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ABSTRACT

Hatchery produced salmon have provided significant socio-economic benefit as well as
conservation value in some cases. However, high levels of hatchery production also have the
potential to create ecological and genetic risks for natural populations. In this report, we focus
on one of those risks, straying of hatchery-origin, ocean-type Chinook Salmon into non-natal
rivers in southern British Columbia.

We compiled coded wire tag (CWT) and otolith thermal mark data to assess straying of first
generation hatchery Chinook. The geographic scope included the west coast of Vancouver
Island (WCVI), the east coast of Vancouver Island (ECVI), and the Fraser River.

First we reviewed ‘donor’ stray rates. Based on otolith thermal marks we estimated an average
hatchery ‘donor’ stray rate to non-natal rivers of approximately 4%. The donor stray rate to
non-natal Conservation Units was lower, at less than 2% across populations and years. Straying
between geographic regions of WCVI and ECVI was negligible. Conuma Hatchery on the WCVI
had a significant stray rate, which resulted in the greatest magnitude of strays to other rivers.

Even low stray rates from large hatcheries can result in significant interbreeding with non-natal
populations leading to a homogenization of spawning populations. We identified the contribution
of strayed, hatchery-origin spawners (pHOSstay) in the escapement, as a key metric to assess
the impact of hatchery strays on natural-origin populations and compared observed values to a
0.03 benchmark proposed for wild populations by Withler et al. (2018). Average pHOSstray Was
highest on the WCVI, with most strays originating from Conuma Hatchery. Lower values, mostly
below the 0.03 benchmark were observed on the ECVI, and a negligible stray contribution was
observed in Fraser River populations.

Genetic analysis of population composition from 1985-2015 indicated that the genetic variation
within each of the three major WCVI hatchery populations remained relatively consistent from
the late 1980s to 2015 (the last year of analysis). The same could not be said for most other
spawning populations along the WCVI. Hatchery populations contributed significantly to natural
spawners in the surrounding populations of the WCVI, which resulted in genetic
homogenization. However, the analysis also showed that local population genetics are still
visible in many WCVI rivers, which suggests there should be a rapid transition to managing
hatchery abundance under a proportionate natural influence (PNI) framework. This would
include increased use of mass marking to identify hatchery fish as well as marking techniques
such as the use of parentage-based tags (or thermal marking) to assess and manage pHOSstray.

Delineating the effect of environmental conditions and hatchery practices as causal factors
influencing stray rate is difficult considering the multiple scales at which environmental factors
act, and a dearth of local, fine-scale data. Local knowledge often provided logical explanations
in understanding straying patterns. It is important that hatchery practices place an emphasis on
imprinting and improved homing. In addition, monitoring both straying and key environmental
conditions should become routine, especially in regions where there is considerable hatchery
enhancement.

The Hatchery Scientific Review Group (HSRG 2017, 2020), Anderson et al. (2020), and Withler
et al. (2018) all indicate a need for the adaptive and scientifically defensible management of
hatcheries, with improved annual planning, clear objectives, monitoring, assessment, and
review. We support this view, and provide as a starting point, a data compilation and profile for
each assessed river/Chinook population. These profiles include trends and data with respect to
donor straying and recipient impacts. We hope these profiles will facilitate collection of local
knowledge and support future efforts in the management of straying and genetic diversity, one
river at a time.
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1. INTRODUCTION
1.1. CONTEXT

One objective of Canada’s Policy for Conservation of Wild Pacific Salmon (WSP) is to
safeguard the genetic diversity of wild Pacific salmon. The policy indicates that diversity should
be managed at the level of the Conservation Unit (CU); genetically and/or geographically
distinct aggregates of populations.

Fisheries and Oceans Canada (DFO) Salmonid Enhancement Program (SEP) hatcheries
produce over 40 million juvenile Chinook Salmon for release annually in southern British
Columbia (SBC; south of Cape Caution) under objectives of Conservation, Rebuilding, Harvest,
Stewardship, or Assessment. These hatchery programs attempt to balance the significant
fishery benefits from this production against fishery, ecological, and genetic risks. In this report
we focus on one component of risk, associated with straying of hatchery-origin Chinook Salmon
into non-natal spawning populations.

