% of the juvenile Chinook salmon were transferred to MRS for 
seawater rearing. The last remaining brood year (BY05) was transported from EFH to MRS for 
seawater rearing in 2007. Thus, after the spring of 2007, no captive fish remained in culture at 
EFH. 

 
Prior to transport from freshwater to seawater, juveniles were examined for signs of 

sexual maturation. Individuals determined to be maturing as age-2 precocials or mini-jacks were 
either released into their natal stream, spawned in the hatchery, or culled (and sometimes had 
their milt cryopreserved). Many age-2 precocial males were culled early in the program. Starting 
in 2002, precocials were released back to their original streams for volitional spawning to allow 
them the opportunity to spawn.  

 
Just prior to transfer to seawater rearing, fish were marked with elastomer tags to 

indicate stream origin (Olsen and Vøllestad 2001; Close and Jones 2002). In the early years, 
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“sentinel” groups of approximately 10 fish from each stock were transported to MRS 
approximately one week in advance of the general population to verify the physiological 
readiness of the fish to tolerate seawater. During transport, loading volumes did not exceed 
89 kg/m3 or 89 g/L (0.75 lbs / gal). Prior to offloading, transport water was tempered to within 
2.0°C of the receiving water and fish were moved, by stock, to 6.0m circular tanks filled with full-
strength freshwater. Once in the circular tanks, seawater was allowed to flow into the tanks with 
mixing occurring over approximately 12h. After 12h, full strength seawater was achieved (C. 
McAuley, NOAA Fisheries, personal communication).  

 
Fish were reared in freshwater at EFH and seawater at MRS using standard fish culture 

practices and approved therapeutants (for an overview of standard methods see Leitritz and 
Lewis 1976; Piper et al. 1989; Erdahl 1994; Bromage and Roberts 1995; McDaniel et al. 1994; 
Pennell and Barton 1996). Fish were fed a commercial diet produced by Bio-Oregon 
(Warrenton, Oregon). The standard diet formulation was used until fish reached approximately 
75 g. After 75 g, fish received a special brood diet enhanced with fish and krill. Rearing 
densities, diet ration, and tank size were managed to promote optimum growth. At EFH, age-3 
and age-4 rearing densities were maintained at levels not to exceed 14.0 kg/m3 in 6 m tanks. 
Routine inventories were conducted periodically. Fish were anesthetized, weighed to the 
nearest 0.1 g, and measured to the nearest 1 mm fork length to track growth and to ensure that 
projected weights tracked closely with actual weights. 

Fish Health 

Fish health was checked daily by observing feeding response, external condition, and 
behavior of fish as initial indicators of developing problems. In particular, fish culturists looked 
for signs of lethargy, spiral swimming, side swimming, jumping, flashing, unusual respiratory 
activity, body surface abnormalities, and unusual coloration. The presence of any of these 
behaviors or conditions was immediately reported to the fish pathologist for blood and parasite 
sampling. Fish that died in culture or during transport were necropsied to monitor for the 
presence of common bacterial and viral pathogens. American Fisheries Society Bluebook 
procedures were employed to isolate bacterial or viral pathogens and to identify parasite 
etiology (Thoesen 1994). All examinations were conducted under the direction of program fish 
pathologists at the IDFG Eagle Fish Health Laboratory (EFHL) and the NFMS/Northwest 
Fisheries Science Center Microbiology Department. 

 
Attempts were made to reduce the severity and prevalence of disease pathogens 

through the use of several preventative measures including the use of disinfectants, antibiotics, 
vaccinations, and antifungal treatments. Dosage, purpose of use, and method of application for 
drugs used were as follows: 1) Antibiotic therapies: Erythromycin was administered orally, using 
medicated feed obtained from Bio-Oregon Inc. (Warrenton, Oregon) to produce a dose of 100 
mg/kg of body-weight. Fish were fed medicated feed for up to a 28 d period to control BKD. 
When oral administration was not feasible, an intraperitoneal (IP) injection of erythromycin was 
given to fish at a dose of 20 mg/kg of adult body weight. Fingerlings were fed oxytetracycline or 
oxolinic acid medicated feed at a dose of 75 mg/kg of body weight for 10 d to control outbreaks 
of pathogenic aeromonads, pseudomonads, and myxobacteria as these cases arose. 2) 
Vaccinations: age-1+ Chinook Salmon smolts were vaccinated prior to shipment to MRS with IP 
injections of Vibrogen™ (Aqua Health, Ltd., Charlottetown, P.E.I., Canada) to control Vibrio 
spp., and Renogen (Aqua Health Ltd.) to control BKD. 
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In-Hatchery Survival 

Survival during culture was estimated for a variety of life stages for each BY and stream 
including collection to smolt, smolt-to-adult, collection to maturation and collection to adult for 
each BY and stream. Survival from collection to smolt was calculated by dividing the total 
number of juveniles originally collected (either parr or eyed eggs) by the total number of smolts 
on station at EFH (prior to spawning or culling of precocials and transport to MRS). Survival 
from smolt-to-adult was calculated by dividing the total number of fish that reached smolt-stage 
(again prior to culling, spawning, and transport) by the total number of fish surviving to 
maturation for each brood year and stream. Survival from collection to maturation was 
calculated by dividing the total number of fish collected as juveniles (parr or eyed eggs) by the 
total number of fish surviving to maturation (and included age 2 maturing fish). Collection to 
adult was calculated by dividing the total number of fish collected as juveniles by the total 
number of maturing, adult fish (age 3, 4 and 5).  

 
Mixed-effects logistic regression models (Zuur et al. 2009) were used to estimate 

survival and evaluate factors that influenced survival for the life stages: collection to smolt, 
smolt- to-adult, collection to adult, and collection to maturation. For all models, year was treated 
as a random intercept. For each life stage, four models were fit: an intercept only model, two 
models that included fixed effects for stream and collection type, and a model that contained the 
additive effects of stream and collection type. Each model represented a hypothesis about the 
factors that influenced survival. Akaike’s information criterion, corrected for small sample size 
(AICc), was used to evaluate the relative plausibility of each model (Akaike 1973; Burnham and 
Anderson 2002). The change in AIC value (ΔAICc) from the top model is a measure of each 
model relative to the most-supported model. Differences of greater than 2 suggest substantial 
evidence for the top model, values between 3 and 7 indicate less support and ΔAICc greater 
than 10 indicate that the model is very unlikely compared to the model with the lowest AICc 
value. For instance, if the intercept-only model has a ΔAICc of greater than 2 compared to the 
model with the fixed effect for collection type, this would suggest substantial support for the 
hypothesis that collection type influenced survival. AICc weights were also calculated to provide 
a relative measure of support for each model in the candidate set. When exponentiated, 
coefficients of logistic regression models represent odds ratios. For instance, if an estimated 
regression coefficient for a factor (e.g., type or location) is 0.72, then it is estimated that the 
factor of interest results in survival 0.72 times lower than the reference factor, which was eyed 
eggs for collection type and East Fork Salmon River for location. Conversely, if the coefficient is 
greater than 1, say 1.5, then it is estimated that survival is 1.5 times greater than the reference 
category. In this analysis, 95% confidence intervals were estimated using profile likelihood 
methods (Zuur et al. 2009). If the 95% confidence interval overlaps one, then it can be assumed 
that there is no significant difference among the factors being compared at the alpha = 0.05 
level. 

 
In some years, the decision was made to spawn a portion of mature captive adults to 

provide a ‘safety net’ (SN) rearing group (Appendix A). This was performed to offset the risk of 
cohort loss associated with low wild natural adult escapement and low numbers of captive 
releases. Eggs from in-hatchery spawning events were planted into streamside and in-stream 
hatch boxes in their natal stream or remained on station as a safety net (SN, Appendix A). Eyed 
eggs that were reared in the hatchery from SN spawning events were not included in any of the 
survival estimates since they were not truly captive-reared fish (N = 300 eyed eggs from EFSR 
BY98 spawners and WFYF BY99 spawners). 

 
 



 

14 

RESULTS 

Parr Collections 

Throughout the duration of this study, a total of 2,043 parr were collected across all three 
study streams from BY94-98 (Table 1). Parr were collected from the LEM in all five years (N = 
878), but only three and four of the five years in the EFSR (N = 391) and WFYF (N = 774), 
respectively. The greatest number of parr were collected in 1995 (BY 94, N = 615) and fewest 
number were collected in 1996 (BY95; N = 162). In some years, parr were not collected 
because return numbers were considered too low to support collections (e.g., BY95 WFYF and 
BY95 EFSR; Hassemer et al. 1999). 

 
 

Table 1. Number of natural Chinook Salmon redds observed during 1994-1998, and the 
number of natural Chinook Salmon parr collected from the Lemhi River (LEM), 
West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon River 
(EFSR) during 1995-1999 to comprise annual captive rearing BY94-98.  

 

 
 

*Ground counts in the EFSR include transect NS1a and 1b only within the study area and do not include 
the entire stream. Ground counts in the LEM are trend counts. Ground counts in the WFYF include the 
entire stream.  

 
 
 

Eyed Egg Collections 

Throughout the duration of this study, 4,476 eggs were collected from all three study 
streams (Table 2). In a given year, one to eight redds were sampled per stream to collect the 
eyed eggs. The percentage of redds sampled out of the total available redds ranged from 2.8% 
(BY02 EFSR) to 100% (BY00 WFYF, Table 2). The number of collected eggs varied from as 
few as four eggs to as many as 259 eggs from a given redd. Efforts were made to attain a 
similar number of eyed eggs from each redd. Generally, years with greater adult returns allowed 
for more redds to be sampled and fewer eggs collected per redd. Conversely, in years with low 
adult returns, either no eyed eggs were collected or fewer redds were sampled. For example, 
fewer redds were sampled in WFYF in 2000, 2004, and 2005 as a result of low adult returns in 
these years. 

 
 

  

LEM WFYF EFSR Total LEM WFYF EFSR Total
1994 7 1 11 19 1994 200 214 201 615
1995 5 0 5 10 1995 162 0 0 162
1996 29 1 10 40 1996 178 120 5 303
1997 50 3 22 75 1997 147 211 0 358
1998 40 4 55 99 1998 191 229 185 605
Total 131 9 103 243 Total 878 774 391 2,043     

Spawn 
Year

Number of Redds Brood 
Year

Number of Parr Collected
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Table 2. Total natural Chinook Salmon redds observed during ground counts*, number of 
redds sampled, percent of total redds sampled, and number of eyed eggs 
collected per redd from the Lemhi River (LEM), West Fork Yankee Fork Salmon 
River (WFYF), and East Fork Salmon River (EFSR) during 1999-2005 to 
comprise annual captive rearing groups**. 

 

 
 

*Ground counts in the EFSR include transect NS1a and 1b only (25 total km). Ground 
counts in the LEM are trend counts comprising approximately 26% of the spawning 
habitat. Ground counts in the WFYF include the entire stream. 

 
**Collections occurred in the Main Yankee Fork in BY00 (N = 250 eyed eggs from 2 
redds) and a safety net of 304, 91, and 300 eyed eggs was derived from spawning EFSR 
adults in 1998 and 1999 and WFYF in 1999, respectively. These collections are not 
included in the table. 

 
 
 

In Hatchery Survival 

Survival of parr in captive culture from the time of collection to the smolt stage of 
development ranged from 70.5% for the BY94 LEM fish to as high as 100% for the BY96 EFSR 
fish (Figure 4, Appendix B) and averaged 84% for all streams, combined. Smolt-to-adult survival 
of parr collected groups ranged from 0% for BY96 EFSR fish to 61% for BY94 LEM fish and 
averaged 44.8% (Figure 5, Appendix B). Survival of parr collections to maturation (which 
includes 2-year-old maturing fish) across all streams and brood years ranged from 16.7% for the 
BY96 WFYF fish to 60.3% for the BY98 WFYF fish and averaged 46.7% for all years and 
streams combined (Figure 6, Appendix B). Survival from collection to adult was lower than 

No. % 1 2 3 4 5 6 7 8 Total
LEM 1999 35 7 20.0% 62 61 45 30 7 42 17 264

WFYF 1999 0 0 0.0% 0
WFYF 2000 4 4 100.0% 115 83 102 4 304
WFYF 2001 13 6 46.2% 9 77 2 73 70 41 272
WFYF 2002 11 5 45.5% 64 77 63 51 53 308
WFYF 2003 25 6 24.0% 62 22 23 59 128 44 338
WFYF 2004 4 2 50.0% 111 168 279
WFYF 2005 5 3 60.0% 105 131 100 336
EFSR 1999 23 1 4.3% 143 143
EFSR 2000 27 2 7.4% 244 259 503
EFSR 2001 60 6 10.0% 41 6 48 71 50 95 311
EFSR 2002 144 4 2.8% 121 97 52 58 328
EFSR 2003 152 5 3.3% 43 109 48 29 90 319
EFSR 2004 79 8 10.1% 56 49 53 8 47 111 55 65 444
EFSR 2005 48 5 10.4% 73 82 62 57 53 327

4,476
298

Total
Mean/Stream/Yr

Redds Sampled
Stream

Brood 
Year

Number of Eyed-eggs Collected from each ReddTotal 
Redds
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collection to maturation, averaging 38.7% and ranging from 0% for BY96 EFSR to 48.5% for 
BY98 WFYF (Appendix B).  

 
After egg collections were brought into captivity, their in-hatchery egg to fry survival was 

high during initial incubation and rearing and exceeded 90% for all collections (Appendix B). 
Survival of eggs in captive culture from the time of collection to the smolt stage ranged from 
87.3% for BY00 EFSR fish to 97.6% for BY02 EFSR fish and averaged 86% for all streams 
combined (Figure 4, Appendix B). Survival of egg collections from smolt-to-adult ranged from 
8.2% for BY01 WFYF fish to 65.6% for BY03 EFSR fish and averaged 43.1% across all streams 
and years (Figure 5, Appendix B). Survival of egg collections to adult across all streams and 
brood years averaged 39.7% and ranged from 7.7% for the BY01 WFYF fish to 62.2% for the 
BY02 EFSR fish (Figure 6, Appendix B). Average survival to maturation for brood years 
collected as eggs was 61.7% and ranged from 37.9% for BY01 EFSR to 84.9% for WFYF. The 
last three years of collections from EFSR and WFYF, on average, achieved 54.3% survival to 
adult and 73% survival to maturation. 

 
The statistical analyses of survival from collection to smolt indicated that location was a 

more prominent factor than collection type. The top collection to smolt survival model included 
only the fixed effect for location (Table 3). However, all modes were within 2 AICc units of the 
top model suggesting that they all had similar support. Based on the top model, collection to 
smolt survival was 0.72 times lower for the Lemhi compared to EFSR and collection to smolt 
survival for the WFYF was 0.86 times lower compared to EFSR; however, the confidence 
interval overlapped one for this estimate (Table 4). For the smolt-to-adult survival and collection 
to adult survival, the factors of location and collection type did not appear to influence survival 
(Table 3), as the intercept only model was the top model for both analyses. The top collection to 
maturity survival included the additive fixed effects of type and location, with the models that 
included individual fixed effects for type and location receiving similar support (Table 3). This 
suggests that collection to maturity survival varied depending on the type and location. It is 
estimated that collection to maturity survival was 0.83 times lower at the Lemhi compared to 
EFSR (confidence interval did not overlap one), and 1.03 times higher at the WFYF compared 
to EFSR (confidence interval overlapped one; Table 4). The estimated odds of a fish surviving 
from collection to maturity was 0.54 times lower for parr compared to eggs (confidence interval 
did not overlap one; Table 4). 
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Figure 4. Survival of captive-reared Chinook Salmon collected as parr (BY94-98) or eyed 

eggs (BY99-05) from the Lemhi River (LEM), West Fork Yankee Fork Salmon 
River (WFYF), and East Fork Salmon River EFSR) and reared to the smolt stage 
at Eagle Fish Hatchery. Safety net fish are not included in these estimates. 

 
 

 
 

Figure 5. Mean survival rates of captive-reared Chinook Salmon from smolt-to-adult, 
summarized by brood year from the Lemhi (LEM), West Fork Yankee Fork 
Salmon River (WFYF), and East Fork Salmon River (EFSR). Safety net fish are 
not included in these estimates. 
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Figure 6. Mean survival rates of captive-reared Chinook Salmon from a) collection to 

maturation and b) collection to adult for each brood year from the Lemhi (LEM), 
West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon River 
(EFSR). Safety net fish are not included in these estimates. 
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Table 3. Model selection results for logistic regression models used to evaluate factors 
that influence survival at various life stages.  

 
Model AICc ΔAICc AICc weight 

Collection to smolt 
Stream location 225.5 0 0.318 
Intercept 225.8 0.28 0.276 
Collection type 225.9 0.34 0.268 
Collection type + 
stream location 227.2 1.68 0.137 

Smolt-to-adult 
Intercept 325.5 0 0.632 
Collection type 327.9 2.48 0.182 
Stream location 328.3 2.86 0.151 
Collection type + 
stream location 331.3 5.8 0.035 

Collection to adult 
Intercept 349.1 0 0.573 
Stream location 351 1.91 0.22 
Type 351.6 2.57 0.159 
Type + Location 354 4.96 0.048 

Collection to maturity 
Type + Location 438 0 0.371 
Type 438.1 0.08 0.357 
Location 439.4 1.36 0.188 
Intercept 440.9 2.95 0.085 

 
 
Table 4.  Estimated coefficients for the top logistic regression model used to evaluate 

survival at various life stages. 
 

Parameter Estimate Lower 95% CI Upper 95% CI 
Collection to smolt 

Intercept 11.45 8.21 15.98 
Lemhi 0.72 0.54 0.95 
WFYF 0.86 0.71 1.04 

Smolt-to-adult 
Intercept 0.72 0.44 1.18 

Collection to adult 
Intercept 0.59 0.37 0.93 

Collection to maturity 
Intercept 1.63 1.13 2.35 
Lemhi 0.83 0.69 0.99 
WFYF 1.03 0.92 1.16 
Parr 0.54 0.30 0.95 
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DISCUSSION 

When this captive rearing program was first initiated, it was unknown if natural Chinook 
Salmon collected from the wild could be successfully reared to maturation in a hatchery 
environment. Prior attempts had been conducted in net pens and at the MRS facility, but low 
survival was attributed to fish health problems and the failure to adapt to seawater rearing 
(Flagg and Mahnken 1995). The success of the Dungeness Chinook program (Freymond et al. 
2001) and Chinook Salmon farming in Canada bolstered some optimism, but it was still 
uncertain as to how well wild fish would convert to feed, grow, and survive in captivity (Flagg 
and Mahnken 1995). This program was able to successfully collect natural parr and eyed eggs 
from the wild and rear them to maturity in captivity. Egg-to-smolt survival and smolt-to-adult 
survival of parr and eyed egg collections fell within the range observed for other Chinook 
Salmon supplementation and conservation hatchery programs (Maynard et al. 2012; Waples et 
al. 2007; Gallinat et al. 2009; Adelizi et al. 2013; Sullivan 2015). While parr converted to feed 
and survived well, it became apparent that there were limitations associated with growth and 
survival. Therefore, in 1999, the program switched to sourcing brood collections from eyed eggs 
in an effort to attain greater survival in culture.  

 
The main factors attributed to the low survival of parr collections were disease outbreaks 

and parasitic infections from gill copepods, Salmincola californiensis. While whirling disease 
was detected in the parr collected groups and some deformities were observed, no mortalities 
were attributed to this disease. Trials with Fumagillin also appeared to control the transmission 
of this disease so overall, whirling disease had low impacts to the populations. There were 
notable differences in survival from collection to smolt and collection to maturation by location 
and each stock suffered from different disease issues. Parasitic gill copepods were a major 
limiting factor in the LEM collections (especially BY96 and BY98); parr were infected at the time 
of collection and it was difficult to control and eliminate the parasites. Initial control of the 
copepods involved manual removal of the parasites with forceps, but this proved ineffective in 
controlling infection and was extremely time-consuming. The parasite caused debilitation, 
necrosis of the gill tissues and led to poor growth and death. The use of an Ivermectin treatment 
successfully eliminated the parasite and in 2001, it was no longer found in any program fish 
(Johnson and Heindel 2001). Early rearing groups in the LEM and WFYF also experienced high 
mortality from BKD. The combination of parasitic gill copepods and BKD led to high losses in 
the BY95 LEM group. In 1998, approximately 40% of the BY96 WFYF collection was lost due to 
BKD. High mortalities from BKD were also observed in the BY95 and BY96 LEM groups, 
although at lower rates. In response to this high mortality, the identification of treatments for 
BKD became a major focus of culture and fish health. Starting in 1998, IP injections of 
erythromycin were routinely applied to fish on station (Johnson and Heindel 2001). Rearing 
groups that did not receive the IP injections received an Aquamycin medicated diet. Although 
BKD was detected in later years, it was at much lower and more manageable levels.  

 
As rearing culture methods improved and prophylactic treatments to control the rate and 

spread of disease and age two maturation (see Chapter 2) were successfully implemented, 
survival rates increased through time. Greater survival benefits were attained by switching 
collection types, with the estimated odds of a fish surviving from collection to maturity being 0.54 
times lower for parr compared to eggs. However, there were no differences from survival for 
collection to adult as losses of adults as maturing mini-jacks led to reduced survival for some of 
the eyed egg cohorts (see Chapter 2). The last three years of collections (BY03-05) achieved an 
average collection-to-adult survival rate of 54.3% compared to earlier collections. Thus, 
prospective application of a captive rearing program for Chinook Salmon might reasonably 
attain greater than 50% survival from eyed egg through adult. In comparison, natural Chinook 
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Salmon, on average, attain 4.0% eyed egg to smolt survival (Bradford 1995; Kiefer and Lockhart 
2000; Kareiva et al. 2000; Wilson 2003) and most recently Upper Salmon River natural Chinook 
Salmon achieved 1.09% smolt-to-adult survival (CSS 2014). Therefore, survival in the wild 
across all life stages (egg to adult) is generally less than 1% (Groot and Margolis 1991). Overall, 
these captive fish attained much greater survival from the eyed egg to adult stage than natural 
fish. So this program, like many other supplementation and conservation hatchery programs, 
can provide a survival advantage from hatchery rearing (Flagg and Mahnken 1995; Waples et 
al. 2007).  

 
The life stage chosen for juvenile collection for a captive rearing program can vary. For 

example, the Atlantic Salmon program in Maine and Canada currently collect fry and smolts for 
captive rearing (Stark et al. 2014a; DFO 2016; Fraser 2016). For this program, eyed eggs were 
the preferred collection method given the increases in survival observed for the latter cohorts. 
Considerations for switching to eyed egg collections were 1) difficulty converting parr from 
natural diets to hatchery diets which resulted in reduced growth, 2) high prevalence of BKD in 
collected juveniles which resulted in high mortalities for some cohorts, and 3) high prevalence of 
parr carrying parasitic gill copepods and other systemic bacteria which also resulted in high 
mortalities for some cohorts. Eyed-egg collections were also preferred since iodophor 
treatments could be easily applied shortly after collection and they also provided the advantage 
of knowing the number of families that contributed to the development of annual rearing groups 
(although the degree of polygyny and polyandry within a redd was unknown). Hydraulic 
pumping also leaves the majority of eyed eggs in the gravel for natural production, with minimal 
impact to the remaining eggs and population.  

