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[A] Abstract

Supplementation of depressed salmonid populations with hatchery production has been
questioned due to domestication effects, which may reduce reproductive fitness. However, for
extirpated populations, reintroduction typically requires use of hatchery stocks. We evaluated
this strategy by monitoring the naturalization of spring Chinook salmon reintroduced to
Lookingglass Creek, OR (Grande Ronde Basin) from a captive brood, hatchery stock. We
compared the reproductive success (RS) of naturally spawning natural-origin (NOR) relative to
hatchery-origin (HOR) adults across nine brood years. Individual RS (the number of progeny
produced) was estimated by pedigree reconstruction analyses, and then analyzed by generalized
linear models to estimate the effect of parental origin, while controlling for potentially
confounding covariates. When evaluating RS by juvenile progeny, NOR spawners were more
likely to be reproductively successful, and when successful, produced more progeny on average
than successful HOR counterparts. We found a similar advantage when evaluating RS by adult
progeny, although the origin effect was not as important among successful spawners. Results
suggest fish reintroduced from a hatchery stock possess the adaptive capacity to positively

contribute to natural productivity and recovery goals.

Keywords: reintroduction, origin, Chinook, reproductive success
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[A] Introduction

Populations of anadromous salmonids (Oncorhynchus spp.) have been dramatically reduced
in abundance across their historic range in the Pacific Northwest (e.g., see reviews by Nehlsen et
al. 1991; Gustafson et al. 2007). In the Columbia River Basin, where extensive and dramatic
alterations to the migratory corridor have occurred, an estimated 117 of 333 historical
populations have been extirpated (CBP 2020). When the central cause of extirpation involved a
physical barrier to migration that was subsequently removed, instances of reintroduction or range
expansion via the natural exploratory behaviors of migrating adults have occurred (Pess et al.
2014; Anderson et al. 2015; Allen et al. 2016; Brewitt 2016; Brenkman et al. 2019). However,
when barrier removal or habitat restoration actions are not feasible or when extant source
populations are distant, natural recolonization via straying may be impractical or insufficient to
establish a self-sustaining population, thereby necessitating active reintroduction efforts
(Deredec and Courchamp 2007; Anderson et al. 2014). Such efforts generally rely on hatchery
stocks and presume that fish of the chosen stock possess the phenotypic and genotypic diversity
upon which natural selective forces may act over generations to affect population-level
adaptations to the introduced habitat (Narum et al. 2007; Anderson et al. 2014; Liermann et al.
2017; Evans et al. 2019).

The ability of a hatchery stock to successfully adapt and positively contribute to a
reintroduction effort, however, may have been compromised by domestication effects associated
with hatchery rearing. Several studies involving hatchery supplementation of depressed
populations have shown that domestication selection, or selection for traits that are beneficial
under conditions of captivity, may negatively impact the reproductive success (i.e., fitness) of

hatchery-origin (HOR) transplants when spawning in nature, as well as that of the natural-origin
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(NOR) fish with which they may interbreed (Lynch and O'Hely 2001; Ford 2002; Frankham et
al. 2002; Araki et al. 2007a; Frankham 2008; McClure et al. 2008; Berntson et al. 2011; Christie
et al. 2012; Ford et al. 2012). Similar to these evaluations of supplementation programs for
depressed populations, it is possible to monitor the naturalization of reintroduced fish by
comparing the reproductive success (RS) of NOR fish (i.e., those that are one or more
generations removed from the hatchery) relative to HOR fish (i.e., incubated and reared in a
hatchery). If natural selective forces select against maladaptive domestication effects, naturally
spawning NOR adults should demonstrate higher RS than their HOR counterparts, and therefore
present relative reproductive success (RRS) ratios greater than one within a given brood year
(RRS ratio expressed as NOR:HOR since RS of the HOR fish is the baseline value for a
reintroduced population). A reintroduction program for spring Chinook salmon in Lookingglass
Creek, a tributary to the Grande Ronde River (rtkm 138 from its confluence with the Snake
River) in northeastern Oregon (Figure 1), provided an opportunity to test this hypothesis.

Since the reintroduction program began in 2001, the Confederated Tribes of the Umatilla
Indian Reservation (CTUIR) have conducted a systematic monitoring program including tissue
sampling and collection of biological data from all adult spring Chinook salmon intercepted at
the Lookingglass Hatchery weir each year, as well as from a sample of juvenile outmigrants
captured in a rotary screw trap located between the weir and hatchery (Figure 1). We used these
samples and associated datasets to conduct a multi-generational parentage analysis to evaluate
the naturalization of spring Chinook salmon reintroduced to Lookingglass Creek upstream of the
weir, by comparing the RS of naturally spawning NOR fish relative to HOR fish within brood
years. We estimated individual RS as average recruits-per-spawner, where recruits were

expressed as either juvenile outmigrants, returning adults, or grand-progeny (both juvenile and

4
© The Author(s) or their Institution(s)



Page 5 of 52

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

adult life stages), and then estimated relative reproductive success (RRS) ratios between origins
using generalized linear models. We hypothesized that the NOR spawners, which hatched and
reared in the stream, would demonstrate higher RS than their HOR counterparts, which hatched

and reared in the hatchery, within each brood year.

[A]Methods

[B] Study Area and sample collection — The native population of spring Chinook salmon in
Lookingglass Creek suffered drastic declines in abundance in the late-1900s, largely due to
increased migration mortality associated with the construction of the four lower Snake River
dams (ODFW 1990; Tranquilli et al. 2004). To mitigate for these losses, Lookingglass Hatchery
was constructed on Lookingglass Creek (rkm 3.7; Figure 1) in 1982 under the federally
mandated Lower Snake River Compensation Plan (LSRCP; COE 1975; Herrig 1990; Marshall
2010). To meet the hatchery’s abundance and harvest goals, broodstock was initially sourced
from Carson National Fish Hatchery (located on the Wind River; Carson, Washington) and later
from Rapid River Hatchery (located on the Salmon River; Riggins, Idaho) (Olsen et al. 1992).
However, in 1992, Snake River spring/summer Chinook salmon were listed under the
Endangered Species Act (ESA), obligating managers to reconcile goals outlined in the LSRCP
with stipulations of the ESA (NMFS 1992). As a result, the reliance on out-of-basin stocks in the
Grande Ronde basin was terminated after the 1999 brood year, and managers instead sourced
broodstock from in-basin returning adults or fish which were raised under one of three, in-basin,
captive broodstock programs (Catherine Creek, Lostine River, Upper Grande Ronde; see Figure

1) (Hesse et al. 2006; Carmichael et al. 2011).
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For Lookingglass Creek, however, by the time these practices were initiated in 2000, the
native population was functionally extirpated due to excessive removal of returning adults for
hatchery broodstock and significant introgression by out-of-basin hatchery stocks (ICBTRT
2003; Van Doornik et al. 2013). Managers therefore sought to reestablish a Lookingglass Creek
spring Chinook salmon population by reintroducing fish derived from the Catherine Creek
captive broodstock program (Hesse et al. 2006). The first Catherine Creek stock juveniles were
released from the hatchery into Lookingglass Creek in 2001 (brood year 2000), and the first year
of substantial returns from this cohort occurred in 2004 (age-4 is the dominant age at maturity for
Grande Ronde spring Chinook salmon; Burck 1994; Boe et al. 2010). A proportion of the
hatchery-origin (HOR) adults returning to Lookingglass Creek in 2004 were collected for
broodstock to create a local, Lookingglass Hatchery stock. The remainder were passed upstream
of the weir for natural spawning, thereby initiating the reintroduction of spring Chinook salmon
to the upper reaches of Lookingglass Creek (Boe et al. 2010). The first age-4 natural-origin
(NOR) progeny from the BY2004 natural spawners returned to the Lookingglass weir in 2008.
Since 2008, the upstream spawning population of spring Chinook salmon in Lookingglass Creek
has consisted of a mix of NOR and HOR adults (Figure 2).

To monitor productivity of the reintroduced spring Chinook salmon population and collect
fish for hatchery broodstock, the Confederated Tribes of the Umatilla Indian Reservation
(CTUIR) and Oregon Department of Fish and Wildlife (ODFW) operate a weir on Lookingglass
Creek, approximately 400m upstream of the Lookingglass Hatchery (Figure 1). The weir
presents an essentially impassable barrier to upstream migration and operated with an estimated
efficiency of 99.2% during the study years (2008-2020; C. Crump personal communication,

2022). From 2008 through 2020, adults intercepted at the weir were measured for fork length
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(mm), tissue sampled (opercular punch), sexed by visual assessment of external morphology and
identified to origin, where an adipose-intact fish with no coded wire tag was designated as NOR
(Crump et al. 2021). A portion of the intercepted fish were transferred to the hatchery for use as
broodstock, with the remainder passed upstream of the weir for natural spawning each year
(except for some or all of the age-3 HOR jacks, which were donated to the CTUIR foodbank or
transported back downstream for fisheries) (Boe et al. 2010; ODFW 2011). A limited number of
tissue samples were also collected from post-spawned adults that escaped handling at the weir
(identifiable by lack of an opercular punch) during spawning ground surveys conducted above
the Lookingglass Creek weir.

To monitor juvenile production from natural spawning, CTUIR captures out-migrating
juveniles year-round in a rotary screw trap (RST) located 200 meters downstream of the weir
(Figure 1). The RST operated with an estimated average sampling efficiency of 35% during the
study years (C. Crump, personal communication, 2022). From 2009 through 2018, tissue
samples (fin clips) were randomly collected from a portion of the captured juveniles for genetic
analysis, along with individual fork length (mm), weight (g) and sample date. Juvenile spring
Chinook salmon out-migrate from Lookingglass Creek primarily as age-0+ parr (fork length
range 39-118mm, mean 74.6mm) from June through December. These fish overwinter within the
mainstem of the Grande Ronde River prior to continuing their migration to the ocean the
following spring. A smaller proportion of juveniles over-winter in Lookingglass Creek, and are
captured out-migrating in February through May as age-1+ smolts (fork length range 56-197mm,
mean 89.6mm; Burck 1994; Crump et al. 2017).

[C] Ethics Approval
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Sampling and handling of both juvenile and adult spring Chinook salmon is authorized via
appropriate ESA permits and consultations, as outlined in Section 2.1 of the Lookingglass

Hatchery Genetic Management Plan (ODFW 2011).

[B]Genetic sample preparation and parentage analysis — DNA was extracted from tissue
initially using a standard Qiagen DNeasy protocol (Qiagen Inc., Valencia, CA) and subsequently
a custom Chelex 100 protocol (Sigma-Alrich, St Louis, MO). Genotyping was performed for a
panel of single nucleotide polymorphism (SNP) markers (Hess et al. 2015), plus an additional
sex marker (Brunelli et al. 2008; Yano et al. 2013) developed for spring Chinook salmon using
the genotyping-in-thousands by sequencing approach (GTseq; Campbell et al. 2015). All
parentage analyses were performed using a panel of 93 markers that were shared and informative
across relevant collection years (2008-2020; marker list detailed in Nuetzel 2022). Individual
genotype data was then quality filtered such that any individual missing >10% genotypic data, or
which represented a duplicate sample of the same individual, was removed from the analytical
data set.