Although the majority of Chinook Salmon exhibit strong homing behaviour to their natal streams
as returning adults, straying (i.e., adults returning to non-natal streams) is known to occur
naturally in Chinook populations. To date, the magnitude of straying from hatchery production in
SBC has not been assessed.

The purpose of this report is to collate and review the data for an evaluation of the magnitude
and extent of straying in hatchery Chinook Salmon in SBC. An examination of the genetic
effects of straying and implications for hatchery reform has been completed (Withler et al. 2018)
and will inform discussion on the potential risks and impacts of straying in southern BC.

The specific objectives of this review are to:

1. Provide a working definition of what constitutes a Chinook “hatchery stray” and compile
available sampling data for the purposes of assessing hatchery stock straying, including
metadata about the sampling program (e.g., spatial coverage and sampling purpose);

2. Provide estimates of mean stray rates, the magnitude of straying, and spatial and temporal
patterns of straying by stock and rearing strategy of Chinook from hatcheries in SBC, using:

a. Available coded wire tag (CWT) recovery data;
b. Available thermally marked otolith recovery data;

3. Where possible, provide annual estimates of the contribution of hatchery strays into
recipient spawning populations of sampled rivers in SBC (i.e., produce annual estimates for
the proportion of hatchery-origin fish on the spawning grounds (pHOS), proportion of
natural-origin parents in the hatchery broodstock (pNOB), proportion of local hatchery-origin
fish on the spawning grounds (pHOSiccal), proportion of stray hatchery-origin fish on the
spawning grounds (pHOSstay), proportionate natural influence (PNI/), using CWT and
thermally marked otolith recovery data; and

4. To the extent possible, identify and discuss potential sources of bias and uncertainties
associated with the estimates of hatchery straying on natural spawners.
1.2. REVIEW OF STRAY RATES IN PACIFIC SALMON

Anadromous Pacific salmon (Oncorhynchus spp.) have a life cycle that begins in freshwater,
then includes extended periods in ocean rearing and migration, before returning as maturing
adults to spawn in freshwater where they originated. Each species, WSP CU, and even finer




scale populations or groups of populations may have developed specific characteristics such as
spawning time, size, fecundity, developmental rates, maturation schedule, and ‘homing’ to their
natal freshwater drainage (Ricker 1972). However, a variable but typically small proportion of
returning adult salmon do not home to their natal river but instead ‘stray’, spawning in a
non-natal watershed or river. The reasons for straying may be tied to environmental factors or to
species-specific life history characteristics.

Taylor (1990), Milner and Bailey (1989), Waples et al. (2008), and Leider (1989) described the
ability of salmon to colonize or recolonize habitat to impart resilience to demographic
bottlenecks. Quinn (1984) and Hendry et al. (2004) suggested that species with a greater
number of age-classes may stray less, as they buffer demographic bottlenecks through time
rather than space (e.g., Pink Salmon will spatially stray more than Chinook Salmon which have
multiple age classes).

Chinook Salmon (O. tshawytscha) have a lower stray rate than Pink, Chum, and some Coho
Salmon (Keefer and Caudill, 2014); perhaps due to factors such as freshwater residence time
for stream-type Chinook Salmon, or having multiple age classes, which can lead to temporal
straying in ocean-type Chinook (Healey 1991). The larger number of southern BC Chinook CUs
relative to Pink, Chum, and Coho in the same region is consistent with Healey (1991); see
Appendix Table B1 for a list of Chinook CUs in southern BC.

Increased freshwater residency is associated with lower stray rates. Imprinting occurs at the
egg, alevin, and fry stages, and during outmigration at the parr-smolt transformation (PST) when
spikes in adrenal hormones stimulate memory formation from environmental and chemical
stimuli (Hasler and Scholz 1983; Nevitt et al. 1994; Dittman and Quinn 1996). Chum Salmon

(O. keta) and Pink Salmon (O. gorbuscha) have shorter freshwater residency times and
migration distances compared to other Pacific salmon and as such, tend to have greater
straying rates, with most reported values > 10% (Sharp et al. 1994; Tallman and Healey 1994).
These species can also exploit a greater variety of spawning habitat compared to others in the
genus (Healey 1991; Heard 1996), which likely decreases the fitness costs associated with
straying (Keefer and Caudill 2014). Stray rates for Coho Salmon (O. kisutch) are variable,
balancing high freshwater residency and a low number of age classes returning. Labelle (1992)
found an average stray rate of =2% across all years amongst Coho stocks examined on
southeast Vancouver Island. Other studies in the United States (US), show higher mean stray
rates for Coho Salmon, between 7-17% (Pess 2009). Sockeye Salmon (O. nerka) tend to have
a high fidelity for natal spawning sites (Stewart et al. 2004). Although investigations into straying
for Sockeye Salmon remain sparse, a survey of available data reported straying rates at a mean
value of 2.4% across studied populations (Keefer and Caudill 2014).

