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Abstract 

Each year thousands of farmed Atlantic salmon escape from seawater net pens, and introgression has been documented in a range 
of wild populations. Due to greater experience in the wild, escapees that have been on the run for a longer period, and successfully 
transitioned to a wild diet (classified: “early escapees”), could potentially have a higher spawning success and contribute more to in- 
trogression than those that have been on the run for a shorter period and/or have not transitioned to a wild diet (classified: “recent 
escapees”). This is the first study to examine how the escape history of farmed Atlantic salmon captured in multiple ri ver s and coastal 
fisheries, varies in time and space. During 2011–2021, adult farmed escaped salmon were captured in four ri ver s and at six coastal sites in 

Norway. The level of linoleic acid, a ter restrial fat ty acid high in commercial salmon feeds but low in the natural diet of wild salmon, was 
used to classify the farmed salmon as early or recent escapees. We observed temporal declines in the relative proportions of escaped 

vs. wild salmon in the catches, and the relative proportion of early vs. recent escapees in the most southern river (driven by samples 
from 2011 to 2015). Overall, 14% of the escaped salmon caught in the period were classified as early escapees. The relative proportion of 
early escapees was lower in the two southernmost ri ver s (21.2% and 6.30%), as compared to the coastal fisheries (40.9%) and the north- 
ernmost river (77.6%). Both aquaculture–management regulations and production strategies have likely influenced these observations. 

Keywords: salmon farming; aquaculture management; escaped farmed salmon; domestication; chemical markers; fatty acids; genetic introgression; Salmo salar ; 
environmental impacts; lipids 
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Introduction 

Farmed Atlantic salmon ( Salmo salar L.) escapees pose sev- 
eral threats to wild populations, with interbreeding with wild 

salmon being of the most concern (Forseth et al. 2017 , Glover 
et al. 2017 ). Farmed salmon represent a threat to the ge- 
netic integrity of wild salmon populations as they differ from 

their wild conspecifics in a broad range of traits (Glover et al.
2017 ). It is well-documented that escapees can spawn and pro- 
duce viable offspring in the wild (Sægrov et al. 1997 , Clif- 
ford et al. 1998 , Crozier 2000 , Glover et al. 2013 , Karls- 
son et al. 2016 ), and that introgression can have multiple 
impacts on recipient wild populations, including the reduc- 
tion of interpopulation genetic structure (Skaala et al. 2006 ,
Glover et al. 2013 ) and changing life history traits (Bol- 
stad et al. 2017 , 2021 , Besnier et al. 2022 ). The offspring 
of farmed salmon have also been shown to be more sus- 
ceptible to predation (Solberg et al. 2020 ), which may con- 
tribute to why they have been found to have higher lev- 
els of mortality compared to the progeny of wild salmon 

in the natural environment (Fleming et al. 2000 , McGin- 
nity et al. 2003 , Skaala et al. 2019 , Sylvester et al. 2019 ,
Wacker et al. 2021 ). Ultimately, any selection against pure 
farm or genetically introgressed individuals in wild popula- 
tions (Wringe et al. 2018 , Sylvester et al. 2019 , Wacker et al.
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
021 ) could lead to reduced productivity (Castellani et al.
018 ). 
A correlation has been found between the relative abun- 

ance of escapees in rivers and the level of introgression
Heino et al. 2015 , Karlsson et al. 2016 , Keyser et al. 2018 ,
iserud et al. 2022 ). However, these analyses do not explain
ll of the variance in introgression rates among rivers. One
f several factors, which has been suggested to contribute to
he observed patterns in interpopulation introgression rates 
rom farmed salmon is escapee acclimatization (Diserud et al.
022 ). While a lower spawning success has been demonstrated
n farmed as compared to wild salmon (Fleming et al. 1996 ,
000 ) it is possible that escapees, which escaped as smolts
r postsmolts and migrated to and from the oceanic feeding
rounds before entering a river to spawn, are better competi-
ors and have a higher spawning success than escapees that es-
aped from a farm more recently prior to entering a river. Vari-
tion in maturation status between escapees that have been 

n the run for an extended period of time and acclimatized
o the wild diet vs. those that have not acclimatized, has also
een documented (Madhun et al. 2023 ). Thus, a better under-
tanding of the escape history of farmed escapees and how this
aries in time and space, could potentially contribute toward 

lucidating the unexplained variation in introgression levels. 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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The total global farm production of Atlantic Salmon was
.7 million tonnes in 2020 (FAO 2022 ), with Norway be-
ng the largest producer at 1.39 million tonnes (Norwegian
irectorate of Fisheries 2023 ). The standard method of pro-
ucing farmed salmon in Norway involves rearing them from
molt to market size in open net pens in the marine environ-
ent. These net pens are prone to unintentional release of
sh, following small- or large-scale escape events, including
nobserved drip effect of fish into the environment. Between
011 and 2021, 1.73 million farmed salmon were reported to
ave escaped from salmon farms in Norway (Norwegian Di-
ectorate of Fisheries 2022 ). There has been an overall decline
n the reported number of escapees in recent years, despite
 simultaneous increase in production. This decline has been
inked to the implementation of the Norwegian technical stan-
ard NS9415 for sea-based fish farms in 2004 (Jensen et al.
010 ). However, the reported numbers of escapees are hard to
uantify (Norwegian Directorate of Fisheries 2022 ) as escape
vents may be unreported or undetected by fish farmers (Skil-
rei and Wennevik 2006 , Glover 2010 , Zhang et al. 2013 ).
uring the period 2005–2011, 2.89 million farmed salmon
ere reported to have escaped, while the actual number was