 
Eyed eggs have some advantages and disadvantages, which need to be considered 

relative to collecting other life stages (e.g. parr, smolts). Greater field effort is needed to monitor 
redd construction and CTUs to determine the appropriate time of collection for eyed eggs. Also, 
a substantial amount of effort may be needed in the field if more redds and eyed eggs are 
sampled to source the hatchery program. Another challenge to collecting eyed eggs may be 
gaining access to redds if they are on private land and require landowner access. A potential 
disadvantage of eyed egg collections is a greater maturation of age two fish (see Chapter 2), 
which resulted in higher collection to maturation survival rates than collection to adult survival 
rates. Another potential disadvantage is that the collection of eyed eggs across a subset of the 
available redds may result in a reduction in the effective number of breeders relative to that 
resulting from collecting juveniles representatively throughout the rearing habitat. However, 
collecting fish as parr or smolts could also result in less representation of the entire spawning 
population if fish are also not sampled representatively (Miller and Kapuscinski 2003). Lastly, 
sourcing collections from eyed-eggs exposes them to less selection in the natural environment 
than parr or smolts.  

 
Considerations such as disease risks, the time and gear needed for sampling, target 

sizes for collections, hatchery infrastructure, survival advantages from hatchery rearing, and an 
understanding of which life stage may be constraining overall abundance (DFO 2016) are all 
important in determining which life stage should be sampled for future applications of captive 
rearing. If egg collections are chosen, they should be collected from as many redds as possible 
to maximize the effective population size and retention of founder diversity and reduce the 
potential for inbreeding. If other juvenile life stages are chosen, it is important to temporally and 
spatially collect juveniles to obtain as random of a collection to capture the full spectrum of 
diversity in the population and minimize the selection of certain traits (e.g., run timing, size; 
O’Reilly and Doyle 2007; Miller and Kapuscinski 2003). Regardless of the chosen life stage for 
collections, eggs or juveniles should be collected with multiple considerations in mind.  



 

22 

 
 

CHAPTER 2: PHENOTYPIC ATTRIBUTES OF CAPTIVELY REARED FISH 

INTRODUCTION 

One objective of this program was to develop culture techniques to produce captive 
reared adults that were as similar to their wild counterparts as possible. The captive rearing 
approach was experimental and it was uncertain as to what behavioral, phenotypic, or 
physiological changes might occur in culture. Hatchery salmon and steelhead have commonly 
been found to diverge from natural fish in certain morphometric characteristics and life history 
traits (Fleming et al. 1994; Hard 1995; Hard et al. 2000; Knudson et al. 2006; Reisenbichler and 
Rubin 1999). A concern was that the hatchery environment may expose fish to different 
environmental conditions and selective pressures and shape their genotype and phenotype 
(Fleming et al. 1994; Heath et al. 2003) and potentially be mismatched to the natural 
environment (Stringwell et al. 2014) or lead to reduced reproductive success and fitness 
(Christie et al. 2014; Ford et al. 2012; Kostow 2009). In this chapter, fish growth rates during 
juvenile freshwater rearing, and lengths and age at maturity were measured and compared to 
their natural counterparts at both the smolt and adult stages in order to determine if hatchery 
rearing resulted in divergence in some phenotypic traits that may impact their overall success as 
spawners. Length at age for adults reared in freshwater and seawater was also compared to 
understand the differences in size achieved in each rearing environment. 

 
 

METHODS 

Juvenile Growth Rates and Smolt Size 

Juvenile growth during freshwater rearing at EFH was tracked for fish collected as parr 
(BY94-99) and eyed eggs (BY00-05). Inventories of parr groups were much less frequent and 
completed at irregular intervals across BYs. Therefore, analyses of juvenile growth rates for parr 
groups were not compiled since data was incomplete and not always available. Juveniles 
collected as eyed eggs were inventoried monthly, which allowed detailed tracking of growth by 
cohort and stream. Fish weights (grams) from monthly sample counts were used to summarize 
mean monthly juvenile growth rates and depict overall growth trajectories for eyed egg 
collection groups from the WFYF and EFSR (BY99-05).  

 
Fork length (mm) and weight (g) of all program fish were taken during age-1+ 

vaccinations (before transfer to seawater rearing at MRS, 1995-2005; or retained for freshwater 
rearing to maturity at EFH, 1995-2000) and were summarized for each BY to approximate smolt 
size. Linear mixed-effects models were used to evaluate factors that influenced smolt size 
(length and weight) where year was treated as a random effect. For both length and weight, four 
models were fit using various combinations of location and collection type as possible 
hypotheses. AICc was used to evaluate the relative support for each model and profile-
likelihood confidence intervals were used to estimate uncertainty. Because these models are 
additive, if the 95% confidence interval overlaps zero, then it can be assumed that there is no 
significant difference among the factors being compared at the alpha = 0.05 level. Smolt length 
from natural origin adults from Upper Salmon River wild Chinook during migration years 1996-
2007 was also compared to average smolt length for each brood year. 
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Age at Maturity 

Summary statistics of age at maturity were calculated for each BY. An individual brood 
completed its final year in captive culture when the last fish of that cohort matured at age-5. 
Maturing fish included those released into their natal streams for volitional spawning, spawned 
in the hatchery, or had their milt cryopreserved in the hatchery. The total number of fish from 
each BY and each study stream that reached sexual maturity were added together and the 
percentage that matured at age-2, age-3, age-4, and age-5 was calculated. Comparisons 
between streams were made by calculating the percentage that matured at each age across all 
BYs for each stream.  

 
We also examined precocity rates (e.g., number of maturing age-2 males or mini-jacks) 

within the brood year collections. Precocity rates were calculated by first dividing the total 
number of fish that survived to the smolt stage at EFH by two (assumed 50:50 sex ratio; D. 
Larsen, personal communication), which gave us an estimated number of total male smolts. 
Then, the number of age-2 mature males was divided by the total number of male smolts, which 
resulted in an estimated precocity rate for each BY in each stream. Mixed-effects logistic 
regression models were used to evaluate factors that influenced precocity rates. For all models, 
year was treated as a random intercept. Eight general models were fit, that included various 
combinations of the additive fixed effects of location, collection type, and mean length of fish 
(mm). In addition, mean monthly growth rate (g), and mean smolt size (mm) in January were 
available for the eyed egg collections. Therefore, three additional models were fit to evaluate 
how growth rates influenced the observed precocity rates for the eyed egg collections (BY99-
05). AICc was used to evaluate the relative support for each model and profile-likelihood 
confidence intervals were used to estimate uncertainty.  

Length at Age 

Several analyses of length at age of mature captive adults were performed to determine 
overall maximum adult size in captivity. Mean lengths of released captive adults were calculated 
for each age and sex across all years and streams. Then, for each group of males and females 
for each age, the following statistics were calculated: minimum, maximum, median, and first and 
third quartiles. As a portion of BY94-99 from all three study streams were reared to maturity in 
freshwater at EFH, we evaluated the resulting length at age of mature fish reared entirely in 
freshwater at EFH (N = 144) versus those reared from smolt stage to maturity in seawater at 
MRS (N = 602). Statistical differences in mean length at age of mature captive adults between 
BY94-99 rearing groups (freshwater vs. seawater, N = 746 fish), parr vs. egg collections (N = 
2,656), between sexes for each age (N = 2,755), and between age-4 and age-5 fish within each 
sex (N = 501) were tested using one-tailed Student’s t-tests, assuming unequal variance 
(α = 0.05).  

 
Length at age of captive adult releases in the EFSR was also compared to the length at 

age of their natural counterparts utilizing data from the adult trap facility on the EFSR (Figure 1). 
Comparisons were only available when natural adult lengths were readily available from 
trapping records concurrently with an appreciable number of captive adult releases. A total of 
636 fork lengths were collected from natural Chinook Salmon captured at the EFSR adult trap, 
during 2005-2009. During this same period, 949 captive adults were released into the EFSR 
and 948 adults had recorded lengths. A genetic sex marker was used to correct all phenotypic 
sexes assigned at capture in the EFSR and ages were developed from an age at length key 
developed from fin ray aging of natural adults (Kennedy et al. 2011). The same means and 
statistics were calculated for all groups as done with length at age comparisons (above) via box 
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and whisker plots. Two-tailed Student’s t-tests were performed, assuming unequal variance, to 
determine statistical differences in length at age between captive and natural fish for each age 
(age-3, age-4, and age-5). 

 
 

RESULTS 

Juvenile Growth and Smolt Size 

Mean smolt length ranged from 101.7 mm (BY94 WFYF parr) to 241.5 mm (WFYF BY00 
eyed eggs) across all brood years and collection types (Appendix C). In the earlier collections, 
smolts were on the smaller side; but progressively became larger than the previous year until 
BY00 (Figure 7). This was the second year of eyed egg collections to source rearing groups. 
Smolt size peaked in BY00 when smolt lengths averaged 241.5 mm and 240.2 mm and weights 
averaged 144 and 138 g for the WFYF and EFSR, respectively (Figure 9). These fish were fed 
at higher rates in an effort to produce larger adults. As a result of the greater smolt size and 
observed precocity rates (see below), efforts were made to reduce smolt size. Smolt size 
gradually decreased in BY01 and BY02, and leveled off to an average smolt length of 131.8 mm 
and 132.5 mm and weight of 27 and 28g for the BY03-05 WFYF and EFSR collections, 
respectively (Figure 7). This was similar to the average smolt size of the parr collections in the 
earlier years (133 mm and 30 g). Average smolt size for every brood year was larger than the 
average smolt size of natural smolts collected from the Upper Salmon River (Figure 7).  

 
 

 
 
Figure 7. Mean fork length (mm) of captive-reared smolts by brood year, collected as parr 

(BY94-98) or collected as eyed eggs (BY99-05); from the Lemhi River (LEM), 
West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon River 
(EFSR). Error bars represent the 95% confidence interval of the mean fork 
length. The dashed horizontal grey line represents the mean FL (92.1 mm) of 
Upper Salmon River wild Chinook Salmon yearling smolts.  
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Model selection results were similar for length and weight, with the model that included 
the additive fixed effects of location and type receiving over 97% of the AICc weight for both 
response variables (Table 5). Confidence intervals overlapped zero for the collection type but 
not for location. Generally, the parr collections had decreased smolt size relative to the eyed 
egg collections. Annual rearing groups collected as eyed eggs averaged 151 mm and 156 mm 
for the WFYF and EFSR, respectively, while smolts of groups collected as parr averaged 
131.6 mm and 126.2 mm for the WFYF and EFSR, respectively (Appendix C). Smolt size was 
greater for the Lemhi and WFYF locations compared to the EFSR, indicating that there may be 
inherent biological, heritable differences in growth rates by population (Quinn et al. 2001).  

 
 

Table 5.  Model selection results for linear regression models used to evaluate factors that 
influence smolt length and weight. 

 
Model AICc ΔAICc AICc weight 

Length 
Location + Type 48,490.03 0.00 0.98 
Location 48,498.10 8.07 0.02 
Type 48,738.47 248.44 0.00 
Intercept 48,745.85 255.82 0.00 

Weight 
Location + Type 51,053.58 0.00 0.97 
Location 51,060.75 7.17 0.03 
Type 51,096.28 42.70 0.00 
Intercept 51,103.20 49.62 0.00 
 
 
 

Monthly juvenile growth rates for juveniles collected as eyed eggs during the first five 
months in freshwater culture after hatch was quite slow, averaging just 0.90 g/month (0.46 -
 2.15 g/month), with the exception of BY00 which averaged 2.86 g/month (0.95 – 4.5) during the 
same period (Figure 8,9). On average, BY00 juveniles grew 3.2 times the rate of all other BYs 
during the first five months of juvenile rearing (Figure 8, 9). During the next seven months of 
rearing, juvenile growth rates increased steadily from as little as 0.93 g/month up to as much as 
5.92 g/month near the end of this period, with some fluctuations in growth rate through time 
(Figure 8, 9). Again, BY00 fish from both the WFYF and EFSR outpaced the growth of all other 
BYs, at roughly seven times the mean monthly growth rate during the next seven months of 
rearing. The last phase of juvenile culture resulted in the fastest growth rates for all streams and 
BYs averaging 8.65 g/month for BYs 2001-2005, and 11.66 g/month for BY00. The growth of 
BY00 fish during the last three months of juvenile rearing more closely matched the growth 
rates observed in BY01-05 fish.  
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Figure 8. Monthly growth rate (grams/month) of captive-reared juvenile Chinook Salmon 

from first feeding fry to smolt stage for West Fork Yankee Fork Salmon River 
(WFYF) and East Fork Salmon River (EFSR) fish collected as eyed eggs (BY99-
05). 
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Figure 9. Growth trajectories (monthly mean weight, g) of captive-reared juvenile Chinook 

Salmon from first feeding fry to smolt stage for West Fork Yankee Fork Salmon 
River (WFYF) and East Fork Salmon River (EFSR) fish collected as eyed eggs 
(BY99-05).  

 
 
 



 

28 

Age at Maturity 

Throughout the entire program, a total of 3,763 fish matured: 1,141 as age-2 (30.3%), 
835 fish as age-3 (22.2%), 1,433 as age-4 (38.1%), 191 as age-5, and three as age-6 (Figure 
10, Appendix D). Only six BYs of captive fish were reared from the LEM (Appendix D), yet 
overall it produced a greater percentage of age-3 (25.3%), age-4 (44.3%), and age-5 (9.5%) 
adults than either the WFYF or EFSR. This was due to the fact that five of the six collections 
were from parr collections (BY94-98) and they had lower age-2 maturation rates than the eyed 
egg collections. A clear shift in the age at maturity was observed in the LEM when the 
collections shifted to eyed eggs in 1999; a higher proportion of fish matured at age-2 and no fish 
matured at age-5 (Figure 11). In both the WFYF and EFSR, a large proportion of mature age-2 
fish was found, particularly in BY00 and BY01 (Figure 11). In these years, no fish matured at 
age-5 as well. The age at maturity was similar for fish collected in the EFSR and WFYF for 
BY02-BY05.  

 
 

 
 

 
Figure 10. Percent of all mature fish in each age class across all brood years (1994-2005) of 

captive-reared Chinook Salmon which survived to maturity in captive culture from 
the Lemhi River (LEM), West Fork Yankee Fork Salmon River (WFYF), and East 
Fork Salmon River (EFSR). There were three fish that matured as age-6. 
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Figure 11.  Proportion of fish maturing at age-2, age-3, age-4, and age-5 for each BY 
collected as parr (BY94-BY98) or eyed eggs (BY99-BY05) for a) East Fork 
Salmon River, b) West Fork Yankee Fork, and c) Lemhi. Safety net fish are not 
included. 
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Examining precocity rates by BY revealed variability in the rate of early male maturation 
through time (Figure 12). Initially, precocity rates were low for the parr collections. Then, in the 
next couple of years, a slight increase in the precocity rate was observed. The program shifted 
to collecting eyed eggs in 1999. Starting for BY00, all collections ceased in the LEM, while at 
the same time eyed egg collections in the WFYF and EFSR produced record high precocity 
rates. Precocity rates exceeded 90% for the BY00 WFYF collection. Then with BY02, precocity 
rates dropped to lower levels and generally stabilized at around 40% for the remaining brood 
years (BY03-BY05). 

 
 
 

 
 

Figure 12. Precocity rate (age-2 male maturation) of captive-reared Chinook Salmon for 
BY94-05 from the Lemhi River (LEM), West Fork Yankee Fork Salmon River 
(WFYF), and East Fork Salmon River (EFSR). Fish were collected as parr 
(BY94-98) and as eyed eggs (BY99-05). 

 
 
 

Collection type appeared to have the largest effect on precocity rates. The model that 
only included the fixed effect of type received approximately 67% of the AICc weight (Table 6). It 
is estimated that the precocity rate for fish collected as parr was 0.19 times lower than the 
precocity rate for eggs (confidence interval did not overlap zero; Table 7). The model that 
included the term for mean monthly growth rate to predict precocity rate received nearly all of 
the AICc weight of the three models evaluated (Table 6), indicating a strong relationship with 
mean monthly growth rates and precocity. Overall, the highest precocity rates from the WFYF 
and EFSR were in BY00 and BY01, which had the fastest mean monthly growth rates. This 
model estimates that precocity rate increases by 1.39 times with a one-unit increase in mean 
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monthly growth rate (Table 7; Figure 13). Mean smolt weight in Jan was not as good as a 
predictor as overall mean monthly growth rates. Despite groups of very large smolts, brood year 
mean smolt length was not a good predictor of the precocity rate.  

 
 
 

Table 6.  Model selection results for logistic regression models used to evaluate factors 
(collection type, smolt length, location, mean monthly growth rate, and growth 
rate in Jan) that influence precocity.  

 
Model AICc ΔAICc AICc weight 

General models 
Type 321.48 0.00 0.67 
Length + Type 324.29 2.81 0.17 
Type + Location 325.62 4.14 0.09 
Intercept 327.25 5.77 0.04 
Length + Location + Type 329.01 7.54 0.02 
Length 329.34 7.86 0.01 
Location 330.69 9.22 0.01 
Length + Location 333.58 12.10 0.00 

Growth Models 
Mean monthly growth 222.97 0.00 0.93 
January growth 229.46 6.49 0.04 
Intercept 229.72 6.75 0.03 
 
 
 
Table 7.  Estimated coefficients for the top logistic regression model used to evaluate 

precocity rates. 
 
Parameter Estimate Lower 95% CI Upper 95% CI 

General models 
Intercept 0.87 0.45 1.67 
Parr 0.19 0.07 0.53 

Growth Models 
Intercept 0.22 0.07 0.56 
Monthly Growth Rate 1.39 1.15 1.72 
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Figure 13.  Predicted precocity rate given mean monthly growth rate. 
 
 
 

Length at Age 

Length at age of released captive adults was evaluated both within and between sexes 
for both collection (eyed egg, parr) and rearing types (freshwater, seawater). Overall, lengths 
were larger for both sexes at all ages for fish reared in seawater than those reared in freshwater 
(Figure 14). For males, only the age-4 seawater fish were statistically larger (p <0.002) than 
age-4 freshwater fish, while the age-3 seawater fish were not significantly larger than age-3 
freshwater fish (p = 0.43). Sample sizes did not permit tests of age-5 males. With regard to 
females, no freshwater reared females matured as age-3, and only three seawater reared 
females matured at age-3. However, seawater reared females were significantly larger than 
freshwater reared females for both age-4 (p <0.012) and age-5 (p <0.008) comparisons (Figure 
14). 

 
Generally, fork lengths of mature captive adults were similar between collection types 

(Figure 15). Age-3 males and age-5 females collected as parr exhibited significant but minimal 
length differences compared to the same sex and age or fish collected as eyed eggs (1.3cm, p 
<0.03; 2.7 cm, p <0.03), respectively. The primary finding between sexes of released adults was 
that overall, the lengths of females were larger than males of the same age; age-3 (p <0.03), 
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age-4 (p <0.0001), and age-5 (p <0.02); (Table 8). Both males and females gained in size from 
age-3 to age-4 but very minimally from age-4 to age-5. Overall, age-4 males were larger than 
age-3 males (p <0.0001), and age-4 females were larger than age-3 females (p <0.0001). Age-5 
females attained lengths statistically larger than age-4 females for the Lemhi stock (age-4 = 
49.7 cm, age-5 = 55.4 cm, p <0.0001) but not the other stocks. Age-5 males were not 
statistically larger than age-4 males (p = 0.36, Table 8).  

 
Lastly, lengths at age comparisons were conducted for captive and natural adults. 

Captive adults released into the EFSR during 2005-2009 averaged 39.6 cm at age-3, 51.0 cm at 
age-4, and 51.3 cm (FL) at age-5 (Figure 16). In comparison, natural adult returns to the EFSR 
during the same years averaged 53.0 cm at age-3, 74.1 cm at age-4, and 92.9 cm (FL) at age-
5. Thus, captive fish were 13.4, 23.1, and 41.6 cm (FL) shorter than natural fish at age-3, age-4, 
and age-5, respectively. Even the average FL of age-3 natural adults was longer than age-4 
captives. Overall, differences in mean length at age between captive adults and their natural 
counterparts were significantly different (p <0.0001) at all ages (Figure 16). 
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Figure 14. Length at age (cm FL) of released male and female captive-reared Chinook 
Salmon reared in freshwater at EFH or seawater at MRS for BY94-99. Diamonds 
represent the mean, the center line the median, top and bottom of each box the 
first and third quartiles, and the top and bottom whiskers the maximum and 
minimum values, respectively. Number of fish in each group are denoted, and 
stars represent a statistical difference in mean length at age between groups at α 
= 0.05. No females matured at age-2 and none of the age-2 males were released 
in these years.  
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Figure 15. Length at age (cm FL) of released male and female captive-reared Chinook 

Salmon collected as natural parr or eggs, averaged across all years. Diamonds 
represent the mean, center line the median, top and bottom of each box the first 
and third quartiles, and the top and bottom whiskers the maximum and minimum 
values, respectively. Number of fish in each group are denoted, and stars 
represent a statistical difference in mean length at age between parr and egg 
groups at α = 0.05. 
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Table 8. Length at age (cm FL) statistics of released captive-reared Chinook Salmon from 
the Lemhi River (LEM), West Fork Yankee Fork Salmon River (WFYF), East Fork 
Salmon River (EFSR), and all streams combined. 

 

 
 

  

Age 2 Age 3 Age 4 Age 5 Age 3 Age 4 Age 5
Mean 20.6 38.5 48.4 47.5 40.7 49.7 55.4

Median 21.0 38.0 50.3 47.5 40.0 50.3 56.0
Minimum 17.0 29.0 37.0 47.5 37.0 36.0 43.0
Maximum 24.0 50.0 54.0 47.5 45.0 61.0 68.0

St Dev 1.8 5.0 5.7 na 4.0 5.4 5.9
Count (n) 12 33 8 1 3 138 30

Age 2 Age 3 Age 4 Age 5 Age 3 Age 4 Age 5
Mean 21.6 39.3 48.4 52.5 45.6 52.1 53.0

Median 20.4 39.4 48.0 53.7 44.5 52.2 53.3
Minimum 12.6 27.5 33.0 43.5 37.7 32.8 39.9
Maximum 32.0 49.1 62.2 59.1 54.4 70.6 68.6

St Dev 3.3 4.0 6.1 4.8 4.8 6.2 6.6
Count (n) 229 351 95 10 18 533 76

Age 2 Age 3 Age 4 Age 5 Age 3 Age 4 Age 5
Mean 21.3 39.8 48.3 44.3 37.1 51.1 51.7

Median 21.2 40.0 48.4 40.0 37.3 51.5 51.9
Minimum 15.3 23.3 33.8 38.0 29.1 34.8 29.6
Maximum 29.9 50.2 67.6 63.8 43.7 66.7 66.7

St Dev 2.8 4.2 7.0 9.2 4.2 6.8 8.3
Count (n) 199 330 59 7 17 470 36

Age 2 Age 3 Age 4 Age 5 Age 3 Age 4 Age 5
Mean 21.4 39.5 48.3 49.0 41.4 51.4 53.2

Median 20.7 39.6 48.3 48.7 42.0 51.7 53.3
Minimum 12.6 23.3 33.0 38.0 29.1 32.8 29.6
Maximum 32.0 50.2 67.6 63.8 54.4 70.6 68.6

St Dev 3.1 4.1 6.4 7.6 6.0 6.4 7.0
Count (n) 440 714 162 18 38 1,141 142

Males Females 

Males Females 

Statistic

Statistic

Statistic

Statistic
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Figure 16. Fork length (cm) at age of mature (male and female) captive-reared Chinook 
Salmon released (captive) and natural adult returns trapped (natural) in the East 
Fork Salmon River (EFSR) during 2005-2009. Diamonds represent the mean, 
center line the median, top and bottom of each box the 1st and 3rd quartiles, and 
the top and bottom whiskers the maximum and minimum values, respectively. 
Numbers of fish in each group are denoted.  
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DISCUSSION 

While survival advantages were observed from rearing fish in protective culture, there 
were some changes in the age structure and length of captive fish relative to natural fish. 
Overall, the average length of captive-reared smolts was larger than their natural counterparts. 
For this evaluation, the smallest captive-reared smolts were 74 mm and grew as large as 325 
mm, averaging 148 mm. In comparison, BY94-05 age-1 (yearling) natural smolts emigrating 
from the Upper Salmon River during migration years 1996-2007 averaged 92.1 mm FL (IFWIS 
2016). Wild yearling Chinook Salmon smolts captured and sampled at Lower Granite Dam and 
genetically assigned to the Upper Salmon River genetic stock during migration years 2010-2015 
averaged 113.2 mm FL (IDFG unpublished data), and natural yearling smolts in the Pahsimeroi 
River, Idaho, averaged 112.1 mm FL (Copeland and Venditti 2009).  