Most estimates of Chinook Salmon straying come from hatchery populations, primarily in the
Columbia River system. In British Columbia, Candy and Beacham (2000) reported stray rates
between 0.3-2.1% for ocean-type hatchery Chinook Salmon based on CWT analysis. Hard and
Heard (1999) reported a 2% average stray rate for ocean type Chinook in Alaska. Most of these
stray observations were recovered in rivers near, or tributaries within, the natal watershed.
Keefer and Caudill (2014) provided a thorough review of studies and estimates of straying from
the Columbia River Basin and the Pacific Northwest, reporting a mean of 3.4% for Chinook
Salmon. Keefer and Caudill (2014) cited issues with many of these studies related to the
location of release and varied definitions of straying to discount some of higher estimates; and
warned that variation in hatchery management and environmental conditions likely created a
bias for higher stray rates relative to what may be expected in natural populations. Westley et al.
(2013) went further by controlling for specific factors in choosing CWT to use as the basis for
estimating hatchery stray rates. They estimated ocean type Chinook stray rates of 5.2—-18.6%
with variation attributed to species-specific behavioral and endocrine factors during juvenile




stages, as well as environmental factors affecting adult migration. Westley et al. (2013) also
reported that ocean-type Chinook, having short freshwater residence times, consistently had
higher stray rates than stream-type Chinook.

There is currently a dearth of studies that focus on straying in natural-origin Chinook. A key
study by Ford et al. (2015) used a parentage analysis to measure stray rates among natural-
and hatchery-origin spring run (stream type) Chinook Salmon, among tributaries of the
Wenatchee River, Washington. These authors found substantial variation among tributaries but
average stray rates were approximately 4% for natural-origin returns and 29% for
hatchery-origin returns. Interestingly, all natural-origin strays recovered in this analysis had at
least one hatchery-origin parent. In another study, Pearsons and O’Connor (2020) passive
integrated transponder (PIT)-tagged summer-fall juvenile Chinook (sub-yearling ocean-type) in
the Upper Columbia River over a period of 15 years. They reported stray rates of less than 1%
at the basin scale (straying from the Upper to Lower or Middle reaches of the Columbia River),
for natural-origin returning Chinook.

1.3. HATCHERY PROGRAMS IN SOUTHERN BC

Hatchery programs in SBC, coordinated by SEP, manage annual salmon production in
hatcheries to fulfill one or more stated objectives of hatchery enhancement: harvest,
assessment, conservation, rebuilding and stewardship/education. SEP facilities produce more
than 380 million juvenile salmon each year, including 46 million Chinook, the majority of which
are allotted to harvest programs.

SEP has constructed and operated a total of 23 major production hatcheries and spawning
channels across BC since its inception. These facilities are separated into large-scale,
production facilities—termed Major Operations (OPS), that primarily support harvest and
assessment objectives, and Community Involvement Program (CIP) projects that tend to focus
on rebuilding, stock assessment, and stewardship. CIP facilities are classified as either a
Community and Economic Development Program (CEDP), if the project aims to provide social
and economic benefit to a local community or Indigenous group, or a Public Involvement
Program (PIP) for facilities that promote education, stewardship, and conservation through
small-scale propagation of local salmon populations. In the scope of this study, we examine
straying from 19 Chinook populations reared at 15 major production facilities in SBC, with a
focus on those facilities with long time series of annual release and recovery records. Records
from CIP hatcheries are provided when available, although annual sampling and reporting is
more sporadic.

2. DEFINITION OF STRAYING IN HATCHERY CHINOOK

Quinn (1993) defined a salmon stray as a salmon spawning at a ‘non-natal’ site. Keefer and
Caudill (2014) indicate that a natal or non-natal site can vary depending on the geographic
range of spawning sites for a given population based on the shared genetic heritage of
spawning individuals.

