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Within-river straying: sex and size influence recovery location
of hatchery Chinook salmon (Oncorhynchus tshawytscha)

Amanda M.M. Pollock, Maryam Kamran, Andrew H. Dittman, Marc A. Johnson, and David L.G. Noakes

Abstract: Salmon straying is often defined as the failure of adults to return to their natal river system. However, straying within
ariver basin can be problematic if hatchery salmon do not return to their hatchery of origin and subsequently spawn in the wild
with natural-origin salmon. We examined within-river straying patterns from 34 years of coded-wire tag data, representing
29 941 hatchery fall Chinook salmon (Oncorhynchus tshawytscha) in the Elk River, Oregon, USA. Using classification tree analysis,
we found that females and larger salmon were more likely to be recovered on the spawning grounds than males and smaller fish.
Females larger than 980 mm had a 51.6% likelihood of recovery on the spawning grounds rather than at the Elk River Hatchery.
Our findings raise questions about the behavior of straying adults and implications for management of these stocks, with a focus
on methods to reduce within-river straying. We recommend further studies to determine whether carcass recoveries are fully
representative of hatchery salmon that stray within the Elk River basin.

Résumé : L’errance de saumons est souvent définie comme le défaut d’adultes de retourner a leur réseau hydrographique natal.
L’errance au sein d’un bassin hydrographique peut toutefois étre problématique si des saumons d’écloserie ne retournent pas a
leur écloserie d’origine et frayent subséquemment en liberté avec des saumons d’origine naturelle. Nous examinons les motifs
d’errance au sein de riviéres a la lumiére de 34 années de données de micromarques codées représentant 29 941 saumons
quinnats (Oncorhynchus tshawytscha) d’automne issus d’une écloserie dans la riviére Elk (Oregon, Etats-Unis). En utilisant I’analyse
d’arbre de classification, nous constatons que les femelles et les saumons plus gros étaient plus susceptibles d’étre récupérés
dans les frayeres que les males et les poissons plus petits. Les femelles de plus de 980 mm avaient une probabilité de 51,6 % d’étre
récupérées dans les frayeres plutot qu’a I’écloserie de la riviere Elk. Nos constatations soulévent des questions quant au
comportement des adultes errants et sont importantes pour la gestion de ces stocks, notamment en ce qui concerne les
méthodes employées pour réduire ’errance au sein de rivieres. Nous recommandons que soient réalisées d’autres études pour
déterminer si les carcasses récupérées sont entierement représentatives de saumons d’écloserie qui errent dans le bassin de la
riviere Elk. [Traduit par la Rédaction]|

Introduction

Anadromous Pacific salmon (Oncorhynchus spp.) typically spawn
in their natal streams after returning from the ocean, relying on
navigation and homing behavior guided by geomagnetic (Putman
et al. 2013) and olfactory (Hasler and Scholz 1983) cues. However,

area. Conversely, returning to the specific natal reach within a
river system is an example of fine-scale homing. This highlights
the range of straying or homing behaviors that individuals may
exhibit during their reproductive migrations. In this study, we
explicitly examine the phenomenon of within-river straying by

straying from the natal site is also a natural component of sal-
monid life histories (Quinn 2005), which may provide benefits
such as reduced competition, increased gene flow among wild
populations, and colonization of novel habitats (Kaitala 1990;
Hendry et al. 2004). The term “straying” has typically been applied
to larger spatial scales when individuals return to non-natal river
basins to reproduce (Quinn 1993; Keefer and Caudill 2014). How-
ever, because salmon are capable of homing with extraordinary
precision to their natal site within a river system (Varnavskaya
et al. 1994; Quinn 1999; Neville et al. 2006), straying may also occur
within natal river basins. Natal homing can be thought of as a
hierarchical process (Neville et al. 2006), wherein the degree of
straying or natal site homing represents points on a spatial con-
tinuum. At one end of the spectrum, spawning in a different river
basin represents straying to a novel, potentially nonancestral

hatchery-produced salmon.

Straying may reflect a salmon’s inability to locate its natal site
or may represent a fish’s decision to spawn elsewhere owing to
social and environmental factors (Quinn 2005). Salmon make de-
cisions at fine spatial scales, which may lead to less precise hom-
ing within their natal river basin. Spawning site selection is one
such decision involving complex tradeoffs between site-specific
homing, spawning habitat selection, competition, and mate
choice (Hendry et al. 2004; Dittman et al. 2010; Cram et al. 2013).
Challenges associated with finding the natal site and tradeoffs
between natal site homing and spawning habitat selection may be
exacerbated in hatchery-reared salmon. While hatchery salmon
are not inherently more likely to stray (Quinn and Dittman 1992),
many hatchery rearing and release practices can dramatically in-
crease the rate of straying (Quinn 1993; Pascual et al. 1995). Using
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brood stock that is not native to the watershed, transporting ju-
veniles before release, and releasing juveniles at inappropriate
times can all increase adult straying behavior (Quinn 1993;
Pascual et al. 1995). Straying by hatchery-origin salmon can pres-
ent genetic and ecological risks to wild populations through com-
petition, disease transmission, genetic introgression, and associated
fitness reductions (Jonsson and Jonsson 2006; Araki et al. 2008;
Christie et al. 2012; Rand et al. 2012). Indeed, straying by hatchery-
origin salmon is a major challenge for fisheries managers as they
balance production and conservation mandates (Grant 2012; Flagg
2015). Many salmon hatcheries are managed to enhance harvest
while simultaneously attempting to minimize interactions be-
tween hatchery-raised and wild fish. These programs capitalize on
the philopatric behavior of salmon by trapping adults that return
volitionally to the hatchery from which they were released.