 
The average size of captive fish at the smolt stage was likely influenced by several 

factors related to the type of collection and rearing conditions. Rearing groups collected as parr 
had a limited time in juvenile culture compared to eyed eggs, and smolt size was likely 
determined more by the length at collection rather than growth in the hatchery. Initially, parr 
growth was quite slow and this was attributed to difficulty converting wild parr to commercial 
hatchery diets (Hassemer et al. 1999). Improvements in juvenile culture produced more 
consistent smolt sizes in the last years of parr collections, but maturing adults averaged 1-2 kg. 
In 1999, the program switched to sourcing annual rearing groups from eyed egg collections with 
a goal of achieving higher survival in captivity and larger adults. The Dungeness Spring Chinook 
captive broodstock program had been sourcing broodstock from eyed-egg collections and found 
consistently larger, maturing adults (Smith and Wampler 1995; Freymond et al. 2001). When 
this program transitioned to eyed egg collections, the increased time in culture of eyed eggs 
compared to parr allowed for higher growth rates and greater juvenile growth. BY00 fish were 
also fed at higher rates than previous parr collections. The BY00 cohort grew three times faster 
than any other brood year, and produced much larger sized smolts and precocial fish than wild 
fish or previous brood years. This was not realized until these fish matured in 2002. At this point, 
efforts were placed on reducing feed rates and growth rates to produce a smaller sized smolt. 
Thus, during the last collections from eyed-eggs (BY02-05), juvenile culture focused on 
moderating growth, thereby producing smolt sizes that were closer to the size of natural smolts.  

 
The age at maturation of fish in captivity was also younger than what has been found for 

natural returning adults. While the majority of maturing captive fish were age-4, there were very 
few age-5 fish and a high incidence of fish maturing at age-2 and age-3. Furthermore, the years 
with higher age-2 maturation rates had shifts in the age structure where the majority of the fish 
matured at a younger age with very few fish maturing as an age-5 adult. This is in contrast to 
natural Chinook Salmon populations, with higher age-4 and age-5 maturation rates. Age-2 and 
younger precocial males exist in natural Chinook Salmon populations in the Salmon River, 
Idaho (Gebhards 1960; Thurow 2000); but are not easily enumerated (Venditti et al. 2015). 
However, wild populations likely have lower levels of precocial males relative to older age 
classes.  

 
The mean precocity rate, across all three study streams, was significantly higher for fish 

collected as eyed eggs than for fish collected as parr and exceptionally high rates of early male 
maturation were detected in the BY00 and BY01 eyed egg cohorts. As stated above, once the 
levels of precocity were observed, efforts to modulate growth rates during freshwater rearing 
were implemented to reduce the rate of early male maturation for the last brood years on 
station. However, moderate precocity rates remained in the last years of culture and this may 
have been due to the inability to produce enough chilled water to control growth rates. This 
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indicates that there are some unintended, negative consequences with collecting fish as eyed 
eggs, unless precocity rates can be reduced in the future.  

 
High incidence of early maturation (e.g., minijacks) has been documented in other 

hatchery Chinook Salmon programs and the precocity rates observed here are within the range 
of other reported rates (Larsen et al. 2004; Larsen et al. 2006; Harstad et al. 2014). 
Environmental and genetic factors have been found to influence the incidence of early 
maturation (Beckman et al. 2007; Berejikian et al. 2011a; Hankin et al. 1993, 2009; Harstad et 
al. 2014; Larsen et al. 2006, 2010; Spangenberg et al. 2014; Vøllestad et al. 2004; Ford et al. 
2012). Both energy reserves (e.g., lipid levels) and growth rates at specific times of the year 
appear to have the greatest influence on early maturation of males rather than absolute smolt 
size (Shearer et al. 2006; Larsen et al. 2006). The physiological process to initiate maturation 
has been hypothesized to occur in the late fall and early winter (August through December), 
approximately 10 months prior to maturation (Silverstein et al. 1998; Shearer and Swanson 
2000; Shearer et al. 2006). It has been further hypothesized that this fall initiation period is 
followed by a second, related spring initiation period. If energy reserves and growth rates 
remain high in the spring, then maturation will result (Shearer et al. 2006).  

 
The findings from this evaluation support previous research linking growth rates to early 

maturation rather than absolute smolt size. Although the brood years with the largest smolts 
resulted in the highest precocity rates (BY00-01), other groups with moderate to large-sized 
smolts produced some of the lower precocity rates (e.g., BY98 LEM and WFYF fish, and BY99 
LEM and EFSR fish). Herein, analyses of growth rates and precocity rates indicated a strong 
positive relationship between high growth rates and early maturation, with BY00 strongly driving 
this relationship. Similar to Spangenberg et al. (2014), a weak relationship was observed 
between growth rates and absolute smolt size. This indicates that managing growth rates during 
the first, fall initiation period may be an important measure to reduce precocity (Larsen et al. 
2006; Swanson et al. 2008). Thresholds for maximum growth rates and how that relates to food 
rations and early maturation needs to be more clearly identified though. Spangenberg et al. 
(2014) found that the thresholds for initiating maturation were different for different stocks in a 
common garden experiment and the analyses herein found a significant relationship with smolt 
size and location. Thus, each stock within each hatchery may require different rearing protocols. 
The development of rearing strategies to reduce the onset of early male maturation likely 
requires experimental evaluations of growth rates, food ration levels, and body fat levels at the 
specific rearing temperatures and photoperiods at each hatchery. 

 
Captive adults also differed from natural fish in their size at maturity. While smolts were 

larger than their natural counterparts, adults were consistently smaller than their natural 
counterparts. Ocean returning Chinook Salmon averaged 70 cm FL (results here; Healey 1991; 
Fryer 1998), while the maximum size in captivity was approximately 50 cm FL. This was 
observed in all cohorts regardless of stock or type of collection. Females were also consistently 
larger than adult males of the same age, although these differences were smaller. However, 
neither males nor females attained significantly larger lengths after age-4 (except for LEM 
females), which suggested no real growth or size benefit from another year in culture. 
Moderating growth rates was important to reducing early maturation and precocity rates but may 
have produced adults that were smaller than their natural counterparts. However, even without 
moderating growth rates, the marine phase for natural fish likely leads to much higher growth 
than what can be achieved in culture. In order to achieve a similar sized adult in captivity as a 
naturally returning adult, growth rates would need to advance to produce captive-reared females 
averaging 5,333 g and 4,683 eggs. This is likely very difficult to achieve without the marine 
phase and could lead to even greater precocity rates. Finding the optimal growth rates and 
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achieving a balance between reducing the number of early maturing precocial males and 
achieving larger adult (female) sizes may be important for maximizing success in a future 
captive-rearing program. However, if smaller captive adults have similar reproductive success 
and beget returning adults of similar size to the natural fish, this may not be necessary.  

 
Throughout this program, a component of each brood year was reared from smolt to 

maturation in both freshwater and seawater. Fish were reared in both facilities for BY94-01 and 
then all fish were reared from smolt to maturation in seawater for BY02-05. The switch in later 
years to all seawater rearing was in response to the benefits observed from seawater rearing. 
Seawater rearing from smolt to maturation at MRS was determined to be the preferred method, 
as these fish grew larger and had better fin quality than those reared in freshwater. Perhaps of 
even greater importance, fecundity and eye-up rates, monitored through hatchery spawning 
events, were markedly higher for the saltwater parents than freshwater parents (see Chapter 4). 
These results suggest that seawater rearing did provide benefits to attaining larger adult sizes 
and egg quality. While freshwater rearing could be used for salmon culture (e.g., Snake River 
Sockeye Salmon; Baker et al. 2015), this study indicated that seawater rearing would likely 
provide improvements relative to size at maturation, fecundity, and reproductive success. 
However, this was not the case for the Grande Ronde Basin Chinook Salmon captive 
broodstock program where fish grew larger in freshwater compared to seawater (Hoffnagle et al. 
2003). Benefits and monetary costs need to be considered in the future implementation of a 
captive rearing program in relation to the use of saltwater vs. freshwater rearing and may be 
unique to each facility/program.  

 
Size at maturation has been shown to influence egg size and fecundity for females and 

competitive ability for males (Beacham and Murray 1993; Quinn et al. 1995; Berejikian et al. 
1997, 2000; Ford et al. 2008; Anderson et al. 2010; Rollinson and Hutchings 2010). As a result, 
it is hypothesized that captive females may exhibit reduced reproductive performance and 
productivity compared to their natural counterparts, simply as a factor of producing fewer eggs 
(Healy and Heard 1984), but also that seawater reared females at MRS would have higher 
fecundities and enhanced sexual capabilities relative to freshwater reared fish at EFH. Earlier 
researchers also indicated that decreased body size and egg quality could also lead to reduced 
survivorship of progeny (Foerster and Pritchard 1941; Beacham and Murray 1987) and have 
carryover effects on the fitness of the progeny (Araki et al. 2009). Therefore, understanding the 
effects on size at maturation and reproductive success is an important relationship to investigate 
(see Chapter 5) and producing fish with more wild-like characteristics may aid in their overall 
success in competing for mates, defending territories, avoiding predation, and have greater 
numbers of surviving juveniles. 

 
Captive fish experienced a much different environment during development and rearing 

than natural fish or traditional supplementation hatchery fish (Hard et al. 2000; Berejikian et al. 
2004). Hatchery salmon and steelhead have been found to phenotypically diverge from natural 
fish (Fleming et al. 1994; Hard et al. 2000; Knudson et al. 2006; Reisenbichler and Rubin 1999). 
Whether these differences transpire into genetic differences (Wang and Ryman 2001) and 
fitness loss is less clear (Berejikian and Ford 2004), but some evidence suggests that the 
rearing environment can induce epigenetic changes that can effect an individual’s phenotype 
and be heritable (Angers et al. 2010) or that domestication selection can negatively impact adult 
reproductive success and fitness at different life stages (Berejikian and Ford 2004; Araki et al. 
2007a, 2007b; Kostow 2009; Ford et al. 2012; Christie et al. 2014). The differences observed 
here appear to provide some evidence for divergence in morphological or physiological 
characteristics (e.g., age at maturation, size at maturation) during rearing in captivity. This was 
also observed in a captive rearing program of Atlantic Salmon, where differences in the size, 
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sex ratio, and age structure was observed in the captive fish relative to the wild population 
(Jones et al. 2014). If a captive-rearing program is initiated in the future, research should 
investigate this phenomenon and identify culture improvements to reduce these effects. 
However, one notable outcome of this study is that length at age does not appear to be 
heritable; so these phenotypic differences appear to be environmentally driven and plastic with 
no lasting, genetic basis that may minimize maladaptive changes to the natural population (see 
Chapter 5).  
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CHAPTER 3: FISH RELEASES AND POST RELEASE EVALUATIONS 

INTRODUCTION 

Once captive-reared adults were determined to be maturing in the hatchery 
environment, they were released back into their natal steam for volitional spawning. The original 
goal for the captive rearing program was to release 20 adults annually into each study stream. 
This target was based upon the recommendation that 20 “genetic founders” should retain 
>97.5% of the genetic variability of the population (Lacy 1989). The captive rearing approach 
was considered experimental as it was uncertain as to what behavioral, physiological, or 
morphological changes the fish might experience in culture and if they would survive post-
release to successfully spawn in the natural environment. Release targets were conservatively 
set to reduce impacts to the natural population since it was unknown whether the program 
would be successful at the time. 

 
Following the release of mature captive adults back into their natal streams, the initial 

objective was to evaluate their spawning success. The type and focus of these post-release 
evaluations changed throughout time as intensive evaluations were conducted in certain years 
and locations. Initial monitoring efforts utilized radio telemetry surveys to provide information on 
the movements, distribution, and fate of released individuals. Because captive adults had 
originally been collected at early life stages, prior to the critical period of imprinting that takes 
place during smoltification, it was unknown whether they would exhibit fidelity to the release 
location. Redd construction was monitored annually (in most years) in the study streams to 
document spawning success. Later objectives included quantifying habitat use and spawning 
behavior to determine if there were any behavioral changes from rearing in captivity. Intensive 
surveys including habitat use and spawning behavior are herein reported by three periods: 1998-
2000 in the LEM and several tributaries, 2001-2003 in the WFYF, and 2004-2006 in the EFSR. In 
this chapter, we report the numbers and sex of fish released in each year as well as a summary of 
the post-release monitoring evaluations that were conducted over the course of this program. 

 
 

METHODS 

Releases 

During 1996-2010, captive cohorts (BY94-05) were sorted annually at both facilities to 
determine which fish were maturing and should be released for volitional spawning. The last 
maturation sort at EFH occurred in 2004 with age-5 maturation of BY99 fish reared in 
freshwater. Maturation sorts continued at MRS through 2010, with the final maturation of age-5 
BY05 fish. Maturation sorts were conducted from May through August. In the early program 
years, fish were anesthetized and visually examined to determine sex and maturation state. 
Visual signs included changes in body coloration, the development of secondary sex 
characteristics, and by physical manipulation of the gonads through the body wall. Beginning in 
2002, the maturation state was determined primarily by ultrasound (McAuley et al. 2010, BOR 
2012). Fish that were judged to be maturing were isolated, by stock, and from the general 
population. Fish were also individually marked during the maturity sorting events or just prior to 
transfer to the release site. A variety of tag types was used during the course of this program to 
identify stock, brood year, and individual fish identity. These tags included Floy® tags, disc tags, 
jaw tags, PIT tags, and spaghetti tags. During tagging events, fish were anesthetized in a bath 
of MS-222 buffered with sodium bicarbonate, weighed to the nearest 1.0 g, and measured to the 
nearest 1 mm FL. 
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Captive adults determined to be maturing were either transported from MRS to EFH to 

complete the freshwater phase of their maturation or released directly from EFH or MRS to natal 
streams to spawn naturally. Transport protocols and details are available in the following 
reports: Hassemer et al. (1999); Venditti et al. (2003a); Venditti et al. (2003b); Venditti et al. 
(2005); and Maynard et al. (2012). Adult transport dates varied considerably throughout the 
program due to the adaptive management learning process. During 1998-2005 mature adults 
were transported from MRS to EFH on two occasions, a portion during April and early May and 
the remainder in early June (Table 4). In contrast, transfers during 2006-2010 consisted of all 
mature adults in a single transfer from MRS during the second week of July. In these later 
years, most adults, with the exception of a portion of 2008 and 2009 transfers, were directly 
transferred and released to their natal streams. MRS adults not directly transferred to release 
streams were held at EFH for approximately 11-12 days to complete maturation in freshwater, 
before transfer to their natal streams. Maturing captive-reared adults destined for return directly 
to natal waters were transported by truck to streamside sites in preparation for release into the 
study section. Fish were then released to various sites with the aid of a helicopter (distant or 
inaccessible release sites) or more commonly, transferred on foot. 

 
The timing and locations of adult releases varied over the duration of the program. Adult 

releases into the Lemhi drainage included the main stem LEM in 1998 and 2003, Bear Valley 
Creek (BVC) in 1998 and 1999, and Big Springs Creek (BSC) in 2000 (Figure 1). The main 
stem LEM release site was located on the Karl Tyler ranch, adjacent to the L-60 irrigation 
diversion screen. The primary study area for evaluations of captive releases in the Lemhi River 
was in Bear Valley Creek where the release site was located approximately 1.6 km upstream of 
the mouth of Bear Valley Creek. Releases into Big Springs Creek were into a 3.2 km section 
approximately 8 km above its confluence with the Lemhi River. The switch in releases from BVC 
to BSC in 2000 was due to concerns over water withdrawals from BVC dewatering parts of the 
stream, thus BSC was thought to be more reliable across all water-year conditions. Releases 
into the WFYF were into a large holding pool approximately 1.2 km upstream of the confluence 
of the West Fork and main stem Yankee Fork Salmon rivers, except in 2001-2003. In these 
years, fish were transported by helicopter to pools between Deadwood and Lightning creeks 
(5.5-7.7 km upstream from mouth). Lastly, captive adults were released at several different 
locations into the EFSR, 30-45 km upstream of its confluence with the main stem Salmon River 
(Figure 1). Captive adult releases into study streams in 1998-2005 were generally performed in 
mid- to late August, but during 2006-2010 releases were earlier, around the second week in July 
(Table 9). Fish were generally outplanted into underseeded tributaries of the mainstem steams 
or segregated from the general spawning population, in order to minimize competition with the 
natural population.  

 
Transport mortality was very low and overall, only 25 adult mortalities occurred during 

transfers from MRS to EFH and release streams over the course of this evaluation. The most 
significant transport mortalities occurred in WFYF captive adults in 2002 and again in 2007, 
when nine and seven adults perished, respectively (Table 9). The causes of these mortalities 
were likely equipment related and the use of a smolt hauling truck to transport adults. 
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Table 9. Transfer dates of mature captive Chinook Salmon from Manchester Research 
Station (MRS) to Eagle Fish Hatchery (EFH), number of transport mortalities, and 
adult releases dates to their natal streams to spawn naturally. 

 

 
* Transport mortalities during 1998-2000 releases were not reported. 

 
 
 

Temporary picket weirs were intermittently utilized in the study areas receiving mature 
Chinook Salmon to ensure that captive Chinook adults did not emigrate from the study areas. 
Weirs were assembled at the downstream end of the study section of each stream (Figure 1), 
consistent with three evaluation periods: 1) the main stem LEM or several of its tributaries 
(1998-2000), 2) the WFYF (2001-2003), and 3) the EFSR (2004-2008; Table 5). In the LEM, 
captive adults were released both into the main stem (1998 and 2003) and two LEM tributaries 
(1998-2000). Trap boxes built into the temporary weirs were used to pass natural Chinook 
Salmon and other species in either direction. Captive fish attempting to move out of the study 
area were returned to the blocked sections. This prevented some mixture of spawning of captive 
adults with natural adults in most years, except for a few years and streams when a picket weir 
was not utilized (Table 10). 

 
 

  

LEM WFYF EFSR
   1998* June Sept * * *
   1999* 8-Jul 6-Aug * * * 24-Aug 25-Aug
   2000* 6-Jun * * * 11-Jul 24-Jul

2001 8-May 6-Jun 1 1 0 17-Aug
2002 23-Apr 11-Jun 1 9 0
2003 6-May 10-Jun 0 0 0
2004 6-May 2-Jun ─ 0 0 12-Aug 19-Aug
2005 4-May 8-Jun 21-Jul ─ 0 1
2006 ─ 0 2 13-Jul
2007 ─ 7 1 12-Jul
2008 ─ 0 2 10-Jul 21-Jul
2009 ─ 0 0 8-Jul 20-Jul
2010 ─ 0 0 12-Jul

2 17 6Total

Transport Mortalities
Release Dates

Release 
Year Transfer Dates

Aug 6-8
Aug 4-6

Aug 8-9

12-Jul
10-Jul
8-Jul

22-Jun

13-Jul

Aug 18-21
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Table 10. Summary of the use of temporary picket weirs to restrict movement of captive 
Chinook Salmon adults released into the Lemhi River main stem (LEM), Bear 
Valley Creak (BVC), and Big Springs Creek (BSC); West Fork Yankee Fork 
Salmon River (WFYF); and East Fork Salmon River (EFSR), 1998-2010. In a 
given year fish were released and a picket weir was used (Y), or not used (N). 

 

 
 
*In 2008, the picket weir on the EFSR was compromised due to a flood event and captives were 
distributed throughout the EFSR. 
 
 

Survival and Movement 

Telemetry was performed in Bear Valley Creek (BVC), the main stem Lemhi River, and 
WFYF in 1998; the EFSR in 1999 and 2002; the WFYF and EFSR in 2004-2006; and only the 
WFYF in 2007-2008. In these years, a small number of captive adults were gastrically implanted 
with radio transmitters (N = 125) through the esophagus following the methods described in 
Burger et al. (1985). Telemetry survey methods are summarized in detail in Hassemer et al. 
(1999, 2000), Venditti et al. (2002, 2003a, 2003b, 2005), and Baker et al. (2006a, 2006b).  

Habitat Use and Spawn Behavior 

During 1998-2000, general observations of captive adult fate, broad movements, basic 
habitat use, and spawn behavior were surveyed in the LEM and its tributaries. More detailed 
description of survey methods are provided by Hassemer et al. (1999, 2000), and Venditti et al. 
(2002). In 2001-2002, intensive post-release evaluations of captive adult habitat use and 
spawning behavior shifted to the WFYF (Venditti et al. 2003a, 2003b, 2005, 2013). Habitat use 
was quantified by noting whether fish occupied pool, rifle/run, cut bank, and overhead vegetation 
habitats (see Venditti et al. 2013 for details). Spawn behavior was quantified through 
observations of holding, aggression, courting, moving, and milling (see Venditti et al. 2013 for 
details). Although habitat use and spawn behavior evaluations in the WFYF were planned for the 
2003 release, nearly complete prespawn mortality of this group prevented meaningful surveys 
(Venditti et al. 2005). In 2004, intensive post-release evaluations shifted to the EFSR; however, 

Release Year BVC BSC LEM WFYF EFSR*
1998 Y ─ N N ─
1999 Y ─ ─ ─ N
2000 ─ Y ─ ─ ─
2001 ─ ─ ─ Y ─
2002 ─ ─ ─ Y N
2003 ─ ─ N Y N
2004 ─ ─ ─ N Y
2005 ─ ─ ─ N Y
2006 ─ ─ ─ N Y
2007 ─ ─ ─ N Y
2008 ─ ─ ─ N Y
2009 ─ ─ ─ N N
2010 ─ ─ ─ N N
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only four tagged adult females were released, thus quantitative evaluations of spawn behaviors 
were not performed (Baker et al. 2006a). In 2005-2006, behavioral evaluations of captive adults 
were reinitiated on the EFSR. Captive spawn surveys during 2007-2010 in the EFSR were more 
general and no longer quantified habitat use or spawn behaviors (Stark et al. 2008, 2009; Stark 
and Gable 2010; Stark and Richardson 2011). 

