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We report on the data from an extensive monitoring programme for the occurrence of escaped farmed Atlantic salmon (Salmo salar) in
Norwegian rivers for 25 years. This monitoring started as a 3-year research programme in 1989 and was followed by management authorities
to cover the proportional occurrence of escaped farmed Atlantic salmon in rivers during summer and autumn before spawning. Farmed
salmon were distinguished from wild salmon by growth patterns in the scales. More than 362 000 salmon were registered by this programme.
Here we present the historical data on escaped farmed salmon in catches 1989-2013 and a methodology for calculating averages across sum-
mer and autumn capture in rivers, across years and in regions, using weighted and unweighted observations. Catches of escaped farmed
salmon show large spatial and temporal variation, with the early 1990s and early 2000s being periods of large influxes of farmed fish. Western
Norway and parts of middle and northern Norway have shown particularly high incidences of escaped farmed fish. Because escaped farmed
Atlantic salmon are competing and interbreeding with wild Atlantic salmon, as well as increasing the spread of disease-causing agents, they
have become a major force driving the abundance and evolution of Atlantic salmon.

Keywords: aquaculture, Atlantic salmon, escaped farmed salmon, fisheries management, Salmo salar.

Introduction competitive interactions and interbreeding between escaped farmed

Increased production of farmed Atlantic salmon (Salmo salar)
worldwide and declining wild salmonid populations have caused
concerns that salmon aquaculture is a major driver of abundance
and viability of wild salmonid populations (Maitland, 1986;
Fleming et al., 2000; McGinnity et al, 2003; Ford and Myers, 2008;
Taranger et al, 2015; Forseth et al, 2017). One concern relates to

© International Council for the Exploration of the Sea 2019.

and wild Atlantic salmon, another to increased transmission rates of
fish disease agents (ICES, 2016). In this article, we analyse the results
of a 25-year monitoring programme (1989-2013) documenting
presence and proportion of escaped farmed salmon in catches from
wild Atlantic salmon populations in Norway, currently the world’s
largest producer of farmed and wild Atlantic salmon. An article in
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this issue (Glover et al, in 2019) describes the continuation of this
monitoring programme after 2014.

Escaped farmed Atlantic salmon were observed in the wild from
the mid-1980s and were registered in several Norwegian rivers on a
large scale from 1987 to 1988 (Gausen and Moen, 1991). A 3-year
research programme from 1989 organized reports of escaped
farmed Atlantic salmon caught along the coast and in the rivers
(Lund et al, 1991). The research programme was followed by
monitoring that prioritized registrations of escaped farmed salmon
in rivers, financed by the Directorate for Nature Management and
the Directorate of Fisheries. Escaped farmed salmon have over the
years been found throughout Norway in proportions varying from
0 to more than 80% of the salmon caught (Gausen and Moen,
1991; Fiske et al., 2001, 2006, 2014; Diserud et al, 2010, 2013;
Glover et al., 2017; Svenning et al., 2017). During the last 30 years,
escaped farmed salmon have also been found all around the North
Atlantic, as well as outside the native range of the species (referen-
ces in ICES, 2016; Glover et al., 2017).

Farmed salmon escape to the wild at all life stages, but particu-
larly after structural failures of marine net pens (ocean cages)
(Jensen et al., 2010). Escapes also occur during the daily operation
of fish farms, sea-lice treatment, and transport of fish to and from
marine fish farms. A smaller number of juvenile escapes have been
reported from land-based freshwater production facilities (Clifford
et al., 1998a). Escape events and the number of fish escaping are
reported to the Norwegian Directorate of Fisheries (http://www.fis
keridir.no/Akvakultur/Statistikk-akvakultur/Roemmingsstatistikk)
but some go unnoticed. Estimating the real number of escapes has
been attempted during three periods: 1989-1997 (Lund, 1998),
1998-2004 (Seegrov and Urdal, 2006), and 2005-2011 (Skilbrei et al.,
2015) and suggested that the true number of escapes are two to four
times as high as the reported numbers. The reported number of
farmed salmon escaping from fish farms has declined considerably
during the study period, and if we take the growth of the industry
into account and estimate the number of escaped farmed salmon per
tonne of biomass in fish farms, the rate of decline is substantial. New
official standards for technical equipment (Jensen et al., 2010) and
improved (reduced) handling of farmed salmon are likely causes of
the reduced number of escapes (Skilbrei et al., 2015).

