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1.  INTRODUCTION

Genetic interactions (i.e. hybridization) between
wild and escaped Atlantic salmon Salmo salar from
aquaculture operations have been documented
across the natural range of the species where the 2
co-occur (Glover et al. 2017, Keyser et al. 2018). Es-
caped farmed Atlantic salmon regularly occur in both
Europe and Atlantic Canada (Keyser et al. 2018,

Diserud et al. 2019, Glover et al. 2019) and have been
commonly found in rivers at distances of up to 200 km
from the nearest aquaculture site, although distant
occurrences at sea have also been reported (Hansen
et al. 1993, 1997, Hansen & Jacobsen 2003, Jensen et
al. 2013). As a consequence, hybridization between
wild and domestic salmon can be both spatially ex-
tensive and represent a significant proportion of a
population’s annual production (Glover et al. 2013,
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ABSTRACT: Genetic interactions (i.e. hybridization) between wild and escaped Atlantic salmon
Salmo salar from aquaculture operations have been widely documented, yet the ability to incorpo-
rate predictions of risk into aquaculture siting advice has been limited. Here we demonstrate a
model-based approach to assessing these potential genetic interactions using a salmon aquaculture
expansion scenario in southern Newfoundland as an example. We use an eco-genetic individual-
based Atlantic salmon model (IBSEM) parameterized for southern Newfoundland populations,
with regional environmental data and field-based estimates of survival, to explore how the pro-
portion of escapees relative to the size of wild populations could potentially influence genetic and
demographic changes in wild populations. Our simulations suggest that both demographic
decline and genetic change are predicted when the percentage of escapees in a river relative to
wild population size is equal to or exceeds 10% annually. The occurrence of escapees in southern
Newfoundland rivers under a proposed expansion scenario was predicted using river and site
locations and models of dispersal for early and late escapees. Model predictions of escapee disper-
sal suggest that under the proposed expansion scenario, the number of escapees is expected to
increase by 49% and the highest escapee concentrations will shift westward, consistent with the
location of proposed expansion (20 rivers total >10% escapees, max 24%). Our results identify
susceptible rivers and potential impacts predicted under the proposed aquaculture expansion sce-
nario and illustrate how model-based predictions of both escapee dispersal and genetic impacts
can be used to inform both aquaculture management decisions and wild salmon conservation.
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2017, Karlsson et al. 2016, Sylvester et al. 2018,
Wringe et al. 2018). Both experimental and field stud-
ies have demonstrated de creased survival of hybrids
in the wild (Fleming et al. 2000, McGinnity et al.
2003, Sylvester et al. 2019), and suggest that wild
population decline and genetic change are the likely
outcomes of hybridization and introgression (Hindar
et al. 2006, Castellani et al. 2015, 2018, Sylvester et al.
2019). As a result, genetic interactions with escaped
farmed salmon have been identified as a significant
threat to the persistence and stability of wild Atlantic
salmon populations (Forseth et al. 2017).

In Atlantic Canada, Atlantic salmon aquaculture
escapees (Morris et al. 2008, Keyser et al. 2018) and
hybridization with wild individuals have been ob -
served throughout the region (O’Reilly et al. 2006,
DFO 2018a, Sylvester et al. 2018, Wringe et al. 2018).
In particular, recent studies have documented wide-
spread hybridization between wild salmon and aqua-
culture escapees following a single escape event that
occurred in 2013 in southern Newfoundland (Wringe
et al. 2018). Model-based projections following this
escape event using cohort-based estimates of sur-
vival suggest negative impacts on population pro-
ductivity and genetic integrity (Sylvester et al. 2019).
These results are consistent with evidence of genetic
changes in wild Norwegian salmon populations,
which show levels of introgression as high as 47%
(Karlsson et al. 2016), reductions in productivity
(Fleming et al. 2000, Skaala et al. 2019), and changes
in key life history traits (Bolstad et al. 2017). In Atlan -
tic Canada, Atlantic salmon aquaculture ex pansion
has been proposed for several regions, in cluding
those with threatened or at-risk wild salmon popula-
tions. Salmon populations in the Bay of Fundy, east-
ern Nova Scotia, and southern Newfoundland have
been classified as threatened or endangered by the
Committee on The Status of Endangered Wildlife In
Canada (COSEWIC 2010), with many populations at
record lows of abundance (DFO 2018a, b, 2019).
Accordingly, there is a pressing need to develop
approaches to predict the genetic impacts of salmon
net-pen aquaculture on wild populations for use in
aquaculture management and spatial planning.

