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Abstract

Hatcheries have long produced salmonids for fisheries and mitigation, though their
widespread use is increasingly controversial because of potential impacts to wild
salmonids. We conducted a global literature search of peer-reviewed publications
(1970-2021) evaluating how hatchery salmonids affected wild salmonids, developed a
publicly available database, and synthesized results. Two hundred six publications met
our search criteria, with 83% reporting adverse/minimally adverse effects on wild sal-
monids. Adverse genetic effects on diversity were most common, followed by effects
on productivity and abundance via ecological and genetic processes. Few publications
(3%) reported beneficial hatchery effects on wild salmonids, nearly all from intensive
recovery programs used to bolster highly depleted wild populations. Our review sug-
gests hatcheries commonly have adverse impacts on wild salmonids in freshwater and
marine environments. Future research on less studied effects—such as epigenetics—

could improve knowledge and management of the full extent of hatchery impacts.

KEYWORDS

1 | INTRODUCTION

For over one hundred years, hatcheries have been used to prop-
agate and release salmonids across the globe (Jonsson, 1997,
Waples, 1991; Zaporozhets & Zaporozhets, 2004), largely to subsi-
dize fisheries, attempt to mitigate for habitat loss and overexploita-
tion (Araki & Schmid, 2010; Hilborn, 1992; Maynard & Trial, 2014)
and, more recently, to try to rebuild depleted populations of wild
salmonids (Berejikian & Van Doornik, 2018; Hagen et al., 2021; Hess
et al.,, 2012). Hatchery salmonids currently underpin many recre-
ational, commercial, and (in the lower-48 of the United States in
particular) legally obligated mitigation and tribal treaty fisheries, but

artificial propagation, hatchery salmonids, hatchery supplementation, salmonid captive-
breeding, salmonid enhancement, salmonid stocking

the pervasive reliance on hatcheries remains contentious (Claussen
& Philipp, 2022; Harrison et al., 2019; Kleiss, 2004). Although there
is substantial evidence that hatchery salmonids generally have
lower relative fitness than wild salmonids (Bouchard et al., 2022;
Christie et al., 2014; Milot et al., 2013), continuing debate centers
on the broad potential effects of releasing hatchery salmonids into
nature and their potential impacts on sympatric wild salmonids (see
Section 2 and Figure 1 for the definition of effect and impact), par-
ticularly when it comes to recovery of threatened and endangered
populations (Araki & Schmid, 2010; Paquet et al., 2011; Young, 2013).

Evaluating and synthesizing the breadth of potential hatchery

effects is complicated, however, because results may depend on
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several factors. For instance, while adverse effects on wild sal-
monids have been commonly reported, others have found ben-
eficial effects (Maynard & Trial, 2014; Miller et al., 1990; Naish
et al., 2007), and publications cover a range of potential effects on
different “Viable Salmonid Population parameters” (VSP: McElhany
et al, 2000)—distribution (Laffaille, 2011), diversity (Bernas
et al., 2014), abundance (Willmes et al., 2018), and productivity of
wild salmonids (Nickelson, 2003)—that may occur through different
pathways such as ecological or genetic processes (Allendorf, 1991;
Flagg et al., 2000; Neff et al., 2011), disease (Lamaze et al., 2014),
or fishing (Hilborn & Eggers, 2000; Naish et al., 2007). Further, re-
sponses can differ among species (Araki & Schmid, 2010); the ex-
isting body of literature encompasses numerous salmonid species,
and within species, there can be very different life histories such
as individuals that migrate to the ocean and back (anadromous) or
remain and mature in freshwater (resident) (Gossieaux et al., 2019;
Maynard & Trial, 2014; Naish et al., 2007).

The source broodstock and intent of the hatchery program
could also influence the type and magnitude of effects on wild fish.
Traditional “production” type hatchery programs generally breed
only hatchery individuals, often from a non-local source, and stock
them to provide fisheries, and consequently, their effects could dif-
fer from modern “supplementation” programs that integrate some
wild fish into their broodstock (to reduce genetic impacts) and re-
lease fish to enhance fisheries and the number of naturally spawn-
ing adults (Araki & Schmid, 2010; HSRG, 2015; Naish et al., 2007,
Table 1). Moreover, smaller-scale “recovery” programs, including
some captive breeding efforts, that rely solely on wild fish as brood-
stock to provide a short-term, conservation boost to highly depleted
wild populations (Berejikian & Van Doornik, 2018; Janowitz-Koch
et al., 2019) may offer more conservation benefits to wild salmonids
than longer running supplementation programs that try to achieve
multiple goals (Bowlby & Gibson, 2011; Naish et al., 2007).

Finally, large releases of hatchery salmonids also raise the po-
tential for ecological effects in the North Pacific Ocean (Ruggerone
& Irvine, 2018). An emerging body of research suggests hatchery
salmon have triggered density-dependent responses in several
co-mingling populations of wild salmonids, including but not lim-
ited to, reduced survival (Fukuwaka & Suzuki, 2000; Cunningham
et al., 2018), growth (Kaeriyama et al., 2011), fecundity (Shaul &
Geiger, 2016), and body size and abundance (Ruggerone et al., 2012).

The immense body of literature makes it difficult to interpret the
information and results succinctly (Araki & Schmid, 2010). Research
on the potential effects of hatchery salmonids on wild salmonids
dates to the early-1900s and spans numerous species and three con-
tinents (Jonsson, 1997; Lichatowich, 2001; Maynard & Trial, 2014;
Zaporozhets & Zaporozhets, 2004). In practice, scientists, managers,
and policymakers may be familiar with studies in their region and
on species they are tasked with managing and conserving but may
be unaware of research outside their immediate scope of focus. For
example, there have been numerous hatchery studies on Atlantic
salmon (Salmo salar) and brown trout (Salmo trutta) that commonly
reference one another (Horreo et al., 2014; Nilsson et al., 2008) and

there are several publications on brook charr (Salvelinus fontinalis)
(Bruce et al., 2020; Létourneau et al., 2018; Marie et al., 2010), yet
those results are rarely cited or utilized in research on Pacific Salmon
and vice-versa (e.g., Tatara & Berejikian, 2012; Wang et al., 2002).
Accordingly, while several studies have reviewed hatchery effects
on wild salmonids (Fraser, 2008; Naish et al., 2007), few have cov-
ered both Oncorhynchus and Salmo spp. (e.g., Araki & Schmid, 2010;
Maynard & Trial, 2014), and to our knowledge, none have attempted
to account for the entire breadth of publications for all species
across the globe from freshwater to the ocean.

An evaluation of the overall body of peer-reviewed literature
seems particularly valuable given the ongoing debate over hatchery
practices in the western United States and other regions where sal-
monid recovery efforts are underway. A synthesis of publications
from across the globe, covering various species and spanning fresh-
water and saltwater ecosystems would consolidate a broad array
of literature and findings, and offer comprehensive insight into the
patterns and processes of how hatchery salmonids potentially af-
fect wild salmonids (Figure 1). For example, a synthesis could help
determine: (1) How many studies have been published and how is
the research distributed by year, country, species, and life history?
(2) What proportion of publications reported adverse or beneficial
hatchery effects on wild fish and how did those results vary by year,
country, species, and life history? (3) Do potential effects differ
based on the type of hatchery program? (4) Which VSP parameters
(abundance, productivity, diversity, spatial distribution: McElhany
et al., 2000) are most affected and what are the most common path-
ways of hatchery influence, such as genetic or ecological processes?
and, (5) How many publications have evaluated potential hatchery
effects in the open ocean and what are the general results so far?
In turn, such an effort would help illuminate gaps in knowledge and
areas for future research, increase the breadth of information avail-
able to decision-makers, and improve opportunities for collaborative

research among scientists across different regions and countries.

