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of restricted access to wild fish. However, differ-
ences between hatchery-origin and wild fish could 
confound results. This led to the development of the 
Wild Fish Surrogate Program, where we use alterna-
tive rearing tactics to produce juvenile fish more like 
wild Chinook Salmon, Oncorhynchus tshawytscha, 
for research by varying growth, diet, feeding, density, 
cover, and tank complexity. Here, we describe meth-
ods that have been successful in producing target wild 
fish phenotypes, in particular related to smoltification 
and movement, and provide information on the qual-
ity and phenotypic accuracy of wild fish surrogates 
through four case studies (morphology, fin condition, 
body composition, and behavior). We show that wild 
fish surrogates had more similar body shape to wild 
fish compared to hatchery fish and had intermedi-
ate body lipid levels. Compared to hatchery fish, we 
also show that wild fish surrogates had larger and 
more symmetrical fins and were less likely to cross an 
aversive zone to be near conspecifics. Although wild 
fish surrogates were not always intermediate in their 
phenotypes or behavior, they did not significantly dif-
fer in their caudal fin length asymmetry or behavior 
compared to wild fish. We outline how such a pro-
gram can be expanded beyond the program objec-
tives and beyond salmonids. This generalization is 
important, as it can be implemented in other systems 
with ESA-listed populations where research using 
wild fish could inform and improve mitigation efforts 
or for hatchery programs to produce more wild-like 
phenotypes.

Abstract Many salmonids are listed as threatened 
or endangered under the U.S. Endangered Species 
Act (ESA), with habitat loss and alteration likely 
responsible for their declines. As a result, salmonid 
hatcheries have proliferated to help mitigate the loss 
of wild populations. Research aimed at understanding 
factors contributing to population declines, including 
studies designed to improve juvenile downstream pas-
sage, has often relied on hatchery-origin fish because 
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Introduction

Currently more than 200 fishes (species or distinct 
population segments, DPSs) are listed as threat-
ened or endangered under the U.S. Endangered Spe-
cies Act (ESA 1973, as amended). Habitat loss and 
alteration are often considered significant causes of 
population declines (Wilcove et  al. 1998). To help 
restore wild (sometimes referred to as natural ori-
gin: fish that hatch and rear in the wild, regardless 
of genetic origin) populations of ESA-listed fishes, 
ongoing research has long been underway to evaluate 
various environmental and genetic factors contribut-
ing to population declines. In the Pacific Northwest, 
dwindling populations of Pacific Salmon (Oncorhyn-
chus spp.) and steelhead (O. mykiss) led to the list-
ing of several DPSs under the ESA. Their decline has 
largely been a result of overharvest, habitat loss and 
alteration, and general habitat degradation (Nehlsen 
et  al. 1991; Quinn 2018). The construction of dams 
throughout the region has created barriers to migrat-
ing fishes and reduced or eliminated access to his-
torical habitat (Wertheimer and Evans 2005; Schilt 
2006). Quinn (2018) estimated that 31% of the his-
torical salmonid habitat in the Columbia River basin 
is inaccessible as a result of hydropower dams. The 
declines in returning adult salmonids subsequently 
led to recovery measures heavily reliant on reestab-
lishing runs above these dams to provide access to 
their former habitat. However, it is unknown how the 
unnatural reservoir habitat would affect natural devel-
opment and survival of juveniles rearing or passing 
through these systems. Understanding how wild juve-
nile fish move through the reservoirs, approach the 
dams, and how they attempt to pass requires research 
to develop safe and appropriate downstream passage 
routes or structures to help in the recovery of these 
species.

For ESA-listed species, it is challenging to con-
duct rigorous tests to understand factors affecting 
the success of wild populations without having suf-
ficient access to wild fish due to federal protection. 
For many salmonids, one available option is the use 
of hatchery-reared fish to conduct research in lieu of 
the ESA-listed wild counterpart. However, the initial 

objectives of hatchery programs were to enhance har-
vest and therefore required the production of large 
numbers of fast growing fish; the programs were 
never meant to produce fish that emulated wild fish 
phenotypes. Hatcheries often rear their fish at high 
densities in physically simple tanks, troughs, earthen 
ponds, or concrete raceways and ponds, and feed them 
to produce maximal growth with high lipid food pel-
lets (Schuck 1948; Blaxter 1970; Johnsson et al. 2014 
and references therein). Although hatchery fish have 
been used to ask questions pertaining specifically to 
wild fish, the mounting evidence that hatchery fish 
are not equivalent to their wild conspecifics (Einum 
and Fleming 2001; Araki and Schmid 2010) may be 
cause for concern. For example, hatchery-reared sal-
monids generally have reduced brain size (Marchetti 
and Nevitt 2003), reduced fin condition (Bosakowski 
and Wagner 1994), and higher body condition indi-
ces or lipid content (Hill et al. 2006; Chittenden et al. 
2010). These latter may influence a fish’s swimming 
performance (Lauder 2000; Plaut 2000) and higher 
body conditions may lead to early male maturation 
and fish that do not migrate downstream as expected 
(Rowe et al. 1991; Tipping et al. 1995; Larsson et al. 
2012; Norrgärd et al. 2014). Studies have also shown 
significant differences in body morphology (Tiffan 
and Connor 2011; Wessel et  al. 2006), physiologi-
cal responses to stress (Woodward and Strange 1987; 
Congleton et al. 2000), disease susceptibility (Mazur 
and Iwama 1993; Salonius and Iwama 1993), preda-
tor avoidance (Fritts et al. 2007), and survival (Mag-
nusson and Hilborn 2003; Fritts et al. 2007) between 
hatchery and wild salmonids. The differences in these 
physical and behavioral traits may seem small and 
perhaps unimportant in the hatchery environment, but 
they can have significant consequences once fish are 
released into the wild. It is likely that many of these 
reported differences can negatively influence behav-
ior of hatchery fish and may lead to erroneous conclu-
sions when conventional hatchery-reared fish are used 
as a proxy for wild fish research.

The early rearing environment experienced by 
juvenile salmonids likely influences subsequent phe-
notypic and behavioral characteristics. In a hatchery 
setting, numerous studies have shown positive effects 
of rearing in a complex environment on behavior and 
survival (e.g., Berejikian et al. 2000; Braithwaite and 
Salvanes 2005; Lee and Berejikian 2008; Roberts 
et al. 2011; Rodewald et al. 2011; Spence et al. 2011; 
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Salvanes et al. 2013; Brignon et al. 2018). However, 
there are also numerous studies that have shown either 
no effect or negative effects of rearing in a complex 
environment on various phenotypic traits (e.g., Bere-
jikian et al. 1999; Fuss and Byrne 2002; Brockmark 
et al. 2007, 2010; Tatara et al. 2008, 2009; Rosengren 
et al. 2017; Cogliati et al. 2019b). In the wild, juve-
nile Chinook Salmon (O. tshawytscha) tend to form 
small shoals (Kelsey et  al. 2002) and it is conceiv-
able that the social environment experienced during 
early rearing may influence this shoaling behavior. 
Compared to wild fish, hatchery fish that are typically 
reared at high density (Brockmark et al. 2010; Johns-
son et al. 2014) may develop an increased preference 
to form larger groups to gather public information 
about the environment (Laland 2004; Brockmark and 
Johnsson 2010; Brockmark et  al. 2010; Brown and 
Laland 2011). Larger groups may be more conspicu-
ous, thereby increasing predation risk (Krause and 
Godin 1995; but see Hamilton 1971). Ultimately, the 
phenotypic traits that develop as a result of hatchery 
rearing are not reflective of wild fish phenotypes and 
may be maladaptive in the wild (Piersma and Drent 
2003; Johnsson et al. 2014; Stringwell et al. 2014).

In the Willamette River Basin of Western Oregon, 
USA, there are several high head dams and associ-
ated reservoirs affecting fish passage and survival. To 
inform decisions on operational or structural down-
stream fish passage solutions, research is needed to 
determine the effects of reservoir rearing and how 
dams affect juvenile behavior, downstream migration, 
and survival. Therefore, evaluating the approach, pas-
sage, and survival of downstream migrants at dams 
requires the testing of fish with normal, wild-like 
characteristics, particularly in relation to movement 
and migration behaviors. Given the effects of hatch-
ery rearing on fish phenotypes and the limited avail-
ability of wild spring Chinook Salmon, the Wild Fish 
Surrogate Program at Oregon State University began 
in 2012.

The goal of the Wild Fish Surrogate Program 
(hereafter referred to as the WFSP) is to assess extant 
and novel hatchery rearing protocols to produce juve-
nile Pacific salmonids with more wild-like pheno-
typic characteristics for use as wild fish surrogates in 
research applications. This paper first describes the 
rearing protocols of the WFSP, then highlights four 
case studies used to evaluate whether the rearing pro-
tocols of the WFSP achieved the goals of producing 

fish with more wild-like phenotypes. For each case 
study, we compare wild fish surrogates to conven-
tional hatchery-reared fish and wild fish. Because our 
comparisons include ESA-listed wild fish, we chose 
several non-lethal options to evaluate the rearing pro-
gram including body morphology (Case study #1), fin 
condition (Case study #2), and behavior (Case study 
#4). Additionally, we were able to compare whole-
body lipid content for comparing wild fish surrogates 
to that of hatchery and wild conspecifics (Case study 
#3). In all case studies, we predicted that wild fish 
surrogates would have characteristics more similar 
to that of wild fish than hatchery fish. Compared to 
hatchery fish, we predicted that wild fish surrogates 
would have leaner body shapes, larger and symmet-
rical caudal fins, lower lipid levels, and lower moti-
vation to be near conspecifics. The WFSP focuses 
largely on Chinook Salmon; however, we have devel-
oped a similar program for steelhead, which will not 
be described here. The overall success of the program 
is based on numerous evaluations and the outcome 
of field studies; to date, over 400,000 wild Chinook 
Salmon surrogates have been provided to researchers 
in addition to nearly 50,000 surrogates being stocked 
by the Oregon Department of Fish and Wildlife 
(ODFW) for restoring a depleted population. We pre-
sent a next step for the WFSP, where incorporating 
early phenotypic differences into the rearing protocols 
may allow us to rear fish on naturally predisposed 
migratory trajectories. Finally, although we are work-
ing with juvenile Pacific salmonids, this approach can 
be used for a variety of species and programs.