stimated to be 2–4 times higher (Skilbrei et al. 2015a ). Fur-
hermore, the deviation between reported and estimated num-
ers were probably largest for salmon escaping shortly after
arine transfer as smolts as opposed to fish escaping later in

he production cycle (Skilbrei et al. 2015a ). In particular, the
oss of smolts and postsmolts escaping through cages with too
arge mesh sizes (Harboe and Skulstad 2013 ) are likely to go
nreported, as they are difficult to detect. 
Farmed salmon escapees can be distinguished from wild

almon through scale reading (Lund et al. 1991 ) and from
ther morphological traits such as spotting patterns (Jør-
ensen et al. 2018 ). Relatively recently, a fatty acid (FA)-based
ethod was developed to characterize escapees in relation

o those escaping early during the aquaculture production
ycle and had converted to a natural marine diet (classified
s “early escapes” by Skilbrei et al. 2015b ) vs. those that had
scaped later in the production cycle and/or had not tran-
itioned to a marine diet (classified as “recent escapees” by
kilbrei et al. 2015b ). The FA method is based upon detecting
he presence of high levels of linoleic acid, a terrestrial FA,
ypically found in commercial aquaculture feeds. Levels of
his terrestrial FA have increased in commercial feed in recent
ears (Aas et al. 2019 , 2022 ). In the present study, we further
alidate the FA method in two controlled experiments, and
hereafter, used it to investigate the escape history of > 900
dult farmed salmon captured in four rivers and six coastal
sheries in Norway during the period 2011–2021. Finally,
egional variation in the relative proportion of early escapees
as investigated up against regional variation in out-of-

eason smolt transfer (here defined as smolts transferred to
ea between August and March), a production strategy, i.e.
ssociated with reduced survival post escape, as compared to
n-season smolt transfer (Skilbrei 2013 ). 

aterials and methods 

ampling 

uring the period 2011–2021, a total of 947 adult farmed es-
apees and 1442 wild Atlantic salmon were sampled in four
ivers (Vestre Jakobselv, Namsen, Etne, and Suldal) and from
ix coastal fishing stations in Norway ( Fig. 1 ). T issue (adipose
n or muscle tissue) and scales were sampled from all fish,
nd weight and length were measured. All tissue samples were
hipped frozen to the Institute of Marine Research in Bergen
t the end of the fishing season and stored at −80 

◦C until FA
nalysis could be carried out. Scales were read by a skilled lab-
ratory technician in order to separate the salmon into farmed
scapees and wild salmon as in Lund et al. (1991) . The salmon
ere further divided into wild, early escapees, intermediate es-

apees, and recent escapees based on a combination of scale
eadings and FA profiling. These groups are hereafter referred
o as salmon group(s). 

alidation of the time-since-escape methodology I: 
he feed experiment 

A profiles obtained from a feed experiment executed at Ma-
re Research Station (IMR), Western Norway, were used as
 quality control to account for potential changes in level of
inoleic acid (18:2n-6) in feed since the start of this project
n 2011. The experimental protocol (permit number 20211)
as approved by the Norwegian Animal Research Author-

ty and performed according to the Norwegian Animal Wel-
are Act. All personnel involved in the experiment had train-
ng approved by the Norwegian Food Safety Authority, as
andated by the Animal Welfare Act. Adult salmon were

ither given a standard commercial grow-out ( N = 18) or
roodstock feed ( N = 36) during the marine rearing (as a
easure of level of linoleic acid to be expected in recent es-

apees). The two feeds were included, as the brood stock feed
s expected to be higher in marine FAs. Sampling took place
hroughout the course of the study from January 2020 to June
021 ( Supplementary Table S1 ); the fish were terminated prior
o sampling at an average weight of 7.76 kg (range: 2.04–
5.1 kg). 

alidation of the time-since-escape methodology II: 
he hatchery-release experiment 

molts used in this study was part of a large-scale release ex-
eriment ( ∼20 000 individuals) and were from wild-origin
roodfish collected in the river Etne, Western Norway. Smolts
ere produced following standard aquaculture protocols at

he IMR research station in Matre (Solberg et al. 2013 ). Smolts
ere PIT-tagged prior to being released at the mouth of the

iver Etne in May 2018 and 2019. Returning adult salmon
ere captured by a fish trap in the river in 2020 [1 sea winter

SW), N = 10] and 2021 (2 SW, N = 10). Muscle tissue for FA
nalysis was collected from these released fish, both from 20
molts prior to release (as a measure of level of linoleic acid in
molts prior to sea transfer) and from 20 adults upon return
s detailed above (as a measure of level of linoleic acid to be
xpected in smolt escapees after one or two years on a natural
iet, i.e. early escapees). The experiment was approved (per-
it number 14503) by the Norwegian Food Safety Authority,

s mandated by the Animal Welfare Act. 