2 | METHODS AND SYNTHESIS
2.1 | Objective and focus

Our objective was to collate all relevant peer-reviewed publica-
tions from across the globe and synthesize the main results—as
presented by the authors—to answer broad-scale questions that
are important to those tasked with researching, managing, and
conserving salmonids (Figure 1). We also sought to incorporate
the publications into an easily accessible database that can serve
as a standing resource and be updated by scientists as new infor-
mation comes to light (Appendix S1). In this effort, we reviewed
only publications that explicitly and quantitatively evaluated
whether stocking of hatchery salmonids affected the diversity,
abundance, productivity (including effects on growth and survival
as components of productivity), and distribution of wild salmonids
via genetics, ecology, fishing, or disease (e.g., Berejikian & Van
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A GLOBAL SYNTHESIS OF PEER-
REVIEWED RESEARCH ON THE
EFFECTS OF HATCHERY SALMONIDS

ON WILD SALMONIDS

WHY DO WE USE

FISH HATCHERIES?

1.To subsidize fisheries
2.To mitigate for habitat loss and over-exploitation
3.To rebuild and recover wild salmonids

-BUT-

the use of hatcheries has -

K’ T,;‘;@ been hotly debated for @1
decades, leading to our
question:

WHAT EFFECTS DO

SALMONIDS HAVE
ON WILD SALMONIDS?

) GLOBAL
LITERATURE
REVIEW

RepOrting for
Evidence Syntheses protocol

Transparent and repeatable
keyword search of Web of
Science and other known
listed sources; 1970 - 2021

Remove duplicates

S
SCREENING and review title and
927 sources abstract

Publications that met
our criteria to be
included in the analysis

and synthesis
206 sources

Publicly Author(s) conclusion

o about effect taken
available directly from each paper
database (o avoid interpretive bias

SYNTHESIS

Factors Considered:
+ Hatchery effect * VSP parameters

pathway o Productivity
o Genetic o Abundance
o Ecological o Diversity
o Disease o Spatial
o Fishing distribution

» Year published o Life history

° 1973-2021 o Anadromous
» Country of origin o Resident
* Species » Hatchery type
o Oncorhynchus o Production
o Salmo o Supplementation
o Salvelinus o Recovery
o Thymallus

+ Open ocean

FIGURE 1 Infographic displaying the rationale for the synthesis
of research on how hatchery salmonids affect wild salmonids,

how we define the terms effect(s) and impact(s), the literature
search process, and the factors we considered when evaluating
results from each publication. Although we identified 206 total
publications, there are 207 total entries because Levin and
Williams (2002) was counted twice, once for an adverse effect and
once for no effect.

= W1 LE Y-

Doornik, 2018; Reisenbichler & Rubin, 1999). We did not seek to

review publications that only compared differences between hatch-

ery and wild salmonids, such as studies on the relative fitness of
hatchery and wild individuals (e.g., Christie et al., 2014) unless the
research also directly evaluated whether those effects influenced
the recipient wild population of salmonids (e.g., Araki et al., 2009).
Similarly, though epigenetic influences (i.e., effects arising through
altered gene expression rather than changes to the genetic code)
are increasingly recognized as important mechanisms for domesti-
cation (Le Luyer et al., 2017), we did not include epigenetic stud-
ies here because so far they have not directly addressed impacts
to VSP characteristics in wild populations (but see Section 4 for
empbhasis that this topic deserves greater attention, and future it-
erations of our database will incorporate relevant studies as they
become available). Ours was not a formal meta-analysis of quanti-
tative effects, nor an assessment of fisheries that hatcheries can
provide unless the study also examined whether fisheries poten-
tially affected wild salmonids. Last, we use the terms effect(s) and
impact(s) interchangeably, acknowledging they do not necessarily
imply causation and can encompass statistical associations and/or

model weights.

2.2 | Literature search

We conducted a literature search of peer-reviewed global publica-
tions focused only on research that directly evaluated how releases
of hatchery salmonids potentially affected VSP characteristics of
wild salmonids (Oncorhynchus, Salmo, Salvelinus, Thymallus) liv-
ing in nature. We did not find any relevant literature on Hucho
or Coregoninae. We used a modified search strategy based on
guidelines from the Collaboration for Environmental Evidence for
conducting a literature synthesis (Haddaway et al., 2018; Pullin
et al., 2022: Figure 2). We started our search date with 1970 be-
cause preliminary searches found few publications prior to 1970
that matched our criteria (Table 2). Primary publications from 1970
(capturing a ramping up of searchable, relevant research) through
May 29, 2021, were discovered via two English language searches
in Web of Science (WQOS) (Figure 2). We then reviewed a broad
suite of publications to identify appropriate search terms that were
relevant to our topic of interest and covered the array of descrip-
tors used to characterize potential effects of hatchery salmonids
on wild salmonids. Based on this foundation, we conducted a topic
search (TS) using the descriptors: TS=(((hatcher* OR supplement*
OR stock* OR enhance* OR artificial production* OR captive born
OR introduced) AND (salmon* OR salmoni* OR steelhead OR char
OR trout OR Oncorhynchus OR Salvelinus OR Salmo OR Grayling))
AND (effect* OR affect* OR outcome* OR respon* OR result* OR
reestablish* OR restor* OR recover* OR collaps* OR influence*
OR impact* OR chang* OR alter* OR increas* OR decrease* OR
strength* OR weak* OR prevent* OR eliminat* OR assist* OR im-
prov* OR reduc* OR replace* OR benefit* OR differ* OR conse-
quenc* OR implicat®* OR contribut®* OR compensat* OR imped*
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TABLE 1 Definition, description, and alternative terms used to classify different types of hatchery programs found in the literature

review.
Hatchery type Source of broodstock Intent
Production Uses all or nearly all hatchery fish for

broodstock, often but not always
founded on non-local or non-native
stock

Supplementation Uses a proportion of wild fish as
broodstock to help integrate hatchery

and wild gene pool

Produce fish to support
fisheries; rarely have
conservation intent

Enhance fishery and
supplement wild/natural
populations, often run

Also referred to as

Traditional, stocking, planting, releasing,
supplementation, ocean ranching

Supplementation, enhancement, conservation,
supportive breeding

indefinitely
Recovery Uses all or almost all wild fish for Rebuild wild populations Supplementation, enhancement, supportive
broodstock to fully integrate hatchery by providing boost in breeding, captive breeding, conservation
and wild gene pool abundance, sometimes
no fishery focus, and
temporary
- FIGURE 2 Flow diagram of the
Records identified through Records identified through other literature review process based on ROSES
- database searching sources, listed (RepOrting standards for Systematic
3 (n=11,320) (n=25) Evidence Syntheses) flow diagram for
@ . . .
(% systematic reviews (Collaboration for
Environmental Evidence, 2018).
Records after duplicates
removed
(n=11,043)
Records after title and abstract ‘
. Studies excluded
screening — = 10,116)
- (n=927) (n =10,
£ ks
c ]
$ Articles retrieved at full text Studies excluded
S (n=385) (n=186)
]
Y
Articles after full text screening
(n=197)
Pre-screened
articles from other
sources (n=9)
2]
'g Publications included in the
= analysis and synthesis
3 =2
@ (n=206)
OR threat* OR caus* OR mask*) AND (gene* OR competition OR 2.3 | Selection process and criteria for inclusion

divers* OR producti* OR distribut* OR abundan* OR fitness OR
demograph* OR evolution* OR ecolog* OR diverge* OR introgress*
OR integrity* OR structure* OR life histor* OR portfolio OR size OR
tim* OR space* OR spatial® OR densit* OR density dependen* OR
growth OR surviv* OR predat* OR composit* OR interbreed* OR
status OR trend OR hybrid* OR biomass OR disease® OR rate OR
duration OR resilien* OR habitat* OR interspecific OR intraspecific
OR regime OR manage*)). Next, we conducted a title search (Tl) in
WOS using the same descriptors.