Parentage analysis was performed for each progeny collection separately, with a collection
being defined by a unique combination of life stage and collection year (see Nuetzel 2022). We
used two pedigree reconstruction programs, both of which use likelihood-based methods to
assign parentage for each progeny collection. Genotype data were first analyzed in the program
SNPPIT (Anderson 2010; Anderson 2012) to identify parent-progeny trios (i.e., a progeny and
both its mother and father). Each SNPPIT run considered parent spawn year and assumed a
genotyping per locus error rate of 0.5%, which was guided by author recommendations and our

preliminary assessment of per locus error rates across collection years (from 0.00014 to 0.0053;
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Anderson 2010). We did not include parental sex data due to inconsistency between sex identity
based on genetic sex markers versus phenotypic sex indicated in the field data, particularly in the
earliest collection years. All resulting trios were filtered for false discovery rate (FDR) <0.010,
and no more than two Mendelian incompatible loci. The parent-progeny trio assignments passing
these filtration criteria were then compared to recorded genetic and phenotypic sex data to
resolve sex identity for those individuals assigned as parents. Any trios in which parents were
ultimately presumed to be the same sex were not retained.

Each progeny collection was then analyzed in the program COLONY (v2.0.6.6; Jones and
Wang 2010) to identify single-parent progeny pairs and additional trios. As with SNPPIT, each
COLONY run was performed naive of parent sex; however, we used the quality-filtered parent-
progeny trios identified by SNPPIT to construct known paternity and maternity matrices for each
run in COLONY. This effectively informed COLONY of sex for individuals attributed progeny
by SNPPIT. Run parameters for each progeny collection were as follows: both parents
polygamous, medium run length and precision, and full-likelihood analysis method.
Additionally, we identified the probability of either mother or father having been sampled as
0.90 — an estimate which considered weir efficiency data, as well as computational risks of
overestimating sampling probability. All resulting single-parent progeny pairs and novel trios
were filtered for probability > 0.90.

Lastly, all quality-filtered trio and single-parent assignments from SNPPIT and COLONY
were combined, and then reviewed alongside individual biodata to ensure plausibility. Non-
plausible assignments included those for which: 1) the inferred age of the progeny given parental
assignment did not align with recorded life stage and/or fork length, 2) instances of implausible

precocious female spawning, and 3) trios in which the parental dispositions (i.e., natural
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spawner, broodstock spawner, etc.) did not align. Assignments which failed any of these three
plausibility checks were removed from the analysis; this amounted to a relatively small

proportion (1.3%) of total trio and single-parent assignments across all progeny collections.

[B]Relative Reproductive Success Analyses — We summarized finalized parentage assignments to
tally the total number of parr, smolt, and adult progeny assigned to adult (age-4 and age-5)
female and male fish that spawned naturally in Lookingglass Creek upstream of the weir during
brood years 2008-2016. We then estimated the number of juvenile and adult grand-progeny
attributed to adult spawners in brood years 2008-2012 by summing across generations. For
example, if 2008 is the FO generation, its adult progeny (F1) largely returned in 2012, and its
adult grand-progeny (F2) largely returned in 2016. We therefore tallied the number of grand-
progeny attributed to a given spawner from 2008-2012 by summing all progeny assigned to its
adult, naturally spawning progeny in the F1 generation. If an adult spawner from BY2008-2012
was assigned zero F1 offspring, then it was assumed to produce zero grand-progeny. If an adult
spawner from BY2008-2012 was assigned an adult F1 progeny that was taken for broodstock,
we did not consider this individual in our grand-progeny analyses as we were explicitly
interested in stream spawners and therefore would not have analyzed the progeny of any
broodstock spawners. We did not perform any progeny or grand-progeny summations for
naturally spawning jacks (age-3 males) because returning hatchery-origin (HOR) jacks were not
passed above the weir starting in 2012. We also conducted a sensitivity analysis by excluding
single-parent assignments from the tallies of individual reproductive success, and thereby the
relative reproductive success (RRS) estimates. We found that we would have drawn the same

qualitative conclusions regardless of whether single-parent assignments were included or
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excluded, and therefore chose to include the single-parent assignments in our subsequent
analyses.

We initially considered parr and smolt progeny separately in reproductive success (RS)
comparisons to account for possible differences in the propensity of juvenile offspring to
emigrate as a parr or smolt according to parental origin. Given the geographic differences in
over-wintering by juvenile emigration type, and knowing that the overwintering period is
associated with significant mortality (Huusko et al. 2007; Brown et al. 2011; Favrot and
Jonasson 2020), the number of progeny per spawner would appear higher if enumerated at the
parr versus smolt stage. This could bias estimates of individual reproductive success if one
parental origin is more likely to produce juvenile offspring that emigrate as parr. We therefore
assessed whether NOR and HOR spawners were assigned parr at relatively equal proportions of
their total juvenile assignments within brood years. While the proportion of all assignments that
indicated parr progeny varied among years, the difference between NOR and HOR spawners
within years was statistically significant in only a single year (2009, 0.77 for HOR vs 0.65 for
NOR; all other years had smaller differences), leading us to conclude that we could combine the
number of parr and smolt progeny assigned per adult into a single measure of RS without
concern of a juvenile progeny type bias (Supp. Material — Section 5; Figure S9'). As an
additional sensitivity analysis to verify that this summation did not bias our inference, we
replicated some RRS analyses on parr and smolt progeny separately and found that we would

have drawn similar conclusions had we not combined them (Supp. Material — Section 6).

! Supplementary material are available with the article at 10.1139/cjfas-2022-0114
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The summed juvenile and adult progeny per spawner assignment data were then analyzed
to address four questions that comprehensively evaluated origin-specific differences in RS when
spawning naturally:

(1) Relative Reproductive Success — Parent to Progeny: Is expected RS a function of

variables such as origin, sex, body size, arrival day, and year of spawning?

(2) Relative Reproductive Success — Grand-Parent to Grand-Progeny.: Do any RS
differences identified in question (1) carry through to later generations?

(3) Relative Reproductive Success by Parental Cross Type: Does expected RS vary
depending on the origin of the spawners involved; e.g., does a spawning pair
involving 1 or 2 NOR spawners have a different RS expectation than a spawning pair
involving two HOR spawners?

(4) Reproductive Success Comparison given Progeny Age: To what extent does

evaluation of RS based on juvenile progeny predict RS based on adult progeny?

To quantify statistical evidence for answers to these questions, we required a model to
estimate the expected progeny production by spawners of specific characteristics, from which we
could then build a ratio (with an accompanying confidence interval) to represent RRS between
origins. Among various analytical options, several aspects of our data set required special care
and ultimately dictated our analytical design. First, RS may be influenced by factors aside from,
or in addition to, the origin of the spawner and we sought to both quantify the effects of sex, size,
return timing and inter-annual variability, and to control for any potential confounding impact
they may have on our estimates of RRS (Anderson et al. 2010; Williamson et al. 2010; Berntson

et al. 2011; Schroder et al. 2012; Anderson et al. 2013; Evans et al. 2016; Janowitz-Koch et al.
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2019). While spawn location (Hoffnagle et al. 2008; Williamson et al. 2010; Hughes and
Murdoch 2017) and the incidence of pre-spawn mortality (Bowerman et al. 2018) have been
identified as factors that may interact with origin to affect reproductive success, carcass recovery
is quite low in Lookingglass Creek due to high predation (Crump et al. 2021), precluding the
consideration of either for this dataset. Second, the data set contained many spawners with zero
progeny assigned to them. This follows observations from several other naturally spawning
anadromous salmonid populations (Seamons et al. 2004; Ford et al. 2006; Williamson et al.
2010; Hess et al. 2012; Janowitz-Koch et al. 2019). These individuals are hereafter referred to as
“unsuccessful” spawners, whereas those with >1 progeny assigned are termed “successful”
spawners (Supp. Material — Sections 1 & 2). The frequency of zero values would violate the
assumptions of many statistical models, and thus required specific treatment (note, however, that
the analyses for questions 3 and 4 used only successful spawners or spawning pairs which
removed this feature of the data set). It is important to acknowledge, however, that the
designation of “successful spawner” in this study and others (e.g., Hess et al. 2012; Janowitz-
Koch et al. 2019; Koch et al. 2022) is a product of sampling and analytical design. Except in
circumstances where sampling of potential spawners and progeny is essentially complete,
progeny-per-spawner estimates are best treated as indices of RS rather than true RS. Third, there
was high variability in progeny numbers among successful spawners (Supp. Material — Section
2) even for spawners with similar attributes such as brood year, sex, and origin. This indicated
the data would likely be over-dispersed relative to count models that cannot accommodate this
level of variability for low values of the expected count (e.g., the Poisson distribution). And
fourth, we considered two life stages of progeny for characterizing the RS of a given spawner in

a given brood year: (a) total juveniles detected migrating out of and (b) total adults returning to
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Lookingglass Creek. We chose to replicate identical analyses for both response variables
separately for all questions except question (4), which compared adult and juvenile progeny
assigned to individual spawners.

Based on these considerations, we opted to use the generalized linear modeling (GLM)
framework (Nelder and Wedderburn 1972) with outcomes assumed to follow a negative
binomial distribution for each of our analyses. For analyses involving excessive zeros (i.e., those
for questions 1 and 2), we employed a negative binomial hurdle model (described below; Zeileis
et al. 2008). For analyses involving successful spawners only (i.e., those for questions 3 and 4),
we removed the hurdle and employed standard negative binomial GLMs. Except for the analysis
for question (4), we chose to use solely fixed effects for modeling heterogeneity in RS. For each
progeny life stage, we performed an all subsets analysis of a global model where models were
ranked by AIC corrected for small sample size (AIC.) (Burnham and Anderson 2002) and
selected the model with the fewest parameters that was within 2 AIC, units of the lowest AIC,
model for inference; we considered only models that converged successfully in these selections.
From this model, we then calculated the ratio (NOR:HOR) as a measure of RRS while

controlling for spawner attributes like sex, size, and return day.

[C] Statistical Models — We used maximum likelihood methods to fit models to data in program
R (R Core Team 2020) using the ‘glmmTMB’ package (Brooks et al. 2017) and checked the
consistency of the data with the statistical assumptions of the model using the ‘DHARMa’ R
package (Hartig 2020). The assumption checks indicated that the data conformed well with the
assumptions of the top models for each analysis (Supp. Material — Section 4). We used

parametric bootstrapping to quantify the uncertainty in quantities derived from model
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coefficients, e.g., for ratios of two model-predicted RS values. The parametric bootstrap
(implemented via R package ‘lme4’, Bates et al. 2015) involved simulating 1,000 data sets from
the best model, refitting the model to each simulated data set, and summarizing the variability in
the predicted quantity of interest across refitted models. We fitted all models to data from
multiple brood years, and we used model selection to determine whether among-year variability
in parameters (e.g., an origin X year interaction) was justified. The specific code and data files

to reproduce all GLM analyses can be found in Staton (2022).