Model-based approaches to explore escape events
from net-pens and their impacts on wild populations
allow the opportunity to evaluate escape scenarios
and management decisions and are currently under
development for salmonids as well as other marine
species (e.g. Baskett et al. 2013). For Atlantic salmon,
several models of genetic and demographic interac-
tions among wild and farm escapees have been de -
veloped and applied, including OMEGA (ICF Inter-

national 2012), IBSEM (Castellani et al. 2015), and
that of Hindar et al. (2006). Of these, IBSEM, an indi-
vidual-based eco-genetic Atlantic salmon life history
model, has been most extensively used. Applications
include understanding how the proportion of
escapees scales with demographic and genetic im -
pacts in Norway (Castellani et al. 2015, 2018), how
natural straying may mitigate these impacts (Castel-
lani et al. 2018), and how varying the strength of
selection against offspring of aquaculture escapees
in the wild influences population outcomes (Sylvester
et al. 2019). In addition to these modeling efforts, a
recent study has modeled the escape, dispersal, and
survival of escapees from release sites to wild rivers
in Iceland (e.g. Johannsson et al. 2017). 

The combination of model-based estimates of im -
pact with empirical data provides an unprecedented
opportunity to inform management and policy deci-
sions related to genetic outcomes for populations af-
fected by escaped farmed Atlantic salmon. Conse-
quently, the goal of this study was to illustrate the
potential for model-based approaches to (1) predict
genetic and demographic change as a result of es-
capees under a proposed Atlantic salmon aquaculture
expansion scenario and (2) to contribute to aquacul-
ture siting and management decisions. Specifically,
the population impacts (i.e. demographic and genetic)
of farm escapees were examined using IBSEM, para-
meterized for southern Newfoundland populations
(Castellani et al. 2015, 2018). To further illustrate po-
tential applications to siting and risk assessment, we
modeled the distribution of escapees in the wild prior
to and following an aquaculture expansion scenario
in southern Newfoundland using a spatial model of
dispersal and survival recently implemented in Ice-
land (Johannsson et al. 2017). This study builds di-
rectly on modeling and empirical studies from across
Canada and Europe (Castellani et al. 2015, 2018,
Johannsson et al. 2017, Sylvester et al. 2019) and
demonstrates how consideration of genetic impacts of
escapees on wild salmon populations may be incor-
porated into management decisions.

2.  METHODS

2.1.  Individual-based modeling of direct
genetic impacts

Detailed modeling methods using IBSEM are de -
scribed in Castellani et al. (2015, 2018) and Sylvester
et al. (2019). IBSEM models wild population changes
in abundance, genotype, and individual size in
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response to the introduction of domesticated individ-
uals. The model considers the duration of invasion,
wild population size, number of invaders, environ-
mental conditions, individual size, and genotypic and
phenotypic differences between individuals of farm
and wild origin. Growth and survival are simulated
by stochastic processes that are influenced by geno-
type, fish size and age, water temperature, and pop-
ulation density at 3 life stages: embryo, juvenile, and
adult. Simulated loci are unlinked with possible
gamete recombination and random inheritance, and
have a range of influences on phenotype and there-
fore performance in the environment. The sum of the
genetic effects is linearly related to phenotype, such
that genotypic values approaching 1 are associated
with growth and survival rates typical of wild salmon,
and values approaching 0 are associated with rates
observed in farm escapees. Reproductive success of
farm escapees is reduced relative to wild salmon, and
the success of both is sex-specific, with female fertil-
ity dependent upon weight and male reproductive
success dependent upon length, with the possibility
of precocial sexual maturation as parr. A full list of
parameters representative of Newfoundland salmon
and environmental conditions in the region can be
found in Sylvester et al. (2019).

Simulations utilized estimates of feral fry and parr
survival calculated from genetic analysis of individ-
ual cohorts following an escape event in southern
Newfoundland in 2013 (Wringe et al. 2018, Sylvester
et al. 2019). These estimates of survival are lower
than most previous estimates of relative survival of
feral parr (McGinnity et al. 1997, Fleming et al. 2000,
McGinnity et al. 2003, Skaala et al. 2019), and in -
creasing survival in freshwater has been shown to
increase both genetic and demographic impacts (Syl -
vester et al. 2019). We simulated the population con-
sequences of invasion over a 50 yr period in a wild
population of 500 individuals with the proportion of
invaders varying from 0 to 100% of that of the wild
population annually. The model simulates the accu-
mulation of changes (i.e. allele frequency) over this
50-yr period resulting from both the continual influx
of escapees and any successfully returning hybrid or
escapee progeny. All models were run for 100 yr
prior to invasion to ensure model stability and for
100 yr after the 50-yr invasion period ceased. We
compared the change in combined adult population
abundance (both wild and escaped farmed fish) and
the sum of the genetic effects across the adult set of
genes included in the simulation to observe changes
in the genetic fitness of the population. For each iter-
ation, we calculated the adult population abundance

or allele frequency at the end of the invasion period
and compared this to the mean value (10 replicates)
for the no invasion scenario at the same time point.
We used the mean value for the zero-invasion sce-
nario instead of the initial starting value for the
respective scenarios because at this initial time point
(start of invasion period), farmed individuals are
introduced into the population and thus it does not
represent a baseline value.