The WOS search revealed 11,320 potential publications, including
10,867 in the topic search and 453 in the title search (Figure 1).
Following the decision tree outlined in Figure 2, duplicates were
removed, and titles and abstracts were screened manually to
identify publications that met the criteria to be eligible for our
review (Table 2). To be included, first, the publication had to have
been peer-reviewed and provide empirical data or a model that
evaluated whether hatchery salmonids, via genetics, ecology,
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TABLE 2 Criteria for inclusion of
publications found during the search,
including the type and year of the
publication, hatchery type, the study
focus, and review articles.

= i ey

Criteria Include Exclude

Publication and years Peer-reviewed in primary literature; Non-peer-reviewed; prior to

1970-2021 1970

Hatchery type Any production, supplementation, or Net-pens where fish are not
recovery hatchery where fish are purposely released into
purposely released into nature nature

Study focus Examined genetic, ecological, Examined how hatchery

fishing, and/or disease effects
of hatchery salmonids on

wild salmonid abundance,
productivity, diversity, and
distribution

rearing and production
affected wild salmonid
performance, behavior,
and traits (e.g., fitness of
wild fish vs. hatchery fish)

Contain new analyses, previously
unpublished data

Summarize existing
publications, no new
analyses and/or data

Review publications

TABLE 3 The sub-set of information for each publication that we used in our synthesis and summaries.

Attribute

Year

Location

Hatchery species

Life history

Habitat

Hatchery type and intent

Definition and/or classification

Year study was published

State, province, country of research

Species of salmonid(s) that were studied

Did study focus on anadromous or freshwater resident (including freshwater migratory) species, or both
Denotes whether study was conducted in freshwater or ocean or both

Hatchery classified as production, supplementation, recovery, or a combination thereof based on criteria

in Table 1
Hatchery effect pathway

Denotes whether study examines, (1) genetic, (2) ecological, (3) fishing, or (4) disease effects, or

combination thereof, on wild fish due to the presence of hatchery fish

Viable Salmonid Population

parameter thereof

Genetic effect

Denotes whether study evaluates productivity, abundance, diversity, spatial distribution, or combination

Denotes which genetic attribute was analyzed, including diversity, population structure, effective

population size, or a combination thereof

Effect on wild fish

Denotes whether hatchery effect on wild fish is adverse, minimally adverse, indeterminate, beneficial, or

no effect if authors did not find any statistically significant effect

Note: See Table S1 in Appendix S1 for full description of all information included in the entire database.

fishing, or disease (i.e., hatchery effect process: Table 3), influ-
enced VSP parameters that are fundamental to the viability of
wild salmonids (McElhany et al., 2000). This also included pub-
lications that examined intra- and inter-species impacts of large
releases of hatchery salmonids into the North Pacific Ocean (e.g.,
Frost et al., 2020; Ruggerone et al., 2012). Second, publications
had to focus on hatchery programs that purposefully released fish
into nature for fishing or conservation or both; we excluded pub-
lications on the effects of farmed salmon raised in net pens for
direct consumption. Third, the search revealed numerous review
articles. To minimize potential duplication, we only included re-
views that contained new data or new analysis of previously col-
lected data. Fourth, we excluded studies on inter-species impacts
of introduced non-native resident salmonids, such as effects of
non-native hatchery rainbow trout (O. mykiss) on native cutthroat
trout (O. clarkii) in the United States' Intermountain West, because

those results are clearly understood to be negative (Dunham
et al., 2004; Hansen et al., 2019; Seiler & Keeley, 2009). Last,
after reviewing papers on potential effects of hatchery salmonids
in the open ocean, we identified and included an additional nine
publications that were not found in the formal literature review
(Figure 2).

2.4 | Classification and database of publications

We reviewed the full text of every publication that met our criteria
with a strong focus on information that was most relevant to our
synthesis, such as the study questions, the location and descrip-
tion of the hatchery programs, and the results of potential impacts
on wild salmonids. Next, each publication was entered into a da-
tabase created in R Core Team (2022), provided in Appendix S1,
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and classified according to several relevant basic attributes so that
each article entry includes associated columns with the authors,
year, journal, DOI, the abstract, country, hatchery species, spe-
cies interaction (e.g., intra- or inter-species hatchery effect), habi-
tat (freshwater or ocean), life history (anadromous or freshwater
resident or both), and study approach, which denoted whether it
was an observation, model, experiment, or combination thereof
(Table S1), but we only used a subset of these attributes in our
analysis (Table 3).

We then classified the hatchery type and intent as produc-
tion, supplementation, or recovery because previous studies (e.g.,
Berejikian & Van Doornik, 2018; Bingham et al., 2014; Bowlby
& Gibson, 2011) and reviews (Araki & Schmid, 2010; Maynard
& Trial, 2014; Naish et al., 2007) suggest potential effects on
wild salmonids may vary in relation to the goal and broodstock
sources of the hatchery program. We used criteria in Table 1 to
define: (a) production hatcheries as those that solely or mostly
use hatchery fish for broodstock, often but not always consisting
of non-local or non-native strains, to produce fish for fisheries; (b)
supplementation hatcheries as those that use a mixture of wild
and hatchery fish for broodstock to improve genetic integration
of the two populations and produce fish both to enhance fish-
eries and supplement natural spawners (e.g., Naish et al., 2007);
(c) recovery hatcheries as those that use all or almost all wild
fish for broodstock, including some captive brood programs, and
produce fish solely to rebuild depleted stocks of wild salmonids
(e.g., Berejikian & Van Doornik, 2018). Less commonly, we classi-
fied studies as including a combination of the different types of
hatchery programs, such as Chilcote et al. (2011) which evaluated
multiple stocks with a mixture of supplementation and production
hatcheries.

Classifying the hatchery types was not always clear-cut, how-
ever. For instance, some publications used the term supplementa-
tion to describe the intent of hatchery programs that used non-local
strains to “supplement” fisheries (e.g., Baer & Brinker, 2010; Baillie
et al., 2016). Because they used non-local stocks and the hatchery
releases were focused on production for fisheries, we classified
them as production programs to be consistent with our criteria.
In others, it was not clear from where the hatchery brood origi-
nated, but it was clear the focus was on fisheries (e.g., Hilborn &
Eggers, 2000). Accordingly, we were cautious when classifying pub-
lications as supplementation programs unless there was sufficient
information on the source of broodstock and intent (e.g., Fernandez-
Cebrian et al., 2014).