Methods

Planning and coordination

The first step for the development of wild fish sur-
rogates is planning and coordination of fish needs 
with end-user researchers. Researchers request fish 
of certain phenotypes based on what they believe 
are the characteristics of the wild fish in their study 
system(s). Because we are primarily providing fish of 
specific sizes that are downstream movers or actual 
smolts at the requested time(s), we must coordi-
nate fish requests 1–2  years in advance because the 
rearing program begins at the fertilized egg stage. 
Throughout the basin, we acquire eggs from returning 
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hatchery broodstock that return to state hatchery facil-
ities; these eggs come from fish in the same water-
shed as the one that is being used for that particular 
research. Juveniles with desired movement behav-
iors are often provided to researchers in the first fall 
(subyearling smolt) and again in the second spring 
(yearling smolt) of their lives and often of similar 
lengths. Importantly, the WFSP provides fish of the 
same size not only to represent fall and spring-outmi-
grants but often also over different weeks or months 
within a season for various releases with a few hun-
dred fish per release time. Both younger (parr) and 
older (2 year old smolts) fish may also be requested to 
reflect various life history characteristics of wild fish.

Determining wild phenotypes

To emulate wild fish phenotypes, we must first under-
stand the nature of these phenotypes. Hence, we con-
tinuously gather information on naturally produced 
life history phenotypes to establish targets. Because 
of ESA-listing, this is done largely from the literature 
and published technical reports as well as consult-
ing with biologists who have monitored and evalu-
ated wild populations in the Willamette Basin and 
elsewhere. We found that spring Chinook Salmon 
can display an array of movement life history tactics 
and that it can be difficult to know in advance what 
developmental trajectory a fish might take in the 
wild. Juvenile Chinook Salmon sampling by ODFW 
and other research groups provides essential data 
on growth parameters as well as behavioral pheno-
typic variation of wild spring Chinook Salmon in the 
Upper Willamette River. Through long-term monitor-
ing in the basin, Schroeder et al. (2016) identified six 
distinct primary migratory life histories in juvenile 
Chinook Salmon in addition to secondary migrant 
types, ranging from fish moving downstream shortly 
after emergence to those rearing for up to 16 months 
in freshwater near upstream natal areas before migrat-
ing downstream. These probably represent alternative 
tactics in a conditional life history strategy (Satterth-
waite et al. 2010). Fish that migrate in their first fall 
(autumn smolt) and those that migrate in their second 
spring (yearling smolt) represent typical smolt pat-
terns in the basin (Schroeder et al. 2016). These are 
two main target migratory phenotypes for the WFSP, 
although others may be produced as well. The dif-
ferent smolt timings follow different life history 

pathways and, as such, tend to experience different 
rearing habitats throughout development, with fall 
subyearling smolts growing faster than spring year-
ling smolts. Billman et  al. (2014) showed that there 
are morphological differences between these migra-
tory phenotypes (fall versus spring migrants) among 
wild juvenile Chinook Salmon. Such information, 
along with that gathered through monitoring, can pro-
vide guidance on the observed natural variation and 
possible environmental influences on phenotypes. 
Taken together, we can formulate wild fish target phe-
notypes and continue to adjust the rearing protocol 
until the targets are met.

General rearing methods

The WFSP focuses on altering certain aspects of the 
hatchery rearing environment to make it more similar 
to the natural environment(s) of juvenile salmonids. 
The environmental conditions we manipulate include 
density, diet, environmental complexity, temperature, 
and feeding strategy (Fig.  1). We chose to focus on 
these aspects of the environment as they typically 
diverge greatly between the hatchery and natural envi-
ronments. Additionally, previous research looking at 
these conditions on fish phenotypes helped guide the 
program (see, e.g., Schreck et al. 1985; Patiňo et al. 
1986; Flagg and Nash 1999; Johnsson et  al. 2014). 
Although our program focuses mainly on manipulat-
ing the abovementioned environmental conditions to 
achieve target phenotypes, we also acknowledge that 
natural life history variation and early phenotypic dif-
ferences are important aspects to consider when pro-
ducing wild fish surrogates and elaborate on such in 
the “Discussion.”

In brief, we aim for 3–4  kg/m3 as an ideal fish 
density (range 2–6 kg/m3). As fish grow, we monitor 
their density through monthly subsampling, which 
includes sampling 30 to 75 fish per tank (depend-
ing on tank size) for length (mm) and weight (0.1 g). 
Often, there are multiple tanks per group of deliver-
able fish of the same stock and target phenotype, 
and we strive to maintain this target density range 
throughout development by moving fish across tanks, 
as needed. Through collaboration with US Fish and 
Wildlife Service, Bozeman Fish Technology Center, 
we use their specially formulated low-lipid (11–12% 
lipid) nutrient-dense diet as opposed to higher 
lipid (~ 18–20% lipid) commercially available diets 
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throughout development (see Supplemental Infor-
mation and Cogliati et  al. (2019c) for details on the 
Wild Chinook Salmon diet composition). We rear fish 
in outdoor tanks with single pass flow through water 
and shade cover and include the use of substrate 
beginning in the embryo stage and incorporate larger 
structures that span the water column for the dura-
tion of development (Fig. 2). Since we are targeting 
natural growth patterns of wild fish, we also modu-
late the rearing temperature and feeding protocol to 
reflect seasonal changes in growth based on life his-
tory pathways of the target phenotypes. For example, 
fish that migrate as the older, spring yearling smolts 
may hold upstream in their natal tributaries for a 
longer duration compared to fall smolts that migrate 
downstream at a younger age (subyearling), leading 
to differences in the early environmental conditions 
experienced by the fish which can impact growth 

rate. Therefore, when rearing yearling migrants, we 
use chilled water (~ 6–8 °C) for incubation and initial 
rearing to mimic the cold upstream tributaries they 
would experience during these early life stages. On 
the other hand, when rearing fish on the subyearling 
growth trajectory, we use ambient temperature water 
at ~ 13  °C. For feeding rate, we often feed juveniles 
destined for yearling smolt releases between 1.2% 
and 1.5% body weight per day (BW/day), and those 
destined for fall smolt releases between 1.2 and 2.0% 
BW/day, while maintaining condition factors around 
1.0 (based on Fulton’s condition, K) and varying rate 
seasonally for both groups to achieve desired growth 
pattern. Finally, we feed wild fish surrogates using an 
Adaptive Feeding for Natural Growth protocol. This 
method of feeding retains an overall daily and weekly 
quantity of feed needed each week to achieve desired 
growth and size targets over time, but also includes 

Growth pa�ern

Parr
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2 year smolt

Other wild fish 
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Body shape
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Chilled then 
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Fig. 1  Schematic of the rearing considerations of the Wild 
Fish Surrogate Program. From top to bottom, there is a con-
tinuum based on the age of the desired movement phenotype 
with younger movement phenotypes at the top and older at 
the bottom. Moving left to right, environmental variables are 
applied based on the movement phenotypes to achieve par-
ticular growth patterns and other wild fish phenotype targets. 
The environmental variables applied may be for all movement 

phenotypes (Established/set) or may be manipulated (Tem-
perature and Feed amount) based on the desired phenotype. 
Subsequently, the target growth pattern is dependent on the 
desired movement phenotype. The growth pattern of the top 
panel shows the two trajectories based on temperature, either 
for ambient (red) or chilled (black). The other wild fish phe-
notype targets are based more on generalizations of wild fish 
phenotypes
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an adaptive aspect that allows for variation in the 
quantity and timing of each feeding event. See Sup-
plementary Information for additional details on how 
each of these conditions is manipulated for rearing 
wild fish surrogates. All fish rearing, routine sam-
pling, assessments, and research using fish was done 
in compliance with Oregon State University’s Insti-
tutional Animal Care and Use Committee (ACUP 
#4021, #4289, #4688, #5046).

The methods described here are to produce the 
desired wild fish phenotypes but have also been suc-
cessful at avoiding undesirable hatchery phenotypes. 
For example, early (or precocial) male maturation is 
known to occur in both hatchery and wild settings 
and may be considered an undesirable phenotype 
for hatchery production. Several studies have looked 
at the rate of minijacks (age 2) and, to some degree, 
microjacks (age 1; Larsen et al. 2013) in both hatch-
ery and wild populations (e.g., Larsen et  al. 2004, 
2013; Shearer et  al. 2006; Pearsons et  al. 2009). 
Although rates are variable, hatchery production 
tends to produce higher rates of early maturing males 
than what is seen in the wild. For example, Harstad 
et  al. (2014) found 7.9 to 71.4% of males in spring 
Chinook Salmon programs among Columbia River 

basin hatcheries were early maturing. At Prosser Dam 
in the Yakima River basin, Washington, USA, Larsen 
et al. (2013) found rates of 11.0 to 33.3% for standard 
hatchery fish while rates for wild fish ranged from 0 
to 4.1%, depending on the year of the study. With the 
rearing protocols of the WFSP, we have consistently 
found only very low levels of early male maturation 
across all of our wild fish surrogates (< 1%; assessed 
visually and via dissection through routine monthly 
subsampling of smoltification status).

Evaluations

When comparing wild fish surrogates to hatchery and 
wild fish, we are careful to make appropriate compar-
isons based on the life stage and targeted phenotype. 
For example, when making comparisons using slow 
growing yearling migrant wild fish surrogates, we 
ensure that we are sampling hatchery fish that are on 
the same release trajectory and wild fish that reared 
for longer in upstream tributaries. Also, because the 
goal is to provide fish that will migrate downstream 
once released for dam passage studies, we often make 
comparisons prior to or during smoltification of fall 
and spring migrants. However, as we typically rear 

Fig. 2  Rearing methods 
that incorporate structural 
complexity throughout 
rearing for Chinook Salmon 
(Oncorhynchus tshaw-
ytscha). These include 
incubating eggs in outdoor 
tanks on river rock (a, b) 
and using complex structure 
that spans the water column 
for juveniles (c, d)

a) b)

c) d)
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wild fish surrogates for at least 1  year, we strive to 
make comparisons throughout their development to 
ensure we are mimicking the entirety of the juvenile 
stage.

Below we outline four case studies used to evalu-
ate fish raised following the wild fish surrogate rear-
ing protocol in comparison to wild and hatchery 
fish. Unless otherwise stated, the details provided 
above were used in the rearing of all wild fish sur-
rogates used in these comparisons. The wild fish 
surrogates were raised with set targets based on end-
user research needs. These fish consistently met the 
desired phenotypic traits of the program in terms of 
fish length, condition, fin condition, smoltification, 
and timing. Most of the assessments are done non-
lethally and are in collaboration with monitoring and 
evaluation programs conducted by ODFW. In the 
Willamette River system, hatchery fish are marked 
with an adipose fin clip, making it easy to differenti-
ate hatchery and wild fish when sampling in the wild. 
Handling of wild fish was approved by the National 
Marine Fisheries Service (permit # [year]: 19,213 
[2015]; 19,927 [2016]; 20,992 [2017]).

