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1.  INTRODUCTION 

The escape of domesticated Atlantic salmon Salmo 
salar represents a significant threat to the persistence 
and stability of wild salmon stocks (Forseth et al. 2017, 
Glover et al. 2017). Domesticated salmon regularly 
 escape aquaculture pens into the local environment 
(Verspoor et al. 2015, Keyser et al. 2018, Diserud et al. 

2019, Glover et al. 2019) and, despite the observed re-
duced mating success of domesticated salmon com-
pared to wild salmon (Fleming et al. 1996), there is 
widespread evidence of hybridization in the wild 
(Glover et al. 2013, Karlsson et al. 2016, Sylvester et 
al. 2018, Wringe et al. 2018). Hybrid individuals can 
display reduced fitness due to outbreeding depression 
(Fleming et al. 2000, McGinnity et al. 2003, Skaala et 
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ABSTRACT: The escape of Atlantic salmon Salmo salar from aquaculture has been identified as a 
significant threat to the persistence and stability of wild salmon populations. Yet the magnitude of 
phenotypic impacts due to hybridization remains largely unresolved. We evaluated the pheno-
typic consequences of hybridization using geometric morphometrics both under natural condi-
tions in the wild and in the laboratory using common garden experiments. Juvenile Atlantic 
salmon field-collected in 2015 and 2016 from 18 southern Newfoundland rivers were classified as 
pure wild, pure farm, or F1 hybrids using genetic assignment. Overall size and shape differences 
between wild and farm, and wild and F1 hybrid individuals were small, largely size related, and 
present between pure farm and other crosses. Laboratory-reared pure wild, pure farm, and F1 
hybrid salmon were grown in tank and semi-natural conditions. Wild fish were significantly larger 
than both farm and hybrid salmon at first feeding; these size differences remained at 80 d post first 
feeding under semi-natural conditions, but all crosses were the same size in tank conditions, and 
there were no differences between pure farm and hybrid individuals under either condition. Sig-
nificant shape differences were present among all pairwise comparisons under tank conditions, 
and in semi-natural conditions, pure wild individuals differed significantly from pure farm and 
hybrid individuals. Our results suggest phenotypic differences observed under laboratory condi-
tions between wild and farm×wild hybrid individuals may not be appreciable in the wild, and that 
significant genetic changes may occur in wild populations experiencing hybridization in the 
absence of obvious large phenotypic changes.  
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al. 2019), thus, the potential for introgression from do-
mestic salmon into wild salmon populations is an on-
going concern (Jonsson & Jonsson 2006, Hutchings & 
Fraser 2008, Fraser et al. 2010). These fitness con-
cerns and the magnitude of aquaculture production 
compared to wild salmon abundance have led to 
aquaculture escapees being identified as a central 
threat to the stability and persistence of wild salmon 
populations (Forseth et al. 2017). Although hybridiza-
tion and genetic introgression between wild and es-
caped farmed salmon has been well documented on 
both sides of the North Atlantic, the biological conse-
quences remain poorly understood, with few studies 
documenting the biological consequences in the wild 
(see Bolstad et al. 2017). 

The process of domestication in fish has been 
shown to result in convergent phenotypic divergence 
from wild conspecifics; a suite of common, directional 
differences in phenotypic traits are brought about by 
domestication across many species (Wringe et al. 
2016). In Atlantic salmon, domesticated individuals 
often display smaller heads and kypes (Wringe et al. 
2016, Perry et al. 2019), greater body depth (Fleming 
& Einum 1997, Wringe et al. 2016), smaller rayed fins 
(Fleming & Einum 1997), and changes in the caudal 
peduncle shape (Fleming et al. 1994). Changes from 
the wild phenotype in these traits are likely maladap-
tive in the wild, as salmon morphology likely reflects 
local adaptations to water velocity and other environ-
mental conditions or to mating success (Taylor 1991, 
Fleming et al. 1996, Jonsson 1997, Pakkasmaa & Pi-
ironen 2000). This is reflected by evidence of reduced 
survival of hybrid individuals both in fresh water and 
the marine environment (Fleming et al. 2000, Skaala 
et al. 2012, Sylvester et al. 2019). However, the degree 
to which a hybrid phenotype is shaped by selection 
and plasticity remains unclear. Glover et al. (2018) 
found that the lack of growth differences between 
wild and domestic salmon in natural environments is 
explained mostly by plasticity, in combination with 
growth-dependent selection. As such, the shape dif-
ferences observed under aquaculture conditions may 
also be masked when reared in a natural environment 
due to the plastic response of an individual’s shape to 
its environment (von Cramon-Taubadel et al. 2005). 
Improved understanding of the phenotypic effects as-
sociated with hybridization between wild and domes-
tic salmon in the wild is needed to better predict inter-
actions, impacts, and the consequences of escape 
events on wild populations. 

