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ABSTRACT

Based on ecological adaptation theory, tremendous effort is being spent on measures that are eliminating salmon hatcheries and
fishing opportunities with the intention of protecting wild runs deemed to be of particular genetic importance to the survival of
the species. New research in evolutionary biology and evidence from long-term field studies do not support these policies. Natural
ecosystem variability and the complex life histories of salmon argue instead for a model based on epigenetic and phenotypic
plasticity coherent with neutrality theory. Under a plasticity model, hatcheries managed within the carrying capacity of recipient
streams and according to best genetic and rearing practices are not predicted to represent a threat to wild salmon, consistent with
observations from the field. In addition, the scale of over-fishing and habitat destruction in the 19th and 20th centuries, com-
pounded by projected climate change, strongly suggest that closing hatcheries justified by ecological adaptation theory is likely to
further undermine genetic integrity, ecosystem productivity, and economic value of salmon, and is unlikely to result in exploita-
ble (recreational and commercial) populations as seen in the past. Fisheries research that considers a full range of evolutionary,
ecological, and social considerations is more likely to inform policy that addresses diverse values associated with Pacific salmon.

RESUME

Sur la base de la théorie de 'adaptation écologique, d'énormes efforts sont déployés pour des mesures visant a éliminer les éclos-
eries de saumons et les opportunités de péche, dans le but de protéger les montaisons jugées d'une importance génétique particu-
liere pour la survie de l'espece. De nouvelles recherches en biologie évolutive et les résultats de études de terrain sur le long terme
n'étayent pas ces politiques. La variabilité naturelle des écosystemes et les cycles de vie complexes du saumon plaident plutot
pour un modeéle basé sur la plasticité épigénétique et phénotypique, cohérent avec la théorie de la neutralité. Selon un modéle de
plasticité, les écloseries gérées suivant la capacité de charge des cours d'eau destinataires et les meilleures pratiques génétiques
et d'élevage ne représentent pas une menace pour le saumon sauvage, conformément aux observations sur le terrain. De plus,
I'ampleur de la surpéche et de la destruction des habitats aux XIXe et XXe siecles, aggravée par le changement climatique pro-
jeté, suggeére fortement que la fermeture des écloseries justifiée par la théorie de 1'adaptation écologique est. susceptible de saper
davantage l'intégrité génétique, la productivité des écosystémes et la valeur économique du saumon, et qu'il est. peu probable
que cela aboutisse a des populations (récréatives et commerciales) exploitables comme auparavant. La recherche halieutique qui
prend en compte un large éventail de considérations évolutives, écologiques et sociales est. plus susceptible d'éclairer des poli-
tiques qui traitent des diverses valeurs associées au saumon du Pacifique.
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1 | Introduction

Stocking of fish is a widely used tool used across the world to
support and enhance fish biodiversity and fisheries production
(Lorenzen 2008, 2014; Lorenzen et al. 2012; Cowx et al. 2023).
There is, however, much controversy over the use of stocking,
not least because of the potential genetic impact of introducing
hatchery-reared fish on native species (McGinnity et al. 2004;
Baskett et al. 2013; Claussen and Philipp 2023). This is despite
many fisheries across the globe being maintained or enhanced
by stocking, for example, large—scale, culture-based fisheries
in Asia (De Silva 2003; De Silva and Funge-Smith 2005) or to
mitigate against environmental degradation such as supple-
menting Atlantic salmon populations in rivers impacted by
dam development in Sweden (Eriksson and Eriksson 1993)
and the Columbia River (Jaeger and Scheuerell 2023). By con-
trast, the perception exists among many fisheries scientists,
policy makers and members of the public, for example in the
Pacific Northwest for salmon (genus Oncorhynchus), that
hatcheries are an “ecological disaster” (c.f. Taylor IIT 1999).
Taking this to the point of having no hatchery system (c.f.
Myers et al. 2004) precludes the use of an important tool in
the fisheries management toolbox (Molony et al. 2005), a per-
spective that Harrison and Berseth (2024) argue needs to be
moderated to enable appropriate use of hatcheries and adapt
to “salmon futures”.

In the Pacific Northwest, there is no doubt that much of the
massive effort that the government put into hatcheries from the
1890s through the 1920s was wasted due to bad technology, bad
biology, political interference and sabotage (see Taylor III 1999
for an extensive review). Taylor III (1999) also documented
how extensive the hatchery programmes were, scattering bil-
lions of salmon eggs, fry and fingerlings throughout the state
and around the world in a rather haphazard and opportunistic
fashion driven by the need of officialdom to look like something
was being done to address public calls for action (Leitriz 1970;
Traylor 2009), exacerbated by the effort wasting issues men-
tioned above.

Also clear from the history of hatcheries, however, is
that when done correctly and in places where salmon are
able to find suitable habitat over their lifecycle (Lorenzen
et al. 2012; Venditti et al. 2018; Hinrichsen and Paulsen 2020;
Cowx et al. 2023), they can work to both supplement strug-
gling runs (Bosch et al. 2007; Gray and Charleston 2011;
Koch et al. 2022) and establish and maintain populations
(Nuetzel et al. 2023). For example, Jones et al. (2018) found
that up to 94% genetically comingled wild and hatchery coho
(Oncorhynchus kisutch) in the Salmon River were rapidly able
to establish an all-wild run. Large and economically import-
ant, naturally sustaining salmon populations based originally
on hatchery fish have been established in the US Great Lakes,
New Zealand, Chile and Argentina (Groot and Margolis 1991;
Riva Rossi et al. 2012; Jonas 2022). Over 50,000 naturally
spawned hatchery origin coho swam through the fish ladder
at Willamette Falls in 2024 (ODFW (Oregon Department of
Fish and Wildlife) 2024), meaning that >4000 adult hatchery
fish managed to complete their life cycle in a place where coho
had not previously been recorded. Some 68% of fish caught by
recreational anglers and 75% by commercial fishers in Oregon,

and 65%-75% of salmon captured in Washington fisheries
come from hatcheries (Table 1). There seems ample evidence
that whatever hatchery origin fish may lack or have in excess,
they are able to prosper in natural habitats.