However, not all hatchery-produced salmon return to their na-
tal hatcheries, and they may instead spawn in the wild with
natural-origin adults. In this regard, hatchery salmon may be con-
sidered “strays” if they spawn in the wild, even if it is within the
same river system as their hatchery of origin. Although this oc-
curs at a smaller spatial scale than typically used to describe stray-
ing, it can be a useful concept when considering salmon genetic
and management goals. Studies have demonstrated a negative
relationship between the productivity of wild spawning salmon
populations and the proportion of hatchery-origin fish among
spawners, or pHOS (McGinnity et al. 2009; Chilcote et al. 2011). As
a result, common management objectives include maintaining
low pHOS values in locations containing both production hatch-
eries and wild salmon populations (Paquet et al. 2011). While pHOS
is often used for management purposes, it is actually a measure of
hatchery fish straying into the wild population rather than a rep-
resentation of the hatchery fish that stray from the natal hatchery
(Keefer and Caudill 2014). Hence, the issue of hatchery salmon
spawning in the natal river basin rather than returning to their
hatchery of origin is a known concern, but one that has rarely
been examined in the context of straying from the hatchery. To
differentiate this fine-scale version of straying by hatchery fish
from the usual definition of straying among river basins, we refer
to this phenomenon as “within-river straying”. Specifically, we
define within-river strays as hatchery salmon that return to their
natal river but spawn on the natural spawning grounds rather
than return to their hatchery of origin within that basin. This defi-
nition reflects the management goals of production hatcheries —
whose aim is to produce salmon for fisheries while simultaneously at-
tempting to minimize impacts on wild populations — as opposed
to those of conservation programs, which intend to supplement
wild populations.

While factors that contribute to out-of-basin straying have been
extensively studied (Keefer and Caudill 2014), the mechanisms
underlying within-river straying by hatchery salmon are less
clear. Several studies have found that spawning habitat and sex of
the individual can influence adult movements within the natal
river basin (Neville et al. 2006; Anderson and Quinn 2007;
Peterson et al. 2016; Marklevitz and Morbey 2017). In the majority
of studies, male salmon exhibited greater movement and explor-
atory behavior (Neville et al. 2006; Anderson and Quinn 2007;
Marklevitz and Morbey 2017), although a difference between sexes
is not always observed (@klamd et al. 2001; Peterson et al. 2016).
Spawning habitat can also influence sex-biased movements. For
instance, Neville et al. (2006) found that female Chinook salmon
genotypes had stronger spatial autocorrelation in patchier spawn-
ing habitats. Available spawning habitat or wild conspecifics in
nearby locations can contribute to salmon failing to spawn at
their natal site (Quinn 1993; Dittman et al. 2010; Bett et al. 2017;
Hughes and Murdoch 2017). In addition, hatchery fish tend to
choose similar spawning sites as wild or naturalized individuals
(Dittman et al. 2010; Marklevitz and Morbey 2017). Neville et al.
(2006) suggested that little is known about the transition between
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fine-scale homing and reproductive decisions such as spawning
site selection. However, hatchery populations may be useful in
studying this transition point, as characteristics of within-river
strays can be compared to those of hatchery adults that return to
their hatchery.

Within-river straying may also be influenced by the imprinting
process. During the freshwater phase of their spawning migra-
tions, adult salmon rely on olfactory cues associated with their
natal site that they imprinted upon as juveniles (Hasler and Scholz
1983; Dittman and Quinn 1996). Hasler and Scholz (1983) hypoth-
esized that each river, tributary, and perhaps even reach within a
river has a unique chemical odor that provides an olfactory signa-
ture that salmon can use to identify their natal site. According to
sequential imprinting theory, juvenile salmon imprint at multi-
ple points during their seaward migration (Harden Jones 1968;
Brannon 1982). Juveniles learn olfactory waypoints at several dif-
ferent locations and times, and then identify these odors in re-
verse order when they return to spawn as adults. Imprinting to
specific odors associated with the natal site enables the fine-scale
homing abilities displayed by adult salmon, including the ability
of hatchery fish to locate their hatchery of origin. However, this
fine-scale homing ability may be limited in a hatchery setting if
juveniles do not have a unique water source on which to imprint.

The use of mainstem river water during rearing may lead to
imprecise homing by returning hatchery salmon. Although the
presence of conspecifics and food odors at the hatchery would
likely alter the water chemistry, preliminary studies suggest that
the chemical signatures of odor cues may not be dramatically
altered simply by passage through a hatchery (Lemanski 2015).
The lack of a distinct chemical signature at such a hatchery may
limit the olfactory imprinting and homing process, whereby fine-
scale homing becomes challenging and can be overridden by
other environmental or social cues. In this scenario, within-river
straying would result from the impaired imprinting process and
absence of a unique chemical cue associated with the hatchery
rather than a fish’s impaired ability to detect olfactory cues. If the
hatchery lacks a unique odor signature that distinguishes it from
mainstem river water, then returning hatchery adults may be
limited in their fine-scale homing abilities and need to increase
searching behaviors to locate the natal hatchery. This may, in
combination with available spawning resources, accelerate the
transition from homing to reproductive decisions and contribute
to an increased likelihood of spawning in the river.