Southern Newfoundland (Canada) is characterized 
by extensive Atlantic salmon aquaculture activities 
(DFO 2013) as well as increasingly declining wild 

stocks (COSEWIC 2011, DFO 2017). Aquaculture 
salmon in the region, originally derived from the 
Saint John River, New Brunswick, differ genetically 
from southern Newfoundland wild salmon (Jeffery et 
al. 2018), and as such, escapees and hybrids have 
been identified genetically (Keyser et al. 2018, 
Wringe et al. 2018, 2019). Surveys and monitoring for 
aquaculture escapees regularly detect escapees in 
the wild both in years that do and do not have 
reported escape events (Keyser et al. 2018, Sylvester 
et al. 2018, Wringe et al. 2018). Recent work has ex -
plored the impact, in terms of the numbers of hybrid -
ization events, of a large escape event which re -
leased approximately 20 000 salmon, an amount 
equal to estimated abundance of wild salmon in the 
area (Keyser et al. 2018, Wringe et al. 2018). While 
the distribution and number of hybrids produced fol-
lowing this escape event have been investigated, the 
impact of hybridization on phenotype, growth, and 
other fitness-related traits remains unstudied. 

The overall objective of this study was to explore the 
magnitude and nature of phenotypic (size, shape) dif-
ferences resulting from hybridization between pure 
wild and pure farm individuals using geometric mor-
phometrics. Specifically, we first examined shape dif-
ferences among genetically identified wild, farmed, 
and hybrid individuals produced in the wild and col-
lected in southern Newfoundland. Second, we used a 
common garden experiment to compare pure wild, 
pure farm, and hybrid salmon in aquaculture-like 
tank and semi-natural (i.e. stream channel) condi-
tions. The comparison of individuals from field col-
lections, common garden semi-natural, and tank 
experimental conditions is an exceptional op por -
tunity and provides an exemplary gradient across 
which phenotypic effects may be examined. This 
study builds directly on previous studies exploring 
the prevalence of hybridization between pure wild 
and pure farm salmon in southern Newfoundland 
(Sylvester et al. 2018, Wringe et al. 2018) and differ-
ences in survival between wild, feral, and hybrid 
individuals in the region (Sylvester et al. 2019). 
Moreover, we complement a recent study exploring 
phenotypic differences due to hybridization in the 
Northeast Atlantic (Glover et al. 2018). 

2.  MATERIALS AND METHODS 

2.1.  Field sampling 

Juvenile Atlantic salmon parr (n = 2003) were 
caught by electrofishing in 18 rivers in Fortune Bay 
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and Bay D’Espoir, Newfoundland, in 2015 and 2016 
(Fig. 1a; Table S1 in the Supplement at www.int-res.
com/articles/suppl/q014p085_supp.pdf). The juvenile 
salmon caught in southern Newfoundland were as-
sumed to be genetically similar to their respective 
common garden cross type. The wild fish populations 
belonged to the same genetic reporting group 
(Jeffery et al. 2018), and the aquaculture salmon used 
for the common garden experiments were from the 
same Saint John River-derived strain that escaped 
into the rivers. Parr were aged based on fork length 
(Sethi et al. 2017), and only 0+ or 1+ individuals were 
analyzed due to the low number of age 2+ pure farm 
and hybrid individuals caught. Fin clips were taken 
from the right pectoral fin and stored in 95% ethanol 
for genotyping. Individuals were genotyped at 95 
SNP loci using a custom Fluidigm EPI array (see 
Wringe et al. 2019 for SNP selection), following the 
manufacturer’s protocol using 96.96 genotyping inte-
grated fluidic circuits and read on an EP1 (Flui digm), 
and analyzed using SNP genotyping analysis software 
(Fluidigm). Each 96-well plate contained 10 redun-
dant samples and positive controls. Hybrid classes of 

individuals were estimated using ‘parallelnewhybrid’ 
in the package ‘HYBRIDDETECTIVE’ with the s 
 parameter (Wringe et al. 2017, 2018). ‘Parallel -
newhybrid’ executes the program ‘NEWHYBRIDS’ 
(Anderson & Thompson 2002) in parallel utilizing 
multicore processors to increase the speed of analysis. 
‘NEWHYBRIDS’ was run with a burn-in of 50 000 with 
100 000 sweeps. A cut-off probability of >0.8 in a sin-
gle hybrid class was used to assign individuals 
(Wringe et al. 2019). 