[D] Q1: Relative Reproductive Success — Parent to Progeny & Q2: Relative Reproductive
Success — Grand-Parent to Grand-Progeny

[E] GLMs with Hurdle — The hurdle model is a GLM with two components: (a) the
“conditional” model to describe counts that have a non-zero expected value and () the “zero”
model to describe the probability that observations will be zero. Unlike the related class of zero-
inflated count models, the hurdle model allows zero-valued outcomes to occur only from the
zero model, and never from the conditional model (Zeileis et al. 2008). Thus, we chose the
hurdle approach for addressing questions (1) and (2) because it enabled modeling covariate
effects on outcomes of successful and unsuccessful spawners separately but within the same
model (an advancement of prior RRS analyses of successful and total spawners). This approach
allowed us to quantify three primary metrics of interest based on varying characteristics of each
spawner (e.g., origin, size, etc.): (a) the expected number of progeny produced by successful
spawners, (b) the expected probability that spawners will be successful and (c) the expected

number of progeny produced by each spawner, which combines metrics (a) and (b).
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We denote the observed number of progeny (juvenile or adult progeny analyzed
separately) assigned to spawner i by y;, where i € {1,2,...,,n}. Both the conditional and zero
components of the hurdle model may be influenced by covariates in an attempt to explain
among-spawner variability in y;; we denote the design matrices for these models by X and Z (and
row vectors for spawner i by Xx; and z;), respectively, and note that some covariates may be

shared by both models. Thus, the conditional model took the form:

log(u) =x/B, (1)

where B is a vector of coefficients that quantify the additive effect of each covariate on log(u);
multiplication of two bold terms (i.e., vectors or matrices) implies matrix multiplication. The
zero component of the hurdle model predicts the expected probability that spawner i was

unsuccessful (1r;):

logit(m) =z{y,  (2)

where y is a vector of coefficients (estimated in addition to the B vector) that quantify the

additive effect of each covariate on logit(r).

The negative binomial distribution includes an additional parameter to capture extra-
Poisson variability (¢p). There are two expressions of the negative binomial distribution (Hardin

and Hilbe 2007), and we used the (most common) version where the variance increases as a

2
quadratic function of the expected count (V(y;) = u; + %); we denote the negative binomial

probability mass function by f(y;;u;,¢). The expected number of progeny for spawner i (y;) was:

f(m Ml’¢)
=0-m) Z = fomp™ @

1
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353  where M is some arbitrarily large number where the probability mass f(M,u;,¢) is effectively
354  zero (we used M=1000 in all calculations). The term (1 — ;) in eq. (3) is the expected

355  probability that spawner i was successful, and the remaining portion is the expected number of
356  progeny for spawner i if it was definitely successful.

357 Candidate models were distinguished from one another by the inclusion or exclusion of
358  particular variables in the X and Z design (i.e., covariate) matrices. The simplest (i.e., null)

359  models we evaluated had only the intercept terms included in the B and y coefficient vectors,
360  which produced identical expected values for u and 7, respectively, for all spawners. Hence, this
361  model assumed RS of NOR and HOR spawners was identical and that no other covariates

362 influenced expected RS.

363 The conditional component of the global models for the question (1) analysis included a
364  three-way interaction for sex X origin X year and two-way interactions for arrival day X

365  origin and spawner size (length, mm) X origin. Arrival day was rescaled each year so day 0
366  corresponded to April 20 (the earliest date a spawner arrived across all years) prior to model
367 fitting. The zero component of the global models for question (1) included only the three-way
368 interaction for sex X origin X year and all associated main effects and two-way interactions.
369  The purpose of the three-way interaction was to allow the most complex models we fitted to

370  have unique expectations (for both u and ) for spawners of each sex/origin in every year. We
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371  also explored including a quadratic term for arrival day (identified as significant in Koch et al.
372 2022), however, nearly all models with this term failed to converge so it was removed from
373  consideration. The analysis for question (2) was nearly identical to that as for question (1), but
374  the global conditional and zero models included only origin X year. We used the R package

375  ‘MuMlIn’ (Barton 2022) to carry out model selection tasks.
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[D] Q3: Relative Reproductive Success by Parental Cross Type & Q4: Reproductive Success
Comparison given Progeny Age

[E] GLMs without Hurdle — For analyses that only considered successful spawners (i.e., those
for questions 3 and 4), the negative binomial GLMs we employed quantified variability in the
expected progeny count for spawner i as explained by spawner-level attributes (i.e., covariates).
That is, the GLM was made only of the conditional component of eq. (1) and did not include a
separate model component to explain zero-valued y;.

Note that in the analysis for question (3), the individual observations were progeny
produced by a specific pair of spawners, unlike all other analyses which treated progeny
produced by individual spawners as the response variable. The only effects evaluated in the
question (3) analysis were cross type (e.g., NOR male X NOR female — N X N; NOR male X
HOR female — N X H; HOR male X NOR female — H X N; HOR male X HOR female — H X
H), year of spawning, and their interaction. For such a pair of spawners to have been detected it
must have been successful; we used GLMs with a zero-truncated negative binomial distribution
to account for this fact that no observations were zero. The expected number of progeny (y;) in
this case was identical to that of eq. (3), except with the term (1 — ;) removed (or, equivalently,

with 1; = 0).

[E] Mixed-Effects Model — To evaluate if there was a relationship between juvenile (y;juvenile)
and adult production (y; 5quit) by any given spawner (regardless of sex, origin, size, etc.) in any

given year (question 4) we used a negative binomial generalized linear mixed-effects model,

where the slope and intercept terms included random effects for year of spawning. Thus, the
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expected number of adult progeny produced by spawner i (V; aquit = Hiaduit due to no zero-

truncation) was:

log(tiadutr) = (Bo + €0,j)) + (B1 + €1,(0) Vi juvenile
£, ~ N(O,O'(Z)) (4)
£1,~ N (0,07)

where S and 1 are the fixed-effect intercept and slope terms and &g j(;y and &1 j(;) are year-

specific (j) random effects with variances o3 and %, respectively (the notation j(i) denotes the
year j in which spawner i returned). All spawners that were unsuccessful according to juvenile
production (i.e., ¥;juvenile = 0) were discarded prior to analysis and the resulting model showed

no evidence of zero-inflation.

[A]Results

[B]Parentage analyses — After removing individuals with duplicate genotypes or which failed to
genotype at nine or more loci (7.0% of analyzed samples), we estimated the assignment rate for
each progeny collection, where the collection was defined by collection year and life stage. For
adults sampled between 2012-2020, and which were interrogated as progeny, an average of
65.6% of individuals were successfully assigned at least one parent from brood years 2008-2016.
For juveniles (smolt + parr) sampled from 2009-2018, and which were interrogated as progeny,
an average of 83.6% of individuals were successfully assigned to at least one parent from brood
years 2008-2016. These observed differences in assignment rates by progeny life stage are
associated with spatial distribution patterns of spawning adults in Lookingglass Creek, such that
adult progeny were more likely to have been the descendants of fish that spawned below the
weir, which were not included in the analysis (Crump et al. 2021). Parent-offspring trios

identified by SNPPIT (Anderson 2012) had an average FDR of 0.00075, and trios or single-
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parent offspring pairs identified by COLONY (Jones and Wang 2010) had an average
assignment probability of 0.99.

These assignments were then summarized to reflect raw, brood year specific,
reproductive success (RS) estimates for naturally spawning natural-origin (NOR) and hatchery-
origin (HOR) adults. Across brood years 2008-2016, a total of 41.8% of HOR spawners and
53.8% of NOR spawners were assigned at least one juvenile progeny, while 23.0% of HOR
spawners and 21.8% of NOR spawners were assigned at least one adult progeny (Supp. Material
— Section 1). For grand-progeny, across brood years 2008-2012, a total of 19.6% of HOR
spawners and 28.7% of NOR spawners were attributed at least one juvenile grand-progeny,
while 6.5% of HOR spawners and 12.0% of NOR spawners were attributed at least one adult

grand-progeny (Supp. Material — Section 1).

[B]Relative Reproductive Success analyses

[C] QI: Relative Reproductive Success — Parent to Progeny
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[D] Model Selection Results — For juvenile progeny, the best model included the terms day +
length + origin + sex + year in the conditional model and the terms origin + year in the zero
model (Table 1). There was considerable model uncertainty, evidenced by 14 models with AAIC,
values less than 2, however all of these top models included main effects for day, length, origin,
and year in the conditional model — differences in the 14 models came in the form of the
complexity of the zero model or whether interactions by origin or by year were included in the
conditional model. All of these models included effects for origin and year for the zero model as
well, but only one included the interaction between origin and year.

For adult progeny, the best model included the terms sex + year + sex:year in the
conditional model and the terms origin + year in the zero model (Table 1). There was less model
uncertainty for total adult progeny than for total juvenile progeny, with only 6 models with A
AIC, values less than 2. None of the top models included an origin effect in the conditional
model, but all included effects for sex, year, and their interaction. Conversely, the zero

component of all top models included origin and year effects.

[D] Reproductive Success Patterns — Expected juvenile progeny per female spawner varied
widely among years: female NOR spawners produced from 2.05 to 8.42 (mean: 3.40) and HOR
spawners produced from 1.19 to 7.19 (mean: 2.36) (Figure 3c). The high inter-annual variability
was attributed to both the number of progeny produced by successful spawners (Figure 3a) and
the probability of being successful (Figure 3b). Successful males were estimated to produce 1.12
(95% CI: 0.99 — 1.26) times as many juvenile progeny as successful females and model selection
concluded that there was insufficient evidence to suggest that this varied among years or origin

types (Supp. Material, Figure S2a,b). The two continuous covariates we assessed (arrival day and
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spawner length) were retained in the top conditional model for juvenile progeny (although
neither included an interaction with origin type) and were estimated to have opposite effects.
Successful spawners were estimated to have 1.19 (95% CI: 1.12 — 1.27) times as many juvenile
progeny for every 1 standard deviation (~50 mm) increase in length (Supp. Material, Figure S3)
and 0.994 (95% CI: 0.991 — 0.997) times as many juvenile progeny for every one day increase in
their arrival day (Supp. Material, Figure S4).