To investigate the transition between fine-scale homing and
reproductive decisions in hatchery salmon, we explored demo-
graphic factors that may contribute to within-river straying of
hatchery-origin fall Chinook salmon (Oncorhynchus tshawytscha).
We examined recovery location and biometric data for adult Chi-
nook salmon that were produced, tagged, and released as juve-
niles from the Oregon Department of Fish and Wildlife (ODFW)
Elk River Hatchery, Oregon, USA. As a harvest program, the Elk
River Hatchery’s goal is to produce salmon for the commercial
and recreational fisheries while minimizing impacts to the wild
population (ODFW 2016). Juvenile Chinook salmon are released
directly from the hatchery in early fall. However, the Elk River
Hatchery’s rearing water is sourced from the mainstem Elk River
surface water after fish are ponded (ODFW 2016), which may con-
tribute to within-river straying. To address the issue of within-
river straying in the Elk River, the ODFW implemented several
actions beginning in 2015, including altering the hatchery fish
ladder, physically removing hatchery fish from tributaries, and
reducing the number of hatchery juveniles released. In addition,
beginning in 1994, the hatchery retained some juveniles through-
out the adult run to act as a conspecific attractant to the Elk River
Hatchery. Hatchery personnel also began operating the trap dur-
ing set timeframes starting in 2012 to ensure it was consistently
operational throughout the entire run.
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Fig. 1. Map indicating the location of the Oregon Department of Fish and Wildlife (ODFW) Elk River Fish Hatchery (star) and spawning
habitat within the Elk River, Oregon, USA. Spawning habitat data were provided by ODFW.
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We analyzed a coded-wire tag (CWT) data set that spans a period
of 34 years. This large data set allowed us to evaluate patterns of
homing and straying within the Elk River basin over time and
examine relationships between recovery location and individual
characteristics of hatchery adults. We hypothesized that the sex
of hatchery Chinook salmon would influence within-river stray-
ing in the Elk River Basin. Owing to fine-scale movement differ-
ences between the sexes, female and male hatchery fish will have
different likelihoods of recovery on the spawning grounds within
the Elk River Basin compared with recovery at the Elk River
Hatchery. Males show increased exploratory movement behav-
iors, so they may be more likely to encounter and enter the Elk
River Hatchery trap. Alternatively, their increased movement
may lead to males exploring other tributaries within the basin
and result in greater recoveries on the spawning grounds. Since
female and male fall Chinook salmon can return at different ages
and sizes, we included age and fork length in our analysis to
account for these variables. Size of adult salmon can influence the
probability of recovery (Zhou 2002; Murdoch et al. 2010) and also
play arole in competition for spawning resources (van den Berghe
and Gross 1989; Foote 1990; Fleming and Gross 1994). In addition,
Healey and Prince (1998) found support for differences in male

coho salmon movements based on body size, but Rich et al. (2006)
found little support for these differences in male sockeye salmon.
However, the influence of body size on Chinook salmon within-
river straying is unknown. Here, we use the Elk River Basin as a
case study for examining within-river straying and its potential
mechanisms.

Methods

Location, hatchery practices, and data collection

The Elk River Hatchery is located at river kilometre 22.5 on the
Elk River in Oregon, USA (42.7387°N, 124.4032°W), and adult col-
lection occurs at the hatchery’s on-site return ladder (Fig. 1). Brood
stock for this integrated hatchery program are taken primarily
from hatchery adults, but wild adults that volitionally enter the
hatchery return ladder are also incorporated as brood stock
(ODFW 2016). Fish are incubated in well water as embryos, ponded
and reared as juveniles in water pumped from the Elk River, and
released directly into the river as subyearlings. Adult fall Chinook
salmon enter the Elk River beginning in October, and spawning
occurs from November to February (Burck and Reimers 1978). The
Elk River Hatchery stock contains fish from 2 to 7 years of age,
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Fig. 2. Box and whisker plots depicting the annual proportions of coded-wire tags recovered from hatchery Chinook salmon carcasses on
spawning grounds within the Elk River. Proportions were calculated as the number of salmon recovered on the spawning grounds for a given
location and run year divided by the total number of spawning ground recoveries for the run year. Data set encompasses run years 1983-2016.
The box represents the interquartile range, and the horizontal line represents the median for each recovery location. Lines or “whiskers”
extending from each box represent the data within 1.5 times the interquartile range. Values outside this range are outliers indicated by solid
points. “Rock” is recoveries in Rock Creek, “Downstream” is recoveries in the mainstem Elk River downstream of the Elk River Hatchery,
“Anvil” is recoveries in Anvil Creek, and “Upstream” refers to recoveries upstream of the Elk River Hatchery, both in the mainstem Elk River

and its tributaries.
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although the majority of hatchery adults return between 2 and
4 years of age (Nicholas and Hankin 1989; Hankin et al. 1993). The
majority of natural-origin fish spawn in the mainstem Elk River,
downstream of the hatchery, and in the Anvil or Rock Creek trib-
utaries (Fig. 1). Hatchery-origin Chinook salmon that do not return
to the hatchery typically spawn in these same locations of the Elk
River basin (Fig. 2), often among natural-origin individuals
(S. Richardson, ODFW, Corvallis, Oregon, personal communica-
tion, 2017). From 2000 to 2015, the mean percentage of hatchery-
origin Chinook salmon found on the spawning grounds (pHOS)
was 51.3% based on carcass recoveries (ODFW 2016).