Scale is an important consideration in defining a non-natal site for a salmon stray. Most rivers
reviewed in this assessment are distinct river basins emptying into the ocean; there is no mixing
of freshwater prior to entering the ocean. The Fraser River (R) is an exception and is dealt with
separately. For non-Fraser R basins a Chinook Salmon stray is an individual that spawned
naturally or was taken as broodstock in a non-natal river basin, or simply an out-of-basin stray.

We do not define hatchery Chinook Salmon that did not return to the hatchery, instead
spawning in the natal river basin, as strays. These hatchery-origin spawners pose a separate




genetic risk to natural-origin salmon and are assessed separately, consistent with Withler et al.
(2018).

In the Fraser R watershed, we propose following the definitions of home and strayed individuals
based on the Columbia River, where Ford et al. (2015) and Pearsons and O’Connor (2020)
define straying at the basin, sub-basin, and tributary scale. In the Fraser R, large reaches of the
mainstem would be basins (e.g., the Lower Fraser R and Thompson R). The North and South
Thompson would be classified as sub-basins, and the Coldwater R and Spius Creek (Cr) would
be examples of tributaries.

In Canada, salmon populations are aggregated into CUs (Holtby and Ciruna 2007; DFO 2013,
Appendix Table B1). We define a Chinook Salmon from one CU spawning in another as an
out-of-CU stray.

Although a difference in scale exists between the terms, in this report the words ‘population’ and
‘stock’ are used synonymously, reflecting the variable nomenclature used in the literature.

In the literature, trends in straying are described from two distinct perspectives: from the
population in which strays originate, and the populations that receive them, termed donor and
recipient populations respectively.

Donor straying is the loss of individuals from a source population or hatchery stock (Bett
et al. 2017). The donor stray rate, referred to hereafter as the stray rate is defined for a
given stock as the proportion of salmon returning to spawn at all non-natal sites out of
the total number of spawners originating from that stock, both homed and strayed.

Recipient populations are defined as any river or system that receives strays from a
donor population. This includes both hatchery enhanced systems that may produce and
receive strays, as well as unenhanced populations that only receive strays alongside
natural-origin salmon. In this work, we describe the proportion of strays in a recipient
population as the contribution of strays to a river.

Occasionally, hatchery facilities collect individuals from a given stock, and release their progeny
into non-natal systems. These cases are termed ‘transplants’. While evidence for a genetic
component to homing has been documented (Pascual and Quinn 1994; Candy and Beacham
2000), the majority of transplanted Chinook return to the location of release. Thus, a Chinook
Salmon is considered to have homed correctly if it returns to spawn in the basin of its release.
Under this definition, an individual that returns to the home-river system from which it was
transplanted (i.e., the river of its parents), would be considered a stray. In this case, the genetic
impact of straying would likely be less-so than if it occurred into a system with a more distant
genetic history.

In this report, we estimate donor straying, recipient stray contribution, and the overall
contribution of hatchery fish (both homed and strayed) to SBC rivers.

3. DATA AND METHODS
3.1. DATA SOURCES

Data used in this report were collected mostly as a result of monitoring efforts conducted under
a framework for Chinook assessment in fisheries management. The core of this assessment
framework was developed jointly with the US within the context of Chapter 3 of the Pacific
Salmon Treaty and is described in various reports from the Pacific Salmon Commission (PSC)
Joint Chinook Technical Committee (CTC).




This framework identifies key coded wire tag (CWT) indicator populations within Stock
Management Units (SMUs) to provide stock-specific information on ocean distribution,
exploitation and survival rates and to support annual forecasting. These CWT indicators were
almost always systems that contained a hatchery, to enable consistent marking of Chinook. The
adipose fin clip was used to identify the presence and facilitate the recovery of CWTs, but this
was relaxed in the US to facilitate mass marking (adipose fin clipping) of all hatchery produced
Chinook. Chinook escapement to river spawning grounds and hatchery swim-ins/broodstock
were intensively monitored to sample and estimate the number of CWTs in each population.
Annual assessments of the CWT indicators can be found in CTC Exploitation Rate.