2.2.  Common garden experiment 

Wild Atlantic salmon were sourced from Northeast 
Placentia River due to current lack of salmon aqua-
culture, and farmed salmon escapees and hybrids 
east of the Burin Peninsula (Wringe et al. 2018). 
Farmed salmon from the North American aquacul-
ture strain were derived from the Saint John River, 
New Brunswick. Crosses were performed in 2015 
and generated 44 families of 3 cross types: 20 pure 
Saint John River farm families, 13 one-direction F1 

hybrid families (female farm × male 
wild), and 11 pure Northeast Placentia 
wild families (Islam et al. 2020). Before 
being placed in the rearing environ-
ment, each fry was anesthetized using 
MS-222 and tagged with elastomer 
for individual identification. Individu-
als were raised in common garden 
experiments with pure wild (PW), pure 
farm (PF), and F1 hybrid (F1) crosses 
raised in semi-natural (i.e. stream) and 
tank conditions. For each group (PW, 
PF, F1), there were 10 individuals with 
12 replicates per environment. After 
ab sorption of the yolk-sac (Day 0), fry 
were randomly selected from rearing 
tanks to be reared in either tank or 
semi-natural conditions. Tanks were 
made of Rubbermaid buckets and 
measured 0.32 × 0.24 × 0.16 m, while 
the semi-natural conditions consisted 
of stream tanks measuring 1.2 × 0.22 × 
0.15 m with a constant flow rate of 10−
15 cm s−1 and a gravel substrate. Sal -
mon in tanks were fed salmonid starter 
dry feed (EWOS-Cargill) 4 times daily, 
and salmon in semi-natural condi-
tions were fed live Artemia (1 million 
nauplii l−1) and frozen blood worms 
(Chironomidae spp., from a commer-
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Fig. 1. (a) Sample locations in Newfoundland (Canada) rivers for 2015 and 
2016 (see Table S1 in the Supplement at www.int-res.com/articles/suppl/
q014p085_supp.pdf) for details) and (b) location of 19 landmarks used 
for geometric morphometric analysis of Atlantic salmon (see Table S2 for  

description of land-mark locations)

https://www.int-res.com/articles/suppl/q014p085_supp.pdf
https://www.int-res.com/articles/suppl/q014p085_supp.pdf
https://www.int-res.com/articles/suppl/q014p085_supp.pdf
https://www.int-res.com/articles/suppl/q014p085_supp.pdf


Aquacult Environ Interact 14: 85–96, 202288

cial fish food supplier) 4 times daily. Both tank and 
semi-natural conditions received 12 h of light daily 
and had a dissolved oxygen level of 8.03 mg l−1. 

2.3.  Shape analysis 

Geometric morphometrics were used to quantify 
shape differences among wild, farm, and hybrid 
salmon using 19 landmarks (Table S2), from photo-
graphs of individuals on their left side (Fig. 1b). Indi-
viduals in the common garden experiment were pho-
tographed on Days 0 and 80, and all field-sampled 
individuals were photographed after capture. A total 
of 205 Day 0 individuals and 179 Day 80 individuals 
were analyzed after filtering photos for image qual-
ity, arching, and any other deformations (Table S3). 
Of the field samples genotyped, after filtering for 
image quality, arching, and deformations, 1356 were 
landmarked for geometric morphometrics. All indi-
viduals assigned to second-generation hybrid class 
(F2 or backcross) were removed from the analysis 
due to a low number of individuals caught. This left 
964 samples for geometric morphometric analysis 
from 18 rivers aged 0+ or 1+ and assignment to PW, 
PF, or F1 hybrid genotype frequency classes (Ander-
son & Thompson 2002) (Table S1). 