Escaped farmed salmon can be distinguished from wild salmon
by external morphology (Fiske et al, 2005), growth patterns in
scales (Lund and Hansen, 1991; ICES, 2011), carotenoid pigments
(Lura and Seegrov, 1991), and fatty acid profiles (Thomas et al,
2008). Most differences result from differences in rearing environ-
ment and are primarily useful for identifying farmed escapes after
the smolt stage, as escapes would be hard to distinguish from inten-
tional releases of salmon juveniles (Fiske et al, 2005). Genetic
markers have been useful following fish from large escapes where
one or a few sources were possible (Crozier, 1993; Clifford et al.,
1998a, b; Glover, 2010), but a generic, genetic tool for distinguish-
ing escaped farmed from wild salmon has not been available until
recently (Karlsson et al, 2011). These single-nucleotide polymor-
phism (SNP) markers have been used to estimate introgression in a
large number of wild salmon populations in Norway (Glover et al.,
2013; Karlsson et al., 2016; Diserud et al.,, 2017), and to estimate
proportional farmed ancestry in individual wild salmon for under-
standing the fitness effects of introgression (Bolstad et al., 2017).

The goal of this study is to document the extensive time series
of escaped farmed salmon in Norwegian river catches from 1989
to 2013. We present the results of the longest continuous moni-
toring programme for escaped farmed Atlantic salmon. We devise
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methods for analysing data from various monitoring activities,
discuss some of the associated statistical challenges, and describe
temporal and spatial patterns of escapes in Norwegian rivers dur-
ing 1989-2013. We discuss our findings in light of the hypotheses
of salmon migration emerging from experimental releases of
farmed Atlantic salmon (Hansen, 2006).

An accompanying article by Glover et al. (2019) describes the
second generation of riverine monitoring of escaped farmed
salmon, made possible after 2014 by an enlarged grant from the
Norwegian Directorate of Fisheries. This new programme builds
on experiences during 25 years of monitoring described here but
expands the number of rivers and sampling methods.

Material and methods

Samples

The Norwegian Institute for Nature Research (NINA) has moni-
tored escaped farmed salmon in wild Norwegian Atlantic salmon
populations from 1989 to 2013, together with partner institutions
Rédgivende Biologer, the Norwegian Veterinary Institute, Uni
Research Environment, and the Natural Resources Institute
Finland (LUKE) for the two rivers shared between Norway and
Finland (River Tana/Teno, and River Neiden/Niitimo in
Norwegian/Finnish). These annual monitoring datasets have been
presented only in reports and publications in Norwegian (Lund,
1998; Fiske et al., 2001, 2014; Urdal, 2006; Diserud et al., 2010,
2013), except in publications by Lund et al. (1991), Fiske et al.
(2006) in Norway, and Erkinaro et al. (2010, 2018) for the Rivers
Tana and Neiden. The salmon were either caught in the regular
angling season during summer (June—August), or by various
methods during organized autumn fishing after the regular fish-
ing season (e.g. broodstock fishing).

Scales from 362616 salmon were analysed to determine their
origin, based on growth patterns (Fiske et al., 2005, and details
below), 304474 of these were from catches in the regular fishing
season in summer, and 58 142 were from autumn catches. Of
these, 26 079 were escaped farmed salmon, 13 595 caught in sum-
mer, and 12484 in autumn. Some samples were excluded due to
non-representative sampling, for example, in rivers where the
wild salmon population was unnaturally small from infestations
of the non-native parasite Gyrodactylus salaris (Johnsen and
Jensen, 1991), or from other causes, and in rivers where only es-
caped farmed salmon or only wild brood stock were targeted and
sampled. Samples with fewer than 20 fish for a given river and
year were excluded from the analyses.

Scale reading
The scales of Atlantic salmon record age and growth rate of fish
from juveniles start forming scales at ca. 40 mm length. Growth is
typically slow in fresh water and faster in sea water, is faster in
summer than in winter, and slows with age. The transition during
smoltification and outmigration into brackish and full sea water
is recorded as an abrupt increase in growth rate, and maturation
may be associated with increased growth rate during the early
stages of hormonal change. Spawning is recorded as reduced
growth rate and erosion of the edge of the scales (ICES, 2011).
Farmed salmon show a high growth rate throughout life. Their
scales do not show the seasonality of growth between summer
and winter nor an abrupt increase in growth during smoltifica-
tion (Fiske et al, 2005) due to a more constant food supply.
Farmed salmon scales may show arrests in growth rate because of
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treatments against parasites and pathogens. Scales may shed
when farmed (and hatchery-reared) fish are handled, leading to a
higher proportion of replacement scales than in wild salmon.
Scales formed late in life have a large central plate with no record
of earlier life. Escapes may stop growth at the time of escape from
captivity, as they commonly do not start feeding immediately af-
ter the escape (Fiske et al., 2005).