Many hatchery rearing practices can influence straying behav-
ior, such as using brood stock not native to the watershed, trans-
porting juveniles before release, or releasing juveniles at different
times, resulting in interannual variation of release dates (Pascual
et al. 1995; Candy and Beacham 2000). For our analysis, we first
examined rearing practices at Elk River Hatchery to determine
whether any of these activities might confound our analyses of
in-river straying. The original brood stock for the Elk River fall
Chinook hatchery program were collected by dip netting wild
adults from the Anvil and Rock Creek tributaries of the Elk River
during the 1969-1970 run year (Reimers and Bender 1979), ensur-
ing that the Elk River Hatchery stock was native to the basin. Fall
Chinook salmon for this program were reared exclusively at the
Elk River Hatchery and, except as noted below, were released
directly from the hatchery. In 2007, an experimental group of
juvenile fish marked with a unique CWT code were transported
downstream prior to release. However, these fish were excluded
from our analysis, since transporting juvenile fish can increase
the likelihood of subsequent adult straying (Solazzi et al. 1991).
Finally, juveniles were consistently released in the autumn to
coincide with the first freshet, after rearing for ~8-10 months at
the hatchery. While autumn release might affect imprinting suc-

Anvil Upstream

cess (Unwin and Quinn 1993; Pascual et al. 1995), interannual
variability was assumed to not be a confounding factor for the
analysis, as fish were consistently released at similar times in
early fall.

Commencing with the release of fall Chinook juveniles from
the Elk River Hatchery in 1978, a portion of the production each
year was implanted with a CWT (Northwest Marine Technology,
Inc., Shaw Island, Washington, USA). Adult Chinook salmon re-
turning to the Elk River were scanned for CWTs at the hatchery
during artificial spawning events and on the spawning grounds
from carcasses. Spawning ground surveys were conducted annu-
ally by ODFW personnel during the late fall and winter, coincid-
ing with the run timing for this stock. Surveys covered 38.7 km of
salmon spawning habitat in the Elk River basin and were con-
ducted regularly throughout the season with fairly consistent
effort among years, but with some influence from weather condi-
tions (S. Richardson, ODFW, Corvallis, Oregon, personal commu-
nication, 2017). Survey protocols prioritized stream reaches and
emphasized areas that typically had a greater abundance of
spawning adults. Sites with the highest percentage of spawners,
representing the majority of suitable spawning habitat, were sur-
veyed every 7-10 days when weather conditions permitted. In
general, reaches with moderate abundance were surveyed every
2-3 weeks, while reaches with few fish were surveyed twice per
season. Surveyors recorded the survey reach in which a carcass
was found.

Coded-wire tag records

For this study, we obtained CWT data from the Regional Mark
Information System (RMIS) database, maintained by the Regional
Mark Processing Center of the Pacific States Marine Fisheries
Commission (http:/fwww.rmpc.org). These data include the tag
code, sex, fork length (mm), brood year, run year, and geographic
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recovery location for each recovered adult fish. Age for each fish
was calculated by subtracting the brood year from the run year.
We downloaded CWT records for the Elk River fall Chinook stock
reared and released at the ODFW Elk River Hatchery and recov-
ered as adults within the Elk River basin. For our analysis, we only
examined the records of adults that were recovered at the hatch-
ery or on the natural spawning grounds within the Elk River
basin, since these records reflect individuals that likely had an
opportunity to spawn. We excluded salmon harvested in fisheries,
as the final destinations of these fish were unknown. The recovery
of carcasses on spawning grounds is consistent with permanent
straying, as defined by Keefer and Caudill (2014), rather than tem-
porary straying or exploratory behavior. In total, we examined
records from 34 run years, spanning 1983-2016 (see online Sup-
plementary material, Table S2'). When analyzing biometric data,
we excluded records that had missing information for the sex or
length of the fish. In addition, we removed 10 records of individ-
uals that were older than 2 years of age but were listed with a fork
length < 280 mm, since these fish were anomalously small for
their age and the lengths were assumed to be data entry errors.
This filtering resulted in 29 941 records suitable for analysis.

Data analysis

We did not use expansion factors available in the RMIS data-
base, but instead analyzed records of individual hatchery fish re-
covered in the Elk River basin. Expansion factors are estimates
provided from the RMIS database to account for sampling effort,
calculated by dividing the total sample by the number of fish
examined for CWTs (Nandor et al. 2010). We used the raw records
rather than the expansion factors, since we were interested in the
biological characteristics of individual hatchery fish. This allowed
us to investigate recovery patterns that might be explained by sex,
age, or size of the individual salmon. We classified fish either as
recovered at the Elk River Hatchery or as within-river strays recov-
ered on the spawning grounds in the Elk River.