Nevertheless, US hatchery programs have long come
under fire for producing “inferior” fish (US Department of
Commerce 1934). Although no species of salmon is in immi-
nent danger of extinction (IUCN (International Union for the
Conservation of Nature) 2025), since 1991, 28 populations (runs)
of the genus Oncorhynchus have been listed as threatened or
endangered evolutionarily significant units (ESU: A popula-
tion or group of populations that is substantially reproductively
isolated from other conspecific populations and that represents
an important component of the evolutionary legacy of the spe-
cies (Federal Register 1991)) under the Endangered Species
Act (ESA; NOAA (National Oceanographic and Atmospheric
Agency) 2024) with hatchery activity on these runs conse-
quently curtailed as a precaution (Araki et al. 2007; Garcia de
Leaniz et al. 2007). There are a number of studies that define
any difference between wild-spawned and hatchery-spawned
salmon as negative regardless of the long-term effect on run
size (c.f. McMillan et al. 2023) or contribution to maintaining
a specific stock (Harrison and Berseth 2024). In the literature
reviewed for this and other analyses (c.f., Riddell et al. 2024),
there were no documented examples of hatchery influenced
salmon genetically undermining wild salmon populations such
that they collapsed as predicted by, inter alia, Reisenbichler and
Mclntyre (1977), Araki et al. (2007) and Baskett et al. (2013).

Ensuring that the genetic and ecological theory driving policy
is aligned with empirical data from the field is a prerequisite for
successful management. Over half of the budget of the Oregon
Department of Fish and Wildlife (ODFW) comes from fishing/
hunting licences and commercial fishing fees (ODFW (Oregon
Department of Fish and Wildlife) 2021-2023). This funding
depends on state agencies managing fisheries, not just fish. A
salmon fishery is an ecosystem that includes, inter alia, birds,
insects, crayfish, trees, orcas, bears, pinnipeds, and people. The
Indigenous economy modified salmon habitat through fire,
timber harvesting, hunting, gathering, and agriculture while
depending upon fish for their sustenance and capturing in
the Columbia and Oregon coastal rivers an estimated 25,500t
of salmon, equal to 6-11 million fish out of an estimated total
of 13-19 million (Schalk 1986; Meengs and Lackey 2005). The
modern economy likewise interacts with and is mutually de-
pendent upon salmon. After all the dams, irrigation, pollution,

TABLE 1 | Proportion of Catch of Hatchery Origin (Highland
Economics 2022).

Oregon Washington
Recreational
Freshwater Salmon/ 68% 65%
Steelhead
Saltwater salmon 68% 70%
Commercial
Salmon 75% 75%

Fisheries Management and Ecology, 2026

85U8017 SUOUILIOD A8 3 [cfedt [dde 8U) Aq pauRA0B 8.2 S9o1Le YO ‘9Sh J0 S9INJ 10} ATeIq1TBUIIUQ AB]IA UO (SUOTHIPUOD-PUE-SWLBI LD B | 1M Aleq 1 Bul |Uo//:Sdy) SUONIPUOD pue swie | 8y} 88S *[9202/70/80] U0 AiqiT 8ul|uo 8|1 '80us|poX3 8120 pue UijeoH Jojaininsu| euotieN ‘SO IN AQ 69002 SWY/TTTT 0T/I0pAL0Y A8 | Akeiq 1 puljuo//:Sdny Wwolj pepeojumoa ‘0 ‘00rZS9ET



gravel and woody debris removal, logging, mining, poldering,
and draining of wetlands and rampant over-fishing, Oregon's av-
erage salmon harvest from 2015 to 2020 was only slightly over 1
million fish but still contributed half a billion dollars per annum
to Oregon's economy, mostly through recreational fishing
value chains (TRC (The Research Group LLC) 2021, Highland
Economics 2022).

The literature contains numerous reviews of the research (e.g.,
McGinnity et al. (2004), Araki et al. (2008), Rand et al. (2012),
Baskett et al. (2013) and Christie, Ford, and Blouin (2014)) that
support the elimination or reduction of hatchery supplementa-
tion. The present analysis is not intended to review those papers
again, but rather to bring to light more recent research from
fisheries science and studies from evolutionary and molecular
biology that question some of those studies and to help readers
understand why the theory driving much of salmon hatchery
management policy is not generally supported by observations
from the field, and why it is necessary to reconsider the policy to-
wards stocking, as highlighted by Harrison and Berseth (2024).

Here we address the use of hatcheries in the recovery, mainte-
nance, and augmentation of salmonid fisheries. Specifically we
examine policies calling for the cessation of hatchery supple-
mentation and the requirement for hatcheries to match precisely
the original genetic structure of salmonid populations, and pro-
pose an additional concept based on phenotypic plasticity of sal-
monids that would allow hatchery supplementation to rebuild
and maintain viable fisheries.