A analysis 

dipose fin or muscle tissue was used for FA profiling of the
ody fat store triacylglycerol (TAG) following the recommen-
ations from Olsen et al. (2013) . Lipids were extracted us-
ng the Hara method (Hara and Radin 1978 ) with the mod-
fications of extraction and HPLC separation methods de-
cribed in Madhun et al. (2017) . The TAG fraction was methy-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad184#supplementary-data
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Figure 1. Map of Norw a y sho wing sampling locations. T he sites of collection v aried betw een y ears; Vestre J ak obselv (20 12–20 19), coastal fisheries 
(2012 and 2020), Namsen (2018–2021), Etne (2014–2021), and Suldal (2011–2015, 2018–2019, and 2021). 

 

 

T
t
s
s  

f  

s  

r  

f  

O  

c  

l
s

R

I  

o  

t  

o  

6  

d
d

S

S  

(  

(
g  

a
i
2  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/81/1/119/7456025 by TYKS-Kirurginen sairaala user on 08 M
arch 2024
lated, the resulting FA methyl esters (FAME) were extracted 

with hexane before being analyzed on a HP-7890A gas chro- 
matograph (Agilent, USA) with a flame-ionization detector 
(GC-FID) as previously described in Meier et al. ( 2006 ). The 
chromatograms were integrated using the software OpenLab 

EXChrom (Agilent Technologies, USA). The method can dis- 
tinguish between 97 different FAs that are identified based 

on a comparison of retention time with standard mixtures 
of FAME, retention index card, and mass spectrum library 
(GC-MS; http://www.chrombox.org ). Data are presented as 
FA profiles (% of total FAs). FAs were standardized across the 
different years and study sites, with only the FAs, which were 
common for all samples being kept. Subsequently, only the 51 

FAs, which had a mean value above 0.2% within at least one 
of the salmon groups in one of the study sites were chosen. The 
adult farmed escapees, as confirmed by scale reading, were 
further divided into early, intermediate, and recent farmed es- 
capes based on the percentage of the terrestrial FA 18:2n-6 

as described in Skilbrei et al. (2015b) : escapees with < 2.5% 

were classified as early escapees (fully transitioned to the ma- 
rine diet), escapees with 2.5%–7% were classified as interme- 
diate (transition to a marine diet initiated but not completed) 
and escapees with > 7% were classified as recent (FA profile 
still reflecting the commercial aquaculture diet). 

Data on the commercial use of out-of-season smolt 

To investigate the potential association between regional 
aquaculture practices and the relative proportion of early vs.
late escapees observed in rivers, we collected data on the use of 
out-of-season-smolts vs. in-seasons smolts (see Skilbrei 2013 ).
hese data were transformed into the proportion of smolt 
ransferred per month per county annually. The season for 
molt migration from rivers differs between the north and 

outh but was here defined as April through July. Smolts trans-
erred during the rest of the year were defined as out-of-season
molts. These data were downloaded from the Norwegian Di-
ectorate of Fisheries and included the number of smolt trans-
erred to net pens per month per county from 2011 to 2019.
nly the counties where rivers from the current study are lo-

ated, as well as the national average, were included; i.e. Roga-
and and Agder (Suldal), Hordaland (Etne), Trøndelag (Nam- 
en), and Finnmark (Vestre Jakobselv). 

emoval of outliers 

ndividuals with a condition factor smaller than 0.6 ( N = 20)
r larger than 1.8 ( N = 9) were removed from the data set. A
otal of three wild individuals were grouped as recent ( N = 1)
r intermediate ( N = 2) escapees due to high levels of 18:2n-
. These individuals were removed from the data set, as the
iscrepancies between scale reading and their FA profiles in- 
icated a human error in data registration. 

tatistical analysis 

tatistical analyses were performed using R version 4.0.0.
R Core Team 2020 ). Graphics were produced with ggplot2
Wickham 2011 ) in combination with the following packages: 
rid , gridExtra (Auguie 2017 ), ggpubr (Kassambara 2020 ),
nd factoextra (Kassambara and Mundt, 2020 ). General- 
zed linear models (GLM) were plotted using sjPlot (Lüdecke 
021 ). Model fitting was done using the packages lme4 (Bates

http://www.chrombox.org
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Figure 2. The proportion of escaped salmon from 2011 to 2021 in the 
studied riv ers. T he model sho ws the e xpected v alue (solid line) as well as 
the 95% confidence interval (shaded area) and which years the different 
locations were sampled (dots). 
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t al. 2014 ) and lmerTest (Kunzetsova et al. 2017 ). Mu-
In was used for model selection (Barto ́n 2022 ) and em-
eans (Lenth 2021 ) was used for pairwise comparisons. Addi-

ionally, the packages stringr (Wickham 2019 ), and tidyv er se
Wickham et al. 2019 ) were used for data manipulation. 