2.2.  Propagule pressure

To explore the potential changes in genetic inter -
actions between wild and domestic salmon associated
with the proposed expansion scenario in Newfound-
land, we calculated propagule pressure following
Keyser et al. (2018) for both the existing and proposed
production regimes. Propagule pressure was calcu-
lated for each river using maximum stocking allow-
able at an aquaculture site (number of individuals,
see below), divided by the distance from the river to
that site (km), and summed across all aquaculture
sites. That is:

(1)

where Si,y represents an aquaculture site (i) in a given
year (y), R represents a given river, Fi,y is the number
of fish at site Si, and LCD represents the least-cost
distance function. This metric has been shown to cor-
relate with both the occurrence of escapees and ge-
netic interactions between wild and farm escapees in
Atlantic Canada (Keyser et al. 2018).

2.3.  Dispersal modeling of escapees

To model the distribution of farm escapees and to
allow scenario testing, we applied a simple dispersal
model that incorporates the best information on local
levels of production, rates of escape, survival, behav-
ior, environment, and size of wild populations. De -
tails on the dispersal model can be found in Johanns-
son et al. (2017), but a summary is included below.
Three main categories of data were considered. First,
the production data were considered and included
locations, biomass, size, age, and average proportion
of escapees per unit harvest. Second, geographic fac-
tors considered include distribution of rivers along
the coast, and any directionality of local currents.
Finally, the model included any existing life history
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data and behavioral differences between wild and
farmed salmon. Two independent models were used,
one for early escapees (i.e. smolts), and one for late
escapees (i.e. adults) to allow for differences in
behavior and survival among life stages. The model
was implemented in R (R Development Core Team
2016) with a web-based interface.

For this analysis, we focused on 76 rivers known to
have wild Atlantic salmon populations along the
south coast of Newfoundland, spanning the region
from Bear Cove Brook to Renews River (Fig. 1). This
region has been demonstrated previously to encom-
pass genetic impacts following escape events in the
region (Keyser et al. 2018, Wringe et al. 2018). As in-
formation is generally lacking on the size of wild pop-
ulations in the majority of these rivers (Porter et al.
1974, DFO 2013, 2018b), such estimates of population
size were derived using an established relationship
between river size and wild population size for New-
foundland following Wringe et al. (2018). River size
was calculated as axial length to complete obstruction
using data from Porter et al. (1974). However, as the
relationship derived by Wringe et al. (2018) is based
on habitat, the estimates may not reflect population
declines experienced over recent decades (COSEWIC
2010, DFO 2018b) and therefore may overestimate
the current population size and underestimate the
proportion of escapees. In the event of any error in
our initial parameters, the estimates of the proportion
of escapees would be more conservative than would
likely be the case in the field. Nonetheless, they rep-
resent the only available estimates of population size
for most of these systems.

Reported stocking, harvest information, and
licensed maximum stocking allowable from 2013 to

2017 were obtained for all existing aquaculture loca-
tions in southern Newfoundland from Aquaculture
Management of Fisheries and Oceans (C. Hendry
pers. comm.). For consistency among existing and
proposed sites, we used the maximum licensed
stocking numbers. Numbers of fish were converted
to harvest biomass using an individual fish weight of
3 kg, reducing by 25% to account for fallow periods
and the production/fallow cycle, and finally multi -
plying by 0.65, a ratio estimated from a comparison
of stocking and harvest that excludes sites with
catas trophic losses. The expected number of es -
capees per unit production is required to estimate
escapees in the environment. In the absence of an
extensive escapee monitoring program in southern
Newfoundland, we rely on Norwegian statistics of
annual production and escape events for the period
2009−2016 to estimate the expected number of
escapees per ton of fish production (www.fiskeridir.
no/ English/ Aquaculture/ Statistics). However, these
estimates of escapees have been shown to be an
underestimate (Skilbrei et al. 2015, Glover et al.
2017); therefore, they were adjusted following Skil-
brei et al. (2015) as per Johannsson et al. (2017). As a
result, the estimate is ~0.8 fish per ton of production,
but, given uncertainty in this value for Newfound-
land, extensive sensitivity analyses were conducted
to explore the effect of other values from 0.2 to 1.2.