Next, we recorded the pathway of hatchery effect (i.e., genetic,
ecological, fishing, disease) and VSP parameter(s) studied. Given
the number of genetic publications on diversity, we further classi-
fied those studies according to the attribute that was analyzed, in-
cluding diversity (e.g., Williamson & May, 2005), genetic population
structure (e.g., Bruce et al., 2020), effective population size (e.g.,
Berejikian & Van Doornik, 2018), or a combination thereof such
as both population structure and effective population size (e.g.,
Almodovar et al., 2020).

We classified the hatchery effect on wild salmonids as adverse,
minimally adverse, indeterminate, no effect, or beneficial (Table 3).
To avoid any interpretative bias, we recorded the effect(s) directly
as declared by the author(s). Adverse and beneficial refer to publica-
tions where the hatchery effect was determined by the authors to
be harmful or helpful to the wild population, respectively. Adverse
effects could include but are not limited to evidence of reduced
productivity or abundance (e.g., Chilcote et al., 2011), or reduced
diversity (e.g., Williamson & May, 2005) via unintended genetic in-
trogression with hatchery fish (e.g., Cordes et al., 2006) or reduced
effective population size (e.g., Gossieaux et al., 2019). Beneficial
could denote effects such as evidence of increased effective pop-
ulation size (e.g., Hedrick et al., 1995), a demographic boost (e.g.,
Janowitz-Koch et al., 2019), or increased diversity and abundance
from a critical level (e.g., Berejikian & Van Doornik, 2018). Minimally
adverse refers to publications that found some negative effects on
wild fish, but where those negative effects were inconsistent or
explicitly reported by the authors as being minimal or slight (e.g.,
Finnegan & Stevens, 2008), while indeterminate refers to publica-
tions where both negative and positive effects were found (e.g.,
Small et al., 2009). No effect means the authors did not find a sta-
tistically significant effect for their measurement of choice (e.g.,
Wishard et al., 1984).

Last, we included an effect summary, a single sentence that en-
capsulated how the hatchery effects impacted the wild fish in re-
lation to the VSP parameter(s) of interest. For instance, an effect
summary could conclude that hatchery salmonids had a benefi-
cial effect on the wild populations via increased genetic diversity
(Berejikian & Van Doornik, 2018) or an adverse effect due to de-
creased genetic diversity (Bernas$ et al., 2014).

2.5 | Questions and synthesis of information

After consolidating the research into a database, we synthesized the
distribution of publications from 1970 to 2021 to summarize exist-
ing knowledge about how hatchery salmonids affect wild salmonids
in freshwater and marine environments across the globe. Although
the database contains a range of information which we provide in
Appendix S1, hereafter we focus our analysis and results on five spe-
cific objectives:

1. To understand how the research effort was distributed, we
first summed the total number of publications by year, country,
species, habitat type, and life history.

2. Second, to synthesize the overall body of literature on hatchery
effects on wild salmonids we summed the number of publications
that reported adverse, minimally adverse, indeterminate, no ef-
fect, or beneficial effects on wild salmonids, and then calculated
the proportion of different potential hatchery effects by year,
country, species, and life history.

3. Third, we calculated the proportion of studies for each hatch-
ery effect in relation to the hatchery's source of broodstock and
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intent, which was classified as production, supplementation, re-
covery, or a combination thereof.

4. Fourth, to understand the potential ways hatchery fish impacted
wild salmonids, for each hatchery effect we summed the num-
ber of publications in relation to the processes that contributed
to the hatchery effect (genetic, ecological, fishing, disease, or a
combination thereof), the affected VSP parameters (productiv-
ity, diversity, spatial distribution, and abundance, or a combina-
tion thereof), and if relevant, the type of genetic effect (diversity,
population structure, effective population size, or a combination
thereof).

5. Fifth, we tallied the number of publications that evaluated hatch-

ery effects in the ocean and summarized the general results.

After evaluating those results, we identified potential data gaps

and highlighted areas for future research in the Section 4.

3 | RESULTS
3.1 | Number of publications and database

After eliminating duplicates and reviewing titles, abstracts, and then
full papers, we identified 206 relevant articles published between
1970 and 2021 (Figure 2). The literature search accounted for 197
of the publications, while nine studies in the ocean were identified
through citations in other publications. One publication, Levin and
Williams (2002), was counted twice in each component of the syn-
thesis because the authors found adverse effects on one species and
no effects on another; hence, hereafter we refer to 207 as the num-
ber of publications. The articles cover a wide range of observational
studies, models, and experiments focused on Oncorhynchus, Salmo,
Salvelinus, and Thymallus species in North America, Europe, and Asia.
We also identified 50 review publications on the effects of hatchery
fish on wild fish that could provide useful context and discussion
points for this synthesis, though only four (Hilborn & Eggers, 2000;
Naman & Sharpe, 2011; Ruggerone & Nielsen, 2004; Zaporozhets &
Zaporozhets, 2004) provided new data and were therefore included

in our synthesis (Appendix S1).

3.2 | Distribution of research by year, country,
species, habitat, and life history

Our summary of publications revealed several results about how
research was distributed in relation to several factors ranging from
time to VSP parameters. First, the number of publications on the
effects of hatchery salmonids on wild salmonids was unequal over
time (Figure 3a). Publications per year steadily increased from 1973
and peaked at 15 publications in 2012, after which the number of
publications per year slightly declined until the end of May 2021,

when our search was concluded.

= W1 LE Y-

Second, we found publications from 22 different countries

(Figure 3b). Among those, over half (n=113) of the results focused
on salmonid populations in the USA, followed by 20 in Canada, 11
in France, and 10 apiece in Spain and Norway (Figure 3b). Three to
five publications each were found for the UK, Switzerland, Sweden,
Poland, Russia, and Denmark.

Third, publications covered 15 species; among those, brown
trout were the most researched with 39 publications, followed by
steelhead (n=33), Chinook salmon (n=28), and Atlantic salmon
(n=19), compared to 14 publications on chum salmon, 11 on brook
charr, and nine apiece on pink and coho salmon (Figure 3c). We also
classified 11 studies as Oncorhynchus species, either because the
analyses were not species-specific (e.g., Goodman, 2005) or they
covered three or more species (e.g., Chilcote et al., 2011). One study
was classified as Pacific salmon because they focused on multiple
species of salmon in the ocean (Bigler et al., 1996), and we found
two studies on grayling and one apiece for Amago salmon (O. masou),
Arctic charr (S.alpinus), cutthroat trout, and golden trout.

Fourth, 181 studies evaluated hatchery effects occurring in
freshwater, 23 in the ocean, and three were classified as both be-
cause they considered impacts in freshwater and the estuary (Levin
& Williams, 2002; Nickelson, 2003). And, twice as many publications
focused on anadromous life histories (n=132) compared to resident
life histories (n=64), while only 12 publications included data on
both life histories (Figure 3d).

3.3 | Synthesis and distribution of hatchery effects
on wild salmonids

3.3.1 | All publications combined

Reported hatchery effects on wild salmonids ranged from adverse
to beneficial, but the majority were adverse: 144 (70%) studies re-
ported an adverse effect on wild salmonids and another 26 articles
(13%) reported a minimally adverse effect (Figure 4). Thus, 83% of
studies reported some degree of adverse effects from hatcheries on
wild salmonids. Only seven publications (3%) reported beneficial ef-
fects of hatchery salmonids on wild salmonids, while 17 studies (8%)
reported no hatchery effects on wild salmonids, and 13 (6%) were
classified as indeterminate.