We examined recovery reach in relation to the Elk River Hatch-
ery by grouping survey reaches into four categories: mainstem Elk
River downstream of the hatchery, Rock Creek, Anvil Creek, and
upstream of the Elk River Hatchery, including both the mainstem
Elk River and its tributaries (Fig. 2). Although Rock Creek is down-
stream of the Elk River Hatchery (Fig. 1), because it is a tributary,
hatchery adults would need to make a choice to enter Rock Creek.
Anvil Creek also represents a special case, since it is located across
the mainstem Elk River from the hatchery (Fig. 1). All surveys
upstream of the Elk River Hatchery were grouped together be-
cause hatchery salmon recovered in these locations completely
bypassed the hatchery ladder and overshot their natal site. We
calculated the annual proportions for each of these four catego-
ries as the number of salmon recovered on the spawning grounds
for a given category and run year divided by the total number of
spawning ground recoveries for the run year (Fig. 2). This allowed
us to determine which locations have the highest proportion of
within-river strays in relation to the Elk River Hatchery through-
out the 34 run years in the CWT data set.

To examine within-river straying from the Elk River Hatchery
over time, we calculated recovery rates on the spawning grounds
by run year and sex. Recovery rates on the spawning grounds were
calculated as the number of hatchery adults for a given sex and
run year that were recovered on spawning grounds in the Elk
River basin, divided by the total number of hatchery adults of the
given sex recovered in the Elk River basin, both on the spawning
grounds and at the hatchery. Recovery rates on the spawning
grounds were the minimum stray rate for hatchery Chinook
salmon, as not all fish that spawned in the wild were recovered
during surveys. We used these calculations of recovery on the
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spawning grounds to examine potential variation in sex-biased
within-river straying over time. To evaluate a difference in recov-
ery location by sex, a one-sample Student’s t test was performed
on the difference between male and female recovery rates by run
year. All analyses were conducted using the statistical software R,
version 3.4.2 (R Core Team 2017).

The standard method for evaluating a binary response such as
straying based on multiple predictor variables is to perform a
logistic regression. However, an examination of the residuals sug-
gested that logistic regression and random effects logistic regres-
sion models provided a poor fit for the Elk River data set.
Consequently, we used nonparametric methods of analysis to
evaluate the relationships between sex, fork length, age, and re-
covery location of hatchery fall Chinook salmon within the Elk
River basin. We performed a conditional random forest permuta-
tion and constructed a conditional inference tree using the party-
kit package (Hothorn and Zeileis 2015) for R. A benefit of using the
conditional random forest is the ability to evaluate the relative
importance of highly correlated predictors. The variables sex, age,
and length can be highly correlated in salmon, because a fish’s
length generally increases with age and male salmon may be
larger at maturity than females for a given age (Quinn 2005). For
instance, in the Elk River Hatchery data set, males typically ma-
ture at a younger age than females (Supplementary Table S1Y). As
aresult, males returning to the Elk River were overall more likely
to be smaller than females (Supplementary Fig. S1?), although they
are slightly larger at maturity for most age classes (Supplementary
Fig. S21).

To evaluate these correlated variables, we first performed a
conditional random forest permutation on the data set using the
cforest function (Hothorn and Zeileis 2015). We used fork length,
sex, and age as input variables for predicting the recovery location
of an individual salmon. The conditional random forest operates
by creating multiple conditional inference trees from samples of
the data set. We generated 1000 trees and used the default for the
number of variables randomly sampled, which is the suggested
square root of the number of input variables (Strobl et al. 2009). As
recommended by Strobl et al. (2009), we performed several ran-
dom forest runs using different seeds to verify that the results
were stable and robust. Conditional variable importance was
assessed by the varimp function, which uses a conditional
permutation-importance measure capable of evaluating corre-
lated predictors (Strobl et al. 2008). The ordered ranking of the
variables determines their relative importance from the random
forest (Strobl et al. 2009).

Since irrelevant variables in the conditional variable impor-
tance can randomly vary near zero (Strobl et al. 2009), we selected
the two variables with the greatest importance scores to construct
a conditional inference tree using the ctree function (Hothorn
etal. 2006). The predictor variables under consideration were age,
fork length, and sex. This allowed us to further examine the rela-
tionships between the highest-ranking input variables and the
recovery location of individual hatchery salmon. The ctree func-
tion uses a permutation-based significance test to select the
optimal predictor variable and point for splitting the data, repre-
sented by internal nodes. The data are split into groups with the
goal of creating final groups, or terminal nodes, that contain sta-
tistically significant differences in the response variable given the
predictors. The minimum statistical level for applying a stepwise
split was set at 0.99, which is analogous to p < 0.01, the value
required for a split to be performed. A Bonferroni correction was
applied to account for several statistical tests performed simulta-
neously on the dataset. This resulted in a classification tree de-
scribing relationships between the variables along with a set of

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2018-0384.
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Fig. 3. Hatchery fall Chinook salmon recovery within the Elk River basin, by sex, for fish containing a coded-wire tag. Recovery rates were
calculated as the number of adults recovered on spawning grounds in the Elk River basin divided by the total number of adults recovered in
the Elk River basin, both on the spawning grounds and at the Elk River Hatchery.
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rules for splitting the data into groups with different likelihoods
of recovery by location.