Adult progeny produced per female spawner also varied widely among years, but unlike
for juvenile progeny, it showed a marked decreasing trend over the years evaluated in this study
(Figure 3f). This trend was attributed somewhat to progeny per successful spawner (Figure 3d)
but primarily to the probability of being successful (Figure 3e); this finding was true of both
NOR and HOR spawners and the patterns were estimated to be similar for male spawners (Supp.
Material, Figure S2b). The top model for adult progeny included a sex % year interaction (but not
by origin) in the conditional model (Table 1). Male successful spawners were estimated to have
produced fewer adult progeny than female successful spawners in only two years: 2009 (0.61
times as many; 95% CI: 0.46 — 0.81) and 2013 (0.95 times as many; 95% CI: 0.64 — 1.36). The
average effect of all other years suggested that successful males produced 1.18 times as many
adult progeny as successful females, which ranged from 1.06 (in 2014; 95% CI: 0.90 — 1.25) to

1.35 (in 2012; 95% CI: 1.16 — 1.58).

[D] Relative Reproductive Success — All else equal (e.g., arrival day and spawner size),
successful NOR spawners were estimated to have 1.34 (95% CI: 1.17 — 1.53) times as many
juvenile progeny as were successful HOR spawners. Additionally, NOR spawners were

estimated to be 1.63 (95% CI: 1.4 — 1.92) times as likely to be successful at producing juvenile
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progeny as were HOR spawners. Similar patterns (i.e., relative reproductive success (RRS) ratios
generally > 1.0) were found when inter-annual variability in arrival day and spawner size by sex,
origin, and year were accounted for (Figure 4a,b,c). In particular, we interpret the highly
consistent RRS ratios > 1.0, alongside 95% confidence intervals that did not overlap the 1.0
dashed line (Figures 4a,b,c), as evidence that NOR spawners exhibited greater RS than their
HOR counterparts when evaluating by juvenile progeny.

Unlike for juvenile progeny, the top model for adult progeny did not include an origin
effect in the conditional model component (Table 1), which resulted in equal expected RS
estimates among HOR and NOR successful spawners and a RRS ratio equal to 1.0 (seen in
Figure 4d). However, the top model did include an origin effect in the zero model such that NOR
spawners were 1.29 (95% CI: 1.03 — 1.58) times as likely to be successful at producing adult
progeny than HOR spawners (Figure 4e) — as a result, NOR spawners were estimated to have

overall higher RS when considering adult progeny (Figure 4f).

[C] Q2: Relative Reproductive Success — Grand-Parent to Grand-Progeny

[D] Model Selection Results — For juvenile grand-progeny, the best model included the intercept
only in the conditional model and the terms origin + year in the zero model (Table 2). The best
model for adult grand-progeny included only the year term in the conditional but both year and

origin effects in the zero model (Table 2).
[D] Relative Reproductive Success — Similar to the results from the RRS analyses of question (1),

we found that RS when considering juvenile grand-progeny was, on average, higher (by a factor

of 1.39; 95% CI: 1.11 — 1.69) for NOR spawners than for HOR spawners. The best model did not
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include a year x origin interaction which indicates this ratio was relatively constant over the five
brood years (2008 — 2012) included in this analysis. In contrast to the RRS analyses of question
(1), spawners that were successful at producing juvenile grand-progeny were estimated to
produce equal numbers of juvenile grand-progeny among origin types, so the difference in
overall RS was explained by a difference in the frequency of success: NOR spawners were
estimated to be 1.57 (95% CI: 1.16 — 2.08) times as likely to be successful at producing juvenile
grand-progeny than were HOR spawners. We found similar inferences for spawners producing
adult grand-progeny: successful spawners produced equal numbers on average, but NOR
spawners were 1.64 (95% CI: 1.05 — 2.46) times as likely to be successful than HOR spawners,
leading to an estimated RRS ratio (NOR:HOR) of 1.52 (95% CI: 1.04 — 2.15) when considering

all spawners.

[C] OQ3: Relative Reproductive Success by Parental Cross Type

[D] Model Selection Results — The top model for both juvenile and adult progeny suggested that
the expected progeny production from a spawning pair varied depending on the origins of the
spawners involved (e.g., N X N vs. N X H vs. H X N vs. H X H) and by year, but neither
included an interaction between spawning pair type and year. Because a spawning pair could
only be detected if it had at least one offspring, the models for this analysis were zero-truncated

negative binomial GLMs as there was no model component to explain the presence of zeros.
[D] Relative Reproductive Success — Since the year interaction was not included in the top

model, RRS ratios were estimated to be identical for all brood years. In calculating the RRS ratio

among pair types, we treated H X H as the reference (i.e., denominator). N X N spawn pairs
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527  produced, on average, 1.25 (95% CI: 1.04 — 1.54) times as many juvenile progeny as did H X H
528  pairs. In contrast, RRS ratio confidence intervals for H X N and N X H spawn pairs encompassed
529 1.0, suggesting spawning pairs involving only one natural-origin parent produce comparable
530  numbers of juvenile progeny as spawn pairs involving two hatchery-origin parents (Figure 5).
531  Relative reproductive success ratios when considering adult progeny were near 1.0 for all pair
532 types and all confidence intervals encompassed 1.0 (Figure 5), suggesting no substantial

533  difference in RS between crosses involving 1 or 2 NOR parent(s) and crosses with two HOR
534  parents.

535

536  [C] Q4: Reproductive Success Comparison given Progeny Age

537 In any given year, successful spawners were expected to have 1.05 (95% CI: 1.02 — 1.07) times
538  as many adult progeny assigned for every one additional juvenile progeny assigned to them,
539  although there was much inter-spawner variability even within a year (Figure 6). The mixed-
540 effects model quantified variability in this value across brood years, and we found that it varied
541  moderately over the 9 study years (range of year-specific values: 1.01 — 1.08). This finding is
542  seen graphically in Figure 6: some years showed a noticeable increasing trend (e.g., 2008, 2010,
543  2011), whereas in other years the relationship appeared nearly flat (e.g., 2009, 2013, 2015).

544
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545  [A] Discussion

546  [B] Progression of Naturalization — Our estimates of relative reproductive success (RRS) largely
547  suggest a reproductive advantage for natural-origin (NOR) adults, which were derived from the
548  reintroduced hatchery stock, relative to hatchery-origin (HOR) adults when spawning naturally

549  in Lookingglass Creek. This advantage was most evident in the RRS estimates when considering
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juvenile progeny across one generation (parent to progeny; Figures 4a,b,c). Successful NOR
spawners of both sexes consistently produced more juvenile progeny across brood years (with
the exception of female spawners in 2009; Figure 4a) and were more likely to be reproductively
successful across all brood years (Figures 4b). When considering adult progeny, NOR spawners
of both sexes were more likely to be reproductively successful (Figure 4e); however, when
comparing successful spawners only, the reproductive success (RS) of HOR spawners was
comparable to that of NOR spawners (RRS = 1.0; Figure 4d). The synthesis of these model
outputs ultimately predicted more progeny per NOR adult spawner of both sexes across all brood
years when considering both juvenile and adult progeny (Figures 4c and 4f, respectively).

This apparent RS advantage becomes slightly less pronounced when estimates are made
across two generations (i.e., grand-parent to grand-progeny). For example, successful HOR
spawners were attributed similar numbers of juvenile and adult grand-progeny as successful
NOR spawners. However, NOR adults did demonstrate a higher likelihood of successfully
producing both juvenile and adult grand-progeny and thus had a higher overall average RS than
HOR adults across all five brood years. While we were still able to detect patterns in RS by
parental origin when considering grand-progeny, the low variation across brood years and
seemingly imperceptible effect of sex — both of which were identified as significant in the
juvenile and adult progeny models — may be due to reduced counts of assigned grand-progeny
relative to the number of assigned F1 progeny. We identified grand-progeny (F2 generation) by
tracing through the F1 generation to the grand-parents (FO generation), which essentially
required the F1 generation was thoroughly sampled, that the F1 progeny survived to maturity and
were allowed to spawn naturally rather than being taken for broodstock, and that progeny

assignments to the F1 generation met probability thresholds. While adult sampling is
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comprehensive in this study system (weir efficiency avg. 99.2%), this feature of the analytical
approach, alongside accumulation of mortality risks to adulthood across multiple generations,
necessarily reduces the number of F2 grand-progeny that can be analyzed (see Supp. Material
Table Sle & S1f). The lower counts of identified F2 grand-progeny (i.e., the response variable)
likely reduced our analytical resolution for disentangling contributing factors (i.e., sex or
interannual variability) when performing estimations across two generations.

Consistent with our observation that individual NOR spawners demonstrate higher
estimates of RS when considering both juvenile progeny (Figure 4c) and juvenile grand-progeny,
parental crosses involving two, naturally spawning NOR parents (NxN) produce more juvenile
progeny than crosses involving two HOR parents (Figure 5). However, the RS of the crosses
involving one NOR parent (either HXN or NxH) were not detectably different from that
estimated for HXH crosses. Similarly, when considering adult progeny, the estimated RS values
for parental crosses involving 1 or 2 NOR parents (i.e., NxXN or HxN or NxH) were not
detectably different than that estimated for HXH crosses (Figure 5). This result reflects model
outcomes when considering adult progeny of individual spawners as this cross type analysis
could only consider successful spawners, for which origin was not an important factor in
explaining RS (conditional model component, Table 1; Figure 4d).

Taken together, our results support the presumption that natural selective forces can
diminish deleterious fitness effects associated with hatchery rearing, ultimately facilitating
adaptation as reflected by improved fitness over generations of fish derived from a hatchery
stock and reintroduced to a novel natural environment. In Lookingglass Creek, it appears that
adaptation occurred and fitness improved relatively quickly. The NOR progeny from the first

Catherine Creek stock HOR adults reintroduced into upper Lookingglass Creek largely returned
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in 2008. Thus, we know the NOR spawners in 2008 were only one generation removed from the
hatchery, and yet we observed a consistent RS advantage among NOR fish as early as 2008
across progeny types (Figure 4). We may therefore expect the RS of NOR adults spawning
amongst themselves to increasingly track upwards through time. However, many of the
impediments to survival that contributed to the original extirpation of the native Lookingglass
Creek spring Chinook salmon stock remain, as illustrated by the high variability in return rate
(Figure 2). This necessitates the continued supplementation of the spawning population with
HOR adults each year (Figure 2), which invariably spawn with NOR fish, and thereby reduce the
likelihood of developing a lineage composed solely of NOR x NOR crosses. Nonetheless, the
consistent RS advantage observed for NOR spawners, and the fact that this was observed in the
first generation of NOR adult returns, indicates fish derived from a hatchery stock can respond to

natural selective pressures fairly rapidly and naturalize to a novel natural environment.