The proportion of escapees that enter estuaries and
could ascend rivers was estimated to be 17% based
on Hamoutene et al. (2018), with correction for estuar-
ies without receivers. This calculation assumes all
 escapees detected in estuaries will enter adjacent
rivers, and although it is actually un known what pro-
portion of escapees in estuaries will enter rivers, es-
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Fig. 1. Southern Newfoundland rivers known to contain wild Atlantic salmon, existing aquaculture sites, and proposed expansion 
sites
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capees have been detected in rivers throughout the
region (Hamoutene et al. 2018, Keyser et al. 2018),
and 17% represents the best information at present.
The proportion of escapees that are reproductively
mature during freshwater entry has been estimated
for the Garnish system in southern Newfoundland
 (located on the east side of Fortune Bay) as 63%, cal-
culated using counting fence data for 2015−2017. This
is, however, based only on individuals phenotypically
identified as escapees (i.e. late escapees) at the count-
ing fence, and, as early escapees could be undetected,
this is likely an underestimate. Overall, based on the
best available data, we estimate that the proportion of
escapees that enter freshwater and mature is ~11%.
This is comparable to a value of 15% currently in use
in similar modeling exercises in Iceland (Johannsson
et al. 2017).

Two models of dispersal were calculated, one for
early escapees (i.e. smolts) and one for late escapees
(i.e. adults), and we assumed an equal split between
the 2 in absence of data on early escapees. The num-
ber of late escapees from a single site that arrive at
rivers (EG) was calculated using Eq. (2), where P is
aquaculture production, SG is the escapees per ton of
production, and M is the likelihood that an escapee
becomes sexually mature and enters freshwater. 

represents the time period (R) relative to the total 

time (T) in the cages that an individual could escape,
survive, and sexually mature. We estimated this ratio
at 0.66 as it is unlikely an escapee would survive be -
yond this time (i.e. 1 yr) in the wild (Hansen & Young-
son 2010, Hamoutene et al. 2018).

(2)

The total number of early escapees from a single
site that make it to local rivers was calculated using
Eq. (3), where Ss is the escapees per ton of production,
L represents the proportion of smolts that  survive at 

sea in the wild, and is the ratio of farmed to wild 

smolt survival.

(3)

At present, the marine survival (smolt to adult) of
Atlantic salmon in monitored rivers of Newfoundland
varies from ~4 to 8% (DFO 2018b); therefore, we set
a value of 6% for this exercise. The relative survival
of farm to wild smolts was set at 0.37 following Hin-
dar et al. (2006).

To simulate the dispersal of escapees from cage
sites to rivers, we used a Weibull distribution shaped

by 2 parameters, representing both the width and
the shape or skewness of the distribution. To estimate
the width of the distribution, or the distance escapees
may disperse along the coast, we used a combination
of experimental release data (Hamoutene et al.
2018), escapee recaptures (Keyser et al. 2018), and
genetic estimates of hybridization for Newfoundland
(Syl vester et al. 2018, Wringe et al. 2018). Similarly,
Morris et al. (2008) reported escaped farmed salmon
occurring in 56 of 62 Canadian rivers within 300 km
of aquaculture operations. We set a maximum dis-
tance at 200 km, which is smaller than used else-
where (i.e. Johannsson et al. 2017), but still larger
than both tagging and genetic indications of escapee
dispersal in southern Newfoundland. Modifying the
shape or skewness of the distribution can allow pro-
jections to account for the influence of ocean cur-
rents, which can influence distribution patterns
(Hansen & Youngson 2010). Ocean currents in the
region are largely wind-driven and predominately
from the northeast in winter and spring and south-
west in summer and fall. Recent tagging work
(Hamoutene et al. 2018) suggests no obvious east or
west bias in movements along the coast. Therefore,
we used a symmetrical distribution for the dispersal
of both early and late  escapees. See Johannsson et al.
(2017) for further details regarding the spatial disper-
sal model.

Sensitivity analyses were conducted by varying
several parameters separately and examining the re-
sultant number and distribution of escapees in rivers
under the proposed expansion scenario. First, the
number of escapees per unit harvest was varied from
0.2 to 1.2 fish per ton. Second, we varied the propor-
tion of early to late escapees from all early, equal pro-
portions of both, and all late escapees. Finally, we
varied the proportion of late escapees that mature
and enter rivers from 0.06, and 0.11, and 0.16.

3.  RESULTS

3.1.  Individual-based modeling of direct
genetic impacts

Individual-based model simulations allowed trends
in population abundance and allele frequency to be
examined in response to varying levels of invasion by
escaped farmed salmon. The annual levels of inva-
sion were varied from 0 to 100% of the size of the
wild population (500 individuals). All runs stabilized
near a wild population size of 500 individuals pre-
invasion and all levels of invasion ranging from 10 to
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100% displayed evidence of demographic decline
(Fig. 2) and genetic change (Fig. 3) in the wild popu-
lation. Overall, the magnitude of demographic de -
cline and genetic change increased with increasing
proportions of farm escapees present when com-
pared to the no invasion scenario (Fig. 4). The magni-
tude of demographic decline resulting from genetic
changes ranged from ~0% under no invasion to