2 | Ecological Adaptation Versus Plasticity

The debate over the importance of having pure-bred wild
salmon in a river revolves around the concept of ecological ad-
aptation (Galtier 2024). Here we define “pure- bred wild salmon”
and similar terms to mean fish that naturally breed in rivers,
streams, or lakes with no input from hatchery supplementation
in any generation.

While numerous publications document genetic differ-
ences among the runs of Pacific salmon and steelhead
(Smith 2014; NOAA (National Oceanographic and Atmospheric
Agency) 2024; Waples et al. 2008), the selective advantage of
those genetic differences is harder to determine, and neutral-
ity theory argues that most of these differences are of limited
importance to survival and fitness (Kimura 1968; Ohta 2011).
Ecological adaptation happens when a set of genes and their reg-
ulation/expression machinery make a salmon run particularly
well adapted to the ecology and hydrology of a specific stream.
According to this model, natural selection works on the ge-
nome to remove maladaptive genes and increase the frequency
of those genes that make native fish more fit (i.e., have higher
reproductive success). Interbreeding with hatchery fish that are
not carriers of adaptive genes would then tend to dilute the level
of adaptation in resultant offspring (Tave 2024). On the evo-
lutionary downside of ecological adaptation are as follows: (1)
inbreeding in small and/or pioneering populations and, (2) en-
vironmental instability, both of which mean that if a population
becomes too well adapted to a particular stream, they become
vulnerable to change in the ecosystem (Hartl 1980).

While Pacific salmon have high genetic variability due to a
whole genome duplication approximately 90 million years ago
(Rougemont et al. 2020), environmental instability and the
serial extirpation and reestablishment of runs over geologi-
cal history (see below), mean that all salmon runs suffer from
founder effects, reductions in overall genetic diversity result-
ing from the fact that, in the early years of a run, the number
of spawning individuals straying into a new habitat represents
only a fraction of the total genetic diversity in a species (Waples
et al. 2008; Subramanian and Kumar 2023). Likewise, runs that
have been reduced to an effective breeding number (Ne) of less
than 150 cannot be considered to represent the pangenome of
the original run (Hartl 1980). Salmo runs of up to 1200 fish
have been shown to be dependent upon influx through straying
for their persistence (Fraser et al. 2007). According to popula-
tion genetics theory, it takes for salmon, at least 4000 migrat-
ing individuals with no external gene flow for a population to
maintain stable genetic differentiation from a generic paren-
tal population (Altukhov et al. 2000). Once isolated, deleteri-
ous mutations accumulate (Couce et al. 2024) and null alleles
(those gene variants not actively under natural selection) drift
to fixation (Hughes 2008; Nei et al. 2010), reducing genetic di-
versity (Hartl 1980). Genes under selection that are essential to
survival are conserved over many generations and maintained
in the population at more or less constant frequencies (Couce
et al. 2024) by epistasis (Ardell et al. 2024) or “canalization”, ge-
netically and/or epigenetically programmed molecular mecha-
nisms that buffer the effects of environmental perturbation on
genotype to maintain functional phenotypes (Takahashi 2019;
Condic et al. 2024).

A number of studies have focused on the extent to which wild
salmon genomes might be negatively affected by introgression
of hatchery genotypes (McMillan et al. 2023; Riddell et al. 2024).
An early example is Reisenbichler and McIntyre (1977)
who documented differences between wild type steelhead
(Oncorhynchus mykiss) and hatchery/wild F1 hybrids in trib-
utaries of the Deschutes River. In their study of survival and
growth of swim-up fry produced by 4-13 pairs of adults in four
streams and a hatchery pond, these authors documented highly
variable outcomes but managed to demonstrate overall survival
of about 6% more fish per wild clutch than per hatchery clutch,
and a similar difference in juvenile growth (hatchery x wild hy-
brids being larger). The authors note that the results were in-
consistent and differences in survival and growth were more
heavily influenced by stream conditions than breeding, but built
a model showing what could theoretically happen to wild steel-
head populations in the long term (Figure 1).

A series of studies on the Hood River has been particularly
influential in shaping salmon hatchery policy in Oregon.
Studying differences between hatchery and wild steelhead
(Oncorhynchus mykiss) broodstock, Blouin (2003) found that
brooders born and raised in a hatchery produce an F, gener-
ation that is relatively less fit than wild fish, but also showed
that offspring of wild captured broodstock reared in the
hatchery compare favorably with native fish, returning in
equal numbers in two out of 3years (1995-1997). A subse-
quent analysis of the F, generation (Araki et al. 2007) found
wild-spawned males to be superior in 1998 (48 returning fish),
wild-spawned females superior in 1999 (15 returning fish),
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FIGURE1 | Predicted decline in fitness from introgression of hatch-
ery genes into wild salmon populations (after Baskett et al. 2013).

TABLE 2 | Change (A) in traits as a result of artificial selection in

hatcheries.
Selection A per

Species pressure? generation References

O. mykiss 90% +11% growth Leeds
rate et al. (2016)

O. mykiss 90% +7% growth Kause
rate et al. (2005)
O. kisutch 90% +15% body Hershberger
weight et al. (1990)

O. kisutch 90% +3.5days Neira
spawn date et al. (2006)

O. mykiss 5% (?) —40% fitness Araki

et al. (2007)

2Under selection, either natural or artificial, change is driven by letting only
those individuals with the desired trait reproduce. At 90%, only 10% of the fish,
those having the highest percentage of beneficial genes, reproduce; at 10%, 90%
of fish reproduce, conserving almost all genetic variability. Araki et al. (2007)
used only one parent of hatchery origin.

and no difference in 2000 (133 returning fish). The authors
estimated a fitness decline of 40% after what was effectively
a half generation of hatchery influence, a much larger effect
than can typically be induced by even intense artificial selec-
tion (Table 2). Incorporation of this number into an ecological
adaptation model as above predicts a large and rapid collapse
of the population (McGinnity et al. 2004, Baskett et al. 2013;
Figure 1), prompting policy makers to curtail hatchery pro-
duction and invest in trying to keep hatchery fish destined for
harvest off the spawning grounds.

