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The release of captive-bred animals into the wild is commonly practised to
restore or supplement wild populations but comes with a suite of ecological
and genetic consequences. Vast numbers of hatchery-reared fish are released
annually, ostensibly to restore/enhance wild populations or provide greater
angling returns. While previous studies have shown that captive-bred fish per-
form poorly in the wild relative to wild-bred conspecifics, few have measured
individual lifetime reproductive success (LRS) and how this affects population
productivity. Here, we analyse data on Atlantic salmon from an intensely
studied catchment into which varying numbers of captive-bred fish have
escaped/been released and potentially bred over several decades. Using amol-
ecular pedigree, we demonstrate that, on average, the LRS of captive-bred
individualswasonly36%that ofwild-bred individuals.AsignificantLRSdiffer-
ence remained after excluding individuals that left no surviving offspring, some
of which might have simply failed to spawn, consistent with transgenerational
effects on offspring survival. The annual productivity of the mixed population
(wild-bred plus captive-bred) was lower in years where captive-bred fish com-
prised a greater fraction of potential spawners. These results bolster previous
empirical and theoretical findings that intentional stocking, or non-intentional
escapees, threaten, rather than enhance, recipient natural populations.

1. Introduction
The active management of populations to mitigate against anthropogenic
change or increase opportunities for commercial or recreational exploitation
occurs for many species [1–3]. Wild population management often incorpor-
ates captive breeding programmes, where reintroduction after extirpation
[4,5] or supplementation of existing populations [6–8] are the conservation
goals. However, evidence suggests that the deliberate (stocking) or accidental
escape of captive-bred conspecifics may depress the productivity of wild
populations through ecological [9,10], genetic [11–18] or epigenetic
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mechanisms [19–21], as well as impacting other species [22],
thus raising questions regarding the viability of wild popu-
lations that experience inputs of captive-bred individuals.
Indeed, the lifetime fitness of released individuals relative
to wild individuals is rarely directly measured.

The release of captively bred salmonine fish has been prac-
tised for over 150 years for the purposes of reintroduction,
arresting population declines or providing increased opportu-
nities for commercial harvest or recreational angling [23]. ‘Sea
ranching’ refers to situations where captive-bred fish are
released as smolts (the life stage at which fish are physio-
logically ready to enter the marine environment) and then
captured on their return migration as adults, either in a fishery
or for use as broodstock for the next captive-bred generation.
Sea ranching programmes aim to recover all the fish released
into the wild as adults as part of either a commercial fishery
or an experimental scientific programme. This is in contrast
with ‘stocking’, where hatchery-produced fish may be
released as eggs, juveniles or smolts, and intentionally allowed
to spawn naturally in the wild once they have returned to the
rivers as adults. However, some ranched fish may be released
intentionally ormay escape inadvertently, thus affording them
the opportunity to spawn in the wild.

Salmonine fishes experience a severe survival bottleneck
in the wild, with average egg-to-smolt survival rates in Bur-
rishoole Atlantic salmon ranging from 0.3 to 1.1% [24]. By
contrast, the hatchery environment with its absence of preda-
tors, food ad libitum and disease prevention can lead to very
high cumulative survival of captive-bred fish. Therefore,
stocking and ranching can provide more fish for angling,
and/or increase commercial catches [25]. However, the inten-
tional stocking or inadvertent release of captive-bred fish into
the wild may threaten the long-term viability of recipient
wild populations [10,26], thus creating a vicious circle,
whereby artificial propagation increases the population’s
reliance on future interventions. In the past, captive-bred
fish were assumed to be ecologically equivalent to wild-
bred fish. However, mounting evidence (electronic sup-
plementary material, table S1) demonstrates that hatchery
fish have lower survival post-release, relative to wild-bred
fish [27–30] and are less likely to obtain and defend breeding
sites or mates [13,16,31–35]. The longer a given individual
spends in captivity, the more its phenotype diverges from
that of wild-bred fish, and hence the worse its performance
in the wild is expected to be, with a trade-off between
higher cumulative survival and reduced wild performance
post-release. Therefore, the numerical gains of stocking may
be marginal or even negative, which argues against stocking
even purely on demographic grounds [10,23,36–39]. The
inferior post-release survival and spawning behaviour of cap-
tively bred fish, coupled with negative demographic
consequences, raises two questions—does the poor perform-
ance of individual captive-bred fish translate into reduced
overall fitness for the captive-bred group relative to wild-
bred fish? If so, do spawning captive-bred fish affect popu-
lation productivity?