Case study #1: Morphometrics

The wild fish surrogates used for this comparison 
were brood year 2013 North Santiam stock that were 
destined for release as yearlings in spring of 2015. 
We received eyed eggs in October 2013 and placed 
the embryos in two outdoor circular tanks (0.9  m 
diameter) with gravel substrate and chilled water 
(~ 6  °C) at a density of 1000 eggs per tank at the 
Fish Performance and Genetics Laboratory (FPGL). 
Near the onset of summer 2014, we transitioned from 
chilled water to ambient 12  °C. We maintained low 
density throughout rearing by splitting across tanks 
or combining groups into larger tanks; at the time of 
this study, this group of fish had been split across six 
outdoor circular tanks (0.9 m diameter) before being 
combined into a single larger outdoor circular tank 
(3 m diameter) in late summer 2014. For this brood 
year, unlike the general rearing methods described 
above, we fed fish a commercial starter diet prior to 
feeding fish the Wild Chinook Salmon grower diet 
(beginning at 1 mm pellet size) due to starter diet pro-
duction limitations at the beginning of the WFSP. 

In March and April 2015, we collected photo-
graphs from yearling Chinook Salmon juveniles for 
morphometric comparisons. We sampled the North 
Santiam stock yearling wild fish surrogates (n = 50) 
from their rearing tank at FPGL. We sampled wild 
fish (n = 31) from Willamette Falls (T. J. Sullivan 
juvenile bypass facility operated by Portland Gen-
eral Electric Company). These wild fish would rep-
resent a mix of stocks from the Willamette River 
basin, including North Santiam River stock, and were 
sampled on three separate days to achieve sufficient 
numbers. And finally, we sampled yearling hatchery 
fish (n = 50) from of the same stock at Marion Forks 
Hatchery (ODFW State Hatchery that artificially 
rears the North Santiam stock) prior to their release 
in the North Santiam River. See Unrein et al. (2018) 
or Cogliati et  al. (2018) for details on how we took 
photographs.

Case study #2: Fin condition

The wild fish surrogates used for this comparison 
were brood year 2015 McKenzie River stock that 
were destined for release as yearlings in spring of 
2017. We acquired eyed eggs from McKenzie Fish 
Hatchery in November 2015 and placed the eyed 
eggs into two outdoor circular tanks (0.9 m diameter) 
with gravel substrate and chilled water (~ 6  °C) at a 
density of 1000 embryos per tank. Throughout rear-
ing, we split fish across additional tanks or combined 
into larger tanks to maintain low densities; at the time 
of this study, this group of fish had been split across 
eight outdoor circular tanks (0.9 m diameter) before 
being combined into a single larger outdoor circular 
tank (3  m diameter) in late summer 2016 and split 
again into another 3 m diameter outdoor circular tank 
in early fall 2016. Near the onset of summer 2016, we 
transitioned from chilled water to 12 °C. We fed fish 
the Wild Chinook Salmon starter diet and the Wild 
Chinook Salmon grower diet (both at 11–12% lipid).

We collected photographs of caudal fins from each 
of the three groups in November 2016, all represent-
ing the same brood year 2015 McKenzie stock sub-
yearling juvenile Chinook Salmon. For wild fish, we 
sampled fish in the upper McKenzie River both at 
Leaburg dam bypass (n = 30) and from rotary screw 
traps below Cougar Dam regulating outlet (n = 8). We 
sampled wild fish surrogates (n = 57) from the FPGL 
during regular rearing and hatchery fish (n = 30) 
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directly from McKenzie Hatchery (ODFW state 
hatchery). From each of the photographs, we quan-
tified the total surface area of the caudal fins  (mm2) 
along with dorsal and ventral lobe lengths (mm) 
using ImageJ (v1.51, http:// rsbweb. nih. gov/ ij/). These 
measurements allowed us to evaluate overall size and 
asymmetry and can be considered a measure of fin 
condition, as both are often impacted by tank rearing.

Case study #3: Body lipid

The wild fish surrogates used for this comparison 
were the same as those used in Case study #2. In 
November 2015 and 2016, we acquired recently 
deceased (within a few hours of death) wild fish 
samples from ODFW monitoring programs, largely 
through mortalities in rotary screw traps. The sam-
ples were collected from the South Fork McKenzie 
River upstream of Cougar Reservoir and from down-
stream of Cougar Dam (n = 32) and likely represented 
subyearling juvenile Chinook Salmon based on the 
time of year and length. In November 2016, we also 
collected McKenzie stock wild fish surrogate samples 
(n = 18) during regular wild fish surrogate produc-
tion and hatchery fish samples (n = 6) from McKenzie 
Hatchery. These fish were all subyearlings from the 
same brood year 2015 McKenzie River stock.

Case study #4: Behavior

The wild fish surrogates used for this comparison 
were brood year 2016 North Santiam River stock 
that were reared for release as yearlings in spring of 
2018. We acquired eyed eggs from Marion Forks Fish 
Hatchery in November 2016 and placed the eyed eggs 
into one outdoor circular tank (0.9 m diameter) with 
gravel substrate and chilled water (~ 6 °C) at a density 
of 1000 embryos/tank. Near the onset of spring 2017, 
we transitioned from chilled water to 12 °C. During 
this transition, we split tanks of fish into two 0.9 m 
diameter tanks to reduce densities. We fed fish the 
Wild Chinook Salmon starter diet and the Wild Chi-
nook Salmon grower diet (both at 11–12% lipid).

In collaboration with ODFW, we acquired wild 
juvenile Chinook Salmon through seining in the 
North Santiam River and hatchery fish from Marion 
Forks State Hatchery. At this time, river temperature 
in the North Santiam where fish were collected was 
15–16  °C and was 9–13  °C at Marion Forks State 

Hatchery. Because of restrictions with handling wild 
fish, we transported wild fish to FPGL on the day of 
seining, tested all of these wild fish (n = 32) in the two 
subsequent days after collection and then returned 
all wild fish to the river on the third day after collec-
tion. Conversely, to allow for some acclimation, we 
transported the hatchery fish to FPGL 12 days prior 
to the first testing day (n = 46 tested). We compared 
the wild and hatchery fish with wild fish surrogates 
reared at the FPGL (n = 46 tested) and tested all fish 
at ~ 13–14  °C. All fish were considered subyearlings 
and from the same genetic stock.

We conducted behavioral tests at the FPGL from 
29 August to 6 September 2017 (wild fish tested on 
31 August and 1 September; both hatchery and wild 
fish surrogates were also tested on these dates). The 
behavioral tests were designed to assess the motiva-
tion of wild, surrogate, and hatchery fish to be near 
novel conspecifics. We did this by using a set up 
that required fish to traverse a possible aversive zone 
(white bottom, bright light, widening) to reach the 
stimulus presented at the opposite end (Fig.  3). For 
each trial, we placed an individual fish in the start 
box and gave it 15  min acclimation period before 
lifting the transparent start box door and allowing it 
30 min to move throughout the apparatus. We deline-
ated three zones in which the fish could spend their 
time: the start box, the aversive zone (white isosceles 
trapezoid area; Fig. 3), and the preference zone (blue 
rectangular area near stimulus region; Fig. 3). In the 
stimulus zone, we placed either five novel conspecif-
ics or left the compartment empty as a control. The 
novel conspecifics were wild fish surrogates from 
the same cohort as those in the study but not part of 
the experimental setup. We randomly selected five 
fish when needed for each trial and after completion 
of the trial, transferred the fish to a holding tank. All 
conspecifics were combined back to a single tank 
after each day and were available to be used again on 
subsequent testing days.

Analyses

Case study #1: Morphometrics

To compare body morphology, we used landmark-
based geometric morphometric analysis from the 
collected photographs, after filtering out images of 
bent or tilted fish (remaining wild: n = 30; surrogate: 

http://rsbweb.nih.gov/ij/
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n = 49; hatchery: n = 47). We used 15 landmarks 
frequently used for morphological comparisons in 
salmonids (Beeman et  al. 1994; Tiffan and Con-
nor 2011; Billman et  al. 2014), digitized using tps-
Dig2 (Rohlf 2010). We ran a Generalized Procrustes 
Analysis (Gower 1975; Rohlf and Slice 1990) using R 
package geomorph (v. 3.0.3; Adams and Otárola-Cas-
tillo 2013). This analysis produces aligned Procrustes 
coordinates and a centroid size for each specimen that 
can be used in subsequent shape analyses. To evalu-
ate body shape differences between wild, surrogate, 
and hatchery fish, we constructed a linear model 
using the advanced.procD.lm function in geomorph 
to allow for pairwise comparisons. In this model, we 
used the two-dimensional set of Procrustes landmarks 
as the response variable and included the log cen-
troid size as the reduced model and the log centroid 

size interacting with treatment as the full model, with 
treatment as the grouping factor and run with 10,000 
permutations (Adams and Otárola-Castillo 2013). We 
compared models using an ANOVA to look at the 
effect of treatment. The log centroid size is included 
to account for any size-related effects on body shape. 
Finally, we ran PCA analyses using the gm.prcomp 
function in geomorph to visualize differences among 
groups for the first two principal components.

Case study #2: Fin condition

We constructed linear models for both total area 
(transformed using Box-Cox transformation to meet 
model assumptions) and lobe length asymmetry using 
R (ver. 3.5.3). Both models included group (wild, 
surrogate, hatchery) and fish length as predictor 
variables.

Case study #3: Body lipid

For lipid content determination, we dried whole-body 
fish to a constant weight (± 0.001 g) in a 60 °C oven 
and extracted lipids in triplicate assays following 
the methods described in Cogliati et al. (2019c). We 
constructed a linear model in R (ver. 3.5.3) using the 
square root transformed wet lipid data to meet model 
assumptions. We included group (wild, surrogate, 
hatchery) and the approximate length of the fish in 
the model as predictor variables.