Scale readings, combined with assessments of external body
morphology, gill-cover erosion, and fin damage, were used to de-
termine if salmon were of farm origin, and thus estimate the pro-
portion of farmed escapees in the samples (Fiske et al., 2005).
When the origin assigned by scale reading and morphological as-
sessment differed, the origin of the fish was determined based on
the scale reading alone, but when origin could not be determined
conclusively from the scale reading, morphological assessment
was used to assign the sample. Summer samples represented a
proportion of the total catch in each river. Autumn scale samples
were obtained mainly from fish close to spawning caught by des-
ignated anglers after the sport angling season, but samples were
also obtained from fish caught by fish traps and nets. Most of the
fish judged to be wild salmon by the field personnel in the au-
tumn samples were released after the scale samples were taken or
were stripped for gametes to produce fish for stocking.

We used the following scale features (Figure 1) to distinguish be-
tween wild salmon and escaped farmed salmon (Fiske et al., 2005):

e Smolt size: Farmed fish larger than wild fish. Back calculations
using the assumption of direct proportions between scales and
fish length were performed when in doubt about origin

e Smolt age: Difficult to determine from farmed fish because of
more even growth pattern

e Transition from freshwater to saltwater: More diffuse in
farmed salmon

e Sea winter band: More clearly defined in wild salmon

o Summer checks (areas of narrow circuli within the summer
growth period): More checks in scales from farmed fish

e Replacement scales: More replacement scales in farmed fish,
however, this criterion has become less useful as less manual
handling of farmed fish is taking place

An index for the proportion of escaped farmed salmon

in the population

Samples of scales from tens of thousands of anglers in summer
cover more rivers and include more fish than autumn samples.

The analyses can underestimate the proportion of escapees in the
wild population as escaped farmed salmon often ascend rivers
later in the season than wild salmon (Hansen, 2006; Thorstad
et al., 2008; Erkinaro et al., 2010). Ideally, autumn samples better
represent the proportion of escaped farmed salmon in the wild
spawning population, as they are collected after most of the
salmon have arrived at the spawning grounds. However, autumn
samples can often give uncertain estimates due to small sample
sizes. Catchability can also differ between wild and escaped
farmed salmon, with farmed escapees more likely to bite late in
the season (Svenning et al., 2015).

A method using information from both summer and autumn
catches in one index was developed by Fiske et al. (2006) and
termed “incidence” or “annual percentage” (by Diserud et al,
2010; we use incidence hereafter). The “true” proportion likely
lies between summer and autumn estimates—but varies among
rivers and years, since the variation in the proportion of escapees
in catches depends on river characteristics and the spatiotemporal
distribution of escaped farmed fish in the sea. To normalize
observations and stabilize the variance we arcsine-square root
transform the proportion data, take the mean of the two trans-
formed proportions, and perform the inverse transformation to
obtain the incidence estimate. This approach standardized how
we treated mixtures of summer and/or autumn observations and
adjusted for seasonal variation. From a comparison of all rivers
and years with both summer and autumn sample proportions
(n=284), Fiske et al. (2006) developed equations to estimate in-
cidence from just one sample. This also made it possible to esti-
mate incidence when only the summer or the autumn sample
proportion was available. In this study, we recalibrated these
equations by including all samples with both summer and au-
tumn sample proportions collected 1989-2013 (n=535), except
samples considered non-representative or too small (n<20
salmon).

National and regional averages of the proportion of escaped
farmed salmon in wild salmon populations have been calculated
by two alternative methods. In the first, an average of the total
(national or regional) population proportion is calculated by pro-
portions unweighted by river, and in the second, proportions are
weighted by the total catch in a river (as a proxy for relative pop-
ulation size). Estimates of regional proportions can differ sub-
stantially between these weighting approaches, because larger
populations tend to have smaller estimated proportions of es-
caped farmed salmon and because escape proportions vary
among years and among rivers in a region. We followed the same

Figure 1. Scale from a one-sea winter wild salmon (left: ca. 1500 g and 540 mm) and from a farmed salmon that has spent its entire life in
captivity (right: 968 g, 448 mm). Note the more even growth pattern in the scale from the farmed salmon.
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regional partitioning of Norway as in Fiske et al. (2006). Records
from the south-eastern counties, from Ostfold to Vest-Agder,
were pooled into one region, because of limited aquaculture ac-
tivity. Each county from Rogaland to Finnmark was considered a
separate region. We used county configurations as they were in
2013 and do not consider the regional reforms currently being
implemented in Norway.