Any potential short-term demographic benefits of stock-
ing or ranching must be weighed against longer term
impacts owing to transgenerational carry-over effects
[20,26–28]. Experiments with Atlantic salmon Salmo salar
L. have shown that the parental hatchery environment can
affect the survivorship of wild-bred offspring [20], which
can occur via genetic responses to domestication selection
in captivity, or via non-genetic effects of the captive environ-
ment, including maternal effects and epigenetic inheritance.
Classic studies [13,14,16] on steelhead trout, Oncorhynchus
mykiss Walbaum, have demonstrated that even a few gener-
ations of captive-rearing can reduce the performance of
captive-bred individuals and their offspring in the wild via
genetic changes that occurred in captivity, even when brood-
stock were obtained from the local wild population [40,41].
Therefore, interbreeding between captive- and wild-bred
fish entails evolutionary risks for the wild population, as
introgression of ‘hatchery alleles’ can negatively affect the fit-
ness of hybrids in the wild, potentially depressing population
size or productivity [17].

Natural selection in the wild should select against wild-
bred individuals with high levels of captive ancestry [42],
which in turn should purge hatchery alleles. However, this
purging process would still incur a demographic cost to
the wild population [43], while continued influx of hatchery
fish would lead to further introgression and fitness
depression. We use lifetime reproductive success (LRS)
data from the Burrishoole catchment in Ireland to (i) com-
pare lifetime fitness in nature of wild- and captive-bred
Atlantic salmon that had the opportunity to spawn naturally
and (ii) quantify the resulting impacts on population pro-
ductivity of annual intrusions of captive-bred fish. We
then compare the LRS of captive-bred fish against that of
wild-bred fish to test the hypothesis that hatchery-induced
genetic or environmental effects reduced the fitness of cap-
tive-bred fish relative to wild-bred fish when both spawned
naturally in the wild. Finally, we use a density-corrected
measure of overall lifetime productivity (adult recruits per
adult spawner) to test the prediction that population pro-
ductivity is lower in years where captive-bred fish comprise
a greater fraction of the potential spawning population.
2. Methods
(a) Lifetime reproductive success data
An experimental ranching programme has operated in Bur-
rishoole since the 1960s, where captive-bred fish are tagged
and released as smolts. The ranching programme was estab-
lished using primarily local broodstock, but also with the
inclusion of non-local brood in the earlier years of the pro-
gramme. In the Burrishoole system (see [36]), the majority
(approx. 90%) of wild-bred fish migrate to sea at age 2+, a
little over 2 years after hatching with a small fraction (approx.
10%) migrating as either age 1+ or age 3+ juveniles. Similarly,
captive-bred individuals migrate at ages 1+ or 2+. Prior to
release, captive-bred fish are microtagged and their adipose
fin is clipped, so as to distinguish them from wild-bred fish
upon their return as adults. Microtagging refers to the pro-
cedure of injecting a coded wire tag (a length of magnetized
stainless steel wire 0.25 mm in diameter) into the nose of fish.
The majority of captive- and wild-bred fish return from the
ocean to breed after one full ‘sea-winter’ as so-called grilse,
with the remainder returning as multi-sea-winter (MSW)
fish [44]. Upon their return, captive-bred fish are either caught
in a rod fishery, retained as broodstock, released up the catch-
ment due to hatchery constraints or for enhancement/angling,
under the assumption that these fish are recaptured before
spawning. Most fish of both provenances return from the
ocean during May to September, but do not spawn until late
winter (November–January), with peak spawning in mid-
December. Fish that survive spawning return to the sea early
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in the following calendar year. Individual fish in our data that
did not display the conventional 2+-grilse life cycle had their
LRS appropriately indexed to the correct years across which
they spawned (see lines 280–693 in Code text file availa-
ble at http://data.marine.ie/geonetwork/srv/eng/catalog.
search#/metadata/ie.marine.data:dataset.4346).