[B] Inferring productivity from juvenile versus adult progeny — Obtaining adult-to-adult
parentage assignment data for a reintroduction program, from which it is possible to accurately
compare RS by origin, requires thorough, moderate to long-term monitoring to maximize the
sample size of potential adult spawners and their returning adult progeny. These circumstances
require operation of a highly efficient trap (capture rate approaching 100% of returning adults)
over several consecutive years to accommodate for variability in annual escapement. However,
even in systems with such sampling infrastructure, achieving sample sizes that permit reliable
inference is increasingly difficult as many Columbia River Basin salmon populations continue to
decline from historical levels, and annual return rates are highly variable (McClure et al. 2003;

CBP 2020).
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In contrast, out-migrating juveniles captured before subjection to various downstream
migration stressors are many times more numerous than returning adults, and sampling
infrastructure for juveniles (e.g., rotary screw traps) exists in many systems. Reproductive
success estimates based on juvenile-to-adult assignments may therefore be logistically preferable
for many salmonid programs throughout the Basin, and this approach has been utilized in several
studies seeking to evaluate fitness (reviewed in Koch and Narum 2021). However, very few
studies have included both adult-to-juvenile and adult-to-adult RS estimates within the same
system (Kostow et al. 2003; Ford et al. 2006; Berntson et al. 2011; Ford et al. 2012), and none to
our knowledge have directly compared the number of adult and juvenile progeny produced per
individual spawner. This Lookingglass Creek dataset provided an opportunity to perform such
individual-level comparisons and to more directly assess the validity of extending RS estimates
given juvenile progeny to later life stages. While we did identify some relationship between adult
and juvenile progeny assigned, specifically the average spawner in the average year was assigned
1.05 times as many adult progeny for every juvenile progeny assigned, this relationship was not
consistent across brood years (Figure 6). Additionally, in some years the expected patterns did
not hold, e.g., spawners in BY2012 with the highest number of adult progeny had some of the
lowest numbers of juvenile progeny. Despite the lack of a strong and consistent relationship, the
qualitative inference gained from adult-to-juvenile and adult-to-adult RS estimates was identical
— NOR spawners experience higher RS than their HOR counterparts when spawning naturally
(Figure 4).

The generalized linear model analyses based on adult-to-juvenile assignments also
identified two covariates — return day and fork length — that were important in predicting RS, and

which were not identified when considering adult-to-adult assignments (Table 1). Return day and
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fork length have been commonly identified as significant variables in predicting RS, with the
positive relationship between fork length and RS being particularly well-documented (see Supp.
Material, Figure S3a,b; Anderson et al. 2010; Williamson et al. 2010; Berntson et al. 2011;
Schroder et al. 2012; Anderson et al. 2013; Evans et al. 2016; Janowitz-Koch et al. 2019; Koch
et al. 2022). While we did not identify a significant difference in the average length of NOR and
HOR adult spawners when combined across all study years (sexes analyzed separately), we did
identify a significant difference in the average day of return, with HOR adults of both sexes
returning three days later on average (data not shown). A propensity to return later may have
contributed to the lower observed RS of HOR spawners, as model outputs based on juvenile
progeny generally demonstrated a negative correlation between return day and RS — a trend that
has been observed in other systems (Supp. Material S4a,b; Dickerson et al. 2005; Anderson et al.
2013; Janowitz-Koch et al. 2019). Thus, estimation of RS based on juvenile progeny provided
more insight regarding metrics that may interact with origin to affect individual RS, which was
likely due to the higher counts of juvenile progeny and resulting finer-scale resolution in RS
outcomes to identify interacting effects. Therefore, while assessing RS by adult progeny
obviously provides the most direct insight into spawner characteristics that produce progeny best
equipped to survive system-specific stressors through a full life cycle, assessments by juvenile

progeny can provide valid inference, especially when adequate sampling of adults is constrained.

[B] Conclusions and Management Implications — Ultimately, our analyses of RS across two
generations, and based on both adult and juvenile progeny, indicated increased fitness among
NOR adults relative to HOR adults when spawning naturally. These NOR fish were derived from

an in-basin, captive broodstock hatchery program (Catherine Creek stock), which was used to
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initiate the reintroduction of spring Chinook salmon to the upper basin of Lookingglass Creek in
2001. This supports our initial hypothesis that natural selective forces can counteract
maladaptive traits associated with hatchery rearing and suggests reliance on hatchery stocks to
reintroduce extirpated salmon populations, as well as to supplement depressed extant
populations, can be an impactful mechanism for achieving recovery. Of course, the magnitude of
annual HOR stocking relative to NOR escapement, and the management strategies employed at
the donor hatchery (e.g., the level of integration of NOR fish in the broodstock, juvenile rearing,
acclimation and release protocols, etc.; Naish et al. 2007) are factors that will influence adaptive
capacity, and the amount of time before naturalization becomes evident. In Lookingglass Creek,
managers implement an integrated broodstock model, with up to 30% of the broodstock being
NOR fish each year. Such integration reduces accumulation of domestication effects across
successive generations, and likely contributes to the positive RS outcomes observed here, as well
as those documented in other systems supplemented by integrated hatchery programs (Araki et
al. 2007b; Hess et al. 2012; Ford et al. 2016; Janowitz-Koch et al. 2019).

As anthropogenic modifications and climate change interact to amplify mortality risks
moving forward, hatchery programs that adaptively manage and implement informed strategies
may provide important demographic buffers. In Lookingglass Creek, the downward trend in
adult-to-adult RS since BY2011 (Figure 3f), while juvenile-to-adult RS demonstrated no obvious
trend (Figure 3c) suggest these mortality risks are particularly pronounced post-emigration from
the natal stream. In fact, downstream survival of emigrants from Lookingglass Creek to Lower
Granite Dam has been trending downward through time, with summer and fall emigrants
demonstrating the lowest survival estimates (Crump et al. 2021). These elevated stressors and

reduced juvenile survival have undoubtedly contributed to the declining escapement to
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Lookingglass Creek in recent years (Figure 2), mirroring population abundance trends observed
throughout the Columbia River Basin (McClure et al. 2003; Gustafson et al. 2007), as well as
those that have been predicted under future climate scenarios (Crozier et al. 2021). These trends
highlight the importance of holistic habitat restoration actions that address all components of the
salmonid life cycle, but which are unfortunately quite challenging given the expense, the need
for extensive collaboration and coordination among various stakeholders, and the difficulty of
reconciling diverse socioeconomic objectives across the riverscape (Hand et al. 2018). Until such
efforts are supported and enacted at necessary levels, well-managed reintroduction and
supplementation hatchery programs can act as conservation tools. While this evaluation of the
reintroduction of spring Chinook salmon to Lookingglass Creek is a single case study, these
results — namely, the apparent and fairly rapid naturalization from a captive, hatchery stock —
suggest fish sourced from hatchery stocks have the capacity to naturalize to a reintroduced

system and may therefore contribute to long-term recovery goals.

[A] Data availability
The step-by-step guides for completing the parentage analyses are available at the following

GitHub repository: https://github.com/hnuetzel/Lookingglass-Creek-spring-Chinook-RRS.

The code for performing the generalized linear model analyses is available at the following:

https://doi.org/10.5281/zenodo.6621724. If you wish to use the dataset detailed in this

manuscript to execute the scripts in the aforementioned repositories, please contact the following

individuals: Hayley Nuetzel at hnuetzel@critfc.org, Gene Shippentower at

geneshippentower@ctuir.org, Carrie Crump at carriecrump(@ctuir.org and Leslie Naylor at

lesnaylor(@ctuir.org.

3
© The Author(s) or their Institution(s)

Page 32 of 52


https://github.com/hnuetzel/Lookingglass-Creek-spring-Chinook-RRS
https://doi.org/10.5281/zenodo.6621724
mailto:hnuetzel@critfc.org
mailto:geneshippentower@ctuir.org
mailto:carriecrump@ctuir.org
mailto:lesnaylor@ctuir.org

Page 33 of 52

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739

740
741

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

[A] Competing interests

The authors declare there are no competing interests.

[A] Acknowledgements

We would like to acknowledge and thank the Oregon Department of Fish and Wildlife for their
assistance collecting samples, the Bureau of Reclamation for providing field technician support,
and the lab technicians at the Hagerman Genetics Laboratory for generating genotype data. We
also must acknowledge Steve Boe (CTUIR) for his leadership, particularly during the early years

of this study. We would also like to thank David Graves for production of the map in Figure 1.

[A] Funding
Funding support for the monitoring and evaluation of spring Chinook in Lookingglass Creek was
provided by the Lower Snake River Compensation Plan. The relative reproductive success

analyses were funded by the Bonneville Power Administration (Project No. 2009-009-00).

References

2012. Hydrography base layers. StreamNet. https://www.streamnet.org/home/data-maps/gis-
data-sets/.

Allen, M.B., Engle, R.O., Zendt, J.S., Shrier, F.C., Wilson, J.T., and Connolly, P.J. 2016.
Salmon and Steelhead in the White Salmon River after the Removal of Condit Dam—
Planning Efforts and Recolonization Results. Fisheries 41(4): 190-203.
doi:10.1080/03632415.2016.1150839.

Anderson, E.C. 2010. Computational algorithms and user-friendly software for parentage-based
tagging of Pacific salmonids. Final report submitted to the Pacific Salmon Commission’s
Chinook Technical Committee (US Section).

Anderson, E.C. 2012. Large-scale Parentage Inference with SNPs: an Efficient Algorithm for
Statistical Confidence of Parent Pair Allocations. Statistical Applications in Genetics and
Molecular Biology 11(5). doi:doi:10.1515/1544-6115.1833.

3
© The Author(s) or their Institution(s)


https://www.streamnet.org/home/data-maps/gis-data-sets/
https://www.streamnet.org/home/data-maps/gis-data-sets/

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Anderson, J.H., Faulds, P.L., Atlas, W.I., and Quinn, T.P. 2013. Reproductive success of
captively bred and naturally spawned Chinook salmon colonizing newly accessible
habitat. Evolutionary Applications 6(2): 165-179. doi:https://doi.org/10.1111/1.1752-
4571.2012.00271 .x.

Anderson, J.H., Faulds, P.L., Atals, W.I., Pess, G.R., and Quinn, T.P. 2010. Selection on
breeding date and body size in colonizing coho salmon, Oncorhynchus kisutch.
Molecular Ecology 19(12): 2562-2573. doi:https://doi.org/10.1111/7.1365-
294X.2010.04652 x.

Anderson, J.H., Faulds, P.L., Burton, K.D., Koehler, M.E., Atlas, W.I., and Quinn, T.P. 2015.
Dispersal and productivity of Chinook (Oncorhynchus tshawytscha) and coho
(Oncorhynchus kisutch) salmon colonizing newly accessible habitat. Canadian Journal of
Fisheries and Aquatic Sciences 72(3): 454-465. doi:10.1139/cjfas-2014-0180.

Anderson, J.H., Pess, G.R., Carmichael, R.W., Ford, M.J., Cooney, T.D., Baldwin, C.M., and
McClure, M.M. 2014. Planning Pacific Salmon and Steelhead Reintroductions Aimed at
Long-Term Viability and Recovery. North American Journal of Fisheries Management
34(1): 72-93. doi:10.1080/02755947.2013.847875.