Results

Of the 29 941 CWT Chinook salmon records analyzed, 17 598
were male, predominantly age 2 (25.3%), age 3 (36.9%), and age 4
(30.3%), and 12 343 were female, predominantly age 3 (14.3%), age
4 (63.2%), and age 5 (20.6%) (Supplementary Table S1'). The major-
ity of fish (26 413, 88.2%) were recovered at the Elk River Hatchery
trap, and 3528 (11.8%) were recovered on the spawning grounds in
the Elk River basin. The majority of within-river strays were re-
covered on the spawning grounds in the mainstem Elk River,
downstream of the Elk River Hatchery (Fig. 2). In general, a larger
proportion of females from each run year was found on the
spawning grounds than males for the same year (Fig. 3). Although
the proportion of each sex recovered on the spawning grounds
appears to have decreased since the 1980s, the pattern of females
having greater recovery proportions on the spawning grounds
remains apparent. This pattern was consistent in 33 of the 34 run
years analyzed, with a significant difference between the recovery
rates for males and females on the spawning grounds (Student
one-sample t test, p < 0.01). On average, the proportion of females
recovered on the spawning grounds was 0.12 greater than the
proportion of males for the same run year (95% confidence inter-
val: 0.09-0.15).

The age and fork length of adult Chinook salmon were strongly
correlated, making it difficult to separate effects from these two
variables. The Pearson correlation for age and fork length was 0.85
in our data set, a positive correlation indicating that smaller fish
were predominantly younger individuals and larger salmon were
generally older. In addition, males tended to mature at a younger
age than females, meaning they were smaller on average. How-
ever, by using conditional random forests, we were able to evalu-
ate variable importance for different types of predictors without
the misleading preference for correlated predictors (Strobl et al.
2008). Conditional variable importance revealed that the most
relevant variable for predicting recovery location was the fork
length of the fish, followed by sex and then age (Fig. 4). Since

2000 2005 2010 2015
Run Year

Fig. 4. Random forest predictor variables ranked by conditional
variable importance score. The ordered ranking of the variables,
rather than the absolute value of the importance score, determines
importance (Strobl et al. 2009).

Length

Predictor variables of recovery location
Sex

Age

T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05

Variable importance

irrelevant variables randomly vary near zero and the order of the
variables describes their relative importance (Strobl et al. 2009),
age is unlikely to be an informative predictor of recovery location
when accounting for length.

Since fork length and sex were the two top-ranked variables
identified by conditional variable importance, we used both vari-
ables as inputs in the conditional inference tree. This analysis
allowed us to determine whether the differences we observed in
recovery rates between males and females (Fig. 3) were primarily
due to size, as has been documented in previous studies (Zhou
2002; Murdoch et al. 2010). The resulting classification tree pro-
duced 10 node splits, with both sex and size identified as signifi-
cant variables (p < 0.01) for predicting the recovery location of
adult hatchery Chinook salmon (Fig. 5). This generated 11 terminal
nodes, or final groups, characterized by different sex and size
criteria with significantly different proportions of Chinook
salmon that were recovered on the spawning grounds. The pro-
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Fig. 5. Conditional inference tree depicting recovery location of adult hatchery fall Chinook salmon in the Elk River basin. Terminal nodes
show proportions of adults with a coded-wire tag that fall into the group, which is defined by the set of rules for splitting at each internal
node. The characteristic used and level of significance for each split is shown in the internal nodes. Length is fork length (in mm).
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portion of recovered within-river strays varied from a high of
0.693 for very large females (group 8) to a low of 0.021 for small
males (group 2). Overall, these results indicate that a greater per-
centage of females and larger fish of both sexes were recovered on
the spawning grounds when compared with males or smaller fish
(Fig. 5).

In particular, fish size was a primary factor contributing to
recovery location. The best predictor from the root node split in
the classification tree analysis was a 770 mm size threshold and,
within a specific sex, fork length continued to drive branch sepa-
ration (Fig. 5). This was especially apparent for female branches of
the classification tree (groups 1, 5-8): spawning ground recovery
proportions increased dramatically with increasing size over the
five groups, from a low of 0.119 for the smallest females (group 1)
to 0.693 for the largest females (group 8). Similarly, spawning
ground recovery proportions increased for males over the six in-
creasing size groups in the classification tree (groups 2-4, 9-11),
with the largest males (group 11) straying at a rate of 0.205. This
corresponds with the conditional random forest ranking fork
length as the most relevant variable for predicting recovery loca-
tion of the fish (Fig. 4).

Overall, females had a higher probability of recovery on the
spawning grounds compared with males of similar size groups,
suggesting that sex was also a major factor influencing recovery
location (Fig. 5). This is consistent with the observed pattern by
run year demonstrating that females were consistently recovered
in higher proportions on the spawning grounds compared with
males (Fig. 3). While length criteria used for splitting in the clas-
sification tree were not identical for both sexes, recovery propor-
tions on the spawning grounds for fish of approximately equal
size were significantly higher for females than for males. For ex-
ample, recovered females >980 mm (groups 7 and 8) had a stray
proportion of 0.516, while recovered males of a similar size
(>961 mm, group 11) had a stray proportion of 0.205 (Fig. 5). A
proportion > 0.5 indicates that an individual in the specified

group is more likely to be recovered on the spawning grounds
rather than at the hatchery, since recovery location has only two
possible states. In the classification tree, the proportion of large
females (group 8) found on the spawning grounds exceeded 0.5.
These results suggest that large female Chinook salmon may be
choosing to remain in the Elk River rather than enter the hatch-
ery. In contrast, large males of a similar size tended to be recov-
ered at the hatchery rather than on the Elk River spawning
grounds.