Following up on these studies, Courter et al. (2022) used a long-
term (1992-2010) dataset of Hood River winter steelhead to show
that the presence of hatchery fish had no persistent negative ef-
fect on wild fish abundance, but in most years nearly doubled
the number of fish in the river (Figure 2). Likewise, Jaeger and
Scheuerell (2023) studying returns on investment to hatcheries
and habitat restoration in the Columbia River basin between
1970 and 2020 found that steelhead, Chinook, coho and sockeye
salmon populations were significantly increasing, largely due to
constant levels of stocking hatchery fish.

Hess et al. (2012) and Janowitz-Koch et al. (2019) evaluated
the effects of a Chinook salmon supplementation programme
in Johnson Creek, Idaho and estimated the demographic and
phenotypic factors influencing fitness. Using methods similar
to Araki et al. (2007), but over a much longer period (19years:
1998-2016), these authors generated pedigrees from returning
adults to determine whether origin (hatchery or natural) or
phenotypic traits (timing of arrival to spawning grounds, body
length, and age) significantly predicted reproductive success
across multiple years. This supplementation programme with
100% natural-origin broodstock provided a long-term demo-
graphic boost to the population (mean of 4.6 times in the first
generation and mean of 2.5 times in the second generation).
Overall, when spawning in nature, hatchery-origin fish demon-
strated a trend towards lower reproductive success compared to
natural-origin fish, but when hatchery-origin fish successfully
spawned with natural-origin fish, they had similar reproductive
success compared to wild pairs (first-generation relative repro-
ductive success was 1.11 for females, 1.13 for males; second-
generation relative reproductive success was 1.03 for females,
1.08 for males).

Berejikian and Van Doornik (2018) conducted a 17-year before-
after-control-impact experiment to determine the effects of a cap-
tive rearing program for steelhead on a key indicator of natural
spawner abundance (redds). The supplemented population ex-
hibited a significant (2.6-fold) increase in redd abundance in the
generation following supplementation. Four non-supplemented
control populations monitored over the same period exhibited
stable or decreasing trends in redd abundance. Expected hetero-
zygosity in the supplemented population increased significantly.
Estimates of the effective number of breeders increased from a
harmonic mean of 24.4 in the generation before supplementa-
tion to 38.9 during supplementation. A smaller but significant
increase persisted after ending supplementation Berejikian
et al. (2025).

Exploring options for the reintroduction of Chinook salmon
above Cougar Dam on the McKenzie River, Dayan et al. (2024)
used genetic parentage analysis to compare the reproductive
success of three groups: hatchery origin fish, wild-born F; fish
from the same hatchery and naturally spawning salmon from
below the dam. F, offspring of naturally spawning hatchery
origin fish produced nearly as many adult offspring as natural
origin fish and 1.8 times more adult offspring than hatchery
spawned and reared fish. Thus, a single generation in the wild
increased fitness for the descendants of hatchery origin Chinook
salmon to match that of natural origin fish. Another finding
from this work is that the hatchery origin returning spawners
were smaller than wild spawned fish, a statistic that is rarely
reported, but essential to understanding the often over-riding
influence of maternal over genetic effects in survival (Heath
et al. 1999).

Research conducted in natural environments is expensive,
long-term, and fraught with scientists' inability to control
more than a few variables. Spatial and temporal fluctua-
tions in productivity and abundance confound assessments.
Consequently, studies are generally short-term, sample sizes
are small, and variances large. Overall, the literature on
salmon genetics and hatchery management reveals very high
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FIGURE2 | Number of hatchery juveniles planted into the Hood River (top), percentage of hatchery origin fish on the spawning grounds (pHOS;

middle) and spawner escapement of natural and hatchery-origin winter steelhead in the Hood River (bottom). Removal of the Powerdale Dam is

indicated by the dashed vertical line on the lower figure. Number of wild juveniles was unknown, but releases of 40,000-70,000 hatchery juveniles

had no measurable negative effect on wild run size (adapted from Courter et al. 2022, used with permission).

variability driven by instability of the ecosystems upon which
salmon depend. Ocean conditions vary over decadal cycles,
rivers and streams vary year to year, and regularly suffer cat-
astrophic run failures due to such factors as droughts, fires,
floods, and landslides (Leitriz 1970).

Generally speaking, genotypic changes that produce measur-
able differences in morphology take hundreds of generations
(Vollestad and Primmer 2019) and reproductive isolation takes
hundreds of thousands of generations (Momigliano et al. 2017).
That is not to say that adaptation has not occurred in Pacific

salmon. There are genetic signals of adaptation to migration
distance and timing (autumn vs. spring run) (Hecht et al. 2015;
Thompson et al. 2019), but no studies have identified geno-
types adaptive enough to create a run with characteristics that
would make it particularly well-suited to a specific stream. Ford
et al. (2008) found that natural selection in hatcheries and the
wild was significant and similar for weight and run timing in
coho, but not significant for other morphological characteristics.
For Chinook, even 100 generations—about 500years—span a
period during which few, if any, riverine habitats in the Pacific
Northwest have remained stable enough for long enough to
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foster specific adaptation (Netboy 1974). As a result of various
populations being in various states of decline and recovery, one
should expect to find what we see in the literature: short-term
(3-5years) studies showing more differences between hatchery
and wild fish than longer term (> 15years) studies.