A total trapping system on the catchment has allowed for
censusing and tissue sampling of all anadromous Burrishoole
salmon that were potential spawners. Trapped fish are
measured for fork-length, with scale samples taken for molecu-
lar parentage assignment and sexing. Whether a fish is caught
pre-spawning (i.e. in the upstream traps on their return from
the ocean) or post-spawning (i.e. in the downstream traps on
their migration back to the ocean) was also recorded. 94.21%
of wild-bred fish were tissue sampled as kelts in the down-
stream traps, while 94.74% of captive-bred fish were sampled
pre-spawning in the upstream traps. Captive- and wild-bred
salmon in Burrishoole have similar propensities for male preco-
ciality [45] so we do not believe their absence from our data
biases our estimates of relative reproductive success (RRS), as
our estimates of absolute LRS for each provenance are expected
to be equally biased by failing to account for mature male parr.
This trapping regime has allowed for the collection of annual
census data based on total counts, phenotypic and genetic
sampling of the potential anadromous wild-spawning popu-
lation (electronic supplementary material, table S2) which, in
combination with molecular parentage assignment, has facili-
tated the estimation of lifetime fitness for individual fish using
a molecular pedigree. See [46,47] for details of tissue sampling
procedures, identity and parentage analysis, sex determination
and pedigree reconstruction. Pedigree data available at [48].

The discrepancy in when each provenance was sampled
(upstream versus downstream) could bias LRS estimates down-
ward for wild-spawning, captive-bred fish, due to the higher
cumulative in-river mortality risk inflating their expected
number of zero LRS records relative to wild-bred parents. We
explored this by comparing non-zero LRS records between the
provenances. The mean LRS was still significantly lower for cap-
tive-bred relative to wild-bred fish, demonstrating that this
source of bias was not driving the main results (in qualitative
terms) from the analyses. See electronic supplementary material,
text S1 for further details.
(b) Productivity data
We estimated annual productivity of the population as the aver-
age contribution of adult offspring to the next generation by fish
that had an opportunity to breed in the wild (i.e. the combined
number of wild- and captive-bred potential spawners). To quan-
tify the total number of recruiting offspring produced by a
spawning cohort we assumed, for simplicity, that all wild-bred
fish smolted at age 2+ and then returned as adults after either
one or two winters at sea. Therefore, the total recruits produced
by spawning cohort t was estimated by summing the number of
wild-bred grilse returning in year t+4 and the number of wild-
bred MSW fish returning in year t+5. This was then divided by
the number of spawners (wild-bred + captive-bred) in year t, pro-
viding us with a ratio of adult recruits per spawner, giving us an
adult-to-adult productivity measure. We estimated productivity
for all years where complete life cycle data were available (43
years; 1970–2012). Since female MSW salmon and female grilse
differ in their fecundity [49], variation in the annual grilse :
MSW ratio could affect productivity if estimated using ova depo-
sition. To explore this, we calculated an alternative productivity
measure that involved ‘converting’ adults into eggs, using an
unpublished relationship between female length and fecundity
(Marine Institute 1992–2012, unpublished data; electronic sup-
plementary material, text S2).
(c) Relative reproductive success between provenances
Fitness, measured as LRS, was estimated by counting the
number of adult fish returning in subsequent years that could
be assigned genetically as offspring of a focal parent. Thus,
LRS was an individual-level analogue of our population-level
productivity (recruits per spawner) measure. RRS of each prove-
nance was then estimated for each spawning cohort by dividing
their arithmetic mean LRS by that of wild-bred fish. Thus, wild-
bred fish have an RRS value of 1 in any given spawning cohort,
and RRS values of less than 1 for captive-bred fish indicate lower
fitness compared to wild-bred fish. Parentage assignment errors
and incomplete sampling of parents and offspring were
accounted for as per [50], yielding an unbiased estimator of
RRS for each cohort (electronic supplementary material, table
S3). The method of [50] involved: (i) subtracting the number of
offspring successfully assigned back to a parent from the
number of offspring sampled; (ii) dividing this difference by
the total number of potential parents; (iii) multiplying by the
pedigree-derived assignment error, divided by one minus the
assignment error; and (iv) subtracting the result from the arith-
metic mean LRS. This was done separately for each
provenance, with the result being an unbiased estimate of the
mean LRS for both wild- and captive-bred salmon. Dividing cap-
tive-bred mean LRS by wild-bred mean LRS yielded the
unbiased RRS estimator. This allowed us to examine variation
in the RRS of captive-bred fish across six cohorts (1977, 1978,
1980, 1981, 1985 and 1989). Separate one-tailed permutation
tests were used to test for significant differences in the mean
LRS between captive- and wild-bred salmon for each of the six
cohorts. The permutation tests generated 1 000 000 estimates of
the difference in arithmetic mean LRS between captive- and
wild-bred fish. p-values for each test were calculated as the pro-
portion of the permuted samples greater than the observed
difference in the mean LRS between the provenances. One-
tailed tests were chosen as we had an a priori expectation for
lower LRS in captive-bred fish based on previous work
[13,14,16]. Permuting the difference between the mean LRS esti-
mates is mathematically equivalent to testing if the RRS of
captive-bred fish is different from one—one being the relative fit-
ness of wild-bred fish. To assess evidence for the hypothesis that,
across all cohorts, there was an overall pattern of captive-bred
salmon displaying lower LRS than wild-bred salmon, we com-
bined the p-values from each of the six permutation tests using
Fisher’s combined probability test (FCPT). FCPT relies on
taking the natural logarithms of the permuted p-values.
In cases where the permuted p-value was zero, we used the
‘independence_test’ function in the ‘coin’ R package to derive a
non-zero p-value for use in the FCPT [51,52]. When the permuted
and ‘coin’-derived p-values were on opposite sides of the arbi-
trary 0.05 significance threshold, the more conservative p-value
was chosen. This analytical pipeline was also used to assess evi-
dence for the hypothesis that captive-bred fish displayed lower
LRS than wild-bred fish when data were separated by sex.
Again, the sex-specific comparisons were done for each cohort
separately, as well across all cohorts. For overall provenance
and sex comparisons, the weighted geometric mean of relevant
cohort-specific RRS estimates was calculated.