Landmarking was done using ImageJ (Schneider et 
al. 2012), and landmarks were corrected for body arch-
ing using the ‘tpsUtil unbend’ function along land -
marks 1, 7, and 18 (Rohlf 2015). A generalized Pro -
crustes analysis was performed using the ‘geomorph’ 
package in R v.3.5.1 (Adams & Otárola-Castillo 2013, R 
Core Development Team 2013), while a principal com-
ponent analysis (PCA) to look at the greatest shape 
variation and a canonical variate ana lysis (CVA) to 
identify among group variation were performed using 
the package ‘Morpho’ (Schlager 2017). The first 2 prin-
cipal components were plotted to identify areas of 
shape variation. To determine if overall shape differ-
ences were present, a Procrustes ANOVA was per-
formed on the aligned shape coordinates among cross 
types using the package ‘geomorph’ (Adams & 
Otárola-Castillo 2013). Where significant differences 
were detected, pairwise differences in single morpho-
metric variables were tested between all combinations 
of PW, PF, and F1 hybrids, and false discovery was ac -
counted for using Bonferroni correction for experi-
mental comparisons (Table S3). Centroid size was cal-
culated as a measure of overall body size of individuals. 
Body depth was measured as the linear distance be-
tween landmarks 3 and 17 after Procrustes alignment. 
A Kruskal-Wallis ANOVA was performed on both 

body depth and log10 transformed centroid size to 
identify significant differences be tween PW, PF, and 
F1 cross types (Goodall 1991) using a pairwise Wil -
coxon rank-sum test for comparisons among types. To 
identify differences in allometric growth, a comparison 
of the slopes be tween cross types from a shape−size 
regression was performed. 

3.  RESULTS 

Sample sizes for wild-caught Atlantic salmon 
ranged from 7 to 171 per river across ages (Table S1), 
with an overall missing genotype frequency of 1.3%. 
Using a cut-off probability of 0.8 for hybrid assign-
ment, 168 individuals were not assigned to a geno-
type frequency class and were removed from the 
analysis. For image analysis, images were filtered for 
jaw deformations, damage to landmark locations, 
and severe dorso-ventral arching. This resulted in 47 
individuals being removed from tank conditions, 77 
individuals being removed from semi-natural condi-
tions, and 647 individuals removed from field sam-
ples. Note, all analyses presented below were con-
ducted with the bending correction; for the results 
without bending correction, see Figs. S1−S3. 

3.1.  Geometric morphometric shape differences 

Only age 1+ field-collected samples were analyzed 
for differences in shape because of low sample size 
for age 0+ individuals classified as PF. Age 1+ field 
samples showed overall shape differences among 
groups (df = 2, p = 0.002). Pairwise comparisons re -
vealed that PW individuals had significant shape dif-
ferences from F1 hybrid individuals, but F1 did not 
differ significantly from PF (α = 0.05/3 = 0.017; PF−F1, 
p = 0.040; PW−F1, p = 0.001; PW−PF, p = 0.028; 
Table S3). 

In the common garden experiment, a total of 179 
and 205 individuals were sampled across the tank 
and semi-natural conditions, respectively (Table S4). 
Significant shape differences were detected among 
groups at both time points in tank conditions (Day 0: 
df = 2, p = 0.001, Day 80: df = 2, p = 0.001). For both 
Day 0 and 80, pairwise comparisons revealed signifi-
cant differences in shape among all groups (α = 0.05/
3 = 0.017, all p < 0.01). In the semi-natural conditions, 
overall differences in shape among groups were also 
detected at both measurement times (Day 0: df = 2, 
p = 0.001, Day 80: df = 2, p = 0.001). Pairwise compar-
isons on Day 0 found PW to differ significantly in 
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shape from both PF and F1, but no significant differ-
ence in shape was detected between F1 and PF (α = 
0.05/3 = 0.017; PF−F1, p = 0.332; PW−F1, p = 0.001; 
PW−PF, p = 0.001). When measured on Day 80, pair-
wise comparisons revealed significant differences 
be tween all combinations (α = 0.05/3 = 0.017; PF−F1, 
p = 0.001; PW−F1, p = 0.001; PW−PF, p = 0.004). 

3.2.  PCA 

To identify major sources of shape variation, a PCA 
was performed on the aligned shape coordinates. 
The first axis for common garden and field samples 
ex plained 17.4 and 32.5% variance, respectively 
(Fig. 2). This axis largely corresponded with residual 
arching and body depth variance based on relative 
warps. The second axis explained 10.8−20.4% of the 
shape variance (Fig. 2). Based on relative warps, this 
axis explained body depth and head size variation 

(Figs. S4−S9). While these axes explain a large pro-
portion of the variance, the eigenvalues of these axes 
are <1, and there is a large degree of overlap in 95% 
confidence intervals among cross types. 