Araki, H., Cooper, B., and Blouin, M.S. 2007a. Genetic Effects of Captive Breeding Cause a
Rapid, Cumulative Fitness Decline in the Wild. Science 318(5847): 100-103.
doi:10.1126/science.1145621.

Araki, H., Ardren, W., Olsen, E., Cooper, B., and Blouin, M.S. 2007b. Reproductive Success of
Captive-Bred Steelhead Trout in the Wild: Evaluation of Three Hatchery Programs in the
Hood River. Conservation Biology 21(1): 181-190. doi:https://doi.org/10.1111/].1523-
1739.2006.00564 .x.

Barton, K. 2022. MuMIn: Multi-Model Inference. Comprehensive R Archive Network.
Available from https://cran.r-project.org/web/packages/MuMIn/index.html [accessed
10/2021].

Bates, D., Michler, M., Bolker, B., and Walker, S. 2015. Fitting Linear Mixed-Effects Models
Using Ime4. Journal of Statistical Software 67(1): 1 - 48. doi:10.18637/jss.v067.i01.

Berntson, E.A., Carmichael, R.W., Flesher, M.W., Ward, E.J., and Moran, P. 2011. Diminished
Reproductive Success of Steelhead from a Hatchery Supplementation Program (Little
Sheep Creek, Imnaha Basin, Oregon). Transactions of the American Fisheries Society
140(3): 685-698. doi:10.1080/00028487.2011.584489.

Boe, S., Crump, C., Weldert, R., Wolf, J., Shippentower, G., and James, G. 2010. Reintroduction
of Spring Chinook Salmon in Lookingglass Creek: Analysis of Three Stocks Over Time.
Confederated Tribes of the Umatilla Indian Reservation, Oregon. Available from
https://www.fws.gov/sites/default/files/documents/11%20Reintroduction%2001%20Sprin
2%20Chinookin%?20Lookingglass%20Creek.pdf.

Bowerman, T., Roumasset, A., Keefer, M.L., Sharpe, C.S., and Caudill, C.C. 2018. Prespawn
Mortality of Female Chinook Salmon Increases with Water Temperature and Percent
Hatchery Origin. Transactions of the American Fisheries Society 147(1): 31-42.
doi:https://doi.org/10.1002/tafs.10022.

Brenkman, S.J., Peters, R.J., Tabor, R.A., Geffre, J.J., and Sutton, K.T. 2019. Rapid
Recolonization and Life History Responses of Bull Trout Following Dam Removal in
Washington's Elwha River. North American Journal of Fisheries Management 39(3):
560-573. doi:https://doi.org/10.1002/nafm.10291.

3
© The Author(s) or their Institution(s)

Page 34 of 52


https://doi.org/10.1111/j.1752-4571.2012.00271.x
https://doi.org/10.1111/j.1752-4571.2012.00271.x
https://doi.org/10.1111/j.1365-294X.2010.04652.x
https://doi.org/10.1111/j.1365-294X.2010.04652.x
https://doi.org/10.1111/j.1523-1739.2006.00564.x
https://doi.org/10.1111/j.1523-1739.2006.00564.x
https://cran.r-project.org/web/packages/MuMIn/index.html
https://www.fws.gov/sites/default/files/documents/11%20Reintroduction%20of%20Spring%20Chinookin%20Lookingglass%20Creek.pdf
https://www.fws.gov/sites/default/files/documents/11%20Reintroduction%20of%20Spring%20Chinookin%20Lookingglass%20Creek.pdf
https://doi.org/10.1002/tafs.10022
https://doi.org/10.1002/nafm.10291

Page 35 of 52

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Brewitt, P.K. 2016. Do the Fish Return? A Qualitative Assessment of Anadromous Pacific
Salmonids' Upstream Movement After Dam Removal. Northwest Science 90(4): 433-
449, 417. Available from https://doi.org/10.3955/046.090.0405.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
Skaug, H.J., Machler, M., and Bolker, B.M. 2017. glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed modeling. The R
Journal 9(2): 378-400. doi:https://doi.org/10.3929/ethz-b-000240890.

Brown, R.S., Hubert, W.A., and Daly, S.F. 2011. A Primer on Winter, Ice, and Fish: What
Fisheries Biologists Should Know about Winter Ice Processes and Stream-Dwelling Fish.
Fisheries 36(1): 8-26. doi:10.1577/03632415.2011.10389052.

Brunelli, J.P., Wertzler, K.J.S., K., and Thorgaard, G.H. 2008. Y-specific sequences and
polymorphisms in rainbow trout and Chinook salmon. Genome 51(9): 739-748.
doi:10.1139/g08-060 %m 18772952.

Burck, W.A. 1994. Life history of spring Chinook Salmon in Lookingglass Creek, Oregon.
Oregon Department of Fish and Wildlife, Fish Division, Portland, Oregon.

Burnham, K.P., and Anderson, D.R. 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Springer, New York, NY.

Campbell, N.R., Harmon, S.A., and Narum, S.R. 2015. Genotyping-in-Thousands by sequencing
(GT-seq): A cost effective SNP genotyping method based on custom amplicon
sequencing. Mol Ecol Resour 15(4): 855-867. doi:10.1111/1755-0998.12357.

Carmichael, R.W., Hoffnagle, T.L., Feldhaus, J., Eddy, D., and Albrecht, N. 2011. Grande
Ronde Basin Spring Chinook Salmon Hatchery Review: Introduction and the Early
Years. Edited by O.D.o.F.a. Wildlife, La Grande, OR.

CBP. 2020. A Vision for Salmon and Steelhead: Goals to Restore Thriving Salmon and
Steelhead to the Columbia River Basin. Columbia Basin Partnership Task Force of the
Marine Fisheries Advisory Committee.

Christie, M.R., Marine, M.L., French, R.A., and Blouin, M.S. 2012. Genetic adaptation to
captivity can occur in a single generation. Proceedings of the National Academy of
Sciences 109(1): 238-242. doi:10.1073/pnas.1111073109.

COE, U.S. 1975. Special Report: Lower Snake River Fish and Wildlife Compensation Plan,
Lower Snake River, Washington and Idaho. U.S. Army Engineer District, Walla Walla,
WA.

Crozier, L.G., Burke, B.J., Chasco, B.E., Widener, D.L., and Zabel, R.-W. 2021. Climate change
threatens Chinook salmon throughout their life cycle. Communications Biology 4(1):
222. doi:10.1038/s42003-021-01734-w.

Crump, C.A., Naylor, L.M., Van Sickle, A., and Startzel-Holt, B. 2017. Annual Progress Report,
Lower Snake River Compensation Plan, Confederated Tribes of the Umatilla Indian
Reservation. Evaluation Studies for 1 January 2016 to 31 December 2016: Evaluation of
reestablishing natural production of spring Chinook Salmon in Lookingglass Creek,
Oregon, using a local stock (Catherine Creek). Fish and Wildlife Service Agreement
F14AC00013, Island City, Oregon.

Crump, C.A., Naylor, L.M., VanSickle, A., and Kennedy, J. 2021. Evaluation of Reestablishing
Natural Production of Spring Chinook Salmon in Lookingglass Creek, Oregon using a
Local Stock (Catherine Creek). Department of Natural Resources. Pendleton, Oregon:
Confederated Tribes of the Umatilla Indian Reservation.

3
© The Author(s) or their Institution(s)


https://doi.org/10.3955/046.090.0405
https://doi.org/10.3929/ethz-b-000240890

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 36 of 52

Deredec, A., and Courchamp, F. 2007. Importance of the Allee effect for reintroductions.
Ecoscience 14(4): 440-451. doi:10.2980/1195-6860(2007)14[440:I0TAEF]2.0.CO;2.

Dickerson, B.R., Brinck, K.W., Willson, M.F., Bentzen, P., and Quinn, T.P. 2005. Relative
Importance of Salmon Body Size and Arrival Time at Breeding Grounds to Reproductive
Success. Ecology 86(2): 347-352. doi:https://doi.org/10.1890/03-625.

Evans, M.L., Hard, J.J., Black, A.N., Sard, N.M., and O’Malley, K.G. 2019. A quantitative
genetic analysis of life-history traits and lifetime reproductive success in reintroduced
Chinook salmon. Conservation Genetics 20(4): 781-799. doi:10.1007/s10592-019-01174-
4.

Evans, M.L., Johnson, M.A., Jacobson, D., Wang, J., Hogansen, M., O’Malley, K.G., and
Taylor, E. 2016. Evaluating a multi-generational reintroduction program for threatened
salmon using genetic parentage analysis. Canadian Journal of Fisheries and Aquatic
Sciences 73(5): 844-852. doi:10.1139/cjfas-2015-0317.

Favrot, S.D., and Jonasson, B.C. 2020. Fall and Winter Movement Dynamics of Naturally
Produced Spring Chinook Salmon Parr in Two Neighboring Interior Pacific Northwest
Natal Rivers. Transactions of the American Fisheries Society 149(5): 532-551.
doi:https://doi.org/10.1002/tafs.10247.

Ford, M.J. 2002. Selection in Captivity during Supportive Breeding May Reduce Fitness in the
Wild. Conservation Biology 16(3): 815-825. doi:https://doi.org/10.1046/j.1523-
1739.2002.00257 .x.

Ford, M.J., Murdoch, A., and Howard, S. 2012. Early male maturity explains a negative
correlation in reproductive success between hatchery-spawned salmon and their naturally
spawning progeny. Conservation Letters 5(6): 450-458.
doi:https://doi.org/10.1111/].1755-263X.2012.00261 .x.

Ford, M.J., Murdoch, A.R., Hughes, M.S., Seamons, T.R., and LaHood, E.S. 2016. Broodstock
History Strongly Influences Natural Spawning Success in Hatchery Steelhead
(Oncorhynchus mykiss). PLOS ONE 11(10): e0164801.
doi:10.1371/journal.pone.0164801.

Ford, M.J., Fuss, H., Boelts, B., LaHood, E., Hard, J., and Miller, J. 2006. Changes in run timing
and natural smolt production in a naturally spawning coho salmon (Oncorhynchus
kisutch) population after 60 years of intensive hatchery supplementation. Canadian
Journal of Fisheries and Aquatic Sciences 63(10): 2343-2355. doi:10.1139/f06-119.

Frankham, R. 2008. Genetic adaptation to captivity in species conservation programs. Molecular
Ecology 17(1): 325-333. doi:https://doi.org/10.1111/§.1365-294X.2007.03399 x.

Frankham, R., Ballou, J.D., and Briscoe, D.A. 2002. Introduction to Conservation Genetics.
Cambridge University Press, Cambridge, UK.