Lower LRS in captive-bred fish relative to wild-bred could be
explained by reduced survival of their offspring in the wild due
to transgenerational effects of the hatchery on offspring pheno-
types [20] via genetic [41] or epigenetic inheritance [19].
However, captive-bred fish could simply have lower spawning
success [32] or, in the case of females, higher rates of egg reten-
tion [49]. If that were the case, one would expect that a higher
fraction of captive-bred fish would have an LRS equal to zero
due to never having spawned. We thus tested whether captive-
bred fish in our pedigree had a higher proportion of zero LRS
than wild-bred fish using the ‘prop.test’ function in R. Having
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Figure 1. (a) Overall and cohort-specific comparisons of RRS for captive- and wild-bred Atlantic salmon in the Burrishoole catchment, Ireland. Overall RRS com-
parison estimated as the weighted geometric mean of the six cohort point estimates. Significance of the overall comparison determined using FCPT, where Χ2 =
117.94 with 12 degrees of freedom. Significance of cohort-specific comparisons was determined using one-tailed permutation tests. Horizontal line for emphasis of
increase/decrease in reproductive success of captive-bred fish relative to wild-bred fish. Numbers on top of bars represent the number of captive-bred (left number)
salmon and wild-bred (right number) salmon used in cohort-specific comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. (b) Productivity of the mixed population as
a function of the annual proportion of potentially spawning fish that were captive-bred. The solid line represents the line-of-best fit from a linear model, and
shading represents the 95% confidence interval. (Online version in colour.)
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found a significantly higher proportion of zero LRS in captive-
bred fish (electronic supplementary material, text S3), we then
restricted our dataset to records where LRS > 0 and performed
a one-tailed permutation test as above. A significant difference
between captive-bred and wild-bred fish would be consistent
with transgenerational effects of the hatchery environment on
the survival of offspring of captive-bred parents. The fecundity
of captive-bred females is approximately 1.4 times that of wild-
bred females in the Burrishoole system, as captive-bred fish
have a higher number of smaller eggs per kilogram of maternal
bodyweight in comparison with wild-bred fish (Marine Institute
1970–2012, unpublished data). Thus, in the case of females, lower
LRS, having excluded the zeros, for captive-bred fish relative to
wild would be despite the fact that they can deposit more eggs
per capita. Finally, we estimated the reduction in the mean indi-
vidual LRS across the six cohorts relative to a hypothetical pure
wild-bred population, as the result of intrusions by captive-bred
fish. This was estimated by multiplying the number of captive-
bred fish in a given cohort by their estimated RRS that year,
doing the same for wild-bred fish, and then summing these
products across cohorts and dividing by the grand total of cap-
tive-bred and wild-bred fish. This result was then subtracted
from one and multiplied by 100 to give the percentage reduction
in the mean individual LRS in the mixed population in the
parental generation relative to a hypothetical pure population.
(d) Effect of intrusions of captive-bred fish on
population productivity