3.3.  CVA 

In order to characterize among-group shape varia-
tion across rearing environments, a CVA was per-
formed between PW, PF, and F1 cross types. The first 
axis across common garden and field conditions ap -
pears to characterize shape differences between PW 
and PF or F1 hybrid. This accounts for 61.9−81.9% of 
the between-group variation in shape (Fig. 3). The 
second axis characterizes shape differences between 
PF and F1 hybrid individuals across conditions and 
ac counts for 38.1−18.1% variation be tween groups 
(Fig. 3). Using a leave-one-out method for cross-
validation of assigning individuals to group (i.e. PW, 
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Fig. 2. Principal component analysis of landmarks after Procrustes alignment with 95% confidence ellipsis for each cross type. 
Experimental condition is noted above each panel, and the age group is on the x-axis. For the common garden experiment, 
shape is shown for Day 0 (start) and Day 80 (end) post yolk absorption. In the field component, juveniles aged 0+ (young of 
year) and 1+ were sampled from 18 locations (Fig. 1, Table S1). Relative differences in mean shape are also shown for the old-
est ages sampled (Day 80 post yolk-sac absorption for common garden experiments and age 1+ for field samples) comparing 
mean shape of farm or F1 hybrids to wild salmon with 4× magnification of shape differences for visualization. Age 0+ field-
collected shape differences are not shown due to low sample size. Identification of cross type of field-sampled individuals was  

accomplished using genetic assignment and is described in Section 2
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PF, F1) based on shape resulted in 65.8% accuracy 
identifying field age 1+ individuals and 96.6% accu-
racy in field age 0+ individuals (Table S5). In the 
common garden conditions, the cross-validation ac -
curacy ranged from 74.1 to 79.6% (Table S5). The 
majority of the misassignment to group occurred 
between F1 and PF, except in age 0+ field samples, 
where the majority of individuals were assigned as 
PW. See Figs. S4−S9 for mean shape of each group. 

3.4.  Body depth ANOVA 

The mean shape comparison and relative warps 
along PC1 in the PCA both suggested that differ-
ences in body depth were among the major contribu-
tors to overall shape differences between groups. 
ANOVAs were performed on the inter-landmark dis-
tance between landmarks 3 and 19 (Fig. 1b), sepa-
rately by age and rearing condition. When reared in 
tank conditions, significant differences in body depth 
were detected on Day 80, but not Day 0 (Day 0: χ2 = 
0.602 p = 0.740; Day 80: χ2 = 14.8, p < 0.001). PF and 
F1 individuals had a significantly deeper body depth 
than pure wild (α = 0.05/3 = 0.017; PF−F1, p = 0.407; 
PW−F1, p = 0.022; PW−PF, p < 0.001), the mean body 
depth of F1 hybrids was intermediate to PW and PF 

(PF = 0.12773, F1 = 0.12616, PW = 0.12171). In both 
semi-natural (Day 0: χ2 = 0.341, p = 0.843; Day 80: 
χ2 = 3.7, p = 0.155) and field conditions (Age 1: χ2 = 
0.253, p = 0.881), there were no significant differ-
ences between the body depth of cross types (Fig. 4). 

3.5.  Size ANOVA 

To compare overall size differences among groups, 
ANOVAs were performed between cross types using 
centroid size as a measure of overall individual size. 
Centroid size is the square root of the sum of squared 
distances from the centroid to each landmark. In field 
salmon samples, PW individuals were significantly 
larger than F1 individuals at age 0+, but there the 
sample size was insufficient to evaluate PF individu-
als (Fig. 5). By age 1+, significant differences in size 
were evident among cross types (χ2 = 10.7, p = 0.005), 
with PF being significantly larger than F1 and PW 
(PF−F1, p = 0.0011; PW−F1, p = 0.356; PW−PF, p = 
0.0056). On Day 0 in the common garden experi-
ment, PW in both tank (χ2 = 41.5, p < 0.001; PF−F1, 
p = 0.700; PW−F1, p < 0.001; PW−PF, p < 0.001) and 
semi-natural conditions (χ2 = 36.3, p < 0.001; PF−F1, 
p = 0.360; PW−F1, p < 0.001; PW−PF, p < 0.001) had a 
greater centroid size than F1 and PF. After 80 d, there 
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Fig. 3. Canonical variate analysis of landmarks after Procrustes alignment with 95% confidence ellipsis for each cross type. 
For the common garden experiment, shape is shown for Day 0 (start) and Day 80 (end) post yolk absorption. Juveniles aged 0+ 
(young of year) and 1+ were sampled from field locations (18 southern Newfoundland rivers; Fig. 1). Identification of cross  