Uncertainties in estimation
Several factors led to uncertainties in the estimates, including
small sample sizes, potentially biased observations, misclassifica-
tions, measurement imprecision, and natural population variabil-
ity in space and time. Potential limitations and biases for the
sampling and estimation methods are discussed in Glover et al.
(2019). Quantification of uncertainties or correcting for errors
requires an understanding of error model structure and parame-
ters, knowledge that we rarely have. Nevertheless, management
decisions must be made and, if required, mitigating actions taken.
In Norway, the Directorate of Fisheries launched a system in
which actions to reduce the number of escaped farmed salmon in
a river should be planned when an incidence exceeds 10% and
should be contemplated if the incidence is between 4% and 10%
(https://www.fiskeridir.no/Akvakultur/Dokumenter/Hoeringer/
Hoeyring-om-fellesansvar-for-utfisking-av-roemt-oppdrettsfisk).
We briefly illustrate the magnitude of the “pure” random sam-
pling uncertainty, either as a binomial sampling process, when
population size is much larger than sample size, or as a hypergeo-
metric process for smaller populations relative to sample size. Even
with perfect representative sampling, certain classification of
salmon as farm or wild origin and no bias in the estimation of inci-
dence, the uncertainty in a proportion estimate will usually be sub-
stantial for small sample sizes that were used to limit the potential
harm to wild salmon populations. This is the unavoidable lower
threshold for uncertainty with a given sampling effort, an uncer-
tainty that fisheries and nature management agencies and the aqua-
culture industry have to accept as long as we sample only a part of
the population. Figure 2 shows the approximate 95% confidence
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intervals for the proportion estimates, as a function of the true pro-
portion, and sample and population sizes. Our illustrations were
set at the limits between the categories employed by Norwegian
management authorities (proportion p = 0.04 or 0.10), for evalu-
ating the influence of escaped farmed salmon on wild salmon pop-
ulations. Note that even at sample sizes approaching 1000 fish, the
95% confidence interval for the binomial sample proportion is ap-
proximately £0.02 around the point estimate.

Results

Observations were made in 225 Norwegian rivers for various
number of years over 25years from 1989 to 2013, for a total of
2038 river years (Supplementary Table S1). Scales from 362616
fish were analysed for origin based on growth patterns; of these
26 079 were categorized as escaped farmed salmon, giving a total
proportion across rivers, years and catch methods of 0.072.

In summer catches, 13595 of 304 474 (p=0.045) fish analysed
were categorized as escaped farmed salmon. We obtained 1331
estimates from summer samples that included 20 or more fish
from all rivers and years, with an unweighted mean proportion of
0.102 (SD = 0.173). In autumn catches, the overall proportion of
escaped farmed salmon was 0.215 (12484 of 58 142 fish). There
were 901 estimates from autumn samples with an unweighted
mean proportion of 0.206 (SD = 0.229).

The 11 Gyrodactylus-infected rivers, excluded from the analyses
because of small wild salmon population sizes, gave an overall
proportion of escaped farmed salmon across rivers, years, and
catch methods of 0.115 (675 of 5856 fish). The unweighted mean
proportion across samples was 0.140 (SD = 0.169). The propor-
tion of escaped farmed salmon was smaller in summer samples
from infected rivers (221 of 3555 fish, unweighted mean p =
0.098, SD = 0.142) than in autumn samples (454 of 2301 fish,
unweighted mean p = 0.225, SD = 0.266).

Incidence calculations

The incidence index for summer- or autumn-catch samples was es-
timated from the whole time-series from 1989 to 2013 (Figure 3).
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Figure 2. Approximate upper and lower bounds of the 95% confidence interval for the estimated sample proportions, shown as functions of
the true proportion p (0.04 in the left panel and 0.10 in right panel) and sample size n from 20 to 1000. Black lines show the bounds for the
binomial process, which assumes that the population size is much larger than the sample size; gray dashed lines show bounds for the
hypergeometric process where sample size n is always half the population size N, and the gray, solid lines give the bounds for population sizes

fixed at 50, 100, 500, or 1000 fish.
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Figure 3. Proportions of escaped farmed salmon in summer and
autumn samples from 535 paired observations in Norwegian rivers
(1989-2013) (correlation = 0.53). Proportions are arcsin-square-
root-transformed.