As a measure of hatchery intrusion, we used the proportion of
the total number of returning wild- and captive-bred adults
that had an opportunity to spawn in the wild, that were cap-
tive-bred. This figure ranged from 0.01 to 0.59. Population
productivity was calculated as recruits per spawner, as explained
above, with spawners indexed to year t, as per the hatchery influ-
ence measure. Regressing population productivity on proportion
captive-bred fish would be problematic as it ignores potential
density dependence, which can be strong in Atlantic salmon
[53,54]. We approximated annual population density by the
total annual return of fish, assuming the area of spawning and
rearing habitat within the catchment was relatively fixed across
years. While this density measure was only poorly correlated
with the annual proportion of captive-bred fish (Pearson’s corre-
lation: r = 0.056, t = 0.36, d.f. = 41, p = 0.72), failing to account for
density dependence could still obscure the relationship between
hatchery intrusion and population productivity. In fisheries
science, nonlinear productivity relationships are typically
assumed (e.g. Beverton–Holt or Ricker functions [55]). Rather
than choosing an arbitrary stock–recruit function, we instead fit
a generalized additive model (GAM) assuming Gaussian errors
using the ‘mgcv’ [56] R package, where the natural logarithm of
population productivity was regressed onto total annual num-
bers of fish that had the opportunity to spawn in the wild,
with the latter set as a smoothing term with nine knots (elec-
tronic supplementary material, figure S1). The residuals from
this model are equivalent to a density-corrected productivity
measure, as they represent a density-independent stock–recruit-
ment relationship. Using a linear model, we then regressed
these residuals against the proportion of captive-bred fish in a
spawning cohort, with the prediction that population pro-
ductivity would be lower in years of stronger hatchery
intrusion. This analysis was repeated using our alternative
‘ova-per-ovum’ productivity measure and proportion ova con-
tributed by captive-bred fish as the explanatory variable to
check that the results were robust to converting adults into
eggs (electronic supplementary material, text S2). Visual inspec-
tion of diagnostic plots showed that all model assumptions were
met (electronic supplementary material, figures S2 and S3). All
analyses were conducted in R version 3.6.1.
3. Results
One-tailed permutation tests revealed significantly reduced
LRS for captive-bred compared to wild-bred fish in all but
one of the six spawning cohorts (figure 1a and table 1).
FCPT revealed an overall effect of reduced RRS in captive-
bred fish across the six cohorts (FCPT: Χ2 = 117.94, d.f. = 12,
p < 0.001; figure 1a and table 1). For female-specific compari-
sons, captive-bred females displayed lower LRS than wild-



Table 1. Cohort- and sex-specific, and overall estimates of unbiased RRS for Atlantic salmon. For cohort- and sex-specific estimates, p-values were determined
by one-tailed permutation tests. For overall comparisons, RRS was estimated using the weighted geometric mean of cohort- or sex-specific estimates of RRS,
and a p-value determined using FCPT, assuming a Χ2-distibution with 12 degrees of freedom. Significant p-values in bold.

cohort

overall female male

RRS p-value RRS p-value RRS p-value

1977 1.54 0.76 0.21 0.14 20.92 0.99

1978 0.27 <0.001 0.15 <0.001 1.68 0.48

1980 0.10 <0.01 0.20 0.08 0.00 0.07

1981 0.15 <0.001 0.13 <0.001 0.17 <0.001

1985 0.41 <0.001 0.38 <0.001 0.42 <0.01

1989 0.61 <0.01 0.17 <0.001 1.28 0.72

overall 0.36 <0.001 0.30 <0.001 0.67 <0.001
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bred females in all six cohorts, with the reduction being sig-
nificant in four cohorts (electronic supplementary material,
figure S4). RRS of captive-bred females ranged from 0.13 to
0.38, with an average RRS of 0.30 (Χ2 = 107.67, d.f. = 12, p <
0.001; table 1). Captive-bred males displayed lower LRS
than wild-bred males in three of the six cohorts, with the
reduction being significant in two cohorts (electronic sup-
plementary material, figure S4). RRS of captive-bred males
ranged from 0 to 20.92, with an average RRS of 0.67 (FCPT:
Χ2 = 37.10, d.f. = 12, p < 0.001; table 1). Having excluded LRS
records equal to zero, captive-bred fish again displayed sig-
nificantly lower fitness relative to wild-bred fish (one-tailed
permutation test: RRS = 0.81, p < 0.001). The average
reduction in the mean LRS in the mixed population calcu-
lated across the six cohorts, compared with a theoretical
population of purely wild-bred fish, was 22.2%. We report
the variance in LRS for both provenances across all cohorts
in electronic supplementary material, table S4.