Case study #4: Behavior

To evaluate differences in motivation to be near con-
specifics across wild, surrogate and hatchery fish, 
we compared the proportion of time spent in the 
preference zone using beta regression (R package 
“betareg”; Cribari-Neto and Zeileis 2010). Because 
we had extremes in the dataset, we transformed the 
data according to Smithson and Verkuilen (2006) 
using (y × (N − 1) + 0.5)∕N , where y is the propor-
tion of time spent in the preference zone and N is the 
sample size. The model included this transformed 
proportion as the response variable and the rearing 
treatment (wild, surrogate, hatchery), stimulus (bare, 
conspecifics), and fish length as fixed effects.
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Fig. 3  The setup used for testing motivation to be near con-
specifics in juvenile Chinook Salmon (Oncorhynchus tshawyts-
cha). The top panel is a top down schematic of the different 
zones delineated. Dotted lines represented transparent barriers 
that had openings to allow for water to move past the barriers. 
After the 15  min acclimation period, the transparent barrier 
adjacent to the start box was opened remotely using a pulley. 
The bottom panel is a photograph of the setup with the test 
fish located in the aversive zone and conspecifics located in the 
stimulus zone. Water inflow was located in the stimulus zone 
and outflow in the start box, such that the flow of water moved 
from left to right in this example
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Results

Case study #1: Morphometrics

Mean ± SD fork length (in mm) and Fulton’s 
condition factor (K; in g/cm3 *100,000) ± SD 
were 127 ± 10  mm and 1.02 ± 0.06 for wild fish, 
155 ± 23 mm and 1.05 ± 0.05 for wild fish surrogates, 
and 149 ± 23  mm and 1.12 ± 0.06 for hatchery fish. 
There was a significant effect of treatment on body 
shape (ANOVA:  F4,120 = 14.38, p = 0.0001; Fig.  4a, 
b). Wild fish surrogates were intermediate in shape 
between wild and hatchery fish and showed greater 
similarity in body shape with the wild fish, as evi-
denced by the greater degree of overlap in mean body 
shapes (Fig.  4b, c). Pairwise comparisons showed 
significant differences between wild fish and wild fish 
surrogates (p = 0.0006), between surrogate and hatch-
ery fish (p = 0.0001), and between wild and hatchery 
fish (p = 0.0001). Overall, hatchery fish had the deep-
est bodies and heads and the shortest heads, followed 
by wild fish surrogates and then wild fish with the 
narrowest bodies and longest heads (Fig.  4b). The 
geometric morphometric analyses pairwise compari-
sons do account for the effect of size by including the 
log centroid size. However, it is worth noting that the 
wild fish surrogates were the largest in length but had 
comparable body condition to that of wild fish.

Case study #2: Fin condition

There was a significant effect of group on total area 
(ANOVA:  F2,121 = 343.69, p < 0.0001; Fig. 5a), where 
wild fish surrogates had significantly larger caudal 
fins than hatchery fish (estimate ± s.e. = 0.24 ± 0.11, 
t = 2.21, p = 0.03) and wild fish (esti-
mate ± s.e. = 0.54 ± 0.13, t = 3.99, p = 0.0001). Hatch-
ery fish also had larger caudal fins, controlling for 
body size, than wild fish (estimate ± s.e. = 0.3 ± 0.13, 
t = 2.23, p = 0.03). There was also a significant group 
effect on length asymmetry (ANOVA:  F2,121 = 18.89, 
p < 0.0001; Fig.  5b), where wild fish surrogates had 
significantly more symmetrical fins than hatchery 
fish (estimate ± s.e. = 0.83 ± 0.28, t = 3.00, p = 0.003), 
but exhibited symmetry similar to that of wild fish 
(estimate ± s.e. = 0.25 ± 0.35, t = 0.70, p = 0.48). Wild 
fish also tended to have more symmetrical fins than 
hatchery fish (estimate ± s.e. = 0.59 ± 0.35, t = 1.68, 
p = 0.09). Length, which was included in each model, 

had a significant effect on total area (ANOVA: 
 F1,121 = 464.64, p < 0.0001) and length asymmetry 
 (F2,121 = 36.06, p < 0.0001). Mean ± SD (in mm) fork 
length were 112 ± 15 mm for wild fish, 154 ± 23 mm 
for wild fish surrogates, and 144 ± 16 mm for hatch-
ery fish. The differences in fins mentioned above can 
also be visualized on the fish depicted in Fig. 4a.

Case study #3: Body lipid

Wild fish surrogates were intermediate between 
wild and hatchery fish in body lipid content. 
There was a significant effect of group (ANOVA: 
 F2,52 = 79.06, p < 0.0001; Fig.  6) on whole-body 
lipid content (measured as percent lipid of fish 
wet mass). Wild fish surrogates had signifi-
cantly lower lipid content than hatchery fish (esti-
mate ± s.e. = 0.43 ± 0.17, t = 2.55, p = 0.01) and 
significantly higher lipid content than wild fish 
(estimate ± s.e. = 1.11 ± 0.10, t = 10.67, p < 0.0001). 
Wild fish had significantly lower lipid content than 
hatchery fish (estimate ± s.e. = 1.55 ± 0.16, t = 9.60, 
p < 0.0001). There was also a significant effect of 
length on whole-body lipid content  (F1,52 = 10.12, 
p = 0.002), such that for every millimeter of 
growth, there was a decrease of 0.006 ± 0.002 (esti-
mate ± s.e.) % lipid. The mean ± SD fork length (in 
mm) was 134 ± 29  mm for wild fish, 136 ± 21  mm 
for wild fish surrogates, and 152 ± 6 mm for hatch-
ery fish.

Case study #4: Behavior

Wild fish surrogates spent significantly less 
time in the preference zone compared to hatch-
ery fish (beta regression coefficients: esti-
mate ± s.e. =  − 0.62 ± 0.31, z = 1.98, p = 0.05; 
Fig.  7) and were not significantly different than 
wild fish (estimate ± s.e. =  − 0.39 ± 0.30, z = 1.3, 
p = 0.19; Fig. 7). Hatchery and wild fish did not dif-
fer in their proportion of time spent in the prefer-
ence zone (estimate ± s.e. = 0.22 ± 0.32, z = 0.70, 
p = 0.48; Fig.  7). We found a significant effect of 
stimulus in the model, where fish from all groups 
were more likely to spend time in the preference 
zone when conspecifics were present compared to 
the bare treatment (estimate ± s.e. = 0.51 ± 0.23, 
z = 2.2, p = 0.03). There was no significant effect 
of fish length (estimate ± s.e. =  − 0.01 ± 0.02, 
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Fig. 4  Morphometric comparisons of juvenile Chinook 
Salmon (Oncorhynchus tshawytscha). Fish used were consid-
ered yearling smolts sampled in March 2015. a Example of 
size-matched wild, surrogate, and hatchery fish. b Pairwise 
depictions of mean shape differences between wild (black), 
surrogate (blue), and hatchery (red) fish, magnified by × 3 to 

aid visualization. Data are standardized shape coordinates 
based on landmark data in two-dimensional space from Gener-
alized Procrustes Analysis. All pairwise comparisons were sig-
nificantly different. c Scatterplot of first two principal compo-
nents by treatment group from a principal component analysis 
(PCA) on Procrustes shape coordinates
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z =  − 0.75, p = 0.45). Mean ± SD fork length (in 
mm) and Fulton’s condition factor (K) ± SD were 
95 ± 9 mm and 1.11 ± 0.07 for wild fish, 91 ± 7 mm 

and 1.06 ± 0.06 for wild fish surrogates, and 
101 ± 8 mm and 1.13 ± 0.13 for hatchery fish.

Fig. 5  Fin measurements 
from juvenile Chinook 
Salmon (Oncorhynchus 
tshawytscha). Data show 
least squares means to 
account for the effect of 
body size for wild (black), 
surrogate (gray), and hatch-
ery (white) for a total fin 
area (model used box-cox 
transformed data) and b 
length asymmetry. Error 
bars are upper and lower 
95% confidence intervals

a b c

ab

a

b
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Discussion

Since the inception of the WFSP, we have been devel-
oping and refining the rearing protocols of this pro-
gram for several years. This has been largely focused 

on the manipulation of several environmental vari-
ables, described above, to foster wild-like character-
istics in juvenile salmonids. Over the years, we have 
conducted numerous evaluations of these rearing 
protocols to determine if an altered hatchery rearing 

Fig. 6  Percent lipid based 
on wet weight of juvenile 
Chinook Salmon (Onco-
rhynchus tshawytscha) for 
wild, surrogate, and hatch-
ery fish groups. Boxplots 
show median, first and third 
quartiles as horizontal lines, 
along with 95% confidence 
intervals (vertical lines) and 
individual data points a

b

c

Fig. 7  Proportion of time 
spent in the preference zone 
for wild, hatchery, and wild 
fish surrogate groups of 
juvenile Chinook Salmon 
(Oncorhynchus tshaw-
ytscha) for both bare and 
conspecific stimuli. Data 
show least squares means 
(± SE) from the beta regres-
sion model that included 
treatment, stimulus, and fish 
length as fixed effects
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environment produces fish with more typical wild-
like characteristics compared to hatchery fish with 
good success. The thrust of this program was the 
need to conduct research on ESA-listed populations 
to gain a greater understanding on impacts affecting 
the recovery of those populations. Our results add to 
the growing literature that wild and hatchery fish are 
not phenotypically equivalent and support the need 
for the development and use of wild fish surrogates 
for research that can help inform recovery of ESA-
listed species.

In juvenile salmonids, morphological variation 
has been observed both across populations and across 
rearing environments within populations (e.g., Taylor 
and McPhail 1985; Swain and Holtby 1989; Swain 
et  al. 1991; Tiffan and Connor 2011; Billman et  al. 
2014). The three groups in this study all showed sig-
nificant differences in body shape, accounting for any 
size-related effects, likely attributed to differences in 
the rearing environments. These results are consist-
ent with our predictions, that wild fish surrogates 
were more similar to wild fish and had leaner body 
shapes than hatchery fish. The similar body condition 
between wild fish surrogates and wild fish may help 
explain, in part, the more streamlined body shape of 
wild fish surrogates, which is more similar to the nar-
row and long body shape of wild fish. With the high-
est body condition among the three groups, hatchery 
fish had deeper bodies and shorter heads. Body mor-
phology is known to influence fish swimming perfor-
mance (Webb 1984; Ohlberger et  al. 2006; Langer-
hans and Reznick 2010). Producing fish in a hatchery 
environment that are more similar to the wild coun-
terparts (e.g., streamlined shape for salmonids) may 
result in fish being better able to adapt and survive 
once released in the wild. This may be due to an 
expression of swimming performance adapted to the 
environment that results in higher predator avoidance 
and prey acquisition (Langerhans and Reznick 2010). 
The morphometrics results support the goals of the 
WFSP by producing fish with more streamlined body 
shape characteristics similar to that displayed by wild 
fish.

Deteriorating fin condition is a common concern 
in hatchery production, which is typically a result of 
the hatchery environment, diet, social interactions, or 
other influences (Latremouille 2003). In line with our 
predictions, wild fish surrogates had larger and more 
symmetrical caudal fins than hatchery fish. However, 

we provide mixed support that wild fish surrogates 
are more similar to wild fish in terms of fin condition: 
(1) wild fish surrogates had the largest caudal fins 
while wild fish had the smallest even after account-
ing for body size differences, (2) wild fish surrogates 
had the most symmetrical caudal fins and were not 
significantly different from wild fish symmetry. The 
caudal fin plays an important role in swimming per-
formance in fishes (Lauder 2000; Plaut 2000), and 
this fin is often the most eroded in hatchery-reared 
juvenile Chinook Salmon. Such erosion may impact 
the ability of fish to hunt for prey and avoid predators 
when released into the wild and can lower survival 
(Evans et  al. 2014). Despite mixed support for our 
predictions, these results still show that the rearing 
protocols of the WFSP produce fish with larger and 
more symmetrical caudal fins.