Spawn Timing and Redd Production 

General spawner surveys were performed annually in all streams that received captive 
reared adults, with the exception of the LEM in 2003 and the EFSR in 2002 and 2003. These 
surveys provided spatial and temporal redd distributions, total redd production, and an estimate 
of redds constructs per female. The incidence of matings between captive and natural fish 
(redds) was also recorded, when there was some mixing. Although some spawn timing 
information was reported during most of the years, specific evaluations of spawn timing were 
only available for the EFSR and WFYF releases in 2006-2009, when surveys were performed 
more frequently to produce reliable spawn timing information for both captive and natural 
spawners. For these intensive evaluations, monitoring of spawning activity began approximately 
24 h after captive fish were released. Depending upon crew availability, the entire study section 
was monitored a minimum of three times per week. When redd digging activity was identified, 
the location of the redd was recorded with handheld GPS units and flagged in vegetation along 
the stream bank for future monitoring. The date of redd completion was recorded. As indicated 
above, captive and natural origin fish were distinguished by the presence or absence of a 
readily observable Peterson disc, Floy® tag, or spaghetti tag.  

 
 

RESULTS 

Releases 

A total of 2,755 adult captive Chinook Salmon were released into the three study 
streams from 1998-2010 (Table 11). The number of adults released annually was variable, 
ranging from 573 adults in 2007, when the program reached its peak, to as few as 20 in 2010 
when the program was winding down. In some of the earlier years, the decision was made to 
spawn adults in the hatchery rather than release them for volitional spawning since these fish 
were likely the remaining fish from the population and there were concerns that the population 
could be extirpated due to low adult returns and few captive adults available to release. No fish 
were released into the Lemhi River in 1999-2002, in the WFYF during 1999-2000, or into the 
EFSR in 2000-2001. In 2002, the program was able to release substantially more adults than in 
prior years, and greater release numbers were sustained in the WFYF and EFSR. 
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Table 11. Summary of captive-reared adult Chinook Salmon released into the Lemhi River 
(LEM) and its tributaries, West Fork Yankee Fork Salmon River (WFYF), and 
East Fork Salmon River (EFSR) during 1998-2010. 

 

Release 
Year 

Total Captive Adults Released 

LEM WFYFa EFSRb TOTAL 
1998 73 44 0 117 
1999 62 0 7 69 
2000 70 0 0 70 
2001 0 89 0 89 
2002 0 215 133 348 
2003 48 88 41 177 
2004 0 70 4 74 
2005 0 116 216 332 
2006 0 179 140 319 
2007 0 260 313 573 
2008 0 185 159 344 
2009 0 103 120 223 
2010 0 15 5 20 

TOTAL 253 1364 1138  2755 
 

a Releases into the WFYF during 2002-2004 include a total of 150 'safety net' adult Chinook Salmon (2002=76, 2003=64, 
2004=10), which were the progeny of SN hatchery-spawned captive adults. 

b Releases into the EFSR during 2002-2003 include a total of 40 'safety net' adult Chinook Salmon (2002=30, 2003=10) 
 
 

A total of 1,342 males, 1,385 females, and 28 mature fish of unknown sex were released 
across all streams and years during the course of the study. The number of males released into 
a study stream ranged from zero males in the EFSR in 2010 to 200 males in the EFSR in 2007 
(Table 12). The number of females released into a study stream ranged from 4 females in the 
EFSR in 2004 to 113 females in the EFSR in 2007 (Table 12). The number of males and 
females varied by year and stream and the male: female ratio ranged from zero in the EFSR in 
2010 when only five females were released to 9.3 in the WFYF in 2005. Very few years 
achieved even sex ratios. Many more males were released than females in 2002, 2005, 2006, 
and 2007 (Table 12). Conversely, the last three years of releases (2008-2010) into the WFYF 
and EFSR were dominated by females. This skewed sex ratio in the last years was primarily 
due to males maturing earlier than females (see chapter 2). Thus, very few males remained in 
the last years.  

 
Across all captive releases, 16.4% of adults were age-2, 29.1% age-3, 48.3% age-4, and 

6.2% age-5 (Appendix E). The ages of captive adults released into the WFYF were quite similar 
to those released into the EFSR. Adult releases into the LEM were from parr collections and 
were older, on average, than in the WFYF and EFSR, with 59.5% age-4 and 13.9% age-5. 
However, only 252 of the total 2,756 adult releases were into the LEM. In the WFYF and EFSR 
releases, age-4 fish dominated the majority of annual releases followed by age-3 fish. However, 
in some years the proportion of age-2 releases were more substantial: WFYF 2002 release = 
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26% age-2 males, WFYF 2005 release = 37% age-2 males, WFYF 2006 release = 37% age 2-
males, WFYF 2007 release = 24% age-2 males, EFSR 2002 release = 31% age-2 males, EFSR 
2005 release = 32% age-2 males, and EFSR 2007 release = 25% age-2 males (Appendix E). 
The proportion of age-5 fish that were released annually remained less than 15% in all years, 
except the WFYF in 2010 when all of the fish were age-5 (Appendix E). 
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Table 12. Number of captive-reared Chinook Salmon released by gender (M-males, F-
females, Unk-unknown), redds constructed, and redds per female in the Lemhi 
River main stem (LEM), Bear Valley Creak (BVC), and Big Springs Creek (BSC); 
West Fork Yankee Fork Salmon River (WFYF); and East Fork Salmon River 
(EFSR). Incomplete data is represented for years in which no surveys (NS) were 
conducted, and by years in which no females were released so redd construction 
was not possible (NP), and therefore redds per female was not calculated (NC). 

 

 
a This includes redds created by crosses of a captive female and natural male (CxN), but excludes NxC redds. 
b No fish survived to spawn post-release in 2003 due to unknown causes (Venditti et al. 2004). 

M F Unk Total
LEM 1998 10 39 0 49 0.3 25 0.64

1999 0 0 0 0 ─ NS ─
2000 0 0 0 0 ─ NS ─
2001 0 0 0 0 ─ NS ─
2002 0 0 0 0 ─ NS ─
2003 5 35 8 48 0.1 NS ─
Total 15 74 8 97 0.2 25 0.34

BVC 1998 8 16 0 24 0.5 6 0.38
1999 29 33 0 62 0.9 31 0.94
Total 37 49 0 86 0.8 37 0.76

BSC 2000 20 50 0 70 0.4 16 0.32
Total 20 50 0 70 0.4 16 0.32

All LEM Total 72 173 8 253 0.4 78 0.45
WFYF 1998 9 35 0 44 0.3 4 0.11

1999 0 0 0 0 ─ NS ─
2000 0 0 0 0 ─ NS ─
2001 41 40 8 89 1.0 18 0.45

   2002c 150 58 7 215 2.6 33 0.57
   2003c,d 25 63 0 88 0.4 NS ─
   2004c 10 59 1 70 0.2 12 0.20

2005 102 11 3 116 9.3 2 0.18
2006 131 48 0 179 2.7 9 0.19
2007 147 113 0 260 1.3 7 0.06
2008 86 99 0 185 0.9 13 0.13
2009 5 98 0 103 0.1 16 0.16
2010 1 13 1 15 0.1 1 0.08
Total 707 637 20 1364 1.1 115 0.18

EFSR 1998 0 0 0 0 ─ NS ─
1999 1 6 0 7 0.2 1 0.17
2000 0 0 0 0 ─ NS ─
2001 0 0 0 0 ─ NS ─
2002 65 68 0 133 1.0 NS ─
2003 14 27 0 41 0.5 NS ─
2004 0 4 0 4 0.0 1 0.25
2005 170 46 0 216 3.7 11 0.24
2006 67 73 0 140 0.9 16 0.22
2007 190 123 0 313 1.5 63 0.51
2008 47 112 0 159 0.4 45 0.40
2009 9 111 0 120 0.1 18 0.16
2010 0 5 0 5 0.0 1 0.20
Total 563 575 0 1138 1.0 156 0.27

1342 1385 28 2755 0.97 349 0.25TOTAL ALL

Redds per 
Female

Redds 
ConstructedbStream

Release 
Year

M:F 
Ratio Drainage

East Fork 
Salmon 

River

Yankee 
Fork 

Salmon 
River

Captive Adults Releaseda

Lemhi 
River
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Survival and Movement 

In most years, post-release survival was high, but a few years experienced catastrophic 
losses. High post-release mortality plagued WFYF adult releases in 2003 and in 2007. The 
WFYF releases in 2003 experienced complete prespawn mortality (Venditti et al. 2005). Nearly 
80% of all fish released were recovered as carcasses within a month, and no live fish were 
observed thereafter. Severe post-release mortality was again observed in the WFYF 2007 adult 
release. One week post release, 121 captive carcasses were recovered (47.8%) out of a 
release of 253 fish. Nearly all fish were recovered within 0.5 miles downstream of the release 
location.  

 
Radio telemetry indicated that the majority of captive adults generally remained within 2-

3 kilometers of their original release location, with some initial downstream movements, followed 
by upstream movements, and very little movement thereafter until initiation of spawning 
behaviors. Telemetry survey results are summarized in detail in Hassemer et al. (1999, 2000), 
Venditti et al. (2002, 2003a, 2003b, 2005), and Baker et al. (2006a, 2006b). Although telemetry 
surveys revealed some post-release movement patterns, the greater utility was in determining 
fates of individuals. The majority of implanted fish were neither found as a carcass nor their 
transmitter recovered (40%; Table 13). The fate of these fish is not clear, but many were 
thought to have been preyed upon. In 1998, 11 of the 19 transmitters were found in the stream 
or on the stream bank, yet no carcasses were found to be associated with them. It was thought 
that predators ate the carcasses. In years when picket weirs were not utilized, fish may also 
have emigrated from the monitored reaches. While attempts were made to locate fish outside of 
the study areas, neither the fish nor the tags were found. Nearly equal proportions of implanted 
fish had spawned (13.0%) as had not spawned (14.8%). Partially spawned females were found 
with some eggs remaining, and unspawned fish had fully intact skeins full of eggs. 

 
 
 

Table 13. Total number of captive-reared Chinook Salmon adults released in streams in 
which a portion were implanted with radio transmitters. Dispositions of fish found 
as carcasses, number of tags recovered when the fish was not found and 
number with unknown fate (fish not found and tag not located). 

 

 
Telemetry was performed in Bear Valley Creek (BVC), the main stem Lemhi River, and WFYF in 1998; the EFSR in 
1999 and 2002; the WFYF and EFSR in 2004-2006; and only the WFYF in 2007-2008. 

Release Year 1998 1999 2002 2004 2005 2006 2007 2008 Total
Location ALL EFSR EFSR ALL ALL ALL WFYF WFYF

Number Released 117 7 133 74 332 319 260 185 1427
Number Implanted 46 7 17 14 14 15 7 5 125
Percent Implanted 39.32% 100.00% 12.78% 18.92% 4.22% 4.70% 2.69% 2.70%

Spawned 1 1 N.A. 2 1 6 3 14
Part Spawn 4 N.A. 4
Near Redds 2 N.A. 2
Unspawned 7 5 N.A. 2 2 16
Predation 1 N.A. 1
Emigrated N.A. 2 2 4 2 10

Tag Recovered 11 N.A. 11
Tag Not Located 21 N.A. 8 10 10 1 50

Fish Found 
as 

Carcasses

Fish Not 
Found
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Habitat Use and Spawn Behavior 

Captive Chinook Salmon habitat use and spawn behavior conformed to expectations of 
behavior with a progression of changes consistent with maturation leading up to spawning 
(Venditti et al. 2002). Surveys in BSC during 2000 found fish mainly holding near cut banks or 
overhead vegetation soon after release. As time progressed, fish moved into open water and 
began displaying spawning behaviors. More importantly, captive females were observed 
excavating, maintaining, and defending redds similarly to natural fish. Males also appeared to 
readily court females and compete for spawning privileges. Evaluations in the WFYF during 
2001-2003 indicated similar behaviors. Fish were seen holding in areas soon after release with 
limited, directed movements. As the spawn season progressed, spawning related behaviors 
including courting and maintaining or holding on redds became the dominant activities observed 
(Figure 17, Venditti et al. 2013). Habitat associations of captive Chinook Salmon generally 
mirrored their behaviors, with most fish initially observed in pools, near large woody debris, or 
runs (Figure 18). However as spawning behaviors commenced, fish moved out of pools and 
took up residence over spawning gravel in tail-outs. Yet, pools and large woody debris remained 
important as resting and staging areas (Venditti et al. 2013). 

 
 

 
 
Figure 17. Behaviors of captive-reared Chinook Salmon released to spawn in the West Fork 

Yankee Fork Salmon River in 2001 and 2002, summarized by early, peak, and 
late spawning periods (Modified from Venditti et al. 2013). 
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Figure 18. Habitat use of captive-reared Chinook Salmon released to spawn in the West 

Fork Yankee Fork Salmon River in 2001 and 2002, summarized by early, peak, 
and late spawning periods. LWD = large wood debris (Modified from Venditti et 
al. 2013) 

 
 

Venditti et al. (2013) also analyzed captive and natural behaviors during spawning acts 
in 2001 and 2002 in the WFYF. Venditti et al. (2013) reported that captive spawning behavior 
was very similar to their natural counterparts. With regard to courtship behavior, crossover and 
quiver frequencies in captive males remained constant or increased slightly as spawning 
neared, with a pronounced spike immediately prior to spawning. However, captive males were 
also found to be less aggressive on average than natural males (Figure 19, Venditti et al. 2013). 
During these same evaluations captive females were observed to make test digs approximately 
every 2-3 minutes until egg deposition, then proceeded to cover dig almost continuously for 
about 10 minutes and maintained elevated digging frequencies for at least 30 minutes (Venditti 
et al. 2013). Overall, captive females exhibited similar spawning behavior as natural females in 
the WFYF, as expressed by digging frequency (Venditti et al. 2013). 

 
In the 2005 EFSR release, general behaviors of captive adults were similar to 

observations recorded in the WFYF during 2001-2002, with most fish holding position early, 
then as the spawn season progressed, fish were observed courting and maintaining or holding 
on redds (Venditti et al. 2003a, 2003b, 2005; Baker et al. 2006b). However, in 2006 behaviors 
observed later in the spawning season differed from observations in previous years. Captive 
adult behavior in the EFSR during September and October of 2006 was dominated by 
male/male aggression (30.8%), nest digging (18.9%), and redd holding (9.8%) (Baker et al. 
2007). These changes in behavior of captive fish may have been attributed to the release 
strategy employed in 2006; in which fish were released without a fresh water acclimation period 
at EFH, and released a month earlier than in past years. 
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Figure 19. Frequency (behavior events/10-min interval) of courtship and aggression (mean 
±± approximate 90% CI) observed in male captive-reared and natural-origin 
Chinook Salmon during observed spawning events in the West Fork Yankee 
Fork Salmon River in 2001 and 2002. Time zero is spawning and negative and 
positive numbers are minutes before and after spawning, respectively (Modified 
from Venditti et al. 2013). 
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Spawn Timing and Redd Production 

On average, redd construction by captive adults started in late August/early September 
with peak spawning occurring in mid-September and lasting through late September. However, 
this was highly variable (Table 14). Surveys of spawn timing in the EFSR and WFYF during 
2006-2009 found captive spawn timing was generally delayed relative to natural Chinook 
Salmon (Figure 20). Peak spawning for natural Chinook Salmon was generally two to three 
weeks in advance of peak captive spawning. However, spawn timing by captive Chinook 
Salmon in the WFYF was earlier and less delayed relative to natural Chinook Salmon spawn 
timing than in the EFSR. During these years on the WFYF, captive Chinook Salmon were not 
isolated from natural fish via a temporary weir. In the EFSR, captive spawning was also less 
delayed and overlapped considerably with natural Chinook Salmon spawning (Stark et al. 2009; 
Stark and Gable 2010) after the picket weir was lost in a high water event and many captive fish 
escaped below the weir (2008) and when a picket weir was not installed (2009). 

 
 

Table 14. Summary of captive-reared adult Chinook Salmon spawn timing in the Lemhi 
River main stem (LEM), Bear Valley Creak (BVC), and Big Springs Creek (BSC); 
West Fork Yankee Fork Salmon River (WFYF); and East Fork Salmon River 
(EFSR), during 1998-2010. Timing is reported as range of dates from the start to 
end of observed spawning. 

 

 
* Adult releases into the WFYF in 2003 suffered over 80% post-release mortality. 
a Release years in which only one redd was observed, therefore a single date of redd initiation was reported. 

 
 

Over all streams and years, spawner surveys documented 349 redds from captive 
Chinook Salmon adults releases (Table 12). In the years where high post-release mortality was 
observed in the WFYF (2003 and 2007), redd construction was zero and seven redds, 
respectively. The number of observed redds ranged from one redd counted in 2010 in the 
WFYF and EFSR to 63 redds constructed in the EFSR in 2007, when 313 captive adults 
(190 males, 123 females) were released. These represented the lowest and highest release of 
adults in a given stream during the program. Overall, 1,387 captive females were released into 

Start End Start End Start End Start End Start End
1998 5-Sep 27-Sep 8-Oct 28-Oct ─ ─ 3-Sep 27-Sep ─ ─

1999 ─ ─ 10-Sep 30-Sep ─ ─ ─ ─
2000 ─ ─ ─ ─ 16-Sep 7-Oct ─ ─ ─ ─
2001 ─ ─ ─ ─ ─ ─ 30-Aug 17-Sep ─ ─
2002 ─ ─ ─ ─ ─ ─ 19-Aug 20-Sep ─ ─
2003 ─ ─ ─ ─ ─ ─ * * ─ ─

2004 ─ ─ ─ ─ ─ ─ 26-Aug 1-Sep
2005 ─ ─ ─ ─ ─ ─ 28-Aug 8-Sep 1-Sep 16-Sep
2006 ─ ─ ─ ─ ─ ─ 15-Sep 25-Sep 8-Sep 20-Sep
2007 ─ ─ ─ ─ ─ ─ 6-Sep 20-Sep 4-Sep 27-Sep
2008 ─ ─ ─ ─ ─ ─ 27-Aug 14-Sep 5-Sep 24-Sep
2009 ─ ─ ─ ─ ─ ─ 24-Aug 21-Sep 16-Aug 18-Sep
2010 ─ ─ ─ ─ ─ ─

Overall 5-Sep 27-Sep 10-Sep 28-Oct 16-Sep 7-Oct 19-Aug 27-Sep 16-Aug 27-Sep
Sept 7a

Sept 17a

Sept 15a

Sept 16a

EFSRRelease 
Year

LEM BVC BSC WFYF
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all three study streams and 0.25 redds were produced per captive female released. The number 
of redds per female was highly variable across streams and years (Table 12). The greatest 
number of redds per female was observed in the BVC 1999 release (0.94/redds/F) and lowest 
from 2007 releases into the WFYF (0.06 redds/F). Fish released into the LEM produced a 
greater number of redds, on average, than the other study streams. In 1998 in the LEM, wild 
natural adults were observed spawning in the areas where captives were released and it was 
uncertain as to which redds were from captives or naturals, but more redds were produced than 
just what captives could produce alone indicating some contribution from naturals. Two of the 
larger redd production years coincided with larger numbers of females released, but also years 
in which the number of males was closer to the number of females (e.g., EFSR 2007-2008 
releases, Table 11).  

 
If we consider only redds observed in release years in which redd construction was more 

intensively monitored (1998-2000 LEM, 2001-2002 WFYF, 2004-2010 EFSR), captive females 
produced 0.40 redds per female (Figure 21). In comparison, a total of 91 natural females 
produced 70 redds during 2006-2009 in the EFSR, which equals 0.77 redds per natural female 
(Baker et al. 2007; Stark et al. 2008, 2009; Stark and Gable 2010). 
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Figure 20. Spawn timing (redd completion date) of captive-reared and natural-origin 

Chinook Salmon in the East Fork Salmon River (EFSR) and West Fork Yankee 
Fork Salmon River (WFYF), during 2006-2009. 
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Figure 21. Number of adult captive-reared female Chinook Salmon released into the Lemhi 

River and tributaries in 1998-2000 (LEM), West Fork Yankee Fork Salmon River 
(WFYF) in 2001-2002, and the East Fork Salmon River (EFSR) in 2004-2010, 
and the number of redds constructed per adult female released. 
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DISCUSSION 

The original goal for the captive rearing program was to release 20 adults in each study 
stream annually. This goal was exceeded in 10 of the 13 years. The number of mature adults 
available to release was largely influenced by their maturation rate and survival in culture but 
also due to a number of mature adults that were either culled (due to disease or early 
maturation) or spawned in the hatchery (due to concerns over low return years). In the three 
years this goal was not met, it was decided that fish should be spawned in the hatchery or the 
program was winding down and few individuals were left in captivity. In the earlier years of the 
program, fewer adults were released but as survival increased, more adults were available for 
releases. In many years, the sex ratio and age structure of the releases were skewed due to 
males maturing earlier than females. This led to higher proportions of males released in the 
earlier years and higher proportions of females released in later years (as all of the males had 
matured). The sex ratio would have been more male biased, and age structure of releases 
would likely have been even younger over the course of this program if the 1,135 mature male 
fish that had been culled or spawned had been released instead.  

 
In most years, post-release survival was high, but a few years experienced catastrophic 

losses. The WFYF 2003 releases were found to have nearly complete prespawn mortality. No 
distinguishing patterns in mortality were found by brood year but kidneys and spleen samples 
were collected from a subset of the fish and indicated clinical levels of infection from Aeromonas 
spp. Several unspawned natural origin carcasses were also recovered. It was suspected that 
river temperatures might have caused the high level of mortality. Stream temperatures were 
several degrees warmer in 2003 than in 2002, but were within the same range of temperatures 
experienced by previous releases. Ultimately, no compelling evidence was identified to suggest 
what factors were responsible for this aberrant level of mortality (Venditti et al. 2005). Severe 
post-release mortality was observed again in the WFYF 2007 release. A forest fire had burned 
over much of the lower WFYF during the previous fall and sediment had settled throughout the 
stream in the lower four miles. Water clarity was excellent at the time of release but 
thunderstorms passed through a couple of days later. This resulted in heavy rain that increased 
stream flow and suspended sediments, reduced water visibility, and were believed to have led 
to the post-release mortalities. Given these substantial post-release losses, if habitat conditions 
were projected to change from good to poor, it may be wise to spawn fish in the hatchery that 
year instead of releasing them for volitional spawning. However, in most cases, environmental 
disasters cannot be predicted and some unforeseen annual losses may result. 

 
Radio telemetry was a useful tool for understanding the movement, distribution, and fate 

of fish post release. This technique was used early in the program to estimate how far upstream 
fish had traveled and allowed researchers to concentrate monitoring efforts in areas known to 
contain fish. Telemetry was used to locate fish within logjams and other dense cover that would 
otherwise not be visible to shoreline observers. Radio telemetry was also helpful in locating 
carcasses to determine the cause of mortality and whether or not fish had spawned. In general, 
the telemetry data indicated that fish remained near their release site (2-3 km) and exhibited 
movement behaviors similar to natural fish. These results are encouraging given that these fish 
had been reared almost entirely in captivity with no opportunity for imprinting and homing 
behaviors. However, in some years, many fish were never detected or were detected outside of 
their natal stream, and this could be due to either predation or emigration. Predation was 
evident from recovery of anchor tags on the banks of study sections where captive fish had 
recently been holding. Qualitative observations indicated that captive fish were much less wary 
than natural fish when approached during surveys, which could have contributed to increased 
susceptibility to predators such as birds of prey and river otters. In 2008 and 2009, field crews 
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on the EFSR observed captive adults holding and spawning downstream of the EFSR adult trap 
facility and outside regularly surveyed study sections. Two captive adults released into the 
EFSR were even recovered over 94 km away at the Pahsimeroi Fish Hatchery adult trap. 
Therefore, it is likely that some fish moved downstream and out of the survey reaches, 
particularly in years in which picket weirs were not utilized or were compromised. 