Discussion

Our analyses of the CWT data set suggest that Elk River Hatch-
ery Chinook salmon recovered on the Elk River spawning grounds
differed from those recovered at the hatchery. In particular, fe-
males and larger fish were more likely to be recovered on the
spawning grounds, suggesting that biological factors contribute
to within-river straying. Our initial hypothesis for a difference
between within-river straying based on sex of the individual was
supported. However, sex does not appear to be the most impor-
tant variable driving recovery location in the Elk River basin, as
fork length was the top-ranked variable (Fig. 4). Since age was the
lowest-ranking variable of importance and had a value near zero
(Fig. 4), it is unlikely to be a highly relevant predictor when length
and sex are already considered as predictors of recovery location.
Given that fork length and age were highly correlated, the rank-
ing of fork length as the most important predictor and age as the
least suggests that the pattern of larger fish having greater prob-
ability of recovery on spawning grounds is not an artifact of age.

Although little is known about how levels of within-river stray-
ing observed in the Elk River compare with other systems, a num-
ber of factors may contribute to the high rates of hatchery
Chinook straying from the Elk River Hatchery. Management prac-
tices for returning adults have changed over the past several
decades, which likely influenced the interannual variation of

< Published by NRC Research Press



Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAA CENTRAL on 03/26/25
For personal use only.

Pollock et al.

within-river straying levels (Fig. 3). One example, which was im-
plemented during several years in the 1980s, is the practice of
“recycling” returning hatchery adults from the Elk River Hatchery
back into the river prior to the spawning period. The apparent
decline in spawning ground recoveries over time (Fig. 3) may be
attributed in part to the discontinuation of this practice. How-
ever, current pHOS levels remain high (ODFW 2016).

Based on the biological characteristics of fish recovered on the
spawning grounds, within-river straying in the Elk River basin is
consistent with the combined effects from inadequate imprinting
and the availability of spawning resources downstream of the
hatchery. This results in a decision process whereby spawning site
selection overrides site-specific homing, leading hatchery salmon
to spawn in the river. Despite variable environmental conditions
and interannual variation, our analyses demonstrated that female
hatchery Chinook salmon were consistently found in greater pro-
portions on the Elk River basin spawning grounds (Fig. 3). Since
the majority of optimal spawning habitat and the highest density
of wild spawners is located below the Elk River Hatchery (Burck
and Reimers 1978), mature hatchery fish encounter abundant
spawning habitat and potential mates (Fig. 2) before reaching the
hatchery facility. Bett and Hinch (2015) suggested that salmon
homing involves a hierarchical process wherein homing adults
first seek imprinted olfactory cues associated with their natal site
(i.e., Elk River Hatchery). In the absence of recognized cues, they
secondarily seek conspecifics and appropriate spawning habitat.
Owing to the lack of a unique water source, water in the Elk River
Hatchery ladder may not be distinctly different from mainstem
Elk River water. Under this scenario, returning hatchery salmon
may not be able to home directly to the Elk River Hatchery. Con-
sequently, hatchery adults must search more extensively to locate
their natal site, which increases the tendency of hatchery fish
choosing to spawn in the river. This is a likely possibility given
that the majority of within-river strays are recovered in the main-
stem Elk River, downstream of the hatchery (Fig. 2). Thus, the
combination of extensive searching to locate the natal site and
the biological characteristics of the returning adults may lead to
the differences we observed between sexes and sizes of within-
river strays.

The random forest analysis suggests that fork length is the most
important variable for predicting recovery location of hatchery
Chinook salmon in the Elk River basin, followed by sex of the fish
(Fig. 4). Passage at the Elk River Hatchery ladder does not exclude
large salmon, as several fish >1020 mm were recovered at the
hatchery. While it is possible that the return ladder may have
some size selectivity, this demonstrates that very large fish are
capable of ascending the ladder and entering the hatchery trap if
they choose. In the classification tree, large females (Fig. 5; group 8)
were more likely to be recovered on the spawning grounds than at
the Elk River Hatchery. Given that not all naturally spawning
salmon are recovered during surveys, this finding indicates that
large females may be choosing to spawn in the river, as their true
proportion of within-river straying could be even greater than
that inferred from recoveries. This pattern differs from studies of
between-basin straying, wherein males tended to stray more
(Hard and Heard 1999; Hamann and Kennedy 2012) or no differ-
ences in stray rates between sexes were observed (Unwin and
Quinn 1993; Thedinga et al. 2000). However, our results are con-
sistent with those of other studies demonstrating that males dis-
play greater exploratory behavior within the natal basin (Neville
et al. 2006; Anderson and Quinn 2007; Marklevitz and Morbey
2017). Within the natal river basin, hatchery males may explore
more widely than hatchery females, resulting in males being
more likely to discover and return to the Elk River Hatchery. This
is a hypothesis that can be tested with a telemetry study, to deter-
mine whether behavioral differences based on sex could drive the
likelihood of returning to the hatchery.
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Large hatchery salmon may be more likely to be recovered on
the spawning grounds, since larger fish are generally more capa-
ble of defending spawning resources (Foote 1990). Larger females
may spawn in the river because they are better able to defend
spawning sites (van den Berghe and Gross 1989), whereas smaller
females may lose these resource competitions and instead con-
tinue travelling upstream and ultimately enter the hatchery. Sim-
ilarly, larger males may be more successful at competing for
access to females on the spawning grounds (Fleming and Gross
1994). Migration timing could also differentially influence within-
river straying behavior. For example, jacks (i.e., smaller males)
enter the Elk River earlier in the season than females or older,
larger males (Burck and Reimers 1978). Therefore, small males
may have a greater tendency to move past the unoccupied spawn-
ing grounds and enter the hatchery as they search for the natal
site and potential mates. The lack of a unique odor at the Elk River
Hatchery may amplify these differences between sexes and sizes
of fish by necessitating an increase in searching behavior to locate
the hatchery.