odels 

he effect of area and year on the proportion of (i) escaped rel-
tive to wild salmon and (ii) early relative to recent escapees in
he sample sets, was investigated using binomial GLMs with
n area-by-year interaction term. Intermediate escapees were
xcluded from analysis ii since few individuals fell into this
ategory. Due to the low sample size escapees collected in the
iver Namsen were excluded from analysis (ii). Principal com-
onent analysis (PCA) was performed, including all individu-
ls with FA data, using the function PCA from FactoMineR
Lê et al. 2008 ) and visualized as a biplot using the package
actoextra (Kassambara and Mundt, 2020 ). The spatial and
emporal use of out-of-season smolt in commercial produc-
ion was investigated using a linear model (lm) with county
nd year as the predictors, and also including a county-by-
ear interaction term. 

odel selection and validation 

he models were assessed using the second-order Akaike In-
ormation Criterion (AICc). Model selection was done us-
ng backward selection through the package MuMIn (Barto ́n
022 ). The best model was defined to be the model with
he lowest AICc score. Due to the principle of parsimony,
he simplest model was chosen if the AICc scores were < 2
part. The linear model was validated by checking for pat-
erns in the residuals, in respect of the predicted values.
he significance of the predictor variables and interactions

n the GLMs were investigated using ANOVA with a chi-
quare test. Pairwise comparisons within the groups were
erformed using a Tukey’s post hoc HSD test in emmeans
Lenth 2021 ). 

esults 

verall proportion of escapees in ri ver s and coastal
sheries 

he overall proportion of escapees observed in the rivers and
oastal fisheries studied here declined in the period 2011–
021 (GLM: year, P < .0001; Fig. 2 ). Differences in the
roportion of escapees were detected among sampling ar-
as (GLM: area, P < .0001; Fig. 2 ), and although most ar-
as included in this study have experienced a decline in the
roportion of escapees, there were individual differences be-
ween them in the degree of the decline (GLM; area-by-year,
 < .0001). A stronger decline was detected in the samples

rom Suldal than in the other areas (all pairwise comparisons
 < .05), except for Namsen where there is a small increase in

he more limited dataset (2018–2021, a total of five escapees,
airwise comparison P > .1). 

alidation of the time-of-escape methodology 

 PCA in respect of all salmon groups, including farmed fish
n grow-out feed and broodstock feed (from the feed experi-
ent) and released smolt and recaptured adult salmon (from

he hatchery-smolt release experiment), was fitted to identify
he main differences in the FA profile of salmon with aqua-
ulture and wild diets ( Fig. 3 ). PC1 explained 49.8% of the
ariation among the individuals and identified the terrestrial
As 18:2n-6, 18:1n-9, and 20:2n-6, as well as 20:0 and 18:1n-
 as contributing the most to the overall observed differences
n FA between escaped and wild salmon in PC1. Whereas
C2 explained 10.8% of the variation, there was no sep-
ration between the different salmon groups but contained
arge individual variability. Overall, the PCA shows that the
ecently escaped salmon had similar FA profiles to the indi-
iduals on grow-out and broodstock feeds (from the feed ex-
eriment), and all had negative PC1 scores, i.e. were domi-
ated by terrestrial FAs (18:2n-6, 18:3n-3, and 18:1n-9) as
ell as their elongation products (20:2n-6 and 20:3n-3). In

ontrast, the early escapees, the recaptured salmon (from the
atchery release experiment), and wild salmon, had positive
C1 scores and were dominated by FAs typical of those ac-
uired in the marine environment. Intermediate escapees were

n-between the two with a mixture of negative and positive
cores. The experimental smolt release group, prior to its re-
ease, clustered with the intermediate escapees, but had simi-
ar to recent escapees, only negative scores i.e. more terrestrial
As. 

Adult farmed salmon on grow-out feed had an average
8:2n-6 level of 14.59% (range 14.08–15.20), while the cor-
esponding levels of farmed salmon on broodstock feed were
2.20% (range 10.63–13.82). Smolts prior to sea water trans-
er had an average 18:2n-6 level of 7.69% (range 6.57%–
.75%), while returning adults from the smolt releases had
n average 18:2n-6 level of 1.35% (range 1.35%–1.65%). 

he relative proportion of early vs. recent escapees 

aptured in ri ver s and coastal fisheries 

n total, 131 early, 36 intermediate, and 766 recent escapees
ere caught during the study period in the four rivers and six

oastal fisheries. Except for in 2011, recent escapees outnum-
ered early escapees in the data set. The ratio of early vs. recent
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Figure 3. Biplot of the PCA of FA composition (% of total TAG) for recent escapees, intermediate escapees, early escapees, farmed fish on grow-out 
feed, farmed fish on broodstock feed, released smolts, recaptured released smolts, wild, and farmed salmon. Each point represents a single sample, the 
95% confidence ellipses are of preassigned groupings (based on 18:2n-6 values and origin). The vectors depict the loadings to show the contribution 
and direction of the top 20 contributing FA. 