type of field-sampled individuals was accomplished using genetic assignment and is described in Section 2
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were no differences between groups in tank condi-
tions (χ2 = 1.62, p = 0.445). In semi-natural conditions, 
PW were still significantly larger than PF and F1 (χ2 = 
36.4, p < 0.001; PF−F1, p < 0.001; PW−F1, p < 0.001; 
PW−PF, p < 0.001), and PF were significantly larger 
than F1. 

3.6.  Shape–size regression slopes comparison 

To determine if differences in shape were related to 
differences in allometry between groups, a regression 
of centroid size on shape was performed. In the com-
mon garden tank conditions, there were no significant 
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Fig. 4. Body-depth measurements using inter-landmark distance between landmarks 3 and 17. Landmarks are as illustrated in 
Fig. 1b. Individuals were measured on Day 0 (start) and Day 80 (end) post yolk absorption for the common garden experiment. 
Field salmon aged 0+ and 1+ were sampled from 18 rivers in southern Newfoundland as shown in Fig. 1. Identification of cross  

type of field sampled individuals was accomplished using genetic assignment and is described in Section 2

Fig. 5. Centroid sizes of juvenile salmon calculated using 19 landmarks for each sample (see Fig. 1b). The y-axis represents the 
distribution of individuals for each group of that size. Measurements for the common garden experiment were taken on Day 0 
(start) and Day 80 (end) post yolk absorption. Juveniles aged 0+ and 1+ were sampled from southern Newfoundland rivers 
(Fig. 1a, Table S1). Field-captured/collected pure farm salmon aged 0+ have a small sample size and were not evaluated sta-
tistically, but are presented for completeness. Identification of cross type of field-sampled individuals was accomplished using  

genetic assignment and is described in Section 2
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differences in the slope of shape and size among cross 
types on both Day 0 (p = 0.472, R2 = 0.0547 explained 
by size) and Day 80 (p = 0.286, R2 = 0.0752 explained 
by size). In the common garden semi-natural condi-
tions (Day 0: p = 0.015, R2 = 0.0769 explained by size; 
Day 80: p = 0.119, R2 = 0.0752 explained by size), only 
Day 0 was significant, indicating that different cross 
types have different allometric growth, but this is not 
present by Day 80. In field samples (p = 0.071, R2 = 
0.0268 explained by size), there were no significant 
differences in the shape–size interaction slopes among 
cross types. This indicates that the shape differences 
present are not solely the result of allometric growth. 

4.  DISCUSSION 

The escape of aquaculture Atlantic salmon repre-
sents a significant threat to the persistence and stabil-
ity of wild populations (Forseth et al. 2017), yet the 
magnitude of phenotypic impacts due to hybridization 
remains largely unresolved (but see Bolstad et al. 
2017). Here we evaluated the shape and size pheno-
typic consequences of hybridization using geometric 
morphometrics in both common garden experiments 
and following field escape events. Our results suggest 
significant variation across settings and that the phe-
notype (i.e. shape and size) of pure farm and wild×
farm hybrid Atlantic Salmon parr in the wild has a 
strong plastic component. As the environmental con-
ditions in this study approached a wild setting (i.e. 
from aquaculture-like tank conditions, to a semi-
 natural environment, to natural rivers), differences 
among cross types (e.g. PW, PF, F1) decreased and the 
size and shape converged. These results build on re-
cent work documenting a lack of, or limiting, pheno-
typic differences among wild and farm crosses in the 
wild, supporting a significant role for phenotypic plas-
ticity (Glover et al. 2018) and highlighting the role 
that plasticity may play in masking genetic changes 
associated with introgression between wild and farm 
escaped Atlantic salmon. 