Our analysis relied on the recovery of carcasses on spawning
grounds as an indicator of within-river straying. This assumed
that fish of different sexes and lengths had an equal probability of
being recovered during annual spawning ground surveys. How-
ever, it is unlikely that this assumption is valid for smaller adults,
as several studies have demonstrated that recovery probability
during such surveys is strongly linked to fish size (Zhou 2002;
Murdoch et al. 2010). Recovery of smaller fish may be less likely
because they are harder to find during surveys (Zhou 2002). In
addition, stream flows or scavengers could remove salmon car-
casses from streams, which may lead to biases during surveys
(Cederholm et al. 1989; Reimchen 2000; Zhou 2002). However,
it is unclear whether smaller fish are affected disproportion-
ately by streamflow (Zhou 2002). Nonetheless, fish with a fork
length > 770 mm (Fig. 5; groups 5-11) had a relatively similar
likelihood of recovery (Zhou 2002), and the general pattern of
larger fish and females being more likely to stray was extremely
robust for these groups as well. In addition, studies in similar
systems found no significant difference between male and female
recovery rates of fall Chinook salmon, after accounting for length
(Zhou 2002). However, to address the uncertainty regarding car-
cass recovery, we recommend that a telemetry study be conducted
on hatchery Chinook salmon returning to the Elk River to deter-
mine the effect of size and sex on recovery probability. Such a
study would aid in evaluating the movements and final locations
of adults. It could answer the question of whether smaller indi-
viduals are more likely to return to the Elk River Hatchery or
remain on the spawning grounds and therefore simply not be
recovered during surveys.

Identifying effective methods to reduce in-river stray rates can
be a challenge in locations where pHOS exceeds management
goals. Effective management actions might include altering the
hatchery fish ladder, physically removing hatchery fish from the
river, retaining a few juvenile smolts as a conspecific attractant,
or reducing the number of hatchery juveniles released. In the Elk
River, all these approaches have been employed in an effort to
reduce the level of within-river straying. In 2015, the ODFW began
to remove returning hatchery adults from the spawning grounds
on Anvil and Rock Creeks through the use of weirs. During August
2015, the Elk River Hatchery altered the adult ladder opening to
increase attraction flow at the trap. Although hatchery personnel
typically operated the ladder for at least 2-3 months during the
run, in 2012 the ODFW set trap operation dates from the begin-
ning of November to the end of February in an effort to collect
more hatchery salmon. Starting in 1994, the Elk River Hatchery
retained a small subset of the brood as juvenile smolts. These
juveniles were kept in a raceway at the hatchery throughout the
adult run as a potential attraction to the hatchery. Beginning in
fall 2015, the ODFW also reduced the number of fish released from
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the Elk River Hatchery from 325 000 to 275 000 juveniles to de-
crease the number of hatchery salmon that spawn in the river.
However, if the number of hatchery adults spawning in the Elk
River remains high, the number of juveniles released from the Elk
River Hatchery may need to be further reduced (ODFW 2016).
However, this may lead to negative social and economic conse-
quences for the fishery.

One method to reduce within-river straying may be to add a
unique chemical odor to the Elk River Hatchery water during
critical imprinting periods, allowing juveniles to imprint upon a
scent associated only with the hatchery. This odor could then be
metered into the Elk River Hatchery ladder during the adult run,
providing a unique olfactory cue to enable fine-scale homing to
the hatchery. Earlier tests of this approach produced mixed re-
sults (Rehnberg et al. 1985; Hassler and Kutchins 1990), but it was
successful in increasing the return rate of coho salmon to a Cali-
fornia hatchery (Hassler and Kucas 1988). Using this approach in
the Elk River may provide a more robust signature for imprinting
and homing that will reinforce natal site homing as the primary
migratory driver and override social and environmental cues that
may encourage within-river spawning.

Straying between river basins plays a fundamental role in
salmon population dynamics and has been extensively studied to
identify factors contributing to elevated rates of straying (Keefer
and Caudill 2014). However, far less is known about the mechanis-
tic causes of within-river straying, though it is a widespread phe-
nomenon affecting most salmon-bearing streams that contain
both hatchery and wild populations. The Elk River Hatchery pro-
gram provides an extensive time series of CWT recoveries that
serves as an ideal case study for within-river straying. In the Elk
River Hatchery program, we identified fork length and sex as
demographic factors influencing within-river straying, suggesting
that a reproductive decision process contributed to a tendency for
hatchery fish to spawn in the wild. We also discussed the possibil-
ity of adding a unique odor to the hatchery water as a method that
may reduce within-river straying for locations where the hatchery
lacks a distinct water source. Further study of within-river stray-
ing for other salmon species and hatchery programs is warranted
to better assess and develop management strategies to address
this issue.
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