In creating wild fish surrogates, evaluation of lipid 
content is an important consideration. Several studies 
have shown that hatchery-reared juvenile salmonids 
have higher lipid and lower protein compared to their 
wild counterparts (e.g., Wood et al. 1960; Higgs et al. 
1995). In line with our predictions, wild fish surro-
gates had lower whole-body lipid compared to hatch-
ery fish though were still significantly higher than 
wild fish. The intermediate body lipid seen in wild 
fish surrogates may be explained, in part, by the low-
lipid wild fish surrogate diet having intermediate lipid 
levels between hatchery diets and that of prey items 
of wild fish. However, energetic demands on wild 
fish surrogates are likely lower than that of wild fish, 
which can further explain differences in body lipid 
levels even in the absence of differences in diet. It is 
important to recognize there is a lot of variation in 
wild fish lipid content depending on season, location, 
and individual differences (Beckman et al. 2000). The 
wild fish samples used for this comparison were from 
recently deceased fish collected in traps (because of 
ESA-related restrictions on collecting wild fishes), 
and these fish may not be the best representation of 
wild samples. Another important consideration is that 
our sample sizes were different across treatments. The 
fewer hatchery fish samples, along with larger body 
size, may have biased these results when compared 
to wild fish surrogates (but see Cogliati et al. 2019c). 
However, producing smaller wild fish surrogates with 
leaner body composition compared to hatchery fish 
is still consistent with the goals of the rearing pro-
gram by producing fish in an artificial setting that 
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emulate more typical wild fish characteristics (e.g., 
Beckman et  al. 2000). Importantly, higher percent-
ages of whole-body lipids are considered an indicator 
of early maturation in salmonids (Rowe et al. 1991), 
and fish with higher body conditions may not migrate 
downstream (Tipping et al. 1995; Larsson et al. 2012; 
Norrgärd et  al. 2014), which is the main goal when 
releasing hatchery fish in the wild. The rearing pro-
tocols of the WFSP have consistently produced only 
very low levels of early male maturation across all of 
our wild fish surrogates.

Finally, in line with our prediction, our behavio-
ral results show that wild fish surrogates appear least 
motivated to cross a possibly aversive area to join a 
group, while hatchery fish appear most motivated 
to cross an aversive area when conspecifics were on 
the other side. However, partially not in line with 
our prediction was that wild fish showed intermedi-
ate motivation to be near conspecifics and were not 
significantly different from either wild fish surrogates 
or hatchery fish. It is important to acknowledge that 
we were unable to provide these wild fish with the 
same window of time for habituating to the new tank 
environment due to permit restrictions. Following an 
acute stressor (capture, transport, novel tank envi-
ronment), it is likely that the cortisol levels of these 
wild fish were still elevated compared to baseline 
even after 24 h (Schreck and Tort 2016). For exam-
ple, Cogliati et al. (2019a) simulated a transportation 
event and found elevated cortisol levels 20  h post-
stressor in Chinook Salmon of the same genetic stock. 
Behavioral traits may therefore be reflective of differ-
ences in both adaptive traits and environmental con-
ditions, including stressors (Noakes and Jones 2016). 
As such, the behavior of wild fish in our study may be 
more heavily influenced by recent stressors compared 
to wild fish surrogates and hatchery fish. Additional 
research would be needed to disentangle the effects 
of transportation with a short acclimation prior to 
testing to fully understand the behavior of wild fish 
observed in this study. Altogether, the difference in 
motivation to be near conspecifics between wild fish 
surrogates and hatchery fish may be a result of dif-
ferences in rearing density or other environmental 
variables. Understanding the social and motivational 
differences between hatchery and natural-origin fish 
may help inform decisions for restoring natural-origin 
fish populations and guide conservation hatcheries 
and other programs.

Field tests for wild fish surrogates

The final test of the wild fish surrogates is how they 
perform when released in the wild. Because we are 
trying to emulate out-migrating smolts, we focus on 
whether our fish moved after release as expected. 
External end-users (researchers) of the program 
tag and release wild fish surrogates to investigate 
behavior and distribution, dam passage efficiency, 
and survival, and we can extract information related 
to the movement performance of wild fish surro-
gates from these studies. For example, Beeman and 
Adams (2015) monitored acoustically tagged and 
released juvenile wild Chinook Salmon surrogates in 
two tributaries upstream of Detroit Reservoir on the 
North Santiam River (Oregon, USA) and found high 
stream and reservoir passage efficiency of wild fish 
surrogates. In the nearby Cougar Reservoir (Oregon, 
USA), Beeman et al. (2016) reported a reservoir pas-
sage efficiency for juvenile wild Chinook Salmon 
surrogates of 93%. Studies by Hughes et  al. (2017) 
and Liss et  al. (2020) showed that greater than 60% 
of radio tagged juvenile wild Chinook Salmon surro-
gates migrated out of the Foster Reservoir (Oregon, 
USA) and passed Foster Dam during the same migra-
tion periods as wild counterparts. Tagged fish that 
remained in the reservoir reared for another season 
before either passing the dam or not passing at all; a 
similar behavior observed for wild juvenile Chinook 
Salmon (Hughes et al. 2017; Liss et al. 2020). In the 
same system, the distribution pattern of wild Chinook 
Salmon surrogates released into the head of reser-
voir were nearly identical to those of wild Chinook 
Salmon over the course of 6 months (T. Kock, pers. 
comm.). These examples highlight the success of the 
WFSP in producing fish that behave like their wild 
counterparts and with the propensity to move down-
stream once released.

Incorporating natural life history variation

Recognizing that additional variables or characteris-
tics may be valuable to consider in the development 
of wild fish surrogates, we are continuously striving 
to improve on the quality and phenotypic accuracy 
of wild fish surrogates through additional research 
and evaluations. For example, our current rearing 
protocols are focused heavily on incorporating envi-
ronmental determinants to affect the expression of 
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migratory phenotypes. However, variation in migra-
tory phenotypes is also influenced by genetic vari-
ation (Carl and Healy 1984). The diversity of these 
juvenile migratory phenotypes may be a result of 
tradeoffs between ocean survival and improved ocean 
growth conditions compared to freshwater habitats 
(Gross 1987; Gross et  al. 1988; Jonsson and Jons-
son 1993; McCormick et  al. 1998; Thompson et  al. 
2015). Indeed, these migratory phenotypes are likely 
alternative tactics in a conditional life history strategy 
(Satterthwaite et al. 2010). Individual factors such as 
size and body condition, which may have a genetic 
predisposition, could therefore influence the decision 
of when juveniles undergo their seaward migration 
(Ward et  al. 1989; Beckman et  al. 1998; Thompson 
and Beauchamp 2014).

Juvenile Chinook Salmon that migrated down-
stream as fall subyearling smolts have signifi-
cantly different body shapes compared to those 
that migrated as subsequent spring yearling smolts 
(Billman et  al. 2014). Based on these findings, we 

can evaluate early life history differences as pre-
dictors of migration timing using body morphol-
ogy as a tool. To date, we have evaluated egg size, 
emergence timing, and vertical self-sorting behav-
ior as possible predictors of migration based on 
subsequent body shape differences (Cogliati et  al. 
2018; Unrein et al. 2018; see also Self et al. 2018). 
These studies showed that fish from small eggs and 
newly emerged fish that prefer to spend time in the 
water column or near the surface (compared to fish 
that associate with the bottom) have body shapes 
expressed later in life that are similar to those of fall 
migrants described in Billman et al. (2014). There-
fore, juveniles can be separated early on in develop-
ment based on these early life history characteris-
tics (e.g., egg size) and then  be provided with the 
environmental conditions that best match the likely 
migration pathway these fish would have taken if 
they had reared in the wild. For example, applying 
the rearing protocol for a fry or subyearling as the 
desired phenotype to fish from small eggs may yield 
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Fig. 8  Theorized schematic of the rearing considerations of 
the Wild Fish Surrogate Program that include natural life his-
tory variables. Similar to Fig.  1, there is a continuum based 
on the age of the desired movement phenotype when moving 
from top to bottom, with younger movement phenotypes at 
the top and older at the bottom. The theorized component of 
this revised schematic includes the incorporation of natural 
life history variables that may influence downstream move-

ment behavior based on current correlational studies. These 
early phenotypic differences may indicate a predisposition to 
the different movement phenotypes and as such, we can then 
apply the appropriate environmental variables that would have 
been experienced in the wild. The targets would be the same as 
in Fig. 1. aCogliati et al. 2018; bSelf et al. 2018; cUnrein et al. 
2018
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greater phenotypic accuracy with wild fish counter-
parts. Taken together, a revised schematic depicting 
our theorized approach to including natural life his-
tory variation in the surrogate rearing program is 
provided in Fig.  8. At this time, this is only theo-
rized as additional tests on the direct effects of egg 
size and vertical self-sorting on seasonal move-
ment behavior in the field and the lab are needed 
before these can be incorporated in the WFSP. 
However, if observable phenotypes exhibited early 
in life are associated with migratory phenotypes 
expressed later in life, we hope to incorporate natu-
ral life history and use targeted rearing strategies to 
increase the probability that desired phenotypes are 
expressed by wild fish surrogates when released to 
support fish passage and migration studies.

Applications, future directions, and considerations

Conventional hatchery rearing conditions may lead 
to significant mortality after release as a result of 
organisms being unable to adapt quickly to the novel 
environment (Shumway 1999; Kellison et  al. 2000; 
Huntingford 2004; Brockmark et  al. 2010; Salvanes 
et al. 2013; Johnsson et al. 2014). Incorporating sev-
eral aspects of the WFSP into conventional hatchery 
production may provide a number of potential ben-
efits. For example, incorporating habitat complex-
ity throughout development may lead to a reduced 
stress response when presented with typical han-
dling stressors, such as transportation (Cogliati et al. 
2019a). This may translate to improved success in 
foraging, anti-predator, and other behaviors impor-
tant for survival upon release, as a result of reduced 
stress in response to the novel environment (Schreck 
et  al. 1997; Romero 2004). Similarly, studies have 
shown that hatchery rearing that incorporated more 
natural thermal regimes and feeding profiles result-
ing in strong seasonal changes in growth had the 
best performing smolts in terms of returning adults 
(e.g., Spangenberg et al. 2014; Beckman et al. 2017; 
Harstad et  al. 2018). Therefore, hatchery programs 
that incorporate more wild-like conditions to produce 
more natural growth may help increase hatchery pro-
duction success. Beyond modulating growth to match 
wild fish, hatchery programs may also benefit from 
other WFSP methods that help produce phenotypic 
traits that are able to adapt more quickly to novel 
environments to mitigate unintentional mortalities.