 

 

 

 

 

Figure 4. Variation in early escapees relative to recent escapees from 

2011 to 2021 for each location. The model shows the expected value 
(solid line) as well as the 95% confidence interval (shaded area) and 
which years the different locations were sampled (dots). (Note large 
confidence intervals in VJ and CF; see Supplementary Table S2 for 
sample sizes) 
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escapees varied between the sampling locations (GLM: area,
P < .0001; Fig. 4 ). The river Vestre Jakobselv in the north was 
dominated by early escapees (78%) whereas the river Etne in 

the south had very few early escapees (6%). The other rivers 
and the coastal fisheries had between 21% and 41% early es- 
capees. 

An overall temporal decline in the proportion of early rela- 
tive to recent escapees was found (GLM: year, P < .05; Fig. 4 ),
however, when examined across areas, the change in recent vs.
early escapees varied (GLM: area-by-year: P < .001). In the 
rivers Etne and Suldal, negative slopes were detected ( Fig. 4 ; 
GLM: Etne, est . = −2.60, SE = 0.158; GLM: Suldal, est . = 

−3.73, SE = 0.758). In contrast, positive slopes were detected 

in the coastal fisheries (2012 vs. 2020) and in Vestre Jakob- 
selv ( Fig. 4 ; GLM: Coastal fisheries, est . = 0.209, SE = 0.572; 
GLM: Vestre Jakobselv, est . = 2.338, SE = 0.821). However,
only the river Suldal had a significant decline in the ratio 

of early to recent escapees (driven by samples from 2011 to 

2015; z = −3.47, P < .001). The other locations showed no 

significant changes in the ratio of early to recent escapees over 
time ( P > .05). 

Geographical and temporal changes in the use of 
out-of-season smolt 

Overall, the proportion of out-of-season smolts increased 

slightly over time in the counties included in the analysis as 
well as the national average ( Fig. 5 ; LM: 2011–2019, F = 22.0,
P < .0001). However, clear differences in the use of out- 
of-season smolts were also observed between counties (LM: 
county, F = 64.3, P < .0001). Out-of-season smolts were used 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad184#supplementary-data
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Figure 5. Ov ervie w o v er the use of out-of-season smolts (transferred to 
see August–March) in the commercial production of salmon in Norw a y 
by county from 2011 to 2019. (Data from: 
fisk eridir.no/Akv akultur/Tall-og-analy se.) 
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east in the north/Finnmark (all pairwise comparisons to other
ounties P < .0001), and greatest in the south/Rogaland and
gder (all pairwise comparisons to other counties P < .0001).
he counties of Hordaland and Trøndelag, which are located
etween Rogaland and Finnmark displayed similar propor-
ions to the national average (pairwise comparisons to na-
ional average P > .05). 

iscussion 

o our knowledge, this is the first study to examine how the
scape history of farmed Atlantic salmon captured in multiple
ivers and coastal fisheries, varies in time and space. Through-
ut the 10-year study period, the majority of escapees caught
n rivers and coastal fisheries were classified as recent escapees
nd had not converted to a marine diet in the wild. However,
his unique data set also revealed regional differences in the
elative proportions of early vs. recent escapees, with higher
roportions of early escapees in the northernmost locations
s well as indications of regional variation in temporal de-
lines. For example, the most precipitous temporal decline in
he proportion of early escapees, relative to recent escapees,
as found in Suldal, which is the southernmost river, over the
eriod 2011–2021. Overall, these observations could reflect
eographical and temporal differences in aquaculture prac-
ices as well as management actions that are discussed below.

emporal decline in the overall proportion of 
scaped salmon 

cross all sampling locations, including coastal stations and
ivers, the overall proportion of escapees declined from 2011
o 2021. This is in accordance with the more comprehensive
ational monitoring program in Norway, which estimates the
roportion of escapees in ∼200 rivers annually (Diserud et al.
019 , Glover et al. 2019 , Wennevik et al. 2021 ). The observed
roportions of escapees in rivers are influenced by the number
f wild salmon, and hence do not directly translate to number
f escapees. However, this data strongly suggest that there are
ow fewer farmed escapees in rivers that can interbreed and
hus cause genetic interactions with wild conspecifics (Glover
t al. 2017 ), and/or, partake in other ecological interactions
Bradbury et al. 2020 ). This nation-wide reduction in num-
ers of farmed escaped fish and the proportions of farmed
scaped fish in rivers is important because there is a posi-
ive correlation between the proportion of escapees in rivers
nd the resulting level of introgression, implying that more
scapees leads to greater levels of introgression (Heino et al.
015 , Keyser et al. 2018 , Diserud et al. 2022 ), which in turn
eads to greater changes in affected populations (Castellani
t al. 2018 ). 