3.3.2 | Hatchery effects by year, country,
species, and life history

Adverse or minimally adverse effects predominated the distribu-
tion of research across time, space, species, and life history. From
1970 through 2021, most publications each year reported adverse
or minimally adverse effects on wild salmonids, except for 1994-
1995 (Figure 3a). The first publication to report a beneficial hatchery
effect occurred in 1995 followed by another publication in 2006,
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FIGURE 3 Distribution of publications by (a) year, (b) country, (c) species, and (d) life history in relation to the hatchery effect on wild
fish, denoted as adverse, minimally adverse, indeterminate, no effect, or beneficial. Adverse and beneficial refer to publications where
authors describe the hatchery effect as being negative or positive on the wild population, respectively. A minimally adverse effect refers
to publications that found some negative effects on wild fish, but they were inconsistent, while indeterminate refers to publications where
hatchery effects included aspects that had both negative and positive effects on the wild population or hatchery effects were almost
immeasurable. No effect means that the authors did not find a significant hatchery effect on wild fish for the parameters they measured. In
panel c., Oncorhynchus spp. refers to studies that focused on Oncorhynchus in general or included information on several species. There are
207 total entries because Levin and Williams (2002) was counted twice in each panel, once for an adverse effect on Chinook salmon and

once for no effect on steelhead.

with the remaining five reports of beneficial effects being published
thereafter as the number of publications increased.

Across the globe, 86 of 113 publications from the USA reported
some type of adverse effect (adverse =74, minimally adverse=12),
but it was also the only country to report beneficial effects
(Figure 3b). In Canada and France, 12 of 20 studies and nine of 11
studies reported adverse effects, respectively, compared to nine
of 10 in Spain and seven of 10 in Norway (Figure 3b). The Czech
Republic and Scotland, with one study apiece finding no effect, were
the only countries where an adverse or minimally adverse effect was
not found, but overall, reports of no hatchery effect were rare out-
side North American countries.

For the most studied species, 37 of 38 brown trout publications
reported adverse (n=31) or minimally adverse hatchery effects
(n=7), compared to 17 of 28 for Chinook salmon (adverse=15,

minimally adverse=2) and 15 of 19 studies on Atlantic salmon (ad-
verse= 13, minimally adverse=2: Figure 3c). For steelhead, 23 of 35
found adverse (n=18) or minimally adverse effects (n=5), including
one study on “steelhead” from the Great Lakes where they are in-
troduced (Bartron & Scribner, 2004); five of eight studies on res-
ident rainbow trout also found adverse effects. Otherwise, 10 of
11 publications on brook charr and eight of nine each on pink and
coho salmon reported adverse or minimally adverse effects, while
beneficial hatchery effects were only reported for Chinook salmon,
steelhead, and coho salmon.

Adverse and minimally adverse effects accounted for 102 of 132
publications on anadromous life histories and 60 of 64 publications
on resident life histories (Figure 3d). Of the few publications that
found a beneficial effect, six of seven were documented for the

anadromous life history.
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3.3.3 | Hatchery effect by hatchery type and intent
Most publications focused on production hatchery programs
(h=143) and more studies focused on supplementation programs
(n=28) than recovery programs (n=17), while 19 studies accounted
for a combination of production and supplementation hatcheries
(Table 5). The proportion of studies reporting adverse effects on

wild salmonids was 74% for production programs and 64% for

EFFECT

ON WILD FISH

Minimally
adverse
(26)

Indeterminate

(13)

6%

No effect
(17)

Beneficial*
(7)

* This review focuses on extant
populations and thus doesn’t
include reintroduction programs

Adverse using hatcheries.

(144)

FIGURE 4 Donut plot displaying proportion (and number, in
parentheses) of publications by the effect of hatchery salmonids
on wild salmonids, including adverse, minimally adverse,
indeterminate, no effect, and beneficial. There are 207 total entries
because Levin and Williams (2002) was counted twice, once for an
adverse effect and once for no effect.

= W1 LE Y-

supplementation programs. However, another 17% of the studies
on production programs found minimally adverse impacts, while
no minimally adverse effects were reported for supplementation
programs (Table 5). On the contrary, 7% of the publications on
supplementation programs found beneficial results and 17%
indicated no effect, while 74% of the studies focused on both
production and supplementation programs found adverse effects
and 16% reported no effect.

For supplementation programs specifically, one publication re-
ported a beneficial hatchery effect on abundance and productivity
of natural-origin Chinook salmon (Fast et al., 2015) and another
found releases of hatchery coho salmon increased abundance of
naturally spawning fish without appearing to adversely affect wild
productivity (Sharma et al., 2006). Nonetheless, adverse results from
supplementation hatcheries were multiple and ranged from reduced
diversity (Christie et al., 2012), productivity (Buhle et al., 2009), and
abundance (Willmes et al., 2018) to altered run timing and spatial
distribution (Hoffnagle et al., 2008).

The distribution of effects was more balanced for recovery pro-
grams, though the sample size was smaller (Table 5). Of the 17 stud-
ies on recovery hatcheries, the proportion of beneficial results (29%)
was similar to the combined 30% of studies that found adverse (24%)
and minimally adverse results (6%), respectively, while another 12%
reported no effect and 29% were indeterminate. Of the five studies
that reported beneficial effects from recovery hatcheries, four used
all wild fish for broodstock, including two publications on the same
long-term experiment on highly depleted populations of steelhead
(Berejikian et al., 2008; Berejikian & Van Doornik, 2018) and the
two on the same population of Chinook salmon (Hess et al., 2012;
Janowitz-Koch et al., 2019). Adverse effects from recovery programs
included decreased productivity in steelhead (Araki et al., 2009), re-
duced genetic structure (Lynch & O'Hely, 2001), and reduced diver-
sity and productivity in Atlantic salmon (Bowlby & Gibson, 2011) and
coho salmon (Willoughby & Christie, 2019).
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TABLE 4 Number of publications by their respective hatchery effect (adverse, minimally adverse, indeterminate, no effect, beneficial) on the Viable Salmon Population (VSP) parameter(s) of

wild fish, including abundance (Abun.), distribution (Distr.), diversity (Diver.), productivity (Prod.), and various combinations thereof.

Diver., Prod., &

Diver. &
Distr.

Prod.

Abun., Diver.,and Diver. &

Abun. & Abun. &
Prod. Prod.

Diver.

Abun. &

Distr.

Distr.

Diver. Prod.

Abun. Distr.

Effect on wild fish

14 (4)

38 (14, 2)
3(1)

Adverse

Minimally adverse

and Ecology

| ool

Indeterminate

6(4)

NI

No effect

Fisheries Management

|

|

Beneficial

i

18

51

102

13

Total

Note: Adverse and beneficial refer to publications where authors describe the hatchery effect as being negative or positive on the wild population, respectively. A minimally adverse effect refers to

MCcMILLAN ET AL.

publications that found some negative effects on wild fish, but they were inconsistent, while indeterminate refers to publications where hatchery effects included aspects that had both negative
and positive effects on the wild population or hatchery effects were almost immeasurable. No effect means that the authors did not find a significant hatchery effect on wild fish for the parameters
they measured. In cells with parentheses, the number refers to the number of studies in ocean, and if present, the second number after the comma refers to the number of studies in both the ocean

and freshwater. Bolded and underlined values represent the VSP parameter with the greatest number of studies for each respective effect on wild fish. There are 207 total entries because Levin and

Williams (2002) was counted twice in the productivity category, once for an adverse effect and once for no effect.