We fitted linear models to data of transformed proportions and
incidences to estimate the incidence index in cases where only
summer [Equation (1)] or autumn [Equation (2)] samples were
available:

arcsin (VIncidence) = 0.103 + 0.878 x arcsin (y/psum) (1)

arcsin(v/Incidence) = 0.046 + 0.685 X arcsin (y/Paut) (2)

where psum and pay: are the proportions of escapes in the summer
or autumn sample respectively. These recalibrated equations,
based on a larger dataset (n=>535 data pairs of summer and au-
tumn proportions in a river), were not significantly different
from the previous version (Diserud et al., 2010; all p-values >0.05
when testing difference of model coefficients), indicating no ma-
jor temporal changes in these relationships. The original inci-
dence equations (Fiske et al., 2006) were forced through the
origin, whereas the equations by Diserud et al. (2010) and
Equations (1) and (2) allowed intercepts different from 0. The
calculated incidence may, therefore, be larger than 0.0, even
though summer or autumn proportions are 0.0. The results for
both models were highly significant with R = 0.68 for the sum-
mer model of incidence (SEg adient = 0.026) and R? = 0.84 for the
autumn model of incidence (SEgradient = 0.013).

We obtained 1590 incidence estimates for all rivers and years,
based on either summer or autumn catches, or both
(Supplementary Table S1 and Figure S1) with a mean of 0.124
(SD = 0.147). Mean incidence from 1989 to 2013 was calculated
for 173 rivers that had at least one acceptable incidence estimate
(Supplementary Table S2).

Mean incidence for 107 rivers with 4 or more years with inci-
dence estimates was 0.124 (SD = 0.121), and the distribution was
skewed with median 0.092 (Figure 4).

Spatial variation in incidences of escaped farmed salmon
The largest mean incidence estimates of escaped farmed salmon
in Norwegian rivers were in western Norway (Figure 5). In the

Frequency

T T
0.0 0.2 0.4 0.6 0.8 1.0
Mean incidence

Figure 4. Mean incidences of escaped farmed salmon over the years
from 1989 to 2013, for 107 Norwegian rivers with four or more years
of representative samples. Bin width = 0.02.

County of Hordaland (HO), most of the rivers studied showed
long-term average incidences above 0.2, including rivers that re-
ceived special protection as national salmon rivers (Anon., 1999),
such as the Etne and Vosso rivers (ID-nos 041.Z and 062.Z in
Supplementary Table S2). In southeastern Norway (SE) and the
County of Finnmark (FI) in north-eastern Norway most of the
rivers showed low incidences of escaped farmed salmon—both
regions with low productions of farmed salmon during 1989-
2013. However, some rivers, such as the Glomma and Nidelva
rivers (ID-nos 002.Z and 019.Z in Supplementary Table S2)
showed incidences >0.2. The border river between Norway and
Finland, the Tana/Teno, which is likely to hold the world’s largest
production of wild Atlantic salmon, had a low incidence of es-
caped farmed salmon at 0.019 (ID-no. 234.Z, Supplementary
Table S2).

Contrasting high and low incidences were found in some
neighbouring rivers, and in all regions in Norway (Figure 5). A
notable example is the large River Namsen in North Trendelag
(NT) that showed a high incidence at 0.113 (ID-no. 139.7),
whereas three small rivers in the same fjord showed incidences
below 0.02 (ID-nos. 138.5Z, 138.6Z, and 138.Z in Supplementary
Table S2).

The HO was the region with the largest mean incidence of es-
caped farmed salmon (Table 1), measured both when all rivers
were given equal weight (Teq =0.291) and weighted by catch
(Tear = 0.298). These values are substantially larger than for the
region with the smallest mean incidence of escaped farmed
salmon in the FI with Iq = 0.062 and I, = 0.026.

National and regional temporal trends in incidences of
escaped farmed salmon
National trends in mean summer and autumn proportions of es-
caped farmed salmon demonstrated considerable temporal varia-
tion in catches over 1989-2013 (Figure 6). Here, the river
proportions were either unweighted (Figure 6, left panel) or by
catch size (Figure 6, right panel). The trend in the mean annual
incidence index is shown in red, for both weighted average
alternatives.