The population-level analysis revealed a significant nega-
tive relationship between our density-independent population
productivity measure and the proportion of captive-bred fish
in a spawning cohort (adjusted R2 = 0.11, F1,41 = 6.44, p-value =
0.015; figure 1b). Population productivity at the mean value of
the proportion captive-bred fish across the 43-year period (0.15)
was reduced, on average, by 9.78% (back-transformed from the
log scale), relative to a hypothetical pure population (pro-
portion captive-bred fish = 0). For the six cohorts where we
had LRS data, the mean captive-bred proportion was 0.19
and the reduction in population productivity was 12.4%. Simi-
lar results were found using our alternative ‘ova-per-ovum’
productivity measure.

4. Discussion
Numerous studies have consistently revealed the reduced
ability of captive-bred salmonines to survive and breed suc-
cessfully in the wild [7] (electronic supplementary material,
table S1), but few studies have been able to estimate the
lifetime contribution of captive-bred fish to subsequent gen-
erations relative to wild-bred fish. This information is vital
as it quantifies the net fitness impacts of captive-rearing at
the individual level, which in turn can inform population-
level analyses and eco-evolutionary modelling studies. We
demonstrate that captive-bred Atlantic salmon,
predominantly of local origin, that had the opportunity to
spawn in the wild exhibited lower LRS than wild-bred con-
specifics, that this fitness reduction was apparent for both
females and males and that the inferior performance of cap-
tive-bred fish depressed overall population productivity.
These findings mirror those of the steelhead trout studies
[13,14,16]. The steelhead studies were seminal as they pro-
vided some of the first multi-generational, pedigree-derived,
unbiased RRS estimates between wild-spawning captive-
and wild-bred fish. To the best of our knowledge, this has
not been shown before for any population of Atlantic
salmon. As such, our results have implications for ranching
and stocking programmes across the native range of Atlantic
salmon, where these practices are often used for either angling
gains, mitigation for dam-impounded rivers, or as a conserva-
tion strategy.

The significantly lower LRS of captive-bred compared to
wild-bred salmon remained after we excluded LRS records
equal to zero, consistent with transgenerational effects of
the hatchery environment on the survival of offspring pro-
duced by captive-bred parents. To further explore this, we
used our pedigree to estimate the LRS of wild-bred offspring
as a function of whether they had zero, one or two captive-
bred parents (electronic supplementary material, figure S5).
That is, we compared the mean number of grandchildren pro-
duced by captive-bred × captive-bred matings, captive-bred ×
wild-bred matings and wild-bred ×wild-bred matings across
the six cohorts. Statistical power was limited but we did find
a non-significant trend where wild-bred fish with either one
or two captive-bred parents had decreased LRS relative to
fish with two wild-bred parents (electronic supplementary
material, figure S5). This pattern is consistent with findings
in both steelhead [26] and Atlantic salmon [20] that demon-
strated transgenerational carry-over effects from the hatchery
environment. However, neither Evans et al. [20] nor our
study were able to disentangle if such transgenerational effects
reflect genetic or non-genetic inheritance. Studies on steelhead
[13,14,16,26] and brook trout [57] (Salvelinus fontinalis, Mitchill,
1814) show that one or two generations of captive-rearing are
sufficient to induce maladaptation in captive-bred fish, or
their descendants. This may reflect inadvertent domestication
selection, relaxed natural and sexual selection, or epigenetic
inheritance. While studies of salmonines are beginning to
reveal epigenetic effects of hatchery rearing [19,21], further
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study is required before generalizations can be made regarding
the relative importance of genetically versus epigenetically
mediated maladaptation.