 
This is the only study to evaluate the spawning behavior and success of captive reared 

Chinook Salmon in the wild. Previous experiments, in a controlled environment for this species 
and other species of salmon, have found that captive males were less dominant and displayed 
lower courtship frequencies compared to natural males (Fleming et al. 1996; Berejikian et al. 
2001a). The results of work published from this program indicate that captive males and females 
exhibited all of the courtship and spawning behaviors that natural Chinook Salmon exhibited 
(Venditti et al. 2013). Captive females paired with males, excavated, maintained, and defended 
redds and exhibited similar digging frequency as natural females and captive males appeared to 
readily court females and compete for spawning privileges. Captive male spawn behaviors were 
similar to their natural male counterparts. However, captive males were found to be less 
aggressive, on average, than natural males.  

 
These evaluations demonstrate that captive adults were able to successfully construct 

redds, spawn, and contribute to natural production. However, captive adults constructed half the 
number of redds per female as coincident naturals, even with natural fish in the EFSR 
constructing less than the common natural Chinook Salmon benchmark of one redd per female 
(avg. 0.70; Murdoch et al. 2009; Gallagher and Gallagher 2005; Neilson and Bradford 1983). 
Several factors may have contributed to the lower redd production by captive females including 
spawning location, prespawn mortality, and emigration from the study reaches prior to 
spawning. The radio telemetry results indicated that some of the captive fish may have 
emigrated from the area or been preyed upon prior to spawning and the redd number may 
reflect those losses. Redd production could have been influenced by habitat quality. For 
example, the WFYF was especially degraded through excessive siltation following the ‘Potato’ 
wildland fire of 2006 and this could have led to lower quality habitat. The habitat quality of the 
release sections blocked by the weirs may also have been of lesser quality than the habitat 
available to the natural population. Age and size at maturity, intersexual competition, and mate 
choice have been suggested to largely influence breeding success of adult salmonids (Healey 
1991; Fleming and Petersson 2001). Captive fish were smaller at maturity than natural fish and 
many of the males were much younger (age-2 and age-3), and this may have impacted some of 
their spawning success. Based on the behavioral observations, fish displayed the appropriate 
courtship and spawning behaviors but subtle habitat, behavioral, or physiological differences 
could have led to reduced spawning success. 

 
Although captive adults released to spawn naturally were shown to successfully spawn 

in the wild, delayed spawning was observed relative to natural spawning adults; with 
approximately 1-2 weeks of overlap in spawn timing. Throughout much of the program (1998-
2005), captive adults were not released into natal streams until mid- to late August. Thus, many 
natural Chinook Salmon had often completed spawning prior to the release of captive adults. In 
the later years, fish were released at an earlier date. One of the downsides to these early 
releases in the EFSR, as seen in 2006, was that captive adults experienced 51% prespawn 
mortality compared to 20% in 2005. The earlier release extended the exposure of captive adults 
to predators and may have led to higher prespawn mortality. Even when fish were released 
earlier, spawn timing remained delayed.  
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Delayed spawn timing has also been observed in other Chinook Salmon captive rearing 
evaluations (Joyce et al. 1993; Schiewe et al. 1997; Berejikian et al. 2003). Delayed spawn 
timing could decrease embryo and alevin survival and influence the size, growth, and survival of 
fry. Another implication of delayed spawning is that fish may have limited ability to directly 
spawn with natural adults or superimpose natural redds. Both photoperiod and temperature are 
important cues that can affect spawn timing, and additional research is needed to determine 
how these cues could be altered to better synchronize spawn timing between captive and 
natural adults. There is a substantial amount of literature describing the effect of temperature on 
the timing of ovulation in other salmonid species. Elevated holding temperature prior to 
spawning was shown to retard the onset of ovulation in rainbow trout (Pankhurst et al. 1996; 
Pankhurst and Thomas 1998; Davies and Bromage 2002), pink salmon O. gorbuscha 
(Beacham and Murray 1988), Atlantic salmon (Taranger and Hansen 1993), and Arctic charr 
Salvelinus alpinus (Gillet 1991; Jobling et al. 1985). For this study, chilled water experiments 
were conducted from 2001-2002 where water temperature was reduced from 14°C to 9°C in the 
four months preceding spawning (see Venditti et al. 2002, 2003a, 2003b; Baker et al. 2006a), 
and spawn timing was monitored in the natural environment. Exposure to chilled water at EFH 
produced mixed results in advancing maturation in program fish. Although males held on chilled 
water began spermiating approximately two weeks earlier in the 2001 and 2002 experiments, 
spawn timing of females held on chilled water never advanced in groups released to spawn in 
their natal stream. However, females held on chilled water appeared to increase the probability 
that a female would spawn and the number of redds produced (Venditti et al. 2003b). This 
suggests that temperature history could have provided a survival advantage or increased the 
propensity to spawn.  

 
We recommend that culture protocols or hormones be tested to advance spawn timing 

and more closely approximate natural spawn timing.  Photoperiod manipulations have also been 
shown to alter spawn timing (Swanson et al. 2008) and this could be an important area to 
research. Gonadotropin-releasing hormone analogue injections can also expedite spawn timing 
(Berejikian et al. 2003; Swanson et al. 2008). However, this analogue has been primarily used 
when fish were either spawned in a hatchery setting or released into an artificial spawning 
channel and has not been monitored in the natural environment. Monitoring of spawn timing and 
redd construction in the natural environment is necessary to determine the appropriate time to 
administer the hormone and the success with advancing spawn timing.  
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CHAPTER 4: FERTILIZATION SUCCESS, EGG VIABILITY, AND EGG TO FRY SURVIVAL 

INTRODUCTION 

While redd construction was an important measurement of a female’s ability to spawn, 
the fertilization success and viability of the eggs within each redd was unknown. Investigations 
of intergravel survival of eggs and fertilization success were conducted in the EFSR during 
2007–2009. The objectives for this evaluation were to estimate egg viability and egg to fry (ETF) 
survival in naturally spawned redds of captive reared and natural fish and test for differences in 
these survival rates between groups. In natural environments, egg viability and ETF survival 
have rarely been measured, and when attempted have been difficult to quantify (Coble 1961; 
Phillips and Koski 1969; Scrivener 1988; Rubin 1995; Dumas and Marty 2006, Radtke 2008). 
This is one of the few studies that were able to develop methods to provide important 
information during this life stage that may help inform the reproductive performance and 
production from captive releases (Stark et al. In Prep).  

 
Hatchery spawning of captive adults was used to provide a safety net to maintain the 

population in the face of poor ocean survival and means to cryopreserve milt as a safety net. 
While hatchery spawning of adults is not generally part of the captive rearing concept, it is 
summarized here because it provided critically important life-stage survival measures such as 
fecundity and green egg to eyed egg survival (eye-up rates) and gamete quality for freshwater 
and saltwater reared fish. This provided useful information and context for the egg viability and 
fertilization rates in the natural environment. Additionally, chilled water experiments were 
conducted within the hatchery in an effort to address the delayed spawn timing of released 
captive adults. In 2001, additional water chilling capacity was added to the EFH facility, which 
allowed holding of mature adults in water temperatures that were more similar to release stream 
temperatures prior to be released into the natural environment for volitional spawning. The 
hypothesis was that water temperature manipulations could be used to advance spawn timing in 
the natural environment, but there were uncertainties as to how this could affect gamete quality 
and survival. There was concern that elevated water temperature prior to ovulation can reduce 
egg survival in salmonids (Pankhurst et al. 1996; Taranger and Hansen 1993; Gillet 1991). As 
part of this experiment, some fish were spawned at EFH and the effects on gamete quality and 
survival to the eyed stage of development was monitored. 

 
 

METHODS 

Redd Pumping and Egg Capsules  

Evaluations in the EFSR used egg capsules to estimate egg viability and ETF survival in 
redds of naturally spawning adults from both captive reared releases and natural spawners. 
This involved a new device to monitor survival of known fertilized egg numbers (described in 
Dumas and Marty 2006, Stark et al. 2008, 2009; Stark and Gable 2010; Stark and Richardson 
2011). Eyed-eggs for this evaluation were collected using hydraulic sampling methods 
described in Venditti et al. (2005) and Stark et al. (2008). Hydraulic redd sampling and 
temperature monitoring were conducted using the methods summarized previously (in Chapter 
1). Based upon previous information of sourcing redds for annual captive rearing groups, eggs 
were determined to be well eyed after accumulating 300–400 Celsius Temperature Units 
(CTUs). Redds constructed by both captive and natural fish were sampled between late 
September and mid-November. Redds chosen to be sampled for viability and ETF survival were 
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selected based upon several factors that were recorded during final pass surveys. These factors 
included date, completeness, structure, and accessibility. 

 
Generally, hydraulic sampling occurred until approximately 50-75 eggs had been 

collected from each redd. Eggs were then categorized as either live eyed-eggs (viable), dead 
eggs, or killed eggs and enumerated by each group. From each sampled redd, 40 live eggs 
were distributed into an egg capsule (30 cm x 8 cm, with 1 mm x 2 mm mesh holes; Scrivener 
1988; Bernier-Bourgault et al. 2005; Venditti et al. 2005; Baker et al. 2006b; Dumas and Marty 
2006) containing gravel, in a manner that minimized egg-to-egg contact. The environment inside 
each egg capsule was made as similar to the natural conditions as possible and care was taken 
to ensure eggs were not exposed to any metal parts inside the capsule. The egg capsule was 
then placed into the bottom of the empty cavity in the egg pocket of the redd, where the eggs 
were originally extracted (Figure 22). An extraction cord was secured to each capsule to 
facilitate later retrieval of each capsule (Stark and Richardson 2011).  

 
After approximately six months of in-gravel incubation from initial sampling, the egg 

capsules were retrieved in April of each year (2008-2010). On the date when embryos of a 
given redd had accumulated approximately 1,000 CTUs, it was predicted that fry were near 
depletion of yolk reserves, and therefore close to natural emergence from the gravel. Thus, on a 
given redd’s predicted date, study capsules were extracted from the gravel and all live fry were 
enumerated and released into the substrate in shallow low flow areas adjacent to their 
respective redd. All dead eggs, egg parts, and dead fry were also counted. 

 
 

 

Figure 22. Diagram depicting hydraulic sampling methods used to assess reproductive 
success of Chinook Salmon, including: a) location of probe sleeve into redd, and 
b) subsequent insertion of capsule containing eyed eggs back into space vacated 
by sleeve within natal redd. 

a 

b 
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Egg Viability and Egg to Fry Survival 

Two estimates of survival were derived from redds of captive and natural study groups: 
egg viability and ETF survival. Egg viability was calculated for each redd by dividing the total 
number of live eyed eggs by the total number of eggs collected. Differences in mean egg 
viability between captive and natural groups were statistically tested using a weighted two-way 
ANOVA (α = 0.05). The first factor was fish origin (captive or natural), and the second factor was 
year (2007, 2008, and 2009). Weights were inversely related to the variances within origin and 
year, and adjusted for heterogeneity among treatment groups. A sampling induced mortality rate 
was calculated by dividing the total number of killed eggs by the total number of eggs collected 
for both captive and natural redds, respectively (Stark and Richardson 2011).  

 
Eyed egg to fry (ETF) survival was calculated for each redd (capsule) by dividing the 

number of live fry by the number of eyed eggs placed in each capsule (typically 40 eggs). As 
with egg viability, each redd (egg capsule) served as the sample unit for all ETF data. 
Differences in ETF survival between captive and natural groups were statistically tested using 
the same weighted two-way ANOVA with the same factors as described above for egg viability 
data. 

Egg Viability and Fecundity for Hatchery Spawners  

Captive adults from brood years 1994-2000 were intermittently spawned at EFH during 
1998-2004. In-hatchery spawning of mature captive adults followed accepted, standard 
practices (McDaniel et al. 1994; Erdahl 1994) and are described in further detail in annual 
reports (Hassemer et al. 1999; Hassemer et al. 2000; Venditti et al. 2002; Venditti et al. 2003a, 
2003b; Baker et al. 2006a). From 2001-2004, chilled water experiments were conducted at the 
EFH to examine the effect of water temperature on spawn timing. Fish determined to be 
maturing during the first maturation sort were separated into control and treatment groups 
during their freshwater rearing at EFH prior to spawning. In the 2001-2002 experiments, test fish 
were held on chilled water at one constant low temperature. In 2003 and 2004, the test fish 
experienced chilled water temperature changes designed to simulate those experienced by 
naturally migrating Chinook Salmon passing up the Columbia and Snake rivers to spawning 
streams in the Salmon River drainage (Venditti et al. 2005; Baker et al. 2006a). Over the four 
years of the experiments, control (ambient) water was maintained at 13.8°C, except in 2014 
when ambient water was kept at 13.5°C. Treatment (chilled) water averaged 8.9°C (8.7-9.1°C) 
over the four years, with the average difference in controlled and treatment temperature of 
4.9°C (4.7-5.0°C); (Venditti et al. 2003a, 2003b; Venditti et al. 2005; Baker et al. 2006a). 
Additional details regarding these experiments are reported in the 2001-2004 annual reports 
(Venditti et al. 2003a, 2003b; Venditti et al. 2005; Baker et al. 2006a).  

 
During spawning, total fecundity was estimated by calculating the average egg weight 

from a subsample of approximately 50 eggs and dividing the total egg weight by the average 
egg weight. Poisson mixed-effects models were used to evaluate how age, water type 
(freshwater and saltwater), and location influenced fecundity where year was treated as a 
random effect. Twelve models were fit using various combinations of the independent variables 
of interest, and each model represented a possible hypothesis. AICc was used to evaluate the 
relative support for each model and profile-likelihood confidence intervals were used to estimate 
uncertainty. Coefficients of Poisson models are multiplicative. Thus, in the case of factors (i.e., 
location or water type), coefficients can be interpreted as a multiplicative change in fecundity 
relative to the baseline. Because these models are multiplicative, if the exponentiated 95% 
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confidence interval overlaps one, then it can be assumed that there is no significant difference 
among the factors being compared at the alpha = 0.05 level. 

 
Egg survival from green egg to the eyed egg stage was also determined by subtracting 

dead or unfertilized eggs from the total estimated number of eggs for each female. Mixed-
effects logistic regression models were used to evaluate factors that influenced egg viability of 
hatchery spawners. For all models, year was treated as a random intercept. Egg viability data 
were subsisted into two datasets, one dataset (1998-2000) included data where water type (i.e., 
saltwater, freshwater) was different and one dataset (2001-2004) included data where 
temperature (i.e., ambient, chilled) trials took place. For each dataset, four models were 
evaluated that included additive treatment, and location effects as well as an intercept only 
model. AICc was used to evaluate the relative support for each model and profile-likelihood 
confidence intervals were used to estimate uncertainty. 

 
 

RESULTS 

Egg Viability and Egg to Fry Survival 

From 2007 to 2009, 246 mature captive males and 346 mature captive females were 
released into the EFSR (Table 15). Natural adult returns were trapped at the EFSR trap and 
included 349 males and 132 natural females (Table 15). A total of 11,803 eggs were collected 
by hydraulic sampling of 90 redds, of which 7,242 were captive and 4,561 natural eggs (Table 
16,17). A total of 210 eggs (102 captive, 108 natural) were destroyed as a result of the hydraulic 
sampling technique. Thus, across all of the sampled redds, sampling induced mortality was 
estimated as 1.8% (0.0-11.1%). A total of 8,053 eggs (4,033 captive; 4,020 natural) had 
reached the eyed stage during sampling (Table 16). Mean egg viability was significantly lower 
for captive fish (68.1%; CI = 59.8-76.5%) than for natural fish (90.6%; CI = 87.2-93.9%) across 
all years (f = 28.67, p <0.0001). The difference in viability among years was statistically 
significant (f = 6.05, p = 0.0035), and the origin by year interaction was not significant (f = 1.83, 
p = 0.1671). 

 

Table 15. Number of adult spawners, redds produced, number and percent of redds 
sampled, and redds per female of natural-origin (natural) adult returns and 
released captive-reared (captive) adult Chinook Salmon in the East Fork Salmon 
River, Idaho, 2007-2009. 

 

 

*Phenotypic Sex was corrected with a genotypic sex marker.  
**Some natural fish of unknown sex were also passed above the weir (N = 2 in 2007, N = 5 in 2008 and N 3 in 2009). 

Male Female Total No. %
Captive 190 123 313 63 17 27% 0.51             
Natural 63 25 90 25 15 60% 1.00             
Captive 47 112 159 45 15 33% 0.40             
Natural 152 51 207 45 15 33% 0.88             
Captive 9 111 120 18 13 72% 0.16             
Natural 134 56 205 50 15 30% 0.89             

Captive 246 346 592 126 45 36% 0.36             
Natural 349 132 481 120 45 38% 0.91             

2007

2008

2009

Total 

Spawn 
Year

Study 
Group

Adult Spawners Redds 
Produced

Redds Redds / 
Female
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From the initial hydraulic sampling, 1,641 captive eyed-eggs were placed back into the 

egg capsules. Upon retrieval, 1,315 live fry were enumerated and released back into the stream 
(Table 17). This resulted in an average ETF survival rate of 80.1% for captive fish (95% CI ± 
6.1%). Of the initial 1,630 natural origin eyed eggs placed into capsules, 1,367 live fry were 
recovered and released. Thus, natural origin ETF survival averaged 83.9% (95% CI ± 7.7%). 
ETF survival of captive fish (80.1%) was significantly lower than natural fish (83.9%; f = 9.83, p 
= 0.0024). Mean estimated emergence timing was April 27 (April 14-30) for captive fry, and April 
13 (April 1-23) for natural-origin fry. Fry emergence was delayed by an average of 14 days for 
captives relative to naturals.  

 
 
Table 16. Number of eggs pumped, sampling mortality, and estimated egg viability from 

redds of natural-origin (natural) adult returns and released captive-reared 
(captive) adult Chinook Salmon in the East Fork Salmon River, Idaho, 2007-
2009. 

 

 
 
 
Table 17. Egg-to-fry (ETF) survival in egg capsules re-submerged into redds of natural-

origin (natural) and captive-reared (captive) Chinook Salmon in the East Fork 
Salmon River, Idaho, 2007-2009. 

 

 

 
 

Mean St. Dev. C.I. (95%)
Captive 2,540      27           1.0% 1,469   63.2% 15.4% 7.8%
Natural 1,541      36           2.2% 1,280   85.8% 39.0% 20.4%
Captive 3,093      55           2.3% 1,381   61.1% 14.7% 7.5%
Natural 1,629      37           1.1% 1,451   90.5% 7.9% 4.0%
Captive 1,609      20           2.6% 1,183   82.7% 29.6% 17.5%
Natural 1,391      35           1.5% 1,289   95.4% 5.7% 3.2%
Captive 7,242      102         1.2% 4,033   68.1% 20.0% 6.1%
Natural 4,561      108         2.4% 4,020   90.6% 25.0% 7.7%

2007

2008

2009

Total 
(Mean )

Eggs 
Destroyed

Mean 
Induced 
Mortality

Live 
Eyed 
Eggs

Egg ViabilitySpawn 
Year

Study 
Group

Eggs 
Pumped

Mean St. Dev. C.I. (95%)
Captive 15 600         505         84.2% 15.4% 7.8%
Natural 14 550         385         70.3% 39.0% 20.4%
Captive 15 600         491         81.8% 14.7% 7.5%
Natural 15 600         536         89.3% 7.9% 4.0%
Captive 11 441         319         72.3% 29.6% 17.5%
Natural 12 480         446         92.9% 5.7% 3.2%
Captive 41 1,641      1,315      80.1% 20.0% 6.1%
Natural 41 1,630      1,367      83.9% 25.0% 7.7%

Total 
(mean )

2007

2008

2009

Spawn 
Year

Eyed 
Eggs in 

Capsules
Emergent 

Fry
ETF SuvivalStudy 

Group
Redds 

(capsules)
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Egg Viability and Fecundity for Hatchery Spawners  

A total of 353 captive adults from brood years 1994-2000 were spawned at EFH during 
1998-2004 along with milt from 14 males (Appendix F). Female fecundity ranged from 139 eggs 
to 4,348 eggs and averaged 1505 eggs (summarized by group in Appendix F). Saltwater-reared 
females weighed more (avg. 1675 g) and attained greater fecundity on average (avg. 1551 
eggs) than freshwater-reared females (avg. 1352 g and 1299 eggs). The top mixed-effects 
Poisson regression model included the additive effects of weight, location, and water type, and 
accounted for nearly all of the AICc weight (Table 18). Overall, weight appeared to have the 
most influence on fecundity of the variables evaluated, as evidenced by its presence in all of the 
top models. This is not surprising as many studies have found a strong relationship between 
body size and fecundity for salmonids (Fleming and Gross 1990). Generally, models that 
included effects for water rearing type (SW vs FW; Figure 23) had more support than models 
that included effects for location. It is estimated that fecundity increased by 1.4 times with a one-
gram increase in weight (Table 19) and that fecundity increased by 1.24 times when using 
saltwater compared to freshwater.  
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Table 18  Model selection results for Poisson regression models used to evaluate factors 
that influence fecundity. 

 
Model AICc ΔAICc AICc weight 
Weight + Location + Water 29,836.55 0.00 1.00 
Weight + Water 29,969.63 133.07 0.00 
Weight + Location 30,897.81 1,061.26 0.00 
Weight 31,096.27 1,259.72 0.00 
Location + Water 56,297.51 26,460.96 0.00 
Location + Water + Age 56,299.55 26,463.00 0.00 
Water 56,741.96 26,905.40 0.00 
Age + Water 56,743.95 26,907.40 0.00 
Location 58,568.19 28,731.64 0.00 
Age + Location 58,569.01 28,732.45 0.00 
Intercept 59,040.25 29,203.70 0.00 
Age 59,041.06 29,204.51 0.00 

 
 
 
 
Table 19.  Estimated coefficients for the top Poisson regression models used to evaluate 

fecundity. 
 

Parameter Estimate Lower 95% CI Upper 95% CI 
Intercept 1127.72 937.30 1356.79 
Weight 1.40 1.40 1.41 
Lemhi 1.04 1.02 1.06 
WFYF 1.16 1.13 1.18 
Saltwater 1.24 1.22 1.26 
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Figure 23.  Observed fecundity by water type (FW = freshwater, SW = saltwater). 
 
 

Mean survival from green egg to eyed egg (% eye-up) for the hatchery-spawned captive 
females in 1998-2004 ranged from 0.0% to 98.61%, and averaged 42.51%. For spawn years 
1998-2000, average eye-up survival was 44.5% for FW reared females and 86.61% for SW 
reared fish. From 2001-2004, chilled fish had an average eye up survival of 38.9% and ambient 
females had an average eye-up survival of 33.5%. For both datasets, the models that included 
the additive treatment (i.e., water rearing type or water temperature) and location effects were 
chosen as the top model and included nearly all of the AICc weight (Table 20). For the water 
rearing type model, it is estimated that using saltwater increased egg viability by 3.32 times that 
of freshwater (Table 21). In addition, egg viability in the Lemhi was 1.88 times higher than EFSR 
and egg viability in the WFYF was 1.25 times higher than EFSR. No 95% confidence intervals 
overlapped zero. Egg viability by water type treatment and location are shown in figures 24 and 
25, respectively. It is estimated that egg viability was 1.09 times greater using chilled water 
compared to ambient water and egg viability was 0.47 times lower for the Lemhi than the EFSR, 
and no 95% confidence intervals overlapped zero (Table 21). Egg viability by water temperature 
treatment is shown in figures 26.  
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Table 20.  Model selection results for logistic regression models used to evaluate factors 
that influence egg viability. 