~25% decline under 100% annual invasion (Figs. 2 &
4). The amount of genetic change predicted varied
from <1% to ~3% (Figs. 3 & 4). The time to recover
both population size and allele frequency once inva-
sion ceased increased with level of invasion and var-
ied from a few yr to 50+ yr (Figs. 3 & 4). Overall, the
simulations suggest that both demographic decline
and genetic change are predicted when the propor-
tion of escapees relative to wild population size
equals or exceeds 10% annually (Fig. 4). As such, a
threshold of 10% escapees relative to the wild popu-
lation of a given river was used as a threshold for
subsequent simulations, see below. Levels of inva-
sion between 1 and 9% were also examined but were

50

Fig. 2. Demographic changes over time during and follow-
ing 50 yr of invasion by escaped farmed salmon in southern
Newfoundland. All simulations were conducted using IB-
SEM; see Section 2 and Castellani et al. (2015, 2018),
Sylvester et al. (2019) for details. Horizontal dashed line
represents the smoothed line of the zero-invasion simula-
tion with 90% CI (grey shading); vertical dashed line repre-
sents the end of simulated invasion of escaped farmed
salmon. Solid blue lines represent the smoothed line of 10
replicates shown by the points. Smoothed lines were gener-
ated using the geom_smooth function in the R package gg

plot2 with the loess regression and a span of 0.5

Fig. 3. Changes in overall allele frequency over time during
and following 50 yr of invasion by escaped farmed salmon
in southern Newfoundland. Wild populations characterized
by an allele frequency of 1 and aquaculture populations an 

allele frequency of 0. See Fig. 2 for further details
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highly variable, displayed no consistent trend, and
largely did not differ from the zero-invasion scenario.

3.2.  Propagule pressure

Our calculation of propagule pressure under the
current magnitude and distribution of production
(Fig. 1) indicates that the areas of highest expected
propagule pressure are located at the head of For-

tune Bay (Fig. 5). Under the proposed expansion
scenario (Fig. 1), the areas of highest propagule
pressure are predicted to expand to the west and
include the Bay d’Espoir area (Fig. 5), where the
propagule pressure is expected to at least double
in 7 rivers.

3.3.  Dispersal modeling of escapees

Under the existing level and distribution of produc-
tion, the total number of escapees predicted to reach
rivers in southern Newfoundland is estimated at 1278
individuals annually. Under this regime, 19 rivers are
predicted to meet or exceed the 10% threshold, with
a maximum value of 15.6% (Fig. 6). Escapees are
predicted to occur in all but 11 rivers in Fortune Bay
and westwards, with numbers ranging from 1 to 150
es capees per river. Rivers characterized by the
largest percentage of escapees are concentrated in
Fortune Bay, as well as a few Bay d’Espoir rivers
(Fig. 6). Model predictions for the Garnish River sug-
gested 13 escapees annually, which is comparable to
the average of 6 escapees detected at the counting
fence during the summer months annually. 

Under the proposed expansion scenario, the total
number of escapees predicted to reach rivers was
estimated at 1915 individuals annually, which repre-
sented a 49% increase in the number of escapees
predicted in rivers along the coast (Fig. 6). Twenty
rivers were predicted to meet or exceed the 10%
threshold, with 8 rivers exceeding 20% escapees and
a maximum value of 24% (Fig. 6). Escapees were
predicted to occur in all but 8 rivers in Fortune Bay
and west, with numbers ranging from 1 to 275
escapees per river. Under the proposed expansion,
the rivers characterized by the largest number of
escapees shift to the head of Bay d’Espoir and to the
west (Fig. 6).

We explored the sensitivity of the model predictions
to changes in several key parameters. Research using
simulated escape events in Norway suggests the ac-
tual number of escapees per ton is likely between 0.4
and 0.8 (Skilbrei et al. 2015). We thus varied the num-
ber of escapees per ton of harvest from 0.2 to 1.2. The
total number of es capees doubled with each doubling
of the number of escapees per harvest (Fig. 7A). We
also examined how varying the proportion of late or
early escapees per ton influenced model predictions
(Fig. 7B). Interestingly, we observed a 2.75-fold in -
crease in the percentage of escapees predicted to oc-
cur when only late escapees are considered versus
early escapees, with estimates ranging from 2860

51

Fig. 4. (A) Magnitude of demographic decline and (B) ge-
netic change observed after 50 yr of invasion by escaped
farmed salmon into a wild population. Annual levels of inva-
sion vary from 0 to 100% of the wild population. Changes
were calculated by comparing each scenario (and iteration)
against the mean of the zero-invasion scenario at the end of
the invasion period. The box limits represent the third (75th
percentile) and first (25th percentile) quartile, with whiskers
showing the 1.5× interquartile range. The centre line within
boxes represents the median and the points outside the
boxes represent outliers. Each boxplot represents results 

based on 10 iterations for the scenario
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Fig. 5. Propagule pressure calculated following Keyser et al. (2018) for southern Newfoundland under (A,C) the existing production
regime and (B,C) the proposed expansion scenario. See Section 2 for details. (C) Rivers are arranged west to east along the x-axis
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(late only) to 970 escapees (early only). For the late
escapees only scenario, escapees were also distrib-
uted across more locations with higher percentages
of escapees compared with only early escapees