In the current study, the rate of decline in the proportion
f escapees observed in rivers and coastal fisheries was depen-
ent on the location. The river Suldal displayed the largest
ecline in the proportion of escapees, most likely due to an
verestimation in the proportion prior to 2015 and an under-
stimation post-2015, caused by the change in the fishing loca-
ion from below to above a waterfall at the mouth of the river,
.e. difficult for farmed escaped salmon to pass (Urdal 2014 ).
his change additionally contributed to the large decline in

he proportion of escapees in the overall dataset. Escapees are
nown to accumulate below migration barriers such as water-
alls, most likely because many of them, especially the recent
scapees with body conditions not acclimatized to the wild,
re not able to pass the obstacle as easily as wild salmon. For
he remaining rivers investigated in this study, the fishing (sam-
ling) location remained unchanged across the study period,
nd thus reflects the overall decline in proportion of escapees
s documented by the national monitoring program (Diserud
t al. 2019 , Glover et al. 2019 , Wennevik et al. 2021 ). 

alidation of the method to distinguish between 

ecent escapees, early escapees, and wild salmon 

sing FAs 

he method for distinguishing time-since-escape is based on
he FA profile farmed salmon acquire from consuming aqua-
ulture feed (Skilbrei et al. 2015b ). This feed may differ be-
ween producers and the types of feed (hatchery feed, grow-
ut feed, broodstock feed, and so on), and thus vary among
sh farms (Olsen et al. 2013 , Skilbrei et al. 2015b ). Addi-
ionally, due to sustainability concerns and lower costs (Bell
t al. 2004 ), commercial salmon feed has gone from 90%
arine ingredients in 1990 to 71% plant-based ingredients

n 2016 (Ytrestøyl et al. 2015 , Aas et al. 2019 ). In the Nor-
egian salmon industry, rapeseed oil has primarily replaced

he use of fish oils (Aas et al. 2019 ) markedly affecting the
A profile of salmon feed with levels of the terrestrial FAs
leic acid (18:1n-9), linoleic acid, (18:2n-6), and α-linolenic
cid, (18:3n-3), which are several fold higher than in fish oils
Bell et al. 2003 , Sprague et al. 2016 ). This has subsequently
ltered the FA profile of farmed salmon with a pronounced
ncrease in the terrestrial FAs (Sprague et al. 2016 ). Conse-
uently, the method used in this study, first established by Skil-
rei et al. (2015b) , was validated using salmon on commercial
eeds of newer date as well as the release and recapture of
atchery reared smolts with known FA profiles. This analysis
evealed that 18:2n-6 levels in adult farmed salmon caught in
he wild, still accurately distinguish early escapees from recent
scapees ( Fig. 3 ). Furthermore, these analyses have validated
hat salmon escaping from broodstock facilities (broodstock
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facilities represent << 1% of all commercial aquaculture pro- 
duction), that are fed a diet with a higher content of marine 
FAs, will also be identified as recent escapees shortly after es- 
cape. For smolts escaping from fish farms, the majority would 

also be identified as recent escapees if sampled shortly after 
escape, although the level of 18:2n-6 are lower in smolts as 
compared to older individuals reared for a longer period of 
time under marine commercial rearing conditions. However,
smolts are unlikely to seek entry into freshwater directly after 
escape (Skilbrei 2010a , b ). 

Experimental studies indicate that after approximately a 
year on a marine diet the escapee will be classified as an early 
escapee (Skilbrei et al. 2015b ). The release and recapture of 
hatchery reared smolts presented here demonstrates that smolt 
escapees returning to freshwater one year after escaping will 
indeed be classified as early escapees. How long the elevated 

levels 18:2n-6 at the time of escape is maintained in the wild,
given assumed access to an entirely marine diet, is unknown.
Also, if adult escapees were to remain close to the farm from 

which they escaped and consume surplus feed spilling out of 
the cage, their experience in the wild is likely to be similar 
to that of recent escapees. However, the time of escape sig- 
nificantly affects the survival, migration, and recapture of es- 
capees and experimental releases of farmed salmon indicates 
that adults rarely survive for a year or longer postescape (Skil- 
brei et al. 2015a ). 

Time-since-escape: early vs. recent 

Most escapees collected throughout the 10-year study were 
classified as recent (82%), while 14% were classified as early 
escapees. Only 4% of the escapees were classified as interme- 
diate escapees, indicating that few escapes survive until mat- 
uration, if not escaping early (likely as smolts or postsmolts 
during the summer) or as adults close to maturation (Skilbrei 
et al. 2015a ). Furthermore, we observed large regional differ- 
ences in the relative proportion of early vs. recent escapees.
For example, in the river Vestre Jakobselv, the northernmost 
river included in this study, 78% of the escapees were iden- 
tified as early and this number was stable throughout the 8- 
year period this river got sampled (2012–2019). This stands in 

stark contrast to e.g. the river Etne in southern Norway where 
only 6% of the escapees were classified as early. Some 41% of 
the farmed samples collected from the six coastal fisheries in 

northern Norway, were composed of early escapees (the three 
southernmost locations had 20%–26% early escapees, while 
the three northern most locations had 60%–100% early es- 
capees ( N = 3–19 per coastal location)). For the farmed in- 
dividuals caught in Namsen in Mid Norway, 40% were early 
escapees ( N = 5). This is consistent with the findings of Aron- 
sen et al. (2020) , who used scale reading to estimate the time- 
of-escape for escapees captured in the same fjord system as 
Namsen. In addition to geographical differences in the rela- 
tive proportion of early vs. recent escapees, there was an area- 
specific temporal decline in this ratio. The southernmost river 
Suldal, experienced temporal declines in the relative propor- 
tion of early escapees, evident at the start of the study period 