 
Model AICc ΔAICc AICc weight 

Water type 
Water type + location 104,395.70 0.00 1.00 
Water type 105,428.80 1,033.05 0.00 
Location 110,515.90 6,120.18 0.00 
Intercept 112,376.60 7,980.92 0.00 

Water temperature 
Temperature + Location 69,342.32 0.00 1.00 
Location 69,423.57 81.25 0.00 
Temperature  69,979.14 636.82 0.00 
Intercept 70,026.96 684.64 0.00 
 
 
 
Table 21.  Estimated coefficients for the top logistic regression model used to evaluate egg 

viability. 
 

Parameter Estimate Lower 95% CI Upper 95% CI 
Water type 

Intercept 0.18 0.04 0.69 
Lemhi 1.88 1.80 1.95 
WFYF 1.25 1.18 1.33 

Saltwater 3.32 3.22 3.43 
Water temperature 

Intercept 0.42 0.17 1.03 
Lemhi 0.47 0.44 0.50 
Chilled  1.09 1.07 1.10 
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Figure 24.  Observed egg viability by rearing type (FW=freshwater, SW=saltwater). 

 
Figure 25.  Observed egg viability by location for data used in the water type experiment. 
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Figure 26.  Observed egg viability by water temperature. 
 
 

DISCUSSION 

Incubation during the intergravel period is a critically important life stage for natural 
salmon survival and productivity. Both spawn timing and emergence timing (Einum and Fleming 
2000; Quinn 2005) are locally-adapted traits (Brannon 1987; Brannon et al. 2004), which if 
offset from the natural template could have a large influence on viability and post-emergence 
survival. Some deviations from the natural life history template were reported, including delayed 
spawn timing (see Chapter 3) and reduced size at maturation (see Chapter 2), but it was 
uncertain as to how this might affect subsequent survival or emergence timing. An implication of 
delayed spawning may be reduced incubation and fry-stage survival due to limited accumulated 
thermal units and smaller fry size and growth (Einum and Fleming 2000).  

 
These evaluations demonstrated that captive Chinook Salmon released into the EFSR 

successfully spawned, produced viable eggs, and survived to pre-emergent fry. However, there 
were sizable differences in these parameters when compared to their natural con-specifics. We 
found significant differences in egg viability between eggs hydraulically collected from captive 
and natural redds, with captive fish having lower egg viability. Thus, the ability of captive fish to 
spawn in the wild did not translate into as high of egg production as natural adults, since fewer 
redds were observed (see Chapter 3) and many of the deposited eggs within redds were not 
viable. These findings were within the range of rates observed for hatchery spawning adults 
(reported here) and agreed with those reported through hydraulic pumping efforts to assess egg 
viability in a subset of the redds from captive reared adults. Egg viability within captive redds 
averaged 58% in 2001, 65% in 2002, and 18.4% in 2004 (Venditti et al. 2005). However, the 
use of the hydraulic pumping and egg capsule techniques allowed us to more effectively 
quantify these metrics for both captive and natural origin fish in the wild over previously reported 
qualitative findings. 
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Several factors could have contributed to decreased egg viability of captive adults. 
Reduced sperm motility has been shown to lower egg fertilization (Tvedt et al. 2001; Gage et al. 
2004; Casselman et al. 2006; Rosengrave et al. 2009). However, average sperm motility was 
high for captive males spawned in this study (98.4%; Venditti et al. 2003b, 2013). Spawning 
data of captive adults also found that egg survival was more dependent on the maternal 
influence; individual females crossed with multiple males produced subfamilies with similar 
survival rates while survival varied widely for individual males crossed with multiple females 
(Venditti et al. 2003). Based upon these findings, male gamete quality is not believed to be a 
limiting factor. Many studies have indicated that maternal traits have a greater influence on egg 
viability. Factors related to maternal provisioning such as nutrition (Izquierdo et al. 2001) and 
body size and condition have been shown to impact egg size and condition (Fowler 1972; 
Beacham and Murray 1990). Larger females may also be able to bury their eggs deeper into 
redds and provide a safer environment for rearing (Steen and Quinn 1999; Anderson et al. 
2012). Captive females released to spawn were smaller than natural females and this could 
have led to the observed differences. The habitat where captive fish spawned could have also 
negatively influenced captive egg viability. Substrate composition (Phillips et al. 1975; Lapointe 
et al. 2004; Reiser and White 1988) particularly fine sediment composition (Koski 1966; Fraley 
et al. 1986; Chapman 1988; Young et al. 1990; Jensen et al. 2009), and high stream flows or 
scouring events (Rubin 1995; Montgomery et al. 1996; and DeVries 1997) could affect egg 
viability and survival. In 2001, it was suspected that environmental conditions were a factor; 
redd pumping in Big Springs Creek found a high degree of fine sediments in the redds with 
unfertilized eggs while eggs put into incubators had high hatch rates (Venditti et al. 2002). 
Ultimately, it is not possible to determine which factors may have contributed to low viability of 
eggs from naturally spawning captive adults and we can only speculate that both environmental 
factors and culture practices (e.g., nutrition) played a role in gamete quality and viability.  

 
Captive adults were also found to have lower ETF survival than natural adults, although 

the difference was not as large. While the difference was statistically significant, we consider 
these reported survival estimates to be quite high and not as biologically significant as other life 
stages when considered in the context of lifetime population productivity. However, we did 
observe that the delay in spawn timing resulted in a delay in the emergence timing of captive fry 
by 2 weeks relative to natural adults and this may have impacts to the survival of emergent fry 
and lifetime reproductive success. It is hypothesized that the earlier emerging fish (which get 
larger faster) may arrive at the best feeding territories an at an earlier and more optimum time 
relative to later emerging fish and may result in a fitness advantage in the wild (Fraser 2016). 
We suspect that the differences in egg viability and emergence timing likely had a greater 
chance of negatively influencing the desired outcomes associated with this type of captive 
intervention rather than ETF survival. 

 
Spawning events in the hatchery provided important information regarding viability in 

protective culture to compare to the rates observed in the natural environment. Egg viability 
rates in the hatchery averaged 55.4% survival from green egg to eyed egg from 1998-2004 and 
displayed a wide range of viability by individual females (0% to 98.6%). The in-hatchery 
spawning events indicated that some of the females displayed twisted and deformed ovaries 
(Venditti et al. 2002) and a few of the females were culled (rather than spawned) due to 
substantial egg deformation, yolk polarization, and discolored ovarian fluid (Hassemer et al. 
1999). This indicates that while environment and redd location can play a role, the viability of the 
eggs was most likely related to the gamete quality of the captive reared females. The rearing 
environment of the captive reared adults from smolt to maturation also had a large effect on egg 
viability where saltwater reared fish attained much higher viability than freshwater reared fish. 
The average viability of saltwater spawned females was 88.6% and fell within the range of 
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estimates produced from supplementation hatchery Chinook Salmon spawned at SFH that 
attained 88.6% survival to eye-up (Snider et al. 2000, 2003, 2004, 2005, 2007). Based upon 
these differences, the program switched to rearing all adults from smolt to maturation in 
saltwater for BY01 (in 2002). Saltwater rearing also provided benefits in growth (e.g., weight) 
and fecundity, which can result in higher egg production in the wild.  

 
The chilled water experiments were mainly performed to advance spawn timing. While 

no advances in spawn timing were related to this practice (Venditti et al. 2003a, 2003b; Venditti 
et al. 2005; Baker et al. 2006a), there were no negligible effects on gamete quality or egg 
viability from the spawning evaluations and gamete quality seemed to slightly benefit from this 
practice. Based on the results from these evaluations, additional chilled water capabilities were 
added to EFH so all mature adults could be placed on chilled water during holding. Starting in 
2005, all mature adults transported from MRS were placed on the same chilled water 
temperature regimen, which allocated all available chilled water evenly to all holding tanks; daily 
average from May 4 through August 3, 2005 was 11.4°C (10.2°C–13.0°C). This protocol was in 
place until the end of the project or until fish were released directly into the natal streams for 
volitional spawning, and was also consistent with recommendations by Leitritz and Lewis (1976) 
to promote development of high quality eggs. While egg viability remained lower for captive fish 
relative to natural fish, improvements from saltwater rearing and chilling improved viability.  
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CHAPTER 5: LIFETIME REPRODUCTIVE SUCCESS OF CAPTIVE-REARED ADULTS 

INTRODUCTION 

One of the objectives of this program was to measure the ability of captive fish to 
reproduce and contribute to the next generation. The outcomes of this strategy were uncertain 
and a previous captive rearing program for Atlantic Salmon resulted in unsuccessful spawning 
of captive Atlantic Salmon adults and virtually no contribution to the next generation (Carr et al. 
2004). The final evaluation of captive-reared Chinook Salmon utilized molecular genetic data 
and parentage analyses to measure reproductive success of the released adults. Because there 
was no way to differentially mark offspring of natural and captive adults, genetic parentage 
analyses were the only definitive means to quantify reproduction. For this evaluation, parentage 
analysis was used to assign offspring captured as returning adults to captive or natural 
spawners in the EFSR for release years 2002-2010 and return years 2004 to 2014. Objectives 
of this evaluation included 1) quantifying the number of returning adult progeny of captive-origin 
adults, 2) estimating the number of released captive adults that spawned and contributed 
offspring in the next generation of returning adults, 3) evaluating the number of recruits per 
spawner of captive males and females relative to natural fish in the EFSR and other 
supplementation programs, and 4) evaluating the effect of spawner length on reproductive 
success. In a final key summary, the number of returning adults was scaled to the number of 
eggs collected to determine the relative survival advantage provided by bringing eggs into the 
hatchery versus leaving them in the natural environment. This information was used to 
determine if the captive rearing technique could prevent cohort collapse and assess the 
magnitude of the demographic boost that it could provide to a population. 

 
 

METHODS 

Trapping  

The SFH satellite facility on the EFSR (EFSR adult trap) was utilized for collection of 
genetic samples from adult returns and was put into operation in 2004. The facility is located 
near Big Boulder Creek, approximately 29 river kilometers upstream from the confluence with 
the main Salmon River. In order to conduct parentage analyses, tissue samples were collected 
from all mature captive Chinook Salmon released to spawn naturally in the EFSR from 2002-
2010 and all returning natural-origin adults from 2004-2014. The returning natural adults 
sampled from 2004-2014 were included in the analyses as either potential parents of natural 
origin returning adult offspring or adult offspring of captive or natural spawners.  

 
Trapped Chinook Salmon were individually placed in an anesthetic bath containing MS-

222 (50 mg/L) buffered with sodium bicarbonate. After each fish was sedated, it was checked 
for visible marks, scanned for a coded wire tag, and FL was measured to the nearest 0.1 cm. 
The sex of fish was determined by visual examination based upon secondary sex 
characteristics (i.e. phenotypic sex) but later corrected with a genetic marker due to errors that 
can occur when assigning sex early in the spawning season. A small percentage of natural 
adults had unknown genders (<2%). If the fish was not a hatchery stray from outside the EFSR 
or a recapture, it received a numbered jaw tag (installed around the lower-left mandible), and a 
genetic sample was taken from the caudal fin with a hole punch and preserved in 95% ethanol.  

 
Tissue clips were also collected from carcasses of adult Chinook Salmon recovered in 

stream sections downstream of the EFSR adult trap during 2010-2014. These samples were 
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collected to potentially recover adult progeny which did not return all the way to the adult trap, 
despite having been produced from either captive or natural adults which spawned upstream of 
the EFSR adult trap. As recommended by Copeland et al. (2009), carcass surveys were 
performed more frequently than general spawner surveys, and as often as every three days to 
minimize tissue degradation.  

Genetic Analysis  

Genomic DNA was extracted using the Nexttec Genomic DNA Isolation Kit from 
XpressBio (Thurmont, Maryland). All samples were genotyped with 13 standardized GAPS 
microsatellite loci (Oki100, OMM1080, Ots211, Ots212, Ots213, Ots201b, Ots208b, OtsG474, 
Ssa408, Ogo2, Ogo4, Ots3M, and Ots9; Seeb et al. 2007), and one additional non-standardized 
locus (Ots4; Banks et al. 1999). A minimum of nine loci were needed for inclusion in the 
parentage analyses. Fluorescently labeled PCR products were separated with an Applied 
Biosystems 3100 Fragment Analyzer and scored with GeneMapper® Software (Applied 
Biosystems). Repetitive genotyping of approximately 12% of randomly selected individuals was 
completed to ensure reliability of genotyping results and for quality assurance and quality 
control measures. All phenotypic sexes were corrected with a sex marker (see Steele et al. 
2016 for genetic protocol). When genetic sex could not be determined, phenotypic sex was 
used.  

 
Parentage analysis (Estoup et al. 1998; Bernatchez and Duchesne 2000; Eldridge et al. 

2002) of returning adults and carcasses was conducted using the software Cervus 3.0 
(Kalinowski et al. 2007, available from www.fieldgenetics.com). Parents included all natural 
adults passed above the EFSR adult trap and all captive adults released above the EFSR picket 
weir. Determination of the parents and ages of adult returns was established through two-parent 
assignments using exclusionary analysis (with a zero or one mismatch cutoff). Invalid 
assignments were assignments where the parents could not have spawned together because of 
the age class and/or sex assignment. For example, a fish released in 2004 could not have 
spawned with a fish released in 2005. These invalid assignments were not included in the 
summaries. While 1-parent assignments were generated from the analyses, error testing of 
Type 1 and Type 11 errors indicated a high degree of false positives (data not shown) so these 
were also not included in the following summaries. 

 
Following parentage analysis, the number of recruits per male and female was 

calculated for each spawn year as the number of assigned offspring divided by the total number 
of captive males and females released or naturals males and females trapped. A 2 X 4 
contingency test was used to compare the ages of the successful parents to the age 
composition of fish released in 2006-2008.  

 
All captive adult releases and all natural-origin adult returns captured at the EFSR adult 

trap were measured to the nearest 0.1 cm fork length. This information was then used to 
examine the relationship between the length of the fish and the number of adult progeny that 
assigned to that fish by linear regression. The lengths of assigned offspring were also regressed 
against the lengths of their assigned parents for both captive and natural fish. Lastly, the length 
at age of adult progeny that assigned to captive parents was compared to those that assigned 
to natural parents for adult returns during 2007-2014 (similar to the analysis in Chapter 2 for 
released adults). This analysis was performed in order to investigate the relationships between 
length and reproductive success and whether any phenotypic changes in length were heritable 
to the offspring. 

 

http://www.fieldgenetics.com/
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RESULTS 

During 2002-2014, 3,620 Chinook Salmon adult tissue samples were collected and 
genotyped for these analyses (Figure 27). This included 1,113 captive adult releases sampled 
from 2002-2010 and 2,076 natural-origin returns sampled from 2004-2014 (Appendix G). In 
addition, 401 carcasses were sampled from below the weir in 2010-2014 to determine if any 
offspring of captive reared adults spawned below the weir. Both the natural-origin returning 
adults and carcasses (N = 2,396) were considered offspring in these analyses. Overall, 
genotyping rates for parentage analyses were very high and averaged 98.3%, 99.5%, and 
79.8% for captive adults, natural returning adults trapped, and fish carcasses recovered below 
the weir, respectively (Appendix H).  

 
 

 
 
Figure 27. Natural adult Chinook Salmon captured and released upstream at the East Fork 

Salmon River (EFSR) adult trap facility (1985-1997, 2004-2014), and captive 
adults released into the EFSR upstream of the adult trap (1999-2010). 

 
 

The proportion of fish that assigned to two parents from each return year was initially low 
and then increased through time. From 2004-2006, no returning adults trapped at the EFSR 
weir assigned to parents of either captive or natural origin. Assignments of trapped, returning 
adults increased from 7.9% in 2007 to 57.2% in 2011 (Appendix H). Assignment rates for 
carcass collections ranged from 3.3% in 2010 to 14.0% in 2012. Of the 2,116 successfully 
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genotyped adult returns during 2004-2014; 721 assigned to two parents and 33 of the carcass 
collections assigned to two parents (Appendix H). These assignment rates include adults that 
assigned to either captive or natural parents.  

 
The contribution of captive releases in the natural return from 2004 through 2014 was 

measured in the returning adults. Of all parent-pair assignments, 83 fish assigned to two captive 
parents (77 trapped, 6 carcasses), 23 fish assigned to captive x natural crosses (20 trapped, 
one carcass), and 650 adult returns assigned to two natural parents (624 trapped, 26 
carcasses; Appendix I). The 2004 and 2005 release resulted in zero returning offspring of 
captive origin (Appendix I). The peak of captive spawning success occurred from 2006-2008. In 
these years, a total of 99 progeny returned as adults: 24 in 2006, 49 in 2007, and 26 in 2008. 
Five offspring from captive and natural spawners returned from the 2009 release. No captive 
offspring were assigned to the 2009 or 2010 releases. The largest contribution of captives to the 
total return was in 2011, when 42 of the 208 natural-origin returns were found to be progeny of 
captive parents (19.8%, Figure 28). Overall, captive adult progeny comprised 0-20% of the 
adults captured at the EFSR trap during the 2004-2014 adult return years (Figure 28).  

 
 

 
 
Figure 28. Number of natural-origin returning Chinook Salmon offspring assigned to two 

captive adults during 2048-2014, and the percent of adult returns assigned to 
captive parents out of the total number of natural-origin adults trapped.  
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Due to a complete absence of returning adults from all other release years except for a 
few adults from the 2009 release, we summarized metrics for release years 2006-2008. Of the 
613 captive adults released to spawn in the EFSR during 2006-2008, 93 (15%) of the adults 
were determined to have successfully spawned and produced offspring that survived and 
returned as an adult. This included 18 captive adults released in 2006 (N = 141 released), 51 
captive adults released in 2007 (N = 313 released), and 24 captive released adults in 2008 (N = 
159 released). During these years, the number of adult recruits per captive female ranged from 
0.18 to 0.40 and the number of adult recruits per captive male ranged from 0.26 to 0.51 (Table 
22, Appendix J). Most captive fish returned zero or 1 offspring, but 20 fish produced more than 
two adult returns (Figure 29). 

 
The reproductive success of individual adults differed considerably between captive and 

natural parents. Overall, a much higher proportion of natural females (78.0%) were productive 
compared to captive females (16.4%), while captive and natural males exhibited more similar 
proportions of productive fish, 14% and 30.2%, respectively (Figure 29). The number of adult 
recruits per natural female ranged from 1.21 to 7.27 and the number of adult recruits per natural 
male ranged from 0.48 to 1.68 (Appendix J). On average, captives produced 0.31 adults per 
female and 0.33 adults per male while naturals produced 3.41 adults per female and 0.35 adults 
per male from 2006-2008 (Table 22).  

 
 

Table 22. Number of captive females and males released and natural males and females 
trapped, redds, and redds per female. The number of progeny assigned (adult 
returns) and estimated recruits per female and male are summarized by origin 
and spawn year.  

 

 
 

aSex was determined with 'Sexy-3' genotypic marker. 
bMaturity sort ultrasound sex call was used for captives with an undetermined genotypic sex. 
Carcass collections are included in the returns. 
*Some naturals of unknown sex are not included in the estimates (N = 1, 2006, N=1, 2007, N = 3, 2008). 
 
 

A 2 X 4 Chi Square contingency test found a significant difference in the age of the 
captive-reared fish that were successful spawners from 2006-2008 relative to the ages of adults 
that were released (p value <0.01), with a large number of unsuccessful age-2 fish in the 2007 
release largely driving this relationship. The age of the captive-reared fish appeared to impact 
their reproductive success with age-4 being the dominant age of fish that were successful. Only 
one age-2 male was successful out of all of the age-2 males released in these years (N = 219).  

 

Cb N Cb N C N C N C N C N C N
2006 73 15 66 66 16 4 0.22 0.27 24 114 0.29 7.27 0.36 1.68
2007 123 25 190 63 63 26 0.51 1.04 49 105 0.40 4.20 0.26 1.67
2008 112 51 47 152 45 40 0.40 0.78 26 91 0.18 1.75 0.51 0.56
Total 308 91 303 281 124 70 0.40 0.77 99 310 0.32 3.41 0.33 0.35

Adult 
Spawn 
Year

Number of 
Femalesa

Redds 
Produced

Redds per 
Female

Progeny 
Assignedc

Recruits per 
Female

Recruits 
per Male

Number of 
Malesa
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Figure 29. Reproductive success of naturally spawning captive-reared and natural origin 

Chinook Salmon (A) females and (B) males in the East Fork Salmon River, 
pooled across spawn years 2006-2008.  
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We found no relationship between the length of captive parents and the number of 
captive offspring returning for either male (R2 = 0.01) or female parents (R2 = 0.04); (Figure 23). 
We also found no relationship between the size of captive parents and the size of their adult 
progeny for either males (R2 = 0.08) or females (R2 = 0.02, Figure 24). Therefore, the size of 
adults did not appear to influence the number of adult progeny nor the size of their progeny 
(Figure 30, 31) Lastly, we found that mean fork lengths of the adult progeny of captive-origin 
parents at a given age were nearly identical to their natural counterparts (Figure 32), despite 
differences in the size of the parents (see Chapter 2). 

 
The most informative way to evaluate a demographic boost from captive production was 

to compare the production from three years of captive collections reared in the hatchery and 
released to spawn in the wild to what would have been produced from the equivalent number of 
natural eggs if left in natal gravels (Table 23). For example, approximately 300 natural eyed 
eggs were collected annually from the EFSR and raised to maturity. Thus, approximately 900 
eggs would have been collected across three years to comprise the annual rearing groups. 
Given the high survival in captive culture, 613 captive-reared adults were released from 2006-
2008 (Table 23). Parentage analyses indicated that these captive adults recruited 83 captive by 
captive adult progeny. We also determined how many adult progeny would be recruited if we left 
the same number of eyed eggs were left in the gravel. Using an optimistic 10% eyed-egg-to-
smolt survival rate (Bradford 1995; Kiefer and Lockhart 2000; Kareiva et al. 2000; Wilson 2003), 
a widely accepted 1.09% smolt-to-adult survival rate (SAR) for natural-origin Upper Salmon 
River Chinook Salmon (CSS 2014), and assuming a 1:1 sex ratio, the population would produce 
0.49 natural maturing females from these 900 eyed eggs (Table 23). This is less than one 
female. Then by multiplying 3.41 recruits per female (calculated from the complete parentage 
assignments of 2006-2008 natural adults), we estimate a hypothetical 0.49 natural females 
would have only returned 1.67 natural adults in the next generation. Therefore, comparing adult 
production on an egg-to-egg basis, captive fish effectively produced approximately 50 times 
more adults than what could be produced by leaving those eyed eggs in their natal gravels 
(Table 23). 
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Figure 30. Relationship between adult fork length (mm FL) and reproductive success (RS) 

for male (A) and female (B) Chinook Salmon that spawned in the East Fork 
Salmon River during 2004-2009.  
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Figure 31. Relationship between adult male (A) and female (B) fork lengths (mm) during 

spawn years 2004-2009 (parents), and adult return fork lengths (mm) during 
2007-2014 (progeny), for captive-reared and natural-origin Chinook Salmon in 
the East Fork Salmon River. Individual parent-progeny matches were determined 
through parentage genetic analysis in which progeny assigned to two parents of 
either captive- or natural-origin. 
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Figure 32. Fork lengths (cm) of age-3, age-4, and age-5 Chinook Salmon natural returns 

captured at the East Fork Salmon River adult trap facility during 2007-2014 that 
assigned to two parents of either captive- or natural-origin. Diamonds represent 
the mean, center line the median, top and bottom of each box the 1st and 3rd 
quartiles, the top and bottom whiskers the maximum and minimum values, 
respectively, and the number of fish in each origin-age group are denoted. 
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Table 23. Summary of calculations used to estimate an overall survival advantage of 
captive-reared adults over natural adults on an "egg-to-egg" basis. Program 
findings and life stage-specific Chinook Salmon survival rates used from the 
literature were applied to 900 eyed eggs collected to source captive-rearing 
groups for three years of adult releases, and an equivalent 900 eyed eggs of 
natural Chinook Salmon theoretically left in natal gravels of the East Fork Salmon 
River. 