Unweighted mean proportions of escaped farmed salmon in
Norwegian rivers (Figure 6, left panel) were larger than summer
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Figure 5. Mean incidence of escaped farmed salmon in 107 Norwegian rivers 1989-2013. Means are only shown for rivers having incidence
data from four or more years during this period. SE, South East Norway; RO, Rogaland County; HO, Hordaland County; SF, Sogn og Fjordane
County; MR, Mare og Romsdal County; ST, South Trendelag; NT, North Trendelag; NO, Nordland County; TR, Troms County; Fl, Finnmark

County.
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proportions during the whole period, except for 2 years in the
early 2000s. In 2002 and 2003, fewer rivers were sampled and the
selection was biased toward the most affected regions Hordaland
and Sogn og Fjordane. Some of the smaller populations in west-
ern Norway had especially large proportions of escapes in the
2002 summer catches, as indicated in Figure 6 where
the unweighted annual mean has a large peak in 2002 while the
catch-weighted annual mean shows a much more moderate peak.
The weighted-by-catch mean proportions (right panel) showed
larger autumn proportions over the entire period. The weighted
means also showed a clear downward trend in autumn propor-
tions whereas the summer proportions remained less variable
over time. Both unweighted and weighted mean proportions—
and the incidence calculations for both methods of indicating
means—demonstrated that the late 1980s and early 1990s had
particularly large proportions of escaped farmed salmon in
Norwegian rivers.

Trend differences between the two weighted average alterna-
tives (Figure 6) indicated that we have a relationship between the
proportion or incidence of escapes and catch size in the rivers, as
shown in Supplementary Figure S2. However, large rivers may
still show large proportions of escaped farmed salmon (see e.g.
River Namsen in Supplementary Table S2 with annual details in
Supplementary Table S1), although the largest salmon river in

Table 1. Regional and national averages of incidence of escaped
farmed salmon in Norway (1989-2013).

Region ID Region name leq lcat
SE South East 0.095 0.061
RO Rogaland 0.094 0.064
HO Hordaland 0.291 0.298
SF Sogn og Fjordane 0.156 0.120
MR Meore og Romsdal 0.127 0.129
ST South Trendelag 0.075 0.055
NT North Trendelag 0.085 0.080
NO Nordland 0.102 0.083
TR Troms 0.178 0.109
FI Finnmark 0.062 0.026
Norway 0.126 0.103

Teq = equal weight for incidence estimates for all populations. Ic,c = weighted
incidence averages by catch as a proxy for population size.
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Norway showed low proportions (River Tana/Teno,
Supplementary Table S2).

Temporal trends by region (Supplementary Table S3 and
Figure S3) varied substantially among regions, partly because the
number of rivers sampled in a region was small for some years
and estimates of year-to-year variation depend on which rivers
were included.

We divided the 25-year period 1989-2013 into four sections,
each about one Atlantic salmon generation long (1989-1995,
1996-2001, 2002-2007, 2008-2013), to reduce some of the varia-
tion caused by small samples and to better illustrate any differ-
ence in regional trends (Figure 7). The western regions (Rogaland
RO, Hordaland HO, Sogn og Fjordane SF, and Mere og Romsdal
MR) all started with high incidence levels, with Hordaland (HO)
having by far the largest incidence. In the next two periods, con-
trasting trends indicated that Rogaland (RO) showed a strong re-
duction and Troms (TR) the largest increase in the incidences of
escaped farmed salmon. Troms remained the region with the sec-
ond largest incidence, whereas Rogaland remained among the
smallest incidence.

All regions, except South Trendelag (ST) and South East (SE),
showed a reduction in incidence during the last 6-year period of
this time series, 2007-2013 (Figure 7).

Discussion

Farming of Atlantic salmon was made possible through inven-
tions in the late 1960s and soon after emerged as a way of using
the coastline for large-scale production of animal protein (Glover
et al., 2017 and references therein). After a strong build-up of
production during the 1970s and 1980s and a demonstration that
it was possible to produce farmed salmon at an acceptable market
cost, fish farming was viewed as a relief to wild salmon popula-
tions, especially in oceanic, coastal and riverine areas with large
fisheries. In 1986, the first warning emerged that farmed salmon,
and in particular escaped farmed salmon, might constitute a
threat to wild salmon diversity and viability (Maitland, 1986).
This concern followed from genetic studies showing that natural
genetic diversity differed among populations of salmonid species
and that indiscriminate releases of cultured fish could represent a
threat to this diversity (Billingsley, 1981; Ryman, 1981).
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0.20
1

Proportion escapees

M
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Figure 6. National trends for summer proportion, autumn proportion and incidence of escaped farmed salmon in Norwegian rivers (1989—
2013). Left panel shows unweighted means, right panel means weighted by river catch.
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Figure 7. Mean incidence of escaped farmed salmon shown for all rivers, with equal weights, for time periods of 6 years which reflects

approximately one generation of wild Atlantic salmon.