4.1.  Differences in size 

In general, differences in size between PW and PF 
offspring decreased over time under both experi-
mental and field conditions, potentially reflecting dif-
fering influences of maternal contributions, pheno-
typic plasticity, and selection in the wild. Interestingly, 
initial sizes differed significantly between PW and PF 
or F1 individuals in the common garden experiments 

(tank and semi-natural), but by Day 80, differences 
were absent under tank conditions. The initial differ-
ences are likely due to the maternal effects of egg 
size (Einum & Fleming 2000), and this is subse-
quently overcome by the increased growth of aqua-
culture offspring under tank conditions as shown 
elsewhere (Solberg et al. 2013). If the experiment 
were carried further, then it is likely that the farm 
individuals would grow to a larger size than wild 
individuals in tank conditions. Similarly, the differ-
ence in size between PW and PF offspring de creased 
over fish age in the field setting, and this conver-
gence of size among field-collected individuals could 
be a result of either phenotypic plasticity and/or 
selection via growth-potential mortality (e.g. Glover 
et al. 2018) 

Farmed Atlantic salmon have been found to out-
grow wild salmon severalfold when raised in hatchery 
conditions, while hybrid individuals are often inter-
mediate in size (Harvey et al. 2016a,b,c, Glover et al. 
2018). This difference in growth is maintained under 
different feeding regimes (Harvey et al. 2016b), feed 
type (Harvey et al. 2016c), and salmon density (Har-
vey et al. 2016a). The increase in farm salmon growth 
rate in aquaculture conditions is the main trait se-
lected for in breeding programs (Gjedrem 2000) and 
is a result of increased growth hormone production 
(Fleming et al. 2002). Harvey et al. (2016a) reported 
that farm in dividuals outgrew wild individuals in 
semi-natural conditions, contrasting our results. How-
ever, in that study, fry were fed commercial feed ad li-
bitum as opposed to live feed as done in our study, 
and the fry were of Norwegian aquaculture origin, 
which have been domesticated for approximately 
twice as many generations as North American aqua-
culture salmon (Gjedrem et al. 1991, Islam et al. 2021). 
A previous study has shown that limiting commercial 
feed resulted in reduced growth rate differences be-
tween farm and wild salmon (Solberg et al. 2013), and 
using natural food in semi-natural conditions resulted 
in no growth differences after 6 wk (Solberg et al. 
2020). Our results reinforce previous conclusions that 
differences in farm salmon growth rates compared to 
wild individuals are a result of domestication (Fleming 
et al. 2002), but also that the response is still plastic, 
and as the environment approaches a natural river, 
the differences in size may be reduced. 

4.2.  Shape 

The differences observed in shape between PW, PF 
and F1 Atlantic salmon were subtle, most pronounced 
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under artificial conditions and reduced or absent 
among the wild-collected samples. Previous studies 
have shown salmon phenotype to be plastic, with 
shape differences in the head and fin lengths re -
ported between wild salmon reared in a hatchery 
compared to those reared in a river (Blanchet et al. 
2008). Similarly, differences in head shape have been 
observed between wild Atlantic salmon caught in a 
river compared to hatchery-reared salmon (Fleming 
et al. 1994, Solem et al. 2006). Phenotypic differences 
between wild and hatchery individuals has also been 
observed in coho salmon Oncorhynchus kisutch 
(Swain et al. 1991, Hard et al. 2000), chinook salmon 
O. tshawytscha (Busack et al. 2007, Tiffan & Connor 
2011), and rainbow trout O. mykiss (Pulcini et al. 
2014), as well as a suite of other fish species (Wringe 
et al. 2016). However, while phenotypic differences 
between individuals reared in artificial and wild con-
ditions are often detected, when farmed individuals 
are reared in natural rivers longer-term, these pheno-
typic differences become reduced or absent over time 
(Fleming et al. 1994), supporting conclusions made 
here that phenotypic variation in Atlantic salmon 
shape is subject to significant phenotypic plasticity 
and heavily influenced by environmental conditions 
experienced. 

4.3.  Plasticity 

Our results demonstrate that both size and shape of 
PW and PF Atlantic salmon may display significant 
divergence under artificial (i.e. aquaculture) settings, 
but in more natural conditions, size and shape may 
converge. This plasticity in phenotypic response 
matches the results of Glover et al. (2018), who stud-
ied the growth potential of Atlantic salmon in Norway. 
Glover et al. (2018) found no differences be tween 
farm and wild smolts reared in a river and exposed to 
natural selection, but when transferred to aquacul-
ture-like tank conditions, the farm salmon started 
outgrowing the wild salmon at a maximum ratio of 
~1:1.8. Farm salmon have been shown to outgrow 
wild salmon even further under standard hatchery 
conditions by a ratio of ~1:4.91−5.15 (Solberg et al. 
2013), illustrating that a combination of plasticity and 
selection explains why no differences were detected 
between these groups in the river (Glover et al. 2018). 
This is consistent with our results that revealed differ-
ent phenotypic outcomes in tank and semi- natural 
conditions at Day 80. The plasticity of the juvenile 
salmon phenotype allows for rapid phenotypic changes 
over short time periods (Pakkasmaa & Piironen 2000). 