Additional studies that could use juvenile wild fish 
surrogates as test subjects may include assessing hab-
itat use in streams or lakes, residence time, variation 
in movement patterns, foraging success, or reservoir 
and stream seasonal growth rates, among others. For 
example, some of the studies in which wild fish surro-
gates have been used to date have evaluated an exper-
imental portable floating fish collector (Beeman et al. 
2016), fish behavior, entrainment, and survival (e.g., 
Beeman and Adams 2015; Hughes et  al. 2017; Liss 
et al. 2020), the survival of juvenile to adult returns 
of fish released above versus below high head dams 
(unpublished), and truck transport versus bypass at 
dams (currently ongoing field studies). Wild fish sur-
rogates could also be used in laboratory experiments 
to evaluate other metrics not easily tested in field 
conditions, including swimming performance, smolt 
characteristics, various behavioral traits, and cogni-
tive tasks, among others. For example, we could eval-
uate if frayed or eroded fins have a negative impact 
on swimming performance, if increased body lipid 
(typical of reservoir rearing) impacts smoltification or 
swimming ability, or if wild fish surrogates are capa-
ble of successfully coping with various handling and 
stressful events they may experience in the wild.

The development of a WFSP is not limited to sal-
monids, just as it is not limited to movement or migra-
tion. There are many opportunities to implement such 
a program tailored to individual ESA-listed species 
and facilities. These wild fish surrogates would then 
be used to provide researchers with a means to design 
and test experiments in the field or lab that will lead 
to valuable information pertaining to the wild fish 
populations. Some ESA-listed species like White 
Sturgeon (Scaphirhynchus albus), Pallid Sturgeon 
(Acipenser transmontanus), several Pacific rockfishes 
(Sebastes sp.), and Pacific Lamprey (Entosphenus 
tridentatus) have various artificial rearing programs 
in place that are designed to help in the recovery of 
these species. While the specific methods described 
here are tailored to salmonids and may not be appro-
priate for other species, there are key concepts that 
are broadly applicable and may benefit other pro-
grams. Based on our work with salmonids, we have 
provided a framework on which to build, where spe-
cies or location-specific considerations can be added. 
We believe there are two important points to consider 
when developing a WFSP. First, having information 
about the wild populations and the environment in 
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which they live is valuable for setting target pheno-
types. We realize this may be limited in some cases 
with the ESA-listed status of some species, but even 
limited information is better than none. Along these 
lines, the second point is to have a good understand-
ing of general fish biology, ecology, evolution, life 
history, and behavior. This basic knowledge can be 
a valuable contribution to setting targets, as informa-
tion from closely related species or those occupying 
similar habitats might shed light on the target species.

One important consideration for the development 
and use of a wild fish surrogate rearing program is 
that care must be taken to ensure the program is not 
considered a replacement for protecting and restor-
ing critical habitat. Wild fish surrogates can be used 
to address questions that pertain to the biology and 
ecology of wild fish, and to conduct studies that 
address possible impacts on their populations and 
inform solutions. However, these fish are designed to 
determine methods that can be used to help sustain 
wild fish populations, not to replace them. The loss 
of wild populations or species as a result of foregoing 
habitat restoration or assuming all aspects of wild fish 
can be recreated has profound ecological and societal 
impacts. Therefore, we caution against equating wild 
fish and wild fish surrogates with hatchery fish when 
it comes to hatchery production.

Acknowledgements We thank the past and present members 
of the Wild Fish Surrogate Program who have contributed to 
the success of the program, including E. Billman, R. Chitwood, 
C. Danley, O. Hakanson, C. Herron, R. Koch, A. Pollock, M. 
Scanlan, K. Self, H. Stewart, and J. Unrein, along with many 
student workers. In particular, Rob Chitwood, the Facility 
Manager at the Fish Performance and Genetics Laboratory was 
highly instrumental in designing and implementing our rearing 
tactics. We thank the staff at the Oregon Hatchery Research 
Center for their continued support and involvement with our 
program, including R. Couture, J. O’Neil, J. Krajcik, J. Mahr, 
A. Powell, M. Anderson, and Craig Lawson. Part of the suc-
cess of our program relies on having access to wild fish data 
and we thank T. Friesen, F. Monzyk, J. Romer, and L. Whit-
man from Oregon Department of Fish and Wildlife for provid-
ing data and assisting with various requests for opportunities 
to sample wild fish. Finally, we thank the US Army Corps of 
Engineers, Portland District for their support of our program, 
both scientifically and financially. All fish rearing, routine sam-
pling, assessments, and research using fish was done in compli-
ance with Oregon State University’s Institutional Animal Care 
and Use Committee (ACUP #4021, #4289, #4688, #5046). 
This program is funded by the U.S. Army Corps of Engineers, 
Portland District through the Anadromous Fish Evaluation Pro-
gram (Project TD-13-02; Contract W66QKZ63007786) and 
additionally supported by the U.S. Geological Survey and the 

Oregon Hatchery Research Center. Reference to trade names 
does not imply endorsement by the U.S. Government.

Co-author, David L.G. Noakes, passed away on 1 Decem-
ber 2020. Professor Noakes was a co-Principal Investigator of 
the Wild Fish Surrogate Program and contributed greatly to all 
aspects of the program and this manuscript.

Funding This program is funded by the U.S. Army Corps 
of Engineers, Portland District through the Anadromous 
Fish Evaluation Program (Project TD-13–02; Contract 
W66QKZ63007786) and additionally supported by the U.S. 
Geological Survey and the Oregon Hatchery Research Center.

Data availability The data that support the findings pre-
sented here are available upon request from the corresponding 
author.

Code availability The code that support the analyses pre-
sented here, developed using R version 3.5.3 (www.r- proje ct. 
org), are available upon request from the corresponding author.

Declarations 

Ethics approval and consent to participate All fish rear-
ing, routine sampling, assessments, and research using fish was 
done in compliance with Oregon State University’s Institutional 
Animal Care and Use Committee (ACUP #4021, #4289, #4688, 
#5046). Handling of wild fish juveniles was approved by the 
National Marine Fisheries Service (permit # [year]: 19213 
[2015]; 19927 [2016]; 20992 [2017]). Consent to participate is 
not applicable.

Consent for publication The authors consent to the publica-
tion of this manuscript.

Conflict of interest The author(s) declare no competing in-
terests.

References

Adams DC, Otárola-Castillo E (2013) geomorph: an R package 
for the collection and analysis of geometric morphomet-
ric shape data. Methods Ecol Evol 4:393–399

Araki H, Schmid C (2010) Is hatchery stocking a help or harm? 
Evidence, limitations and future directions in ecological 
and genetic surveys. Aquaculture 308:S2–S11

Beckman BR, Larsen DA, Lee-Pawlak B, Dickhoff WW 
(1998) Relation of fish size and growth rate to migration 
of spring Chinook salmon smolts. N Am J Fish Manag 
18:537–546

Beckman BR, Larsen DA, Sharpe C, Lee-Pawlak B, Schreck 
CB, Dickhoff WW (2000) Physiological status of natu-
rally reared juvenile spring Chinook Salmon in the 
Yakima River: seasonal dynamics and changes associ-
ated with smolting. Trans Am Fish Soc 129:727–753

http://www.r-project.org
http://www.r-project.org


1131Environ Biol Fish (2023) 106:1113–1134 

1 3
Vol.: (0123456789)

Beckman BR, Harstad DL, Spangenberg DK, Gerstenberger 
RS, Brun CV, Larsen DA (2017) The impact of differ-
ent hatchery rearing environments on smolt-to-adult 
survival of spring Chinook salmon. Trans Am Fish Soc 
146:539–555

Beeman JW, Adams NS, eds (2015) In-reservoir behavior, dam 
passage, and downstream migration of juvenile Chinook 
salmon and juvenile steelhead from Detroit Reservoir 
and Dam to Portland, Oregon, February 2013–February 
2014. U.S. Geological Survey Open-File Report 2015–
1090, 92 p

Beeman JW, Evans SD, Haner PV, Hansel HC, Hansen AC, 
Hansen, GS, Hatton TW, Sprando JM, Smith CD, Adams 
NS (2016) Evaluation of the biological and hydraulic 
performance of the portable floating fish collector at 
Cougar Reservoir and Dam, Oregon, 2014. U.S. Geologi-
cal Survey Open-File Report 2016–1003, 127 p

Beeman JW, Rondorf DW, Tilson ME (1994) Assessing smolti-
fication of juvenile spring Chinook salmon (Oncorhyn-
chus tshawytscha) using changes in body morphology. 
Can J Fish Aquat Sci 51:836–844

Berejikian BA, Smith RJF, Tezak EP, Schroder SL, Knudsen 
C (1999) Chemical alarm signals and complex hatchery 
rearing habitats affect antipredator behavior and survival 
of Chinook salmon (Oncorhynchus tshawytscha) juve-
niles. Can J Fish Aquat Sci 56:830–838

Berejikian BA, Tezak EP, Flagg TA, LaRae AL, Kummerow E, 
Mahnken CVW (2000) Social dominance, growth, and 
habitat use of age-0 steelhead (Oncorhynchus mykiss) 
grown in enriched and conventional hatchery rearing 
environments. Can J Fish Aquat Sci 57:628–636

Billman EJ, Whitman LD, Schroeder RK, Sharpe CS, Noakes 
DLG, Schreck CB (2014) Body morphology differs in 
wild juvenile Chinook salmon (Oncorhynchus tshaw-
ytscha) that express different migratory phenotypes 
in the Willamette River, Oregon, U.S.A. J Fish Biol 
85:1097–1110

Blaxter JHS (1970) Sensory deprivation and sensory input in 
rearing experiments. Helgoländ Wiss Meer 20:642–654

Bosakowski T, Wagner EJ (1994) Assessment of fin erosion 
by comparison of relative fin length in hatchery and wild 
trout in Utah. Can J Fish Aquat Sci 51:636–641

Braithwaite VA, Salvanes AGV (2005) Environmental vari-
ability in the early rearing environment generates behav-
iourally flexible cod: implications for rehabilitating wild 
populations. Proc R Soc B 272:1107–1113

Brignon WR, Pike MM, Ebbesson LOE, Schaller HA, Peter-
son JT, Schreck CB (2018) Rearing environment influ-
ences boldness and prey acquisition behavior, and brain 
and lens development of bull trout. Environ Biol Fish 
101:383–401

Brockmark S, Neregård L, Bohlin T, Björnsson BT, Johnsson 
JI (2007) Effects of rearing density and structural com-
plexity on the pre- and postrelease performance of Atlan-
tic salmon. Trans Am Fish Soc 136:1453–1462