In Norway, large number of escaped farmed salmon were
found in some rivers in the autumn of 1987-1988 during sam-
pling of wild salmon populations for the cryopreservation of
sperm (Gausen and Moen, 1991). A 3-year research programme
for sampling wild and escaped farmed salmon along the coast
and in rivers was established in 1989, and monitoring was later fi-
nanced by environmental and fisheries management authorities.
Detailed reporting of the number of salmon escaping began in
1993. During these first years of monitoring, two severe storms
during the New Year periods of 1988-1989 and 1991-1992 led to
extraordinarily large-scale escapes of farmed salmon. An inter-
governmental group estimated that about 1.6 million salmon es-
caped each year during the 4-year period (1989-1992) in Norway
(Lund, 1998). Such large escapes have not occurred since 1993,
even though farmed salmon production increased 10-fold over
the last 25 years. Official statistics show that farm production in
Norway has increased substantially, wild population sizes have
been reduced while the incidence has decreased, so the propor-
tion of farmed salmon produced that escape is now 100-fold less
than it was in the period leading up to 1993.

Spatial variation and national and regional temporal
trends

Escaped farmed salmon have, with few exceptions, been found in
all rivers at least once during the monitoring programme
(Supplementary Table S1). This supports the conclusion that

farmed salmon that escape from marine sites throughout the year
and at different life stages spread over vast areas. This has been
shown experimentally by controlled releases of farmed salmon
(Hansen, 2006; Hansen and Youngson, 2010; Skilbrei et al., 2015)
and by observations of escaped farmed salmon at sea, far away
from fish farming areas (Hansen et al., 1999; Jensen et al., 2013).

The largest proportion of escapes in Norway was recorded
early in the sampling period 1989-2013 and was likely associated
with large-scale escapes from net pens that were unable to with-
stand harsh weather conditions. Since then, both the handling of
fish and farming equipment have improved (Jensen et al, 2010)
to reduce the number of farmed salmon escaping despite an in-
crease in production.

Even though escaped farmed salmon can spread over vast areas,
the largest incidences of escaped farmed salmon occur in intensive
fish-farming areas (Fiske ef al., 2006; Ford and Myers, 2008), such
as in the County of Hordaland (Table 1, Figure 5) in other regions
of western Norway and in the County of Troms in the north.
Contrasts between incidences of escaped farmed salmon among
neighbouring streams must have other causes, such as the size of
the salmon population or the size of the river. This will be treated
in more detail in a later publication on factors explaining variation
in proportion of escaped farmed salmon and genetic introgression
in wild salmon populations.

In southernmost Norway, the last decades have seen a recovery
of wild salmon populations in formerly acidified rivers
(Hesthagen et al., 2011) and a concomitant reduction of escaped
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farmed salmon in our samples. This is most evident in the low-
incidence rivers in the southern part of the County of Rogaland
(RO) and the southernmost rivers in the SE region.

A monitoring programme ideally includes large representative
samples to be able to understand trends and verify the effects of
management actions meant to alleviate negative trends identified
by the programme. However, several practical constraints influ-
ence sampling design. Compared with wild salmon, escaped
farmed salmon enter rivers later (Lund et al., 1991), their spatial
distribution within a river differs (Moe et al., 2016), and they
may have different catchabilities (Svenning et al, 2015).
Inevitably, there also remains uncertainties from sampling ran-
domness. We know that escaped farmed salmon can successfully
reproduce in the rivers (Lura and Szgrov, 1991) and may in ex-
treme cases dominate spawning (Segrov et al., 1997). Genetic in-
trogression of escaped farmed salmon into wild salmon
populations has been demonstrated (Glover et al., 2013; Karlsson
et al, 2016), and statistically significant introgression was
detected in half of 175 populations studied in Norway (Diserud
et al., 2017). These 175 rivers represent more than 80% of
Norway’s wild salmon resource (measured as a percentage of the
total spawning target for Atlantic salmon). Moreover, changes in
sea age at maturity and body size and condition factor at which
spawners return for introgressed offspring occur on a large scale
(Bolstad et al., 2017). The concerns expressed by Maitland
(1986), Skaala et al. (1990), Hutchings (1991), and Waples (1991)
have come true (Glover et al., 2017), although not necessarily as
predicted. For example, there is considerable unexplained varia-
tion in the relationship between the estimated incidence of es-
caped farmed salmon in a given river over the last 25years and
the estimate of genetic introgression of farmed into wild salmon
in that river (Karlsson et al., 2016). It is clear, however, that con-
siderable introgression occurs even in some rivers with estimated
long-term proportions of escaped farmed salmon in the range
4%-10% (Fig. 4 in Karlsson et al, 2016). This could be due to
variable reproduction success of escaped farmed salmon in the
river in question, but also to offspring of escaped farmed salmon
straying from a neighbouring stream with higher influxes of
farmed salmon (Jonsson and Jonsson, 2017).