 

 
 

a Literature shows natural Chinook Salmon achieve on average a 4.0% (1.2-8.9%) eyed-egg to smolt survival 
(Bradford 1995; Kiefer and Lockhart 2000; Kareiva et al. 2000; Wilson 2003); however, we chose an 
optimistic egg-to-smolt survival rate of 10.0% (thereby more conservative in our estimation of captive 
survival benefit). 

b Natural Chinook Salmon survival from smolt-to-adult (CSS 2014). 
c Mean proportion of females in EFSR natural 2006-2008 returns (sex determined with sexy-3 marker). 
d Number of adult females available to spawn; known for captives and estimated for wild applying optimistic 

survival rates and proportion females. 
e Reproductive success as measured by adult progeny per adult parent determined from parentage analyses 

females from spawn/release years 2006-2008. 
f Number of adult returns in 2009-2013 (progeny) produced from 2006-2008 captive and natural adult females 

(parents), determined from parentage analyses. 
g Estimated survival advantage (times/fold) of captive-reared over natural Chinook Salmon on an 'egg-to-egg' 

basis. 
 
  

Measure Captive Natural
Eyed-eggs 900 900
Eyed-egg to Smolt Surviala 10.00%
Smolt to Adult Survivalb 1.09%
Proportion Femalesc na 50%
Femalesd 310 0.49
Recruits/Female (A:A)e 0.32 3.41
Adult Returns (progeny)f 83.00 1.67

Survival Advantage (egg:egg)g 50 1

na
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DISCUSSION 

In terms of evaluating the reproductive success of the captive fish, it is informative to re-
summarize the history of captive releases. In the early years of the program, either a few fish 
were released or few redds were produced as the program was focusing on improving hatchery 
rearing practices (Chapter 1, 3). In 1999, only seven captive adults were released and all but 
one was a male. No captive adults were released into the EFSR in 2000 and 2001. In 2002 and 
2003, release numbers were larger (N = 133 and 41 adults, respectively), but no post-release 
evaluations of spawning success were performed so there was no redd data to inform spawning 
success. It was uncertain as to whether the captive fish died prior to spawning or whether they 
successfully spawned, but no fish returned from these releases. In 2004, only four adult females 
were released and one redd was observed. In 2005, 216 adults were released and they 
produced 11 redds. Yet, for factors unknown, no adult return progeny returned from these 
releases. The highest production was found for release years 2006-2008, when adult sizes were 
larger and many redds were observed. After this time, unbalanced sex ratios in the release 
groups likely had a negative influence on captive spawn success where very few adult males (9 
males in 2009) or no males (in 2010), were available for spawning with captive females. 

 
There was evidence that captive fish were successful in spawning in four of the nine 

releases (2006-2009) evaluated in the EFSR from 2002-2010. In these years, 15% of the 
released adults produced returning adult offspring. However, this study did not capture offspring 
at an earlier life stage for parentage analyses and other captive-reared adults may have been 
successful spawners but failed to produce returning adult offspring. In these evaluations, SARs 
were not available for the EFSR Chinook Salmon population, but Lower Granite Dam-Lower 
Granite Dam SARs for Upper Salmon River wild Chinook Salmon for spawn years 2004-2009 
were a surrogate (CSS 2015) and indicated that spawn years 2006-2008 had the highest SARs 
in this time period. This indicates that the estimates of successful spawners may be considered 
minimum estimates and more adults may have successfully spawned but failed to produce 
returning adult offspring due to lower periods of ocean productivity. However, lower survival and 
compensatory effects during juvenile freshwater rearing could also lead to reduced reproductive 
success. Future evaluations should monitor juvenile outmigration (e.g., smolts) as well as 
returning adults in order to better understand the factors influencing lifetime reproductive 
success but adult-to-adult returns provide the number of returning adults that ultimately 
contribute to the population.  

 
Genetic assignment tests were conducted with carcasses collected below the weir from 

2010-2014 to determine if any captive offspring returned to spawn below the weir and to further 
quantify the extent of captive contribution. As mentioned previously, the EFSR adult trap facility 
is located approximately 29 river kilometers upstream of the mouth of the EFSR, and roughly 
two thirds of all natural spawning occurs below the trap (Stark et al. 2014b). Approximately 40% 
of the spawning population was recovered as carcasses from surveys in the first 17.1 km below 
the trap. Although carcass surveys were performed more frequently and attempted to primarily 
collect tissue samples from fresh carcasses, genotyping success rates for samples collected as 
carcasses were lower than samples from live fish, suggesting sample degradation (Copeland et 
al. 2009). From these analyses, only five carcasses assigned to captive parents and 20 
carcasses assigned to natural parents released above the trap. While we were only able to 
survey a portion of the spawners (~40% of the spawners below the trap), the detection of only 
five captive offspring indicates that the number of captives spawning below the weir was low 
relative to the natural spawning population.  
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The trapping and genotyping of all natural-origin adults also enabled us to perform 
parentage analyses on the natural returning fish and compare the reproductive success of the 
captives to natural spawners. On average, captive released adults produced 0.32 offspring per 
female and 0.33 offspring per male, while natural adults produced 3.41 offspring per female and 
0.35 offspring per male. This equated to lower reproductive success of the captive adults 
compared to natural spawners. A much higher proportion of captive females and males were 
unproductive compared to natural females and males. The pattern of reproductive success with 
many unproductive spawners is a well-known life history attribute for Pacific Salmon (Healey 
1991; Quinn 2005; Anderson et al. 2012; Hess et al. 2012). However, there were a number of 
years where captive fish did not return any offspring, while natural-origin spawners did return 
offspring, and the extent of captive contribution to adult returns in a given return year was not 
large (between 1–42 returning fish or 19% of the return). Ultimately, it is unclear as to what 
factors may also be contributing to the lower reproductive success of captive fish released to 
spawn naturally, but results from other evaluations suggest that reduced body size and lower 
fecundities, delayed spawn timing, lower viability, and egg to fry emergence timing could all be 
acting in concert to reduce performance. 

 
While captive fish had reduced reproductive success and fitness compared to naturals in 

the EFSR, their productivity was in the same range as observed in other hatchery programs 
despite being held in captivity for their entire lifetime. Most of the available literature has 
evaluated the relative reproductive success of hatchery and natural-origin fish in salmonid 
supplementation hatchery programs (Araki et al. 2007a, 2007b; Williamson et al. 2010; 
Berntson et al. 2011; Hess et al. 2012; Ford et al. 2013). However, a few studies are more 
comparable and report on the success of captive reared Atlantic Salmon or report similar 
metrics of productivity (e.g., recruits per spawner). O’Reilly et al. (2010) evaluated the 
reproductive success of captive reared Atlantic Salmon released into the Point Wolfe River in 
the inner Bay of Fundy. Their results indicated that approximately 11.6-14.8% of the released 
fish successfully spawned and produced offspring that were sampled as fry or parr. The recruits 
per spawner in the EFSR was also within the range identified within other hatchery Chinook 
Salmon supplementation programs. Hess et al. (2012) found naturally spawning hatchery 
Chinook Salmon averaged 0.65 recruits per female and 0.21 recruits per male (including jacks) 
in Johnson Creek. The average recruits per female was 0.43 and 0.34 and the average recruits 
per male was 0.37 and 0.59 for Chinook Salmon spawning in Catherine Creek and the 
Wenatchee River, respectively (Berntson personal communication; Ford personal 
communication), although Anderson et al. (2012) found much higher values for hatchery 
Chinook Salmon in the Cedar River, Washington; with mean values of 4.14 and 1.21 for females 
and males, respectively (Appendix K). While these studies are not directly comparable given 
their focus on different species, locations, or types of hatchery programs, they provide some 
point of reference of reproductive success and fitness.  

 
Other researchers have found a strong positive relationship between size and 

reproductive success (Seamons et al. 2007; Anderson et al. 2010, 2012; Williamson et al. 2010; 
Ford et al. 2012). The results from this study indicated that the smaller, age-2 males were not as 
successful and support the premise that reducing precocity rates would likely be beneficial 
towards increasing the success of captive released adults. However, no apparent relationship 
was found with length and reproductive success for either sex through the regression analyses. 
In addition, we found no relationship between the size of parents and the size of their adult 
progeny. In fact, adult progeny of captive spawners were far larger than their parents and nearly 
identical to their natural counterparts. While environmental conditions led to phenotypic changes 
to the captive fish reared in the hatchery, these phenotypic changes were not passed on to their 
offspring, indicating that they did not have a heritable, genetic, or epigenetic basis. The potential 
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for inheritance of phenotypic traits has been theorized to be driven by genetic or non-genetic 
effects such as DNA methylation (Evans et al. 2014). The fact that captive offspring returned as 
the same size as the naturals was surprising given the large differences in length between the 
released captive and natural adults, but perhaps this is expected given that these fish spawn in 
the wild and epigenetic programming occurs during embryo development (O’Neill 2015). 
However, it remains untested as to whether the adult progeny of the captive adults would be 
less fit than their natural counterparts. 

 
For this program, we were unable to provide temporal context of the fitness differences 

observed and whether they would be short term and only affect one generation or continue to 
affect successive generations. It is hypothesized that a captive rearing strategy could have 
higher fitness in subsequent generations because the offspring were reared in-river and were 
exposed to natural selection at an earlier life stage (O’Reilly et al. 2010). For this program, the 
only definitive means to evaluate fitness changes through time would be to compare the 
reproductive success of returning captive progeny that spawned to their parents and to their 
natural counterparts over time. Given that the offspring from captive releases returned to spawn 
from 2009-2013, this would have required monitoring of their offspring through 2018 (well after 
this program ended). It is also unknown as to whether captive-reared fish would reduce 
population productivity of the natural population by spawning with them. In this program, captive 
reared fish were kept separate from natural fish by a picket weir and did not generally spawn 
with natural fish. However, it is expected that fitness differences will be minimized when the 
proportion of captive fish relative to natural fish is small (Hutchings and Fraser 2008; Fraser 
2016) and when genetic and phenotypic differences are minimized (Frankham 2008). If captive 
rearing was utilized to recolonize vacant habitats or enhance populations on the brink of 
extinction, any potential or perceived risks to natural populations would not be as large of a 
concern. Therefore, the risks of population or cohort collapse if no action is taken need to be 
considered and may outweigh any potential loss of population productivity. 

 
While captive spawners had lower reproductive success than the natural population, 

they were able to provide a small, demographic boost to the population. This demographic 
boost can be best depicted by scaling the returning number of adults in the second generation 
to the number of eggs that were collected to create the captive releases. For example, the 
2006-2008 release of adults were created from the collection of approximately 900 eyed eggs. If 
these eggs were left in the stream, less than one natural adult would have been expected to 
return to spawn. From these releases, 83 adult offspring returned to spawn in the second 
generation, 50 times more adults than what could have been provided by leaving the eggs in the 
gravel in the prior generation. So while the captive fish had reduced fitness compared to the 
natural fish, the ability to amplify survival in the hatchery from a small group of natural eggs 
provided a demographic benefit to the population. By attaining high survival in the hatchery, 
many more adults were released onto the spawning grounds and provided more returning 
adults than what would have returned if those eggs had been left in the gravel.  

 
The captive reared adults were successful in spawning and produced a small return of 

anadromous adults in the next generation. These evaluations indicated that 13 to 42 returning 
adults from captive reared adult spawners returned in a year. This program was scaled to be 
small in size but the possible future implementation of this technique would likely require scaling 
up the number of collected eggs and/or this strategy would need to be continued over a longer 
duration to continue to add adult spawners to the population. If less than 50 adults were to 
return in the next generation, there would still be genetic and demographic risks to population 
persistence (Lande 1998). Increases to the number of juveniles collected and adults released 
will also likely be needed to compensate for years of poorer ocean conditions. O’Reilly et al. 
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(2010) also suggested that hormones could be used to increase the spawning success of 
captive released adults. This recommendation was based upon the work of Berejikian et al. 
(2003) where increased redd production was observed in captive-reared steelhead implanted 
with hormones in the Hamma Hamma River, Washington. The scaling of this program would 
depend on release targets, returning adult targets, projected and forecasted environmental and 
ocean conditions, and the number of captive-reared adults relative to natural, adult returns.  
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MANAGEMENT RECOMMENDATIONS 

The following is an overall interpretation of our results with particular focus upon the 
relevance of the captive rearing program. Recommendations on when, why, where, and how it 
could be implemented are provided.  

 
Hatchery programs have been developed both as a means to mitigate for lost 

abundance by providing hatchery fish for harvest (Mahnken et al. 1998) and as a tool to recover 
or conserve wild stocks (reviewed in Naish et al. 2007). Many types of hatchery strategies exist 
that vary in the amount of time fish spend in captivity, the life stage at which fish are released, 
as well as other specific aspects of spawning and culture protocols. The captive rearing strategy 
can be considered one step removed from a captive broodstock (e.g., gene banking) strategy. 
This strategy provides a predictable input of adult spawners to sustain and amplify depressed 
stocks and prevent cohort collapse, population bottlenecks, and the loss of population genetic 
diversity. Captive-reared fish differ substantially from captive broodstock fish in that adults are 
exposed to the wild environment upon maturation. By allowing adults to spawn in nature, 
environmental and sexual selection occurs as adults compete for mates and suitable spawning 
locations. Additionally, eggs and juveniles are exposed to natural selection as they grow and 
develop, avoid predation, and compete for habitat and food resources. Domestication selection 
to the hatchery environment is reduced since fish spend less than one generation in culture 
(compared to a captive broodstock program) and are not spawned in the hatchery. Captive 
rearing also leaves the majority of naturally produced eggs in natal gravels and has a high 
potential to maintain genetic diversity by maintaining a larger effective population size and 
genetic representation of the population with a smaller footprint. 

 
The captive rearing strategy was conceived in the early 1990s, when Chinook Salmon 

populations in the Snake River basin were at an all-time low abundance. Although recent 
natural-abundance has increased for the Snake River ESU, all populations remain below 
minimum natural-origin abundance thresholds for recovery (NMFS 2016). Both marine mortality 
and climate change are considered major constraints to Salmon population abundance range 
wide (Chittenden et al. 2009; Crozier et al. 2014) and the ability of populations to be self-
sustaining during poor ocean conditions or with high in-river temperatures remains uncertain. 
This strategy is an alternative conservation tool that could be implemented if future ocean 
conditions take a downturn or other environmental conditions in the main stem migratory 
pathway are expected to result in low adult returns. The captive rearing strategy is currently 
being implemented for endangered Atlantic Salmon populations that are experiencing low 
marine survival (DFO 2016; Fraser 2016) and in response to a recent population crash of fall 
run Chinook Salmon numbers in the San Joaquin River; due to a sudden shift in ocean 
conditions that delayed upwelling and depleted food resources (www.restoresjr.net).  

 
Decisions to implement this strategy ultimately depend on the relative importance of 

population(s) as well as their demographic aspects. High priority populations for intervention 
would include economically, biologically, or culturally important populations with consistent and 
extreme downward trajectories in abundance. A candidate population may be one designated 
as stable but has experienced a dramatic decline or is not currently viable and in need of 
intervention in an Major Population Group (MPG) or ESU to support recovery. The captive 
rearing strategy could also be applied to vacant habitats and to establish stocks in newly 
reconnected or restored habitats. In this case, eyed eggs or juveniles could be sourced from a 
nearby tributary instead of translocating adults. If the goal is to avoid cohort collapse, any 
prospective captive rearing program would need to be implemented before abundances were 
critically low (O’Reilly and Doyle 2007; O’Reilly and Kozfkay 2014). This may require some 

http://www.restoresjr.net/
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predictive ability of a prospective population crash and that all necessary resources and 
infrastructure are available and ready to implement within an appropriate response time. The 
difficult decisions on when to implement this strategy will depend upon the severity of 
forecasted, negative, environmental conditions and the perceived demographic, genetic, and 
extirpation risks if no action is taken. 

 
Given the costs and rearing space needed for juvenile and adult culture, this approach 

would be most practical when used for only a few populations simultaneously and for shorter 
durations. A shorter duration of 10 years would be needed to collect fish across one generation 
(5 years of collection and 5 years of rearing in the hatchery). Ideally, the natural population 
would experience a rebound (as seen in the East Fork Salmon River) and this program could be 
discontinued or refocused to a new set of at-risk populations in an MPG or ESU. If during this 
time period the population(s) continued declining, then either a rapid scaling up of the size of the 
program could be implemented or this program could transition to a captive broodstock 
program. At the research scale implemented in this study, a small, demographic boost was 
provided in the second generation (e.g., as large as 42 adults returned to the spawning 
grounds). If a larger boost were desired due to an absence of returning adults, additional eyed 
eggs or juveniles would need to be collected in the first generation or this strategy would need 
to be continued over a longer duration to continue to add adult spawners to the population. 
Regardless of the desired program size and duration; personnel, facilities, sufficient funds, and 
a long-term commitment to rearing space are required even in the smallest of programs.  

 
Captive rearing maintains the flexibility to collect juveniles across different life stages 

and target the life stage that may be constraining overall abundance (DFO 2016). For this 
program, eyed eggs were the preferred life stage due to the increased survival observed during 
the latter brood years in culture and ease in addressing fish health risk. For any egg-based 
program size, the sample size of collections depends upon the number of redds available to 
sample as well as the target number of mature adults to release. Ideally, the number of eyed 
eggs sampled would be developed through a sliding scale, balancing the proportion of redds 
sampled and the number of eyed eggs collected per redd. When fewer redds are available, 
more eyed eggs could be collected per redd. When more redds are available, efforts should be 
placed on trying to capture a smaller number of eyed eggs from all or the majority of redds to 
maximize the effective population size. This would ensure that the genetic diversity of the 
source population is maximized while demographic targets for releases are met.  

 
This type of conservation hatchery strategy can lead to increases in diversity and 

effective population size relative to other supplementation approaches at the same scale. 
Berejikian et al. (2011b) found hydraulic eyed egg collections in this conservation program 
resulted in greater effective number of breeders than what would occur from spawning adults in 
a conventional supplementation or captive broodstock program. Overall, the number of collected 
eyed eggs or parr for this program was very minimal and equated to less than the average 
fecundity of one age-4 SFH hatchery female Chinook Salmon (e.g., 4,639 eggs; Brent Snider, 
personal communication). In order to meet an equivalent effective number of breeders as 
achieved from egg collections, additional females would need to be spawned in the hatchery 
and those eggs would need to be offset into other release strategies since a lot more eggs 
would be generated than needed (Berejikian et al. 2011b). Therefore, the strategy of 
hydraulically pumping eggs has the ability to maintain the effective population size and founding 
diversity of the population at a much smaller scale and with less impact to the target population. 
However, if this scale were to increase to larger numbers of collected eggs, there may be 
limitations to this approach. Collections of parr of smolts may be preferred if more redds are 
targeted as it may be more feasible to collect fish representatively from these later life stages 
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than by tracking temperature units and pumping a lot of redds. Information regarding targeted 
release numbers, number of spawners and redds on the landscape, and other factors should go 
into the development of the scale and type of collections in the future application of this method. 

 
Decisions regarding the use of this technique over other strategies will likely depend 

upon the goals of the program but also some attributes of the population(s) or stream(s) as well 
as the life stage at which the hatchery program can provide the greatest amplification benefit in 
the long term. The captive rearing strategy would be most effective for populations that have still 
retained healthy spawning and freshwater habitat for adult releases and juvenile rearing. If 
spawning habitat was poor, such as after the forest fires in the WFYF in 2006, then artificial 
spawning of adults and the stocking of eyed eggs in incubator boxes or fry may provide better 
outcomes until habitat conditions improve (DFO 2016). Similarly, if survival at early life stages in 
freshwater is poor, artificial spawning and supplementation at the smolt stage may have better 
results (DFO 2016). Captive rearing would not likely provide as large of a demographic boost as 
a smolt supplementation strategy based on the current scale of collections or the amount of 
hatchery space needed to rear adults to maturity at larger scales. A traditional smolt 
supplementation approach may provide a larger and predictable input to a population and be 
more beneficial if the goal is to supplement populations for harvest opportunities. Captive 
rearing may provide the greatest benefits over these other hatchery techniques when smolt-to-
adult survival is limiting and freshwater juvenile production has declined below carrying capacity 
(DFO 2016). This strategy may be best situated for populations that require enhancement, with 
readily available infrastructure, and where natural spawning habitat is not believed to be a 
limiting factor.  

 
Based upon the 20 years of this study, we make the following recommendations for 

future application of this technique: 
 
Specific Recommendations:  
 
1) There is flexibility in the life stage at which juveniles are collected for the starting 

broodstock; the use of hydraulic pumping techniques was a novel method to collect eyed 
eggs, and eyed eggs are recommended to reduce the prevalence of disease, increase 
survival, and to maximize the effective population size. Scale numbers in collections to 
number of redds on spawning grounds, survival rates in hatchery, and targeted numbers 
of adults to be released.  

 
2) Use locally derived fish unless the goal is re-colonization from a nearby source.  

 
3) Continue to refine culture protocols to reduce precocity rates from eyed-egg collections. 

Specifically, determine if growth rates can be reduced during the fall decision period or if 
other feed sources and chilled water can result in slower growth rates, without 
compromising fish health, survival, or egg viability. 

 
4) Disease is a potentially limiting factor associated with collecting juveniles from the wild, 

and fish health screening and management and biosecurity protocols are necessary 
components.  

 
5) Reduce delays in spawn timing through changes in culture. Determine if photoperiod can 

be manipulated to synchronize spawn timing or determine the risks and benefits of using 
hormones to advance spawn timing for naturally spawning populations.  
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6) Fish reared in seawater were larger than those reared in freshwater and achieved higher 
fecundity and eye-up rates in the hatchery. Determine whether seawater rearing (if 
available) provides advantages over full-term freshwater rearing relative to costs.  

 
7) Release fish into areas with high-quality spawning habitat and ensure intensive post-

release field observations are conducted to accurately assess redd timing and 
production. Monitor juvenile production and adult returns.  

 
8) Utilize genetic techniques to determine the contribution of captive releases to adult 

returns. Compare reproductive success of captive releases to natural releases and 
across generations to understand fitness effects.  

 
9) Future captive rearing approaches should address the long-term genetic integrity of the 

population if the goal is to create a demographic boost to a declining or at-risk population 
or recolonize vacant habitats 

 
10) Captive rearing can be used to maintain minimum numbers of spawning adults for 

stocks that face demographic risks associated with critically low escapement or other 
environmental perturbations or to recolonize vacant habitat. However, a scaling up may 
be needed to reduce demographic risks and avoid population extinction. Target a 
minimum of 250 adults to be released for volitional spawning. Greater numbers of adults 
may be needed if prespawn mortality is high or survival of progeny of captive releases is 
expected to be lower.  