3.3.4 | Hatchery effect pathways and
genetic effects

More publications (n=126) tested or evaluated how hatchery salmo-
nids affected wild salmonids via genetics than other pathways, and
most reported adverse (n=85) or minimally adverse effects (n=21),
while fewer were indeterminate (n=9), found no effect (n=8), or re-
ported a benefit (n=3) (Figure 5). Adverse effects also predominated
(n=44) among the 60 ecological studies, and 12 of the 17 articles
focused on a combination of genetic and ecological processes found
adverse results. Potential disease and fishery effects were far less
studied. Outside of a review by Naish et al. (2007), we found only
two publications that evaluated potential effects of disease and
parasites (Lamaze et al., 2014; Robinson et al., 2020) and three that
included fishery effects as a component of their research (Baer &
Brinker, 2010; Fast et al., 2015; Hilborn & Eggers, 2000).

The strong genetic focus is why one VSP parameter, diversity,
was also commonly represented in 102 publications, 86 of which
reported adverse (n=66) or minimally adverse effects (n=20)
(Table 4). This was particularly true for brown trout, where 35 of 39
publications focused on diversity. An additional 13 studies included
genetic diversity as a component and 12 found adverse effects. Of
the 115 genetic-centric studies, most focused on potential effects
on population structure (n=59), followed by various measures of
genotypic/allelic diversity (n=25) and effective population size
(n=7). The remaining 10 genetic articles were combinations of pop-
ulation structure, diversity, and effective population size.

Examples of adverse genetic effects included, but were not lim-
ited to, changes in population structure (Ayllon et al., 2006; Thaulow
et al., 2012) stemming from an increased frequency of hatchery-
origin alleles in wild populations (Caudron et al., 2009; Létourneau
et al., 2018), reduced effective population size in wild populations
with hatchery releases (Almoddvar et al., 2020; Hagen et al., 2021),
replacement of wild salmonids by hatchery salmonids (e.g., Quifiones
et al., 2013; Reisenbichler & Rubin, 1999), and reduced resistance to
parasitic infections (Lamaze et al., 2014). In the single beneficial publi-
cation on diversity, a recovery hatchery program increased the effec-
tive population size in an endangered population of salmon (Hedrick
et al., 1995), although as mentioned below, benefits to diversity were
found in other publications that measured multiple VSP parameters.

After diversity, most publications focused on productivity,
abundance, and a combination of productivity and abundance
(Table 4). Of the publications on productivity, 30 were conducted
in freshwater, 18 in the ocean, and three in both freshwater and
an estuary. In freshwater, 22 of 30 studies found adverse effects
on the productivity of wild salmonid populations (e.g., Chilcote
et al.,, 2011; Jonsson et al., 2019; Skaala et al., 1996), while two
apiece found no effect (e.g., Courter et al., 2019) or were indeter-
minate (e.g., Riley et al., 2005). In addition, nine of 13 studies on
abundance and 14 of 18 studies on productivity and abundance
in freshwater reported adverse effects, such as reduced produc-
tivity and abundance of wild salmonid populations (e.g., Byrne
et al., 1992; Young, 2013) and reduced abundance and individual
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TABLE 5 Number of publications
(proportion in parentheses) and hatchery

Hatchery t
effect on wild fish by hatchery type. e

Production
Supplementation
Recovery

Production,
supplementation

e - W1 LEYJ—11

Minimally
Adverse adverse Indeterminate ~ No effect Beneficial
108 (75%) 24 (17%) 4 (3%) 7 (5%) 0 (0%)
15 (64%) 0 (0%) 3 (11%) 5(18%) 2 (7%)
4 (24%) 1(6%) 5(29%) 2 (12%) 5(29%)
14 (74%) 1(5%) 1(5%) 3 (16%) 0 (0%)

Note: Hatchery types include: production, supplementation, recovery, or a combination of
production and supplementation or supplementation and recovery. Production refers to
hatcheries that use all or nearly all hatchery fish for broodstock, which are often from a non-
local source, and focus on producing fish for fisheries; supplementation refers to programs that
integrate local wild and hatchery fish for broodstock to enhance fisheries and supplement wild
populations; and a recovery program focuses strongly on conservation and uses mostly or all wild
fish (fully integrated) to try and rebuild wild populations by providing a boost in abundance (often
temporary). There are 207 total entries because Levin and Williams (2002) was counted twice in
the production and supplementation category, once for an adverse effect and once for no effect.

condition of wild juveniles (Noble, 1991). The six remaining pub-
lications that reported benefits to abundance and productivity or
a combination thereof all occurred in freshwater (e.g., Berejikian
& Van Doornik, 2018; Janowitz-Koch et al., 2019). Effects on dis-
tribution and combinations of parameters including distribution
were less represented than the other three VSP parameters (e.g.,
Hoffnagle et al., 2008; Love Stowell et al., 2015; Table 4).

3.3.5 | Hatchery effects in ocean

Hatchery effects on salmonids in the ocean involve competition for
prey, potentially leading to reduced growth, body size and fecundity,
delayed maturation, lower productivity, and fewer wild salmon. We
found 23 studies on potential hatchery effects. Thirteen of those
examined hatchery effects on local populations of wild salmon in
the ocean, of which nine (69%) were adverse, one (8%) was mini-
mally adverse, and three (23%) found no effect (Table S2). One of
the three no-effect publications focused explicitly on potential
juvenile competition in nearshore habitats during early marine
residence (Sturdevant et al., 2011), while the other two focused on
adult hatchery Chinook salmon production (Ohlberger et al., 2018;
Nelson et al., 2019). Most other publications examined correlations
between hatchery chum salmon and pink salmon and the productiv-
ity and growth wild adult salmon in the ocean (e.g., Cunningham
et al.,, 2018; Frost et al., 2020; Ward et al., 2017).

We also included 10 studies that examined total salmon density
effects on wild salmon in which hatchery salmon were an important
component (additional studies involving density dependence at sea
are available); nine (90%) of these studies reported adverse effects of
density dependence on wild salmon while inferring an adverse effect
of abundant hatchery salmon stemming from production hatcheries
in Asia and North America (Table S2). Declines in the growth of all
salmon species across most of their range are the most commonly
observed effect of density dependence, including hatchery produc-
tion (Bigler et al., 1996; Oke et al., 2020). Though not included in our
analyses because it did not explicitly evaluate hatchery fish and in

contrast to most results, Shuntov et al. (2019, 2020) argued that com-
petition for prey at sea is minimal because prey biomass is exceptional
and because salmon consume a small fraction of the available prey.
However, this assessment cannot explain the density-dependent bien-
nial patterns observed in Pacific salmon metrics (growth, abundance,
productivity, maturation) in response to the biennial abundances of
highly abundant pink salmon (Ruggerone et al., in press; Ruggerone &
Connors, 2015; Ruggerone & Nielsen, 2004), of which many are hatch-
ery fish (Ruggerone & Irvine, 2018).