This can result in wild salmon shifting towards the 
hatchery phenotype when reared in hatchery condi-
tions and domestic salmon shifting towards the wild 
phenotype in more complex environments (von Cra-
mon-Taubadel et al. 2005), a phenomenon also ob-
served in domestic brown trout Salmo trutta raised in 
the wild (Sánchez-González & Nicieza 2017). How-
ever, there remains a genetic component to shape 
and size that can manifest in significant phenotypic 
variation among wild salmon from different popula-
tions when raised in simple hatchery conditions 
(Sheehan et al. 2005), even though fish from the same 
populations may converge in phenotype when raised 
in more complex environments (von Cramon-
Taubadel et al. 2005, Glover et al. 2018). 

4.4.  Limitations 

Attempts to control for dorso-ventral arching may 
have biased estimates of significant shape variation 
in regions of the body where these differences are 
present (Valentin et al. 2008). However, individuals 
with severe arching were removed prior to analysis, 
there were no changes in significance of the results 
with or without the utilization of the arching correc-
tion, and it is unlikely either method would be biased 
in the severity affecting one group. After Procrustes 
superimposition, any error in the position of land-
marks due to this arching would be distributed 
across all the landmarks, making identification of 
single landmarks with higher measurement error dif-
ficult (Fruciano 2016). The combination of measure-
ment error with small differences in highly variable 
traits could have contributed to inferred convergence 
in shape within experiments. However, measure-
ment error of this type is unlikely to influence our 
conclusions of convergence in size across cross types. 

Camera lens distortions can also lead to systematic 
variances in the landmark positions that can result in 
artificial clustering (Collins & Gazley 2017). To miti-
gate this potential problem, the same camera and 
setup were used to photograph individuals within 
the field and common garden experiments, and spec-
imens were photographed in the center of the image. 
These steps should mitigate any error caused by 
camera lens distortions and would be unlikely to 
change any conclusions from our study. 

It is also possible that natural selection may be con-
tributing to convergence observed among the cross 
types in the wild. This could occur through farm or 
hybrid individuals that diverged from the optimal 
pheno type and suffered reduced survivorship or 
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being assigned to different ages due to significantly 
increased or decreased growth. Moreover, different 
rivers may provide differing selective or growth 
regimes, thereby reducing evidence for a consistent 
across-river trend. Nonetheless, the consistent trends 
we detected in the common garden experiments and 
the results of Glover et al. (2018) clearly support a 
strong role for phenotypic plasticity in the patterns 
they observed. 

4.5.  Conclusions 

We used a combination of a common garden exper-
iment and field sampling to evaluate genetic and en-
vironmental contributions to juvenile salmon shape in 
wild Atlantic Salmon hybridizing with aquaculture-
 escaped individuals. Our results indicate the presence 
of significant phenotypic plasticity in the shape and 
size of salmon, with evidence of convergence under 
natural river environments, and show that the typical 
phenotypic differences between PW, PF, and F1 fish 
occur in an aquaculture setting. Our results are con-
sistent with those of Glover et al. (2018), who found 
that the faster growth of farm salmon compared to 
wild fish was reduced when reared in a natural river, 
but when they were transferred to a tank environ-
ment, the increased growth trait characteristic of 
farm salmon reappeared. The results of our semi-
 natural experiment and those of Glover et al. (2018) 
support the hypothesis that not all of the size and 
shape convergence between farm and wild salmon is 
due to size- or shape-biased selection (genetics), but 
that there is a plastic component. While we focused 
solely on shape and size phenotypes, other compo-
nents of phenotype such as behavior (Islam et al. 
2020) and hatch timing (Hamoutene et al. 2017) may 
also be important in hybrid salmon fitness but were 
not examined here. This characterization of the bio-
logical consequences of hybridization between wild 
and farm salmon is increasingly important as the pro-
cess of domestication continues, wild populations de-
cline, and there are more opportunities for contact 
between wild and aquaculture salmon (Keyser et al. 
2018, Sylvester et al. 2018). 
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