(2011–2015). 
Introgression of farmed escapees has been examined by ge- 

netic methods in all rivers included in this study (Glover et al.
2013 , Karlsson et al. 2016 , Diserud et al. 2020 , Besnier et al.
2022 ). The river Etne has the highest documented introgres- 
sion of farmed salmon of the rivers included in the present 
tudy with a level of ∼20%–25% (Glover et al. 2013 , Karls-
on et al. 2016 , Diserud et al. 2020 , Besnier et al. 2022 ). In
he rivers Namsen and Vestre Jakobselv, moderate levels of in-
rogression at ∼5.5% have been documented, whereas no in- 
rogression has been documented in the river Suldal (Diserud 

t al. 2020 ). The proportion of escapees in rivers, and thus
he level of introgression has been shown previously to in-
rease with farming intensity (Heino et al. 2015 , Diserud
t al. 2022 ), and the rivers included in this study are located
n regions (production zones) with different farming intensi- 
ies. The three southernmost rivers are located in production 

ones where farming intensity is more than tenfold higher 
han the production zone in which the most northern river,
estre Jakobselv, is located (Norwegian Directorate of Fish- 
ries 2022 ). Lower production intensity is related to lower in-
idences of farmed escapees (Diserud et al. 2022 ) and since
almon escaping as adults tend to remain locally while smolts
isperse further (Skilbrei et al. 2015a ) it is possible that this
ad an impact on the ratio of early vs. recent escapees, and
hat the early escapees detected in Vestre Jakobselv had not
scaped from a local fish farm but from a farm further away
n an area with higher production. This may inflate the ratio
f early escapees, as new escape events in the vicinity of the
iver are less likely to occur just by chance when production
ntensity is low. In addition to farming intensity, the propor-
ion of escapees and resulting levels of introgression have been
emonstrated to increase with river discharge and decline with 

opulation sizes (Diserud et al. 2022 ). 
Migration hinders close to the outlet of the river, such as

ifficult to pass waterfalls, lower the susceptibility of a wild
opulation to introgression from farmed escapees (Diserud 

t al. 2022 ). This likely explains why escaped salmon have not
ntrogressed in the wild population inhabiting the river Sul- 
al, despite being located in a high intensity salmon farming
rea. In the river Suldal, only one farmed escape was caught
bove the waterfall located in the lower reaches of the river.
owever, this individual was an early escapee, thus provid- 

ng anecdotal evidence that early escapees have greater access 
o the upper reaches of the river i.e. the spawning grounds,
nd therefore suggests greater opportunity to spawn. A recent 
tudy has also shown that while only about half (55%) of the
ecent escapees were mature when they entered the fish trap in
iver Etne, almost all (96%) of the early escapees where ma-
ure (Madhun et al. 2023 ). Combined with the knowledge that
arly life experience, albeit in fresh water, has been shown to
nfluence adult reproductive success in the wild (Fleming et al.
997 ), variation in the proportion of early escapees between
egions, and rivers, could potentially contribute to some of 
he unexplained variation in models investigating the drivers 
f introgression (Heino et al. 2015 , Keyser et al. 2018 , Diserud
t al. 2022 ). 

mpact of management and aquaculture practices 

e suggest that both management and aquaculture produc- 
ion strategies have contributed to the decline in the propor-
ion of escapees and to the observed regional differences in
he proportion of early vs. recent escapees. These practices in-
lude efforts nationally to standardize mesh size relative to the
sh (smolt) size, and the gradual shift from in-season smolt
o also using out-of-season smolt transfers into sea cages. In
009, the Norwegian regulations on the operation of aquacul- 
ure facilities were amended to state that the mesh size of the



126 Strand et al. 

n  

T  

s  

b  

a  

a  

o  

e  

(  

s  

f  

a  

T  

d  

h  

M  

l  

s
 

t  

a  

b  

t  

w  

a  

0  

o  

t  

a  

s  

N  

r  

t  

e  

s  

m  

F  

o  

c  

s  

W  

t  

o  

w  

E  

b  

a  

i  

c  

2  

i  

t  

p  

a  

e  

o  

c  

t
 

f  

p  

h  

h  

s  

i  

e  

t  

a  

S  

o  

o  

o  

l

C

T  

r  

c  

i  

p  

w  

t  

d  

d  

l  

c  

e  

t  

o  

a  

b  

h  

o  

g  

e  

v  

w  

u

A

W  

O  

m  

w  

y

S

S

C

D

T  

2  

a  

A

N  

s  

E  

F  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/81/1/119/7456025 by TYKS-Kirurginen sairaala user on 08 M
arch 2024
et should be appropriate to fish size (Norwegian Ministry of
rade Industry of Fisheries 2009 ). What is appropriate is not
pecified, but recommendations for what mesh size to use has
een available at the Directorate of Fisheries webpages since
round 2006, and which has been further updated in 2013
nd 2022 to incorporate new findings (Norwegian Directorate
f Fisheries 2023 ). When this is properly implemented it is
xpected to reduce trickle escapes of smolts and postsmolts
Harboe and Skulstad 2013 , Sistiaga et al. 2020 ). Thus, we
uggest it is likely that the observed decrease in the relative
requency of early escapees in some of the sampling areas is
t least in part linked to the recommendations for mesh size.
his suggestion is difficult to validate as little is known about
rip escape during this period of the production cycle as it is
ard to detect and is therefore often likely to go unreported.
oreover, it is possible that the use of “supersmolts” (i.e. very