4 | DISCUSSION

Hatcheries are used worldwide to produce salmonids for purposes
ranging from providing fish for harvest to rebuilding endangered
stocks and meeting Treaty responsibilities (Araki & Schmid, 2010;
Maynard & Trial, 2014; Naish et al., 2007), but a strong dependence
on hatcheries has also generated controversy and debate (Brannon
et al., 2004; Claussen & Philipp, 2022; Harrison et al., 2019; Holt
et al., 2008). Clarity in this discourse is partly obscured, however,
by the sheer volume of complex research that dates back several
decades, covers numerous species, and spans three continents,
which makes it difficult to interpret succinctly the existing weight
of evidence. We sought to provide a transparent, reproducible, and
updatable synthesis and database of the current global research
evaluating the impacts of hatcheries on wild populations, while pur-
posefully not delving into the complex social and political desires or
tribal Treaty and mitigation legal obligations surrounding hatcheries.
Our review of over 50years of peer-reviewed publications on how
hatchery salmonids affect wild salmonids found most research re-
ported adverse or minimally adverse hatchery effects across time,
species, and countries, even for supplementation-type hatcheries,
while reports of beneficial effects on wild salmonids were scarce
except for a few very specific situations (e.g., Berejikian & Van
Doornik, 2018; Hess et al., 2012). We hope this database serves as a
useful standing resource that can be used and built upon to improve
the breadth of science incorporated into decision-making.
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Prior reviews have summarized overarching hatchery practices

and processes, identified potential adverse impacts, and evaluated
the role of hatcheries in salmonid fisheries and recovery (Fraser, 2008;
Jonsson, 1997; Maynard & Trial, 2014; Naish et al., 2007). More similar
to Miller et al. (1990) and Araki and Schmid (2010), we attempted to
census the balance of existing peer-reviewed literature and provide
summaries of each publication (Appendix S1). Miller et al. (1990) re-
viewed 316 hatchery projects, including numerous supplementation
programs, across the western USA and Canada and in New England
states working with Atlantic salmon. Of those, only 25 projects, or 8%,
successfully supplemented existing runs of wild salmonids, and while
adverse impacts to wild stocks were reported or postulated for almost
every type of hatchery situation where the intent was to rebuild wild
runs. The authors also suggested a bias toward not reporting negative
or unsuccessful results. Two decades later, Araki and Schmid (2010)
synthesized 266 hatchery case studies covering several species of fish,
including 70 on salmonids, 51 of which (72%) reported adverse im-
pacts ranging from deleterious effects of hatchery rearing on fitness
in nature to reduced genetic variation in populations of hatchery fish.
Our review of 208 publications found 70% reported adverse hatch-
ery effects and another 13% found minimally adverse effects, while
just 3% reported beneficial effects. Although we likely missed some
relevant publications despite a transparent search process and did
not include research on reintroductions using hatchery salmon (e.g.,
Liermann et al., 2017) or domestication effects on wild fish reared
in hatcheries (e.g., Christie et al., 2016), the overall balance of results
across three reviews and hundreds of studies appear relatively similar.

One possible reason for the preponderance of adverse effects
across time, space, and species is most publications in our review as-
sessed traditional, production hatcheries that focused on producing
fish for fisheries, often but not always from non-local broodstock.
Adverse effects on wild salmonids from such programs are well doc-
umented (Almoddvar et al., 2020; Garcia-Marin et al., 1999; Marie
et al., 2010). This was particularly true for brown trout, the most
studied species, where many publications evaluated possible genetic
effects of non-local hatchery stocks across Europe, often finding
adverse genetic impacts (Araguas et al., 2017; Hansen et al., 2009;
Thaulow et al., 2012). However, adverse effects also accounted for
63% of the publications that evaluated potential impacts from supple-
mentation programs that use some or mostly wild fish and frequently
employ breeding protocols to try to reduce deleterious genetic ef-
fects (Hutchings, 2014; Neff et al., 2011; Pinter et al., 2019).

Adverse effects from supplementation programs could be re-
lated to a suite of factors that are not dissimilar from production
programs. For example, supplementation broodstock is generally
derived from local populations to reduce potential genetic im-
pacts; however, a review of 51 estimates of annual productivity
from six studies on four salmon species found the relative fitness
of early-generation hatchery individuals was about half that of
wild fish (Christie et al., 2014), while another found hatchery sal-
monids displayed lower genetic variation than wild populations
(Araki & Schmid, 2010). Interbreeding with individuals that have
lower fitness and less diversity, among other differences, can

reduce the diversity (Hagen et al., 2021), effective population size
(Christie et al., 2012; Hagen et al., 2021), and productivity of wild
populations (Goodman, 2005; Jonsson et al., 2019; Reisenbichler &
Rubin, 1999). Depending on the intensity and duration of stocking,
the gene pool of the wild population may eventually be compro-
mised by high levels of hatchery influence, as evidenced by studies
on brown trout in Europe (Fernandez-Cebrian et al., 2014; Hauser
etal., 1991; Pustovrh et al., 2012) and brook charr in North American
(Létourneau et al., 2018); in the extreme, hatchery salmonids may
replace wild fish (Largiadér & Scholl, 1996; Quifiones et al., 2013).

In addition, although a key goal of supplementation hatcheries
is to enhance opportunities for harvest, in some populations and
years large numbers of returning hatchery salmon escape fisheries
or are allowed intentionally to spawn, leading to many more total
salmon than can be supported by the habitat and heighten density-
dependent effects (HSRG, 2020; ISAB, 2015). We found studies
where hatchery juveniles reduced the abundance and productiv-
ity of wild juveniles (Nickelson et al., 1986; Warren et al., 2014).
Competition for habitat likely contributed to declines in wild coho
salmon on the Oregon coast, USA, where density-dependent effects
were five times greater for hatchery salmon than wild salmon and
the productivity of several wild populations decreased as hatchery
releases increased (Buhle et al., 2009; Nickelson, 2003). Adverse
effects may thus depend on genetic and ecological pathways and
the intensity of stocking, and such effects may be more common
than anticipated if supplementation programs do not meet their own
goals for reducing risk (e.g., targeted levels of wild integration into
broodstock) and limitations of habitat capacity are not considered
(Anderson et al., 2020). Regardless, interbreeding with less fit indi-
viduals and increased competition for habitat may help explain why
both production and supplementation programs negatively influ-
enced productivity of several populations of wild steelhead (Chilcote
et al., 2011), and why a long-term effort to increase natural-origin
Chinook salmon did not find a positive effect on abundance after
releases were ceased (Scheuerell et al., 2015; Venditti et al., 2018).

Hatcheries can also benefit wild salmonids, though the situations
appear nuanced. For instance, hatcheries have helped re-establish
extirpated populations of salmonids (Galbreath et al., 2014), pre-
vent extinction (Kline & Flagg, 2014), and jump-start recolonization
following dam removal (Liermann et al., 2017). While those efforts
did not meet the criteria for inclusion in our synthesis (e.g., effects
on wild fish could not, or were not, evaluated due to extirpation or
near extinction levels of abundance), in the publications we reviewed
nearly all benefits occurred when recovery-type programs were
used to provide a demographic boost to endangered populations of
salmonids. Examples include small releases of hatchery smolts from
a short-term, temporary captive-broodstock program to increase
abundance and diversity of steelhead populations that were almost
extirpated (Berejikian et al., 2008; Berejikian & Van Doornik, 2018),
and a carefully controlled hatchery program that bred only wild fish to
boost abundance of a highly depleted population of Chinook salmon
(Hess et al., 2012; Janowitz-Koch et al., 2019). However, two of the
four beneficial studies reported on the same populations, which tilts
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the proportion of results given the relatively small number of publi-
cations, and other publications warn that even improved hatchery
practices can still pose significant ecological and genetic risks to wild
fish over the long term (Oosterhout et al., 2005), such as competi-
tion for food and habitat (ISAB, 2015) and reduced genetic diver-
sity and divergence from the wild population (Bingham et al., 2014).
Consequently, beyond 4-6 generations a loss in fitness can outweigh
any increase in abundance from hatchery production and cause the
population to decline (Bowlby & Gibson, 2011). Nonetheless, our re-
view, like others (Maynard & Trial, 2014; Naish et al., 2007), suggests
the balance of effects for recovery hatcheries is less skewed, with
as many studies reporting beneficial or no effects as adverse ones.

