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Introduction

Mortality in farmed salmon can exceed 20% during the seawater grow-out phase, and a
substantial proportion of mortality can be attributed to infectious and non-infectious heart
diseases (Sommerset et al., 2022). Concerns have arisen that long-term selection for rapid
growth may have led to maladaptive heart morphology relative to wild conspecifics, increasing
susceptibility to stress and disease. Compared with other livestock, Atlantic salmon are
relatively recently domesticated (~55 years), and examples of poor heart health from selection
for growth have been documented in other domesticated species such as ascites in broiler
chickens (Baghbanzadeh and Decuypere, 2008). Cardiac performance depends on geometry
and spatial alignment rather than mass alone, and subtle morphological changes may have
functional consequences even when heart weight is unchanged. Commonly used metrics such
as heart weight and cardiosomatic index are insufficient to capture this physiological
complexity. Therefore, there is a need for quantitative, image-based heart traits to better
understand the genetic basis of complex heart physiology. Our objective was to provide the
first comprehensive genetic assessment of complex heart morphology in Atlantic salmon and
its genetic relationship to growth-related traits.

Materials & Methods

Experimental setup. Thirty families of Atlantic salmon were produced from 27 females and
29 males from AquaGen’s breeding population (Trondheim, Norway). Eggs were transported
to Center of Fish Experiments at the Norwegian University of Life Sciences (As, Norway).
Following parentage assignment via AquaGen’s custom Axiom 56K SNP genotyping array,
37 family tanks were created, each containing 20-21 fish, and 9 mixed family tanks were
created, each containing 30 fish. These 46 total tanks comprised the freshwater (FW) trial
which lasted until fish averaged 52 g. In parallel, fish from the same families were reared in
two freshwater growout tanks, and upon completion of the FW trial, were sent to Nofima
research station (Sunndalsera, Norway). All fish were smoltified at an average of 200 g and
transferred to 8 mixed family tanks for the Saltwater (SW) trial.

Sampling and deriving phenotypes. Hearts from the FW trial (n = 751) were taken when
fish averaged 52 g and in the SW trial (n = 839) when fish averaged 1268 g. After dissection,
hearts were immediately fixed in formaldehyde until imaging. Before imaging, the atrium
was cut from each heart so that only the bulbus and ventricle remained. Images were captured
from both ventrodorsal and lateral views (Figure 1), and a custom R-pipeline was used to
generate binary masks of the ventricle and bulbus arteriosus. Pixels of the images were
classified by their relative position and color values, using a random forest model, that was
trained on 83 manually annotated example images. The resulting masks delineated the
external contours of the ventricle—bulbus complex. From each mask, a set of anatomically
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consistent reference points was identified based on geometric features of the contour,
including the ventricular apex, the ventricular—bulbus junction, and the principal longitudinal
axis of the ventricle. In a custom R script, distances and angles were calculated relative to
this standardized axis to ensure rotational invariance across samples. Six morphological traits
were derived: ventricular height-to-width ratio (VHW = VH/VW; Figure 1), bulbus-to-
ventricle width ratio (BVW = BW/VW; Figure 1), bulbus arteriosus alignment angle (ABA),
ventricle incline (VI), bulbus offset distance (BOD), and ventricle tip curvature (VTC).
Average daily gain (ADG) captured over 30- and 60-day periods in FW (24-52 g) and SW
(575-1268 g) respectively was used as the primary growth metric.

Genetic models. Genetic correlations between heart traits and growth were estimated using
bivariate animal models in ASReml-R and structured for FW traits as:

Yy=Xb+Zih+7Zza+e (D)

where y is the vector of phenotypic observations for both traits stacked across individuals, bis
the vector of fixed effect solutions for Sampling Date (1 = 3), & is the vector of random effect
solutions of tank, a is the vector of additive genetic (animal) effects, and e is the vector of
residuals. The matrices X, Z1, and Z2 are incidence matrices relating observations to fixed
effects, non-genetic random effects, and additive genetic effects, respectively.

To account for allometric effects on ventricular shape, ventricle weight was included as a trait-
specific fixed covariate for VTC only, such that genetic associations between ADG and
curvature were evaluated conditional on ventricle size, while ADG remained unadjusted.
Random effects were distributed: a ~N (0, A ® G), h~N (0,1 ® H),e~N (0, I ® R), where
A is the genomic relationship matrix, G, H, and R are 2x2 (co)variance matrices for additive
genetic, tank, and residual effects, respectively, and I is an identity matrix. Saltwater bivariate
models were structured similarly except b included fixed effect solutions of tank and sex and
therefore did not have a random effect of tank.

VH

A) Lateral View B) Dorsal View

Figure 1. Distances and angles measured from the heart. A) VI (ventricle incline), VTC (ventricle
tip curvature), and ABA (bulbus arteriosus alignment angle). B) BW = bulbus width, VW = ventricle

width, VH = ventricle height, * = blue line indicated bulbus offset distance (BOD).

Results & Discussion

There is limited empirical evidence on whether long-term artificial selection for growth has altered
cardiac morphology in Atlantic salmon. Perry ef al. (2020) reported no clear strain-level differences
in basic heart morphology between wild and a selectively bred MOWI population reared in a
common garden experiment. More recent work by Engdal et al. (2024) found farmed saltwater phase
Atlantic salmon consistently display lower VHW and BVW and higher ABA values than wild
salmon at the same stage; however, the genetic parameters underlying these traits remain relatively

unexplored.



Table 1. Mean, standard deviation, and heritability of heart traits

Heart Trait Freshwater Saltwater
u c h? u c h?