The explanation generally given for inferior reproductive suc-
cess of hatchery born salmon is domestication selection, re-
lease of natural selection or outbreeding depression (c.f., Araki
et al. 2007). Survival in hatcheries is generally over 90%, so
meaningful selection is only occurring at the point of choosing
broodfish. Members of the genus Oncorhynchus tend to semel-
parity, so it is not possible to maintain broodfish under hatchery
conditions. Of North American Oncorhynchus, only rainbow
trout/steelhead (both O. mykiss) are completely iteroparous and
able to be maintained in hatcheries, but outside of trout farm-
ing for table-fish, broodstocks of these are held at low densi-
ties and only inadvertently selected. Only iteroparous Atlantic
salmon (Salmo salar) broodstocks have been held continuously
in hatcheries and purposefully domesticated in the classic sense
(c.f. Encyclopedia Britannica https://www.britannica.com/scien
ce/domestication). In semelparous Oncorhynchus, inadvertent
selection can happen only if the runs are segregated such that
broodstock are taken from returning hatchery fish where indi-
vidual families from reduced numbers of broodstock are over-
represented (Christie et al. 2012; Christie, French, et al. 2014),
and then only at very slow rates because selection pressure is
very low (Table 2). Although we have no heritability estimates
for natural fry survival in salmon reported in the literature, the
vast majority of early life history mortality in most species is ei-
ther developmental or random (Snyder et al. 2021). Natural egg
to fry mortality in Chinook and coho averages over 70% (Groot
and Margolis 1991). All natural selective pressures occurring
post-release affect hatchery and wild spawned fish equally, so
the window over which natural selection could differentially
occur is rather narrow.

The genus Oncorhynchus diverged from Salvelinus about 20
million years ago and the species we see today date from about
10 million years ago (Macqueen and Johnston 2014). Rainbow
trout/steelhead diverged from a common ancestor about 10 mil-
lion years ago and the Pacific salmons diverged from rainbow
trout/steelhead about 5 million years after that (Macqueen and
Johnston 2014). Natural selection applied over a sufficiently long
period to invoke lasting genotypic changes is probably not hap-
pening to any great extent within individual runs (Rougemont
et al. 2020), but mostly at the level of species and ecotype (au-
tumn vs. spring run) (Lansing 2017; Thompson et al. 2020).
The life history and, to a certain extent, size and appearance of
the various salmon reflect this. Pink (O. gorbuscha) and chum
(O. keta) characteristically inhabit short, steep rivers; Chinook
prefer long rivers; coho are more opportunistic but are most
common along medium size coastal rivers; sockeye (O. nerka)
inhabit river systems that include lakes. Beyond this level of
differentiation from the ancestral form, ecosystem variability is
likely too high and too frequent for genetic variability to evolve
into some alternative stable genotype.

Taken together, these observations suggest that an alternative
to ecological adaptation might be at play (Araki et al. 2007
on-line supplementary materials). Rather than incrementally

adapting to stable stream habitats, phenotypic plasticity (Fusco
and Minelli 2010) explains how Genotype X Environment (GXE)
interactions help animals instead adapt to environments that
are inherently unstable, such as those in stream ecosystems of
the Pacific Northwest (Hutchings 2011). In steelhead, for exam-
ple, numerous genes associated with fitness were up-regulated
in fish with a hatchery background (Christie et al. 2016). Rather
than targeting genes that make a fish more fit under stable condi-
tions, natural selection under a phenotypic plasticity model tar-
gets topologically associated domains that enable fish to detect
environmental conditions and respond in different ways accord-
ing to the situation (Vellestad and Primmer 2019; Stankowski
et al. 2024). Genetic diversity is still required for this response,
and best management practices in hatcheries need to ensure this
diversity (Bell et al. 2008), although perhaps not to the extent of
matching the wild genotype.

Molecular, mostly epigenetic, mechanisms behind plasticity
have been identified that compensate for both variable envi-
ronments and small N, resulting from population collapse or
founder effects: reversable CpG DNA methylation and micro
RNAs can switch genes on and off in response to environmen-
tal perturbation (Phillips 2008; Chomicki et al. 2024; Després
et al. 2024; Jabbur et al. 2024; Stankowski et al. 2024; Tian
et al. 2024) without the need for slow adaptation. Plasticity is
common in nature: plasticity in neurons is behind memory for-
mation and behavioural adaptation (Santoni et al. 2024; Akiki
et al. 2024; Mederos et al. 2025). Under a phenotypic plasticity
model, hatcheries that use best practices in the selection of
broodstock and juvenile rearing (c.f. Bell et al. 2008; Lorenzen
et al. 2010), including, where a genetically stable population
can be found, rearing from natal river broodstock for a maxi-
mum of one generation in the hatchery (Lorenzen et al. 2012;
Cowx et al. 2023), are not predicted to represent a threat to wild
salmon, consistent with observations from the field.

Plasticity is neither a new nor radical idea (Gould and
Eldredge 1977). Pioneering evolutionary geneticist Theodosius
Dobzhansky (1937), pointed out: “One must constantly keep in
mind the elementary consideration which is all too frequently
lost sight of in the writings of some biologists; what is inherited
in aliving being is not this or that morphological character, but a
definite norm of reaction to environmental stimuli.” GXE effects
have been empirically demonstrated under controlled condi-
tions in Atlantic salmon (Gonzalez et al. 2022) and among other
fishes (Dunham et al. 1990). Importantly, for policy and man-
agement, plasticity is commonly reversible (Koch et al. 2023;
Krabbe 2024).