Averages and incidence

The goal of the monitoring programme established in 1989 was
to estimate the proportion of escaped farmed salmon in catches
where data were easily available. About 100000 anglers fish in
Norwegian rivers during June, July, and August—angling before
1 June and after 31 August is allowed in only a few rivers. The oc-
currence of escaped farmed salmon vary considerably temporally
and spatially even in the same river (Moe ef al., 2016) so that sea-
sonal variation must be accounted for in the collection of fish
scales from anglers along a river segment.

It was thought that sampling from the angler catch or wild-
salmon broodstock collection after August but before spawning
in October—-December would give more accurate estimates of the
proportion of escaped farmed salmon than sampling during the
summer angling season, because escaped farmed salmon ascend
rivers later in the season than wild salmon in most rivers and
years (Lund et al, 1991). Experience, however, shows this may
not be the case. Sample sizes are smaller later in the season, the
number of locations where salmon are captured is more limited,
escaped farmed salmon take artificial bait more readily than wild

salmon (Svenning ef al., 2015), and immature farmed escapes
may occasionally make up a large proportion of autumn samples
(Lund et al., 1992). We excluded the samples from calculations in
the cases where the aim of the fishery was to target only wild
salmon or only escaped farmed salmon.

Management, industry, and the public often want to know
what proportion of escaped farmed salmon in the wild are per-
missible. To answer this question with precision, the monitor-
ing and sampling programme design must address several
issues: (1) uncertainty in river arrival times for wild and es-
caped farmed salmon, (2) uncertainty in location in a river, (3)
representative sampling, and (4) the efficiency of the methods
used to discriminate between farmed and wild salmon. In the
Material and Methods section, we showed that even if we con-
sider only sampling uncertainty (binomial or hypergeometri-
cal) to estimate the proportion of escaped farmed salmon in
natural wild salmon populations, we are still left with consider-
able uncertainty about the true proportion. A precautionary
approach would be to use the upper confidence limit as out
limit for action, because of these uncertainties. An approach
that strives not to limit farmed salmon production might be
designed differently. We have chosen to focus on point esti-
mates in our recommendations to the management and sug-
gest limiting the proportion of escaped farmed salmon to the
average proportion of returning adult salmon straying to other
streams (4% in Stabell, 1984; 10% in Keefer and Caudill,
2014). This is in line with studies recommending low limits to
straying of hatchery-produced Pacific salmon (Grant, 1997).
Modelling studies show that 20% escaped farmed salmon
would lead to rapid reductions in wild ancestry (Hindar et al.,
2006). In Norway, the suggestion that 4% and 10% incidence
of escaped farmed salmon could be useful management action
points was adopted by Taranger et al. (2015) who proposed
that <4% incidence of escaped farmed salmon indicated a low
risk of genetic change, 4%-10% incidence indicated moderate
risk of genetic change, and >10% indicated high risk of genetic
change to wild populations.

Early observations of the distributions of escaped farmed
salmon showed that large proportions of escaped farmed
salmon were found near intensive fish-farming areas (Gausen
and Moen, 1991; see also Ford and Myers, 2008). The propor-
tion of escapes in catches have decreased through the period,
despite a large increase in farmed salmon production. There are
large regional differences in proportion of escapes, though,
where Hordaland stands out with the highest proportions dur-
ing the whole period. Hansen (2006) suggested that high pro-
portions in intensive fish-farming areas was a likely
consequence of farmed salmon escaping at the smolt or early
post-smolt stages tend to home to the coastal areas from which
they escaped. Farmed salmon escaping at later life stages show
no indication of homing behaviour and thus may disperse more
widely (Hansen, 2006). In this article, we show that a quite large
variation in proportion of escaped farmed salmon may exist
among neighbouring rivers (Figure 5). This suggests that char-
acteristics of rivers and their wild salmon populations modify
local variation in proportion of escapes.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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