Brockmark S, Adriaenssens B, Johnsson JI (2010) Less is 
more: density influences the development of behavioural 
life skills in trout. Proc R Soc B 277:3035–3043

Brockmark S, Johnsson JI (2010) Reduced hatchery rearing 
density increases social dominance, postrelease growth, 

and survival in brown trout (Salmo trutta). Can J Fish 
Aquat Sci 67:288–295

Brown C, Laland K (2011) Social learning in fishes. In: Brown 
C, Laland K, Krause J (eds) Fish cognition and behavior, 
2nd edn. Wiley-Blackwell, Chichester, West Sussex, pp 
240–257

Chittenden CM, Biagi CA, Davidsen JG, Davidsen AG, Kondo 
H, McKnight A, Pedersen O et al (2010) Genetic versus 
rearing-environment effects on phenotype: hatchery and 
natural rearing effects on hatchery- and wild-born Coho 
salmon. PLoS ONE 5:e12261

Cogliati KM, Unrein JR, Stewart HA, Schreck CB, Noakes 
DLG (2018) Egg size and emergence timing affect 
morphology and behavior in juvenile Chinook Salmon, 
Oncorhynchus tshawytscha. Ecol Evol 8:778–789

Cogliati KM, Herron CL, Noakes DLG, Schreck CB (2019a) 
Reduced stress response in juvenile Chinook Salmon 
reared with structure. Aquaculture 504:96–101

Cogliati KM, Unrein JR, Schreck CB, Noakes DLG (2019b) 
Rearing environment affects spatial learning in juvenile 
Chinook Salmon Oncorhynchus tshawytscha. J Fish 
Biol 95:870–880

Cogliati KM, Unrein JR, Sealey WM, Barrows FT, Hakan-
son O, Chitwood R, Noakes DLG, Schreck CB (2019c) 
Low-lipid diets fed at reduced ration: effects on growth, 
body composition, and survival of juvenile Chinook 
salmon. J Fish Wildl Manag 10:500–508

Congleton JL, LaVoie WJ, Schreck C, Davis LE (2000) 
Stress indices in migrating juvenile Chinook salmon 
and steelhead of wild and hatchery origin before 
and after barge transportation. Trans Am Fish Soc 
129:946–961

Cribari-Neto F, Zeileis A (2010) Beta regression in R. J Stat 
Softw 34:1–24

Einum S, Fleming IA (2001) Implications of stocking: eco-
logical interactions between wild and released salmonids. 
Nord J Freshw Res 75:56–70

ESA. US Endangered Species Act of 1973, as amended, Pub. 
L. No. 93–205, 87 Stat. 884 (Dec. 28, 1973). Avail-
able at: http:www. fws. gov/ endan gered/ esa- libra ry/ pdf/ 
ESAall. pdf

Evans AF, Hostetter NJ, Collis K, Roby DD, Loge FJ (2014) 
Relationship between juvenile fish condition and sur-
vival to adulthood in steelhead. Trans Am Fish Soc 
143:899–909

Flagg TA, Nash CE, eds (1999) A conceptual framework for 
conservation hatchery strategies for Pacific salmo-
nids. U.S. Department of Commerce, NOAA Technical 
Memo. NMFS-NWFSC-38

Fritts AL, Scott JL, Pearsons TN (2007) The effects of domes-
tication on the relative vulnerability of hatchery and wild 
origin spring Chinook salmon (Oncorhynchus tshawyts-
cha) to predation. Can J Fish Aquat Sci 64:813–818

Fuss H, Byrne J (2002) Differences in survival and physiology 
between Coho Salmon reared in seminatural and conven-
tional ponds. N Am J Aquac 64:267–277

Gower JC (1975) Generalized procrustes analysis. Psycho-
metrika 40:33–51

Gross MR (1987) Evolution of diadromy in fishes. Am Fish 
Soc Symp 1:14–25

http://www.fws.gov/endangered/esa-library/pdf/ESAall.pdf
http://www.fws.gov/endangered/esa-library/pdf/ESAall.pdf


1132 Environ Biol Fish (2023) 106:1113–1134

1 3
Vol:. (1234567890)

Gross MR, Coleman RM, McDowall RM (1988) Aquatic pro-
ductivity and the evolution of diadromous fish migration. 
Science 239:1291–1293

Hamilton WD (1971) Geometry for the selfish herd. J Theor 
Biol 31:295–311

Harstad DL, Larsen DA, Beckman BR (2014) Variation in min-
jack rate among hatchery populations of Columbia River 
basin Chinook Salmon. Trans Am Fish Soc 143:768–778

Harstad DL, Larsen DA, Miller J, Adams I, Spangerberg DK, 
Nance S, Rohrbach L, Murauskas JG, Beckman BR 
(2018) Winter-rearing temperature affects growth pro-
files, age of maturation, and smolt-to-adult returns for 
yearling summer Chinook salmon in the upper Columbia 
River basin. N Am J Fish Manag 38:867–885

Higgs DA, MacDonald JS, Levings CD, Dosanjh BS (1995) 
Nutrition and feeding habits in relation to life history 
stage. In: Groot C, Margolis L, Clarke WC (eds) Physi-
ological ecology of Pacific salmon. UBC Press, Vancou-
ver, British Columbia, pp 159–315

Hill MS, Zydlewski GB, Gale WL (2006) Comparisons 
between hatchery and wild steelhead trout (Oncorhyn-
chus mykiss) smolts: physiology and habitat use. Can J 
Fish Aquat Sci 63:1627–1638

Hughes JS, Liss SA, Flaherty RJ, Fischer ES, Bellgraph BJ, 
Vernon CV, Johnson GE (2017) Evaluation of juvenile 
salmonid passage and behavior at Foster Dam using 
radio telemetry, 2016. PNNL-26416. Final report sub-
mitted by the Pacific Northwest National Laboratory to 
the U.S. Army Corps of Engineers, Portland, Oregon

Huntingford FA (2004) Implications of domestication and rear-
ing conditions for the behaviour of cultivated fishes. J 
Fish Biol 65:122–142

Johnsson JI, Brockmark S, Näslund J (2014) Environmental 
effects on behavioural development consequences for 
fitness of captive-reared fishes in the wild. J Fish Biol 
85:1946–1971

Jonsson B, Jonsson N (1993) Partial migration: niche shift 
versus sexual maturation in fishes. Rev Fish Biol Fisher 
3:348–365

Kellison GT, Eggleston DB, Burke JS (2000) Comparative 
behaviour and survival of hatchery-reared versus wild 
summer flounder (Paralichthys dentatus). Can J Fish 
Aquat Sci 57:1870–1877

Kelsey DA, Schreck CB, Congleton JL, Davis LE (2002) 
Effects of juvenile steelhead on juvenile Chinook 
Salmon. Trans Am Fish Soc 131:676–289

Krause J, Godin J-GJ (1995) Predator preferences for attack-
ing particular prey group sizes: consequences for preda-
tor hunting success and prey predation risk. Anim Behav 
50:465–473

Laland KN (2004) Social learning strategies. Anim Learn 
Behav 32:4–14

Langerhans RB, Reznick DN (2010) Ecology and evolution of 
swimming performance in fishes: predicting evolution 
with biomechanics. In: Domenici P, Kapoor BG (eds) 
Fish locomotion: an eco-ethological perspective. Science 
Publishers, Enfield NH, pp 200–248

Larsen DA, Beckman BR, Cooper KA, Barrett D, Johnston M, 
Swanson P, Dickhoff WW (2004) Assessment of high 
rates of precocious male maturation in a spring Chinook 

Salmon supplementation hatchery program. Trans Am 
Fish Soc 133:98–120

Larsen DA, Harstad DL, Strom CR, Johnston MV, Knudsen 
CM, Fast DE, Pearsons TN, Beckman BR (2013) Early 
life history variation in hatchery- and natural-origin 
spring Chinook Salmon in the Yakima River, Washing-
ton. Trans Am Fish Soc 142:540–555

Larsson S, Serrano I, Eriksson L-O (2012) Effects of muscle 
lipid concentration on wild and hatchery brown trout 
(Salmo trutta) smolt migration. Can J Fish Aquat Sci 
69:1–12

Latremouille DN (2003) Fin erosion in aquaculture and natural 
environments. Rev Fish Sci 11:315–335

Lauder GV (2000) Function of the caudal fin during locomo-
tion in fishes: kinematics, flow visualization, and evolu-
tionary patterns. Amer Zool 40:101–122

Lee JSF, Berejikian BA (2008) Effects of the rearing environ-
ment on average behaviour and behavioural variation in 
steelhead. J Fish Biol 72:1739–1749

Liss SA, Znotinas KR, Hughes JS, Bellgraph BJ, Vernon CR, 
Harnish RA, Fischer ES, Blackburn SE (2020) Evalua-
tion of Foster Dam juvenile fish passage, 2018. PNNL-
29587. Final report submitted by the Pacific Northwest 
National Laboratory to the U.S. Army Corps of Engi-
neers, Portland, Oregon

Magnusson A, Hilborn R (2003) Estuarine survival rates 
of coho (Oncorhynchus kisutch) and Chinook salmon 
(Oncorhynchus tshawytscha) released from hatcheries on 
the U.S. Pacific Coast Estuaries 26:1094–1103

Marchetti MP, Nevitt GA (2003) Effects of hatchery rearing on 
brain structures of rainbow trout, Oncorhynchus mykiss. 
Environ Biol Fish 66:9–14

Mazur CF, Iwama GK (1993) Effect of handling and stocking 
density on hematocrit, plasma cortisol, and survival in 
wild and hatchery-reared Chinook salmon (Oncorhyn-
chus tshawytscha). Aquaculture 112:291–299

McCormick SD, Hansen LP, Quinn TP, Saunders RL (1998) 
Movement, migration, and smolting of Atlantic salmon 
(Salmo salar). Can J Fish Aquat Sci 55:77–92

Nehlsen W, Williams JE, Lichatowich JA (1991) Pacific 
salmon at the crossroads: stocks at risk from California, 
Oregon, Idaho, and Washington. Fisheries 16:4–21

Noakes DLG, Jones KMM (2016) Cognition, learning, behav-
ior. In: Schreck CB, Tort L, Farrell AP, Brauner CJ (eds) 
The biology of stress in fish. Academic Press, Amster-
dam, pp 333–364

Norrgärd JR, Bergman E, Schmitz M, Greenberg LA (2014) 
Effects of feeding regimes and early maturation on migra-
tory behaviour of landlocked hatchery-reared Atlantic 
salmon Salmo salar smolts. J Fish Biol 85:1060–1073