3 | An Ecosystems Perspective

Many freshwater ecosystems of the Pacific Northwest are
heavily dependent on salmon abundance. In mature runs,
thousands of dead adult post-spawn salmon are commonly
the major source of nutrients for stream ecosystems. Juvenile
Chinook salmon and steelhead trout rapidly assimilate car-
casses of spawned out salmon, obtaining, respectively, up
to 25% and 57% of their nitrogen from carcasses (Kaylor
et al. 2019). Within 3weeks of carcass additions to streams
in the upper Columbia River basin, growth rates of juvenile
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Chinook and steelhead increased by 1.1-5 and 6-23 times, re-
spectively. Increased growth rates and body size in response
to carcass additions, coupled with a positive relationship be-
tween body size and survival, suggest that juvenile salmon
productivity and survival are limited by depressed returns
(Kaylor et al. 2019). Not just the salmon benefit from these
marine nutrients; between 25% and 90% of the nitrogen in
bones and fur of bears in the Columbia River Basin comes
from salmon (Montgomery 2004; Kaylor et al. 2019). Riparian
plant diversity is measurably influenced by the abundance of
salmon leaving marine-derived nutrients behind after dying
(Hocking and Reynolds 2011). In southeast Alaska, Sitka
spruce growing on salmon-bearing stream banks grew 3
times faster than other spruce trees, meaning that the large
logs needed to produce the best Chinook stream habitat can
grow in 100years instead of 300 (Montgomery 2004). Total
prenuptial mortality of salmon averages around 97% (Groot
and Margolis 1991), supporting a complex food web that in-
cludes many charismatic species such as eagles, bears, seals,
and orcas. Oke et al. (2020) in a study of the climate-induced
ecological impacts of reduced body length of Chinook (8.0%),
coho (3.3%), chum (2.4%), and sockeye (2.1%) since 2010, es-
timated average per-fish reductions in nutrient transport of
28%. Salmon are what are known in ecology as a foundational
species. As such, salmon habitat cannot be restored without
salmon, requiring multiple years of stocking, either natural
or artificial, to establish a run and explaining many failed at-
tempts to create salmon runs outside of their native range.

Unlike the debate over the adaptive value of particular salmon
genotypes, there is little argument about the futility of over-
stocking juvenile salmon into streams. While a short-term demo-
graphic boost is typical of hatchery supplementation, long-term
establishment of wild-spawning runs depends on there being ad-
equate spawning, nursing, growing and smolting habitat. Zabel
etal. (2006) modelled climate and life history variables and iden-
tified juvenile carrying capacity as the most important variable
in Chinook salmon population viability. Studying the effective-
ness of conservation hatcheries on the Hood Canal (Berejikian
et al. 2025) and in Idaho (Venditti et al. 2018) found that ecologi-
cal limiting factors to carrying capacity across salmon lifecycles
were the main constraints to increasing the number of wild-
spawning salmon post supplementation by a conservation hatch-
ery program. These ecosystems are partitioned into spawning,
nursing, growing and smolting habitats, any one of which can
be limiting (Venditti et al. 2018; Hinrichsen and Paulsen 2020),
and are shared among a number of salmon and other species,
competition among which can be bad for some or all at certain
stages of their life cycle (Jones et al. 2018). Accepted ecological
theory predicts that if fish populations that exceed some carry-
ing capacity that optimises both size and abundance don't crash
due to oxygen depletion, starvation or parasites, they will end
up having smaller average size than usual (Bigler et al. 1996).
There is no doubt that the carrying capacity of stream habitat in
Oregon has been seriously eroded by poor land use management
and depleted runs of nutrient-enriching salmon seed and car-
casses. Given that current runs are, in the best years, still <20%
of pre-industrial salmon abundance (Hume 1893; Meengs and
Lackey 2005) and spawning habitat has declined by 30%-70%
(Meengs and Lackey 2005; Lichatowich 2013), it is reasonable to

assume that salmon numbers in many waters could be signifi-
cantly boosted if hatchery fish were available to enrich both the
gene pool (Wilder et al. 2025) and the nutrient profile of salmon
nursing habitats.

Closing hatcheries and thus reducing the numbers of fish in
streams over some unknown number of years in hopes that
they might eventually rebound would degrade the entire eco-
system for a long time, perhaps forever. If closures and regular
environmental catastrophes, predicted to increase by all cli-
mate change models, reach a large enough number of adjacent
streams, straying will be reduced below the 5% needed to avoid
inbreeding depression and maintain genetic stability in the face
of drift (Fraser et al. 2007). Without influx of new genetic di-
versity, populations of less than 1000-4000 migrating fish per
year are likely to be in irreversible decline for both genetic and
ecological reasons (McElhany et al. 2000; Fraser et al. 2007;
Stokes and White 2014), and will gradually dwindle until some
catastrophic environmental accident wipes them out, along with
what remains of the plants, animals and home economies that
depend upon them.

Stream habitats in the Pacific Northwest are not stable, and
neither are salmon runs. The gravel essential to spawning suc-
cess comes from bank erosion and landslides that regularly de-
grade spawning habitats and/or block streams for long periods.
This gravel steadily moves downstream; a baseball-sized rock
can move up to 7km during heavy rains (Underwood 2012),
meaning that without another landslide, a large percentage of
the gravel essential for salmon spawning eventually washes out
to sea. It only takes 3years of blockage (for coho) or 5years (for
Chinook) for a run to be extirpated. The salmon need occasional
landslides that can destroy salmon runs. Salmon are adapted to
this Catch-22 situation.