Within the array of publications we reviewed, most research focused
on hatchery effects that occurred via genetic interactions and found
adverse impacts on wild salmonids, such as reduced diversity (Garcia-
Marin et al., 1999; Perrier et al., 2013; Willoughby & Christie, 2019) and
altered genetic structure of wild populations (Valiquette et al., 2014;
Weigel et al., 2019; Wenne et al., 2016), though adverse effects on
growth (Hasegawa et al., 2014, 2018; McMichael et al., 1997), produc-
tivity (Buhle et al., 2009; Nickelson, 2003) and abundance (Nickelson
et al., 1986; Quinones et al., 2013; Willmes et al., 2018) via ecological or
both ecological and genetic processes were also reported. The frequency
of adverse genetic impacts may have consequences for the resilience
of wild fish moving forward. As an example, research on brown trout
found long-term supplementation significantly reduced genetic diver-
sity among locations and compromised the conservation of local genetic
variation (Fernandez-Cebrian et al., 2014), which threatened biodiver-
sity in their southern range (Cagigas et al., 1999; Horreo et al., 2014;
Splendiani et al., 2019). A tremendous amount of money and effort has
been invested in restoring habitat to improve population productivity
and increase carrying capacity (ISAB, 2015), and help offset future ef-
fects from climate change (Beechie et al., 2013; Bilby et al., 2022), an
action demonstrated to increase wild fish abundance more effectively
than species-specific stocking efforts (Radinger et al., 2023). Because
the resilience of salmonids also depends on their functional genetic
capacity to survive and reproduce in a changing environment (Kardos
et al., 2021), future research could help illuminate the extent to which,
if any, alterations to genetic diversity may influence returns on habitat
investments where both hatchery and wild fish co-exist.

Our literature review also revealed an extensive body of research
focused on potential effects of annual releases of 4.5 billion hatch-
ery Pacific salmon into the North Pacific Ocean, which represents
40% of the total mature and immature salmon biomass in the North
Pacific Ocean (Ruggerone & Irvine, 2018). The combination of pub-
lications on the specific abundance of hatchery salmon and overall
abundance of hatchery and wild salmon at sea suggest heightened
abundances, particularly of hatchery chum salmon and pink salmon,
have triggered density-dependent effects in wild populations result-
ing in reduced growth, body size, fecundity, productivity, and abun-
dance, and delayed maturation (Table S2). For example, research has
found adverse effects of hatchery or total chum salmon abundance
on the growth, productivity, and abundance of wild chum salmon
(Frost et al., 2020; Kaeriyama et al., 2011; Ruggerone et al., 2012),
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of total hatchery and wild pink salmon and chum salmon on body
size, age, productivity, and abundance of Chinook salmon across
their range (Cunningham et al., 2018; Oke et al., 2020; Ruggerone
et al., in press), and of hatchery pink salmon on productivity of
wild sockeye salmon populations in British Columbia and Alaska
(Connors et al., 2020). While it is difficult to disentangle correlation
and causation, the strong biennial patterns in abundant pink salmon
cannot be explained by the environment alone (Batten et al., 2018;
Ruggerone & Connors, 2015; Ruggerone et al., in press) and, conse-
quently, concerns for wild salmon have led scientists to call for in-
ternational discussions, limits on hatchery production, and hatchery
taxes (Holt et al., 2008; Malick et al., 2017; Peterman et al., 2012).

Considering the balance of the research herein, we selected four
topics that remain underrepresented and seem important to clarify-
ing science and management opportunities moving forward. First,
effects on genetic diversity of wild salmonids are well studied but in-
vestigation of epigenetic effects as a possible biological pathway for
these (and other) effects has only begun (Koch et al., 2022). Christie
et al. (2016) found a single generation in a hatchery environment al-
tered the expression of over 700 genes in steelhead. Other research
has found similar results (Leitwein et al., 2022), even in the absence
of genetic differentiation between wild and hatchery populations (Le
Luyer et al., 2017), and the potential for the epigenetic changes to be
passed along to offspring (Leitwein et al., 2021; Venney et al., 2023).
Though the duration of impacts remains unclear it is hypothesized
that heritable epigenetic effects may alter the evolutionary trajec-
tory of wild populations, which is a critical issue to evaluate where
hatchery salmonids are allowed to or are able to breed with wild sal-
monids (Skinner & Nilsson, 2021). Second, future research could illu-
minate the adaptive consequences of genetic changes sustained by
wild salmonids (Neff et al., 2011) and whether accumulated effects
inhibit their capacity to keep pace with climate change (e.g., Munsch
et al., 2022) or respond positively to habitat restoration efforts.
Third, large-scale experiments that evaluate multiple VSP parame-
ters before, during, and after supplementation, such as Berejikian
and Van Doornik (2018), are scarce, but well-designed experiments
could help parse out natural spatial and temporal variability in envi-
ronmental capacity from hatchery effects and offer greater clarity
regarding the risks and benefits of hatchery programs.

Last, few publications evaluated disease or fishery effects de-
spite demonstrated mechanisms of influence, such as decreased re-
silience to parasites associated with hatchery genotypes (see, Lamaze
et al., 2014) and mixed stock fisheries on abundant hatchery stocks
that are unsustainable for wild stocks (Naish et al., 2007). It is pos-
sible our search string did not fully capture the breadth of literature
on fishery effects, or such analyses are less frequently published in
peer-reviewed journals. Naish et al. (2007) analyzed fishery data from
management reports and described a long history of overharvesting
weaker wild stocks in intensive hatchery fisheries, which ultimately
led to changes in fishery policy in the United States, but direct refer-
ences to studies that met our criteria were rare. Understanding how
such impacts have and continue to affect wild stocks could provide
further insight, though in some cases identifying potential changes to
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wild populations may require a longer-term perspective using histori-
cal data (e.g., McMillan et al., 2022).

5 | CONCLUSION

We created an easily accessible database focused on publications that
examined potential effects of hatchery salmonids on wild salmonids,
and then synthesized the large body of research to better understand
how studies and potential hatchery impacts were distributed in relation
to time, space, species, habitat, hatchery type, and other factors. Except
in a few specific situations when recovery hatcheries were used to boost
the abundance of wild salmonids threatened with extinction, hatchery
effects on wild salmon were predominantly adverse across time, spe-
cies, and countries, even when using more modern supplementation
hatchery programs and practices. In addition, evidence indicates large
releases of hatchery chum and pink salmon in the North Pacific Ocean
alter the growth, survival, and abundance of wild salmonids that rely on
the same common pool prey resource. These results have implications
for conserving and sustaining wild salmonids and for extensive invest-
ments in salmon recovery across the globe. In conclusion, while there
is a long history of debate over the widespread use of hatcheries, our
results were consistent with prior reviews by Miller et al. (1990) and
Araki and Schmid (2010), the combination of which clearly indicate that,
from a scientific standpoint, hatcheries typically pose numerous risks
that commonly result in negative impacts to the diversity, productivity,
and abundance of wild salmonid populations. These negative impacts
likely limit the efficacy of habitat restoration efforts aimed at rebuilding
wild salmonid populations and the adaptive capacity of wild salmonids
to keep pace with a changing environment, especially climate warming.
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