Ohlberger J, Staaks G, Hölker F (2006) Swimming efficiency 
and the influence of morphology on swimming costs in 
fishes. J Comp Physiol 176:17–25

Patiňo R, Schreck CB, Banks JL, Zaugg WS (1986) Effects 
of rearing conditions on the developmental physiol-
ogy of smolting of coho salmon. Trans Am Fish Soc 
115:828–837

Pearsons TN, Johnson CL, James BB, Temple GM (2009) 
Abundance and distribution of precociously mature male 
spring Chinook Salmon of hatchery and natural origin in 
the Yakima River. N Am J Fish Manag 29:778–790



1133Environ Biol Fish (2023) 106:1113–1134 

1 3
Vol.: (0123456789)

Piersma T, Drent J (2003) Phenotypic flexibility and the evolu-
tion of organismal design. Trends Ecol Evol 18:228–233

Plaut I (2000) Effects of fin size on swimming performance, 
swimming behaviour and routine activity of zebrafish 
Danio rerio. J Exp Biol 203:813–820

Quinn TP (2018) The behavior and ecology of Pacific salmon 
and trout, 2nd edn. University of Washington Press, Seat-
tle, Washington

Roberts LJ, Taylor J, Garcia de Leaniz C (2011) Environmen-
tal enrichment reduces maladaptive risk-taking behav-
ior in salmon reared for conservation. Biol Conserv 
144:1972–1979

Rodewald P, Hyvärinen P, Hirvonen H (2011) Wild origin and 
enriched environment promote foraging rate and learn-
ing to forage on natural prey of captive reared Atlantic 
salmon parr. Ecol Freshw Fish 20:569–579

Rohlf FJ (2010) tpsDig, version 2.16. Department of Ecology 
and Evolution, State University of New York at Stony 
Brook

Rohlf FJ, Slice D (1990) Extensions of the procrustes method 
for the optimal superimposition of landmarks. Syst Zool 
39:40–59

Romero LM (2004) Physiological stress in ecology: lessons 
from biomedical research. Trends Ecol Evol 19:249–255

Rosengren M, Kvingedal E, Näslund J, Johnsson JI, Sundell 
K (2017) Born to be wild: effects of rearing density and 
environmental enrichment on stress, welfare, and smolt 
migration in hatchery-reared Atlantic salmon. Can J Fish 
Aquat Sci 74:396–405

Rowe DK, Thorpe JE, Shanks AM (1991) Role of fat stores 
in the maturation of male Atlantic salmon (Salmo salar) 
parr. Can J Fish Aquat Sci 48:405–413

Salonius K, Iwama GK (1993) Effects of early rearing environ-
ment on stress response, immune function, and disease 
resistance in juvenile Coho (Oncorhynchus kisutch) and 
Chinook salmon (O. tshawytscha). Can J Fish Aquat Sci 
50:759–766

Salvanes AGV, Moberg O, Ebbesson LOE, Nilsen TO, Jensen 
KH, Braithwaite VA (2013) Environmental enrichment 
promotes neural plasticity and cognitive ability in fish. 
Proc R Soc B 280:20131331

Satterthwaite WH, Beakes MP, Collins EM, Swank DR, Merz 
JE, Titus RG, Sogard SM, Mangel M (2010) State-
dependent life history models in a changing (and regu-
lated) environment: steelhead in the California Central 
Valley. Evol Appl 3:221–243

Schilt CR (2006) Developing fish passage and protection at 
hydropower dams. Appl Anim Behav Sci 104:295–325

Schreck CB, Patiňo R, Pring CK, Winton JR, Holway JE 
(1985) Effects of rearing density on indices of smoltifi-
cation and performance of coho salmon, Oncorhynchus 
kisutch. Aquaculture 45:345–358

Schreck CB, Olla BL, Davis MW (1997) Behavioral responses 
to stress. In: Iwama GW, Pickering AD, Sumpter J, 
Schreck CB (eds) Fish stress and health in aquaculture. 
Cambridge University Press, Cambridge, pp 745–770

Schreck CB, Tort L (2016) The concept of stress in fish. In: 
Schreck CB, Tort L, Farrell AP, Brauner CJ (eds) The 
biology of stress in fish. Academic Press, Amsterdam, pp 
1–34

Schroeder RK, Whitman LD, Cannon B, Olmstead P (2016) 
Juvenile life-history diversity and population stability of 
spring in Chinook salmon in the Willamette River Basin, 
Oregon. Can J Fish Aquat Sci 73:921–934

Schuck HA (1948) Survival of hatchery trout in streams and 
possible methods of improving the quality of hatchery 
trout. Prog Fish-Cult 10:3–14

Self KE, Schreck CB, Cogliati KM, Billman EJ, Noakes DLG 
(2018) Egg size and growth in steelhead Oncorhynchus 
mykiss. J Fish Biol 93:465–468

Shearer K, Parkins P, Gadberry B, Beckman B, Swanson P 
(2006) Effects of growth rate/body size and a low lipid 
diet on the incidence of early sexual maturation in juve-
nile male spring Chinook salmon (Oncorhynchus tshaw-
ytscha). Aquaculture 252:545–556

Shumway CA (1999) A neglected science: applying behavior 
to aquatic conservation. Environ Biol Fish 55:183–201

Smithson M, Verkuilen J (2006) A better lemon squeezer? 
Maximum-likelihood regression with beta-distributed 
dependent variables. Psychol Methods 11:54–71

Spangenberg D, Larsen DA, Gerstenberger R, Brun C, Beck-
man BR (2014) The effects of variation in rearing 
conditions on growth, smolt development, and mini-
jack rate in yearling Chinook salmon: a hatchery scale 
experiment. Trans Am Fish Soc 143:1220–1230

Spence R, Magurran AE, Smith C (2011) Spatial cognition 
in zebrafish: the role of strain and rearing environment. 
Anim Cogn 14:607–612

Stringwell R, Lock A, Stutchbury CJ, Baggett E, Taylor J, 
Gough PJ, Garcia de Leaniz C (2014) Maladaptation 
and phenotypic mismatch in hatchery-reared Atlantic 
salmon Salmo salar released in the wild. J Fish Biol 
85:1927–1945

Swain DP, Holtby LB (1989) Differences in morphology and 
behavior between juvenile coho salmon (Oncorhynchus 
kisutch) rearing in a lake and its tributary stream. Can J 
Fish Aquat Sci 46:1406–1414

Swain DP, Riddell BE, Murray CB (1991) Morphological 
differences between hatchery and wild populations 
of coho salmon (Oncorhynchus kisutch): environ-
mental versus genetic origin. Can J Fish Aquat Sci 
48:1783–1791

Tatara CP, Riley SC, Scheurer JA (2008) Environmental 
enrichment in steelhead (Oncorhynchus mykiss) hatcher-
ies: field evaluation of aggression, foraging, and territo-
riality in natural and hatchery fry. Can J Fish Aquat Sci 
65:744–753

Tatara CP, Riley SC, Scheurer JA (2009) Growth, survival, and 
habitat use of naturally reared and hatchery steelhead fry 
in streams: effects of an enriched hatchery rearing envi-
ronment. Trans Am Fish Soc 138:441–457

Taylor EB, McPhail JD (1985) Variation in body morphol-
ogy among British Columbia populations of coho 
salmon, Oncorhynchus kisutch. Can J Fish Aquat Sci 
42:2020–2028

Thompson JN, Beauchamp DA (2014) Size-selective mortal-
ity of steelhead during freshwater and marine life stages 
related to freshwater growth in the Skagit River, Wash-
ington. Trans Am Fish Soc 143:910–925

Thompson NF, Leblanc CA, Romer JD, Schreck CB, Blouin 
MS, Noakes DLG (2015) Sex-biased survivorship and 



1134 Environ Biol Fish (2023) 106:1113–1134

1 3
Vol:. (1234567890)

differences in migration of wild steelhead (Oncorhyn-
chus mykiss) smolts from two coastal Oregon rivers. Ecol 
Freshw Fish 25:642–651

Tiffan KF, Connor WP (2011) Distinguishing between natural 
and hatchery Snake River fall Chinook salmon subyear-
lings in the field using body morphology. Trans Am Fish 
Soc 140:21–30

Tipping JM, Cooper RV, Byrne JB, Johnson TH (1995) Com-
munications: length and condition factor of migrat-
ing and nonmigrating hatchery-reared winter steelhead 
smolts. Prog Fish-Cult 57:120–123

Unrein JR, Billman EJ, Cogliati KM, Chitwood R, Noakes 
DLG, Schreck CB (2018) Vertical self-soring behavior in 
juvenile Chinook salmon (Oncorhynchus tshawytscha): 
evidence for family differences and variation in growth 
and morphology. Environ Biol Fish 101:341–353

Ward BR, Slaney PA, Facchin AR, Land RW (1989) Size-
biased survival in steelhead trout (Oncorhynchus mykiss): 
back-calculated lengths from adults’ scales compared to 
migrating smolts at the Keogh River, British Columbia. 
Can J Fish Aquat Sci 46:1853–1858

Webb PW (1984) Body form, locomotion, and foraging in 
aquatic vertebrates. Amer Zool 24:107–120

Wertheimer RH, Evans AF (2005) Downstream passage 
of steelhead kelts through hydroelectric dams on the 
lower Snake and Columbia rivers. Trans Am Fish Soc 
134:853–865

Wessel ML, Smoker WW, Joyce JE (2006) Variation of mor-
phology among juvenile Chinook salmon of hatchery, 
hybrid, and wild origin. Trans Am Fish Soc 135:333–340

Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E (1998) 
Quantifying threats to imperiled species in the United 
States. Bioscience 48:607–615

Wood EM, Yasutake WT, Halver JE, Woodall AN (1960) 
Chemical and histological studies of wild and hatchery 
salmon in fresh water. Trans Am Fish Soc 89:301–307

Woodward CC, Strange RJ (1987) Physiological stress 
responses in wild and hatchery-reared rainbow trout. 
Trans Am Fish Soc 116:574–579

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Producing wild fish phenotypes in hatchery-reared fish
	Abstract 
	Introduction
	Methods
	Planning and coordination
	Determining wild phenotypes
	General rearing methods
	Evaluations
	Case study #1: Morphometrics
	Case study #2: Fin condition
	Case study #3: Body lipid
	Case study #4: Behavior

	Analyses
	Case study #1: Morphometrics
	Case study #2: Fin condition
	Case study #3: Body lipid
	Case study #4: Behavior


	Results
	Case study #1: Morphometrics
	Case study #2: Fin condition
	Case study #3: Body lipid
	Case study #4: Behavior

	Discussion
	Field tests for wild fish surrogates
	Incorporating natural life history variation
	Applications, future directions, and considerations

	Acknowledgements 
	Anchor 28
	References