To adapt to the wildly variable ecosystems in which they have
thrived for millions of years, salmon have evolved a complex life
history strategy: runs vary in timing, cohorts arrive serially on
spawning beds and 1/2 to 3/4 of a salmon population is at any
given time out at sea so that when some natural or manmade di-
saster erases the run in any particular year there is still a chance
that things will work out better the following year. Under a phe-
notypic plasticity model, the occurrence of jacks, precociously
spawning males, is an expected phenological response to abun-
dant food and high early growth rates, which is why hatchery
populations tend to produce more of them (Larsen et al. 2004).
Ford et al. (2012) evaluated a large three-generation pedigree
of an artificially supplemented population where hatchery fish
represented 50%-80% of the spring-run Chinook that spawn
in the Wenatchee River, Washington, and found that the fish
with the highest reproductive success in captivity produce early
maturing male offspring and that the percentage of these jacks
explained observed differences in the reproductive success of
wild versus hatchery fish. The evolutionary persistence of jacks,
their importance in bridging spawning years within a popula-
tion, the relatively high heritability of size at age, and the obser-
vation that females (for which size at age is more important to
reproductive success than for males) argue for a GXE regulated
phenotypic plasticity mechanism for maintaining jacks in a pop-
ulation (Hankin et al. 1993).
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4 | Conclusions

Pacific salmon have extremely high genetic variability due to a
whole genome duplication approximately 90 million years ago
(Rougemont et al. 2020), making them genetically flexible and
robust, designed to survive in the harsh environment of the
Pacific Northwest region of the United States. If we don't com-
pletely ruin their rivers and destroy the oceans, salmon will sur-
vive and could even thrive and restore wild runs. Without help,
however, that is unlikely to happen for a very long time. Stray
rates for wild fish are usually in the range of 4%-10% per gener-
ation (Groot and Margolis 1991). If the habitat is intact, a depop-
ulated stream might bounce back quickly if a strong population
of salmon resides close at hand (Fraser et al. 2007). That is not
the current state of affairs in many migratory salmon river sys-
tems. Under most climate change models, we are facing a future
of increased habitat variability, depopulated streams deprived of
spawning gravel and stripped of their nutrients by the absence
of salmon, and only small populations in a similar state of disre-
pair within straying distance. Poor survival upstream and con-
sequent low numbers of fish in a cohort tend to produce higher
stray rates away from the natal stream (Quinn and Fresh 1984),
putting small populations into a downward spiral. Hatcheries
practicing best management practice could replace degraded
spawning habitat so that the ‘close at hand’ population would
be a hatchery.

Given the complex life history of salmon and the natural and
anthropogenic changes to salmon habitat, there is no one-size
fits all stocking programme. In Oregon, the prevailing system
of managing Evolutionarily Significant Units for specific genetic
diversity and supposed ecological adaptation under the ESA is
neither restoring native runs nor improving fishing (Smith 2014;
Ford et al. 2025), the two pillars of the Oregon Department of
Fish and Wildlife (ODFW) mission. Supposedly wild runs of
Pacific salmon have been listed under the ESA for decades in
Oregon and elsewhere in California and the Pacific Northwest;
none have been delisted (Ford et al. 2025). Although evidence
for inbreeding in hatchery lines is scant (Christie, French,
et al. 2014), theory predicts that the practice of basing hatchery
release numbers on the Proportion of Hatchery Origin fish on
the Spawning grounds (pHOS) and obliging hatcheries to only
use for broodstock the descendants of hatchery fish so as to mi-
nimise gene flow is actually accentuating any minor differences
between wild and hatchery genotypes (Christie et al. 2012).
Discounting arguments that there are political/economic in-
centives to maintain ESA listing, it appears that the ecological
adaptation model needs rethinking. Recent research in evolu-
tionary biology argues that the basic assumptions that genetic
purity and high levels of dependence upon adaptive genes
aligned to a specific spawning location are not the dominant
driver of differentiation in salmon because of their complicated
life histories (Primmer 2011). Neutrality theory (Hughes 2008;
Galtier 2024) challenges the assumption that speciation in sal-
monids is adaptive and key to survival in variable and diverse
habitats. Anderson and Weir (2022) found that less than 10% of
speciation in vertebrates is driven by progressive evolutionary
adaptation to new environments. Similarly, Holstad et al. (2024)
found variation in genetic diversity explains only 12% of among-
species divergence. Data from field studies show high variability
among populations and between years, which is exactly what

one would expect from a group of species like Pacific salmon
that are adapted to violent environmental change.

Looking forward, predicted climate change adds further com-
plexity. Courter et al. (2022) identified ocean conditions that
force many of the local impacts of climate change as the main
driver of steelhead run variability on the Hood River. The
Sacramento, Klamath, and South Fork of the Umpqua have all
suffered increasing drought and climate variability. Thawing
permafrost is contaminating Alaskan rivers with toxic levels of
metal oxides (O'Donnell et al. 2024). Salmon populations with
no history of such environmental conditions are unlikely to har-
bour adaptations to them.