VHW 1.18 0.12 0.49 (0.06) 1.09 0.12 0.52 (0.06)
BVW 0.35 0.12 0.05 (0.05) 0.44 0.08 0.12 (0.04)
ABA (°) 58.23 8.31 0.19 (0.07) 64.09 8.02 0.34 (0.08)
VI (°) 30.47 8.54 0.23 (0.06) 344 6.38 0.38 (0.06)
BOD (mm) 0.17 0.30 0.11 (0.06) 0.50 0.79 0.15 (0.05)
ADG (g/day) 0.96 0.23 0.46 (0.05) 11.47 2.31 0.41 (0.06)
VTC 0.02 0.004 0.10 (0.05) 0.009 0.002 0.19 (0.05)

ABA and VI are expressed in degrees (°).

Table 2. Correlations of heart traits and ADG within environment

Heart Trait Freshwater Saltwater

ADG (rg) ADG (1p) ADG (rg) ADG (1p)

VHW 0.16 (0.14) 0.08 (0.05) -0.08 (0.13) 0.06 (0.05)

BVW 0.49 (0.33) 0.06 (0.05) 0.35(0.18) 0.04 (0.04)
ABA -0.10 (0.21) -0.01 (0.05) -0.06 (0.16) -0.07 (0.04)
VI -0.26 (0.16) -0.07 (0.05) -0.29 (0.13) -0.16 (0.05)

BOD 0.04 (0.29) -0.04 (0.05) 0.16 (0.18) 0.04 (0.04)
VTC* -0.43 (0.22) -0.08 (0.05) -0.47 (0.16) -0.19 (0.05)

Genetic (rz) and phenotypic (1) correlations between heart traits and ADG within the same environment (FW or SW).
Standard errors of estimates in parentheses. *VTC is conditional on ventricle weight as described in the methods.

Across both FW and SW environments, we observed moderate to high heritabilities for most heart
morphology traits, indicating substantial additive genetic variation (Table 1). Heritability estimates
were generally lower in FW than SW, which may reflect increased relative environmental variance,
reduced genetic variance for the trait in the FW stage, or most likely greater measurement uncertainty
associated with smaller heart size. It should be noted that ontogeny was confounded with production
environment (FW and SW), such that the estimated genetic architecture for each trait likely reflects
a combination of developmental stage and environmental effects.

VHW, which has been shown to be significantly lower in farmed versus wild seawater phase salmon
(Engdal et al., 2024), had a h? of 0.52 in SW. Despite this, its genetic correlation with ADG was
small and non-significant, indicating that VHW may be unaffected by selection for growth (Table 2)
in this population. This differs from the results of (Luke et al., 2025) which also found a high
heritability for VHW, but additionally observed a genetic correlation of -0.35 between daily growth
coefficient and VHW. The high heritability of VHW in FW and SW indicates it can be altered via
breeding especially if genetically correlated to other traits under selection.

In contrast, BVW had a positive r; with ADG in FW (1g= 0.49) and SW (rg= 0.35) indicating that
selection for growth could be selecting for larger bulbus’ relative to the width of the ventricle. BVW
(h* =0.12 in SW), was found to be lower in farmed versus wild seawater phase salmon (Engdal et
al., 2024). The bulbus arteriosus is an elastic outflow chamber that functions as a buffer, turning
pulsating ventricular output into continuous blood flow to the gills and rest of the body (Farrell,
2011). The observed association between BVW and ADG may therefore reflect variation in
cardiovascular output associated with increased circulatory demands in faster-growing or larger fish,
although direct physiological measurements would be required to confirm this.

Angle based traits such as ABA and VI were moderately heritable with higher estimates in SW.
While ABA showed little evidence of genetic association with growth, VI showed rg of -0.26 and -
0.29 for FW and SW respectively. This suggests that sustained directional selection for growth may
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cause flatter heart morphology in the lateral plane. Although these genetic correlations are modest
with moderate standard errors, their consistency across environments suggests they are unlikely to
be purely the result of error. To further support this claim, VTC displayed a genetic correlation of -
0.43 and -0.47 with ADG for FW and SW respectively indicating that faster growing genotypes
exhibit a less curved, more gradually tapering ventricle tip. Poppe et al. (2003) found that farmed
Atlantic salmon and rainbow trout had more rounded ventricles than wild conspecifics, although this
could in part be due to environmental plasticity. The farm environment likely results in less healthy
and more rounded hearts on average as the more sedentary lifestyle reduces the pressure to develop
highly efficient heart morphology; however, it could be the case, as supported by our findings, that
faster growing fish within a farm exhibit less rounded hearts, potentially to be able to adequately
supply blood to their larger musculature.

While the estimated genetic correlations between heart morphology traits and ADG were found to
be low to moderate, even modest correlations can result in meaningful correlated responses under
sustained directional selection. Given the long-term and intensive nature of selection for growth in
commercial salmon breeding programs, small, correlated changes in cardiac morphology could
accumulate over generations. Whether such changes are neutral, adaptive, or maladaptive with
respect to cardiac function and disease susceptibility remains uncertain and should be further tested.

Conclusions

Most heart morphology traits exhibited moderate to high heritabilities in both freshwater and
saltwater environments. Genetic correlations between heart traits and average daily gain were
generally low to moderate but were generally consistent in direction across environments. These
results suggest that sustained selection for growth could lead to correlated changes in cardiac
morphology, including a relatively larger bulbus arteriosus width (BVW) and a flatter and more
pointed ventricular orientation in the lateral plane (VI). It is uncertain whether these morphological
changes are associated with improved health outcomes, so further studies should investigate the
genetic relationship between stress, survival related traits, cardiac fitness, and heart morphology.
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