Gustafson, R.G., Waples, R.S., Myers, J.M., Weitkamp, L.A., Bryant, G.J., Johnson, O.W., and
Hard, J.J. 2007. Pacific Salmon Extinctions: Quantifying Lost and Remaining Diversity.
Conservation Biology 21(4): 1009-1020. doi:https://doi.org/10.1111/j.1523-
1739.2007.00693 x.

Hand, B.K., Flint, C.G., Frissell, C.A., Muhlfeld, C.C., Devlin, S.P., Kennedy, B.P., Crabtree,
R.L., McKee, W.A., Luikart, G., and Stanford, J.A. 2018. A social-ecological
perspective for riverscape management in the Columbia River Basin. Frontiers in
Ecology and the Environment 16(S1): S23-S33. doi:https://doi.org/10.1002/fee.1752.

Hardin, J.W., and Hilbe, J.M. 2007. Generalized linear models and extensions. Second ed. Stata
Press, College Station, TX.

3
© The Author(s) or their Institution(s)


https://doi.org/10.1890/03-625
https://doi.org/10.1002/tafs.10247
https://doi.org/10.1046/j.1523-1739.2002.00257.x
https://doi.org/10.1046/j.1523-1739.2002.00257.x
https://doi.org/10.1111/j.1755-263X.2012.00261.x
https://doi.org/10.1111/j.1365-294X.2007.03399.x
https://doi.org/10.1111/j.1523-1739.2007.00693.x
https://doi.org/10.1111/j.1523-1739.2007.00693.x
https://doi.org/10.1002/fee.1752

Page 37 of 52

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Hartig, F. 2020. DHARMa: Residual diagnostics for hierachical (multi-level / mixed) regression
models (R Package Version 0.2.7) [Computer Software]. Comprehensive R Archive
Network. Available from https://CRAN.R-project.org/package=DHARMa [accessed
10/2021].

Herrig, D. 1990. A review of the Lower Snake River Compensation Plan Hatchery Program. .
U.S. Fish & Wildlife Service, Boise, ID.

Hess, J.E., Campbell, N.R., Matala, A., Hasselman, D.J., and Narum, S.R. 2015. Annual Report:
Genetic assessment of Columbia River stocks.

Hess, M.A., Rabe, C.D., Vogel, J.L., Stephenson, J.J., Nelson, D.D., and Narum, S.R. 2012.
Supportive breeding boosts natural population abundance with minimal negative impacts
on fitness of a wild population of Chinook salmon. Mol Ecol 21(21): 5236-5250.
doi:10.1111/mec.12046.

Hesse, J.A., Harbeck, J.R., and Carmichael, R.W. 2006. Monitoring and evaluation plan for
northeast Oregon hatchery Imnaha and Grande Ronde subbasin spring Chinook Salmon.,
Portland, Oregon.

Hoffnagle, T.L., Carmichael, R.W., Frenyea, K.A., and Keniry, P.J. 2008. Run Timing, Spawn
Timing, and Spawning Distribution of Hatchery- and Natural-Origin Spring Chinook
Salmon in the Imnaha River, Oregon. North American Journal of Fisheries Management
28(1): 148-164. doi:10.1577/M05-145.1.

Hughes, M.S., and Murdoch, A.R. 2017. Spawning Habitat of Hatchery Spring Chinook Salmon
and Possible Mechanisms Contributing to Lower Reproductive Success. Transactions of
the American Fisheries Society 146(5): 1016-1027.
doi:10.1080/00028487.2017.1336114.

Huusko, A., Greenberg, L., Stickler, M., Linnansaari, T., Nykdnen, M., Vehanen, T., Koljonen,
S., Louhi, P., and Alfredsen, K. 2007. Life in the ice lane: the winter ecology of stream
salmonids. River Research and Applications 23(5): 469-491.
doi:https://doi.org/10.1002/rra.999.

ICBTRT. 2003. Independent Populations of Chinook, Steelhead, and Sockeye for Listed
Evolutionarily Significant Units Within the Interior Columbia River Domain. Edited by
LLC.B.T.R. Team.

Janowitz-Koch, 1., Rabe, C., Kinzer, R., Nelson, D., Hess, M.A., and Narum, S.R. 2019. Long-
term evaluation of fitness and demographic effects of a Chinook Salmon supplementation
program. Evol Appl 12(3): 456-469. doi:10.1111/eva.12725.

Jones, O.R., and Wang, J. 2010. COLONY:: a program for parentage and sibship inference from
multilocus genotype data. Mol Ecol Resour 10(3): 551-555. doi:10.1111/5.1755-
0998.2009.02787 .x.

Koch, I.J., and Narum, S.R. 2021. An evaluation of the potential factors affecting lifetime
reproductive success in salmonids. Evolutionary Applications 14(8): 1929-1957.
doi:https://doi.org/10.1111/eva.13263.

Koch, I.J., Seamons, T.R., Galbreath, P.F., Nuetzel, H.M., Matala, A.P., Warheit, K.I., Fast,
D.E., Johnston, M.V., Strom, C.R., Narum, S.R., and Bosch, W.J. 2022. Effects of
Supplementation in Upper Yakima River Chinook Salmon. Transactions of the American
Fisheries Society. doi:https://doi.org/10.1002/tafs.10354.

Kostow, K.E., Marshall, A.R., and Phelps, S.R. 2003. Naturally Spawning Hatchery Steelhead
Contribute to Smolt Production but Experience Low Reproductive Success. Transactions
of the American Fisheries Society 132(4): 780-790. doi:10.1577/T02-051.

3
© The Author(s) or their Institution(s)


https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1002/rra.999
https://doi.org/10.1111/eva.13263
https://doi.org/10.1002/tafs.10354

] Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 38 of 52

Liermann, M., Pess, G., McHenry, M., McMillan, J., Elofson, M., Bennett, T., and Moses, R.
2017. Relocation and Recolonization of Coho Salmon in Two Tributaries to the Elwha
River: Implications for Management and Monitoring. Transactions of the American
Fisheries Society 146(5): 955-966. doi:10.1080/00028487.2017.1317664.

Lynch, M., and O'Hely, M. 2001. Captive breeding and the genetic fitness of natural populations.
Conservation Genetics 2(4): 363-378. do0i:10.1023/A:1012550620717.

Marshall, S.L. 2010. A Brief History of the Lower Snake River Compensation Plan Hatchery
Program for Spring & Summer Chinook Salmon. U.S. Fish & Wildlife, Boise, Idaho.

McClure, M.M., Holmes, E.E., Sanderson, B.L., and Jordan, C.E. 2003. A large-scale,
multispecies status assessment: Anadromous salmonids in the Columbia River Basin.
Ecological Applications 13(4): 964-989. doi:https://doi.org/10.1890/1051-
0761(2003)13[964:ALMSAAT2.0.CO:2.

McClure, M.M., Utter, F.M., Baldwin, C., Carmichael, R.W., Hassemer, P.F., Howell, P.J.,
Spruell, P., Cooney, T.D., Schaller, H.A., and Petrosky, C.E. 2008. Evolutionary effects
of alternative artificial propagation programs: implications for viability of endangered
anadromous salmonids. Evolutionary Applications 1(2): 356-375.
doi:https://doi.org/10.1111/5.1752-4571.2008.00034.x.

Naish, K.A., Taylor, J.E., Levin, P.S., Quinn, T.P., Winton, J.R., Huppert, D., and Hilborn, R.
2007. An Evaluation of the Effects of Conservation and Fishery Enhancement Hatcheries
on Wild Populations of Salmonl. /n Advances in Marine Biology. Academic Press. pp.
61-194.

Narum, S.R., William, D.A., Talbot, A.J., and Powell, M.S. 2007. Reproductive isolation
following reintroduction of Chinook salmon with alternative life histories. Conservation
Genetics 8(5): 1123-1132. doi:10.1007/s10592-006-9268-9.

Nehlsen, W., Williams, J.E., and Lichatowich, J.A. 1991. Pacific Salmon at the Crossroads:
Stocks at Risk from California, Oregon, Idaho, and Washington. Fisheries 16(2): 4-21.
doi:https://doi.org/10.1577/1548-8446(1991)016<0004:PSATCS>2.0.CO;2.

Nelder, J.A., and Wedderburn, R.W.M. 1972. Generalized Linear Models. Journal of the Royal
Statistical Society: Series A (General) 135(3): 370-384.
doi:https://doi.org/10.2307/2344614.

NMEFS. 1992. Endangered and threatened species; threatened status for the Snake River
spring/summer Chinook Salmon, threatened status for the Snake River fall Chinook
salmon. National Marine Fisheries Service.

Nuetzel, H.M. 2022. Lookingglass-Creek-spring-Chinook-RRS [github].
https://github.com/hnuetzel/Lookingglass-Creek-spring-Chinook-RRS.

ODFW. 1990. Grande Ronde River subbasin salmon and steelhead production plan. Oregon
Department of Fish and Wildlife, Portland, OR.

ODFW. 2011. Hatchery Genetic Management Plan: Lookingglass Creek Spring Chinook
Program. Oregon Department of Fish and Wildlife.
https://www.dfw.state.or.us/fish/hgmp/docs/2017/Lookingglass%20Creek%20Spring-
Summer%20Chinook%20HGMP%201-18-12%20t0%20NOAA .pdf.

Olsen, E., Pierce, P., McLean, M., and Hatch, K. 1992. Stock summary reports for Columbia
River anadromous salmonids. Portland, OR.

Pess, G.R., Quinn, T.P., Gephard, S.R., and Saunders, R. 2014. Re-colonization of Atlantic and
Pacific rivers by anadromous fishes: linkages between life history and the benefits of

3
© The Author(s) or their Institution(s)


https://doi.org/10.1890/1051-0761(2003)13%5b964:ALMSAA%5d2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)13%5b964:ALMSAA%5d2.0.CO;2
https://doi.org/10.1111/j.1752-4571.2008.00034.x
https://doi.org/10.1577/1548-8446(1991)016
https://doi.org/10.2307/2344614
https://github.com/hnuetzel/Lookingglass-Creek-spring-Chinook-RRS
https://www.dfw.state.or.us/fish/hgmp/docs/2017/Lookingglass%20Creek%20Spring-Summer%20Chinook%20HGMP%201-18-12%20to%20NOAA.pdf
https://www.dfw.state.or.us/fish/hgmp/docs/2017/Lookingglass%20Creek%20Spring-Summer%20Chinook%20HGMP%201-18-12%20to%20NOAA.pdf

Page 39 of 52 Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22

e

Q

H&tﬂ 969 barrier removal. Reviews in Fish Biology and Fisheries 24(3): 881-900.

c 970 doi:10.1007/s11160-013-9339-1.

'§ 971 R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for
> 972 Statistical Computing, Vienna, Austria.