In addition, escapement indicators were identified for each stock management unit to track
trends in Chinook escapement over time against Treaty rebuilding objectives. Escapement
monitoring was consistent over time and used methods such as Peak Live + Dead counts,
Mark-Recapture, Area-Under-the-Curve, or Fixed Point Enumeration surveys (for example,
using viewing towers, counting fences and weirs). Annual assessments of these escapement
indicators can be found in CTC Catch and Escapement reports available from the Pacific
Salmon Commission.

In Canada, DFO Science had the responsibility to monitor these first two levels of indicators,
often working with First Nation partners. Additionally, DFO has applied CWTs to other
non-indicator hatcheries and even some wild populations. Monitoring escapement in these
rivers was conducted by DFO or in partnership with First Nations or community/stewardship
groups. These were not part of the PSC Chinook assessment framework, but were important to
managing fisheries or meeting domestic policy objectives such as Canada’s Policy for the
Conservation of Wild Pacific Salmon or SEP’s biological guidelines. In these cases, sampling
methods often did not have the same level of intensity and consistency as the PSC indicators
identified above.

3.1.1. Spawner abundance data

Adult spawner abundance, or escapement, is defined as the number of fish arriving at a natal
stream or river to spawn (having matured and “escaped” the fisheries). Where possible, jack
returns are recorded separately. Escapement includes natural spawners as well as hatchery
broodstock removals and hatchery swim-ins. In this analysis, we used Chinook escapement
data from the New Salmon Escapement Database System (NUSEDS), managed by DFO. This
database acts as a repository for salmon spawner enumeration data and supporting
documentation. Only escapement data from NUSEDS since 1998 were used in this report.

Escapement estimates from NUSEDS were used in expanding samples to total abundance
within river spawning populations. Calculations of hatchery- and natural-origin contribution of
escapement as well as in expanding sample estimates, as is described below.

Escapement estimates in hatchery systems are collated by SEP and maintained in a separate
database, called the Enhancement Planning and Assessment Database (EPAD). The primary
focus of the EPAD database is to compile data related to enhancement activities, such as
numbers of fish collected annually for broodstock, spawner data, and associated biological
information. Data from EPAD was also used in this analysis.

The quality of DFO escapement surveys was reviewed by Brown et al. (2019), providing a
qualitative assessment of sampling efforts in SBC. The enhancement level, start year, and data
quality were assessed, and those data relevant to recipient populations investigated in the
present study are described in Appendix C, Table C1, along with average decadal escapements
derived from those estimates.
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In total, 49 recipient rivers in SBC had both sampling and escapement estimates that could be
used in this analysis. These data spanned four regions across SBC, including the west coast of
Vancouver Island (WCVI), the east coast of Vancouver Island from Victoria to Campbell River
(ECVI), the Lower Fraser, and to a much lesser extent the Middle Fraser. Samples from the
WCVI, ECVI, and Lower Fraser likely represent >85% of total escapement in each of these
regions.

The distribution of sampled rivers was sporadic, and many areas had few or no data available.
These include parts of the WCVI such as Esperanza Inlet where six rivers with significant
escapements were represented solely by the Zeballos R. On the ECVI, only two rivers north of
Campbell R had sample data available. The mainland inlets of southern BC, from Howe Sound
to Knight Inlet could not be included due to lack of sampling and escapement estimates.
Similarly, samples in the Mid Fraser were limited to CWT indicator stocks.

Note that we do not expand estimates of stray rates to account for unsampled rivers; mean
stray rates will be underestimated and represent lower limits.

3.1.2. Sample data

We assembled CWT and otolith thermal mark samples from two sources: the EPAD database
for broodstock and hatchery samples and a dataset of biological sampling events (termed
‘Biodata’; maintained by the Stock Assessment Branch), for deadpitch and in-river samples.
Samples that lacked an adipose fin were labelled with a Mark Recovery Program (MRP) head
label and were dissected. Note that in Canada, in most cases, the absence of an adipose fin
(mark) is indicative of the presence of an internal CWT (tag). This differs from US policy where
all hatchery-origin Chinook are mass marked (i.e., the external mark is not indicative of an
internal tag). CWTs were recovered and documented in the MRP database, and collated in the
EPAD database. Samples that had an adipose fin were also dissected, and otoliths were
removed and processed by the Uchucklesaht First Nation Otolith Lab and DFO. Mark status
was recorded in the ‘Otomanager’ database. Otomanager records were joined to MRP and
associated biological data in the ‘Biodata’ database along with relevant met