arge smolts) has worked in conjunction with reducing mesh
ize, since larger fish require larger holes to escape. 

Over the past 15–20 years, the use of out-of-season, i.e. au-
umn, smolt production has increased in Norwegian salmon
quaculture (Norwegian Directorate of Fisheries 2022 , Skil-
rei 2013 ) ( Fig. 5 ). Out-of-season smolts have been shown
o have ∼40 times lower survival rate than in-season smolts
hen escaping (based on the experimental recapture rates as
dults reported by Skilbrei (2013) at which were 0.004% and
.17%, respectively). Thus, a temporal increase in the use of
ut-of-season smolts may have contributed to the observa-
ions here that the frequency of early escapees has declined, in
t least one area, in the period 2011–2021. The out-of-season
molt production strategy has been much less prevalent in
orthern Norway than in Southern Norway (Norwegian Di-

ectorate of Fisheries 2023 ) ( Fig. 5 ), which may be why the ra-
io of early relative to recent escapees was higher in the North-
rn populations than the Southern populations. Vestre Jakob-
elv had 78% early escapees and is located in a region where
ostly in-season sea pen smolt introductions are used. When
innmark is split into its two production zones, the dominance
f the in-season smolt strategy close to Vestre Jakobselv be-
ome even more apparent as 100% of smolts transferred to
ea cages in this region were in-season from 2018 to 2020.

hereas among other counties the transfer to sea is spread
hroughout the year, perhaps leading to the more median rates
f early escapees. Interestingly, in 1989–1991, prior to the
idespread use of out-of-season smolts, 48% of escapees in
tne had spent over a year in the wild, based upon estimates
ased on the detection of the synthetic food additive astax-
nthin (Lura and Økland 1994 ). In 2011, 24% of escapees
n four southwestern Norwegian rivers, including Etne, were
lassified as early escapees using FA profiling (Skilbrei et al.
015b ), which is in stark contrast to the 6% early escapees
n the current study (Etne: 2014–2021). It has been estimated
hat the majority of trickle escapes due to small size will hap-
en within the first 5 days post-transfer to net pens (Harboe
nd Skulstad 2013 ). Assuming the rates of these escapes are
qual in the different regions, using in-season rather than out-
f-season smolts would lead to higher survival rates for es-
aped smolts, and thus, more early escapees coming back to
he river to spawn. 

Studies on the diet of wild postsmolts migrating through
jords in different regions in Norway has shown that
ostsmolts in northern fjords have a higher proportion of
igh quality prey such as fish larvae in their diet, and also a
igher feeding ratio (FR: an estimate of the wet weight of the
tomach content relative to the fish weight) than postsmolts
n more southern fjords (Rikardsen et al. 2004 , Hellenbrecht
t al. 2023 ). It is, therefore, possible that smolts escaping in
he north have a better chance of survival due to better food
vailability. While in contrast, elevated smolt mortality in the
outh, especially Hardangerfjorden, due to the high presence
f salmon lice is also possible (Johnsen et al. 2021 ), and is an-
ther potential reason for the observed difference in the ratio
f early escapees in the South than in the North where salmon
ice is less of an issue (Grefsrud et al. 2022 ). 

onclusions 

he majority of the farmed escapees caught in the time pe-
iod 2011–2021 were classified as recent escapees and had not
onverted to a marine diet in the wild. This study shows that
n conjunction with the overall temporal decline in the pro-
ortion of escapees caught throughout the study period, there
as an indication of a spatio-temporal decline in the propor-

ion of early escapees, relative to recent escapees. This was
riven by the southernmost river and could be linked to stan-
ardization of mesh size relative to fish size. The northernmost

ocations had in general a much larger proportion of early es-
apees that had transitioned to a wild diet, than the south-
rnmost rivers. This can, amongst many other factors, poten-
ially be connected to differences in the ratio of in-season vs.
ut-of-season smolts used in their respective production zones
nd the aquaculture intensity. Thus, our findings suggest that
oth management strategies and various aquaculture practices
ave likely had an impact on the reduction and/or variation
f early escapees in the sampling locations of this study. Re-
ional variation in the relative proportion of early vs. recent
scapees could potentially elucidate some of the unexplained
ariation in models investigating the drivers of introgression,
hereas a better understanding of the effect of escape history
pon their reproductive performance is still needed. 
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