2 973 Schroder, S.L., Knudsen, C.M., Pearsons, T.N., Kassler, T.W., Beall, E.P., Young, S.F., and

5 974 Fast, D.E. 2012. Breeding success of four male life history types of spring Chinook

T 975 Salmon spawning in an artificial stream. Environmental Biology of Fishes 94(1): 231-
% 976 248. doi:10.1007/s10641-011-9789-z.

g 977  Seamons, T., Bentzen, P., and Quinn, T. 2004. The effects of adult length and arrival date on

S 978 individual reproductive success in wild steelhead trout (Oncorhynchus mykiss). Canadian
:a} 979 Journal of Fisheries and Aquatic Sciences 61: 193-204. doi:10.1139/f03-158.

5 980  Staton, B.A. 2022. LKG-RRS. GitHub repository housing code and data to replicate GLM

E‘ 981 analyses. https://doi.org/10.5281/zenodo.6621724.

= 982  Tranquilli, J.V., Jonasson, B.C., Keefe, M., and Carmichael, R.W. 2004. A Compendium of

s 983 Grande Ronde River and Imnaha River Basins Spring Chinook Salmon Spawning

7 984 Grounds Surveys Conducted from 1948 through 2003. Fisheries Research and

é— 985 Development, Northeast Region. Oregon Department of Fish and Wildlife, Oregon.

8 986 Van Doornik, D., Eddy, D., Waples, R., Boe, S., Hoftnagle, T., Berntson, E., and Moran, P.

% 987 2013. Genetic Monitoring of Threatened Chinook Salmon Populations: Estimating

< 988 Introgression of Nonnative Hatchery Stocks and Temporal Genetic Changes. North

i 989 American Journal of Fisheries Management 33: 693-706.

< 990 doi:10.1080/02755947.2013.790861.

T 991  Williamson, K.S., Murdoch, A.R., Pearsons, T.N., Ward, E.J., and Ford, M.J. 2010. Factors

§ 992 influencing the relative fitness of hatchery and wild spring Chinook salmon

o 993 (Oncorhynchus tshawytscha) in the Wenatchee River, Washington, USA. Canadian

5 994 Journal of Fisheries and Aquatic Sciences 67(11): 1840-1851. doi:10.1139/£10-099.

& 995  Yano, A., Nicol, B., Jouanno, E., Quillet, E., Fostier, A., Guyomard, R., and Guiguen, Y. 2013.
g 99 The sexually dimorphic on the Y-chromosome gene (sdY) is a conserved male-specific
8 997 Y -chromosome sequence in many salmonids. Evolutionary Applications 6(3): 486-496.
é 998 doi:https://doi.org/10.1111/eva.12032.

3 999  Zeileis, A., Kleiber, C., and Jackman, S. 2008. Regression Models for Count Data in R. Journal
‘55)— 1000 of Statistical Software 27(8): 1 - 25. doi:10.18637/jss.v027.108.

g 1001

2 1002

21003

= 1004

8 1005

S 1006

z 1007

% 1008

‘w1009

= 1010

é‘ 1011

; 1012

; 1013

5 1014

g

hd

3
© The Author(s) or their Institution(s)


https://doi.org/10.5281/zenodo.6621724
https://doi.org/10.1111/eva.12032

Page 40 of 52

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

1015

"PJ0J3J JO UOSIBA [BI1D1}JO [eul}ayl wod) ojip Aew 1] “uonisodwod sfed pue Bunips Adod 01 Joud 1diosnuew peideode syl siiduosnuew N J-1sne syl "Ajuo asn jeuosied 104
22/62/TT U0 49S4INN Y VYON Ag Woo'gnasdus 1osupo WoJ) pepeojumod “1oS lenby "usid ¢ 'ued

4
© The Author(s) or their Institution(s)



SON ¢

Can. J, Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAANMFSBF on 11/29/22

1al use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official ver

ge 41 of 52

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Table 1. All hurdle models ranked by AIC, that fell within 2 AIC, units of the lowest AIC, model for each progeny type. The models
selected for inference (i.e., fewest parameters with <2 AAIC, units, K) for each progeny type are highlighted in bold. The linear
predictors for the two hurdle model components are shown: the conditional model captures variability in the expected count for
successful spawners (i.e., assigned progeny > 0) and the zero model captures variability in the expected probability that a spawner will
be unsuccessful (i.e., assigned progeny = 0). The notation varl:var2 indicates a two-way interaction, i.e., where the effect of varl

depends on the value of var2. Model weights were rescaled to sum to 1 within each progeny type for presentation.
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Progeny Hurdle Model Component AIC, Output
Type Conditional Zero K AAIC, Weight
day + length + origin + sex + year origin + sex + year + sex:year 33 0.00 0.13
day + length + origin + sex + year + length:origin origin + sex + year + sex:year 34 0.68 0.10
day + length + origin + sex + year + sex:year origin + sex + year + sex:year 41 0.78 0.09
day + length + origin + year origin + sex + year + sex:year 32 1.07 0.08
day + length + origin + sex + year origin + year 24 1.23 0.07
day + length + origin + sex + year + length:origin + origin + sex + year + sex:year 42  1.34 0.07
sex:year
day + length + origin + sex + year + day:origin origin + sex + year + sex:year 34  1.36 0.07
Tuvenile day + length + origin + sex + year origin + sex + year + origin:year + 41 1.53 0.06
sex:year
day + length + origin + year + length:origin origin + sex + year + sex:year 33  1.61 0.06
day + length + origin + sex + year origin + sex + year 25 1.71 0.06
day + length + origin + sex + year + day:origin + origin + sex + year + sex:year 35 1.76 0.06
length:origin
day + length + origin + sex + year + length:origin origin + year 25 190 0.05
day + length + origin + sex + year + sex:year origin + year 32 194 0.05
day + length + origin + sex + year origin + sex + year + origin:sex + 34 1.98 0.05
sex:year
length + sex + year + sex:year origin + year 30  0.00 0.25
sex + year + sex:year origin + year 29  0.50 0.20
Adult day + length + sex + year + sex:year origin + year 31 0.76 0.17
day + sex + year + sex:year origin + year 30 1.10 0.15
length + sex + year + sex:year origin + sex + year 31 1.34 0.13
sex + year + sex:year origin + sex + year 30 1.84 0.10
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1039  Table 2. All hurdle models ranked by AIC, that fell within 2 AIC, units of the lowest AIC, model for each grand-progeny type. The
1040  models selected for inference (i.e., fewest parameters with <2 AAIC, units, K) for each grand-progeny type are highlighted in bold.
1041  The linear predictors for the two hurdle model components are shown: the conditional model captures variability in the expected count
1042  for successful spawners (i.e., assigned grand-progeny > 0) and the zero model captures variability in the expected probability that a
1043  spawner will be unsuccessful (i.e., assigned grand-progeny = 0). The notation varl:var2 indicates a two-way interaction, i.e., where

1044  the effect of varl depends on the value of var2. Model weights were rescaled to sum to 1 within each progeny type for presentation.
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1045  “Intercept only” indicates no effects of any covariates were included, i.e., that the expected value was constant for all spawners.
Grand- Hurdle Model Component AIC, Output
Progeny Conditional Zero K AAIC, Weight
Type
. Intercept only origin + year 8 0.00 0.62
Juvenile ) Join origin + year 9 099 038
year origin + year 11 0.00 0.50
Adult  origin + year + origin:year origin + year 16 090 0.32
origin + year origin + year 12 1.99 0.18
1046
1047
1048
1049
1050
1051
1052
1053
1054
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Figure 1. Map of the Grande Ronde River basin in northeast Oregon, with the inset on the
bottom right framing its location within the larger Columbia River Basin. The inset on the top
left highlights Lookingglass Creek, the weir and the hatchery. The rotary screw trap is located
200m downstream of the weir, between the weir and hatchery. Data sourced from StreamNet

(2012). Map projection: Lambert Conformal Conic, NAD 1983.

Figure 2. Spring Chinook salmon adult escapement above Lookingglass Creek weir from 2000
to 2020, the final year of sampling for this study. From 2000-2003, no adult fish returning to the
Lookingglass Creek weir were permitted passage above the weir to remove any Rapid River
ancestry fish from the upper reaches of Lookingglass Creek. The BY2000 Catherine Creek fish
that had been outplanted to Lookingglass Creek in 2001 largely returned in 2004, and the first
NOR offspring of these fish returned in 2007 as age-3 jacks, but predominately as age-4 adults in
2008. The return years that were interrogated as potential parents in this study are highlighted by

the grey rectangle.

Figure 3. Expected reproductive success based on juvenile (panels a, b, and ¢) and adult (panels
d, e, and f) progeny for the average female spawner of each origin type spawning in each brood
year as quantified by the top negative binomial hurdle model for each progeny type. “Progeny
per Spawner” (panels ¢ and f) accounts for the number of progeny produced by successful
spawners (panels a and d) and the probability of being successful at all (panels b and e).
Expected values were obtained at the average value of the arrival day and length variables for

each year by origin for juvenile progeny only (these variables were not in the top model for adult
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progeny, Table 1). Error bars represent 95% confidence intervals obtained via parametric

bootstrap.

Figure 4. Relative reproductive success based on juvenile (panels a, b, and ¢) and adult (panels
d, e, and f) progeny for the average spawner by sex in each brood year according to three
measures estimated by the top hurdle models. The ratio is expressed as NOR to HOR such that
values greater than 1.0 indicate higher success for NOR spawners. Error bars represent 95%
confidence intervals obtained via parametric bootstrap. Panel (d) demonstrates no difference in
RRS between NOR and HOR spawners because origin was not an important factor in the
conditional model for adult progeny (see Table 1), and no error bars are needed given that the
ratio of expected counts is equal with no uncertainty. For panels (b) and (e), while we did
identify year as a significant variable in the zero model for both juvenile and adult progeny
(Table 1), it did not include an interaction with origin. This lack of interaction, in combination
with the observation that the ratio of progeny produced by HOR and NOR spawners of each sex
did not vary across years (see Figure 2b,e for females; Supp. Figure S2b for males), explains the

equal RRS ratios across years and sexes.

Figure 5. Relative reproductive success ratios based on the juvenile and adult progeny produced
by spawning pairs comprised of different origins. Spawning pair types are: N X N = NOR male
and NOR female; H X N = HOR male and NOR female; N X H=NOR male and HOR female;
H x H=HOR male and HOR female. Ratios are expressed with H X H in the denominator such
that values greater than one indicate that pairs of the corresponding type (denoted by the bar

color) had higher expected reproductive success than pairs of type H X H. All calculations
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involved only successful spawning pairs, i.e., those pairs with at least one offspring assigned.
Although ratios were calculated for each year, the top model did not include an interaction
between pair type and year so the estimated ratios were identical for all years. Error bars

represent 95% confidence intervals obtained via parametric bootstrap.

Figure 6. Brood year-specific relationships between the number of adult and juvenile progeny
assigned to individual spawners. Fitted curves were obtained using a negative binomial
generalized linear mixed effects model with random slopes and intercepts for each year. The

shaded region represents the 95% confidence interval around the year-specific curve.
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Figure 2.
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