In our study, we could only assign parents to offspring
that themselves survived to recruit as adults and in the
majority of cases (78.68%), only a single parent could be
assigned, owing to incomplete sampling of candidate
parents. For the minority of cases in which two parents
could be assigned, 28.68% involved captive-bred× captive-
bred matings, 20.59% involved captive-bred ×wild-bred mat-
ings and 50.74% involved wild-bred ×wild-bred matings.
The mean LRS of captive-bred × captive-bred pairs (n = 39)
was 0.26, for captive-bred × wild-bred pairs (n = 28) was
0.64, and for wild-bred ×wild-bred pairs was 0.57. These
numbers were too low to undertake meaningful statistical
analysis, but the pattern is consistent with transgenerational
effects of the hatchery environment on offspring survival,
with possible non-additive effects of parental provenance.

Previous studies of Burrishoole salmon [10,36] demon-
strated that increased captive-born intrusion depressed the
freshwater productivity of the overall population. A similar
result is known for Scottish salmon [58]. Our study goes
further, using recruits per spawner as a measure of pro-
ductivity. Crucially, this productivity measure incorporates
the marine life stage (lacking in [10] and [36]), which
accounts for potential provenance-specific variation in
marine survival. This facilitated meaningful comparison of
fitness across the entire life cycle. Given the higher fecundity
of captive- relative to wild-bred fish (Marine Institute 1970–
2012, unpublished data), it might be expected that larger
proportional intrusion from captive-bred fish would increase
the productivity of the mixed population. However, as this
study (as well as [10] and [36]) demonstrated, the opposite
response was observed. This was corroborated by our pedi-
gree-derived, individual-level, LRS data: we estimated a
reduction in mean LRS of 22.2% across the six cohorts for
the mixed population relative to a hypothetical pure wild-
bred population. One potential explanation is that in years
with more captive-bred fish—which are more fecund than
wild-bred fish—there are more initial fry in total and hence
there is stronger competition among offspring for feeding
territories and, hence, lower juvenile survival for both prove-
nances. However, our population-level analysis of
productivity accounted for density dependence [59] and
still found an effect of captive-bred intrusion, which implies
that either a higher fraction of captive-bred fish fail to spawn
successfully, or their offspring survive less well relative to the
offspring of wild-bred parents [53]. Tentative evidence for
the latter explanation was provided by our additional analy-
sis where LRS records of zero were excluded, and the
analysis of grand-offspring numbers presented in electronic
supplementary material, figure S5. Another potential route
for the intrusion of captive-bred genes into the wild popu-
lation is via a higher tolerance by captive-bred females to
matings with subdominant males [60].

Even if offspring of captive-bred fish are initially compe-
titively superior to offspring of wild-bred fish (as has been
found for wild-bred offspring of farmed salmon [61]), this
advantage is more than outweighed by processes that
reduce their overall survival. For example, captive-bred
females produce smaller eggs than wild-bred females, poten-
tially due to relaxed selection [60] that may be associated
with a correlated increase in egg number. In the wild, fry
emerging from smaller eggs are likely to suffer higher early
mortality [62,63], and hence this could contribute to the over-
all lower LRS of captive-bred fish. McGinnity et al. [10]
further speculated that various bio-energetic and phenologi-
cal mechanisms (e.g. winter energy use and timing of fry
swim-up) could lead to the offspring of captive-bred fish
having lower freshwater survival than offspring of wild-
bred fish. Additionally, the offspring of captive-bred fish
may perform less well during the smolt/oceanic life stage,
again, reducing population productivity. As stated earlier, a
potential source of bias in our data stems from the fact that
captive-bred fish were predominantly sampled as upstream
migrants, whereas wild-bred were predominantly sampled
as downstream migrants. While this may have impacted
our findings quantitatively, we believe our overall results to
be robust in qualitative terms to this potential source of
bias (electronic supplementary material, text S1).

In conclusion, our results bolster the consensus that cap-
tive-bred animals often have lower fitness in wild
environments than wild-bred conspecifics and their inter-
breeding can depress the productivity of the recipient
populations. This raises questions regarding whether sup-
plementation represents a viable mitigation strategy.
McGinnity et al. [10] found that, under projected future cli-
mate regimes, high levels of hatchery influence have the
potential to depress productivity to an extent that threatens
population persistence. Moreover, reductions in population
productivity may be accompanied by concomitant reductions
in effective population size and the loss of adaptive traits [64]
which negatively impacts long-term evolutionary potential.
Considering this, and given the scale with which Atlantic
salmon are subjected to stocking and ranching across their
range, there is the potential for wide-scale population
declines if stocking and ranching continue without due con-
sideration to what causes captive-bred fish or their
descendants to perform poorly relative to wild-bred fish.
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