 
11) Chilled water and the maintenance of growth rates are needed to reduce the onset of 

early maturation. If this is not attainable, then alternatives to a captive rearing strategy 
should be considered. 
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Appendix A. Summary of eyed-egg outplants from in-hatchery spawning of mature captive-
reared Chinook Salmon adults at Eagle Fish Hatchery during 1998-2004. Captive 
fish were originally collected as natural parr or natural eggs from Lemhi River 
(LEM), West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon 
River (EFSR) and stocked as eggs back into their natal stream. 

 

 
* No data available from 1999 EFSR out-plant, because egg boxes were vandalized. 
 
 

Year 
Planted Stock Stream Eyed-eggs 

Transferred
Date 

Transferred
Eyed-eggs 

Planted
Estimated    

Hatch Rate
1998 LEM Hayden Cr. 9,324 11/2/1998 9,320 75.0%
2001 LEM Bear Valley Cr. 10/18/2001 2,372
2001 LEM Bear Valley Cr. 11/1/2001 5,782
2002 LEM Hayden Cr. 10/16/2002 10,148
2002 LEM Hayden Cr. 10/23/2002 18,319
2002 LEM Hayden Cr. 10/31/2002 19,510
1998 WFYF WFYF 3,451 11/2/1998 3,393 92.1%
1999 WFYF WFYF 2,297 10/13/1999 2,297 86.0%
2000 WFYF WFYF 1,266 11/8/2000 1,266 82.7%
1998 EFSR Big Boulder Cr. 2,039 11/2/1998 2,039 62.3%
1998 EFSR EFSR 15,240 11/2/1998 15,240 91.0%
1999* EFSR EFSR 1,038 11/2/1999 1,038 N.A.
2003 EFSR EFSR 10/06/2003 1,628 N.A.
2003 EFSR EFSR 10/20/2003 4,593 N.A.
2003 EFSR EFSR 11/10/2003 10,022 N.A.
2004 EFSR EFSR 10/5/2004 1,733 N.A.
2004 EFSR EFSR 10/19/2004 18,077 N.A.
2004 EFSR EFSR 10/26/2004 4,693 N.A.

57,301 57,297 65.1%
8,154 8,154 78.7%

TOTAL LEM 65,455 65,451 69.6%
TOTAL WFYF 7,014 6,956 86.9%

2,039 2,039 62.3%
57,024 19,639 91.0%
59,063 21,678 62.3%

131,532 106,967 77.4%

Total Hayden Cr.
Total Bear Valley Cr.

TOTAL EFSR

Total Big Boulder Cr.
Total EFSR main

24,503

TOTAL ALL

8,154 78.7%

47,977 55.2%

16,243
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Appendix B.  Number of parr or eyed eggs collected for BY94-05 to source captive-reared Chinook Salmon from the Lemhi River 
(LEM), West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon River (EFSR). Number and proportion 
of fish that survived to the smolt-stage, maturity, and adult stage; and resulting survival rates at each life stage. 

 

Brood 
Year Stream

Collection 
Type

Number 
Collected

Number 
Smolted

Number to 
Maturation 

(age 2-5)

Number 
to Adult 
(age 3-5)

Egg to Fry 
Survival

Collection 
to Smolt

Smolt to 
Maturation 

(age 2-5)

Smolt to 
Adult 

(age 3-5)

Collection 
to 

Maturation 
(age 2-5)

Collection 
to Adult 
(age 3-5)

1994 EFSR Parr 201 149 83 76 N/A 74.1% 55.7% 51.0% 41.3% 37.8%
1996 EFSR Parr 5 5 0 0 N/A 100.0% 0.0% 0.0% 0.0% 0.0%
1998 EFSR Parr 185 170 102 68 N/A 91.9% 60.0% 40.0% 55.1% 36.8%
1999 EFSR Egg 143 138 103 82 98.5 96.5% 74.6% 59.4% 72.0% 57.3%
2000 EFSR Egg 503 439 230 74 98.8 87.3% 52.4% 16.9% 45.7% 14.7%
2001 EFSR Egg 311 285 118 32 95.5 91.6% 41.4% 11.2% 37.9% 10.3%
2002 EFSR Egg 328 320 247 204 96.6 97.6% 77.2% 63.8% 75.3% 62.2%
2003 EFSR Egg 319 302 268 198 95.9 94.7% 88.7% 65.6% 84.0% 62.1%
2004 EFSR Egg 444 426 265 207 96.8 95.9% 62.2% 48.6% 59.7% 46.6%
2005 EFSR Egg 327 301 240 158 93.3 92.0% 79.7% 52.5% 73.4% 48.3%
1994 LEM Parr 200 141 86 78 N/A 70.5% 61.0% 55.3% 43.0% 39.0%
1995 LEM Parr 162 134 78 74 N/A 82.7% 58.2% 55.2% 48.1% 45.7%
1996 LEM Parr 178 166 70 57 N/A 93.3% 42.2% 34.3% 39.3% 32.0%
1997 LEM Parr 147 128 56 44 N/A 87.1% 43.8% 34.4% 38.1% 29.9%
1998 LEM Parr 191 183 111 88 N/A 95.8% 60.7% 48.1% 58.1% 46.1%
1999 LEM Egg 264 235 127 72 92.4 89.0% 54.0% 30.6% 48.1% 27.3%
1994 WFYF Parr 214 168 103 97 N/A 78.5% 61.3% 57.7% 48.1% 45.3%
1996 WFYF Parr 120 108 20 9 N/A 90.0% 18.5% 8.3% 16.7% 7.5%
1997 WFYF Parr 211 191 108 89 N/A 90.5% 56.5% 46.6% 51.2% 42.2%
1998 WFYF Parr 229 218 138 111 N/A 95.2% 63.3% 50.9% 60.3% 48.5%
2000 WFYF Egg 304 280 195 64 97.4 92.1% 69.6% 22.9% 64.1% 21.1%
2001 WFYF Egg 272 257 122 21 98.5 94.5% 47.5% 8.2% 44.9% 7.7%
2002 WFYF Egg 308 272 128 128 92.2 88.3% 47.1% 47.1% 41.6% 41.6%
2003 WFYF Egg 338 296 227 172 90.5 87.6% 76.7% 58.1% 67.2% 50.9%
2004 WFYF Egg 279 264 234 167 96.1 94.6% 88.6% 63.3% 83.9% 59.9%
2005 WFYF Egg 336 303 258 196 91.4 90.2% 85.1% 64.7% 76.8% 58.3%

Survival
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Appendix C. Mean length (mm) of smolts from BY94-05 collected as parr and eggs from the 
Lemhi River (LEM), the West Fork Yankee Fork Salmon River (WFYF), and East 
Fork Salmon River (EFSR). 

 

 
a Brood years 1999 and 2000 were inventoried pre-transfer 29-55 days later than the rest of egg-collection 
groups (BY01-05), but despite the discrepancy in inventory, brood year 1999 and 2000 smolts would not have 
been much different in mean fork length. 

  

Mean n St Dev 95CI Mean n St Dev 95CI Mean n St Dev 95CI
1994a 122.4 157 7.2 1.1 101.7 210 9.1 1.2 104.6 195 6.0 0.8
1995a 129.5 140 11.7 1.9
1996a 129.3 173 15.8 2.4 102.7 95 8.1 1.6 117.2 5 10.8 9.5
1997a 144.1 128 9.5 1.6 131.5 191 10.2 1.5
1998a 165.1 186 15.2 2.2 173.0 218 17.3 2.3 150.9 173 16.4 2.4
Mean 138.9 784 20.4 1.4 131.6 714 32.4 2.4 126.2 373 26.0 2.6
1999a 169.0 224 13.0 1.7 169.3 127 11.8 2.1
2000a 241.5 194 35.1 4.9 240.2 369 30.2 3.1
2001a 155.6 258 13.8 1.7 150.8 285 13.7 1.6
2002a 141.3 272 11.0 1.3 132.1 320 11.8 1.3
2003a 136.5 295 8.8 1.0 134.3 303 7.3 0.8
2004a 131.4 264 9.7 1.2 133.3 426 12.8 1.2
2005a 127.3 303 7.6 0.9 129.9 301 8.8 1.0
Mean 169.0 224 13.0 1.7 150.7 1586 38.4 1.9 155.8 2131 43.1 1.8

Parr

Eggs

Length at Smolt
Collection 

Type
Brood 
Year

LEM WFYF EFSR
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Appendix D. Age at maturity of captive reared Chinook Salmon collected as parr (brood years 
1994-1998) and collected as eggs (brood year 1999-2005) from the Lemhi River 
(LEM), West Fork Yankee Fork Salmon River (WFYF) and East Fork Salmon 
(EFSR). 

 

  

Brood 
Year Type Number Age-2 Age-3 Age-4 Age-5 Age-6 Total

1994 parr 200 8 0 63 9 1 81
1995 parr 162 4 27 25 15 0 71
1996 parr 178 13 16 35 6 0 70
1997 parr 147 12 20 17 7 0 56
1998 parr 191 13 30 47 11 0 101

Total parr 878 50 93 187 48 1 379
1999 egg 264 55 35 37 0 0 127

Total egg 264 55 35 37 0 0 127
1142 105 128 224 48 1 506

1994 parr 214 6 0 51 2 2 61
1996 parr 120 11 3 1 4 0 19
1997 parr 211 19 7 42 25 0 93
1998 parr 229 27 43 56 12 0 138

Total parr 774 63 53 150 43 2 311
2000 eggs 304 131 12 52 0 0 195
2001 eggs 272 101 8 13 0 0 122
2002 eggs 308 0 49 69 9 0 127
2003 eggs 338 55 43 113 16 0 227
2004 eggs 279 67 76 89 2 0 234
2005 eggs 336 62 80 101 15 0 258

Total eggs 1837 416 268 437 42 0 1163
2,611 479 321 587 85 2 1,474

1994 parr 201 7 0 34 9 0 50
1996 parr 5 0 0 0 0 0 0
1998 parr 185 34 0 49 19 0 102

Total parr 391 41 0 83 28 0 152
1999 eggs 143 21 43 38 1 0 103
2000 eggs 503 156 34 40 0 0 230
2001 eggs 311 86 4 28 0 0 118
2002 eggs 328 43 119 80 5 0 247
2003 eggs 319 70 53 132 13 0 268
2004 eggs 444 58 94 107 6 0 265
2005 eggs 327 82 39 114 5 0 240

Total eggs 2375 516 386 539 30 0 1471
2,766 557 386 622 58 0 1,623

LEM

Collection Number Matured

Total LEM
WFYF

Total WFYF
EFSR

Total EFSR



 

113 

Appendix E. Ages of captive reared Chinook Salmon released into the Lemhi River drainage 
(LEM), West Fork Yankee Fork Salmon River (WFYF), and East Fork Salmon 
River (EFSR), 1998-2010. LEM releases were into the main stem Lemhi River in 
1998 and 2003, Bear Valley Creek in 1998 and 1999, and Big Springs Creek in 
2000. 

 

 
 
 
 

Age 2 Age 3 Age 4 Age 5 Age 2 Age 3 Age 4 Age 5
1998 19 54 44
1999 12 16 25 9
2000 20 35 15
2001 43 42 4
2002 56 76 58 25
2003 37 11 12 64 12
2004 8 52 10
2005 54 49 13
2006 67 43 69
2007 62 76 113 9
2008 80 89 16
2009 101 2
2010 15
TOTAL 12 55 151 35 239 387 645 93

Percent 4.8% 21.8% 59.9% 13.9% 17.5% 28.4% 47.3% 6.8%

Age 2 Age 3 Age 4 Age 5 Age 2 Age 3 Age 4 Age 5
1998 0 19 98 0
1999 7 12 16 25 16
2000 0 20 35 15
2001 0 43 42 4
2002 41 43 49 97 119 107 25
2003 13 20 8 0 25 121 31
2004 4 0 8 56 10
2005 69 119 28 123 168 41 0
2006 8 53 80 75 96 149 0
2007 82 94 132 5 144 170 245 14
2008 39 107 13 0 119 196 29
2009 114 6 0 0 215 8
2010 5 0 0 0 20
TOTAL 200 361 534 44 451 803 1330 172

Percent 17.6% 31.7% 46.9% 3.9% 16.4% 29.1% 48.3% 6.2%

LEM WFYFRelease 
Year

Release 
Year

EFSR All Streams
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Appendix F.  Numbers of females and males spawned from 1998-2004 and rearing type. Average fecundity, average weight and 
total green eggs and eyed eggs for each group of fish are reported as well as survival from green egg to eyed egg. 

 

 
 
 
 

  

Spawn Year Location Females
Non Viable 

Females Males
Cryopreserved 

Milt Rear Type Avg Fecundity Avg. Weight Green Eggs Eyed Eggs Survival to Eye
1998 LEM 3 2 6 FW 953.00 1014.00 2779.00 1349.00 0.49

4 4 SW 2367.00 1308.00 8697.00 8005.00 0.96
WFYF 1 1 FW 2377.00 2104.00 1917.00 168.00 0.09

2 4 SW 2070.00 1390.00 4080.00 3397.00 0.83
EFSR 13 5 1 FW 1590.00 1676.00 18571.00 5373.00 0.29
EFSR 10 1 4 10.00 SW 2080.00 1728.00 19958.00 12467.00 0.62

1999 WFYF 2 1 6 SW 1429.00 1572.00 3286.93 2597.00 0.79
EFSR 1 2.00 FW 391.00 1499.00 390.85 41.00 0.10
EFSR 1 2.00 SW 2596.00 2528.00 2596.04 1088.00 0.42

2000 WFYF 1 1 5 SW 1323.00 N/A 1323.00 1266.00 0.96
2001* LEM 14 1 21 SW 1258.00 1122.00 15444.00 5762.00 0.37

11 FW 1174.00 981.00 6056.00 2392.00 0.39
2002* LEM 46 40 SW 1867.00 1607.00 71928.00 47977.00 0.67

LEM 1 2 FW 1190.00 528.00 205.00 0.00 0.00
2003* EFSR 27 24 SW 1284.00 1797.00 36471.00 16254.00 0.45
2004* EFSR 39 48 SW 1213.00 1837.00 46664.00 24017.00 0.52

Total 353
367 (wth milt)

*chilled water experiments were conducted in these years.
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Appendix G. Number of Chinook Salmon released or trapped, genotyped, and tagging rate of East Fork Salmon River captive-
reared adult were releases (2002-2010), trapped natural adult returns (2004-2014), and natural adult returns 
recovered as carcasses (2010-2014). 

 

 
 
 
Appendix H. Summary of genetic parentage assignments of successfully genotyped natural adult returns of Chinook Salmon to the 

East Fork Salmon River during 2004-2014, including those recovered as carcasses during 2010-2014. Only zero or 
one mismatches were allowed of two parent assignments. Invalid assignments were samples that assigned to one or 
more parents but violated age class and/or sex of parents and were therefore indiscernible. 

 
 

 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Released 133 41 4 217 140 313 159 120 5 1132

Genotyped 133 35 4 216 139 304 157 120 5 1113
Tagging Rate 100.0% 85.4% 100.0% 99.5% 99.3% 97.1% 98.7% 100.0% 100.0% 98.3%

Trapped 147 63 82 90 208 193 274 212 244 260 321 2094
Genotyped 147 63 80 89 201 193 273 208 243 260 314 2071

Tagging Rate 100.0% 100.0% 97.6% 98.9% 96.6% 100.0% 99.6% 98.1% 99.6% 100.0% 97.8% 98.9%
Sampled 31 71 136 73 90 401

Genotyped 30 41 114 61 74 320
Tagging Rate 96.8% 57.7% 83.8% 83.6% 82.2% 79.8%

Sampled 133 41 151 280 222 403 367 313 310 283 380 333 411 3627
Genotyped 133 35 151 279 219 393 358 313 278 208 243 260 314 3184

Tagging Rate 100% 85% 100% 100% 99% 98% 98% 100% 90% 73% 64% 78% 76% 87.8%

Captive

Natural

Carcasses

Total All

Origin
Release or Return Year

Total

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Total
147 63 80 89 201 193 273 208 243 260 314 2071

7 65 68 107 119 120 121 148 755
147 63 80 82 136 125 166 89 123 139 166 1316

0.0% 0.0% 0.0% 7.9% 32.3% 35.2% 39.2% 57.2% 49.4% 46.5% 47.1% 36.5%
a Two parent assignments were to 0 or 1 mismatch.
b This includes 21 C X N crosses. 

Assignments Rate

Adult Return Year
Adult Returns Genotyped
Two Parent  Assignments

No Assignments
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Appendix I. Parentage assignments of natural Chinook Salmon adult returns to the EFSR 
during 2007-2014. Assignments are summarized by number of adult returns 
(progeny) that assigned to either two captive releases, one captive release and 
one natural return, or two natural returns (parents) from 2001-2010 spawn years. 
No fish were assigned from 2004-2006.  

 

 
2010 AR – includes one assignment from a carcass sample (1 CxN: 1-RY06) 
2011 AR – includes four assignments from carcass samples (4 NxN: 2-RY06, 2-RY07) 
2012 AR – includes 16 assignments from carcass samples (11 NxN: 8-RY07, 3-RY08; 5 CxC: 5-RY08) 
2013 AR – includes 5 assignments from carcass samples (4 NxN: 1-RY08, 3-RY09; 1 CxC: 1-RY08) 
2014 AR – includes 7 assignments from carcass samples (7 NxN: 1-RY09, 6-RY10)  

Origin Group Year 2007 2008 2009 2010 2011 2012 2013 2014 Total
2001
2002 0 0
2003 0 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 2 7 7 16
2007 0 30 19 49
2008 1 5 12 18
2009 0 0 0 0
2010 0 0 0
Total 0 0 2 7 38 24 12 0 83
2001
2002 0 0
2003 0 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 1 6 1 8
2007 0 0 0 0
2008 3 3 2 8
2009 1 3 1 5
2010 0 0 0
Total 0 0 1 6 4 4 5 1 21

0 0 3 13 42 28 17 1 104
2001
2002 0 0
2003 0 0 0
2004 7 58 21 86
2005 6 37 3 46
2006 7 84 15 106
2007 7 51 47 105
2008 11 43 29 83
2009 2 46 20 68
2010 29 116 145
2011 11 11
Total 7 64 65 94 77 92 104 147 650

7 64 68 107 119 120 121 148 754

Adult 
Release

Adult 
Returns

Adult Returns (Progeny)Parent Source

Na
tu

ra
l

NATURAL ALL

Captive X 
Natural 

Ca
pt

iv
e

CAPTIVE ALL
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Appendix J. Number of adults, redds, and redds per adult (M-Male, F-Female) of captive-
reared Chinook Salmon released (C) into the East Fork Salmon River and 
natural/wild Chinook Salmon captured (N) at the adult trap facility during 1999-
2009. The number of progeny assigned (adult returns) and estimated recruits per 
adult are summarized by origin and spawn year. All parentage assignments are 
to a parent pair with zero or one mismatch, and include assignments from 
samples collected as carcasses downstream of the adult trap. 

 

 
  

a Sex determined with 'Sexy-3' genotypic marker, but ultrasound sex was used for captives with an undetermined genotypic 
sex. 

b Sex determined with 'Sexy-3' genotypic marker. 
c EFSR adult trap not operated during 1998-2003, thus adult return numbers and genetic samples not available in these years. 

This does not include fish trapped of unknown sex (N = 8, 2011 and N = 4, 2009). 
d Assignments to CxN and NxC crosses were included here. 
e The EFSR adult trap was not operated in 2015; thus age-5 adult return progeny from spawn year 2010 (SY10) were not 

incorporated. As a result the number of recruits per female for SY10 (both captive and natural) is incomplete 
(underestimated). 

 
 

Ca Nb,c Ca Nb,c C N C N C N C N C N
1999 6 n/a 1 n/a 1 4 0.17 n/a 0 n/a 0.00 n/a
2000 0 n/a 0 n/a 0 9 n/a n/a 0 n/a 0.00 n/a
2001 0 n/a 0 n/a 0 12 n/a n/a 0 n/a 0.00 n/a
2002 68 n/a 65 n/a n/a 44 n/a n/a 0 n/a 0.00 n/a
2003 27 n/a 14 n/a n/a 59 n/a n/a 0 n/a 0.00 n/a
2004 4 48 0 96 1 16 0.25 0.33 0 86 0.00 1.79 0.00 0.90
2005 46 22 170 41 11 15 0.24 0.68 0 46 0.00 2.09 0.00 1.12
2006 73 15 66 66 16 4 0.22 0.27 24 114 0.29 7.27 0.36 1.68
2007 123 25 190 63 63 26 0.51 1.04 49 105 0.40 4.20 0.26 1.67
2008 112 51 47 152 45 40 0.40 0.78 26 91 0.18 1.75 0.51 0.56
2009 111 56 9 134 18 50 0.16 0.89 5 73 0.05 1.21 0.00 0.48
2010e 5 69 0 205 1 60 0.20 0.87 0 145 0.00 2.10 0.00 0.71

2004-2009 575 286 562 757 156 339 0.27 1.19 104 660 0.18 2.31 0.19 0.87

Adult 
Spawn 

Year

Number of 
Females

Redds 
Produced

Redds per 
Female

Progeny 
Assignedd

Recruits per 
Female

Recruits per 
Male

Number of 
Males
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Appendix K. Reproductive success (RS) of male and female Chinook Salmon of hatchery- and natural-origin from five Pacific 
Northwest conservation hatchery programs. Reproductive success was calculated as the number of adult progeny per 
parent (male or female), and includes all parents across respective brood years that did not return any adult progeny 
(zeroes included). Minimum, mean, maximum, and the 95% confidence interval of the mean RS were summarized. 

 

 
 
 

Min Mean Max 95CI Min Mean Max 95CI
Male 0.25 0.29 0.40 0.20 0.55 1.04 1.64 1.55

Female 0.16 0.27 0.40 0.31 1.63 3.23 7.07 6.76
Male 0.10 0.21 0.80 4.49 0.30 0.63 1.94 10.44

Female 0.24 0.65 2.90 16.90 0.35 0.68 2.20 11.77
Male 0.10 0.43 1.18 0.56 0.07 0.48 1.47 0.74

Female 0.08 0.37 1.14 0.54 0.09 0.38 0.92 0.42
Male 0.15 0.34 0.67 0.66 0.79 0.89 1.19 0.56

Female 0.35 0.59 0.64 0.42 0.83 0.91 0.96 0.17
Male 0.74 1.21 2.84 3.01 0.82 1.46 4.00 4.40

Female 1.80 4.14 5.47 4.96 2.42 2.80 3.71 1.80
Ford et al. 2013 analyses included mini-jacks, not shown here, but when included cuts the mean hatchery male RS in half

AuthorDrainage

Grande 
Ronde

Catherine 
Creek

Captive 
Brood

Stock
Program 

Type
Upper 

Salmon

SF Salmon

East Fork 
Salmon River

Captive 
Rearing

Stark et al. 
2015

Hess et al. 
2012

Ford et al. 
2013

Anderson 
et al. 2012

Supple-
mentation

ID

ID

WA

WA

Mid-
Columbia
S Puget 
Sound

Johnson 
Creek

Wenatchee 
River

Cedar River

Supple-
mentation
Supple-

mentation

OR
Berntson 

et al. 2015 5
2002 - 
2006

3

Hatchery RS Natural RS
Sex

Brood 
Years nState

2003 - 
2005 3

2004 - 
2006 3

2006 - 
2008

1998 & 
2000 2
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