Evolution is not goal oriented. Natural selection works across
a maze of structural variability in both protein-coding DNA
(genes) and non-coding epigenetic DNA, some of which in-
fluences how, how many, and how much genes produce. In
an ecological adaptation model that assumes some ideal level
of specific adaptation to a particular spawning stream, small
populations are bound to end in genetic disaster unless the en-
vironment stays exactly the same as fish become increasingly
inbred when isolated from external geneflow. The small clear,
cool-water streams that wind through pristine forests are highly
variable, short-lived ecosystems and are not presently the same
as they were when salmon evolved and diversified. Research
from the field of evolutionary biology suggests that, rather than
a slow accumulation of adaptive genes, highly conserved pheno-
typic plasticity across all species and populations is an integral
and essential part of the salmon genome having evolved in re-
sponse to the ever-changing stream habitats that define riverine
ecology in the Pacific Northwest.

Salmon are adapted to ecosystems that have never stayed the
same for any appreciable length of evolutionary time. It only
takes a landslide, a fire, or a big tree falling over a small stream
to disrupt a run for years, and it only takes 3-5years of closure
in the cases of coho and Chinook salmon, respectively, for a
population over-adapted to a particular stream to be extirpated.
The current species of salmon evolved from some generic sal-
monid pre-genitor about 20 million years ago at the time when
tapirs, rhinos, and chalicotheres were being annihilated by
cascade mountain building and rivers were full of pyroclas-
tic mud. The last major glaciation, when the rivers of Alaska,
British Columbia, and Washington were frozen to their beds,
ended only 20,000years ago, but the salmon survived in refu-
gia and then re-expanded opportunistically as the ice melted
(Rougemont et al. 2020). Some species are specialists with nar-
row ecological niches and limited geographic ranges, while oth-
ers are generalists, feeding opportunistically and able to adapt to
change. Salmon appear to be an example of the latter.

The idea of a “wild” salmon genotype or wild salmon fisheries
in the Anthropocene is romantic and harkens to an Edenic na-
ture, but is largely impractical for many fisheries (Harrison and
Berseth 2024). Shouldn't there be more evidence that current
hatchery practices regarding genetic resource management are
harming wild populations? Why has ESA designation failed to
delist endangered salmon species (Ford et al. 2025)? After de-
cades of stocking, why do salmon reviews still write about ‘po-
tential harm’ and ‘possible negative impacts’ to wild salmon
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(Islam et al. 2022; Crowley et al. 2022, NPCC (Northwest Power
and Conservation Council) 2023)? Harrison and Berseth (2024)
advocate for rethinking the idea of a wild genotype in the face of
fluctuating environments and human-salmon interactions and
focus more on how hatcheries can support broader conserva-
tion and stewardship goals. For these broader and, in our opin-
ion better goals, numbers of salmon need to be increased and
hatcheries can play a role as long as they are not constrained by
unrealistic mandates to (i) create wild fish, or (ii) avoid having
hatchery fish breed with wild fish. Because of the diversity of
salmon fisheries, how a hatchery could meet these broader goals
will depend on context and the specific fishery, as well as good
science.

Much of the criticism of stocking has been based on short-term
studies that perceived any genetic difference between hatch-
ery and wild fish as harmful. Short-term studies should lead to
longer-term studies and monitoring actual impacts on a popula-
tion/fishery, not just changes in genotypes, especially in systems
as dynamic as the Pacific Northwest of the USA. Long-term
monitoring is one aspect of a precautionary approach (aka adap-
tive management) that is widely supported by the North Atlantic
Salmon Conservation Organisation (NASCO), the Convention
on Biological Diversity and other organisations. The Food and
Agriculture Organisation of the United Nations (FAO) described
elements of a precautionary approach that is action in the case
of uncertainty and calls for the establishment of (i) reference
points, that is, what is wanted, for example, an Ne of 500 for
hatchery broodstock, or what is not wanted, for example, in-
breeding above F=0.15; (ii) pre-agreed actions when reference
points are reached or breached, for example, change hatchery
protocols; and (iii) monitoring to assess progress towards the
agreed reference points and actions (FAO 1995). This interpre-
tation of the precautionary approach does not mean that just
because there is risk or uncertainty the action is to do nothing.
Hatcheries are one tool in recovering and maintaining salmon
populations. In some cases, it may be the wrong tool, but the
use of hatcheries should not be prohibited based on unrealistic
visions of salmon or unclear science.

In the modern world, a constituency of users is essential to the
survival of species and ecosystems (Harrison and Berseth 2024).
Birds overall have declined by some 29% since 1970, except for
waterfowl that are actively hunted and protected by hunter-
supported active management (Rosenberg et al. 2019). Globally,
examples abound of ecosystems supposedly protected by ex-
clusionary policies that have been lost or badly eroded (Barron
et al. 2022). Without taxpaying and voting users, management
and enforcement for wildlife is typically defunded, leaving
poachers and developers free to exploit natural resources as they
see fit.

Scepticism is an essential component of the scientific process.
Data that contradicts the prevailing theory should lead to a
re-evaluation of that theory. Based on the reasoning that: (1)
evidence from actual fish counts in the field over extended pe-
riods of time does not support models built on assumptions
of irremediable negative impacts of hatchery rearing, (2) the
naturally high ecosystem variability and the complex life his-
tories of salmon argue against an ecological adaptation model
of evolutionary significance, and (3) phenotypic plasticity

consistent with neutrality theory is increasingly supported
in new theoretical and empirical research, we suggest that
pathways to fishable wild salmon runs based on ecological
adaptation theory are not realistic given the extent of natural
ecological variability and the damage inflicted by economic
development in the 20th century and projected impacts of cli-
mate change. We further assert that the science behind the
current direction in salmon genetics and hatchery policy is not
settled, and fisheries research needs to acknowledge this un-
certainty and elaborate lines of study aimed at a new model of
salmon fitness and population genetics, especially in relation
to fisheries enhancement.
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