(Fig. 7B). Varying the proportion of late escapees re-
sulted in numbers of escapees in rivers ranging from
1265 to 2565 (Fig. 7C). However even under the low-
est probability examined (e.g. 0.06), 14 rivers were

53

Fig. 6. Predicted spatial distribution and relative percentage of escaped farmed salmon to wild salmon for southern New-
foundland under (A,C) the existing production regime and (B,C) the proposed expansion scenario. See Section 2 for details
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still predicted to exceed 10% escapees under the pro-
posed expansion scenario (Fig. 7C).

Modifying the maximum dispersal distance did not
significantly alter the number of escapees found in

rivers overall; only the distribution of escapees across
rivers (Fig. 8). At a maximum dispersal distance of
100 km, escapees were only predicted to occur in
21 rivers with a maximum percentage of 25.4% es-

54

Fig. 7. Predicted relative percentage of escaped farmed salmon to wild salmon in rivers of southern Newfoundland under the
proposed expansion scenario, varying (A) the number of escapees per unit harvest, (B) the proportion of early to late escapees,
and (C) the proportion of late escapees that mature and enter rivers. See Section 2 for details regarding simulations. Rivers are 

arranged west to east along the x-axis
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capees. At a maximum dispersal distance of 200 km,
escapees were predicted to occur in 29 rivers with a
maximum percentage of 23.3% escapees (Fig. 8). Fi-
nally, at a maximum dispersal distance of 300 km, es-
capees were predicted to occur in 37 rivers with a
maximum percentage of 19.6% escapees (Fig. 8).

4.  DISCUSSION

Genetic interactions between wild and escaped At-
lantic salmon have been documented both in Europe
(Glover et al. 2017) and North America (Bourret et al.
2011, Sylvester et al. 2018, Wringe et al. 2018) and
represent a significant threat to the persistence of
wild salmon populations where they occur (Forseth et
al. 2017). Nonetheless, the ability to incorporate pre-
dictions of risk into aquaculture siting advice and
management decisions has been limited to date. Our
goal was to demonstrate the utility of recently devel-
oped model-based approaches (e.g. Castellani et al.
2015, Johannsson et al. 2017) to predict potential ge-
netic interactions resulting from escapees using a
proposed site expansion scenario in southern New-
foundland as an example. Our individual-based sim-
ulations suggest that as the proportion of escapees
within a population increases beyond 10%, both pop-
ulation decline and genetic change are expected, and

thus allow an assessment of the risk various levels of
escapees pose to wild populations. Our analysis of
propagule pressure and simulations of escapee dis-
persal into southern Newfoundland rivers (estimated
population size ~22 000 individuals, COSEWIC 2010)
suggest increased numbers of escapees (49% or 1.5-
fold increase) and westward shifts in the predicted
distribution of escapees associated with the proposed
expansion scenario. Our results directly build on pre-
vious modeling and empirical studies (Hindar et al.
2006, Glover et al. 2017, Castellani et al. 2018, Keyser
et al. 2018, Sylvester et al. 2019) and directly il lustrate
how predictions of genetic impacts from aquaculture
site expansion can be used to inform management
decisions and salmon conservation.

4.1.  Individual-based model predictions of impact

Population impacts of hybridization with escaped
farmed salmon have been shown to vary (Glover et
al. 2017, Sylvester et al. 2018) and, as such, predict-
ing population responses to the presence of escaped
farmed salmon remains a challenge. Our individual-
based eco-genetic simulations suggest that demo-
graphic decline and genetic change are apparent
once the percentage of escapees in rivers equals or
ex ceeds 10%, and that the observed impacts in -
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Fig. 8. Predicted relative percentage of escaped farmed salmon to wild salmon in rivers of southern Newfoundland under the
proposed expansion scenario, varying the maximum dispersal distance for escapees. See Section 2 for details regarding simula-

tions. Rivers are arranged west to east along the x-axis
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crease with the proportion of escapees. These predic-
tions are consistent with empirical estimates of re -
duced aquaculture offspring survival (Fleming et al.
2000, McGinnity et al. 2003, Skaala et al. 2012,
Sylvester et al. 2019) and reductions in wild popula-
tion productivity resulting from hybridization with
farm escapees (Fleming et al. 2000, Castellani et al.
2018, Sylvester et al. 2019). For example, Fleming et
al. (2000) report a reduction of >30% in productivity
of a wild population experiencing hybridization. The
magnitude of the predicted demographic changes
observed here varied with the proportion of escapees
present in the river, but ranged from <10% to >50%
decline and were generally less than 30% for most
simulations over the modeled 50 yr period. The pre-
dicted genetic changes are consistent with both local
evidence of hybridization and introgression in the
region following escape events (Sylvester et al. 2018,
Wringe et al. 2018) and recent studies suggesting sig-
nificant changes to key life history traits due to intro-
gression (Bolstad et al. 2017, Skaala et al. 2019). As
these impacts scale with the proportion of escapees
present, the ultimate impact to wild populations
experiencing escapees may be significantly greater
in small or depressed populations and existing
empirical data support this hypothesis (Heino et al.
2015, Sylvester et al. 2018, Wringe et al. 2018).

A significant outcome of the individual-based mod-
eling is the prediction that genetic and demographic
impacts are likely when the proportion of escapees in
a river equals or exceeds 10%. Estimates of the pro-
portion of escapees occurring in rivers have been
used as a management or conservation tool elsewhere
and model predictions of population impacts of es-
capees can directly inform siting decisions and miti-
gation action. In Norway, extensive summer and au-
tumn surveys for escapees are used to estimate an
index of the proportion of escapees in rivers (Sven-
ning et al. 2017, Diserud et al. 2019, Glover et al.
2019). Based on these surveys, the incidence of es-
capees in rivers is designated as clearly above or be-
low 10% and used to prioritize rivers for mitigation
action such as the active removal of escapees (Glover
et al. 2019). Similarly, a recent risk assessment in Ice-
land opted for a 4% threshold for the proportion of es-
capees in rivers to provide a precautionary ap proach
to siting as the industry develops (Johannsson et al.
2017). These values are consistent with both levels of
straying in the wild (<10%, Stabell 1984, Thorstad et
al. 2010) and our observations here that demographic
and genetic change are likely when the percentage
of escapees equals or exceeds 10%. This value of
10% escapees relative to wild salmon provides a use-

ful metric against which to evaluate field detections
of escapees and predictions of future impact.

Ultimately, although the best available regional
data were used to parameterize the individual-based
model, improved empirical estimates of several key
parameters may improve these model predictions and
any subsequent management advice. The population-
specific life history and environmental data consid-
ered here were from the Conne River, which repre-
sents the best studied population/river in southern
Newfoundland. Although these data are likely repre-
sentative of the region, additional data from other
populations would allow regional variation in demog-
raphy, life history, and environmental features to be
considered in model predictions. Similarly, potential
key variables such as stage specific survival of aqua-
culture escapees and offspring have been shown to be
both spatially and temporally variable (Skaala et al.
2019). Moreover, recent work suggests that population
outcomes may be highly influenced by differences in
the survival of escapees and hybrids (Sylvester et al.
2019) as well as rates of straying among wild popula-
tions (Castellani et al. 2018). As such, further refine-
ment of empirical estimates of these interactions is
needed to improve predictions of population out-
comes. It is also worth noting that we did not vary the
level of invasion annually during the invasion period,
and although high annual rates of invasion (50−100%)
may be unlikely for large populations, many of the
populations under consideration here likely have
small population sizes (<100 adults returning annu-
ally) for which these levels of invasion seem possible.
Previous modeling studies have varied the levels of
invasion annually and reported contrasting results,
with either greater impacts from intermittent large es-
cape events (Hindar et al. 2006) or from low level con-
tinual invasion (Baskett et al. 2013).

4.2.  Predictions of escapee dispersal

Ultimately the magnitude and spatial extent of hy-
bridization between wild salmon and domestic es-
capees will be dependent on the number of escapees,
the scale of escapee dispersal in the wild, and the size
of wild populations. Our use of a simplified dispersal
kernel informed by all available data on escapee dis-
persal patterns suggests that under the existing distri-
bution of production in the region, the head of
Fortune Bay is likely to be characterized by the high-
est numbers of mature escapees entering rivers.
Under the proposed expansion plan, the number of
escapees is predicted to increase 1.5-fold (49%), and

56



Bradbury et al.: Modeling genetic impacts of salmon aquaculture

the area with the highest number of mature escapees
entering rivers will shift to the head of Bay d’Espoir.
This shift is entirely consistent with our estimates of
propagule pressure, the proposed increases in pro-
duction (~50%), and the shift in location of dominant
production to the area west of Fortune Bay. Although
field detections of aquaculture salmon indicate re-
gional as well as season- and size-specific dispersal
patterns (Morris et al. 2008, Keyser et al. 2018, Glover
et al. 2019), our model results are consistent with the
emerging consensus for escapees in Atlantic Canada,
suggesting they are usually found in rivers at moder-
ate to small distances (i.e. 10s to 100s km) from escape
locations (Morris et al. 2008, Keyser et al. 2018). These
observations are supported by experimental releases
conducted by Hamoutene et al. (2018) in southern
Newfoundland indicating maximum dispersal dis-
tances of 80 km, with most salmon remaining in the
embayment of release. Moreover, genetic identifica-
tion of hybrids following a single escape event in
southern Newfoundland detected first generation hy-
brids at distances of up to 100 km from the escape
event (Sylvester et al. 2018, 2019, Wringe et al. 2018).
Similarly, Morris et al. (2008) reported escaped
farmed salmon occurring in 56 of 62 mari time rivers
within 300 km of aquaculture operations.

When considering the predicted proportions of es-
capees to wild individuals, it is important to note that
there is uncertainty in both the estimates of predicted
escapees and the estimates of wild population size.
The estimates of escapees per unit production used
here are based on Norwegian statistics, and there is
uncertainty as to their applicability to Newfoundland.
Also, the estimates of wild population size used here
are the best currently available for many of the rivers
considered and are based on habitat- abundance asso-
ciations identified using a larger geographic area.
However, as stated above, these estimates may not
adequately reflect recent declines in population size
that have occurred in southern Newfoundland
(COSEWIC 2010, DFO 2013, 2018b). As such, our pre-
dictions of the proportions of escapees in wild popula-
tions may be underestimated in some instances, par-
ticularly in small populations. Im proved estimates of
wild population size and the presence of escapees for
rivers in the region would improve the assessment of
genetic and demographic risk. It is also noteworthy
that our predicted number of escapees at the Conne
River (located at the head of the Bay d’Espoir) under
the current production re gime significantly exceed
detections there to date based on the summer moni-
toring period. Although escapees and hybrids have
been detected in Conne River (Dempson et al. 2004,

Wringe et al. 2018), the proportions have generally
been low even following significant escape events.
The mechanism for this discrepancy is unknown at
this time, but it is possible that escapees are entering
the environment undetected, possibly at times outside
the limited monitoring period, are being diverted to
the adjacent rivers based on flow patterns in the area,
or are not surviving.

The dispersal kernels used in our simulations were
parameterized to provide predictions consistent with
detections of escapees at the Garnish River counting
fence, which is the only monitoring facility regularly
detecting escapees in the region. Simulating the
observed number of escapees at the Garnish River
re quired using a maximum dispersal distance of
200 km. However, this value exceeds existing empir-
ical estimates for the region, and therefore the model
may overestimate dispersal potential in some in -
stances. By comparison, our sensitivity analysis indi-
cated that reducing the maximum dispersal distance
to 100 km reduced the spatial scale of impact but
increased the number of escapees predicted to occur
in the Bay d’Espoir area under the proposed expan-
sion, with 7 rivers predicted to experience 25% es -
capees. Also, we assume the influence of ocean cur-
rents in the region on the shape of the dispersal
kernel is negligible. This assumption is consistent
with the dominance of wind-driven flow in the area
and existing tagging data of escapees in the region
(Hamoutene et al. 2018).

Examinations of the sensitivity of the spatial model
results were used to explore the influence of varying
several parameters, including the life stage of
escapees, the survival and maturity probability of
escapees, and the magnitude of escapees per unit
harvest produced. In all 3 cases, the number of pre-
dicted escapees increased with increased values for
these parameters. It is notable that in most scenarios
tested, the rivers in the Bay d’Espoir area were pre-
dicted to be characterized by >10% escapees under
the proposed expansion. Overall, our use of sensitiv-
ity analyses provides invaluable in sight into the
scope for uncertainty in our chosen parameters to in -
fluence predictions of impact and ultimately demon-
strates that our conclusions are generally robust to
changes in key parameters.

5.  CONCLUSIONS

Genetic impacts of escaped farmed salmon on wild
populations have been demonstrated in both Canada
and Europe (Glover et al. 2017), and escapees have
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been identified as an ongoing threat to the persistence
of wild salmon populations (Forseth et al. 2017). Our
individual-based population simulations suggest that
as the percentage of escapees within a population
equals or exceeds 10%, both demographic de cline
and genetic change are expected, and the magnitude
of these changes increases with increasing propor-
tions of escapees present. Model predictions of es-
capee dispersal under the examined ex pansion sce-
nario suggest increases and shifts in both the number
and distribution of escapees in southern Newfound-
land rivers, consistent with estimates of propagule
pressure. In future, spatial predictions could be im-
proved with data on escapees in the region, including
the number and distribution of escapees in the wild,
the proportion of early and late escapees that actually
enter freshwater, and the temporal occurrence of es-
cape events across the production cycle. Ultimately,
the approaches applied here allow the identification
of potential impacts predicted under aquaculture ex-
pansion and illustrate how model-based predictions
of escapee dispersal and genetic impacts can be used
to inform both aquaculture management decisions
and wild salmon conservation.
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